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Abstract

The most prevalent form of joint disease, osteoarthritis (OA), is characterised by
joint destruction, pain, and intermittent inflammation. It has recently emerged that OA is
also associated with damage to the sensory nerves innervating these joints which leads to
vasomotor dysfunction and neuropathic pain. Chronic pain associated with OA is the
number one reason for patients to visit their physician, and is thought to be linked to
neuropathy, inflammation and the degenerative changes that occur within OA joints. The
ineffectiveness of currently used analgesics in providing symptom relief for OA patients
suggests the need for novel therapeutic discoveries to help those affected by this disease.

Cannabinoids are a family of molecules that have been widely shown to decrease
pain and inflammation and show promise in combatting OA-associated pain and
inflammation. These compounds were first isolated from the Cannabis sativa plant, and
similar compounds have since been identified within our bodies. This endocannabinoid
system is the body’s natural pain-modulating system and has been shown to be
upregulated within the joints of OA patients. Targeted activation of the endocannabinoid
system via locally-delivered compounds into the joint may help to enhance analgesia and
reduce inflammation, while minimising the production of psychoactive side-effects
traditionally associated with systemic cannabinoid use.

The aim of this thesis was to investigate the therapeutic potential of a
phytocannabinoid, an endocannabinoid, and a synthetocannabinoid, administered locally

into the knee, to manage OA inflammation and pain.
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Chapter 1: Introduction

1.1 Overview

Osteoarthritis (OA) is one of the most prominent musculoskeletal conditions, and is
characterised by joint destruction, pain, and chronic fluctuations in inflammation.
Chronic pain is the most debilitating symptom for OA patients, and severely decreases
their ability to function during daily activities. Current therapies are not effective at
relieving pain and often come with unwanted side effects; therefore, the development of
new therapies is required. Chronic pain sufferers are the largest users of medical cannabis

(marijuana) for their symptoms, but use can be limited by the psychoactive effects.

Three types of cannabinoids exist: phytocannabinoids, which are compounds
extracted from the cannabis plant; endocannabinoids, which are compounds made by the
body to form a natural pain-regulating system; and synthetocannabinoids, which are
compounds synthetically made to mimic the endocannabinoids. The use of cannabinoid

compounds has been shown to decrease pain and inflammation in preclinical studies.

This project was focused on establishing the role of locally administered
cannabinoid and cannabinoid-modulating compounds in relieving pain and inflammation
in a preclinical OA model. Additionally, the role that cannabinoid compounds have on
OA disease progression and joint nerve damage was explored. Targeted and local
activation of the endocannabinoid system may help to improve symptom relief and slow
disease progression, while limiting the psychoactive effects associated with many

cannabinoid compounds.



1.2 Anatomy of the human knee joint

The knee joint consists of the tibiofemoral and patellofemoral articulations. Synovial
joints are highly moveable and are characterised by the presence of a synovial membrane
and a joint cavity which is filled with synovial fluid. This fluid is secreted by the inner
synovial membrane, and fills the joint space to provide lubrication for smooth
biomechanical action of the joint. Synovial fluid also provides a conduit for the delivery
of nutrients and oxygen to the internal structures of the joint via an intricate network of
blood vessels. Synoviocytes secrete hyaluronic acid and lubricin, which form a viscous
fluid providing frictionless movement between the bones of the joint. Additionally, the
knee joint includes accessory muscles, internal and extraarticular ligaments, tendons,
menisci, and bursae which aid in joint stability and function. The knee joint is classified
as a complex hinge joint due to movement being largely restricted to one plane, but with
strong accessory ligaments rotational or pivotal movement can be performed. The
primary movements of the knee joint are described as flexion, extension, internal
(medial) and external (lateral) rotation. The knee joints permit controlled movement to
facilitate daily activities such as walking, running, and stair climbing, all of which require
interactions between components of the musculoskeletal, nervous, and vascular systems.

The knee joint is comprised of three bones: the femur, patella, and tibia. There are
five accessory ligaments: the anterior cruciate ligament (ACL), the posterior cruciate
ligament (PCL), the medial collateral ligament (MCL), the lateral collateral ligament
(LCL), and the patellar ligament (Figure 1.1). A second bone found in the lower leg, the
fibula, provides stability to the knee joint by being an attachment point for the LCL, but

is not directly part of the articulation. The cruciate ligaments, ACL and PCL, and the



collateral ligaments, MCL and LCL, aid in stabilising the joint during movement (e.g.
extension, flexion, preventing the knee from overextending, and limiting axial rotation).
The patellar ligament and accessory tendons at the front of the knee help stabilise the
patella. The posterior of the knee joint is reinforced by the oblique popliteal and arcuate

popliteal ligaments.
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Figure 1.1 Anatomy of the human knee joint. (Original artwork).

The articular capsule surrounds the joint and is composed of an outer fibrous layer,
which is avascular, and an inner membranous layer called the synovial membrane. The

knee also contains two crescent-shaped disks, one medial and one lateral, called menisci.



Their main functions are load bearing and stability. The medial meniscus is anchored
more securely than the lateral meniscus and undergoes less displacement during flexion
and rotation. The menisci provide shock absorption, prevent capsule and synovial
impingement, and provide some joint lubrication. Additionally, the surfaces of the femur
and tibia are coated with cartilage, a fibrous, collagenous matrix providing extra joint

cushioning.

1.2.1 Knee joint vasculature

In humans, as well as in rodents, the knee joint vasculature originates from
branches of the femoral artery and vein, called the genicular, popliteal, and saphenous
branches (Figure 1.2). The femoral artery branches just above the knee into the popliteal
artery and the descending genicular artery, which further divides into the saphenous
branch. The popliteal artery travels down the posterior of the knee joint and branches into
five genicular branches, which are responsible for supplying the synovium, menisci, and
ligaments of the knee joint. The different anatomical parts of the knee joint have different
vascular supply. As discussed previously, the synovial membrane is highly vascular,
whereas cartilage and ligaments are not. Only the outer layers of the joint ligaments
(epiligament) as well as the outer portion of the menisci closest to the synovium (outer

third), contain blood vessels.
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Figure 1.2 Vasculature of the human knee joint. (Original artwork).

1.2.2 Knee joint neuroanatomy

Proper knee joint locomotion requires sophisticated organisation and
communication between the peripheral nervous system (PNS) and central nervous system
(CNS). Both efferent and afferent neurones are responsible for generating these neuronal
messages. The knee joint is innervated by contributions from the femoral, sciatic, tibial,
and common peroneal nerves. These branches originate from the lumbar plexus of the
spinal cord (L2-L6) in both rodents (Catre & Salo, 1999) and (L2-L5) humans (Agur &
Dalley, 2013). The saphenous nerve is one of the largest and longest branches of the

femoral nerve. It courses down the medial aspect of the leg next to the saphenous artery.
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The saphenous nerve divides into an infrapatellar branch, medial articular branch, and a
terminal branch which continues to the medial aspect of the ankle and foot. It innervates

the medial and anterolateral skin below the patella, and the anterior inferior knee capsule.
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Figure 1.3: Innervation of the human knee joint. (Original artwork).

The origin of joint sympathetic efferent fibres arise from the lumbar plexus and
terminate near joint blood vessels (Catre & Salo, 1999) where they are responsible for
normal vasomotor control and responses in healthy joints (McDougall et al., 1994;
McDougall et al., 1995; Karimian et al., 1995; McDougall, 2001). Sensory information is

transmitted by afferent fibres, which relay information regarding proprioception,



movement, and nociception to the CNS. Primary joint afferents can be subdivided into

four classes: Aa, AP, Ad, and C fibres (Table 1.1).

Table 1.1 Afferent innervation of the human knee joint

Sensory Diameter Myelination Conduction Function Location
Fibre Velocity
Class
Aa I 10-18um  Yes 70-120 (m/s) = Proprioception = Ligaments
AP 1T 5-13um  Yes 20-70 (m/s)  Proprioception | Capsule
Ligaments
Muscles
Ad I I-5um Yes, thinly  2.5-20 (m/s)  Nociception Capsule
Synovium
C v <lum No 0.5-2.5 (m/s) Nociception Capsule
Synovium

(Adapted from Mapp, 1995; Krustev et al., 2015)

The joint capsule, ligaments, menisci, periosteum, and subchondral bone are
largely innervated by a network of both myelinated and unmyelinated fibres (Schaible et
al., 2009). Class I (Aa) are large diameter, myelinated fibres, which primarily innervate
the joint ligaments and relay proprioceptive signals. Class II (Ap) are also large diameter,
myelinated fibres which signal proprioceptive information to the CNS, and innervate the
joint capsule, ligaments, and muscles. Some of these act as mechanoreceptors, sensitive
to pressure and traction. Class III (Ad) are small diameter, thinly myelinated fibres which
conduct nociceptive information. Class IV (C) are small, unmyelinated fibres which
innervate the joint, they also transmit nociceptive signals (Freeman & Wyke, 1967;
Horner & Dellon, 1994). Classes III and IV contribute to 80% of innervation of the rat

synovium (Hildebrand ef al., 1991; Schaible ef al., 2009). The free nerve endings of the



Adb and C fibres are distributed throughout the skin, muscle, surface of ligaments, and the
joint, however the cartilage has no associated innervation (Schaible et al., 2009). These
fibres are classified as polymodal because they can be stimulated by chemical, thermal,
and mechanical stimuli. Ad fibres act as high-threshold mechanoreceptors, which are
rapidly conducting and respond to sharp pain, and thermal stimuli, and are responsible for
the reflex nociceptive response to acute pain (Hildebrand ef al., 1991; Schaible et al.,
2009; Trouvin & Perrot, 2017). C fibres are also high-threshold, slow conducting fibres
and their activation leads to diffuse dull pain (Hildebrand et al., 1991; Schaible et al.,
2009). Normally these afferents are silent but can be activated by joint inflammation,
increased intraarticular (i.artic.) pressure, local chemical changes (e.g. neuropeptide
release) or lesions, leading to subsequent plasticity changes in the periphery and centrally
(Hildebrand et al., 1991; Arendt-Nielsen, 2017; Trouvin & Perrot, 2017). This causes
pain thresholds to lower and these nociceptors begin to relay information to the central
nervous system. The information encodes heightened pain intensities (hyperalgesia) as
well as pain sensations in response to normally innocuous stimuli (allodynia) (Schaible &

Schmidt, 1985; Neugebauer & Schaible, 1988; Schaible & Schmidt, 1988).

1.3 Arthritis

Arthritis is the most prominent musculoskeletal disease and the number one cause of
disability worldwide. Although arthritis is commonly thought to be a disease of the
elderly population, it can affect people at any age. In Canada, arthritis affects 1 in every 6
people over the age of 15 (Arthritis Society of Canada, 2013). There are a number of

factors that increase one’s risk of developing arthritis, such as gender, age, genetics,



history of traumatic joint injury, and co-morbidities such as obesity. The average cost of
arthritis to the Canadian economy is extremely high at $33 billion, and is predicted to
double within the next 20 years (Brooks, 2006; The Arthritis Society of Canada, 2013),
this is largely due to increased health care costs and loss of productivity among arthritis
sufferers. Furthermore, the generic term “arthritis” is not a single disease, but rather a
collection of over 100 different forms of disease that affect the musculoskeletal system.
Each type of arthritis has a unique aetiology, pathophysiology and is, therefore, treated
differently. Some types of arthritis affect only one joint but some can cause a
polyarthritis, affecting many synovial joints, with the most common being weight-bearing
joints such as the hips, knees, and ankles. Commonly shared symptoms are joint pain,
stiffness, loss of function, swelling, and chronic fatigue. The two most common types of

arthritis are osteoarthritis (OA) and rheumatoid arthritis (RA) (Figure 1.4).
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Figure 1.4 Illustration comparing the pathology of knee joints with osteoarthritis

(A) and rheumatoid arthritis (B). (Adapted from Philpott & McDougall, 2017).
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1.3.1 Rheumatoid arthritis (RA)

RA is a chronic, systemic autoimmune disease which is characterised by recurrent
inflammatory flares within the joint, or many joints (Scott et al., 2010). RA typically
affects the small joints in the hands and feet, but can also manifest in non-articular organs
such as the eyes, heart, and lungs (Krustev et al., 2015). RA inflammatory flares are
associated with high levels of hyperaemia, oedema, infiltrating immune cells, and
increased release of proinflammatory mediators (Fernandes ef al., 2002; Krustev et al.,
2015). The chronic inflammation can eventually lead to the development of pain and the

erosion of the cartilage and bones (Mclnnes & Schett, 2007).

1.3.2 Osteoarthritis (OA)

OA is a multifactorial disease, which involves many different pathological
contributors, and is classified as a painful and degenerative disease of the synovial joints.
Similar to other forms of arthritis, the prevalence of OA increases with age and is more
common in women than in men (Aigner et al., 2004). Other risk factors for OA include
age, a history of joint trauma, altered biomechanics, and obesity (Felson, 2004). As the
knee joint ages, the ligaments loosen and the cartilage eburnates which increases shear
forces within the joint (Sokoloff, 1987). Major and minor injuries to the knee from sport
or work that requires a lot of kneeling or heavy lifting have been shown to predispose
people to knee OA (Felson & Chaisson, 1997; Jensen & Eenberg, 1996; Kujala et al.,
1995), by altering joint biomechanics. Congenital or developmental abnormalities, can
also cause malalignment and improper loading of the joints (Harris, 1986; Wedge ef al.,

1991; Felson, 2004). OA generally affects large, weight-bearing joints like the hip and
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knee, but can also appear in the ankle joints and hands. Common clinical features of OA

are joint degeneration, dysfunction, and pain (Table 1.2).

Table 1.2 American College of Rheumatology: Knee OA Classification Criteria

Clinical Observations: knee pain most days of the month plus 3 from list below

Crepitus on active joint motion

Morning stiffness (lasting > 30 min)

Age > 38 years

Bony enlargement upon physical examination of joint

e

Bony tenderness upon physical examination of joint
6. No palpable warmth
Clinical Observations + Radiographic Evidence: knee pain most days of the month,

osteophytes on joint margins, plus 1 from list below

1. Crepitus on active joint motion
2. Morning stiffness (lasting > 30 min)
3. Age> 38 years
(Adapted from Wu et al., 2005)

OA was traditionally referred to as an arthrosis, thought to primarily affect the
articular cartilage of the joint, where the joint erodes over time due to chronic wear and
tear. However, recent evidence shows that OA disease progression is driven by chronic
low-grade inflammatory processes (Sokolove & Lepus, 2013; Robinson et al., 2016). The
pathogenesis of OA also becomes increasingly complex due to the presence of multiple
structural and pain phenotypes, all of which has led to the subcategorisation of different
OA patients. Some patient populations have erosive or hypertrophic OA and can
experience differing pain phenotypes including inflammatory, degenerative, or
neuropathic pain as well as experience fluctuations in joint inflammation (Bierma-

Zeinstra & Verhagen, 2011).
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1.3.2.1 Inflammation in osteoarthritis

In OA, inflammation or synovitis, is marked by the appearance of joint swelling,
hyperaemia, stiffness, pain, and the infiltration of proinflammatory mediators into the
joint space. Imaging studies using magnetic resonance imaging (MRI) have suggested an
association between the presence of synovitis and OA progression (Krasnokutsky et al.,
2011; Felson et al., 2003; Roemer et al., 2011). Increased synovial inflammation was
noted in 43% of OA patients and was associated with more severe preoperative pain and
loss of function scores (Scanzello et al., 2011) as well as increased joint destruction
(Scanzello et al., 2011; Torres et al., 2006; Scanzello & Goldring, 2012). The degree of
immune cell infiltration and inflammation is heterogeneous between OA patients (Benito
et al., 2005) and appears in lower levels when compared to RA patients (Nettelbladt &
Sundblad, 1959; Sohn et al., 2012). Overexpression and infiltration of inflammatory cells
and mediators are increased in early, compared to late, OA (Benito et al., 2005),
suggesting that inflammation is predictive of OA progression and that an important
period of time may exist where antiinflammatory interventions may be highly effective
for the prevention of end-stage OA (Robinson et al., 2016).

During synovitis, hyperplasia of the cells of the synovial lining allow
inflammatory mediators to infiltrate (Sokolove & Lepus, 2013). OA tissues and synovial
fluid have abnormally high levels of plasma proteins, complement mediators, cytokines,
and neuropeptides (Nettelbladt & Sundblad, 1959; Sohn et al., 2012; Gobezie et al.,
2007), none of which are found in normal joints (Goldring ef al., 2011). Additionally,
elevated serum levels of the inflammatory marker C-reactive protein is predictive of OA

disease progression (Pelletier ef al., 2001).
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When joint tissues are damaged and the extracellular matrix breaks down,
damage-associated molecular patterns (DAMPs) are produced and activate innate
inflammatory processes involving mast cells and macrophages (Robinson et al., 2016)
which in turn produce an abundance of mediators that subsequently lead to the further
development of synovitis and joint destruction (Sokolove & Lepus, 2013; Orlowsky &
Kraus, 2015). The complement cascade can be activated by DAMPs and components of
apoptotic joint debris can chemoattract proinflammatory leukocytes to further potentiate
inflammation and promote tissue damage. The pathogenesis of OA has been linked to this
pathway in both humans and rodents (Wang et al., 2011). Inhibition of complement
activation, both genetically and pharmacologically, significantly reduced OA joint
damage in preclinical models (Wang et al., 2011).

Cytokines are involved in OA pathogenesis (Sokolove & Lepus, 2013; Kapoor ef
al., 2011) and contribute to the development of pain during inflammatory flares. In joint
inflammation, they are released from endothelial cells, chondrocytes, fibroblasts, and
infiltrating leukocytes. Synovial cytokine concentrations significantly increase (McIlnnes
& Schett, 2007) during inflammation in both OA and RA (Farahat et al., 1993).
Furthermore, there exists a relationship between levels of interleukin-1a (IL-1a),
interleukin-1p (IL-1B), interleukin-6 (IL-6), and tumor necrosis factor-a (TNF-a)) and
disease progression in OA patients (Smith et al., 1997). These mediators can dysregulate
the homeostatic balance between cartilage synthesis and break down (Saklatvala, 1986;
Goldring et al., 1994; Sokolove & Lepus, 2013). Cytokine levels have also been elevated
in the sodium monoiodoacetate (MIA) model of OA (Orita et al., 2011). These cytokines

are also able to activate and sensitise joint nociceptors (Kidd & Urban, 2001).
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Mechanical stress can also induce downstream proinflammatory signalling pathways. In
vitro studies showed that impact injury induces chondrocyte death and activates stress-
induced kinases to upregulate proinflammatory cytokines and chemokines (Ding et al.,
2010; Goodwin et al., 2010).

Other immune cell infiltrates are macrophages and mast cells (Dean ef al., 1993),
but also a small number of T cells and B cells (Bondeson et al., 2010) which regulate
adaptive immunity. Macrophages in OA joints produce cytokines which contribute to
cartilage breakdown and osteophyte formation. Activated mast cells are present in
synovial tissues and high levels have been correlated with a higher degree of structural
damage and synovitis (de Lange-Brokaar et al., 2012).

Prostaglandins and leukotrienes are lipid mediators that have been detected in OA
joints and are involved in disease pathology by promoting inflammation and by
stimulating cytokine production, apoptosis, and angiogenesis (Martel-Pelletier et al.,
2003). These mediators are produced from arachidonic acid via the cyclooxygenase
(COX) pathway that can be induced by inflammation and trauma.

Proinflammatory neuropeptides have been identified in the synovium of RA and
OA patients (Gronblad et al., 1988) as well as in animals (Konttinen et al., 1990), where
they play an active role in pain modulation and in the regulation of inflammation. They
activate inflammatory cells and induce release of cytokines. Inflammatory neuropeptides
include substance P (SP), calcitonin gene-related peptide (CGRP), and vasoactive
intestinal peptide (VIP) and are stored and released from the terminals of autonomic
nerves and slowly conducting joint afferents (McDougall et al., 1997; Ahmed et al.,

1993; Heppelmann & Pawlak, 1997). Neuropeptides are known to possess both
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proinflammatory and inflammation-resolving activity. For example, CGRP has potent
vasodilatory effects and local application accelerated skin wound healing in rats (Khalil
& Helme, 1996). In another study, transected ligaments where the ends were left in close
proximity were associated with a CGRP-mediated increase in vasodilation, but this was
not the case when the transected ligament ends were allowed to retract during healing
(McDougall et al., 2000). Under certain physiological conditions neuropeptides might be

advantageous in resolving inflammation and repairing trauma.

1.3.2.2 Joint nerve damage

In arthritic joints, the number of free fibres innervating the synovium is greatly
reduced and shows abnormal distribution when compared to normal joints (Gronblad et
al., 1988; Mapp, 1995). These findings have also been shown in animals (Konttinen et
al., 1990; Mapp et al., 1994). In a rabbit surgical ligament transection model, nerve fibres
were noted as highly irregular and possessed abnormal characteristics such as swelling
and truncation of the fibres, as well as a high expression of neuropeptides. Poor
functional recovery in these animals was associated with impaired CGRP release
(McDougall ef al., 1997; McDougall ef al., 2000). Another study showed that intact joint
innervation was necessary for MCL repair in rabbits, where animals with nerve
transection had poor structural outcomes when compared to control animals (Ivie ef al.,
2002). Additionally, the structural pathology was correlated with differences in
angiogenesis and ligament perfusion (Ivie et al., 2002). In a model of inflammatory
arthritis, there were pronounced changes in the staining of CGRP, SP, and VIP fibres

over four weeks and this was attributed to nerve fibre sprouting (Buma et al., 2000).
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Furthermore, in OA, new nerve growth that accompanies angiogenesis can begin to
innervate joint structures which were not normally innervated and could contribute to

pain (Mapp & Walsh, 2012).

1.3.2.3 Osteoarthritis pain

Chronic pain is the most common symptom OA patients experience. Pain
pathophysiology is complex and the experience of pain is not ubiquitous among patients.
Although synovitis has been well correlated with pain outcomes (Baker et al., 2010), both
clinical and preclinical findings show that pain is independent of structural modifications
within the joint (McDougall ef al., 2009; Cedraschi et al., 2013).

Nociceptors in the joint are activated by various physiological stimuli (e.g.
mechanical, chemical, thermal) and transmit pain signals via dorsal root ganglia (DRG),
to the dorsal horn of the spinal cord where they decussate across to the contralateral side
and synapse with second order neurones. The signal continues up the spinothalamic tract
into the brain stem and thalamus, then relays signals to the hypothalamus, amygdala,
periaqueductal grey (PAG), basal ganglia, limbic system, and somatosensory cortex

(Costigan et al., 2009) (Figure 1.5).

16



Thalamus

Brainstem ‘

Descending processes

/

| — Spinothalamic tract

DRG—
= Spinal cord

Primary afferent

Physiological stimuli
* mechanical

* thermal

* chemical

Figure 1.5 Nociceptive pain pathway. (Adapted from Costigan ef al., 2009).

The first in vivo evidence that mechanoreceptors are located in the rat knee joint was
provided by Heppelmann and McDougall (2005). Using single unit electrophysiology
recordings from joint primary afferents, they were able to decrease afferent firing rates in
response to mechanical rotation of the joint by local application of mechanogated ion
channel blockers, amiloride and gadolinium (Heppelmann & McDougall, 2005). Normal
joints have an i.artic. subatmospheric pressure between (-2)—(-10)mmHg (Levick, 1979),

but during inflammatory flares the pressure can to rise to 20mmHg causing activation of
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joint mechanoreceptors. These nociceptors may also be activated by increased pressure in
the subchondral bone (Trouvin & Perrot, 2017).

Peripheral inflammation plays a role in the maintenance of joint pain involving the
release of inflammatory mediators upon damage to joint tissues (Schaible, 2006; Schaible
et al., 2009; Arendt-Nielsen, 2017). These mediators attempt to aid in healing, but instead
begin to activate intracellular signal transduction pathways in nociceptor terminals which
subsequently increases expression of ion channels on the nerve terminal (Costigan et al.,
2009). The threshold for activation is reduced and membrane excitability increases,
causing changes in responsiveness (Costigan et al., 2009; Latremoliere &Woolf, 2009).
Innocuous stimuli can now produce pain and noxious stimuli can now produce an
exaggerated pain response. Neurones now have amplified responsiveness in transmission
of nociceptive information, which is called peripheral sensitisation (Figure 1.6) and is
usually restricted to the site of injury or inflammation (Costigan et al., 2009;

Latremoliere & Woolf, 2009).

External Stimulus Peripheral sensory pathway Central sensory Sensation
pathways

Innocuous stimulus\
Primary allodynia
Noxious stimulus I
Nociceptor Primary hyperalgesia

Sensitised terminal

Figure 1.6 Pain mechanisms related to peripheral sensitisation. (Adapted from

Costigan et al., 2009).
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Central sensitisation (Figure 1.7) differs from peripheral sensitisation in the
incorporation of novel sensory inputs to the pathways, which transmit nociceptive
information by fibres that do not normally transmit pain (e.g. low-threshold
mechanoreceptors AP fibres) (Costigan et al., 2009; Latremoliere & Woolf, 2009). Also,
inappropriate signalling of nociceptive specific neurones, which start to respond to
innocuous and noxious stimuli. It is common to see patients with pain in one region
which spreads to another (e.g. people with knee OA having pain in the ankle or foot).
Additionally, in one study it was reported that up to 70% of knee OA patients included
had at least one somatosensory abnormality such as thermal hypoaesthesia, tactile
hypoaesthesia or hyperalgesia, and pressure hyperalgesia (Wylde et al., 2012; Trouvin &
Perrot, 2017). Studies conclude that one-third of patients with painful OA have a
neuropathic component that could augment central pain processing (Dimitroulas et al.,
2014; Moreton et al., 2015). In pathological conditions such as OA, when central
sensitisation occurs, pain can spontaneously arise and spread beyond the site of injury
(Martindale et al., 2007; Latremoliere & Woolf, 2009); these centrally-mediated effects
are mainly observed in patients with established OA (Arendt-Nielsen ef al., 2010). A high
degree of central sensitisation has been linked to high levels of pain (Arendt-Nielsen et
al., 2010; Finan et al., 2013), disability, poor quality of life (Imamura et al., 2003), more
diffuse pain around the joint (Skou ef al., 2014), high levels of proinflammatory
cytokines (Lee et al., 2011), and poor outcome after total joint replacement (Lundblad et
al., 2008; Wylde et al., 2015).

Central sensitisation can occur from inflammation as well as peripheral and

central nerve damage. Both arise from changes in neuronal properties and signalling
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within the CNS, where there is a potentiation or amplification in response to increased

sensory input.
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Figure 1.7 Pain mechanisms related to central sensitisation. (Adapted from Costigan

et al., 2009).

Changes in nerve fibres include increased membrane excitability by the potentiation
of excitatory glutamatergic synapses as well as increased response of NMDA receptors to
glutamate (Latremoliere & Woolf, 2009). There is also a decrease in inhibitory
transmission and influences from GABAergic and glycinergic receptors in the dorsal
horn of the spinal cord (Lin et al., 1996). Additionally, broadening of receptive fields and
changes in sensory responses causes spreading of signals and produces pain in non-
injured tissue (Latremoliere & Woolf, 2009). Spontaneous action potentials can be
generated from injured nerve fibres (Devor & Seltzer, 1999; Djourhi ef al., 2006) or
activation of receptors by neuropeptide release can lead to a progressive increase in

responses to both noxious and innocuous stimuli (Woolf & Thompson, 1991; Woolf et
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al., 1996; Woolf & Salter, 2000). When changes in excitability occur, it is called “wind-
up” and can lead to central sensitisation (Woolf & Thompson, 1991). Peripheral nerve
injury and inflammation cause activation of glial cells in the spinal cord. Activated
microglia and astrocytes release neurotransmitters, cytokines, and reactive oxygen
species (Watkins & Maier, 2002; Romero-Sandoval et al., 2008), which again increases
neuronal excitability. These interactions drive and prolong central sensitisation processes
(Kawasaki et al., 2004; Ji et al., 2009).

Many receptor systems have been identified in the joint and contribute to the
generation, and exacerbation or inhibition of signals from noxious stimuli (Krustev et al.,
2015). These include the opioid system (Mousa et al., 2007), serotonin receptor system
(Bardin, 2011), cannabinoid system (LaPorta et al., 2013; Philpott & McDougall, 2017),
and TRPV1 receptors which may play a significant role in neuropathic pain generation
(Baker & McDougall, 2004, Schuelert et al., 2010; Kelly et al., 2015). All of these

systems may be targeted for novel pain controlling therapies.

1.3.2.4 Commonly prescribed therapies for OA

There still remains limited options for the treatment of OA. Therapies for OA
patients are mainly targeted at pain control and not at prevention or treatment of disease
progression (Sokolove & Lepus, 2013) (described in Table 1.2).

First line therapies for OA patients are non-steroidal anti-inflammatory drugs
(NSAIDs) or acetaminophen. NSAIDs can be non-selective cyclooxygenase (COX)
inhibitors (e.g. ibuprofen) or selective (COX-2) inhibitors (e.g. celecoxib) which provide

relief of inflammation and pain. Acetaminophen also provides modest antiinflammatory
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action and analgesia. These treatments are effective in the short-term and are readily
available over the counter. OA can also be treated locally by topical preparations. Topical
gels and patches (e.g. lidocaine, diclofenac, or capsaicin) provide localised pain relief and
may be better tolerated than oral therapies (Dray, 2008; van Laar ef al., 2012).

Furthermore, injections into the joint of either hyaluronate or corticosteroids have
been indicated for treating OA. Injections of synthetic hyaluronates provide the joint with
lubrication and pain relief (Ayhan ef al., 2014). Corticosteroids are potent
antiinflammatory agents and can reduce flares (Dray, 2008; van Laar et al., 2012), but
have been linked to cartilage damage and chondrotoxicity after long-term, high dose use
(Wernecke et al., 2015).

Second line therapies for patients with severe OA, who are unresponsive to first
line therapies, include opioids, tricyclic antidepressants (TCAs), and anticonvulsants. All
of these therapies provide potent pain relief, but are contraindicated in elderly
populations and for long term use because of their undesirable side effect profiles

(described in Table 1.3) and risk of abuse (Dray, 2008; van Laar et al., 2012).
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Table 1.3 Commonly prescribed therapies for OA

Drug Action Indication Adverse Events
NSAIDs Antiinflammatory | Mild/moderate OA Cardiovascular
Analgesia events,
(e.g Tbuprofen) gastrointestinal
(e.g. Celecoxib) bleeding
Acetaminophen Mild Mild/moderate OA Hepatotoxicity,
antiinflammatory cardiovascular
agent events
Analgesia
Topicals Localised analgesia = Mild/moderate OA Skin irritation
(e.g. Voltaren)
Injectables Synthetic joint Moderate/severe OA Joint damage and
(e.¢. Hyaluronates) | lubrication neuropathy from
‘ . Potent repeated
(e.g. Corticosteroids) antiinflammatory injections
agent
Opioids Potent analgesic Moderate/severe OA Nausea, dizziness,
constipation,
somnolence,
tolerance
TCA’s Potent analgesic Moderate/severe OA Sedation,
with neuropathic-type dizziness, blurred
pain vision,
constipation
Anti-convulsants Potent analgesic Moderate/severe OA Sedation,
with central sensitisation | dizziness, blurred
vision,
constipation

(Dray, 2008; van Laar et al., 2012)

Analgesics currently prescribed for OA target a variety of pain mechanisms but they
often fail to provide adequate pain alleviation. Patients also discontinue their medications
due to the occurrence of adverse side effects (Sokolove & Lepus, 2013). It has been
reported that approximately 60% of OA patients are citing inadequate pain relief

(Crichton & Green, 2002), and many are using other ways to manage their symptoms.
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These include medicinal cannabis and cannabis compounds (Kalant, 2001; Aggarwal et
al., 2009; Fitzcharles & Hauser, 2016), essential oils (Mahboubi, 2017), and exercise

(Booth et al., 2017; Cormier et al., 2017).

1.4 Cannabinoids

A class of compounds called cannabinoids are gaining interest as potential novel
therapies with the potential to treat a number of ailments, including arthritis. These
compounds are extracted from the cannabis plant or are synthetically made to model
them.

Cannabis has a long history of use for medicinal purposes. In fact, the earliest
documented use of cannabis was in China, and dates back 12,000 years (Li, 1974; Mack,
2001; Russo, 2007). Specifically, the literature indicates that Emperor Shen-Nung self-
administered cannabis as an experiment and reported that it alleviated his gout (Li, 1974;
Mack, 2001; Russo, 2007). An Egyptian text of herbal medical knowledge called Ebers
Papyrus, described cannabis as a remedy for treating pain and inflammation (Dawson,
1934; Zias et al., 1993; Russo, 2007). In the 17" century, it was documented that healers
used the roots from the cannabis plant to treat a variety of ailments (Ryz et al., 2017).
The roots were boiled in water and then either drank or applied topically for fever,
inflammation, pain, infections, burns, and gout or arthritis (Ryz et al., 2017). It wasn’t
until the 1960’s that a bioactive cannabis compound was isolated and synthesised by
Gaoni and Mechoulam (1964). The compound was delta-9-tetrahydrocannabinol (A’-
THC), which is responsible for the majority of the psychoactive effects of cannabis.

Along with A’>-THC, cannabidiol (CBD), cannabigerol (CBG), and cannabinol (CBN)

24



were also synthesised. These compounds were aptly named the phytocannabinoids.
Almost 30 years later, two A’-THC responsive receptors were discovered called
cannabinoid receptor type 1 (CB;R) and cannabinoid receptor type 2 (CB2R) (Matsuda et
al., 1990; Munro et al., 1993). Soon thereafter, N-arachidonoylethanolamine
(anandamide; AEA) (Devane ef al., 1992) and 2-arachidonoyl glycerol (2-AG)
(Mechoulam et al., 1995) were discovered to be the endogenous ligands of the

cannabinoid receptors and were subsequently classified as the endocannabinoids.

1.4.1 The endocannabinoid system (ECS)

The endocannabinoid system (ECS) is an endogenous system that is composed of
cannabinoid ligands and their receptors. The ECS is mainly associated with the PNS and
CNS, but is also found in other body tissues such as the gut, lung, and blood vessels. This
system is responsible for many important tasks in the body linked to cellular homeostasis
and communication between both cells and organs (Battista et al., 2012). Elevation and
activation of the ECS depends on the physiological or pathological state of the body, and

is only “switched on” following inflammation, injury, or during disease (Russo, 2016).

1.4.1.1 Endocannabinoid ligands: synthesis and degradation

The ECS has two main endogenous ligands: anandamide (AEA) and 2-
arachidonylglycerol (2-AG). The biosynthetic pathways for these ligands involve several
different phospholipid derivative precursor molecules and metabolic, and catabolic
enzymes (Di Marzo, 2008) (Figure 1.9). Typically, AEA and 2-AG are not stored in

cellular vesicles but instead are formed in response to an increase in intracellular calcium
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(Ca®™) following cell depolarization or mobilization of internal Ca** stores, in an “on-
demand” fashion. Upon hydrolysis of the phospholipid precursor N-
acylphosphatidylethanolamines (NAPE), AEA is formed. Conversely, AEA is inactivated
by fatty acid amide hydrolase (FAAH), which cleaves the amide bond of AEA to form
arachidonic acid and ethanolamine (Deutsch & Chin, 1993; Di Marzo, 2008). 2-AG is
produced by the hydrolysis of diacylglycerols (DAGs) by DAG lipases (DAGL) and
inactivated by monoacylglycerol lipase (MAGL) into glycerol and free fatty acids
(Deutsch & Chin, 1993; Aigner et al., 2007; Di Marzo, 2008). Following their release
from peripheral nerve terminals, the endocannabinoid ligands diffuse retrogradely where

they act on cannabinoid receptors located on the same nerve ending.
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Figure 1.8 Endocannabinoid synthesis and degradation. COX-2, cyclooxygenase 2;
DAGL, diacylglycerol lipase; FAAH, fatty acid amide hydrolase; NAPE-PLD, N-acyl-
phosphatidylethanolamine phospholipase D. (Adapted from Di Marzo, 2008).
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Since AEA and 2-AG are derived from lipid mediators and arachidonic acid, they
may also act as substrates for COX-2, which is primarily responsible for the synthesis of

prostaglandins (PG) from arachidonic acid (Di Marzo, 2008; Yates & Barker, 2009).

1.4.1.2 Cannabinoid receptors

There exists an interesting receptor profile in the ECS through which the
endogenous ligands are able to signal. The ECS has two classical cannabinoid receptors,
CB\R and CB;R. The CBR’s are G-protein-coupled receptors (GPCRs) which have a
seven-transmembrane domain and are normally coupled to an inhibitory G-protein (Gj).
Upon activation of CBjR and CB;R, adenylate cyclase activity and cyclic adenosine
monophosphate synthesis are decreased. These actions decrease cation influx which in
turn activates potassium efflux (Demuth & Molleman, 2006) causing a decrease in action
potentials. Additionally, other receptor systems are known to be associated with the ECS
such as the orphan GPCRs, GPR18 and GPRS55 as well as the transient receptor potential

channels (TRP channels) (Pacher, 2006; Bradshaw et al., 2009; Battista et al., 2012).

1.4.2 Cannabinoids and arthritis

Expanding fields of therapeutic research, as well as the changing legal status
regarding cannabis use for medical indications, has brought cannabis and cannabinoid
compounds to the forefront of therapeutic investigation. With the widespread distribution
of the ECS throughout the body, as well as its many known actions, it is no surprise that
cannabinoids have been implicated in many different disease states including arthritis

(Fagan & Campbell, 2014; Fernandez-Ruiz ef al., 2015; Maccarrone et al., 2015;
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Whitting et al., 2015; Fitzcharles & Hauser, 2016). Patients with chronic musculoskeletal
disorders are the primary users of medical cannabis. More specifically, 66% of Canadians
who are authorised by Health Canada to possess herbal cannabis for medical reasons cite

severe arthritis as their diagnosis (Fitzcharles et al., 2014).

1.4.2.1 Localisation of the ECS in joints

There exists a local ECS within the articular joint microenvironment and
functional roles for this system have been discovered in the joint tissues of humans
(Richardson et al., 2008), as well as animals (Schuelert et al., 2010). Richardson et al.
(2008) showed that synovial biopsies obtained from patients undergoing total knee
arthroplasty revealed that the main components of the ECS (i.e. CB|Rs and CB;Rs and
their ligands AEA and 2-AG) were elevated in arthritic joints. Moreover, there was an
increase in the total amount of FAAH and MAGL compared to basal levels in healthy
controls. In synovial fluid from both OA and RA patients, AEA and 2-AG were detected,
but not in fluid from healthy knee joints (Richardson et al., 2008), further proving that the
ECS only engages when needed. In vitro studies showed expression of CB;Rs and CB;Rs
at low levels on fibroblast-like synoviocytes and that these cells also expressed
endocannabinoid catabolic enzymes (McPartland, 2008).

Recent preclinical immunohistological evidence indicates that CB;Rs and CB,Rs
are expressed on neurones which innervate the rat knee joint (McDougall, 2009;
Schuelert et al., 2010; McDougall, 2011). Furthermore, CB,Rs are co-localised with
pronociceptive transient receptor potential vanilloid 1 (TRPV1) channels on small

diameter neurones, where they act together to modulate joint pain (McDougall, 2009;
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Schuelert et al., 2010; McDougall, 2011). In rats, Schuelert et al. (2010) were the first to
demonstrate that administration of a CB;R agonist (GW405833) was antinociceptive in
normal knee joints, suggesting there is local tonic activation of the ECS. Other in vivo
studies conducted in MIA-induced OA showed a downregulation of CBRs and CB,Rs in
the ipsilateral lumbar spinal cord of mice (LaPorta ef al., 2013), which was interpreted as
being due to an increase in local endocannabinoid levels. Additionally, spinal cord levels
of 2-AG and AEA, as well as their metabolic enzymes (MAGL and FAAH, respectively),
were increased in rats with MIA (Sagar et al., 2010) confirming the involvement of the

ECS in the arthritic joint.

1.4.2.2 Effects of cannabinoids on joint inflammation

As discussed previously, a major contributor to degenerative changes within the
joint and the progression of rheumatic disease is inflammation (Robinson et al., 2016).
Since CB;Rs and CB;,Rs are expressed on immune cells, vascular smooth muscle and
perivascular nerves, cannabinoid compounds and endocannabinoid ligands have the
potential to modulate inflammation (Naidu ef al., 2010; Ghosh et al., 2013). CB,R
knockout mice express increased levels of proinflammatory biomarkers compared to their
wild type counterparts, whereby CB,Rs have been implicated in the regulation of
cytokines, chemokines, neuropeptides, and nitric oxide (Maresz et al., 2007). CB;Rs are
also important regulators of inflammation. In an in vitro study, activation of both CBRs
and CB;Rs, rather than just CB,Rs prevented release of the inflammatory mediator TNF-

o during IL-1B-stimulated immune challenge in human astrocytes (Sheng et al., 2004).
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Both CB)R and CB;R agonists display antiinflammatory actions in preclinical
models of acute joint inflammation (Schwarz et al., 1994; Krustev et al., 2014). The two
most commonly used models are the carrageenan-induced inflammatory model and the
kaolin-carrageenan model. Both are used to reproduce the acute inflammatory flares seen
in arthritis patients. The kaolin-carrageenan model induces a more robust inflammatory
flare as well as mechanical damage to the joint, when compared to the carrageenan alone.
In the carrageenan-induced inflammatory model, oral administration of AEA and the
entourage molecule palmitoylethanolamide (PEA) decreased hindpaw oedema and mast
cell degranulation (Richardson et al., 1998). Additionally, inhibition of FAAH and
MAGL was also able to decrease inflammation (Guindon et al., 2011; Ignatowska-
Jankowska et al., 2014). In the kaolin-carrageenan model of acute synovitis, topical
administration of a FAAH inhibitor (URB597) reduced joint hyperaemia and leukocyte
trafficking (Krustev et al., 2014). Furthermore, upon electrostimulation of the mouse
saphenous nerve, an increase in synovial leukocyte trafficking in the knee joint was
observed. Administration of URB597 was able to attenuate this neurogenic inflammatory
response in mouse knee joints (Krustev et al., 2017).

The major phytocannabinoid CBD administered systemically and orally reduced
serum cytokines in collagen-induced inflammatory arthritis (Malfait ez al., 2000).
Hammell et al. (2016) transdermally administered CBD, in the Freund’s complete
adjuvant (FCA) model of inflammatory arthritis, and found that it decreased knee joint
circumference, synovial hypertrophy, and spinal cord immune cell invasion.

The synovium is a major regulator of joint health due to its extensive

neurovascular supply. The synovium is also central to joint inflammatory flares because
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it is a major source of cytokine production (Maini & Feldmann, 1998). Exposure of naive
synoviocytes to proinflammatory cytokines lead to an upregulation of CBRs and a
downregulation of CB,Rs (McPartland, 2008). Other in vitro studies demonstrated that
synovial cells from mice with collagen-induced model of inflammatory arthritis,
produced large numbers of TNF-q, a main contributor to arthritic inflammatory flares
(Malfait et al., 2000). In culture, when these synovial cells were treated with CBD they
had less TNF-a production (Malfait et al., 2000). Furthermore, in the same study, CBD
treatment suppressed clinical signs of inflammatory arthritis and the hindpaws of these

mice were protected from joint destruction (Malfait et al., 2000).

1.4.2.3 Effects of cannabinoids on joint pain

Cannabinoids and cannabinoid receptors play an important role in modulating OA
pain (LaPorta ef al., 2013). In the MIA model of OA, administration of a CB;R agonist
(arachidonyl-2-chloroethylamide: ACEA) locally to the rat knee joint caused a decrease
in nociceptor firing rate. Additionally, when a CB R antagonist was locally administered,
it caused an increase in joint afferent firing rate (Schuelert et al., 2010), suggesting that
activation of CB;R is antinociceptive. In another study conducted by Schuelert et al.
(2011) administration of a FAAH inhibitor locally into the joint of MIA-injected rats
decreased joint pain and mechanonociception. These outcomes were the first to suggest
that there is a modifiable ECS within OA knees which can be used to manage pain
locally.

Cannabinoid compounds have also been found to alleviate pain in inflammatory

models. MAGL inhibition, to increase levels of 2-AG, produced greater analgesia in the
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carrageenan-induced paw oedema model when delivered chronically at lower doses,
rather than at higher doses (Ghosh et al., 2013), highlighting the ECS adaptation rate in
different pathophysiological states. Recently a peripherally restricted FAAH inhibitor
(URB937) was developed, which was effective at combatting inflammatory pain; pain
behaviour was decreased after intraperitoneal (i.p.) injection but there was no discernable
effect on brain levels of FAAH or FAAH activity (Clapper et al., 2010).

The role of CB3R in joint pain remains controversial with widely varying results.
A study by LaPorta ef al. (2013) demonstrated that mice lacking CB,Rs exhibited
exacerbated responses to mechanical stimulation in the MIA model compared to wild
type animals. It has been suggested that CB,Rs play a role centrally in the modulation of
joint nociception because mice overexpressing CB,Rs in the CNS displayed reduced
mechanical allodynia (LaPorta et al., 2013). Conversely CB;R knockout mice did not
have altered mechanical allodynia, suggesting these receptors may not play as large a role
(LaPorta et al., 2013). Furthermore, one study found that a specific CB,;R agonist
(GW405833) was pronociceptive in OA joints (Schuelert ef al., 2010), while other
studies have shown that CB,R agonists produce analgesia (Burston et al., 2013; Vera et
al., 2013). Further investigation into the role of CB,Rs in joint pain control are therefore

needed.

1.4.2.4 Neuroprotective effects of cannabinoids
Cannabinoids have been shown to mitigate peripheral nerve damage in several
demyelinating diseases; however, their effects on joint neuropathy have not been

explored. In a murine sciatic nerve injury model, FAAH and MAGL inhibitors were able
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to reverse hindlimb allodynia (Kinsey et al., 2009; Ignatowska-Jankowska et al., 2014).
In another sciatic nerve ligation model, as well as in a chronic constriction nerve injury
model, a non-selective CB;R/CB;R agonist (WIN55-212,2) and an AEA reuptake
inhibitor, AM404, also improved behavioural pain outcomes (La Rana et al., 2008).
Additionally, in a murine multiple sclerosis (MS) model (Theiler’s virus inoculation)
synthetic CB R and CB;R agonists improved motor function in the rotarod test and these
results correlated with significant spinal cord remyelination (Arevalo-Martin et al.,

2003).

1.5 Animal models of OA
OA can be studied preclinically using naturally-progressing models, post-

traumatic models (surgically-induced), or chemically-induced models (O’Brien et al.,

2017).

1.5.1 Chemically-induced models

Chemically-induced models have an advantage over naturally-occurring and
surgically-induced models of OA because they are a robust way to rapidly recapitulate
aspects of human OA pathophysiology and pain. These models are used in laboratory
settings to generate consistent, timely, and cost-effective experiments. The main
chemically-induced model of OA is the sodium monoiodoacetate (MIA) model (Bove et

al., 2003; O’Brien et al., 2017).
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1.5.1.1 Sodium monoiodoacetate (MIA) model of experimental OA

After i.artic. injection, MIA is taken up by chondrocytes and causes a disruption to
their homeostatic environment, rendering them unable to produce energy subsequently
causing them to die. MIA is an inhibitor of glyceraldehyde-3-phosphate dehydrogenase
(GADPH), which is a key enzyme in the glycolysis process, responsible for converting
glyceraldehyde-3-phosphate to D-glycerate 1,3,-bisphosphate (Foxall et al., 1984). The
MIA model is widely used to investigate the development of OA pathology and pain
which occur within 1-2 weeks of induction (Janusz et al., 2001). This model produces
cartilage degeneration and subchondral bone loss (Combe et al., 2004). In addition to
joint pain and degeneration, MIA also produces acute inflammatory flares similar to
those reported by OA patients. In the first few days of the model, there is an increase in
infiltrating leukocytes and joint hyperaemia (Bove et al., 2003). By days 5-7,
inflammation subsides and remains minimal thereafter. The early inflammatory flare is
suspected to drive joint degeneration and damage to joint innervation, thus promoting the
development of chronic pain. OA-associated nerve damage has been identified in the
MIA model (Thakur et al., 2012; McDougall ef al., 2017). Expression of peripheral nerve
damage markers have been observed as early as day 3 and upregulation remains at day 14
(Thakur et al., 2012; McDougall et al., 2017). Overall, the advantages of the MIA model
include assessment of OA-associated inflammation and inflammatory pain, OA pain with
a neuropathic component, and peripheral nerve damage. The structural histopathology of
an MIA joint does not fully recapitulate the physical features commonly associated with

human OA, which limits joint structure analysis in this model.
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1.6 Measuring joint pain and inflammation in animals
1.6.1 Assessing pain
1.6.1.1 Measuring referred pain

As discussed previously, central sensitisation is a form of neuroplasticity which
occurs in the CNS. It has been observed in states of acute and chronic inflammation of
the joint, and as a consequence of inflammation and nerve damage. Sensitisation is
characterised by irregular changes and responses by neurones. This includes increased
reactions to noxious stimuli in the injured area as well as increased reactions to stimuli in
areas away from the injured area. Furthermore, the threshold of nociceptive neurones
projecting to the spinal cord is lowered and the receptive fields are expanded, ultimately
resulting in secondary allodynia or referred pain.

Von Frey hair algesiometry uses a sequence of filaments to measure tactile
sensitivity and tactile allodynia. Von Frey hair algesiometry is most often used to
measure primary allodynia by directly applying the sequence of filaments to the injured
or painful area, but can be used to measure secondary allodynia by applying them at a
location remote from the injured or painful area. In naive rats when fine filaments are
applied to the plantar surface of the hindpaw there is often no withdrawal response, but
rats with MIA-induced OA in the knee joint become sensitive to the von Frey hair

stimulation of the paw indicating a secondary allodynic response.

1.6.1.2 Measuring weight bearing deficits
Many OA patients display altered joint biomechanics and kinematics due to pain,

degeneration, and swelling. One aspect of altered joint biomechanics is weight bearing
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deficits or favouring of the uninjured limb. Weight bearing is used as a measure of
spontaneous pain due to inflammation, degeneration, and peripheral sensitisation.
Dynamic incapacitance is assessed by placing unrestrained animals in a chamber
with a pressure sensitive floor. Changes in weight borne on the hindlimbs and the amount
of paw surface area applied when walking or standing are indicative of pain and altered

mechanics (Griffioen et al., 2015; Quadros et al., 2015; O’Brien et al., 2017).

1.6.2 Assessing inflammation
1.6.2.1 Measuring leukocyte trafficking in the joint

One important aspect of the inflammatory response is the recruitment of
leukocytes to the site of tissue injury. Leukocytes circulating in the blood will interact
with the endothelial cells of the vasculature when passing through areas of inflammation
and move from the post-capillary venules out into the tissue to carry out their
physiological actions. Assessing these leukocyte-endothelial interactions in vivo allows
for a robust measurement of inflammation.

Danger signals, or DAMPs, are sent from cells of injured tissues to immune cells
of the innate immune system, which then leads to activation and upregulation of
proinflammatory mediators. These mediators activate endothelial cells of the
microvasculature in the proximity of the inflamed tissue. Circulating leukocytes are then
able to recognise these signals on the vascular endothelium and will begin the multistep

process of diapedesis and ultimately extravasation.
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Figure 1.9 Leukocyte extravasation process. (Adapted from Vestweber, 2015).

There are four steps in this process: capture, rolling, adherence, and
transmigration. Selectins present on endothelial cells (P-selectin, L-selectin, and E-
selectin) mediate capture and subsequent rolling of circulating leukocytes. Slow rolling
leukocytes then arrest and firmly adhere to the intimal surface of the venule wall under
the influence of intercellular adhesion molecule 1 and 2 (ICAMI1 and ICAM?2) and
vascular cell adhesion molecule 1 (VCAMI). Finally, transmigration is facilitated, either
paracellularly or transcellularly, via platelet endothelial cell adhesion molecule 1
(PECAM1), endothelial cell-selective adhesion molecule (ESAM), and junctional
adhesion molecules (JAMs). The leukocytes transmigrate out of the vasculature and into
the inflamed tissue where they commence a local immune response (Vestweber, 2015).

Both rolling and adhering steps of the extravasation process are important
indicators of the amount of inflammation occurring as they precede transmigration of

cells into the inflamed area. By using intravital microscopy (IVM), it is possible to
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visualise and quantify leukocyte-endothelial interactions occurring in vivo within the
knee joint microvasculature. By quantifying leukocyte rolling and adherence, using [IVM,
it is possible to assess the degree of joint inflammation as well as assessing the

effectiveness of test compounds on leukocyte kinetics within the joint microcirculation.

1.6.2.2 Measuring knee joint blood flow

Another aspect of inflammation is the increase in blood flow to injured tissue
called hyperaemia. OA patients who experience inflammatory flares and synovitis have
joints that become hyperaemic (Roemer et al., 2011). Measuring changes in blood flow
between arthritic and non-arthritic joints allows for another inflammation assessment.
Using Laser Speckle Contrast Analysis (LASCA) it is possible to measure local blood
flow around the knee joint allowing for the assessment of injured tissue areas and the

efficacy of test compounds to relieve this hyperaemic inflammatory response.

1.6.2.3 Measuring knee joint diameter

Knee joint diameter, used to assess swelling of the joint, is done by measuring the
distance between the medial and lateral femoral condyles. Measuring knee joint diameter
is often used as a diagnostic test to confirm and assess the progression of joint
inflammation. This technique is limited in that local drug administration, either into the
joint cavity or subcutaneously (s.c.), affects the diameter so assessment of the
effectiveness of a peripherally administered treatment is not possible immediately after

injection. Additionally, knee joint diameter increases with age and weight gain over the
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development of a model so these factors need to be taken into consideration and

controlled for.

1.7 Measuring peripheral nerve damage

As discussed previously, a subset of OA patients experience neuropathic pain which
arises from damage to nerves innervating the joint and surrounding area. Assessing
peripheral nerve damage in an injured joint allows for a measurement of peripheral
neuropathy and can be used to evaluate the efficacy of a test compound on reversing or
preventing peripheral nerve damage.

One method used to assess nerve damage is by measuring myelin thickness of nerve
fibres. G-ratio values are used to assess demyelination states of a nerve by calculating the
internal axonal area relative to the total axonal area of the individual fibres. This provides
a morphological measure of global nerve fibre myelination. For studies assessing knee
joint nerve damage the saphenous nerve is often used because it is the largest branch of
the femoral nerve that innervates the anteromedial aspect of the knee joint (McDougall et

al., 2017).

1.8 Objectives and hypotheses

Based on the information provided in this chapter, we hypothesised that
modulating the endocannabinoid system, directly or indirectly, would attenuate OA-
associated joint pain and inflammation. Additionally, we hypothesised that blocking

early inflammation with prophylactic cannabinoid treatment would prevent the
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subsequent development of joint pain and neuropathy. This project had three main

objectives to examine these hypotheses:

Objective 1: to determine the effects of indirectly modulating the ECS in experimental

knee joint OA pain and inflammation.

Objective 2: to elucidate the effects of directly modulating the ECS in experimental knee

joint OA pain and inflammation.

Objective 3: to investigate the effects of a phytocannabinoid in experimental knee joint

OA pain, inflammation, and disease progression.

In the subsequent chapters, these main objectives and hypotheses as well as their

additional aims within, will be described further.
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Chapter 2: Methods and Materials

2.1 Animals

All experimental protocols were approved by Dalhousie University Committee on
the Use of Laboratory Animals, which acts in accordance with the ARRIVE (Animal
Research: Reporting of /n Vivo Experiments) standards put forth by the Canadian Council

for Animal Care. Animal care Protocol Numbers: 15-177 and 16-077.

Male Wistar rats (222-404g at time of model induction; Charles River, Quebec,
Canada) were housed in pairs in ventilated racks at 22 = 2°C on a 12:12 hour (hr)
light:dark cycle (light-on from 7:00-19:00) in the Carleton Animal Care Facility, Faculty
of Medicine, Dalhousie University, Halifax, Nova Scotia, Canada. All animals were
allowed at least one week to acclimate after arrival at the facility, before experimental
procedures began. Cages were lined with woodchip bedding and animals were provided
with Enviro-dri® nesting material and environmental enrichment. Standard lab chow

(large, dried pellets) and water were provided ad libitum.

2.2 Arthritis Model

2.2.1 Sodium monoiodoacetate (MIA) experimental OA

Animals were deeply anaesthetised (2-4% isoflurane; 100% oxygen at 1L/min)
and an acceptable plane of anaesthesia was confirmed by failure to produce a hindpaw
pedal withdrawal reflex and an ocular blink reflex. The right (ipsilateral) knee joint was
shaved and the area was swabbed with 100% ethanol. An i.artic. injection of 50ul of MIA

(3mg in saline) through the infrapatellar ligament was performed. The knee was manually
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extended and flexed for 30 seconds (sec) to disperse the MIA solution throughout the
joint space. Animals were returned to their cages and allowed at least 24 hr to recover. In
separate groups of animals, pain was assessed on days 1, 2, 3, 7, 10, 14, and

inflammation was assessed on day 1, following MIA injection.

2.3 Measuring Behavioural Pain
2.3.1 Von Frey hair algesiometry

Von Frey hair algesiometry was used as a measure of secondary allodynia
(referred pain or pain remote from the joint). Alert, unanaesthetised animals were placed
in a Plexiglas chamber (31.5 cm long x 9.5cm wide x 24cm tall) with metal mesh flooring
(Figure 2.1) (Concept Plastics, Dartmouth, Nova Scotia, Canada) which allowed access
to the plantar surface of each hindpaw. Testing began after allowing the animal to
acclimate to the chamber until exploratory behaviour ceased, approximately 10-15
minutes (min). Mechanosensitivity of the ipsilateral hindpaw was assessed using a series
of six von Frey hairs (North Coast Medical, Gilroy, California, USA), which are graded
in bending force (2, 4, 6, 8, 10, 15g). Mechanosensitivity was determined using a
modification of the Dixon’s up-down method (Chaplan et al., 1994). Taking care to avoid
the toe pads, a von Frey hair was applied perpendicular to the plantar surface of the
ipsilateral hindpaw until the hair bent; the filament was then held in place for 3 sec. If the
response was positive, the next lower strength hair was applied; if there was a lack of
response, the next higher strength hair was applied up to a cut-off of 15g bending force.
A positive response was classified as a paw withdrawal, shake, or lick or combination

thereof. The withdrawal threshold was calculated using the following formula:
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104"%1/10,000; where Xf= value (in log units) of the final von Frey hair used, k = tabular

value for the pattern of the last 6 positive/negative responses, and & = mean difference (in

log units) between stimuli.

2.3.2 Hindlimb incapacitance
In the same animals hindlimb incapacitance was used as a measure of

spontaneous, non-evoked pain. To perform dynamic weight bearing measurements
animals were placed in a Perspex chamber (24cm long x 24cm wide x 32cm tall) (model
BIO-DWB-AUTO-R, Bioseb, Boulogne, France) with a pressure sensitive floor (Figure
2.2). Hindlimb weight bearing was tracked using proprietary software (Bioseb; Version
1.4.2.92) and recorded using an ImagingSource DFK22AUCO03 camera (ImagingSource,
Charlotte, NC, USA), over a 3 min period while the animals moved freely around the
chamber. Body weight borne on the ipsilateral hindpaw was calculated as a percentage of

the total weight borne on both hindlimbs.

2.4 Measuring Joint Inflammation
2.4.1 Knee joint diameter
Knee joint swelling was evaluated by measuring the change in joint diameter
(mm) across the joint capsule along the transverse plane of the knee between the femoral
chondyles using electronic digital calipers (VWR International, Friendswood, Texas,
USA). These measurements were taken at baseline (day 0) and days 1, 2, 3, 7, 10, and 14

post-induction of the MIA model.
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2.4.2 Assessment of the synovial microcirculation
2.4.2.1 Surgical preparation

The subsequent surgical preparation of the animals was performed prior to [IVM
and LASCA recordings of the knee joint vasculature. Animals were deeply anaesthetised
by an i.p. injection of urethane (25% solution; 2g/kg in saline). An appropriate surgical
plane of anaesthesia was confirmed by failure to stimulate a hindpaw pedal withdrawal
reflex and ocular blink reflex. A longitudinal incision was made along the ventral skin of
the neck and a blunt dissection technique was used to expose the trachea which was
cannulated with PE-200 tubing to permit clear, unrestricted breathing. Next, the right
carotid artery was blunt dissected away from surrounding tissue and isolated from the
vagus nerve. The carotid was then cannulated with PE-30 tubing filled with heparinised
saline (1U/ml). The cannula was attached to an in-line pressure transducer attached to a
differentially amplified blood pressure monitor (World Precision Instruments, Sarasota,
FL, USA) to allow for continuous monitoring of mean arterial pressure (MAP). None of
the compounds tested throughout this project had any significant effect on the animals
MAP throughout the respective experiments. The right jugular vein was also blunt
dissected away from surrounding tissue and then cannulated with PE-20 tubing filled
with heparinised saline (1U/ml) to allow for intravenous (i.v.) administration of
rhodamine-6G. The jugular vein was only cannulated if it was not possible to perform a
tail vein injection of rhodamine 6G using a 30-gauge needle. The right knee joint was
immobilised using a brace made in-lab and the joint capsule was exposed by surgically

removing a small ellipse of overlying skin and superficial fascia (<1cm long; <0.5cm
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wide). Physiological buffer (135mM NaCl, 20mM NaHCO3, 5SmM KCI, ImM
MgSO4*7H20, pH =7.4) (37°C) was immediately and continuously perfused over the

exposed joint.

2.4.2.2 Intravital microscopy (IVM)

IVM was used to assess leukocyte-endothelial interactions within the
microcirculation of the knee joint, as described previously (Andruski et al., 2008). After
surgical preparation was complete, the synovial microcirculation was visualised under
incident fluorescent light using a Leica DM2500 microscope with an HCX APO L 20X
objective and an HC Plan 10X eyepiece, and a Leica DFC 3000 camera (Leica
Microsystems Inc., Ontario, Canada) giving a final magnification of 200X (Figure 2.3).
Leukocyte staining was achieved by i.v. administration of 0.05% rhodamine 6G (0.05mg
in 10ml saline). Rhodamine 6G accumulates in the mitochondria of leukocytes (Gear,
1972; Baatz et al., 1995), and has an absorption rate between 440 and 570 nm, which
peaks at 530nm (Brackmann, 1986). The excitation of rhodamine 6G is dependent on
concentration and solvent used, and emits between 550 and 620nm (Zehentbauer, 1986).
Straight, unbranched post-capillary venules (15um-50um in diameter) overlying the knee
joint capsule were chosen for visualisation and three leukocyte trafficking videos per time
point were captured for 1 min duration each.

Two different measures of leukocyte-endothelial interactions were used to assess
articular inflammation: (i) rolling leukocytes, which were defined as positively-stained
cells travelling slower than the surrounding blood flow. The number of rolling leukocytes

to pass an arbitrary line perpendicular to the venule in 1 min were counted, and (ii)
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adherent leukocytes, which were defined as positively-stained cells that remained
stationary for a minimum of 30 sec within a 100um portion of the venule were counted.
2.4.2.3 Laser speckle contrast analysis (LASCA)

The same animals that underwent IVM knee joint microvasculature assessments
were also assessed by LASCA here. Knee joint blood flow was measured by LASCA
using a PeriCam PSI System (Figure 2.4) (Perimed Inc., Ardmore, PA, USA). Blood flow
in the exposed knee joint was recorded over 1 min at a working distance of 10cm with a
frame capture rate of 25 images per sec using a laser at wavelength of 785 nm. All
images captured were averaged to generate 1 perfusion image per sec using dedicated
software (PIMSoft, Version 1.5.4.8078). At the end of the experiment rats were
euthanised and a dead scan of the knee was taken as a “biological zero” value. This value
was subtracted from all experimental time point measurements to account for any optical
noise in the tissue. Perfusion images were analysed offline where mean blood perfusion
in a manually defined region of interest approximating the knee joint area was calculated.
To normalise for MAP differences between animals, the mean perfusion values were
used to calculate vascular conductance using the equation C = Q /P, where C is
conductance, Q is mean perfusion, and P is MAP. Vascular conductance values were

assigned arbitrary units called perfusion units (PU) (Boas & Dunn, 2010).

2.5 Evaluating Peripheral Nerve Damage
2.5.1 G ratio analysis of the saphenous nerve
A small segment (approximately Smm) of the saphenous nerve was isolated

proximal to the ipsilateral knee joint, excised, and placed in 2.5% glutaraldehyde (diluted
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with 0.1M sodium cacodylate buffer), and stored at 4°C for at least one week. Sodium
cacodylate (cacodylic acid, sodium salt trihydrate) is dissolved in distilled water (dH»0)
and then the pH is adjusted to 7.3 with 0.2M hydrochloric acid (HCl), the stock solution
is then diluted to 0.1M just prior to use. The nerve samples were then removed from the
fixative and rinsed three times with 0.1M sodium cacodylate buffer. Samples were fixed
in 1% osmium tetroxide for 2 hr, rinsed with distilled water, and then placed in 0.25%
uranyl acetate (4°C) overnight. The samples were dehydrated in a graduated series of
acetone (50%, 70%, 95%, and finally 100%). The samples were then dried in 100%
acetone for 10 min. Epon araldite resin was utilised to mount the samples. The samples
were placed in a 3:1 ratio of dried 100% acetone to resin for 3 hr, followed by a 1:3 ratio
of dried 100% acetone to resin overnight. Next the samples were placed in 100% Epon
araldite resin for 3 hr and cured in an oven at 60°C for 48 hr. Finally, using an LKB
Huxley ultramicrotome with a diamond knife, the samples were sectioned into 100 nm
thick slices. Cross-sectional slices (approximately 4-5) of the nerves were placed onto a
copper wire grid consisting of 300 individual squares per inch (each square measuring
83um x 58um) and then stained with 2% aqueous uranyl acetate for 10 min and finally
lead citrate for 4 min. All processing and sectioning of the samples was completed by
Mary Ann Trevors in the Electron Microscopy Lab, Dalhousie University, Halifax, Nova
Scotia, Canada.

For analysis, the copper wire grids containing the saphenous nerve sections were
inserted into a JEOL JEM 1230 transmission electron microscope (JEOL Corp. Ltd.,
Tokyo, Japan). The microscope was set at a voltage of 80.0 kV, and images were

captured at 2500X using a Hamamatsu ORCA-HR digital camera (Hamamatsu

47



Photonics, Hamamatsu City, Japan). One nerve cross-section image was visually
partitioned into nine quadrants and three images were captured (from quadrants one, five,
and nine) per sample (Figure 2.5). Myelin thickness for all fibres per sample was assessed
using the G-ratio plugin (version 1.0) on ImageJ processing software (ImageJ bundled

with 64-bit Java 1.6.0 24). The G-ratio, a measure of myelin thickness, was calculated
a
using the equation G = \/% where a is the internal axonal area, and A4 is the total

axonal area of the fibre. The higher the G-ratio the higher the degree of nerve

demyelination.

2.6 Materials

2.6.1 Reagents

Table 2.1 List of Reagents

Reagent Source Description
Cremophor Sigma Aldrich (St. e Emulsifying solvent
Louis, Missouri, USA)
Dimethyl sulfoxide Sigma Aldrich (St. e Polar aprotic solvent
(DMSO) Louis, Missouri, USA)
Gluteraldehyde Electron Microscopy e Component of tissue
Sciences (Hatfield, fixative solution
Pennsylvania, USA)
Heparin Sandoz Canada Inc. e Anticoagulant
(Boucherville, Quebec,
CA)
Isoflurane CDMYV (Dartmouth, e Anesthetic
Nova Scotia, CA) e l-chloro-2,2,2-
trifluoroethyldifluoromethyl
ether
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2.6.1 Reagents

Table 2.2 List of Reagents continued

Reagent

Magnesium sulfate
(MgSO0O4)

Source

EMD Millipore
(Chicago, Illinois,
USA)

Description

Component of
physiological buffer
solution (pH=7.4)

Potassium chloride
(KQC))

Dalhousie Central
Stores (Halifax, Nova
Scotia, Canada)

Component of
physiological buffer
solution (pH=7.4)

Saline (0.9% Sodium
chloride)

Dalhousie Central
Stores (Halifax, Nova
Scotia, Canada)

Component of drug vehicle
Component of heparinized
saline solution

Sodium bicarbonate
(NaHCO3)

Dalhousie Central
Stores (Halifax, Nova
Scotia, Canada)

Component of
physiological buffer
solution (pH=7.4)

Sodium cacodylate
buffer (1.0M)

Electron Microscopy
Sciences (Hatfield,
Pennsylvania, USA)

Component of tissue
fixative solution

Sodium chloride
(NaQl)

Dalhousie Central
Stores (Halifax, Nova
Scotia, Canada)

Component of
physiological buffer
solution (pH=7.4)

Sodium Sigma Aldrich (St. Inducer of an experimental
monoiodoacetate Louis, Missouri, USA) OA model
(MIA) GAPDH inhibitor
Rhodamine-6G Sigma Aldrich (St. Nuclei and mitochondria
Louis, Missouri, USA) binding fluorophore
Urethane Sigma Aldrich (St. Anesthetic
Louis, Missouri, USA) Ethyl carbamate
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2.6.2 Drugs

Table 2.3 List of Drugs

Drug Source Description
AM281 Cayman Chemicals CBI1 receptor antagonist

(Ann Arbor, 1-(2,4-dichlorophenyl)-5-(4-

Michigan, USA) iodophenyl)-4-methyl-N-4-
morpholinyl-1H-pyrazole-3-
carboxamide

AM630 Cayman Chemicals CB2 receptor antagonist

(Ann Arbor, 6-i0do-2-methyl-1-(2-morpholin-

Michigan, USA) 4-ylethyl)indol-3-yl]-(4-
methoxyphenyl)methanone

Cannabidiol Tocris Bioscience Phytocannabinoid
(CBD) (Bio-Techne, 2-[(1R,6R)-3-methyl-6-(1-

Abingdon, UK) methylethenyl)-2-cyclohexen-1-

yl]-5-pentyl-1,3-benzenediol
JWH133 Tocris Bioscience CB2 receptor agonist

(Bio-Techne, (6aR,10aR)-3-(1,1-

Abingdon, UK) Dimethylbutyl)-6a,7,10,10a-
tetrahydro-6,6,9-trimethyl-6H-
dibenzo[b,d]pyran

KML29 MedChem Express MAGL inhibitor

USA (Monmouth 4-[Bis(1,3-benzodioxol-5-

Junction, New yDhydroxymethyl]-1-

Jersey, USA) piperidinecarboxylic acid 2,2,2-
trifluoro-1-(trifluoromethyl)ethyl
ester

SB-366791 Sigma Aldrich (St. TRPV1 antagonist

Louis, Missouri,
USA)

N-(3-methoxyphenyl)-4-
chlorocinnamide
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2.6.3 Equipment

Table 2.4 List of Equipment

Device Model Manufacturer

Blood Pressure BP-1 World Precision Instruments
Monitor with In-line (Sarasota, Florida, USA)
Pressure Transducer

Blood Perfusion PeriCam PSI Normal Perimed Inc. (Ardmore,

Imager Resolution with PimSoft Pennsylvania, USA)
Software
Dynamic Weight BIO-DWB-AUTO-R for DWRB system and software

Bearing System

rats with DFK22AUCO03
camera with Bioseb
software version 1.4.2.92

from Bioseb (Boulogne,
France)

Camera from ImagingSource
(Charlotte, North Carolina,
USA)

Digital Caliper

62379-531

VWR International
(Friendswood, Texas, USA)

Intravital Microscope

Leica DM2500 microscope

with HCX APO L 20X

objective and HC Plan 10X

eyepiece, and Leica DFC
3000 camera (final
magnification 200X)

Leica Microsystems Inc.
(Concord, Ontario, Canada)

Temperature Control
Monitor and Heating
Pad

TC1000

CWE Inc. (Ardmore,
Pennsylvania, USA)

Transmission Electron

JEOL JEM 1230 and

TEM from JEOL Corp. Ltd.

Microscope (TEM) Hamamatsu ORCA-HR (Tokyo, Japan)
digital camera Hamamatsu Photonics
(Hamamatsu City, Japan)
Von Frey Chamber Custom made Concept Plastics Inc.
(Dartmouth, Nova Scotia,
Canada)
Von Frey Hairs Semme Weinstein North Coast Medical (Gilroy,

Microfilaments

California, USA)
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2.7 Statistical analyses and data presentation

All data are expressed as mean values + standard error of the mean (SEM). All
data were tested for Gaussian distribution by the Kolmogorov-Smirnov test. For each
comparison, if all experimental groups passed the normality test, then the appropriate
parametric statistical test was used for analysis. If one or more groups were not normally
distributed, then the corresponding non-parametric statistical test was used for analysis.
Statistical analyses differed between studies and are stated in the corresponding figure
legend. All analyses were performed, and all graphs were generated, using GraphPad
Prism 6.0 (La Jolla, California, USA). A P<0.05 was considered statistically significant.
For each comparison, n is equal to the number of animal subjects in each experimental

cohort.
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2.7 Figures

A. Plexiglas chamber for animal
B. Metal mesh flooring
C. Von Frey hair monofilament (1 of series of 6)

Figure 2.1 Photograph of Von Frey algesiometry apparatus and setup.
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DFK22AUCO03 camera

Perspex chamber for animal

Sensor pad

Handle input to Bioseb software

Bioseb software for capture and analysis

mEOFE>

Figure 2.2 Photograph of Dynamic Incapacitance apparatus and setup.

54



. Leica DFC 3000 camera

A

B. Leica DM2500 microscope

C. Stage for animal

D. Temperature control heating pad

E. Leica light source

F. Blood Pressure Monitor

G. Temperature control monitor

H. Temperature probe

I. Pressure Transducer

J. PC with LAS Suite Software for capture and analysis

Figure 2.3 Photograph of Intravital Microscopy (IVM) set up
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Pericam PSI blood flow imager
PIMSoft recording software
Blood pressure monitor
Pressure transducer

Stage for animal

mEOFP

Figure 2.4 Photograph of Laser Speckle Contrast Analysis (LASCA) setup.
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Figure 2.5 Representation of saphenous nerve imaging and analysis protocol.

57



Chapter 3: The Modulatory Effects of a Monoacylglyercol
Lipase Inhibitor on MIA-Induced Joint Pain and
Inflammation

Disclosures: Pilot data (n=5) for the first portion of the KML29 pain behaviour study

was done with help from Nasser Abdullah, a former lab technician.

3.1 Background and hypotheses

The endocannabinoid system (ECS) ligands are synthesised on-demand under
different pathophysiological conditions. For instance, anandamide (AEA) and 2-
aracydonylglycerol (2-AG) are not found in healthy joints, but are upregulated in arthritic
joints (Richardson ef al., 2008). Moreover, an increase in monoacylglycerol (MAGL) and
fatty acid amide hydrolase (FAAH), the ECS ligand catabolic enzymes, were seen in
arthritic joints when compared to normal healthy joints (Richardson ef al., 2008),
indicating the existence of an active articular ECS. There is also evidence that CBRs and
CB3Rs are expressed on neurones which innervate knee joints as well as the synovial
membrane in rats (McDougall et al., 2009; Schuelert et al., 2010; McDougall et al.,
2011), where they are capable of modulating pain by reducing joint afferent firing
(Schuelert et al., 2010). More specifically, there is evidence provided by Schuelert et al.
(2010), that in MIA-induced OA, there is tonic activation of the ECS locally in the joints
of rodents. Wherein they showed that GW405833, a CB,R agonist, was antinociceptive
in normal control joints (Schuelert ez al., 2010). Thus, the ECS could be a practical target

for combating OA-associated pain and inflammation.
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Indirectly targeting, or modulating, the ECS is one potential way to successfully
alleviate pain and inflammation, as opposed to direct action at the CBRs. The
endocannabinoid ligands have beneficial effects on pain and inflammation in the joint,
but they are rapidly degraded by efficient enzymatic hydrolysis mechanisms involving
MAGL and FAAH, thereby shortening their duration of action (Guindon et al., 2009).
Inhibiting their degradation, by blocking MAGL or FAAH activity, would increase the
tonic levels of 2-AG and AEA, respectively, and prolong their activity (Guindon et al.,
2009). Modulating the ECS using MAGL or FAAH inhibitors has shown great potential
preclinically. When a FAAH inhibitor was administered locally into joints of OA
animals, it improved joint pain, inflammation, and mechanonociception (Schuelert ez al.,
2011; Krustev et al., 2014). Furthermore, MAGL inhibitors, administered systemically,
improved referred pain and hindlimb weight bearing deficits in the MIA model of OA
(Burston et al., 2016). Inhibition of MAGL reduced carrageenan-induced paw oedema
and mechanical allodynia (Ignatowska-Jankowska ef al., 2014) as well as reduced
mechanical allodynia in a sciatic nerve injury model (Ignatowska-Jankowska ef al.,
2014). MAGL inhibition also reduced paw oedema in the formalin test of inflammatory

pain (Guindon et al., 2011).

Although the effects of MAGL inhibition have been assessed previously in an OA
model, it’s efficacy when harnessing the peripheral ECS at the site of the joint has not
been investigated. The aim of this study was to assess the effectiveness of a MAGL
inhibitor, when administered locally into an OA joint, at reducing OA-associated pain

and joint inflammation.
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Hypotheses evaluated in this study:

L The MAGL inhibitor KML29, when administered locally into the joint, is
antinociceptive in the MIA model of OA. The antinociceptive action of
KML29 is mediated through cannabinoid receptors in the joint.

I1. Topical application of KML29 decreases joint inflammation in the acute

phase of the MIA model.

3.2 Action of locally administered KML29 on MIA-induced joint pain and
involvement of the cannabinoid receptors

3.2.1 Methods

Male Wistar rats (332-377g) were deeply anaesthetised with isoflurane (2-4%;
100% oxygen at 1L/min) and MIA (3mg; 50ul saline) was injected i.artic. into the right
knee joint. The MIA model was then followed for 14 days and rats were separated into
two treatment groups, one group receiving i.artic. KML29 (700pug/50ul) and the other
receiving i.artic. vehicle (50ul). On day 14, behavioural pain measurements were carried
out using von Frey hair algesiometry and hindlimb incapacitance. Testing was conducted

at 30, 60, 120, 180, 240 min following drug administration.

In a separate experimental cohort, male Wistar rats (227-276g) followed out to
day 14 of the MIA model were organised into different treatment groups. Animals were
treated locally by a s.c. injection around the knee with either the CB,R antagonist,

AM281 (75ug/50pul), the CB,R antagonist, AM630 (75ul/50ul) or vehicle (50ul), 10 min
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prior to i.artic. administration of KML29 (700ug). Behavioural pain measurements were

performed at 30, 60, 120, 180, 240 min following KML29 administration.

3.2.2 Results

3.2.2.1 KML?29 increased hindpaw withdrawal threshold

MIA induced OA pain at day 14 as evinced by the development of hindpaw
secondary allodynia (P<0.0001; n=20; Figure 3.1A). Hindpaw withdrawal threshold
decreased from 14.98 + 0.08g at baseline (day 0) to 11.17 = 0.70g on day 14. When
KML29 was given i.artic. hindpaw withdrawal threshold significantly improved over the
time course tested (P<0.001; n=8-10; Figure 3.1A). Post hoc analysis revealed

significance at 60 min, where the withdrawal threshold improved to 13.19 £ 0.76g.

On day 14 of the MIA time course, both the CB|R and CB;R antagonists AM281
and AM630, respectively, significantly blocked the anti-nociceptive effect of KML29 on
hindpaw withdrawal threshold (P<0.0001; n=6-10; Figure 3.2A1 & 3.2A2). Post hoc
analysis revealed significance at 30 min and 120 min for AM281 (Figure 3.2A1) and 30
min and 180 min for AM630 (Figure 3.2A2). At 30 min, AM281 and AM630 were
significantly different when compared to vehicle plus KML29 or vehicle alone treatment
groups (P<0.05; n=6-10; Figure 3.2B), with post hoc analysis revealing AM281 as

significant.
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3.2.2.2 KML?29 did not improve hindlimb weight bearing deficits

Hindlimb weight bearing deficits were observed 14 days post-MIA induction
(P<0.0001; n=20; Figure 3.1B). Hindlimb weight bearing decreased from 49.94 + 0.93 at
baseline (day 0) to 43.33 + 2.05 by day 14 of the model. Animals that received i.artic.
KML29 did not have an improvement in hindlimb weight bearing, rather this treatment
group was significantly decreased (P<0.05; n=8-10; Figure 3.1B), when compared to

vehicle treated animals.

KML29 did not improve hindlimb incapacitance, so it would be expected that the
CBR antagonists would not alter hindlimb weight bearing. The CB;R antagonist, AM281,
and the CB,R antagonist, AM630, had no significant effect on hindlimb weight bearing
(P>0.05; n=6-10; Figure 3.2C1 & 3.2C2). When compared at 30 mins, again there were

no significant alterations on hindlimb weight bearing (P>0.05; n=6-10; Figure 3.2D).

33 Effects of locally administered KML29 on MIA-induced inflammation

3.3.1 Methods

Male Wistar rats (332-410g) underwent inflammation assessments, using [IVM
and LASCA, 24 hr after MIA (3mg; 50ul saline) was injected i.artic. into the right knee
joint. The animals were anaesthetised and a surgical preparation was completed prior to
obtaining inflammation measurements (detailed in Section 2.4.2.1). The trachea and right
carotid artery were cannulated to provide an unrestricted airway and to monitor MAP,

respectively. Circulating leukocytes were fluorescently stained by an i.v. injection of
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rhodamine 6G (0.05%; 0.05ml saline) through the tail vein. The jugular vein was

cannulated if i.v. access was not available through the tail vein.

3.3.1.1 IVM

The ipsilateral knee joint was exposed and three baseline videos of the joint
microvasculature were recorded (1 min each). Next, a warmed (37°C) bolus of either
KML29 (700ng) or vehicle (50ul), was applied topically over the exposed knee joint.
Measurements were recorded at 5, 15, 30, 60, 120, 180 min post-drug administration.
Leukocyte trafficking was quantified and averaged over the three videos obtained at each

time point during the experiment. These values were compared to baseline values.

3.3.1.2 LASCA

A baseline LASCA recording (1 min) was taken directly following the baseline
IVM recordings and all LASCA recordings followed immediately after [VM throughout
the duration of the experiment. Again, experimental time points were 5, 15, 30, 60, 120,
180 post-drug administration. Mean perfusion was calculated and averaged over the 1
min recording at each time point, for a specific region of interest manually drawn over
the knee joint. Once the dead scan value was subtracted from each recording, mean
perfusion for each time point was used to compute vascular conductance. These values
were used to normalise for any MAP differences between animals and were compared to

baseline vascular conductance.
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3.3.2 Results

3.3.2.1 KML?29 decreased adherent leukocytes in day 1 MIA joints

Injection of MIA produced significant increases in both rolling (P<0.0001; n=6;
Figure 3.3A) and adherent leukocytes (P<0.0001; n=6; Figure 3.3B) one day after
induction. Rolling leukocytes increased from 5.64 & 1.69 to 59.5 + 3.36 and adherent
leukocytes increased from 0.78 + 0.13 to 3.61 &+ 0.79. When compared to vehicle treated
knee joints, KML29 (700ug) did not significantly decrease the number of rolling
leukocytes (P>0.05; n=6; Figure 3.3A) in the joint microvasculature over 180 min.
Conversely, KML29 did have a significant effect on adherent leukocytes, whereby it was
able to decrease the number over the 180 min time course (P<0.0001; n=6; Figure 3.3B)
when compared to vehicle treated animals. The largest decrease occurred at 30 min post-
KML29 administration, where the KML29 treated group had 2.50 + 0.51 adherent

leukocytes compared to the vehicle treated group which had 7.15 + 1.58.

3.3.2.2 KML?29 did not affect knee joint hyperaemia

On day 1 MIA, knee joint hyperaemia was significantly increased when compared
to naive controls (P<0.0001; n=6; Figure 3.3C), where vascular conductance increased
from 0.50 + 0.06 to 3.75 + 0.38. Topical administration of KML29 did not have a

significant effect on knee joint blood flow (P>0.05; n=6; Figure 3.4C).
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3.4  Chapter summary
3.4.1 KML?29 administered locally into the joint blocks MIA-induced OA pain

The results presented in Section 3.2 indicate that KML29 may be a valid
therapeutic for alleviating referred pain associated with OA. In established MIA joint
pain, KML29 improved hindpaw withdrawal threshold, but was unsuccessful at altering
hindlimb weight bearing deficits. The antinociceptive effects of KML29 seen in the von

Frey algesiometry test were blocked by both CB;R and CB,R antagonists.

3.4.2 Local application of KML29 has modest antiinflammatory effects

Based on results from Section 3.3, KML29 applied topically to a day 1 MIA knee
joint significantly decreased adherent leukocytes in the joint microvasculature, but had no
effect on rolling leukocytes or knee joint hyperaemia. Thus, KML29 only has a moderate

antiinflammatory effect, only affecting one inflammation outcome measure out of three.

Table 3.1: Chapter summary

| | KML29(MAGLinhibitor)

PAIN Decreased pain (mediated by CB,R and CB,R)
Von Frey Improved WT

DWB No effect on WB

INFLAMMATION

Rolling Leukocytes No effect

Adherent Leukocytes Decreased

Joint Perfusion No effect

WB, weight bearing; WT, withdrawal threshold
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3.5  Figures
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Figure 3.1 Effect of locally administered KML29 on behavioural pain in the MIA
model of OA. Induction of MIA, via i.artic. injection, produced secondary allodynia and
hindlimb weight bearing deficits by day 14 of the model (****P<0.0001; 1-way ANOVA
with Dunnett post hoc test; n=20). Local administration (i.artic.) of KML29 (700ug)
improved hindpaw withdrawal threshold (A) (***P<0.001; 2-way ANOVA with
Bonferroni post hoc test; n=8-10), but increased hindlimb weight bearing deficits (B)
over 240 min (*P<0.05; 2-way ANOVA with Bonferroni post hoc test; n=8-10). Data are
mean values = SEM. ANOVA, analysis of variance; BL, baseline; MIA, sodium

monoiodoacetate; OA, osteoarthritis; VEH, vehicle.
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Figure 3.2 Contribution of the classical cannabinoid receptors to the antinociceptive
action of KML29. The improvement in hindpaw withdrawal threshold by KML29 was
blocked following administration of both the CB;R antagonist, AM281 (75ug), (A1) and
the CB;R antagonist, AM630 (75ng), (A2) over 240 min (****P<(0.0001; 2-way
ANOVA with Bonferroni post hoc test; n=6-10). Post hoc analysis revealed significance
at 30 min and 120 min for AM281 and significance at 30 min and 180 min for AM630.
When both antagonists are compared to VEH + KML29 and VEH alone, at 30 min, only
AM28]1 significantly blocks the effects of KML29 (*P<0.05; 1-way ANOVA with
Dunnett post hoc test; n=6-10) (B). Both the CBR antagonist (C1) and CB,R antagonist
(C2), AM281 and AM630 respectively, did not alter hindlimb weight bearing over 4
hours (P>0.05; 2-way ANOVA with Bonferroni post hoc test; n=6-10). When comparing
all groups at 30 min (D), there were no significant differences between them (P>0.05; 1-

way ANOVA with Dunnett post hoc test; n=6-10). Data are means £ SEM. ANOVA,
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analysis of variance; BL, baseline; MIA, sodium monoiodoacetate; NS, not significant;

VEH, vehicle.
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Figure 3.3 The effects of KML29 on day 1 MIA-induced inflammation. Injection of
MIA (i.artic.) significantly increased rolling (A) and adherent leukocytes (B), and caused
synovial hyperaemia (C) when compared to naive controls (****P<(0.0001; student’s t-
test; n=6-12) one day later. Topical administration of KML29 (700ng) did not alter
rolling leukocytes (A) (P>0.05; 2-way ANOV A with Bonferroni post hoc test; n=6), but
did decrease adherent leukocytes (B) over the 180 min time course (****P<0.0001; 2-
way ANOVA with Bonferroni post hoc test; n=6). Additionally, KML29 did not alter
synovial hyperaemia (C) (P>0.05; 2-way ANOVA with Bonferroni post hoc test; n=6)
when compared to vehicle. Data are means = SEM. ANOVA, analysis of variance; BL,

baseline; MIA, sodium monoiodoacetate; VEH, vehicle.
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Chapter 4: The Direct Effects of the CB2 Receptor Agonist,
JWH133, on MIA-Induced Joint Pain and Inflammation

Disclosures: No disclosures for this chapter.

4.1 Background and hypotheses

The ECS is one of the body’s important natural regulator of pain and
inflammation. Cannabinoid receptors CB;R and CB;R are located throughout the body,
with CB|R mainly localised within the CNS and CB;R historically distributed between
different subsets of immune cells in the periphery (Svizenska et al., 2008). In recent years
however, CB,Rs have been identified in the lumbar L4-L.6 DRGs of rodents (Svizenska
et al., 2008; Schuelert et al., 2010) as well as in the synovial membrane of sham and
arthritic rat knee joints (Schuelert ef al., 2010). Both CB;Rs and CB;Rs are localised on
nerves which innervate the rat knee joint (McDougall, 2009; Schuelert et al., 2010,
McDougall, 2011). Since CB;Rs are not highly localised in the CNS, directly modulating
CB:Rs may allow for a highly targeted therapy devoid of centrally-mediated effects.
Unlike CBjR agonists, CB;R agonists have not been shown to elicit any central effects
(Hanus et al., 1999; Malan et al., 2001; Yao et al., 2008). This is an important finding

when considering adverse effects of developing novel therapeutics.

Directly activating CB,Rs using synthetic agonists has been shown to decrease
pain and inflammation in vivo. A study by Fukuda et al. (2014) administered JWH133, a

CB:2R agonist, systemically to mice with inflammatory arthritis and found that it
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decreased arthritis severity and immune cell infiltration. When administered in a model
of neuropathic pain, JWH133 improved thermal and mechanical hypersensitivity (Vera et
al., 2013). In the MIA model of OA, again systemic administration of JWH133 improved
behavioural pain outcomes, decreased serum proinflammatory mediators, and regulated
central sensitisation (Burston et al., 2013). In normal knee joints CB,R agonists, JWHO15
and JWH133, both caused a dose-dependent increase in synovial blood flow, but the
vasodilator effect was absent in acute and chronic inflammatory models, kaolin-
carrageenan and FCA, respectively (McDougall ef al., 2008). Paradoxically, a study
carried out with a particular CB,R agonist, GW405833, found that it was pronociceptive
in OA joints (Schuelert et al., 2010), delivering conflicting evidence of the involvement
of CB,Rs in OA joint pain. Furthermore, CB|R agonists have been widely shown to
produce analgesia in preclinical pain models (Vera et al., 2013). Again, these compounds
were administered systemically, which run the risk of producing centrally-mediated

effects, or must be administered at non-psychoactive doses.

This study aimed to elucidate the role of CB,R peripherally in an OA joint.
Specifically using the synthetic CB,R agonist, JIWH133, locally to determine if directly

activating CB,Rs will block OA pain and reduce OA-associated inflammatory flares.

Hypotheses evaluated in this study:

I Peripherally administered JWH133 in the MIA model of OA is
antinociceptive and this effect is mediated through classical cannabinoid

receptors in the knee joint.
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1I. Local administration of JWH133 reduces acute MIA-induced

inflammation.

4.2  Action of locally-administered JWH133 on MIA-induced joint pain and the
contributions of the classical cannabinoid receptors

4.2.1 Methods

Male Wistar rats (381-491g) at 14 post-MIA (3mg; 50ul saline) induction were
divided into treatment cohorts, with one receiving JWH133 (30png/50ul) and the other
receiving vehicle (50pl) i.artic into the joint. Behavioural pain assessments were
conducted by using von Frey hair algesiometry and hindlimb incapacitance techniques at

30, 60, 120, 180, 240 min succeeding drug administration.

In a separate cohort, on day 14 of the MIA model, male Wistar rats (243-285g)
were allocated into three treatment groups. The rats were given either the CB;R
antagonist, AM281 (75ug/50ul), the CB,R antagonist, AM630 (75ug/50ul), or vehicle
(50ul) by s.c. injection 10 min prior to the i.artic. administration of JWH133 (30pg).
Behavioural pain outcomes were evaluated at 30, 60, 120, 180, 240 min after JWH133

administration.
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4.2.2 Results

4.2.2.1 Local JWHI33 blocks OA-associated referred pain

Injection of MIA caused a significant decrease in hindpaw withdrawal threshold
(P<0.001; n=16; Figure 4.1A) by day 14 of the model. Hindpaw withdrawal threshold
decreased from 14.79 + 0.21g at day 0 baseline to 10.99 + 0.87 on day 14 of the model.
JWH133 delivered directly into the ipsilateral joints of animals 14 days post-MIA
induction significantly improved hindpaw withdrawal threshold (P<0.001; n=8; Figure
4.1A). At 120 min post-drug administration, hindpaw withdrawal threshold increased to

13.20 + 0.93g which was the largest improvement throughout the time course.

The antinociceptive action of JWH133 was blocked by the CB,R antagonist,
AMG630 (P<0.01; n=6; Figure 4.2A1). Post hoc analysis showed significance at the 30
min time point (Figure 4.2B). However, the effects of JWH133 were not altered by the

CBjR antagonist AM281 (P>0.05; n=6; Figure 4.2A2).

4.2.2.2 Intraarticular JWHI133 modifies hindlimb incapacitance

After 14 days post-MIA, hindlimb weight bearing deficits were apparent
(P<0.0001; n=16; Figure 4.1B) when compared baseline. On day 0 hindlimb weight
bearing was 49.99 + 0.56 and decreased to 43.11 £+ 1.14 by day 14. JWH133 significantly
altered hindlimb weight bearing (P<0.0001; n=8; Figure 4.1B) when compared to vehicle
treated animals. Post hoc analysis revealed significance at 30, 120, 180, and 240 min.

The greatest improvement in weight bearing occurred at 30 min, where it increased to
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45.35 £ 1.78. The largest difference between JWH133 treated animals (42.76 = 1.86) and

vehicle treated animals (29.26 + 2.65) occurred at 180 min.

The group treated with the CB;R antagonist, AM281, is significantly different
when compared to the JWH133 treated group over the 240 min time course (P<0.01;
n=6-8; Figure 4.2C1). Post hoc analysis showed the 180 min time point to be the only
significant time point. The CB;R antagonist, AM630, did not alter hindlimb weight
bearing throughout the time course (P>0.05; n=6-8; Figure 4.2C2). The antinociceptive
action of JWH133 seems to have lost effectiveness in this experimental cohort (P>0.05;

n=6-8; Figure 4.2D), when compared to vehicle counterparts.

4.3 Effects of locally administered JWH133 on MIA-induced inflammation

4.3.1 Methods

Using IVM and LASCA, male Wistar rats (346-396g), underwent inflammation
assessment 24 hr post-MIA (3mg; 50ul saline) induction. The animals were anaesthetised
and surgical preparation was completed, as detailed in Section 2.4.2.1, prior to obtaining
inflammation measurements. Circulating leukocytes were fluorescently stained by an i.v.

injection of rhodamine-6G (0.05%; 0.05ml saline) through the tail vein.

4.3.1.1 IVM

Three baseline videos of the exposed knee joint microvasculature were recorded

(1 min each). A warmed (37°C ) bolus of either JWH133 (30ng) or vehicle (50ul), was
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applied topically to the joint capsule and measurements were recorded at 5, 15, 30, 60,
120, 180 min post-drug administration. Leukocyte trafficking was quantified and
averaged over the three videos obtained at each time point during the experiment. These

values were compared to baseline values.

4.3.1.2 LASCA

All LASCA recordings followed immediately after each IVM recording
throughout the duration of the experiment. Once the dead scan value was subtracted from
each recording, mean perfusion was calculated at each time point. These values were then
used to calculate vascular conductance and normalised for MAP differences between
animals. All experimental time points and were then compared to the baseline vascular

conductance.

4.3.2 Results

4.3.2.1 JWHI133 is antiadherent but not antirolling in MIA knee joints

On day 1 post-MIA induction, rolling and adherent leukocytes were both
significantly increased when compared to naive animals (P<0.0001; n=6-12; Figure 4.3A
& 4.3B). Rolling leukocytes increased from 5.64 + 1.69 to 58.9 + 2.88, and adherent
leukocytes increased from 0.78 + 0.13 to 3.86 + 0.76. Topical application of JWH133 had
no significant effect on rolling leukocytes when compared to vehicle treated counterparts

(P>0.05; n=6; Figure 4.3A). However, JWH133 did significantly decrease adherent
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leukocyte number (P<0.0001; n=6; Figure 4.3B) in the joint microvasculature when
compared to the vehicle treated cohort. Post hoc analysis showed significance at 180 min,
where JWH133 treated animals had 5.39 + 1.24 adherent leukocytes and vehicle treated

animals had 10.22 + 2.09 adherent leukocytes.

4.3.2.2 JWHI133 did not alter knee joint hyperaemia

Injection of MIA (i.artic.) caused a significant increase in synovial hyperaemia
(P<0.0001; n=6-12; Figure 4.3C), whereby vascular conductance increased to 4.07 + 0.41
compared to 0.50 + 0.06 in naive animals. JWH133 administered topically onto the
exposed knee joint did not have a significant effect on vascular conductance (P>0.05;

n=6; Figure 4.3C), when compared to vehicle treated joints.

4.4 Chapter summary

4.4.1 Locally applied JWH133 improves behavioural pain outcomes

The data presented in Section 4.2 suggests that blockade of CB;Rs, locally in the
joint, may be a beneficial therapy for treating OA-induced pain. JWH133 was able to

significantly improve hindpaw secondary allodynia and hindlimb weight bearing deficits.

The analgesic effects of JWH133 on hindpaw secondary allodynia were blocked
by the CB1R antagonist, AM630, but not by the CBR antagonist, AM281. The hindlimb
incapacitance results presented in Section 4.2.2.2 were difficult to interpret. The

improvement in hindlimb weight bearing by JWH133 was not seen in this cohort of
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animals, therefore it was not expected for the receptor antagonists to alter weight bearing

deficits. However, surprisingly, the CB;R antagonist treated group was significantly

different from the vehicle plus JWH133 control group.

4.4.2 JWHI133 has moderate antiinflammatory effects in day 1 MIA joints

On day 1 post-MIA, JWH133 decreased adherent leukocytes but had no effect on

rolling leukocytes or arthritis-induced joint hyperaemia. Therefore, JWH133 may not be

effective at relieving OA-associated inflammatory flares.

Table 4.1: Chapter summary

| JWHI33(CB:Ragonisy

PAIN

Von Frey

DWB
INFLAMMATION
Rolling Leukocytes
Adherent Leukocytes

Joint Perfusion

Decreased pain (mediated by CB;R)
Improved WT
Improved WB

No effect
Decreased
No effect

WB, weight bearing; WT, withdrawal threshold
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Figure 4.1 Action of locally administered JWH133 on behavioural pain measures in
the MIA model of OA. Induction of MIA, via i.artic. injection, produced secondary
allodynia and hindlimb weight bearing deficits by day 14 of the model (****P<0.0001;
I-way ANOVA with Dunnett post hoc test; n=16). Administration (i.artic.) of JWH133
(30ug) improved hindpaw withdrawal threshold (A) (***P<0.001; 2-way ANOVA with
Bonferroni post hoc test; n=8), and also improved hindlimb weight bearing deficits (B)
over 240 min (****P<0.0001; 2-way ANOVA with Bonferroni post hoc test; n=8). Post
hoc analysis revealed significance at 30, 120, 180, and 240 min. Data are mean values +
SEM. ANOVA, analysis of variance; BL, baseline; MIA, sodium monoiodoacetate; OA,

osteoarthritis; VEH, vehicle.
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Figure 4.2 Contribution of the classical cannabinoid receptors to the antinociceptive
effects of JWH133. The improvement in hindpaw withdrawal threshold by JWH133 was
blocked following administration of the CB,R antagonist AM630 (75ug) (**P<0.01; 2-
way ANOVA with Bonferroni post hoc test; n=6-8) (A2), but unaltered by the CB;R
antagonist AM281 (75ug) (A1) and over 240 min (P>0.05; 2-way ANOVA with
Bonferroni post hoc test; n=6-8). Post hoc analysis revealed significance at 30 min. When
compared to all other treatment groups, at 30 min, AM630 significantly blocks the effects
of JWH133 (**P<0.01; 1-way ANOVA with Dunnett post hoc test; 6-8) (B). The CB;R
antagonist, AM281, was significantly different from JWH133 treated animals over the
240 min time course (*P<0.05; 2-way ANOVA with Bonferroni post hoc test; n=6-8)
(C1). Post hoc analysis revealed the 180 min time point as significant. The CB,R
antagonist, AM630, did not alter hindlimb weight bearing (P>0.05; 2-way ANOVA with
Bonferroni post hoc test; n=6-10) (C2). When comparing all groups at 180 min (D), there
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were no significant differences between them (P>0.05; 1-way ANOVA with Dunnett post
hoc test; n=6-10). Data are means = SEM. ANOVA, analysis of variance; BL, baseline;

MIA, sodium monoiodoacetate; NS, not significant; VEH, vehicle.
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Figure 4.3 The action of JWH133 on day 1 MIA-induced inflammation. Injection of
MIA (i.artic.) significantly increased rolling (A) and adherent leukocytes (B), and caused
synovial hyperaemia (C) when compared to naive controls (****P<0.0001, *P<0.05;
student’s t-test; n=6-12). Topical administration of JWH133 (30ug) did not alter rolling
leukocytes (A) (P>0.05; 2-way ANOVA with Bonferroni post hoc test; n=6), but did
decrease adherent leukocytes (B) over the 240 min time course (****P<0.0001; 2-way
ANOVA with Bonferroni post hoc test; n=6). Post hoc analysis revealed significance at
180 min. Additionally, JWH133 did not alter synovial hyperaemia (C) (P>0.05; 2-way
ANOVA with Bonferroni post hoc test; n=6) when compared to vehicle. Data are means
+ SEM. ANOVA, analysis of variance; BL, baseline; MIA, sodium monoiodoacetate;

VEH, vehicle.
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Chapter 5: The Effects of the Major Phytocannabinoid,
Cannabidiol, on MIA-Induced Joint Pain and
Inflammation

Disclosures: Data presented in this chapter, unless otherwise stated, have been published
in Philpott et al., 2017; PAIN. Furthermore, Milind Muley aided in the generation of

naive intravital microscopy (IVM) and laser speckle contrast analysis (LASCA) data.

5.1 Background and hypotheses

Historically, OA has been classified as a non-inflammatory arthritis and was
thought of as simply wear and tear of the joints. Inflammation was considered a mere side
effect of the joint damage occurring as OA develops, and not as a potential driver of the
disease. It is now believed that inflammatory flares and low levels of chronic
inflammation contribute to the degenerative changes that occur throughout the synovial
joint, promoting OA disease progression (Gronblad et al., 1988; Poole, 1999; Hill et al.,
2007; Guermazi et al., 2011; Robinson et al., 2016). These changes can lead to joint
destruction (Krustev ef al., 2015), nerve damage, peripheral sensitisation, and generate
nociceptive pain (McDougall et al., 2009; Schuelert & McDougall, 2009; Krustev et al.,
2015). Chronic pain and disease progression in OA patients is under managed due to
limited viable treatment options. Moreover, there is growing evidence suggesting that a
subset of approximately 30% of OA patients suffer from neuropathic pain (Schomberg et

al., 2012; Ahmed ef al., 2014). The mixed nature of OA pain explains why commonly
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prescribed pain therapies have limited effectiveness in a heterogeneous OA patient

population.

The MIA model of experimental OA is a rapidly progressing and highly
reproducible model of human OA. The pain and inflammatory components of this model
have been thoroughly characterised (Bove et al., 2003; Thakur et al., 2012). The MIA
model begins with an acute inflammatory phase that peaks at day 1 and decreases to low
levels by day 7 (Bove et al., 2003). The pain in this model is biphasic, where
inflammation dictates pain in the first 7 days, but is then driven by joint damage, low
levels of inflammation, and largely neuropathic processes by day 14 (Bove et al., 2003;
Thakur et al., 2012). MIA also causes peripheral nerve damage as early as day 3, and has
been reported as detectable up to day 35 (Ivanavicius et al., 2007; Thakur et al., 2012;
McDougall et al., 2017). These characteristics make this model ideal for testing potential
antinociceptive and antiinflammatory agents, as well as agents that may be beneficial in

slowing or reversing OA progression.

Cannabidiol is the main non-psychoactive component of the cannabis plant
(Mechoulam & Gaoni, 1965). Currently, there is an oromucosal spray (1:1 ratio CBD: A’-
THC) available for the treatment of multiple sclerosis spasticity and pain. Other CBD and
A’-THC containing compounds are promising in human musculoskeletal diseases and
pain conditions and the trend towards prescribing these therapies is increasing (Lynch &
Campbell, 2011; Fitzcharles et al., 2016). Akin to other cannabinoid compounds, CBD
has a complex signalling mechanism where it can activate and mute classical
endocannabinoid pathways as well as modulate atypical cannabinoid signalling pathways

such as, TRP ion channels, serotonin receptors, and other orphaned GPCRs (e.g. GPR18,
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GPRS55) (Pertwee, 2005; Russo et al., 2005; Demuth & Molleman, 2006). The above
pathways are known to play an integral role in modulation of pain and inflammation
(Guindon & Hohmann, 2009; Schumacher, 2010; Bardin, 2011; Witkamp & Meijerink,

2014).

CBD has been explored in several preclinical disease models, whereby systemic
administration of CBD has produced favourable outcomes. In the carrageenan model of
paw oedema, CBD had a dose-dependent effect on thermal hyperalgesia as well as
decreased PGE2 plasma levels, COX activity, and nitric oxide production in the tissues of
the inflamed paw (Costa ef al., 2004). Hammell et al. (2016) showed that CBD reduced
joint swelling, synovial membrane thickening, proinflammatory molecule synthesis, and
immune cell infiltration in the FCA model of inflammatory arthritis. Additionally,
Malfait et al. (2000) demonstrated that CBD suppressed development of the collagen
model of RA and decreased TNF-a and interferon-y (IFN-y) release. While the literature
suggests a promising role for CBD in relieving joint inflammation and pain, the
effectiveness of CBD in OA or CBD administered locally to the joint has yet to be
investigated. This may be an important step towards the discovery of cannabinoid

therapies which lack centrally-mediated side effects.

The aim of the present study was to assess the effects of locally administered
CBD on joint pain in animals with end-stage OA. Since it has been established that
inflammatory flares can contribute to the long-term development of OA joint pain
(Robinson et al., 2016), the action of CBD on acute OA-associated synovitis was
assessed. Furthermore, a prophylactic regimen was carried out to test the effect of early

CBD treatment on the progression of chronic OA pain and joint neuropathy.
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Hypotheses assessed in this study:

I Local administration of CBD is antinociceptive in established OA and
this antinociceptive effect is mediated through cannabinoid receptors in
the joint.

II. Local administration of CBD decreases acute inflammation (day 1)
induced by MIA and this antiinflammatory action is mediated through
cannabinoid receptors in the joint.

III.  Prophylactic treatment with CBD during the early inflammatory phase of
the MIA model (days 0-3) will prevent the subsequent development of OA

pain and peripheral nerve damage.

5.2 Examining antinociceptive properties of locally administered CBD on MIA-
induced joint pain

5.2.1 Methods

Male Wistar rats (222-337g) were deeply anaesthetised with isoflurane (2-4%;
100% oxygen at 1L/min) and MIA (3mg; 50ul saline) was injected i.artic. into the right
knee joint (as described in Section 2.2.1). On day 14, the rats were separated into cohorts
and were treated locally with an i.artic. injection of either CBD (100, 200, or 300pug) or
vehicle (50ul). Behavioural pain was assessed at 30, 60, 120, 180, 240 min following

drug administration using von Frey hair algesiometry and hindlimb incapacitance.
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To determine if CBD was restricted locally to the ipsilateral knee joint, in a
separate cohort on day 14, 300ug of CBD was injected into the contralateral knee joint.

Behavioural pain was then assessed in the ipsilateral joint over 240 min.

5.2.2 Results

5.2.2.1 CBD attenuates referred pain in day 14 MIA knee joints

Injection of MIA into the knee produced robust secondary allodynia in the
ipsilateral hindpaw 14 days after injection when compared to day 0 naive baseline
(P<0.0001; n=24; Figure 5.1A). Hindpaw withdrawal threshold decreased from 15.0 +
0.0g on day 0 to 8.57 + 0.40g by day 14 of the model.

Compared to vehicle control, low and mid-range doses of CBD (100ug, 200png)
had no effect on withdrawal threshold (P>0.05; n=8; Figure 5.1A). A higher dose of CBD
(300pug) significantly increased hindpaw withdrawal threshold over the time course tested
(P<0.0001; n=8; Figure 5.1A), indicating a reduction in pain. Post hoc analysis revealed
significance at 60 min, 120 min, and 180 min. As such, all subsequent experiments were
completed using the 300ug dose of CBD. The greatest improvement in hindpaw
withdrawal threshold was observed between 30 min and 120 min where the threshold

remined between 14.0-14.9 + 0.92-1.15g.

5.2.2.2 Local CBD improves hindlimb weight bearing deficits in OA joints

MIA (i.artic.) produced weight bearing deficits in the ipsilateral hindlimb 14 days
after injection when compared to day 0 naive baseline (P<0.0001; n=24; Figure 5.1B).
Hindlimb weight bearing decreased from 50.0 + 0.52 on day 0 to 39.3 + 1.03 by day 14.
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Similar to the results of the von Frey algesiometry low and mid-range doses of
CBD (100pg, 200png) had no effect on hindlimb incapacitance compared to vehicle
control (P<0.0001; n=8; Figure 5.1B). The 300pg dose of CBD, on the other hand,
significantly improved hindlimb weight bearing deficits over 240 min (P<0.0001; n=8;
Figure 5.1B), with 180 min and 240 min being significant time points after post hoc
analysis. The largest improvement in weight bearing deficits was at 180 min where the
CBD treated group increased to 45.2 + 4.24 compared to vehicle treated animals which

remained at 29.3 + 2.66.

5.2.2.3 Effects of contralateral CBD on von Frey hair algesiometry and hindlimb
incapacitance

High dose CBD (300pg) injected into the contralateral knee joint had no effect on
ipsilateral hindpaw withdrawal threshold and was significantly different when compared
to CBD-treated ipsilateral joints (P<0.0001; n=8-9; Figure 5.2A), indicating that CBD
was acting locally in the von Frey algesiometry test. Post hoc analysis revealed the 30
min, 60 min, and 120 min post-drug administration as significant. Conversely, in the
hindlimb weight bearing test, contralateral CBD was not statistically different from the

group treated with ipsilateral CBD (P>0.05; n=8-9; Figure 5.2B).

97



5.3  Contribution of classical and non-classical cannabinoid receptors to the anti-
nociceptive effects of CBD

5.3.1 Methods

Male Wistar rats (341-409g) 14 days post-MIA induction (3mg; 50ul saline) were
separated into four cohorts. Cohorts were treated locally (s.c.) with either vehicle (50ul),
the CBR antagonist, AM281 (75ug/50ul), the CB,R antagonist, AM630 (75ul/50pul), or
the TRPV1 receptor antagonist, SB-366791 (30ug/50ul) 10 min prior to i.artic.
administration of CBD. Behavioural pain measurements were conducted at 30, 60, 120,

180, 240 min following CBD administration.

5.3.2 Results

5.3.2.1 CBD-induced antinociception is blocked by TRPV1 antagonism

In day 14 post-MIA animals, over the 240 min time course the CB;R and CB;R
antagonists, AM281 (P>0.05; n=6-8; Figure 5.3A) and AM630 (P>0.05; n=6-8; Figure
5.3A), as well as the TRPV1 antagonist SB-366791 (P>0.05; n=6-8; Figure 5.3A) had no
significant effect on CBD-induced antinociception. Upon conducting post hoc analysis,
SB-366791 was significantly different at 60 min (P<0.05; n=6-8; Figure 5.3A). When
assessing the effects of the antagonists at the 60 min time point (peak effect of CBD) the
CBjR antagonist AM281 (P>0.05; n=6-8; Figure 5.3B) and CB,R antagonist AM630
(P>0.05; n=6-8; Figure 5.3B) still had no significant effect on CBD-induced

antinociception in the von Frey algesiometry pain test. However, administration of the
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TRPV1 antagonist SB-366791 significantly inhibited the antinociceptive effects of CBD

(P<0.05; n=6-8; Figure 5.3B).

5.3.2.2 CBD improvement in weight bearing unaffected by receptor antagonism

In day 14 post-MIA animals, the CB;R and CB,R antagonists, AM281 and
AM630, as well as the TRPV1 antagonist SB-366791 had no significant effect on the
CBD-induced improvement in hindlimb incapacitance over the 240 min time course
tested (P<0.05; n=6-22; Figure 5.3C) or when the 180 min time point (peak effect of

CBD in this pain test) was assessed (P<0.05; n=6-22; Figure 5.3D).

5.4  Assessing the antiinflammatory effects of locally administered CBD on MIA-
induced joint inflammation

5.4.1 Methods

Male Wistar rats (292-414g) underwent inflammation assessments 24 hr post-
MIA induction (3mg; 50ul saline). Prior to obtaining inflammation measurements, the
animals were anaesthetised and surgical preparation was completed, as detailed in
Section 2.4.2.1. Circulating leukocytes were fluorescently stained by an i.v. injection of

rhodamine 6G.
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54.1.1 IVM

The skin overlying the ipsilateral knee joint was removed and three baseline
videos were recorded (1 min each). Following baseline recordings, a 50ul bolus of
warmed (37°C) CBD (300ug) or vehicle was applied topically over the exposed knee
joint capsule. The following time points post-CBD administration were recorded: 5, 15,
30, 60, 120, 180 min. Leukocyte rolling and adherence were then quantified and averaged

between the three videos recorded at each time point and compared to baseline values.

5.4.1.2 LASCA

All LASCA recordings followed immediately after each IVM recording
throughout the duration of the experiment at 5, 15, 30, 60, 120, 180 min. Once the dead
scan value was subtracted from each recording, mean perfusion was calculated at each
time point. These values were then used to calculate vascular conductance and
normalised for MAP differences between animals. All experimental time points and were

then compared to the baseline vascular conductance.

5.4.2 Results

5.4.2.1 CBD decreases leukocyte trafficking in the knee joint microvasculature

One day after i.artic. injection of MIA, rolling leukocytes (P<0.0001; n=6-12;
Figure 5.4A) and adherent leukocytes (P<0.0001; n=6-12; Figure 5.4B) were

significantly increased compared to naive animals. MIA induction caused rolling
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leukocytes to increase from 5.64 + 1.69 (naive values) to 72.08 = 3.65 24 hr later.
Additionally, adherent leukocytes increased from 0.78 4 0.13 (naive values) to 5.23 +

0.50 on day 1 post-MIA.

Topical administration of CBD significantly decreased rolling and adherent
leukocytes when compared to vehicle over the 180 min time course tested (P<0.0001;
n=6; Figure 5.4A & 5.4B). Post hoc analysis showed that rolling leukocytes were
significantly decreased at all time points tested, where the largest decrease in rolling
leukocytes occurred at 60 min with the CBD treated group decreased to 22.5 + 3.67
compared to vehicle treated animals at 48.0 = 1.76. For adherent leukocytes, post hoc
analysis revealed significance at 15, 30, 120, and 180 min. The largest decrease in
adherent leukocytes occurred at 15 min where the number decreased to 0.98 + 0.45. The
largest difference between treatment groups occurred at 180 min where CBD treated

animals had 2.34 + 0.64 and vehicle treated had 10.2 & 2.09 adherent leukocytes.

5.4.2.2 CBD did not alter knee joint perfusion

One day post-i.artic. injection of MIA, knee joint perfusion significantly increased
from 0.50 + 0.06 to 3.53 + 0.22, when compared to naive animals (P<0.05; n=6-12;

Figure 5.4C).

When administered topically, CBD had no effect on ipsilateral knee joint
hyperaemia (P>0.05; n=6; Figure 5.4C). Local CBD treatment lacked any systemic effect

on MAP over the 180 min time course (CBD: 68.88 + 2.38 mmHg; VEH: 70.7 + 2.33

mmHg).
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5.5  Contribution of classical and non-classical cannabinoid receptors to the anti-
rolling and anti-adherence properties of CBD

5.5.1 Methods

Inflammation was assessed in male Wistar rats (334-409g) 24 hr post-MIA
induction (3mg; 50l saline). Prior to assessing inflammation, animals underwent a

surgical preparation (detailed in Section 2.4.2.1).

Following baseline IVM and LASCA recordings, a warmed (37°C) 50ul bolus of
either AM281 (75pg/50ul), AM630 (75u1/50ul), SB-366791 (30ug/50ul), or vehicle was
applied topically over the exposed knee joint. After 10 mins, a 50ul bolus of CBD
(300pg) or vehicle was applied topically over the exposed knee joint capsule. The
following time points post-CBD administration were recorded: 5, 15, 30, 60, 120, 180
min. Leukocyte rolling and adherence were then quantified and averaged between the
three videos recorded at each time point and compared to baseline values. The time
points of LASCA recordings followed immediately after IVM at 5, 15, 30, 60, 120, 180
min. Mean perfusion values were used to calculate vascular conductance for each time

point and compared to baseline values.

5.5.2 Results

5.5.2.1 Effects of receptor antagonism on leukocyte trafficking

Over the course of 180 min, the antirolling effect of CBD was blocked by both

AMG630 (P<0.0001; n=6; Figure 5.5A) and SB-366791 (P<0.0001; n=6; Figure 5.5A), but
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was not blocked by AM281 (P>0.05; n=6; Figure 5.5A). Post hoc analysis showed that
SB-366791 was significantly different at all time points tested and that AM630 was
significantly different at all time points tested except 120 min. When assessing the
antagonists at time of peak effect of CBD (30 min) the same results are shown for
AMG630 (P<0.0001; n=6; Figure 5.5B), SB-366791 (P<0.0001; n=6; Figure 5.5B), and
AM281 (P>0.05; n=6; Figure 5.5B). Additionally, the antiadherence effect of CBD was
blocked by SB-366791 (P<0.0001; n=6; Figure 5.5C), and by AM630 (P<0.0001; n=6;
Figure 5.5C), and not effected by AM281 (P>0.05; n=6; Figure 5.5C) in day 1 MIA knee
joints. After post hoc analysis, SB-366791 blocked the antiadherence effects significantly
at all time points tested except 5 min. Again, when assessing at the 30 min time point,
SB-366791 (P<0.0001; n=6; Figure 5.5D) blocked the antiadherence effect of CBD, but
the cannabinoid antagonists AM630 (P>0.05; n=6; Figure 5.5D) and AM281 (P>0.05;

n=6; Figure 5.5D) did not have any effect.

5.5.2.2 Effects of receptor antagonism on knee joint perfusion

Knee joint hyperaemia was significantly increased by SB-366791 (P<0.001; n=6;
Figure 5.5E) and AM281 (P<0.05; n=6; Figure 5.5E), but was unaltered by AM630
(P>0.05; n=6; Figure 5.5E) over the course of 180 min. Post hoc analysis revealed that
SB-366791 (P<0.01; n=6; Figure 5.5E) and AM281 (P<0.05; n=6; Figure 5.5E)
augmented joint hyperaemia at 120 min. At the 30 min time point, joint hyperaemia was

unaffected by any of the antagonists tested (P>0.05; n=6; Figure 5.5F).
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5.6  Effects of prophylactic CBD on the development of MIA-induced joint pain
and peripheral nerve damage

5.6.1 Methods

Results from the previous section showed that CBD (300ug) was capable of
ablating the acute inflammatory phase (day 1) of the MIA model. Previous studies have
shown a link between inflammatory flares and disease progression and development of
joint pain. The aim of this portion of the study was to determine if blocking the
inflammatory flare (over the first 3 days) could prevent the subsequent development of
OA pain and peripheral nerve damage in the MIA model. For this study, male Wistar rats
(282-338g) underwent baseline behavioural pain testing and then were divided into two

separate treatment cohorts:

Day 0 Day 1 Day 2 Day 3 Day 7 Day 10 Day 14

T ! } }

CBD , : )
(300pg) CBD CBD CBD
+ (300ng) (300pg) (300png)
(— VEH
. (50ul) VEH VEH VEH >
Cohort 2 * ’ (50ul) (50pl) (50l

\_ MIA
Behavioural Pain Assessments

Cohort 1 [

MIA

On day 0, animals were deeply anaesthetised (2-4% isoflurane; 100% oxygen at

1L/min) and CBD (300png) or vehicle (50ul) was injected s.c. over the ipsilateral knee
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joint. After 30 min, animals were anaesthetised again and MIA (3mg; 50ul saline) was
injected i.artic. into the ipsilateral knee joint. The animals then received either treatment
with CBD or vehicle for the subsequent three days of MIA development. Knee joint
diameter was measured and pain testing was conducted on days 0, 1, 2, 3, 7, 10, 14 of
MIA model development. At all time points, each rat underwent von Frey hair
algesiometry testing and was then placed in the hindlimb incapacitance apparatus for 3
min. On day 14, after behavioural pain assessments were complete, all animals were
sacrificed and a section of the saphenous nerve, proximal to the ipsilateral knee joint, was

excised for histological analysis of nerve myelination.

5.6.2 Results

5.6.2.1 Early CBD treatment prevented the development of referred pain

Prophylactic treatment of MIA-injected knee joints (on days 0-3 of MIA) with
CBD significantly prevented the development of MIA-induced secondary allodynia
during the acute and chronic pain phase of OA model development (P<0.0001; n=8;
Figure 5.6A) when compared to vehicle treated animals. Post hoc analysis revealed
significance on days 2, 3, 7, and 14 of MIA development. CBD treatment prevented the
complete MIA-associated decrease in withdrawal threshold from baseline 14.94 + 0.06
on day 0 to 9.27 + 1.05 on day 1, 7.73 £ 0.86 on day 2, and 7.34 + 1.07 on day 3. The
CBD treated group had withdrawal threshold levels of 12.6 = 1.14 on day 1, 13.3 + 1.05

on day 2, and 11.3 + 1.15 on day 3. The CBD-induced antinociception remained out to
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day 14 where the CBD group had a withdrawal threshold level of 13.6 + 0.59 compared

to the vehicle treated group level of 8.70 & 1.19.

5.6.2.2 Prophylactic CBD treatment did not alter hindlimb incapacitance

In contrast with the results of von Frey hair algesiometry, early treatment with
CBD had no effect on hindlimb incapacitance (P>0.05; n=8; Figure 5.6B), when

compared to vehicle-treated animals.

5.6.2.3 Knee joint diameter remained unaltered by CBD treatment

Although CBD produced anti-inflammatory effects on day 1 MIA, early treatment
with CBD had no effect on knee joint diameter (P>0.05; n=8; Figure 5.6C) when

compared to vehicle treated counterparts.

5.6.2.4 Prophylactic CBD prevented MIA-induced peripheral nerve damage

Early treatment of OA joints with CBD during the inflammatory phase of MIA
inhibited saphenous nerve demyelination on day 14, compared to vehicle treatment

(P<0.05; n=6-8; Figure 5.7C).
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5.7  Chapter Summary

5.7.1 Local application of CBD blocks MIA-induced OA pain

The results presented in section 5.2 suggest that CBD is able to alleviate OA joint
pain. When applied locally to an MIA-injected knee joint on day 14, the highest dose of
CBD (300ug) attenuated pain. However, the lower doses of CBD tested (100pg, 200ug)

had no effect on pain behaviour.

The antinociceptive effect of CBD seen in the von Frey hair algesiometry test was
blocked by administration of the TRPV1 antagonist, SB-366791, but not by the CB;R or
CB:2R antagonists AM281 and AM630, respectively. None of the antagonists tested

blocked the antinociceptive effect of CBD seen in the dynamic weight bearing test.

To ensure that CBD was acting locally in the joint, 300pug was injected into the
contralateral knee and pain testing was carried out on the ipsilateral joint. When
administered in this manner, CBD did not improve ipsilateral secondary mechanical
allodynia confirming that the antinociceptive effect of CBD was localised to the treated

knee. The dynamic weight bearing data were inconclusive for this experiment.

5.7.2 Topical application of CBD decreases MIA-induced inflammation

On day 1 post-MIA injection, CBD applied topically to the knee joint
significantly decreased leukocyte trafficking (rolling and adherence) and hyperaemia
over the course of 180 min. The TRPV1 antagonist, SB-366791, was able to block the

antiinflammatory effects of CBD on leukocyte trafficking. The CB,R antagonist, AM630,
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blocked the antirolling effects of CBD. The CBR antagonist, AM281, and the TRPV1

antagonists SB-366791 increase knee joint perfusion over the 180 min time course.

5.7.3 Prophylactic administration of CBD prevents the development of MIA-induced
joint pain and peripheral nerve damage

The prophylactic treatment schedule of CBD (30 min prior to and for 3 days after

MIA injection) significantly prevented the development of secondary mechanical

allodynia and the demyelination of saphenous nerve fibres, but had no effect on the

development of weight bearing deficits or knee joint diameter by day 14.

Table 5.1: Chapter summary

PAIN: Day 14 MIA

Von Frey

DWB

INFLAMMATION: Day 1 MIA
Rolling Leukocytes

Adherent Leukocytes

Joint Perfusion
PROPHYLACTIC STUDY:
Von Frey

DWB

Knee joint diameter

Peripheral nerve damage (G-ratio)

Dose-dependently decreased pain (mediated in part by TRPV1)
Improved WT

Improved WB

Decreased inflammation on day 1 MIA

Decreased (mediated in part by TRPV1 & CB,R)

Decreased (mediated in part by TRPV1)

No effect (TRPV1 & CB)R antagonists caused increase)
Prevented development of pain and peripheral nerve damage
Prevented decrease in WT

No change (mirrored VEH treated animals)

No change (mirrored VEH treated animals)

CBD treated animals had lower G-ratio value

CBD, cannabidiol; WB, weight bearing; WT, withdrawal threshold
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Figure 5.1 Dose-dependent effect of locally administered CBD on behavioural pain
in OA. Injection of MIA (i.artic.) produced secondary allodynia and weight bearing
deficits in the ipsilateral hindpaw and hindlimb 14 days post-induction (****P<0.0001;
I-way ANOVA with Dunnett post hoc test; n=24). Varying doses of CBD (100, 200,
300pg i.artic.) were administered at baseline. CBD improved hindpaw withdrawal
threshold (A) and hindlimb weight bearing (B) in a dose-dependent manner, over 240
min (****P<0.0001; 2-way ANOVA with Bonferroni post hoc test; n=8). Data are mean
values =+ SEM. ANOVA, analysis of variance; BL, baseline, CBD; cannabidiol; MIA,
sodium monoiodoacetate; OA, osteoarthritis; VEH, vehicle. (****P<0.0001; **P<0.01,

*P<0.05). (Philpott et al., 2017).
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Figure 5.2 Effect of contralaterally-administered CBD on ipsilateral joint pain. The
improvement in hindpaw withdrawal threshold with ipsilaterally-administered CBD was
not observed in this experiment when CBD (300ug i.artic.) was administered into the
contralateral knee joint (A) over 240 min. Contralateral CBD did not have a significantly
effect on hindlimb weight bearing (B) when compared with ipsilaterally-administered
CBD. (****P<0.0001; 2-way ANOVA with Bonferroni post hoc test; n=8-9). Data are
mean values = SEM. ANOVA, analysis of variance; BL, baseline; CBD, cannabidiol;
CONTRA, contralateral; MIA, sodium monoiodoacetate; VEH, vehicle. (****P<0.0001;

*£%p<().001). (Philpott et al., 2017).
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Figure 5.3 Contribution of classical cannabinoid and non-cannabinoid receptors to
the antinociceptive action of CBD. Increases induced by CBD in both hindpaw
withdrawal threshold (A1-A3) and hindlimb weight bearing (C1-C3) were unaltered
following local administration of the CB;R antagonist AM281 (75ug), the CB;R
antagonist AM630 (75ug), or the TRPV1 antagonist SB-366791 (30pug) over a 240 min
time course (P>0.05; 2-way ANOVA with Bonferroni post hoc test; n=6-8). Post hoc
analysis showed that SB-366791 significantly blocks the effects of CBD at 60 min. At 60
min, hindpaw withdrawal threshold (B) was reduced compared to control following
administration of TRPV1 antagonist SB-366791, but hindlimb weight bearing (D) was
unaltered (*P<0.05; 1-way ANOVA with Fisher’s LSD post hoc test; n=6-8). Data are
mean values = SEM. ANOVA, analysis of variance; CBD, cannabidiol; MIA, sodium
monoiodoacetate; VEH, vehicle. (****P<0.0001; ***P<0.001, **P<0.01, *P<0.05).

(Philpott et al., 2017).
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Figure 5.4 CBD has antiinflammatory properties on day 1 MIA-induced
inflammation. Injection of MIA significantly increased rolling (A) and adherent (B)
leukocytes, and caused synovial hyperaemia (C) when compared to naive controls
(****P<0.0001, *P<0.05; student’s t-test; n=6-12). After topical administration of CBD
(300pug), leukocyte rolling (A) and adherence (B) were significantly decreased when
compared to vehicle. CBD however, did not alter synovial hyperaemia (C).
(****P<0.0001, ***P<0.001, **P<0.01, *P<0.05; 2-way ANOVA with Bonferroni post
hoc test; n=6). Data are mean values =+ SEM. ANOVA, analysis of variance; BL,
baseline; CBD, cannabidiol; MIA, sodium monoiodoacetate; VEH, vehicle.

(¥#%%P<0.0001; ***P<0.001, **P<0.01, *P<0.05). (Philpott et al., 2017).
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Figure 5.5 Contribution of classical cannabinoid and non-cannabinoid receptors to
the antiinflammatory effects of CBD. The antirolling effect of CBD was blocked over
the 180 min time course by the CB,R antagonist AM630 and the TRPV1 receptor
antagonist SB-366791, but not blocked by the CBR antagonist AM281 (****P<(.0001;
2-way ANOVA with Bonferroni post hoc test; n=6) (A1-A3). Over the course of 180
min, the CB,R antagonist AM630 and the TRPV1 receptor antagonist SB-366791
significantly blocked the antiadherence effect of CBD (****P<0.0001; 2-way ANOVA
with Bonferroni post hoc test; n=6), but not blocked by CB;R antagonist AM281 (C1-
C3). However, SB-366791 and AM281 caused a significant increase in vascular
conductance when compared to CBD treated animals (***P<0.001, *P<0.05; 2-way
ANOVA with Bonferroni post hoc test; n=6) (E1-E3). The antirolling effect of CBD at
30 min was blocked by AM630 (75ug) and SB-366791 (30ug), but not by AM281

(75ng) (B). The antiadherence effect of CBD in day 1 MIA joints was blocked by SB-
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366791 only (D). At the 30 min time point, vascular conductance was unaltered by any of
the antagonists tested (F). (****P<0.0001, ***P<0.001; 1-way ANOVA with Fisher’s
LSD post hoc test; n=6). Data are mean values = SEM. ANOVA, analysis of variance;
BL, baseline; CBD, cannabidiol; LSD, least significant difference; MIA, sodium
monoiodoacetate; NS, not significant; VEH, vehicle. (****P<0.0001; ***P<0.001,

*¥p<().01, *P<0.05). (Philpott et al., 2017).
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Figure 5.6 Early administration of CBD administration prevents pain development
over 14 days post-MIA injection. Prophylactically treating MIA knee joints with CBD
(300pg; s.c. on days 0-3) significantly improved hindpaw withdrawal threshold over the
14-day development of the OA model when compared to vehicle treated animals (A)
(****P<0.0001; 2-way ANOVA with Bonferroni post hoc test; n=8). Early treatment
with CBD had no significant effect on hindlimb weight bearing (B) or knee joint diameter
throughout MIA development (P>0.05; 2-way ANOVA with Bonferroni post hoc test;
n=8). Data are mean values + SEM. ANOVA, analysis of variance; BL, baseline; CBD,
cannabidiol; MIA, sodium monoiodoacetate; OA, osteoarthritis; VEH, vehicle.

(¥#%%P<0.0001; ***P<0.001, **P<0.01, *P<0.05). (Philpott et al., 2017).
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Figure 5.7 Early treatment with CBD reduces knee joint nerve demyelination in
MIA-induced OA. Representative electron micrographs of saphenous nerve sections
taken on day 14 from MIA knee joints treated with vehicle (A) or CBD (300pug; s.c. on
days 0-3) (B). Quantification of G-ratio calculations showing that MIA-induced axonal
demyelination is prevented by CBD treatment (C). Scale bar is 6um. (*P<0.05; student’s
t-test; n=6-8). Data are means = SEM. CBD, cannabidiol; MIA, sodium

monoiodoacetate; OA, osteoarthritis; VEH, vehicle. (Philpott et al., 2017).
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Chapter 6: Discussion

Pain and joint damage are poorly managed in many OA patients because of the
complex nature of the disease. Injection of MIA into the knee joint of rats produces a
robust monoarthritis that recapitulates many aspects of human OA; these include joint
pain, inflammation, and peripheral nerve damage. The ECS has been implicated as a
beneficial therapeutic in regulating pain and inflammation in many pathological states
and an active ECS has been identified in arthritic joints. The results presented in this
project validate the role of inflammation in OA pathogenesis and pain, and highlight a
positive role of the ECS. This study used three distinct approaches of targeting the ECS
(endocannabinoid, synthetocannabinoid, and phytocannabinoid) to produce beneficial

effects on OA-associated inflammation and pain.

6.1  Effects of using a MAGL inhibitor to modulate the ECS in MIA-induced
pain and inflammation

On day 14 of the MIA model, local application of KML29 improved hindpaw
withdrawal threshold; these results corroborate other studies focused on the role of
inhibiting MAGL for the treatment of pain (Ghosh et al., 2013; Hernandez-Torres et al.,
2014; Ignatowska-Jankowska et al., 2014; Burston et al., 2016). The significant
improvement in paw withdrawal threshold by KML29 is indicative of a reduction in
secondary allodynia or referred pain. Conversely, KML29 did not improve hindlimb
incapacitance, meaning it was not effective at altering non-evoked pain. Our findings

suggest that KML29 has varied actions on different aspects of the pain pathway and may
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specifically be acting to combat MIA-induced central sensitisation. This study is the first
to assess the antinociceptive effects of a MAGL inhibitor administered locally in to the
joint. Other studies conducted previously have shown promising results using systemic
administration of MAGL inhibitors (Ghosh et al., 2013; Hernandez-Torres et al., 2014;
Ignatowska-Jankowska et al., 2014; Burston et al., 2016). A study using MJN110
(MAGTL inhibitor) systemically, demonstrated a reduction in referred pain, as well as an
improvement in weight bearing deficits, in the MIA model of OA (Burston et al., 2016).
These pain-attenuating effects were blocked by both CB;R and CB,R antagonists
(Burston et al., 2016), corroborating the results presented here and elsewhere (Ghosh et
al., 2013). The antinociceptive effect of KML29 has also been demonstrated in the
carrageenan-induced model of paw oedema as well as in the sciatic nerve chronic
constriction model of neuropathic pain (Ignatowska-Jankowska et al., 2014). These
antiinflammatory and antinociceptive actions were shown to be mitigated by both CB;R
and CB;R antagonism (Ignatowska-Jankowska et al., 2014). There exists a variety of
MAGL inhibiting compounds that have been investigated to date. These compounds have
produced results in several models of pain and inflammation (Ghosh et al., 2013;
Hernandez-Torres ef al., 2014; Ignatowska-Jankowska et al., 2014; Burston et al., 2016)
that both corroborate and contrast the results presented in this study. Most of the studies
mentioned here used systemic administration of a MAGL inhibitor in a variety of pain
paradigms; however, in our study KML29 was administered locally in a specific model of
OA, which could explain why mixed results were obtained regarding the antinociceptive
effects of KML29. A limitation of many MAGL inhibitors is that tolerance develops

rapidly when administered chronically at high doses (Ghosh et al., 2013; Ignatowska-
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Jankowska et al., 2014; Burston et al., 2016). Additionally, these compounds have been
shown to block MAGL activity with different affinities in different species (e.g. rat
versus mouse) (Chang et al., 2012). Ghosh et al. (2013) showed that JZL184 produced
antinociceptive and antiinflammatory actions, and these effects diminished after repeated
treatment with high systemic doses. Conversely, repeated low dose injections had
sustained efficacy (Ghosh ef al., 2013). Additionally, in the MIA model of OA, tolerance
developed with repeated high dose administration of MIN110 over 7 days, whereas
repeated low doses produced sustained antinociception without tolerance (Burston ef al.,
2016). These MAGL inhibitors fall under the classification of irreversible inhibitors,
which is likely the reason they cause tolerance. In the hopes of avoiding the development
of tolerance, a reversible MAGL inhibitor (compound 21), which does not permanently
block MAGL, was developed (Hernandez-Torres ef al., 2014). Compound 21 given
systemically in a mouse model of MS (experimental autoimmune encephalomyelitis:
EAE), ameliorated disease severity while avoiding cannabinoid-associated side effects
(Hernandez-Torres et al., 2014). Additionally, spinal histology showed that compound 21
decreased leukocyte infiltration, microglial activation, prevented axonal damage, and
partially restored myelin morphology (Hernandez-Torres ef al., 2014). Whether

compound 21 could improve OA pain and neuropathy warrants further inquiry.

The results presented here show that topical application of KML29 had modest
antiinflammatory effects in OA knee joints. Leukocyte adherence was significantly
decreased, however KML29 did not alter leukocyte rolling or knee joint hyperaemia. In
other studies using the MIA model of OA, repeated dosing of MIN110 did not alter

synovial thickening scores, or cartilage damage (Burston et al., 2016). These findings
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suggest that inhibiting MAGL may not be the most effective way of combatting OA

inflammation or disease progression.

Since there are many pathways involved in cannabinoid signalling, combination
therapies have become an attractive treatment strategy. Inhibition of another
endocannabinoid catabolic enzyme FAAH, has shown great preclinical potential in
reducing arthritis pain (Schuelert et al., 2011; Krustev et al., 2014) as well as
inflammation (Krustev et al., 2014). FAAH inhibitors have, however, failed to alleviate
OA pain in clinical trials despite achieving >96% systemic blockade of FAAH activity
(Huggins et al., 2012). There are a number of reasons cited by Huggins et al. as to why
the FAAH inhibitor (PF-04457845) failed in this study. The study incorporated a
heterogeneous population of OA patients with no division of pain phenotypes. It is
conceivable that FAAH inhibition is more beneficial for certain types of pain (e.g.
inflammatory pain) compared to other phenotypes (Huggins et al. 2012). Additionally,
PF-04457845 is an irreversible inhibitor that almost completely ablated FAAH activity.
This could cause a profound accumulation of AEA which would increase the risk of
producing off-target effects (Gauldie ef al., 2001; Huggins et al., 2012). Over
accumulation of AEA has been shown to activate nociceptive afferents innervating the rat
knee joint (Gauldie ef al., 2001), and as previously discussed, can form proinflammatory
and proalgesic PG via COX-2 metabolism (Di Marzo, 2008; Yates & Barker, 2009).
MAGL and FAAH inhibition may involve overlapping signalling pathways and,
therefore, a combination of the two could perhaps provide the most beneficial outcome.
Studies using a dual FAAH/MAGL inhibitor (JZL195) have demonstrated pain

reductions preclinically in an inflammatory pain model (Anderson ef al., 2014) and in a
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neuropathic pain model (Adamson-Barnes et al., 2016). The combination therapies
proved more efficacious than the enzyme inhibitors on their own and did so without
centrally-mediated effects or tolerance (Anderson et al., 2014; Adamson-Barnes et al.,
2016). Furthermore, another group administered a dual FAAH/TRPV1 inhibitor in the
MIA model of OA and demonstrated greater antinociceptive effects compared to each
inhibitor alone (Malek et al., 2015). CB;R and CB;R have been shown to be co-localised
with TRPV1 in the joint (Schuelert et al., 2010) and therefore targeting both MAGL and

TRPV1 may also prove more efficacious.

6.2 Effects of CB;R agonism in MIA-induced pain and inflammation

Fourteen days post-MIA induction, locally administered JWH133 significantly
improved hindpaw withdrawal threshold and hindlimb weight bearing deficits. These
findings corroborate recent findings by Burston ef al. (2013) who found that chronic
administration of JWH133 blocked the development of MIA-induced secondary
allodynia and hindlimb weight bearing deficits for 21 days. Additionally, chronic
administration of JWH133 attenuated spinal astrogliosis in the MIA model (Burston e?
al., 2013). Since activation of microglia and astrocytes in the CNS causes the release of
an array of immune modulating molecules which can contribute to the maintenance of
central sensitisation (Costigan et al., 2009), the finding by Burtson and colleagues (2013)

suggests a role for CB;R in regulating sensitisation in the MIA model of OA.

The antinociceptive effect of JWH133 on von Frey hair-determined referred pain

was blocked by a CB;R antagonist, but not a CB;R antagonist, confirming that JWH133
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was selective for the CB,R. However, JWH133 had no effect on dynamic incapacitance.
The CB;R antagonist did not affect hindlimb weight bearing, but co-administration of
JWH133 with the CB;R antagonist caused a significant improvement in weight bearing
near the end of the time course (at 180 min). These mixed results could be due to
potential technical errors during the experiment such as injection technique, dosage,
timing, or due to potential off-target effects of AM281. Another CB;R antagonist,
AM251, has been shown to have inverse agonist activity and off-target effects on GPR55
(Kapur et al., 2009), and p-opioid receptors (Seely et al., 2012). Although AM281 has
not been shown to have these same sort of off-target effects, this has not been specifically

assessed in joints and may explain some of the conflicting results seen in this study.

On day 1 of the MIA model, topically administered JWH133 did not alter rolling
leukocytes or knee joint hyperaemia. However, JWH133 significantly decreased adherent
leukocytes in the knee joint. A study by Xu et al. (2007) demonstrated that JWH133
inhibited leukocyte trafficking in the inflamed retina by blocking P-selectin, which is
largely responsible for leukocyte capture and initiation of rolling; therefore, it would be
feasible that JWH133 could also have significant antirolling effects in the knee joint,

which was not the case in this study.

Since CB,Rs have been shown to be largely localised on immune cells and within
the rat knee joint (McDougall et al., 2008) it is surprising that the antiinflammatory
effects of JWH133 observed here were not more pronounced. However, there have been
a number of paradoxical findings concerning the effects of CB,R agonists on pain and
inflammation. A study conducted by McDougall et al. (2008) demonstrated that JWH133

caused an increase in knee joint blood flow in normal knees, but failed to illicit any
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changes in articular blood flow in both acute and chronically inflamed knee joints.
Another study also showed paradoxical effects of a CB,R agonist between normal and
OA joints where administration of the agonist caused a reduction in joint afferent
mechanosensitivity in normal joints, but was pronociceptive in OA knee joints (Schuelert
et al., 2010). Conversely, in the same study the CB,R agonist was able to produce
improvements in hindlimb weight bearing in OA knee joints, indicative of a reduction in
non-evoked pain (Schuelert ez al., 2010). Other studies have shown efficacy of CB,R
agonists in models of acute inflammatory pain (Nackley et al., 2003; Whiteside et al.,
2005), therefore the pharmacological action of CB;R agonists may vary between different
pathophysiological conditions. Additionally, there is evidence that CB,R activation can
modulate TRPV1 sensitivity (Anand et al., 2008), and may be acting as a weak partial
agonist at the TRPV1 receptor. Activation of TRPV1 can lead to the secondary release of
inflammatory neuropeptides which could further sensitise joint nociceptors as well as
increase synovial blood flow (McDougall ef al., 2008). These complex findings suggest
that CB;R may play a role in OA inflammation and pain; however, better
pharmacological tools and assessment in multiple animal models are required to verify

this possibility.

6.3 Effects of a phytocannabinoid on MIA-induced pain and inflammation

On day 14 of the MIA model, 300ug of CBD improved behavioural pain
measures. Hindpaw withdrawal threshold was increased and hindlimb weight bearing
deficits improved, both indicative of less pain. Contralateral administration of CBD did
not have any effect on ipsilateral hindpaw secondary allodynia confirming that the effect
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of CBD was localised to the site of administration for this pain test. These experiments

suggest that CBD is acting solely in the periphery and localised to the joint.

Although CBD has been shown to act as a full antagonist at CB;R (Thomas ef al.,
2007) and an inverse agonist at CB,R (Thomas et al., 2007), the action of CBD has not
been investigated locally within the joint. Both CB;R and CB;R antagonists failed to
block the CBD-mediated improvements in hindpaw withdrawal threshold and weight
bearing. The action of CBD has also been shown to be mediated through various TRP ion
channels (Bisogno et al., 2001; De Petrocellis et al., 2011; lannotti et al., 2013), GPR55
(Ryberg et al., 2007), GPR18 (McHugh et al., 2012), and serotonin receptors (e.g. 5-
HT;A) (Russo et al., 2005; Resstel et al., 2009). In this study, the TRPV1 antagonist, SB-
366791, successfully attenuated the effects of CBD on secondary allodynia in the MIA
model of OA. A TRPV1 antagonist was chosen for this study because of the known
involvement of TRPV1 ion channels in MIA-induced peripheral sensitisation (Kelly et
al., 2015). This mechanism of action of CBD has been previously reported both in in
vitro (Bisogno et al., 2001) and in vivo (Costa et al., 2004; Comelli et al., 2008)
experiments. A study using human embryonic kidney cells, as well as cell membranes
from rodent brains, showed that TRPV1 antagonism by capsazepine blocked the Ca®'-
increasing and subsequent desensitising effects of CBD (Bisogno et al., 2001). In vivo,
antagonism of TRPV1 attenuated the pain-relieving effect of CBD in a model of
neuropathic pain (chronic constriction injury) (Costa et al., 2004) and the carrageenan
model of paw oedema (Comelli ez al., 2008). It is possible that the action of CBD on
TRPV1 could be occurring by an indirect mechanism. CBD has the ability to inhibit the

reuptake of AEA, as well as the catabolic action of FAAH (Bisogno et al., 2001), which
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would ultimately lead to an elevation of AEA levels in the joint. These abnormally high
levels of AEA could lead to the activation and subsequent desensitisation of TRPV1
(Bisogno et al., 2001).

One day after i.artic. injection of MIA, there was an increase in leukocyte
trafficking and in knee joint blood flow. Topically administered CBD significantly
reduced these early inflammatory changes in MIA-injected knee joints by decreasing
leukocyte trafficking, but did not alter knee joint blood flow. An in vitro study by
Zygmunt et al. (1999) demonstrated that accumulation of AEA can induce vasodilation
by activating vanilloid receptors on sensory nerves and causing subsequent release of
CGRP. This process may explain why CBD was not able to decrease synovial
hyperaemia here. Potent antiinflammatory action of CBD, however, has been previously
described in the literature. A study by Malfait ez al. (2000) showed that systemic
administration of CBD decreased serum cytokine levels and suppressed disease severity
in the collagen-induced model of RA. In the carrageenan model of plantar oedema, oral
CBD was antiinflammatory and antihyperalgesic (Costa ef al., 2004). Furthermore, CBD
administered via a transdermal gel, applied to the backs of rats, reduced immune cell
infiltration, synthesis of proinflammatory biomarkers, synovial membrane thickening,
and joint swelling in the FCA model of inflammatory arthritis (Hammell ez al., 2016).
The data presented in this study corroborate that CBD has potent antiinflammatory
action, but demonstrate for the first time that local application of CBD has the ability to
reduce OA-associated acute inflammatory flares. These findings suggest a promising
therapeutic which could help patients by preventing or slowing disease progression and

pain by treating early inflammatory flares.
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The antirolling effect of CBD on leukocytes within the MIA knee joints was
blocked by AM630 (CB;R antagonist) suggesting that CB,Rs may be involved in
inhibiting leukocyte trafficking. A study by Zhao et al. (2010) demonstrated that
activation of CB,Rs can inhibit the expression of P-selectin, which is an adhesion
molecule involved in leukocyte capture and rolling. Further investigation into whether
CBD blocks P-selectin activity in the joint via a CB;R mechanism is required to test this
molecular pathway. Additionally, the role of CBD on other adhesion molecules present in
the joint should also be explored. A study conducted by Ramer et al. (2012) showed that
CBD prevented lung cancer cell invasion via an ICAM1-dependent mechanism. The
inhibitory effect of CBD on both aspects of leukocyte trafficking, rolling and adherence,
were blocked by the TRPV1 antagonist SB-366791. The antiinflammatory effects of
CBD observed here could be due to desensitisation of TRPV1 ion channels (Iannotti et
al., 2013). Opening of TRPV1 ion channels has been shown to cause release of
inflammatory neuropeptides in the periphery, which in turn promote neurogenic
inflammation and can enhance knee joint leukocyte trafficking (Varga et al., 2005;
Krustev et al., 2017). Thus, CBD may be blocking this classic neurogenic inflammatory

pathway by inactivating TRPV1.

6.4  Effects of prophylactic CBD on the development of OA pain and nerve
damage

One of our central hypotheses is that early blockade of MIA-induced acute
inflammatory flares by CBD would prevent the development of chronic pain and

peripheral nerve damage. Prophylactic treatment with CBD before induction, and on days
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1-3 following MIA prevented the development of MIA-induced secondary allodynia
throughout the 14 days, but did not influence hindlimb weight bearing or knee joint
diameter. These results suggest that CBD attenuates the central sensitisation associated
with MIA-induced OA. Previous studies demonstrate that MIA induces peripheral nerve
damage (Thakur et al., 2012; McDougall et al., 2017), whereby nerve demyelination was
confirmed by an increase in G-ratio compared to saline control animals (McDougall et
al., 2017). Early treatment with CBD prevented the loss of nerve myelin 14 days post-
MIA, suggesting that by ablating the acute inflammatory flares in the model the joint was
protected from subsequent nerve damage. Furthermore, the G-ratio data would be
strongly supported by future studies qualitatively examining the nerve sections by using
an ultrastructure grading system designed to grade peripheral neuropathy within the
sections (Kaptanoglu et al., 2002; Tun et al., 2009; Dagtekin et al., 2011). Additionally,
these data would be further supported by measuring the expression of biomarkers for
peripheral nerve damage such as activating transcription factor-3 (ATF-3) (Thakur ef al.,

2012; McDougall et al., 2017).

The findings presented here support the idea that CBD treatment may be a
beneficial therapeutic for the subset of OA patients who experience neuropathic
symptoms and who are refractory to prescribed first and second line analgesics (i.e.
NSAIDs and opioids). Along with CBD, other phytocannabinoid compounds have been
shown to be neuroprotective in demyelinating diseases such as multiple sclerosis.
Cannabinol (CBN) and A’~THC have both been implicated in slowing the progression in
a preclinical model of amyotrophic lateral sclerosis (ALS) and promoting the survival of

neurones (Weydt et al., 2005; Tuvone et al., 2009). Furthermore, CBD improved motor
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coordination and clinical recovery scores in a preclinical model of MS (EAE), by having
a neuroprotective effect (Pryce et al., 2015). It has been postulated that CBD confers
neuroprotective properties through several mechanisms, which are both cannabinoid-
dependent and cannabinoid-independent (Campos et al., 2016). CBD-mediated
neuroprotection has been explored in preclinical models of MS (Pryce ef al., 2015),
Alzheimer’s disease (Iuvone et al., 2004; Esposito et al., 2011; Scuderi et al., 2014),
hypoxic brain injury (Alvarez et al., 2008; Castillo et al., 2010; Pazos et al., 2013), and
the paclitaxel model of neuropathic pain (Ward et al., 2014). Mechanisms underlying the
neuroprotective effects of CBD are thought to involve multiple targets such as attenuation
of microglial activation, decrease in proinflammatory mediators, and reduction in
oxidative stress (Campos et al., 2016). These have all been assessed centrally, but may
play a similar role in neuroprotection of peripheral nerves. The potential mechanisms in
which CBD generates neuroprotective action should be explored in OA-associated

peripheral nerve injury.

The study presented in Chapter 5 demonstrates for the first time that CBD is an
effective antinociceptive and antiinflammatory agent when administered locally around
the joint. CBD is a non-psychoactive phytocannabinoid and has a more desirable side
effect profile compared to other cannabinoids and commonly prescribed analgesics.
Preclinically, when CBD was administered systemically there were no signs of adverse
events in the animals (Malfait et al., 2000; Hammell et al., 2016), whereby exploratory
behaviour was not altered, indicating limited motor deficits and a lack of psychoactivity

(Hammell et al., 2016). Relief of OA symptoms by local CBD, without centrally-
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mediated events, would be a valuable therapeutic option which would be desirable for

patients.

6.5  Summary

The results presented and discussed here provide evidence that manipulating the
ECS locally could be an important and beneficial therapeutic for the treatment of pain
and inflammation in both established OA, as well as during the development or early

progression of the disease.

6.6 Limitations

6.6.1 Animal models of OA

There is no existing animal model which can recapitulate the entirety of any
human disease state or is devoid of limitations. In this study, the MIA model of OA was
used for all experimental protocols because our main questions were the effects of
various cannabinoid treatments on OA pain, OA-associated inflammation, and peripheral
nerve damage, all of which have been well-characterised in this model (Bove et al., 2003;

Thakur et al., 2012; McDougall et al., 2017).

Although the MIA model has been well-identified as producing a pain phenotype
very similar to that seen in OA patients, the joint damage produced by this model
recapitulates only some aspects of human OA. The model produces joint damage by

triggering rapid chondrocyte death, which is not the pathway or timeline that joint
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degeneration occurs in human disease. Therefore, the MIA model is not ideal for
assessing structural knee joint histopathology. Ideally, the efficacy of any compound
would be tested in a variety of OA models to attempt to encompass the entire pathology
of the disease to tease out in which aspects of OA the compound is most effective.

Another important consideration when using animal models are the differences in
joint loading and gait in animals (quadrupeds) compared to humans (bipeds) which

contributes to differences in joint pain and joint degeneration (O’Brien ef al., 2017).

6.6.2 Measuring pain in animals

There has been some speculation as to whether or not hindlimb incapacitance is a
robust indicator of non-evoked pain. If weight bearing deficits are due solely to
spontaneous pain in the joint or if they arise from abnormal joint biomechanics (e.g.
instability, altered gait) remains to be teased out. It is recommended that these
assessments be paired with other pain tests to strengthen any findings. In this study,
hindlimb incapacitance was paired with hindpaw von Frey hair algesiometry in an

attempt to assess multiple aspects of the pain pathway, both peripherally and centrally.

Von Frey hair algesiometry in the clinic is typically done by applying the
filaments directly to the injured area or the immediate surrounding areas to assess tactile
allodynia and pain diffusion. In our studies, the filaments were applied to the plantar
surface of the hindpaw which gives a measurement of referred pain. The animals are also
standing on their paws while the testing is performed, which may add a mechanical
loading aspect to the pain we are measuring, and would be different if the animal was

lying down. Additionally, the undulating surface on which the animals stand (i.e. mesh
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flooring) has been shown to influence von Frey hair responses, and a smoother floor may
give more consistent results (Pitcher et al.,, 1999). Naive baseline as well as vehicle

control cohort measurements were taken to mitigate some of these potential limitations.

Pain sensation is largely subjective and can be influenced by sex, age, and
psychosocial aspects. Chronic pain patients are typically female (Berkley, 1997) and
middle-aged (Gagliese & Melzack, 1997). However, historically, young male animals
have been used for experimental assessments. The incorporation of cohorts including
both sexes, as well as a larger age range, may help with translatability of our findings to
the human pain experience. The psychosocial aspects of pain often experienced by
chronic pain patients include anxiety or depression, sleep disturbances, decreased social
interaction, and appetite suppression, are difficult to quantify in animals (Mogil et al.,
2009). Attempts to assess these affective aspects of pain in animals have been done using
conditioned place preference (CPP) assays, (Qu et al., 2011) elevated plus maze, as well
as assessing facial characteristics of pain (Sotocinal et al., 2011). Due to time constraints,

these behavioural read-outs of pain affect were not performed in this project.

6.6.3 Measuring endocannabinoid levels in the rat knee joint

While it has been demonstrated that the ECS is upregulated in arthritic joints
compared to healthy joints (Richardson ef al., 2008), and is a viable target for modulating
pain and inflammation locally, it was beyond the scope of this project to assess the
expression of endocannabinoids and their receptors within the joint. Although, a MAGL
inhibitor was used to augment the endogenous levels of 2-AG, we did not directly

measure 2-AG or MAGL levels within the joint to determine if the drug was exerting its

144



desired effect. These compounds are highly lipophilic and labile, making them difficult to
measure. Additionally, the rat knee joint contains only 15-20pul of synovial fluid which is

inadequate for carrying out these types of measurements.

6.6.4 Inflammation induced from surgical preparation

Prior to the inflammation assessments, the skin surrounding the knee joint was
excised and the capsule exposed which could produce surgery-induced inflammation in
these animals. Therefore, a caveat when interpreting the IVM and LASCA is that an
acute underlying inflammation may be influencing the vascular read-outs. Nevertheless,
naive controls were used as a comparison in these studies to try to mitigate any effect of

skin excision.

6.6.5 Rhodamine 6G staining of leukocytes

A limitation of using rhodamine 6G in our IVM protocol is that it is a non-
specific leukocyte stain. This means that it is not possible to distinguish between different
types of leukocytes. Additionally, it is not known whether the rolling and adherent

leukocytes have a proinflammatory or antiinflammatory phenotype.

6.6.6 Tissue-laser interactions

The LASCA experiments are limited by tissue-laser interactions. The depth of

tissue penetration of the 785nm laser is approximately 1500-1800um through skin. We
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mitigate this by removing the skin and exposing the knee joint capsule. The joint
vasculature is fairly superficial in the rat knee so we are confident that we are monitoring
synovial blood flow. In oedematous tissue, the water content increases which can alter
the scattering pattern and absorbance properties of the laser photons. We avoid these
possible limitations by using naive controls and comparing perfusion with baseline scans
(i.e. prior to drug administration). A dead scan is also recorded at the end of the
experiments which acts as a biological zero for each animal and accounts for any changes
in tissue optical properties. A final limitation is that the data produced by the LASCA are
assigned arbitrary perfusion units which are not standardised and can therefore only

describe relative changes in blood flow.

6.7 Future directions

6.7.1 Can cannabinoids alter arthritic joint damage?

It has been well-established that the ECS is present in arthritic joints and is active,
but the involvement of the ECS in the progression of arthritis has not been investigated in
great detail. It would be interesting to assess the effects of the cannabinoid compounds
tested in this project on a possible protective effect on joint pathology. This would
preferably be carried out in a model of OA that better recapitulates osteoarthritic joint
pathology such as a surgically-induced model or naturally-occurring model. Several
groups have attempted to elucidate the important physiological role the ECS plays in
bone metabolism. The ECS is a main regulator of bone mass, bone loss, and overall bone

cell function (Idris & Ralston, 2010). Bone and synovial cells express CB;R, CB;R, and
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GPRS55, and 2-AG and AEA are produced within the bone microenvironment (Idris et al.,
2005; Tam et al., 2006; Tam et al., 2007; Idris & Ralston, 2010). A complete ECS, was
also found in osteoblasts, osteoclasts, bone marrow stromal cells, and macrophages (Tam
et al., 2006; Tam et al., 2007; Whyte et al., 2009). In vitro studies identified CB;R and
CB:2R expression on chondrocytes; endocannabinoids (AEA) and synthetic compounds
(WIN-55,212) were shown to be protective against joint degeneration by having direct
effects on chondrocyte metabolism, which results in a reduction of proteoglycan
breakdown and cartilage protection (Mbvundula et al., 2005). Other in vitro studies
demonstrated that synovial cells from mice with collagen-induced arthritis, produced
large numbers of TNF-a (Malfait et al., 2000). In culture, when these synovial cells were
treated with CBD, they produced less TNF-a (Malfait et al., 2000). Furthermore, CBD
treatment suppressed the clinical signs of inflammatory arthritis and the hindpaws of

these mice were protected from joint destruction (Malfait et al., 2000).

6.7.2 Could combination therapy using MAGL and COX?2 inhibitors effectively block
OA pain and inflammation?

As discussed previously, in the endocannabinoid ligand biosynthesis and
degradation pathways, AEA and 2-AG can be oxygenated via a COX-2 pathway which
leads to the formation of proinflammatory and pain inducing PG derivatives. Increases in
2-AG accumulation by blocking MAGL could cause shunting of these ligands down the
COX-2 pathway, which could counteract the beneficial effects of endocannabinoids.

Therefore, to potentially achieve greater alleviation of pain and inflammation selective
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MAGL inhibitors may need to be administered in combination with selective COX-2
blockers. It would be interesting to see if the actions of KML29 would be more
efficacious when paired with a COX-2 inhibitor, such as celecoxib, in the MIA model of

OA.

Another potential benefit of combining these two therapeutic approaches is the
decrease in adverse gastrointestinal effects perpetrated by COX-2 inhibitors. Two studies
conducted using the diclofenac-induced model of gastric haemorrhages in mice showed
that two different MAGL inhibitors were gastroprotective in a dose-dependent manner
(Kinsey et al., 2013; Ignatowska-Jankowska et al., 2014) suggesting that a combination
approach using MAGL and COX-2 inhibitors may circumvent the adverse

gastrointestinal effects seen with COX inhibitors alone.

6.7.3 Can cannabinoids and opioids synergistically alleviate OA pain?

Opioids are typically a second line therapy for OA patients, and are highly potent
and effective analgesics, but their use is limited because of some major negative side
effects (e.g. tolerance, cardiorespiratory depression, constipation, risk of abuse). In recent
years there has been increasing interest in providing a combination therapy with opioids
to allow for their use at lower doses or even subclinical doses to treat pain effectively.

Opioids and cannabinoids have been shown to be coupled to similar intracellular
signalling pathways which ultimately lead to a decrease in cyclic adenosine
monophosphate production (Pugh ez al., 1994; Welch et al., 1995; Welch & Eads, 1999).

Additionally, some studies demonstrated that cannabinoids can increase the synthesis of

148



endogenous opioids (Smith et al., 1998; Cichewicz et al., 1999). Animal models have
shown synergy between morphine and A’-THC, whereby A’-THC was postulated to
enhance the effects of morphine via kappa and delta opioid receptors (Pugh ef al., 1996).
Abrams et al. (2011) conducted the first human study which demonstrated that inhaled
cannabis safely augments the analgesic effects of opioids which would allow for opioid
sparing.

More specifically, the effects of opioids in combination with the non-
psychoactive phytocannabinoid, CBD, has not been widely explored preclinically.
Neelakantan et al. (2015) were the first group to study the effects of morphine and CBD
on behavioural pain in mice. The combination therapy, administered systemically,
demonstrated synergism in one pain assay and subadditive effects in a different assay,
suggesting that successful synergy may lead to safer treatment strategies (Neelakantan et
al., 2015). These preclinical and clinical findings highlight a potential strategy for
developing combination therapies to treat pain symptoms and avoid the undesirable
adverse effects associated with high doses or long-term use of opioids. It would therefore
be interesting to assess a potential synergy between CBD and an opioid compound in the

context of OA pain and inflammation.

6.7.4 Can terpenoids help cannabinoids become more effective therapeutics?

“Some plants are better drugs than the natural products isolated from them”
(Mechoulam & Ben-Shabat, 1999; Russo, 2011). Cannabinoids are not the only bioactive
compounds found in the cannabis plant. Terpenoids, or terpenes, are essential oils that are

very prominent in the plant, with over 200 being identified. While terpenoids are
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responsible for the aroma of cannabis, they are also pharmacologically diverse and can
impart biological responses (Russo, 2011). Terpenoids are lipophilic, act on neuronal ion
channels, GPCRs, neurotransmitter receptors, second messenger systems, enzymes, and
interact with cell membranes (Bowles, 2003; Buchbauer, 2010; Russo, 2011). These
actions are similar to those of cannabinoid compounds within the ECS, therefore it has
been suggested that there may be synergistic interactions between terpenoids and
cannabinoids. Due to their shared and complementary actions, it is hypothesised that
terpenoids will improve the therapeutic index of cannabis extracts (Russo, 2011).
Terpenes have received less attention than the phytocannabinoids but have been shown to
have important analgesic and antiinflammatory properties preclinically (Gertsch et al.,
2008). However, the most studied areas of application for terpenoid-cannabinoid synergy
are for dermatological, psychological, and addiction-relief purposes (Russo, 2011).
Assessing the entourage effects of terpenoids and cannabinoids in the MIA model of OA
could provide evidence which allows for patients to become properly informed about the

correct choice of cannabis strains to be used for the treatment of different pain conditions.

6.8 Conclusions

The results presented in this study show that locally administered
phytocannabinoids, endocannabinoids, and synthetocannabinoids have robust
antinociceptive and antiinflammatory effects in the MIA model of OA. These results add
to the emerging body of preclinical evidence which highlights the utility of using

cannabinoids to treat musculoskeletal disorders. As such, cannabinoid compounds are
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promising therapeutics which have the ability to reduce joint inflammation, peripheral

neuropathy, and the pain associated with OA.
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