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ABSTRACT

Background:  Osteoarthritis (OA), one of the commonest joint diseases of unkndigtogg is a majo
source of pain and disability in the ageing population. Current thdarapmgents for OA focus on
symptomatic relief. Patients often present to clinics with long established edisbas the boundaries
between ageing and pathology are indistinct. A greater understatfidiadyoOA is thus required and may
help achieve the goal of disease modification. OA is associated witdrolpathy, synovitis, subchondral
bone remodelling and osteophyte formation. Angiogenesis, the gafwtbw blood vessels from pre-
existing ones may contribute to each of these features. Inflammatioarémsimgly recognised as an
important featureof OA. Synovitis is detectable within the osteoarthritic joint both radiologicalty a
histologically, evidenced by symptoms such as stiffness or pain, sighsas effusion and use of anti-
inflammatory drugs for treatment of OA. Pain is the predamtirsymptom of OA, but little is known
about the mechanism by which this pain arises.

Objectives: This thesis describes studies examining the contributions of angiogenesis
inflammation, structural damage and pain in OA.

Hypothesis: Inflammation and angiogenesis are co-dependent processes that caratzaeed
mediate structural damage and pain in OA.

M ethods: In-vivo, in animal models andexvivo in human meniscal tissue, using
immunohistochemistry, joint histology and pain behaviour testimg,efffects of enhancing synovits
angiogenesis, structural damage and pain in OA, and whether ingibither synovitis or angiogenesis
could reduce this structural damage and pain were investigated

Results: It is shown for the first time that blood vessel growth at the orisesolving synovitis leads to its
subsequent persistenceExacerbating synovitis in the rat meniscal transection (MNX) modeDAf
enhanced synovial angiogenesis, total joint damage and pain behavalawing treatment with the anti-
angiogenic compound, PPI-2458 [(1R)-1-carbamoyl-2-methyRaraic acid-(3R, 3S, 5S, 6R)-5-methoxy-
4-[(2R, 3R)-2-methyl-33-methyl-but-2-enyl) oxiranyl]-1-oxaspiro (2*5) oct-6-yl esterkynovial
angiogenesis, vascularisation of channels penetrating into the articular cartdaggochondral
angiogenesis), synovitis, joint damage (mainly attenuation of ostepgtowth) and pain behaviour were
all reduced. Anti-inflammatory drugs (dexamethasone and indaiciet reduced synovitissynovial
angiogenesis and pain behaviour in the rat MNX model of OA. Treatwidndexamethasone reduced
joint damage score by decreasing cartilage damage. Indomehwaeaver did not affect joint structure.
Human meniscal tissue from knees with high chondropathy dispiageshsed degeneration of collagen
bundles, increased vascular densities both in the synovium and at toafilteige junction with a greater
density of perivascular sensory nerve profiles in the outer rediocreased penetration of the synovial
tissue towards the tip of the meniscus was noted in menisci frgnchiondropathy group compared to

those from the low chondropathy group.
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Conclusion: Data from animal studies indicates that conversion of acute inflammatiorrdoiach
inflammation may be due to the stimulation of angiogenesis. Furtherthese data provide evidence that
synovitis contributes to joint pathology and pain behaviour indh&NX model of OA and this may be
partly due to the angiogenesis in the synovium and at the osteochandtedrj. Data from human studies
highlights that tibiofemoral chondropathy is associated with altered msitrigture, increased vascular
penetration and increased sensory nerve densities in the medial memsmisgenesis and associated
sensory nerves in the meniscus may therefore contribute to pain i®Rnee

Summary: These findings support the hypothesis that inflammation and angitganesndeeao-
dependent processes, exacerbating and mediating structural damage and @Ain iAngiogenesis

inhibition has the potential to reduce synovitis, joint damage and pain in OA.
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1 INTRODUCTION

1.1 The Synovial Joint

A joint is an essential part of the human body, allowing for mmr and providing mechanical support.

It can be defined as an area of the body where bones link togditerthrodial joints, also known as

synovial joints are the most common and the most moveable jjoitits human body composed of several
different tissues including the synovium, cartilage, bone,ra@axisci that all interact in a specified way to
function relatively well over many years. The health of the joint hettes when these tissues are

affected.

The knee joint is an example of a synovial (diarthrodial) joint, whereligtal end of the femur, consisting
of the medial and lateral femoral condyles, meets the proximal part tbidne These two bones form a
hinge joint, with the patella bone or “knee cap” at the front. Joint capsule, menisci and the four main
ligaments help to stabilize the joint, the medial and lateral collateral ligaments at iithef the knee
hold the two adjoining bones in close proximity and serve to protegbiit against inward and outword
forcing, the central anterior and posterior cruciate ligaments extend @ow the lateral and medial

condyles of the femur to the anterior and posterior intercondylar areastdfithrespectively (Figure 1.1)

The knee joint contains two menisci, a medial and a lateral, located betwetemoral condyles and the
tibial plateaux. The anterior and posterior horns of the menisci are attaclieel tibial plateaux by
insertional ligaments. Menisci are cresenteric shaped wedges of fibrocartilage.n Fhemiscal tissue
consists of fibrochondrocytes suspended in an extra cellular ma@ki®f collagen, glycoproteins,
proteoglycans and elastin (McDevitt et al., 1990; Gray 1999). Cellseofrrtbnisci are known as
fibrochondrocytes owing to their chondrocytic appearance, yet abilitynthessise a fibrocartilage matrix
(McDevitt et al.,1990) The body of the meniscus consists of principally type | colldigess running in

a circumferential orientation. Less numerous fibres running in a raiiatation are thought to function
to bind the circumferential fibres together (Messner etl®98) The collagen content of the meniscus
consists of greater than 90% type | collagen with smaller proportiotypes Il, Ill, IV and V collagen
(McDevitt et al.,1990) The menisci are known to have important roles in increased jointuityng
dispersal of weight, reduction of friction, shock absorption angrpreeption (Seedhom et al., 1974;

Assimakopoulos et al., 1992; Messner et al., 1998).

Chondroitin sulphate is the principal glycosaminoglycan (GAG) of rehisroteoglycans with smaller
proportions of dermatan sulphate, keratin sulphate and hyaluronic atédglycans (Herwig et al., 1984;
Nakano et al.,1997) The distributions of proteoglycans in the meniscus show ragigariations
reflecting the differences in loading across the tissue (Collier et al.; Na®@no et al., 1997; Messner et
al., 1998).
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The blood supply to the menisci mainly originates from the medialat@dhl genicular arteries which give
rise to a perimeniscal vascular plexus. The perimeniscal plexusd®mimnantly circumferential in
organization and sends radial branches into the meniscus supplyind@iwlyter portion of the meniscus,
whilst the inner region is avascular. The extent of vascularisation is giedker anterior and posterior
horns compared to the meniscal body (Arnoczky et al., 1982; Danzig €t988; Day et al., 1985)
Myelinated and unmyelinated nerves are mostly found in the periphetahmldle thirds of the body of
the meniscus, some of which are free nerves and others are associatedadthiessels. The inner third
of the meniscal body is devoid of innervation. As with the Vasisation, nerve supply is greater in the
anterior and posterior horns than in the body of the meniscilsofW\et al., 1969; Day et al., 1985; Zimny
et al., 1988; Mine et al., 20Q0)
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Figure1.1: Frontal view of the right knee with quadriceps tendon cut and the pagdliéscted
distally.
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Synovial joints such as the knee are characterized by a fibrous capsulerthands the ends of the two
bones, within which is the synovium. The synovium consiste/@ layers of cells; the outer intimal layer
is largely fibroblast-like synoviocytes and the subintimal belowghigace layer is largely macrophages.
The synovial lining is approximately 2 to 3 cell thick and hyghlscularised. However, during
inflammation, local fibroblast proliferation as well as macrophage infiltration rancuitment to the
synovium cause the lining to become up to 8 or more cell thid¢ks fAypercellularity of the sub-intimal
layer often contains perivascular lymphoid aggregates (Haywood et al., 2068)superficial (shallow)
layers of the synovium are highly vascular in order to satibfy metabolic demands of both the
synoviocytes (synovial cells) and avascular articular cartilage, whilsetpged layers of the synovium are
far less vascular. The synovial fluid secreted by the synovial lintagthe joint space lubricates the joint
and provides nutrients and transports cellular repair components toathgratytes in the cartilage and

buffers the force between the two bones (Lorenz et al., 2006).

Normal joint surfaces are covered by a thin layer of hyaline articular cartilagresubarticular calcified
cartilage resting on subchondral bone, forming the gliding surfade afiarthrodial joints (Muir 1995)lt
provides a low-friction surface for the opposing bones with increasatpressive force and is able to
withstand a lifetime of load bearing and motion. Cartilage is madd BEMI, with around 1-5% of its
volume comprising of chondrocytes but it is devoid of nerves armatihlessels.Chondrocytes ensure that
the cartilage matrix is kept rich in collagen and proteoglycans (Bruekresr,1994)and are essential in
maintaining a balance between synthesis and degradation of ECM consporidm quality of ECM is
critical for maintaining the functional properties of the cartilage (Poole et988)1The remaining ECM

is between 65-80% water based with type Il collagen fibrils formintpero fibular network arranged to
withstand tensile, shear and compressive stresses thereby distrgtatiogand dynamic joint loading and
decreasing friction (Burr 2004). Collagen fibrils and the chondrocytes act to organize these
macromolecules into a unique structure that depends on the depthcaftitage (Imhof et al1997) The
general orientation of the collagen fibrils defines the four main cartilageslg¥igure 1.2). Collagen
orientation and water content differs in response to the pressure andfaioeaexperienced by the
cartilage (Imhof et al.1997) Proteoglycans of the cartilage exert osmotic pressure to draw waténen
cartilage which counteracts mechanical forces during movements that fatereowt (Imhof et al., 1997).
This mass transport of fluid ensures that the whole body of cartilageuisshed and acts as a shock

absorber against joint articulation and movement.

As the articular cartilage is avascular, its nourishment is supplied by theiadyflod produced by
synovial vasculature. Such vessels are fenestrated, allowing fluid aliadrerezules, including glucose to
enter the synovial cavity and thus come into contact with the cartilage. e@etilve third layer and the

calcified cartilage is the tidemark; a thin line that interlocks the two layfetartlage and can often be
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seen microscopically. In pathophysiological conditions such as QAistkubjected to high stress leading
to its duplication (Imhof et al., 1997)

Calcified cartilage (layer 4) is a highly specialized mineralized region of timilar cartilage. It is
thought to provide attachment of the cartilage to the underlying ladchén transmitting and dissipating
mechanical forces to the bone and prevent diffusion from thetbaaéial layers of the cartilage (Oegema
et al.,1997) The subchondral bone spaces contain vascular channels. Thes@athi®-30 um diameter
channels, often containing 1-2 blood vessels within them. These tenovitaugrfrom the bone marrow
towards the osteochondral junction and are enclosed in concentric ddyense, forming a sheath. They
can be open-ended, where the leading edge is covered by onlylaythirof endothelial cells, or close-
ended, where the endothelial cells have been replaced by bone (Clark IP®®)function of these
channels is yet to be fully understood. However, earlier studies hawsn ghat such channels are in
greater numbers under areas of greater weight bearing (Woodslé78)., The purpose of these channels
have been proposed as a mechanism of gettiragiiiorne nutritional support to the articular cartilage and
as a major part in the re-modelling of the subchondral bone that coedritaudisease pathology (Clark
1990). Vascular channels have been shown to breach the osteoclwmttrah in ageing and arthritic
disease. Here, penetration of the articular cartilage compromises the dfacadmified cartilage between
the bone and overlying cartilage. Subsequent invasion of bloodlyvess these channels may contribute
to cartilage changes in OA, such as cartilage calcification or endochondifadaties, and with it,
cartilage thinning (Fenwick et al., 1999; Walsh et al., 2007).
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Figure1.2: lllustration of the four layers and collagen distribution of the hyalarélage. (Adapted
from Imhof et al., 1997).
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1.2 I nnervation of the knee joint

Knee joints are supplied with both primary nerves; branches of periphevakmmassing adjacent to the
joint and accessory nerves; branches of intra-muscular nerves grissioint capsule (Mapp 1995). The
knee joint is richly innervated by sensory and sympathetic senfensory nerves detect and transmit
mechanical information from the joint to the central nervous system (Myddo2006) detecting pain
Structures such as the musculature, joint capsule, synovium, tefidangents, menisci, periosteum and
subchondral bone of the joint also have a rich nerve supply, whteaarticular hyaline cartilage is
aneural (Hunter et al2008)

The nerves which serve the joint arise from several levels of the spimiehnd around 60% of such nerves
are sensory nerves. There are four classes of such afferents, cleasifieding to their activation
threshold by mechanical stimulation. Large diametenuf§ myelinated nerve fibres encoding and
transmitting proprioceptive signals that are either dynamic (movemesdtsers) or static (position sense)
are mainly from groups I and II (AB) myelinated nerve fibres with a conduction velocity of 20-100 m/s.
Small diametel(2-3 pm) myelinated nerve fibres which become a free nerve ending are group III (AJ)
fibres with a conduction velocity of < 20 m/s. They have a low mechathieghold and so respond to
passive joint movement. While the small diameter unmyelinated C fibres whioh ragiceptive
information belong to group IV having a conduction velocity of < 1, msponding to extreme, noxious
stimuli; indicating a noxious functionProprioceptive AP fibres of the joint terminate in the capsule, fat
pad, ligaments, menisci and periosteum. Nociceptive Ad and C fibres innervate the capsule, ligaments,
menisci, periosteum and mineralized bone especially areas of high mechani¢adUotat et al., 2008). It
is these fibres which are responsible for pain transmission in the(fé@ppelmann 1997), their main
function being to detect moxious stimuli and transmit this informatiothe central nervous system from

the joint.
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1.3 Osteoarthritis

Arthritic disease is a significant health problem worldwide placingreoos burden on society (van Saase
et al., 1989) due to its progressive and debilitating nature leading tdacheam, disability, high morbidity
and reduction in quality of life. OA is the commonest form difiritis affecting the whole diarthrodial
(synovial) joint. It is the biggest cause of joint pain in the elderlyt(€teal., 2001) and the main cause in

the increase of joint replacement therapy (Dixon efa@D4)

In 1986, the Subcommittee on Osteoarthritis of the American College ohRRbaogy Diagnostics and
Therapeutic Criteria Committee defined OA as “A heterogeneous group of conditions that lead to joint
symptoms and signs which are associated with defective integrity ofilarticartiiage, in addition to
related changes in the underlying bone at the joint margins” (Altman et al.,1986) In 1994, the World
Health Organization Conference for Guidelines in Osteoarthritis Research, Diagnodsi$reatment
updated the definition of OA to: “OA is a result of both mechanical and biological events that uncouple the
normal balance between degradation and synthesis by articular cartilage citasdemd ECM, and
subchondral bone. OA involves all tissues of the diarthrodal joint. UltimaBelyis manifested by
morphologic, biochemical and biomechanical changes. When clinically evidant €haracterized by
joint pain, tenderness, limitation of movement, crepitus, occasional effustbrvatable degrees of
inflammation” (Mollenhauer et al., 2002).

OA can be seen as a condition that results from a heterogeneous gomapl@bping chronic and painful
conditions affecting the synovial joints. No general definition ofdlsease is accepted @A can be
described in terms of the radiographic and histological changes sdenjoint as well as the symptoms
however structural changes and symptoms rarely correlate exactlyre8sliasome patients complaining
of joint pain will hardly have any structural radiographic changes btheonther hand some patients with
complete joint destruction will experience no joint pain. This makes the diagmfo€}#\ extremely

challenging as it is based on a combination of these features.

OA is thus defined not as a single disease entity but rather a collectidisooflers with different
underlying pathophysiological mechanisms that have a similar finaiom pathway (Aigner et aR002)
Numerous researchers are now compelled to regard OA as a "processthathardisease because it is
observed in all those conditions that display an imbalance betweerameaihstresses applied to the
articular cartilage and its ability to withstand that stress (Slemenda &048) this leads to the loss of

articular cartilage within the synovial joints causing joint damage.
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1.3.1 _Aetiology
The exact underlying cause of OA is unclear. Epidemiological studiessanafypatterns of familial

clustering and twin studies have all suggested that there is a definite gmmegionent (Valdes et al.,
2006). There are also numerous interacting environmental and mecHantoas that contribute to the
onset of OA. Perhaps the most obvious of these is age, sin@ecidhent of arthritis increases almost
exponentially with age (Petersson 1996). Other factors includinga(butot limited to), gender (being
more common in women), joint instability and/or malalignment, matiarnr (Swoboda 2001), muscle
weakness (Goldring et aR007) obesity (Felson 1990), occupation involving repetitive heavy joset
(Felson 1988) and traumaljoint injuries (Doherty etE83)have all been implicated in the onset of OA
These risk factors may trigger biochemical and molecular pathwaysndetalithe progression of OA
(Figure 1.3)

Systemic:
Increasing Age
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Genetics
Nutrition

Biochemical and Initiation and
Predisposition |—» Molecular —»| progression of
Extrinsic: to OA pathways OA

Mechanical Injury
Joint overload
Instability and
trauma

Joint deformity
Obesity
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Figure1.3: Potential causative factors that may lead to initiation and progressioA.ofS@stemic
and extrinsic factors can result in altered biochemical and molecular pathmwake joint leading to

structural damage.
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1.3.2 Signs, Symptoms and Characteristics

OA mainly affects the large weight bearing joints such as kngesnd lower spine, as well as the joints
of hands and feet (Cushnaghan et #991) OA can be classified as being primary/idiopathic (affecting
previously healthy individuals over the age of 40 years) or secpridevelops in response to injury of the

joint) in nature.

Since OA is not defined by a particular joint involvement pattern, clinical presenistibas difficult to
assess. OA is mostly not diagnosed until it has progressed to the later stagesmate pronounced
alteration in the joint lead to pain and radiographically detectable chargié@sical symptoms of OA
include (Hunter et al., 2008):

. Joint pain; intensity of which increases upon excessive joint meweand weight bearing but is
relieved by rest except in advance form of the condition where OA canrestisend night pain leading to
loss of sleep, further exacerbating pain. This pain is often ded@pgaoid not well localized. It is usually

of insidious onset and when pain persists, pain-related psycholoigitakd is also evident.

. Stiffness; felt intermittently upon resuming activity after rest but with timedgblmes permanent.
. Reduced function and joint movement.

. Joint instability, buckling or giving way.

. Crepitus (creaking of the joints with movement).

. Deformities, bony enlargement of the joint.

. Altered gait.

o Muscle atrophy or weakness.

. Joint effusion, swelling and inflammatiotenderness usually located over the joint

Pain is the main symptom experienced as a result of the pathophysi6lddyand is shown to originate
from several sources such as periosteum, subchondral bonejusynovenisci, ligaments and muscles
(Brandt et al., 1991). It is thought to be enhanced by inflammatiehangiogenesis which are both
interconnected. It has been postulated (Dieppe et al., 2005) that angiogandsid to the innervation of
normal articular insensate cartilage, thus being the source of pain. Vastiglarisf non-calcified
articular cartilage is a common feature in OA but the mechanisms glrivinemain incompletely
understood. Sensitisation of sensory nerves by inflammatory meddar also cause pain and these

sensitized nerves can therefore contribute to neurogenic inflammation &ate imi#w vessel growth.

Radiographically visible changes are narrowing of the joint space withgistegrowth at joint margins
and advancement of the subchondral bone (Goldring et all).20@&pletion of proteoglycans and collagen
Il have been found alongside fibrillation of the articular surface, fissures,itiginof the cartilage and

tidemark duplication (Lorenz et aRP06) Blood vessels cross the tidemark from the subchondral bone
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into the avascular articular cartilage. Synovial inflammation is observed aan@mdby thickening of the

synovial lining, angiogenesis and synovial effusion, all leading to jaieliisg.

1.3.3 _Pathophysiology

In the osteoarthritic joint, gradual loss of articular cartilage is obsewtssle osteoarthritic cartilage loses
its smooth appearance. Initial degenerative changes in the articular cartilage ¢aatlage softening,
fibrillation, fissuring and diminished cartilage thickness. These changesnbemore pronounced with
time, eventually exposing the underlying subchondral bone pR#&thology in the articular cartilage is
referred to as chondropathy (Figure 1.4).the case of the knee joint, structural changes are more marked
in the tibial cartilage, particularly in the medial compartment. Cartilage fo$3A results from the
degradation of ECM by chondrocytes and activation of extracellular magiallaproteinases (MMPS)
Additionally, metabolic activity of the chondrocytes is shifted towardsite svhere new matrix synthesis
is outweighed by a breakdown of matrix constituents (Rousseau €X08rF) Chondrocytes show a
reduced expression of type Il collagen, and aggrecan, the major captitageglycan. Upregulation of
MMPs such as collagenases (MMP-8 and 13), gelatinase (MMP-2) and stromelysin (MMP-3) is also
apparent. These enzymes are synthesized by chondrocytes and released B@M thdere they are
activated and cause degradation of collagen and proteoglycans (Murphy2&0&; Pardo et al., 2005;
Cawston et al.2006) but these are not dominant aggrecanase enzymes, and instead thpratagsme
responsible are two members of the A-Disintegrin And Metalloproteinase Thitbmbospondin-like
Repeats (ADAMTS) family-ADAMTS-4 and ADAMTS-(Murphy et al.2005) The activity of MMPs is
controlled by tissue inhibitors of metalloproteinases (TIMPS)MP-1 is most effective in inhibiting
MMP-1 and is the most highly expressed protease inhibitor in normal cartileygdgon et al., 2006).
TIMP-3 is the only TIMP that can inhibit aggrecanases ADAMTS-4 andné,in addition is sequestered
rather than released freely into the ECM, allowing for a precise ¢t@weo its cellular localization, which
is very useful in the carefully localized process of angiogenesishifagi et al., 2001; Murphy et al.,
2003). Disturbances in the regulation of MMPs and TIMPs increase gartliegredation (Franses et al.,
2010). Serine protease inhibitors, secretory leukocyte proteinase inhibitor (SLPI) anthsh@npgen
activator inhibitor (PAI)-1 are also responsible for cartilage matrix degradati®Al-1 regulates the
activation of of the serine protease plasmin via urokinase plasminogen actju#aj or tissue
plasminogen activator (tPA), contributing to cartilage turnover by aatiy pro-MMPs (Cawston et al.,
2006). SLP-1 inhibits many cartilage degrading proteases, and is implicattl@ing angiogenesis by
inhibiting endothelial cell (EC) migration (Franses et 2010) Therefore a compromised articular matrix
composition through an interplay of various promoters and inhibiéads to abnormal matrix turnover

and hence cartilage degradation.

Concomitant changes in bone are less well underst@A.is characterized by an increase in anabolic

activity in the subchondral bon®steoblastic and Osteoclastic activities become unbalanced and increased
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bone deposition results in subchondral bone sclerosis and formatmstemiphytes. Osteophytes (new
bone formation) appear at the joint margins, subchondral bone thickénts capsule enlarges, mild
synovitis and effusion are also observed (Pelletier et al., 1995). dingiyet to be confirmed whether
subchondral bone sclerosis is a cause of or consequence of cartilaigeQ@ss The increased thickness
and density of the subchondral bone and osteophyte formation enayrésult of a disordered repair
process to increase joint stabilit{Evidence suggests that sclerosis may be the initial pathological avent i
OA initiating subsequent cartilage loss through preventing the flow ubfients from underlying
subchondral bone to the cartilage (Hunter et20lQ3) Fragments of damaged joint cartilage detach and
fall into the articular cavity as a result of fissuring and float in theaghfluid causing the upregulation of
inflammatory mediators like interleukinlL()-1 and tumour necrosis factor (TN&)Hedbom et al., 2002)
This pathological process leads to compromised function of the cartilagedtiveffy distribute forces in

the weight bearing joints (Maroudas 1976).

OA is largely thought of as a non-inflammatory disorder; howeasgarch has shown that inflammation is
an integral component of OA progression contributing to the developméstsyimptoms (Bonnet et al.,
2005). Inflammation may be caused by phagocytosis of shed cartilagedras by synoviocytes. The
inflamed synovium releases pro-inflammatory cytokines such asdal'bife IL-1 and 6 (Smith et al.,
1997). These cytokines can bind to chondrocyte receptors leadingtter frglease of MMPs as well as

inhibiting type Il collagen production, hence enhancing cartilage degrad&iannus et al., 2010).

Synovial and subchondral bone changes are now being regarded aSale$#seunderstanding the
pathogenesis of progressive joint destruction, but whether eventstilageaprecede those in bone and
synovium or vice versa or they actually occur around the san® itintartilage, synovium and the

subchondral bone are all topics of immense interest.

Meniscal degeneration is commonly seen in OA, where menisci appearfissured, fragmented,
macerated or completely destroyed (Bennett et al., 2002; Englund 2@08jeoglycan loss, collagen
alteration, degradation of the meniscal ECM, peri-meniscal synovitis, icalich and increased blood
vessel growth not limited to the outer peripheral portion of the me(@scman et al., 1933; Herwig et al.,
1984; Kapadia et al., 2000; Grainger et al., 2007; Sun et al., 2010) wibatsto meniscal degeneration
and reduced meniscal tensile strength. The meniscus is less abli¢hs$tand loading and force
transmission during normal movements of the joint, further leadinigggenerative tears (Bhattacharyya et

al., 2003) and exacerbating OA structural damage.
Degenerative tears occurring in OA are distinct from traumatic tears whichyuscelir in younger people

as a result of a specific trauma to the joint in which the meniscus bedoapped under excessive force

between the femoral and tibial condyles (Englund 2009). Joint spaaeving as a result of OA displaces
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the meniscus, exposing the underlying articular surfaces (Gale et38), Tehe loss of normal functiorgn
meniscus due to tears or displacement contribute to articular cartilage lossthad gtogression of OA
(Hunter et al.2006)

A strong association between meniscal degeneration, articular cartilage darbabendral bone changes,
synovitis and joint space narrowing is reported in enhancing therierce of pain in OA (Gale et al.,
1999; Hunter et al., 2006; Yusuf et £Q010)

Normal Osteoarthritic

Periarticajar Plexus

Subchondral

Cyst:
Vascalar
Engorgement
Metaphyseal Vessels gore
Figure 1.4 Comparison of osteoarthritic and normal joint. Changes occur in thiagar(loss of

proteoglycans, fibrillation/erosion), subchondral bone (osteophysmérposis, remodeling) and synovium
(inflammation). (Smith et al., 2002).
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1.3.4 Diagnosis and Detection

To a certain degree like other complex clinical syndromes, a poor comeistimbserved between the

clinical features (symptoms), underlying mechanisms (pathology) aaglrim(radiological) of OA.

Standard radiographis insensitive to the earliest pathological features of OA, hence thened of
positive radiographic findings can not confirm the complete absenggnpitematic disease (Kellgren et
al., 1957); radiographs have also been shown to not alwayderomg the clinical presentation of pain
(Spector et al., 1993). Conversely, on some occasions peopleavaynidication of OA through X-ray
changes but display mild physical symptomi$e advanced form of the disease is clearly visible on plain
radiographs as narrowing of joint space, osteophytes and sometiarageshin the subchondral bone.
Standard radiography, in general, provides a limited view of the dipeasess in subchondral bone (Ding
et al., 2007).

Ultrasound can be used to measure synovial thickness and Dopplergroagibe used to reveal synovial
blood flow and hence indirectly angiogenesis and synovitis, whichrepass some of the early changes
observed in OA. Magnetic Resonance Imaging (MRI) is now permgtinigl assessment of subchondral
bone, both in early and established OA as well as in normal jolitis whole-organ evaluation approach
has demonstrated frequent abnormalities of cartilage, menisci, bone (ipanrow lesions and
osteophytes), synovium and ligaments even when no radiagretpdnges are present in patients with OA
(Conaghan et al2006) such as bone marrow lesions in early OA, which are not detectablelaith

radiographs (Conaghan et al., 2004; Carrino et al., 2006).

Arthroscopy can reveal cartilage damage before changes in bone beddem® however it is invasive so
it is not a method of choice for diagnosis of OA. No reliable laboratoryfdestiagnostic purpose is
available. Erythrocyte sedimentation rate and levels of C - reactive proteiitgomuseful information

about inflammation in some patients with OA but they correlate poortypaithology of cartilage damage.

The 2009 European League Against Rheumatism (EULAR) recommergdddiomliagnosing knee OA
state that when the following 3 symptoms and 3 signs are deteciedufficient to correctly diagnose
99% of knee OA (Altman 2010). The 3 symptoms are persiste® gain, limited morning stiffness and
reduced function, and the 3 signs are, crepitus, restricted movemenbranértargement (Zhang et al.,
2010). American College of Rheumatology (ACR) describe OA based on clinealiretion of knee
pain in addition to 3 of the following 6 criteria: > 50 years of age, smBfutes of morning stiffness,
crepitus, bony tenderness, no enlargement, or an absence of palpablh \{&itman et al., 1986).

Sensitivity for these criteria is 95% with 69% specificity (Altman 2010)
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Patients presenting in the clinics normally have severe OA so edegtidn and analysis of OA in patients
need to be the prime research focus to fully understand theanmisuts in disease progression from start to

finish.

1.3.5 _Treatment

OA is not a curable disease. Mechanisms by which OA arises reroampfetely understood. At present
therefore treatment is tailored according to risk factors, severityaiof presence or absence of joint
effusion and degree of osteoarthritic damage. Because no singlpytieeadequate in OA, it comprises of
both non-pharmacological and pharmacological therapies. Therapy focusdleviating the signs and
symptoms of the disease especially pain and inflammation, to impraheycef life, mobility, walking
and if possible, to slow the progression of OA (Altman 20Rhysical therapy and exercise are employed
to improve stiffness by increasing movement and strengthenimsgl@suthat support the affected joints.
Joint replacement surgery is the end result in those in whom conventimreglgement has failed.
Currently, analgesics (paracetamol, acetaminophen, opioids and cgpsaitiimflammatory agents with
analgesic properties (non-selective non-steroidal anti-inflammatory diN8#8IDs], cyclooxygenase
[COX]-2 inhibitors, topical NSAIDs and intra-articular corticosteroids), symptayslow-acting drugs
and anti-cytokine therapy are used to treat OA of the knee (Michael édH)), Figure 1.5).These drugs
are not without their associated side effects. The specific risk faateoxiated with the use of classic
NSAIDs are due to their mechanisms of action on prostaglandin secrdtmse drugs act by inhibiting
the secretion of prostaglandins through COX-1 and/or COX-2 inhibigpecific COX-2 inhibitors have a
selective anti-inflammatory effect but are still markedly nephrotoxic, whe@aselective COX inhibitors
also have renal side effects. Intra-articular glucocorticoid injections caredianieduce joint effusions
but are used with caution in diabetic patients who are already hypemgigca&Slow-acting drugs for
osteoarthritis (SADOA) which can be further subdivided into either symgiio-SADOA or disease
modifying osteoarthritis drugs (DMOAD) include hyaluronic acid, IDegsamine sulphate, chondroitin
sulphate and diacerein (Michael et al., 2010). Their specific mechanisao8afs are yet to be elucidated
but they range from curtailing inflammation to nociceptor blockade andtilaggmatrix destroying effects
of cytokines. Antibodies against TNIle-or the use of anti-inflammatory cytokines such as IL-1, -13, -
and TNFB are also available (Michael et al.2010)

Inflammation and Angiogenesis both contribute to the symptoms and gathafldDA, therefore further

analysis of their role can lead to more effective therapies.
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IM'—» Non-pharmacological Treatments
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Figure 1.5: Therapeutic approach for OA. After the diagnosis of OA, a non-@Ewiogical

approach is initiated. |If that is not effective, then a pharmacological appisaatiopted. Joint
replacement surgery is the end result in those in whom conventionagement has failed. COX

(cyclooxygenase), NSAID (non steroidal anti-inflammatory drug)niah 2010).
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14 Pain and Osteoarthritis

The sensation of pain alerts us to real or impending injury and siglgeappropriate protective responses
in harmful situations. However, in some instances, pain can exceestftdness and can become chronic
and debilitating. The theory of pain that has been carried over into thec@btury was originally
proposed by a scientific philosopher Descartes in tHe Qé&ntury, but in 1965 ideas about pain were
revolutionized by Wall & Melzack“Gate Control Theory” (Melzack et al., 1965). This theory states that
the transmission of nerve impulses from afferent fibres (nociceptortletspinal cords dorsal horn is
modulated by a spinal “gating” mechanism, which increase or decrease the flow of these afferent signals to
higher processors i.e. the brain, depending on their activityenEaby the theory highlighted the central
nervous system as an essential component in pain processes (Melza)kk TB8 current beliefs of pain

are largely based on this “gate control theory” outlined over 40 years ago.

The tissues of healthy joints appear to have a relatively high threghoddder to prevent normal
movements generating pain (Dieppe et al., 2005). Pain arising &orage to tissue that the nerves serve
is known as inflammatory pain, whereas, neuropathic pain arisescfranges in damaged nerve endings
(Dickenson 2002). Pain, the predominant feature of OA, is orleeofain reasons of patients seeking
medical advice. The precise causes of this pain are not fully understoth@ pain experienced in OA
varies widely in nature, severity and location between patients, hergegldusible to assume that the

sources of pain also differ between patients (Creamer 2000)

It is the sensory neurons (nociceptors) that transmit the iaf@mthat is portrayed as pain, of which the
Ad-fibres transmit the sharp pain of an acute injury and the C-fibrekigeothe dull, aching pain of a
deeper, more persistent injury and the burning quality ofopathic pain (Julius et al., 2001; McCabe
2004). Afferent sensory nerves terminate at the dorsal horn spthael cord, here information from the
periphery is interpreted and acted on through interaction with the centralseystem (CNS) (Schaible
et al., 1993; Felson 2005; McDougall 2006). Nociceptors in the joimadty respond only to movement
of the joint beyond its working limits, however following joint dage, physical changes (joint effusion,
tissue oedema, and structural changes) in the joint, alongside the étivocaf inflammatory mediators
released into the damaged tissues, result in a reduction of the mechaesiablthfor the activation of
articular nociceptors. In this instance, manipulation and movemeng ¢éitit within its normal range is
easily sufficient to activate them and cause allodynia (pain in responseotmnally innocuous stimuli)
and hyperalgesia (heightened pain intensity in response to a normally simful)) (Schaible et al.,
1985)

It has been reported that nociceptors in the joint do not always signalvpen stimulated by mechanical

pressure, explaining why some patients with extensive radiographigeshaf OA fail to report pain

whilst others having normal radiographs experience pain (Hannan e080; Felson et al., 2001).
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Inflammation has been strongly linked to hyperalgesia and persistenihp@A (Hill et al., 2001; Hill et
al., 2007) Another means by which pain may be generated in joints is via the stimulation of “silent
nociceptors”. These sensory nerve fibres are quiescent in normal joints. However, following injury and/or
inflammation these become activated and start to send nociceptive informatien@dl& (Grigg et al.,
1986; Schaible et al1988) Persistent pain (chronic inflammation) can alter both peripheral andlcentr
signaling mechanisms. Effectively, peripheral sensitization will, over a period of tead to central
sensitization alongside “Neural plasticity”, which may play a large role in the pain experienced during
arthritis. Whereby, the normal neural circuits that feed in to the paiwagthcan reconfigure in response
to the stimulus they receive. Here, persistent pain transmissionchmsomic inflammation can lower the
threshold of the Ad and C fibres from just detecting noxious stimuli, to detecting non-noxious stimuli, such
as normal knee joint movements (McCabe 2004). Overall, nociceptooslycsignal acute pain, but also
contribute to persistent and pathological pain conditions that occur after arjumflammation, wherein
pain is produced by normally innocuous stimuli resulting frofinegithe lowering of nociceptor activation
thresholds (peripheral sensitization) and/or the increased responsiwngginal cord neurons that are
responsible for pain transmission to the brain (central sensitization) (@adgetsal., 1983; Schaible et
al., 1986; Dieppe et a2005).

1.4.1 Joint pathology contributing to pain in OA

The source and cause of osteoarthritic pain is still largely unknown lngtiessed to involve multiple
interactive pathways, and could be caused by the structural damsageirg in the joint such as
degradation of the articular cartilage, joint space narrowing, osteophyte formstiochondral bone

changes, meniscal changes and/or inflammation in the joint.

Articular cartilage is both avascular and aneural, incapable of directigrafeng pain. In contrast,
nociceptors are found primarily in the tissues of subchondra, bperiosteum, ligaments, muscle, joint

capsule, synovium and the menisci and may be implicated in the gehpsin in OA (Felson 2005).

Synovial hyperplasia, fibrosis, thickening of synovial capsule, activateovi®cytes and in some cases
lymphocytic infiltrate (B- and T-cells as well as plasma cells) are characteristicefeatuosteoarthritic
synovium (Hunter et al., 2008). Synovium contributes to odfeités pain as a result of irritation of
sensory nerve endings within the synovium from osteophytesyandial inflammation that is due in part
to the release of prostaglandins, leukotrienes, proteinases, neuropeptides kindscyddcDougall 2006).
Using non-contrast MRI, inflamed infrapatellar fat pad, has also been implicatiee pathogenesis and
hence a source of pain in OA (Fernandez-Madrid et al., 1995; Hill eDal).2

It has been shown that blood vessels grow up from the subchdomh@) breaching the tidemark and

invading the normally aneural and avascular articular cartilage in OA €8al., 2007). The route by
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which they do this is usually within the vascular channels that @éxtgnfrom the subchondral bone
marrow spaces through the calcified cartilage and into the non-calcifiedlartoartilage (Clark 1990)
which effectively provide a direct connection between the subchonadinal marrow spaces and articular
cartilage. Such invasion has also been linked to the loss of proteodlymanthe cartilage providing less
resistance to vascular invasion. Alongside the growth and invasionvofassels, accompanying afferent
fibres have also been observed, which may be attributed to some ohithexperienced in OA.
Experiments have indicated that neovascularisation precedes nerve goowihgf a pathway for
innervations of the surrounding tissue (Gu et B395) If this is the case at the osteochondral junction,
neovascularisation in OA from underlying subchondral bone amduhsequent invasion of the overlying
articular cartilage may also form a pathway in which these sensovgsnean grow. As well as the
sensitization of joint nociceptors, both in the synovium and within tihet®ndral bone, such as those
growing through vascular channels, there are other peripheral centpdn joint pain suffered in OA,
including bone pain caused by rapid bone turnover and subchondwlpbate thinning (due to high
osteoclast activity and an acidic pH), the ossification of chondrocytes to deteophytes and the
formation of osteophytes, attributing to joint space narrowing.rcgoaf pain in OA has been attributed to
bone pathologies such as subchondral bone sclerosis, microfractures, raisesteaotes pressure and
decreased blood flow leading to bone angina and stretching of periosteursteophyte formation
(Arnoldi et al., 1975 Szebenyi et al., 2006; Hunter et 2008) Bone marrow lesions detected using MRI

are also strongly associated with pain in OA (Felson e2@01)

However, the use of bone pathology as an explanation for pa®Ains limited since only a weak
relationship exists between radiographic joint changes and the level axp@nenced. Patients suffering
from joint pain may have periarticular syndromes; soft tissue lesions thptiafal and often disabling
e.g. Baker’s cyst or Infrapatellar bursitis, caused by inflammatory mediators that build up in the soft tissue.
The above mentioned studies on sources of pain in OA rely oelaion between particular tissue
pathologies and presence of pain. From these studies it can not be coniineibr a particular

pathological process in OA is the cause of pain, it can only be dedatdleltiwo are associated.

Another source of joint pain in OA may be directly due to the neheraselves. Following joint injury,
the nerves which re-innervate the healing tissue may show a disorgamdeabnormal morphology,
containing an over abundance of chemicals such as Substance P and I@¢€&RRgall et al., 2000)
indicating that injured joints could develop neuropathic pain post-traunighvitas been successfully

treated with the neuropathic pain analgesic gabapentin to relieve arthritis (Hahakc2003).
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1.4.2 Neuropeptides, Sensory Nerves and Inflammation

Inflammation in OA, whether it is in the synovium or bone is astutiial contributor to joint pain.
Neuronal activity in the pain pathway is ultimately responsible for the gemerand exacerbation of joint
pain. Release of inflammatory mediators such as bradykinintagtandins, histamine, lactic acid,
substance P, CGRP and vasoactive intestinal peptide into the joint sensitiiseptors to otherwise
normal innocuous joint movements to elicit a painful response (Hunter &088). With time, in OA,
inflammation and increased neuronal activity from the periphery asseqaasticity changes in the CNS.
Second order neurons in the spinal cord increase their firing potsatialthat the transmission of pain
information to the somatosensory cortex is enhanced. Thistsetrsitization intensifies pain felt and can
even lead to pain responses in other regions of the body remoteHeoinflamed joint (referred pain)
(Hunter et al.2008) As the disease progresses, more of these mediators accumulate in thd piffet

thereby stimulating a self-perpetuating cycle of pain generation.

Neuropeptides are a family of chemical mediators, stored and released froennthreals of autonomic
nerves and slowly conducting joint afferents. Local axon reflexeegpemsible for the peripheral release
of neuropeptides from sensory nerves, leading to neurogenic inflamnilstbd@ougall 2006). Numerous
neuropeptides are localized in nociceptive afferent nerve fibres, including thenthiyelinated A and C-

fibres, both of which are found in the joints.

CGRP and substance P are both well known neuropeptides markerisrfary afferent fibores. CGRP is a
37 amino acid peptide known to exist in two forms, alpha and betaadtiaates intracellular adenylyl
cyclase and protein kinase A through G protein-coupled receptors inchhéir@GRP1 receptors (Bird et
al., 2006). CGRP coexists with Substance P in small-diameter afférens and are important mediators
in the pathogenesis of arthritis (Chen et 2008) It has been reported that sensitization of sensory nerves
lead to the untimely, abnormal and excessive release of neuropeptidesenaseas and depletion in
others, leading to neurogenic inflammation, causing vasodilatation, increasealar permeability and
plasma extravasation into the surrounding tissues, all of which are chatactE@tures of an acute
inflammatory response (Garrett et al., 1992; Konttinen eR@06) Substance P has been shown to induce
plasma extravasation into the joint and stimulate the function of vanflasnimatory cells whilst CGRP
has been reported to both increase blood flow to the joint, and alsdigtetehe effects of Substance P
(Mapp et al., 1996). Hyper-responsiveness of CGRP was blockeacute synovitis following
administration of a selective CGRP antagonist, indicating that CGRP playgartant role in the central
neurotransmission of painful mechanosensory information ariging the knee (Neugebauer et al., 1996).
CGRP is also referred to as“bone neuropeptide” which has been shown to inhibit osteoclastic bone
resorption and may be implicated in the bone remodelling seen in O#ttifken et al.1996) The release

of neuropeptides also has a powerful effect on cytokine production sutble asterleukins which can

further lead to the up regulation of these neuropeptides, hence potentiatinfammatory effect as well
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as pain behaviour (Konttinen et aQ06) Taken together, previous literature indicates that sensory
neuropeptides, of which CGRP and substance P are most well studied,utertiibards generating and

promoting joint pain in OA.
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15 Angiogenesis and Osteoarthritis

The complex process of angiogenesis is defined as the growtewoblood vessels from pre-existing
vasculature (Risau 1997). Under normal conditions angiogenesistig tiegjulated by various activating
and inhibitory factors.  Angiogenesis is fundamental to many iplogscal events including

embryogenesis, growth, wound healing and female reproductivensy@Valsh 1999). Unregulated
angiogenesis can result in numerous pathologies including chronicnméton, tumour growth and
metastasis, arthritis (Walsh et al., 2001), diabetic retinopathy, psoriasisivandg haemangioma (Powell
1999)

1.5.1 Process of Angiogenesis

Angiogenesis is viewed as a multi-step process rather than just a siegle (Bonnet et al., 2005)
involving intensive interplay between cells, soluble factors, ECkhipmments, activating and inhibiting
factors (Liekens et al.2001) These vary depending on the tissue involved, between different
physiological and pathological conditions as well as during the diffefeadgs of a continuous disease

process such as synovitis (Bonnet et al., 2005).

Angiogenesis is rapidly initiated upon receiving an activating signal, alsarkras the angiogenic
stimulus. Hypoxia, ischemic conditions, diseased or injured tigauwekicing and releasing angiogenic
promoters can all trigger angiogenesis. Vascular relaxation mediated by Niitie @) can enter ECs
in the angiogenic cascade (Griffioen et al., 2000). Vascular endothelial growdh (dEGF) has also
been implicated in the initiation of angiogenesis. VEGF can indusedilation via endothelial NO
production, increase EC permeability and prevent EC apoptosis (Brbai, 1997)as well as inducing
proteases and various receptors important during cellular invasion and ¢isgdeling. It is abundantly
released by hypoxic tumour cells, macrophages and various otherf¢dbisimmune system (Ziche et al.,
1997). VEGF-receptor is upregulated under hypoxic and ischemidgtioosd emphasising its role in the
early phases of angiogenesis (Forsythe et1®96) Angiogenesis initiation however does not solely

depend on VEGF production.

The first process to take place after receiving the angiogenic stinsulhe activation of ECs. This
involves their detachment from the tight configuration with adjacent ECshdyalteration of vascular
endothelial cadherin junctions that link them together (Bonnet e2G05) leading to increased vascular
permeability. The underlying endothelial basement membrane (BM) is eelgbgdproteolytic enzymes
such as MMPs and plasminogen activators, releasing matrix bound amgidgetors (Pepper 2001)

enabling the migration and proliferation of ECs into the stroma of heiging tissues.

Following the proteolytic degradation of the BM, ECs start to migrate thrthegydegraded matrix into the

surrounding areas. This migration is aided by a variety of celhaurassociated integrins, allowing
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specific cell matrix adhesions as they move through the ECM to rbacsite of new vessel formation
(Carmeliet 2000). ECs proliferate to provide adequate capillary perfusidre ttanget site, if for any
reason proliferation is halted then the angiogenic response fails teeggogeyond the initial stage of

neovascularisation which is vascular sprouting.

Capillary tube formation and deposition of new BM are critical steps infdimation of new, fuly
functional capillaries and requires the re-establishment of the vascular endothel&ircaaid adherin
junctions that were initially disrupted. This requires the tight cell-cell adhesmrferm; platelet
endothelial cell adhesion molecule-1 (PECAM-1) plays an important ralleisn EC interactions with
ECM and mesenchymal cells are an essential requirement for the formatistabfeavasculature. Hence
when the capillary tube formation is completed and the BM is laid dowmusuting vessel layers
composed of mural cells (Hirschi et al., 1997) need to be recruiteid.isTéccomplished by the synthesis
and secretion of growth factors like platelet derived growth factor (PDGHghwis a mitogen and
chemoattractant for a variety of mesenchymal cells (Griffioen et al., 20@@Qyal precursor cells then
differentiate into pericytes and smooth muscle cells (SMC) through theatketiontact dependent process.
Anastomoses are then created and blood flow is established leading to the devetfprasoregulatory
system and a fully functional microvasculature through the expres§igsasoactive peptides and their
receptors (Walsh 1999) whilst redundant vessels regress as a resultrofife€agion (Bonnet et al2005)
(Figure 1.6).

Activating Signal/Angiogenic Stimulus Angiogenic Promoters
Hypoxia, Ischemia, Diseased or Injured Tissue VEGF and FGF

ANGIOGENESIS

v
v

a

\ 4

EC activation

\ 4

EC migration

A\ 4

EC proliferation

A\ 4

Capillary tube formation and deposition of new
basement membrane

A\ 4

Stable Vasculature

Figure 1.6: Process of angiogenesis. Activating signal/angiogenic stimulus ledtle telease of
angiogenic promoters including vascular endothelial growth factor (VEGFfilaroblast growth factors

(FGFs) which assist in the development of new blood vessels (angiogenesis
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1.5.2 Factors regulating Angiogenesis

Angiogenesis is regulated by numerous inducers and inhibitors produaedarge number of cells under
various conditions. VEGF, FGF, epidermal-derived growth factor (EDGF), P&x@fgpoietins as well as

chemokines and cytokines are some of the well known pro-asgiméactors (Walsh 1999; Liekens et al.,
2001; Bonnet et al., 2005). Perhaps the most well described of tlees@giogenic factors is VEGF

(Klagsbrun et al.1999) These regulatory mediators are either soluble, ECM or membrane tyawwith

factors (GF) or components of ECM itself.

VEGF family and the angiopoietins specifically act on EG4&GF is produced in response to certai
growth factors, cytokines and in response to low tissue oxygeiotiefisekens et al., 2001). VEGF is a
potent angiogenic factor which also regulates chondrocyte metabolism. lesadlip invasion of blood
vessels with hypertrophic cartilage remodelling and ossification in OAgfdet al., 2008). VEGF can be
expressed by osteoblasts, hypertrophic chondrocytes, and superficial articutinocis in OA, as well
as by macrophages and fibroblasts within the synovium (Enoeto#d.,2003) VEGF expression is
upregulated in OA chondrocytes compared to normal controls (Gerber e929), although increased
VEGF expression in OA articular cartilage is predominantly localised teuperficial zones rather than

near sites of osteochondral angiogenesis (Pufe 0&I5)

Inflammatory cytokines, hypoxia and mechanical stress each modify rdduytel phenotype in OA (Pufe
et al., 2004), including upregulated VEGF expression (Goldring 2001; Metratla, 2008). IL1 induced
VEGF production was dependent on Jun N-terminal kinase (JNK) but nanp3&en-activated protein
kinase (MAPK) signalling pathways (Murata et al., 2006). The inflamma#eponsive transcription
factor Serum Amyloid A activating factor-1 (SAF-1) may regulate VEGF esgion in chondrocytes
during arthritis (Ray et al., 2007). Knock-down of endogend\s-Sinhibited IL-1p and tumour growth
factor (TGF)B mediated induction of VEGF expression in chondrocytes.

Hypoxia upregulates VEGF expression in chondrocytes through the actigtiypoxia inducible factor
(HIF)-1a. HIF-1a and VEGF display similar localisations in OA (Pfander et al., 2005). Increased VEGF
expression in hypoxic chondrocytes was dependent on the p38 MAPK patlwaicating that
inflammation and hypoxia regulate VEGF expression in chondrocytes thdistgict signalling pathways
(Murata et al.2006)

Upregulated VEGF expression in chondrocytes induced by mechanical overload/sttbssassu
compression, shear, tension and strain may also be mediated 4y kidEvation (Tanaka et al.2005)
HIF-1a expression also accompanied VEGF expression in overloaded bovine cartilage disks (Pufe et al.,

2004). Inflammatory mediators may also contribute to the stimulatiochofdrocytes by abnormal
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mechanical stress (Loeser 2006) and synergy between inflammiagpxic and mechanical pathways

may be key to the predilection of diarthrodial joints to develop OA.

VEGF may facilitate the secretion of MMPs whilst reducing TIMP productspecially under hypoxic
conditions (Pufe et al., 2004; Tanaka et al., 2005). The resistanadiaflar cartilage to vascular
invasion, is in part due to the generation of anti-angiogenic factoeckjding TIMPs, by articular
chondrocytes (Smith et al., 2003VEGF’s ability to shift the MMP:TIMP balance in favour of matrix
degradation may contribute to the loss of angiogenesis inhibition obser@ cartilage. Modulation of
chondrocyte function, therefore, far from being a coincidental action @R/Enay enhance its direct
angiogenic effects on vascular ECs. This may well be desirable in thalngrowth plate, but in OA,
where the equilibrium is already shifted to cartilage degradation, $fextisemay exacerbate the disease
process.

Angiopoietin (Ang)-1 and Ang-2 play key roles in blood vessel teagnce, growth and stabilisation
(Carmeliet 2003). Once VEGF has triggered the formation of immature sy€&sslerini 2002) Ang-
stabilises them by recruiting mesenchymal cells to the site and prontwdinglifferentiation into vascuta
SMC (Horner et al., 2001). Ang-2 is a natural antagonist of Ang+thipettively inhibiting the binding of
Ang-1 to Tie-2 receptors (Kasama et @007) In synovial fibroblasts, Ang-1 and Ang-2/Tie expression is
modulated by hypoxia, VEGF and the proinflammatory cytokines IL-1 8- (Scott et al., 2005).
Osteoblasts also are an important source of Ang-1. ik interferon-y (IFNy) co-stimulation reduces
the secretion of Ang-1 from human osteoblasts which is mediatedtiby an NFkB dependent pathway
leading to the induction of NO synthesis (Jimi et al., 2005). Mice deficielig-2 are unable to elicit an
inflammatory response, perhaps suggesting an anti-inflammatagt eff Angd (Fiedler et al., 2006)

Again, complex interactions are emerging between angiogenesis, inflamenatidsone formation.

TGFp-1, noted above to mediate osteophyte growth, has complex effeeisgiogenesis. It inhibits EC
growth, promote8M reformation and stimulates SMC differentiation and recruitmentnf€lét 2003)
TGFB-1 therefore may be important in vascular maturation, an essentiainstgveloping a stable
neovascular bed. PDGF similarly can contribute to vascular maturation hhpooliferation of pericytes
and vascular SMCs (Abramsson et, 2003). TNFe, and TGF-B can exert their angiogenic effects by

releasing factors from macrophages, ECs and tumour cells.

Fibroblast growth factor (FGF) is a family of growth regulatory protshrering 35% to 50% amino acid
sequence identity that have potent mitogenic effects on various cellssofiermal and ectodermal origin
(Szebenyi et al.1999) FGF signalling is transduced through the formation of a complea, ggbwth
factor, a proteoglycan and a high affinity fibroblast growth faateceptor (FGFR), which is a
transmembrane tyrosine kinase receptor (McKeehan et al., 199@&}ther research has shown tlaat

combination of angiogenic factors such as VEGF or GF supplemertsniog FGF1 can increase the
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survival of both ECs and vascular network tremendously (Ketald.,1999) Cytokines, chemokines and
angiogenic enzymes activate a wide array of target cells besides ECs. F@#g FGF1 and FGF-2) are
the most well known molecules of this group inducing cell migrationljf@ration and differentiation.
Studies have shown that FGF-2 can induce tube formation in collagen gelmadulate integrin
expressions, gap junctions and intercellular communications (Bussolino ¥234), FGFs are implicated

in the progression of OA (Daouti et &2005) FGF-8 was shown to be produced by injured synovium and
degradation of ECM was enhanced by F&fJchii et al., 2008). FGF-8 may therefore be involved in
cartilage damage and exacerbation of OA. FGF-2 has various physileffects on bone and cartilage
metabolism (Chuma et ap04) it is chondroprotective (Khan et a2010)

1.5.3. Role of Chondrocytes in Angiogenesis

The regulation of matrix turnover and angiogenesis also converge inlartieutiiage. Normal mature
non-calcified articular cartilage is devoid of blood vessels. Articular cartilageorisially hostile to
vascular invasion, probably because of its matrix composition, angbtigation of anti-angiogenic factors
by articular chondrocytes (Smith et a2003) These include troponih-(Moses et al., 1999) and
chondromodulint (Shukunami et al.2005) amongst others such as metalloprotease inhibitors. By
contrast, chondrocytes may alternatively induce vascular invasion oflartcartilage. Indeed, this is a
prerequisite for endochondral ossification. In physiological endochondsification during long bone
growth, differentiated chondrocytes proceed stepwise to becometiogbec chondrocytes, eventually
undergoing apoptosis, leaving behind a cartilage matrix that isralised and replaced by new bone.
Osteophyte formation at chondro-synovial junctions, and advancement culithondral bone into
articular cartilage, both characteristic features of OA, each proceed througltcesgpof endochondral

ossification (Moskowitz et al., 1987)

Pharmacological inhibition of angiogenesis prevents endochondral ossifiaatio® growth plate, leading

to a widening of the cartilaginous growth plate in growing rodentsilé8lyp angiogenesis inhibitors
prevent new bone formation at the chondro-synovial junction in rodebjscted to experimental arthritis
(Hashimoto et al., 2002). Angiogenesis may also contribute to osteomhmatibn by facilitating
inflammation. TGF{31 and bone morphogenic protein (BMP)-2, amongst the growth factors that are
produced by macrophages (Bakker et2001) contribute to osteophyte formation by enhancing chondro-
and osteogenesis (Zoricic et al., 2003; van Lent et al., 2004). Bkswtls from the subchondral bone
penetrate into the calcified articular cartilage, and grow into the non-clac#iéthge in OA. As vessels
invade, new bone is formed as cuffs around the vascular chanaefgjtuting an advancing wave of
ossification into the osteoarthritic cartilage. Altering the balance between inhiaitrstimulation of

angiogenesis therefore has the potential to retard pathological new bone foimai.
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Convergence of molecular pathways that regulate chondrocyte funatigimganesis and inflammation
emphasises their interdependence in OA pathogenesis, but compromisesicoschbout the specific
contribution made by blood vessel growth. This is amply illustratedEB@F. Originally thought to be a
specific modulator of EC function, albeit causing plasma extravasatioelaas angiogenesis, VEGF is
now known also to have important effects on articular chondrocfaggence of efficacy of VEGF

receptor inhibition in animal models of arthritis is consistent witt,does not prove, a contribution of

angiogenesis to their aetiology.

1.5.4 Involvement of Angiogenesis in OA

During OA, a number of changes can be observed in the jointsasuddrtilage loss, osteophyte formation

and synovitis, varying degrees of angiogenesis contributes toétwse features.

The vasculature of normal joints is highly organised, with tmgym being vascular inorder to supply
the avascular hyaline articular cartilage with oxygen and nutrients. Stirdytbe chick embryo chorio-
allantoic membrane (CAM) shows that osteoarthritic hyaline cartilage losaisilitg to remain avascular
when placed onto active chick CAM vasculature (Fenwick et al., 1999%. tHought that the actions of
anti-angiogenic molecules synthesised and released by chondrocytes inhibitsthdarisation of the
hyaline articular cartilage and prevent endochondral ossification (Halyebal.,2001) Blood vessels
penetrate the outer portion of the normal human meniscus, reaching astf&améddle third, with the
innermost portion remaining avascular (Wilson et al., 1969; Day etl@85) This property of the

cartilage ensures that its mechanical performance is maintained.

The ability of a joint to regulate its blood flow is diminished by the oemnce of synovitis and increased
levels of synovial fluid volume associated with joint diseaS¢udies have indicated that angiogenesis is
observed more profoundly near the synovial surface of patients @A (Walsh et al.,2007)
Angiogenesis is a key component of chronic inflammation, the two aselgliinked, supported by in-vivo
studies showing that synovitis is inhibited by agents that inhibitogagesis (Storgard et al., 1999).
Inflammatory tissue is often hypoxic which leads to angiogenesis vigegudation of factors like VEGF

and FGF1 (Walsh et al.,2001) Inflammatory cells such as macrophages and mast cells (found in
chronically inflamed OA synovium), can directly or indirectly produangiogenic factors that can

stimulate vessel growth in OA.

Invasion of blood vessels across osteochondral junctions is implicasehinbuting towards articular
cartilage changes in OABIlood vessels invade into calcified cartilage from the underlying subchondral
bone within fibrovascular channels (Bonnet et al., 2005; Surl.eR@07). Angiogenesis has also been
demonstrated in association with degeneration in the fibrocartilage of theemedral disc (Kauppila

1995) Angiogenesis is thought to facilitate the progression of OA by denelot of osteophytes
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endochondral ossification, advancing of subchondral plate and the rengpaéltime joint (Brown et al.,
1988). Subchondral bone has been identified as a potential source of pain inSOBchondral bone
changes have long been recognised in early disease leading to spethi#attbese, rather than cartilage

changes, may be of primary aetiological importance.

Bone marrow lesions (BML), initially described as bone marrow oedema (BME) first identified in
association with trauma and injury (Eustace et 2001) They are commonly defined as regions of
abnormal MRI signals that histologically represent necrosis, fibrotgding and/or oedema (BME)
(Zanetti et al.2000) BML are characterised by MRI as hyperintense signalling regions oreifhted
images consistent with increased water content, and exhibit increaseal sifjer gadolinium
diethylenetriamine pentaacetic acid (Gd-DTPA) injection, indicating increasedladtyc(Hawighorst et
al.,, 1999). At least some of these changes associated with BML havebdamy recognised by
histopathologists as replacement of the normal subchondral marrdilerbyascular granulation tissue.
Angiogenesis is an important component of subchondral fibrovasculaswnaeplacement in both human
and experimental OA (Mapp et al., 2008This tissue is continuous with the vascular channels which
breach the tide mark to invade the articular cartilage in OA. BML are positigetciated with knee pain,
increased cartilage defect score and OA progression as measured Bpgocmtarrowing, suggesting an
importance in both symptoms and structural damage in OA (Huntek,e2005; Hunter et al2006)
Elucidating the contribution of angiogenesis to this potentially pivotal psoge the development of
symptoms and structural damage in OA raises hope of novel and tatyetaplettic approaches for the

future as angiogenesis is an essential part of OA pathophysiology.

1.5.5 Angiogenesis and Pain

The contribution of angiogenesis to pain is still not fully understoooAtih not of itself necessarily
painful, angiogenesis, by enabling innervation of tissues, may lmigsére, and may synergise with

inflammation to exacerbate pain (Bonnet et2005)

In OA blood vessels invade the calcified region of the otherwise daasmd aneural articular cartilage
from the underlying subchondral bone and penetrate newly fooaeibage at the joint margin during
osteophyte formation (Hashimoto et al., 2002). Vascular turnover is esfenpmonounced in the inflamed
osteoarthritic synovium. Sensory nerves accompany this neovascularisaibthese structures (Walsh
et al., 1996). These fine, unmyelinated, peptide-containing nerve ternyipigially mediate a sustained
burning pain commonly described by patients with OA (Wagstaff etl885) Perivascular sensory
nerves may contribute to pain in OA, originating in articular cartilage, gietimm, menisci, cruciate and
collateral ligaments and in joints capsules (Suri et al., 2007). Subeh@miogenesis and innervation
may be particularly important where the protective layer of articular cartiladest, consistent with

observed associations between the extent of cartilage loss determined gutbatigcand reported pain
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severity. Compressive forces and hypoxia may activate growing perivasculaisrexga before complete
cartilage loss. Sensory innervation of osteophytes following angiogenesis nmayait, explain the
association between radiologically graded osteophyte severity and repaitteth A (Neame et al.,
2003)

Unmyelinated sensory nerves can also amplify the inflammatory resployisreleasing vasoactive
substances (neuropeptides) (Neugebauer et385) such as substance-P and CGRP. These peptides also
can initiate angiogenesis, as can peptides from accompanying sympatheaii sieh as neuropeptide Y
(Zukowska-Grojec 1998). Substance P and CGRP act on specifstidalie receptors localised on blood
vessels thereby enhancing EC proliferation, migration and capillary tubatfomin-vitro (Haegerstrand

et al., 1990; Kahler et al., 1993) and angiogenesis in-vivo (Lee e0@R) 2

Substance P release during neurogenic inflammation enhances plasenasatiton and enables EC
proliferation through neurokinin NKreceptors. In animal models of synovitis, substance P, either
exogenously applied or released from an endogenous sourcgjmalate synovial angiogenesis through
NK; receptors during the early stages of synovitis, and selectiverédiéptor antagonists can inhibit this
angiogenesis (Seegers et al., 2003; Seegers 280@4) Endogenously released substance P can therefore
contribute towards the early stages of angiogenesis in acute inflamnaatébneuropeptides interact with

other acute inflammogens such as bradykinin under these circumstances

1.5.6 PPF2458,aninhibitor of Angiogenesis

Angiogenesis inhibitoriave currently been under continuous focus due to their immernsstipb as

therapeutic agents. Increasing number of anti-angiogenic compaymdisefically created; PPI-2458 and
naturally occurring; angiostatin and endostatin) have been idertifierdthe years with a specific focus on
inhibiting an individual step of angiogenesis. As each step in th@genic cascade involves a great
variety of enzymes, cytokines and receptors, numerous possigégstdor therapeutic intervention are
available. These compounds have targeted the inhibition of ECM remodeltihgsion molecules,
activated ECs, angiogenic mediators or their receptors and EC intracelluiatlisgg (Liekens et al.,
2001). Most of these have been studied in relation to their applicabilitynoercgherapy and chronic

inflammatory conditions.

Development of novel therapies to manipulate angiogenesis offers a great hBptwoeslieve the
symptoms and severity of OA. These therapeutic agents need to specificgdlyy the mechanism of
harmful angiogenesis whilst causing minimal adverse effects. efbier drugs that broadly inhibit
inflammation or angiogenesis may have limited applicability in OA. ti-Angiogenic therapy for
inflammatory diseases has numerous advantages. It suppressesddseldgvowth leading to reduced

nutrient supply to the metabolically active cells present in the inflamegktid$ blocks the entry route of
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inflammatory cells into the tissues, inhibits EC activation, proliferation \samtular remodelling in
chronically inflamed lesions thereby inhibiting the production of E@ved soluble factors such as MMPs
and cytokines. Application of anti-angiogenic strategies will also allow stutty in more detail the
functional role of angiogenesis during inflammatory conditionsetheincreasing our knowledge related to
OA pathophysiology.

Methionine aminopeptidase (MetAP) are metalloenzymes required to remove iNalemethionine
residue from proteins at the initial phase of translation. The translatiorgs on ribosomes is initiated
with methionine, and the N-terminal methionine is usually remoeéord the newly synthesised protein is
intracellularly transported. The removal of the N-terminal methioresilues, leads to the exposure of a
glycine residue onto which myristic acid is attached covalently (miat&ip). This process is required for
the stability and correct functioning of numerous signalling molecu@sther et al.2000) Two types of
MetAP have been identified, MetAP-1 and MetAP-2. MetAP-2 ismdisished from MetAP-1 by the
addition of a helical subdomain inserted into the C terminal. MetAPeRpsessed in proliferating cells
such as endothelium, at the site of neo-vascularisation or B celle igetiminal centres (Priest et al.,
20009).

Fumagillin and structural analogs such as TNP-470 (previously kaswkGM-1470) irreversibly inhibit
MetAP-2 (an enzyme that selectively removes initiating N-terminal methioeisidues from proten
during synthesis) (Griffith et al., 1997; Sin et al., 1997; Bernier e2804). These molecules inhibit
angiogenesis by blocking EC proliferation and migration (Ingber etl@80). Studies using in-vivo
models of arthritis have shown that administration of TNP-470 beforenget of arthritis prevents disease
(Peacock et al., 1992). Adverse neurotoxicity however has beertecgpoith the use of TNP-470.
Therefore less toxic MetAP-2 inhibitors are neediavhich, PPI1-2458 is a strong candidate.

PPI12458 [(1R)-1-carbamoyl-2-methyl]-carbamic acid-(3R, 3S, 5S, 6R)eBhoxy-4-[(2R, 3R)-2-methyl-
3-(3-methyl-but-2-enyl)oxiranyl]-1-oxaspiro(2*5)oct-6-yl ester], arally active, novel fumagillin
derivative that irreversibly forms covalent bonds with MetAP-2 and itshitC proliferation at the late,G
phase of the cell cycle, a crucial step in angiogenesis (Bernier 20@%) PPI-2458 has shown not to
have any direct effects on inflammatory cytokines and chemokines,how MetAP-2-dependent
proliferation is regulated in PR2458sensitive cells is yet to be fully understood (Bernier et al., 2004;
Brahn et al.2009) However it is this direct angiogenic effect of PPI-2458 whiclingjaishes it from
other agents used to treat arthritis whose actions are directed at the pnoiatitaty cytokine network.
PPI12458 has been shown to inhibit swelling in peptidoglycan-polysaccharide §GrBuced arthritis
(Bernier et al., 2004; Hannig et al., 2007) and to regress collagen-iadihcitis (CIA) in both rat and
mice models (Bainbridge et al., 2007; Brahn et a009) indicating that angiogenesis might be an

important target in treatment of arthritis. PPI-2458 has fewer toxécesffdcts compared with its parent
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molecule TNP470 (Figure 1.7). PP+2458 is under development for the treatment of cancer, including B
cell nonHodgkin’s lymphoma (phase 1) and arthritis (Cooper et al., 2006; Hannig et al., 2006; Priest et al.,
20009).

Fumagillin

TNP-470

PPI-2458

Figure 1.7: Structure of parent molecule, fumagillin and modification of side chaime) for TNP-
470 and PPR458(Bernier et al., 2004; Brahn et al., 2009).
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1.6 | nflammation and Osteoarthritis

Inflammation is a protective pattern of response controlling tissue damagerimgcas a result of
pathogenic, traumatic or toxic injury. The inflammatory process ierged by both pro- and anti-
inflammatory molecules requiring distinct cell types and various faatoich act in a co-ordinated manner

to regulate cell chemotaxis, migration and proliferation leading to tissue (Beaielli et al., 2006).

Under normal physiological conditions inflammation is tightly regulatedamtain homeostasis which is
achieved by the actions of soluble proteins (cytokines and grastbr§) acting between inflammatory
cells, fibroblasts and vascul&Cs within the affected site. When inflammation is not properly regulated
the balance is shifted away from the initiation of the healing processoavatds the occurrence of
persisting inflammation (Charo et al., 2006). Thus the initiatiortlaadontrol of inflammation are crucial

elements.Inflammation can be classified as either acute or chronic.

1.6.1 Acute Inflammation

This is the initial response to cellular injury characterised by its suddset.o The series of events
involved in acute inflammation are coagulation, increased blood flalvvascular permeability at the
affected site as a result of the dilatation of arterioles, capillaries and venules, oedestisedagain,

migration and accumulation of inflammatory cells and the formatiagrarfulation tissues, all contributing
to tissue repair. Hence the classical symptoms observed in inflammaticedaess, swelling, heat and

pain which occur within minutes of tissue trauma (Dallegri et al., 1997).

The initial step in acute inflammation is to contain the blood flow and repadatmaged blood vessels.
This is done by activating the blood clotting system which eventually leathe release of inflammatory
mediators that control the vascular response, causing changes irap#ityy blood flow and

adhesiveness.

Movement of cells and tissues is important in diluting toxic factotBeasites of trauma/infection and also

to allow the influence of proteins which promote anti-bacterial activity.

ECs are an active part of the inflammatory response. They exutesion molecules on their surface
after receiving stimulatory signals from pro-inflammatory cytokiaed aid the movement of leukocytes
(neutrophils) in the inflamed tissue. This is an essential mechaoistmef destruction of microbial agents
and removal of tissue debris by phagocytosis, representing atégyin the resolution of inflammation

(Wahl et al., 1996).
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Following clearance of the pathogens it is necessary to suppresdldneniatory response (infectious
stimulus is eliminated and acute inflammatory response fades) and erisaneerepair. If an acute

response fails to resolve the cellular injury, it leads to chronic inflammation.

1.6.2 Chronic Inflammation

Chronic inflammation results from a persisting irritant that fails to beimditad during the acute
inflammatory response. It can also be caused by autoimmune regpossl antigens or due to an
innately chronic irritant of low intensity which does not evoke a dicant acute inflammatory reaction. In
this process the continuous inflammation and attempted tissue chéglinepair occur simultaneously

rather than consecutively.

It is characterised by the recruitment of a large number of macrophéiss lead to a less pronounced
exudative response and increased inflammatory cellular recruitment andrptimif compared to the acute
inflammatory response. Different profiles of the inflammatory iateds and GFs are released depending
on the nature of the pathogens encountered, giving rise to differ@mthological patterns of chronic
inflammation.  Systemic effects however are more pronounced andibabtmtrtowards clinical

consequences.
Chronic inflammatory conditions have been found to mediate numetiseases including psoriasis,
diabetes, atherosclerosis, Alzheimer’s, rheumatoid arthritis (RA), OA, ocular disorders, Crohn’s disease

and cancer (Costa et &2007)

1.6.3 Inflammatory Process

When blood vessels are damaged during tissue trauma, clotting enablestéienant of blood flow.
Platelets release coagulation factors (essential in haemostasis) and leukocyteeecfadtors (facilitate
the rapid influx of leukocytes and GFs to the affected site) so thae#iadynprocess can commence, a part

of this healing process is inflammation.

Inflammation includes a complex network of chemical signals and cell interadi@t instruct and
maintain the host response against tissue damage. These include allergigjccatatbody mediated,
immune complex mediated and delayed hypersensitivity responses. Usumlipéncomplexes eliminate
antigens without producing any detectable inflammation (governed by a baktm@en pro-inflammatory
and anti-inflammatory factors) but if the inciting agent is too diffitm remove, it will produce amplified

effects.

The cells that are initially activated during this process are leukocytes, relstrapd eosinophils (Charo

et al.,, 2004). Leukocytes are normally restricted to the centre of thd kkssels but as a result of
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inflammation they interact with the vascular endothelium. Once iragadhtissues, leukocytes proceed to
remove the injurious agents and initiate tissue repair. Changes in théoadimedecules on ECs and
leukocytes enable a large number of circulating leukocytes and neutrophile further recruited.
Neutrophils are the earliest phagocytic cells to be recruited, they engwéatndy debris, dead and dying
tissues, they are able to phagocytose many pathogens. As inflammeatgrespes even monocytes

contribute towards its actions.

Monocytes migrate to the inflamed areas guided by chemotactic signals (Philip2804) where they
differentiate into dendritic cells (DC) and macrophages. Macrophages in tuide/GFs (PDGF, FGF,
TGFP) and cytokines that engage numerous responses in distinct cell types including ECs, epithelial cells
and cells of mesenchymal origin at the inflamed region (Costa et al.). 2Matrophages and mast cells
release cytokines that result in tissue remodelling and recruitment of additéokatytes. They help
lymphocytes to proliferate, further enabling cytokine production aokestration of tissue repair through

their release of fibroblast recruitment, growth and matrix inducing mielecu

DCs then capture antigens, mature and eventually migrate to Igogds stimulating adaptive immune
cells. DCs are further activated by natural killer (NK) cells which interlimiaie and adaptive immunity,
in response to this, B cells, Cb®cells and CD8T cells are attracted to a specific antigen and clonally
expanded to elicit a large immune respofteVisser et al.2006)thereby eliminating the pathogen. This
result in the increased vascular permeability, blood flow and vascular eetess observed during

inflammation.

Mast cells are also involved in the early steps of the inflammatory protlesy release cytokines,
histamine, proteases and eicosanoids (Coussens et al., 2002) which atte masbdilatation and fluid

extravasation promoting endothelial adhesion and further recruitmeritamfiimatory cells (Nathan 2002)

Eosinophils are not normally associated with inflammation; they are naifiddesit as neutrophils in
phagocytosis. Eosinophils are mainly involved in the destruafoorganisms that are too large to be

phagocytosed efficiently.

Pro-inflammatory cytokines and chemokines including interleukiiF-o and IFNs are also released by
several cell types at the inflamed sites, they bind and activate G-proteledcoepeptors on immune cells
(Charo et al., 2004; Charo et a2Q06) stimulating signalling transduction cascades within the cells,

inducing changes in cell morphology and migration.

Hence the immunological mediated elimination of foreign material is the resaittigien recognition by

specific mechanisms (antibodies) or non-specific mechanisms (phagjocyt@his activates an

49



amplification cascade, producing pro-inflammatory substances resintialjered blood flow, increased
vascular permeability, augmenting the adherence of circulating leukocytgastwilar endothelium,
promoting the migration of leukocytes into tissues and stimulatingethecytes to destroy the inciting
agent.

1.6.4 Involvement of Inflammation in OA

Inflammation is increasingly thought to enhance structural severityAinwdether it is the bio-chemical
changes within the cartilage and the release of the cartilage breakdowatpindbe synovial fluid (Attur

et al., 2002) or the subchondral bone changes. Acute flares are prépassdir on the background of
chronic synovitis or in non-inflamed joints leading to eliminationhaf irritant followed by resolution to
the original state (Bonnet et al., 2005).

In osteoarthritic synovium, the inflammatory changes that are obsiemlede synovial hypertrophy and
hyperplasia with the sublining tissue being infiltrated with a mixed popaolaifoinflammatory cells
(Pelletier et al., 2001). Syndig contributes towards dysregulation of chondrocyte function in retiiog
the cartilage ECM (Loeser 2006). Chondrocytes obtained from patieftsO#ithave been shown to
produce pro-inflammatory mediators and are thought to act in the cariilagn autocrine or paracrine
manner to promote a catabolic state which leads to a progressive cartilage dar@egdAttur et al.,
1998)

Various researchers have implicated T cells in producing pro-inflammattolines and MMPs within the
inflamed synovial membranes (Mclnnes et 2000) as well as increased mononuclear cell infiltrates and

over expression of mediators of inflammation in early OA (Benito e2@05).

Considerable amounts of evidence involving in-vitro and in-vivo studiggost the view that a link exists
between increased levels of catabolic enzymes and inflammatory mediafohssiynovial fluid and joint
tissue (Goldring et al2007)

Mechanical forces in OA may also produce metabolic changes that resyitokine production by the
synovium (Abramson 2004). Persisting mechanical stress resuitdlammation, as cartilage is not
vascularised or innervated, joint swelling or pain may not be obserued, liost of mediators normally
seen in inflammatory arthritis are produced and act in a paracrineutoctige manner to endow the
chondrocytes with a catabolic phenotype. Prostagland?® @re one of the key mediators of

inflammation; these mediators can be produced by synovial cells and tltradyias themselves.

A number of biological markers are believed to be associated with syniovi#\, such as cartilage
oligomeric protein (COMP), serum level of C reactive protein (CRP) gallitonic acid (HA). COMP is
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found in the articular cartilage during increased levels of synovitis. iIERPedictive of radiographic
progression of long term knee OA whereas HA levels have shown tosadre®A (Thonar et al., 1995).
These markers are elevated in OA, indicating the presence of subclinicalniafim in the absence of
acute inflammatory flares. Excessive production of cytokines andyGthe inflamed synovium and
activated chondrocytes functionally alter the synovium, cartilage and swulvehdione (Pelletier et al.,
2001). They appear to be first produced by the synovial linimg) then they diffuse into the cartilage
through the synovial fluid. Here they act in an autocrine/paracrine fa@Bwidring et al., 2007) activating
chondrocytes that in turn display enhanced and co-ordinated expretgiorteases and their catabolic
factors such as NO and pro-inflammatory cytokines that are furtsponsible for cartilage destruction,
chondrocyte apoptosis and other structural changes associated witisehse process (Pelletier et al.,
2001)

Pro-inflammatory cytokines contribute towards cartilage destruction (ShatoakEt al., 1998; Olee et
al., 1999; Goldring et al2007) Studies in animal models have shown that cartilage destructiosirigy
driven by the actions of IL1 whereas TNFa is involved in the onset of arthritis (Goldring et al.,2004)
Human articular chondrocytes when stimulated by IL1 increase the expre$ditkiP but inhibit the
biosynthesis of cartilage PG and collagens (Tetlow eR@01) Chronic synovitis is also associated with

the changes in the synthesis and release of neurotransmitters andtonsdBlannet et al., 2005)

In the inflamed synovium fibroblasts and blood vessels proliferateroptaages are recruited and there is
an increased cellular apoptosis. Inflammatory mediators stimulate sewseeg causing pain the joint.
Fine unmyelinated sensory nerves containing neuropeptides like substance GGRRJ have been
localised in the joint.Inflammation exacerbates cartilage degradation in OA (Bonnet et al., 2008gr
normal circumstances, if damaged matrix proteins were removed, the piotpabgess would be turned
off and chondrocytes would work to replace the lost matrix, kewén OA this phase of matrix
remodelling is insufficient or defective.Abnormal mechanical forces stimulate the chondrocytes to
produce a host of inflammatory mediators many of which are ngrpedduced by macrophages during
response to injury and infection increasing the catabolic activitthe@fchondrocytesresulting in the
release of proteolytic enzymes including aggrecanase and MMPs thattlcawtestruction of the cartilage
matrix (Lisignoli et al., 1999) Fundamental events resulting in the destruction of articular cartilage in OA
arises from the imbalance between the anabolic and catabolic pathways (Hsdilon2002). Increased
catabolism of cartilage ECM is the main pathologic process leading to the degenef articular
cartilage in OA (Tetlow et al., 2001)

1.6.5 Synovial Macrophages and Inflammation in OA

Activated synovial macrophages are important mediators of synovitis amdogimg OA pathology.

Clinically, patients with OA have a variable degree of synovitis. Synowifdnimation has been
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implicated in many of the signs and symptoms of OA including mirelling and effusion (Pelletier et al.,
2001). Inflammation is likely to contribute to disease progression becastrong association between
biological markers of inflammation such as C-reactive protein and cartlagmmeric matrix protein with
structural damage in OA exists (Clagk al., 1999; Sowers et al002) Histologically OA synovium
shows hyperplasia, with increased lining cells, and mixed inflammandifirate mainly consisting of
macrophages (Farahat et al., 1993; Benito et al., 2005)itro studies have indicated that macrophages
drive the production of of several pro-inflammatory cytokines (ILHE6, IL-8, TNF-o) and MMPs
(Bondeson et al., 2006). As well as being involved in synovial imflation, TNFe and IL-1 can activate
chondrocytes and synovial fibroblasts, stimulate their own productimyce synovial cells and
chondrocytes to produce IL-6, IL-8 and leukocyte inhibitory fagtdF) and stimulate protease and
prostaglandin production (Goldring et al., 2007; Bondeson e2@1lQ) In-vivo studies where synovial
lining macrophages were depleted have shown that, macrophage depletidinkedsto fibrosis and
osteophyte formation (van der Kraan et al., 1990; Blom et al., 2004 emnet al., 2004). Therefore,
synovial macrophages exhibit an activated phenotype in @Ati-macrophage strategies to reduce OA
seem to be an attractive avenue to explore, but if such strategies need tible fhag need to act locally

in the synovium only, because macrophages are key playermstéciomg tissues against infectious diseases

and such strategies can also inhibit the “wanted” positive effects of macrophages.

1.6.6 _Anti-inflammatory Therapy

Targeting inflammation is an attractive possibility in OA. It has thenpialeto retard disease progression
and relieve symptoms of pain and stiffness. Currently available NSal®4he most commonly used
treatment in OA, reducing the symptoms observed in OA withalting disease progressionThe
selective COX-2 inhibitors exhibit analgesic and anti-inflammatory effegrivalent or even superior to
conventional NSAIDs. Indomethacin is the most well studied conventional NSAID. Intliatdar
injections of corticosteroids (dexamethasone) provide an easy and eusivefpain relief strategy with
minimal risk. Hence newer DMOADs which specifically target the pathoploggcal processes in OA
offer better disease managemefhibiting proinflammatory cytokines which play a pivotal role in OA
progression is an attractive possibility (Pelletier et 2001) Clinical studies using anti-TNF antibody
infliximab (Magnano et al., 2007; Fioravanti et al., 2009) and anakiecarhbinant IL-1Ra) (Chevalier et
al., 2005; Goupille et al2007)showed significant symptomatic relief in patients with OBteroidal and
non-steroidal anti-inflammatory drugs are however not without Hide-effects. Their long-term use is
associated with dverse effects such as peptic ulcers, myopathy, oegparaalemia, hypernatremia and
hypertension. The greatest therapeutic finding will be targeting timflsenmatory processes that are
disease specific because drugs that broadly inhibit such important biologicasges can have detrimental

side-effects.
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1.7 | nflammation, Angiogenesis, Structur al damage and Pain in Osteoarthritis

Chronic inflammation and angiogenesis are two interlinked processes argiogenesis can occur in the
absence of inflammation but chronic inflammation however always accéegspamgiogenesis (Boahet

al., 2005). It is thought that angiogenesis does not initiate inflammatibrrather perpetuates or
potentiates it by supplying nutrients and oxygen to the cells presentiiflémed synovium (Costa et al.,
2007), and also the increase in vascular density, macrophagetiofiltead VEGF expression within the
synovium regulate the extent of EC proliferation. Thereby highlightiat neovascularisation could be

largely driven by synovitis.

Angiogenesis itself can be stimulated directly or indirectly by inflammgatoediators, it is closely
associated with chronic synovitis. A considerable body of evidenogesisgthat this co-dependence
involves the augmentation of cellular infiltration and proliferation as wellhasoterlapping roles of

regulatory growth factors and cytokines (Jackson et al., 1997)

Macrophages are abundantly present in chronically inflamed osteoarthritiocvissynoproducing
inflammatory mediators and increasing the production of growth rlactaabling new blood vessel
formation. Hypoxia is viewed as a common stimulus for both gegiesis and inflammation (Murdoch et
al., 2005). It occurs when tissue proliferation outstrips bloegsel growth, inducing macrophages and
monocytes to release a large quantity of angiogenic factors (including VietlGiFGF2) which can induce
blood vessel growth (Nathan 2002). Normally vascular synovitoviges the avascular cartilage with
nutrients and oxygen. In OA the association between EC proliferattbneam vessel formation leads to
an increase in EC surface area creating an enormous capacity foodoetipn of cytokines, adhesion
molecules and other inflammatory stimuli (Jackson etl@By7) It is proposed that VEGF and FGF-2 may
also be produced by lymphocytes and neutrophils in the eanlgtind of angiogenesis (Bonnet et al.,
2005) however their exact involvement is still under investigatidany inflammatory mediators are also
angiogenic (Form et al1,983) These findings are mainly based on research carried out using @athea
Chicken CAM Assays.

The interplay between chronic inflammation and angiogenesis is accompligltlee activation of INOS
which leads to NO production from inflammatory cells (macrophages) emdothelium, thereby
stimulating vessel dilatation and permeability to macromolecules facilitating eedemmation and
immune cell extravasation (Morbidelli et al., 199@dhesion of immune cells to endothelium is a crucial
step in activating neighboring EC to attract blood derived inflammatdisy c&dhesion molecules such as
E-selectin are highly expressed by new vessels and facilitate mtory cell infiltration (Cid et al.,
2000). Inflammatory mediators produced by immune cells can tfilgeblasts and ECs to release

angiogenic factors and can themselves release angiogenic factors (VEGER#Z) (Ziche et al., 1997).
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Inflammatory response on the other hand can be maintained by new \emsgborting inflammatory

cells, nutrients and oxygen to the site of inflammation.

Recent finding show that givgenesis and inflammation rely on cross talk between NFkB and Ang-Tie 2
signaling pathways (Pacifico et alD06) Ang-2 has both an angiogenic role a@ndhlso involved in

upregulating pro-inflammatory cells (Fiedler et al., 2006)

It has also been postulated that neuropeptides such as substance-BRih@&rthance EC proliferation,
migration and capillary tube formation in-vitro and angiogenesis in{Bamnet et al 2005) it has been
revealed that endogenously released Substance P contributes to earlpfstaggsgenesis in capsaicin

and carrageenan induced synovitis (Walsh efLa8b8)

Hence inflammatory cells that are abundant in the inflamed OA synamannmduce angiogenesis directly
by producing angiogenic factors and/or by secreting cytokines thegdtig stimulate ECs and fibroblasts
to release angiogenic factors, which in turn contribute to neovascularisadionmflammation by inducing

immune cell mobilization. Expression of angiogenic factors is further eatldry the hypoxic conditions

that are evident in OA.

Angiogenesis and inflammation are important processes in OA pathoplgysidloth are interlinked;
evidence in the literature has demonstrated that they are upheld by thetisantie We need to further

understand their cross-talk and intricate interplay to develop effective iderap

Even-though it is not fully understood as to how angiogenesigilootes to pain in OA, it is however
recognized that it may synergise with inflammation to exacerbate pammé¢Bet al.2005) In OA blood
vessels invade the calcified region of the otherwise avascular and andigrdhracartilage from the
underlying subchondral bone, breaching the tidemark and penetrativig formed cartilage at the joint
margins during osteophyte formation (Hashimoto et al., 2002¢nsory nerves have been shown to
accompany neovascularisation occurring in OA (Walsh et al., 1996araniinplicated in mediating the
sustained burning pain sensation described by patients sufferin@iWagstaff et al., 1985). Pain in
OA can originate from periosteum, subchondral bone, synovium, digisnand muscles (Suri et #Q07)

A current study shows that perivascular localisation of nerve; sensbgyaipathetic, in articular cartilage
contributes to tibiofemoral pain in OA (Suri et &007) Implying that vascularisation is the driving force
behind innervation. Compressive forces and hypoxia are also thtmughimulate these new nerves to
release neuropeptides in a temporally and spatially regulated manner, coigtibw@mds persistent pain

and structural damage in OA
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Unmyelinated sensory nerves can also amplify the inflammatory respoynsreleasing vasoactive
substances (neuropeptides) (Neugebauer e1385) such as substance-P and CGRP. These peptides can
also initiate angiogenesis, as can peptides (neuropeptide Y) from accompawpgipgthetic nerves
(Zukowska-Grojec 1998).

Substance P and CGRP are thought to act on specific cell surface edepatised on blood vessels
thereby enhancing EC proliferation, migration and capillary tube formatiwitro (Haegerstrand et al.,
1990; Kahler et al., 1993) and angiogenesis in-vivo (Lee &G03).

Substance P release during neurogenic inflammation enhances plasmasatitsavthrough the interaction
with neurokinin NK class G protein coupled receptor and enables EC proliferation. Fairly reatas stu
(Seegers et al., 2003; Seegers et2804) usingin-vivo models of synovitis highlighted that substance P
either exogenously applied or released from an endogenous saurcgimulate synovial angiogenesis
through an action on NKand bradykinin B receptors during the early stages of synovitis, selective NK
and bradykinin Breceptor antagonists can inhibit this angiogenesience, inflammation, angiogenesis

and accompanied nerve growth can all enhance the structural damage@éen i
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1.8 Animal models of Osteoarthritis

A major problem encountered in OA research is that the disease is not présetitids and diagnosed

until it has progressed to its advanced stages when pronounced altenmatitmes joint have led to
radiographically detectable changes and severe p&ain is the main symptom that brings patients
suffering from OA to clinics. Studying the early mechanisms Afi® humans is extremely difficult
partially due to the low sensitivity of the diagnostic tools used andotheavailability of the diseased
tissue (Ameye et al., 2006). As a result, the underlying biochemical dedutas processes leading to the
macroscopically and histologically visible alterations are still not completely undérstén-order to
overcome this, a number of animal models of OA have been developed éPah, 1973; Little et al.,
1996) that exhibit changes similar to those observed in human OAyaone animal model fully mimics
the normal pathogenesis of OA in humans. Thus controversyusas the issue regardin relating the data
obtained from such animal models to human situations. Never-the-lexdvidrgtages of these models are
that as well as knowing the time-point and causative of the joint darhaegkhy cartilage can also be
obtained from the same subject (Lorenz et a006) Henec animal models complement human

investigations to study in detail pathogenic hypotheses and therapeutidestateg

There are numerous classical animal models of OA involving a numkaariogl species, rabbits, dogs,
sheep and rodent (rats and mice) models of OA which were first devetofiezllate 1970s (Schwartz et
al., 1979). Most recently cats and guinea pigs have also been used as researc®£ooighese animals
can occur spontaneously with aging (Wilheknal., 1976)but it can also be induced surgically to produce
mechanical joint instability. Other chemical and enzymatic methods are also empoyetlice OA,
whereas more recently genetically modified; transgenic or knockoutlniave come under the limelight
too (Goldring et al., 2007).

Spontaneous/naturally occurring models of OA (Dunkin-Hartley gumgaSTR/ort and STR/1IN mouse
strains) are more like human OA with slower onset and progression. Qstiéiogpathology (synovitis,
chondropathy, osteophytosis, subchondral bone changes and psa@nisn these animals by 6 months
(Bendeleet al., 1989; Blaney Davidson et al., 2006). Like human OA, these madet®t very sensitive
when identifying the initiating events but they however are viewed adieffescreening models despite

being time consuming.

Chemically induced models of OA, where induction of OA is achieveijbgtion of a noxious substance
cause joint pathology through inhibition of chondrocyte metabo{Empain and monosodium-iodoacetate
[MIA]) and damage to ligaments and tendons (collagenase) (van dan l€t al., 1990; Fernihough et al.,
2004). The MIA model has emerged as a good model to study dbtdmapain and the effects of

analgesic drugs because it is reproducible and mimcs pathological changegerehce of pain as seen

in human OA. Intra-articular injection of MIA produces progresgoint degeneration through inhibition
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of glycolysis and subsequent chondrocyte death that develepsewveral weeks. Similar to human OA,
joint pathology is characterised by chondrocyte necrosis resulting iraded thickness of the articular
cartilage and fibrillation of the cartilage surface, exposure of the uiterdpibchondral bone, swelling
and reduction in bone mineral content and density (Kobayashi et al., 2808)ver, since iodoacetate is

a metabolic poison, chondrocyte cell death in the model is extensive, indilebserved in human OA.

Genetically modified animals (knock out or transgenic mice) are a majbrtdoimvestigate genetic
predispositions/contributions to OAThey are well defined and allow insight into mechanisms of tissue
formation and maintenance, matrix assembly, signalling proteinmatetular interactions in OA but their
usefullness for the study of the pathophysiology of OA is deblat¢S&hamanen et al., 2000; Ameye et al.,
2006; Dinser 2008).The genetic approach allows important insights into the multitude of fadffecding

the pathogenesis of OAHowever each model describes a distinct molecular entity making it difficult to
study the effects of different treatment approaches. Longer timeeded for OA to develop in genetic
models compared to surgical and enzymatic models that are faster and cobgidtesy are considered to
be more relevant to the traumatic than classical forms of degenerative OA.

Surgical models (structural alteration to the tendons muscles or ligaments) bameat instability
represent the chronic traumatic form of OA. Initially, experiments eyaplonodels in which OA was
induced in the temporomandibular joint but with time these models wemrdoged to involve other
synovial joints, including the knee (Schwartz 1987). Mechanical insjabdit be induced using various
surgical methods such as: Anterior Cruciate Ligament Transection (A&idrimenisectomy. ACLT was
first used in dogs and the partial menisci resection model in rgBleitslele 2001) since then both of these

procedures have been widely used in other species like mice, guinestignd cats.

Substantial research hdmen conducted by numerous researchers on these animal models to fully
understand the various aspects of OA. Some of the research has fooubedrelationship between
symptoms (pain) and bone morphology in OA (Bove et al., 2086n¥irsch et al., 2007), analysis of gene
expression changes in animal models and their relevance in early humaApplktgn et al., 2007;
Dell'accio et al.,2008) Recently, it was shown that using a combination of ligamanséction and
menisectomy in knees of mice, varying degrees of OA (mild, modeeatere) with direction of instability
(anterior versus medial) could be created (Kamekura et al., 2005). Thehesgauccessfully showed the
development of OA and osteophyte formation up to 8 weeks pogerguusing a rapid, cheap and
applicable model.To elucidate the understanding of the metabolism of cartilage and bonepkihsegat
models were subjected to ACLT and/or medial menisci resection (Hayarhj 20@6) results obtained
from this study highlight the role for bone remodelling in Cé#thmgenesis. Research carried out using the
rat and rabbit meniscal transection models (Mapp et al., 2008) has fuidrdéied the role of

osteochondral and synovial angiogenesis in human OA.
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The above mentioned research collectively illustrates the popularity of thesmettods of surgical
intervention amongst scientists to induce OA in animal modeie disadvantage of the surgical models is

that only knee damage can be studied and also use of smaller arimat&ck is technically demanding.

Currently no consensus exists on the most relevant animal wib@&. However the diversity of animal
models available provide a wealth of valuable information on joint biologyC#ag@athology, having said

that each model has various advantages and disadvantages associatedseith its

The rate of disease progression between species of the same mdaetiasen to increase as size and
lifespan of the animal is reduced, development of OA in differentiepélous varies. It has been reported
that in animal models like dogs, cats and sheeps their large sitkealadk of availability of biochemical
reagents to study the molecular dynamics in affected joints has retthecadefulness of these models in
evaluating potential disease modifying agents (Goldring et2807) It takes 1 year for significant
cartilage loss and osteophyte formation to be apparent in ACLT dogs andtaB Igears to display
alteration to advanced OA (Lorenz et al., 2006) compared to rats and rablutterate OA has been
observed in rabbits as early as 10 days afteL®, severe OA developed by 2-4 months post surgery
(Pfander et al., 1999), the follow-up however proves to be problenetaube of the long time needed.
Smaller animal like rats, mice and guinea pigs thus enable low cost dtudiescarried out due to their
small size and shorter time frame of OA development. As a resultustent understanding of the

metabolism of cartilage and bone in the larger models is limited.

Animals also display different patterns of joint loading, being quadrupedpposed to bipeds, joints are
smaller and the cartilage in animals is thinner in contrast to humaailirey only a small quantity of
cartilage to be analysed. Therefore differences between animal models mmgerison between various
studies difficult; this in turn makes the extrapolation of animal data tahsirslightly problematic. It is
therefore essential to further conduct comparative studies to address thef istather it is possible to
find a suitable single animal model or if the development and comprebecisaracterisation of pre-
clinical animal models is more feasible to further enhance our understaodif@A pathology and
intervention mechanisms. It has been postulated that for futdiesttomparing the effects of structure
modifying drugs on different animal models can perhaps clangyrésponse of these models to therapy,
suitability as preclinical models (fast or slow disease progression models, sgedirice etc.) and the
relevance to human OA (Ameye et #1006) Overall animal studies have never-the-less provided new

insights into OA pathogenesis despite their limitations.
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19 Summary
OA is the commonest joint disease but is of unknown aetiology (Wal) 2 It is the major cause of pain

and disability in the ageing population (Walsh et al.,, 2007). Current théf@pagents focus on
symptomatic relief because pharmacological interventions that halt disease poogaessnot available
(Daouti et al., 2005), and, although the clinical course of OA is higdnliable, it too often progresses to
total joint replacement surgery (Dixon et 2004) A greater understanding of early OA may help achieve

the goal of disease modification.

OA is associated with articular cartilage loss, synovitis, fibrosis, suldchiobbone remodelling and
osteophyte formation. Angiogenesis, the growth of new blood vesseisofch may contribute to each of
these features (Bonnet et a2Q05) Angiogenesis is highly regulated under normal conditions (Risau
1997) by various activating and inhibiting factors (Otrock et al., R0&iid is fundamental to many
physiological events including embryogenesis, growth, wound lgeaid female reproductive cycle
(Walsh 1999).

Pain, the main symptom of OA can originate from several sources @ieppl.,2005) Hypoxia,
compressive forces and inflammation have all been implicated in sensgmsisgry nerves that grow
alongside blood vessels in articular cartilage and osteophytes (Wagstaff et 8)., T9fse sensitised

nerves may reciprocally contribute to neurogenic inflammation atigténnew vessel growth.

Angiogenesis may therefore contribute both to the symptoms and patlodl@gy, and further analysis of

its role should lead to more effective therapies.
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1.10 Hypothesisand Aims

The overall aim of this thesis was to investigate the role of angisigeand inflammation in structural

damage and pain in osteoarthritiswas hypothesised that:

. Angiogenesis during the early phase of synovitis could be a key fattdetermining its
persistence, and, where this is the case, treatment with the angiogenibgisr i(PP1-2458) could resolve
this persistent synovitis.

. Anti-inflammatory (dexamethasone, indomethacin) and anti-angiod@#1-2458) drugs could
reduce structural damage and pain in the rat meniscal transection (MNI&l wio OA by targeting
synovitis and synovial and osteochondral angiogenesis

. Increased angiogenesis in the human meniscus could be assodihta@ttr@ased sensory nerve

growth leading to pain in OA.
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2 MATERIALSAND METHODS

21 I ntroduction

This chapter outlines the general methods employed in this tHEséssource of human and animal tissues
is described. All in-vivo animal experiments were carried out in aaccsl with UK Home Office
regulations and were performed on either male Lewis or Wistar rats (CRarkrs Margate, Kent, UK
weighing betweer250-280 or 1504180 gm respectively. Pilot dose- and time-ranging experiments were
carried out on sample animals in accordance with good practice and wer@lRction, refinement and
replacement. All procedures involving the use of human tissues werevadpby Nottingham Research
Ethics Committee (08/H0403/132he tissues werebtained post mortem (PM) from patients following
consent from next of kin (Walsh et &2003) A sample of PM consent form, buffer recipesagents and

materials used and details of primary and secondary antibodies are all listecppendix (Section 8).

2.2 Animal Moddls

2.2.1 Anaesthesia

General inhalant anaesthesia was administered via an anaesthetic machate wrdergoing recovery
experiments as recommended in schedule 2A of the Animals Scientiiedtres Act 1986 (ASPA)
(Gotoh et al.2004) Isoflurane an inhaled anaesthetic is a volatile compound, deliveregaxsigen (Q)

as the carrier. When isoflurane is allowed to vaporise, the inspired Vagospecific effects on the CNS.
Anaesthesia is achieved when there is a gradual increase in concentragififucdne in the CNS and it
reaches the same levels as that in the lungs. Isoflurane isdedde in blood so induction of, and
recovery from anaesthesia is more rapid. The fall in blood presbaezved with the use of isoflurane is
primarily due to vasodilation rather than myocardial depression, makingréswé the agent of choice for
the induction of anaesthesia (Eger 1984). Each animal was plagedransparent, acrylic induction
chamber, the top was sealed andl®w rate was turned on to 2 L/min. Isoflurane vaporiser wastsg¥o
concentration and the scavenger system was activated. Once the aniraabesthetised, judged by lack
of movement and reflexes and monitoring the rate and depth of ibggath was removed from the
chamber and anaesthesia was further maintained via a facemashonfsssanaesthesia was achieved, the
inspired concentration (3%) was reduced to a maintenance concentra®iénisdflurane in @ (Gotoh et
al., 2004). This gave precise control on the amount of anaes#lyetit given and hence the depth of
anaesthesia. Elimination of the agent by the lungs meant more rapigmeérom procedures, which is
vital in regaining normal physiology, to control post-operative hypaitgerand fluid or electrolyte
imbalance. When the procedure was completed, the anaesthetic machitenedsoff and the animal

was monitored until it regained consciousness before being returnedagets
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2.2.2 _Euthanasia

Each animal was killed by asphyxiation in carbon dioxide JC& recommended in schedule 1
(appropriate methods of humane killing) of the Animals Scientific Riures Act 1986 (ASPA). Each
animal was placed in an empty, acrylic chamber with a transplademthich was not sealed or clamped
down in order to allow air to escape from around the rim. @O, was turned on to 2 L/min, gradually
introducing 100% C&to result in the replacement of 20% of the chamber volume pertenfHewett et
al., 1993). Exposure to a rising concentration of, @&used unconsciousness due to a direct narcotic
effect of CQ and eventual death from hypoxia. After 6 minutes the flow of ®@&s turned off, the
chamber was inverted to tip out all the residual, @@ich is heavier than air and would otherwise have
suwnk to the bottom of the chamber (Smith et al., 1997). If this iddone and the next animal is put into
the chamber when the concentration of,G®already high, the animal will exhibit respiratory distress
(Danneman et al1997) Death was confirmed by placing a spatula firmly across the Hable meck of

eachanimal and taking a firm grasp of the tail of the animal and pullingbhtar dislocate the neck

2.2.3 Intra-articular injections into rat knee joint cavities

Each animal was anaesthetised with isoflurane (2%)n(€&ction 2.2.1). The skin over the joint was
shaved and swabbed with 70% ethanol. Injections of a total volurh@qfl were given into the knee
joints of approximately 200g animals using a 27-gauge 12.7-aedl@ inserted through the suprapatellar
ligament whilst the joint was held in 90° flexion (Mapp et al., 1996; Watsal., 1998; Seegers et al.,
2003). Sequential injectis (2 injections; each 100ul in volume) were given in a similar manner. A delay
of 30 minutes between injections alleavthe solution to disperse, after which the carrageenan injection

was administered. Carrageenan was dissolved in sterile 0.9% nafimel(pH 7.4). FGF-2 was prepared

in 10 mM Tris (pH 7.6) containing 0.1% bovine serum albumin (BSNgive rats were used as controls
(Figure 2.1).

Figure2.1: Intra-articular injection into knee joint cavities. Animals were anaes#tkjudged by
lack of movement and reflexes and monitoring the rate and deptkathing A) (section 2.2.1). The skin
over the joint was shaved and swabbed with 70% eth@)ol (nhjections were given using a 27-gauge

12.7-mm needle inserted through the suprapatellar ligament whilst the joineldas 80° flexion C)
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2.2.4 Subcutaneous injections

Prior to meniscal transection surgery (section 2.2.6), each animaane&sthetised (section 2.2.1) and
given subcutaneous injection Géporex™ (0.005mlI/100gm; Schering-Plough Animal Health, Middlesex,
UK), an antibiotic, followed by a single dose of Rimadyl™ (0.01ml/100gm; Pfizer Ltd, Kent, UK) to
reduce post-operative pain. This was done by lifting a fold ofkineusing the thumb and first two fingers
of one hand in the lower left or right quadrant of the abdomen. THheneo vital organs in this area. The
needle was then passed through the skin at the base of the fold parakebutulyh to avoid penetrating

deeper tissues.

2.2.5 _Oral gavage
Gavage or stomach tubes are used to instil liquids directly into the stahantmals. They are stainless

steel needles with a protective rounded tip to prevent any internal dantageatimal during oral dosing.
The animal was restrained with its neck extended, so that the head wasntrellenh and the forelimbs
immobilised (Wolfensohn et al., 2003). Care was taken to avoid éxeeiggt grip on the animal which
would otherwise induce a panic respen Distance between the oral cavity and the end of the xyphoid
process was measured on outside of the animal with the needle e #vaduhe needle to be used was of
appropriate size and at the same time giving an idea of how far td theeneedle when dosing.
Inappropriate sized needles could cause internal damage to the animal as egeilteng)rin the drug being
delivered to site other than the stomach. The needle attached to a hgé syntaining the appropriate
drug in a 500 pl volume was passed gently down the oesophagus. To achieve correct positioning, the
needle was used as a lever to move the afirhedd slightly upwards and back approximating a straight

line. Positioning the tube to either the right or the left of the animaluth facilitated the passage of the
needle into the oesophagus with ease. Care was taken not to ®reetlie down as this could damage
the oesophagus, or put the needle into the trachea. When the conteeatsyointle were injected into the
oesophagus, the needle was gently removed and the animal retuitsechtge and observed for any signs
of distress, such as gasping and frothing at the mouth or iResistance to insertion of the needle, or a

struggling animal indicated a problem. The procedure was stoppedrafdigaestarted.

2.2.6 Meniscal transection (MNX) model of Osteoarthritis

Animal models have been developed which resemble various aspects afteabarthritic human knee
whilst being amenable to potential pharmacological manipulation (Ameye et a6). 2DNX model of
OA in the rat displays changes within the articular cartilage, osteoghybtation and angiogenesis, both
within the synovium and at the osteochondral junction, which ressrhblman tibiofemoral OA (Mapp et
al., 2008). It has a mild to moderate severity, sufficient to enablextieration of factors which may

either exacerbate or relieve OA.
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OA was induced on day 0 by medial meniscal transection as described glseyianusz et al., 2002;
Mapp et al., 2008). Briefly, prior to surgery, each animal wasesthetized (section 2.2.1) and given
subcutaneous injectisn(section 2.2.4). The left leg was closely shaved and surgicedlyaped with
Vetasept Povidone-lodine scrub (Animalcare Ltd, Dunnington, Yorlgréeide a sterile area to operate
on. The scrub was applied from the middle of the clipped area towardsttigeoto prevent any dirt being
dragged from the fur at the edge on to the skin where the incision Wwasn@ade. The animal was then
appropriately positioned over a heat blanket to keep it warm during gurgesterile op-cover (Kruuse
Ltd, Sherburn in Elmet, North Yorkshire) was placed over the leg to &atepd on, covering all but the
surgical field, reducing the risk of sterile items coming into contact withstenie areas close to the
surgical field. All instruments were sterilized prior to surgery. Adasgction of the skin over the knee
joint was grasped using straight forceps (InterFocus Ltd, Lintonpb@dge,11370-40). The skin was cut
on the medial side of the knee joint with a single cut just undertieatjoint cavity using straight iris
scissors (InterFocus Ltd, Linton, Cambriddd558-11). The white shadow of medial collateral ligament
(MCL) was seen at this point buried under the muscle layers. Hemgerfrom the skin edge was arrested
by applying firm pressure from a sterile swab. Connective tisslig W@s grasped with straight forceps
and cauterized using small vessel cauteriser (InterFocus Ltd, Linton, Cge)di#d00-00) edged in a
straight line from one corner of the cut to the other. The muscle layeesthen held before being
cauterized in a similar manner as that of the CT to expose the NMi€lprevent excess blood loss from the
surgical site, hemorrhage was arrested by cauterizing the bleeding vessgtitRicourse of surgerylhis
minimized post-operative swelling, surgical shock and risk to the anifaé MCL was grasped with
micro-forceps with teeth (InterFocus Ltd, Linton, Cambridf&84-07). Using the straight spring scissors
(InterFocus Ltd, Linton, Cambridg&5000-00) held flat to the jointthe MCL was cut and part removed
(3mm) to uncover the meniscus. The procedure was stopped @oititisnd the wound sutured if SHAM
surgery was being performed. Otherwise the procedure was cahtimad the meniscus was freed from its
surrounding tissues by making two cuts either end of the menacthe top and two cuts at the bottom
using straight spring scissors. The ankle of the animal wasetivgently to clearly visualize the joint
space and the meniscus was grasped using straight forceps befgreuveéhrough the full thickness at its
narrowest point using straight spring scissors. The menispearated in to two parts. Care was taken to
ensure that the underlying articular cartilage did not suffer any fataethge whilst the meniscus was
being cut during the surgery. The safety of the underlgitigular cartilage was ensured in several ways,
by twisting the ankle of the animal to create a space between thecoeind the two bone ends. This
enabled the free meniscus to be grasped easily by the forcepskngutied up slightly without touching
the two bone ends before the cut was made. Also, after the menigsusut, the two bone ends were
inspected thoroughly under the microscope to ensure no damageistaised. The site was flushed with
saline and dabbed using sterile swabs to remove excess blood. Tssiep from drying out during
surgery, they were dabbed at regular intervals with sterile swabs soagalihe. Instruments were re-

sterilised between animals using Novasapa Cold Steriliser (Pfizer Animal H&@lton Oaks, Surrey).
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Sutures were placed using micro needle holder with cutter (InterFocusirtioh, Cambridge12075-14)
and suture tying forceps (InterFocus Ltd, Linton, Cambrid@e25-10) to pass curved needles through
tissues and to tie knots after suturing. The CT layer was closed wétiupted stitchs using Ethicon

coated vicryl 8/0 sutures. The skin was closed using subcutanedimioas stitches with Ethicon coated

vicryl 4/0 sutures to appose the tissue margins and allow healing (Figure 2.

Figure2.2: Meniscal transection surgery. Medial collateral ligament was expasednd partly
removed to access the meniscus. The meniscus was cut through thigkness at its narrowest point

(B). The connective tissue layer was closed figgtfollowed by the skin[p).
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2.3 Behavioural Testing

2.3.1 Pain Behaviour

Knee joint pain can be measured indirectly as weight-bearing asym¢hetngebauer et al., 2007). This
method is used in the clinical setting to assess pain in the arthritic patMatt.commonly, the weight
bearing asymmetry is measured between the two hind limbkeaforce exerted by each limb on a
transducer pad over a given period of time. Weight borne byheadHimb is expressed as the percentage
difference of weight distribution (force) between each hind liBxvé et al., 2003; Mapp et al., 2010).
significant shift of weight from the ipsilateral (operated) to the contralateontrol) limb (a weight-

bearing deficit) is taken as a pain measure.

A Perspex tube instead of a Perspex box was used to house the amioralsr to carry out the pain
behaviour testing because animals seemed calmer and stayed relativeiytistiltube compared to when
they were in the box, enabling consecutive readings to be obtainedevetowhen the animals were
housed in the Perspex box, they tended to move around a lajppedred more stressed. Animals were
able to climb out of the Perspex box via the removable lid. This iredrfieith obtaining consecutive
readings. Animals were first habituated in the Perspex tube/Incapacitance Meter prior tathehactual
pain behaviour measurements were supposed to be taken. This enalaletintide to get used to their
surroundings, reducing stress levels. Stressed animals could gridsslgre with true pain behaviour
measurements. Pain behaviour was measured at set time-points using the Incapaditatere(Linton
Instruments, Norfolk, UK). Each animal was placed in the Pergfiex such that each paw rested on a
separate transducerngbthat recorded the animal’s weight distribution over a period of 3 seconds. An

average of 5 separate readings was taken for each data point (Figure 2.3).

Figure2.3: Measuring pain behaviour. Incapacitance meter having PerspeX@box Perspex tube
(B) to house the animals. Animals were placed on the incapcitance meteéhauehch hind paw rested
on a separate transducer pad of the incapacitance meter. Over a p8rgstonds, the amount of weight

the animal was placing on each of its hind limb was measuradiimsg
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2.3.2 Weights
Weight of each animal was measured at set time-points throughout gbensants to ensure that the

surgical procedures and the drugs being used were not having detrinteffects.

24 Joint Swelling
Joint swelling was measured at set time-points with a digital electronic calipgut@y® UK Ltd.,

Andover, UK) as asymmetry in knee diameters (millimeters) between ipailaeperated) and

contralateral (control) knee joints (Figure 2.4).

(0]

Digital electronic caliper

I

Figure 2.4 Knee joint swelling. Each animal was held by an assistant and deej&imt diameter

was measured using a digital electronic calliper.
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25 Tissue Callection and Processing

2.5.1 Harvesting and mounting rat synovia

Animals were killed by asphyxiation B0, (section 2.2.2). For each animal, skin was removed, synovia
with patellae from right and left knees were dissected free from Heéigar¢ 2.5) and immediately
embedded perpendicularly sidm in Tissue Tek Optimum Cutting Temperature (OCT®) mounting
medium (Raymond Lamb, Eastbourne, UK) onto cork blocks beforeg beiap frozen in melting

isopentane and stored at -80°C until use.

s [ C

A

Inferior patellar -
fat pad

e WP T

Figure 2.5: Harvesting synovium.A, knee joint of an animal with the skin remove, synovium

with patella dissected free from bon€, exposed underlying patella groove with the synovium and patella

removed.

2.5.2 Harvesting and mounting rat tibiofemoral joints

Tibiofemoral joints were isolated by cutting mid-femur and tibia usingebmrtters and excess skeletal
muscle was removed. The joints were preserved in either neutral doufiemmalin (containing 4%
formaldehyde) for 48 h at room temperature or Zanikdinative solution (2% [w/v] paraformaldehyde,
15% [v/v] picric acid in phosphate buffer, pH 7.3) overnight a€ 4Stefanini et al.1967) The sections

were continuously agitated on a roller-mixer throughout the fixinggg®and subsequently decalcified
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Decalcification is the process by which heavily mineralised tissues demafto enable thin sections to
be obtained for histological purposesrried out by treatment with reagents which react with calcium.
There are two major types of such reagents; acids (formic adialmosoluble calcium salts and chelating
agents (ethylenediaminetetraacetic acid [EDTA]) to take up calcium argnic acid was used to rapidly
decalcify the tibiofemoral joints to be used for histological stains (segtignin order to analyse the
structure of the joint. EDTA decalcification was used because itavess harsh and slower method of
decalcification compared to formic acid having little to no effect on the stainadifilttye tissue, enabling

immunohistochemistry detection of delicate structures such as nerves

Formalin-fixed tibiofemoral joints were decalcified in 10% formic acid iutred buffered formalin
(containing 4% formaldehyde), changed every other day, for 19atapom temperature. Decalcification
was confirmed by radiography (22kV 16sec). Coronal sectionsir@=}6) of trimmed joint tissues were
then cut and processed by standard histological techniques and maunpadaifin wax blocks for
sectioning. Briefly, the sections were secured (flat side down) in lah@lstic cassettes. The cassettes
were placed in the Shandon Pathcentre enclosed tissue processor (ShdreorSgtientific,
Leicestershire, UK)at King’s Mill Hospital by an experienced laboratory technician (Roger HIl) to
undergo a series of dehydration and clearing steps. The secimgnwpregnated with molten wax for the
final embedding stage of setting the sections in blocks of pakafix. For this, metal moulds were placed
on a hot-plate and molten wax was dispensed into fihem a Tissue Tek ® embedding centre (model
TEC5 EMEZ2 Sakura Finetek Europe, The Netherlands). Tibiofemoral joint sections weer@ldcted flat
side down into the centre of the mould using warm forceps andférred briefly to a cold-plate to allow
the wax to slightly solidify at the bottom of the mould. At the same time section was pressed down to
enable an even flat tissue surface to be achieved with the wax. Labelled pkEssitesawere then placed
on top of the mould, pressed down and more wax poured aio ®yenly fill the cassettes. Moulds were
then placed on the cold-plate for rapid cooling of the wax. Once theatahke wax blocks were removed
from the metal moulds, excess wax trimmed from the cassettes anduthelogks were stored at room

temperature until required for microtomy (Figure 2.6).

Zamboni-fixed tibiofemoral joints were transferred to 15% [w/v] swerims phosphate buffered saline
(PBS/Sucrose) solution at 4 °C for 5 days. The PBS/Sucrog#solas changed daily until the yellow
appearance of the solution was cleared. Once cleared, the PBS/Sucrosplacesl with decalcification

fluid (10% EDTA in 10mM Tris buffer with 7.5% [w/v] polyvidgyroolidene [PVP], pH 6.95). The joints
were decalcified for approximately 5 weeks at 4°C. The decalcification flasdcivanged every other day.
Radiography (22kV 16secs) was used to detect the extent of decalcifichtibe tibiofemoral joints.

When the joints were fully decalcified, coronal sections of trimmedgdiRigure 2.6 A) were cut and
transferred to PBS/Sucrose solution for 5 days at 4°C through toittdrenof PBS/Sucrose and OCT®

embedding matrix into 100% OCT for a further 7 days at 4 °Gz sEations were continuously agitated on
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a roller-mixer throughout this process before being mounted amto blocks and then snap frozen in

melting isopentane on liquid nitrogen and stored at -80 °C.

Figure 2.6: Harvesting knee jointsA, an example of a knee joint split in half from which coronal

sections were takerB, sections of knee joints embedded in paraffin wax blocks.

2.5.3 _Human menisci

All menisci samples were processed on site at King’s Mill Hospital by an experienced laboratory technician
(Roger Hill) following standardised procedures. Coronal slices (2 mrk)tfriem the midline of medial
menisci were fixed in neutral buffered formalin (containing 4% formaldeh for 48 h at room
temperature and wax embedded, or were fixed in Zamboni’s solution (2% [w/v] paraformaldehyde, 15%
[viv] picric acid in phosphate buffer, pH 7.3) (Stefanini et al., J@&/&rnight at 4 °C. Samples fixed in
Zamboni’s solution were transferred to 15% [w/v] PBS/Sucrose solution at 4 °C for 5 days and then
through 1:1 mixture of PBS/Sucrose and OCT® embedding matrid 0086 OCT for a further 7 days at 4

°C before being mounted onto cork blocks and then snap frozen ingristipentane and stored at -80 °C.

2.5.4 Systemic transcardiac perfusion fixation of rat tibiofemoral joints

Each animal was sedated 15 min prior to the procedure with intraperiiojezion of 0.5ml sodium
pentobarbital (Euthatal), given in the lower left or right quadrant ofattdomen as there are no vital
organs in this area. The quadrants are demarcated by the midlireliaedperpendicular to it passing
through the umbilicus. The needle was angled at 45° and passethlgniomugh the skin.When both
the corneal and hind paw withdrawal reflexes were absent, the amamalestrained on a perfusion tray

and the rib cage was cut to expose the heart.

A small incision was made in the left ventricle and a cannula was passedttht into the ascending
aorta. A small incision was made in the right atrium to allow drainagetoining blood and fluid from
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the systemic circulation. PBS00 ml) was pumped through the cannula to wash out any remdiaices
of blood in the animal. Zamboni’s fixative (500 ml) was then pumped through the animal to fix the
tibiofemoral knee joints (Hukkanen et a1992) Tibiofemoral joints were isolated by cutting mid-femur

and tibia and preserved in Zamboni’s fixative solution, ready for the decalcification process (section 2.5.2

2.5.5 Blood Glucose Testing
OneTouch® Ultra® Blood Glucose Meter and Test Strips (LifeScan Inc. High Wycdis)ewere used

to test blood glucose levels 35 days after meniscal transection surgeigri(2.2.6). Briefly, at the time
of harvesting rat tibiofemoral knee joints (section 2.5.2) the code aethtelst strip was inserted into the
associated meter. Drops of blood were applied to the top edge of the tesinstrijpe confirmation
window was full. The results were displayed on the meter in a rangé& f38.3 mmol/L. Normal blood

glucose level was taken as-# mmol/L.

2.6 I mmunohistochemistry

2.6.1 _Introduction

Immunohistochemistry is a process used to localise specific moldenliégens) in tissue sections or cell
preparations by the use of antibodies (Immunoglobu(i@sons et al., 1950) for microscopical evaluation
These antibodies are coupled to a variety of labels such as enzymes, flumanoégcules, isotopes and
colloidal gold that can be visualised relatively easily. Immunohistochenmgstgadily used in research
and in clinics as a diagnostic tool. In addition to antibodies, other ¢fgesteins and carbohydrates such
as lectins can be used to detect specific molecules in tissue sections cepalafions, using essentially

the same method.

2.6.2 Principles involved

Tissues are first collected and processed (section 2.5) before thimsegtocut and stained with labelled
antibodies. Thiss needed not only to preserve the tissue architecture but also to preventateiariaf
antigens being investigated and at the same time processing the titsatsgrtions can be cut for light
microscopy. This processing step also fixes the antigens, pireyetheir leakage into the
microenvironment and into the solutions used during the procesdingtaining proceduresSections are
cut from either fixed tissue samples embedded in paraffin wax orednfpozen samples which are
followed by a fixation step using acetone. Paraffin wax embeddee@gisssplay superior quality of the
morphology of cells and tissues, the antigenic determinants are hoxetatirely poorly preserved and
sometimes difficult to detect. As a result, either antigen retrieval methods ard¢ousgdrcome this
difficulty or unfixed frozen tissue samples are used. The baficigles of immunohistochemistry
staining are the incubation of tissue sections with primary antibodiestetir to antigens of interest,

binding of these antibodies to tissue antigens and detection of the attadfifeaties. The primary
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antibodies are either directly conjugated to a tag or unlabelled (indirect metimothe indirect method,
unlabelled primary antibodies bind to antigens. Labelled biotinylated sagoandtibodies (raised against
the 1gG of the animal species in which the primary antibodies are ragsest)with the primary antibodies.
The specific antigen-antibody interactions can be visualised using the é¥din complex (ABC) method
(Guesdon et al., 1979; Hsu et al., 1981). The biotin vitamin on the seyomatibody binds with high
affinity to the glycocprotein avidin. Four biotin vitamins can binith high affinity to one avidin
glycoprotein, amplifying the antigen-antibody signal (Figure.2Biptin is labelled with either peroxidase
(Nakane et al.1966) or alkaline phosphatase (Mason et al., 1978) enzyme markers. These are easil
developed by incubation with a substrate, either diaminobenzidine (Délstrate to give a brown
coloured stain or Fast Red substrate to give a red stain respectivelyntieaistdg be visualised. The DAB
stain can be enhanced using glucose oxidase/nickel, producing a utpdgibpack colour (Shu et al.,
1988)

Indirect immunohistochemistry with ABC method is more frequendigduas it has several advantages.
Firstly, it allows for considerably higher sensitivity, to antigens which egsept in low amounts without
increasing background staining. This is also important whereotsteof primary antibodies is significant.
The high affinity of avidin and biotin ensures the user ofréped formation and stability of the complex.
Moreover, it is possible to localise more than one antigen with two o prtomary antibodies in the same

tissue by using separate enzyme markers or substrates.

Label —,
Q Q 94_ Biotin

Avidin-Biotin
labeled complex —»

Avidin

Biotin Biotinylated
Secondary antibody

«— Primary antibody

Antigen __

Cell surface

Figure2.7: Indirect immunohistochemistry. Primary antibody binds to theciip antigen of
interest on the cell surface. A biotinylated secondary antibody bindsitideelled primary antibody and is
detected with the performed avidin-biotin complexes (avidin biotin compIBG Aethod). Four biotin
vitamins can bind with high affinity to one avidin glycoproteamplifying the antigen-antibody signal that

is easily developed and visualised.
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2.6.3 Staining procedures

For detection of CGRP positive neryZamboni’s fixed tissues were used (Stefanini et al., 1967). Unfixed
fresh frozen tissues were used for all other studies. Detaddméry and secondary antibodies used in
these studies are listed in the appendix. For staining of ndryes, thick tissues sections were cut to
facilitate morphological identification of these fine delicate structures. Fortladlr staining, tissue
sections were cut um thick. Rat synovial tissue sections and human meniscal tissue sectionsatbm
OCT block were cut using a motorised cryostat, mounted on slides, ang airefried. Coronal sections
from paraffin wax blocks taken from the midpoint of the rat knéat jas identified by the presence of
cruciate ligament insertions and sections from human menisci were cat Reichert-Jung rotary
microtome were. Preparations were mounted in Distyrene, Plasticizeyre)XDePeX™) except those
to detect ECs which were mounted in PBS/glycerol (3:1). Figure 2hdhts the essential steps required
prior to carrying out the staining procedures.

Sections of unfixed tissues were then fixed in acetone for 10 minutes and°@ashed twice in 0.01 M
PBS, pH 7.4, each wash lasted 5 minutes. Whereas sections fronmpaeaffblocks were dewaxed in
xylene and rehydrated from 100% ethanol, through to 70% ethanol amdntbedistilled water, before
being washed in PBS. Each step was performed twice and lasted 5 mihatesmpletely abolish the
chances of false positive reactions occurring in frozen tissuésgenous peroxidase activity was blocked
by incubating the tissue sections for 30 minutes at room tempe(&T) in absolute methanol containing
0.33% hydrogen peroxide (Streefkerk 1972) and then washed twigerfmutes in 0.01 M PBS.

Primary antibodies diluted in 0.01M PBS with 5% BSA and 3.3% normaistnm the species in which
the secondary antibody was raised were then applied and the tissue sectiomzuwiied in a humid
chamber either for 1 hour at RT, or overnight at 4°C and subsiygweashed twice in 0.01 M PBS.
Sections were then incubated in biotinylated secondary antibody dilue@lirvi PBS with 5% BSA and
3.3% normal serum for 45 minutes at RT. Sections were washedfowibeminutes in 0.01 M PBS and

then incubated with avidin biotin complex (ABC) for 30 minutes at RT

ABC was prepared and left standing at RT for 30 minutes before use. 100 pl of solution B was added to 5
ml PBS and mixed by shaking, followed by the addition of 100 pl solution A and immediate mixing. After
incubation with ABC, sections were washed twice for 5 minutesB8 Bnd incubated for a further 5
minutes in 0.1M sodium acetate buffer, pH 4.6 before being develdffethe chromogen. Deposition of
chromogen during development was monitored by direct visualisatider light microscopy using a x4

objective lens and reaction terminated by immersion in 0.01M PBS.
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Tissue sections immunostained by the peroxidase-conjugated ABC comgtilead were visualised with
DAB using the glucose oxidase/nickel-enhanced method (Shu et 88) b8fore being either directly
dehydrated in graded alcohols and mounted in D&PeXfirst counterstained with Mayers Haematoxylin

and differentiated in 1% acid alcohol before dehydration and mounting.

Glucose oxidase/nickel enhancement of the ABC-peroxidase method was eunfdoylemonsation of
neuronal structures (Shu et al., 1988). It comprised of disgoAsrmg of DAB in 25 ml of distilled water
immediately before use and mixed with 25 ml of 0.2 M sodium acetéftr ljpH 6.0, containing 1.25 g di-
ammonium nickel (ll) sulphate.6B, 20 mg ammnium chloride and 100 mg B-D-glucose. Glucose
oxidase (0.25 ml of 0.2% in distilled water) was added with stirring apliedo sections in aimcubation

chamber.

Tissues sections stained by the ABC-alkaline phosphatase method were deuslogeSigna-Aldrich
Fast Red (Poole, UK) and mounted in PBS/glycerol (3:1). To preveirtigdof sections following
mounting, coverslips were sealed with nail varnish.

For multiple sequential staining, to identify CD31-positive cells and pralihg cell nuclear antigen
(PCNA)-immunoreactive CD31-positive cells (to identify ECs and pralifeg ECs, respectively) in the
synovia as two separate measures of the extent of angiogenesis, sgetmifisst immunostained by the
peroxidase-conjugated ABC complex method for PCNA (Waseem et9®Q) and then by the ABC-
alkaline phosphatase method using a monoclonal antibody directed againsto€B3dothelium (Male et
al., 1995) Nuclei were counterstained with fluorescent DNA ligand, 4’-6’-diamidino-2-phenylindole

hydrochloride (DAPI) in a humid chamber at RT in the dark fomlifutes(Sanna et al., 1992)Sections

were then mounted in PBS/glycerol and coverslips sealed using nashai®iaining procedures were

similar to those previously described (Walsh et al., 1998).

Macrophage infiltration was identified by immunoreactivity for the monwalcantibody clone ED1
(Dijkstra et al.,1985)in the synovia. Nerves were immunolocalised using antibody toRCGRascular
endothelium was localised using antibody to alpha actin (Kennedy 2040) all labelled with avidin-
biotin complex and visualised by nickel-enhanced DAB method (8aL,&988)before being mounted in
DeP«.

Lectin immunohistochemistry was performed to identify ECs ugbnidfonia simplicifolia (GS-1) as
previously described (Orgad et al., 1984; Alroy et al., 1987) on pasaéfinembedded tissue sections.
After de-waxing and rehydration, sections were incubated in neddaséfor 3 hours in a humid chamber
at 37°C to cleave surface sialic acids. The sections were then washed twicenfioutes in Nf2-

hydroxyethyl]piperazineN’-[2-ethanesulfonic acid]; f2-hydroxyethyl]piperazine-1-ethanesulfonic acid
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(HEPES) buffer, pH 7.5 anohcubated with lectin GS-1 in HEPES buffer overnight at 4°C in a moist
chamber. The lectin was detected using-kattin followed by biotinylated antibodies with phosphatase-
labeled ABC visualised using Fast Red™.

2.7 Histological Stains

2.7.1 Haematoxylin and eosin

Haematoxylin and eosin stains were used to analyse tissue architecturebasihielye component,
haematoxylin, having high affinity for acidic structures sush nucleic acid, stained the cell nuclei
blue/black, whilst eosin, an acid dye, having high affinity for basiectures, stained cell cytoplasm and

most connective tissue fibres in various shades and intensities of Eingeand red (King et al., 1986)

Frozen tissue sectiorf§ um thick) were washed twice for 5 minutes in distilled water. Whereas paraffin

wax embedded tissue sectioffsum thick) were first dewaxed in xylene and then rehydrated in graded
ethanol before being washed in distilled water twice for 5 minuteglear staining was then achieved by
immersing the sections in Mayer’s haematoxylin for 10 minutes, rinsing in running tap water to
differentiate the staining, dipping the sections in 1% acid alcohol solutidtDfeeconds and back into tap
water for further 3 minutes before being immersed in 1% eosid folinute to stain all other tissue
structures varying degree of red. Staining was then differentiatedumitiing tap water and the sections

were dehydrated through graded ethanol into xylene and mounted in DePedvaret with cover-slips

2.7.2 Safranin O and fast green

Safranin O and fast green staining technique is most commonly asexduflying bone and cartilage
(Mcllwraith et al., 1981; Bulstra et all993) The un-calcified cartilage stains red because of its high
proteoglycan content, calcified cartilage stains a lighter pink shade and sdiathmme stains blue/green
(Rosenberg 1971). Safranin O and fast green staining technique was asedyse the cartilage in rat

knee joints and human menisci

Frozen tissue sections (5 pm thick) were washed twice for 5 minutes in distilled water. Whereas paraffin
wax embedded tissue sections (5 um thick) were first dewaxed in xylene and then rehydrated in graded
ethanol to distilled water twice for 5 minuteSections were then immersed for 2 minutes in Weigert’s
haematoxylin, rinsed for 1 minute in running tap water, submergadid alcohol solution for 20 seconds
and rinsed again in tap water for further 3 minutes. Sections were sahdggmmersed in Fast Green for
5 minutes, dipped for 1 second in acetic acid and immersd in Saftafiam 5 minutes, followed by
differentiation of the staining in running tap water and dehydratiiim graded ethanol to xylene before

being mounted in DePeX and covered with cover-slips.
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2.8 I mage analysis and Quantification

All image analysis and quantification was carried out whilst beingdet to the experimental details,
using a Zeiss Axioscop-50 microscope (Carl Zeiss Ltd, Welwyn Garden@{y Images were captured
using a 3-CCD video camera module (model KY-F55B; JVC, Japan) andsathalging KS300 image

analysis software (Imaging Associates Ltd., Thame, UK).

2.8.1 Synovia

Using a 20 objective lens, data was obtained from four fields of view on eachvisyraection that
displayed the highest densities of either CD31-positive blood vessels, or p&ithe endothelial nuclei,
or ED1-positive macrophages.

To quantify vascular density and proliferatiB@s in the synoviumthe synovial region to be analysed was
first chosen according to morphology. An image was captured asti@CD video camera for analysis
with KS300 image analysis software. Colour transmitted light @samnd fluorescence images of DAPI-
positive nuclei were captured and converted automatically to monochrome imageame surrounding
the synovium was delineated and measured. The image was thresholdedh@doohdie to include all
CD31-positive blood vessels. The vessels were interactively selectea fmask created to include only
endothelium, and their combined areas measured. PCNA-positive raltieg within the endothelium
were counted by interactively selecting each of them. The fluoresoageiof the DAPI-positive nuclei
was overlaid by the endothelial mask automatically and the DAPI-positickeinwere then counted
interactively. To quantify macrophage infiltration, colour transmitted liglage of ED1-positive synovial
region was captured and converted automatically to monochrome image.am& Burrounding the
synovium was delineated and measured. The image was thresholdetingctmhue to include all ED1-
positive nuclei and their combined areas measured.selpr®cedures were similar to those previously
described (Seegers et al., 2003). Non-specific staining was excludeth&anmeasurements by rejecting
objects not fitting the morphological criteria of the structures (macggshdlood vessels, nerves) being
quantified. EC proliferating index was defined as the percentageCohuclei positive for PCNA.
Vascular density and macrophage fractional area was defined as the peroéstagevial area that was

positive for CD31 and EDfespectively.
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2.8.2 Cartilage and Subchondral Bone

The entire medial tibial plateaux of the mid-coronal sections stained with afawiere used to assess
chondropathy and osteophytosis through a x10 objective lens undenitted light. Chondropathy and
osteophytosis were evaluated using the system of Janusz et al., asiglyedascribed (Janusz et al.,

2002) Briefly, in this method cartilage damage was scored on a scale oféstfoBows:

0 = Cartilage of normal appearance

1 = Minimal fibrillation in superficial zone only

2 = Mild, extends into the upper middle zone

3 = Moderate, well into the middle zone

4 = Marked, into the deep zone but not to the tidemark

5 = Severe, full thickness degeneration to the tidemark

The extent of medial tibial plateau involved in the damage was also taken intmiacltovas estimated as
the proportion of the section of medial tibial plateau that was involi#,2/3 or 3/3. The cartilage

damage score was then multiplied by 1, 2 or 3 respectively to givesaallahondropathy score.

Osteophytes were scored depending on their size on a scale of 0 to &usyrepiece graticule as follows:

0 = No osteophyte present
1 =Mild, <40 um

2 = Moderate, 40 to 160 pm
3= Severe > 160 pm.

Total joint damage score was calculated as the sum of the chondropathy apbybstscores

Integrity of the osteochondral junction was measured as either the nwfmbbannels present in the
articular cartilage of a Safranin-O stained section of the medial tibial plateauausR@ objective lens or
the number of channels present per centimeter length of the medial tibialipl&bannels were accepted
as being in the cartilage if they had either entered into the cartilage ofulgiteuching it. To measure
the length of the medial tibial plateau, an image was captured usifgGD3video camera for analysis
with KS300 image analysis software. Colour transmitted light imagenfmedial tibial plateau was
captured and converted automatically to monochrome image. The leagttelineated using a line and
measured. Osteochondral vascular density was determined by countinghtier ofi channels containing
Griffonia simplicifolia (GS-1) lectin labelled blood vessels crossing the osteocigudction in a section

acoss the medial tibial plateau.
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2.8.3 _Human Menisci

Meniscal degeneration was defined according to the modified Copenhaver classiieaed on change in
appearance of collagen bundles (Copenhaver W 1978; Ishihara Guai}he following criteria:

Grade 0 = Homogeneous eosinophilic staining. Collagen bundles closelytspomital chondrocytes.
Grade 1 = Mild cleft formation of collagen bundles with irregular eosinophdioiag and reduction in the
chondrocytes.

Grade 2 = Severe cleft and cyst formation of collagen bundles accompaniegpateltular regions.

Appearance of collagen bundles was analysed separately within the outernendeigions of the

meniscus.

Vascularity using alpha actin staining was measured as percentage ofdittue aea that was occupied
by actin positive blood vessels (<150 um diameter). Vascular densities were measured, using a x4
objective lens within each of 8 consecutive fields along the entire &@aswidline from the inner tip
towards the periphery, in all fields along the sagital fibrocartilage junctiomebatthe inner and outer
meniscal regions and within the synovium (Figure 2.9). Hadth was 1.4 mm long and had an area of
1.68 mm.

Numbers of CGRP positive nerve profiles that were associated with \dssdls in the outer region of the
meniscus were counted at x40 objective lens in 6 fields of view thdaygksl the highest vascular densities
with associated nerve profiles. Each field of viemnprised an area of 16800 um?. CGRP positive nerves

were counted as associated with blood vessels if they were within 25 um of the nearest vessel profile.

Synovial in-growth towards the tip of the meniscus was measuredeakerith (nili meter) of the
synovium attached to the inner region of the meniscus (Figure Z:®)measure the length, an image was
captured using a 3-CCD video camera for analysis with KS300 iraagéysis software. Colour
transmitted light image of the synovium attached to the inner regioncepiired and converted

automatically to monochrome image. The length was delineated usingaadimeeasured.
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Figure 2.9: Diagram llustrating the method of quantifying meniscal vascularisatiwh reerve
growth. Blood vessels were analysed (1) sequentially and within easkative field along the outer
region of the entire fibrocartilage junction [(FCJ), vertical dashed linglradpg the outer from the inner
region, (2) along the entire midline (horizontal dashed line) of the menedg3) in the synovium (S)
adjacent to the FCJ. Nerve profiles associated with blood vessels weredimalyse outer region (OR) of
the menisci. The extent of synovial in-growth (arrows) towardsnin@scal tip was measured in the inner

region (IR).
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29 Patient and sample selection for human menisci study

All procedures were approved by Nottingham Research Ethics Committ8#D403/132). Knees were
collected PM from patients following consent from nekkin (person identified by the patient or those
accompanying the patient where the patient was incapacitated) (Walsh 2008), The Academic
Rheumatology joint tissue repository containing 288 PM cases was scifeereases displaying either
high or low macroscopic chondropathy scores in the tibiofemoral §sird measure of the presence and
degree of OA (Walsh et al., 2009)dentification of meniscal nerves required special fixation of tissues,
available for a subgroup of 52 repository cases. Cases did notrhaumatoid arthritis or other

inflammatory joint diseases as determined by case notes review and inteithidyereaved relatives.

2.9.1 Macroscopic chondropathy score of tibiofemoral joint

The extent and severity of loss of articular cartilage integrity for the madihlateral femoral condyles
and tibial plateaux were determined for each case by a single assessoiRpgeKings Mill Hospital
immediately following tissue harvesting (Walsh et &Q09) Tibial and femoral plateaux were
photographed from a fixed distance of 23 cm using a Kaiser RS ZaX#era stand, under standard
illumination with a Sony DSC-s85 CyberShot digital camera fitted with a Cast4ens at x4 zoom (Carl
Zeiss Ltd., Welwyn Garden City, UK). Severity of chondropathy am@aysed on the photographs and

graded 0 to 4 as follows:

Grade 0 = Normal, smooth, unbroken surface, homogeneous whifevtbitd colour.

Grade 1 = Swelling and softening, a light brown homogeneous colouration

Grade 2 = Superficial fibrillation, lightly broken surface, white to off-whigdiibrown in colour.

Grade 3 = Deep fibrillation, coarsely broken cartilage surface, dark bgyesor red in colour.

Grade 4 = Subchondral bone exposure, stippled white and dark brownéadun

The percentage of area of each articular surface that displayed each grastimwated by delineating
freehand on standardised diagrams of each articular surface the exéahofrade of surface change
(Figure 2.10).

Chondropathy scores were calculated using the formula (Dougados eB4d|. W& sh et al., 2009): Score
= (Grade 1*0.14) + (Grade 2*0.34) + (Grade 3*0.65) + Grade 4.

The scores (possible range 0 to 100) from each articular surfacesumraeed to give a total score
(possible range 0 to 400) for the joint, with O indicating no evidehcaandropathy. Forty cases (20 per
group) were then selected for study of meniscal vascularity and &8 ¢@&ger group) for the study of

meniscal innervation, based on the following criteria:
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High chondropathy group
Knees were included on the basis of highest total joint chondropating plus, to maximise the likelihood
of including cases with tibiofemoral OA, the presence of at least scme @ or 4 chondropathy in the

medial compartment.

Low chondropathy group
Knees were included on the basis of lowest total joint chondropathy scerdarplrder to minimise the
risk of including cases with medial compartment OA, the absenceadé @ or grade 4 chondropathy in

either the medial or lateral compartment.
Only medial menisci were examined for this study. Patient criteria for itlyptiee samples are given in

Figure 2.11. Figure 2.12 shows the spread of age and the assouates$copic chondropathy scores of

200 consecutive PM cases within the repository from which the samples&lected.
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Figure 2.10: Severity of chondropathy determined macroscopically on post mortenples of

tibiofemoral joints. Digital photographs of femoral condyles and tibial plateae shown with their
respective schematic diagrams, highlighting the extent of each gradefarfesappearance. Table of the
estimated percentage of joint surface attributed to each grade is also shaish étal., 2009). A =

anterior, P = posterior, L = lateral and M = medial.
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Sample selection criteria for human meniscal study.
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2.10 Statistical analysis

Four fields per section and one section per case were used for symaadphage infiltration and

endothelial cell proliferation data. For synovial endothelial fractional area (mezsuascular density)
four consecutive sections per case with four fields of view per sestiee used This optimal number was
determined in previous experiments to minimise the coefficient of variatidrso that the observed mean
lies within £ 12.5% of the true mean (Walsh et al., 1998).

Data were analysed using Statistical package for the Social Sciences v.16 (SPS88idago, lllinois,

USA) and graphically presented using GraphPad Prism Version 4f62a8o (GraphPad Software, Inc.,
SanDiego CA, USA). Parametric data (endothelial cell PCNA indices, and endothelial and macrophage
fractional areas [logarithmically transformed], incapacitance and kneeetdig were analysed using one-
way analysis of variance (ANOVA).Univariate comparisons were made using Student’s t-test with
Bonferroni’s correction for multiple comparisons. Non-parametric data (joint damage scores and
osteochondral vascularity) were analysed using Kruskal-Wallis test folloybthnn-Whitney to compare

two groups with Bonferroni’s correction for multiple comparisons. For the meniscal data, comparisons
between groups were made using the Mann Whitney U test and associatieenbedriables expressed as

Spearman’s correlation coefficients.

Numerical data are quoted as mean (95% confidence interval) or median (InterQaargie[IQR]) in the
text, and, for clarity, graphically as mean + standard error of the n$eBriM) unless otherwise stated. A

two- tailed P < 0.05 was taken to indicate statistical significance.

211 Reagents
Monoclonal antibody to PCNA (clone PC10) was obtained from DAKO Ltd. (Wigitombe, UK).

Biotinylated rat-adsorbed horse anti-mouse antibody, biotinylated gdatabbit secondary antibodies
lectin GS-1 (L1100), goat anti-lectin (AS 2104), biotinylated rabbit ardgt-gBA 5000) and avidin-biotin
complexes (ABC Kits) were obtained from Vector Laboratories Ltd. (PeterpordJK). Monoclonal
antibodies to rat CD31 (Platelet endothelial cell adhesion molecule 1[PECAM-1]) ddn{ilone TLD-
3A12) and to macrophages (clone ED1) were from Serotec Ltd. (Ox#€)l Polyclonal antee CGRP
(human) antibody (Ref: T-4239) was from Peninsula Labs Inc (SénsleUK). FGF-2 was purchased
from Invitrogen LTD. (Paisley, UK). DePeX mounting medium and PB&ewfrom VWR Ltd
(Lutterworth, UK). OCT compound and Mayers haematoxylin and easire from Raymond Lamb
(Eastbourne, UK). Monoclonal mouse antibody to alpha actin (clone t#dj, A-Carrageenan, DAPI,
BSA, Tris, EDTA, HPBCD, neutral buffered formalin, formic acid and other chemicals were obtainad fro
Sigma-Aldrich (Poole, UK). PPI-2458 was a kind donation of GlaxoSmitlkeKMiddlesex, UK).

86



3 ROLE OF ANGIOGENESIS IN INFLAMMATION AND PAIN IN TWO RAT
MODELSOF SYNOVITIS

31 I ntroduction

Inflammation is normally a protective response to pathogenic, traumatic or mjuig, ireducing tissue
damage and leading to resolution or repair (Benelli et al., 2006). Despitetlitional classification of
arthritis as inflammatory (e.g. rheumatoid arthri®4]) or non-inflammatory (e.g. osteoarthriti©A4]),
inflammation is increasingly recognized as an important feature in OArgAst al., 2008). Persistent
inflammation itself causes tissue damage (Charo e2@D6) but the mechanisms by which inflammation
persists rather than resolves remain incompletely understood. Arthritis nmjor health problem
worldwide, leading to pain and disability in the ageing populations (Regiestdr, 2002; Brooks 2006;
Reyes-Llerena et al009) Defining factors which lead to persistent inflammation, a promimentife of
arthritis should lead to novel therapies, reducing the burden of this debilitatmtition by facilitating

resolution or repair.

Angiogenesis is tightly regulated during normal growth, wouralihg and the female reproductive cycle
Increased angiogenesis in the synovium is associated with chronidtsyim@A (Haywood et al., 2003)
Angiogenesis within the inflamed synovium is also typical of botlyeard established RA (Griffioen et
al., 2000; El-Gabalawy 2005; Klareskog et al., 2008)chronic synovitis, a shift in the balance from anti-
angiogenic to angiogenic factors promotes endothelial cell proliferation bdomtd vessel growth
(O'Connell2000) Chronic inflammation maintains blood vessel growth by the seorefi@angiogenic
factors from macrophages and various other cells (Jackson €3%4), 1Synovial angiogenesis can further
facilitate inflammation by increasing plasma extravasation and enhandiagmatory cell recruitment
(Bonnet et al., 2005; Costa et al., 2007)

The FGF system plays an important role in angiogenesis and the maaicgeof vascular integrity (Presta
et al., 2005; Murakami et al., 2008). FGF-2 promotes EC proliferatidrttenphysical organisation of
ECs into tube-like structures. It also stimulates the proliferation of fdstshthat give rise to granulation
tissue in wound healing (Bussolino et dl996) FGF-2-induced angiogenesis occurs in the absence of
inflammation (Folkman et al., 1991; Zittermann et al., 2006) a charactewistot distinguishes it from

many other angiogenic factors such as VEGF.

The 2 MetAP isoforms; MetAP-1 and MetAP-2 are co-translational regulatorsrotein synthesis.
MetAPs remove the initiator methionine from growing polypeptide chairgerequisite for a variety of
biological processes such as protein stability (Kusaka et al., 1994; Sinl&x%41), Inhibition of MetAF2

prevents the selective removal of the N-terminal methionine and potehilyits EC proliferation; a

prominent mechanism in angiogenedf}F2458 is an anti-angiogenic fumagillin analogue that is an orally
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active irreversible inhibitor of MetAP-2 via covalent modification of Higd-28 the catalytic site of the
enzyme. This triggers growth arrest of ECs in the late G1 phaskeo€ell cycle, inhibiting EC
proliferation and angiogenesis without affecting inflammatory cymkalease (Griffith et al., 1997; Sin et
al., 1997; Bainbridge et al., 2007) or inducing apoptosis is Bernier et al., 2004). PPI-2458 has
reduced toxicity and greater selectivity for angiogenesis inhibition vérdlasnmation compared to
another fumagillin analogue AGM-1470/TNP470 (Bernier et al., 2004; Brahah, 2009).

PPI12458reduces synovitis and bone and cartilage damage in collagen-indua# 4@hA) in mice and
peptidoglycan polysaccharide (PGPS)-induced arthritis in rats (Bdgebet al., 2007; Lazarus et al.,
2008) Those studies and studies of other anti-angiogenic strategies (Peacock et al., £982alAk1994;
Kusaka et al., 1994; Storgard et al., 1999; Clavel e28D3) indicate that angiogenesis inhibition may
have therapeutic potential in arthritis in humans. However, sustained angisgahdstion for the
treatment of arthritis may lead to adverse events due to the blockptigsidlogical blood vessel growth
such as impaired wound healing. An anti-angiogenic strategy targekey pihases in the development of

chronic inflammation may have a more favourable risk: benefit ratio.

Intra-articular injection(100ul) of high dose (2%) of carrageenan induces chronic synovitis with
angiogenesisvhereas a low dose (0.03%) of carrageenan induces resolvingts/mathout angiogenesis
(Walsh et al.1998) Since when synovitis persists it is accompanied by synovialgangsis, it led us to
hypothesise that angiogenesis during the early phase of synoaifibena key factor in determining its
persistence, and, where this is the case, that a brief treatment with areaagisgnhibitor (PP1-2458)

during the onset of arthritis could prevent its subsequent persistence.
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3.2 Aims

1. To evaluate if a short course of the angiogenesis inhibitor PPI-2458sn28% carrageenan

induced chronic synovitis and pain more transient.

2. To deduce the dose of F@Rhat induces synovial angiogenesis without inflammation.

3. To determine at what time point after injection of FGF-2, synovial anggsigereturns to levels
similar to those in naive controls.

4. To deduce the dose of carrageenan that induces synovial inflammvitiout angiogenesis.

5. To determine at what time point after injection of carrageenyaoyiml inflammation returns to

levels similar to those in naive controls.

6. To evaluate the combined effects of FGF-2 and carrageenan on synmi@jeamsis and
inflammation

7. To evaluate the dose-response effects of PPI1-2458 on angiggenesi

8. To evaluate the effects of inhibiting angiogenesis (using 58)2on the transition from acute to

persistent synovitis (using combined injection of carrageenan @rd2ly to model both inflammation and

angiogenesis, as seen in early synovitis.
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33 M ethods
General methodology is given in Chapter 2. Experiments were perfametale Wistar rats (Charles
River, Margate, Kent, UK) weighing 150-180 gm.

3.3.1 Short-term angiogenesis inhibition using PPI-2458 and 2% carrageenan-induced

synovitis
To evaluate if a short course of the angiogenesis inhibitor PPI-24k8sn2% carrageenan induced chronic

synovitis and pain more transient, on day 0 animals were given ititalar injection of 2% carrageenan
into their left knee joints cavities. Starting on day -1, and then extbey day until day 9, animals were
given an oral dose of 500pul of either 5mg/kg of the angiogenesis inhibitor PP1-2458 or vehicle control
buffer. This treatment regime was chosen based on previously publiated/kere it was shown that after
2% carrageenan injection the increases in synovial macrophage fractiorah@die@ PCNA index started
to subside by day 14 to 28 (Walsh et 4298)

Synovia (n = 6 per treatment group) were harvested on day &d.@4 after injection. Naive animals
were used as baseline controls. Weights, knee diameter and incapacitan8epgr treatment group)
measurements were monitored throughout the experiment (Figyre 3.1

| Weights, Incapacitance and Knee Diaenet |

| PPI-2458 |
bbb }
IDAYS 1 0 1 2 3 456 7 8 910 24 |
44— a
Habituation T T T
| Carrageenan (2%)| | Harvest Synovia |
Figure3.1 Experimental plan to investigate whether a short course of the anggigarhibitor PPI-

2458 [administered every other day starting a day before the intra-ariigjgletion of 2% carrageenan
(day 0) to day 9] curtails 2% carrageenan-induced synovitis @indoghaviour. Animals were habituated
in the incapacitance meter before collecting weight bearing (pain) measwemarint tissues were
harvested at day 24. At various time-points during the expetimweights, knee diameters and

incapacitance measurements of the animals were recored.
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3.3.2 _Intra-articular injections of FGF-2 and/or carrageenan

To deduce the dose of FGF-2 that enables synovial angiogenesis witfemamation, on day 0 animals (n
= 2 per treatment group) were given bilateral intra-articular injectiotiseir knee joint cavities in the dose
rangeof 6x10* to 6 picomoles (pmoles) of FGF-2 or 10 mM Tris (pH 7.6) contaifiigt BSA vehicle

control. Synovia were collected on day 1.

In order to confirm the previous findings that 0.03% carrage@rduces synovial inflammation without
angiogenesis (Walsh et a1998) on day 0 animals (n = 2 per treatment group) were given bilaténaal
articular injections in their knee joint cavities in the dose range 3td.8x10° % of carrageenan or sterile

0.9% normal saline control (pH 7.4). Synovia were collected on day 1 (Fid)re 3

* Synovia harvested and snap frozen

Intra-articular injection: . .
* mmunohistochemistry

Right Knee = Vehicle Control
* Computer Assisted Image Analysis

Left Knee= Carrageenan or FGF-2

DAYS 0 1

Synovial Inflammation

Synovial Angiogenesis

Figure 3.2 Diagram showing the experimental plan of how the doses of FGIe/@razarrageenan
compounds to be used in this study in inducing angiogenesis/m#sion were selected. Briefly, intra-
articular injections of various doses of either carrageen or FGF2 were giveayd, 24 hours after the
injection (day 1) synovia was harvested and snap frozen. Inhistochemistry and computer assisted

image analysis techniques were used to detect and analyse synovial inflanamdtéomgiogenesis.
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To determine at what time point after the injection of 6 pmoles of FGF&/®rangiogenesis returns to
levels similar to those in naive controls, on day 0 bilateral intra-articular imjecti6é pmoles of FGR-
were given into the animals knee joint cavities (n = 3 per grodnovia were collected from naive

controls and on days 1, 2 and 5 after injection (Figure 3.3)

® Synovia harvested and snap frozen

Intra-articular injection:
* | mmunohistochemistry

Right Knee = Vehicle Control
* Computer Assisted | mage Analysis

Left Knee= 6 pmoles FGF-2

1 I I

DAYS 0 1 2 5

b 1

Synovial Angiogenesis

Figure 3.3 Diagram showing the experimental plan to determine the time point after eélogdnjof
6 pmoles of FGF-2 that synovial angiogenesis returned to levels similaswithoaive controls. Briefly,
at each time point, synovial were harvested and snap frozen. Imntoobkiwistry and computer assisted

image analysis techniques were used to detect and analyse synovial angiogenesi
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To investigate the combined effects of FGF-2 and carrageenan, on dainals (n = 6 per treatment

group) were given intra-articular injections of either 0.03% carrege®r 0.03% carrageenan and 6
pmoles of FGF-2 in their left knee joint cavities and appropriate congatntents (sterile 0.9% normal

saline [pH 7.4] or 10mM Tris [pH 7.6] containing 0.1% BSA) iritiright knee joint cavities. FGF-2 was
injected first, followed by carrageenan after 30 minutes. Control injacti@ne given in a similar manner

(Figure 3.4).

| Knee diameter measured

® Synovia harvested and snap frozen
® Immunohistochemistry

® Computer Assisted image Analysis

Day 0 Day 1 Week 2 Week 4

Intra-articular injection Synovial inflammation and angiogenesis

Right Knee = Vehicle Control

L eft Knee = Carrageenan+FGF2

Figure3.4 Diagram showing the experimental plan used to elucidate the combined effeGE-2
and carrageenan on angiogenesis and inflammation. Briefly, afteaitittalar injection of either 0.03%
carrageenan or 0.03% carrageenan and 6 pmoles of FGF-2, at eagloitibnp synovia were harvested and
snap frozen. Immunohistochemistry and computer assisted imagsiatethniques were used to detect

and analyse synovial inflammation and angiogenesis. Knee diameter warealaed at each time point.
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3.3.3 Dose-response effects of PPI-2458 on angiogenesis induced by FGF-2

In-order to select the appropriate dose of PPI-2458 that best inhibited ofespRGF2-induced
angiogenesis, on day,-animals (n = 3 per treatment group) were given either a 500l single oral dose of
the angiogenesis inhibitor PPI-2458 at either 5mg/kg, 0.5mg/Kn@y/kg or vehicle control (11%
HPBCD [2 hydroxy propyl B cyclodextrin] buffer in PBS). Bilateral intra-articular injections of 6pmes
FGF-2 were given into knee joint cavities on day O and the synovia ffar@reatment group) were

harvested on day 1 (Figure 3.5). Naive animals (n = 3) were used asttioé g@up.

* Synovia harvested and snap frozen
* [mmunohistochemistry

* Computer Assisted Image Analysis:

Intra-articular injection: SYNOVIAL ANGIOGENESIS
Right Knee = Vehicle Control
Left Knee=FGF-2

DAYS -1 0 1

l

Various doses of PPI1-2458 or Vehicle
control given orally

Figure 3.5 Diagram showing the experimental plan of how the dose-respéfastsef PP1-2458 on
FGF-2 induced angiogenesis were analysBdefly, various doses (5mg/kg, 0.5mg/kg, 0.05mg/kgjhef

angiogenesis inhibitor were given a day before the intra-articular injezfieither 6 pmoles of FGF-2 or
vehicle control. A day after the injection, synovia was harvested andrszap. Immunohistochemistry

and computer assisted image analysis techniques were used to detectyemadsgnalial angiogenesis.
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3.3.4 PPLI2458 and intra-articular injection of FGF-2 and carrageenan

On days 1, 1 and 3, animals (n = 6 per treatment group) were given an oral dose of 500l of either S5mg/kg

of PPI-2458 or vehicle control buffer (Lazarus et2008) Intra-articular injections of 0.03% carrageenan
& 6 pmolesFGF-2 (left knee joint cavity) or the appropriate vehicle control (sterile 0.9®abcaline [pH
7.4] or 10mM Tris [pH 7.6] containing 0.1% BSA) (right kneij cavity) were given at day 0. Synovia

was harvested at day 1, week 1 and week 4 (Figure 3.6)

K nee diameter measured

® Synovia harvested and snap frozen
® Immunohistochemistry
® Computer Assisted Image Analysis:
®SYNOVIAL INFLAMMATION AND ANGIOGENESIS

Intra-articular injection

Right Knee = Vehicle Control

L eft Knee = Carrageenan + FGF2

} |

DAYS -1 0 1 3 Week 1 Week 4

<
<
<

PPI1-2458 / Vehicle control
Orally, every other day (5mg/kg)

Figure 3.6 Diagram showing the experimental plan of how the effects of2@B8 onthe ongoing
inflammatory response after intra-articular injection of FGF-2 and camagegere investigated. Briefly,
intra-articular injection of 0.03% carrageenan and 6 pmoles of F@&r2 given on day 0. Angiogenesis
inhibitor PP1-2458 was administered every other day, starting aefayelthe injection to day 3. At each
time point, synovia were harvested and snap frozen. Immunolestigthy and computer assisted image
analysis techniques were used to detect and analyse synovial inflammation &gkreegis. Knee

diameter was also measured at each time point.
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3.3.5 Tissue collection and preparation

At each time-point after intra-articular injections (days 3, 10 @nfib22% carrageenan; days 1, 2 and 5 for
FGF2; days 1, 14 and 29 for 0.03% carrageenan; days 1, 28ld4nd 29 for FGF-2 and carrageenan
combined; day 1 for PPI-2458 and FGF-2; and days 1, 7 afar ZP1-2458 and FGF-2 and carrageenan
combined synovia with patellae from right and left knees were immediately harvested.
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34 Results

3.4.1 Synovial inflammation, angiogenesis and pain behaviour after intra-artigatzion of

2% carrageenan and administration of the angiogenesis inhibitor PPI1-2458

ED1-immunoreactive macrophages were localised to the synovial linidgdiapersed throughout the

synovial sub-lining regions (Figure 3.7 A-C). CD31l-immunoreactblood vessels were distributed
throughout the depth of rat synovia, sometimes containing PCNA#mareactive nuclei (Figure 3.7 E-G).

Synovia from animals given a single intra-articular injection of 2% ceers@n showed increased staining
for macrophages, proliferating ECs and EC fractional area. Thesesiesreare reduced by day 24 after
the administration of 6 doses of PP1-2458 (5mg/kg/every othgradating a day before the intra-articular
injection to day 9.

3411 Inflammation

Intra-articular injection of 2% carrageenan treated with vehicle control fallagved by an increase in

synovial macrophage fractional area, which was reduced at day 10 bynihréstrdtion of 6 doses of the
angiogenesis inhibitor PPI1-2458 [Vehicle: 23% (95% CI 15 to 30), BB8:28% (95% CI 2 to 15), P <

0.01]. The levels however did not reach those of naive control2@58: 8% (95% CI 2 to 15), Naives:
1.1% (95% CI 0.8 to 1.4), P < 0.001]. This reduction waitaiaed to day 24 with-out the levels
reaching to those of naive controls (Figure 3.8 A). Knee joint diar(jeiat swelling) was transiently

increased following intra-articular injection of 2% carrageenan aew ghadually reduced to naive control
levels by day 24. PPI-2458 did not reduce knee joint swellingwollp intra-articular injection of 2%

carrageenan (Figure 3.8 B).
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Figure 3.7 Histological evidence of synovial macrophage infiltration, angiogenesisvascular

density after intra-articular injection of 2% carrageenan and effecisabddministration of a short course
of either PPI-2458 or vehicle control. Panels show macrophage infiltréie@), endothelial cell
proliferation E-G) and vascular density-K) 24 days after intra-articular injection of 2% carrageenan.
Intra-articular injection of 2% carrageenan induced synovial macrephéifjration (A), angiogenesisH)

and vascular densityl)( Synovial macrophage infiltration was reduced following treatmeétit the
angiogenesis inhibitor PPI1-245B,(5mg/kg/every other day from a day before intra-articular injeaifon
carrageenan to day 9) but not to naive control le&ls Synovial angiogenesis and vascular density were
reduced by the administration of the anti-angiogenic agent PPI-{@%8d J respectively), to naive
control levels G and K). A-C; macrophages are delineated by immunoreactivity for CD68 (ED1).
Negative control section for CD68 (ED1) immunohistochemistry did now sivgy non-specific staining
(D). Endothelial cells are delineated in red by immunoreactivity for COfde[arrows (I1-K)] and
proliferating nuclei are delineated black by immunoreactivity for prolifegatill nuclear antigen (PCNA,;
green arrows). Black arrows indicate proliferating endothelial cells which contain PCNA-
immunoreactive nucleiNegative control sections for CD31 and/or PCNA immunohistochemigtripat
show any non-specific stainingi @ndL). Colour transmitted light images were taken using *40) @nd

x20 (A-H) objective lenses of a single representative section from n = 8 lareiagroup. Scale bar =
100pm.
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Figure 3.8 Inhibition of measures of inflammation (synovial macrophage infiltratmod joint

swelling) after 2% carrageenan injection in either PPI-2458 or vehidgett animals. Intra-articular
injection was given in rat knee joint cavities on day 0. Oral adnatiistr of either PPI-2458
(5mg/kg/every other day) or vehicle control was given from a dayédéfe injection to day Iptted line
marks the end of PPI-2458 treatment). Synovia were harvesi®daBd 24 days after the injection. Intra-
articular injection of 2% carrageenam) (was followed by an increase in synovial macrophage infiltration
(A) and joint swelling B). These increases were higher than the naive cont®)sti{roughout the
experiment. Administration of PPI-245@ ] reduced synovial macrophage infiltration from day 10 to 24
but not to naive control level. PPI-2458 had no effect on kneesjilling. Graphs show arithmetic mean
and +S.E.M of 8 knees per groupMacrophage fractional areas (logarithmically transformed) and knee
diameters were analysed using one way analysis of variance (ANOWAJ)variate comparisons were
made using Student’s T-test with Bonferroni’s correction for multiple comparisons. *** P < 0.001 versus

naive controls™ P < 0.01 versus vehicle controls.
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3.4.1.2 Angiogenesis
Synovial EC PCNA index was reduced by day 3 following 2edas the angiogenic compound PPI-2458

[1.7% (95% CI 0.8 to 2.6)] compared with vehicle treated animals [698% (Cl 5.3 to 8.2), P < 0.001]
and this reduction was completely abolished to naive control levels from day240 Increase in synovial
endothelial cell fractional area following 2% carrageenan injection was hovesiiered to naive levels by
day 24 in PPI-2458 treated animals (Figure 3.9).
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Figure 3.9 Inhibition of synovial angiogenesis (EC proliferation and vascular denaftgy 2%

carrageenan injection in either PPI-2458 or vehicle treated animals. ltidrdaarinjection was given in
rat knee joint cavities on day 0. Oral administration of either PP8-g8iag/kg/every other day) or vehicle
control was given from a day before the injection to dayd&téd line marks the end of PPI-2458
treatment). Synovia were harvested 3, 10 and 24 days afterjghioin. Intra-articular injection of 2%
carrageenans( was followed by an increase in EC proliferation indax EC PCNA index) and vascular
density B; EC fractional area). These increases were higher than the naive cowfydlequghout the
experiment. Administration of PPI1-245& | reduced EC proliferation on day 3, with levels reaching those
of controls by day 10. This reduction was maintained to dayAJ4 (Synovial vascular density was
reduced by day 10 after administration of PPI-2458, with lewsslshing those of controls by day &) .(
Graphs show arithmetic mean and +S.E.M of synovia from 8 kneesr@ap.g EC PCNA Index and
fractional areas (logarithmically transformed) were analysed using onanadysis of variance (ANOVA).
Univariate comprisons were made using Student’s T-test with Bonferroni’s correction for multiple
comparisons* P < 0.05, ** P < 0.001 versus naive controlsP < 0.05,”" P < 0.001 versus vehicle

controls.
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3.4.1.3 Pain Behaviour

Pain behaviour as measured by difference in weight bearing waserely day 7 following treatment with

PPI-2458 [12g (95% CI 6 to 18)] compared to vehicle treated an[B2ds(95% CI 18 to 46), P < 0.05].

Pain behaviour was reduced to levels observed in naive controés/l¥0d This reduction was maintained
to day 24 (Figure 3.90

Difference in weight bearing (g)

||
01 3 7 910 14 24
Days after intra-articular injection

Figure 3.10 Time course of the inhibition of knee joint pain after 2% carrageenartiamjdn either
PPI-2458 or vehicle treated animals. Intra-articular injection was giveat knee joint cavities on day 0.
Oral administration of either PPI-2458 (5mg/kg/every other day) dcleetontrol was given from a day
before the injection to day Udtted line marks the end of PPI-2458 treatment). Pain behaviour was
measured as a difference in hind paw weight bearing between Odayg4after intra-articular injection.
Intra-articular injection of 2% carrageenaw) (vas followed by an increase in pain behaviour which was
reduced to naiveY) levels by day 10. Administration of PPI-2458 X reduced pain behaviour by day 7,
and completely abolished it to naive levels by day 10. Bars show arithnmestit and +S.E.M of synovia
from 8 knees per groupDifferences between groups were analysed using one way andlysisamce
(ANOVA). Univariate comparisons were made using Student’s T-test with Bonferroni’s correction for

multiple comparisons. *** P < 0.001 versus naive controR.< 0.05 versus vehicle controls.
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3.4.1.4 Weights
Animals treated with the angiogenesis inhibitor gained weight at a slower ratedfp 7 to day 24
compared to vehicle treated animals and to naive controls. Howevey (24 dthe difference in weight
gain between the animals from the three treatment groups had edritow not completely abolished
(Figure 3.11 and Table 1).
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Days after intra-articular injection
Figure 3.11 Time course of the weight-gain of animals. Intra-articular injectias given in rat knee

joint cavities on day 0. Oral administration of either PP1-2458 (kgheyery other day) or vehicle control
was given from a day before the injection to daydéttied line marks the end of PPI-2458 treatment).
Animals treated with the angiogenesis inhibitor PPI-24&8 ¢ained weight at a slower rate compared to
either the vehiclex() treated animals or naive control® ) from day 7 to day 24. Bars show arithmetic
mean and +S.E.M of synovia from 8 knees per groDifferences between groups were analysed using
one way analysis of variance (ANOVA). Univariate comparisons were made using Student’s T-test with
Bonferroni’s correction for multiple comparisons. * P < 0.05, *** P < 0.001 versus naive controfsP <

0.05,"* P < 0.001 versus vehicle controls.
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Weight Gain (g) of animals
Treatment Groups Day 7 Day 24
2% Carrageenan + Vehicle Control 282 (276 to 287) 348 (334 to 362)
2% Carrageenan + PP12458 263 (257 to 269) 330 (326 to 335)"
Naive Control 289 (283 to 294) 348 (340 to 357)
Tablel Weight gain of animals following treatment with the angiogenesigitor PPI-2458.

Intra-articular injection was given in rat knee joint cavities on dayD@al administration of either PPI-
2458 (5mg/kglevery other day) or vehicle control was given feoday before the injection to day 9.
Animals treated with the angiogenesis inhibitor PPI1-2458 gained weightaver sate from day 7 to day
24 compared to those animals that were either given the vehicle treatntbatraive controlsData are
given as mean (95% confidence intervaDifferences between groups (n = 8 animals per group) were
analysed using one way analysis of variance (ANOVA). Univariatepadeons were made using
Student’s T-test with Bonferroni’s correction for multiple comparisons. * P < 0.05, *** P < 0.001 versus

+++

naive controls P < 0.05,"" P < 0.001 versus vehicle controls.
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3.4.2 Synovial angiogenesis and inflammation after intra-articular FGF-2 amdfag@enan

injection and administration of the angiogenesis inhibitor PPI-2458

CD31-immunoreactive blood vessels were distributed throughout the déptt synovia, sometimes
containing PCNA-immunoreactive nuclei (Figurel3.A-C). ED1-immunoreactive macrophages were
localised to the synovial lining, and dispersed throughout the synovidingudpregions (Figure3.12 G-).
Negative control sections (Figure 3.7) did not show any non-spstifiting. Synovia from animals given
intra-articular injections of 6 pme$ FGF-2 showed increased staining for proliferating ECs (Figur2 3.
A), and those from animals injected with 0.03% carrageenan displagreased macrophage infiltration
(Figure 312 G).

3.4.3 FGF-2 induced synovial angiogenesis without inflammation

An increase in EC PCNA index was observed 24 hours afteraniadar injection of FGF-2 (Figure 3.13
A). FGF-2 (6 pmoles) injection was followed by increased synoviaPEGIA index at 24 hours [20%
(95% CI, 15 to 27%)] compared to vehicle controls [3% (95% CI, @%0, P < 0.01 (Figure 3.13 A)],
which was reduced to naive levels by day 5 (Figure 3.14). Mhifisant effect was seen 24 hours after
injection of 6 pmoles FGF-2 on joint diameter [9.2 mm (95% CI, 9.5omm), control; 9.2 mm (95% ClI,
8.7 to 9.7 mm), P > 0.05], synovial macrophage infiltration (f€ig8L13 B), nor vascular density [EC
fractional area; 11% (95% ClI, 8 to 16%), control; 11% (95% CI, 9 to 14%), B} 0.0
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ANGIOGENESIS (CD31+PCNA) VASCULAR (CD31) MACROPHAGES (CD68 [ED1])
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Figure3.12 Histological evidence of angiogenesis and macrophage infiltration after co-injedtio

FGF-2 and carrageenan into rat knees. Panels show endothelial cell pratifetatay 1 A-C), extent of
endothelial cells at day D¢F) and macrophage infiltration at day Z8-(). Proliferating endothelial cells
appear more abundant at dayAl),(after co-injection of FGF-2 and carrageenan compared with vehicle-
injected controls@). Administration of PPI-2458 was associated with histological appsasaimilar to
non-synovitic controlsg). Increased vascular density was observed at d&y.7 Administration of PPI-
2458 reduced vascular density to levels seen in the conrols.( Macrophage infiltration was increased
28 days after co-administration of FGF-2 and carragee@arafd reduced in groups given PPI-24B8 (

to that of control levelsl]. Endothelial cells are delineated by CD31-immunoreactivity (red)(Ard
only) proliferating nuclei by immunoreactivity for proliferating cell ctear antigen (PCNA, black).
Proliferating endothelial cells (black arrow) contain PCNA-immunoreactiveleinugvhereas non-
proliferating endothelial cells (green arrows) do not. Cells other tharthetidd cells also display PCNA-
immunoreactive nuclei (broad arrow$}-l1; macrophages are delineated by immunoreactivity for CD68
(black, arrows) Negative control sections for CD68 (ED1), CD31 and/or PCNA immugitmttiemistry

did not show any non-specific stainirigigure 3.7). Colour transmitted light images were taken using x20

objective lens of a single representative section from n = 8 animals per g®eale bar = 100m.
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Figure 3.13 Dose response effects of FGF-2 on synovial EC proliferaton ghd macrophage
infiltration (B). Twenty four hours after intra-articular injection of either ajeaaf doses of FGF-2 (6x10
to 6 picomoles) or vehicle control, synovial EC proliferation index FEENA index) increased at a dose of
6 picomoles compared to vehicle injected controls. Synovial macrophatierfaa@rea remained similar
to vehicle injected controls at all doses of FGF-2. Bars show arithmeticanda+S.E.M of synovia from
4 knees per groupEC PCNA Index and macrophage fractional area (logarithmically transfpnvere
analysed using one way analysis of variance (ANOVA). Univariatepadeons were made using

Student’s T-test with Bonferroni’s correction for multiple comparisons. ** P < 0.01
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Figure 3.14 Synovial endothelial cell proliferation after intra-articular injection of 6 picomalk

FGF-2. Endothelial cell proliferation index (EC PCNA Index) increased 24 h aiftlex-articular injection
of FGF-2 and returned to naive levels by 5 days. Arithmetic means (+ SEdyRovia from n = 6 knees
per group. EC PCNA Index (logarithmically transformed) was analysed usingveme analysis of
variance (ANOVA). Univariate comparisons were made using Student’s T-test with Bonferroni’s

correction for multiple comparisons®™ P < 0.01 compared with naive controls.



3.4.4 Carrageenan induced synovial inflammation without angiogenesis

There was a dose-dependent increase in synovial macrophage infiltratibougs after intra-articular
carrageenan injection (Figure 3.15). Synovial macrophage infiltrattwaased 24 hours after injection of
0.03% carrageenan compared with saline-injected controls and ha@detnidavels similar to controls by
day 14 [carrageenan; 5.2% (95% ClI, 2.7 to 10.1%), control; 2%% Cl, 1.4 to 5.2%), P > 0.05] (Figure
3.16 A). No significant effects of intra-articular injection were obsdron either joint swelling (Figure
3.16 B), EC proliferation (Figure3.15 B and 3.16 C), or vascular density [EC fractional area 2eslzdier
0.03% carrageenan; 20% (95% CI, 17 to 23%), control; 16% (95% ClI, 12 to R2226D5].
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Figure 3.15 Dose response effects of carrageenan on synovial macrophage infiltra}i@md EC

proliferation 8). Twenty four hours after intra-articular injection of either a rasfggoses of carrageenan
(3x10* to 0.03%) or saline control, synovial macrophage fractional increased a afdb§3% compared
to saline injected controls. Synovial EC proliferation index (EC PCNAxhdemained similar to saline
injected controls at all doses of carrageenan. Bars show arithmeticamgz8.E.M of synovia from 4
knees per groupEC PCNA Index and Macrophage Fractional Areas (logarithmically transforwerd)

analysed using one way analysis of variance (ANOVA). Univariatepadsons were made using

Student’s T-test with Bonferroni’s correction for multiple comparisons. ** P < 0.01
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Figure 3.16 Persistent synovitis after co-injection of FGF-2 and carrageelmdra-articular injection of 0.03% carrageenan aloag (vas followed by a

brief increase in synovial macrophage infiltratigx),(and had no significant effect on joint swellir) (or endothelial proliferation@) compared with knees
from control animals Y). Co-injection of 6 pmoles FGF-2 together with 0.03% carrage@anas followed by increased endothelial cell proliferatiGh &s
well as increased inflammation [macrophage infiltratién é&nd joint swelling B)] at 24 hours, and by persistent synovitis at days 14 andl@$ignificant
increase in any parameter was observed in vehicle-injected controls comjthradive knees. EC PCNA Index; Endothelial cell proliferating nuclei@geam
index. Arithmetic means (x S.E.M) of synovia from 6 knees peug Macrophage fractional areas, EC PCNA index (logarithmically transfgramedi knee
diameters were analysed using one way analysis of variance (ANOVA). Univariate comparisons were made using Student’s T-test with Bonferroni’s correction

for multiple comparisons. * P < 0.05, ** P < 0.01, ** P ©01 compared with vehicle-injected controls.



3.45 Combined effects of FGF-2 and carrageenan on synovial angiogenesis and inflammation

Corinjection of 0.03% carrageenan and 6 pmoles FGF-2 into ratjkimte was followed after 24 hours by
increased synovial macrophage infiltration [9.4% (95% C1, 6.4 t@d)3Bigures 3.16 A and.18 A] and
joint swelling [9.6 mm (95% CI, 9.2 to 10.0 mm), Figure$63B and3.18 B] compared with controls
[1.6% (95% ClI, 0.5 to 4.8%) < 0.05, and 9.1 mm (95% CI, 8.9 to 9.3 mm), P < 0.84pectively]. Co-
injection of carrageenan and FGF-2 was also followed after 24 hgurscteased synovial EC PCNA
index [3% (95% CI, 2 to 4.5%), Figwe8.12 3.16 C and 3.18 C] and EC fractional area [8.0% (95% Cl,
6.0 to 10.6%), Figure 3.18 D] compared with controls [0.8% (95%©@Glto 1.8%), P < 0.01, and [4.9%
(95% ClI, 3.9 to 6.0%), P < 0.05, respectively]. The increases in indiégeasnmation and angiogenesis
were maintained through day 28 after co-injection of carrageenan an@ f&gures3.12 3.16 and 3.18
indicating the induction of a chronic synovitis. Indices of angiogenedisnlammation resolved within

28 days in rats injected with FGF-2 or carrageenan alone.

3.4.6 _Dose-dependent inhibition of FGF-2-induced angiogenesis by PPI-2458
Intra-articular injection of FGF-2 alone without PPI-2458 administratias followed 24 hours later by an
increase in synovial EC PCNA index [6.9% (95% CI, 4.0 to 11.%@%)jpared with naive animals [1.1%
(95% CI, 0.6 to 1.9%)P < 0.001] (Figure 3.17). A dose dependent reduction in FGF-Zéudsynovial
angiogenesis was observed in groups treated with increasing dd@es-2458 administered orally 1 day

prior to FGF-2 injection, with complete inhibition of EC PCNA indexn&ive levels by 5mg/kg PP1-2458
[1.1% (95% ClI, 0.6 to 2.3%), p>0.05 compared to naive controls] @®&a7 and 3.18). PPI-2458 did not
alter synovial macrophage infiltration and knee diameter (Figure 3.IRF&. values remained similép

those observed in naive and vehicle controls
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Figure3.17 Dose-dependent reduction after PPI-2458 in FGF-2-induced synovighelidiocell proliferation. Oral doses of PPI-2458 were given a day
before bilateral intra-articular injection of 6 pmoles FGF-2 into rat knee joislothelial cell proliferation index (EC PCNA IndeX) was dose dependently
reduced 24 hours after FGF-2 injection, with the highest dose o248l reducing EC PCNA Index to naive control levels. PPI-2458 diclter either
synovial macrophage infiltratioB] or knee diameterQ). Arithmetic means (+ S.E.M) of synovia from n = 6 knees pangr&C PCNA index, macrophage
fractional areas (logarithmically transformed) and knee diameters wesseghalsing one way analysis of variance (ANOVA). Univariate cosgs were

made using Student’s T-test withBonferroni’s correction for multiple comparisons. *** P < 0.001#* P < 0.01 compared with naive controls.
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3.4.7 Synovial angiogenesis and inflammation after brief PP1-2458 administration earty dur

FGF-2/carrageenan- induced synovitis

Animals were given 3 doses of PPI-2458 between the day before dmg Zfter the induction of chronic
synovitis by co-injection of carrageenan and F&FFhis dosage regimen was designed to cover the period
of FGF-2 enhanced angiogenesis as determined above (figure 3RR)-2458 administration was
associated with a reduction of angiogenesis indices to control levelsu?d &iter carrageenan/FGF-
injection (Figures 32 and 3.17), whereas inflammation indices were still increased 24 hiterca
injection of carrageenan and FGF-2 in PPI-2458 treated animals wherareaito the control animals
(Figure 3.18. Furthermore, synovial macrophage infiltration was only partially redicddys afterco-
injection of carrageenan and FGF-2 injection, remaining elevated in langiman PPI1-2458 [9.3% (95%
Cl, 7.0 to 12.4%), Figure 3.18 A] compared with non-synovitic cis1t2.8% (95% CI, 1.9 to 4.2%p, <
0.001]. However, inflammation indices were normalised to non-synovitic control ldxelday 28 in
animals briefly treated with PPI-2458 up to 3 days after intra-artiodanjection of carrageenan and
FGF-2 (Figures 32 and 318 A).
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Figure3.18 Inhibition of FGF-2-induced angiogenesis and promotion of thdutso of synovitis after PPI-2458 administratioRollowing co-injection

of 0.03% carrageenan and 6 pmoles FGm)2ijere were sustained increases in joint inflammatansgnovial macrophage infiltratiol: joint swelling) and
synovial angiogenesisC{ endothelial cell proliferation), compared with vehicle injected contr®ls @Animals given 3 oral doses of PPI-2458 (5mg/kg) on
alternate days from 1 day before until 3 days after intra-artitnjlection of 0.03% carrageenan and 6 pmoles FGE-2 displayed synovial angiogenesis
indices C,D) similar to vehicle-injected controls throughout the experiment. PB8-2dministration did not significantly inhibit joint inflammation att#urs
(A, B) and macrophage infiltration was only partially reduced at day 7. Howieebrief treatment with PPI-2458, completely inhibited joint infization to
control levels by day 28, converting the model from one of persistBamimation to one of transient synovits)( EC; endothelial cell, PCNA: proliferating
cell nuclear antigen, Dashed line: time of last dose of PPI-2458. Arithmetio (+S.E.M) of synovia from 6 knees per group. Macrophagédnal area, EC
PCNA index (logarithmically transformed) and knee diameters weresathlysing one way analysis of variance (ANOVA). Univariate compariseresmade
using Student’s T-test with Bonferroni’s correction for multiple comparisons. * P < 0.05, ** P < 0.01, ** P < 0.001 compared with vehiatgected controls’ P
<0.05," P <0.01"" P < 0.001 compared with PPI-2458 treated animals.

11¢



35 Summary of Results

. A short course (6 doses) of the angiogenesis inhibitor PPI-2458pniatered during the initial
phase of inflammation made 2% carrageenan induced chronic synoglifigi@nmore transient.

. Administration of FGF-2 (6 picomoles) induced synovial angiogenedisouti inflammation.
Levels of synovial angiogenesis reached those of naive controls by day 5

. At 0.03%, carrageenan induced transient synovitis without angiogen&sinovitis resolved
within 14 days.

. Coinjection of FGF-2 (6 picomoles) and carrageenan (0.03%) was follbywesynovitis which
persisted for at least 4 weeks.

. Administration of the angiogenesis inhibit®PF2458 (3 doses) in this combined model (6
picomoles FGF-2 and 0.03% carrageenan) of chronic synovitis inhibited2F@&uced angiogenesis

leading to the resolution of persistent synovitis.
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3.6 Discussion
Using animal models of synovitis, these data show that angiogenagibe a key factor in the transition
from acute to persistent inflammation.

In the 2% carrageenan model of persistent synovitis, a short couPdel-@458 (6 doses) administered
during the initial phase of inflammation, reduced synovitis by daybt did not completely abolish it.

However synovial angiogenesis (EC proliferation and vascular demngity)completely abolished at this
time point, suggesting that chronic inflammation is in part mediated by ang&igenPain behaviour in

this model was also reduced by day 7 following administration of2BB8. At this time point, synovial

angiogenesis was completely abolished but synovitis persistedgssunggthat angiogenesis, inflammation
and pain are indeed inter-connected processes. Inhibiting angiogenesw¢hessfthe potential to reduce
pain.

At a dose of 0.03%, carrageenan alone did not induce angioger@aisageenan injection alone was
associated with a transient synovitis that had resolved at 14 days. Wiiegemesis was stimulated with

6 pmoles FGF-2 at the time that synovitis was induced by intra-articulationjexf carrageenan, the

synovitis persisted for at least 4 weeks. Inhibition of this effe€Gf-2 by PPI-2458 suggests that this
chronicity is mediated by angiogenesis rather than other actions of FGF-2

The mechanisms leading to persistent inflammation in human diseasain nemslear. Autoimmunity
contributes to inflammation and tissue damage in diseases such as RAghltits contribution to
persistence in early RA remains incompletely understood. Eviddrmet@mmunity, such as circulating
anti-citrullinated peptide antibodies, has limited sensitivity to predict persistence insgadyitis, and
immunosuppression does not prevent persistence in the majoritatiehts. Many other chronic
inflammatory diseases (e.g. psoriasis and inflammatory bowel d)satisplay little evidence of
autoimmunity. Angiogenesis inhibition may reduce arthritis sevemitgnimal models of autoimmunity
(Peacock et al., 1992; Storgard et al., 1999; Bernier et al., 2004; Bgmlaical., 2007; Hannig et al.,
2007; Brahn et al., 2008; Lazarus et al., 2008). Inflammationwsimreasingly being recognized as one
of the prominent features of previously thought non-inflammaddityritic conditions such as OA (Pelletier
et al., 2001). In-vitro studies of human OA synovium and in-vivo studies in ahimodels of OA have
strongly suggested that the inflamed synovium and synovial plaages are important in promoting OA
pathology (Bondeson et a2010)

In the current study, FGF-2 and PPI1-2458, and specific outeneasures of angiogenesis, inflammation

and pain, were used in order to determine the effects of angiogenktigion on persistence of

inflammation. These data indicate that angiogenesis inhibition may prevembtiression from acute to
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chronic inflammation in situations where new blood vessel growttheikey switch to persistence as well
as curtailing pain associated with chronic synovitis.

FGFs are implicated in the initiation and development of synovial hyperplasia dohrivdtion in RA
(Malemud 2007).FGF-8 has been implicated in enhancing cartilage damage and thus atiagextthritis

in the partial meniscectomy model of OA (Uchii et al., 2008FF-2 is upregulated at the cartilage-pannus
interface in RA (Qu et al1995) and increased synovial fluid levels of FGF-2 are associated with greater
disease severity (Nakashima et al., 1994; Manabe et al., 1999).2 R&-also been shown to augment
antigen-induced arthritis in rabbits (Storgard et 4899) and FGF-2 over expression has worsened

inflammation and joint damage in adjuvant arthritis in rats (Yamashita @08R)

These data support previous evidence that FGF-2 is pro-angiogenic, thditewdly pro-inflammatory
(Ziche et al., 1992; Cozzolino et al., 1993; Gualandris et al., 1994). F&knaogenic for endothelial
cells and acts via specific FGF-2 receptors displayed on these cells. Iregoenenental systems, FGF-
can additionally enhance vascular integrity (Murakami et al., 2008),iramdase adhesion molecule
expression by cytokine activated endothelial cells, thereby synergistically enhameimgcruitment of
inflammatory cells (Zittermann et al2006) However, in this study it was found that a single intra-
articular injection of FGF-2 either alone, or together with carrageenan, wasfficient to increase joint
swelling or macrophage infiltration at 24 hours, despite its abilitydeease endothelial cell proliferation.
Effects of FGF-2 to augment chronic synovitis were inhibited bottihéyrief administration of PP1-2458
in this study, and by repeated administration of aiargiogenic inhibitor of avp3 integrin in a previously
published study using antigen-induced arthritis (Storgard et #9)18GF-2 therefore may contribute to

arthritis by increasing synovial angiogenesis, rather than any difect efi inflammation.

PPI-2458 inhibits human endothelial cell proliferation by inhibiting MetARPad does not reduce
angiogenic growth factor production (Griffith et al., 1997; Sin et aB718ainbridge et al., 2007), and
neither does it induce apoptosis in endothelial cells (Bernier et al., 2603yever, high doses of PPI-
2458 may have effects additional to angiogenesis inhibition asuiation of its therapeutic effects by
angiogenesis inhibition has been uncertain in previous studies (Betrikr 2004). It was found that PPI-
2458 administration abolished synovial angiogenesis prior to reduittieynovitis, whereas synovitis
reduction followed the discontinuation of PPI-2458. This indicates thHaP4#38 may exert its effects not

through the direct inhibition of inflammation, but rather through the itibibof angiogenesis.

Similar to previously published data, synovial macrophage infiltratiors weduced following
administration of PPI-2458 in these animal models of synovitis hemjeint swelling (knee diameter) was
not affected at these early time-points. This indicates that synoviabpiage infiltration is not a direct

index of joint swelling. Therefore attenuating macrophage infiltratices dwt necessary mean that joint
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swelling will also be reduced. It is also possible that oedema and soastissuld still be contributing to
joint swelling measured at these early time points. It further indithéePPI1-2458 may exert its effects

through the inhibition of angiogenesis rather than through dirkittifion of inflammation.

Pain behaviour was also reduced following synovial angiogenesis inhibifi@m synovitis was still
detected suggesting that angiogenesis inhibition has the potential to reducd lpaifinding strengthens
the hypothesis and previously published data that angiogenesis, iafleomrand pain are interconnected
processes (Walsh et al., 2010). A recently published study inditzsédnetalloproteinase inhibition
reduced osteochondral angiogenesis and pain behaviour in a rat model dMapp €t al., 2010). The
association between osteochondral angiogenesis and pain behaviour indhanhajube explained by
nerves growing alongside blood vessels or stimulation of subciiondrves as a result of loss of
osteochondral integrity. Similarly in this study a reduction in pgmhaviour was observed following
synovial angiogenesis inhibition and this observation may be explaingatt by the theory that chronic
synovitis is accompanied with increased blood vessel growth ame lperivascular nerves or stimulation

and sensitization of these nerves by inflammatory and angiogenic factors.

Synovial angiogenesis is an early feature of both OA and RAperwts very early in the development of
persistent synovitis in animal models (Walsh et al., 1998; Brahn et aB). Z)hovial angiogenesis is also

a feature of chronic synovitis in both humans and animals (Walsh et1988; Walsh et al., 2001;
Haywood et al.2003) These data also demonstrate increased endothelial cell proliferation during chronic
synovitis 29 days after co-injection of carrageenan and FGIFi8.likely that angiogenesis at day 29 was
mediated by factors other than the injected FGF-2, since FGF-2 alareeihdnly a transient increase in
endothelial cell proliferation that had normalised by 5 days. Angiogenesig) adinronic synovitis may be
mediated by an imbalance between a variety of angiogenic and antg@mgidactors (Bonnet et al.,
2005). Further studies will be required to understand which molesultain synovial angiogenesis in

humans or animal models.

Mechanisms by which acute synovitis may lead on to chronic arthnitiaineincompletely understood.
Clinical trials aiming to induce remission in early synovitis bigmsive immunosuppression have raised
optimism that it may eventually be possible to modify the course méxample, OA and RA without the
need for lifelong medication. Immunosuppression alone, howevenohget achieved this goal, and other
factors may be important in the transition from acute to chronic sysovingiogenesis is a feature of
early as well as persistent synovitis in humans (Griffioen et alQ; Zl6Gabalawy 2005; Klareskog et al.,
2009), and these data indicate that synovial angiogenesis may be a factar fegutnsistent synovitis.
Animal models of synovitis typically progress more rapidly than does asthwitiumans, and further work
would be required to determine the duration of any window of oppiortin early synovitis during which

inhibition of angiogenesis may facilitate its resolution. Furthermore, erg thnay be multiple factors



leading to persistence, angiogenesis inhibition may have greatest theraptirtt@pin combination with
other pharmacological agents. Similar combined approaches with angiogemdsi®ors have proven

successful in oncology (Sund et al., 2005; Rini 2009).

Sustained angiogenesis inhibition commenced during the inductioor @ft the onset of synovitis can
reduce inflammation and joint damage (Storgard et al., 1999; Bernier 20@4;, Bainbridge et al., 2007;
Hannig et al., 2007; Brahn et al., 2008). However, adverse effectagpfdom angiogenesis inhibition on

physiological blood vessel growth may outweigh therapeutic benefit imichrdlammatory diseases.

In conclusion, these data indicate that short-term angiogenesis inhibitiotedatgea key period in the
development of inflammation has the potential to achieve sustained clinical benefitalGtudies will be

required to determine whether brief anti-angiogenic treatments can facé#atation in early synovitis, at
the onset of synovitis in a previously uninvolved joint, or at reatitim of previously quiescent
inflammation. A greater understanding of the mechanisms unagrpérsistence in different clinical

scenarios will be necessary in order to realise this potential.
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4 ROLE OF ANGIOGENESISIN INFLAMMATION, JOINT DAMAGE AND PAIN
INA RAT MODEL OF KNEE OSTEOARTHRITIS

4.1 I ntroduction

Osteoarthritis (OA), a common, chronic disorder of the joints, is ondeofmajor causes of pain and
disability in ageing populations (Peat et a2001) The exact underlying causes of OA remain
incompletely understood. Treatments for OA focus on symptomatic vetlefittle capacity to modify the
underlying disease process. Irreversible joint damage in late stadresdi$éase benefits most from total
joint replacement surgery.OA is associated with loss of articular cartilage (chondropathy), sysoviti
subchondral bone remodeling, and osteophyte formation (Ashraf 20@8) It is widely thought that OA
is primarily a disease of the cartilage with associated subchondral aadisdychanges (Walsh 1999).
However, this notion is challenged by the hypothesis that the pridisoyder arises in the subchondral
bone and synovium, with loss of articular cartilage and osteophgtetly being secondary phenomena
(Imhof et al.,1997)

Normal adult human articular cartilage is avascular (Moses et al., 1990) andl §Dgeret al., 1998). In
OA, loss of integrity of the osteochondral junction is attributed to aHarcrossing the osteochondral
junction. Channels form as extensions of the subchondral hmaees breaching the osteochondral
junction and tidemark, into the non-calcified articular cartilage. Blood vesseisigto these channels
from the subchondral bone, thereby invading the articular cartilage ¢bstatral angiogenesis) (Walsh et
al., 2007) and are accompanied by sympathetic and sensory nauviest 8., 2007). This osteochondral
angiogenesis may potentiate joint damage by stimulating ossification inartimular cartilage.
Furthermore, blood vessels and nerves penetrate newly formed cartildge jmint margins during
osteophyte formation (Suri et al., 2007).

Although OA is commonly distinguished from inflammatory arthritidesh as RA, it is increasingly
recognized that synovitis may contribute both to symptoms and to grimage in OA (Bonnet et al., 2005;
Ashraf et al., 2008; Bondeson et al., 2010). Osteoarthritic synoviaomimonly inflamed and infiltrated
with macrophages (Walsh et al., 2007). Subchondral inflammationateaybe a feature of OA, where

fibrovascular tissue replaces fatty bone marrow (Milgram 1983).

Angiogenesis, the growth of new blood vessels from pre-existieg, is characteristic of OA. Increased
angiogenesis in the synovium is associated with chronic synoviti&i(Malsh et al., 1998; Haywood et
al., 2003). Synovial angiogenesis results in a redistribution of blesdels away from the synovial
surface, and it is thought that this may impair chondrocyte funaitd homeostasis of the articular
cartilage as well as contributing towards articular hypoxia (Walsh et al., 2007; Magplp, &008).

Although angiogenesis is not in itself painful, it may exacerbate yagmébling innervation of tissues and



by facilitating inflammation (Bonnet et a005) Inflammation, angiogenesis and innervation are highly
integrated processes in OA, thus controlling one could have profftexts on the others. Inhibitors of

angiogenesis and/or inflammation therefore, have potential for reduaietustt damage and pain in OA.

Intra-articular injection of corticosteroids and oral or topical NSAIDs are reemmed treatments for knee
OA (Conaghan et al2008) In addition to their anti-inflammatory actions, corticosteroids and NSAIDs
may also be anti-angiogenic (Folkman et al., 1987; Madhok €t91) Dexamethasone, a corticosteroid
with a multiplicity of actions on a wide range of inflammatory cell funtids suggested to exert its anti-
inflammatory effects by inhibiting phospholipase A2, reducing theymiion and release of inflammatory
mediators such as histamine, bradykjriL-1 andIL-6, and reducing the production of arachidonic acid
metabolism products, including prostaglandins and leukotrienes (Cre&9@). IEach of these factors
may stimulate and sensitize nerve fibres, and corticosteroids can therefore paftuceDexamethasone
inhibits angiogenic factor productiohy cultured synoviocytes (Nagashima et al., 2000) as well as
inhibiting blood vessel growth into sponges implanted subcutaneousats (Hori et al., 1996).Intra-
articular or systemic delivery of dexamethasone reduces joint damag@eanmental animal models of
inflammatory arthritis, such as adjuvant arthritis (AA) and collageigad arthritis (CIA) (Bendele 2001;
Cuzzocrea et al., 2005; Caparroz-Assef et 2007) In a rabbit meniscal transection model of OA,
corticosteroids given before the onset of OA reduced osteophyte forraatiocartilage loss (Butler et al.,
1983). Similar findings have been reported in guinea pig anandaigls of experimental OA (Williams et
al., 1985; Pelletier et al., 1995However corticosteroids also inhibit chondrocyte synthetic functions and

may therefore exacerbate joint damage (Annefeld et al., 1990)

Indomethacin, a NSAID, is a non-selective inhibitor of COX 1 argh2ymes, inhibiting PG synthesis
from arachidonic acid, thereby reducing the pain of inflammation. niettzacin can suppress the growth
of colon cancer by inhibiting tumour angiogenesis (Wang et 2105) In carrageenan-induced
inflammation in rats, indomethacin inhibits angiogenesis by reduCi@¥-2 dependent production of
PGE (Ghosh et al., 2000; Ghosh et aP002) and indomethacin also reduces inflammation in
experimental animal models of inflammatory arthritis (Van Arman et af0;19an Arman et al., 1973;
Hamada et al., 2000; Bernardi et &009) Oral administration of COX-1/2 inhibitors reduced pain but
also inhibited anabolic functions of chondrocytes in the MIA model of (Bdve et al., 2003) Some
clinical studies have suggested that indomethacin may increase the ratelogiealideterioration of joint
space in patients with OA of the knee and hip (Rashad et al., 198dsstrset al., 1995).

Certain anti-inflammatory drugs therefore have the potential to slewptbgression of OA structural
damage by inhibiting synovitis. However, shared molecular pathetwveen inflammation and cartilage
homeostasis may result in adverse structural effects of anti-iméony drugs. Corticosteroids and

NSAIDs are not considered to be disease modifying in human OA, haintgrlleviate symptoms (Ding
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2002). Identifying specific mechanisms of inflammation-induoaidtjdamage in OA may therefore
indicate novel anti-inflammatory therapies that both improve symptothpratect against progression of
joint damage. Keeping this in mind, it was hypothesised that angiogenesis miayniy facilitate
inflammation, but could also be a mechanism by which inflammation legsrt@nd joint damage in OA
Therefore it was proposed in this study that inhibiting angiogenesismtasn reduce inflammation, joint

damage and pain in OA.

PPI-2458, an anti-angiogenic fumagillin analog, reduces synovitibamel and cartilage damage in rodent
models of immune-mediated inflammatory arthritis; CIA in mice and P@B&ced arthritis in rats
(Bainbridge et al., 2007; Lazarus et &Q08) It exerts its effects by inhibiting MetAP-2, triggering
growth arrest of ECs in the late, @hase of the cell cycle, inhibiting EC proliferation and angiogenesis
without affecting inflammatory cytokine release (Griffith et al., 1997; Bédigieret al., 2007)

Transection of the medial meniscus in the rat results in joint pathoimgarsto that observed in human
OA (Bendele 2001; Janusz et al., 2002; Mapp et al., 2008) indicatinghteanodel is useful for the
development of pharmacological interventions for treatment of anxptore mechanisms underlying pain
in OA. This rat MNX model was used to evaluate the potential contributions of infidiormand

angiogenesis to joint damage and pain in OA.

4.2 Aims

1. To show that the MNX model of OA is associated with the expected ostéahanges in the
medial tibial plateaux, similar to that observed in human OA.

2. To evaluate the effects of anti-inflammatory drugs (indomethacih dexamethasone) on
synovitis, joint damage and pain in the rat MNX model of OA.

3. To find out if the anti-angiogenic compoyiPF2458 specifically inhibits angiogenesis without
directly affecting inflammation in the rat MNX model of OA.

4, The effects of enhancing synovitis using 2% carrageenan on joint damdgain in the rat MNX
model of OA.

5. To use PPI-2458 to specifically inhibit angiogenesis without direfficting inflammation in the
rat MNX and 2% carrageenan model to explore the contribution of angsigeto inflammation, joint

damage and pain in OA.
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4.3 M ethods
General methodology is given in Chapter 2. Experiments were pedoom male Lewis rats (Charles
River, Margate, Kent, UK) weighing 250-280 gm (n = 8 per treatmenipgrmless otherwise stated).

4.3.1 Intra-articular injection of 2% carrageenan and MNX model of OA

Animals (n = 8 per treatment group) having either meniscal transectiShAM surgery on day 0 (left
knee joint) were given an intra-articular injection of 2% carrageenathe operated knee (day 12).
Meniscal transection only operated animals, SHAM only operated animatsmamanimals were used as
controls. Synovia and knee joints were collected 35 days post suf§eeg diameter and incapacitance
measurements were taken throughout the experiment (Figure 4.1).

Statistical analysis to evaluate joint damage (osteophytosis, chondropathyintagrity of the
osteochondral junction) was performed by combining two separate exptri(MNX+2% carrageenan: n
=16, MNX: n = 16, SHAM+2% carrageenan: n = 8, SHAM: n = 8, Naives: n ~/td&)crease the number
of animals, hence the power of the study.

4.3.2 Dexamethasone and Indomethacin

Animals (n = 8 per treatment group) that had meniscal transection sweyerglosed daily, starting on day
11 until sacrifice at day 35, by oral gavage with either 500 pl sterile 0.9% normal saline (vehicle) control
(pH 7.4) or vehicle control containing either dexamethasone (0.1 mgykgdlomethacin (2 mg/kg)Day

11 was chosen to start intervention studies in the MNX model of OA to alifficient amount of time for
the animals to recover from the surgical procedure. By this timeutuees had also fallen out and the
visible wound on rat knee joints had sufficiently healed. These dosesk®me in previous studies to
inhibit inflammation in the joint (Ku et al., 1996; Takagi et al., 1998; Cuemet al., 2005; Sharma
2010) Naive animals were used as additional controls. Weights, knee diameter armhmarour of
animals were monitored throughout the experiment and blood glucesls lgere measured at day 35
(Figure 4.1)

4.3.3 PPI2458

Animals (n = 8 per treatment group) that either had meniscal traorsectrgery or meniscal transection
surgery (day 0) and 2% carrageenan intra-articular injection (Jayelr2 dosed every other day (from day
11 to 35), by oral gavage with eith&60 ul vehicle control (11% HPBCD buffer in PBS) or vehicle
containing the angiogenesis inhibitor PP1-2458 (5 mg/kg). dbge of PP1-2458 was shown in previous
studies to suppress angiogenesis, inflammation and improve bone str(i8ainbridge et al., 2007,
Lazarus et al.2008) At the dose of 5 mg/kg, PPI-2458 was also shown in chapt#rt8is thesis to

resolve chronic synovitis. Naive animals were used as additional contreighté/of animals, knee
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diameter and pain behaviour were monitored throughout the experimgnavi& and knee joints were

harvested 35 days post surgery (Figure 4.1).

Weights, Incapacitance and Knee Diameter

Dexamethasone/ Indomethacin / PPI-2458

v v v

DAYS 0 11 12 13 14 19 26 29 32 35
4— a S
Habituation

Measure blood
glucose levels,
harvest knee

Meniscal Carrageenan ar
Transection Surgery (2%) joints and
synovia
Figure4.1 Diagram highlighting the experimental plans. (i) The effects of eithefirdt@gmmatory

(indomethacin and dexamethasone) or anti-angiogenic (PPI-2458) drusynovitis, joint damage and
pain in the rat MNX model of OA. (ii) Whether enhancing inflamnmatising 2% carrageenan has any
effects on synovitis, joint damage and pain in this model and (iii) if thtegetural and behaviour changes
can be inhibited using PPI-2458. Surgery was performed onOday single dose of intra-articular
carrageenan injection was given on day 12 and treatment was startedhfrdrb to 35 after surgery, after
which joint tissues were harvested. At various time-points dtiimgxperiments, weights, knee diameters
and incapacitance measurements of the animals were rec@tbexl glucose levels were measured at day
35.
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4.4 Results

4.4.1 MNX model of OA

The MNX model was associated with the expected osteoarthritic changes in thetibediplateaux at

day 35. These osteoarthritic changes included loss of articular cartilage, reooddocyte density and
proteoglycan staining, with subchondral bone remodeling includingedsed numbers of channels

breaching the osteochondral junction, and formation of osteophytestahguigins (Figure 4.2 A)

Sensory nerves were located in the osteophytes, synovium, and thersirbtibone, adjacent to blood
vessels (Figure 4.2 B). Increased pain behaviour was also observed following meniscal transection
surgery (Figure 4.6)

Measures of inflammation (synovial macrophage infiltration and joint swgllgynovial angiogenesis (EC
proliferation index and vascular density) and vascular channels gdbsrosteochondral junction were

increased 35 days post meniscal transection surgery (Figures 4ahai 417.

ED1-immunoreactive macrophages were localized to the synovial lining apersdid throughout the
synovial sublining regions. CD31-immunoreactive blood vessels vigréodted throughout the depth of
rat synovia, occasionally containing PCNA-immunoreactive nuclei (Figu®e Negative control section
did not show any non-specific staining (Figure 3.7).
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Figure4.2 Histological changes (chondropathy, osteophytosis, and vascular chaatndtse

osteochondral junction) of the medial tibial plateaux and sensory nervehgB®ways after meniscal
transection surgery in a rat MNX model of OA, arthritic animal showing full thickness cartilage loss
(arrows), large osteophyte at the joint margair €led) and several channels crossing irtita¢k asterisk)

or approachingklue asterisk) the cartilage dotted line marks the osteochondral junction). CGRP
positive sensory nerves located in the osteophg@gsiif the synovium @) and in the subchondral bone
spaces @) of arthritic animals. Coronal sections of the medial tibial galat stained with either
Haematoxylin and EosinA) or by immunoreactivity for CGRP positive sensory nenig$j. Colour
transmitted light images were taken using ¥4 B and D) and x40 C) objective lenses of a single

representative section from n = 8 animals per gro8pale bar = 100 pm.
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Figure4.3 Histologic evidence of synovial angiogenesis, vascular density and rhagep

infiltration in rat knee joints 35 days after meniscal transection aedtefbf oral administration of either
anti-inflammatory or anti-angiogenic drugs. Macrophage infiltratidrE]j, EC proliferation F-J) and
vascular densityK-O) were reduced by the administration of anti-inflammatory drugs (detteasoneR,

G andL) and indomethacind, H andM), and the anti-angiogenic agent PPI-24B8I(andN), compared
with vehicle-treated arthritic rat®\( F andK), to naive control levelss( J andO). A-E; macrophages
(black) delineated by immunoreactivity for EDE-J; ECs are delineated in red by immunoreactivity for
CD31 (lue arrows) and proliferating nuclei are delineated black by immunoreactivity for pratihg
cell nuclear antigen (PCNAgreen arrows). Black arrows indicate proliferating ECs, which contain
PCNA-immunoreactive nuclei.K-O; Extent of ECs delineated in red by immunoreactivity for CD31.
Negative control sections for CD68 (ED1), CD31 and/or PCNA immistmthemistry did not show any
non-specific stainingHigure 3.7). Colour transmitted light images were taken using A& (K-O) and
x20 (F-J) objective lenses of a single representative section from n = 8 aperaisoup. Scale bar = 100

pum.
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4.4.2 Effects of inhibiting inflammation on angiogenesis, joint damage and pain in the MNX
model of OA

Following treatment with anti-inflammatory compounds (indomédthat dexamethasone) measures of

synovial inflammation were reduced to levels observed in naive controls€EigLs and 4.4 A Vehicle-
treated animals had a greater difference in knee diameter between the operated-apdrated knees at
day 12 compared with naive controls [0.5mm (95% CI 0.2 to 0.8 mm (95% CI -0.03 to 0.09), P <
0.05], and this persisted to day 3breatment with anti-inflammatory drugs reduced knee joint diameter to
naive controls by day 35 (Figude3 B). Indomethacin or dexamethasone significantly reduced indfces
synovial angiogenesis (Figures 4.7).

Indomethacin did not significantly reduce joint damage scores (obyaitiry and/or osteophytosis) (Figure
4.5 and Table 2), whereas dexamethasone reduced total joint damedgjan[racore 7 (IQR 6 to 8)]

compared with vehicle treated controls [median score 12 (IQR 11 to £3),0A5] (Figure 4.5 and Table

2). This effect was primarily due to a reduction in chondropathgedeehicle: median score 10 (IQR 10
to 10), dexamethasone: median score 5 (IQR 5 and 7), P = (#i@8fes 2C and Table 2). Neither
dexamethasone nor indomethacin affected the numbers of channels crbesosiebchondral junction

(Table 2).

Vehicle-treated animals having meniscal transection surgery showed a greigtarbearing asymmetry at
day 12 [32g (95% CI 25 to 40)] compared with naive contrais(pb% CI -2 to 16), P < 0.001]. This
asymmetry persisted to day 35 [MNX; 33g (95% CI 25 to 42), nainge($H%Cl 2 to 13), P < 0.001].
Treatment with indomethacin reduced weight-bearing asymmetry at 4§43ty (95% CI -09 to 27)],
compared with vehicle treated controls (40g [95% CI 23 to 56], ®5),0and weight-bearing asymmetry
was completely abolished to naive control levels by day 35 (Figure 4.BrBatment with dexamethasone
was also followed by a reduction at day 26 in weight-bearing asymet(95% CI -9 to 17)] compared
to vehicle-treated animals [35g (95% CI 25 to 44), P < 0.01], aighivbearing asymmtry was completely
abolished to naive control levels by day 35 (Figure 4.6 A).
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Figure4.4 Inhibition of measures of inflammation (synovial macrophage infilmatand joint swelling) after meniscal transection surgery in

indomethacin, dexamethasone and PPI-2458 treated animals whpared to naive controls. From day Y&rical dotted line in graphsB andD) to 35,
animals having meniscal transection surgery were given oral dosedef imitlomethacin (2mg/kg/daily) or dexamethasone (0.1 mg/kg/daily)P1-2458
(5mg/kg/every other day) or vehicle control. Following administration oéeittdomethacin or dexamethasoAeandB) macrophage infiltrationX) and joint
swelling B) were reduced 35 days after meniscal transection surgery compitinedehicle treated animalsThe levels were not different from to naive
controls. Similarly, following PP2458administration € andD), macrophage infiltration@) and joint swelling D) were also reduced 35 days after meniscal
transection surgery, compared with vehicle treated animals. The levels welifetent from naive controlsJoint swelling measured by a difference in knee
diameter remained higher in animals that had meniscal transectionysaingewere treated with vehicle control compared to naives throughoutptensant.

All 3 drugs inhibited joint swelling to levels that were not different tova&bntrols by day 33(andD).  Arithmetic means (+ S.E.M) of n = 8 animals per
group. Macrophage fractional area (logarithmically transformed) and knee diameteramaysed using one way analysis of variance (ANOVA). Univariate
comparisons we made using Student’s T-test with Bonferroni’s correction for multiple comparisons. * P < 0.05, ** P < 0.01, *** P < 0.001 versus arthritic,
vehicle control.” P < 0.05," P < 0.01,”" P < 0.001 versus naive controls.
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Histological changes (chondropathy, osteophytosis and vascular channdle at

osteochondral junction) of the medial tibial plateaux 35 days post MMgepy. A, medial tibial plateau

of an animal having meniscal transection surgery and vehicle tradteic control showing severe, full

thickness cartilage losar(rows) with a large osteophyte formed at the joint marginded) and several

channels crossing intblack asterisk) or approachingtue asterisk) the cartilagedotted line; separates

underlying bone from cartilage). B and C, medial tibial plateaux from animals that have undergone

meniscal transection surgery and treated with anti-inflammatory dindgsnethacin and dexamethasone

respectively, showing moderate cartilage loss with fibrillation and reducstéogtycan staining and

12¢



chondrocyte densityafrows). A large osteophyte is evident at the joint marggiscled) with channels
(black asterisk) crossing into the cartilageD, medial tibial plateau from PPI-2458 treated animal showing
mild cartilage fibrillation and loss of proteoglycan staining and chawytieodensity &rrows). A
developing osteophyte can be seen at the joint maoiinld¢d) with some channels crossing into the
cartilage from underlying subchondral borgatk asterisk). E, naive control showing normal smooth
cartilage and joint margins. The chondrocytes are homogenousiputist throughout the cartilage and
there is neither evidence of proteoglycan loss nor channels enteringabeular cartilage. Coronal
sections of the medial tibial plateaux stained with Safr@hirColour transmitted light images were taken
using x4 objective lens of a single representative section from n = &larper group. Scale bar = 100

pum.
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Anti-inflammatory Treatment Anti-angiogenic Treatment

Structural Change | Vehicle Indomethacin | Dexamethasone | Naives Vehicle PPI-2458 Naives

Total damage scord 12 (11to 13)| 10 (8to 12) 7 (7to 9" 1(0to2)" || 13(10t0o 13) | 8 (4t0o10)" | 1 (0to 1)

Osteophytes 2 (2t0 3) 2 (2to0 3) 2(1to2) 0 (0to 0)™ 3(2to3) 1(0to3) 0 (0to 0O)™
Cartilage damage | 10 (10to 10)| 9 (5to 10) 5(Bto7) 1(0to2)™ 10 (8 to 10) 6(4t08) | 1(0tol)™
Channels crossing o+ -
medial OC. 3(3to5) 3(2to 4) 3(2t0 3) 1(0tol) 5 (4 to 6) 2(1to5) [1(0tol)
Table2 Reduction in OA structural changes in medial tibial plateaux followingiaftddimmatory/anti-angiogenic treatment in the MNX model of OA.

From day 11 to 35, animals having meniscal transection sungerg given oral doses of either indomethacin (2mg/kg/daily) or ndetteasone
(0.1mg/kg/daily), PPI-2458 (5mg/kg/every other day) or vehiclatrob Following administration of dexamethasone, total joint damage (cethbin
chondropathy and osteophyte scomas reduced compared to vehicle treated contrdls reduction in total damage score was mainly due to a reduction of
cartilage damage. Indomethacin did not significantly reduce joint damd#&ghannels crossing the osteochondral junction were not sigtlificeduced
following treatment with either indomethacin or dexamethasone, andnegnaore abundant than in naive contrafllowing PPI1-2458 administration total
joint damage in the MNX model of OA was reduced compared with vehicle treatedigonThis reduction was mainly due to the attenuation of osteophyte
growth. Channels growing into the cartilage from underlying subchondraé ere not significantly different after PP1-2458 compared with eithiare or

with vehicle treated arthritic control®ata are given as median (Interquartile Range [IQRJjferences between groups (n = 8 animals per group) are analysed
using Kruskal-Wallis test followed by Mawhitney U test to compare two groups with Bonferroni’s correction for multiple comparisons®™P < 0.05,"P < 0.01,

+++

P < 0.001 versus vehicle-treated arthritic animals.
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Figure 4.6 Time course of the inhibition of meniscal transection-induced knetpain behaviour

following the administration of anti-inflammatory or anti-angiogenic tinemt. A, pain behaviour in
arthritic animals treated with either indomethact)(or dexamethasoneA() or vehicle control ). B,

pain behaviour in arthritic animals treated with either PPI-24880( vehicle control f). On day O,
animals underwent meniscal transection surgdfyom day 11 \(ertical dotted line) to 35, the arthritic
animals were given oral doses of either indomethacth Zmg/kg/daily), of dexamethasonea (
0.1mg/kg/daily), PPI-2458e( 5mg/kg/every other day) or vehicle contrad),( Pain behaviour was
measured by a difference in hind paw weight bearing between 8 ttays after meniscal transection
surgery. Vehicle-treated arthritic animals showed increased pain behaviour cotopzaiéce controls)

12 days post meniscal transection surgery and this increase m@taineal to day 35. Indomethacin
significantly inhibited pain behaviour in the arthritic animals on ddyatd completely abolished it to
naive levels by day 35. In dexamethasone treated animals, pain hehgaginhibited to naive levels on
day 26 and this inhibition was maintained to day B®1-2458 treated animals showed a reduction in pain
behaviour on day 19 which was completely inhibited to naive control levadaypg5. Data is shown as
arithmetic means (+ S.E.M) of n = 8 animals per groDfferences between groups were analysed using
one way analysis of variance (ANOVA). Univariate comparisons were made using Student’s T-test with

Bonferroni’s correction for multiple comparisons. " P <0.05" P<0.01,”" P < 0.001 versus naive

controls.
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4.4.3 Effects of inhibiting angiogenesis on inflammation, joint damage and pain in the MNX
model of OA

Following treatment with the angiogenesis inhibitor PPI-2458, mesasaf inflammation (synovial

macrophage infiltration and joint swelling) were reduced 35 days afteisca¢rtransection surgery to
levels observed in the naive controls (Figures 4.3 and 4.4). PPl#th®&ed indices of synovial
angiogenesis (Figures 4.3 and’)4 PPI-2458 also reduced the number of vascularised channels at the
osteochondral junction [1 vascularised channel per medial tibial plateau sectio® i®QR)] compared

with vehicle treated controls [4 vascularised channels per medial tibial plaegangIQR 2 to 5), P =
0.026] (Figure 47).

Total joint damage score was also reduced following treatment with 4598I{&core 8 (IQR 4 to 9.5)]
compared with vehicle treated controls [Score 13 (IQR 10 to 13), B18]0but not completely abolished
to naive levels (Figure 4.5 and Table 2). Reduction in total joint gamseore was primarily due to the
attenuation of osteophyte growth [vehicle: median score 3 (IQR 3 to BR4BB: median score 1 (IQR 0
to 3), P = 0.044]. PPI-2458 had no significant effect on theyrityeof the osteochondral junction as
indicated by the total number of channels crossing the osteochonat#jufTable 2).

PPI1-2458 reduced weight-bearing asymmetry [17g (95% CI 6 tac@id)pared with vehicle treatment [39g
(95% CI 29 to 49), P < 0.01] in the MNX model of OA at day 1@/eight-bearing asymmetry was
completely inhibited to naive control levels by day 35 (Figure 4.6B).

Animals treated with either dexamethasone or PPI-2458 gained weight at a sdteveompared to

animals in other treatment groups and to naive controBlood glucose levels (not-fasting) of
dexamethasone did not differ significantly between the groups at timiayo85 (Figure 4.8).
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Figure4.7 Synovial angiogenesis (synovial EC proliferation and vascular densitg) an

vascularisation of channels crossing osteochondral junction in the rtibdiaplateaux. From day 11 to
35, animals having meniscal transection surgery were given oras dof either indomethacin
(2mg/kg/daily) or dexamethasone (0.1mg/kg/daily) or PPI-2458g(kg/evey other day) or vehicle
control. Following administration of either indomethacin or dexametha@oraad B), EC proliferation

index (EC PCNA indexA) and vascular densityBj were significantly reduced compared with vehicle
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treated animals.The levels were similar to naive controlSimilarly, following PPI-2458 administration
(C andD), EC PCNA index €) and vascular densityp] were also significantly reduced compared with
vehicle treated animals. The levels were similar to naive controls. Coronal sdcatiedial tibial plateau
from an animal having meniscal transection surgery and treated wiitleveontrol, showing positive-
staining with Griffonia simplicifolia lectin-1 (alkaline phosphatase reaction ymtddE) of vascular
channels crossingdlue asterisk) or approachinghack asterisk) the osteochondral junctioddtted line;
separates underlying bone from cartilagéhllowing PPI-2458 administration, vascular channels crossing
the medial osteochondral junction were reduded Graphs show the arithmetic means (x S.E.M) of n =8
animals per groupEC PCNA index and fractional area (logarithmically transformed) were/sethlising
one way analysis of variance (ANOVA). Univariate comparisons were made using Student’s T-test with
Bonferroni’s correction for multiple comparisons. Osteochondral vascularity was analysed using Kruskal-
Wallis test followed by Mann-Whitnego compare two groups with Bonferroni’s correction for multiple
comparisons. * P < 0.05, * P < 0.01, ** P < 0.001 versiehicle control. Colour transmitted light
image was taken using x20 objective lens of a single representative $extiom= 8 animals per group.

Scale bar = 100 um.
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Figure4.8 Weight gain and blood glucose levels following the administration of edthtginflammatory or anti-angiogenic treatmefzt.weight gain of

arthritic animals treated with either indomethac¥)(or dexamethasonek() or vehicle control ). Naive controls were used as baselif)e 8, weight gain of
arthritic animals treated with either PPI-2458 pr vehicle control ). Naive controls were used as baselifle (On day 0, animals underwent meniscal
transection surgery. From day 1deftical dotted line) to 35, the arthritic animals were given oral doses of either indometli®ci2mg/kg/daily), or
dexamethasoneA( 0.1mg/kg/daily), PPI-2458e(5mg/kg/every other day) or vehicle contra).( Animals treated with either dexamethasoAg ¢r PPI-2458
(B) gained weight at a slower rate compared to naive controls. Animals itheltceatment groups gained weight at a similar ra&&eday 35 following
meniscal transection surgery, non-fasting blood glucose levels did notsitiffdficantly between group€j. Graphs show the arithmetic means (£ S.E.M) of n
= 8 animals per groupComparisons between groups were made using one way analysisasfce (ANOVA). Univariate comparisons were made using

+++

Student’s T-test with Bonferroni’s correction for multiple comparisons. "P< 0.05,*** P < 0.001 versus naive control® < 0.05,”" P < 0.001 versus vehicle

controls.
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4.4.4 Effects of enhancing synovitis using 2% carrageenan on angiogenesis, joint damage and
pain in the MNX model of OA

Following intra-articular injection of 2% carrageenan into the operated, Kitealays after meniscal

transection surgery, synovial inflammation and angiogenesis were incieampdred with saline injected
controls (Figures 4.9 to 4.13). Knee joint swelling was trangientreased above the levels of sham

operated and carrageenan injected controls, before returning to naive leagld @tBigure 4.12).

Carrageenan injection did not significantly exacerbate structural chabgesved in the MNX model of
OA (Figure 414 and Table 3). However, combining data from two separate expeririatie @) showed
that 2% carrageenan injection did exacerbate total joint damage in the MN& ofo@A and this was
mainly due to increase in cartilage damage (chondropathy). A greaight-bearing asymmetry was
observed following carrageenan injection at day 13 compared to niemetsected and saline injected
controls [Carrageenan: 94g (95% CI 81 to 106), MNX: 45¢g (95%8%lto 58), P < 0.001]. This
asymmetry persisted to day 14 before reaching similar levels as theeweaabin meniscal transected and

saline injected controls at day 19 to day 35 (Figure A)15

4.45 Effects of inhibiting angiogenesis on synovitis, joint damage and pain in the combined

MNX and 2% carrageenan model

Following treatment with the angiogenesis inhibitor PP1-2458,\dfiacand synovial angiogenesis were
reduced but not completely abolished to naive control levels, 35 daymefiescal transection surgery and
23 days after intra-articular injection of 2% carrageenan (Figures 4.93nh 4Total joint damage score
was also reduced following treatment with PPI1-2458 [Score 9 (i@R11)] compared with vehicle treated
controls [Score 13 (IQR 12 to 15), P = 0.02] but not completeliishizal to naive levels (Figures 4.14 and
Table 3). PPI-2458 had no significant effect on the integrith@fosteochondral junction as indicated by
the total number of channels crossing the osteochondral junction (3pblPPI1-2458 reduced weight-
bearing asymmetry [42g (95% CI 28 to 57)] compared with vehiclarierd [82g (95% CI 68 to 97), P <
0.001] in the meniscal transected and carrageenan injected animals 4t dajeight-bearing asymmetry
was gradually reduced but not completely inhibited to naive control levetlayp\85 (Figure 4.15 B).
SHAM operated animals displayed a reduction in weight-bearing asymmegy(96% Cl -2 to 27)]
compared with meniscal transected animals [40g (95% CI 24 to 55)).@1] at day 19. This reduction
was maintained to day 35 [SHAM: 2g (95% CI -15 to 21), MNX: 485% CI 22 to 75), P < 0.001]
(Figure 4.15 C)

PPI-2458 treated animals failed to gain weight at the same rate as naivés domtnoday 29 [PPI12458:
3519 (95% CI 338 to 364), naive controbs:6g (95% CIl 366 to 386), P < 0.01] to day 35 [PP12458:g361
(95% CI 350 to 372), naive controB92g (95% CI 382 to 401), P < 0.01] (Figure 4.16).
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Figure4.9 Histological evidence of synovial macrophage infiltration in rat knee jobitdays after

either meniscal transection or SHAM surgery with intra-articular injection ot@f@geenan and either
oral administration of PPI-2458 or vehicle control treatmeviicrophage infiltration was increased after
meniscal transection surger)(compared to naive controlB) and further exacerbated after the intra-

articular injection of 2% carrageenan into rat knee joints 12 days afteiscal transection surgergy
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This exacerbation was reduced following administration of anti-angiogegeict #2P1-2458[). Intra-
articular injection of 2% carrageenan following SHAM surgdgy élso increased synovial macrophage
infiltration compared to the arthritic ratdY and naive controldB. Levels were however lower than the
combined MNX and 2% carrageenan modg). (SHAM operated control€] displayed similar extent of
synovial macrophage infiltration to naive control anim#@3. ( Macrophages (black) are delineated by
immunoreactivity for ED1. Negative control sections did not showramyspecific stainingHigure 3.7).
Colour transmitted light images were taken using x10 objective lemsiofjle representative section from
n = 8 animals per grouScale bar = 100 um.
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Figure4.10 Histological evidence of synovial angiogenesis in rat knee joints 35 dayseither

meniscal transection or SHAM surgery with intra-articular injection of @¥6ageenan and either oral
administration of PPI-2458 or vehicle control treatment. Synovial gag&sis was increased after
meniscal transection surger)(compared to naive controlB) and further exacerbated after the intra-

articular injection of 2% carrageenan into rat knee joints 12 days afteiscal transection surgerg).
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This exacerbation was reduced following administration of anti-angiogenicocompP12458 D). Intra-
articular injection of 2% carrageenan following SHAM surgegy élso increased synovial angiogenesis
compared to the arthritic rat&) and naive controlsB|. Levels were however lower than the combined
MNX and 2% carrageenan mod&)( SHAM operated control€E] displayed similar extent of synovial
angiogenesis to naive control animd.( ECs are delineated in red by immunoreactivity for CO80&
arrows). Proliferating nuclei are delineated black by immunoreactivity for proliferagtighuclei antigen
(PCNA; green arrows). Black arrows indicate proliferating ECs, which contain PCNA-immunoreactivie
nuclei. Negative control sections for CD31 and/or PCNA immunohistoisitiey did not show any non-
specific staining Figure 3.7). Colour transmitted light images were taken using x20 objective fems o
single representative section from n = 8 animals per grdgale bar = 100 um.
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Figure4.11 Histological evidence of synovial vascular density in rat knee joints 3% afésr either

meniscal transection or SHAM surgery with intra-articular injection of @¥ageenan and either oral
administration of PPI-2458 or vehicle control treatment. Synovial vasdalssity was increased after
meniscal transection surger)(compared to naive controlB) and further exacerbated after the intra-

articular injection of 2% carrageenan into rat knee joints 12 daysmaéteiscal transection surgerg)
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This exacerbation was reduced following administration of anti-angiogegeict #2P1-2458[). Intra-
articular injection of 2% carrageenan following SHAM surgegy did not significantly increase synovial
vascular density compared to the arthritic réts lfut did to naive control8j). Levels were similar to the
combined MNX and 2% carrageenan modg). (SHAM operated control€] displayed similar extent of
synovial angiogenesis to naive control animBls (The extent of endothelial cells are delineated in red by
immunoreactivity for CD31. Negative control sections for CD31 imrhistochemistry did not show any
non-specific stainingRigure 3.7). Colour transmitted light images were taken using x20 objectigeolen

a single representative section from n = 8 animals per gréegbe bar = 100 um.
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Figure4.12 Inhibition of measures of inflammation (synovial macrophage infiltratod joint

swelling) 35 days after meniscal transection surgery and 23 day2&6 carrageenan injection in either
PPI-2458 or vehicle treated animals. Animals had either meniscal transac86tAM surgery on day 0.
Intra-articular injection of either 2% carrageenan or saline conkdlwas given in the operated knee on
day 12. From day 1llvértical dotted line in graphsB and D) to 35, animals having either meniscal
transection or sham surgery were given oral doses of either PPI-248&{%every other day) or vehicle
control. Intra-articular injection of 2% carrageenan was followed by aedserin macrophage infiltration
(A) and joint swelling B) in the mensical transected)(and sham operated¥() animals. Macrophage
infiltration was reduced following the administration of PPI1-2468 (n meniscal transected animals given
2% carrageenan injectiom), 35 days after surgery compared with vehicle treated animpl3lie levels
were not reduced to naive contro#g.( However PPI-2458 did not affect joint swelling in these alima
(D). Joint swelling measured by a difference in knee diameter rechdiigher in animals that had
meniscal transection surgery and were treated with vehicle control companedvés throughout the
experiment. Graphs show arithmetic mean and +S.E.M of 8 kneesaugx. dMacrophage fractional areas
(logarithmically transformed) and knee diameters were analysed usagvay analysis of variance
(ANOVA). Univariate comparisons were made using Student’s T-test with Bonferroni’s correction for
multiple comparisons. * P < 0.05, ** P < 0.01, *** P < 0.0@drsus arthritic, saline control(). * P <
0.05," P < 0.01,” P < 0.001 versus arthritic animals, treated with vehicle control anch @¥%e

carrageenan injectiorx.

144



*kk

H 0 O
I T 1

EC PCNA Index (%)

- N W
M

EC Fractional Area (%)

— ek ok
O=NWHRUIONOVOO—-=DNW

o
L

MNX Sham Naive MNX MNX Sham Naive

2% Carrageenan 2% Carrageenan

34

N
L

EC PCNA Index (%)
i
EC Fractional Area (%)

-
L

+++

9
8
7
6
5
4
3
2
1
0

0-
Vehicle PPI2458 Naive

Vehicle PPI2458 Naive

Figure4.13 Synovial angiogenesis (EC proliferation and vascular density) after caétignsection
surgery and 2% carrageenan injection in PPI-2458 treated animadéveTdays after either meniscal
transection or SHAM surgery, animals were given intra-articular tiojeof 2% carrageenan into their
operated knee joint. From day 11 to 35, the arthritic animals were gratrdoses of either PPI1-2458
(5mg/kg/evey other day) or vehicle control. Following carrageenan injedGnproliferation index (EC
PCNA index;A) and vascular density (EC fractional areB) (vere increasednithe arthritic animals.
Indices of angiogenesis were reduced following PPI1-2458 treatif@rstnd D), compared with vehicle
treated animals. The levels were not similar to naive contiaphs show arithmetic mean and +S.E.M
of 8 knees per groupEC PCNA index and fractional areas (logarithmically transformed) wergszual
using one way analysis of variance (ANOVA). Univariate comparisons were made using Student’s T-test
with Bonferroni’s correction for multiple comparisons * P < 0.05, *** P < 0.001 versus arthritic and saline

injected control™ P < 0.01,”" P < 0.001 verssarthritic-carrageenan injected and vehicle treated animals.
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Figure4.14 Histological changes (chondropathy, osteophytosis and channels astéoehondral
junction) of the medial tibial plateaux 35 days after either meniscalettos or SHAM surgery with
intra-articular injection of 2% carrageenan and either oral administrati®® 2458 or vehicle control
treatment. A, medial tibial plateau from an animal having meniscal transection susbewying severe,
full thickness cartilage lossarows) with a large osteophyte formed at the joint margimded) and
several channels crossing intolue asterisk) or approachingpink asterisk) the cartilage dotted line;
separates underlying bone from cartilage). No inflammatory tissue infiltration is evidenB, medial
tibial plateau from an animal having intra-articular injection of 2% carragg@@aatays after surgery) into
the operated knee joint, showing infiltration of inflammatory tissbkack asterisk), an osteophgt
(circled) and grossly enhanced, full thickness cartilage lassofvs). C, naive control showing normal
smooth cartilage, joint margins and no inflammatory tissue infiltratiohe chondrocytes are
homogenously distributed throughout the cartilage and thereitisen evidence of proteoglycan loss nor
channels entering the avascular cartilage, medial tibial plateau from an animal that has undergone
meniscal transection surgery with 2% carrageenan injection and treateBRA2458 showing cartilage
loss, reduced proteoglycan staining and chondrocyte demsitgw(s). An osteophyte can be seen at the
joint margin €ircled) with some channels crossing into the cartilage from underlyibghsundral bone
(blue asterisk). E, medial tibial plateau from a sham-operated animal having 2% carrageeran intr
articualr injection (12 days after surgery) into the operated knee jdiatyisg inflammatory tissue
infiltration (black asterisk), moderate cartilage changes with very few channels crossing into titegear
(blue asterisk). F, medial tibial plateau from a SHAM-operated animal, showing normal srcadilage
and joint margins with no inflammatory tissue infiltration. The choogtes are homogenously distributed

throughout the cartilage and there is neither evidence of proteoglysamds channels entering the
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avascular cartilage. Coronal sections of the medial tibial plateaux stained wigmis&fr Colour
transmitted light images were taken using x4 objective lens of a s#wlesentative section from n = 8

animals per groupScale bar = 100 pum.



Exacerbation of inflammation using 2% carrageenan

Anti-angiogenic Treatment

Structural Change | MNX MNX + 2% SHAM + 2% Naive Vehicle PPI-2458 Naive
Total damage scord 5(3to 11)° | 12(6to18) |2 (1to5) * 0 (0 to 0) 13 (12t0 16y | 9 (1to11) *| 0 (0 to 1)
Osteophytes 2(1to3)" 3(1to3)” 1(0to1) 0 (0to 0) 2(1to2)” |1(0to1) 0 (0to 0)
Cartilage damage | 3(2t0§ "~ 9 (4to 15)° 1(1to4)”* 0 (0 to 0) 10 (10to 15[ 8 (1t0 10)" | 0 (0 to 1)
Channels crossing - e o - -
medial OCJ 4 (4t05) 7 (41t09) 2(2t03) 0(0to1l) 6 (5to7) 5(5to 6) 2(1to2)

Table3 Exacerbation and/or reduction in OA structural changes in medial tibial platelfmwing intra-articular injection of 2% carrageenan into

operated knee joints and/or anti-angiogenic treatment in the MNX mod®h ofArthritic or SHAM operated animals were given intra-articutgedgtion into
their operated knee joint of 2% carrageen 12 days after meniscal transecgery. From day 11 to 35, animals having meniscal transectl®HAM surgery
were given oral doses of PPI-2458 (5mg/kg/every other dayghdcle control. Intra-articular injection of 2% carrageenan did not sigrifjcaxacerbate the
structural changes in the MNX model of OA. Administration of PPI82d&s followed by a reduction in total joint damage in the combined MNX2&nd
carrageenan model compared with vehicle treated controls. Data are given as(mediquartile Range [IQR]).Differences between groups (n = 8 animals

per group) are analysed using Kruskal-Wallis test followed by Maitney U test to compare two groups with Bonferroni’s correction for multiple

comparisons. * P < 0.05, ** P < 0.01, ** P < 0.001 varsiaives.” P < 0.05 versus meniscal transected and carrageenan injected animals.
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Exacerbation of inflammation using 2% carrageenan in therat MNX model of OA

Structural Change

MNX

MNX + 2%

SHAM

SHAM + 2%

Naive

Total damage score

Fxk

9 (9 to 9)

FEK

13 (13 to 13)

1(1to1)™

0 (0 to 0)"**

0 (0 to 0)"**

Osteophytes

2(1to3)”

2(0to 3)”

0(0to 1)

0 (0 to 0)*

0 (0 to 0)**

FEK

Cartilage damage | 6 (5to10) 10 (10 to 12) 0 (0to 1)™" 0 (0 to 0)™*

0 (0 to 0)"**

Channels crossing medial OC

15 (10 to 22§ 18 (12 to 29§ 0(0to 2y 5 (2 to 6)" 0 (0 to 4)"*

Table4 Exacerbation in OA structural changes in medial tibial plateaux followatng-articular injection of 2% carrageenan in the rat MNX model of

OA. These are combined data from two separate experiments (MNX: n S\ND6t2%6: n = 16, SHAM: n = 8, SHAM+2%: n = 8, Naives: n = 16). Arthritic or
SHAM operated animals were given intra-articular injection into theirabpérknee joint of 2% carrageen 12 days after meniscal transeatimysulntra-
articular injection of 2% carrageenan in the rat MNX model of OA was felibly an increase in total joint damage score which was mainly due to an increase
in cartilage damage. Structural changes in the joints were more seudee dombined MNX and carrageenan model compared to SHAM operated and
carrageenan treated controls. No difference in structural damage wabeteeen the SHAM operated and naive animals. Data are given as median
(Interquartile Range [IQR]) Differences between groups are analysed using Kruskal-Wallis testddllby Man-Whitney U test to compare two groups with

Bonferroni’s correction for multiple comparisons. ** P < 0.01, ** P < 0.001 versus naiveSP < 0.05,” P < 0.01,”"P < 0.001 versus meniscal transected and
carrageenan injected animals.

14¢



20+

*k%k -

5 1001 5 1007 . 510

> 904 o . = 9]

£ 80 = £ 804
© © 5

§ 70 8 §™
= 60- £ E
2 50 2 k=)
2 404 3 g
£ 304 = £
Q
2 g 2
o g o
2 2 ]
= = =
a [a] o

0
'1C| TT T T 1 '1cl T11 T T 1
0 121314 19 2% 35 0 1121314 19 2% 35 0 12 19 2% 35
Days after surgery Days after surgery Days after surgery
Figure4.15 Time course of the inhibition of meniscal transection-induced andgmenan exacerbated knee joint pain behaviour following the

administration of anti-angiogenic compound PPI1-24588 pain behaviour in arthritica) or SHAM-operated ¥) animals given intra-articular injection of 2%
carrageenan into their operated knee joiBt. pain behaviour in arthritic animals given carrageenan injection and treatedithi#gh PP1-24584() or vehicle
control (x). C, pain behaviour in arthritic animals)(and SHAM controls{). On day 0, animals underwent meniscal transectiproi SHAM (o) surgery.
From day 11 \ertical dotted lin€) to 35, the arthritic animals given a single intra-articular injection of 2¥ageenan (day 12) were orally dosed with either
PPI-2458 ¢ 5mg/kg/every other day) or vehicle contrg).( Pain behaviour was measured by a difference in hind pavihninmagring between 0 to 35 days after
meniscal transection surgery. Arthritic animals given intra-articulactioin of saline controls&) showed increased pain behaviour compared to naive controls
(#) 12 days after meniscal transection surgery and this increase wdaingrto day 35.Arthritic animals () showed increase pain behaviour compared to
SHAM (o) controls 19 days after meniscal transection surgery and this ieam@a@smaintained to day 33ntra-articular injection of 2% carrageenan in either
the meniscal transected or SHAM operated animals was followed by a tramsieate in pain behaviour. PPI1-2458 treated animals showedcioadn pain
behaviour on day 14 which was reduced but not completely inhibited t® oantrol levels by day 35. Data are shown as arithmetic mean + S.E.M. Difference
between groups (n = 8 animals per group) were analysed ustngay analysis of variance (ANOVA). Univariate comparisons: wede using Student’s T-

test with Bonferroni’s correction for multiple comparisons. ~ P < 0.01,” P < 0.001 versus either arthritic animals given saline conidlqf arthritic animals

not having intra-articular injectiomjf. * P < 0.05,”" P < 0.001 versus combined MNX and 2% carrageenan injected model withteehicle control X).
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Figure 4.16 Weights of animals following the administration of anti-angiogeniomaund PPI-2458.
On day 0, animals underwent meniscal transection or SHAM surgery. Rpdildyertical dotted line)

to 35, the arthritic animals given a single intra-articular injection ofca#ageenan (day 12) were orally
dosed with either PPI-2458 Gmg/kg/every other day) or vehicle contral).( PPI-2458 treated animals
gained weight at a slower rate compared to naive con#pl@ta are shown as arithmetic mean + S.E.M.
Differences between groups (n = 8 animals per group) were analgsegone way analysis of variance
(ANOVA). Univariate comparisons were made using Student’s T-test with Bonferroni’s correction for

multiple comparisons. ** P < 0.01 versus naive controls.
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45 Summary of Results

. The MNX model of OA was associated with osteoarthritic changes in the mediabptitizdiux
similar to those seen in human knee OA as well as increased pain behaviour

. Anti-inflammatory drugs dexamethasone and indomethacin eaclce@dsynovitis, synovial
angiogenesis and pain behaviour in the rat MNX model of OA.

. Treatment with dexamethasone reduced total joint damage score by dearaed#isge damage.

o Anti-angiogenic compound,PPF2458 reduced synovial and osteochondral angiogenesis,
synovitis, joint damage (by reducing osteophyte growth) and paavimeh in the rat MNX model of OA.

. Exacerbating synovitis in the MNX model of OA enhanced synovial gagisis, joint damage
and pain behaviour.

. Following treatment with the anti-angiogenic compound PPI-245&v#tys) joint damage and

pain behaviour were all reduced in the rat MNX and 2% carrageenan model.
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4.6 Discussion

This study using the rat MNX model of knee OA examines whethewgimoontributes to joint damage
and pain through the stimulation of angiogenesifiese data show that exacerbating synovitis leads to
more profound structural damage and pain behaviour in the rat kMiNdel of knee OA. Inhibiting
synovitis using either anti-inflammatory or anti-angiogenic comgsucan reduce the joint damage and
pain behaviour in this model of OA. Angiogenesis may thereforgibate both to inflammation and joint

damage, and inhibition of blood vessel growth may be a useful stiateggucing OA pain.

4.6.1 MNX model of OA

These data reproduce previous evidence that transection of the medial mémitloeisrat results in

osteoarthritic changes in the medial tibial plateaux, consisting of fibrillation\emual loss of cartilage,

accompanied by reduced density of chondrocytes and loss tdoglgcan staining, and growth of
osteophytes at the joint margins (Janusz et al., 2002; Bove e0@é;, Rlapp et al., 2008; Mapp et al.,
2010). The MNX model of OA also demonstrates loss of integritthef osteochondral junction as
channels penetrate the articular cartilage from the subchondral bone spageb,as synovitis, indicated

by increased synovial macrophage infiltration, and pain behavior, indicateé bgluctance to

symmetrically weight bear on the hind limbs.

In each of these respects, this rat model of OA effectively mimicsumam condition, and may provide
important insights into mechanisms underlying structural changas, lpehavior and responses to
pharmacological therapies.

Naive animals were used as controls rather than SHAM-operated animalsebsgaovitis is an integral
component of OA, and it was not the purpose of these studies to sepfiaatenation due to different
sources within this model. SHAM surgery to the knee joint will éev induce an inflammatory response
but data (pain behaviour) shown in this study and previoukshed literature has indicated that hindlimb
weight-distribution (pain behaviour) and tibiofemoral pathologydodiffer between SHAM-operated and
naive animals beyond the first 7 days after surgery (Mapp et &B; Rapp et al., 2010). Hence naive
control group was chosen over SHAM-operated control group arttidgurpose of most of these studies
it was not felt to be ethically justifiable to have two groups of contrivhals. In these studies using the
MNX model of OA by day 35 a reduction in synovial pathology andilhitb weight distribution (pain
behaviour) compared to naive control levelas observed, hence it is reasonable to speculate that a
reduction to SHAM-operated control group would have been obtained. 3jmilamparing two separate
experiments highlighted that following treatment with the angiogeriakibitor PPI1-2458, meniscal
injury-induced hindlimb weight bearing was reduced to SHAM-operatadrols by day 19, but not

completely abolished to naive control levels.
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4.6.2 Inflammation and pain in OA

OA manifests as joint pain with progressive loss of joint functiongreéfat deal is known about symptoms
of the disease, but the pathophysiology underlying thosetsyns is less well understood. While the pain
of OA is felt to originate from the joint, it is now widely recogniztmd be of multifactorial origin

moderated by both the peripheral and central nervous system (Bdvye2808) In the absence of disease
modifying drugs to treat OA, pharmacological interventions often targeital pain mechanisms in order
to relieve symptoms (McColl 2001). Current treatments are often limijtgubtential adverse events, and a

better understanding of how joint pathology leads to pain is requireai/édogh new therapies.

Synovitis is now increasingly recognised as contributing to paiDA. Intra-articular corticosteroids and
topical and oral NSAIDs are established for symptomatic relief of knee OATNRe blocking antibody
adalimumab recently has been found to improve pain, whilst redsgimayitis and bone marrow oedema
on magnetic resonance images (Grunke et2006) The data presented in this thesis confirms that
increasing synovitis enhances structural damage and pain in t&lXamodel of knee OA which can be

inhibited by anti-inflammatory treatments.

4.6.3 _Angiogenesis and inflammation in OA

Angiogenesis is a feature of OA in rats as well as in humans,btth synovium and at the osteochondral
junction (Walsh et al., 2007; Mapp et al., 2008). Synovial angiogemeassociated with synovitis. New
blood vessel growth may be a consequence of synovitis throagéxgiression of angiogenic factors by
macrophages, and also may exacerbate inflammation by facilitating plasramasation and cellular
influx (Walsh 1999; Bonnet et al2005) Synovial and osteochondral angiogenesis are also associated
with OA structural changes, and may contribute to those changes ditketly or by facilitating
inflammation (Haywood et al., 2003). Angiogenesis is followgdrnimervation of newly formed blood
vessels by fine unmyelinated sensory nerves, and may therefore directljoutento pain in OA
(Haywood et al.2003) These data show that inhibition of angiogenesis by administratioRle2454 is
associated with reduced synovitis, structural damage and pain behatieranMNX model of knee OA.

Angiogenesis inhibition therefore offers a novel therapeutic strategy in OA.

The reduction in synovitis that was observed after targeting angiogesasis RP1-2458 was similar in
extent to that observed after systemic treatment with indomethacin or dexsonethBPI1-2458 prevents
persistence of synovitis after combined intra-articular injection of camagesnd fibroblast growth factor-
2 as well as 2% carrageenan injection in rats (ChapteB@novitis persists throughout the development of
knee OA after meniscal injury in rats (Mapp et al., 2008), aedettrdata demonstrate that the anti-
inflammatory effects of PPI1-2458 commence 12 days after in@nigjury indicating that angiogenesis
inhibition can reduce inflammation even after synovitis has become establigPeti2458 has also

inhibited synovitis in collagen and in PGPS-induced arthritis in miceratisd(Bainbridge et al., 2007;
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Lazarus et al.2008) indicating that the anti-inflammatory effects of angiogenesis inhibitiay be

observed in synovitis induced by a wide variety of agents.

It is difficult to completely exclude the possibyl that PP1-2458 might be having other effects distinct from
its anti-angiogenic properties. Studies have shown PPI-2458 to lo¢eat inhibitor of the in-vitro
proliferation of activated human umbilical vein endothelial cells (HUVECSs) andahuibroblast like
synoviocytes (FLS) from RA patients (Bernier et al., 2004; Bernier et &i5)2Moreover, in a rat model
of PGPSinduced arthritis, the inivo protective effect of PPI-2458 against bone destruction leading to
structural preservation of affected arthritic joints was attributed to the abflityPI-2458 to inhibit
osteoclast mediated bone resorption in-vitro (Hannig et al., 2007; Lazarus 2008) PPI-2458 was
selected as an anti-angiogenic agent because it is believed not to hadigeahynhibitory effects on
inflammation (Brahn et al., 2009). Data shown in Chapter 3 stgpplois theory because PPI-2458
inhibited angiogeneis prior to the inhibiton of inflammation in two ed#ht models of chronic
inflammation. These findings further add to the body of eviderteh supports PPI-2458 as a selective
angiogenesis inhibitor. However it should be noted that since angiogéhesdisely associated with

inflammation it would be difficult, if not impossible, to tease out thlationship.

4.6.4 Structural effects of anti-inflammatory and anti-angiogenic treatments

Synovitis is associated with greater chondropathy in human OA (Walst., 2009), and predicts
progression of joint damage in longitudinal studies (Ledinghaml.e1995) Inhibition of synovitis is
therefore an attractive target for disease modification in OA, althoughidental and detrimental effects

of current anti-inflammatory agents on chondrocyte function éeld et al., 1990; Bove et al., 2003) may
limit their efficacy as disease modifying agenis.this study, treatment with either dexamethasone or PPI-
2458 inhibited total joint damage scorAlthough dexamethasone predominantly affected chondropathy in
this model of OA, angiogenesis inhibition reduced osteophyte siggesting that the structural effects of
angiogenesis inhibition are not entirely mediated by its anti-inflammatagteflVEGF blockade has also
been found to reduce new bone formation around arthritic jointsffact that may be partly mediated by

inhibition of endochondral ossification (Miotla et al., 2000).

Loss of integrity of the osteochondral junction results, in paotnfthe extension of channels from
subchondral bone spaces into the articular cartilage, both in human antd @@déwalsh et al., 2007,
Mapp et al., 2008).These charis are typically vascularised, leading to the term ‘vascular channels’.
Vascular channel formation and pain behavior in the MNX model of kneeisQidduced by matrix
metalloproteinase inhibition (Mapmt al., 2010). These data showing that PPI-2458 inhibited
vascularisation of channels at the OCJ is consistent with its anti-angiogetivity. However, the
significant increase in total channel numbers in animals having caértiansection surgery and treated

with PP1-2458 compared with non-arthritic control animals indicatesatigibgenesis is not a prerequisite
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for channel formation. Reductions in pain and structural damagenaa in the osteoarthritic animals
following treatment with PPI1-2458 may be partly due to inhibitibosieophyte growth and angiogenesis

at the osteochondral junction, as well as inhibition of synovitis.

This study suffers from limitations that are common to investigations mplex biological processes in
intact animals Although PPI-2458 is well characterized as a specific inhibitor of aagesis, the exact
consequences of angiogenesis inhibition responsible for its aitalgetivity can not be pin-pointed.
Similarly indomethacin and dexamethasone may have effects additionahibitimg inflammation,
including direct anti-angiogenic actions.

Animals treated with the angiogenesis inhibtor PPI-2458, failed to gaghina the same rate as animals
in other groups (vehical-treated and naive animals), this reductay well be due to the inhibition of
angiogenesis at the growth plate, hence smaller animals. In keejfiimgprevious studies using
dexamethasone (Roussel et al., 2003; Caparroz-Assef et al., 20fichsteroid-treated animals failed to
gain weight at the same rate as animals in other groups. This reductimwih gnay be due to negative
effects on glucose metabolism, although growth curves paralleled thdise ofher treatment groups by
day 35, and non-fasting blood glucose levels did not differ significietween the groups at the time of
sacrifice. Another adverse effect associated with steroid use is myopathy, it islpdbsibthis could be
the reason for the slow weight gain of dexamethasone treated animals. Dbesgtiémitations, however,
the data presented in this thesis supports the view that datitimhtory and anti-angiogenic strategies

may have potential not only to relieve symptoms, but also to modifgtstal progression in OA.

In conclusion, these findings indicate that synovitis and total glzimage are closely associated with pain
behaviour in OA and this may, in part, be explained by angiogeiresise synovium and at the
osteochondral junction. Targeting angiogenesis could therefore proveins&filicing pain and structural
damage in OA, either alone or in combination with other drugs.
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5 VASCULARISATION AND INNERVATION OF HUMAN MENISCUS

51 I ntroduction

Osteoarthritis (OA), one of the commonest joint diseases (Arden 20@6), is a major source of pain and
disability in the ageing population (van Saase et al., 1989; Peat et dl;,[2380n et al., 2004). OA is
associated with loss of articular cartilage (chondropathy), sclerosis and g#tedpimation in the
subchondral bone. Chondropathy alone does not equate to OA, but gmesgiarch shows chondropathy

scores are representative of the presence and severity of OA (Walsh et al., 2009)

Pain is the predominant symptom of OA, but little is certain abautmbchanisms by which this pain
arises. Pain has been suggested to originate from articular cartilage (Suri et A),, p2didsteum
(Gronblad et al., 1984), subchondral bone (Reimann et al., 18Myvium (Mapp 1995), ligaments,
muscle and joint capsule (Hukkanen et al., 1992; Hirasawa et al., R@0fetta et al., 2004; Suri et al.,
2007).

Angiogenesis may contribute to pain in OA by enabling growth @ namyelinated sensory nerves
(Bonnet et al., 2005; Ashraf et a2008) Angiogenesis and sensory nerves are seen in the synovium and
at the osteochondral junction in OA (Walsh et 2007) penetrating into non-calcified articular cartilage
and osteophytes (Suri et &2007) These perivascular, unmyelinated, nerve fibres containing sub$tance-
and CGRP are implicated in mediating sustained burning pain describedidriytpwith OA (Kidd et al.,
1992; Dieppe et al., 2005).

The menisci are cresenteric wedges of fibrocartilage, located between the femnmolides and the tibial
plateaux (Arnoczky et al1982) They increase joint congruity, dispersal of weight, proprioceptad,
shock absorption, and reduce friction (Seedhom et al., 1974; Messnedl 608).,

Meniscal tissue consists of cells suspended in an ECM of collagen (nmgpdyl), glycoproteins,
proteoglycans and elastin (McDevitt et 4990) Disruption of collagen bundles, proteoglycan loss, peri-
meniscal synovitis and calcification not limited to the outer, peripheral partitre meniscus (Burman et

al., 1933; Herwig et al., 1984; Kapadia et al., 2000; Grainger et al., 200@f 8ur2010)are described as
meniscal degeneration (Bennett et al., 2002; Englund 2009). A shssuagriation between meniscal
degeneration, articular cartilage damage and joint space narrowing haspesad (Gale et al., 1999;
Hunter et al., 2006).As well as being a consequence of OA, meniscal changes may contribute to OA
structural damage (Bhattacharyya et al., 2003; Hunter et al., 2006; E2§loay

Meniscectomy in OA can lead to a reduction in pain (Jackson et al.; Ba82t al., 2008), although

mechanisms by which this occurs are yet to be elucidated. Myelinatadchanyetlinated nerve fibres, and



free nerve endings have been localised in the meniscus (Wilson et6&t. D et al., 1985; Zimny et al.,
1988; Assimakopoulos et al., 1992), with perivascular nerves comjaisubstance P (Mine et a2000)
Blood vessels and nerves penetrate the outer portion of the normal menetus, reaching as far as its
middle third portion, with the innermost portion remaining avasculamaedral (Wilson et al., 1969; Day
et al.,, 1985). Large variations have been reported in the degree ofavgsmetration and innervation
between individuals, but it is unclear whether disease contributes to thisgeetsity (Arnoczky et al.,
1982). Two studies comparing human menisci with extensive degeneration r@lnorenisci found no
change in vascularity and innervation (Kennedy etl®&; Danzig et al.1983)whilst another indicated
increased penetration of blood vessels into the inner portion of thedbktd@ meniscus (Burman et al.,
1933). Most previous studies of human menisci have used somalbbers of surgical samples, and the
heterogeneity of human meniscal tissue and high prevalence of @/Aawa compromised their ability to
associate changes with disease.

Elucidation of the mechanisms involved in the generation of pain isddedenable the development of
more effective therapeutic and surgical strategies. Therefaraining the role that meniscus might have
in the genesis of pain in OA through angiogenesis and neowdlyis vital in increasing our understanding
of the pathophysiology of OAFurthermore, the vasculature plays important roles in tissue repaig an
better understanding of the vascular and neural anatomy of bdthyhaad diseased meniscus may help
develop new treatments for meniscal injuries and QiAwas therefore hypothesised that vascularisation

into the meniscus may be increased in OA and could be associatedonétised sensory nerve growth.

52 Aims

1. To compare the meniscal structure of osteoarthritic and control menisci.

2. To compare the vascular penetration between osteoarthritic and coenis(.

3. To compare the sensory nerve growth between osteoarthritic r@inadl coenisci.

4, To determine whether vascular penetration is associated with newtd grdiuman menisci.

53 M ethods
General methodology is given in Chapter 2. Patient and sample selection crig¢at@dsin section 2,9
whilst demographic details of patients are listed in Table 5. Detailed stethe image analysis and

guantification procedures are given in section 2.8.
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range 0 to @0p)

VASCULARITY NERVE GROWTH
Patient/Sample High Low P Value High Low P Value
Characteristics Chondropathy Chondropathy Chondropathy Chondropathy
(n=20) (n=20) (n=8) (n=8)
Number Male (%) 14 (70%) 11 (55%) 0.32 5 (63%) 3 (38%) 0.32
Age (years) 69 (65 to 81) 41 (3410 46) | <0.0001 66 (65 to 72) 46 (33 to 55) 0.005
Chondropathy
Score (Possible 203 (198 to 245) 24 (15 to 27) <0.0001 199 (181 to 240) 33 (19 to 46) 0.0002

Medications 3 patients taking 2 patients taking 2 patients taking 5 patients taking
(at time of death) paracetamol paracetamol paracetamol paracetamol
1 patient taking none taking long 2 patients taking 1 patient taking
long term steroids term steroids long term steroids long term

(not for 1 patient taking (not for steroids (not for
rheumatological opioids rheumatological rheumatological
reasons) reasons) reasons)

9 patients taking 1 patient taking 1 patient taking
opioids opioids opioids

Tableb

Patient details and chondropathy scores (possible range 0 to 40&nfides used in study of meniscal vascularity and nerve growtta f@a
age and chondropathy scores are medians (I@®mparison between groups are made using Man Whitney-U Pest0.05 indicates significant difference

between high and low chondropathy groups.



54 Results

5.4.1 Meniscal Structure

Inner and outer regions of the meniscus were distinguished beretiffes in matrix structure and
proteoglycan staining. The inner region of the meniscus displaygée collagen bundles with a regular
arrangement whilst in the outer region fibres were arranged in smaltetesuwith a more irregular
orientation (Figure 5.1). The junction separating these two regionsfevgo as the fibrocartilage junction
(Figure 5.1). Synovium, localised to the surface of the outer regiotimeofmeniscus, extended to
approximately the fibrocartilage junction in menisci from the low chguatity group (Figure 5.1 A). In
menisci from the high chondropathy group, synovium appeared ttdokieextended over part of the inner
region (Figure 5.1 D). Menisci from high chondropathy grbad a more fragmented appearance than
menisci from low chondropathy group, displaying more clefts in theixnaitthe outer region (Figure 5.1
F), whereas menisci from low chondropathy group displayed hamogs eosinophilic matrix (Figure 5.1
C). Proteoglycan staining was present in the inner, but nbeiouter region of the menisci from both the
low and high chondropathy groups. No difference was sedheirintensity of proteoglycan staining
between groups. Blood vessels of varying sizes were observesl dniter region of the meniscus, ranging
from arteries with a continuous layer of smooth muscle to capillaries with afafi;igle cell thickness
(Figure 5.1 and 5)2

The extent of synovial ingrowth towards the tip of the meniscus wasegrieathe high chondropathy
group [0.12 mm (IQR 0.04 to 0.20)] compared to the synawia the low chondropathy group [0.00 mm
(IQR 0.00 to 0.00), P = 0.003] (Figure 5.1).

Grading of collagen bundle appearance indicated greater degeneration itetheegion of menisci from
high chondropathy cases [Grade 1 (IQR 0 to 1)] than from lowdtbpathy cases [Grade 0 (IQR 0 to 0), P
= 0.048]. Greater collagen bundle irregularity was associated with highedropathy (r = 0.43, P =
0.005). No significant difference was demonstrated in collagediéwappearance in the inner region
between high [Grade 1 (IQR 0 to 1)] and low chondropathy grigezgle O (IQR 0 to 1), P = 0.35] (Figure
5.1 B and E).
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Figure5.1 Structure of human menisci. Haematoxylin and eosin staining of mémistithe low

(A-C) and high (D-F) chondropathy groups. In menisci from the dbandropathy group, a distinct
fibrocartilage junction [FCJ (large dotted line)d)( separated the inner (IR), characterized by regular
matrix fibre bundlesg), from the outer (OR) region which displayed irregular fibore bund®. A thin
synovium (S) was adherent to the OR but did not extend over thd)IR I6 menisci from the high
chondropathy group, a thick layer of synovium (S) extended theeintact IR D, E), with the OR having
progressive disorientation of fibre bundles bordering hypocellular reglansng clefts (astrix) K).
Transmitted light images were taken using A4 énd x20 B-F) objective lenses of a single representative

section from n = 20 menisci per groufcale bar = 100um.
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5.4.2 Meniscal Vascularity

Repeatability for synovial vascularity density was 1.9 for 95% ofpafiobservations (i.e. the difference
between two measurements for the same case is expected to beferl @B%o of pairs) (Bland et al.,
1996). Vascular densities were greater in the high than in the lavdidmathy group both in the synovium
[3.8% (IQR 2.6 t0 5.2), 2.0% (IQR 1.4 to 2.9), P = 0.083] at the fibrocartilage junction [2.3% (IQR 1.7
to 3.1), 1.1% (IQR 0.8 to 1.9), P=0.003]. A degree okekpenetration into the inner region along the

midline of the menisci was observed in both groups (Figure 5.2).

The outer meniscal region was more vascular than the inner regtbran abrupt drop in vascularity in
the field 4 along the midline from the meniscal tip, which correspond#teteegion of the fibrocartilage
junction, separating the inner from the outer region of the menisci (Fsgur@nd 5.3). Vascular densities
in field 4 (the fourth consecutive microscopic field from the meniscamigre greater in the high than in
the low chondropathy group [1.0% (IQR 0.3 to 1.5), 0.3% (BQRto 0.8), P = 0.015] indicating a greater
degree of vascular penetration in the high chondropathy group. Meniszailarity at the fibrocartilage
junction, in field 4, or in the synovium were not associated witlagen bundle appearance in the outer
region (r =0.16, P =0.33, r=0.08, P = 0.61, and r £,02= 0.20 respectively). Synovial vascular density
was associated with meniscal vascularity at the fibrocartilage junction46=RP= 0.003), and in field 4 (r
=0.46, P = 0.003).
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Figureb.2 Vascularity of human menisci. Alpha-actin positive vasculature in memngsui the low

(A and C) and high (B and D) chondropathy groups. In the loandiopathy group, low densities of
vessels were found in the outer region (OR), both in the synovijuamdsalong the fibrocartilage junction
(large dotted line) ), with vascular penetration into the inner region (IR) along the midi@)e (In
menisci from high chondropathy group, high densities of vessels abserved in the OR, both in the
synovium and along the fibrocartilage junctid@) (vith increased penetration into the IR along the midline
(D). Transmitted light images were taken using x4 objective lens ofje sepresentative section from n =

20 menisci per groupScale bar = 100pm
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Figureb.3 Depth of vascular penetration along the midline of menisci. The higkesities of

alpha-actin positive vessels were observed in the outer region (OR® afahisci, where there was no
significant difference in vascular density between the low and highdrbpathy groups. Fewer vessels
were observed in the inner region (IR) of both groups. Menisoi the high chondropathy group were
characterised by increased vascular density in et of view, which corresponded to the region of the
fibrocartilage junction (FCJ), indicating increased penetration of vessels frouter into the inner

meniscal region. Each field was 1.4mm in leng@®raph shows arithmetic mean + S.E.M of n = 20

menisci per group. Comparison between groups are made using MamreyWJ Test. * P <0.05

5.4.3 Sensory Innervation

CGRP-immunoreactive nerve profiles were identified alongside blood vesseH| (arterioles) and
sometimes at a distance from them (Figure 5.4). These vessels and nervasmweoaly observed in the
outer region near the fibrocartilage junction of the meniscus. Tlee iegion of the meniscus was mostly
aneural. Menisci from high chondropathy group had greater nushiperivascular sensory nerve profiles
in the outer region [144 nerve profiles/mm? (IQR 134 to 189)] coetpdo menisci from the low
chondropathy group [119 nerve profiles/mm2 (IQR 104 to 1R4¥ 0.049]. Nerve profiles in the outer
region of the menisci were associated with chondropathy (r = 059, ®15), but not with collagen bundle

appearance (r = 0.10, P = 0.97).
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Calcitonin gene-related peptide (CGRP)-immunoreactive (sensory) neffilespio the

outer region of human menisciA: Nerve profiles (arrows) associated with small arterioles (BB).

Apparently free nerve profiles not associated with small arteridlesMeniscus from low chondropathy

group having few nerve profiles associated with small arteriolzs.Meniscus from high chondropathy

group having several nerve profiles associated with small arterioles. Sammpénisti from high (A, B
and D) or low (C) chondropathy cases. Dotted line indicates the boundlaitye osynovium (S).
Transmitted light images were taken using xY &20 B andC) and x40 A) objective lenssof a single

representative section from n = 20 menisci per grodfl. scale bars = 100 pum.
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55 Summary of Results

. Menisci from knees with high chondropathy had a greater degredladerobundle degeneration
in the outer region compared with menisci from knees with low chpating.

. In menisci from the high chondropathy group, synovium aggukthicker and synovial ingrowth
towards the tip of the menisci was greater compared with menisciitlow chondropathy group.

. Outer regions of the menisci from knees with high chondropathg werre vascular than the
inner regions with an abrupt drop in vascularity at the fibrocartilaggijumseparating the outer from the
inner region of the menisci.

. Increased vascular densities were observed in menisci from the higbaremmwith low
chondropathy group both in the synovium and at the fibrocartilamdigu.

. A greater density of perivascular sensory nerve profiles in ttex cegion of menisci from knees

with high chondropathy was seen compared to those with low abyweutthry.
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5.6 Discussion

This study examines whether vascularisation into the meniscus incre@®asaimd if it is associated with
increased sensory nerve growth. These data show that meniscikirees with high tibiofemoral
chondropathy have increased blood vessel densities near the fibrocadilatien, which are associated
with a greater number of perivascular sensory nerves. Angiogenesicsrabed meniscal innervation are

therefore possible mechanisms contributing to knee pain in tibiofe@éxal

This study confirms an association between disorganisation of entiag matrix structure and
chondropathy in human knees, and demonstrates increased penetrbtomdofessels and nerves towards
the meniscal tip with high chondropathy scores. Vascularisation of norealycular tissues has also
been demonstrated in articular cartilage in OA and inner regions ofarthalus fibrosus of the
intervertebral disc in back pain (Kauppila 1998)eniscal angiogenesis may be a homeostatic response to
minimise meniscal damage in OA. Vascularisation changes tissuediianics and may predispose to
further damage. Interventional studies would be required to determietherhmeniscal angiogenesis

protects against or contributes to joint damage in OA.

These findings show that increased angiogenesis previously etservOA synovium (Bonnet et al.,
2005; Ashraf et al2008)extends to include synovium attached to menisci. Increased symas@llarity
was associated with vascularisation at the fibrocartilage junction of thesauenisuggesting that
angiogenesis in these different joint compartments may be regulatednioyoco factors. Synovial
angiogenesis is associated with synovitis in OA, and may be driverti®ased expression of angiogenic
factors such as VEGF by cells within the inflamed synovium (Bbeh al., 2005; Ashraf et al., 2008).
Furthermore, the meniscus is closely apposed to articular cartilage iranitVd/EGF is also upregulated
by superficial chondrocytes in OA (Walsh DA 201Q)he stimuli to meniscal blood vessel growth deserve
further study, but may originate, as well as from cells within theisoas itself, from adjacent structures

such as the synovium and articular cartilage.

These data demonstrate that CGRP positive sensory nerve profilesese@tpin the outer region of
menisci, and most of these nerves are associated with blood vessels. CQ®BR&t#Eised with substance
P in unmyelinated sensory nerve fibres, and this work therefore expeedous findings that perivascular
nerves containing substance P are located in the peripheral portion ofeoisci (Mine et al., 2000). This
study shows an increase in sensory innervation in the outer refjiorerasci from knees with high

chondropathy scores. Nerve growth in menisci may contribute to pain ibo@Athrough an increased
density of nociceptive fibres, and through increased sensitivity ttar®during nerve growth (Ma et al.,
1997). Recent controlled trials of nerve growth factor blockade hawerddrated its ability to inhibit OA

knee pain (Cattaneo 2010), although the rapid onset of its analgesit mffly suggest an action on

sensitisation rather than on nerve grow@GRP-immunoreactive nerves were localised adjacent to blood



vessels within the meniscus, and sensory nerve growth follmes bessel growth in a variety of tissues
(Aoki et al., 1994; Walsh et al., 1996\ngiogenesis inhibition may therefore also have analgesic potential
by reducing aberrant innervation in the osteoarthritic knee (Walsh &08ll) Substance P and CGRP
released from sensory nerve terminals can amplify the inflammegspgnse (Kidd et al., 1990; Garrett et
al., 1992) as well as initiating angiogenesis, with the potential to contribuietiiopain and structural
damage (Seegers et #&003) It remains possible that the increased sensory innervation isghé&nim
knees with chondropathy contributes to, as well as being a consequenceschir@rgiogenesis.

Macroscopic appearance of chondropathy is used as an indicator ofntilmiaféDA. Chondropathy scores
for high chondropathy group are similar to those previoulsBerved at total joint replacement surgery for
knee OA [257 (IQR 228-283)] (Walsh et aR0@9), all of whom fulfilled the American College of
Rheumatology revised criteria for OA [60]. Synovial and menisogiogenesis do not appear to be
restricted to knees undergoing arthroplasty. These findings of migpégbalogy are consistent with MRI
studies showing meniscal abnormalities associated with symptomatic ratliog@p compared to
asymptomatic and non-radiographic groups (Fukuta et al., 2002; Fetkaita2009) Chondropathy alone,
however, is insufficient to diagnose knee OA (Altman et al., 1986Juatiter studies would be required to
determine whether the observed meniscal changes are associated with othes f@fatDA. During
selection of cases for this study, 3 were excluded from thechighdropathy group due to non-availability
of meniscal tissue. Menisci can be completely disrupted in severe OAendrtent findings may only be
relevant to cases where menisci remain intact. The prevalence arity SV@A increases with age, and
it was not possible in this study to exclude the possibility that differenceascularity and innervation
between high and low chondropathy groups may have been @fer than diseagelated. It is not
known whether patients from whom the menisci were obtained suffienedknee pain, and the proposal
that meniscal pathology may be associated with knee pain remains speculsdbmte these limitations,
however, the use of post mortem tissues in this study permitteghtiysis of two discrete patient groups,
with menisci harvested and processed and chondropathy assesikhtlnal methodologies, avoiding
differences between surgical and control specimens that can afigniriterpretation of pathological

studies.

In conclusion, these data show an increased vascularity and innervati@nisti from knees displaying
high chondropathy scores. Neovascularisation and innervation may contrithaéhtstructural change
and pain in OA. Inhibition of angiogenesis and/or nerve growth @aah offer the potential to prevent
meniscal innervation, and interventional studies are needed to further eluc&atathibution of and the

links between angiogenesis, nerve growth and pain.
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6 OVERALL SUMMARY OF RESULTS

Using animal models of synovitis, these data show that angiogenagibara key factor in the transition

from acute to persistent inflammation.

In the 2% carrageenan model of persistent synovitis, a short couPdel-@458 (6 doses) administered
during the initial phase of inflammation, reduced synovitis by dgybt did not completely abolish it.
However synovial angiogenesis (EC proliferation and vascular demngity)completely abolished at this
time point, suggesting that chronic inflammation is in part mediated by anggigenPain behaviour in
this model was also reduced by day 7 following administration of2BB8. At this time point, synovial
angiogenesis was completely abolished but synovitis persistesissinggthat angiogenesis, inflammation
and pain are indeed inter-connected processes. Inhibiting angiogenesisehasfthe potential to reduce

pain.

In order to confirm that angiogenesis may indeed be an integral compdresistent synovitis it was

shown that at a dose of 0.03%, carrageenan alone did not inducgesegis. Carrageenan injection alone
was associated with a transient synovitis that had resolved at 14\ angiogenesis was stimulated
with 6 pmoles FGF-2 at the time that synovitis was induceithtbg-articular injection of carrageenan, the
synovitis persisted for at least 4 weeks. Inhibition of this effe€GfF-2 by PPI-2458 suggests that this

chronicity is mediated by angiogenesis rather than other actions of FGF-2

This relationship of angiogenesis and inflammation was furtheiesturd the rat MNX model of knee OA.
Data gathered using the rat MNX model of knee OA highlighted that exacerlsgtiovitis leads to more
profound structural damage and pain behaviour and this may pagtldue to the stimulation of
angiogenesis in the synovium and at the osteochondral junction. itithibynovitis using either anti-
inflammatory or anti-angiogenic compounds reduced the joint daaraypain behaviour in this model of
OA. Angiogenesis may therefore contribute both to inflammation and joinaglemand inhibition of

blood vessel growth may be a useful strategy in reducing OA pain.

Extending these in-vivo findings to human meniscal tissue shohegdtibiofemoral chondropathy is
associated with altered matrix structure, increased vascular penetration and inceras@y nerve
densities in the medial meniscusMoreover data from this study showed that increased angiogenesis
previously observed in OA synovium extends to include symovattached to the menisci. Hence,
angiogenesis and associated sensory nerves in the meniscus mayedtmrefiobute to pain in knee OA
and inhibition of angiogenesis and/or nerve growth may each oféepditential to prevent meniscal
innervation and hence pain experienced during OA. Interventional sargidowever needed to further

elucidate the contribution of and the links between angiogenesis, nervi grzhpain.



Collectively these findings support the hypothesis that inflammatiwh angiogenesis are indeed co-
dependent processes, exacerbating and mediating structural damage and @&in iAngiogenesis

inhibition has the potential to reduce synovitis, joint damage and pain in OA.
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7 CONCLUSIONSAND FUTURE DIRECTIONS

Arthritic conditions on the whole are a significant health problem wadlelywlacing an enormous burden
on global economy (Zhang et a2010) OA, undoubtedly by far the most common form of arthritis
affecting synovial joints is a heterogeneous condition of unknown asti¢largpan et al., 2010). O4As
one of the leading causes of chronic pain and disability not onlyeirltterly but also in individuals of
working age (Dieppe et al., 2005; Issa et al., 20@)rrent treatment recommendations for OA focus on
symptomatic relief as pharmacological interventions that slow, arrest orealisesise progression are not
available (Fitzcharles et al., 2010; Zhang et2010, and therefore in maraffected individuals OA often
leads to total joint replacement surgg@tman 2010; Feeley et al., 2010)Thus a more in depth
knowledge is required to further understand the pathogenesis ofedisd&dion and progression @A

inorder to fulfil the goal of disease modification.

OA is characterised pathologically by a progressive losatimiular cartilage accompanied by new bone
formation at the joint margins (osteophytosis), changes in subaidrare and synovitis (Goldrirgt al.,
2007). Angiogenesis, the growth of new blood vessels fimrexisting ones, is thought to contribute to
each of these pathological features of. OXthough the hallmark of OA is the progressive loss of articular
cartilage and joint space narrowing (Goldring et @D10) abnormalities are also detected in the
subchondral bone and the synovium even in very early diseastelHalletier et al.2010. Hence an
important emerging theme in OA is a broadening of focus frarptpular belief that OA is primarily a

disease of the cartilage the one of involving the “whole joint”.

Pain, the predominant symptom of OA can originate from severatem|Dieppe et al., 2005)The
mechanisms underlying OA pain are not patrticularly well understodlammation is implicated in
sensitising the sensory nerves growing alongside blood vesselsdnsvaompartments of the joints and
these sensitised nerves are thought to contribute to neurogenic inflammatiatmgmnew vessel growth.
Angiogenesis may therefore contribute both to the symptoms anoqaattof OA and further analysis of
its role seems vital in leading to discovering more effective therapies.

In this thesis evidence is presented that angiogenesis contributes tariaflam structural damage and
pain in OA, and targeting angiogenesis reduces these chahgese findings support the hypothesis that
inflammation and angiogenesis ar@dependent processes, exacerbating and mediating structural damage

and pain in OA.
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7.1 Angiogenesis and chronic inflammation

The mechanisms leading to persistent inflammation in human diseasest fulynelucidated. Chronic
inflammation is always accompanied by angiogenesis, and althoughgengsis can occur without
inflammation, it facilitates plasma extravasation and inflammatory cell recruitmesta(@t al., 2007).
Angiogenesis can exacerbate pain by facilitating inflammation (Bonnét 2085) Inflammation is now
increasingly being recognized as one of the prominent features of ysigvibought non-inflammatory
arthritic conditions such as OA (Ashraf et al., 2008; Bondeson e040) 2

Intra-articular ifiection of A carrageenan has been shown in previous studies to induce synovitis (Lam et

al., 1989; Lam et al., 1991; Walsh et d1998) similaly in this study intra-articular injection of either
0.03% or 2% carrageenan was used to induce either acute or chratisyespectively in ratsWith
carrageenan, joint swelling begins within minutes of injection, permigtmaccurate definition of the time
of synovitis onset.In this study, chronic synovitis was associated with increasedphaviour and a short
course of the angiogenesis inhibitd?P+2458 was shown to reduce this pain behaviour in the 2%
carrageenan model of chronic synovitis by directly inhibiting siadl@angiogenesis prior to the reduction
in synovitis. This highlights that angiogenesis could indeed be one of the cemgonf chronic
inflammation, indicating that even though angiogenesis is not éff p&inful, it may synergise with
inflammation to exacerbate pain by sensitizing nerves growing alonigiside vessels. Hence inhibiting

angiogenesis may curtail the sensation of pain.

In order to further verify the role of angiogenesis in chronic inffetion, and to show that indeed
synovitis persists due to the involvement of angiogenesid @énthis angiogenesis which is being targeted
by the angiogenesis inhibitor PPI-2458 in curtailing chronic synovitisas shown for the first time that
conversion of acute synovitis to chronic synovitis could indeegairt be due to the stimulation of
angiogenesis.Previous studies have implicated angiogenic factors including FGFs initiadan and
progression of synovial hyperplasia and inflammation in RA (Malem@@7e FGFs are one of the
candidates that cause progression of OA (Daouti e2@05) Angiogenesis induction using FGF-2 at the
onset of carrageenan induced acute synovitis in this study resultieel transition from acute to chronic
synovitis. This chronic synovitis was in turn inhibited byhars course of the angiogenesis inhibitor PPI-
2458.

The data presented in this thesis suppmsious evidence that FGF-2 is pro-angiogenic, but not directly
pro-inflammatory (Ziche et al., 1992; Cozzolino et al., 1993; Gualandrd.e1994) because a single
intra-articular injection of FGF-2 either alone, or together with carregeewas insufficient to increase
joint swelling or macrophage infiltration at 24 hours, despite its abilityntwease endothelial cell
proliferation. The ability of FGF-2 to augment chronic synovitis wae@ve to be inhibited in this study

by the brief administration of PRKM58 and in another study by repeated administration of an anti-
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angiogenic inhibitor of avB3 integrin in antigen-induced arthritis (Storgard et al., 1999 hese data
support the idea that FGF-2 therefore may contribute to arthritis by inaesiavial angiogenesis, which
may indirectly enhance synovitis, rather than any direct effect onminfigion. Also PPF2458 abolished
synovial angiogenesis prior to reduction in synovitis, whereas viisioreduction followed the
discontinuation of PPI-2458. This indicates that PPI-2458 exayt its effects not through the direct

inhibition of inflammation, but rather through the inhibition of angicgs

Synovial angiogenesis is an early feature of both OA and RAperudts very early in the development of
persistent synovitis in animal models (Walsh et al., 1998; Brahn et al.). Z)0®vial angiogenesis is also

a feature of chronic synovitis in both humans and animals (Walsh e198; Walsh et al., 2001;
Haywood et al.2003) These data also demonstrate increased endothelial cell proliferation durirnig chron
synovitis after co-injection of either carrageenan and FGF-2 or singletion) of 2% carrageenan. It is
likely that angiogenesis 4 weeks after the induction of chroniovilys was mediated by factors other than
the injected FGF-2, since FGF-2 alone induced only a transient iacreandothelial cell proliferation
that had normalised by 5 days. Angiogenesis during chronic isighmay be mediated by an imbalance
between a variety of angiogenic and anti-angiogenic factors (Betmét 2005) Further studies will &

required to understand which molecules sustain synovial angiogenesmam$ or animal models.

Mechanisms by which acute synovitis may lead on to chronic arthritiaimeincompletely understood.
However, this study supports previous findings that angiogerseai$eature of early as well as persistent
synovitis in humans (Griffioen et al., 2000; El-Gabalawy 2005; Klareskad.,2009) It also goes on to
provide further evidence that synovial angiogenesis may indeeddmtoa leading to persistent synovitis
and inhibiting synovial angiogenesis at the onset of chronic synbeitighe capability of reducing pain

associated with chronic synovitis.

7.2 Angiogenesis, inflammation, structural damage and pain in OA

Transection of the medial meniscus in the rat was shown to resulieimadsritic changes in the medial
tibial plateaux, consisting of fibrillation and eventual loss of cartilaggyrapanied by reduced density of
chondrocytes and loss of proteoglycan staining, and growtistebphytes at the joint margins (Janusz et
al., 2002; Bove et al., 2006; Mapp et al., 2008; Mapp et2810) The MNX model of OA also
demonstrated loss of integrity of the osteochondral junction asnelsawere shown in this study to
penetrate the articular cartilage from the subchondral bone spaddéionally there is synovitis, indicated
by increased synovial macrophage infiltration, and pain behavibibiged by a reluctance of the animals
to symmetrically weight bear on their hind limbs (Bove et al., 28Gf)p et al., 2008; Mapp et al., 2010).
In each of these respects, MNX model of OA used in this stadyshown to effectively mimic the human
condition, and provided important insights into mechanismenlyidg structural changes, pain behavior

and responses to pharmacological therapies.
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Typically OA presents as joint pain with progressive loss of jointtfan. A great deal is known about
symptoms of the disease, but the pathophysiology underlying gyssptoms is widely acknowledged to
be complex and less well understood. In the absence of diseadifyimgo drugs to treat OA,
pharmacological interventions often act by subduing pain in order to refjgmptoms (McColl 2001).
Current treatments are often limited by potential adverse events, lagtten understanding of how joint
pathology leads to pain is required to develop new therapies.

It is well documented that angiogenesis is a feature of OA in rats asasvéi humans, both in the
synovium and at the osteochondral junction (Walsh et al., 2007; Mahp 20@8). Synovial angiogenesis
is associated with synovitis by either being a consequence of synthritisgh the expression of
angiogenic factors by macrophages, or angiogenesis could exacerbatenatflzmby facilitating plasma

extravasation and cellular influx (Walsh 1999; Bonnet et al., 200Synovial and osteochondral
angiogenesis are also associated with OA structural changes, and could eptdribese changes either
directly or by facilitating inflammation (Haywood et a2003) Angiogenesis is followed by innervation
of newly formed blood vessels by fine unmyelinated sensory sieavel could therefore directly contribute
to pain in OA (Haywood et al., 2003).

Synovitis is associated with increased chondropathy in human OA (Walah, 2009) and predicts
progression of joint damage in longitudinal studies (Ledinghaml.et1895; Palosaari et al2006)
Clinically, osteoarthritic patients have a variable degree of synovitisvitro studies of human OA
synovium and studies of OA pathology in animal models havdidated the inflamed synovium and
synovial macrophages as important contributors in promoting OA pgthdBondeson et al.2010)
Synovitis is implicated in many signs and symptoms of OA inclydinelling and effusion (Pelletier et al.,
2001; Benito et al., 2005). Synovitis also contributes to diseaseepsign as indicated by the correlation
between biologic markers of inflammation, such as C-reactive protein atidgeamoligomeric matrix
protein, with the progression of OA structural changes (Clark e1389; Sowers et a002)

After showing that angiogenesis is an integral component in chronic iggnevhether synovitis could
exacerbate osteoarthritic changes was investigated and if by targeting the angioggrnera of this
chronic synovitis instead of directly inhibiting inflammation usengti-inflammatory drugst would be
possible to curtail the structural damage seen and the pain experiencedvims@#so looked atUsing the
rat MNX model of knee OA he results presented in this thesis confirm previous findings aow it
synovitis exacerbates structural damage and pain. The resultstgadllastrate that the administration of
either anti-inflammatory (dexamethasone or indomethamirgnti-angiogenic (PP1-2458) treatments are
associated with reduced synovitis, structural damage and pain behatigrindicaes that angiogenesis

may contribute both to inflammation and joint damage, and that gevggsis inhibition works just as well
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as anti-inflammatory drugs in reducing inflammation even after syndassbecome established. Hence
these data support the notion that inhibition of blood vessel growth mayubeful strategy in reducing
OA pain. These findings are an extension of previously published data, wherehesedrave shown PPI-
2458 inhibits synovitis in collagen and in PGPS-induced arthritisi¢ge and rats (Bainbridge et al., 2007;
Lazarus et al.,, 2008). This indieatthat the anti-inflammatory effects of angiogenesis inhibition are

observed in synovitis induced by a wide variety of agents.

7.3 Anti-inflammatory and anti-angiogenic treatmentsin OA

Inhibition of synovitis is an attractive target for disease modification Ay &though coincidental and
detrimental effects of current anti-inflammatory agents on chontrdayction (Annefeld et al., 1990;
Bove et al., 2003) could limit their efficacy as disease modifying agemtghis study, treatment with
either dexamethasone; a synthetic adrenal corticosteroid or an angiogenbgisr iRfP+2458 reduced
total joint damage score.Dexamethasone predominantly affected chondropathy in the MNX model,
whereas angiogenesis inhibition reduced osteophyte size, suggesiinghéeh structural effects of
angiogenesis inhibition could ndie entirely mediated by its anti-inflammatory effectsThis data
complements previous findings where angiogenesis inhibition witGF/Blockadewas found to reduce
new bone formation around arthritic joints, an effect that couldlyp&e mediated by inhibition of

endochondral ossification (Miotla et al., 2000).

Similarly, intra-articular or systemic delivery of dexamethasone lpageiously been shown to reduce
joint damage in experimental animal models of inflammatory arthritis, asicdjuvant arthritis (AA) and
collagen-induced arthritis (CIA) (Bendele 2001; Cuzzocrea et al., 2005y 1GapAssef et al., 2007)n a
rabbit meniscal transection model of OA, corticosteroids given before theadr@ét reduced osteophyte
formation and cartilage loss (Butler et al., 1983). Similar findings baea reported in guinea pig and
dog models of experimental OA (Williams et al., 1985; Pelletier et al., 1995)

In-vitro findings have shown that functional properties of cartilage exptantisl be maintained in culture
through the addition of dexamethasone to cell media (Bian &XC4l0) However conflicting studies exist
indicating that corticosteroids also inhibit chondrocyte synthetic functionsreydtherefore exacerbate
joint damage, limiting their frequent use in clinical setting (Boland 19&efeld et al., 1990).

Similar to previous studies where vascular channel formation and paividreinathe MNX model of OA
was shown to be reduced by matrix metalloproteinase inhibition (Mapp et 4D),20e data in this thesis
show that PPI-2458 inhibited vascularisation of channels at the osteaghjpimdtion which is consistent
with its anti-angiogenic activity. However, the significant increaswtal channel numbers in animals
having meniscal transection surgery and treated with PPI-2458 compiliatbn-arthritic control animals

indicated that angiogenesis is not a prerequisite for channel forma®eductions in pain and structural
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damage observed in the osteoarthritic animals following treatment witR4®Bleould partly be due to
inhibition of osteophyte growth and angiogenesis at the osteochondctibjy as well as inhibition of

synovitis.

These findings indicate that synovitis and total joint damage are closely asbodtat@ain behaviour in
the rat MNX model of OA and this could, in part, be explained by angiggeimethe synovium and at the
osteochondral junction. Targeting angiogenesis could therefore pr@fal uis reducing pain and

structural damage in OA, either alone or in combination with othgsditigure 6.1).

7.4 M eniscus as a sour ce of pain in human tibiofemoral OA

After showing that angiogenesis is an integral component in chronic fgn@and that synovitis could
exacerbate osteoarthritic changes in the rat MNX model of knee OA, | avetd highlight that by
targeting the angiogenic component of this chronic synovitis andgldaectly inhibiting synovitis using
anti-inflammatory drugs it was possible to curtail the structuralagenseen and the pain experienced in
this MNX model of OA. Angiogenesis is not in itself painful, but singg jtossible that angiogenesis may
contribute to pain in OA by enabling growth of new unmyelinated sgnsenves (Bonnet et al., 2005;
Ashraf et al.2008) | went on to establish whether menisci could be a source ofrp&@A ithrough these
mechanisms. | had already shown that in the MNX model of OA, G@aRRFve sensory nerves were seen
in the synovium, subchondral bone and in osteophytes. Pseltierature complements these findings as
angiogenesis and sensory nerves have been observed in the syaondiatthe osteochondral junction in
OA (Walsh et al.,2007) penetrating into non-calcified articular cartilage and osteophytes (Suri et al.,
2007). These perivascular, unmyelinated, nerve fibres containing subBtaareeé-CGRP have been
implicated in mediating sustained burning pain described by patients wiiKidé et al., 1992; Dieppe et
al., 2005).

Examining the vascularisation and innervation of human menisci betivigdn and low tibiofemoral
chondropathy groups highlighted an association between disorganishtoflagenous matrix structure
and chondropathy in human kneedMenisci with high chondropathy scores had increased synovial
penetration towards the tip, extending over part of the inner regiom syftovium also appeared thicker, in
menisci from high chondropathy group compared with those fitoenldw chondropathy group. An
increase in penetration of blood vessels and nerves towards the menisdtl bijgh chondropathy scores
was also demonstratedVascularisation of normally avascular tissues has also been demonstrated i
articular cartilage in OA and inner regions of the annulus fibro$uke intervertebral disc in back pain
(Kauppila 1995). Meniscal angiogenesis on the other hand could also be a homeostatic rasponse
minimise meniscal damage in OA. Vascularisation changes tissuediianics and could predispose to
further damage. Interventional studies would therefore be requiredetermine whether meniscal

angiogenesis protects against or contributes to joint damage in OA.
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These findings shoed that increased angiogenesis and thickness of the synovium ethse@A extends
to include synovium attached to menisci. Increased synovial vascularity wasiatess with
vascularisation at the fibrocartilage junction of the meniscus, suggésingngiogenesis in these different
joint compartments may be regulated by common factors. The stionoieniscal blood vessel growth
deserve further study, because they could originate from cells withiméniscus itself and also from
adjacent structures such as the synovium and articular cartilage.

These data demonstrated that CGRP positive sensory nerve profiles were ipréisentuter region of
menisci, and most of these nerves were associated with blood vessels. CG&pdalised with
substance P in unmyelinated sensory nerve fibres, and this woekotleeextends previous findings that
perivascular nerves containing substance P are located in the peripheral giottion menisci (Mine et
al., 2000). In this study, increase in sensory innervation in the outer regitte menisci from knees with
high chondropathy sceswas observed, therefore, nerve growth in menisci could contribpgndn OA
both through an increased density of nociceptive fibres, and also hhirergased sensitivity that occurs
during nerve growth (Ma et al., 1997). Recent controlled trials ofengrowth factor blockade have
demonstrated its ability to inhibit OA knee pain (Cattaneo 2010), althiheghapid onset of its analgesic
effect could suggest an action on sensitisation rather than on nervb.g@@&RP-immunoreactive nerves
were localised adjacent to blood vessels within the meniscus, and seeseeygrowth follows blood
vessel growth in a variety of tissues (Aoki et al., 1994; Walsh et9€6) It is therefore not far-fetched to
predict that angiogenesis inhibition could also have analgesic potential by redbeingnt innervation in
the osteoarthritic knee (Walsh et al., 2001).

So collectively the data collected as part of this thesis highlights that synmattitagge, subchondral bone
and menisci could all be possible sources of pain in knee OA. Irofighe findings shown in this thesis,
neovascularisation and innervation of otherwise avasemnd aneural regions of the joints could contribute
to both structural change and pain in OA. Inhibition of either angiogeaesi/or inflammation and/or
nerve growth may each offer the potential to reduce structural damadgpaanin OA (Figure 6.1).
However interventional studies are needed to further elucidate the contributioml dfie links between
angiogenesis, inflammation, nerve growth and palever-the-less the data presented in this thesis support
the hypothesis that inflammation and angiogenesis are co-dependerdspsoti@at can exacerbate and

mediate structural damage and pain in OA.



75 L imitations of the current studies

Although the results reported in this thesis provide novel evideheerale for angiogenesis in chronic
synovitis, structural damage, innervation and pain in OA, conclusiongrated by a number of factors
that are common to investigations of complex biological processes in intacti&nThese limitations are
discussed below:

. Even thoughPP2458 is well characterized as a specific inhibitor of angiogenesis, it waglgo
possible to separate in these in-vivo studies whether the inhibitiangiogenesis following PPI-2458
treatment leads to reduced inflammation and hence pain or whethé&t4®®lis acting in an anti-
inflammatory manner distinct from its anti-angiogenic properties.

. The effects of either angiogenesis or inflammation inhibition on uatien of the joint was also
not investigated due to time and cost constraints, hence innereétiba joint was not correlated to pain
behaviour in these in-vivo models.

. Indomethacin andiexamethasone could have had effects additional to inhibiting inflammation,
including direct anti-angiogenic actions.

. Macroscopic appearance of chondropathy is used in the humarcisgady as an indicator of
tibiofemoral OA. Even though chondropathy scores for higbndropathy group are similar to those
previously observed at total joint replacement surgery for knee OA (Véalsth, 2009), all of whom
fulfiled the American College of Rheumatology revised criteria for OA (Altnet al., 1986)
chondropathy alone, however, is insufficient to diagnose knee OAugthér studies would be required to
determine whether the observed meniscal changes are associated with ottress ¢é@é.

. During selection of cases for the meniscal study, 3 cases were exkcfrmim the high
chondropathy group due to non-availability of meniscal tissue. iecés be completely disrupted in
severe OA and the current findings will only be relevant to cases whaiscimemain intact.

. The prevalence and severity of OA increases with age, and it was nitl@asghis study to
exclude the possibility that differences in vascularity and innervationeketWwigh and low chondropathy
groups may have been age- rather than disease-related.

° It is not known whether patients from whom the menisci were obtairféatexlifrom knee pain,
and the proposal that meniscal pathology may be associated with kneemains speculative.

. The meniscal study is not age-matched, it is however extreméiguttito carry out age and
disease matched study as it would require a very large repository of hwimatissues. The Academic
Rheumatology joint tissue repository is an ongoing repository evfmnt tissues from PM cases are
continuously being added over time. In the current repository corgéd8ih PM cases, 20 cases within the
age range of 23 to 59 and 56 to 91 years fulfilled the criteria of hdeingand high macroscopic
chondropathy scores respectivel@nly 1 case in the total repository within the age range 23 to 59 had a
high macroscopic chondropathy scote.order to be able to select 20 cases with high chondropathy scores
within the age range 23 to 59, repository having 5760 PMswesuld be required Correspondingly, only

2 cases in our repository within the age range 56 to 91 hathémroscopic chondropathy scores. In order
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to be able to select 20 cases with low chondropathy scores within éhearage 56 to 91a repository
containing 2880 PM cases would have been needed. Therefore anedxti@ge repository containing
approximately over 2500 PM cases is needed to carry out an age mstiotigd At the moment the
Academic Rheumatology joint tissue repository does not house sugeh namber of PM cases. An
alternative approach was considered of including cases with milder chondrivptiteyhigh chondropathy
group, or more severe chondropathy within the low chondropatiypgbut this would have reduced the
validiaty of case selection, increasing the likelyhood of cross-contaarirztween the groups. Including
smaller numbers of cases within the groups would have reducepdwiee of the study to detect clinically
important differences in vascularity.

Despite these limitations, however, the data presented in this thesis supponvttieatventi-inflammatory
and anti-angiogenic strategies may have the potential not only to relleygtoms, but also to modify
structural progression in OAThe use of post mortem tissues in the human meniscal study perthéted
analysis of two discrete patient groups, with menisci harvested andsgged and chondropathy assessed
by identical methodologies, avoiding differences between surgical andlcep&cimens that can often
limit interpretation of pathological studiesdence hese data presented should help direct the design of
future experiments to further elucidate the mechanisms connecting angiogemesftammation,
innervation, structural damage and pain in OA.



7.6 Futuredirections

This thesis has highlighted the contributions of angiogenesis to infitiorm innervation, structural
damage and pain in OA both in-vivo using animal models and exugivigg human meniscal tissu&he
data from two animal models of chronic synovitis presented in thisstehews that angiogenesis is an
important component in the transition of acute to chronic synovitisadmdef anti-angiogenic treatment
during the acute phase of synovitis could prevent its subsequegregsion. Increased syntisialso
exacerbated structural damage and pain in the MNX model of OA and tréatitiethe anti-angiogenic
compound was followed by a reduction in these enhanced pathological che8igeékrly, in the MNX
model of OA, both anti-inflammatory (either dexamethasone or ietttanin) and anti-angiogenic (PPI-
2458) compounds were able to reduce synovitis, total joint damageaantdehaviour. This indicasthat
synovitis and joint damage are closely associated with pain behadidhe MNX model of OA and
angiogenesis inhibition may reduce pain behaviour both by redsgimuyvitis and preventing structural
damage. However, future studies mentioned below are needed to address the limitatibadindings
presented in this thesis as well as exploring new avenues to further elubiglatennection between
inflammation, angiogenesis, structural damage and pain in OA:

. To further characterise the mechanism of action of the angiogemdsistdr PPI1-2458 in
reducing synovitis and understanding whether it is the inhibition gfoganesis following PPI-2458
treatment which leads to reduced inflammation and hence pain or wRRh&458 is acting in an anti-
inflammatory manner distinct from its anti-angiogenic properties pitdposed that the effects of PPI-2458
need to be first verified in an in-vivo model of inflammatiortheut angiogenesis, such as the 0.03%
carrageenan model of resolving synovitis.

o Since it was also not possible to investigate whether anti-inflammatoryamtirdngiogenic
treatments had any effects on the innervation of the osteoarthriticdineeif the MNX model of OA and
hence to correlate those data to the pain measurerasrtsnt tissues neextl to be preserved and
decalcified separately for innervation and vascular studies and this retipgregime experiments to be run
twice. Looking at the effects that anti-angiogenic (PPI1-2458) and antiinflatory (Dexamethasone and
Indomethacin) drugs have on the innervation of the various congrattrof the osteoarthritic knee joint in
the MNX model of OA and correlating those data to pain measuremenltsggal step forward forming
the basis of future investigations.

. To rule out the possibility that indomethacin and dexamethasané lsave had effects additional
to inhibiting inflammation, including direct anti-angiogenic actions, libhaviour of these drugs need to be
testal in an angiogenic model without inflammation such as the 6 picomoles of2F&movial
angiogenesis rat model.

. To further explore the role of angiogenesis in inflammation, jointadg@mand pain in OA,
enhancing angiogenesis in the MNX model of OA using variou®genic factors such as FGF and VEGF
to see whether they have any effect if at all in exacerbating inflammatiob,damage and pain in the

osteorthritic animals could prove interesting.
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. The results presented in this thesis have shown that long-term angiogenigsiimrinhas the
potential to reduce inflammation, structural damage and pain in the MN¥Inod OA, but this is not
without its attached side-effects, but whether short-term angiogenesigianhitas any effects is not
known and needs to be investigated, to reduce the chancessifipaide-effects attached to other long
term drug-treatment use.

. Looking at the effects of different combinations and durationanti-inflammatory and anti-
angiogenic treatment regimes on synovitis, structural damage and paéMNX model of OA are also
worth investigating as well as seeing whether the findings reportbithesis hold true in another model
of OA, such as the monosodium-iodoacetate (MIA) model.

. Since it is highly likely that multiple factors could lead to chronic inflammatengiogenesis
inhibition may have greatest therapeutic potential in combination with other at@ogical agents.

) Eventually, clinical studies are also necessary to determine whether the it@alestudies done

in animal models hold true in clinical settings.

Together, the results from the above mentioned experiments should feftlwdate the role of

angiogenesis in inflammation, structural damage and pain in the MNéImbOA.
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77 Concluding remarks

OA is the commonest form of arthritis and is of unknown aetiologjis dssociated with articular cartilage
loss, synovitis, subchondral bone remodelling and osteophytafion. Angiogenesis, the growth of new
blood vessels from pre-existing ones, contributes to each of pladiselogical features of OAPain, the
main symptom of OA originates from several sources within tlee faint some of which are synovium,
cartilage, bone and menisci. Inflammation sensitises the sensoeg meowing alongside blood vessels in
various compartments of the joints and these sensitised nerves contrimgardgenic inflammation,
initiating new vessel growth. Hence, angiogenesis contributes both $grtipgoms and pathology of OA
and further analysis of its role seems vital in leading to discoverimg effective therapies.

The findings outlined in this thesis have provided evidemaévo using animal models of synovitis and of
OA that synovitis, synovial angiogenesis and structural damage arey@ssetiated with pain behaviour.
Angiogenesis inhibition may thereforgave the potential to reduce pain behaviour both by reducing
synovitis and also by preventing structural damage-vivo, using human meniscal tissue it is shown that
tibiofemoral chondropathy is associated with altered matrix structure, increasedlar penetration and
increased sensory nerve densities in the medial meniscus. Indicatngntiiogenesis and associated

sensory nerve growth in menisci could contribute to the pain observed (RiQure 6.1)

Further studies will concentrate on assessing the effects thainfltimatory and anti-angiogenic
treatments have on the innervation of the osteoarthritic knee joitite MINX model of OA and how this
data correlates with pain behaviour measurememifloreover looking at the effects of different
combinations and durations of anti-inflammatory and anti-angiogeatment regimes on syntigj
structural damage and pain in the MNX model of OA as well as seeingewxttedise findings hold true in
other models of OA, such as the MIA model and other models of gigolkooking at whether PPI-2458
has any effects on other angiogenic factors such as VEGF could alsefok uThis information could
prove vital to increasing our understanding of the contributiorggiogenesis to inflammation, structural
damage and pain in OA.
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2 I Anti-inflammatory drugs
I nﬂammatlon Indomethacin+Dexamethason
Anti-angiogenic drug
PPI-2458
Chondropathy,
osteophytosis,
subchondral bong
changes and
meniscal
degeneration
Angiogenesis Structural Damage
1A
Synovium FGF-2
and OCJ |—|
A\ \/
Innervation — Pain
CGRP Cartilage, Synovium, Bone, Menisci |
Figure6.1 Relationship between inflammation, angiogenesis, innervation, structuralgdaand

pain in OA. OA is a dynamic disease process, where the symptodnstaictural changes are all
interconnected. Angiogenesis inhibition in the synovium and at the ostelwsahgmction (OCJ) has the
potential to curtail synovitis, structural damage and pain in a rat MNX nodd®A. Similar effects were

seen using anti-inflammatory drugs. Angiogenesis (fibroblasivifpr factor [FGF] -2) and associated
sensory nerve growth (calcitonin gene related peptide; CGRP) in the cartilageugy, bone and menisci

could contribute to pain in OA.
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9 APPENDICES

9.1 Materials and Reagents

Acetic acid

Acetone

Albumin, Bovine (A4503)

Ammonium Chloride

Basic FGF, Human, Recombinant (132529)
Beta-D-glucose (G5250)

Calcium Chloride (C3306)

Ceporex™

Cork Blocks 20mm x 3mm (E7.15/CD)
Coverslips 22mm x 64mm

DAPI

DePex™

Dexamethasone (D1756)
Diaminobenzidine (D5637)

Diammonium Nickle Il Sulphate (A1827)
Disodium phosphate heptahydrate (S9390)
EDTA Disodium Salt (E5134)

Electronic Caliper

Eosin (1%)

Ethanol absolute (32221)

Fast GreerfF-7258)

Formalin Neutral buffered pH 7.0 (4% formaldehyde)
Formic Acid (399388)

Glucose Oxidase Aspergillus Niger (G2133)
Glycerol (G2025)

Goat serm (G9023)

Hematoxylin (H3136)

Horse Serum

Hydrochloric Acid

Hydrogen peroxide (H1009)
Hydroxy-propyl-beta-cyclodextrin (C0926)
Incapacitance Meter

Indomethacin (17378)
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VWR Ltd. Lutterworth, UK
VWR Ltd. Lutterworth, UK
Sigma Aldrich, Poole, UK
VWR Ltd. Lutterworth, UK
Invitrogen Ltd. Paisley, UK
Sigma Aldrich, Poole, UK
Sigma Aldrich, Poole, UK
Schering-Plough Animal - Health,
Middlesex, UK
Raymond Lamb, EastbolKe,
VWR Ltd. Lutterworth, UK
Sigma Aldrich, Poole, UK
VWR Ltd. Lutterworth, UK
Sigma Aldrich, Poole, UK
Sigma Aldrich, Poole, UK
Sigma Aldrich, Poole, UK
Sigma Aldrich, Poole, UK
Sigma Aldrich, Poole, UK
Miyutoyo UK Ltd. Andover, UK
Raymond Lamb, Eastbourne, UK
Sigma Aldrich, Poole, UK
Sigma Aldrich, Poole, UK
VWR Ltd. LuttertwdsK
Sigma Aldrich, Poole, UK
Sigma Aldrich, Poole, UK
Sigma Aldrich, Poole, UK
Sigma Aldrich, Poole, UK
Sigma Aldrich, Poole, UK
Sigma Aldrich, Poole, UK
VWR Ltd. Lutterworth, UK
Sigma Aldrich, Poole, UK
Sigma Aldrich, PoblK,
Linton Instruments, Norfolk, UK
Sigma Aldrich, Poole, UK



Iron (1) Chloride (157740)
Isopentane
KS300 image analysis software

Lambda Carrageend@-3889)

Lewis or Wistar rats

Mayers Haematoxylin

Methanol

Monosodium Phosphate Monohydrate (S9638)
Neuraminidase Clostridium perfringens (N2876)
Novasapa Cold Steriliser

OneTouch® Ultra® Blood Glucose Meter and Test Strips
Paraformaldehyde (P6148)

Phosphate Buffered Saline pH 7.4 (43711)
Picric Acid (1.2%)

Polyvinylpyroolidene (PVP40T)

Rabbit Serum

Rimady™

Safranin-O(S-2255)

Shandon Pathcentre Tissue Processor

Sigma Fast! Red Alkaline Phosphatase Tablets (F4523)
Sodium acetate trihydrate (236500)

Sodium Azide (8032)

Sodium ChloridgS-3014)

Sodium Chloride Solution, 0.9% (S8776)

Sodium HEPE$H-3375)

Sodium Pentobarbital (Euthatal)

Sony DSC-s85 CyberShot digital camera

Sterile Op-Cover
Sucrose (5016)
Surgical Instruments

Tergitol NP40 (NP40)
Tissue Tek® Embedding Centre
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Sigma Aldrich, Poole, UK
VWR Ltd. Lutterworth, UK
Imaging Associates Ltd. Thame,
UK
Sigma Aldrich, Poole, UK
Charles River, Kent, UK
Raymond Lamb, Eastbourne, UK
Sigma Aldrich, Poole, UK
Sigma Aldrich, Poole, UK
Sigma Aldrich, Poole, UK
Pfizer Animal Health, Surrey, UK
LifeScan Inc. High Wycombe, UK
Sigma Aldrich, Poole, UK
VWR Ltd. Lutterwdaik,
VWR Ltd. Lutterworth, UK
Sigma Aldrich, Poole, UK
Sigma Aldrich, Poole, UK
Pfizer Ltd. Kent, UK
Sigma Aldrich, Poole, UK
Shandon ThermoScientific,
Leicestershire, UK
Sigma Aldrich, Poole, UK
Sigma Aldrich, Poole, UK
Sigma Aldrich, Podlé
Sigma Aldrich, Poole, UK
Sigma Aldrich, Poole, UK
Sigma Aldrich, Poole, UK
Pfizer Ltd. Kent, UK
Carl Zeiss Ltd. Welwyn Garden
City, UK
Kruuse Ltd. Sherburn in Elmet,
North Yorkshire
Sigma Aldrich, Poole, UK
Interfocus Ltd. Cambridge, UK
Sigma Aldrich, Poole, UK
Sakura Finetek Europe, The

Netherlands



Tissue Tek OCT® mounting medium
Tris base (T1509)
Vectastain® Elite ABC Kit (PK6100)

Vectastain® ABC-AP Kit (AK5000)
Vetasept Povidone-lodine Scrub

Xylene
Zeiss Axioscop-50 microscope

21z

Raymond Lamb, Eastbourne, UK
Sigma Aldrich, Poole, UK
Vector Laboratories Ltd.
Peterborough, UK
Vector Laboratories Ltd.
Peterborough, UK
Animalcare Ltd. Dunnington, York
VWR Ltd. Lutterworth, UK
Carl Zeiss Ltd. Welwyn Garden
City, UK



9.2 Antibody List

Primary antibodies:

Description Specificity | Other names Clone Product Code Company Reference | Dilution
Type
Mouse Anti-rat PCNA - PCG10 Monoclonal MO0879 DAKO Ltd. Walsh et. 1:1000
Proliferating Cell High al., 1998
Nuclear Antigen Wycombe, UK
(PCNA)
Mouse Anti-rat CD31 GPIIA, TLD-3A12 | Monoclonall MCA1334G | Serotec Ltd. | Male etal.,| 1:400
CD31 PECAM-1 Oxford, UK 1995
Mouse Anti-rat CD68 ED1, ED1 Monoclonal MCA341GA| Serotec Ltd. | Dijkstraet | 1:1000
CD68 MACROSIALIN Oxford, UK al., 1985
Mouse Anti-Actin Alpha- - 1A4 Monoclonal A2547 Sigma Aldrich, [ Kennedy et| 1:2000
smooth Poole, UK al., 2010
muscle
actin
Rabbit antie- CGRP - - Polyclonal T-4239 Peninsula Labg Surietal., [ 1:1000
CGRP (human) Inc. St. Helens, 2007
UK
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Secondary antibodies:

Affinity Purified

Ltd. Peterborough, UK

Description Antigen Donor L abel Code Company Dilution
Anti-Mouse 1gG Mouse IgG Horse Biotinylated BA-2001 Vector Laboratories 1:100
Affinity Purified, Rat Ltd. Peterborough, UK
Absorbed
Anti-Rabbit 1gG, Rabbit 1gG Goat Biotinylated BA-1000 Vector Laboratories 1:100
Affinity Purified Ltd. Peterborough, UK
Griffonia (Bandeiraea) Lectin-1 - - L-1100 Vector Laboratories 1:6000
Simplicifolia Lectin 1 Ltd. Peterborough, UK
Griffonia (Bandeiraea) Lectin-1 Goat - AS-2104 Vector Laboratories 1:6000
Simplicifolia Lectin 1, Ltd. Peterborough, UK
Affinity Purified
Anti-Goat 1gG, Goat IgG Rabbit Biotinylated BA-5000 Vector Laboratories 1:100
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9.3

Buffers and solutions used for immunohistochemistry

Acid Alcohol:

Acetic Acid Solution:

DAPI:

Decalcification Fluid:

Fast Green Solution:

Goat Blocking Buffer:

HEPES buffer:

Horse Blocking Buffer:

Hydrochloric Acid (1.0 M)

Ethanol
Distilled H,O

Acetic Acid (Glacial)
Distilled H,O

Tergitol NP40
DAPI
PBS (0.01 M)

Tris base
EDTA (10%)
PVP (7.5%)
Distilled H,O
pH

Fast Green
Distilled H,O

BSA (5%)
Goat Serum (3.3%)
PBS (0.1 M)
Distilled H,O

NaHEPES (10 mM)
NaCl (150 mM)
CaCj 2H,0 (0.1mM)
Distilled HO

pH adjusted to

BSA (5%)
Horse Serum (3.3%)
PBS (0.1 M)
Distilled H,O

21¢

5.0 ml
350 ml
145 ml

4 ml
396 ml

0.6g
0.1 mg
100 ml

3.35¢g
25049
187.5¢g
25L
6.95

0.1g
500 ml

0019

0.7 ml
Dmi
17.3 ml

2.603 g
8.766 g
0.015¢g
1L

7.5

0.01g

0.7 mi
2.0ml
17.3 ml



e Hydrochloric Acid (1.0 M):

¢ Hydrogen Peroxide in Methanol:

e PBS (10 x concentrated at 0.1 M):

Working dilution of PBS:

¢ Phosphate Buffer (0.2 M):

e PBS and Sucrose:

e Rabbit Blocking Buffer:

e Safranin-O Solution:

e Sodium Acetate (0.1 M):

e Sodium Acetate (0.2 M):

Hydrochloric Acid (37%)
Distilled H,O

Hydrogen Peroxide (0.33%)

Methanol

Sodium Chloride

Sodium dihydrogen Orthophosphate
Di-sodium hydrogen Orthophosphate

Potassium Chloride
pH

0.01M using distilled water.

Monosodium Phosphate Monohydrate

0.5 ml
4.5 ml

.0m8
300 ml

70.1g
4.4 ¢
12.8¢g
2009
7.4

From 10 x concentrated 0.1M stock solutimvorking solution of

1g7.4

Disodium Phosphate heptahydrate 39.2 g

Distilled H,O

Sucrose (15%)
Sodium Azide (0.01%)
PBS (0.01 M)
pH

BSA (5%)
Rabbit Serum (3.3%)
PBS (0.1 M)
Distilled H,O

Safranin-O
Distilled H,O

Sodium Acetate Trihydrate
Glacial Acetic Acid

Distilled H,O

Sodium Acetate Trihydrate

21¢

1L

3759
0.25¢
25L
7.4

0.01g

0.7 mi
2.0ml
17.3 ml

04g
400 ml

5.64¢
3.51ml

1L

25.77 g



Glacial Acetic Acid 0.6 ml

Distilled H,O 1L
e  Weigert’s Haematoxylin:
Reagent A
Haematoxylin 209
Ethanol 200 ml
Distilled H,O 10 ml
Reagent B
Iron (1l1) Chloride (2.9 g in 10 ml distilled D) 8 mi
HCL (37% concentrated) 2ml
Distilled H,O 190 ml

Add equal volume of Reagent A to Reagent B to make Weigert’s Haematoxylin

e  Zamboni’s Fixative: Paraformaldehyde Solution (16%) 250 ml
Saturated Picric Acid Solution 150 ml
Phosphate Buffer (0.2 M) 500 ml
Distilled H,O 100 mi



9.4 Calculations

¢ Number of fields per section required to give a statistically significant result.

Approximately 8 consecutive sections were stained for the appropriatenaotigagerest. Quantification
was performed using image analysis and data was recorded onagxatatibtical analysis. Indices of each
cumulative field per section were Log transformed. The mean and stadelaadion for each first field,
second field etc. for all sections was calculated using the Log transfoehes v Co-efficient of variation
for each field was then determined. Two graphs representing, meas therswmber of cumulative fields
and co-efficient of variation versus the number of cumulative fields wettegloCo-efficient of variation
expresses the standard deviation as a percentage of the sample mean. tbiseisedhine the size of the
variation relative to the size of the observation. The size of variation desndh each cumulative field
upto a saturation point. The cumulative field that has the lowest variatibe observations determines

the number of fields required per section.

o Number of sections per case required to give a statistically significant result.

Once the fields required per section were determined, weighted mean &ielthdor all sections was
determined. For normally distributed data, true mean was calculated froneigiigedl mean. Standard
deviation and standard error of the mean were also calculated. Standameasures how precisely the
population mean is estimated by the sample mean. The size of idardt@rror depends both on how
much variation there is in the population and on the size of the samptieei.standard deviation of the
mean. In these cases it was determined to be within +25% of the true meheareées 95% confidence
that the observed mean is between +25% of the true mean. Numbeti@issecStandard deviatioh/

Standard errof.

e Sample Size

A power calculation was performed to determine the minimal number of annemliired to test for a
significant difference in the data. A power of 80% was decidetddw s difference of 10% at P value of
0.05. Pilot data was used to determine mean and standard deviatioforriiile used was; (u + o, +
0:%) / (m®+ w?), where u is the one sided percentage point of the normal distributicesponding to
100% minus the power. In this case 100-80 = 20%, so u = Ov8i&. the percentage of the normal
distribution corresponding to the two sided significant level. Is ¢hse the significant level used was 5%

i.e. p=0.05,s0v=1.96. o isstandard deviation and p is the mean.

e Intra-observer reliability for image analysis

Repeated measurements on the same case varies around the true vedgalbefaneasurement error, the
standard deviation of repeated measurements on the same case detidmengies of the measurement
error. Measurement error between repeat measurements is expresgehtability co-efficient (Bland et
al., 1996).
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9.5 Consent Forms

1 copy to be retained by research participant, 1 copy lo be retained by Investigator

Brief Title: Collection of tissues for research into human disease

Full study title: A study of the molecular mechanisms of various human diseases using post
mortem tissue (D6256M000024)

Principal (Chief) Investigator and Study Doctor: Dr David Walsh
(Sherwood Forest Hospitals NHS Foundation Trust and University of Nottingham)
Sponsors: Sherwood Forest Hospitals NHS FoundationTrust, University of Nottingham and AstraZeneca

INFORMATION SHEET

We appreciate this isn’t an easy time for you, and are grateful for any time that you spend having this
research explained to you. You are being asked for permission for samples of tissue to be removed from
the knees of your relative who has recently died. Before you decide if you want to take part it is important
for you to understand why Sherwood Forest Hospitals NHS Foundation Trust, the University of Nottingham
and AstraZeneca (a Pharmaceutical company who are joint sponsoring this work) are doing the study, how
your relative’s information and tissue will be used, what the study will involve and the potential benefits and
risks. Take your time to read the following information and discuss it with the doctor or nurse. If you are
willing to take part you will be asked to sign a consent form and will be given a copy of this information sheet
to keep.

WHY IS THIS STUDY BEING DONE?

Many diseases (such as arthritis and lung disease for example) cause unpleasant symptoms and can
prevent sufferers from carrying out everyday activities. In many cases available treatments can often be
improved upon, and often do not cure the disease. More research is needed to find new and improved
treatments for these diseases.

Researchers at Sherwood Forest Hospitals NHS Foundation Trust, Academic Rheumatology at the
University of Nottingham, and at AstraZeneca, are carrying out research to identify molecules (the body’s
chemicals) that cause disease. It is not yet known what causes many diseases, although some research
has provided clues about what is important. We are looking for differences in tissues from patients who
have had diseases compared with “normal” tissues. These differences may be seen as the presence or
absence of molecules that are important for symptoms and tissue damage. We wish to use tissues from
people who don't have disease, as well as tissues from people with these diseases, to help us be sure
that any changes that we see are really involved in the disease.

WHAT ARE WE ASKING YOU TO DO?

If you are willing for your relative to be included in our research, and you are unaware of any objection to
tissue removal that your relative may have raised during his/her lifetime, then we would remove bone
and other tissues from both knees. The procedure used for removing tissues is similar to that used in
total knee joint replacement surgery. About 4 cm (1% inches) of bone, cartilage and soft tissue will be
removed from each knee. No skin will be removed, and the skin will be closed after tissues have been
removed, leaving stitches for about 45 cm (18 inches) down the front of each knee. The collected tissues
will be accepted as a gift from you on behalf of your relative.
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1 copy to be retained by research participant, 1 copy to be retained by Investigator

You will be asked if, to your knowledge, your relative sought medical help for knee pain du ring the past
year, whether your relative smoked and whether they were housebound at all over the last year of their
life.

We will also ask for permission to access your relative's clinical notes for other information that may be
helpful to the research (“Study Data"), for example, medical history and medicines that have been
prescribed.

DO | NEED TO TAKE PART?

NO IT IS ENTIRELY VOLUNTARY.

Participation in this study is voluntary and entirely up to you. You do not have to donate the tissue, if you
don't want to. If you decide that you do not want your relative to provide tissue for the study, you don't
have to give a reason for this. It won't be held against you in any way. If you do decide to take part you
will be given this information sheet and consent form to sign and keep. If you decide to take part you are still
free to withdraw at a later date

You can withdraw your consent for tissue collection, without giving any reasons, up to the time of that
collection, by phoning the study contacts on 01623 672533 . You can withdraw your consent for the
continued retention and use of your relative's samples even after they have been collected, without
giving any reasons, by phoning that same number. We will still use the data from any analyses that have
already been conducted. The code and link will enable us to identify the samples that need to be
destroyed. It will then be the responsibility of Sherwood Forest Hospitals NHS Foundation Trust, the
University of Nottingham and AstraZeneca to ensure that all that remains of the coded samples from
your relative are destroyed.

Your consent to the use of your relative's Study Data can be withdrawn at any time. If you withdraw your
consent, the researchers in this study will no longer use your relative's Study Data or share them with
others, any results that have been generated before you withdraw your consent may still be used but no
specific data about your relation will be used again, except where the Data are required by regulatory
authorities to ensure validity of the Study.

WHAT ARE THE BENEFITS OF TAKING PART?

Agreeing for us to use joint tissues and Study Data from your relative means that you may possibly help
people with diseases in the future, as information may be used to develop new treatments. There will be no
direct personal gain from participation. There will be no payment for taking part in this study.

HOW WILL THE STUDY DATA AND SAMPLES BE USED?
The Investigator and the Study Sponsors may use the Study Data and samples for administration
purposes, research and development of pharmaceutical products, diagnostics and/or medical aids,
statistical analysis, the approval, registration and marketing processes relating to their products/study
medication, and carrying out safety and efficacy evaluations.

Tissues may be used to measure the amounts of molecules that can cause disease. Some molecules may
be extracted from the tissue to help us to identify them. Some tissues may be used to test how they
respond to new medicines.

Overall, it is hoped that these studies will help us to treat and diagnose illness in other patients in the
future. However, the samples that you donate will not themselves be used to treat or diagnose illness in
other patients, or used in any genetic research on your relative’s DNA (the material of which genes are
made). Whilst there is no specific expiry for the use of these data or tissues samples that are no longer
required for research will be disposed of by the research team in a legal and sensitive manner.

WHO WILL USE THE DATA AND SAMPLES THAT | HAVE DONATED?

Samples and Study Data will be stored for at least 15 years. They will be stored, processed and used for
investigations at Sherwood Forest Hospitals NHS Foundation Trust, Academic Rheumatology at the
University of Nottingham and AstraZeneca. The Study Sponsors may also wish to provide samples and
Study Data to third parties such as laboratories with whom they have collaborations, to perform specific
analyses. All samples provided will either be completely used up or returned to the Sponsor, and will
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1 copy to be retained by research participant, 1 copy to be retained by [nvestigator

only be used for the purposes described. The researchers with whom we may share your data and
samples could be located outside of the European Union, please be aware that such countries data
protection laws may be different. The researchers will only use your data in the way described here and
for research approved by the ethics committee. The researchers are responsible for handling your data
in accordance with applicable Data Protection law(s) in force in their countries.

Special precautions are taken to ensure the research study is carried out with a high degree of
confidentiality. A code that is specific to your relative will be used to label the samples and Study Data and
identify all results that are recorded. The coding of all information is to ensure that the results are kept
confidential by keeping your relative's identity and the results separate.

Samples and Study Data shared with Sponsors and collaborators outside Sherwood Forest Hospitals
NHS Foundation Trust will not include your relative's name or address. Only the Study Doctor and his
staff at Sherwood Forest Hospitals NHS Foundation Trust have access to the code key with which it is
possible to connect the Study Data to your relative. However, any of the personal data that are available
to the Study Doctor, may be reviewed at the Sherwood Forest Hospitals NHS Foundation Trust site by
the Sponsors and/or their representatives, their contractors, regulatory authorities, or other supervisory
bodies. The purpose of these reviews is to assure the proper conduct of the study and/or the quality of
the Study Data. Please note, the results of the study may be published in medical literature, but your
identity and that of your relative will not be revealed.

WHAT RIGHTS DO | HAVE TO THE RESULTS OF THE RESEARCH?

Any information derived directly or indirectly from this research, as well as any patents, diagnostic tests,
drugs, or biological products developed directly or indirectly as a resuit of this research, are the sole
property of the Study Sponsors (and their successors, licensees, and assigns) and may be used for
commercial purposes. It is intended that you have no right to this property or to any share of the profits
that may be earned directly or indirectly as a result of this research. However, in signing this form and
donating the samples for research, you do not give up any rights that you would otherwise have in
participating in this research research.

FUTURE CONTACT
There is no planned future contact. You will not have access to the research data. However, if you have

an interest in knowing how the tissue donation has contributed to advances in the research on arthritis
you may ask to be updated on this in the future by contacting the Study Doctor.

If you have any further questions about this study, or wish to contact the Study Sponsors, please discuss
this in the first instance with:

Doctor DA Walsh (Principal (Chief) Investigator and Study Doctor)

Telephone 01623 672533

If you wish to complain about any aspect of the way you have been treated during the course of the study
you can do so using the normal NHS complaints procedure. The number to ring for the Complaints and
Litigation Department is 01623 672533

Thank you for taking the time to read this invitation

This document must be kept in the investigator's study file and retained for a minimum period of 15 years
after completion of the study.
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1 copy to be retained by research participant, 1 copy to be retained by Investigator, 1 copy to be retained in hospital notes

Brief Title: Collection of tissues for research into human disease

Full study title: A study of the molecular mechanisms of various human diseases using
post mortem tissue (D6256M00024)

Principal (Chief) Investigator and Study Doctor: Dr David Walsh

(Sherwood Forest Hospitals NHS Foundation Trust and University of Nottingham)
Sponsors: Sherwood Forest Hospitals NHS Foundation Trust, University of Nottingham, and
AstraZeneca

CONSENT FORM
Please circle as appropriate

Have you read and understood the information leaflet (V1 dated 30-09-2008)? YES

Have you had the opportunity to ask questions and discuss this study, and have all your YES
questions been answered satisfactorily?

Do you agree to donate tissues from your relative’s knees? These tissues will be used to  YES
identify changes that accompany disease and to help us to develop new drugs that could
prevent these changes in patients.

Do you understand that tissue obtained in this study may be stored for more than 15 years at  YES
AstraZeneca and Nottingham University?

Do you agree to allow us to record some information about your relative’s medical problems ~ YES
from their medical records?

Do you understand that you are free to withdraw from the study at any time, without having ' YES
to give a reason?

Are you aware of any objection to tissue removal that your relative raised during histher NO
lifetime, which may indicate that they would not have wished to take part in this research?

Do you agree that some of tissue and data may be provided to other academic centres and YES
commercial companies to assist us with our research?

Do you understand that you and your relative’s personal data such as name, address, YES
telephone number will not be provided to AstraZeneca, the University of Nottingham, nor to

third parties, and that we treat all information obtained on you in the strictest confidence?

Do you understand that it is not intended that you will benefit financially from your participation YES
in this Study?

N A R SRR GO . cismin s s s o o o 8 S P A A A S R i

Name of person giving consent..................... o s M ey M e e Relationship to deceased...............
21217 7= 11| > O oe i Bateinusassircsms

Narﬁe of Witness Signature of Witness Date

1, (Name of person taking consent, block letters) ... R e T SR have explained
the nature and the purpose of the study t0 ..., and believe that helshe

understands what the study involves.

Signed: ........... A B o P S I e L B Bratercnnmnsiiamag
Investigator's Signature ... simmmmmnmanimmarin DOIET wmiiiinmsimimuiss
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