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ABSTRACT

Rheumatoid arthritis (RA) is a scverely debilitating disease that affects 1% of the
Western population. In addition to suffering pain and deformation of joints, patients are
also at a higher risk of developing cardiovascular co-morbidities and experience a lower
life expectancy as a result. Evidence for a link between RA and cardiovascular disease
(CVD) is overwhelming and the large RA-associated inflammatory burden is thought to
be responsible for the development of such distal pathologies; inflammatory mediators
characteristic of RA causc injury to the endothelium ultimately resulting in endothelial
dysfunction. a precursor to CVD. Therefore the main aim of this thesis was to
charactenise the vascular phenotype of a murine model of RA. Secondary aims were to
relate changes in vascular function to the extent of experimental arthritis and to explore

causative mechanisms therein.

The well described collagen-induced murine (mCIA) model of human RA was used in
all expenments. Subscquently paw and aortic tissue and blood were collected from both
arthnitic and non-immunised aged-matched controls. The severity of arthritis was
confirmed by clinical arthnitic scoring and histological assessment of the paws. Isometric
tension studics were used to investigate vascular function in the isolated tissues in the
absence and presence of various pharmacological inhibitors, the latter depending on the
particular system under investigation. Lastly a role for matrix metalloproteinase-9
(MMP-9) was investigated. To this end levels were quantified in paw and aortic
homogenates and plasma by ELISA, and cellular sources of this gelatinase explored

using immunohistochemistry.

Aortac taken from arthritic animals displayed increasing contractile dysfunction
(evidenced by a reduced capability to constrict to specific mediators K+ and the agonist
5-hydroxytryptamine compared to normal control vessels) with increasing severity of
experimental arthritis. Interestingly, and in contrast to many studics in the literature,

endothelial function appeared unchanged throughout discase. Subscquent investigations
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ruled out a role for increased production of nitric oxide and prostacyclin in this
pathology. Converscly aortic (and also paw and plasma) levels of MMP-9 were shown
to associate with increasing contractile dysfunction and indeed that contractile function
was compromiscd following exposure of control aortic tissues to exogenous MMP-9. A
role for neutrophils and macrophages in MMP-9 production and arthritis progression

was confirmed by their concomitant presence in paws.

These findings suggest that systemic and vascular wall levels of MMP-9, related to
inflammation at the joint site, may play a prominent role in the development of vascular
dysfunction in this experimental model. As such this thesis goes someway to elucidating
the potential mechanisms of vascular dysfunction in RA. Importantly identification of
the carliest changes in vascular function following the initial onset of RA, and the
pathological mechanisms therein, may result in a re-evaluation of current treatments or

indeed the development of new therapices.
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CHAPTER 1

INTRODUCTION

1.1. Rheumatoid Arthritis

RA is a multifactonial systemic discase characterised by chronic inflammation, primarily
of the small synovial joints in the hands and feet. It is an autoimmune disease in which
cells of the normally protective immune system propagate an aggressive attack on host
antigens resulting in pain and disability for the sufferer. The exact trigger for this change

in immunity is unknown (Goronzy and Weyand 2005).

Processes undcrlying the discase include hyperplasia of the synovial membrane and
infiltration of inflammatory cells resulting in structural damage to bone, cartilage and
ligaments within the joint (Cho, Cho et al. 2007). Patients experience tenderness,
stiffness, joint swelling and fatigue (Makelainen, Vehvilainen-Julkunen et al. 2008) and
a subsequent poorer quality of life. Progression of the disease from a self-limiting phase
to a chronic progressive stage can result in extra-articular manifestations with which
comes an incrcased mortality rate and lower life expectancy (Myllykangas-Luosujarvi,
Aho et al. 1995; Kaplan 2006; Cho, Cho et al. 2007; Turesson, Jacobsson et al. 2008). It
is now widely acknowledged throughout the literature that patients with RA are at risk
of developing cardiovascular complications. Indeed approximately half the deaths

observed in RA patients can be attributed to cardiovascular disease (Goodson 2002).

1.1.1. Epidemiology and Aetiology of Rheumatoid Arthritis

The disease affects approximately 0.5 - 1% of the population (Gabriel 2001); women
account for two thirds of this number with typical age of onset between forty and sixty.
While the actiology of RA is unknown, a combination of environmental and genetic

factors including smoking, viral infections, mechanical stress and specific human

15



leukocyte antigen (HLA) alleles have been associated with its development (Silman and

Pearson 2002). However, no strong evidence exists for any hypothesis.

1.2. Pathogenesis of Rheumatoid Arthritis

Numerous cellular mechanisms and signalling pathways drive the inflammatory
processes leading to joint destruction in RA. Cells from both the innate and adaptive
immune system are involved, the innate system being the primary producer of cytokines,
chemokines and matrix metalloproteinases (MMPs), all of which propagate the
destructive process. To understand the pathogenesis of RA it is important to first
understand the normal environment of a joint, and how this subsequently changes with

disease.

1.2.1. The Normal Joint

The synovial joints are composed of two opposing bone surfaces covered in cartilage
providing a smooth low friction exterior, responsible for weight-bearing and shock
absorption. The articular faces of thc bone are surrounded by a capsule filled with
synovial fluid, giving joint lubrication and a medium for the passage of nutrients and
other molecules between this fluid and the surrounding tissue (Knedla, Neumann et al.
2007:; Otero and Goldring 2007). The synovial membrane lines this fluid filled capsule
covering the joint cavity from bone to bone. This membrane is composed of synovial
fibroblasts (SFs) and macrophages which secrete a rich combination of products
essential for maintenance of the joint including cytokines and proteases such as MMPs
(Knedla, Neumann et al. 2007) (see figure 1.1a). The latter are secreted in balance with
endogenous inhibitors, a factor that is of crucial importance in preserving homeostasis of

the joint. For an overview of the cells and their function in a normal joint see table 1.1.
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secretion of hyaluronic acid, lubricin and other glycoproteins also ensures that fluid
viscosity and function are sustained, protecting the joint from excessive pressure and

general wear and tear (Mor, Abramson et al. 2005).

In the cartilage, chondrocytes sustain the balance of collagen and proteoglycan, the chief
protein components of cartilage. They obtain their nutrients by diffusion from the
articular cartilage surface or the subchondral bone allowing continued synthesis and
degradation of the glycosaminoglycan components of aggrecan and other cartilage
matrix constituents. Under normal conditions the chondrocytes have low cell turn over
and proliferation is limited. No other cell types from bone or joint space enter the

cartilage in the healthy joint (Otero and Goldring 2007).

In the bone, osteoclasts and ostcoblasts are responsible for bone resorption and bone
synthesis respectively. In a highly regulated fashion, they control the volume of bone
tissuc and ensure it is being constantly renewed (Fujisaki, Tanabe et al. 2007).
Osteoblasts sccrete bone extracellular matrix (ECM) proteins which become mineralized
to form functional bone. In contrast, osteoclasts remove bone by attaching themselves to
the peniostcum, the bone membrane, and sealing it off from the extracellular
environment. Proteolytic enzymes are pumped into the sealed-off area degrading the
membrane of the bone, following which acid is secreted by the osteoclast into the bone
causing degradation. This process leaves pits and leads to an overall weakening of the
bone surface (Horowitz, Xi et al. 2001). Importantly in a normal joint these two

processes are carefully balanced.

Cells of the innate immune system are also resident within the normal synovial joint.
Macrophages cover the synovial lining and mast cells are found near the capsule, their
primary role being to protect the acellular synovial fluid from invading cells and
pathogens (Eklund 2007). In health, these cells play a small role in preventing infection.
However in RA they become destructive, with significant detrimental consequences for

the joint.
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1.2.2. The Arthritic Joint

In the arthritic joint an orchestrated catalogue of events occur, with each subset of chain
reactions playing a role in the process as a whole. The multifactorial nature of the
disease implicates many cells and effector molecules in the progressive damage to the

joints. The specific trigger for RA is as yet unknown and investigations to elucidate this

are ongoing.

Initially dendritic cells (DCs) play an important role in both the innate and adaptive
immune responses in RA as well as providing an ongoing immune stimulus throughout
the duration of discasc. In the presence of inflammatory stimuli they mature and adapt
their gene expression to favour an antigen-presenting function. As such they are able to
present arthritogenic molcecules to the invading T-cells via the major histocompatibility
complex (MHC) Il (Gorman and Cope 2008; Lebre and Tak 2009). This stimulates
invading T-cells resulting in adaptive immunity (Lebre and Tak 2008), and attraction of
both helper and cytotoxic T-cclls to the site of inflammation (Miossec 2008).
Additionally DCs arc also capable of secreting mediators which attract mononuclear
cells, leading to broad expression of chemokines and upregulation of adhesion

molecules further exacerbating the inflammatory response.

The T-cells stimulated by the antigen-presenting cell (APC) nature of the DCs can elicit
subsequent activation of B-cells resulting in antibody producing plasma cells (Lebre and
Tak 2009). Furthermore, T-cells can also differentiate into Thl7 cells producing large
volumes of the deleterious interleukin (IL) — 17 (IL-17) inducing inflammation in the
cells of the synovium (Miossec 2008). Other cytokines such as IL-1 and tumour necrosis
factor-a (TNF-a) cause damage to the joint and also result in further attraction of T- and
B-cells (Miossec 2008) to the inflammatory site. In summary initiation of the adaptive
immune response as a result of DC and T-cell interactions and influences result in a

chronic inflammatory environment.
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In conjunction with this immune reaction, changes within the cells of the joint begin to
occur. The rather quiescent normal phenotype is pushed via the actions of other cells and
cytokines towards a highly inflammatory destructive state. SFs become highly
proliferative, stimulated by growth factors which further propagate cell multiplication by
the production of mitosis factors, behaving in a “positive feedback™ fashion. These cells
also expenience a decreased apoptosis and senescence rate. As a result the thickness of
the synovial membrane can increase from a single cell layer of SFs, to a depth of more
than 15 cells (sce figure 1.1b). The thickening of the membrane so close to the articular
surface of the bone forms the pannus, a sheet of granulated inflammatory tissue which
drives into the extra-cellular matrix of the cartilage and subchondral bone, resulting in
destruction of both (Abelcs and Pillinger 2006; Otero and Goldring 2007). Macrophages

are also present here, helping to form the destructive face of the pannus.

Throughout the onset and progression of discase there is a large influx of macrophages
into the joint. Indeced the number of macrophages in the tissue correlates directly with
diseasc seventy (Kim, Kim ct al. 2005) implying that they play an important role in
inflammatory damage. Macrophages migrate into the joint as a result of inflammatory
cytokines, for example II-1 and TNFa, and chemokines stimulate their movement
(Drexler, Kong et al. 2008). Additionally, these inflammatory mediators initiate
neovascularisation within the joint, resulting in an increased blood flow to the site of
inflammation. This allows continued infiltration of blood-bore cells (Knedla, Neumann
et al. 2007), and helps to sustain the prolonged initiation of inflammation and
subsequent damage to the joint (Tak and Bresnihan 2000; Mor, Abramson et al. 2005).
The effect of inflammation on macrophages and SFs causes additional production of
inflammatory factors such as II-1B, TNF-a, transforming growth factor-p (TGFB),
inducible nitric oxide synthase (iNOS), prostaglandin E2 (PGE2) and a range of

chemoattractants (Mor, Abramson et al. 2005) (see table 1.2).
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Cell Type Iinflammatory Mediators Produced

Chondrocytes MMPs, cathepsin, RANKL

Interleukins: IL-18, 4, -6, -8, -10, -12, -13, -17, -18, -21,
Synowal Fibroblasts TNF-a, TGFB, iNOS, PGE2 and a range of
chemoattractants

Iinfammatory cytokines, chemokines and MMPs after

Macrophages
ac activation, induced by IL-1 and TNFa/RANKL
. RANKL, inflammatory cytokines, C-reactive protein, NO
Neutrophils and MMPs.
Mast Cells Eicosanoids, cytokines, histamine and the proteolytic

enzymes chymase and tryptase

Table 1.2. Cells and their Contribution to Inflammation in RA.

On the articular end of the bone there is a loss of proteoglycan from the cartilage
attributed to this infiltrating inflammatory milieu and a subsequent change in
expression/activation of matrix degrading enzymes like the MMPs in the synovial fluid.
The function of chondrocytes in the cartilage is also altered after activation by
inflammatory cytokines such as TNFa, IL-1B and IL-17 and leads to the further
production of MMPs, cathepsin, and aggrecan-degrading enzymes, all of which
contribute to collagen degradation (Otero and Goldring 2007; van den Berg, van Lent et

al. 2007). At this stage the joint is a site of increased tissue catabolism and suppressed

repair.
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Also dunng this inflammation, neutrophils infiltrate into the joint and contribute to
inflammation by producing receptor activator for nuclear factor x B Ligand (RANKL), a
member of the TNF superfamily. This ligand is also produced by SFs, macrophages and
chondrocytes (Haynes 2007) and is a key molecule involved in influencing osteoclast
differentiation; cxpression of the ligand stimulates further production of RANKL, and

pushes the function of ostcoclasts towards degradation (Drexler, Kong et al. 2008).

The mast cells that reside in the synovium of a normal joint are also activated during
arthnitis leading to degranulation and release of eicosanoids, cytokines, histamine and
the proteolytic enzymes chymase and tryptase. The latter two can directly degrade the
matnx resulting in cartilage and bone destruction (Kobayashi and Okunishi 2002;
Eklund 2007). Mast cells arc activated by interaction with key components of the
complement system. They initiate and perpctuate the inflammatory reaction promoting
tissue destruction and can recruit and stimulate other cell types. Moreover, these cells
also stimulatc angiogenesis (Eklund 2007) resulting in increased blood flow and further

infiltration of plasma cells exacerbating the prolonged inflammatory attack in the joint.

The combination of all the above factors contributes to the aggressive and destructive
nature of the discase. In addition to the physical disability and pain experienced, RA
patients also face a poorer quality of life, and decreased life expectancy due to the
systemic effects of RA. The severe inflammation characteristic of RA can exert

damaging effects elsewhere in the body.

1.3. Rheumatoid Arthritis; a Systemic Disease

RA is a systemic discase and consequently, in addition to polyarthritis, other organs and
tissues can be affected by the inflammatory overload in the circulation resulting in the
development of extra-articular diseases (Kaplan 2006). These are described in detail
throughout the literature although some difficulty lies in distinguishing between side-

effects that arc a complication of RA and those that manifest as a direct result of the
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disease process (Young and Koduri 2007). For example, skin thinning is a direct result
of the inflammatory burden, while an observed general malaise could be a result of the
inactivity imposed on the patients due to pain upon movement. As such the latter is a
consequence of being afflicted with RA, but not a direct disease response. Therefore, for
the purposc of this thesis all complications and manifestations have been grouped
together. Importantly, these extra-articular manifestations are associated with a
shortening in the life expectancy of the RA sufferer. It has now been established that co-
morbid diseascs play a large role in determining the health of RA patients with respect
to both disability, discase severity and mortality (Mikuls 2003).
Comglications of Rheumatoid Arthritis

Skin Thinning

Infection

Systemic Vasculitis

Rheumatoid Nodules

Lung Disecase¢/Infection

Renal Ay boidosis

Anacmia

Cataract

Osteoporosis

Psorasis

Myocardial infarction

Congestive Heart Failure

Stroke

Perhipheral Vascular Discases

Leukaemia
Skin Cancer

Table 1.3. Extra-Articular Features of RA.

Many RA-associated co-morbidities have been identified, of which, a significant
proportion are related to CVD. Such diseases are now recognised as being major
contributors to the increased mortality rate among this patient cohort (Voskuyl 2006;
Turesson, Jacobsson et al. 2008) and are responsible for one-third to one-half of all RA-
related deaths (Reilly, Cosh ct al. 1990). Cardiovascular events on average occur a
decade earlicr in RA patients than in the general population in the absence of traditional
cardiovascular risk factors (Goodson 2002; Mikuls 2003; Kaplan 2006; Turesson and

Matteson 2007). Indeed it is now commonly perccived that RA alone is an independent
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risk factor for the development of CVD events (Montecucco and Mach 2009). Such
manifestations include pericarditis, myocarditis, cardiac amyloidosis, coronary
vasculitis, arrthythmia, valve diseases, congestive heart failure (Voskuyl 2006) and

coronary calcification (Chung, Oeser et al. 2005). Suggested explanations for the CVD-

related morbidity and mortality include:

® Secondary cffects of physical inactivity due to the sedentary lifestyle led by
RA patients,
¢ Drugs used in the management of discase (Turesson and Matteson 2007),

e The dircct impact of the systemic inflammatory load (Sattar and Mclnnes

2005).

These arc discussed below, however it is the general consensus amongst the literature

that (1) and (2), cannot explain the stark increase in risk without the presence of (3).

1.3.1. Physical Inactivity

In the general population, lack of exercise has a major impact on the likely development
of CVD, and an increase in physical activity has been shown to improve the mortality
rate for patients with CVD in the Western World (Gielen, Sandri et al. 2009). Moreover
there is significant evidence that in “at nisk™ populations, exercise benefits the patient by
reducing cholesterol, dyslipidaemia, hypertension (Metsios, Stavropoulos-Kalinoglou et
al. 2008), and possibly reducing inflammation (Kasapis and Thompson 2005). It is
logical therefore that the immobility that RA can impose on the affected individuals
leads to a greater risk of developing CVD. However, given the multifactorial nature of
both RA and CVD it would be far too simplistic to suggest that lack of exercise/mobility

alone could account for the reduced life expectancy.
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1.3.2. Drugs Used in Management of RA

1.3.2.1. Current Therapies for RA

The current therapies used to treat RA can be divided into three broad spectrum groups;
non-steroidal anti-inflammatory drugs (NSAIDS), discase modifying anti-rheumatic
drugs (DMARDS) and biological therapies. While these drugs variously manage pain

and/or inflammation, some have unwanted side-effects that are detrimental to organs and

tissues, including the vasculature (see table 1.4).

DRUG MECHANISM OF ACTION EXAMPLE SIDE EFFECTS
Broad inhibition of COX
isolorms preventing synthesis Paracetamol. ibuprofen. ) )
of eicosancids. Results in pein diciofenac Gastric bleeding and uiceration.
relief and is anti-infammatory
Specific inhibition of COX-2 Can hawe cardiovascular side-eflects due
preventing synthesis of COX-2 ; . to increased amounts of thromboxane,
coxias ‘ Celecoxib, rofecox '
product. Ansigesic and anti- . b and decreased amounts of prostacyclin
inflammatory leads to a prothrombotic emironment
Modify disease progression by
suppressing disease activity Can increase homocysteine levels in the
OMARDS and reducing joint damage. Is Methotrexate serum and cause subsequent vessel
anti-proliferative and an damage.
mmunosuppressant
infiximab, etanercept. w.immiﬁo;Msﬂe.
BIOLOGICAL | Work by inhibiting various i (ant-TNF), (35S ""'"%“""m’m"z promove
THERAPIES Cytokine pattways. snakinra (ant El'”'""““'"‘b exacerbate existing CVD-related
( ) problems

Table 1.4. Therapies Used for Treatment of RA. Summary of the Drugs used in the treatment of RA,

their mechanism of action and possible side-effects.

13.2.2. NSAIDS

NSAIDS act by inhibiting cyclooxygenase (COX) enzymes, the key enzymes
responsible for the formation of eicosanoids from arachidonic acid. The eicosanoids
produced encompass a sub-class called prostanoids, several of which play important

roles in the vasculature (sce table 1.5).
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Prostanoid Function
Prostaglandin E2 | Vasodilator

Prostacyclin Vasodilator
Thromboxane A2 Pl'OtthﬂbO.tIC.
Vasoconstrictor

Table 1.5. Important Prostanoids in the Vasculature.

The eicosanoids produced by COX are potent mediators of inflammation and produce
oedema, pain and vasodilation. Blocking production of these PGs is associated with
analgesia and a reduction in inflammation (Green 2001), hence their widespread use in
RA treatment. There are two isoforms of COX; the constitutively expressed COX-1
found in most tissucs including vascular endothelium, stomach mucosa and kidneys
(Mitchell and Wamner 1999), and the inducible COX-2 induced in inflammatory cells
after stimulation by inflammatory cytokines (Grosser, Fries et al. 2006; Gluszko and
Bielinska 2009) and is largely responsible for inflammation and hyperalgesia (Mamett

and Kalgutkar 1999).

The prostanoids produced by COX-1 play a role in gastric protection [50] and therefore
broad spectrum inhibition has detrimental effects on gastric function. Due to this, COX-
2 specific inhibitors (COXIBs) were produced which had a positive effect, halving the
incidence of gastric side effects (Capone, Tacconelli et al. 2003). However these drugs
are not without problems and have now been linked to an increased risk of
cardiovascular events (Moodley 2008), probably due to the development of an
imbalance between thromboxane and prostacyclin production. Given that these
prostanoids have pharmacologically opposing actions, thromboxane being a potent
platelet aggregator and vasoconstrictor, and prostacyclin being an inhibitor of platelet
aggregation and a potent vasodilator, COXIBS decrease the release of prostacyclin and
can therefore result in a disruption between pro- and anti-thrombotic prostanoids

favouring a pro-thrombotic environment. This promotes thrombosis and subsequent
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CVD events (Mikuls 2003). In addition any underlying vascular problems could be

exacerbated by the use of these drugs.

13.2.3. DMARDS

DMARDs act to modify the progression of RA by suppressing disease activity and
reducing joint damage. Of this group the most popular and commonly used agent is
methotrexate (MTX). This drug acts in an anti-proliferative and immunosuppressive
manner, decreasing cell proliferation and increasing cell apoptosis, cytokine production,
bone formation and adhesion molecule expression (Wessels, Huizinga et al. 2008; Braun

and Rau 2009).

With respect to cardiovascular-related problems, DMARDs can have protective effects.
It has been observed that use of these drugs has a positive effect on the lipid profile of
RA patients. Normally in carly RA disease a higher low density lipoprotein (LDL) to
high density lipoprotein (HDL) ratio manifests, predisposing patients to a risk for
atherosclerosis. In a study where general DMARDs were used, often in combination
therapy (with other drugs such as corticosteroids), this ratio can be lowered, reducing the
CVD nisk (Park, Choi et al. 2002). Epidemiological studies have also indicated that
MTX can provide a substantial survival benefit for the patients, largely by lowering
cardiovascular mortality (Choi, Hermnan et al. 2002). A review of the literature reaffirms

this (Salliot and van der Heijde 2009).

Contrastingly however, MTX has been associated with an increase in cardiovascular risk
due to its use being associated with an increase in serum levels of homocysteine.
Elevated plasma homocysteine is related to CVD and is a recognised risk factor for
thrombosis (Desouza, Keebler et al. 2002; Lonn, Yusuf et al. 2006), and so could
possibly exacerbate existing problems or cause further damage in the vasculature. The
deleterious mechanism of action of homocysteine is still a controversial topic of

research. However a significant role in endothelial damage via oxidative stress and the
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subsequent promotion of atherosclerosis is the most widely accepted (Welch and

Loscalzo 1998).

1.3.2.4. Biological Therapies

Biological therapics have been developed and are a direct result of the clearer
understanding bchind disease mechanism. They encompass a wide range of drugs which
act by inhibiting specific cytokines/inflammatory cells within the inflammatory

pathways (scc table 1.6).

Drug Action
Lefunomide Inhibits Pyrimidine Synthesis
Etanercept Binds TNF-a and TNF-8
Adalimumab Human anti-TNF-a antibody
Infliximab Chimeric anti-TNF-a antibody
Anakinra Interleukin-1 receptor antagonist.

Table 1.6. Biological Therapies in RA.

A popular drug used within this cohort is the anti TNF-a therapy; examples of this are

etanercept, infliximab and adalimumab which all interact with TNFa signalling.

With respect to anti-TNFa therapy safety, initial reports were positive and encouraging.
The post-marketing data on the drug reassured its safety, reporting that after five years
of clinical use there was generally excellent tolerance (Day 2002). However wider use of
these various biological therapies has lead to the discovery of a broad spectrum of side
effects including infections, cancer, immune diseases, malignant disease, injection site
irritation and heart failure (Olsen and Stein 2004). Additionally there has since been

negative data reporting that TNF-a antagonists could exacerbate existing cardiovascular
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problems (Kwon, Cote et al. 2003). With regard to RA, recent evidence supports that
such anti-TNFa therapy does not completely suppress inflammation and can indeed

promote atherogenesis (Cuchacovich and Espinoza 2009).

Use of these therapies can increase the risk for developing or exacerbating existing
cardiovascular problems. However the inflammatory burden on these patients is huge
and is the main cause for the development of dysfunction/CVD-related problems. The
interactions between the traditional and disease-related risk factors with respect to CVD
development are complex and therefore any therapy administered should take into

consideration the risks and benefits to the patient (Hall and Dalbeth 2005).

1.3.3. Inflammatory Load

Much attention has been paid to the chronic inflammation experienced in RA and the
subsequent systemic damage this wages on the rest of the body. Importantly,
considerable evidence also exists to support the role of inflammation in the pathogenesis

of atherosclcrosis and CVD in general.

It is widely suggested within the literature that atherosclerosis and CVD are both true
inflammatory disorders with the latter sharing a common pathology with synovitis and
pannus formation (Mikuls 2003). This has progressed into the hypothesis that
inflammatory mediators charactenistic of RA become systemic and in doing so exert
their effects at extra-articular regions within the rheumatoid patient (Kaplan 2006). This
is shown not only in cardiovascular-related problems but also through a higher incidence
of lung problems, the development of Reynauds phenomenon and pleuritis, all prime

examples of systemic extra-articular problems (Young and Koduri 2007).

Although several factors contribute to the high risk of CVD, systemic inflammation is
the most influential. The sequence of events that lead to inflammation in RA is

mimicked by events that occur in the vasculature. However to appreciate the damage
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this could exert on the vessel it is first important to understand the structure and function

of the healthy vasculature.

1.4. Vascular Function

1.4.1. Normal Structure and Function of the Arteries

Blood is ejected from the left ventricle of the heart into the aorta thus supplying organs
and tissues of the body with oxygen and essential nutrients. Due to the regular pumping
of the heart the arteries must be able to withstand high pressures, and as such have thick
muscular walls rich in elastin and collagen, important for maintaining both vascular

compliance and the clasticity of the vessel (Rang H.P 2003) (see figure 1.2).

1.4.1.1. The Tunica Intima

The tunica intima, the inncrmost layer of the artery, is comprised of a single layer of
endothelial cclls supported by an underlying internal elastic lamina. The endothelial
cells form an interface between the circulating blood and the cells of the vasculature
through which nutrients can pass. Changes in local stimuli (eg an increase in pressure
resulting in shear stress, or a change in humoral substances) affect endothelial cells, and
in response these cells are able to alter their structure by secreting potent vasodilators or
constrictors in order to maintain vascular tone (Bell, Johns et al. 1998). The endothelium
is also important in vessel relaxation and protection as these cells are the primary
producers of the potent vaso-dilator and -protector, nitric oxide (NO) (Forstermann and
Munzel 2006). The endothelium is attached to a connective tissue bed containing
basement membrane and ECM molecules. The supporting internal elastic lamina
consists of a band of elastic tissue separating the intima from the tunica media (Ratcliffe

2000).
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noradrenaline, adrenaline, endothelin-1, serotonin, angiotensin 11, phenylephrine etc.) to
its G-protein coupled receptor (GPCR). Subsequently, phospholipase C (PLC), an
enzyme specific for the membrane lipid phosphatidylinositol 4,5-bisphosphate (PIP2), is
activated resulting in cleavage of PIP2 and the production of the secondary messengers
inositol phosphate (IP3) and diacylglycerol (DAG). IP3 migrates to the sarcoplasmic
reticulum (SR) and binds to specific IP3 receptors thus releasing intracellular Ca®* from

the SR into the cytoplasm (Somlyo and Somlyo 1994; Webb 2003; Dale M. M 2004).

The increase in cytoplasmic Ca’" triggers the formation of the Ca’"-calmodulin (Ca®’
/CaM) complex, capable of activating myosin light chain (MLC) kinase (MLCK) which
subsequently phosphorylates MLC. This activates myosin ATPase and results in cross-
bridge cycling and contraction. The termination of the signal reduces the intracellular
Ca’" and thus decreases the activity of MLCK. Subsequently MLC is dephosphorylated
by MLC phosphatase (MLCP) and relaxation ensues (Hirano 2007).
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1.4.2.1. VSMC depolarisation

Additionally there are two different membrane channels which can affect intracellular
Ca*? concentrations; the voltage-gated calcium channels or receptor-operated calcium
channels. The former are opened when the cell membrane becomes depolarised, for
instance following cxposure to a high potassium concentration, allowing the influx of
extracellular Ca’* into the cell resulting in constriction (Rang H.P 2003; Catterall, Perez-
Reyes et al. 2005). Similarly receptor-activated Ca’? channels are opened following

agonist stimulation with the same end result.

1.4.2.2. Endothelin

Constriction can also occur via the action of endothelin (ET), of which there are three
isoforms, ET-1, ET-2 and ET-3. ET-1 is expressed constitutively in endothelial cells and
plays a role in vascular homeostasis (Pollock, Keith et al. 1995). ET1 binds to ETA and
ETB receptors on VSMC's to exert vasoconstriction and ETB receptors on endothelial
cells to produce NO and subscquent vasodilation. (Dashwood and Tsui 2002). In the
vascular system ET-1 behaves as a potent vasoconstrictor and can also produce other
vasoactive molecules such as prostcyclin (PGl;) and NO which may regulate its actions

via their opposing vasodilatory function (Dashwood and Tsui 2002).

1.4.2.3. Angiotensin 11

Angiotensin 11 (Ang 1I), produced as part of the angiotensin-renin system, plays a
significant role in vascular homeostasis and is a major target for blood pressure lowering
drugs. It is formed following a series of proteolytic cleavages of angiotensinogen to
angiotensin I (Ang [) by renin, and subsequent cleavage of Ang I to Ang II by
angiotensin converting enzyme (ACE), the latter being found on endothelial cells. Ang
I exerts its effects when it binds to its specific GPCR (de Gasparo, Catt et al. 2000) and
stimulates activation of the PLC and IP3 pathway raising intracellular Ca+2 levels and

eventually resulting in activation of MLCK and subsequent contraction. Its
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physiological role is to maintain vascular homeostasis via vasoconstriction-induced
X : *2
blood pressure control, and control of intracellular Ca’? levels (de Gasparo, Catt et al.

2000; Do, Kim ct al. 2009).

1.4.3. Endothelium-Dependent Relaxation

In normal conditions the endothelium behaves in a protective manner and exerts anti-
thrombotic. anti-inflammatory and anti-atherosclerotic effects (Ignarro and Napoli 2004)
through fibrinolytic and anti-platelet mechanisms. This is achieved via release of the
vasoprotective molecules PGl: and NO, the latter being able to regulate leukocyte
adhesion, cytokine expression, VSMC proliferation/migration and platelet aggregation
(Hetzel, Balletshofer ct al. 2005). Healthy endothelial cells undergo continual repair in
responsc to mechanical and chemical injuries, crucial for homeostasis (Lerman and
Zeiher 2005) and help in preventing the development of thrombosis (Kirkpatrick,
Wagner ct al. 1997)

1.4.3.1. Nitric Oxide

In 1980 Furchgott and Zawadzki made the observation that vessel relaxation via
acetylcholine (ACh) was dependent on the presence of intact functional endothelial
cells. This was discovered by assessing vascular responses to ACh in isolated rabbit
thoracic aorta. This work indicated that the action of ACh on muscarinic receptors
stimulated the release of a vasodilator substance, then named endothelial-derived
relaxing factor (EDRF) (Furchgott and Zawadzki 1980). Following many observations
that EDRF shared several similarities to NO in terms of its mechanism of action, in 1987
the identity of EDRF as NO was confirmed (for a more detailed review of the decade of

discovenies surrounding NO see (Stuart-Smith 2002).
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1.4.3.2. Nitric Oxide Production

NO is produced via the action of nitric oxide synthase (NOS). There are three isoforms
of NOS; the two constitutively expressed isoforms, neuronal NOS (nNOS) and
endothelial NOS (eNOS) and the endotoxin- and cytokine-inducible NOS (iINOS)
(O'Shaughnessy, Vetsika et al. 2006).

1.4.3.3. Structure of NOS

NOS is a homodimer and utilises both reductase and oxidase properties within different
structural domains. The C-terminus is the reductase domain and contains the binding
sites for the co-factors flavin mononucleotide (FMN) flavin adenine dinucleotide (FAD)
and nicotinamide adeninc dinucleotide phosphate (NADPH). This is linked to the N-
terminal oxygenasc of the other monomer, which carries a prosthetic heme group and
binds 5,6,7,8-tctrahydrobiopterin (BH,) and L-arginine (Forstermann and Munzel 2006;
Xia, Misra et al. 2009). There is also a Ca’'/CaM binding site in NOS; binding of
Ca?'/CaM to this site initiates electron transfer which ultimately produces NO (Welland,

Garnaud ct al. 2008; Xia, Misra et al. 2009).

1.4.3.4. Electron Transfer and Production of NO

Electrons are transferred from the reductase domain bound NADPH via a mobile FMN
group, which serves as a one electron donor, to the oxygenase haem group (Welland,
Gamnaud et al. 2008). When the electrons reach the haem group they activate and reduce
oxygen (O;). This process must occur twice to produce NO. Dimerisation of the enzyme
is essential for the flavin to haem transport as electron transfer occurs from the reductase
domain of one monomer to the oxygenase domain of the other (Siddhanta, Presta et al.

1998) (see figure 1.5)
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1.4.3.6. Prostacyclin (PGI,)

PGI; is from the family of eicoasnoids, and is itself a prostaglandin. It is synthesised
alongside other prostanoids by the conversion of arachidonic acid by cyclooxygenase
(COX) in both the endothelium and VSMCs but largely by the former. It is a potent
vasodilator and an inhibitor of platelet aggregation (Vane and Botting 1995). It induces
vasodilation via activation of adenylate cyclase-coupled GPCR on VSMC and elevation
of cAMP levels (Vanhoutte 1998). Subsequent activation of cAMP-dependent protein
kinase (protein kinase A, PKA), leads to removal of calcium from the cytoplasm and

thus promotes relaxation.

Both the endothelium and VSMC work in conjunction to ensure vascular integrity and
importantly to protect the blood vessels from cveryday insults. However in a highly
inflammatory environment, as obscrved systemically in RA, this protective function can
become compromised and lead to vascular damage. It is such alterations in normal
vascular function that arc thought to be involved in the genesis and progression of CVD

in RA patients.

1.5. From Rheumatoid Arthritis to Cardiovascular Disease

1.5.1. Similarities between RA and CVD
As mentioned previously cardiovascular-related problems are a huge burden for patients
suffering from RA (Turesson, Jacobsson et al. 2008), to the extent that RA is now

recognised as an independent risk factor for CVD (DeMana 2002).

There is a large body of evidence in the literature supporting a role for inflammation in
the development of CVD in RA. That striking similarities exist between both diseases
reinforce this hypothesis. For instance the mechanism of damage in the synovium is

paralleled by that which occurs in vascular disease (Pasceri and Yeh 1999; Flammer,
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Sudano et al. 2008). Moreover, the cascade of events that lead to atherosclerosis
resembles stages that also occur in the rheumatoid joint; T-cell and mast cell activation,
an increased production of inflammatory cytokines, and increased expression of

leukocyte adhesion molecules arc observed in both cases (Libby 2008) (see table 1.7).

Atherosclerosis Rhe“m*_“f’id
Arthritis
Macrophage Activation ' T
TNF-a ' 1
MMP Expression } )
IL-6 y t
Mast Cell Activation 1 ¥
T-Cell Activation } }
B-Cell Activation ? y
Adhesion Molecule Expression ¢ '
Neoangiogenesis 1 )

Table 1.7. Upregulated Processes Shared by RA and CVD.

In both RA and CVD, the secretion of proinflammatory cytokines is increased and the
subsequent effect of this is of utmost importance in disease progression. Elevated levels
are deleterious in the joint, and similar damaging metabolic effects are exerted in the
vasculature and can promote atherogenesis (Sattar, McCarey et al. 2003).
Atherosclerosis develops into a chronic, systemic and diffuse disease which focuses at
distant and multiple sites in various vascular beds. The mechanism behind the varying
distribution of disease is unknown, but the seemingly sporadically affected regions have
led to the hypothesis that the interactions between the vascular wall and circulation are
the primary cause of the damage (Lerman and Zeiher 2005). IL-1, IL-6 and TNF-a are

notably high in plasma during RA disease and are therefore in prime position to alter the
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function of distant tissues, the vascular wall being an example of this (Sattar, McCarey

et al. 2003).

Figure 1.7 summariscs the role of inflammation in the development of early vascular
disease in RA. Elevated levels of inflammatory cytokines characteristic of RA could
elicit vascular changes (Libby 2008), resulting in endothelial dysfunction, now proposed
to be an early event in the atherogenic process and a novel predictor of CVD (Sattar and

Mclnnes 2005).

Rheumatoid
Arthiritis

N\

Increased inflammatory
cytokines in the synovium
(-1, IL-6, TNF-a)

~

Increased inflammatory cytokines in
the circulation

Endothelial cell damage
Decreased NO production
Increased superoxide production
Smooth muscle proliferation

N

Endothelial
Dysfunction

O~

Cardiovascular
Disease

Figure 1.7. Hypothesised Progression from RA to CVD.
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1.5.2. Endothelial Dysfunction

Following inappropriate endothelial cell activation (in response to various pathological
insults) endothelial cell dysfunction ensues. Increased exposure to inflammatory
cytokines is a prime example of such an insult that induces characteristic changes in
endothelial function including loss of vascular integrity, increased expression of
leukocyte adhesion molecules such as VCAM and ICAM, phenotypic switch from
protective to prothrombotic, increased production of cytokines and subsequent

upregulation of HLA genes and MHC molecules (Bijl 2003)

Normally endothelial cells do not bind leukocytes, a process inhibited by NO (Hetzel,
Balletshofer et al. 2005). However in inflammatory situations such as in RA, the
presence of IL-1 and TNFa can induce production of MHC molecules which are able to
activate neutrophils and subsequently induce endothelial cell injury (Bratt and Palmblad
1997). These early changes to the environment surrounding the endothelium cause
phenotypic changes. including the production of leukocyte adhesion molecules and
chemokines which attract mononuclear cells to the vessel wall. The adhesion molecules
facilitate the binding of monocytes to the endothelium which results in the widening of
intracellular spaces between the endothelial cells. This induces increased endothelial
permeability allowing the movement of leukocytes from the lumen into the sub-
endothelial space and arterial intima. Such cell migration provides the stimulus for the
initiation and progression of inflammation within the arterial wall itself (Libby 2008).
The now injured endothelium also has increased susceptibility to other insults resulting
in an exaggerated response to the classical risk factors (Bacon, Stevens et al. 2002) such
as smoking. Once monocytes have migrated into the intima, they differentiate into
macrophages where they encounter modified lipids. These modified lipids are a result of
oxidation of HDL and LDL by ROS in the blood and can be engulfed by macrophages
forming “foam cells”. This represents the initial stage in the production of a fatty streak

(Carter 2005), a significant precursor to chronic discase. With respect to RA the key step
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in this sequence of events is the initial insult followed by endothelial activation and

dysfunction.

A significant consequence of endothelial cell activation and dysfunction is impaired
endothelium-dependent relaxation. This is a key issue in the advancement of disease,
and while largely due to a decrease in the bioavailability of endothelium-derived NO
(Kawashima and Yokoyama 2004; Hetzel, Balletshofer et al. 2005), decreased synthesis
of prostacyclin (Simionescu 2007) has also been reported. Given that a large body of
literature suggests that CVD in RA patients may be associated with endothelial
dysfunction, the mechanism(s) underlying that underlie this process warrant further

investigation.

1.5.3. Endothelial Nitric Oxide Synthase Dysfunction

While the development of endothelial dysfunction is normally associated with a
reduction in bioavailable NO (Kawashima and Yokoyama 2004; Hetzel, Balletshofer et
al. 2005), the latter may have various origins, for instance a decrease in
expression/activation of eNOS. Indeed this has been demonstrated in a pig model of
physical endothelial injury by denudation (Lee, Tse et al. 2007) where significantly
lower concentrations of eNOS were evident in subsequently isolated and cultured
regenerated endothelial cclls compared to native cells, and therefore less bioavailable

NO.

Studies have also demonstrated that a decrease in functional eNOS is associated with the
production of superoxide (*O;-) (Rabelink and Luscher 2006), a significant contributor
to the pathogenesis of endothelial dysfunction. Under normal conditions eNOS
catalyses the formation of NO and L-arginine (see section 1.4.3), however due to the
high redox potential of the enzyme it has the ability to produce *O- and due to the
electron transfer across the eNOS dimer is normally tightly controlled (Forstermann

2006). If the movement of clectrons to L-arginine and molecular O; becomes
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dysregulated, for instance in the absence of BH,4 or other co-factors (see figure 1.8)
(Gross and Levi 1992; Forstermann and Munzel 2006; Rabelink and Luscher 2006)
electrical “uncoupling™ of ¢eNOS can lead to the production of damaging *O,- anions
instead of NO, thus promoting oxidative stress. Importantly, uncoupled eNOS has been
identified as a risk factor for athrerosclerosis (Rabelink and Luscher 2006) as it is
observed as a result of smoking, high blood pressure and other traditional risk factors

(Forstermann and Munzel 2006).

The result of this uncoupling is an overall decreased production/bioavailibility of NO
and subsequent removal of vascular protection. Moreover, *O,- reacts very rapidly with
any residual (or perhaps iINOS-derived) NO producing peroxynitrite (ONOO). This
molecule is extremely harmful to the cells of the vasculature (Forstermann and Munzel
2006; Sullivan and Pollock 2006) causing oxidative damage to proteins, lipids and DNA
(Beckman 1996) and exacerbating endothelial dysfunction. Interestingly, recent studies
indicate that peroxynitnite may also have a deleterious effect on prostacyclin synthase

(Zou and Ullrich 1996) thus also removing the protective benefits of this molecule.

Other reactive oxygen species which are not so rapidly broken down are products of
«0,- metabolism such as hydrogen peroxide and hypochlorous acid, both possessing
oxidizing capabilties and therefore contributing further to oxidative stress in the vascular
tissue (Munzel, Daiber et al. 2005). Moreover it has been suggested that once vessels are
subjected to oxidative stress, the dysfunctional eNOS becomes further upregulated
(Hink, Li et al. 2001). This therefore contributes to added damage and dysregulation,
exacerbating the proinflammatory environment of the tissue, removing the protective

molecules and increasing endothelial/vascular dysfunction.
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1.5.4. Changes to Smooth Muscle Cell Function

1.5.4.1. Phenotypic Switching

Many vascular diseases are characterised by intimal hyperplasia; the proliferation of
SMCs within the intimal layer of the arteries and an additional increase in the volume of
extracellular matrix proteins within the vessel wall (Newby and Zaltsman 2000). Under
normal conditions the VSMCs exhibit a quiescent contractile phenotype with a low level
of proliferation, serving to maintain vascular tone by playing a role in contraction and
expressing contractile proteins (Owens 1995) (see figure 1.9). It is thought that
inhibitory actions derived from cell-matrix interactions between basement membrane
components, ccll surface integrins and soluble mediators maintain the quiescent state

(Thyberg, Blomgren ct al. 1997).

In response to injury VSMC's rapidly increase their rate of proliferation and migration
(from the media to the intima) and additionally start to play a critical role in vessel
repair. This is similar to the phenotype expressed during development and is regarded as
a “synthetic phenotype™ (Owens, Kumar et al. 2004). The result of this phenotypic
switching is to produce a thickening of the arterial wall, thus eventually narrowing the
vessel lumen (see figure 1.9). It is important to note that there are many varying
phenotypes, other than those mentioned above, which can be seen throughout cell
maturation as well as disease progression. For example during development there will be
differential expression of various proteins over time to achieve the fully functioning
adult cell. However the two definitions described help to establish the alteration of
VSMC from the normal function with respect to vascular changes without confusing
other intermediate phenotypes the cells may exhibit at various times. The change in this
vascular phenotype is important in the development and progression of many diseases
including hypertension and atherosclerosis. Additionally it has been observed that in

patients with RA intimal-mcdia thickening is commonplace and correlates directly with
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Phenotypic switching is a complex process, and is regulated by a variety of factors
present in the circulation such as cytokines, chemokines, inflammatory mediators, lipids
and reactive oxygen species (ROS) (Owens, Kumar et al. 2004). Physical factors such as
mechanical stretch, a result of the high pulsatile force of the blood that the vessel is
exposed to (Shyu 2009), can also induce changes within the VSMC that affect cell
alignment, cell differentiation, migration and vascular remodelling. VSMC phenotype is
also regulated by cell-cell and cell-matrix contacts. It must be noted that intimal
thickening is a multifactorial process with migration of other cell types to the vessel wall

(Bayes-Genis, Campbell et al. 2002).

Chronic inflammation can play a role in this process by disrupting normal vessel
function. Leukocytes sccrete inflammatory mediators causing damage and influencing
cells elsewhere to further produce cytokines and chemokines. These can assist in cell
activation and proliferation and as such, the actions of leukocytes are widespread

(Singer, Salinthone ct al. 2004).

The cytokines produced by inflammatory cells can have additional detrimental effects
on vessel function; TNFa and IL-1 can both promote smooth muscle proliferation and
ECM remodelling (Wills, Thompson et al. 1996), confirmed through extensive
experimental investigations. Moreover with regard to the progression of vessel damage,
these cytokines can stimulate adherence of LDL to the endothelium and VSMCs (Ross
1999) propagating further harm. With respect to VSMC proliferation, Rectenwald et al
(2000) conducted a series of experiments investigating neo-intimal hyperplasia
following vessel injury. Here it was observed that mice lacking functional TNFa, and in
a separate experiment, mice lacking the IL-1 receptor, both failed to produce intimal
thickening as observed in their control counterparts (Rectenwald, Moldawer et al. 2000),
indicating a key role for thesc cytokines in the progression of this anomalie.
Furthermore, other animal studies have confirmed the positive role cytokines can play in
the development of vessel discase, observing that in an IL-1 knockout mouse model,

atherosclerosis progression is notably reduced (Hoge and Amar 2006). Moreover, the
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inflammatory effects of these cytokines are not limited to inducing changes to VSMCs
only. For example IL-1 also acts as a growth factor for fibroblasts and lymphocytes, and
can activate T- and B- cells (Libby, Warner et al. 1988) which can all exert a damaging

effect in the vessel wall.

Another contnbutor to damage is the production of *Q,- by inflammation-activated
monocytes (Peri, Chiaffarino et al. 1990). This not only causes endothelial dysfunction
(see 1.5.3) but can also contribute to damage to the VSMCs alongside that caused by
inflammatory cytokines and growth and chemotactic factors also produced by these cells

under inflammation (Assoian, Flcurdelys et al. 1987).

In addition to inflammation there are also extracellular structural changes in the vessel
wall which can affect VSMC function and proliferation. Thesc are novel pathways and
are not entircly characterisced, but have the potential to lecad to exciting new

developments in this ficld.

An example of this is the cadherin family of proteins which form extracellular cell-cell
contacts. This is discussed in more detail in subsequent chapters. Briefly, when these
contacts become compromised it is thought to have an effect on downstream signalling
cascades which can result in changed protein expression. Experimental work has shown
that a change in the structure, or cleavage of the extracellular component of these
molecules can result in VSMC proliferation. In one case a reduction in the amount of N-
cadherin on the VSMC membrane was observed following stimulation of cultured
VSMCs with platelet derived growth factor (PDGF), a change which was attributed to
the proteolytic activity of MMP and resulted in disruption of cell-cell contacts. These
observations occurred during VSMC proliferation highlighting a role for MMPs in this

change (Uglow, Slater et al. 2003).

The MMP family of proteins is a group of enzymes involved in extracellular matrix

remodelling and is thought to be heavily involved in structural damage to the vessel wall
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(Raffetto and Khalil 2008). Specific MMPs have been shown to play an important role
in cadherin signalling as well as partaking in extracellular remodelling (Uglow, Slater et
al. 2003). It is known that throughout the inflammation in RA there is an increase in the
expression of MMPs both locally in the synovial fluid, and also in the serum of these
patients (Tchetverikov, Ronday et al. 2004). Hypothetically this increase could have a
detrimental effect on the vasculature causing cadherin shedding or other damaging
changes, and could possibly stimulate the proliferation of VSMCs and promote

subsequent intimal hyperplasia.

1.6. Matrix Metalloproteinases

An important group of cnzymes that would secem to be common denominators in the
pathogenesis of RA and cardiovascular-related discases are the MMPs. These are a
family of protcolytic enzymes capable of degrading and remodelling the ECM and
connective tissuc protcins (Raffctto and Khalil 2008). They are essential in biological
processes such as cmbryonic development, morphogenesis, reproduction, tissue
resorption and remodelling, but also play an important role in pathologies such as
inflammation, CVD, arthritis and cancer (Ram, Sherer et al. 2006). While MMPs are
mainly found in the extracellular milieu, it has been reported that some are found

intracellularly (Ganea, Trifan et al. 2007).

While the many MMPs have a variety of expression patterns and functions, they are
classified into subgroups according to their substrates, for example gelatinases,
stromelysins, and collagenases (Chow, Cena et al. 2007) (see table 1.8.). MMPs are
zinc-dependent endopeptidases and are all synthesised in the latent form of the
molecule, as a pro-MMP or zymogen. They require activation by proteolytic removal of
a pro-peptide domain before becoming fully functional (Tallant, Marrero et al. 2009).
This is achieved by removal of the pro-domain which inteferes with the catalytic zinc to

maintain dormancy (Chow, Ccna et al. 2007) — removal of this domain exposes the
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Substrates for MMP-9
Gelatin

Elastin

Fibronectin
Proteoglycan core protein
Myelin

Collagen Type 17
Collagen Type 11
Collagen Type 10
Collagen Type 7
Collagen Type 5
Collagen Type 4

Table 1.9. Substrates for MMP-9,

MMP-9 has several regions within it which allow for correct enzymatic function. The N-
terminal signal peptide domain directs the pro-MMP to the endoplasmic reticulum
(Ram, Sherer ct al. 2006) in order for it to follow the normal secretory pathway
(Moscana A 2003) before removal of the pro-peptide domain and emzyme activation.
Other sub-units within the molecule confer specificity for the substrate(s), allow
cleavage by inhibitors of the molecule, and provide structural support for the enzyme

(see figure 1.10) (Ram, Sherer et al. 2006).

It is crucial that MMP function is tightly controlled to avoid excess catabolism of the
ECM and as such, thcre are several ways in this is achieved; the enzymes can be
degraded and cleared to remove enzymatic function, or it can be compartmentalised for
later secretion when appropriate. The cysteine switch, common to all MMPs is an
important mechanism for regulation and enzymes which can are able to activate MMPs
wil be under further regulation. Moreover transcription of these proteins can altered to
increase and decrease gene expression (Chakraborti, Mandal et al. 2003). With respect to
MMP-9, the enzyme is under strict control at gene transcription, synthesis, secretion,

activation inhibition and glycosylation (Ram, Sherer ct al. 2006).
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Figure 1.10. Structure of MMP-9. Schematic of the structure of MMP-9 and the function of the
individual sub-units.

The gelatinases are under varying levels of transcriptional control due to the contrasting
constitutive and inducible nature of the enzymes. MMP-2 is expressed widely in almost
all cells and is affected minimally by growth factors and cytokines (Salo, Lyons et al.
1991), whereas conversely MMP-9 is induced in certain cells under the influence of IL-
1B, TNF-a, PDGF, endothelial growth factor (EGF) (Chakraborti, Mandal et al. 2003),
and TGF-B (Salo, Lyons et al. 1991). Interestingly growth factors and cytokine ha.ve
been reported to have a synergistic effect on MMP expression emphasising the varying
control this enzyme is under (Fabunmi, Baker et al. 1996; Bond, Fabunmi et al. 1998).
Contrastingly neutrophils, which produce MMP-9 during their development, store the
protein and thus when activated release it via de-granulation (Ram, Sherer et al. 2006).

These mechanisms allow for varying control and secretion throughout inflammation.
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Gelatinase activity can also be regulated via secretion and activation; MMP-9 like other
MMPs is secreted as an inactive zymogen, and must be activated by removal of a pro-
peptide domain. This enables conformational changes resulting in the zinc ion being
accessed by a hydrolytic water molecule and thus activation of the enzyme can occur.
Several different protcascs are able to activate MMP-9, for example stromelysin and
MMP-2. Additionally chemical mediators and extreme environments can also activate
MMP-9, such as ROS, low pH and changes in temperature (Visse and Nagase 2003).
Interestingly leukocytes are able to activate MMP-9 via chemical mediators; neutrophils

produce hypochloric acid which can activate pro-MMP-9 (Ram, Sherer et al. 2006).

In addition to activation, MMP activity can be hindered by the presence of tissue
inhibitors of MMPs (TIMPS) (Ganca, Trifan et al. 2007) of which there are four (TIMP-
l, -2, -3 and -4) (Brew, Dinakarpandian et al. 2000). These are secreted alongside
variable amounts of MMPs (Van den Steen, Dubois ct al. 2002; Ram, Sherer et al. 2006)
and can inhibit at a 1:1 ratio. Thc overall structure of the TIMP molecule behaves like a
wedge and is able to fit into the active site of the MMP just as the substrate would. Most
TIMPs can inhibit the majority of MMPs with a few exceptions (Visse and Nagase
2003). Active MMP-9 is inhibited by both TIMP-1 and TIMP-2 (Gruber, Sorbi et al.
1996). Naturally occurring antagonists of MMPs also exist, such as a2 macroglobulin
and plasminogen activator inhibitor (PAI), but the MMP-inactivating ability of these is
limited (Rannou, Francois et al. 2006).

Following translation MMP-9 is regulated in three ways via glycosylation, dimerisation
and degranulation (see section 1.7.1.2). Primarily MMP-9 is heavily glycosylated with
three possible sites for N-linked glycans assisting with maintaining the stability of the
protease. Secondly, due to free cysteine residues the enzyme is able to form covalently
bonded dimers and complexes, used to control activation of the enzyme (Van den Steen,
Dubois et al. 2002; Ram, Sherer ct al. 2006). The method of granulation prevents release

of MMP-9 until the cell that stores the MMP-9 itself is activated.
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In normal tissues, MMP-9 and the TIMPs are in a balance vital for maintaining
homeostasis. When this balance tips the effect can become deleterious and damaging to
cells and tissues. It is important to note that not all MMPs are deleterious in disease, in

fact in certain circumstances they can be beneficial.

1.6.2. MMP-9 in RA

There are many studics relating MMP-9 and RA in both humans and animal models of
disease. It is widely accepted that this enzyme is upregulated in the joints and is a
primary cause of destruction to cartilage (Yoshihara, Nakamura et al. 2000). Moreover,
an imbalance between MMP-9 and TIMP has been observed with a decrease in the
amount of TIMP being secreted by the synovial cells of RA patients (Jackson, Arkell et
al. 1998) exaccrbating the cffect of MMP-9. This, accompanied with the excess
activation of other degrading enzymes, swiftly contributes to the chain of events
associated with cartilage destruction (Ram, Sherer et al. 2006). Indeed a study
performed by Itoh ct al using a mouse model of arthritis emphasises the impact MMP-9
has on the joints and demonstrates that elevated MMP-9 plays a pivotal role in damage
showing that while arthritis still develops in the absence of this enzyme, it takes on a

significantly milder form (Itoh, Matsuda et al. 2002).

In RA MMP-9 is produced by inflammatory cells and inflammatory mediators. Primary
cellular sources of the enzyme are macrophages, osteoclasts, synovial fibroblasts and
neutrophils, while cytokines such as IL1-B, TNF-a and interferon-y (IFNy) can promote
MMP-9 activation and secretion (Van den Steen, Dubois et al. 2002; Tchetverikov,
Ronday et al. 2004; Chia, Chen et al. 2008; Garvin, Nilsson et al. 2008). A role for
MMP-9 in RA is supported by the observation of a ten fold increase in circulatory
MMP-9 in patients with RA compared to healthy control patients (Chang, Lin et al.

2008).
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1.6.3. MMP-9 and Vascular Disease

MMPs have also been implicated in vascular disease as defects in the synthesis and
breakdown of the ECM are seen as key processes in the development and stability of
atherosclerotic plaques (Rodriguez, Orbe et al. 2007). ECM remodelling is maintained
via a careful balance of proteases and their inhibitors and disruption can result in
damage and atherothrombosis as shown in figure 1.11 (Rodriguez, Orbe et al. 2007). As

in RA they are secreted as propeptides and need activation before they are enzymatically

functional.
Collagen Fibres
Formation of ECM
/\ Fibronectin
Laminin
| Elastin
Breakdown of ECM
Pro-MMP MMP
Th
rombin \ Gelatinases
Plasmin *-emom- TIMP1-4
Stromelysins
kaim /
Cell Migration/Proliferation Plaque Rupture Neovascularisation
Thrombosis

Figure 1.11. Maintenance and Breakdown of the ECM.

MMPs and in particular the gelatinases have been associated with destructive roles
within the vasculature. Primarily, with regard to plaque formation, they have been seen
to be essential for the formation of new blood vessels, contributing to neovascularisation
of the plaque (Moreno, Purushothaman et al. 2004). As such there is substantial
evidence in the literature supporting the role that MMPs play in the formation,

progression and subsequent de-stabilising of the atherosclerotic plaque. In addition to
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MMPs there are a plethora of other proteases which may play a detrimental role at the

vessel wall however MMPs will form the main focus of this thesis.

MMP-9 has also been associated with other destructive roles resulting in compromised
vessel function. In an animal model of Kawasaki disease, a disease characterised by
vasculitis or inflammation of middle sized arteries, it was observed that such arterial
inflammation was associated with MMP-9 upregulation, resulting in breakdown of
elasin and subsequent aortic aneurysm (AA) formation (Lau, Duong et al. 2008).
Although AA is associated with autoimmune diseases, there is no evidence in the
literature that it is a co-morbidity of RA. Despite this, the active role that MMPs play in
vessel diseases such as AA and atherosclerosis makes investigating the behaviour of this
enzyme of high importance. Further supporting this is the observation that MMP-9 has
been implicated in the progression of AA in other diseases. For instance in a mouse
model of Marfan syndrome, a connective tissue disorder within which thoracic AA is a
life threatening complication, weakening of the aortic wall is associated with a loss of
vascular compliance. The degeneration of elastic fiber integrity observed in this model
has been associated with an increased presence of gelatinases (Chung, Au Yeung et al.
2007) implying they could be responsible for this degeneration. Since elastic fibers
within the vessel wall are responsible for elasticity, fragmentation of this structure by
both MMP-9 and -2 is associated with a deterioration in compliancy and this has been
proven by appropriate experimental work (Chung, Au Yeung et al. 2007). Importantly it
has also been observed that MMP-9 and -2 inhibition by doxycyclin (a MMP inhibitor)
prevents AA in the mouse model of this syndrome (Chung, Yang et al. 2008) supplying
further support for the role of MMPs in this process. Additionally, in a knock-out mouse
model, MMP-9 gene deletion reduces the formation of AA also highlighting the role the
enzyme plays in this mechanism (Ikonomidis, Barbour et al. 2005). All of these results

provide evidence for the deleterious nature of MMP-9 in the vessel wall.

Furthermore there have been suggestions that MMP-9 could play a role in the

modulation of aortic contraction. Chew et al 2004 hypothesised as a result of their work
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in AA, that MMP-9 is upregulated and results in subsequent aortic dilation by inhibiting
Ca’* mobilisation and influx (Chew, Conte et al. 2004). The decrease in intracellular
Ca® as a result of this would prevent formation of the Ca’’/CaM complex and
subsequent MLCK activation and SMC contraction. This was shown after incubating rat
tissue in the presence of MMP-9 and MMP-2 which prevented vessels reaching and
maintaining their maximal constriction. Additionally, alongside this, MMP-9 appeared
to have an inhibitory effect on KCIl induced constrictions. In this work, the elastin
structure was maintained (Chew, Conte et al. 2004), indicating that MMP-9 did not
damage the ECM in the manner seen in the AA models. An interesting study by Raffetto
et al 2007 concluded that MMP-2 could potentiate vascular hyperpolarisation in veins
resulting in vascular relaxation. This is achieved via the Bka Ca’’ channel and
subsequent blocking of the channel halted the MMP-2 effect, suggesting that MMP-2
may activate the potassium (K ') channels causing lack of Ca’’ influx and thus relaxation

(Raffetto, Ross et al. 2007).

The evidence above supports various theories for the role that MMP-9 could play in
vascular damage and the loss of function that ensues. Due to the highly inflammatory
nature of RA it is possible that this could be happening as a direct result of an increase in
circulating MMPs and subsequent damage to the vasculature, however more reaserch

must be done in the RA context to elucidate mechanisms behind this.

In summary, RA is a multifactorial systemic disease, a result of which is a damaging
inflammatory environment within the circulation with detrimental effects upon the rest
of the body. This systemic inflammatory burden results in cardiovascular-related disease
and a subsequent lower quality of life with shortened life expectancy. Little is known
regarding the pathology behind this and in order to increase our knowledge, significant
research is underway to determine the mechanisms and key factors involved. To
facilitate such activity, animal models are widely utilised as valid tools in determining

underlying mechanisms in such pathologies.
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1.7. Models of Rheumatoid Arthritis

There are several models of inflammatory arthritis all designed to further the
understanding of disease pathology, some of which are discussed in more detail later on
in this thesis. Defining the molecular and pathological events that lead to the severe
inflammatory arthritis seen in RA patients is essential and could lead to new approaches

for controlling the discase.

Despite the fact that none of the models are a perfect replica of the human disease there
are compelling reasons for the use of such representations in the laboratory. Conditions
surrounding the disease can be tightly controlled allowing for direct comparison of
results. Secondly it can be induced with ease, with a high rate of incidence permitting
straightforward tissuc sampling, and thus relatively simple characterisation of tissue,
cellular and molecular mechanisms. Pharmacologically-speaking therapies can be
administered in tightly regulated doses and blood/tissue responses can be easily

quantified.

In human RA extemnal factors and person to person variability play a huge role in the
development and progression of the disease, and as such, the disease can manifests itself
in patients in very different ways. This can prove difficult with respect to treating each
individual, and cause variations in observations made between patients. Therefore with
regard to disease discovery, the simplicity of these models is a great benefit for the
researcher. Of particular interest to this thesis is the murine collagen-induced arthritis
(mCIA) model, which involves development of an inflammatory arthritis in mice post-

inoculation with type Il collagen (CII) in complete Freunds adjuvant.

1.7.1. Murine Collagen-Induced Arthritis

In 1977 Trentham et al reported in the rat that following immunization with CII, an
erosive polyarthritis, mediated by an autoimmune response to the rat joint CII,

subsequently developed (Trentham, Townes ct al. 1977). This procedure has since been
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replicated in the mouse (Courtenay, Dallman et al. 1980; Bruhl, Cihak et al. 2009;
Hartog, Hulsman et al. 2009; Lindblad, Mydel et al. 2009; Palframan, Airey et al. 2009;
Svelander, Erlandsson-Harris et al. 2009). The significance of this model is the
production of auto-antibodies to CII. The latter forms a major component of the joint
cartilage and indeed is expressed exclusively in the joints (Cho, Cho et al. 2007). During
disease CIl becomes a significant focus for aggressive inflammation. Importantly
antibodies to CII have been found in RA patients in the early stage of the disease

indicating that CII could play an important role in initiating the human condition (Cho,

Cho et al. 2007).

From a pathological point of view this mCIA model and human RA are very similar.
Histologically, they both involve synovitis and pannus formation, the latter progressing
to cartilage damage and bone erosion. Susceptibility of animals to induction of this
disease is dictated by expression of specific MHC class 11 molecules (Wooley, Luthra et
al. 1981). This has parallels with the human condition as it is well established that
inherited susceptibility to RA is associated with the genes encoding the human MHC
class 1l molecules (HLA-DR4 and HLA-DRI1 alleles) (Todd, Acha-Orbea et al. 1988)

1.7.2. Animal susceptibility to CIA

As susceptibility is conferred by the expression of MHC genes, mCIA is a largely T-
cell-dependent disease (Staines and Wooley 1994). The MHC molecules are highly
polymorphic integral membrane proteins which serve the following functions. Firstly
they act as ‘self” structures so the antigen-specific T-cells can recognise them, and
secondly can behave as receptors which bind antigens and present them to T-cells in

order to provoke an immune response (Luross and Williams 2001).

Extensive variation exists within the MHC subgroups of molecules; the class II
chromosomal region encompasses nearly 1,000,000 base pairs, and includes at least 14

different genes (in humans). During splicing these genes can be differently assorted to
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produce a highly variable set of proteins which are expressed on the cell surface
(Gregersen, Silver et al. 1987). It has been observed that animals possessing the MHC 11
I-A isotype and within this the allele I-AY, are susceptible to mCIA (Myers, Rosloniec et
al. 1997; Luross and Williams 2001). This is analogous to the situation in human RA, in
which expression of particular subtypes of the DR4 and DRI alleles are strongly
associated with susceptibility to the discase (Williams, Inglis et al. 2005). Subsequently
the DBA/1 strain of mice is commonly used for the induction of arthritis as they posses
this allelic vanation, and therefore have a heightened susceptibility for positive

induction of the disease.

In mCIA it is proposed that APCs capable of presenting the CII antigen complexed with
the I-A* MHC variant on the T-cell surface can promote initiation of arthritis. This
results in production of T-cells that are specific for CII (Luross and Williams 2001). In
mice, if this allelic variation is present, a strong T- and B-cell response will occur due to
this antigen presenting complex following immunisation with heterologous (chick) CII.
Specificity of the allele was described by Wooley et al in 1980 who found that despite
the ability of several murine strains to mount a large anti-CII immune response after
inoculation, only the animals with the I-A? allele present developed arthritis (Wooley,
Luthra et al. 1981). Similarly another variant, the I-A" allele confers susceptibility to
porcine or bovine collagen-induced arthritis in mice. The severity of arthritis has been
observed to be dependent on the collagen source. Immunisation with heterologous
collagen seems to elicit a more aggressive arthritis compared to an autologous collagen

injection (Holmdahl, Karlsson et al. 1989).

1.7.3. Pathogenesis of CIA

mCIA is induced after the administration of two identical inoculations, consisting of an
emulsion of complete Freund’s adjuvant and chick CII, administered three weeks apart.
It has been noted that during the period between inoculations, an increase in levels of IL-

6 and TNFa occur and after the second immunisation, concentrations of these and
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additionally IL-1P are higher in the joint (Marinova-Mutafchieva, Williams et al. 1997).
This again represents a similarity to the human condition where increased plasma levels
of IL-1 (Shore, Jaglal et al. 1986), and TNF-a are observed and have been associated

with joint damage (van den Berg 2001).

In the mCIA model, immediately after the second immunisation, DCs begin to present
Cll, increase MHC 11 expression and thus induce T-cells to activate B-cells in a highly
specific immune attack against the CII component (Cho, Cho et al. 2007). At the same
time, DCs also start to express higher levels of chemokines and cytokines. At this initial
phase in the disease, and prior to clinical signs of arthritis, MHC Il-expressing cells
(DCs and T-helper cells) are found to accumulate in the synovial membrane. In parallel
with, and as a dircct result of this cell accumulation, neutrophils and macrophages also
begin to invade the joint (Luross and Williams 2001) secreting proteolytic enzymes and
cytokines as they do so.

The anti-ClI antibodics produced in this environment by the DCs and T-helper cells, are
of the IgG; subset, a family of IgG molecules involved in induction of the complement
system (Cho, Cho et al. 2007). The activation of the complement system results in the
production of chemokines and infiltration of inflammatory cells helping to supplement
the initial stages of the inflammatory attack. This process has similarities to human
disease as complement activation occurs as described in section 1.2.2. The
autoantibodies produced in this response work in a similar way to natural antibodies
normally produced against invading antigens. Antibodies specific for the self-CII initiate

a specific attack against the CII residing in the cartilage (Fleming and Tsokos 2006).

The infiltrating macrophages and proliferating SFs that invade the joint, begin to attack
the cartilage and bone, as in human disease, producing the eroding pannus. Other cells
which reside here, for example the DCs and granulocytes also produce destructive
factors (Luross and Williams 2001) contributing further to cartilage and bone

destruction (sce figure 1.12).
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Figure 1.12. Pathogenesis of mCIA.
Once disease is initiated, each event in the inflammation pathway assists in maintaining
and furthering the aggressive immune response. The downstream cascade of events is

aggressive and fast acting with every step favouring tissue damage and destruction. In

short, mCIA is a self-perpetuating disease driven by tissue damage and cellular changes.

64



1.7.4. Relevance of the mCIA Model

The mCIA model is a highly relevant model of RA due largely to the similarities in the
histopathology of both diseases shown by pannus development, a large inflammatory
cell infiltration, joint damage, synovitis, neovascularization and bone erosion
(Holmdahl, Karlsson et al. 1989; Quinones, Estrada et al. 2005) and both have
genetically restricted susceptibility as mentioned in section 1.7.2. They are both immune
diseases with production of antibodies to ClI, the importance of this in mCIA is shown
by induction of inflammatory arthritis in naive animals after transfer of CII
autoantibodies from an arthritic animal (Staines and Wooley 1994). There are also
similarities in factors that affect the disease, for example it has been noted that RA and
mCIA are similarly influenced by female sex hormones and pregnancy (Waites and

Whyte 1987; Holmdahl, Karlsson ct al. 1989).

The mCIA model provides a valuable research tool due to its “controllability”, and most
important in validating its use as an experimental model is the emergence of therapeutic

strategies for the management of RA patients as a direct result of the use of mCIA.

Although knowledge has been gained with regard to underlying pathologies of RA,
more is still to be done in order to appreciate it as a systemic disease. It is increasingly
recognised that RA patients have other underlying health problems, particularly those of
a cardiovascular nature. Moreover it is becoming clear that this could be due to the

burden of inflammation their body must withstand.
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1.8. Hypothesis

In this thesis the following hypothesis will be investigated:

Due to the highly inflammatory nature of RA and similarities of this exhibited in the
murine model of RA vascular dysfunction will ensue following the clinical onset of
arthritis. This will be characterised by a decrease in bioavailable NO both in the vessel
and circulation. Serum levels of inflammatory mediators will be increased and thus

contribute to the detrimental effect on the vasculature. Endothelial dysfunction will be

observed in isolated blood vessels.

1.9. Aims

Assess endothelial dependent relaxation in aortic tissue from experimentally arthritic

and normal mice.

Measure vessel levels of eNOS and iNOS in vessels from experimentally arthritic

animals.

Assess plasma levels of NO, TNFa, IL-6, and IL-1B levels in these vessels.

Compare +*O,- and ONOO in normal and arthritic vessels as a marker of oxidative stress.
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CHAPTER 2

EXPERIMENTAL MATERIALS AND GENERAL METHODS

2.1 Mice

All work with animals was performed in accordance with the United Kingdom Animals
(Scientific Procedures) Act 1986 and under the authority of Home Office Personal
(30/7627) and Project (30/2361) Licences. The technique used to create the animal
model of arthritis is an adapted vesion of the method developed by Trentham et al
(Trentham, Townes ct al. 1977). Throughout the work pertaining to arthritis assessment,
DBA/] animals were used duc to their heightened susceptibility for mCIA as a result of

their genetic make-up (as discussed in section 1.7.2).

Male DBA/l mice aged 6-8 weeks were purchased from Harlan Sprague Dawley Inc.
and housed in conventional cages. All mice had ad libitum access to normal chow and
water and were given a settling in period of one week before being used for
experimentation. Mice were subjected to a continual light:dark cycle of 12:12 hours,
between the hours of 8am to 8pm. The temperature range in the animal house was
maintained between 19 - 23°C, and humidity at S5£10%. At appropriate time points (see
below for more detail), mice were euthanised under Schedule 1 of the United Kingdom
Animals (Scientific Procedures) Act 1986 by inhalation of carbon dioxide (CO;). Each
mouse was placed in a chamber and exposed to a rapidly rising concentration of CO, at a

flow rate of 3 /min until no vital signs of life were observed.

2.2 Induction of Murine Collagen Induced Arthritis

Following the settling in period (see section 2.1), mice were anaesthetised with

isofluorane (5 I/min) and oxygen (41/min) and immunised (see below) with type II chick
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sternal collagen (C-9301, Sigma Aldrich) and complete Freunds adjuvant (CFA). This
adjuvant was used to assist with initiating the immune reaction in the presence of chick
Cll. CFA was prepared by grinding 100mg Mycobacterium tuberculosis (dried weight)
(H37 RA, DIFCO) into 20ml of incomplete Freunds adjuvant (F-5506, Sigma Aldrich)
using a mortar and pestle. The chick CII (Smg) was dissolved overnight at 4°C in 2.5ml
of 0.02% (v/v) acetic acid (A/0400/PB17, Fisher Chemicals) and then added to an equal

amount of CFA. This mixture was emulsified by passing through a 19 gauge needle ~20

times before injection.

On day 0 mice received 100ul of the CIVCFA emulsion in two 50ul injections
intradermally (ID) via a 27 gauge needle after anaesthesia. Each injection was given at a
separate site on the right lateral side at the base of the tail. Mice were returned to their
cages to recover, and were subsequently checked several times a week to ensure the
injection site was not ulcerated and that their general health was satisfactory. Between
days O and 21 the behaviour of the immunised mice was as observed prior to the first
CIVCFA injection. On rare occasions animals did develop arthritis before day 21, this
arthntis was very mild and animals were given the second CII/CFA injection (in line
with our established protocol (Nowell, Williams et al. 2009) .On day 20 the chick CII
was dissolved in 0.02% (v/v) acetic acid, and on day 21 was made into an emulsion with
an equal volume of CFA as before. Animals were anaesthetised and ID injections
administered to two separate sites at the right lateral side near the base of the tail. After
day 21, arthritis progressively developed and to minimise suffering, all mice were given
free access to the opiate-derived painkiller buprenorphine (temgesic) (Schering-Plough)
via drinking water at a concentration of 0.4mg/l. This was the favoured pain killer as

anti-inflammatory analgesics would hinder the progression of disease.

The onset of arthritis usually occurred from day 21 onwards. Throughout disease mice
were regularly anaesthetised with isofluorane (as above, for restraint) and the severity of

the arthritis measured by assigning a score to each of their paws and measuring paw
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The sum of the scores for the four paws in each mouse gave an indication of disease

severity. Mice were euthanised at time points defined by mild, moderate and severe

arthritis according to the cnteria below:

Combined Paw Score Severity
0-5 Mid
6-10 Moderate
11 - 14+ Severe

Any animal with a paw score of S in any one paw, or a combined clinical score of 14 or

more, was humanely removed from the experiment.

2.3 Collection of Experimental Samples

2.3.1 Plasma

At appropriate time points mice were cuthanised as described above (section 2.1).
Blood (approximately 0.2 - Iml) was then collected as soon as practical via cardiac
puncture using a 19 gauge needle and transferred to EDTA-coated vacutainers (EDTA
Coated Vacutainers, BD) on ice, or on occasion blood was collected using a heparin
(10,000units/10ml, Leo Laboratories Ltd)-coated syringe and put on ice in an 1.5 ml
Eppendorf tube. Subsequently all blood samples were transferred to 1.5ml Eppendorf
tubes and centrifuged for 20 minutes at 14,000rpm (16464g) at 4°C. The resulting

plasma supernatant samples were stored separately at -80°C until required for analysis.

2.3.2 Tissue

()] Aortae
Following euthanasia and blood collection the chest cavity and abdomen were quickly
opened using small scissors, and 200ul heparin injected into the left ventricle of the

heart. The lungs, diaphragm, intestine, stomach and liver were removed for ease of
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dissection. The exposed aorta was then vented just above the renal arteries and the left
ventricle perfused slowly with ~1ml of gassed (95% oxygen/5% carbon dioxide) Krebs
buffer (see appendix) to remove blood from the vessel. Subsequently the thoracic aorta
was carefully excised from the chest cavity using curved scissors and placed in fresh
Krebs buffer. Loose fat and connective tissue were then removed from the outside of the

vessel which was then either;

a) cutinto rings for myography (see 2.4)
b) embedded in OCT for histology (see 2.5.2i)
¢) homogenised in RIPA buffer for protein analysis (see 2.5.11)

d) snap frozen in liquid nitrogen (N,) and stored at -80°C for further use.

(n) Paws
Following cuthanasia paws were collected from mice. Forepaws were removed just
above the “wrist joint”, quickly snap frozen in liquid N, and stored at -80°C for further
use. Hind paws were removed near the base of the tibia and fibula, just before they meet
the ankle. Hind paws were scored along the base of the paw with a scalpel blade, before
being immersed completely in Neutral Buffered Solution Formalin (NBSF) (HTS501128,

Sigma Aldrich), to ensure the solution could penetrate the joint..

2.4 Studies of Aortic Function Using the Danish Multi-Myograph
This method represents a modification of the one used by Cai et al (Cai, Khoo et al.
2005) and based on a technique originally developed by Mulvaney and Halpern

(Halpern, Mulvany et al. 1978).

At appropriate times points mice were euthanised as described in section 2.1, and blood
and the aorta were removed as in sections 2.3.1 and 2.3.2i. After removal the vessel was

cut in to rings of 2mm length (each individual aorta producing 4-5 rings) under a X20
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microscope using a scalpel blade and a ruler for scale. These were mounted in separate
baths of the Mulvany myograph (Multi-wire Myograph System 610M Danish Myo-
Technology, with one or two four-bath myographs being used to study tissues from one
or two animals respectively on any given day). Individual rings were bathed in Sml
Krebs buffer at all times and the temperature was maintained at 37°C, regulated by the
steel block upon which the bath is placed. Baths were continually gassed with 95%
oxygen/5% carbon dioxide. Once mounted, each ring was held between two prongs, one
connected to a micrometer to allow manual increase of tension, the other connected to a
force transducer to allow measurement of ring tension. The myograph output was
connected to a PC and recorded and analysed using Myodaq and Myodata (Aarhaus,
Denmark) software respectively. The data was also displayed on the myograph LED for

each ring tension.

After mounting the rings were subjected to an equilibration period of 20 minutes
following which any tension on the rings and gas were removed and the myograph was
zeroed. A baseline tension of SmN (or 15SmN in preliminary experiments, see below)
was then established manually via the micrometer over a gradual period of 30 or 10
minutes respectively, increasing the tension at a rate of 0.5SmN/min. A rest period of 20
minutes then followed during which the tension was manually adjusted in order for it to
maintain the desired baseline. The tissues were then exposed for five minutes to 6x10°
2M K’ in Krebs to condition the vessels to contraction. Peak tension was noted at 5
minutes, following which vessels were washed 8 times with Krebs and left to rest for 20
minutes to re-equilibrate. If the baseline resting tension had decreased during this time
(and at any other time in the experiment after washing) it was manually re-constricted to
SmN. After the equilibration period tissues were incubated for five minutes with the
appropriate constricting agent (10°M) followed by 5 minutes with the appropriate
relaxing agent (10°M). Following washing 8 times with Krebs solution a further resting

period of 20 minutes was allowed. To ensure accuracy a stock solution of 10°M was
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made up of the agonists was and then diluted accordingly to achieve the desired final

concentration in the bath.

Unless stated otherwise constriction responses were measured using the agonist 5-
hydroxytryptamine (SHT). To test tissue viability vessels were initially constricted to
their maximum by adding increasing concentrations of SHT (10°M to10°M) in half-log
increments (see below). Following the plateau with the highest concentration of SHT, a
single bolus concentration of 10°M ACh was added to ensure normal endothelial
function (by relaxation of the vessel via endothelium-derived NO generation). If any
ring failed to relax they were subsequently excluded from further experimentation.

Vessels were then washed 8 times in Krebs and left to re-equilibrate for 20 minutes.

Starting Agonist | Volume added to | Final Concentration
Concentration (M) the Bath (pl) in Bath (M)
107 5 10
10° 10 3e10”
10 3.5 10
10° 10 3e10™®
10 3.5 107
10" 10 3e10”’
10” 3.5 107
10° 10 3e10
1072 3.5 107

Subsequently vessels were reconstricted to 70-80% of the maximum established
previously using increasing concentrations of SHT as before. 70-80% was normally
achieved at a concentration of either 10”"M or 3e10”M. After plateau at 70-80% vessels

were subjected to a concentration response to ACh (10°M t010°M in half log
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increments) (see below), each step following the previous only after the vessel was at a

steady tension.
Starting Agonist | Volume added to | Final Concentration
Concentration (M) the Bath (pl) in Bath (M)

10 5 10°

10 10 3e10”

10° 3.5 10

107 10 3e10°®

107 3.5 107

10™ 10 3e10”’

ACh Volume added to | Final Concentration

Concentration the Bath (pl) in Bath (M)

10 5 10°

10° 10 3e10”

10° 3.5 10

10° 10 3e10®

107 3.5 107

107 10 3e10”’

1073 3.5 10°

10” 10 3e107

1072 3.5 10

Results were noted for each ring at the plateau of the response. Relaxation responses to
Ach were then expressed as a percentage of the SHT-induced tone. Where appropriate
data was averaged for each animal/condition and counted as one n-value. Values for

animal/condition were combined and expressed as mean £+ SEM.
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2.5 Sample Preparation

2.5.1 Homogenising

(i) Aortae

Aorta were homogenised in 100ul RIPA buffer (see appendix) using a 100pl close-
fitting glass rod (attached to a drill (Black and Decker)) and homogenisation tube
(Jencons). The frozen aorta was placed in ice cold RIPA buffer in the tube and
homogenised for six 10 second bursts. The aorta was left on ice during the
homogenising, essential for avoiding the build up of excess heat which could potentially
damage the sample. The homogenate was removed from the tube using a glass pipette
and transferred to a 1.5ml Eppendorf tube before spinning in a centrifuge for 30 minutes
at 14000rpm (16464g) at 4°C. The supernatant was removed and frozen at -80°C for
further usc.

(i) Paws
Paws were homogenised as the aortae but using 500ul RIPA buffer and a 1ml close-
fitting glass rod and homogenisation tube (Jencons). The homogenate was centrifuged

and the supernatant stored as described in 2.5.1(i).

2.5.2 Histology
@) Aortae

Rings of 2mm were cut from the excised aorta (described previously 2.3.2i) and placed
in OCT (LAMB/OCT Embedding Medium, Thermoshandon) on a metal chuck pre-
cooled in liquid N;. The aorta was held in the desired orientation using forceps while
OCT was placed on and around the vessel segment and allowed to partially freeze in
order to hold the aorta in place. Once the position of the aorta was secured it was
immersed in OCT and the whole block was frozen in liquid N;. Subsequently sections

of 7um were cut on a cryostat and mounted onto Colourfrost Plus glass slides (9991001,
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Thermoshandon) to ensure maximum adherence to the glass slide. These were then

stored at -80°C ready for staining.

(ii) Paws
Hind paw joints were removed from DBA/1 arthritic animals post euthanasia and
immersed in NBSF for a week as previously described (2.3.2ii). It is necessary to
decalcify the joints after fixing so that they can be cut, and this was achieved by soaking
the paws in a decal solution consisting of 10% (v/v) formic acid (BDH), and 5% (v/v)
formaldehyde (F1635 Sigma Aldrich) in distilled water. The solution was made up fresh
and changed twice-weekly until paws were decalcified. The latter was confirmed using
an ammonium oxalate assay adapted from (Gamble 2008) capable of detecting levels of
calcium in the supernatant of the paw-bathing solution. Ammonium oxalate was
prepared by dissolving ammonium oxalate in water over heat until it failed to dissolve
and a precipitate formed. Following this an excess was added to ensure high saturation.
Briefly to assess calcium in the joint, 2ml of supernatant was neutralised to pH7 using
hydrochloric acid HCI, and mixed with concentrated ammonium oxalate in a universal
container. The presence of calcium was indicated by the formation of a white precipitate
(calcium hydroxide). When a precipitate no longer formed, the joints were deemed free
of calcium and samples were ready for further processing. This normally occurred after

approximately three weeks in the decal solution.

Subsequently joints were dehydrated using a Thermoshandon Tissue Processing Path
Centre machine. The paws were immersed and agitated in increasing concentrations of
ethanol; 70% (v/v) for 30 minutes, 90% (v/v) for 90 minutes, 100% ethanol for one hour
(repeated three times) and then in xylene for three incubations each lasting an hour
Finally joints were immersed in four changes of wax, following which they were
removed an set in paraffin wax using the Thermoshandon Histocentre. Once set in wax
joint sections of 7um were cut on a microtome and mounted on Colourfrost Plus glass

slides before storing at room temperature until ready for staining.
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