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Abstract
Rheumatoid arthritis (RA) is an autoimmune disease characterised by joint inflammation. 
The resulting joint destruction is mediated by enhanced secretion of degradative enzymes 
and pro-inflammatory cytokines. Joint inflammation is accompanied by elevated levels of 
glutamate in the synovial fluid. Work in this thesis investigates the hypothesis that the 
increased glutamate concentration in RA synovial fluid can induce pathological changes 
associated with synovial joint destruction.

To determine whether cells of the synovial joint can respond to glutamate RNA was 
purified from various cells and tissues of the rat knee. RT-PCR revealed that 
metabotropic (mGluR4) and ionotropic glutamate receptors (NMDA NR1, KA1, 
AMPAGluR2, AMPAGluR3) and glutamate transporters (EAATsl to 3) are expressed in 
the synovial joint. Differences in expression between RA and normal fibroblast-like 
synoviocytes (FLS) were observed.

The effect of modulating these receptors and transporters in normal and RA FLS was 
investigated. RA and normal FLS were treated with a range of glutamate concentrations 
and inhibitors o f glutamate transporters and receptors. Markers of inflammation and 
matrix degradation were measured. Pro-MMP2, TEMPI, TEMP2 and IL-6 levels were 
modulated with changes in extracellular glutamate. Elevated production of IL-6, pro- 
MMP2, TIMP1 and TIMP2 by RA FLS was observed in the presence of glutamate 
transporter inhibitors. Inhibition of kainate receptors decreased IL-6 production by RA 
FLS and inhibition of NMDA receptors increased pro-MMP2 in these cells. Glutamate 
receptor and transporter inhibition caused different responses in normal FLS. The effect 
of TNFa and IL-6 on expression of the glutamate transporter EAAT1 was also 
determined. RT-PCR, immunohistochemistry (IHC) and Western blotting revealed that 
expression of EAAT1 mRNA and protein was increased in RA FLS in response to IL-6. 
This was not observed in normal FLS. IHC also demonstrated that TNFa increased 
EAAT1 protein expression in RA FLS but not in normal FLS.

To investigate the function of glutamate receptors, RA FLS were pre-loaded with the 
calcium indicator fluo-4 and stimulated with glutamate, NMDA or kainate. Upon 
stimulation, scanning confocal microscopy revealed increases in fluorescence generated 
by intracellular free calcium indicating functional NMDA and AMPA/kainate receptors in 
human RA FLS. Using a 14C-glutamate uptake assay it has also been demonstrated that 
glutamate transporters are functional in RA FLS.

This data demonstrates that glutamate receptors and transporters are expressed in the 
synovial joint in vivo and are functional in human FLS. Furthermore, modulation of 
glutamate receptors and transporters influences release of IL-6, TEMPs and pro-MMP2 by 
FLS. Expression and responses differ between RA and normal FLS but the high levels of 
glutamate found in RA synovial fluid may activate glutamate receptors to induce a pro- 
inflammatory and degradative phenotype in FLS. This may be influenced through IL-6 
and TNFa induced increases in EAAT1 expression, indicating a possible feedback 
mechanism. It is proposed that the kainate receptor pathway that increases IL-6 release in 
response to glutamate warrants further investigation as a therapeutic target for RA.
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Chapter 1

Chapter 1 Introduction and background 

1.1 Introduction

Rheumatoid arthritis (RA) is a painful, debilitating, autoimmune disease resulting in 

reduced life expectancy due to susceptibility to infection (Baum, J. 1971). The disease 

was first recorded several thousand years ago in native American populations, but was
r i inot reported in Europe until the 17 century (Firestein 2003). It affects more than

350,000 people in the UK and women are more affected than men at a ratio of 

approximately 3:1 (www.arc.org.uk). RA is a systemic disease because not only does it 

affect the joints it also causes loss of muscle strength, vasculitis, depression, pulmonary 

nodules and osteoporosis.

This study focuses on RA disease progression in the peripheral synovial joints and aims 

to determine whether the elevated glutamate levels observed in the synovial joints of 

rheumatoid arthritis (RA) patients contributes to disease pathology. Prior to a review of 

the literature linking glutamate signalling to inflammatory and degradative pathways, the 

anatomy of synovial joints, the role of inflammatory cytokines and degradative enzymes 

and an overview of RA treatments will be given.

1.2 The Synovial Joint

A synovial joint is a specialized type of joint whereby juxtaposed bone surfaces are 

separated by a joint cavity lined by a synovial membrane. The bones’ articular surfaces 

are covered in hyaline cartilage allowing low-frictional movement. The peripheral joints 

are most affected by RA, the knee joint being one of these (www.arc.org.uk).

The human knee joint, like other synovial joints, is encapsulated in a fibrous capsule 

which is lined with a synovial membrane or synovium. The joint space contains within 

this capsule synovial fluid which nourishes the cartilage and lubricates the joint. 

Surrounding collateral ligaments stabilise the knee by attaching the femur to the fibula 

and tibia. Within the knee joint the internal anterior and posterior cruciate ligaments also 

provide support by attaching the femur to the tibia. Within the knee, two half moon

1
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Chapter 1

pieces of fibrocartilage, called the menisci, also provide support and help to spread load 

and generally stabilise the knee joint. The knee joint is protected by the patella, 

underneath this is the vascularised fat pad which acts as a cushion to absorb load across 

the joint (Dudhia et al. 2004). Figure 1.1 shows the major components of the human 

knee joint.

1.2.1 Synovium

The lubricating synovial fluid is produced by the synovium which covers the non- 

cartilaginous surfaces of diarthrodial joints. The synovial membrane is composed of a 

synovial cell layer and an adipose layer. The adipose layer is extensively vascularised 

and consists of adipocytes, nerve endings, loose connective tissue and immune cells. 

Movement of fluid and inflammatory cells into the joint is facilitated by the blood vessels 

present in the adipose layer. The innermost synovial cell layer of synovium contains 

mainly macrophages and fibroblasts (Tak et al. 2001). The macrophages are called 

macrophage-like synoviocytes (type A synoviocytes) and the fibroblasts are termed 

fibroblast-like synoviocytes (type B synoviocytes or FLS). 70% of synoviocytes are 

FLS. FLS produce many of the proteins found in synovial fluid.

1.2.2. Synovial fluid

Synovial fluid is in direct contact with the synovium and articular cartilage. Normally 1- 

4ml of synovial fluid is present in the human knee (Dudhia et al. 2004). The pH of 

synovial fluid is rarely less than 7 (Lloyd et al. 1990, Brooks et al. 2000). Synovial fluid 

is in dynamic exchange with blood serum and contains electrolytes, hyaluronate, urate, 

urea, albumin and small globulins. The synovial fluid has many functions. It provides 

nutrients to joint components and provides lubricating factors for the joint cartilage. 

Inflammatory cells move into the synovial fluid of the joint after trauma or infection.

1.23 Cartilage

A hallmark of RA is destruction of the articular cartilage that lines the articulating bone 

surfaces within synovial joints, this is accompanied by inflammation. Articular cartilage 

is a connective tissue consisting of an extracellular matrix (ECM) (80% water,

2
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Anterior
cruciate
ligament

Lateral
collateral
ligament

Articular
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4

Meniscus

Figure 1.1: Diagram of a healthy knee joint (adapted from www.sky- 
injury.com and used with permission of Dr. Mike Langran).
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Chapter 1

Figure 1.2 A schematic diagram showing interactions o f proteins in the extracellular 
matrix of articular cartilage (adapted from a picture kindly donated by Prof. V. Duance, 
Cardiff University).
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Link ♦ 
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Hyaluronate
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Chapter 1

proteoglycans and collagens) that is synthesised and maintained by chondrocytes (Lane et 

al. 1975). Figure 1.2 shows a schematic diagram of the protein interactions in the ECM 

of articular cartilage. There are four zones that articular cartilage is divided into 

depending on the arrangement of the chondrocytes and their matrix components: 

superficial, intermediate, deep and calcified (See figure 1.3). Articular cartilage 

functions to provide smooth surfaces of low resistance that can withstand compressive 

forces (Morris et al. 2000). It can carry out this function because the chondrocytes 

synthesise a resilient extracellular matrix composed mainly of type II collagen (60% of 

the dry weight of cartilage) which is cross-linked to types IX and XI collagens. 

Heterotypic fibrils can be formed from these collagens and cross-linking of these allows 

articular cartilage to withstand shear and tensile forces.

Proteoglycans are also contained within the cartilage ECM. Aggrecan is the major 

multidomain proteoglycan responsible for the ability of cartilage to withstand 

compression. Figure 1.4 shows the structure of aggrecan. The NH2 terminus consists of 

two globular domains, G1 and G2, separated by an interglobular domain followed by an 

extended protein core and a COOH-terminal globular domain, G3. The extended protein 

core is the site of glycosaminoglycan attachment. The glycosaminoglycans, keratan 

sulphate and chondroitin sulphate have a large number of fixed, negative charges which 

causes high osmotic pressure to build up in cartilage. Normally the cartilage is hydrated 

but under compression the water is squeezed out whilst the cartilage framework remains 

unaltered thus absorbing shock (reviewed in Heinegard et a l 2000). Aggrecan is 

attached via its N-terminal domain to hyaluronan, this interaction is stabilized by a link 

protein.

In normal adult cartilage the chondrocytes maintain the rate of synthesis of ECM 

components at a rate equal to that of degradation by proteases (see section 1.5.1). In RA 

this process is disrupted and destruction of the cartilage in RA may be followed by 

destruction of bone.
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Figure 1.3 The cellular architecture of articular cartilage.
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Figure 1.4 The structure of aggrecan
The N-terminus consists o f two globular domains, G1 and G2, separated by an 
interglobular domain (IGD). An extended protein core and a COOH-terminal globular 
domain, G3, follow the G2 domain. The extended protein core is the site o f 
glycosaminoglycan attachment (chondroitin sulphate CS, keratan sulphateKS). In 
aggregates the G1 domain of aggrecan binds to hyaluronan and this bmding is stabilized 
by link protem, also shown in this figure, (www.glycoforum.gr.jp/).

AGGRECAN
C l IGD G2 K S-rich________CSJ_________  OJ2_________ G3

N-linked oligosaccharides

LectinW coon

COOH

LINK PROTEIN Keratan sulfate O-linked oligosaccharides Chondroitin sulfate
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1.2.4 Bone

There are generally two types of bone in the skeleton: long bones and flat bones. It is the 

long bones that articulate through synovial joints. At each end of a long bone are the 

articular cartilage-covered epiphyses separated by the diaphysis. Two bone surfaces are 

in contact with soft tissue: the external periosteum and the internal endosteum surface. 

Osteogenic cells organised in layers line these surfaces. The external part of the bone 

diaphysis is made of cortical bone. Cortical bone is dense and has increased calcification. 

Between the epiphysis and diaphysis is spongy bone or trabecular bone. Trabecular bone 

contains thin trabeculae filled with bone marrow. Cortical bone provides strength to 

withstand mechanical load, whereas trabecular bone with a larger surface area is highly 

responsive to metabolic requirements serving as a reserve for calcium and phosphate 

(Baron 1996). The ECM of bone forms a lamellar structure which is arranged either in 

parallel or concentrically around blood vessels, nerves and lymph vessels, thus forming a 

haversian system or osteon.

Bone is constantly remodelled according to the activities of the three main cell types 

present; osteoblasts, osteoclasts and osteocytes. Osteoblasts are the bone forming cells, 

they deposit osteoid, which is the organic matrix of bone and control its subsequent 

mineralisation (Schenk et al. 2002). The mineral in fully calcified bone is composed 

mainly of hydroxyapatite crystals (Baron 1996). Upon completion of bone formation, 

osteoblasts differentiate into bone lining cells to line the periosteum and endosteum, 

become osteocytes embedded within the mineralized bone matrix, or die (reviewed in 

Baron 1996). Osteocytes form a network of communicative cells throughout bone matrix 

and are the most common cell in bone and are currently thought to regulate bone 

remodelling in response to mechanical loading signals (reviewed in Noble and Reeve 

2000).

Osteoclasts are the bone resorbing cells and adhere to the bone surface and seal off the 

area to be resorbed, in a 'sealing zone'. The bone mineral is dissolved by various 

enzymes within the acidic environment within the resorption lacunae. This then allows
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the bone matrix to be broken down by lysosomal enzymes and metalloproteinases (see 

section 1.5.1.3) (Schenk et al. 2002).

The remodelling or turnover of bone occurs on the surfaces of bone and is regulated by 

many factors including cytokines (see section 1.4.1.1), hormones and mechanical load.

1.3 Rheumatoid arthritis

13.1 The etiology of rheumatoid arthritis

The initial trigger or cause of rheumatoid arthritis is unknown however, RA is considered 

to be an autoimmune disease. It is clear that both genetic and environmental factors play 

a role in the onset of RA. The human leukocyte antigen (HLA) allele is the locus at 

which genetic links have been shown to RA; HLA genes of the major histocompatibility 

complex (MHC) are on chromosome 6. Mutations in the DR4 gene (also termed HLA 

DRB1) found in the HLA region appear to confer a predisposition to RA (Stastny, P. 

1978). The only known function of the HLA DR4 gene is to present peptides to CD4+ T 

cells. However HLA-DR4 susceptibility mutations occur in about 20 - 30% of the 

population and yet only 2% develop RA. Other genes of HLA region have been 

connected to a susceptibility to RA however only 40% of the genetic contribution to RA 

is accounted for by genes in the HLA region (Fife et al. 2000). This together with the 

fact that monozygotic twin studies have shown concordance to be approximately 15% (if 

one twin has RA, there is a 15% chance that the other twin will also suffer from RA), 

demonstrates that non-genetic factors play a significant role in RA (Silman et al. 1993).

A role for bacterial or viral infection as the onset of RA has been the topic of much 

research, however no individual infectious agent has yet been identified. Bacterial or 

viral infection might initially trigger autoimmunity in RA via molecular mimicry or 

bystander activation of IgG antibodies thus accounting for the presence of rheumatoid 

factor in 80% of RA patients (Kingsley 2000). Rheumatoid factor (RF) is the term for 

IgM autoantibodies specific for antigenic epitopes on the Fc portion of IgG antibodies. 

RF is useful in the diagnosis of RA but it is not exclusive to patients with rheumatoid 

arthritis and not all patients with RA express RF. Approximately 20% of RA patients
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are sero-negative for rheumatoid factor. Indeed, RF can be detected in other autoimmune 

disorders and even in healthy individuals; however RF from RA patients has a higher 

affinity and is specific for human IgG (Kyburz and Carson 2000). RFs promote 

inflammatory processes and accelerate tissue destruction (Kyburz and Carson 2000) 

because they are autoantibodies and therefore recruit macrophages and neutrophils to the 

synovial joint.

1.3.2 Pathology of rheumatoid arthritis

RA is an inflammatory disease, primarily causing inflammation of the synovial joints, 

spine and can also affect the internal organs. Early in the disease, following the unknown 

initiating event for RA, oedema occurs and hypertrophy of the synovium. White blood 

cells, mainly CD4+ T cells, infiltrate the joint and cause an inflammatory response by 

releasing cytokines, prostaglandins and other inflammatory mediators. The infiltrated T- 

cells release cytokines causing activation of macrophage-like synoviocytes and FLS. 

This in turn causes proliferation of the synoviocytes, which form an invasive tissue called 

the pannus. The pannus is defined as “a granulomatous mass of proliferating synovial 

tissue, derived from the synovium” (Sweeney and Firestein 2004). The point where the 

invading pannus meets the cartilage is called the cartilage-pannus junction (CPJ). The 

CPJ consists mainly of synoviocytes and macrophages, which are the major source of 

inflammatory cytokines that perpetuate the joint destruction (see section 1.4.1.1). 

Adhesion molecules facilitate the migration of T cells to the joint and the adherence of 

the pannus to cartilage and bone where the process of cartilage and bone degradation 

begins.

The activated macrophages release the pro-inflammatory cytokines IL-1 and TNFa (see 

section 1.4.1.1) which allow the FLS to be permanently activated to release cytokines, 

prostaglandins and proteases (the actions of these proteins in RA are discussed further in 

sections 1.4 and 1.5). The degradation of aggrecan and collagen (see section 1.2.3) by 

these proteases leads to loss of cartilage function and hence arthritic joint disease. The 

FLS produce the pro-inflammatory cytokine IL-6 (see section 1.4.1.1.3) which may travel 

via the circulation to the liver where, in conjunction with IL-1 and TNFa, it can activate
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the acute phase response (see section 1.4.1) (McNiff 1995; Okamoto et al. 1997). It is 

activation of the acute phase response that contributes to the systemic effects of RA.

1.3.2.1 Destruction of cartilage and bone in rheumatoid arthritis

It is the destruction of cartilage and bone that causes the disabling conditions observed in 

RA patients. In the rheumatoid synovium cathepsins (section 1.5.1.1) and MMPs 

(section 1.5.1.3.1) are abundant (Firestein 1996: Keyszer et al. 1995). The release of 

proteases by FLS causes cartilage matrix turnover to become dysregulated, which causes 

the characteristic lesions of RA (Reviewed in Pap et al. 2000). Chondrocytes (see section 

1.2.3) also contribute to synovial joint destruction because in vitro, chondrocytes behave 

similarly to FLS; they both have IL-1 and TNFa receptors and respond to these cytokines 

with an increased production of proteases (Cunnane et al. 1998).

1 3 3  Animal models of rheumatoid arthritis

There are a number o f animal models used to investigate rheumatoid arthritis where local 

or systemic injection of antigens induces an RA-like immune response.

133.1  Bacteria-induced arthritis

The injection of live-bacteria can induce RA-like symptoms in experimental animals. 

Staphylococcus aureus (Abdelnour et al. 1994) and Borrelia burgdorferei (Schaible et al. 

1991), mycobacterium (Pearson 1956), or purified bacterial products (muramyl dipeptide 

or lipopolysaccharide) injection (Terato et al. 1996; Chang et al. 1981) can be used to 

induce arthritis in various animal models, predominantly rats and mice. In addition, 

arthritis can be induced in rats by the intraperitoneal injection of streptococcal cell-wall 

fragments, which causes acute inflammatory arthritis (Cromartie et al. 1977).

13.3.2 Antigen-induced arthritis

Antigen-induced arthritis (AIA) has been induced in rats, mice, rabbits and primates by 

injection of an antigen into the knee joint of a pre-sensitised animal (Courtenay et al 

1980, Trentham et al. 1977, Yoo et al. 1988). This results in an immune-complex- 

mediated arthritis similar to human RA (Linton and Morgan 1999). Various antigens
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have been used. For example methylated bovine serum albumin (mBSA) is frequently 

used. The animals are pre-immunised with the mBSA (injected systemically), then a few 

weeks later, the same antigen is injected locally into a joint and a T-cell dependent 

immune complex-mediated arthritis ensues (Holmdahl 2000).

1.3.3.3 Collagen-induced arthritis

Another common model is the type II collagen induced arthritis where the collagen is 

injected into the knee along with an adjuvant usually 21 days after sensitisation with type 

II collagen. This type of RA causes a systemic response and can be induced in rats, mice 

and primates. It is characterised by erosive joint inflammation, which is mediated by T 

and B cells, pannus formation and synovial hyperplasia (Lindqvist et al. 2002). Anti type 

II collagen antibodies are found in the synovial fluid of this model (Linton and Morgan

1999) showing an autoimmune response has occurred. Other cartilage proteins such as 

cartilage oligomeric matrix protein (COMP) (Carlsen et a l 1998), aggrecan (Giant et al. 

1987), type XI collagen (Morgan et al. 1983) or aggrecan link protein (Zhang et al. 1998) 

have also been used in a similar manner to induce arthritis in animal models.

133 .4  Adjuvant-induced arthritis

The adjuvant-induced arthritis is a destructive, relapsing polyarthropathy causing joint- 

specific inflammation and is commonly carried out in rats. Non-immunogenic 

compounds are used; mineral oil (Holmdahl et al. 1992), pristane (Vingsbo et al. 1996) 

and avridine (Chang et al. 1980) have all been used as adjuvants to induce arthritis. The 

adjuvant spreads throughout the body with (usually symmetrical) arthritic symptoms 

occurring in the peripheral joints after 1-2 weeks. The arthritides each adjuvant induces 

are very similar but differ mainly in the severity and chronicity of the disease (Holmdahl 

et al. 2000).

1.33.5 Genetically susceptible animal models of arthritis

Other models of RA include those mouse strains that are inbred (Corthay et a l 2000) or 

genetically manipulated so that they spontaneously develop arthritis. Mice that over

express the human TNFa transgene spontaneously develop acute arthritis; treatment with
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TNFa antibodies can prevent the onset of the disease (Keffer et al. 1991) and if 

administered after arthritis has set in, cartilage degradation can be reversed in young mice 

(Shealy et al. 2002). Mice that have the IL-1 receptor antagonist knocked out also 

spontaneously develop arthritis (Horai et al. 2000) and indeed mice that are manipulated 

to over-express IL-1 develop a severe polyarthritic phenotype (Niki et al. 2001). All of 

these models can provide a useful insight to the disease mechanism and treatment of RA.

13.3.6 Knock-out mice

Knock-out mice are also used as a study tool for RA. Cytokines deemed important in RA 

such as interleukin 6 (IL-6), tumour necrosis factor a (TNFa) and IL-1 have been 

knocked-out and arthritis induced to see the effects of specific inflammatory mediators in 

the disease (see sections 1.4.1.1.3,1.4.1.1.1 and 1.4.1.1.2).

13.4 Therapy and treatments for rheumatoid arthritis

There is currently no cure for RA, therapies thus far developed merely attempt to limit 

destruction of the joint, reduce pain and hence prevent loss of function. Many classes of 

drugs are used to treat RA. Because of its ability to kill mycobacteria in vitro, gold was 

once used as a treatment for RA. In fact gold does reduce the production of IL-6 in vitro 

by an unknown mechansim (Cunnane et al. 1998) and also reduces serum levels of IL-6 

(Madhok et al. 1993).

13.4.1 Non-steroidal anti-inflammatory drugs

Non-steroidal anti-inflammatory drugs (NSAIDs) are a common course of treatment for 

RA sufferers. They affect the inflammatory response by acting upon chemical mediators 

of inflammation. They inhibit prostaglandin (see section 1.4.1.2) production by blocking 

COX function. COX-1 is involved in synthesis of prostaglandins involved in normal 

physiological functions whereas the COX isoform, COX-2, is an enzyme that produces 

prostaglandins that mediate inflammation. The potency of different NSAIDs to inhibit 

the two isoforms varies (Luong et al. 1996). Despite their popularity, the beneficial 

effects of NSAIDS on the pain and swelling are however short-lived. Other drugs used 

with anti-inflammatory action are corticosteroids; they are capable of significantly
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alleviating the symptoms of inflammation. They reduce the synthesis of IL-1, IL-2, IL-6 

and TNFa (Grabstein et al. 1986, Buttgereit et al. 1995) and inhibit the expression of 

MMPs in the synovial joint (Werb 1978). However, the long-term effects of 

glucocorticoids such as risk of osteoporosis, infection and diabetes have made them less 

popular.

1.3.4.2 Immunosuppressive drugs

Immunosuppressive drugs such as cyclophosphamide, target cells involved in regulation 

of the immune response. Cyclophosphamide reduces the proliferation of lymphocytes, 

plasma cells and mononuclear cells at bone lesion sites (Williams 1974) reducing effects 

of the inflammatory response. However, the use of cyclophosphamide is restricted due to 

severe side-effects such as hemorrhagic cystitis, nausea, vomiting, thrombocytopenia, 

alopecia and herpes zoster infections (Suarez-Almazor et al. 2000).

13.43  Disease-modifying anti-rheumatic drugs

Methotrexate is a folate antagonist, it belongs to the class of disease-modifying anti- 

rheumatic drugs (DMARDs) and was approved for treating RA in 1988. It is taken orally 

or injected and its mechanism of action is to inhibit DNA synthesis and in RA has been 

shown to inhibit proliferation of activated blood lymphocytes (Genestier et al. 1998). 

Patient treatment is optimized by using methotrexate in combination with other anti

rheumatic drugs/therapies.

1.3.4.4 Treatment with biological agents

Anti-TNF therapy is one of the more recent and successful approaches to treating RA. 

This was chosen as a therapeutic target for three main reasons: 1. TNFa is required for 

expression of pro-inflammatory cytokines in rheumatoid synovial cultures, 2. in murine 

collagen induced arthritis, anti-TNFa reduces inflammation and joint destruction and 3. 

TNFa and TNF-receptor are upregulated in the synovium and cartilage/pannus junction 

of inflamed joints (Feldmann and Maini 2001). The first anti-TNFa treatment used and 

therefore most studied is Infliximab. This is a chimeric antibody comprised of a mouse 

Fv and human IgG Ik antibody and is administered systemically. It binds to TNFa with
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high affinity and hence neutralises its action by preventing it from binding to TNFRs. 

Clinical trials have shown strong evidence that Infliximab is effective in reducing 

symptoms of rheumatoid arthritis however further research is required into the long-term 

effects of Infliximab treatment (Maini et al. 1999, Feldmann and Maini 2001, Shergy et 

al. 2002). Longterm treatment with anti-TNFa drugs would not be ideal due to the key 

role of TNFa in the immune system and therefore the possibility of it leading to an 

increase in infection.

Another anti-TNFa drug is Etanercept. This is a soluble TNF receptor Fc fusion protein 

which binds to TNFa and blocks its interaction with TNF-R. It is effective in both 

animal models of RA and in clinical trials in RA patients (Breedveld 1999). Having 

shown good efficacy in clinical trials Etanercept is also now used as a treatment for RA 

(Klareskog et al. 2001, Klareskog et al. 2004).

Only two-thirds of patients with methotrexate-resistant RA respond to anti-TNF therapy 

(Mariette 2004) therefore other anti-cytokine therapies have been investigated. Placebo 

controlled human trials using a recombinant IL-1 receptor antagonist (Anakinra) have 

been carried out with a successful outcome due to the observed slowing of cartilage and 

bone destruction compared to placebo controls (Bresnihan et al. 1998; Jiang et al. 2000). 

Anti-IL-6 and anti-IL-6 receptor antibodies have been used successfully as a therapeutic 

strategy in RA animal models (Mihara et al. 1991). More recently a humanized anti-IL-6 

receptor (IL-6r) antibody called MRA (monoclonal receptor antibody) has been 

developed. MRA consists of the complementarity-determining regions from mouse anti- 

IL-6R antibody grafted to human IgGl, it inhibits the binding of IL-6 to its receptor (Sato 

et al. 1993). In placebo-controlled studies it has shown overall promising results 

(Nishimoto et al. 2003, Choy et al. 2002, Nishimoto et al. 2004). After 4 weeks of 

treatment at least a 20% improvement was observed according to the American college of 

rheumatology criteria, this included a 20% improvement in tender and swollen joints 

(Nishimoto et al. 2004).
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1.4 Inflammation

Inflammation of the synovium and degradation of the articular cartilage and bone result 

in synovial joint destruction in RA. In a healthy state the synovial membrane is 

composed of an intimal layer, which is one or two cells thick. Underneath this is a sub

lining layer consisting of adipocytes, blood vessels and immune cells (Sibbitt 1999). In 

RA this synovial membrane turns into a proliferating tissue (becoming up to 20 cells 

thick) that has many layers of intimal macrophages and FLS (Berg and Bresnihan 1999). 

The pannus invades the underlying cartilage and bone. In RA, FLS show characteristics 

only seen in the RA synovium; a prominent nucleus and dispersed chromatin and the 

cells become surrounded by dense collagen fibres (Cunnane et al. 1998). The inflamed 

synovium becomes infiltrated with lymphocytes and plasma cells that synthesise 

immunoglobulins which activate the complement system. This in turn causes the release 

of cytokines (see section 1.4.1.1), prostaglandins (see section 1.4.1.2), proteolytic 

enzymes (see section 1.5.1) and superoxides including nitric oxide (see section 1.4.1.3) 

(Tak 2001). It is these agents that mediate the inflammatory response. Osteoclasts, 

especially where the synovium is attached to bone, become stimulated by inflammatory 

cytokines causing bone resorption and the characteristic erosions of rheumatoid arthritis 

(See figure 1.5). If the inflammatory process persists the synovium is gradually replaced 

by pannus. Pannus can spread to all parts of the joint and can cause total destruction of 

the joint.

1.4.1 The Inflammatory Response

The inflammatory response functions to restore and maintain homeostasis after injury, 

whereby cells and other factors are recruited from the bloodstream to the injured site to 

remove antigenic factors and dead cells. Infiltrated macrophages release cytokines and 

prostaglandins and other inflammatory mediators, which cause the three major events of 

the inflammatory response: vasodilation, an increase in capillary permeability, which 

causes oedema and, an influx of phagocytes (reviewed in Kinne et al. 2000). 

Macrophages, monocytes and neutrophils carry out phagocytosis. During phagocytosis 

these cells release lytic enzymes which damage nearby healthy cells. If the inflammatory 

response is severe these infiltrated cells release the pro-inflammatory cytokines IL-1,
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Figure 1.5: Schematic diagram of a healthy synovial joint (A) and an arthritic 
synovial joint (B). (wwvv.arc.org.uk, obtained by permission of the Arthritis 
Research Campaign.)
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TNFa and IL-6 (see section 1.4.1.1) which travel via the blood stream to the liver to 

cause the release of acute phase proteins and thus induce the acute phase response 

(reviewed in Arend and Gabay 2000).

The acute phase response is when protein levels in the plasma change reflecting an 

alteration in hepatocyte biosynthesis; albumin levels decrease and amongst others, 

complement system proteins, IL-1R antagonist and protease inhibitor levels increase 

(Kinne et al. 2000). This response is an attempt to survive infection or chronic 

inflammation. Acute phase proteins are synthesized and released by hepatocytes 

primarily in response to IL-6 and cause systemic effects of RA (reviewed in Arend and 

Gabay 2000). Acute phase proteins can activate the complement cascade, promote 

inflammation and stimulate chemotaxis of phagocytes. The cytokines involved in 

induction of the acute phase response and RA will now be discussed.

1.4.1.1 Cytokines

Cytokines are extracellular signalling proteins or peptides that act as local mediators in 

cell-cell communications (Alberts et al. 1994). They are important in the mediation of 

inflammation in RA. Cytokines include interferons, interleukins, growth factors, colony- 

stimulating factors, and chemotactic factors and often work synergistically. They are 

released from various cells in response to a variety of signals and are usually secreted and 

bind to cell surface receptors on target cells. TNFa and IL-1 are the main mediators of 

inflammation in the RA process (Feldmann et al. 1996; Arend and Dayer 1995). 

However, IL-1, IL-1 receptor antagonist (IL-1RA), TNFa, IL-6, transforming growth 

factor P (TGFP), IL-8, IL-10, IL-11, IL-13, IL-15, interferon p (IFNP), IL-17 and IL-18 

are all produced in RA synovial tissue (Reviewed in Vervoordeldonk and Tak 2002). 

Evidence of cytokines acting in RA pathogenesis comes from the efficacy of therapies 

aimed at blocking or modulating cytokine activity (see section 1.3.4). These cytokines 

have either pro- or anti-inflammatory properties or sometimes both. The proposed 

actions of these cytokines in RA are summarised in table 1.1.
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Table 1.1 The actions of cytokines important in RA

Cytokine Main cells producing 
cytokine in synovial 

joint

M ajor action of cytokine in synovial joint

IL-1 Macrophages, FLS (see 
section 1.4.1.1.2).

Induces proteoglycan degradation, production of 
MMPs and enhances bone resorption (see section 
1.4.1.1.2).

IL-1RA Macrophages, FLS and 
lymphocytes.

Anti-inflammatory. Inhibits IL-1. (Horai et al 
2004)

IL-4 T-cells. Anti-inflammatory. Inhibits the production of 
pro-inflammatory cytokines and proteases 
(Miossec et a l 1992).

IL-6 FLS and macrophages 
(see section 1.4.1.1.3).

Stimulates degradation of cartilage and bone, 
induces MMP and pro-inflammatory cytokine 
production (see section 1.4.1.1.3).

IL-8 Macrophages, 
osteoclasts, 
chondrocytes, 
fibroblasts and 
neutrophils.

Pro-inflammatory. Potent chemoattractant and 
activator of neutrophils (Taha et a l  2003).

IL-10 Macrophages, FLS, B 
cells.

Anti-inflammatory. Suppresses macrophage 
production of pro-inflammatory cytokines 
(Driessler et a l  2004).

IL-11 FLS, chondrocytes and 
bone marrow stromal 
cells.

Anti-inflammatory. Induces osteoclastogenesis 
(Girasole et a l  1994), induces TIMP production 
by chondrocytes (Trontzas et a l  1998).

IL-12 Antigen-presenting
cells.

Pro-inflammatory, is a major inducer of T helper 
1 (Thl) responses by stimulating Thl lymphocyte 
proliferation and differentiation and by inducing 
interferon (IFN)-y production from natural killer 
and T cells (Elenkov et a l 2001).

IL-13 Activated T cells. Anti-inflammatory, modulates monocyte and B- 
cell functions (Zurawski and de Vries 1994).

IL-15 Monocytes, osteoclasts, 
FLS.

Pro-inflammatory. Promotes chemokine release 
and activation of T-cells, fibroblasts, neutrophils, 
and macrophages (Mclnnes and Gracie 2004).

IL-17 T cells. Pro-inflammatory. Induces pro-inflammatory 
cytokine release by FLS, chondrocytes, 
neutrophils, macrophages, osteoblasts and 
osteoclasts (Miossec 2004). Also induces MMP1 
production (Bessis and Boissier 2001).

IL-18 Macrophages, 
monocytes, FLS, 
chondrocytes.

Pro-inflammatory. Activates T cells, induces 
cytokine production by macrophages (Liew and 
Mclnnes 2002).
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TNFa Neutrophils, 
macrophages, FLS, 
osteoblasts, fibroblasts, 
T lymphocytes and B 
lymphocytes (see 
section 1.4.1.1.1).

Induces macrophages and FLS to release pro- 
inflammatory cytokines (see section 1.4.1.1.1).

TGFP Macrophages and T 
cells.

Anti-inflammatory, but high concentrations can 
be pro-inflammatory. Inhibits proliferation of 
lymphocytes and cartilage and bone destruction 
(Vervoordeldonk and Tak 2002).

1.4.1.1.1 TNFa

TNFa is an important mediator of changes associated with RA. It is elevated in RA 

synovial fluids at concentrations of 94pg/ml (compared to OA synovial fluid levels of 

39pg/ml) (McNeamey et al. 2004). OA is not an inflammatory arthritis compared to RA. 

TNFa is released by neutrophils, macrophages, FLS, osteoblasts, fibroblasts, T 

lymphocytes and B lymphocytes in response to a wide variety of stimuli (reviewed in 

Maini 2004).

TNFa can exist as a biologically active membrane-bound molecule or as a soluble 

molecule. A membrane metalloproteinase (TNFa converting enzyme [ADAM 17], see 

section 1.5.1.3.2) enzymatically cleaves the membrane-bound TNF to produce the soluble 

form. TNFa functions as a trimer, and can activate two TNFa receptors: TNFa receptor- 

1 (TNFR-1 also known as p55) and TNFR-2 (p75). Both TNFa receptors are expressed 

by most types of nucleated cells (Ledgerwood et al. 1999, Vandenabeele et al. 1995). 

The TNF receptors can also be shed in a soluble form and therefore neutralise the activity 

of TNFa upon binding, thus acting as a negative feedback mechanism (reviewed in 

Piecyk and Anderson 2001).

TNFa activates its receptors which signal via 2 major transcription factors, API and 

NFkB (Baud and Karin 2001). TNFa can also signal via protein kinase R and ceramide 

to increase MMP expression by chondrocytes (Gilbert et al. 2004). Following binding of 

TNFa to its receptor, cytoplasmic signalling proteins called TNF receptor-associated 

factors (TRAFs) are recruited which then activate protein kinases and transcription
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factors. These upregulate genes involved in inflammation (Piecyk and Anderson 2001). 

The TNFa signalling pathways important in RA are shown in figure 1.6. TNFR-2 also 

acts via this pathway but can interact with TRAF2 without interacting with TRADD first 

(Ichijo 1999). Furthermore, TNFa can induce ERK, p38 and MAP kinases in RA FLS 

(Schett et al. 2000).

Expression of TNFa can be regulated at the transcriptional, post-transcriptional and 

translational levels. Proteins that bind to AU-rich elements in the 3’ untranslated region 

increase the stability of TNFa mRNA. Conversely, other studies have shown that 

deletion of these AU-rich elements in mice causes the development of polyarthritis 

(Kontoyiannis et al. 1999). The TNFa promoter also contains binding sites for API and 

NFkB and can therefore regulate its own expression because TNFa can activate both of 

these transcription factors (Baud and Karin 2001).

TNFa is thought to play a very central role in the pathophysiology of RA. Macrophages 

and endothelial cells can be induced by TNFa to produce IL-1, IL-6, IL-8, IL-10 and 

prostaglandin E2 (PGE2) (Piecyk and Anderson 2001). NFkB and API can also 

upregulate MMPs (reviewed in Overall and Lopez-Otin 2002). FLS are also induced by 

TNFa to produce an array of cytokines; IL-1 (Brennan et al. 1989), IL-6, and IL-8 

(Butler et al. 1995). Furthermore, TNFa and its receptors are highly expressed in areas 

of inflammation and tissue destruction in the synovium and pannus (Chu et al. 1991).

TNFa transgenic mice also demonstrate the involvement of this cytokine in an arthritic 

phenotype. Spontaneous arthritis develops in mice that over-express TNFa (Keffer et al. 

1991). Furthermore, TNF-a is crucial for the development of autoimmune arthritis in IL- 

1 receptor antagonist-deficient mice (Horai et al. 2004). In addition, TNFa-knock-out 

mice have reduced joint swelling and cartilage loss upon induction of streptococcal-cell 

wall induced arthritis (reviewed in van den Berg and Bresnihan 1999).
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TNFa/TNFR-1

TRADD-TRAF 2 TRAF2
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IKK API

IkBvNFkB

Gene transcription activated

f  Pro inflammatory cytokines expressed

Figure 1.6: The TNFa/TNFR-1 complex interacts with TRAF2 via 
TNFR-1 associated death domain protein (TRADD). Nuclear factor kappa 
B (NF-kB)- inducing kinase (NIK) associates with TRAF2 and activates 
inhibitor of inhibitor kappa B (IkB) kinase (IKK). IKK phosphorylates 
IkB causing it to dissociate from NF-kB. NF-kB can then translocate to 
the nucleus and activate gene transcription of proinflammatory cytokines 
involved in RA. TNFR2 can interact with TRAF2 directly which in turn 
can activate API via MAPK or NIK (Reviewed in Piecyk and Anderson 
2001).
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TNFa clearly plays a pro-inflammatory role in RA and the demonstrated efficacy of anti- 

TNFa and anti-TNF receptor therapies in treatment of RA enforces this (see section 

1.3.4.4). Most importantly, TNFa is not the only cytokine involved in RA.

1.4.1.1.2 Interleukin 1

Humans express two isoforms of IL-1, IL-1 a  and IL-lp encoded by 2 genes found in the 

IL-1 cluster on chromosome 2q (March et al. 1985). Less than 30% of the amino acid 

sequence is identical between cytokines IL-1 a  and IL-ip however both work via the 

same receptors (March 1985). IL-1 a  is a major cytokine in the early stages of 

inflammation whereas IL-lp is the more dominant cytokine in advanced inflammation 

(Berg and Bresnihan 1999). The major type of IL-1 that is found in RA synovium is IL- 

lp; generally IL-lp is secreted whereas IL-1 a is either retained within the cell or 

expressed on the cell surface (Kay and Calabrese 2004). Therefore, IL-1 a is active as an 

intracellular precursor, as a membrane-associated cytokine and only to a lesser extent as a 

secreted molecule (Apte and Voronov 2002). In vivo studies have shown that IL-1 a and 

IL-ip have equal potency in causing chondrocyte proteoglycan synthesis inhibition 

(Saklatvala 1986). EL-lp levels are significantly elevated in RA. It is found at 

concentrations of 130pg/ml in RA synovial fluid compared to osteoarthritis levels of 

28pg/ml and has a well established pro-inflammatory role in RA (Westacott et al. 1990). 

IL-1 a  is also elevated in RA synovial fluid (Hopkins et al. 1988).

IL-1 a and IL-lp both signal via three types of receptors, type I, type II and IL-1R 

accessory protein. Activation of these receptors by IL-1 can activate NFkB, c-Jun, AP-1, 

p38 MAPK and ERK1/ERK2 transduction pathways (reviewed in Gabay 2004). 

However, IL-1 signal transduction is dependent on the presence of IL-1R accessory 

protein (Huang et al. 1997).

In addition to TNFa and IL-6, IL-1 a and IL-lp play a significant role in the pathogenesis 

of RA. Among the many effects that IL-1 has on cells of the synovial joint, IL-1 

stimulates FLS and chondrocytes to produce MMPs, aggrecanases, nitric oxide and 

prostaglandin E2 (see section 1.5.1.3, 1.4.1.3 and 1.4.1.2) leading to cartilage degradation
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(Abramson and Amin 2002). In addition, IL-1 can work synergistically with oncostatin 

M (OSM, see section 1.4.1.1.4) to cause destruction of the synovial joint. Treatment of 

human chondrocytes in vitro with EL-la in combination with OSM caused induced 

expression of the degradative enzymes ADAMTS4, MMPs 1, 8 and 13 (Koshy et al. 

2002).

IL-1 receptor antagonist (IL-lra) is the natural soluble inhibitor of EL-1 signalling and is 

structurally similar to IL-1 a and IL-lp. By binding to the IL-1 receptor it prevents IL-1 

from binding. It is present in the RA synovial membrane but is deficient compared to the 

amount of IL-1 present (Firestein et al. 1994). Therefore an imbalance occurs, whereby 

the greater presence of EL-1 compared to IL-lra results in the inflammatory effects of RA 

(Arend et al. 2001). The recombinant IL-1 receptor antagonist, Anakinra, is used in RA 

therapy (see section 1.3.4.4).

In vivo studies have also demonstrated the importance of EL-1 in arthritis. Collagen- 

induced arthritis in mice can be suppressed by a combination of anti-IL-1 a and anti-EL-ip 

antibodies (Joosten et al. 1996). Furthermore, cartilage damage is reduced in 

streptococcal cell wall induced arthritis in EL-lp knock-out mice and addition of anti-IL- 

la  antibodies ameliorates all symptoms (reviewed in van den Berg and Bresnihan 1999).

1.4.1.13 Interleukin 6

EL-6 is a 212 amino acid protein that is cleaved close to the N-terminus by signal 

peptidases to produce a 184 amino acid active protein with a molecular weight of 

approximately 23kD (Wong et al. 2003). Within the synovial joint it is mainly produced 

by FLS and to a lesser extent by macrophages (Vervoordeldonk and Tak 2002) but it is 

also expressed by chondrocytes, fibroblasts, monocytes, T cells and B cells (Shinmei et 

al. 1989, al-Janadi et al. 1993). TNFa, IL-1 and IL-17 all increase IL-6 production by 

FLS in vitro (Gueme et al. 1989, Chabaud et al. 1998). IL-6 levels are elevated in the 

synovial tissue and fluid (24.9ng/ml in RA compared to 0.914ng/ml in OA) during active 

rheumatoid arthritis (Desgeorges et al. 1997). Nowell et al. further confirmed these
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results demonstrating levels of 51.7ng/ml in RA synovial fluid compared to 6.39ng/ml in 

OA synovial fluid (Nowell et a l 2003).

1.4.1.1.3.1 Interleukin 6 signalling pathways

IL-6 interacts with two receptors, one being membrane bound (IL-6R) and the other 

soluble (sIL-6r), but both acting via the gpl30 membrane receptor (Jones et al. 2001). 

The sIL-6r is a 55kD protein and is not expressed by FLS (Nishimoto et al. 2000) but IL- 

6 can still act on these cells because sIL-6r is found in the RA synovial fluid at high 

levels: 24.7ng/ml (Desgeorges et al. 1997). The sIL-6r allows cells that express gpl30 

but not the IL-6R to respond to IL-6 (Jones et a l 2001). The soluble form of the IL-6 

receptor is generated by differential splicing of IL-6R mRNA or by proteolytic shedding 

of the IL-6R from the cell membrane (Horiuchi et a l 1994, Mullberg et a l 1997).

The IL-6 and EL-6 receptor complex, acts via the gpl30 receptor unit. It has been 

proposed that the receptor/IL-6 complex causes dimerisation of the gpl30 receptor so that 

a tetramer is formed (IL-6, IL-6R/sIL-6r and 2x gpl30) (Pflanz et a l  2000). However 

others have proposed that a hexamer is formed (2xIL-6, 2xIL-6 receptor and 2x gpl30) 

(Ward et a l 1994, Boulanger et a l 2003), and this proposal has recently been confirmed 

(Skiniotis et a l 2005). This multimerisation results in phosphorylation of gp-130- 

associated janus kinases (JAKs) that attracts signal transducer and activator of 

transcription -1 (STAT-l)/STAT-3 factors to gp-130, which then become phosphorylated 

(Reviewed in Jones et al. 2001) (Figure 1.7). The phosphorylated STAT proteins then 

form homomers and heteromers and translocate into the nucleus to induce gene 

expression (Reviewed in Jones et a l  2001). Another signalling pathway activated by IL- 

6 is the Src homology-2 domain-containing protein tyrosine phosphatase (SHP2)- 

mediated extracellular signal-regulated kinase (ERK)/ mitogen activator protein kinase 

(MAPK) pathway. SHP2 is tyrosine phosphorylated by the IL-6/IL-6 receptor/gpl30 

multimer which activates the ERK/MAPK pathway via the Ras-Raf signalling cascade 

(Hirano et a l 1997). This can then activate the transcription factors activator protein 1 

(AP-1) and nuclear factor IL-6 (NF-IL-6) (Nakajima et al. 1993, Solis-Herruzo et al

1999).
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sIL-6r

Extracellular
i f f

_ s

IL-6

Intracellular

gpl30 gp!30

Mediation of gene expression and 
other cellular events via JAK/STAT 

and ERK/MAPK signalling pathways.

Membrane 
bound IL-6 
receptor

Figure 1.7: Schematic diagram of how IL-6 interacts with the soluble IL-6 
receptor (A) and the membrane bound receptor (B) to activate gpl30 and hence 
activate an intracellular cascade o f events that mediate inflammation and joint 
destruction in RA.
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ADAM17 (see section 1.5.1.3.2) may be responsible for IL-6R shedding, however other 

metalloproteinases (see section 1.5.1.3) may be involved (Althoff et al. 2000, 

Franchimont et al. 2005). For example cathepsin G, a serine protease (see section 

1.5.1.2) has been identified as a possible protease involved in shedding of the sIL-6r from 

neutrophils (Bank et al. 1999). Furthermore, the acute phase response protein, C-reactive 

protein, can increase shedding of sIL-6r from neutrophils (Jones et al. 1999). In the RA 

synovial joint it has been proposed that the sIL-6r originates from lymphocytes because 

levels of sIL-6r correlate with levels of lymphocytes in synovial fluid and with disease 

progression, however it may also originate from the liver via the blood (Desgeorges et al. 

1997, Kotake et al. 1996).

1.4.1.1.3.2 Effects of Interleukin 6 in RA

The immune response, haematopoiesis, the acute phase response and inflammation are all 

regulated by IL-6 (Hirano 1997). IL-6 has both pro- and anti-inflammatory effects but 

predominantly acts as a pro-inflammatory cytokine in RA. Evidence for this is that EL-6 

knock out mice are resistant to joint inflammation and destruction in both ALA and 

collagen induced arthritis (reviewed in Wong et al. 2003). In addition, Boe et al. 

demonstrated that ALA could be induced by the exogenous administration of human 

recombinant IL-6 to EL-6 knockout mice (Boe et al. 1999). Moreover, EL-6 knockout 

mice display less cartilage destruction during zymosan-induced arthritis when compared 

to wild-type mice (van de Ex>o et al. 1997). The fact that clinical trials using antibodies 

targeted to inhibit the EL-6 signalling system and decrease RA symptoms strengthens this 

argument (see section 1.3.4.4).

IL-6 influences the activities of cytokines and enzymes important in RA. The 

intracellular adhesion molecule 1 is an adhesion molecule involved in leukocyte 

recruitment from blood vessels; its expression is increased when endothelial cells are 

stimulated with EL-6 in vitro (Romano et al. 1997). IL-6 may play a direct role in joint 

destruction by stimulating osteoclasts to increase bone resorption (reviewed in Heymann 

and Rousselle 2000). In addition, IL-6 enhanced EL-1 induced production of degradatory 

MMPs (pro-MMPl and pro-MMP3, see section 1.5.1.3.1) by RA FLS (Ito et al. 1992).
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Since IL-6 and sIL-6r synovial fluid levels correlate with the extent of joint destruction in 

RA patients (Kotake et al. 1996) it is likely that these local effects of IL-6 are important. 

In addition, EL-6 in conjunction with sIL-6r has been demonstrated to potentiate 

aggrecanase-associated catabolism of bovine cartilage explants (Flannery et a l 2000).

IL-6 also possesses anti-inflammatory properties. IL-6 increases release of IL-lra and 

the soluble TNFa receptor (p55) by macrophages to inhibit these pro-inflammatory 

pathways (Tilg et al. 1994). In addition, IL-6 decreases LPS-induced release of IL-1 and 

TNFa by monocytes in vitro and in serum levels in mice (Schindler et al. 1990, Aderka et 

al. 1989). Finally, IL-6 inhibits the proliferation of fibroblastic synovial cells from 

rheumatoid arthritis patients in the presence of soluble IL-6 receptor (Nishimoto et al.

2000). Taken together, this evidence clearly demonstrates that IL-6 plays a pivotal role 

in both local and systemic effects important in the pathogenesis of rheumatoid arthritis.

1.4.1.1.4 Other members of the IL-6 family

Oncostatin M (OSM), EL-11, leukaemia inhibitory factor (LIF), ciliary neurotrophic 

factor (CNTF) and cardiotropin are all members of the IL-6 family and all act via the 

gpl30 receptor unit. Although all molecules possess a similar helical structure, their 

association is due to their functional redundancy and receptor interactions (Hibi et al. 

1996). Functional redundancy is brought about because they all act via the gpl30 

receptor. An example of their redundancy of activity is that IL-6, IL-11, LIF and OSM 

all induce acute phase protein synthesis in hepatocytes (reviewed in Hirano 1997). 

However, even though gpl30 is ubiquitously expressed, signalling via this receptor is 

controlled by the regulation of expression of the associating a-receptors eg. IL-6R, IL-6sr 

and leukaemia inhibitory factor receptor (LIFR) (Heinrich et al. 2003). Of this family, 

OSM, IL-11, IL-6 and LIF have all been associated with RA pathology.

Oncostatin M is produced by T cells and monocytic cells and can regulate proliferation of 

many different cells. Levels of OSM are elevated in the synovial fluid of RA patients 

compared with fluid from healthy and OA patients indicating a role for this cytokine in 

inflammatory arthritis (Cawston et al. 1998). Recombinant human OSM can inhibit
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proteoglycan synthesis in porcine articular cartilage explants (Hui et al. 1996) and OSM, 

in combination with TNFa, can increase collagen breakdown of bovine cartilage in 

explant culture (Hui et a l 2003). In addition OSM can work synergistically with IL-1 a  

to increase release of collagen from cartilage in vitro possibly by increasing MMP 

production and decreasing tissue inhibitor of the matrix metalloproteinases (TIMP) (see 

section 1.5.1.3.1 and 1.5.2 respectively) production (Cawston et al. 1998). Furthermore 

OSM increases production of IL-6 and TIMP1 by mouse FLS in vitro (Langdon et al.

2000). Therefore OSM is considered to act as a pro-inflammatory cytokine in RA.

The role of IL-11 in RA is under debate. Within the synovial joint, IL-11 is produced by 

lymphocytes, FLS, monocytes, osteoblasts and chondrocytes (reviewed by Wong et al. 

2003). IL-11 may cause bone destruction because it induces osteoclastogenesis (Girasole 

et al. 1994). However, EL-11 may also have a protective role in RA by decreasing 

MMP1 and MMP3 synthesis (see section 1.5.1.3.1) and increasing TIMP1 synthesis 

(Taki et al. 2000).

Levels of LIF are also elevated in RA synovial fluid compared to OA synovial fluid (Lotz 

et al. 1992). It can stimulate MMP production by osteoblasts (Varghese et al. 1999) and 

can increase IL-1 and IL-6 mRNA production by chondrocytes and FLS in vitro (Villiger 

et al. 1993). Furthermore murine LIF binding protein (mLBP) inhibited proteoglycan 

release from porcine articular cartilage explants incubated with RA patient synovial fluid 

(Bell and Carroll 2000) thus demonstrating that LIF plays a destructive and inflammatory 

role in RA.

1.4.1.2 Prostaglandins

Prostaglandins are unsaturated carboxylic acids attached to a five-membered carbon ring. 

They are produced by most tissues and are involved in many processes throughout the 

body including reproduction, smooth muscle contraction and the inflammatory response. 

They are similar to hormones in that they act as messengers to stimulate cells but differ 

from hormones because they are produced and act locally and are metabolised very 

quickly.
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The two enzymes involved in prostaglandin synthesis are cyclooxygenase-1 (COX-1) and 

COX-2. Cyclooxygenases convert the substrate, arachidonic acid, to the intermediates 

prostaglandin G2 (PGG2) and prostaglandin H2, which are then converted by specific 

tissue prostaglandin synthases to PGE2 and PGF2. COX-1 is constitutively expressed and 

is stimulated by hormones or growth factors to regulate normal cellular processes (Simon 

and Strand 2004). COX-2 is expressed by most tissues and is induced during 

inflammation by pro-inflammatory cytokines (although it is constitutively expressed in 

bone) (Simon and Strand 2001), e.g. IL-1 and TNFa (Anderson 2001). COX-2 

synthesises the production of prostaglandins that mediate inflammation (Vane 1994) 

hence, COX-2 inhibitors, also known as NSAIDS, are prescribed as a treatment for RA 

(see section 1.3.4.1). Prostaglandins produced by COX-2 mediate inflammation by 

increasing vasodilation and increase pain by inducing the release of bradykinin 

(Tannenbaum et al. 1996). Bradykinin acts on nociceptors to amplify pain impulses. In 

addition, prostaglandins lower the threshold of the nerve endings, making them more 

sensitive to bradykinin, thus enhancing the painful stimulus (Smith et al. 2000). 

Prostaglandins can also regulate bone formation and resorption (Yoshida et al. 2002).

1.4.1.3 Nitric oxide

Nitric oxide is a free radical. Levels of nitric oxide (NO) are increased in the synovial 

joint in RA due to increased activation of the inducible nitric oxide synthase (iNOS) 

pathway (Grabowski et al. 1996). Within the synovial joint, FLS, macrophages, 

osteocytes, osteoblasts, chondrocytes and endothelial cells can be induced to produce NO 

(Grabowski et al. 1996; Ralston et al. 1994): TNFa, IFNP and IL-1 have all been shown 

to induce iNOS expression (Stadler et al. 1991; Palmer et al. 1993). NO reacts with the 

enzyme guanylyl cyclase to produce the second messenger molecule cyclic guanosine 

monophosphate (cGMP) and thus, mainly through protein kinase G, it effects phenotypic 

changes (Matsunobu et al. 2000). Nitric oxide has been shown to be involved in both 

degradative and pro-inflammatory events in RA and this role is demonstrated by the fact 

that inhibition of iNOS suppresses the development of ALA in rats (Stefanovic-Racic et 

al. 1994). The degradative role of nitric oxide has been demonstrated by experiments 

showing collagenolytic and caseinolytic activity are both activated by NO in articular
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cartilage (Murrell et a l 1995). In addition, NO can inhibit osteoblast proliferation 

(Ralston et a l 1994). Furthermore, NO can potentiate TNFa and IL-1 release by 

leukocytes (Lander et al 1993) thus contributing to inflammatory pathways.

1.5 Degradation

Degradation of the synovial joint causes loss of joint function in RA patients. MMPs and 

their inhibitors, the TIMPS, have been investigated as markers of degradation in this 

study therefore this literature review focuses mainly on these. It should be noted 

however that other proteases are involved in the pathogenesis of RA.

1.5.1 Proteases

Proteases are divided into 4 groups depending on their active site residues: metallo, 

serine, cysteine and aspartate proteases (Murphy and Reynolds 2002). The primary cause 

of cartilage and bone destruction in arthritis is by enhanced protease activity degrading 

collagens and proteoglycans. In RA, FLS, osteoclasts, macrophages, chondrocytes and 

neutrophils all produce proteases and therefore contribute to joint destruction. The 

proteases most prominently involved in RA are the cathepsins, serine proteases and 

MMPs (Kyburz and Carson et a l  2000).

1.5.1.1 Cathepsins

Cathepsins are lysosomal, and the cysteine cathepsins generally work intracellularly at 

acidic pH. The pH of synovial fluid ranges from 1.2-1 A  (Trzenschik and Marx 1987). 

However, the local environment at the pannus cartilage/bone junction at sites of 

macrophage and osteoclast attachment is acidic which is ideal for the working conditions 

of cathepsins rather than MMPs, which work at neutral pH.

Cathepsins B, K and L are all cysteine proteases and are involved in the pathophysiology 

of RA joint destruction. Cathepsin K is produced by FLS in areas of high proliferation 

and vascularisation within the RA synovium where it can degrade phagocytosed intra- 

lysosomal collagen fibrils (Hou et a l  2001) however it is predominantly associated with 

a bone degrading role. The fact that cathepsin K antisense oligodeoxynucleotides inhibit
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bone resorption of rabbit osteoclasts cultured on dentine slices (Inui et al. 1997) 

demonstrates that it is essential for osteoclast bone resorption and is involved in bone 

degradation. Cathepsin K expression is upregulated in RA synovium compared to 

normal and it is mainly expressed where the synovium attaches and degrades the 

underlying bone (Hummel et al. 1998).

RA synovial fluid contains significantly higher levels of active Cathepsin B compared 

with osteoarthritic synovial fluid (Hashimoto et al. 2001). Cathepsin B can hydrolyse 

proteoglycans and collagen (Hashimoto et al. 2001). Chondrocytes express cathepsins B 

and L, which can degrade collagen types n, IX and XI (Maciewicz et al. 1990), the major 

cartilage collagens. Cathepsin B is also produced by bone cells and FLS (Aisa et al. 

2003, Lemaire et al. 1997).

This evidence suggests that up-regulation of cathepsin function and cathepsin expression 

regulation may contribute to tissue destruction in RA.

1.5.1.2 Serine proteases

Serine proteases function at neutral pH. The plasminogen activators and plasmin are 

believed to be important regulators of connective tissue turnover (Andreason et al. 1997). 

The important role of serine proteases relevant to this study is the initiation of MMP 

activation (Nagase et al. 1991). Serine proteases involved in MMP activation are 

plasmin, chymase, tryptase, tissue kallikrein, plasma kallikrein, cathepsin G and 

neutrophil elastase (reviewed in Murphy and Reynolds 2002).

1.5.1.3 Metalloproteinases

Metalloproteinases are part of a superfamily and contain a metal ion in their active site. 

They can activate pro-enzymes, activate cytokines, degrade many components of 

cartilage and bone and are involved in the destruction of RA synovial joints (reviewed in 

Pap et al. 2000). The metalloproteinases attack the ECM components such as aggrecan 

and collagen. Aggrecan is the main proteoglycan of the cartilage ECM and therefore its 

degradation leads to the destruction of articular cartilage. Hence, the cartilage structural
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integrity and its ability to withstand mechanical loading is lost. There are many types of 

metalloproteinases but the main three involved in RA are the zinc metalloproteinases: the 

MMPs, the 'a disintegrin and metalloproteinases' (ADAMs) and the ADAM with 

thrombospondin repeats (ADAMTSs). In this section the TIMPs, the specific inhibitors 

of the MMPs, will also be discussed.

1.5.13.1 MMPs

MMPs are zinc endopeptidases, functional at neutral pH, most of which can be grouped 

as the stromelysins (MMPs 3, 7, 10 and 11), the collagenases (MMPs 1, 8 and 13), the 

gelatinases (MMPs 2 and 9) and the membrane-type metalloproteinases (MMPs 14, 15, 

16, 17, 24 and 25) (Shaw, T. 2000). MMPs can degrade most components of the ECM; 

table 1.2 shows all MMPs known to date and their substrates. MMPs require calcium and 

zinc for activity.

The domain structure of the MMPs is visualized in figure 1.8. All MMPs contain a pro

peptide sequence and an N-terminal catalytic domain. MMPs are secreted as inactive 

pro-enzymes resulting from the formation of a complex between a single cysteine residue 

in the pro-peptide domain and the zinc atom in the catalytic domain. The zinc atom in 

the catalytic domain forms a catalytic complex with three histidine residues also in the 

catalytic domain. The pro-peptide domain blocks the active site. Activation is achieved 

by proteolysis or by other means of activating the cysteine switch mechanism by 

dissociation of the cysteine residue from the complex such as conformational perturbants 

(eg SDS) or heavy metals (Van Wart and Birkedal-Hansen 1990). This reveals the 

catalytic complex. The control of activation of MMPs by proteolysis is complex; MMPs 

can activate other MMPs, for example MMP 3 can activate pro-MMP 1, 8, 9 and 13 

(Stemlicht and Werb 1999).
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Table 1.2 The substrates of all MMPs known to date (adapted from Cawston 1998; 

Pelletier et a l  2001 and Sommerville 2003).

MMP MMP Type Size latent/ 
active 
(kDa)

Substrates

1 Collagenase 52/43 Collagens I, II, III, VII, X, Gelatins, aggrecan, 
tenascin and link protein

8 Collagenase 75/55 Collagens I, II, III, VII, VIII, X, link protein and 
aggrecan

13 Collagenase 52/42 Collagens I, II, III, VII, X, gelatins and aggrecan
2 Gelatinase 72/62 Gelatin, Collagens I, II, III, IV, V, VII, X, XI, 

fibronectin, elastin, tenascin, laminin, aggrecan and 
vitronectin

9 Gelatinase 92/82 Gelatin, Collagens I, IE, IV, V, VII, X, XI, XIV, 
vitronectin, elastin and aggrecan

3 Stromelysin 52/43 Aggrecan, link protein, decorin, elastin, transin, 
gelatins, fibronectin, laminin, proteoglycanase, 
collagens I, IE, IV, V, VIE, IX, XI, activates MMP-1, 
vitronectin and tenascin

10 Stromelysin 52/44 Gelatins, Collagens, I, IE, IV, V, VEI, IX, activates 
procollagenase, fibronectin, laminin, elastin and 
aggrecan

11 Stromelysin 51/46 Cleaves casein, fibronectin, laminin, aggrecan, gelatin, 
a - 1-antitrypsin and serpin

7 Stromelysin 28/19 Gelatins, elastin, aggrecan, entacin, laminin, 
fibronectin, link protein, activates procollagenase, 
vitronectin, tenascin,

12 Elastase 52/20 a  1-proteinase inhibitor, elastin
14 MT-MMP 64/54 Activates MMP-2, collagens I, E, IE, dermatan 

sulphate, fibronectin, gelatin, vitronectin and laminin
15 MT-MMP 71/61 Fibronectin, vitronectin, fibrillar collagens, aggrecan
16 MT-MMP 66/56 Gelatin, Casein and activates MMP-2
17 MT-MMP 62/51 Fibronectin, a2-macroglobulin, gelatin, fibrinogen, 

fibrin, activation of pro-TNFa (English et a l 2000)
19 RASI-1 56/48 * Collagens I and IV, gelatin, aggrecan, casein, 

fibronectin, laminin, tenascin
20 Enamelysin 54/22 Enamel matrix
23 CA-MMP 58/45 Gelatin
24 MT-MMP 63/28 Gelatin, chondroitin sulphate, fibronectin, activation 

of pro-MMP2 and pro-MMP13
25 MT-MMP 34/28 Gelatin, collagen IV, fibronectin, activation of pro- 

MMP2
26 Matrilysin 30/18 Collagen IV, gelatin, casein, fibrinogen, fibronectin
28 Epilysin 62/58 Casein
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Figure 1.8 The domain structure of MMPs.

MMPs consist of: a propeptide (grey), a catalytic domain (blue) with the active site and 
the catalytic zinc (Zn) (red); and a COOH-temunal domain (C) (yellow) with homology 
to the serum protein hemopexin (not present in the matrilysins). The catalytic domain and 
the C-terminal domain are connected by a linker peptide. Gelatinases have an insert of 
three fibronectin type II repeats (turquoise) in the catalytic domain. A transmembrane 
domain (black) and a cytoplasmic tail (green) at the COOH terminus, which anchors 
these enzymes in the cell membrane, is only present in the Membrane-type MMPs 
(obtained by permission of the Arthritis Research C ampaign).
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Cytokines and growth factors regulate the expression of MMPs. MMP 9 is induced by 

cytokines such as IL-1 and TNFa; however MMP 2 another gelatinase is constitutively 

expressed in cartilage and relatively unresponsive to cytokines and growth factors 

(Konttinen et al. 1999). The other constitutively expressed MMPs in the synovial 

membrane are 3, 11 and 19 (Konttinen et al. 1999). The levels of pro and active MMPs 2 

and 9 are elevated in the synovial fluid of RA patients (Yoshihara et al. 2000) and their 

roles in RA have been investigated by knock out studies in mice (Itoh et al. 2002). The 

symptoms of antibody-induced arthritis (AIA) are elevated in MMP2 knock out mice 

compared to wild type and decreased in MMP9 knock out mice compared to wild type 

mice. The double knock out mouse has a similar phenotype to the wild type mice after 

AIA suggesting that MMP2 and 9 have compensatory effects.

Traditionally it has been thought that substrates for MMPs are structural components of 

the ECM however non-structural ECM molecules have now been observed as MMP 

substrates. For example MMPs 1, 2, 3 and 9 secreted from RA FLS stimulated with 

aminophenylmercuric acetate (APMA) can cleave and degrade the pro-inflammatory 

cytokine IL-ip but not IL-1 a  (and can be inhibited by TIMP1) (Ito et al. 1996). Since 

MMP2 is elevated in RA synovial fluid and MMP2 knock out mice have increased 

susceptibility to AIA, it has been proposed that the main role of MMP2 in AIA is to 

degrade inflammatory factors (Itoh et al. 2002). There is also evidence that proteases can 

activate cytokines as well as degrade them, this is possible as many cytokines are 

synthesised as latent forms. IL-ip can be activated by the protease 'proteinase 3' (Kekow 

et al. 2000), MMP2, MMP3 and MMP9 (McCawley and Matrisian 2001). MMP 13, 

MMP 15, (Konttinen et al. 1999; Kekow et al. 2000) MMP 19 (English et al. 2000), 

MMP1, MMP7 and MMP3 (McCawley and Matrisian 2001) can activate TNFa 

indicating perpetuating mechanisms in inflammation and degradation.

1.5.1.3.2 ADAMs

A disintegrin and metalloproteinases (ADAMs) are transmembrane proteinases consisting 

of a prodomain, a metalloprotease domain, a disintegrin domain, a cysteine-rich domain, 

an EGF-like domain, a transmembrane domain, and a cytoplasmic tail. The ADAMs,
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like the MMPs are also zinc metalloproteases. In humans there are 19 ADAMs genes but 

they are not as well characterized as the MMPs (Seals and Courtneidge 2003). Some 

ADAMs are commonly referred to as sheddases and function to proteolytically cleave 

cell-surface proteins. AD AMI 7 also known as TNFa converting enzyme (TACE) 

converts pro-TNFa to its active form and inhibitors of TACE have shown efficacy, 

equivalent to treatments that neutralise TNFa, in a mouse model of collagen-induced 

arthritis (Newton et al. 2001).

1.5.133 ADAMTSs

The ADAMTSs are a family of secreted proteases (Kuno et al. 1997) of which there are 

at least 19 members (Hashimoto et al. 2004). The ADAMTS proteins are characterised 

by the presence of an N-terminal pro-sequence, a metzincin domain, a disintegrin-like 

domain and a variable number of thrombospondin repeats (Sandy et al. 2000). The 

ADAMTSs have many functions including degradation of versican and brevican, roles in 

fertilization and angioinhibitory properties (reviewed in Llamazares et al. 2003). 

However, the functions of many recently discovered ADAMTSs have not yet been 

characterised.

Importantly for RA pathology, a subset of the AD AMTS proteases degrade aggrecan and 

these include ADAMTS1, ADAMTS4, ADAMTS5, ADAMTS8, ADAMTS9 and 

ADAMTS15 (Little et al. 2005). ADAMTS4 and ADAMTS5 (aggrecanase 1 and 

aggrecanase 2 respectively) are both elevated in RA (Murphy and Reynolds et al. 2002). 

Furthermore, IL-1 and TNFa can stimulate ADAMTS4 production in chondrocytes 

(Tortorella et al. 2001). Aggrecan is the main proteoglycan in cartilage (see section 

1.2.3) and is cleaved at two main sites. MMPs are responsible for cleavage at one site and 

aggrecanase is responsible for the other. Aggrecanase cleaves aggrecan within the 

interglobular domain (IGD) at the Glu373 -  Ala374 site (Abbaszade et al. 1999). Recent 

studies show that there are four additional cleavage sites within the C-terminal region, 

which are cut by ADAMTS4 (Tortorella et al. 2000). Cleavage at the NITEGE -  

ARGSVIL (Glu -Ala site) sequence renders the bulk of aggrecan to be free from the 

cartilage matrix and enabling it to diffuse into the synovial joint fluid. In fact, elevated
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levels of aggrecan fragments, which have the ARGSVIL N-terminus, have been 

identified with monospecific antipeptide antibodies in the synovial joint fluid of patients 

with rheumatoid arthritis (Lark et al. 1997). In addition, deletion of ADAMTS5 can 

prevent cartilage degradation in a mouse model of arthritis (Glasson et al. 2005) thus 

indicating that aggrecanases play an important role in arthritis. Furthermore, it may be 

necessary for aggrecanases to deplete cartilage of aggrecan before the MMPs can degrade 

the collagen network (Pratta et al. 2003), therefore aggrecanases are considered important 

in the early stages of cartilage destruction in rheumatoid arthritis (Nagasi and Kashiwagi 

2003).

1.5.2 TIMPs

The natural inhibitors of MMPs are the tissue inhibitors of metalloproteinases (TIMPs) 

(See table 1.6) however they can also inhibit ADAMs and ADAMTSs. They form a 1:1 

complex with MMPs, binding to the active site, to inhibit them. TIMPs are not just 

involved with MMP inhibition; TIMP2 is needed for activation of pro-MMP2 by MMP 14 

(a MT-MMP) (Sommerville 2003). TIMP3 is involved in the regulation of the ADAM 

17 (ADAM17, see section 1.5.1.3.2) (Murphy et al. 2003). Despite this, it is generally 

recognised that if an imbalance of MMPs and TIMPs occurs (i.e. more MMPs) the 

cartilage and bone become degraded as in rheumatoid arthritis. TIMP1 but not TIMP2 

has been demonstrated to be elevated in RA synovial fluid (Yoshihara et al. 2000).
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Table 1.6 The TIMPs known to date (adapted from Cawston 1998, Kashiwagi 2001).

TIMP MMP-
inhibition

Protein
size
(Da)

Localisation Expression

•

M ajor tissue 
sites

Pro-
MMP

binding
1 All 20243 Diffusible Inducible Bone, ovary MMP-9
2 All 21729 Diffusible Constitutive Lung, placenta, 

ovary, testis, 
heart

MMP-2

3 All,
ADAMTS4, 
ADAMTS5, 
ADAM 17

21676 ECM bound Inducible Kidney, brain, 
lung, heart, 
ovary

unknown

4 All 22609 Unknown Unknown Kidney,
placenta, colon, 
brain, skeletal 
muscle, ovary, 
testis, heart

unknown

1.6 Glutamate

1.6.1 Introduction to glutamate and RA

The concentration of glutamate is elevated in the synovial fluid of human joints with 

synovitis compared to normal (McNeamey et al. 2000). Furthermore, RA synovial fluid 

levels of glutamate have been shown to correlate with pro-inflammatory markers 

(McNeamey et al. 2004). Glutamate levels also become elevated following induced 

inflammation. Studies in rats have shown that knee joint inflammation doubles the 

amount of glutamate in the synovial fluid (Lawand et al. 2000). This study explores 

whether this elevated glutamate modifies the phenotype of cells within the synovial joint. 

To date, most research involving glutamate signalling has focused on its role as a 

neurotransmitter; therefore the mechanism of glutamate signalling within the central 

nervous system will be summarised prior to discussing its potential role in RA.

1.6.2 Glutamate signalling within the central nervous system

Glutamate signalling has been well studied in the central nervous system (CNS) where L -  

glutamate is the major neurotransmitter at excitatory synapses. To introduce the 

glutamate signalling mechanism, the functioning of a glutamatergic synapse (see figure 

1.9) will be briefly described.
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Figure 1.9 A glutamatergic synapse in the CNS

GLUTAMATE 
SIGNALLING IN 
THE CNS

Pre-synaptic
Neuron

Glutamine

y-BPvDAG

O o  
Glutamateo

Glutamine

Glutamate 0

•NMDA
•AMPA
•Kainate
(Ca2+/Na*)

Glial cell

Synaptic cleft

Post-synaptic Neuron

Upon excitation of the presynaptic neuron, glutamate is released into the synaptic cleft. 
This activates glutamate receptors on the postsynaptic neuron to continue the excitatory 
signal. Glutamate transporters predominantly via the associated glial cells rapidly take 
up the glutamate and recycle it via glutamine (by the enzymes glutamine synthetase, 
glutaminase and glutamate dehydrogenase) back to the presynaptic neuron (refer to 
abbreviations page for definition o f acronyms).
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Figure 1.10 The synaptic vesicle cycle (Adapted from Bhangu 2003).
1) Synaptic vesicle loading glutamate
2) Generation o f synaptic vesicle pools
3) Transport and targeting o f synaptic vesicles to the presynaptic membrane
4) Tethering of the synaptic vesicle to the presynaptic membrane
5) Docking of the synaptic vesicle to the presynaptic membrane
6) Conversion of docked vesicles, to vesicle ready to undergo exocytosis
7) Fusion o f the synaptic vesicle with the presynaptic membrane
8) Recycling of the synaptic vesicle

•  # 3Na

•  0
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Vesicle: Transporter:
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Glutamate is stored in the presynaptic neuron in vesicles. The vesicles in the presynaptic 

neuron take up glutamate via vesicular glutamate transporters (VGLUT) 1 and 2. As a 

driving force for glutamate uptake, these transporters use the electrochemical proton 

gradient generated by H+-ATPase (reviewed in Danbolt 2001).

Upon excitation of the presynaptic neuron, glutamate is released from intracellular 

vesicles into the synaptic cleft. Excitation occurs when the presynaptic neuron 

depolarizes in response to an action potential. This leads to an influx of Ca2+ through 

voltage gated ion channels. Following excitation, a single vesicle releases low millimolar 

levels of glutamate in the locality of postsynaptic receptors (Rosenmund and Stevens 

1996). The vesicles are targeted to the pre-synaptic membrane by protein-protein 

interactions of the plasma and vesicle membrane; vesicular membrane soluble N-ethyl 

maleimide-sensitive factor (NSF) attachment receptor (vSNARE) proteins interact with 

the target SNARE (tSNARE) proteins on the cell plasma membrane (Jahn and Hanson

1998). This allows complex formation between the vesicle-associated membrane protein 

(VAMP) and tSNARES that can then associate with other regulatory proteins to regulate 

fusion and exocytosis of glutamate (as reveiwed in Skerry and Taylor 2001). It is 

synaptotagmin that is the receptor within the fusion complex that binds calcium and 

through a conformational change allows binding of the synaptic vesicle to the presynaptic 

membrane (Augustine 2001). Glutamate receptors on the postsynaptic neuron 

membrane, bind the released glutamate, become activated and the excitatory signal 

continues to its destination. The synaptic vesicles are recycled. Figure 1.10 shows this 

synaptic vesicle cycle.

1.6.2.1 Glutamate receptors

There are 2 sub-groups of glutamate receptors, the ionotropic glutamate receptors and the 

metabotropic glutamate receptors. The ionotropic receptors are glutamate-gated ion 

channels and are divided into three sub-groups according to their responses to the 

pharmacological ligands: TV-Methyl-D-aspartic acid (NMDA), a-amino-3-hydroxy-5- 

methyl-4-isoxazolepropionic acid (AMPA) and kainate. The binding of glutamate to the 

ionotropic receptors allows the entry of cations into the postsynaptic cell. The
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metabotropic receptors are G-protein coupled receptors. Activation of both types of 

receptor allow perpetuation of the exctitatory signal.

1.6.2.1.1 NMDA receptors

Three families of NMDA receptor subunits exist. The NMDA receptor subunits are NR1 

(1 gene), NR2A to D (4 genes) and NR3A and B (2 genes). NR1 has a much shorter C- 

terminus compared to the NR2 and NR3 subunits (the length depends on splice variation) 

and is an essential subunit for NMDA receptor formation (Ishii et al. 1993). Figure 1.11a 

highlights the topology of the NMDA receptor subunit NR1.

Eight functional isoforms of the NR1 subunit exist, all from differential mRNA splicing 

(Moriyoshi et a l 1991, Sugihara et al. 1992). Two sites undergo splice variation, the C- 

terminal and the N-terminal. The C-terminal region is involved in multiple protein- 

protein interactions, such as PSD-95/Discs-Large/ZO-l (PDZ)-domain containing 

proteins, which allows clustering of the NMDA receptor subunits. The NR2 and NR3 

subunits are modulatory, however only when NR1 is expressed with an NR2 subunit can 

active channels be formed (Ishii et al. 1993). This is because the binding site for glycine 

is on the NR1 subunit and glycine is an essential co-agonist for NMDA receptor function 

(Kleckner and Dingledine 1988). In addition, NR1 and NR2 subunits are essential for 

formation of the ion channel pore. Furthermore the NR2 subunits contain the glutamate 

binding sites (Anson et al. 1998). The role of the NR3 subunits is not fully understood. 

NMDA receptors form tetrameric complexes, and it is likely that they form tetrameric 

heterooligomers (Schorge and Colquhoun 2003).

Due to the multiple combinations of individual subunits (there are also splice variants of 

NR2B, NR2C and NR2D, NR3A [Sun et al. 1998]), many different NMDA receptor 

subtypes can exist with different functional and pharmacological properties (Dingledine 

et al. 1999). For example, splicing at the N-terminal region of NR1 can result in 

variation in potentiation by polyamines, and variation in the C-terminal region of NR1 

can affect binding to PDZ-binding proteins (Putzke et al. 2000).
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Figure 1.14 Representative topology of glutamate receptor or receptor subunits
Pictures obtained by permission of Dr. Andrew Doherty, Bristol University.

A: NMDA
Topology o f an NMDA receptor 
subunit NR1 (of which there are 8 
splice variants). NMDA receptor 
subunits have an extracellular N- 
terminus and an intracellular C- 
terminus. Both undergo extensive 
splice variation. The ligand binding 
domain is also highlighted.

Sptk*

U t t m t  Hi n d in g  
/  DmwuVi

Spiut
Variation

B: AMPA
Topology of an AMPA receptor 
subunit (AMPA GluR2). AMPA 
receptor subunits have an extracellular 
N-terminus and an intracellular C- 
terminus that undergoes splice 
variation. The NSF and PDZ binding 
domains are shown. The ‘flip-flop’ 
region and RNA editing site are also 
highlighted.
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C: Kainate
Topology of a kainate receptor subunit 
(GluR5 subunit). Kainate receptor
subunits have an extracellular N-
terminus and an intracellular C-
terminus that both undergo splice
variation. The two RNA editing sites 
are also highlighted.

D: Meta bo tropic
Topology o f a representative 
metabotropic receptor. Metabotropic 
receptors are G-coupled proteins with 
7 transmembrane domains. Generally 
the C-terminus undergoes extensive 
splice variation.
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In the CNS the NMDA receptors are expressed differentially across the brain, except the 

NR1 subunit which is ubiquitously expressed (Liu and Zhang 2000). The NMDA 

receptors play a key role in neurotransmission, synaptic plasticity and synaptogenesis. 

The NMDA receptors are permeable to Ca2+, Na+ and K+ and are sensitive to voltage- 

gated Mg block (Liu and Zhang 2000), they can also be inhibited by protons at 

physiological pH (Cull-Candy 2002). Zn can block NMDA currents too in a non

competitive and voltage-independent manner (Fayyazuddin et al. 2000). NMDA 

receptors have higher permeability to Ca2+ compared to the non-NMDA ionotropic 

glutamate receptors.

In the prolonged presence of an agonist, NMDA receptors (like other membrane 

receptors) become desensitised. Three types of desensitisation have been identified:
94- 94-Ca -dependent, glycine-sensitive and Ca - and glycine-independent desensitisation (Liu 

and Zhang 2000). The role of NMDA desensitisation is not fully understood.

In the CNS, stimulation of NMDA receptors causes signal transduction events involving 

protein kinases, phosphatases and small GTPases which lead to adaptive responses in the 

postsynaptic cell such as changes in the cytoskeleton, membrane excitability, cell 

adhesion, transcription and translation (reviewed in Hering and Sheng 2002). This is 

often through interaction with the post-synaptic density (PSD) proteins, which contain 

PDZ domains. Of interest, because of the role of NO in inflammation (see section 

1.4.1.3), the PSD protein PSD95 can interact with the neuronal nitric oxide synthase 

(Brenman et al. 1996).

1.6.2.1.2 AMPA receptors

The AMPA receptors are non-selective cation channels and, as well as kainate receptors, 

can bind to kainate, but the kainate receptors have a higher affinity. There are four 

different subunits, GluRl to 4. The AMPA subunits form homomeric or heteromeric 

receptors and are encoded by 4 separate genes (Cull-Candy 2002). At present the 

stoichiometry of these receptor complexes is unknown. In vivo AMPA receptors are 

thought to be heteromeric (Strieker and Huganir 2002).
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The variation in glutamate receptor potencies varies widely (Hollmann and Heninemann 

1994). Alternative-splicing renders different AMPA subunits with different properties. 

Figure 1.11b shows the topology of a representative AMPA subunit. The AMPA 

receptor subunits all exist in at least two different alternatively spliced forms: flip and 

flop. The difference between the flip and flop variants being 9-11 amino acids (Strieker 

and Huganir 2002). Flip variants, which desensitise less and slower, are the most 

abundant form before birth, whereas flop variants tend to be more abundant after birth 

(Swanson et al. 1997, Dingledine et al. 1999). The C-terminal tails of AMPA receptor 

subunits also undergo alternative splicing, which may affect the role of the C-terminal tail 

in signal transduction and membrane trafficking (reviewed in Palmer et al. 2005). RNA 

editing also provides subunits with different properties. For example, it is certain RNA 

edited variants of the AMPAGluR2 subunit make some AMPA receptors impermeable to
 ̂I

Ca (Washburn et a l  1997). AMPA subunits are expressed differentially throughout the 

brain. GluR2 and GluR3 are ubiquitously expressed but GluRl is only found in 

approximately 50% of synapses. Only basal dendrites express GluR4 subunits (reviewed 

in Strieker and Huganir 2002).

Like NMDA receptors, AMPA receptors can also activate non-ionotropic signalling 

pathways which are independent from ion-flux through the channel. NMDA and AMPA 

receptors can inhibit each other via these non-ionotropic mechanisms. In rat 

hippocampal neurons activation of AMPA receptors decreases NMDA-induced current, 

moreover glutamate-induced current via NMDA receptors increased when AMPA 

receptors were blocked (Bai et al. 2002). AMPA receptors, via the C-terminal, can 

interact with proteins that contain a PDZ-binding domain, these include PSD95, AMPA 

receptor binding protein (ABP), glutamate receptor interacting protein (GRIP) and 

Protein interacting with C-kinase (PICK1). In addition AMPA receptors can interact 

with non-PDZ domain proteins such as N-ethylmaleimide sensitive fusion protein (NSF), 

Lyn (a tyrosine phosphatase) and soluble NSF attachment proteins (SNAP) (reviewed in 

Braithwaite et al. 2000). These interacting proteins provide potential mechanisms for 

regulation of AMPA receptor activity and activation of intracellular signalling pathways.
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AMPA receptors can also activate G-protein signalling pathways as demonstrated in rat 

cortical neurons in the absence of intracellular Ca2+ and Na+ (Wang et al. 1997). AMPA 

receptors have been shown to activate the MAP kinase signalling in neurons, a pathway 

which could be blocked by the lack of extracellular calcium, thus indicating that calcium 

entry through AMPA receptors activates MAP kinase (Wang and Durkin 1995).

1.6.2.1.3 Kainate receptors

The kainate receptors are also non-selective cation channels, however research has 

focused less on these receptors compared to the other ionotropic receptors. It should be 

noted that in addition to kainate, AMPA can also activate some kainate receptors (Herb et 

al. 1992). The kainate receptor subunits are GluR5 to 7, KA1 and KA2. KA1 and KA2 

however, can only form functional receptors when co-expressed with the GluR5 to 7 

subunits (Egebjerg et al. 1991). Kainate receptors are composed of four subunits 

(Bleakman et al. 2002). The exact stoichiometry of kainate receptors is not fully 

understood.

Unlike the AMPA receptors, kainate receptor subunits do not undergo flip-flop splicing 

but instead are alternatively spliced at the N and C-terminal domains. Figure 1.11c 

shows the topology of a representative kainate receptor subunit, the kainate subunits have 

similar topology to the AMPA receptor subunits. The GluR5 and GluR6  subunits also 

undergo RNA editing (like the GluR2 subunit does, section 1.6.2.1.2), this editing occurs 

in the channel pore (‘RNA editing site 2’ see figure 1.11c) and regulate ion flow 

properties (Sommer et al. 1991) and calcium permeability (Bumashev et al. 1995). 

GluR6  undergoes further RNA editing at an additional site in the first transmembrane 

domain (‘RNA editing site 1’ see figure 1.1 lc), this is also involved in Ca2+ permeability 

(Kohler et al. 1993). Furthermore, the GluR5 subunit undergoes alternative splicing at 

the N-terminus which produces two GluR5 variants.

Like the AMPA receptors, receptors of different subunit composition have different 

pharmacological properties. For example, homomeric GluR5 and heteromeric
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GluR6/KA2 receptors are AMPA-sensitive whereas GluR5 heteromers, GluR6 

homomers and GluR7 homomers are not (Howe et al 1996, Schiffer et a l  1997).

Kainate receptors are expressed on presynaptic neurons and may modulate 

neurotransmitter release (reviewed in Huettner 2003), whereas postsynaptically they can 

mediate excitatory transmission. Research into the function of kainate receptors is 

limited although involvement of kainate receptors in nociception (Ruscheweyh and 

Sankuhler 2002) and seizures (Smolders et al. 2002) has been described. In addition, 

interaction of kainate receptors with PDZ binding domain proteins has been described, 

with the associated activation of JNK (Savinainen 2001).

1.6.2.1.4 Metabotropic receptors

Metabotropic glutamate receptors (mGluR) are monomeric receptors coupled to G- 

proteins and are expressed in both pre-and postsynaptic membranes. They have 7 

transmembrane domains connected by three intracellular and three extracellular loops 

(see figure 1.1 Id) with their glutamate-binding domain at the N-terminal (Egebjerg, J. et 

al. 2002). There are 8  known metabotropic glutamate receptors divided into 3 groups 

according to the intracellular signalling pathways that they activate. Group 1 consists of 

mGluRl and 5, Group 2 consists of mGluR 2 and 3 and Groups 3 consists of mGluR3, 4, 

6 , 7 and 8 . Variation is increased due to splicing.

The group one receptors are positively coupled to phospholipase C and increase the 

intracellular concentration of calcium via the DP3/DAG (inositol 1 , 4, 5 trisphosphate/ 

diacylglycerol) pathway (Aramori and Nakanishi 1992). The Ca2+ is released from 

intracellular stores and can also potentiate voltage-dependent calcium channels and 

inhibit K+ conductances (Gubellini et a l 2004). Phospholipase C can also activate 

protein kinase C, which is responsible for a wide variety of cellular events through the 

phosphorylation of proteins (Egebjerg et al. 2002). In addition group 1 metabotropic 

receptors have also been shown to activate the MAPK pathway (Ferraguti et al. 1999).
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The group 2 and 3 metabotropic receptors are negatively coupled to the cAMP cascade 

(Tanabe et al. 1992) and can also modulate ion channel activity (Conn and Pin 1997). 

For example group 2 and 3 metabotropic receptors can inhibit voltage-gated calcium 

channels in neurons (Anwyl 1999). It should be noted that Ca2+ has been shown to 

activate the metabotropic glutamate receptors mGluR 1, mGluR3 and mGluR5 (Kubo et 

al 1998) however other studies have shown this to enhance only the stimulatory effect of 

glutamate on these receptors (Saunders et al. 1998).

To date, roles of metabotropic receptors in the CNS include direct modulation of 

neurotransmitter release in all brain structures and modulation of postsynaptic ionotropic 

receptor activity (reviewed in Gubellini et al. 2004). The metabotropic glutamate 

receptors can also interact with NMDA receptors; activation of mGluR5 can enhance 

NMDA receptor-mediated responses (Domenici et al. 2003).

1.6.3 Glutamate transport

Glutamate release can occur by vesicular release (section 1.6.2), exocytosis, cystine- 

glutamate antiport and by volume-regulated anion channels (reviewed in Shigeri et al. 

2004). Glutamate transport can be Na+-dependent, Na+-independent and of low or high 

affinity. Low-affinity uptake is usually Na+-independent and may supply brain cells with 

amino acids for metabolic purposes (Erecinska and Silver 1990). When compared to 

high-affinity transport in the CNS this mechanism of transport appears redundant 

(Danbolt 2001).

Cystine (the oxidised form of cysteine)-glutamate exchangers are Na+-independent 

transporters. This transporter has been investigated in human fibroblasts (cell line 

derived from foetal lung fibroblasts) and been shown to act as a cystine transporter that is 

driven by the transmembrane gradient of glutamate (Bannai 1986). In fact TNFa has 

been shown to enhance this glutamate-mediated transport of cystine in mouse peritoneal 

macrophages (Sato et al. 1995).
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In the CNS there are also the vesicular glutamate transporters (see 1.6.2) which take up 

and store glutamate ready for release from the presynaptic neuron upon excitatory 

stimulation.

Finally there are the high-affinity Na+-dependent transporters. These are very important 

in the CNS as they allow rapid uptake of glutamate and subsequent termination of the 

excitatory signal (see section 1.6.2). Due to their ability to rapidly take up glutamate and 

regulate extracellular glutamate concentrations, this thesis has focused more on these 

transporters. They will now be discussed in greater detail.

1.6.3.1 EAATs

The high-affinity Na+-dependent transporters are known as the excitatory amino acid 

transporters (EAATs). Located predominantly in synapse associated glial cells, they 

maintain low extracellular levels of glutamate in the CNS. The EAATs regulate 

extracellular glutamate thus preventing toxic levels from being reached and also 

terminating excitatory signals. Inhibition of EAATs in vitro and in vivo increases 

extracellular glutamate and hence neuronal death via excitotoxicity (reviewed in O'Shea 

2002).

Five genes encoding EAATs are known to exist: GLAST-1 (EAAT1), GLT-1 (EAAT2), 

(Storck et al. 1992) EAAC1 (EAAT3), EAAT4 and EAAT5 all of which carry out Na+ 

and K+ coupled transport of glutamate and aspartate. Table 1.7 shows the nomenclature 

for these transporters. EAATs contain eight potential transmembrane domains, one or 

two re-entrant loops and an N-terminal and C-terminal, both of which are cytoplasmic. 

However, the exact topology at the C-terminal end is in dispute between Amara’s group 

(Seal et al. 1999) and Kanner’s group (Kanner and Borre 2002).

There are splice variants of EAAT1 and EAAT2. Alternative splicing of the EAAT2 

gene yields at least three different splice variants (Rauen et al. 2004). However, the 

functional significance of these variants remains to be decided. A splice variant of 

EAAT1 (termed GLASTla) is expressed in bone and brain in vivo (Huggett et al. 2000)
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and also in retina (Huggett and Mason, personal communication). This splice site occurs 

in three of the other EAATs therefore potential variants of these transporters may also 

exist (Huggett, personal communication).

Table 1.7 Nomenclature of EAATs

Transporter name 

Rodent

Transporter name 

Human

Other names

GLAST EAAT1 Slcla3, GluT-1

GLT1 EAAT2 Slcla2

EAAC1 EAAT3 Slclal

EAAT4 EAAT4 Slcla6

EAAT5 EAAT5 Slcla7

The stoichiometry of glutamate transport by EAATs is complex. Sodium is required for 

glutamate binding and potassium is required for the electrogenic transport process 

(reviewed by Danbolt 2001). The process is driven against the glutamate concentration 

gradient by ionic gradients of Na+, K+ and H* which are maintained by the sodium pump. 

Two or three sodium ions and one proton are co-transported with the glutamate and one 

potassium ion is counter-transported therefore making this process electrogenic 

(reviewed in Amara and Fontana 2002). The transport of substrates by EAATs can occur 

bi-directionally, into or out of the cell (Kanner and Marva 1982). However under normal 

conditions in the CNS glutamate is taken up into the cell due to ion gradients.

Glutamate transporters (most apparent in EAAT4 and EAAT5) also have a constitutive 

ion channel function (Billups et al. 1996). In addition, glutamate can bind to the 

transporters and can trigger anion conductance independently of the glutamate transport 

process (reviewed in Danbolt 2001). Furthermore, glutamate transporters may also 

function as receptors. It has been demonstrated previously that glutamate can activate the 

MEK/ERK pathway in astrocytes via glutamate transporters (Abe and Saito 2001). 

Furthermore in a myogenic cell line exposed to 2-chloro adenosine, glutamate caused an 

increase in intracellular Ca levels, an effect that was inhibited by specific glutamate
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transporter antagonists (Frank et al. 2002). It is suggested that this is caused by 

glutamate transport-associated currents activating voltage-gated calcium channels (Frank 

et al. 2002). A further role for the EAATs is that they provide glial cells in the CNS with 

glutamate for metabolism in the glutamate-glutamine cycle (Rae et al. 2000).

The glutamate transporters are expressed by different cell types and in different regions 

of the brain (Danbolt et al. 2001). Glutamate transporter protein expression is regulated 

by many factors. In primary astrocytes cAMP increased expression of EAAT1 and 

EAAT2 (Gegelashvili et al. 1996, Swanson et al. 1997). Glutamate can up-regulate 

EAAT1 expression in cultured astrocytes, possibly via kainate receptors (Gegelashvili et 

al. 1996). Neuronal factors can alter expression of glutamate transporters in cultured 

astroglia (Gegelashvili 1997). In addition glutamate transporters are down-regulated in 

ischaemia, Huntingdon’s disease, epilepsy and amyotrophic lateral sclerosis (reviewed by 

Su et al. 2003).

Glutamate transporter activity can also be regulated directly by phosphorylation, 

sulphydryl oxidation and indirectly by arachidonic acid. The transit of glutamate 

transporters can also be regulated between intracellular compartments and the cell plasma 

membrane. For example, the actin cytoskeleton and protein kinase C phosphorylation 

have been implicated in control of EAAT trafficking (reviewed in Danbolt, 2001). In 

addition, the increased expression of cell-surface GLAST is inhibited by cytochalasins, 

which inhibit actin polymerisation (Duan et al. 1999). Regulation of glutamate uptake 

can also take place by glutamate; activation of group 1 metabotropic receptors in 

astrocytes leads to the down-regulation of GLAST-1 protein (Gegelashvili et al. 2000).
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Table 1.8 Summarry of glutamate receptor and transporter expression in cells and 
tissues outside of the CNS.

Glutamate
gene

keratinocytes

cardiom
yocytes

intestinal 
epithelial cells

m
egakaryocytes

m
ouse 

testis

lym
pho-cytes

pancreatic 
islet 

cells

m
am

m
ary

gland

EAAT1 R, P
EAAT2 P1 P, RJ R,P'°
EAAT3 P1 P, RJ P4 Rb
EAAT4
NMDANR1 pi^ Pb R9

NMDANR2A P1 R9

NMDA NR2B P 1

NMDANR2C R9

NMDANR2D R9

AMPAGluRl pH
AMPAGluR2 P1 P*1, R9

AMPAGluR3 P1 Ps, R9

GluR6 Ps, R9

GluR7 P ^R 9

KA2 Ps, R9

mGluR 1 P1 P ,R '
mGluR2 P1

mGluR3 P1

mGluR4
mGluR5 P, Rv
KEY: R= mRNA, P= protein
(1) Genever et al. 1999a, (2) Morhenn et al. 1994, (3) Kugler 2004, (4) Fan et al. 2004, 
(5) Genever et al. 1999b, (6 ) Wagenfeld et al. 2002, (7) Pacheco et al. 2004), (8 ) Weaver 
et al. 1996), (9) Inagaki et al. 1995), (10) Marinez-Lopez et al. 1998).
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1.6.4 Expression of glutamate signalling outside of the central nervous system

Glutamate signalling is not limited to the CNS as previously thought. All components of 

glutamate signalling (vesicular transporters, vesicle docking proteins, transporters and 

receptors) are expressed in bone and cartilage cells and some transporters and receptors 

have been shown to be functional in these cells. The glutamate signalling components 

expressed outside of the CNS are shown in table 1.8 (bone, cartilage and fibroblasts are 

described in a separate section). Thus it is clear that many cell types have the potential to 

regulate extracellular glutamate concentrations and respond to glutamate via both 

ionotropic and metabotropic receptors.

1.6.4.1 Glutamate signalling in bone

Recent studies have suggested that glutamate plays a role in intercellular communication 

within bone (Mason et al. 1997, Chenu 2002, Hinoi et al. 2004, Kalariti and Koutsilieris 

2004, Mason 2004) and in fact, evidence of glutamate signalling in bone has increased 

greatly over the last eight years.

Expression of glutamate receptors and transporters has been observed in osteoclasts, 

osteoblasts, osteocytes (see sections 1.6.4.1.1, 1.6.4.1.2 and 1.6.4.1.3), cartilage (section 

1.6.4.2), fibroblasts and macrophages (section 1.6.4.3). Functional studies have revealed 

that activation of glutamate receptors can influence both bone formation and bone 

resorption. A GLAST-1 knock out mouse has been used to observe changes in bone at 

different stages of development but no differences in bone length, trabeculation or 

resorption lacunae of bone were detected compared with wild type siblings (Gray et al. 

2001). However this work has been criticised due to the fact that compensatory 

mechanisms from other glutamate transporters were not taken into account (Skerry et al. 

2001). Neither was the fact that the role of the gene may only be observed if functional 

studies are carried out (Chenu et al. 2001), for initially GLAST-1 was discovered in rat 

bone by its regulation under mechanical loading (Mason et al. 1997). GLAST-1 also has 

a splice variant called GLAST-la and this was not taken into account either in the studies 

by Gray et al. (Skerry et al. 2001). GLAST la does not contain exon 3 and is expressed 

in bone, brain (Huggett et al. 2000) and retina (Dr. D. J. Mason, Cardiff university,
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personal communication). In addition, other neurotransmitters are present in bone: 

bradykinin, calcitonin gene related peptide, VIP and NO (reviewed in Skerry 2002).

Because levels of glutamate are elevated in RA and bone is degraded in RA the role of 

glutamate signalling in these cell types will be discussed. Table 1.9 summarises the data 

discussed in the following sections.

1.6.4.1.1 Glutamate signalling in osteocytes

GLAST-1 mRNA and protein is expressed in osteocytes in vivo and its expression is 

regulated by osteogenic mechanical load (Mason et al. 1997). GLAST-1 mRNA is 

expressed in bone in vivo and has the same open reading frame as that expressed in rat 

brain and it encodes a 60kDa protein in both tissues (Huggett et al. 2000). Expression of 

GFP tagged GLAST-1 in transfected MLOY4 cells (an osteocyte-like cell line) showed 

that GLAST-1 was expressed at the cell surface, a requirement for glutamate transport 

into and out of cells (Mason and Huggett 2002). In addition, the cell surface expression 

of GLAST is influenced by extracellular glutamate concentration in these cells (Mason 

and Huggett 2002).

Glutamate receptors are also expressed in osteocytes. NMDA NR1, AMPAGluRl and 

AMPA GluR2 protein are expressed in rat osteocytes in vivo (Chenu et al. 1998).

1.6.4.1.2 Glutamate signalling in osteoblasts

Primary cultured osteoblasts release glutamate at concentrations sufficient to activate 

receptors expressed on bone cell surfaces (2-7 nmoles/mg protein) (Genever and Skerry 

2 0 0 1 ) and many studies have demonstrated the expression of receptors and transporters 

that could interact with this glutamate (see table 1.9). Glutamate release is Ca2+- 

dependent and induced by K+ (Genever and Skerry 2001). The machinery for targeted 

vesicular glutamate exocytosis is also expressed in osteoblasts (Bhangu et al. 2001). 

Namely tSNAREs and vSNAREs necessary for initial interaction of the vesicular and 

cellular plasma membranes as well as the complex forming VAMP synaptobrevin. The 

regulatory proteins SNARE protein-25 (SNAP-25) and syntaxin 4 which regulate the
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fusion and exocytosis of glutamate containing vesicles and the plasma membrane are also 

expressed. Osteoblasts also express the mRNA for proteins involved in vesicular 

glutamate transport; BNPI (brain-specific sodium-dependent inorganic phosphate 

transporter) and DNPI (differentiation-associated sodium-dependent inorganic phosphate 

cotransporter) (Hinoi et al. 2002).

Functional studies have been undertaken on these glutamate signalling components. 

Patch-clamping methods have shown that the NMDA, AMPA and metabotropic types are 

functional in osteoblastic cell lines (Ljubojevic et al. 1999; Gu and Publicover 2000; 

Hinoi et al. 2002). In addition, limiting the release of glutamate with riluzole (a member 

of the benzothiazole class of drugs) by osteoblast-like cell lines induced apoptosis 

(Genever and Skerry 2001). Hence it was concluded that for in vitro survival of 

osteoblasts glutamate signalling appears essential (Genever and Skerry 2001). 

Conversely, Gray et al. have shown that activating or blocking NMDA receptors has no 

effect on bone formation by rat primary osteoblasts (Gray et al. 2001) however, only the 

non-competitive NMDA antagonist AP-5 was used, and at a concentration that did not 

take into account the fact that osteoblasts constitutively release glutamate (Skerry et al. 

2001, Chenu et al. 2001).

1.6.4.1.3 Glutamate signalling in osteoclasts

The bone resorbing cells, osteoclasts also express glutamate receptors (summarised in 

table 1.9) like those expressed at glutamatergic synapses in the central nervous system 

(Chenu et al. 1998; Patton et al. 1998; Hinoi et al. 2002). Osteoclasts express ionotropic 

receptors (Genever et al. 1999, Ljubojevic et al. 1999), specifically subunits NMDA 

NR1, NR2B, NR2D, AMPA GluR 1, 2 and 4 (Chenu et al. 1998; Itzstein et al. 2001). 

The fact that both osteoblasts and osteoclasts express several regulatory NMDA subunits 

in addition to NMDA NR1 suggests a molecular diversity of NMDA receptor channels 

similar to that seen in brain (Itzstein et al. 2001).

The NMDA receptors in osteoclasts have been shown to be functional, because blocking 

these glutamate gated ion channels with pharmacological antagonists (D-AP5 or MK
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801) inhibits bone resorption in vitro (Espinosa 1999). This leads to the conclusion that 

glutamate affects receptor-associated functions in osteoclasts such as bone remodelling, 

differentiation and cell activity (Chenu et al. 1998). MK801 has also been shown to 

inhibit osteoclastogenesis in vitro suggesting that osteoclastogenesis is dependent on 

constitutive glutamate signalling of osteoclasts (Peet et al. 1999). Furthermore MK801 

inhibits actin ring formation in osteoclasts which is a prerequisite for the adhesion of 

osteoclasts to bone (Itzstein et al. 2000).

Other neuropeptides such as substance P and vasoactive-intestinal peptide have been 

implicated in osteoclast formation and bone formation (reviewed in Lemer 2002). This 

all provides evidence that neurosignals and in particular glutamate, can influence bone 

resorption.
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Table 1.9 Summary of glutamate signalling apparatus expressed in bone cells 
(adapted from Mason 2004).

Glutamate release by exocytosis Glutamate rece ptors Glutamate transporters
Vesicle fusion Ionotropic GLAST-1 Osteocytes
VAMP-1 MG63, SaOS-2, NMDAR1 Osteoclasts, (EAAT1) and bone

(1) osteoblasts,osteocytes forming
in vivo (5). MG63 (5,6) osteoblasts in

SNAP-25 MG63,SaOS- SaOS-2 (6). Cultured vivo (12).
2(1),osteoblasts in osteoclasts (5). Bone Primary
vivo (2) marrow (6,9). Primary osteoblasts

osteoblasts (7,10) and MLO-Y4
Syntaxin 4 MG63,SaOS-2(l) Bone marrow (9) and SaOS-2

cells (13,14).
NMDAR2A Bone marrow (6,9) MG63 (16).

Syntaxin 6 SaOS-2,MG63 (1) & B osteoclasts (11)
Primary osteoblasts GLAST- Osteocytes in
(7,10) la vivo (13),

Vesicle MLO-Y4
docking NMDAR2D Osteoclasts (11) cells
Munc-18 MG63,SaOS-2 & (15)

primary NMDAR3A MG63 (16).
osteoblasts(l) Mononuclear

AMPAGluRl Osteocytes,osteoblasts GLT-1 cells of bone
DOC2 MG63,SaOS-2(l) in vivo (5) (EAAT-2) marrow in

vivo (12).
AMPAGluR2 Osteocytes,osteoblasts

RSec8 MG63,SaOS-2(l) in vivo (5)

Synaptophysin MG63(3),SaOS- AMPAGluR3 Primary calvarial
2(1) osteoblasts (10)

Regulatory KA1 and KA2 Primary calvarial
proteins osteoblasts (10)
Rab3A,B,D Primary

osteoblasts(l) Metabotropic
rat calvarial mGluRlb Primary femoral
osteoblasts (2) osteoblasts (8) MG63

(16)
Rab3A,C Osteoclasts (4)

SaOS-2 (2) mGluR2 MG63 (16).

Synapsin 1 MG63,SaOS-2(l), mGluR3 MG63 (16).
rat
calvarial oblasts mGluR4 Primary osteoblasts (7).

MG63 (16).
Synaptogamin Osteoblasts (2)
I mGluR8 Primary osteoblasts (7).

MG63 (16).
Key (1) Bhangu et al. 2001, (2) Bhangu 2003, (3) Barry 2000, (4) Abu-Amer et al. 1999, (5) Chenu et al. 
1998, (6) Patton et al. 1998, (7) Hinoi et al. 2001, (8) Gu and Publicover 2000, (9) Merle et al. 2003, (10) 
Hinoi et al. 2002,(11) Izstein et al. 2001, (12) Mason et al. 1997, (13) Mason and Huggett 2002, (14) 
Huggett et al. 2002, (15) Huggett et al. 2000, (16) Kalariti et al. 2004.
NB. SaOs-2 and MG63 cells are an osteosarcoma cell line (osteoblast-like). MLOY-4 cells are an 
osteocyte-like cell line.
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1.6.4.2 Glutamate signalling in cartilage

EAAT1 mRNA is expressed in human chondrocytes (Mason and Huggett, unpublished 

data). mRNA for EAAT1, EAAT2 and EAAT3 has also been observed in rat primary 

chondrocytes (Hinoi et a l 2005). Protein expression of EAAT1 and EAAT2 was also 

observed in this study (Hinoi et al 2005). Furthermore, Na+-dependent uptake was also 

observed in these cells indicating that the glutamate transporters are functional (Hinoi et 

al 2005).

mRNA and protein of NR1 and NR2A NMD A receptor subunits are expressed in 

chondrocytes (Salter et a l 2004). A difference in receptor responses was observed 

between normal and OA chondrocytes; NMDA receptor antagonists inhibited the 

hyperpolarisation response of normal FLS to mechanical stimulation but no effect was 

observed in OA chondrocytes (Salter et al 2004).

1.6.4.3 Glutamate signalling in fibroblasts and macrophages

The invasive pannus in RA is made up of macrophage-like and fibroblast-like 

synoviocytes. Evidence of glutamate signalling has been observed in both of these cell 

types. Cultured monocyte-derived macrophages express EAAT1 and 2 (Rimaniol et al 

2000). In addition, in the alveolar macrophage cell line, NR8383, NMDA receptor 

subunit (NR1, NR2C and NR2D) mRNA is expressed (Dickman et a l 2004).

Na+-dependent glutamate uptake has been demonstrated in macrophages and fibroblasts. 

TNFa-stimulated monocyte derived macrophages (from spleen and lung) show Na+- 

dependent and Na+-independent glutamate transport but only Na+-independent glutamate 

transport in unstimulated cells (Rimaniol et al 2000). Na+-dependent glutamate transport 

was also observed upon differentiation of the macrophages into fibroblast-like 

macrophages (Rimaniol et a l 2000).

EAAT 1, 2, 3 and 4 proteins are expressed in cultured human skin fibroblasts (Cooper et 

a l  1998). EAAT 1, 2 and 3 proteins are also expressed by skin fibroblasts from 

alzheimer’s disease patients (Zoia et al. 2005). The ability of fibroblasts to take up
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glutamate has been recognised since 1983 when skin-derived human fibroblasts were 

shown to transport glutamate (Dall’Asta et al 1983). Cultured human fibroblasts from 

embryonic muscle, skin and peripheral nerve tissues and a fibroblast cell line (3T3) were 

shown to demonstrate a Na+-dependent glutamate uptake process with Km valued 

between 5-20pM (Balcar 1992, Balcar et a l 1994). Cooper et al. have also demonstrated 

glutamate uptake by skin fibroblasts via EAATs (Cooper et al. 1998).

1.6.5 Glutamate and Rheumatoid arthritis

Glutamate levels become elevated following induced inflammation. Studies in rats have 

shown that using kaolin and carrageenan injected into the knee joint to induce 

inflammation, doubles the glutamate concentration in the synovial fluid from 3pM to 

6 pM within ten minutes (Lawand et al. 2000). Glutamate is also found elevated in human 

joints with synovitis; compared to the average concentration from normal autopsy cases 

(range = 0.82-22pM) glutamate in synovial fluid from patients with synovitis were 54 

times higher at an average of 326pM (range = 4-608pM) (McNeamey et al. 2000, 

McNeamey et al. 2004). If cells within the synovial joint are responsive to glutamate, 

these studies suggest that glutamate may be involved in mediating or prolonging the 

inflammatory response. In addition, recently it has been reported that glutamate levels in 

synovial fluid correlate with Regulated upon Activation, Normal T-cell Expressed and 

Secreted (RANTES), IL-8  and macrophage inhibitory protein alpha (MIPa) in RA 

synovial fluid (McNeamey et al. 2004).

The blood plasma levels of glutamate are also elevated in human RA patients at an 

average of 50pM compared to 41pM in the normal controls (Partsch et al. 1978). This 

suggests that glutamate is actively removed from the synovial joint in normal conditions 

because the normal level of glutamate in synovial fluid is 6 pM, hence some mechanism 

must be present in cells of the synovial joint to remove glutamate. The levels of 

glutamate in the blood of rats are between 100-200pM (De Cristobal et al. 2001), which 

is far higher than the Kd values of the glutamate receptors expressed in the rat brain. 

This suggests that peripheral glutamate receptors outside of the CNS may have protection 

mechanisms against exposure to such high glutamate concentrations (Hinoi et al. 2002).
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In the central nervous system it is the high affinity glutamate transporters that take on the 

protective role by quickly removing extracellular glutamate released by synapses.

In addition, ionotropic and group I metabotropic receptors play a role in inflammation in 

the brain; activation of these receptors causes an increase in intracellular calcium. This 

calcium can then activate, amongst others, the generation of free radicals, stimulation of 

inflammatory cascades and eventually neuronal death (O'Shea et al. 2002). The calcium 

also causes activation of NO synthase, which in turn produces nitric oxide (Riedel and 

Neeck 2001). Even though this has been observed in neuronal cells, a potential link can 

still be seen between glutamate and inflammatory processes of the synovial joint because 

NO is a mediator of inflammation (section 1.4.1.3). NO can also damage DNA, which 

causes the p53 tumour supressor gene to be activated. Mutations in p53 have been 

observed in longstanding RA patients that cause impaired apoptosis which contributes to 

pannus formation (Tak et al. 2001). It should be noted that NO, like glutamate, also acts 

as a neurotransmitter within the central nervous system however CNS NO is produced by 

a constitutively produced neuronal NO synthase.

1.6.5.1 Source of glutamate in the synovial joint

The source of glutamate in the RA synovial joint is not yet determined. In bone, it may 

come from nerve endings that are able to secrete glutamate. Glutamate can excite 

peripheral neurons and glutamate signalling components are expressed in the peripheral 

nervous system (Jackson et al. 1995). mGluRl and mGluR5 proteins have been shown to 

be expressed in mouse peripheral unmyelinated sensory afferents (Bhave et al. 2001). In 

addition, in the rat dorsal root ganglion AMPAGluRl-4, the kainate receptor GluR5 and 

NMDA NR1 protein is expressed (Sato et al. 1993). The nerve endings in bone may 

therefore be able to secrete glutamate. In fact the presence of a dense network of nerve 

processes in bone has been observed, some of which contain glutamate (Serre et al.

1999). Alternatively it may come from the constitutive release of glutamate by 

osteoblasts. White blood cell release of glutamate has been investigated but levels of 

white blood cells in the synovial joint do not correlate with glutamate levels suggesting 

that they are not the source (McNeamey et al. 2000). McNeamey et al. therefore suggest
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that the source of glutamate in synovial fluid during inflammation is from blood, mast 

cells, FLS or nerve endings or from degradatory products of inflammatory events.

1.6.5.2 Links between the CNS and RA

Interestingly, a possible link between the neural system and arthritis can be seen in vivo 

in patients who develop a stroke or paralysis. In some patients inflammatory or 

degenerative arthritis only develops on the non-paralysed side of the body suggesting that 

these processes may be affected by neuronal activity (Thomason and Bywater 1962). To 

further support this, in some patients that develop a stroke after the onset of arthritis 

incomplete reversal of the arthritis was observed on the affected side of the body 

(Thomason and Bywater 1962).

Delgado et al have also shown a link between the neural system and inflammation. 

Treatment of arthritis experimentally induced in rats, with the neuropeptide vasoactive 

intestinal peptide (VIP) show decreased joint swelling and inhibition of cartilage and 

bone destruction (Delgado et al. 2001).

1.6.5.3 Glutamate and pain in RA

Studies investigating nociception in animal models of inflammation have shown 

increases in the release of excitatory amino acids (including glutamate) and concluded 

that glutamate in peripheral nociceptive signalling is involved in models of arthritis 

(Lawand et a l 2000, Westlund et al. 1992, Sluka and Westlund 1992, Sorkin et al. 1992). 

Furthermore, glutamate receptors have been associated with the pain experienced in RA. 

Both NMDA and non-NMDA receptors sire involved in inflammatory pain in the CNS 

(Carlton and Coggeshall 1999, Li and Neugebauer et al. 2004). Zhang et al. also 

demonstrated that NMDA and non-NMDA contribute to the induction of adjuvant- 

induced arthritic pain in rats, furthermore pain-related behaviour could be prevented by 

injection of MK801 (a non-competitive NMDA receptor inhibitor) and 2, 3-dihydroxy-6- 

nitro-7-sulfamoylbenzoquinoxaline (NBQX, a competitive antagonist of AMPA/kainate 

receptors) (Zhang et al. 2003).
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1.6.5.4 Glutamate signalling and pro-inflammatory cytokines in the CNS

Pro-inflammatory cytokines have been investigated within the CNS; where there is some 

evidence linking glutamatergic signalling to inflammatory responses. For example there 

is evidence that the pro-inflammatory cytokine IL-6  is linked to CNS diseases associated 

with glutamate signalling irregularities. Various neuropathologies such as ischaemia 

(Szczudlik et al. 2004, Chen et al. 2003), amyotrophic lateral sclerosis (Hensley et al. 

2003, Sekizawa et al. 1998), HIV infection (Laurenzi et al. 1990, Perrella et al. 1992 and 

Tyor et al. 1992), meningitis (Waage et al. 1989) Parkinsons disease (Ciesielska et al. 

2003, Blum-Degen et al. 1995), systemic lupus erythematosus with CNS involvement 

(Hirohata and Miyamoto 1990), Alzheimer’s disease (Blum-Degen et al. 1995), and 

stroke (Dziedzic et al. 2004) are associated with elevated IL- 6  levels. These diseases are 

also associated with excessive glutamate receptor activation; ischaemia (Simon et al. 

1984, Meldrum et al. 1994), amyotrophic lateral sclerosis (Niebroj-Dobosz et al. 1999), 

HIV (Lipton et al. 1991), meningitis (Spranger et al. 1996), Parkinson’s disease 

(Meyerson et al. 1990), systemic lupus erythematosus (McNeamey et al. 2000), 

Alzheimer’s disease (Mattson et al. 1991) and stroke (Choi and Rothman 1990). This 

therefore indicates a potential link between the synchronous elevated levels of IL-6  and 

glutamate in these diseases.

Pro-inflammatory cytokines are known to influence glutamate signalling in the CNS. IL- 

6  (5ng/ml) enhances NMDA receptor activation in rat cortical neuron cultures (Qiu et al. 

2003). However, IL- 6  also appears to prevent over-stimulation of NMDA receptors 

because pre-treatment with IL-6  (50ng/ml) for 15 hours inhibits glutamate-induced death 

in primary cultures of rat hippocampal neurons by an unknown mechanism (Yamada 

1994). In addition, IL- 6  (5 to 50ng/ml) with sIL-6 r (2.5 to 25ng/ml) prevents NMDA 

receptor-induced apoptosis in retinal ganglion cells in vivo possibly by activation of the 

STAT3, MEK/MAPK or PI3K/Akt signalling pathways and the same study also 

demonstrated that NMDA injection (20nmol) in rats caused up-regulation of gpl30 in 

retinal tissue (Inomata et al. 2003). Furthermore, the increased susceptibility to seizures 

upon injecton of kainate (a specific activator of the ionotropic kainate receptors) of IL-6  

knock out mice indicates that IL-6  also inhibits over-stimulation of these receptors
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(Penkowa et al. 2001). IL-6  has also been shown to have a neurotoxic role; Qui et al. 

demonstrate that IL- 6  (5ng/ml) enhances NMDA neurotoxicity in developing CNS 

neurons by enhancing the calcium signal to NMDA (Qui et al. 1998 and 1995).

TNFa and IL-1 and their interaction with glutamate signalling has also been investigated 

in the CNS. After 24 hours TNFa (20ng/ml) and IL-ip (20ng/ml) inhibit transport- 

mediated glutamate uptake (ImM) in rat glial cultures probably via the EAATs because 

the glutamate transporter inhibitor, tPDC (2.5mM), prevented these inhibitory effects 

(Liao and Chen 2001). This is of relevance as these are seen as the two major cytokines 

involved in RA. It was also observed that free radicals and oxygen species which are 

also present in the RA joint, can impair glutamate transport into astrocytes (Liao and 

Chen 2001). The suggested mechanism by which these pro-inflammatory cytokines 

regulate glutamate transport was that they were causing an increased production in free 

radicals and active oxygen species. These were then altering the redox potential of the 

astrocytes which in turn was altering the sodium pump that generates electrochemical 

gradients used by the transporter to drive glutamate uptake (Liao and Chen 2001). In 

addition, glutamate transporters in the CNS have been shown to be oxidant vulnerable 

and their activity is directly affected by oxidation (Trotti 1998).

Treatment for more than 2 hours with TNFa (2ng/ml) or IL-lp (lng/ml) can attenuate 

glutamate uptake in primary rat astrocytes in vitro through a pathway that involves the 

liberation of nitric oxide by the stimulation of nitric oxide synthase (Ye and Sontheimer 

1996). In addition, TNFa (60-1000U/ml [3ng-50ng/ml] for 60 minutes) reduces 

ionotropic glutamate receptor activation in astrocytes in vitro (Koller et al. 2001).

1.6.5.S Glutamate signalling and pro-inflammatory cytokines outside the CNS

Limited research has revealed links between glutamate signalling and pro-inflammatory 

cytokines outside of the CNS. For example, NMDA receptors interacting with IL-6  can 

be linked to osteoclastogenesis. The fact that MK801 has also been shown to inhibit 

osteoclastogenesis in vitro (Peet et al. 1999) and inhibit actin ring formation in 

osteoclasts which is a prerequisite for the adhesion of osteoclasts to bone (Itzstein et al.

65



Chapter 1

2000) and that IL- 6  and sIL-6 r can trigger osteoclast formation in vitro (Tamura et al. 

1993) indicates that signalling via this cytokine and glutamate may converge to regulate 

osteoclastogenesis. Finally, outside of the CNS IL-6  has been shown to induce NF-kB 

activation in cultured intestinal epithelial cells within 2 hours (Wang et al. 2003) and 

PDTC, an inhibitor of NFkB activation causes a decrease in glutamate uptake (Liao and 

Chen 2001). With regards to the effects of TNFa on glutamate outside of the CNS, 

treatment of osteoblasts with TNFa inhibits glutamate release from osteoblasts (Genever 

and Skerry 2001).

These studies therefore demonstrate that cytokines may directly influence glutamate 

signalling pathways outside of the CNS.

1.6.5.6 Glutamate and degradative enzymes

There is some evidence linking glutamatergic signalling to degradative responses in cells 

of the CNS. Yong et al. indicates a role for MMPs in several CNS diseases such as 

multiple sclerosis and Alzheimer’s disease (Yong et al. 2001), where glutamate 

transporter expression is dysregulated. Kainate receptor activation increases MMP9 

mRNA and protein expression within hours in the rat hippocampus in vivo (Szklarczyk et 

al. 2002). Rats systemically injected with kainate also demonstrate increases in MMP2 

protein expression in the brain (Zhang et al. 2000). Furthermore, kainic acid -induced 

excitotoxic seizures increases expression levels in the rat brain of MMP 9 (Jourquin et al. 

2003). The kainate and AMPA ionotropic glutamate receptors are directly implicated in 

these responses since kainate has been shown to mediate up-regulation of MMP9 in 

mouse retinal astrocyte cells in vivo (Zhang et al. 2004). In addition, inhibition of MMPs 

in the rat prevents kainic acid-induced cell death in the brain (Campbell et al. 2004) 

demonstrating that MMPs may have an affect on glutamate receptors. Moreover, TIMP1 

protects against excitotoxic death in neurons (Tan et al. 2003) thus demonstrating a link 

between TIMPs and glutamate signalling.
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1.6.5.7 Glutamate and RA summary

Taken together these findings clearly demonstrate a role for glutamate signalling in non

neuronal tissues and in bone. Furthermore, glutamate signalling pathways have been 

shown to interact with cytokines and degradative enzymes in the CNS. Therefore, the 

elevated glutamate in synovial fluid that accompanies RA may induce phenotypic 

changes associated with synovial joint inflammation and destruction. The overall 

purpose of this present study is to investigate the role of glutamate signalling in the 

disease mechanisms in inflammatory arthritis. As yet there is no cure for rheumatoid 

arthritis. Identification of novel signalling pathways involved in RA pathogenesis will 

enable new and maybe more effective therapeutic targets to be identified.
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1.7 Hypothesis and aims of project

Hypothesis:

The increased levels of glutamate in RA synovial fluid mediate the inflammatory 

and catabolic responses associated with joint destruction.

To investigate this hypothesis there were four specific aims:

1. To determine which cells of the synovial joint express glutamate receptors and 

transporters.

2. To determine which cells of the synovial joint are responsive to glutamate and to 

characterize those responses with respect to joint destruction.

3. To determine whether pro-inflammatory cytokines influence glutamate receptor 

and transporter activity in FLS.

4. To determine whether glutamate receptors and transporters are functional in FLS.
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CHAPTER 2: Materials and Methods

All reagents were obtained from Sigma Aldrich, unless otherwise stated.

2.1 Dissection and homogenisation of tissues

Rats were dissected immediately after death and the parts of the knee joint required 

(meniscus, patella and fat pad) were dissected, snap frozen in liquid nitrogen and stored 

at -80°C until required. Tissues were powdered in 1ml Trizol® reagent (Invitrogen) 

using a B. Braun Biotech Dismembrator at 2000rpm for 3 minutes, cooled with liquid 

nitrogen. Both the medial and lateral menisci from the same joint were homogenised 

together and two or three fat pads were combined in order to obtain enough RNA for 

analysis.

2.2 RNA extraction

Total RNA was extracted in Trizol® (Invitrogen) following the manufacturer’s 

instructions. Briefly 0.2 volumes chloroform was added to the Trizol® extract containing 

either lxlO6 cells or homogenised tissue, mixed and separated by centrifugation 

(12000rpm) for 15 minutes at 4°C (Universal 16R centrifuge, Hettich Zentrifugen). The 

aqueous, upper phase was transferred to a clean tube and an equal volume of 0.5% 

isopropanol was added and incubated overnight at -20°C to precipitate the RNA. The 

RNA was collected by centrifugation, washed twice in 1ml ethanol (100% followed by 

75% ethanol), air-dried and resuspended in 86pl dH20. (Fat pad samples, prior to 

addition of chloroform were subjected to an additional isolation step in Trizol®; these 

samples were centrifuged at 12000g for 10 minutes at 4°C and the cleared homogenate 

saved for addition of 0.2 volumes chloroform as before).

2.2.1 DNase treatment of RNA

Contaminating genomic DNA was removed by digestion with 2 units of RQ1 DNase 

(Promega) in the presence of 40U RNasin® ribonuclease inhibitor (Promega) at 37°C for 

15 minutes. RNA was purified by re-extraction in 300pi Trizol®, resuspended in 60pl 

dH2<3 and stored at -80°C.
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2.3 Generation of cDNA by reverse transcription

Approximately lpg RNA dissolved in 11 pi dt^O was mixed with lp l (0.5pg) 

oligo(dT)i5 (Promega) and denatured for 10 minutes at 65°C. The reaction was briefly 

chilled on ice and 4pl 5x first strand buffer (Invitrogen), 2pl 0.1M DTT (Invitrogen) and 

lpl lOmM dNTPs (Promega) added. The reaction was mixed and incubated at 42°C for 2 

minutes and lpl Superscript II (Invitrogen) added. The reaction was incubated for 50 

minutes at 42°C and terminated by heating to 70°C for 15 minutes. All incubations were 

carried out in a thermal cycler (PCR Express, Hybaid). cDNA was stored at -20°C until 

use.

2.4 PCR

All primers were designed using Primer express 1.0 (Applied Biosystems, Perkin 

Elmer) to sequences homologous between rat, human and mouse unless otherwise stated. 

To prevent amplification of genomic DNA that had not been degraded by DNase 

treatment, all primers were designed to amplify products spanning intron/exon 

boundaries. (3-actin was used as a housekeeping gene to confirm successful cDNA 

preparation. Table 2.1 shows all primer sequences used in this study.

PCR reagents were made up as master mixes and positive (rat brain cDNA, GLAST 

plasmid or p-actin plasmid) and negative controls (no template) were used for each group 

of PCR reactions. The PCR conditions consisted of one cycle of 95°C for 5 minutes, 40 

cycles of 95°C for 30 seconds (strand separation), specific primer pair annealing 

temperature (see table 2.1) for 30 seconds, 72°C for 1 minute (amplicon extension) and 

one cycle at 72°C for 10 minutes (final extension) followed by incubation at 4°C in a 

thermal cycler (PCR Express, Hybaid). The appropriate MgCl2 concentration was 

optimised for each primer pair (see table 2.2).
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Table 2.1 List of primers used

Primer name and seauence it Sequence

aligns to.

P-actin [Ac.No.NM_031144] 

(Araki et al. 1993)

Forward:5’-TGTATGCCTCTGGTCGTACCAC

(506bp-527bp)

Reverse: 5 ’-ACAGAGTACTTGCGCTCAGGAG 

(1076bp-1097bp)

GLASTcc (EAAT1) 

[Ac.No.NM_019225] (Huggett et 

al 2000) {AF265360}

Forward: S'-TGAAGAGCTACCTGTTTCGGAA 

(325-346bp) {243-264bp of GLASTla}

Reverse: 5 -T AC ATGTTTTCTTTCGTGCCC 

(650bp-670bp) {430-450bp of GLASTla}

GLAST-la specific 

[Ac.No.AF265360] (Hugget et al. 

2000)

Forward: 5'-

CAGCGCTGTCATTGTGGGAATGGC (286- 

309bp)

Reverse: 5'-

AGGAAGGCATCTGCGGCAGTCACC (472- 

495bp)

Human EAAT2 [Ac,No.NM_ 

004171] (Zoiae/ al. 2004)

Forward: 5 ’-ACGAGGAGGCC AACGCAACAAG 

(888-906bp)

Reverse: 5 ’-GATGCCCCCGTGGATGATGAGG 

(1252-1273bp)

Rat EAAT2 [Ac.No.NM_017215] 

(GLT1) (gift from Dr. J. Huggett, 

Cardiff University)

Forward:5 ’-GAGCCAAAGCACCGAAAC (177- 

194bp)

Reverse: 5 ’-GGAAATGATGAGAGGGAGGAT 

(375-395bp)

Human EAAT3 [Ac.No.U03506] 

(Zoia et al. 2004)
Forward:5 ’-CGTCCTGGGCTTGATTGTCTTT 

(651-672bp)

Reversed ’-TGC ACCAACGGGTAACACGA 

(1088-1107bp)

71



Chapter 2

Rat EAAT3 [Ac.No.NM_013032] 

(EAAC1) (gift from Dr. J. Huggett, 

Cardiff University)

Rat EAAT4 [Ac.no.RNU89608] 

(gift from Dr. J. Huggett, Cardiff 

University)

NMDANR1 [Ac.No.NM_017010]

KA1 [Ac.No.NM_014619) (Sokolv 

etal. 1998)

AMPA GluR2 [Ac.No.M85035]

AMPA GluR3

[Ac.No.NM_032990]

mGluR4 [Ac.No.NM_000841]

Forward:5’-CCCCGATTCCTCACAAAC (90- 

107bp)

Reverse: 5 ’-TGCTGACTTC AGGGGTTTTGC 

(512-532bp)

(69-Forward:5’-CGCGGGTTCTGGCTTTTG 

84bp)

Reverse:5’-CATCCTCCCTGTTGCCTTGTT (505 

525bp)

Forward:5’-CAGGAGCGGGTAAACAACAG

(1724-1743bp)

Reverse:5'-CCTGGTACTTGAAGGGCTTG

(1855-1874bp)

Forward5’-

GACTGCAGAAACCATGTGTCaGATCC (234- 

259bp)

Reverse:5’-

GGTGCAGTTGAAGAAGTTCAGGATCC (457- 

480bp)

Forward:5'-GGTTGTCACCCTAAcTGAGCTC

(1500-1521bp)

Reverse:5'-AGTAGCCCTCGTAACGCTCATT 

(1630-165lbp)

Forward:5’-AATTCCCTGAAGCCAAGAATG

(919-939bp)

Reverse:5'-GGATTTGCTAAGCAGTCTCCA

(1049-1069bp)

Forward:5'-AGACCTTCAACGAGGCCAAG

(2506-2525bp)

Reverse:5'-CGCTCAGACTCACGGAGACC

(2639-2658bp)
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Table 2.2 PCR conditions and product sizes for each primer pair

Primers Annealing 

Temp. (°C)

MgCl2

concentration

(mM)

Primer concentration 

(pM) forward and 

reverse

Product 

size (bp)

p-actin 58 1.5 0.016 592

EAATl(GLAST) 58 1.5 0.016 348

GLAST-la 58 1.5 0.016 210

EAAT2 human 59 3 0.016 385

EAAT2 rat 55 2 0.016 219

EAAT3 human 58 2 0.016 457

EAAT3 rat 56 2 0.016 443

EAAT4 55 1.5 0.016 436

NMDA NR 1 58 2 0.016 151

KA1 56 2 0.016 247

AMPA GluR2 58 1.5 0.016 152

AMPA GluR3 58 2 0.016 151

mGluR4 58 2 0.016 153

2.4.1 Agarose gel electrophoresis

The DNA amplicons generated by the PCR reactions were combined with loading dye 

(Promega) at a 10:1 ratio and resolved on an appropriate percentage agarose (Promega) 

gel (see table 2.3). Gels containing lOpg/ml ethidium bromide in lx Tris Borate EDTA 

(TBE) buffer (89mM Tris-borate, 2mM EDTA, pH8.3) were run at 80v for 1 hour. DNA 

standards (lOObp ladder, Promega) were used to identify the size of products.
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Table 2.3: Percentage of agarose used in gels for running different sized PCR 

products

% w/v agarose in gel Size of PCR amplicon

2 100-200bp

1.5 200-35Obp

1 >350bp

2.4.2 Gel electrophoresis image generation

Images of DNA within agarose gels were visualised using a GelDoc system (BioRad). 

The results section of chapters 3 and 5 contain images of gels that have had irrelevant 

lanes cropped out using Adobe photoshop to enable lanes containing amplicons to be 

adjacent to DNA standards. The full pictures of these gels can be found in the appendix.

2.4.3 Cloning and sequencing of PCR amplicons

Amplicons from newly designed primers were sequenced to confirm that the primers 

were functioning correctly. Under uv light, amplicons were cut out of agarose gels and 

purified using a PCR purification kit (Qiagen). Manufacturer’s instructions were 

followed to remove dNTPs, salts, agarose, proteins, ethidium bromide and polymerases.

The PCR products were TA cloned into the pGEM-T vector (50ng) by incubating in 2X 

Rapid ligation buffer (5pi), 3 Weiss units of T4 DNA ligase (lpl) and the reaction 

volume made up to lOpl with distilled water. Ligation reactions were incubated for 1 

hour at room temperature prior to transformation.

The ligated plasmid was transformed into Escherichia coli (JM109 competent cells), by 

heatshocking. Transformed cultures were grown up overnight on LB, ampicillin 

(lOOpg/ml), IPTG (0.5mM), X-GAL (50pg/ml) plates overnight at 37°C. Successfully 

ligated plasmids resulted in white colonies due to interruption of the P-galactosidase 

gene. White colonies were picked and placed in 10ml of LB broth (l.lg  LB tablet in 

50ml dH20  supplemented with lOOpg/ml ampicillin) and incubated overnight at 37°C 

whilst shaking (150rpm).
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In order to obtain the ligated plasmids for sequencing, cultures were prepared using a 

Wizard plus SV midiprep kit (Promega). Briefly, 200pl of the overnight culture was 

amplified further by inoculation of 250ml LB broth and incubated overnight at 37°C with 

shaking (230rpm). Cells were harvested by centrifugation at 3300rpm, resuspended and 

lysed. Neutralisation buffer was added to the lysed cells and incubated for lOminutes 

followed by centrifugation at 3300rpm for 15 minutes. An equal volume of isopropanol 

was added to the retained supernatant and incubated at -20°C overnight to precipitate the 

DNA. Samples were centrifuged (1500g, 1 hour) and the supernatant discarded. The 

precipitated plasmid was washed twice with 75% ethanol and repelleted (centrifugation at 

1500g, 1 hour) to remove isopropanol. The plasmid pellet was air dried prior to 

resuspension in distilled water. 5pi was restricted with 5 units of iscoRI (37°C, 1 hour, 1 

times buffer containing lOpg bovine serum albumin [Promega]), to confirm the presence 

of the insert. Clones were then sequenced using Ml 3 vector primers.

2.5 Tissue culture

2.5.1 Bovine chondrocytes

Primary bovine chondrocytes were isolated from articular cartilage of the 

metacarpalphalangeal joint of 7 day old calves using a sterile scalpel first to remove the 

cartilage. Following dissection, the articular cartilage samples were placed in 25ml 

DMEM (Gibco) supplemented with 2mM glutamine, 1200units/ml penicillin, 1200pg/ml 

streptomycin and 20pg/ml fungizone and left for 10 minutes. The tissue was washed 

twice for 10 minutes in 25ml DMEM supplemented with 2mM glutamine, 300U/ml 

penicillin, 300pg/ml streptomycin and 5pg/ml fungizone.

The articular cartilage slices were cut into small pieces, placed in a T75 flask (Coming 

Ltd.) and incubated for 30 minutes at 37°C with gentle agitation in 25ml (4mg/ml) 

pronase (from Streptomyces griseus) in DMEM (containing 2mM glutamine, lOOU/ml 

penicillin, lOOpg/ml streptomycin, 2.5pg/ml fungizone and 10% dialysed foetal bovine 

serum [SLI Ltd.]) to provide the cells with nutrients. Dialysed foetal bovine serum was 

used to minimise the presence of glutamate. The pronase solution was removed and
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replaced with 25ml DMEM containing 3mg/ml collagenase (from Clostridium 

histolyticum), lOOU/ml penicillin, lOOpg/ml streptomycin, 2.5jiig/ml fungizone and 10% 

FBS and agitated at 37°C for 2 hours to release the chondrocytes from the collagen 

matrix. The medium was taken off every 30 minutes and centrifuged at 1500g (EEC 

Centra CL2 centrifuge) for 10 minutes to collect the chondrocytes and passed through a 

40pm cell strainer to remove cellular debris before being pooled. The chondrocytes were 

seeded at a density of lxl06 cells per T25 flask (Coming Ltd.) in 7ml DMEM containing 

2mM glutamine, lOOU/ml penicillin, lOOpg/ml streptomycin, 2.5pg/ml fungizone and 

10% FBS and incubated at 37°C in a 5% CO2 atmosphere.

Cells were removed from T25 (Coming Ltd.) flasks by adding 1ml Trizol and the extract 

used for glutamate signalling apparatus mRNA expression studies.

2.5.2 Fibroblast-like synoviocytes

Primary human FLS kindly provided by Dr. A. S. Williams in collaboration with Prof. B. 

Williams (Department of Rheumatology, Cardiff University) were established from the 

synovial fluid of RA or non-arthritic patients taken from a synovectomy. Table 2.4 

shows the details of each patient from whom synoviocytes were used.

Table 2.4: Details of patients from whom synoviocytes were used in this study

Patient number Age Sex Condition

1 Unknown Unknown RA

2 56 Female RA

3 62 Female RA

4 64 Female Non-arthritic

5 67 Female RA

6 64 Female RA

7 43 Female RA

8 55 Male RA

9 27 Female RA
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FLS were not used before passage 5 due to the possible presence of macrophages and 

only cultured up to passage 8 due to the loss of phenotype observed beyond this passage 

(Dr A. S. Williams, personal communication). FLS seeded into 6-well plates (Coming 

Ltd.) were grown at 37°C, 5% CO2 in Dulbecco’s modified essential medium (DMEM) 

Nut mix F-12 supplemented with 10% foetal bovine semm (FBS, Serum Laboratories 

Incorporated), penicillin (lOOU/ml), streptomycin (lOOpg/ml) and 4mM L-glutamine. To 

minimise the presence of glutamate, dialysed FBS was used. It should be noted that the 

DMEM used contained 50pM glutamate. Synoviocytes were cultured to confluency in 

48-well plates (Coming Ltd.), 6-well plates, 60mm petri dishes (Coming Ltd.) or 8-well 

chamber slides (Fisher Scientific) seeded at a density of 2.5 X 104, 1 X 105, 1.5 X 105 and

2.5 X 104 respectively. Prior to stimulation with glutamate, cytokines or inhibitors the 

cells were incubated for 24 hours with serum-free medium.

2.5.2.1 Passaging of FLS

FLS were only cultured up to passage 8 due to the loss of phenotype observed beyond 

this passage (Dr A. S. Williams, personal communication). FLS were cultured in T75 

and T225 flasks (Coming Ltd.) until confluent and trypsinised using 1ml lOx trypsin 

EDTA (Gibco) after the media had been removed. Cells were then added to fresh media 

and split 1 in 3 into fresh T75 flasks or into an appropriate experimental vessel.

2.6 Immunohistochemistry

2.6.1 Methanol fixation of slides for immunostaining

FLS on 8-well chamber slides, following stimulation with cytokines (details in 

experimental chapters) were washed three times with 0.5ml phosphate buffered saline 

(PBS) per well. 0.5ml methanol was aliquoted into each well and incubated for 5 

minutes before being removed and the slides allowed to air dry. Chamber slides were 

stored at -20°C until used. Experimentation with paraformaldehyde fixing of cells 

revealed that this process did not show any binding of the polyclonal anti-GLAST 

(EAAT1) antibody therefore all immunohistochemical analysis presented in this study 

has been methanol fixed.
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2.6.2 Immunostaining of FLS

Experimental FLS, stored at -20°C following methanol fixation were defrosted and 

allowed to reach room temperature before incubating in non-immune goat serum for 1 

hour. Slides were incubated for 1 hour in lOOpl of rabbit serum containing a rabbit 

polyclonal GLAST antibody (made by Dr. Eryl Liddell, Cardiff University) used at an 

optimal dilution of 1/100, diluted with PBS. Slides were washed 3 times in PBS before 

incubating for 1 hour with lOOpl of a goat, anti-rabbit FITC conjugate secondary 

antibody diluted to 1/200 with PBS. Cells were washed 3 times in PBS to remove 

unbound secondary antibody. All incubations were carried out at room temperature.

2.6.3 Mounting of immunolabelled FLS

Cells were mounted with Vectashield® mounting medium containing propidium iodide 

(Vector Laboratories, USA). Slides were sealed with nail varnish and stored at 4°C until 

viewed with a fluorescence microscope (Leitz Laborlux 12). Propidium iodide was used 

as a counterstain for cell nuclei. Images were captured using a Coolsnap digital camera 

(R S Photometries). Two images of different areas of each well were taken. The optimal 

exposure time was determined using the automatic function and this value was then set in 

manual mode so that all images being compared were exposed for the same length of 

time.

2.6.4 Optimisation of the polyclonal GLAST antibody

The GLAST antibody had previously been partially characterized for Western blotting by 

Dr J. Huggett and Sian Kneller, Cardiff University. A range of dilutions for both the 

primary (polyclonal rabbit anti-human, GLAST) and secondary (goat anti-rabbit, FITC- 

conjugated) antibodies were tested until the optimal concentration was obtained. 

Immunostaining with different concentrations of the secondary antibody is shown in 

figure 2.1. A 1/200 dilution (figure 2.1, panel D) was deemed optimal for the secondary 

antibody.
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Figure 2.1 Optimisation of the secondary antibody (goat, anti-rabbit FITC conjugate), 
using 1/100 primary anti-GLAST antibody.

A.Primary negative B.l/50 Secondary 

1 ------------------------------------------------- -

Hi
C 1/100 secondary

j ------------------------------------------------- ■

D 1/200 secondary

-i i-------------------------------------------------1
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2.7 Western Blotting

2.7.1 SDS PAGE

Cell extract proteins alongside 5 pi of pre-stained molecular weight marker (Biorad) were 

resolved on 10% SDS-polyacrylamide gels (see table 2.5 for components) at 200v in 

Laemmli buffer. (Laemmli, 1970) Resolved protein was then transferred to 

polyvinyldifluoride membrane (Immobilon-PVDF, Millipore) for 1 hour at lOOv in 

transfer buffer (20% v/v methanol in Laemmli buffer). To prevent overheating, ice packs 

were placed in electrophoresis tanks. Prior to blotting membranes were washed in 

methanol (15 seconds), water (2 minutes) and transfer buffer (5 minutes).

Table 2.5 Components of 10% SDS PAGE gel

Components of gel 10% resolving gel 4% stacking gel

40% bis-acrylamide 3.83ml 575pl

1M Tris/HCl pH8.8 3.63ml -

1M Tris/HCl pH6.8 - 1.3ml

10% (w/v) SDS lOOpl 50pl

10% (w/v) APS 75pl 37pl

TEMED 15pl 7.5 pi

dH20 7.05ml 4.075ml

2.7.2 Blotting

The polyclonal GLAST antibody used was raised to amino acids 24-40 (made by Dr. 

Eryll Liddell, Cardiff University). Non-specific sites on the membrane were blocked by 

incubating in 5% (w/v) skimmed milk power, 0.05% Tween 20 in TBS (0.05M Tris-HCl, 

pH8.0, 0.15M NaCl) for 1 hour. The membrane was sequentially incubated in 5ml 

antiserum to GLAST-1 (1:2000 in TBS containing 1% milk) for one hour and 5ml goat 

anti-rabbit horse radish peroxidase (HRP) conjugate 1:20000 for 1 hour. Membranes 

were washed 3 times in 150ml TBS-Tween 20 for 15 minutes after each antibody 

incubation. Duplicate membranes were prepared in which the primary antibody was 

omitted to control for non-specific binding of the secondary antibody.
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2.7.3 Chemiluminescent detection of bound antibody

Specific binding of the GLAST antibody was detected by enhanced chemiluminescence 

on Hyperfilm-ECL (Amersham, UK) according to manufacturer’s instructions.

2.7.4 Stripping a Western blot for reprobing

Some membrane blots were stripped and reprobed with a different antibody 

concentration. Blots were incubated at 50°C, for 30 minutes in stripping solution 

(62.5mM Tris HC1 [pH6.7], 2% SDS, lOOmM 2-mercaptoethanol). Membranes were 

washed in dlUO and incubated in blocking solution as above prior to reprobing.

2.7.5 BCA assay to determine how much protein was loaded onto SDS PAGE gels

To ensure that equal protein was loaded onto each SDS PAGE gel for Western blotting 

the amount of protein in each sample was determined using a BCA assay (Pierce, Perbio). 

A microplate assay was carried out according to manufacturer’s instructions. Albumin 

standards were prepared to produce a standard curve ranging from 25pg/ml to 

1500pg/ml. 2 5 pi of standard or RA FLS protein extract were aliqouted in triplicate on a 

96-well plate and incubated at 37°C for 30 minutes with 200pi of working reagent (50 

parts reagent A [containing sodium carbonate, sodium bicarbonate, bicinchoninic acid, 

sodium tartrate in 0.1 M NaOH] with one part reagent B [containing cupric sulfate]). The 

protein present in the standards and samples reduces Cu2+ to Cu+ which produces a purple 

coloured reaction product that can be measured by reading the absorbance at 562nm.

2.8 IL-6 ELISA

Analysis of IL-6 levels in FLS media was quantified using a matched pair IL-6 enzyme 

linked immunosorbent assay (ELISA) Duo set kit (R&D Systems). Manufacturer's 

instructions were followed and all incubations were carried out at room temperature. 

Briefly, the 96 multiwell plate (ICN Biomedicals Inc.) was coated with lOOpl (2pg/ml) 

capture antibody (mouse anti-human IL-6 in PBS) overnight. The plate was washed three 

times with 300pl wash buffer (0.05% Tween 20 in PBS pH 7.4) and blocked with 300pl 

blocking solution (1% bovine serum albumin. 5% sucrose and 0.05% Sodium nitrite in 

PBS) for one hour. The wells were washed three times with 300pl wash buffer and
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lOOpl of FLS media or standards was added and incubated for 2 hours. The wells were 

washed three times with 300jnl wash buffer and 100 pi of the biotinylated detection 

antibody (200ng/ml, goat anti-human IL-6) was added for 2 hours. The wells were 

washed three times as before and lOOpl of streptavidin HRP (R&D Systems) was added 

to each well for 20 min. The wells were washed three times with 300pl wash buffer and 

lOOpl substrate solution (a 1:1 mixture of hydrogen peroxide and Tetramethylbenzidine) 

was added to each well for 20 min away from direct light. The reaction was stopped with 

50pl IN sulphuric acid and the absorbance read at 450nm (Multiskan plate reader, 

Anthos 2001 series). A standard dilution curve of logio Absorbance v logio concentration 

was used to determine the concentration of IL-6 in the sample media. The term 

‘production of IL-6’ used throughout this thesis is defined as the IL-6 released and 

measured in FLS media.

2.9 Zymography

2.9.1 Analysis of MMP levels using gelatin zymography

The media collected from the RA FLS was mixed with an equal volume of 2x sample 

buffer (0.06M Tris/HCl pH 6.8, 2% (w/v) SDS, 10% (w/v) glycerol, 2mg/ml 

Bromophenol blue in distilled H2O [dH20]). lOpl of the samples were run on 

polyacrylamide gels: 7.5% resolving gel and 4% stacking gel (see table 2.6 for 

components). The gels were resolved for approximately 90 min at lOOv in lx Laemmli 

buffer (0.1% w/v SDS, 25mM Tris and 195mM glycine) (Laemmli, 1970) and placed 

overnight at 37°C in MMP proteolysis buffer (50mM Tris, pH 7.8, 50mM CaCb and 

0.5M NaCl) to activate MMP proforms. Gels were stained with Coomassie Brilliant Blue 

(2.5g Coomassie Brilliant Blue, 100ml concentrated acetic acid, 450ml methanol in 

450ml water) for 30 minutes and destained (100ml methanol, 75ml concentrated acetic 

acid in 825ml water) until lysis bands could be seen. Relative quantities of MMPs were 

quantified by comparison to a standard (conditioned media) and analysed by scanning 

densitometry (UMAX magic scan) and NIH image software (National Institutes of 

Health, Bethesda, MD). The term ‘production of MMPs’ used throughout this thesis is 

defined as the MMPs released and measured in FLS media.
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Table 2.6 Components of gels for gelatin zymography

Components of gel 7.5% resolving gel 4% stacking gel

40% bis-acrylamide 2.72ml 575pl

1M Tris/HCl pH8.8 3.63ml -

1M Tris/HCl pH6.8 - 1.3ml

10% (w/v) SDS lOOpl 50pl

10% (w/v) APS 75jol 37pl

TEMED 15pl 7.5pl

7.5mg/ml Gelatin 1ml -

dH20 6.16ml 4.075ml

2.9.2 Reverse zymography

Media collected from FLS was mixed with an equal volume of 2X sample buffer and 

resolved on 10% gelatin zymography gels as above (see table 2.7 for components), 

incorporated with conditioned media (1ml per gel) containing active MMP2/9. Reverse 

zymograms were visualised in the same way as gelatin zymograms (section 2.9.1). The 

term ‘production of TIMPs’ used throughout this thesis is defined as the TIMPs released 

and measured in FLS media.

Table 2.7 Components of gels for reverse zymography

Components of gel 12.5% resolving gel 4% stacking gel

40% bis-acrylamide 4.53ml 575pl

1M Tris/HCl pH8.8 3.63ml -

1M Tris/HCl pH6.8 - 1.3ml

10% (w/v) SDS lOOpl 50pl

10% (w/v) APS 75(ol 37pl

TEMED 15pl 7.5fol

Conditioned media 2ml -

7.5mg/ml Gelatin 1ml -

dH20 3.35ml 4.075ml
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2.9.3 Conditioned media used as standards and as source of gelatinase activity in 

reverse zymography.

This media was prepared from a bovine skin fibroblast cell line (BOVS-1) and was tested 

for gelatinase activity prior to incorporation into reverse zymograms. Conditioned media 

was also used as a standard on gelatin and reverse zymograms.

2.10 Fluorescent measurement of intracellular calcium

Confluent RA FLS (approximately 1.5 x 105 cells) in a 60mm petri dish (Coming ltd.) 

were incubated for 60-90 minutes at 37°C with 5pM fluo-4 AM (Molecular Probes, 

Eugene, OR, USA). All experiments were performed in 2ml of buffer (120mM NaCl, 

16mM NaHC03, 2mM KC1, 1.25mM KH2P04, ImM or 0 MgS04 and 2mM CaCl2) 

perfused with 95% 0 2 and 5% C 02, at room temperature. Buffer containing equimolar 

amounts of CaCl2 instead of MgS04 was used for experiments carried out in the absence 

of Mg . Following a recording period, to measure background activity ImM glutamate, 

400pM TBOA, ImM NMD A, lOOpM Thimerosal or ImM kainate was pipetted onto the 

cells in a 2ml volume, therefore the final concentration of these treatments being 500pM, 

200pM, 500pM, 50jiM and 500pM respectively. Background activity was measured by 

observing RA FLS prior to addition of stimulant to see if [Ca ]i fluxes occurred 

randomly. No random [Ca2+]i fluxes occurred during these experimental periods 

therefore all [Ca ]i changes subsequent to stimulation are considered to be effected by 

stimulation.

2.10.1 Confocal fluorescence imaging

The recording chamber and manipulators were mounted on a moveable top plate platform 

(MP MTP-01; Scientifica, Harpenden, UK). Fluorescence was measured using a Noran 

Odyssey confocal unit (Thermo Noran, USA) fitted to a Nikon E600FN (Nikon, 

Kingston, UK) upright microscope. Wholefield images were acquired every 3 or 5 

seconds with a x40 objective lens. Acquisition and image analysis were performed using 

Noran Intervision software and fluorescence intensity data values were imported into 

Excel for change in % fluorescence plot production.
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2.11 Glutamate uptake assay

Confluent RA FLS (patient 7, passage 7) in 8-well chamber slides were cultured as 

described in section 2.5.2. RA FLS were serum starved for 24 hours prior to incubation 

with 250pl 14C-labelled glutamate (the specific activities for each glutamate 

concentration are shown in table 2.8) for approximately 30 minutes at room temperature. 

Glutamate uptake was terminated by washing cultures 3 times in ice-cold PBS. Cells 

were dissolved in 500pl 2% SDS and half were used for scintillation counting (section 

2 . 11. 1).

In some experiments (as stated in experimental chapter) net glutamate uptake was 

determined by subtracting the amount of glutamate bound to RA FLS after 0 time from 

uptake after 30 minutes. It was assumed that binding of glutamate to cell surface 

receptors and transporters would occur immediately and contribute to final measurements 

of radioactivity. Therefore duplicate experiments were set up whereby the 14C-labelled 

glutamate was pipetted onto the cell layer and immediately aspirated. Not all 

experiments took bound glutamate into account, therefore in this case only total uptake 

after 30 minutes was measured.

Table 2.8: Specific activity of each labelled glutamate concentration used in the 

radioactive glutamate uptake assay

Glutamate concentration (|iM) Specific activity

0 (only 14C-labelled glutamate added) 45mCi/mmol

5 45mCi/mmol

150 22.5mCi/mmol

300 22.5mCi/mmol

500 9mCi/mmol

2.11.1 Scintillation counting

250pl of FLS extract in 2% SDS were aliquoted into scintillation vials and 10ml 

scintillant (Emulsifier Safe ™, Perkin Elmer) added. Each sample was counted for 15 

minutes on an LS6500 Multi-purpose scintillation counter (Beckman Coulter).
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2.12 Cytotoxicity Assay

To confirm that responses to treatments in FLS were real and not due to cell death a 

cytotoxicity assay was carried out following manufacturers’ instructions (Cytotox 96, 

non-radioactive cytotoxicity assay, Promega). Lactate dehydrogenase (LDH) activity is 

quantified because it is a stable cytosolic enzyme, which upon cell lysis is released. 

Briefly, triplicate wells of 50pl of media on a 96-well plate were measured and the LDH 

produced by the cells was used to convert 50pl substrate mix (NAD+ and lactate) to 

pyruvate and NADH. The NADH produced after incubation in the dark for 30min was 

used to convert INT (a tetrazolium salt) by the enzyme diaphorase to NAD+ and 

formazan. The colour change due to formazan production is measured using a 

spectrophotometer at 492nm. Serum free media was used as a blank control and the 

absorbance reading of this media subtracted from all other readings. Absorbance 

readings were compared to the absorbance reading of 100% lysis of duplicate cultures 

treated the same. 2% SDS was added to cells to initiate 100% cell lysis. The level of cell 

death was considered insignificant if death caused by treatments compared to control (no 

inhibitor) was lower than 5% of total cell death caused by 2% SDS.

2.13 Statistics

Statistical analysis was carried out using Minitab 13.32 (Minitab Inc., RA, USA) 

statistics package. Data was tested for normality and equal variance, before significant 

differences between data points were determined using a student t test. Data that was not 

normally distributed and/or demonstrated equal variance were logarithmically 

transformed. If the number of control samples were equal to the number of experimental 

samples a paired t-test was used, otherwise an unpaired 2-sample t-test was used.
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Chapter 3 Expression of glutamate receptors and transporters in cells and 
tissues of the synovial joint

3.1 Introduction
Glutamate receptors and transporters were initially studied as entities solely found 
within the central nervous system (CNS) however it is now well accepted that 
glutamate plays a role in signalling outside of the CNS. The initial discovery of the 
upregulation of GLAST-1 in bone (Mason et al. 1997) was the first indication of 
glutamate functioning in cells of the synovial joint.

Expression of four excitatory amino acid glutamate transporters and the three types of 
glutamate receptor was determined in cells of the synovial joint. Reports of 
glutamate receptor expression in tissues outside of the nervous system were used to 
decide which receptors and receptor subunits to explore (see section 1.6.4). 
Expression of the metabotropic glutamate receptor mGluR4 mRNA has previously 
been shown to be expressed in osteoblasts in vitro (Hinoi et al. 2001) so this was 

chosen to illustrate expression of metabotropic receptors within the synovial joint. 
Likewise, expression of the AMPA glutamate receptor subunits AMPAGluR2 
[protein in cultured pancreatic islet cells (Weaver et al. 1996)], AMPAGluR3 [mRNA 
in osteoblasts (Hinoi et al. 2002) and protein in cultured pancreatic islet cells (Weaver 

et al. 1996)] and the kainate receptor KA1 [mRNA in osteoblasts (Hinoi et al 2002) 
and protein in spermatids (Hayashi et al. 2003)] were used as an example of 

expression of these receptor types within the synovial joint. Only expression of the 
NR1 subunit of the NMD A receptor subunits was determined because it is required 
for all functional forms of NMDA receptors and all other NMDA receptor subunits 
are regulatory. NMDA NR1 has also been shown to be expressed in non-CNS tissues 
including bone. Section 1.6.4 provides a comprehensive overview of all glutamate 
transporter and receptor expression outside of the CNS. Expression of all of the 

EAATs was explored except EAAT5 because to date, expression of this transporter 
has only been shown in the retina.

The elevation of glutamate levels in the synovial fluid of RA patients (326pM) 

compared to that from normal patients (6pM), and the fact that glutamate levels
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become elevated in rat synovial joints upon injection of an adjuvant, suggest that it 
may play a role in inflammation, degradation or even protection of the synovial joint. 
This study therefore determines which cells of the synovial joint have the ability to 
respond to glutamate by using RT-PCR, immunohistochemistry and Western blotting 
to look for expression of glutamate receptors and transporters.

3.2 Methods
Various tissues of the rat knee joint (see figure 1.1, chapter 1, for diagram of the 
human knee joint), human RA and normal FLS, and bovine chondrocytes (cultured as 
in section 2.5) were subjected to RNA extraction and RT-PCR (sections 2.2, 2.3 and 
2.4). The rat tissues analysed were patella, fat pad, menisci, collateral ligaments and 
cruciate ligaments. However expression of glutamate signalling components could 

not be determined in the collateral and cruciate ligaments due to insufficient amounts 
of RNA being obtained for RT-PCR analysis. Rat tissues were dissected from 3 to 6 
month old rats, snap frozen in liquid nitrogen and RNA extracted after 

homogenisation in 1ml Trizol® reagent (see section 2.1). Bovine chondrocyte and 

FLS RNA (RA: patient 2, passage5; Normal: patient 4, passage 7) were also obtained 

through the Trizol® method of extraction (see section 2.2). Expression of glutamate 

receptors and transporters was also determined in human OA cartilage cDNA (kindly 
donated by Samantha Hurst, Cardiff University) and in a human chondrocyte cDNA 
library (Clontech). The library had been generated from pooled mRNAs extracted 

from unstimulated, E L - l p  stimulated and TGFp stimulated human adult, knee primary 

chondrocytes.

RT-PCR was carried out on all tissue and cell samples collected to determine mRNA 
expression of glutamate receptors/receptor subunits (mGluR4, AMPAGluR2 and 3, 
NMDA NR1 and KA1) and transporters (EAATsl-4). All cDNA samples used tested 
positive for P-actin PCR, thus confirming cDNA integrity (Figure 3.1 shows 
representative P-actin amplicons from rat menisci cDNA separated on an agarose 
gel). Rat brain cDNA was used as a positive control for all primers able to amplify 
rat sequences. For the PCR amplification of EAAT 4, rat retina cDNA (a kind gift 

from Dr. David Carter, Cardiff University) was used as a positive control. It should 
be noted that RT-PCR products less than lOObp are caused by primer dimers.
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1 2  3 4

p-Actin
592bp

Key:
1- lOObp DNA ladder
2- Rat menisci cDNA
3- p-actin plasmid (positive)
4- water (negative)

Figure 3.1 Image of agarose gel 
showing RT-PCR product 
demonstrating mRNA expression of 
p-actin in rat menisci. This 
confirmed cDNA integrity and is 
representative of all cDNA samples. 
See appendix 3 for full gel.
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Products from primers that had been newly designed were sequenced to confirm that 
the correct sequence was being amplified (see section 2.4.3).

Immunohistochemistry (section 2.6) and Western blotting (section 2.7) were also 
utilised to determine protein expression of EAAT1 in FLS.

3.3 Results
Products of primers that had been designed specifically for this project and had 
therefore not been used before were sequenced. Sequence data was entered into a 
blast search (www.ncbi.nlm.nih.gov/BLAST) and homology to published sequence 
determined. NMDA NR1 (95%/98% homology, appendix 28), mGluR4 (100% 
homology, appendix 29), AMPAGluR2 (100% homology, appendix 30) and 
AMPAGluR3 (partial sequence showed 100% homology, appendix 31) primers were 
thus confirmed to amplify the correct sequence.

3.3.1 Expression of glutamate receptors/transporters in the rat patella
RT-PCR confirmed that the rat patella expressed GLAST-1, GLAST-la, GLT1 and 
EAAC1 (EAATs 1, la, 2 and 3) (Figure 3.2 panels A, B, C and D respectively). 
EAAT 4 was not expressed in the rat patella however EAAT 4 has never been shown 
to be expressed outside of the CNS. All receptors/receptor subunits determined 
(NMDA NR1, mGluR4, KA1, AMPAGluR2 and AMPAGluR3) were expressed in 
the rat patella (figures 3.2 panels E to I). All patella cDNA used tested positive for P- 
actin mRNA expression.

3.3.2 Expression of glutamate signalling receptors and transporters in the rat 
menisci
GLAST-1 (EAAT1) and its splice variant GLAST-la are the only glutamate 
transporters expressed in the meniscus (figures 3.3 panels A and B). GLT1, EAAC1 
(EAATs 2 and 3) and EAAT4 were not expressed in the rat menisci. The NMDA 
NR1 subunit was not expressed in the rat menisci therefore no functional NMDA 
NR1 receptors are present in this tissue. The KA1 receptor subunit was not expressed 
in the menisci. AMPAGluR2 and AMPAGluR3 were both expressed (figures 3.3 
panels D and E respectively) in the rat menisci as well as the metabotropic receptor
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mGluR4 (figure 3.3 panel C). p-actin mRNA expression confirmed cDNA integrity 
(see figure 3.1).

3.3.3 Expression of glutamate signalling apparatus in the rat fat pad
EAAT1, la, 2 and 3 (GLAST-1, GLAST-la, GLT-1 and EAAC1 respectively) 
glutamate transporter mRNAs were all expressed in the rat fat pad (figures 3.4 panels 
A to D). The CNS specific transporter EAAT4 was not expressed in the fat pad. No 
expression of the NMDA (NR1 subunit) could be detected; therefore no functional 
NMDA receptors are present in the rat fat pad because NR1 is required for a 
functioning NMDA receptor. mGluR4 mRNA could not be detected either in the rat 
fat pad. Kainate (KA1) and AMPA (GluR2 and GluR3) receptor subunit mRNAs 
were expressed in the rat fat pad (figures 3.4 panels E to G). All fat pad cDNA 
samples tested positive for p-actin mRNA expression.
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A GL AST 1 
348bp 

(appendix 4)

B GL AST 1 a 
210bp 

(appendix 5)

CGLT-1 
219bp 

(appendix 6)

DEAAC1 
443bp 

(appendix 7)

E NMDANR1 
151bp 

(appendix 8)

Key:
1- lOObp ladder
2- rat patella 
cDNA
3- rat brain 
cDNA 
(positive)
4- -ve control

F mGluR4 
153 bp 

(appendix 9)

GKA1 
247bp 

(appendix 10)

HAMPA 
GluR2 152bp 
(appendix 11)

I AMPAGluR3 
151 bp 

(appendix 12)

Figure 3.2 Images of agarose gels showing RT-PCR products demonstrating mRNA 
expression of glutamate signalling components in the rat patella. Products less than 
lOObp are caused by primer dimers. The full picture of each gel can be seen in the 
appendix indicated.
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AGLAST1 
348bp 

(appendix 13)

Kev:
1- lOObp ladder
2- Rat menisci cDNA
3- rat brain cDNA 
(positive)
4- water (negative)

B GL AST 1 a 
210bp 

(appendix 5)

D AMPAGiuR2 
152bp 

(appendix 11)

C mGluR4 153bp
(PCR carried out by 

Viknesh Savanathan) 
(appendix 9)

E AMPAGluR3 
151 bp 

(appendix 14)

Figure 3 J  Images of agarose gels showing RT-PCR products demonstrating mRNA 
expression of glutamate signalling components m rat menisci Products less than lOObp 
are caused by primer dimers. The full gel picture can be seen in the appendix indicated.
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1 2 3 4  1 2 3 4  1 2 3 4  1 2 3 4

A GL AST 1 B GLASTla CGLT-1 DEAAC1
348bp 210bp 219bp 443bp

(appendix 15) (appendix 5) (appendix 6) (appendix 8)

1 2 3 4  1 2 3 4  1 2 3 4

Key:
1- lOObp ladder
2- Rat fat pad 
cDNA
3- rat brain cDNA 
(positive)
4- water (negative)

E KA1 F AMPAGiuR2 G AMPAGluR3
247bp 152bp 151 bp

(appendix 10) (appendix 11) (appendix 14)

Figure 3.4 Images of agarose gels showing RT-PCR products demonstrating mRNA 
expression of glutamate signalling components in the rat fat pad. Products less than 
lOObp are caused by primer dimers. The full gel picture can be seen in the appendix 
indicated.
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3.3.4 Expression of glutamate signalling apparatus in bovine chondrocytes
Glutamate transporters (EAAT1, GLASTla and 2) were the only mRNAs expressed 

in bovine chondrocytes (figures 3.5 A to C) despite EAAT3 and EAAT4 being tested. 
This may be due to the primers not recognising bovine sequence for the other 
glutamate transporters and receptors. Primers could not be designed specifically 
because the bovine sequence for these receptors and transporters are unknown. All 
bovine chondrocyte cDNA used tested positive for P-actin mRNA expression.

3.3.5 Expression of glutamate signalling apparatus in human, knee, OA cartilage
EAAT3 was the only glutamate transporter mRNA found to be expressed in OA 
cartilage (figure 3.6 panel A), EAAT1 and 2 were not expressed. The expression of 
EAAT4 and the human equivalent of GLASTla could not be determined due to the 
primers used being rat species specific. Only AMPA glutamate receptor subunit 
mRNA expression (AMPAGluR2 and 3) was detected in OA cartilage (figures 3.6 
panels B and C). NMDA NR1, KA1 and mGluR4 mRNAs were not expressed. All 
OA cartilage cDNA used tested positive for p-actin mRNA expression.

3.3.6 Expression of glutamate signalling apparatus in a human chondrocyte 
library
The human chondrocyte library was generated from mRNA extracted from 

unstimulated, IL-lp stimulated and TGFp stimulated adult, knee primary 

chondrocytes. Therefore a positive RT-PCR result only indicates the ability of these 
cells to express glutamate signalling components. Clones encoding the glutamate 
transporters, EAAT2 and EAAT3 mRNA were detected in the human chondrocyte 
cDNA library (figure 3.7 panels A and B) indicating that human chondrocytes have 
the ability to express these glutamate signalling components. Clones encoding 
EAAT1 were not detected. Expression of EAAT4 and EAAT la was not determined 
due to the primers being rat species specific. The ability of chondrocytes to express 
mRNAs for the metabotropic glutamate receptor mGluR4 and the AMPA glutamate 
receptor subunit AMPAGluR3 has been shown in the human chondrocyte library 
(figure 3.7 panels C and D). Clones encoding NMDA NR1, KA1 and AMPAGluR2 
were not detected in the human chondrocyte library.



Chapter 3

1 2 3 1 2  3 4

A GL AST 1 
348bp 

(appendix 4)

B GLASTla 
210bp 

(appendix 5)

CEAAT2 
423bp 

(appendix 16)

Key:
1- lOObp ladder
2- bovine chondrocyte cDNA
3- rat brain cDNA (positive) (human chondrocyte library in figure c)
4- water (negative)

Figure 3.5 Images of agarose gels showing RT-PCR products demonstrating mRNA 
expression of glutamate signalling components in bovine chondrocytes. Products less 
than lOObp are caused by primer dimers. The full picture of these gels can be seen in the 
appendix indicated.
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AEAAT3 
457bp 

(appendix 17)

B AMPAGluR2 
152bp 

(appendix 18)

C AMPAGluR3 
15 lbp 

(appendix 19)

Kev:
1- lOObp ladder
2- Human OA cartilage cDNA
3-rat brain cDNA (positive)
4- water (negative)

Figure 3.6 Images of agarose gels showing RT-PCR products demonstrating mRNA 
expression of glutamate signalling components in human OA cartilage. Products less 
than 1 OObp are caused by primer dimers. The full picture of these gels can be seen in the 
indicated appendix.
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K - - *
1 2 4

I
<9*

A EAAT2 B EAAT3 C mGluR4 D AMPAGluR3 
385bp 457bp 153bp 151bp

(appendix 16) (appendix 17) PCR carried out (appendix 21)
Viknesh Savanathan

(appendix 20)

Kev:
1- lOObp ladder
2- Human chondrocyte library cDNA
3- rat brain cDNA (positive)
4- water (negative)

Figure 3.7 Images of agarose gels showing RT-PCR products demonstrating mRNA 
expression of glutamate signalling components by a human chondrocyte library. 
Products less than 1 OObp are caused by primer dimers. The full picture of each gel can be 
seen in the indicated appendix.
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3.3.7 Expression of glutamate signalling apparatus in human FLS
RT-PCR confirmed that human RA FLS expressed the glutamate transporters EAAT1 
and EAAT3 (figures 3.8 panels A and B) but not EAAT 2. Normal, human FLS also 
expressed the glutamate transporters: EAAT1 and EAAT 3 (figures 3.9 panel A and 
C) but unlike RA FLS also expressed EAAT2 (figure 3.9 panel B). Expression of 
EAAT4 and EAAT la was not determined due to the primers used being rat species 

specific.

RA FLS expressed mRNA for the glutamate receptor subunits NMDA NR1 and KA1 
(figures 3.8 panels C and D). The NMDA NR1 subunit mRNA was also shown to be 
expressed in normal FLS (figure 3.9 panel D). In addition normal FLS also expressed 
the metabotropic glutamate receptor, mGluR4 mRNA (figure 3.9 panel E) but did not 
express the KA1 receptor subunit. Neither RA FLS nor normal FLS expressed the 
AMPAGluR2 and 3 subunits. All FLS cDNA used tested positive for p-actin mRNA 

expression (figure 3.10).

3.3.7.1 Protein expression of GLAST in fibroblast-like synoviocytes
Optimisation of the polyclonal anti-GLAST antibody used for these studies is 

discussed in section 2.6.4 in the materials and methods chapter. Untreated RA FLS 
(patient 5, passage 7), cultured (as described in section 2.5.2) on 8-well chamber 

slides were methanol fixed (as described in section 2.6.1) and protein expression of 
GLAST determined using a polyclonal anti-GLAST antibody (described in section 
2.6.2).

3.3.7.1.1 Characterisation of the polyclonal antibody to GLAST for 
immunohistochemistry
Control tests were performed with the polyclonal GLAST antibody to confirm that 
interactions were specific. The controls were:

1. Primary negative. To confirm that interactions were not due to non-specific 
binding of the secondary antibody incubations were performed in the absence of the 
anti-GLAST primary antibody. This control was carried out with every 
immunostaining experiment and revealed no non-specific secondary binding (figure 
3.11, panel A).
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AEAAT1 
(GLAST 1) 

348bp 
(appendix 4)

BEAAT3 
457bp 

(appendix 22)

CNMDANR1 
151 bp 

(appendix 23)

DKA1 
247bp 

(appendix 24)

Key:
1- lOObp ladder
2- RA FLS cDNA
3- rat brain cDNA (positive)
4- water (negative)

Figure 3.8 Images of agarose gels showing RT-PCR products demonstrating mRNA 
expression of glutamate signalling components in RA FLS. Products less than lOObp are 
caused by primer dimers. The full gel pictures can be seen in the appendix indicated.
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A EAAT1 
(GLAST 1) 

348bp 
(appendix 4)

BEAAT2 
385bp 

(appendix 25)

1 2  3 -

Kev:
1 - lOObp ladder
2- Normal FLS cDNA
3- rat brain cDNA 
(positive)
4- water (negative)

D NMDA NR I 
151 bp 

(appendix 26)

CEAAT3 
457bp 

I appendix 22)

1 2  3 4

E m duR4 
153bp 

(appendix 27)

Figure 3.9 Images o f agarose gels showing RT-PCR products demonstrating mRNA 
expression of glutamate signalling components in normal FLS. Products less than lOObp 
are caused by primer dimers. The full gel picture can be seen in the appendix indicated.
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Figure 3.10 Images of agarose gels showing RT-PCR products demonstrating mRNA 
expression of P-actin in normal and RA FLS.

1 2 3 4 5 6 7 8

Kev:
1 - lOObp ladder
2- RA FLS cDNA
3- RA FLS cDNA
4- Normal FLS cDNA
5- Normal FLS cDNA
6- rat brain cDNA (positive)
7- P-actin plasmid (positive)
8- water (negative)

p-Actin
592bp

102



Chapter 3

2. Blocking anti-GLAST binding with the peptide that the antibody was raised 
against. Different concentrations of the N-term peptide of GLAST-1 were used in 
incubations with the primary antibody to confirm that the GLAST antibody was 
specifically binding to GLAST protein (Figure 3.11 panels B to D). A significant 
reduction in staining was observed in the presence of lOOpg/ml peptide compared to 
cells incubated with anti GLAST in the absence of the GLAST peptide (figure 3.11, 
panel E).

3. Blocking with non-immune rabbit serum. To further confirm that the primary 
antibody was specifically binding to GLAST cells were incubated with non-immune 

rabbit serum rather than polyclonal anti GLAST antibody (Figure 3.12). A significant 
reduction in fluorescence was observed in the presence of non-immune rabbit serum 
confirming that the polyclonal GLAST antibody binds specifically.

3.3.7.1.2 Immunohistochemistry showing protein expression of GLAST in 
synoviocytes
The immunohistochemistry control tests described above (section 3.2.2.1) confirmed 
that GLAST protein is expressed in RA FLS and appears to be localised to the 
cytoplasm or plasma membrane (figure 3.12, panel C).

3.3.7.2 Western blotting showing protein expression of GLAST in FLS
Western blotting (according to section 2.7) confirmed the presence of GLAST protein 
in protein extracts from human RA FLS (patient 7, passage 7). Protein extracted from 
rat brain was used as a positive control. The 69kDa monomer of GLAST-1 was the 
only form present in RA FLS (figure 3.13); higher molecular weight primary specific 
bands in the rat brain extract identified represent multimeric forms of GLAST protein 
described previously (Haugeto et al. 1996, Huggett et al. 2000). The 54.4kDa 
GLAST-la splice variant was not detected in RA FLS. This was not tested in NFLS.
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Figure 3.11 Blocking interaction of the GLAST antibody and GLAST in RA FLS with 
GLAST peptide to confirm specificity of polyclonal anti-GLAST primary antibody 
(measure bar corresponds to 100pm). The red is propidium iodide counter-staining of the 
nuclei. The green is FITC-labelled EAAT1.

A. Primary negative B. 1/100 Primary and lpg/ml peptide

C. 1/100 Primary and lOpg/ml peptide D. 1/100 Primary and lOOpg/ml peptide

E. 1/100 Primary (GLAST peptide not present)
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Figure 3.12 To confirm specific interaction of the primary polyclonal anti-GLAST 
antibody, non-immune rabbit serum was used instead of the anti-GLAST antibody in RA 
FLS (measure bar corresponds to 100pm). The red is propidium iodide counter-staining 
of the nucleii. The green is FITC-labelled EAAT1.

B. non-immune rabbit serumA. Primary negative

C. 1/100 primary antibody
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Figure 3.13 Expression of EAAT1 protein in RA FLS as shown by Western blotting

Western blot of protein extracts from human RA FLS (patient 7, passage 7). The 69kDa 
monomer of EAAT1 expressed in RA FLS is indicated by an arrow, higher molecular 
weight primary specific bands in the rat brain extract represent multimeric forms of 
GLAST proteins. The 54.4kDa GLAST-la variant was not detected in these cells. (For 
full picture of this blot see figure 5.5).

180kDa

75kDa
50kDaGLAST

25kDa

Key:
1-FLS extract
2- FLS extract
3- FLS extract
4- Rat brain extract
5- Biorad prestained 
molecular weight 
marker
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3.4 Discussion
Table 3.1 shows a summary of glutamate signalling apparatus expression in the cells 

and tissues of the synovial joint. Glutamate transporter and receptor mRNA has been 
shown to be expressed in tissues and specific cells of the synovial joint thus 
indicating that the necessary machinery for glutamate signalling is present and hence 
that these cells have the ability to respond to extracellular glutamate within the 

synovial joint.

RT-PCR revealed that the rat patella expressed mRNA for GLAST-1, la, GLT1, 
EAAC1 (EAATs 1-3) and all of the receptors investigated. This tissue is however 
multicellular, primarily consisting of bone but also contains cartilage, blood vessels, 
nerves and lymph vessels, thus the exact cell type producing the glutamate signalling 
components cannot be ascertained. It is likely that the glutamate transporter mRNA 
is being expressed by bone cells or by the chondrocytes because this present study has 
shown mRNA expression of EAATs 1, la (GLASTla), 2, 3 mGluR4, AMPAGluR2 
and AMPAGluR3 in cartilage and chondrocytes and other studies have demonstrated 

expression in bone cells (see section 1.6.4.1).

The glutamate transporters GLAST-1, la, GLT1 and EAAC1 (EAATsl-3) were all 
expressed in the rat fat pad. AMPA and KA receptor subunit types were also 

expressed in the rat fat pad. This tissue consists of vascularised adipocyte tissue so 
does not consist of one cell type. Sensory nerves are also found within adipose tissue, 

therefore the glutamate receptors shown to be expressed in this tissue may originate 
from the peripheral nervous system.

Only GLAST 1 and la (EAAT1) were expressed in the rat menisci. The mRNA from 
this tissue is likely to be from a pure population of cells due to the menisci not being 
an innervated tissue and having only 10-30% peripheral vacularisation. The cells of 
the menisci are fibrochondrocytes because they produce a fibrocartilage matrix and 
yet resemble chondrocytes (Dudhia, J et al. 2004). Thus, it is likely to be these cells 
that are producing the glutamate transporter and receptor mRNA. Both AMPAGluR2 
and AMPAGluR3 mRNA were expressed by the rat menisci; in addition, expression 
of the metabotropic glutamate receptor, mGluR4, was also demonstrated. This is the
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first observation of expression of these glutamate receptors and transporters in 
fibrochondrocytes.

Bovine chondrocytes, a pure population of cells, demonstrated expression of EAAT 1, 
la and 2 mRNA which is also a novel observation. Thus, these cells have the ability 
to regulate extracellular and intracellular glutamate levels. Expression of the other 
glutamate transporters and receptors could not be determined due to the bovine 
sequences being unknown. Despite testing primers designed to both human and rat 
sequences, a negative result was obtained. However, this does not prove that these 
glutamate signalling components are not present in bovine chondrocytes due to the 

possibility that the primers are species specific.

The human knee OA cartilage is likely to be without nerves and therefore an almost 
pure population of chondrocyte cells, however because it is from an OA patient it 
may have vascularisation. The only glutamate transporter expressed in human OA 
cartilage was EAAT3, however EAAT4 was not determined due to the primers not 
cross-reacting with human sequence. However it is unlikely that EAAT4 would be 
expressed in this tissue because to date expression of this transporter has been 
restricted to localised areas of the CNS. OA cartilage has the ability to respond to 
extracellular glutamate because mRNA expression of both AMPAGluR2 and 3 
subunits were detected.

Expression of EAAT2 and EAAT3 clones were detected in the human chondrocyte 
library. In addition expression of clones for the mGluR4 metabotropic receptor and 
the AMPAGluR3 subunit were detected. The human chondrocyte library consisted of 
approximately 3-6 x 105 clones which corresponds to the number of genes expressed 
by a chondrocyte at any one time so it is likely that all genes were represented within 
the library. However because the library was generated from mRNA extracted from 
pooled (unstimulated, IL-lp stimulated and TGF-pl stimulated) primary 
chondrocytes the expression of these glutamate signalling components detected in this 
study does not mean that human chondrocytes express these normally in vivo. It 
merely demonstrates the ability of these cells to express mRNA for these 
components.

108



Chapter 3

Both normal and RA FLS showed a similar complement of glutamate signalling 
components. Both expressed EAAT1 and EAAT3, however only normal FLS 
expressed EAAT2. This demonstrates a difference in the ability of these cells to 
regulate glutamate levels within the synovial joint because the different EAATs have 
various uptake properties. EAAT2 has a higher probability of transporting bound 
glutamate than releasing it compared to EAAT1 in the CNS (Otis and Kavanaugh 
2000). This could influence the elevated levels of glutamate in RA synovial fluid if 
the normal FLS express a transporter more likely to bind and transport glutamate. In 
addition the stoichiometry of uptake and the affinity for glutamate varies between 
transporter subtypes (Danbolt 2001). The presence of EAAT1 mRNA in RA FLS 
was further confirmed by immunohistochemistry and Western blotting (confirmed in 
one patient) which revealed the presence of EAAT1 protein. The apparent 
localisation of the transporter to the plasma membrane demonstrates that it is in the 
necessary location for glutamate transport. Exact localisation of the transporter could 
not be determined, further investigation using confocal microscopy is required. Both 
RA and normal FLS expressed the essential NMD A NR1 subunit, indicating the 
potential for these cells to form functional NMDA receptors. Only the normal FLS 
expressed mGluR4, whereas only the RA FLS expressed KA1. Again this 
demonstrates a difference in how RA and normal FLS have the ability to respond to 
extracellular glutamate and the signalling pathways that extracellular glutamate may 

activate within the FLS. For example, mGluR4 is a G protein which is negatively 
coupled to the cAMP pathway, whereas kainate receptors are ion channels. It is not 
certain that these differences between RA and normal FLS are true for all RA 
patients, however it is true for the patients in this study because cDNA integrity was 
confirmed by demonstrating p-actin mRNA expression. More patients need to be 
tested in order for full conclusions to be drawn.

Expression of the AMPA receptor subunits 2 and 3 was detected in the patella, fat 
pad, menisci and human OA cartilage. A splice variant of the AMPAGluR2 subunit 
controls AMPA receptors permeability to calcium (Egebjerg 2002), thus these tissues 
may therefore have the ability to control calcium permeability via AMPA receptors, 
however the primers used in this study were unable to detect whether this splice 
variant was present.
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Expression of at least one glutamate transporter, EAATsl-3, was detected in all 
tissues and cells investigated, thus these cells and tissues all have the potential ability 
to regulate extracellular glutamate levels. The primers used for EAAT 4 and 
GLASTla were rat specific. EAAT4 was not expressed in the rat tissues. This was 
expected as these transporters have only been reported to be expressed within the 
CNS.

This is the first study to report glutamate receptor and transporter expression in FLS, 
previously only glutamate transporter expression has been reported in epidermal 
fibroblasts (see section 1.6.4.3). Until recently this was also the first observation of 
mRNA expression of glutamate signalling components in cells and tissues of the 
synovial joint other than bone although NMD A NR1 has been shown to lie expressed 
by chondrocytes (Salter et al. 2004). More recently McNeamey et al. inferred 
expression of NMD A and metabtropic glutamate receptors in FLS butdLdlnot specify 

which subunits/types (McNeamey et al. 2004) and EAAT and NMDA MR2 subunit 
mRNA expression has also been reported (Hinoi et al. 2005, Salter et al. 2004) (see 
section 1.6.4.2).

The most interesting result of this study is the difference in glutamate signalling 
component expression between RA and normal FLS, highlighting tie potential 
difference in how FLS may respond to and control extracellular levels of giutamate in 
the normal and diseased state.
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Table 3.1 Summary of mRNA expression of glutamate signalling apparatus in 
cells and tissues of the synovial joint

Rat
patella

Rat
fat

pad

Rat
menisci

Bovine
chondrocytes

Human
RAFLS

Human
OA
cartilage

Human
normal

FLS

Human
chondrocyte

library

GLAST-1 + + + + + - + -

GLAST-la + + + + ND ND ND ND

EAAT2 + + - + - - + +

EAAT3 + + - ND + + + +

EAAT4 - - - ND ND ND ND ND

NMDANR1 + - - ND + - + -

mGluR4 + - + ND - - + +

KA1 + + - ND + - - -

AMPAGluR2 + + + ND - + - -

AMPAGluR3 + + + ND - + - +

Key: + = mRNA expressed
- = mRNA not detected 
ND= Not determined
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Chapter 4 The effect of glutamate on Interleukin 6 production by fibroblast-like 

synoviocytes

4.1 Introduction

Glutamate levels are increased 54 fold in human RA synovial fluid compared to normal 

synovial fluid (McNeamey et al. 2000) and antigen induced arthritis in rats doubles the 

amount of glutamate present in synovial fluid (Lawand et al. 2000). Whilst the responses 

of bone cells to glutamate stimulation have been well characterised (recently reviewed in 

Mason 2004), little is known about how the cartilage and synovium respond. It is unclear 

what effect this increased glutamate will have on FLS phenotype and whether this is 

relevant to the pathogenesis of RA. Recently, it has been reported that glutamate levels 

correlate with levels of specific pro-inflammatory cytokines in RA synovial fluid 

(McNeamey et al. 2004). Furthermore, glutamate treatment of human synoviocytes 

derived from RA patients increased release of TNFa, demonstrating that changes in 

glutamate may contribute to inflammatory processes in RA.

IL-6 (section 1.4.1.1.3) levels are elevated in the synovial tissue and fluid during active 

rheumatoid arthritis (Desgeorges et al. 1997). Anti-IL-6 therapy has shown good 

efficacy in treating RA in clinical trials, thus demonstrating the importance of IL-6 in this 

disease (see section 1.3.4.4). Anti-IL-6 and anti-IL-6 receptor antibodies have been used 

successfully as a therapeutic strategy in RA animal models (Mihara et al. 1991). In 

addition clinical trials have demonstrated evidence for the efficacy of anti-IL-6 receptor 

antibodies for RA (Nishimoto et al. 2004, Choy et al. 2002).

Within the central nervous system (CNS) glutamate has been well studied as a 

neurotransmitter (section 1.6.2) but the effects of glutamate and expression of 

components of the glutamate signalling pathways have not been well characterized in 

other tissues (see chapter 3 for glutamate signalling components expressed in cells and 

tissues of the synovial joint). The effects of glutamate on pro-inflammatory cytokine 

production within the CNS are not well documented. However there are some studies 

into the effects of glutamate on pro-inflammatory cytokines (section 1.6.5.4 and 1.6.5.5).
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These previously published studies link glutamate signalling to pro-inflammatory 

cytokine release and indicate that the increased glutamate in RA patient synovial fluid 

may mediate or prolong the inflammatory responses associated with RA.

Having demonstrated in chapter 3 that FLS express glutamate receptors and transporters, 

and therefore have the ability to respond to extracellular glutamate, the purpose of this 

study was to investigate the role of glutamate signalling on the pro-inflammatory 

phenotype of FLS. To this end the effects of glutamate and inhibitors of glutamate 

receptors and transporters on synoviocyte expression of the pro-inflammatory cytokine 

IL-6 were determined. Because IL-6 has a major role in the pathogenesis of RA, this was 

chosen as an indicator of induction of an inflammatory response by glutamate.

4.2 Methods

4.2.1 Cell culture treatments

To determine the effect of glutamate on human FLS, cells were cultured in DMEM 

(50pM glutamate) as in section 2.5 and lpM, 10pM, lOOpM, 500pM, lOOOpM or 

2000pM glutamate (Sigma Aldrich) added for 15 hours. 15 hours was chosen because it 

was long enough for changes in protein expression to occur. These concentrations of 

glutamate were chosen because the levels of glutamate in normal synovial fluid and 

synovial fluid from RA patients are on average 6pM and 326pM respectively and 

therefore glutamate concentrations around this range were tested. Due to the 50pM 

glutamate present in the culture media experiments less than this concentration could not 

be carried out. Each culture condition was repeated between 3 and 6 times with cells 

derived from the same patient and the same passage (See table 2.4 for patient details). 

After 15 hours at 37°C the media was aspirated from the cell layer and stored at -20°C for 

analysis of IL-6 and LDH (sections 2.8 and 2.12). Statistical analysis was carried out 

using Minitab (see section 2.13). Measurements outside of two standard deviations from 

the mean were considered outliers and removed.
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4.2.2 Glutamate transporter inhibitors

To demonstrate the effects of extracellular glutamate on FLS it is necessary to prevent 

clearance of glutamate via high-affinity transport. Therefore to block glutamate uptake 

by RA FLS cells were cultured as above (section 4.2.1) in the presence of either lOOpM 

DL-f/*ra?-2s-Benzyloxyaspartic acid (TBOA) (TOCRIS), a competitive, non-transportable 

inhibitor of excitatory amino acid transporters (EAATs) 1-5 or lOOpM /raws-Pyrrolidine- 

2,4-dicarboxylic acid (tPDC) (TOCRIS), a competitive transportable inhibitor of EAATs 

1-4 and non-transportable inhibitor or EAAT5. The studies described in chapter 3 

demonstrated that normal FLS express EAAT1, 2 and 3 and RA FLS express EAAT1 and 

EAAT3, therefore these transporters would be inhibited by TBOA and fPDC. The 

inhibitors were added immediately prior to the addition of glutamate. The number of 

glutamate transporters expressed by FLS and their binding affinity for glutamate in FLS 

is unknown therefore the concentration of inhibitor used was based on previously 

published work using these inhibitors (Cooper et al. 1998, Balcar 1992, Waagepetersen et 

al. 2001). After 15 hours at 37°C the media was aspirated from the cell layer and stored 

at -20°C for analysis of IL-6 and LDH (sections 2.8 and 2.12).

4.2.3 Glutamate receptor inhibitors

To explore whether effects of extracellular glutamate are mediated by ionotropic 

glutamate receptors, FLS were cultured in DMEM with various concentrations of 

glutamate (as in section 4.2.2) for 15 hours with ionotropic glutamate receptor 

antagonists. The NMDA receptor inhibitors used were lOOpM MK801 (TOCRIS), a non

competitive NMDA receptor antagonist and lOpM D-(-)-2-Amino-5-phosphonopentanoic 

acid (d-AP5) (TOCRIS), a competitive NMDA receptor antagonist. The non-competitive 

inhibitor 1 -(4’-Aminophenyl)-3,5-dihydro-7,8-dimethoxy-47/-2,3-benzodiazepin-4-one

(CFM-2, 10pM) or the competitive inhibitor 2,3-Dioxo-6-nitro-l,2,3,4-

tetrahydrobenzo[f] quinoxaline-7-sulfonamide (NBQX, 150pM) were used to inhibit 

AMPA and kainate receptors. CFM-2 inhibits AMPA receptors and NBQX inhibits both 

AMPA and KA receptors. Previous studies in osteoblasts and non-CNS tumour cells 

were considered to determine concentrations of receptor antagonists (Chenu et al. 1998, 

Hinoi et al. 2002, Laketic-Ljuobojevic et al. 1999, Rzeski et al. 2002, Genever and
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Skerry 2001). After 15 hours at 37°C the media was aspirated from the cell layer and 

stored at -20°C for analysis of IL-6 and LDH (sections 2.8 and 2.12).

4.3 Results
4.3.1 Cytotoxicity of the glutamate receptor and transporter antagonist treatments

The amount of LDH released into the media by FLS during each 15 hour treatment was 

measured using a cytotoxicity assay (section 2.12). Total cell lysis by treatment with 2% 

SDS of one well of a 6-well plate of FLS seeded at the same density as used in this 

experiment gave an absorbance reading of between 0.9 and 1.1 (n=6, data not shown). 

Thus an absorbance reading of approximately 1 reflects 100% cell death. The 

cytotoxicity results of the controls (50pM glutamate, no antagonist) after 15 hours in this 

experiment produced low absorbance readings within the range of 0.073 -  0.084 (see 

figure 4.1); therefore an average of 8% of the cells in total were dying during culture. 

Treatment with tPDC, TBOA, (figure 4.1a) dAP5, MK801 (figure 4.1b) CFM2 and 

NBQX (figure 4.1c) and up to 2000pM glutamate (over and above the 50pM glutamate 

present in the media) produced absorbance readings ranging 0.07 to 0.11 (7-11% of cells 

dying). Treatments therefore changed cell number by a maximum of approximately 4% 

(n=l well, triplicate measurements taken) compared to the control (50pM glutamate, no 

inhibitor added) therefore none of these treatments greatly influence cell number.

4.3.2 Extracellular glutamate increases the release of IL-6 by human RA 

synoviocytes but not normal synoviocytes

The effect of extracellular glutamate on the levels of the pro-inflammatory cytokine IL-6, 

produced by human primary RA FLS was explored. An increase in IL-6 production was 

observed at increased glutamate concentrations in cells cultured from patient 3 (figure 

4.2a). IL-6 production was significantly increased in the presence of 550jiM (IL-6 

103pg/ml, p=0.005) and 2050pM glutamate (IL-6 = 96pg/ml, p=0.011) compared to the 

RA FLS cultured in 50pM glutamate (IL-6 = 60pg/ml). Increasing extracellular 

glutamate concentration to 150pM did not affect IL-6 release (figure 4.2a). However in 

patient 8 extracellular glutamate 150pM (82pg/ml, p=0.024) and 2050pM (70pg/ml, 

p=0.034) glutamate caused a significant reduction in IL-6 production compared to the
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control (115pg/ml) (figure 4.2c). The constitutive levels (in the presence of 50pM 

glutamate) of IL-6 produced by this cell line were 2 times greater than levels of IL-6 

produced by the cell line derived from patient 3. Thus, extracellular glutamate had 

varying effects on IL-6 production in these 2 patients.

Increasing the passage of the cells also varied IL-6 responses to glutamate. Conversely to 

results at passage 5, patient 3 cells increased IL-6 production at passage 7 (figure 4.2b) 

between 50pM glutamate and 60pM glutamate (p=0.048) and between 550pM glutamate 

and 1050|oM glutamate (p=0.014). However, a decrease in IL-6 production was observed 

in these cells between treatment with 60pM and 550|iM (p=0.036) glutamate and 

between 1050pM and 2050pM glutamate (p=0.017).

Extracellular glutamate had no effect on IL-6 production by RA FLS from patient 2 at 

passage 6 (data not shown). However, constitutive levels of IL-6 produced by cells from 

patient 2 were too low to be detected (data not shown).

The effect of glutamate on IL-6 production was very different in normal synoviocytes, 

which were unresponsive to changes in extracellular glutamate concentration (figure 4.3a 

and b). IL-6 released by normal FLS was very low (4-24pg/ml) compared to that 

released by RA FLS (60-120pg/ml) except for the RA patient number 2 whose levels 

were too low to detect using the IL-6 ELISA.

4.3.3 EAAT inhibitors increase IL-6 release by FLS

To determine whether the high affinity glutamate transporters (EAATs 1-5) have an effect 

on IL-6 production by FLS by altering extracellular glutamate concentration, the 

inhibitors TBOA (lOOpM) or fPDC (lOOpM) were added to the cultures. Transporter 

inhibition by TBOA increased IL-6 released by RA FLS from patient 3, passage 5 

exposed to 50pM (122pg/ml compared to 61pg/ml without TBOA, p=0.012) and 150pM 

(119pg/ml compared to 63pg/ml without TBOA, p=0.034) extracellular glutamate 

treatments (figure 4.4a). At higher concentrations of glutamate (550pM and 205OpM) no 

difference could be observed between TBOA treated cultures and the controls.
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Figure 4.1 Measurement of LDH production by FLS using a cytotoxicity assay 
demonstrating the effects of glutamate and the glutamate transporter and receptor 
antagonists on cell number
(All error bars show SEM and demonstrate error in the triplicate readings of the assay).

a: Treatment of FLS with lOOpM 
rPDC or lOOpM TBOA and up to 
1050pM glutamate changed the total 
cell population by a maximum of 
1%. Therefore these treatments are 
not considered to have a significant 
effect on total cell number (n=l 
well).

b: Treatment of FLS with lOpM 
dAP5 or lOOpM MK801 and up to 
205OpM glutamate changed the total 
cell population by a maximum of 
1%. Therefore these treatments are 
not considered to have a significant 
effect on total cell number (n=l 
well).
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Figure 4.2 The effect of glutamate on the release of IL-6 by RA FLS.

Patient 3: RA, female, aged 62, passage 5
a: Treatment of RA FLS from patient 3, 
passage 5 with 550pM (p=0.005) and 
2050pM (p=0.011) glutamate caused an 
increase in IL-6 production compared to 
IL-6 production at 50jiM glutamate. 
Significant differences are compared to 
the 50|iM control unless otherwise 
indicated by brackets (*:p<0.05, SEM 
error bars, 2-sample t-test used except 
comparison of 550pM and 2050pM 
glutamate to the control where a paired t- 
test was used, n=6, n=3 for 60pM samples 
SEM error bars).

b: Treatment of RA FLS from patient 3, 
passage 7 with 60pM to 205OpM 
glutamate had varying effects on IL-6 
production. An increase in IL-6 
production was seen between 5 OpM and 
60pM glutamate (p=0.048) and between 
550pM and 1050pM glutamate (p=0.014). 
A decrease in IL-6 production was 
observed between treatment with 60 pM 
and 550pM (p=0.036) glutamate and 
between 1050pM and 2050pM glutamate 
(p=0.017) (*: p<0.05, data transformed 
(logio) due to unequal variances prior to 
analysis with a paired t-test, n=6, SEM 
error bars).

c: Treatment of RA FLS from patient 8, 
passage 6 with 150pM (p=0.024) and 
2050pM (p=0.034) glutamate caused a 
decrease in IL-6 production (80pg/ml) 
compared to the level of IL-6 (115pg/ml) 
produced with 5 OpM glutamate. 
Significant differences are compared to 
the 5 OpM control unless otherwise 
indicated by brackets, (paired t test, 
*:p<0.05, n=6, SEM error bars).
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Figure 4.3 The effect of glutamate on the

a: Treatment of normal FLS from 
patient 4, passage 6 with 60jiM to 
205OpM glutamate caused no
significant differences in IL-6 
production compared to the control 
cultures grown in 50pM glutamate 
(paired t-test, n=6, SEM error bars).

b: Treatment of normal FLS from 
patient 4, passage 7 with 60jiM to 
2050pM glutamate caused no 
significant differences in IL-6 
production compared to the control 
cultures grown in 50pM glutamate 
(paired t-test, n=6, SEM error bars).
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The glutamate transporter inhibitors fPDC (competitive, transportable inhibitor) and 

TBOA (competitive, non-transportable inhibitor) also appeared to induce IL-6 production 

by RA FLS from patient 2, passage 6 (figure 4.4b). Levels of IL-6 produced by the 

control RA FLS from patient 2 were too low to be detected (subtraction of the absorbance 

value of the media blank reduced control sample absorbance readings to zero).

Whereas in RA FLS, glutamate transporter inhibition caused an increase in IL-6 

production, TBOA caused a reduction in IL-6 production in normal FLS at 60pM 

(1 lpg/ml compared to 20pg/ml without TBOA, p=0.045), 1050pM (6pg/ml compared to 

18pg/ml without TBOA, p=0.018) and 2050pM (13pg/ml compared to 23pg/ml without 

TBOA, p=0.04) glutamate (figure 4.5). The different constitutive levels of IL-6 in 

normal FLS (20pg/ml) and RA FLS (60pg/ml) and the significant increase in IL-6 release 

by RA cells in response to EAAT inhibitors compared to the decrease in normal FLS, 

strongly indicates an increased sensitivity to glutamate and a difference in glutamate 

signalling in the disease state.

4.3.4 NMDA receptor inhibitors influence IL-6 release by RA and normal 

synoviocytes

To determine whether the effect of increased IL-6 production in the presence of high 

extracellular glutamate was being mediated by NMDA receptor activation, FLS were 

treated with a range of glutamate concentrations in the presence of the NMDA receptor 

antagonists MK801 or D-AP5. NMDA receptor inhibition with the competitive inhibitor 

DAP5 had no effect on RA or normal FLS. The non-competitive inhibitor MK801 

increased IL-6 production by RA FLS (figure 4.6a) only in the presence of 550pM 

glutamate (65pg/ml compared to 44pg/ml without MK801, p=0.031). These cells 

produced constitutively low levels of IL-6. MK801 increased IL-6 production in normal 

FLS in the presence of 50pM (1 lpg/ml compared to 4pg/ml without MK801, p=0.016) 

and 60pM (1 lpg/ml compared to 6pg/ml without MK801, p=0.016) glutamate (figure 

4.6b).
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Figure 4.4 The effect of glutamate and inhibition of glutamate transporters on IL-6
levels of RA FLS

a: The effect of extracellular glutamate concentration (white bars) and TBOA treatment 
(grey bars) on the release of IL-6 by RA FLS from patient 3, passage 5. TBOA treatment 
significantly increased IL-6 release at 50pM (p=0.012, paired t-test) and 150pM 
(p=0.034, 2-sample t-test) glutamate. P-values are derived by comparing IL-6 levels in 
treated and control media at each glutamate concentration (data transformed [logio] prior 
to analysis, *: p<0.05, n=6, SEM error bars).
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b: The effect of extracellular glutamate concentration (white bars, not visible because are 
at zero), /PDC (grey bars) and TBOA treatment (black bars) on the release of IL-6 by RA 
FLS from patient 2, passage 6. rPDC significantly increased IL-6 release between 60pM 
and 1050pM glutamate. TBOA treatment significantly increased IL-6 release at all 
concentrations of glutamate. P-values are derived by comparing IL-6 levels in treated 
and control media at each glutamate concentration (*: p<0.05, n=6, n=3 at 60pM, SEM 
error bars).
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Figure 4.5 The effect of glutamate transporter inhibition on IL-6 production by 
normal FLS

Normal FLS (patient 4, passage 6) treated with 60pM (p=0.045, 2-sample t-test), 
1050pM (p=0.018, paired t-test) and 2050pM (p=0.04, 2-sample t-test) glutamate and 
TBOA showed a decrease in IL-6 production (data were transformed [logio] prior to t-test 
analysis, *:p<0.05, n=6, SEM error bars).
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Figure 4.6 The effect of NMDA receptor inhibition on IL-6 production by 
fibroblast-like synoviocytes
a: Treatment of RA FLS with the NMDA receptor inhibitors D-AP5 (grey bars) and 
MK801 (black bars) had no effect on IL-6 production when compared to the control 
(white bars) except at 550pM glutamate, where DAP5 significantly increased IL-6 
production (p=0.031, data transformed [logio] prior analysis with a paired t-test, n=6, 
*:p<0.05, SEM error bars). P-values are derived by comparing IL-6 levels in treated and 
control media at each glutamate concentration.
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b: Treatment of normal FLS from patient 4, passage 7 with the NMDA receptor 
inhibitors D-AP5 (grey bars) had no effect on IL-6 production compared to the control 
culture (white bars). MK801 (black bars) caused an increase in IL-6 production in the 
presence of 50pM (p=0.016) and 60pM (p=0.016) glutamate. P-values are derived by 
comparing IL-6 levels in treated and control media at each glutamate concentration (data 
transformed [logio] prior to paired t-test analysis, n=6, SEM error bars, *:p<0.05).
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4.3.5 AMPA/kainate receptor inhibitors decrease IL-6 release by RA synoviocytes

The issue of whether inhibiting AMPA/kainate ionotropic receptors influenced IL-6 

release by RA synoviocytes was studied. At all glutamate concentrations except 2050pM 

the AMPA/kainate receptor inhibitor NBQX significantly reduced IL-6 release by RA 

FLS from patient 8 (figure 4.7). The competitive, specific AMPA receptor inhibitor 

CFM2 reduced IL-6 release in RA FLS treated with 550pM glutamate (96pg/ml 

compared to 136pg/ml without CFM2). Since NBQX had a far greater effect than CFM2, 

it is likely that glutamate affects IL-6 expression largely via kainate receptors in RA 

synoviocytes from patient 8. These cells produced constitutively higher levels of IL-6. 

The effect of AMPA/kainate inhibitors was not investigated in normal synoviocytes.

4.4 Discussion

The present study demonstrates that previously reported increases in glutamate in RA and 

inflammation may influence pro-inflammatory cytokine release by FLS. Furthermore, 

extracellular glutamate can activate ionotropic glutamate receptors to regulate pro- 

inflammatory responses in FLS. This is constant with the previous studies demonstrating 

that the levels of glutamate that are elevated in the synovial fluid of RA patients correlate 

with the levels of various pro-inflammatory markers (McNeamey et al. 2004).

The data shows that glutamate influences IL-6 production by FLS although this response 

is variable between RA patients. High extracellular glutamate caused an increase in IL-6 

production by RA FLS from patient 3 at passage 5 but a mixed response depending on 

glutamate concentration in IL-6 production in cells from the same patient cultured at 

passage 7. This indicates a change in phenotype in these cells at a later passage. In 

human gingival fibroblasts and RA FLS IL-6 production decreases with passage (Kent et 

al. 1996, Hirth et al. 2002) thus demonstrating that production of, and suggesting that 

regulation of, IL-6 can differ between passages in similar cell types. The increase in IL-6 

production by RA FLS from patient 3 (passage 5) occurred at concentrations at and above 

550pM glutamate. Interestingly, this is the nearest concentration tested in these studies, 

to the pathophysiological levels observed in RA synovial fluid (326pM).
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Figure 4.7 The effect of AMPA and KA glutamate receptor inhibition on IL-6
production by RA FLS

IL-6 release by RA FLS is decreased by the AMPA/KA receptor inhibitor NBQX (black 
bars). The effect of inhibiting AMPA and KA receptors with NBQX significantly 
decreased IL-6 production by RA FLS at all concentrations of glutamate except 205OpM. 
The AMPA inhibitor, CFM2 (grey bars), only significantly reduced IL-6 production in 
the presence of 550pM glutamate. P-values are derived by comparing IL-6 levels in 
treated and control media at each glutamate concentration. (*:p<0.05, **:p<0.005, n=6)
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In RA FLS from patient 8, high extracellular glutamate caused an overall decrease in IL- 

6 production. The differences in these responses may be due to variation in constitutive 

IL-6 production as this was much lower in patient 3 (60pg/ml) than in patient 8 

(115pg/ml). The difference in constitutive IL-6 expression between patients has been 

previously reported (Bucala et al. 1991) and is influenced by factors such as the presence 

of other cytokines, passage and disease state (Hirth et al. 2002). It should be noted that 

patient 8 was male and patient 3 was female, therefore gender may also have an effect on 

RA FLS phenotype. In addition age and treatments the patients were receiving may 

affect experimental results.

Importantly, IL-6 production by normal FLS was unresponsive to changes in extracellular 

glutamate concentration thus suggesting that RA FLS have a heightened sensitivity to the 

elevated glutamate found in the synovial fluid of RA patients. Normal FLS constitutively 

release low levels of IL-6 (20pg/ml) and thus it may be the circulating levels of IL-6 itself 

or expression levels of glutamate receptors that define this sensitivity in IL-6 response to 

glutamate. For example, if RA FLS are constantly subjected to high levels of glutamate 

this may induce expression of the receptors that respond to glutamate. If so, longer 

exposure to glutamate in normal cells may induce a responsive phenotype, i.e. the cells 

are regulating extracellular glutamate concentration.

Some interesting links were observed between constitutive levels of IL-6 produced by 

FLS from different patients and the effect glutamate had on IL-6 production. RA FLS 

from patient 8 had very high constitutive levels of IL-6 which were decreased upon 

incubation with glutamate. Patient 3 RA FLS produced medium to high levels of IL-6 

which were increased further upon incubation with IL-6. Finally the RA FLS from 

patient 2 and normal FLS from patient 4 had constitutively low levels of IL-6 and 

glutamate had no effect on IL-6 production by these cells. The presence of glutamate 

transporter inhibitors increased IL-6 production regardless of constitutive IL-6 levels 

produced by RA FLS.
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Inhibiting glutamate transport had opposing effects in normal and RA FLS. In RA FLS, 

the non transported competitive inhibitor TBOA caused an increase in IL-6 production in 

cells from 2 patients; in normal FLS it decreased IL-6 production. TBOA is active 

against all EAATs but is most potent against EAAT1. Both normal and RA FLS express 

EAAT1 and EAAT3 but only normal FLS express EAAT2 (see chapter 3). Thus the 

effects of these inhibitors are likely to influence EAATs 1 and 3 in RA FLS and EAATs 

1, 2 and 3 in normal FLS. In addition the number of transporters (and receptors) 

expressed would determine how RA and normal FLS respond to glutamate transporter 

inhibitors. The affinity of the inhibitors for the transporters in comparison to glutamate 

would also affect the effectiveness of inhibition. Previous studies in neurons demonstrate 

that TBOA (IQ approximately 19jxM) has a higher affinity for glutamate transporters than 

rPDC (Ki approximately 38 pM) (Waagepetersen 2001) which could explain why TBOA 

had a greater effect on IL-6 production in this study (see appendix for calculation of IQ 

values). It would therefore be of interest to quantify EAAT expression in normal and RA 

FLS because inhibitors may not have uniform effects if types and levels of expression 

differed. In addition, the inhibitory potency ( I C 5 0 )  of these inhibitors should be 

determined in normal and RA FLS prior to future experiments in order to determine 

exactly the inhibitory effect they have on these cells.

In normal FLS the glutamate transporters may be acting directly as receptors (glutamate- 

gated ion channel receptors). It has been demonstrated previously that glutamate can 

activate the MEK/ERK pathway in astrocytes via glutamate transporters (Abe and Saito 

2001). Therefore the effects of TBOA and fPDC may be preventing transporters acting 

as ligand-gated ion channel receptors; in normal FLS transporter inhibitors increased IL-6 

production. However, the most likely effect of inhibition of glutamate transporters is that 

sodium dependent uptake of glutamate is prevented causing a build up of extracellular 

glutamate and enhanced activation of glutamate receptors. To investigate whether this 

was the possible mechanism of glutamate induction of IL-6 in some RA patients, various 

groups of ionotropic glutamate receptors were systematically inhibited.
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The NMDA receptor antagonist d-AP5 (competitive) had no effect on IL-6 production by 

RA FLS and normal FLS possibly because the concentration of d-AP5 was too low to 

compete against glutamate levels. It is difficult to determine the correct concentration of 

competitive inhibitors to use as the number of receptors expressed by FLS is unknown. 

In addition, there are further factors that would affect the potency of receptor antagonists. 

The concentration of glutamate that the cells are exposed to, the Mg2+ concentration in 

the media (Mg2+ inhibits NMDA receptor activation), the subunit composition of the 

receptors and the trafficking of glutamate receptors and transporters in response to 

changes in extracellular glutamate levels. It has been shown however, that d-AP5 has a 

rapid rate of dissociation from NMDA receptors (Monaghan et al. 1984) which could 

explain why it had no effect in these relatively long term cultures. DAP5 has a lower 

binding affinity (K j approximately 81nM) for NMDA receptors than MK801 (Kj 

approximately 54nM, calculated in pig cerebral cortex, see appendix for details of 

calculation) which together with the fact that DAP5 is also a non-competitive inhibitor 

may explain why greater effects were seen with MK801 (Fritz et al 1996). MK801 

(non-competitive) increased IL-6 production by normal and RA FLS. The effect of 

MK801 on IL-6 production differed with levels of extracellular glutamate. In RA FLS 

MK801 increased IL-6 production in the presence of 550pM glutamate whereas in 

normal FLS MK801 increased in IL-6 production in the lower concentrations of 50pM 

and 60|iM glutamate. This demonstrates another difference between RA and normal FLS 

in the way they respond to glutamate. The observation that normal FLS increase IL-6 

production in response to the NMDA receptor inhibitor MK801 may be correlated with 

the fact that the EAAT inhibitor TBOA caused a decrease in IL-6 production in normal 

FLS. Therefore in normal FLS, TBOA may decrease IL-6 by preventing uptake of 

glutamate, thus activating NMDA receptors to down-regulate IL-6 production.

Taken together, these results demonstrate that inhibition of NMDA receptors caused an 

increase in IL-6 production, thus suggesting that glutamate acts upon NMDA receptors to 

down-regulate IL-6 production by FLS. Therefore activation of NMDA receptors by 

glutamate may serve to prevent high IL-6 levels in the synovial fluid. This mechanism
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may be less sensitive in RA patients where FLS are conditioned to high extracellular 

glutamate concentrations.

The AMPA and kainate receptor competitive antagonist, NBQX, significantly reduced 

IL-6 release in RA FLS at all glutamate concentrations whereas the AMPA receptor- 

specific non-competitive antagonist CFM-2 was only effective at 550pM glutamate. 

Thus, it is concluded that control of increases in IL-6 production by glutamate is likely to 

be via kainate receptors. In fact kainic acid injected into rat brain induces IL-6 mRNA 

expression after 2 hours (Minami et a l 1991, Lehtimaki et a l 2003). Furthermore 

systemic kainic acid administration to rats increases the pro-inflammatory cytokine IL-ip 

mRNA levels in the brain which may be via kainate or AMPA receptors (Eriksson et al. 

2000) demonstrating that glutamate receptors have previously been linked to regulation 

of pro-inflammatory cytokine expression. The effect of metabotropic antagonists on IL-6 

production has not been investigated in this study; therefore the control of IL-6 

production in RA may also involve this subtype of glutamate receptor.

These studies using human RA synoviocytes have shown that IL-6 is likely to be 

regulated by changes in extracellular glutamate concentrations. Glutamate-induced 

changes in IL-6 production are likely to be mediated via NMDA and kainate receptors 

with kainate receptors increasing IL-6 levels and NMDA receptors decreasing IL-6 

levels. The effect of inhibiting kainate receptors on IL-6 production by RA FLS was 

greater than the effect of inhibiting NMDA receptors. Therefore the high levels of 

glutamate present in RA synovial fluid may be having a more pro-inflammatory effect on 

synoviocytes, mediated through the cytokine IL-6. Previously, induction of IL-6 

expression in RA synovioyctes has been demonstrated to be via IL-1 (Ogura et a l  2002) 

and TNFa (Piecyk and Anderson 2001). This must be taken into context with the fact 

that glutamate and TNFa are both elevated in RA synovial fluid compared to OA 

synovial fluid. Therefore the regulatory effects of glutamate on IL-6 production need to 

be investigated with respect to these cytokines to determine which is the primary 

modulator or whether these are distinct pathways that induce expression or production.
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The differing responses of RA and normal FLS to glutamate and glutamate receptor and 

transporter antagonists needs to be investigated further. These differences are important 

because they highlight a change in phenotype between normal and RA FLS. Repeating 

the experiments on FLS from more patients would help to characterise the responses 

observed. It would be interesting also to see if patient synovial fluid glutamate levels 

affect the phenotype of the FLS derived from them.

The effect of glutamate on IL-6 production by RA FLS presented here has varied 

between patients. Constitutive glutamate and IL-6 levels, disease stage and treatments 

received may affect how FLS respond. Therefore these experiments need to be repeated 

in FLS from more patients in order to conclude fully the effect that glutamate has. This 

may demonstrate trends in the effect of glutamate on IL-6 production and patient age, sex 

and treatments received. Repetitions should also be carried out inhibiting more than one 

signalling component, for example, using MK801 and TBOA. Furthermore, the 

differences in IL-6 production in response to glutamate with respect to passage number 

needs to be characterised further. This could be done by repeating experiments at each 

passage on cells from the same patient and comparing the effects. IL-6 is an important 

mediator of inflammation in RA, therefore if the increase in IL-6 production caused by 

glutamate treatment in RA FLS from patient 3 is shown to occur in many patients this 

could indicate a novel therapeutic approach in which to treat RA. Anti-IL-6 therapy has 

shown very good efficacy therefore targeting the signalling pathway leading to IL-6 

production may improve upon this treatment. Exploring the point of regulation would 

facilitate this; glutamate may regulate transcription, translation or shedding and secretion 

of IL-6. Hence, a better understanding of the pathways activated by the elevated 

glutamate in RA patients may enable new and more effective therapeutic targets to be 

identified. For example, data presented here demonstrate that kainate receptor inhibitors 

could have the potential to decrease IL-6 levels in RA patients.
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Chapter 5 Regulation of EAAT1 expression by pro-inflammatory cytokines

5.1 Introduction
Important mediators of inflammation in RA include cytokines such as interleukin-6 
(IL-6), interleukin 1 (IL-1) and tumor necrosis factor alpha (TNFa). Section 1.4.1.1 
provides an overview of these cytokines and their role in RA. IL-6 is elevated in 
synovial tissue and fluid (from 24.9 to 49.7ng/ml) during active phases of 

inflammation in RA patients (Desgeorges et al. 1997). TNFa is also elevated in RA 

synovial fluids (94pg/ml compared to OA synovial fluid levels of 39pg/ml) 
(McNeamey et al. 2004). Anti IL-6 and IL-6 receptor therapy is now being 
developed as a treatment for rheumatoid arthritis, and have demonstrated good 
efficacy in clinical trials (Nishimoto et al. 2004 and Choy et al. 2002) (see section 
1.3.4.4). Furthermore, the effectiveness of anti-TNFa and anti-TNFa receptor 
therapy which are currently used as treatments for RA (see section 1.3.4.4) 
demonstrates the important role of pro-inflammatory cytokines such as TNFa in RA. 
IL-1 levels are also elevated in RA synovial fluid (130pg/ml) compared to OA 
synovial fluid levels (28pg/ml) and has a well established pro-inflammatory role in 
RA (Westacott et al. 1990). For example, IL-1 induces synovial fibroblasts and 
chondrocytes to release MMPs, aggrecanases, nitric oxide and prostaglandins (see 
section 1.4.1.1.2).

The effects of these pro-inflammatory cytokines have been investigated within the 
CNS where there is some evidence linking glutamatergic signalling to inflammatory 
and degradative responses (see section 1.6.5.6). This therefore indicates a potential 
link between the synchronous elevated levels of IL-6 and glutamate in these diseases. 
Studies have also investigated the direct effects of these cytokines on cells within the 

CNS (see section 1.6.5.4) and outside the CNS (see section 1.6.5.5), particularly the 
effect of cytokines on glutamate transport and receptors.

Glutamate levels are elevated in the synovial fluid of RA patients and the synovial 
fluid of antigen-induced arthritis in rats (McNeamey et al. 2000, Lawand et al. 2000), 
therefore suggesting a link between inflammation and glutamate regulation (see 
section 1.6.5.7). These elevated levels of glutamate in RA synovial fluid may be
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caused or influenced by direct effects of cytokines on the activity or expression of 
glutamate transporters and receptors. Therefore the effects of pro-inflammatory 

cytokines elevated in RA synovial fluid (IL-6, TNFa and IL-1) on EAAT1 (GLAST) 
mRNA and protein expression was investigated. EAAT1 was chosen because this is 
more highly expressed in fibroblasts than EAAT 3 and EAAT4 (Cooper et al. 1998).

5.2 Methods
5.2.1 Determining the effect of pro-inflammatory cytokines on EAAT1 mRNA 

expression
To determine whether extracellular pro-inflammatory cytokines can influence the 
expression of glutamate signalling components, the effect of treating primary human 
RA FLS with IL-6/sIL-6r on EAAT1 mRNA expression was investigated. Primary 
human RA FLS (patient 1) were treated with IL-6 (50ng/ml) in conjunction with 
20ng/ml sIL-6r or IL-1 (lOng/ml) for 0,1, 6, 15 or 24 hours and reverse transcribed to 

cDNA (kindly donated by Dr. S. Jones and Dr M. Nowell, Department of medical 
biochemistry and immunology, Cardiff University). PCR was carried out to 
determine p-actin and EAAT1 mRNA expression (see section 2.4).

5.2.2 Determining the effect of pro-inflammatory cytokines on EAAT1 protein 
expression using immunohistochemistry
To determine whether pro-inflammatory cytokines alter EAAT1 protein expression, 
primary human RA FLS (patient 5, passage 7) and normal FLS (patient 4, passage 7) 
cultured in 8-well chamber slides (see section 2.5.2) were treated with 500pg/ml 
TNFa (PeproTech Inc.) or 50ng/ml IL-6 (PeproTech Inc.) in combination with 
20ng/ml sIL-6r (R & D systems). These concentrations of IL-6 and sIL-6r were 
chosen because an increase in EAAT1 mRNA expression had already been observed 
with these concentrations (see section 5.3.1) and they are consistent with the level of 
IL-6 observed in RA synovial fluid (24.9ng/ml and 51.7ng/ml, see section 1.4.1.1.3). 
RA synovial fluid levels of sIL-6r are 24.7ng/ml (Desgeorges et al. 1997). 500pg/ml 
of TNFa was chosen because this was between RA synovial fluid levels (94pg/ml) 
and levels used for treatments in other published work on FLS (see section 1.4.1.1.1 
and 1.6.5.5). Treatments were carried out for 0, 30 minutes, 1 hour or 3 hours 
because effects on mRNA had been observed after 1 hour. Duplicate cultures were 
treated with an inhibitor to the IL-6 receptor, Mab227 (2pg/ml, R&D Systems) which
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is a function blocking antibody. EAAT1 protein expression was investigated by 
immunohistochemistry (see section 2.6) using a polyclonal antibody raised against 
the N-terminal of GLAST1 (EAAT1) and GLASTla. Experiments demonstrating 
specificity of this antibody when used for immunohistochemistry are described in 
chapter 3 (section 3.3.7.1.1).

5.2.3 Determining the effect of pro-inflammatory cytokines on EAAT1 protein 
expression using Western blotting
RA FLS (patient 7, passage 7) cultured in 6-well plates (see section 2.5.2) were 
treated with 50ng/ml IL-6 in combination with 20ng/ml sIL-6r, with or without the 
IL-6 function blocking antibody, Mab227 (2pg/ml, R& D Systems). Treatments were 
replicated in three to five wells (3<n<5). Cells were treated for 0, 1 and 3 hours. The 
media was removed and the protein extract subjected to SDS PAGE and Western 
blotting (section 2.7). The total protein in each extract was measured (section 5.2.3.2 
below) to ensure accurate, comparable quantification of EAAT1 levels between 
samples (section 5.2.3.3 below). Normal FLS were not analysed.

5.2.3.1 Cytotoxicity of the treatments used in the Western blotting experiment 
(section 5.2.3.3)
The amount of LDH released into the media over the course of treatments was 

measured using a cytotoxicity assay (section 2.12) and calculated as a percentage of 
the amount of LDH released after total cell lysis. Results showed that between 0.3 

and 2% of cells died during the course of treatments, therefore this would not 
significantly affect the levels of EAAT 1 measured by Western blotting.

5.2.3.2 BCA assay
In order to normalise the amount of protein extract loaded onto each SDS PAGE gel 
the amount of protein in each RA FLS extract was determined using a BCA assay 

(section 2.7.5). Protein content was determined prior to concentrating the samples 
using centricon tubes.

5.2.3.3 Quantifying regulation of EAAT1 protein expression by Western blotting
Western blotting was used to confirm and quantify the immunohistochemical 
observations. Prior to separation by SDS PAGE, cell protein extracts in 2% SDS
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were concentrated in centricon tubes. The concentration factor was taken into 
account when calculating the relative amounts of EAAT1 protein expressed. The 
amount of EAAT1 protein detected by Western blotting was normalised to the 
amount of total protein loaded on the SDS PAGE gel as measured by the BCA assay 
(see section 5.2.3.2). The relative amounts of EAAT1 per sample per total sample 
protein were therefore calculated and compared using a student unpaired 2-sample t 
test (section 2.13).

5.3 Results
5.3.1 The effect of IL-6 on EAAT1 mRNA expression in primary human FLS
RT-PCR (section 2.4) revealed the 345bp EAAT1 PCR product after 1 and 6 hours 
(figure 5.1 A) in IL-6/sIL-6r stimulated cells but only in the unstimulated cells after 24 
hours of culture. IL-1 failed to induce expression of EAAT1 mRNA and was 
therefore not investigated further in this study. Successful amplification of p-actin in 

all but 2 samples (figure 5. IB: unstimulated lane 6, IL-6 lane 3) confirmed cDNA 
integrity indicating induction of EAAT1 expression by IL-6 (figure 5.IB). Although 

p-actin was not detected in these two samples cDNA integrity was adequate for 

amplification of the EAAT1 amplicon in both cases. Positive (plasmid vector 
containing the full open reading frame of GLAST1 and P-actin) and negative controls 
(water) were also amplified to confirm specificity and a successful PCR reaction. 
RNA that had not undergone reverse transcription was also subjected to PCR. The 
lack of a PCR product confirmed that amplicons originated from mRNA as opposed 
to any contaminating genomic DNA.
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Figure 5.1
A: Agarose gel of EAAT1 RT-PCR products from human RA FLS stimulated with IL-1 
(lOng/ml) or IL-6 (50ng/ml)/lL-6sr (20ng/ml) for 0 to 24 hours. EAAT1 expression 
occurred in the unstimulated controls only after 24 hours but did not occur in the IL-1 
treated RA FLS at any time. EAAT1 mRNA expression was induced by IL-6/IL-6sr after 
1 and 6 hours, but was not present after 15 and 24 hours treatment.

B: P-actin RT-PCR products in human FLS stimulated with IL-1 or IL-6 and sIL-6r. p- 
actin expression was detected in all samples except the control after 24 hours and the one 
hour IL-6 stimulated sample both of which were positive for EAAT1.

A

EAAT1

B

P-actin

Key
1 -lOObp ladder
2 - 0  hours 
3 - 1 hour
4 - 6  hours
5 - 15  hours
6 - 2 4  hours
R -  RNA control 
+ - plasmid, GLAST or P-actin 
- - water control

ControlsUnstimulated
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5.3.2 Immunohistochemistry showing the effect of pro-inflammatory cytokines 
on EAAT1 protein expression in FLS
Fluorescence microscopy (figure 5.2) revealed that the low level EAAT1 protein 
expression in RA FLS appeared to increase after 30 minutes and 1 hour treatment 
with IL-6/sIL-6r in 100% of the cells (figure 5.2, panels B and C respectively). The 
IL-6 induced increase in EAAT1 expression was inhibited by Mab227 in 100% of the 
cells (figure 5.2, panel D), indicating that the effect is likely to be mediated via the 
sIL-6r since FLS do not normally express an IL-6 receptor. The IL-6 function 
inhibitor (Mab227) had no affect on RA or normal FLS when administered alone 
(figure 5.2F and 5.3F respectively).

TNFa also increased EAAT1 protein expression after 30 minutes treatment. It should 

be noted that the antibody used for immunolocalisation does not discriminate between 
GLAST (EAAT1) variants, however to date, the splice variant, GLASTla, has not 
been shown to be expressed in FLS. Control experiments to confirm specific binding 
of the antibodies were carried out and are detailed in section 3.2.2.1.

The localisation of EAAT1 protein in untreated RA FLS appeared to be uniformly 
distributed within the cytoplasm and/or plasma membrane. In EL-6 or TNFa 
stimulated RA FLS, EAAT1 appeared to concentrate around the nucleus of some 
cells (highlighted in figure 5.2, panels C and E) and in condensed areas of the 
cytoplasm or plasma membrane.

EAAT1 expression appeared to be much less in all normal FLS where the level of 
expression and localisation of EAAT1 appeared unaffected by treatment with IL-6, 
TNFa or Mab227 (figure 5.3, compare panels B to D to panel A). Therefore EAAT1 
expression in normal FLS is unresponsive to the pro-inflammatory cytokines TNFa 
and IL-6. These data indicate a decreased level of EAAT1 glutamate transporter 
expression in normal FLS and a difference in response of normal and RA FLS 
EAAT1 expression to IL-6 and TNFa treatment.
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Figure 5.2 Fluorescence microscopy images reveal that both IL-6 and TNFa increase 
EAAT1 expression in human RA FLS (patient 5, passage 7) and that the IL-6 effect is 
prevented by Mab227.

A. Control, 30 mins

C. IL-6+sr, 1 hour

EAAT1 expression 
in cytoplasm.

EAAT1 expression 
surrounding nucleus

B. IL-6+sr, 30 mins

■fli
D. IL-6+sri-Mab227,1 hour

E. TNFalpha, 30 mins F. Mab227, 30 mins

RA FLS were treated for up to 1 hour with TNFa or IL-6 and sIL-6r with or without the 
inhibitor of IL-6 signalling, Mab227. EAAT1 was detected by a FITC conjugated 
secondary antibody (green), propidium iodide was used to stain the nuclei (red). EAAT1 
expression detected by fluorescence microscopy showed that both proinflammatory 
cytokines increase EAAT1 expression (panels B, C and E) compared to no treatment 
(panel A). Mab227 inhibited the induction of EAAT1 expression by IL-6 (panel D) but 
had no effect when administered alone (panel F). Representative images are shown. 
(Measure bar = 100pm)
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Figure 5.3 Fluorescence microscopy images reveal that expression of EAAT1 in normal 
FLS (patient 4, passage 7) is not induced subsequent to treatment with IL-6 and TNFa as 
it is in RA FLS. Neither does Mab227 have an effect on EAAT1 expression by normal 
FLS.

A. Control, 30 mins B. IL-6+sr, 30 mins

D. IL-6+sr+Mab227, 1 hour

E. TNFalpha, 30 mins F. Mab227, 30 mins

Normal FLS were treated for up to 1 hour with TNFa or IL-6 and sIL-6r with or without 
the presence of the inhibitor of IL-6 signalling, Mab227. EAAT1 was detected by a 
FITC conjugated secondary antibody (green), propidium iodide was used to stain the 
nuclei (red). EAAT1 expression detected by fluorescence microscopy showed that 
neither pro-inflammatory cytokines alter patterns of EAAT1 expression (panels B, C and 
E) compared to no treatment (panel A). Mab227 had no effect on EAAT1 expression 
when administered with IL-6 (panel D) or alone (panel F). Representative images are 
shown. (Measure bar = 200pm)
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5.3.3 Confirmation of regulation of EAAT1 by IL-6 in RA FLS by Western 
blotting
Western blotting confirmed that EAAT1 expression quantitatively increased upon 
treatment with IL-6/sIL-6r (a representative gel is shown in figure 5.4a). As 
expected, no significant differences in EAAT1 protein expression were observed at 0 
hours. RA FLS significantly increased EAAT1 expression after 1 hour of IL-6/sIL-6r 
treatment compared to the untreated cells (p=0.004, figure 5.4b). In addition, after 1 
hour of EL-6 treatment, RA FLS expressed more EAAT1 compared to the IL-6 treated 
cells at 0 time (p=0.003, figure 5.4b). Treatment with Mab227 significantly reduced 
EAAT1 expression after 1 and 3 hours compared to treatment with IL-6 alone at each 
time point (p=0.000 and p=0.021 respectively) consistent with the 
immunohistochemistry data (figure 5.2). These data show, for the first time, that 
EAAT1 expression is upregulated by IL-6 interacting with its sIL-6r in human RA 
FLS. This indicates a novel control mechanism for the regulation of glutamatergic 
signalling in synovioyctes.

5.4 Discussion
This study has demonstrated that in RA FLS, the pro-inflammatory cytokine IL-6 can 
upregulate EAAT1 mRNA expression and has verified this effect by showing 
upregulation of EAAT1 protein levels by immunohistochemistry and Western 
blotting. Each experiment was carried out on FLS from different RA patients 
therefore, the novel effect of IL-6 inducing EAAT1 mRNA or protein expression in 
RA FLS has been observed in 3 patients (patients 1, 5 and 7).

EAAT1 mRNA expression was induced by 1 hour of treatment with IL-6 but after 15 
and 24 hours EAAT1 mRNA expression was no longer detected. This transient 
expression could be due to the FLS lowering the IL-6 levels through degradation or 
endocytosis of IL-6. I am not aware of any publications where the half life of IL-6, 
when used in FLS culture, is recorded. Hence, after 15 hours IL-6 may no longer be 
present in the culture media. In the control cells from this patient (no treatment) 

EAAT1 mRNA was only detected after 24 hours of culture, which may be due to 
culture conditions. This indicates that constitutive EAAT1 mRNA expression varies 
in RA FLS from different patients because results presented in chapter 3 (section 
3.2.1.7 and Figure 3.6, panel A) demonstrate constitutive expression of EAAT1 in

139



Re
la

tiv
e 

am
ou

nt
 o

f 
G

LA
ST

/to
ta

l 
pr

ot
ei

n
Chapter 5

Figure 5.4 IL-6 induces EAAT1 protein expression in human RA FLS (patient 7, passage 
7).
a. Western blot of protein extracts from human RA FLS. The 69kDa monomer of 

EAAT1 is indicated by an arrow, higher molecular weight primary specific bands in 
the rat brain extract represent multimeric forms of GLAST proteins. The 54.4kDa 
EAATla (GLAST-la equivalent) variant was not detected in these cells.

b. The relative amount of EAAT1 as a fraction of total protein added to each lane shows 
that EAAT1 protein expression increased significantly after lhr treatment with IL-6/ 
IL-6sr and was significantly reduced by Mab 227 compared to treatment with IL-6 at 
all times. Significant differences are compared to the untreated control at each time 
point unless otherwise stated by brackets (unpaired 2-sample t-test, *p<0.05, 
**:p<0.005, SEM error bars, n=3, n=6 for IL-6 only treated cells).
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Figure 5.5 Mab227 inhibits IL-6 induced EAAT1 protein expression in human RA FLS 
(patient 7, passage 7).
Western blot of protein extracts from human RA FLS. The 69kDa monomer of EAAT1 is 
indicated by an arrow, higher molecular weight primary specific bands in the rat brain 
extract represent multimeric forms of GLAST proteins. The 54.4kDa EAATla (GLAST- 
la equivalent) variant was not detected in these cells.
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RA FLS from patient 2. Further cases would need to be investigated to confirm this. 
Constitutive expression of EAAT1 mRNA may depend on medication taken by the 
patient, disease state or the levels of glutamate in the synovial fluid that the FLS were 
derived from; however this information for these patients is unknown. Previous 
studies have shown that the glutamate concentration in RA synovial fluid ranges from
4-608pM (McNeamey et al. 2000). The effect of IL-6 on EAAT1 mRNA may be 
mediated via levels of extracellular glutamate since GLAST 1 (EAAT1) expression in 
human platelets increases in response to extracellular glutamate (Begni et al. 2005). 
It is possible that inflammatory signals such as IL-6 may increase glutamate release 
and activate glutamate uptake in FLS from some RA patients. If an RA patient has 
high synovial fluid levels of glutamate and hence high cell-surface expression of 
EAAT1, the induction of EAAT1 by IL-6 may be reduced.

Immunohistochemical studies have shown that after 1 hour IL-6 causes an increase in 
EAAT1 protein expression as well as mRNA. The IL-6 induced increase in EAAT1 
protein expression after 1 hour was inhibited by Mab227. The IL-6 receptor function 
blocking antibody (Mab227) had no effect on RA or normal FLS EAAT1 expression 
when administered alone. Thus, abrogation of the increase in EAAT1 expression by 
IL-6 observed upon treatment with IL-6 and Mab227 is due to Mab227 blocking the 
interaction of the cytokine with its receptor and preventing interaction with gpl30. 
These data indicate that binding of IL-6 to sIL-6r and the complex to gpl30 leads to 
an increase in transcription of EAAT1 and thus is likely to increase glutamate 
transport in FLS. The pathway or mechanism through which this regulation occurs 
needs to be determined (see section 9.3). For example, IL-6 can activate 
phosphatidylinositol 3 kinase (Chung et al. 2000) and this in turn has been shown to 
regulate EAAT1 expression (Boehmer et al. 2003, reviewed in Kim et al. 2003). IL-6 
can also activate the JAK/STAT pathway (see section 1.4.1.3.1.1) and the EAAT1 
promoter contains GC-box motifs that have the potential for binding STAT 
transcription factors (Kim et al. 2003). Alternatively, IL-6 may increase EAAT1 
expression indirectly by inducing glutamate release. This may increase EAAT1 
expression and also lead to a positive feedback mechanism to up-regulate IL-6 
production (data in chapter 4 shows that extracellular glutamate up-regulates FLS 
production of IL-6 in some RA patients). If IL-6 alters extracellular glutamate levels, 
this could lead to increased EAAT1 expression via activation of NMD A receptors as
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has been demonstrated in primary co-cultures of astrocytes and neurons (Schlag et al. 
1998). Results of the studies in chapter 3 demonstrate that both RA and normal FLS 
expressed the NMDA-NR1 subunit of NMD A receptors (section 3.2.1.7).

Immunohistochemistry also demonstrated that TNFa increases EAAT1 protein levels 
in RA FLS. TNFa is a pro-inflammatory cytokine also elevated in RA synovial fluid. 
This effect of TNFa conflicts with the study by Liao et al. who demonstrated that 
TNFa causes a decrease in glutamate uptake activity in astrocytes although it is 
unclear which EAAT subtype the effect is caused by (Liao et al.2001). Studies in 
chapter 3 have shown that RA FLS express EAAT1 and EAAT3 (section 3.3.7) 
therefore TNFa may also alter EAAT3 expression in RA FLS.

TNFa is a well known inducer of IL-6 in FLS (Piecyk and Anderson 2001, Harigai et 
al. 1991). Therefore, the effect of TNFa on EAAT1 protein expression could also be 
brought about directly by TNFa increasing IL-6 levels which in turn induce EAAT1 
expression. Alternatively TNFa could be acting on EAAT1 expression directly. 
TNFa increases Na+-dependent glutamate uptake by monocyte derived macrophages 
(Rimaniol et al. 2000). Therefore several mechanisms of EAAT1 regulation by 
inflammatory cytokines have been postulated:
i) IL-6 via intracellular signalling pathways directly increases EAAT1 expression,

ii) IL-6 increases extracellular glutamate which in turn increases EAAT1 expression,
iii) TNFa via intracellular signalling pathways directly increases EAAT1 expression,
iv) TNFa increases IL-6 production which (via i or ii above) increases EAAT1 
expression.

Further work is necessary to determine the exact mechanism. Treating FLS with 
TNFa, with or without Mab227 and measuring EAAT1 protein expression would 
determine whether TNFa is mediating its effects via IL-6. If FLS took longer to 
respond to TNFa with an increase in EAAT1 expression, this would indicate TNFa 
was acting via IL-6. Specifically inhibiting and activating the signalling pathways 
that TNFa and IL-6 activate would determine the exact signalling mechanism that 
increases EAAT1 expression by these cytokines.
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Differences in localisation of EAAT1 protein expression were observed between 
treatments in RA FLS. In untreated RA FLS EAAT1 appeared to be equally 
distributed within the cytoplasm; however stimulation with TNFa or IL-6 caused 
concentrated pools of EAAT1 to be observed in the cytoplasm and around the 
nucleus. Whilst, the exact location of expression may only be fully determined using 
confocal microscopy, it is possible that cytoplasmic pools of EAAT1 are present. 
This is consistent with the storage and trafficking of transporters observed in 
astrocytes (Duan et al. 1999). The method used in this study only observes the cells 
from above and therefore expression in the cytoplasm and plasma membrane cannot 
be differentiated.

Immunohistochemistry also indicated that EAAT1 protein expression by normal FLS 
is unresponsive to both IL-6 and TNFa whereas RA FLS were responsive to IL-6. 
This indicates a potential difference in the way extracellular glutamate levels are 
regulated in FLS in the RA diseased state. The IL-6 induced EAAT1 expression may 
be a response to lower the observed increase in extracellular glutamate in RA 

synovial fluid. In fact it has previously been reported that RA and normal FLS 
express different proteins in response to TNFa (Ando et al. 2003).

Differences in constitutive expression of EAAT1 protein were noted between RA and 
normal FLS. RA FLS appeared to express higher levels of EAAT1 protein than 
normal FLS thus this may in response to the elevated glutamate levels in RA synovial 
fluid (McNeamey et al. 2000). However, the method used for comparison of 
constitutive expression of EAAT1 protein between normal and RA FLS is not 
quantitative because staining of the cells was carried out at different times. In order 
to make a conclusive comparison both normal and RA FLS should have been 
cultured, treated and immunostained concurrently. It should be noted that exposure 
times and microscope settings were standardised in this study.

Western blotting confirmed the immunohistochemical data in that IL-6 quantitatively 

increased EAAT1 protein expression by RA FLS after 1 hour by 33%. This increase 
in EAAT1 protein expression was significantly inhibited by Mab227 thus correlating 
with the immunohistochemical data and indicating that the response is mediated via 
the IL-6 receptor and gpl30. Whilst immunohistochemistry indicated that this
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response apparently did not occur in normal cells, this was not tested by Western 
blotting.

IL-6 may therefore be decreasing the high levels of extracellular glutamate observed 
in the synovial fluid of RA patients through increasing expression of GLAST-1. The 
effect of this reduced glutamate on the phenotype of the cells of the synovial joint 
however is unknown although data presented in chapters 4 and 6 indicate that pro- 
MMP2, TIMPs and IL-6 levels are influenced by changes in extracellular glutamate.

If glutamate is acting on RA FLS through glutamate receptors (NMDA-NR1 or KA1) 
in an anti-inflammatory way then EL-6 would be blocking this interaction by causing 
an increase in EAAT1 expression and thus decreasing extracellular glutamate levels. 
This however, is assuming that the increase in EAAT1 expression is causing more 
glutamate to be taken up into the RA FLS. High levels of extracellular glutamate are 
excitotoxic to neurons, however data presented in chapter 4 shows that up to 2mM 
glutamate is not toxic to FLS (see section 4.3.1). GLAST 1 does not just transport 
glutamate into the cell; the direction of transport depends on many factors such as pH 
and the ion gradients of Na+, K+ and H+ (Danbolt 2001). Therefore the IL-6-induced 
expression of EAAT1 may elevate extracellular glutamate levels further if glutamate 
transport were reversed and thus may increase glutamate receptor activation in RA 
FLS (NMDA and KA receptors, see section 3.2.1.7).

GLAST 1 has also been shown to act as a receptor and activate the MEK/ERK 
pathway (Abe and Saito 2001). This receptor function of EAAT1 may therefore 
affect gene expression within RA FLS. Use of specific inhibition of the glutamate 
transporter/receptor or activation of the MEK/ERK pathway are therefore required to 
predict the effect that increased EAAT1 expression by IL-6 is having on FLS 
phenotype. Needless to say regulation of EAAT1 expression would be affecting the 
way glutamate interacts with the receptors that are expressed by RA FLS (chapter 3, 
NMDA and KA receptors).

Finally it would be interesting to see whether IL-6 affects expression of the other 
glutamate transporters expressed in normal and RA FLS (EAAT2 and EAAT3)
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because each transporter has different properties and up-regulation of one transporter 
may be compensated by down-regulation of another.

To conclude, data presented in this chapter demonstrate that EAAT1 mRNA and 
protein expression increases in response to IL-6 and EAAT1 protein increases in 
response to TNFa. These effects are likely to be of significance because these 
cytokines play a major role in RA pathogenesis.
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Chapter 6 The effect of glutamate on the degradative phenotype of fibroblast-like 

synoviocytes

6.1 Introduction

Having demonstrated that glutamate alters the pro-inflammatory phenotype of fibroblast- 

like synovioyctes (FLS) (see chapter 4) the effect of glutamate on the degradative 

phenotype of FLS was investigated. The primary cause of cartilage and bone destruction 

in arthritis is the enhanced expression and activation of proteases that degrade the 

collagenous and proteoglycan component of the ECM. In RA, FLS produce 

metalloproteinases (see section 1.5.1.3) which degrade the ECM, facilitate invasion of 

pannus and therefore contribute to joint destruction. MMPs are likely to be the most 

important matrix degrading enzymes in RA (Vincenti and Brinckerhoff 2002).

The levels of MMPs 2 and 9 are elevated in the synovial fluid of RA patients and 

contribute to the bone and cartilage destruction that accompanies this disease (Yoshihara 

et al. 2000). In addition to MMPs, TIMP1 and TIMP2 levels are also elevated in RA 

synovial fluid compared to OA synovial fluid (Klimiuk et al. 2002). TIMPs are the 

natural inhibitors of MMPs (see section 1.5.2) and form a 1:1 complex with MMPs to 

inhibit them. If an imbalance of MMPs and TIMPs occurs such that MMP levels exceed 

TIMP levels, the cartilage and bone starts to degrade (Tchetverikov et al 2004).

Links between glutamate and MMP and TIMP production and regulation are discussed in 

section 1.6.5.6. Since MMPs and TIMPs are increased in RA, mediate important 

processes in the disease pathology (degradation, cytokine activation) and are regulated by 

glutamate receptor activation in other cell types this study investigated the effect of 

glutamate on MMPs 2 and 9 and TIMPs and the role of ionotropic glutamate receptors 

and EAATs in regulation of MMPs 2 and 9 and TIMP production in normal and RA FLS.
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6.2 Methods

6.2.1 Cell culture treatments

Media from the treated RA and normal FLS detailed in chapter 4 were used in this MMP 

and TIMP release study (see 4.2.1, 4.2.2 and 4.2.3). Briefly, FLS were treated with a 

range of glutamate concentrations (50pM-2000|iM) to determine the effect of 

extracellular glutamate on MMPs 2 and 9 and TIMP production (release into the media). 

The glutamate transporter inhibitors, /PDC (lOOpM) and TBOA (IOOjiM) were used to 

investigate the effect of blocking glutamate transport on MMP and TIMP production by 

FLS. In addition the effects of the glutamate receptor antagonists, MK801 (lOOpM, non

competitive NMDA receptor antagonist), D-AP5 (lOpM competitive NMDA receptor 

antagonist), CFM2 (10pM, non-competitive AMP A receptor antagonist) and NBQX 

(150|iM, competitive AMP A and KA receptor antagonist) on MMP and TIMP release 

were investigated. It should be noted that none of these treatments were toxic to the FLS 

(see section 4.3.1) and concentrations used were based on published data (see section

4.2.2 and 4.2.3). Levels of pro and active MMPs 2 and 9 in the media from treated cells 

were determined by gelatin zymography (section 2.9.1, see figure 6.4 for representative 

gel). TIMP levels were measured by reverse zymography (section 2.9.2, see figure 6.5 

for representative gel). Quantification of MMP and TIMP levels was achieved by 

comparison to a standard (conditioned media, section 2.9.3) loaded on each gel. A 

maximum of 10 samples were loaded on each gel. Treatments were repeated on replicate 

cultures between 3 and 6 times, statistical comparisons were carried out as described in 

section 2.13.

Levels of MMPs could be compared between patients by accounting for the relative 

amounts of sample media loaded onto each gel.

6.3 Results

It should be noted that in all treatments pro-MMP9, active MMP9 and active MMP2 were 

expressed at such low levels by FLS that they could not be quantified by gelatin 

zymography. In addition, only TIMP1 and TIMP2 were observed to be expressed.
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Figure 6.1 The effect of glutamate on pro-MMP2 levels produced by RA FLS
Glutamate had different effects on pro-MMP2 levels produced by RA FLS taken from 
different patients. (*:p<0.05, **:p<0.005, n=6, n=3 for 60pM samples, SEM error bars).

Patient 3: RA, Female, aged 62, passage 5

50 60 150 550 1050 2050
|jM glutamate

A: Treatment of RA FLS (patient 3, 
passage 5) with 2050pM glutamate 
caused an increase in pro-MMP2 
production. A significant decrease in 
pro-MMP2 production was observed 
between 60pM and 550pM glutamate 
(2-sample t-test, p=0.016).

Patient 3: RA, Female, aged 62, passage 7

as 0.8

» 0.6

50 60 150 550 1050 2050
pM glutamate

B: Treatment of RA FLS (patient 3, 
passage 7) with 2050pM glutamate 
caused a decrease in pro-MMP2 
production compared to the control 
(50pM, paired t-test, p=0.022). 
However an increase was observed 
between 60pM and 150pM glutamate 
(paired t-test, p=0.042). A significant 
decrease in pro-MMP2 occurred 
between 150pM and 550pM glutamate 
(paired t-test, p=0.043).

Patient 2: RA, Female, aged 56, passage 6

0.2
0.175
0.15

0.125
0.1

0.075
0.05

I  0.025 
■o

51 60 150 1050
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C: Treatment of RA FLS (patient 2, 
passage 6) with up to 1050pM revealed 
that glutamate had no significant 
effects on pro-MMP2 release.
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Patient 8: RA, Male, aged 55, passage 6
2.5 n

50 150 550 1050 2050
pM glutamate

D: Treatment of RA FLS (patient 8, 
passage 6) with up to 2050pM revealed 
that glutamate had no significant 
effects on pro-MMP2 release.
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Figure 6.2 The effect of glutamate on pro-MMP2 levels produced by normal FLS
Pro-MMP2 production by normal FLS from patient 4 demonstrated minimal response to 
extracellular glutamate at passage 6 and 7 (figure A and B respectively). Increasing 
extracellular glutamate caused an increase in pro-MMP2 production at passage 6 
(*:p<0.05).

Patient 4: Normal, Female, aged 64, 
passage 6

50 60 150 550 1050 2050
pM glutamate

A: Treatment of RA FLS
(patient 4, passage 6) with 
550pM glutamate caused an 
increase in pro-MMP2 
production compared to 
treatment with 60pM glutamate 
(paired t-test, p=0.018, n=6). No 
other effects were observed.

Patient 4: Normal, Female, aged 64, 
passage 7

50 150 550 1050 2050
pM glutamate

B: Treatment of RA FLS 
(patient 4, passage 7) with up to 
2050pM glutamate had no 
significant effects on pro-MMP2 
production.
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6.3.1 The effect of glutamate on MMP and TEMP release by fibroblast-like 

synoviocytes

Glutamate concentration had varying effects on pro-MMP2 release in RA synoviocytes 

(figure 6.1). On patients 2 and 8 glutamate had no significant effect on pro-MMP2 

release (figure 6.1 c and d). However glutamate influenced the release of pro-MMP2 by 

cells from patient 3, but had different effects on cells from different passages. At passage 

5, 205OpM glutamate caused a significant increase in pro-MMP2 production by RA FLS 

when compared to all other glutamate concentrations (figure 6.1a). However, at passage 

7 these RA cells significantly decrease pro-MMP2 production at 2050pM glutamate 

(figure 6.1b).

Higher glutamate concentrations (550pM) in normal FLS caused an increase in pro- 

MMP2 production at passage 6 (figure 6.2a) but had no effect at passage 7 (figure 6.2b).

Since MMP levels were normalised to the same standard on all zymograms, variations in 

the constitutive levels (at 50pM glutamate) of pro-MMP2 could be compared across 

patients. The pro-MMP2 produced by RA FLS from patient 3 was more than 20 times 

lower than the levels produced by RA FLS from patient 8. Furthermore, levels of pro- 

MMP2 were higher in normal FLS (2.5-7 relative densitometric units) compared to RA 

FLS (0.08-2 relative densitometric units).

TIMP1 and TIMP2 were detected by reverse zymography in both RA and normal 

synoviocytes. However, no effect of extracellular glutamate concentration was observed 

on TIMP levels (data not shown).
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Figure 6.3 The effect of glutamate transporter inhibitors on pro-MMP2 production
by RA FLS.

15 hours treatment with glutamate transporter inhibitors (/PDC or TBOA) significantly 
increased pro-MMP2 production by RA FLS from patient 2 and 3 (figures A and B 
respectively) (*p<0.05, **:p<0.005, n=6, n=3 for 60pM samples, SEM error bars).

Patient 2: RA, Female, aged 56, passage 6

O 0.5 □  Control

□  tPDC 

TBOA

® 0.4
2  0.3

50 51 60 150 1050

pM glutamate

A: Treatment of RA FLS (patient 
2, passage 6) with TBOA caused 
an increase in pro-MMP2 
production at all glutamate 
concentrations compared to the 
control (no TBOA). /PDC 
increased pro-MMP2 production 
only in the presence of 60pM 
(p=0.002) and 1050pM glutamate 
(p=0.001). This data set was 
transformed (logio) prior to 
statistical analysis with a 2-sample 
t-test.

Patient 3: RA, Female, aged 62, passage 5

2  0.4

□control 
■ TBOA

50 60 150 550 1050 2050
pM glutamate

B: Treatment of RA FLS (patient 
3, passage 5) with TBOA caused 
an increase in pro-MMP2 
production at all glutamate 
concentrations except 60pM and 
2050pM compared to the control 
(no TBOA). (paired t-test)
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Figure 6.4 Representative zymograms showing that glutamate transporter 
antagonists increase production of pro-MMP2 by RA FLS from patient 2.

Pro
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Key:
1 -50pM glutamate
2-5 lpM glutamate
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4-150pM glutamate
5-1050pM glutamate
6-50pM glutamate, /PDC
7-5 lpM glutamate, fPDC
8-60pM glutamate, tPDC
9-150pM glutamate, /PDC

10-1050pM glutamate, /PDC 
11 -50pM glutamate, TBOA
12-51pM glutamate, TBOA
13-60pM glutamte, TBOA
14-150pM glutamte, TBOA
15-1050jiM glutamate, TBOA
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6.3.2 The effect of inhibiting glutamate transporters on the release of pro-MMP2 

and TIMPs by FLS

The effect of blocking EAATs 1 to 5 glutamate transporters on MMP release was also 

determined. EAAT inhibitors did not induce pro-MMP9 nor active MMP2 and MMP9. 

Significantly elevated pro-MMP2 levels were observed in the presence of the glutamate 

transporter inhibitors fPDC and TBOA in RA synoviocytes at all glutamate 

concentrations in patient 2 RA FLS (figure 6.3 a, representative zymogram is shown in 

figure 6.4) and at 50, 150, 550 and 1050pM by RA FLS from patient 3 (figure 6.3b). At 

all glutamate concentrations the non-transportable inhibitor of EAATs 1-5, TBOA, had a 

greater effect than the transportable inhibitor of EAATs 1-4 t?DC. fPDC increased pro- 

MMP2 production only in the presence of 60pM (p=0.002) and 1050pM glutamate 

(p=0.001). These trends were observed in RAFLS from 2 patients. Glutamate 

transporter inhibition had no effect on normal FLS (data not shown) which constitutively 

expressed much higher levels of pro-MMP2.

The effect of EAATs 1 to 5 glutamate transporter inhibitors on TIMP release by human 

FLS was explored (representative reverse zymogram is shown in figure 6.5). TIMP1 and 

TIMP2 release was significantly increased in the presence of TBOA at all glutamate 

concentrations (figure 6.6a and b respectively). tPDC caused an increase in TIMP1 and 

TIMP2 only in RA FLS cultured in 60pM -  1050pM glutamate. Normal synoviocytes 

released both TIMP1 and 2 but glutamate transporter inhibitors had no effect on levels of 

expression (data not shown).

6.3.3 The effect of ionotropic glutamate receptor antagonists on the release of pro- 

MMP2 and TIMPs by FLS

To determine whether the effect of glutamate transporter inhibitors on pro-MMP2 release 

reflected increased activation of ionotropic NMDA receptors due to a decrease in 

glutamate uptake, FLS cultures were treated with dAP-5 (competitive NMDA receptor 

inhibitor) and MK801 (non-competitive NMDA receptor inhibitor) at various glutamate 

concentrations for 15 hours. At all glutamate concentrations, except 150pM, MK801 

significantly increased pro-MMP2 production (figure 6.7a). The competitive inhibitor,
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dAP-5 had no significant effect on pro-MMP2 release by RA synoviocytes at any 

glutamate concentration.

MK801 and dAP-5 had no effect on pro-MMP2 release by normal synoviocytes (figure 

6.7b). Furthermore, the AMPA/KA receptor inhibitors, CFM2 and NBQX had no effect 

on pro-MMP2 release by RA FLS (data not shown, this was not tested in normal FLS). 

TIMP1 and TIMP2 release by RA synoviocytes did not change at any glutamate 

concentration when treated with inhibitors of the ionotropic receptors (MK801, d-AP-5, 

NBQX or CFM2, see figures 6.8 and 6.9 for representative zymograms). This was not 

tested in normal FLS.

6.4 Discussion

Cytokines and growth factors regulate the expression of MMPs in many cell types and it 

has previously been shown that cytokine induced increases in expression of MMPs may 

lead to cartilage degradation (Imai et al. 1997, Gilbert et al. 2002, 2004). The levels of 

MMPs 2 and 9 are elevated in the synovial fluid of RA patients (Yoshihara 2000) and 

contribute to cartilage degradation that accompanies RA. However, the active MMP2 

and pro and active MMP9 levels produced by the FLS in this study were too low to 

quantify. This concurs with previous studies showing that RA FLS secrete more MMP2 

than MMP9, and very little active gelatinases (Smolian et al. 2001). Furthermore, only 

pro-MMP2 and not active MMP2 has been detected in RA synovial fluid (Giannelli et al. 

2004). In order to determine whether the FLS used in this study were expressing these 

latent and active MMPs and TIMPs, a more sensitive method of detection such as ELISA 

could be used, or samples should be concentrated.
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Figure 6 i  Representative reverse zymograms showing that glutamate transporter 
antagonists increase production of TIMP1 and T1MP2 by RA FLS from patient 2.
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Figure 6.6: The effect of glutamate transporter inhibitors on TIMP 1 and 2 
production by RA FLS
Glutamate transporters increase TIMP1 (panel a) and TIMP2 (panel b) production by RA 
FLS from patient 2 at all glutamate concentrations (*:p<0.05, SEM error bars).

a. TIMP1

Patient 2: RA, Female, aged 56, passage 6
2 -1

1.8 -

tf> 1.6
c
3
O 1.4 -
■C
a> 1.2 -
E
o■*-> 1 -
</)ca> 0 8  -
T3
<D> 0.6 -
(0
a> 0 4  -
a:

0.2

0 -

b. TIMP2

50

□ Control

□  tPDC

TBOA

51 60
pM glutam ate

150 1050

2.5 -n

Patient 2: RA, Female, aged 56, passage  6

50

t □  Control

* □  tPDC

T J ■  TBOA

51 60

pM glutam ate
158

150 1050



Chapter 6

Figure 6.7 The effect of NMDA glutamate receptor inhibitors on pro-MMP2 
production by RA and normal FLS

a. The non-competitive NMDA receptor antagonist MK801 (black bars) caused a 
significant increase in proMMP2 production at all glutamate concentrations except 
150pM. d-AP5 (grey bars) had no effect on pro-MMP2 release by RA FLS from patient 3 
(*:p<0.05, **p<0.005 n=6, SEM error bars).

P a t ie n t  3 :  R A , F e m a le ,  a g e d  6 2 ,  p a s s a g e  7
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■e 
S
f  0.6 
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□ DAP5 

■ MK801

150 550
pM  g l u t a m a t e

b. Inhibition of NMDA receptors with MK801 and DAP5 does not influence pro MMP2 
release by normal FLS from patient 4 (n=6, SEM error bars).

P a t ie n t  4 :  N o r m a l ,  F e m a le ,  a g e d  6 4 ,  p a s s a g e  7

□  control

MK801
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Figure 6.8 Representative reverse zymograms showing that glutamate receptor 
antagonists (D-AP5 and MK801) have no effect on the production of TIMP1 and 
TIMP2 by RA FLS from patient 3.
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Figure 6.9 Representative reverse zymograms showing that glutamate receptor 
antagonists (CFM2 and NBQX) have no effect on the production of TIMP1 and TIMP2 
by RA FLS from patient 8.
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Constitutive levels of pro-MMP2 were higher in normal FLS (2.5-7 relative densitometric 

units) compared to RA FLS levels (0.075-2 relative densitometric units). This was 

surprising because levels of pro-MMP2 have been shown to be elevated in RA synovial 

fluid compared to OA synovial fluid (Yoshihara 2000) however no comparisons to 

normal synovial fluid could be found in the literature. TIMP1 and TIMP2 were 

expressed by RA FLS. TIMP3 expression was not observed in any FLS, however 

previous studies have shown TIMP3 to be expressed by RA FLS (Jeong et al. 2004).

The responses of normal and RA FLS to extracellular glutamate with regard to pro- 

MMP2 production varied between patients and passage. The normal FLS were much less 

responsive to glutamate than RA FLS; only 550pM (when compared to 60pM glutamate) 

glutamate increased pro-MMP2 production by normal FLS at passage 6 and no effects 

were observed at passage 7. Other studies have demonstrated that MMP levels produced 

by normal FLS are less responsive to cytokines compared to MMP production by RA 

FLS (Cheon et al. 2002) demonstrating that the two cell types respond differently. The 

difference in pro-MMP2 production between RA and normal FLS suggests that RA FLS 

have a heightened sensitivity to the elevated glutamate found in the synovial fluid of RA 

patients.

The effect of glutamate on pro-MMP2 release by RA synoviocytes was variable between 

patients and cells at different passages from the same patient. FLS from 2 RA patients 

did not respond to extracellular glutamate at all. The variability observed between RA 

patients was also observed with regard to IL-6 production (see chapter 4) and may be due 

to a number of reasons. For example age, sex and treatments that the patients were 

receiving may all affect how the FLS respond to glutamate. Alternatively, because RA 

FLS are exposed to higher levels of glutamate in vivo, constitutive expression of 

glutamate receptors and transporters may be increased, therefore increasing these cells 

responsiveness to glutamate. These experiments therefore need to be repeated on FLS 

from more patients in order for any firm conclusions to be drawn.
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At passage 5 increased extracellular glutamate caused an increase in pro-MMP2 

production by FLS from patient 3, however at passage 7, higher concentrations of 

extracellular glutamate caused a significant decrease in pro-MMP2 release. This is an 

unusual anomaly and could be because at passage 7 the FLS were starting to lose their 

phenotype, however previous studies have shown that this does not normally occur until 

passage 8 (Williams, A. S., personal communication). Alternatively, RA FLS may be 

regulating extracellular glutamate levels themselves by release or uptake mechanisms, in 

which case as extracellular glutamate is regulated, in turn; levels of pro-MMP2 are being 

regulated. It should be noted that a literature search yielded no evidence of previous 

studies looking at the effect of human FLS passage number on MMP production.

This study demonstrated that inhibiting the activity of glutamate transporters affects pro- 

MMP2 and TIMP release by RA and normal FLS. The presence of glutamate transporter 

inhibitors significantly increased pro-MMP2 (patient 2), TIMP1 and TIMP2 expression at 

all glutamate concentrations. The non-transportable EAAT inhibitor, TBOA had a more 

significant effect on pro-MMP2 and TIMP production than the transportable inhibitor, 

tPDC (patient 2). tPDC is a transportable inhibitor of EAATs 1-4 and has previously 

been shown to be a less potent glutamate transport inhibitor than the non-transportable 

inhibitor, TBOA, in astrocytes and neurons (Waagepetersen et al. 2001). Alternatively, 

these differences in effects may be due to the inhibition of EAAT ion channel activity by 

TBOA (Arriza et al. 1997). The effect of glutamate transporter antagonists on pro- 

MMP2 was also observed in RA FLS from patient 3; TBOA caused an increase in pro- 

MMP2 release at 4 out of the 6 glutamate concentrations tested. Since more pro-MMP2 

is being produced in the presence of glutamate transporter inhibitors, it may be concluded 

that high levels of extracellular glutamate induce the production of pro-MMP2 in RAFLS 

by increased activation of glutamate receptors. However this was not consistent with the 

experiments discussed above (section 6.3.1) indicating that increased glutamate does not 

consistently increase pro-MMP2 release. Alternatively, this could be explained by the 

fact that TBOA inhibits the receptor function of glutamate transporters; the transporters 

may be acting as glutamate-gated ion channels or as receptors; it has been demonstrated 

previously that glutamate can activate the MEK/ERK pathway in astrocytes via glutamate
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transporters (Abe and Saito 2001). Therefore TBOA could be inhibiting the receptor 

function of the transporters to increase proMMP2 levels as is the action of MK801 on 

NMDA receptors.

Normal FLS were less responsive than RA FLS to glutamate transporter antagonists. 

EAAT inhibition caused an increase in RA FLS production of pro-MMP2 but had no 

effect on normal FLS pro-MMP2 production. This therefore highlights a difference 

between the response of RA and normal FLS to the inhibition of glutamate transporter 

function. Differences between RA and normal FLS to transporter antagonists are 

discussed in chapter 4 because similar differences were also seen in IL-6 production (see 

section 4.3.3). The most likely conclusion is that since normal and RA FLS express 

different glutamate transporters and receptors (see section 3.3.7) they are likely to 

respond differently to glutamate and glutamate receptor and transporter inhibitors. In 

addition, since the levels of expression of receptors and transporters may also differ 

between RA and normal FLS and with treatment, a further level of complexity is 

introduced.

Glutamate transporter inhibition also affected TIMP production. TIMP1 and TIMP2 

levels were increased significantly by inhibition of glutamate transporters in RA FLS 

indicating a compensatory effect; compensating for the increase in pro-MMP2. The 

presence of EAAT inhibitors induced production of TIMP 1 and TIMP2 in the same way 

they had with pro-MMP2. TBOA had a greater effect than tPDC on TIMP1 and 2 

release, which was also observed with regard to pro-MMP2 release by FLS and reasons 

for this difference have already been discussed above. The increase in TIMPs observed 

in response to glutamate transporter antagonists may be seen as a compensatory response 

to the increase in pro-MMP2 or they may have another role. For example, the activation 

of pro-MMP2 by MMP 14 requires the presence of TIMP2 (Sommerville 2003) in which 

case increases in TIMP2 would be associated with increased degradation. However, 

expression of active MMP2 was not observed in this study. The relative binding 

affinities of the glutamate transporter antagonists used are discussed in chapter 4 (section

4.2.2).
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Extracellular TIMP-1 has been shown to protect neurons against cell death from high 

concentrations of glutamate (600pM) by blocking glutamate mediated calcium entry, 

which suggests an interaction of TIMP-1 with glutamate receptor function (Tan et al. 

2003). Tan et al. suggest that the neuroprotective effect of TIMP-1 only occurs when it is 

bound to MMPs because when neurons are incubated with TIMP-1 and a synthetic MMP 

inhibitor (MMPI) the neuroprotective effect is lost. How the effect of TIMP-1 on 

glutamate receptor calcium influx is mediated is unknown. So the induction of TIMP-1 

by high levels of extracellular glutamate observed in this study may serve to block 

glutamate receptors (thus preventing increases observed in pro-MMP2) or to inhibit 

MMPs directly.

The effects of ionotropic receptor antagonists had variable effects on pro-MMP2 

production by FLS. Treatment of RA FLS with NMDA receptor antagonists (MK801) 

caused an increase in pro-MMP2 production at all glutamate concentrations except 

150pM. This suggests that the elevated glutamate in RA synovial fluid may activate 

NMDA receptors to down-regulate matrix metalloproteinase production. No effect of 

NMDA receptor antagonists on pro-MMP2 production by normal FLS was observed thus 

further highlighting differences between RA and normal FLS in how they can respond to 

glutamate. DAP5 had no effect on pro-MMP2 production by RA and normal FLS. DAP5 

is a competitive inhibitor and therefore may not have been used at a high enough 

concentration. As discussed in chapter 4, it is difficult to determine the correct 

concentration of competitive inhibitors. Variable factors affecting inhibitors include 

number of receptors and transporters expressed, receptor subunit expression, Mg2+ 

concentration, receptor and transporter trafficking, the number of receptors needed to be 

activated to evoke a response in a cell and the binding affinity of the antagonist.

AMPA/KA receptor inhibition had no effect on pro-MMP2 production by RA and normal 

FLS indicating that these receptors are not important in the regulation of pro-MMP2 

production. This concurs with published studies showing that KA induced seizures has
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no effect on MMP2 expression in rat brain sections (Szklarczyk et al. 2002) and that KA 

does not increase expression of MMP2 by rat neurons (Jourquin et al. 2003).

No effect was observed on TIMP expression by RA FLS. Evidence of neurotransmitter 

control of TIMPs has been observed in the CNS. TIMP-1 is upregulated in rat neurons 

after kainate-induced seizures indicating that kainate receptors may regulate TIMP-1 

expression (Tan et al. 2003). This is not consistent with the data presented here, 

therefore, in FLS a different pathway is likely to regulate the TIMP expression observed 

upon inhibition of glutamate transporters. Either the glutamate transporters are directly 

influencing TIMP production or the metabotropic receptors may be mediating this 

response. To determine which pathway is involved requires further experiments. For 

example using TBOA (to prevent glutamate uptake) in conjunction with receptor 

antagonists to determine which receptors may affect TIMP production.

This study has used MMPs 2 and 9 as markers of a catabolic response to glutamate. 

However, as discussed in section 1.5.1.3.1, many other MMPs are involved in the 

pathology of RA. It would be interesting to see if glutamate and glutamate signalling has 

effects on other MMPs. These could be measured using ELIS As. Alternatively, MMP 1, 

8 and 13 (the collagenases), levels of which are elevated in RA (Shaw 2000), can be 

measured using a collagen degradation assay (Cawston and Barrett 1979).

The data presented here clearly indicate that glutamate and antagonists of glutamate 

transporters and receptors influence pro-MMP2, TIMP1 and TIMP2 release by RA and 

normal synoviocytes. Evidence presented here indicates that elevated glutamate may 

induce a catabolic response in FLS. Furthermore, it has been demonstrated that RA and 

normal FLS respond differently to glutamate and glutamate receptor and transporter 

antagonists thus demonstrating different glutamate signalling mechanisms occur in the 

diseased state. MMPs and TIMPs play a large role in RA (as discussed in sections

1.5.1.3.1 and 1.5.2). The effect of glutamate on MMP and TIMP activity in FLS clearly 

warrants further investigation given the potential importance of these enzymes in pannus 

formation and synovial joint degradation in RA.

166



Chapter 7

Chapter 7 The effect of glutamate and glutamate receptor activation on

intracellular calcium responses in FLS

7.1 Introduction

The studies presented thus far have shown that FLS express glutamate transporters and 

receptors (chapter 3) and that stimulation of FLS with glutamate or glutamate receptor 

and transporter inhibitors can alter FLS phenotype (chapters 4 and 6). The RT-PCR 

studies in chapter 3 demonstrate that RA FLS express both NMDA and kainate receptor 

subunit mRNA. Moreover, the data in chapters 4 and 6 demonstrate that production of 

IL-6, pro-MMP2 and TIMPs by FLS were responsive to inhibition of ionotropic 

glutamate receptors with the non-competitive NMDA receptor inhibitor MK801 and the 

AMPA/kainate receptor inhibitor NBQX. Therefore the mechanisms by which glutamate 

may effect these phenotypic changes were explored.

Section 1.6.2.1 in chapter 1 gives an overview of the different types of glutamate 

receptors and the signalling pathways they activate. The work described in this chapter 

focuses on the NMDA and kainate ionotropic receptors since inhibitors of these receptors 

altered FLS phenotype (chapters 4 and 6). The binding of glutamate to NMDA receptors 

causes the receptor pore to become permeable to Ca2+ as well as Na+ and K+. Magnesium 

ions can block NMDA receptor ion channel pores and inhibit calcium ion flow. Kainate 

receptors are also ionotropic receptors and stimulate calcium influx into cells either 

directly through the kainate receptor channel, or indirectly via voltage-gated calcium 

channels.

There is some evidence from CNS studies linking glutamatergic signalling to pathways 

that may be important in RA pathology (section 1.6.5). For example, in neurons NMDA 

receptor activation induces nitric oxide production (Okada et al. 2004) and inhibition of 

nitric oxide synthase can prevent glutamate-induced neurotoxicity (Montoliu et al. 2001). 

Since nitric oxide plays a pivotal role in the inflammatory process of RA (see section 

1.4.1.3) activation of glutamate receptors in FLS may lead to similar responses. 

Furthermore, the transcription factor NFkB is known to induce pro-inflammatory
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cytokine expression in RA FLS (Barnes et al. 1997, Libermann et al. 1990) and is 

activated by kainate in rat striatum (Cruise et al. 2000), and NMDA receptor activation in 

osteoblasts (Merle et al. 2003). To determine whether NMDA and kainate receptors 

expressed by RA FLS are functional, the effect of kainate and NMDA on intracellular 

Ca2+ ([Ca2+]i) levels was explored. Since IL-6 levels are also increased in RA synovial 

fluid (Desgeorges et al. 1997) and this cytokine is known to influence glutamate 

signalling in the CNS (Peng et al. 2005), the effect of IL-6 on glutamate-mediated [Ca2+]i 

increases was also investigated.

7.2 Methods

Confluent RA FLS (from patient 6 and patient 9) in petri dishes (cultured as in section

2.5.2) were incubated for 60-90 minutes at 37°C with the fluorescent indicator of Ca2+, 

fluo-4 AM (5pM). Background activity (the number of fluorescent cells displaying 

calcium signals) was measured before stimulation with approximately 50pM thimerosal, 

500pM glutamate, 200pM TBOA, 500pM NMDA or 500pM kainate (see section 2.10). 

These concentrations of glutamate, NMDA and kainate were chosen because the largest 

changes in IL-6 and pro-MMP2 were observed at 500jaM glutamate and the average 

concentration of glutamate in RA synovial fluid is 326pM. The fluorescence intensity 

was analysed using laser scanning confocal fluorescence imaging (section 2.10.1). 

Fluorescence values over time for all responsive cells were exported into Excel 

(Microsoft) for further analysis and AF% plot production. AF% is the change in 

fluorescence and was calculated by dividing the fluorescence change by the basal 

fluorescence and multiplying by 100 for each cell (Parri and Crunelli 2003). Basal 

fluorescence was taken as fluorescence intensity immediately prior to the addition of 

stimulant. These data were plotted as AF% against time. The mean time RA FLS took to 

respond to stimulants and the mean time to recover to basal [Ca2+]j levels is presented 

(+/-SEM), however the time taken to return to basal levels could not be presented for all 

data because measurements were not taken for long enough. To ensure that Ca2+ 

responses were not due to mechanical stimulation through pipetting of the test stimulants, 

buffer alone was added to the RA FLS. No changes in fluorescence were observed upon
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addition of buffer alone therefore all responses are due to specific stimulation of the 

applied agonist and not the result of mechanical stimulation.

RA FLS cultured from patient 6 (see section 2.5.2) were also pre-treated with IL-6 

(50ng/ml) and sIL-6r (20ng/ml) prior to glutamate or NMDA stimulation to see if this 

affected calcium responses via these receptors. IL-6 (50ng/ml) and IL-6sr (20 ng/ml) 

were added to the culture media and incubated at 37°C for approximately 6 hours prior to 

stimulation with 500pM glutamate or 500pM NMDA using the method described above.

The number of cells observed in each experiment varied from 14 to 33 allowing statistical 

comparisons on numbers of responding cells using the chi square test (see figure 7.7). 

Due to the constraints of the chi square test only data sets with all frequencies (number of 

cells) greater than 5 could be analysed. In some cases enough cells responded (n>2) to 

allow variation in AF%, time to peak [Ca2+]i and recovery to basal [Ca2+]i to be assessed 

(presented as mean +/- SEM).

7.3 Results: The effect of glutamate and glutamate receptor and transporter

agonists and antagonists on [Ca2+]i responses in RA FLS

7.3.1 The effect of Thimerosal, an activator of IP3 on [Ca2+]t release by RA FLS

Thimerosal is an [Ca2+]i mobiliser (Elferink 1999) and was used to confirm that the Fluo- 

4 dye was successfully loaded in the RA FLS cells (patient 6, passage 5) and could 

respond to increases in [Ca2+]i. 28% of these RA FLS responded to Thimerosal (figure 

7.1). The biggest increase in fluorescence induced by Thimerosal in an FLS was 332% 

(FLS 8, figure 7.IB). Figure 7.1C shows in detail the AF% in FLS1 to 7 after removal of 

the FLS8 plot to allow an increase in the scale of the y axis. All increases in [Ca2+]i 

occurred after addition of Thimerosal therefore responses were unlikely to be due to 

spontaneous [Ca2+]i release. This data therefore confirms that RA FLS were successfully 

loaded with fluo-4 and that the [Ca2+]i changes could be measured using the described 

methods.
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Figure 7.1 The intracellular calcium response of RA FLS (patient 6, passage 5) upon 
treatment with Thimerosal.
Eight of the 29 cells (28%) in the field of vision (figure A) responded upon stimulation 
with Thimerosal (approximately lOfiM). Changes in fluorescence versus time from RA 
FLS demonstrating that Thimerosal causes [Ca2+]j release are shown in figure B (cells 1 
to 8) and figure C (cells 1 to 7). Thimerosal addition occurred at time 0.
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7.3.2 The effect of glutamate on [Ca2+]j release by RA FLS

Glutamate caused an increase in [Ca2+]i in RA FLS from patient 6 and 9 in 24% and 22% 

of cells respectively (Figures 7.2 and 7.3). Graphs showing changes in fluorescence over 

time of cells from patients 6 and 9 show that increases in [Ca ]i occur (average of 32 

and 108 seconds respectively) after stimulation with 500pM glutamate. The coordination 

in responses indicates that they were not due to spontaneous Ca release (figures 7.2C 

and 7.3B). It took an average of 77 seconds after stimulation with glutamate for [Ca2+]j 

in RA FLS from patient 6 to return to basal levels. Pre-treatment of RA FLS (patient 6, 

passage 5) with IL-6 (50ng/ml) and sIL-6r (20ng/ml) caused less cells to respond (13%) 

to 500pM glutamate (figure 7.4). Only 2 of the 15 cells visualised that had been pre

treated with IL-6 responded to glutamate. Furthermore, one of these responses (FLS 2, 

figure 7.4B) occurred over 2.5 minutes after stimulation with 500pM glutamate after 

recordings had been terminated and therefore full analysis could not be carried out on this 

cell. The AF% of FLS 1 (figure 7.4A) pre-treated with IL-6 reached a maximum point of 

95% upon stimulation with glutamate (within the time measurements were taken), 

whereas the largest AF% of IL-6-untreated RA FLS was 235% (FLS 1, figure 7.3).

7.3.3 The effect of TBOA on [Ca2+]i release by RA FLS

The effect of TBOA on release of [Ca2+]i was investigated to see if RA FLS 

constitutively released enough glutamate to activate glutamate receptors on the cells 

surface and thus increase [Ca2+]j. The presence of TBOA would be expected to block 

glutamate uptake and may activate glutamate receptors if glutamate was being released 

by RA FLS over the time of recording. Over the course of approx. 300 seconds 200pM 

TBOA did not induce release of [Ca2+]i of RA FLS; 0% of cells responded (data not 

shown, approximately 20 cells visualised in field of view).
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Figure 7.2 The intracellular calcium response of RA FLS (patient 6, passage 5) upon 
treatment with 500pM glutamate.
Figure A shows still images of FLS1 at different time points after stimulation with 
500pM glutamate. Five out of the 21 cells (24%) in the field of vision (figure B) 
responded to treatment with 500pM glutamate. Changes in fluorescence over time from 
the active FLS show that 500pM glutamate causes [Ca2+]i release (figure C). Glutamate 
addition occurred at time zero in figure C.
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Figure 7.3 The intracellular calcium response of RA FLS (patient 9, passage 7) upon 
treatment with 500pM glutamate.
Five out of the 23 cells (22%) in the field o f vision (figure A) responded to treatment 
with 500pM glutamate. Changes in fluorescence over time from the active FLS show 
that 500pM glutamate causes [Ca2+]i release (figure B). Glutamate addition occurred at 
time zero in figure B.

FLS 3

FLS 1

B
220

S 170 
§

o 120

o
05
Cm
55

70

20

-30

-FLS1

-FLS2

FLS3

FLS4

FLS5

Time to peak: 108s +/-16 
AF%: 108 +/-40

(mean +/- SEM)

Time (seco n d s)

FLS 4

FLS 5

FLS 2

174



Chapter 7

Figure 7.4 The intracellular calcium response of RA FLS (patient 6, passage 5) 
pretreated with IL-6 (50ng/ml) and IL-6sr (20ng/ml) upon treatment with 500pM 
glutamate.
Two out of the 15 cells (13%) in the field of vision (figure A) responded to treatment 
with 500pM glutamate. The change in fluorescence over time in figure C demonstrates 
that FLS 1 responded within seconds after stimulation, however FLS 2 responded 
approximately two minutes after recordings had been terminated. Glutamate addition 
occurred at time zero in figure C. Figure B shows a still image of FLS2 approximately 
three minutes after stimulation with 500pM glutamate.
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7.3.4 The effect of NMDA on [Ca2+]i release by RA FLS

To determine which receptors were mediating [Ca2+]i changes in response to glutamate, 

the effect of the specific agonist of NMDA receptors, NMDA was tested. NMDA caused 

an increase in [Ca2+]i in RA FLS from patient 6 (15% of cells responded an average of 57 

seconds after stimulation) (figure 7.5). Changes in fluorescence over time of cells from 

patients 6 show that increases in [Ca2+]i occur after stimulation with 500jjM  NMDA and 

therefore were not due to spontaneous Ca2+ release (figures 7.5B). Figure 7.5C 

demonstrates the visible change in fluorescence over time following stimulation with 

NMDA. An increase in the number of RA FLS responding to NMDA occurred in the 

absence of Mg2+ (a mean of 57% of cells responded with a mean of 25 seconds after 

stimulation) (figure 7.6) consistent with the inhibitory effect of Mg2+ on NMDA receptor 

ion channels. This increase was found to be significant using the chi square test (figure

1.1 A). A  larger AF% occurred in cells stimulated with NMDA in the absence of Mg2+ 

(mean of 50% compared to 38% in the presence of Mg2+). The number of cells 

responding to NMDA and glutamate was also compared using the chi square test (figure 

7.7B). This revealed that no significant difference was observed in the number of cells 

increasing [Ca2+]i between treatment with glutamate and NMDA in RA FLS from patient 

6 (passage 5).

Fewer RA FLS pre-treated with IL-6 (50ng/ml) and IL-6sr (20ng/ml) (figure 7.8) 

responded to NMDA (9%) compared to RA FLS that had not been pre-treated with IL-6 

(15%). Cells pre-treated with IL-6 took longer to respond (156 seconds compared to 57 

seconds in un-treated cells). IL-6 pre-treated and NMDA-stimulated RA FLS 

demonstrated a greater AF% (mean of 171%) compared to RA FLS not pre-treated (mean 

of 38%).
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Figure 7.5 The calcium response of RA FLS (patient 6, passage 5) upon treatm ent 
with 500pM NMDA.
Five out of the 33 cells (15%) in the field of vision (figure A) responded to treatment 
with 500pM NMDA. Changes in fluorescenc over time from the active FLS show that 
500jjM  NMDA causes [Ca2+]i release (figure B). NMDA addition occurred at zero time 
in figure B. Figure C shows still images of FLS 1 at different time points after stimulation 
with 500pM NMDA.
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Figure 7.7 Chi square analyses

A. x2 analysis to show whether absence of Mg2+ significantly increases NMDA 
receptor activation.

Stimulant: NMDA NMDA - Mg2+ Total
No. cells responding 
observed

5 8 13

No. cells responding 
observed

28 6 34

Total 33 14 47
No. cells responding 
expected

9.13 3.87

No. cells not 
responding expected

23.87 10.13

Chi square total: 8.67
Degrees of freedom: 1
Critical chi square value (p<0.05): 3.841

Therefore significantly more RA FLS respond to NMDA without Mg2+ present by 
increasing [Ca2+]i than to when Mg2+ is present

B. x2 analysis to show whether glutamate and NMDA significantly activate different 
numbers of cells.

Stimulant: NMDA Glutamate Total
No. cells responding 
observed

5 5 10

No. cells responding 
observed

28 16 44

Total 33 21 54
No. cells responding 
expected

6.1 3.9

No. cells not 
responding expected

26.9 17.1

Chi square total: 0.62
Degrees of freedom: 1
Critical chi square value (p<0.05): 3.841

Therefore there is no significant difference between the number of RA FLS responding to 
glutamate by increasing [Ca2+]i than to NMDA.
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Figure 7.8 The intracellular calcium response of IL-6-treated RA FLS upon 
treatment with 500pM NMDA.
Two out of the 22 RA FLS (patient 6, passage 5) cells (9%) in the field of vision (figure 
A) responded to treatment with 500pM NMDA. Changes in fluorescence over time from 
the two active RA FLS show that 500pM NMDA causes [Ca2+]j release (figure B). 
NMDA addition occurred at time zero in figure B.
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7.3.5 The effect of kainate on [Ca2+]i release by RA FLS

Kainate caused an increase in [Ca2+]i in RA FLS (patient 9, passage 7) in 15% of the cells 

observed (figures 7.9). Changes in fluorescence over time of the cells show that 

increases in [Ca2+]i occur after stimulation with 500pM kainate and therefore were not 

due to spontaneous Ca2+ release (figures 7.9B). The average time to peak [Ca2+]i was 

114s, with a maximum average AF% of 92 (figure 7.9).

7.4 Discussion

The data presented here demonstrates that RA FLS can be stimulated by glutamate to 

increase [Ca2+]j. This confirms that RA FLS are responsive to glutamate and highlights 

possible pathways, by which RA FLS change their phenotype in response to the increases 

in extracellular glutamate levels observed in RA synovial fluid. Increases in [Ca2+]i in 

RA FLS were observed in response to 500jiM glutamate (in RA FLS from 2 patients), 

500pM NMDA and 500pM kainate thus demonstrating that NMDA, AMPA and kainate 

ionotropic glutamate receptors are active in RA FLS.

IL-6 pre-treatment decreased the number of cells responding to glutamate and NMDA, 

however it did not appear to affect the intensity of the [Ca2+]i increase because the largest 

AF% occurred in IL-6 pre-treated RA FLS stimulated with NMDA. This was only shown 

in one cell therefore numbers would need to be increased in order to see variability in this 

response. The effect of IL-6 in decreasing the number of responsive cells may be due to 

IL-6 causing increased expression of EAAT 1, as observed in RA FLS (chapter 4). This 

would increase glutamate uptake by the cells, reducing glutamate available for activation 

of glutamate receptors. To deduce how IL-6 is effecting its action by increasing EAAT1 

expression experiments should be repeated in the presence of EAAT inhibitors or with 

inhibitors of IL-6 signalling pathways (see section 9.3). Alternatively, IL-6 may be 

decreasing glutamate receptor expression or translocation to the cell surface. In fact, the 

effect of IL-6 on glutamate induced increases in [Ca2+]i in neurons has recently been 

published by Peng et al 2005. They used an anti-gpl30 blocking monoclonal antibody 

to inhibit IL-6 activity and measured the changes of [Ca2+]i overload evoked by glutamate 

in cerebellar granule neurons (Peng et al. 2005). 5-10ng/ml of IL-6 had a neuroprotective
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effect (decreased apoptosis) upon stimulation with lOpM glutamate. In addition, 

glutamate caused an increase in [Ca2+]i levels in the IL-6-pre-treated neurons but they 

returned to basal levels faster than neurons not pre-treated with IL-6 (Peng et al. 2005). 

The anti-gpl30 monoclonal antibody blocked this effect. They therefore suggest that IL- 

6 inhibits the glutamate induced [Ca2+]i overload via the gp-130 pathway, however a 

mechanism is not described. Results from RA FLS are consistent with this study.

NMDA and kainate both stimulated increases in [Ca2+]i in RA FLS thus concurring with 

the expression studies in chapter 3 demonstrating expression of NMDA NR1 and KA1 

subunits. Kainate can activate both AMPA and kainate receptors therefore the [Ca2+]i 

response may be brought about by activation of either receptor type. Studies in chapter 3 

demonstrated that AMPAGluR2 and AMPAGluR3 were not present in normal or RA 

FLS, therefore the increase in [Ca2+]i is more likely to have been brought about by 

kainate receptor activation. Further experiments need to be carried out, either stimulating 

FLS with AMPA or inhibiting AMPA receptors whilst stimulating with kainate and 

observing any evoked changes in [Ca2"*’]i.

NMDA is a specific agonist for NMDA receptors therefore the increase in [Ca2+]i it 

evoked clearly indicates the presence of functional NMDA receptors in RA FLS. The 

buffer in which the [Ca ]i measurements were made did not contain glycine and NMDA 

receptors require glycine as a co-agonist (Kleckner and Dingledine 1988), however the 

DMEM used for culturing the FLS contained 250pM glycine. Mg2+ ions are known to 

block the NMDA ion channel (Egebjerg et al. 2002). The fact that the absence of Mg2+ 

ions significantly increased the number of FLS responding to NMDA supports the 

assumption that activation of NMDA receptors increases [Ca2+]i. No significant 

difference was observed between cells stimulated with glutamate and NMDA, this 

indicates that in patient 6, it is the NMDA receptors that predominantly respond to 

glutamate with an increase in [Ca2+];. The effect of kainate on [Ca2+]j was only tested in 

patient 9, therefore it is unclear whether kainate would also activate increases in [Ca2+]i in 

RA FLS from patient 6.
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Figure 7.9 The intracellular calcium response of RA FLS (patient 9, passage 7) upon 
treatment with 500pM Kainate
Three out of the 20 cells (15%) in the field o f vision (figure A) responded to treatment 
with 500pM kainate. Changes in fluorescence over time from three active FLS show that 
500pM kainate causes [Ca2+]i release (figure B). Kainate addition occurred at time zero 
in figure B. The three peaks highlighted in figure B (*) were caused by floating 
fluorescent debris moving across the optical field of the microscope.
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It should be noted that unless stated, the experiments measuring [Ca2+]i were only carried 

out once therefore to conclude fully from these results repetitions are necessary. 

However the fact that spontaneous increases in [Ca2+]i did not occur in RA FLS and that 

more than one cell responded upon stimulation strongly indicates that the stimulant 

effects are real. The experiments described in this chapter should also be repeated in the 

presence of the appropriate glutamate receptor antagonists to confirm that the observed 

[Ca2+]i increases were brought about by specific activation of NMDA and kainate 

receptors. For example FLS should be stimulated with NMDA alone and the evoked 

[Ca2+]i changes compared in the presence of a non-competitive NMDA receptor inhibitor 

such as MK801.

The evoked [Ca ]i increases observed are a possible mechanism for RA FLS to regulate 

IL-6, pro-MMP2 and TIMP levels in response to extracellular glutamate. The increase in 

[Ca2+]i may also be involved in intercellular signalling. D’Andrea et al. demonstrated 

that intercellular calcium signalling occurs between chondrocytes and FLS in co-culture 

following mechanical stimulation via gap junctions. They hypothesise that this 

intercellular communication may be involved in pannus formation (D’Andrea et al. 

1998). Some evidence of intercellular transmission of [Ca2+]i waves was observed 

between FLS1 and FLS5 (figure 7.2) since the increase in [Ca2+]i occurs in FLS1 prior to 

the adjacent FLS5 following stimulation with 500pM glutamate. This can be seen 

graphically in figure 7.2C. The increases in [Ca2+]i brought about by glutamate receptor 

activation may therefore allow communication between FLS and chondrocytes.

Increased [Ca2+]i in FLS has been shown to induce expression of VC AMI and Cox2 

(Chen et al. 2002). VCAM1 is involved in adhesion of the invasive pannus cells to 

cartilage in RA. Cox2 is involved in prostaglandin synthesis (see section 1.4.1.2). 

Protease production has also previously been associated with increases in [Ca ];; 

stimulation of bovine FLS with a calcium ionophore increased production of a 144kDa 

gelatinase (Howarth et al. 1993). Hence NMDA or kainate receptor-mediated increases
9+in [Ca ]i could potentially be involved in many important pathological effects of RA 

FLS.
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To conclude, this preliminary study into the effects of glutamate receptor agonists on 

changes in [Ca2+]i in RA FLS has demonstrated that NMDA and kainate receptors are 

functional and the activity of these receptors may be modulated by the presence of IL-6. 

This therefore represents a possible mechanism for RA FLS to alter their phenotype in 

response to the elevated glutamate concentrations observed in RA synovial fluid.
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Chapter 8 Glutamate transport in RA FLS

8.1 Introduction

Human RA FLS have been shown to express the glutamate transporters EAAT1 and 

EAAT3 (chapter 3). Furthermore, stimulation of FLS with glutamate or glutamate 

transporter antagonists can alter FLS phenotype (chapters 4 and 6). The ability of 

fibroblasts to take up glutamate has been recognised since 1983 when skin-derived 

human fibroblasts were shown to transport glutamate (Dall’Asta et al. 1983). More 

recently Cooper et al. demonstrated expression of EAAT1 and 2 in cultured human 

embryonic skin fibroblasts (Cooper et al. 1998), however glutamate transport has not 

been investigated in synovial fibroblasts.

This chapter explores whether these transporters are functional in RA FLS by measuring 

their ability to take up glutamate. To date, glutamate uptake in RA FLS has not been 

investigated however it has been explored in fibroblasts derived from human adult skin, 

peripheral nerve tissue, embryonic muscle and embryonic skin (Dall’Asta et al. 1982, 

Cooper et al. 1998, Balcar et al. 1994, Zoia et al. 2005). Human skin fibroblasts also 

express glutamate transporters: EAAT1, 2, 3 and 4 (Cooper et al. 1998). Glutamate 

uptake in fibroblast cell types (see section 1.6.4.3) was shown to occur via a Na+- 

dependent mechanism (Balcar et al. 1994) although Dall’Asta demonstrated that uptake 

by RA FLS occurred by more than one mechanism (high affinity Na+-dependent, low 

affinity Na+-dependent and Na+-independent, see section 1.6.3). Therefore uptake by RA 

FLS may not be by the Na+-dependent transporters already demonstrated to be expressed 

(EAAT1 and EAAT3). However it is clear that specific inhibitors of these transporters 

(tPDC and TBOA) modify FLS phenotype.

Glutamate uptake in RA FLS has been investigated because the ability to uptake 

glutamate would demonstrate a mechanism for regulation of extracellular glutamate 

levels that may be of significance to the elevated glutamate levels observed in RA 

synovial fluid. The effect of IL-6 on glutamate uptake has been studied because IL-6 has 

been shown to affect EAAT1 mRNA and protein expression (chapter 3). In addition IL-6
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has been shown to affect glutamate signalling mechanisms in other cell types (see section 

1.6.4). The effect of the EAAT transporter inhibitor fPDC (previously used in chapters 4 

and 6) was also investigated to explore whether glutamate uptake was occurring via the 

EAATs.

8.2 Methods

8.2.114C-labelled glutamate uptake assay

To assess glutamate transporter function in RA FLS, a 14C-labelled glutamate uptake 

assay was designed based on previously published methods in human fibroblasts 

(Dall’Asta et al. 1982, Balcar et a l 1994). To optimize glutamate uptake assays for FLS, 

a preliminary experiment was set up where uptake of 50pM 14C-labelled glutamate was 

measured in confluent FLS after 0, 5, 10, 20 and 30 minutes (1 well per time point). 

Uptake of 14C-labelled glutamate was detected by scintillation counting of washed and 

lysed cells (section 2.11) after 10 minutes incubation. Optimal detection levels were 

obtained after 30 minutes (see figure 8.1). Therefore initially 14C-labelled glutamate 

uptake experiments were measured over 30 minutes (detailed methods are in section 

2.11.1).

As well as measuring glutamate uptake, the amount of glutamate binding to RA FLS was 

also investigated. This was done by measuring glutamate bound at zero time (adding 

14C-labelled glutamate and immediately aspirating = bound glutamate) and comparing 

this to total glutamate uptake (= bound glutamate and glutamate taken up). Glutamate 

uptake was calculated in two ways: i) subtracting the amount of glutamate bound to RA 

FLS after 0 time from uptake after 30 minutes, or ii) where bound glutamate was not 

subtracted (section 2.11.4). Data is presented with and without the bound glutamate 

being taken into account as subtraction of initially bound glutamate is not standard 

procedure in previously published methods. Bound glutamate measurement data (figure 

8.2) was logarithmically transformed prior to statistical analysis (see section 2.13).
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Figure 8.1 Data from the preliminary experiment carried out to determine how long 

uptake of radioactive glutamate should be measured for.

RA FLS were incubated with 50pM C14-labelled glutamate for a range of time durations 

(1 well per time point). Increases in glutamate uptake were observed after 10 minutes.

10

Time (minutes)

20 30
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Figure 8.2 The amount of 14C-labelled glutamate bound to RA FLS after 0 time 

Glutamate bound to RA FLS was determined by adding 14C-labelled glutamate to RA 

FLS and immediately removing it and washing the cells with ice cold PBS. The amount 

of glutamate bound to the RA FLS increased with glutamate concentration. Data was 

logarithmically transformed prior to paired t-test analysis (SEM error bars, n=3).
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The amount of glutamate taken up was determined by scintillation counting (section 

2.11.1). Statistical comparisons were made using a paired student t test after testing for 

normality and equal variance (Minitab).

8.2.1.1 The effect of pre-incubation of RA FLS with IL-6 on glutamate uptake

To investigate whether the cytokine, IL-6, affects glutamate uptake, confluent RA FLS 

(patient 7, passage 7) in 8-well chamber slides (see section 2.5.2 for cell culture methods) 

were pretreated with IL-6 (50ng/ml) and sIL-6r (20ng/ml) for 3 hours at 37°C prior to 

14C-labelled glutamate uptake assays at 5jiM and 300pM glutamate to represent levels in 

normal and RA synovial fluid (3 wells per concentration). Wells where media was 

replaced in absence if IL-6/sIL-6r, served as controls

RA FLS were incubated with 14C-labelled glutamate for 30 minutes at room temperature 

(section 2.11).

8.2.1.2 14C-labelled glutamate uptake by RA FLS and the effect of fPDC

As /PDC is a transportable competitive inhibitor of EAATs 1 to 4 (non-transportable to 

EAAT5) it was used to investigate whether uptake of glutamate by RA FLS is mediated 

via these transporters. A range of 14C-labelled glutamate concentrations were added to 

confluent RA FLS (patient 7, passage 7) in 8-well chamber slides (see section 2.5.2 for 

cell culture methods). Duplicate cultures were treated with IOOjiM *PDC when the Re

labelled glutamate was added (3 wells per treatment). Glutamate uptake by RA FLS was 

measured as before (section 8.3.1.1).

8.3 Results

8.3.1 Initial bound glutamate

The amount of glutamate bound, measured by adding 14C-labelled glutamate and 

aspirating immediately, increased as the concentration of glutamate added to the RA FLS 

culture media increased (Figure 8.2). However glutamate binding was not significantly 

increased between 300pM and 500pM glutamate indicating that saturation of glutamate 

binding sites may be occurring.
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8.3.2 Glutamate uptake by RA FLS

Glutamate uptake by RA FLS (patient 7, passage 7) after 30 minutes (figure 8.3A) was 

greater than the amount of glutamate ‘bound’ to the RA FLS at 0 time (figure 8.2). The 

amount of glutamate taken up increased as the concentration of extracellular glutamate 

increased (figure 8.3 A and B). This demonstrates that RA FLS have the ability to take 

up glutamate. However as the initial concentration of glutamate increased, the 

percentage of total glutamate uptake significantly decreased (figure 8.3C) indicating that 

RA FLS have a limited number of transporters or a limit to the amount of glutamate that 

these cells can take up over 30 minutes or different transport systems operating at 

different concentrations.

When bound glutamate was accounted for (figure 8.3A) a significant increase in 

glutamate uptake by RA FLS (patient 7, passage 7) was only observed between 5pM and 

50pM glutamate (p=0.004). When bound glutamate was not accounted for (figure 8.3B) 

a significant increase in glutamate uptake was observed at each increasing concentration 

increment.

8.3.3 The effect of IL-6 on 14C-labelled glutamate uptake by RA FLS

Pre-treatment of RA FLS (patient 7, passage 7) with IL-6 (50ng/ml) and sIL-6r (20ng/ml) 

for 3 hours significantly decreased uptake of 5pM glutamate compared to the control 

(p=0.03, figure 8.4).

8.3.4 The effect of the EAAT inhibitor fPDC on glutamate uptake

The non-transportable inhibitor of EAATs 1 to 4, fPDC, significantly increased glutamate 

uptake of 300pM glutamate (p=0.038) but decreased uptake of 500pM glutamate 

(p=0.047) (figure 8.5). Prior to paired t-test analysis, this data set had to be transformed 

(logio) in order for compared data sets to have equal variances.
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Figure 8.3 Glutamate uptake by RA FLS
All error bars show SEM.

A: The amount of glutamate taken up 
by RA FLS (patient 7, passage 7) after 
30 minutes as measured by a 14C- 
labelled glutamate uptake assay 
(glutamate initially bound at zero time 
has been subtracted). The amount of 
glutamate taken up increased as the 
concentration of extracellular glutamate 
increased. This demonstrates that RA 
FLS have the ability to uptake 
glutamate. (Paired t-test, n=3 wells, 
**:p<0.005).
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*:p<0.05, **:p<0.005).

C: The amount of glutamate taken up 
over 30 minutes as a percentage of the 
total amount of glutamate initially 
present as measured by a 14C-labelled 
glutamate uptake assay. The percentage 
of glutamate taken up by RA FLS 
significantly decreased as the initial 
glutamate concentration increased but 
reached saturation at 500pM glutmate 
(n=3 wells).
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Figure 8.4 The effect of IL-6 on 14C-labelled glutamate uptake by RA FLS
Pre-treatment o f RA FLS (patient 7, passage 7) with IL-6 significantly decreased uptake 

of 5pM glutamate (p=0.03) by RA FLS (patient 7, passage 7) compared to the control. 

IL-6 had no effect on the uptake of 300pM glutamate by RA FLS (SEM error bars, n=3 

wells, *:p<0.05).
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Figure 8.5 The effect of the non-transportable EAAT inhibitor, tPDC on R e

labelled glutamate uptake

The effect of tVDC on glutamate uptake by RA FLS (patient 7, passage 7) after 30 

minutes as measured by a 14C-labelled glutamate uptake assay. The non-transportable 

inhibitor significantly increased uptake of 300pM glutamate (p=0.038) however ?PDC 

caused a decrease in uptake o f 500pM glutamate (p=0.047). (Data was transformed 

(logio) prior to analysis using a paired t-test, SEM error bars, n=3 wells, *:p<0.05).
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8.4 Discussion

The amount of glutamate binding to RA FLS and affecting measurement of glutamate 

uptake was investigated. It was assumed that binding of glutamate to cell surface 

receptors and transporters would occur immediately however it is not certain that more 

glutamate would bind to the cell surface throughout the 30 minutes allowed for glutamate 

uptake. This may occur if the presence of extracellular glutamate induced translocation 

of glutamate receptors and transporters to the cell surface. Binding increased as initial 

extracellular glutamate increased, however no significant increase was observed between 

binding of 300pM and 500pM glutamate. This therefore suggests that binding was 

approaching saturation point at 300pM glutamate, or no more binding could occur in the 

time the RA FLS were exposed to the glutamate (approximately 2 seconds). This 

therefore needs to be taken into consideration in light of the data presented in this 

chapter. Data presented in figure 8.3 demonstrated that initial bound glutamate had an 

effect on glutamate uptake, glutamate uptake increased at each glutamate concentration 

increment when bound glutamate was not accounted for (figure 8.3B). Therefore a 

percentage of the glutamate observed to be taken up by RA FLS in the experiments in 

this chapter may be due to glutamate binding instead. Alternatively the glutamate bound 

value also represents rapid glutamate uptake occurring in 2 seconds of exposure to Re

labelled glutamate. All future experiments should therefore be repeated with duplicate 

cultures set up in which initial binding can be measured and subtracted from overall 

glutamate uptake.

Glutamate transport has been shown to be functional in RA FLS. Glutamate uptake by 

RA FLS increased as the initial amount of extracellular glutamate increased. The 

percentage of glutamate uptake significantly decreased as the initial amount of 

extracellular glutamate increased suggesting that the RA FLS were limited in the amount 

of glutamate they could uptake in 30 minutes. This could be due to limited expression or 

trafficking of glutamate transporters to the cell surface or removal of transporters from 

the cell surface membrane once a maximal intracellular glutamate concentration is 

reached. Cytotoxicity data revealed that 2mM extracellular glutamate is not toxic to RA 

FLS (chapter 4) and therefore there may not be an immediate requirement for these cells
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to take up glutamate. The fact that glutamate uptake is occurring though suggests that 

extracellular glutamate levels are regulated by RA FLS.

The type of glutamate uptake was investigated. Data in chapter 4 and 6 indicated that the 

EAATs were involved in regulation of IL-6 and pro-MMP2 therefore the effect of the 

EAAT specific inhibitor fPDC on glutamate transport was investigated. The effects of 

fPDC on glutamate uptake have not previously been explored in RA FLS. In skin- 

derived fibroblasts however, tPDC inhibits glutamate uptake (Cooper et al 1998). This 

study revealed interesting effects of tPDC on glutamate uptake by RA FLS. tPDC is an 

inhibitor of EAATs 1 to 5 and therefore would be expected to decrease glutamate uptake 

if it is mediated by these transporters. However, because tPDC is transportable, 

glutamate uptake still occurs. fPDC caused a decrease in the uptake of 500pM glutamate 

compared to the control (?PDC absent). This is consistent with EAAT1 and 3 

(demonstrated to be expressed by RA FLS in chapter 3) contributing to glutamate uptake. 

However, fPDC caused an increase in the uptake of 300pM glutamate. The presence of 

/PDC may cause a prolonged increase in local extracellular levels of glutamate by 

occupying transporters and increasing local extracellular glutamate concentrations. If 

this effect is large enough an increase in glutamate uptake may be observed through an 

increased expression of cell surface transporters. Increased levels of extracellular 

glutamate have been demonstrated to cause trafficking of GLAST to astrocyte cell 

surface (Duan et al. 1999). In addition, glutamate has been shown to induce up-regulation 

of glutamate transport by neurons via EAAT1 and EAAT2 (Munir et al 2000). The 

glutamate uptake assay experiments described in this chapter were run over 30 minutes. 

This is enough time for receptors and transporters to be trafficked to the cell membrane 

from internal stores (Davis et al 1998, Bernstein and Quick 1999, Lissin et a l  1999). An 

increase in uptake of glutamate by fPDC was only seen at 300pM glutamate which is 

close to the pathophysiological levels of glutamate found in RA synovial fluid (326jiM). 

It may be this specific concentration and not 500pM glutamate that increases receptor 

expression or translocation to the cell surface. Therefore /PDC only caused an increase 

in uptake of pathophysiological levels of glutamate. Other glutamate uptake mechanisms 

may be important in the presence of 300pM glutamate but transport via the EAATs may
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be important at 500pM glutamate. Alternatively, /PDC may be blocking uptake of 

glutamate and the presence of 300|iM glutamate (close to RA synovial fluid levels of 

326pM) may be optimal to cause an increase in receptor expression or translocation to 

the cell membrane. This in turn would cause an increase in the amount of glutamate 

binding to receptors which would be measured as uptake in this assay. Thus the observed 

increase in glutamate uptake is instead an increase in receptor or transporters available at 

the cell surface for glutamate binding.

Therefore to summarise, tPDC caused a decrease in the uptake of 500pM glutamate 

whereas an increase in uptake of glutamate by tPDC was seen at 300pM glutamate. This 

may be due to:

i) translocation of glutamate transporters to the cell surface at certain concentrations of 

glutamate,

ii) certain concentrations of glutamate activating other glutamate uptake mechanisms,

iii) an increase in glutamate binding caused by an increase in cell surface expression of 

receptors and transporters.

Glutamate bound was not accounted for in the assay exploring the effect of tPDC on 

glutamate uptake. This experiment should therefore be repeated and the amount of bound 

glutamate bound at zero time measured. Pre-incubation times with tPDC should also be 

increased to ensure transporters are blocked prior to addition of l4C-labelled glutamate.

All high affinity glutamate transporters, the EAATs, are Na+-dependent (reviewed in 

Danbolt 2001), therefore the role of Na+-dependent glutamate transporters could be 

investigated. This was done by carrying out the 14C-labelled glutamate uptake in Na+- 

ffee conditions; Na+-ffee conditions would prevent glutamate uptake via this type of 

glutamate transporter. However, no uptake was observed in this experiment (data not 

shown), therefore it should be repeated.

Pre-treatment with IL-6 altered the uptake of glutamate by RA FLS from patient 7; it 

decreased the uptake of 5jiM glutamate compared to the control but had no effect on 

uptake of 300jiM glutamate. This was unexpected due to the fact that IL-6 increases

197



Chapter 8

EAAT1 expression in RA FLS (patients 1, 5 and 7, chapter 5) and therefore would be 

expected to increase uptake. This may be due to the RA FLS being cultured in different 

vessels (8-well chamber slides as opposed to flasks). Alternatively, IL-6 may down- 

regulate the expression of other glutamate transporters; data in chapter 3 demonstrates 

that EAAT3 is also expressed by RA FLS or inhibit other glutamate transport 

mechanisms. In fact inhibition of glutamate uptake by cytokines has previously been 

reported. IL-lp and TNFa decrease glutamate uptake by astrocytes, an effect proposed 

not to be through alteration of transporter expression levels (Hu et a l 2000, Liao and 

Chen 2001). Therefore, IL-6 may increase expression of EAAT1 but still decrease the 

overall rate of glutamate uptake.

Further work is needed to determine precisely the type of glutamate uptake that has been 

observed in this study. The EAAT inhibitor tPDC altered glutamate uptake therefore 

indicating that glutamate uptake via EAATs does occur in RA FLS, the presence of Na+- 

independent uptake mechanisms in RA FLS should also be determined. In addition the 

effect of IL-6 on glutamate uptake should be explored in more patients, and the effect of 

inhibition of IL-6 signalling with Mab227 could also be investigated.

To conclude, RA FLS demonstrate glutamate uptake, which is altered by the 

inflammatory cytokine IL-6 and the EAAT inhibitor tPDC. Regulation of glutamate 

uptake in vitro appears to be very complicated and is likely to be affected by many other 

factors in vivo such as the type of glutamate transporters and receptors expressed on the 

RA FLS cell surface, concentration of extracellular glutamate, cytokines present in the 

synovial fluid and more broadly, the stage of RA development.
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Chapter 9 Discussion

9.1 Summary of experimental outcomes seen in FLS

This study has revealed fascinating and novel associations between glutamate and the 

pro-inflammatory and degradative proteins associated with RA. A summary of all the 

effects observed in all the FLS used in this study is reviewed in table 9.1. Although some 

experiments were only performed on one cell line, all were repeated between three and 

six times. Some correlations in experimental outcomes can be observed between patients 

and these will now be discussed. As is always the case when using human RA 

synoviocytes, the effects are not consistent across all patients (Bucala et al. 1991).

The most obvious trend is that FLS from the normal patient appeared much less 

responsive to glutamate than RA FLS. Glutamate had no effect on normal FLS 

production of IL-6, pro-MMP2 and TIMPs whereas, although variable, effects were seen 

in all RA FLS patients except patient 2. Furthermore, normal FLS responded differently 

to RA FLS when incubated with TBOA and MK801. TBOA increased IL-6 production 

in RA FLS but decreased it in normal FLS (chapter 4). MK801 increased pro-MMP2 

production by normal FLS but had no effect on pro-MMP2 production by RA FLS 

(chapter 6). These differences in response to glutamate and IL-6 could be due to the 

variable in vivo levels of glutamate and IL-6 (McNeamey et al. 2000, DesGeorges et al. 

1997) and different expression profiles of glutamate transporters and receptors observed 

between RA and normal FLS e.g. EAAT2, mGluR4 and KA1 (chapter 3). Since IL-6 and 

TNFa increased EAAT1 protein expression in RA but not in normal FLS (chapter 5), it is 

likely that the responsiveness of RA and normal FLS to pro-inflammatory cytokines also 

varied.

When comparing across RA patients, some RA FLS showed less of a typical RA 

phenotype (high levels of cytokines and degradative enzymes being expressed) than 

others. For example, RA FLS from patient 2 demonstrated constitutively low levels of 

pro-MMP2 and undetectable IL-6, compared to the high levels produced by RA FLS 

from patient 8. Other studies have shown high production of IL-6 by RA FLS in culture
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Table 9.1 A summary of experimental outcomes observed in FLS from the patients used
in this stuciy.

Patient
(number)

►VO
Cfl 65cn

WVOO

Effects observed in FLS from each patient n=

Normal
(4)

64 F 6 -No effect of glutamate on IL-6 production.
-Glutamate increased pro-MMP2 production.
-TBOA decreased IL-6 production.
- No effect of glutamate and TBOA on TIMP production.

6
6
6
4

7 -No effect of glutamate on IL-6 production.
-No effect of glutamate on pro-MMP2 production.
-MK801 increased IL-6 production.
-No effect of IL-6 and TNFa on EAAT1 protein expression 
(IHC).

6
6
6
1

RA (2) 56 F 5 -Used for mRNA expression studies in chapter 3. 1
6 -Constitutive levels of IL-6 too low to be detected.

-No effect of glutamate on pro-MMP2 production.
-fPDC and TBOA increased IL-6 production.
-/PDC and TBOA increased pro-MMP2 production.
-tPDC and TBOA increased TIMP1 and TIMP2 production.

6
6
6
6
4

RA (3) 62 F 5 -Glutamate increased IL-6 production. 
-Glutamate increased pro-MMP2 production. 
-TBOA increased IL-6 production.
-TBOA increased pro-MMP2 production.

6
6
6
6

7 -Variable effects of glutamate on IL-6 and pro-MMP2 
production.
-No effect of DAP5 and MK801 on IL-6 production. 
-MK801 increased pro-MMP2 production.
-No effects observed on TIMP production by glutamate, 
DAP5 or MK801.

6

6
6
4

RA (8) 55 M 6 -Glutamate caused a decrease in IL-6 production.
-No effect of glutamate on pro-MMP2 production. 
-NBQX decreased IL-6 production.
- No effect of glutamate, CFM2 and NBQX on TIMP 
production.

6
6
6
4

RA (1) ? ? ? - IL-6 increased expression of EAAT 1 mRNA 1
RA (5) 67 F 7 -IL-6 and TNFa increased expression of EAAT 1 protein 

(IHC).
2

RA (7) 43 F 7 -DL-6 increased expression of EAAT 1 protein (WB). 
-FLS able to take up glutamate (radioactive assay). 
-IL-6 caused decrease in glutamate uptake.
-Varying effects of fPDC on glutamate uptake.

4
6
3
3

RA (6) 64 F 5 -glutamate and NMDA caused increase in [Ca2+]i and pre
treatment with IL-6 caused less cells to respond to 
glutamate and NMDA.

2

RA (9) 27 F 7 -Glutamate and KA caused increase in [Ca2+]i. 2

IHC: immunohistochemistry, WB: Western blotting
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(8-15ng/ml) (Hirth et a l 2001, Okamoto et al. 1997) and in RA synovial fluid IL-6 and 

MMP2 are both elevated (Desgeorges et a l 1997, Yoshihara et a l 2000). This suggests 

that patient 2 FLS were not demonstrating a typical RA phenotype. However, cells from 

this patient did reveal differences in glutamate receptor and transporter mRNA 

expression from normal FLS and showed some consistency with other RA patient FLS 

with respect to TBOA and tPDC effects on IL-6 and pro-MMP2. It may be the 

progression of RA disease or the treatments received by patient 2 which make these RA 

FLS different.

9.2 The role of glutamate in rheumatoid arthritis

9.2.1 IL-6

The effects of glutamate on pro-inflammatory cytokine production within the CNS are 

not well documented; however stimulation with glutamate is known to increase IL-6 

production in cultured astrocytes after 16 hours (Wu et a l 1997). In ischemic brain 

injury, which occurs during stroke, levels of glutamate and IL-6 correlate in patient’s 

plasma and cerebrospinal fluid (Vila et a l 2000), and in fact rat brains injected with 

NMDA (to simulate excitotoxic injury) have increased levels of TNFa and IL-ip mRNA 

(Szaflarski et a l 1995).

This study indicates that glutamate has the potential to play a major role in RA. 

Increased extracellular glutamate, either by addition of glutamate to the media (patient 3) 

or inhibiting glutamate transporters (patients 2 and 3), increased IL-6 production. This 

indicates that the elevated levels of glutamate in the synovial fluid of RA patients could 

be affecting one of the main mediators of RA pathogenesis. The role of IL-6 in the 

pathogenesis of RA is clear from current therapeutic strategies in clinical trials that 

reduce IL-6 activity (section 1.5.4). If glutamate is involved in the regulation or control 

of IL-6 levels in vivo then glutamate transporters and receptors may also serve as 

therapeutic targets (see section 9.4), especially if glutamate concentrations in synovial 

fluid increase during RA inflammatory episodes. Furthermore, it is clear that IL-6 and 

another pro-inflammatory cytokine, TNFa can modulate RA FLS responses to glutamate 

by increasing EAAT1 mRNA and protein expression (patients 1, 5 and 7). Therefore,
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this demonstrates a mechanism for IL-6 to modulate glutamate levels just as glutamate 

regulates IL-6 levels.

Like the proverbial question of the chicken and the egg it is not clear which may come 

first in RA, a dysregulation of glutamate or changes in levels of IL-6. However, it is 

accepted that an autoimmune response triggers the start of RA, therefore IL-6 may pre

empt dysregulation of glutamate and expression of glutamate receptors and transporters. 

However, in animal models of inflammation glutamate levels have been observed to 

increase within 10 minutes after induction of inflammation (Lawand et al. 2000) whereas 

increases in IL-6 have been observed after 3 days (Mentzel and Braeuer 1998). In 

Mentzel’s study however, 3 days was the earliest time point measured after induction of 

arthritis. In another antigen-induced arthritis model, IL-6 levels increased 15 days after 

inflammation (Magari et al. 2003). Taking this evidence into consideration it is likely 

that in antigen-induced models of RA, an increase in synovial fluid glutamate levels 

would precede and thus influence increases in IL-6 expression. It is unclear whether this 

is an accurate indicator of what occurs in the actual onset of the rheumatoid arthritis 

disease.

A suggested pathway for how glutamate signalling pathways may interact with IL-6 

signalling pathways in RA FLS is shown in figure 9.1. Results of chapter 4 indicated that 

glutamate-induced increases in IL-6 are most likely to be mediated via kainate receptors 

since treatment with NBQX inhibited IL-6 release whereas CFM-2 did not (patient 8). 

Although NBQX decreased IL-6 production at all glutamate concentrations, this control 

is not straightforward because increasing extracellular glutamate caused a decrease in IL- 

6 production in this patient. Direct application of kainate to RA FLS caused an increase 

in [Ca2+]i, (chapter 7) demonstrating that KA receptors are functional and thus may
9+mediate this signalling pathway. In microglial cells increases in [Ca ]i have been 

implicated in increasing IL-6 mRNA expression (Sattayaprasert et al. 2005). Increases in 

[Ca2+]i have also been implicated in IL-6 release by mast cells (Tanaka et al. 2005), 

gingivial fibroblasts (Noguchi et al. 2001) and cardiac-derived fibroblasts (Colston et al. 

2002). It is a standard signalling mechanism that increases in [Ca2+]j can activate NFkB
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via protein kinase C (Alberts et al. 1994). Ca2+ oscillations have been shown to increase 

expression of the transcription factor NFkB in T-cells (Dolmetsch et al. 1998) and NFkB, 

in turn, can control expression of IL-6 (Libermann and Baltimore 1990). Furthermore, 

kainate receptors can activate NFkB via the MAP kinase pathway in neurons (Cruise et 

al. 2000). Therefore increases in [Ca2+]i induced by glutamate activation of kainate 

receptors may activate NFkB via protein kinase C and increase IL-6 mRNA expression. 

This is an example mechanism, glutamate may be activating other signalling pathways 

such as through the interaction of kainate receptors with PDZ binding domain proteins 

which can activate JNK (Savinainen 2001). In addition, there are other cis-elements in 

the complex EL-6 promoter such as API, NF-IL-6 binding sites which can affect 

expression (reviewed in Vanden et al. 1999).

It is proposed that EL-6 may operate a feedback mechanism in order to regulate levels of 

extracellular glutamate (figure 9.1). Treatment of RA FLS with IL-6 caused an increase 

in EAAT1 mRNA and protein expression (chapter 5). The possible signalling pathways 

involved in this regulation are discussed in chapter 5. This increase in EAAT1, if 

trafficked to the plasma membrane, may function to down-regulate extracellular 

glutamate levels. This in turn may down-regulate IL-6 production. The efficiency of this 

feedback mechanism may define how FLS from different patients respond to glutamate.

Results presented in chapter 4 indicate that glutamate affects EL-6 production by normal 

FLS differently to RA FLS. A proposed signalling pathway for regulation of IL-6 by 

glutamate in normal FLS is shown in figure 9.2. Inhibition of NMDA receptors (patient 

4) caused an increase in IL-6 production which suggests that activation of NMDA 

receptors in normal FLS would decrease IL-6 production. Data presented in chapter 7 

demonstrate that NMDA can increase [Ca2+]j in RA FLS, although normal FLS were not 

tested. It is unclear how activation of NMDA receptors may increase IL-6 production in 

the presence of some glutamate concentrations by RA FLS but decrease IL-6 production
^ i

by normal FLS. One possibility may be alterations in the frequency of Ca oscillations, 

which have previously been shown in T-cells to activate different transcription factors 

(Dolmetsch et al. 1998). Alternatively it may be due to the responsiveness of RA and
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Figure 9.1 Proposed mechanisms of IL-6 and glutamate interactions in RA FLS
Activation of kainate receptors leads to an increase in [Ca2+]i which may increase release 
of IL-6 by RA FLS. IL-6 may be involved in a feedback mechanism to regulate levels o f 
EAAT1 expression which in turn can modulate the concentration o f extracellular 
glutamate.
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Figure 9.2 Proposed mechanisms of IL-6 and glutamate interactions in normal FLS
Activation of NMDA receptors leads to an increase in [Ca2+]j which may decrease release 
of EL-6 by normal FLS. This therefore correlates with the decrease in IL-6 observed in 
the presence of glutamate transporter inhibitors because glutamate transporter inhibitors 
are likely to elevate extracellular glutamate levels.

|  IL-6
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normal FLS to glutamate caused by differences in types and possibly numbers of 

glutamate receptors expressed.

The fact that activation of NMDA receptors may decrease IL-6 production may explain 

why increasing extracellular glutamate decreased IL-6 production in patient 8, i.e. 

glutamate was having a greater effect on NMDA receptors than kainate receptors. This 

may be due to different levels of expression of glutamate receptors.

9.2.2 MMPs and TIMPs

The production of MMPs, used as a marker of degradative potential (by RA FLS), was 

also modulated by glutamate signalling and levels of extracellular glutamate. Increased 

extracellular glutamate, by adding to media or inhibiting uptake, increased pro-MMP2 

production by RA FLS (patient 2 and 3). No effects were seen in patient 8 and normal 

FLS. As discussed in section 1.4.2.1.1, the role of the elevated levels of MMP2 in RA is 

unclear. MMP2 knock-out mice demonstrate a phenotype more susceptible to antigen- 

induced arthritis compared to the wild-type indicating a protective role possibly due to 

MMP2 degradation of inflammatory mediators such as IL-1 (Ito et al. 1996). However, 

active MMP-2 in the synovium is associated with radiographic erosions in patients with 

aggressive synovial lesions (Goldbach-Mansky et al. 2000). Work in this thesis suggests 

that the reported observations in alterations of synovial fluid glutamate concentration in 

RA may influence the expression of pro-MMP2 by human FLS. Studies presented in 

chapter 6 revealed that inhibition of NMDA receptors with MK801 caused an increase in 

pro-MMP2 production by RA FLS. The demonstration that NMDA receptors can be 

activated in RA FLS to increase [Ca ]i levels (chapter 8) has led to the proposed 

interaction of glutamate and pro-MMP2 depicted in figure 9.3. Glutamate may activate 

NMDA receptors which increases [Ca2+]j levels which in turn may down-regulate pro- 

MMP2 production. In fact, a Ca2+ channel blocker (nifedipine, an inhibitor of voltage- 

dependent L-type calcium channels) has been shown to increase MMP2 expression by 

cardiac fibroblasts (Yue et al. 2004). Conversely, inhibiting non-voltage gated and 

voltage gated Ca channels (carboxy amido triazole, inhibits receptor-operated calcium 

influx) in a fibrosarcoma cell line decreased MMP2 levels (Kohn et al. 1994). Currently
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no literature is published which links NMDA receptor activation to the control of MMP2 

expression. Within the synovial joint, FLS are not the only cells producing MMP2. 

Stromal cells in the sublining synovial layer, macrophages (Hembry et al. 1995) and 

chondrocytes (Stephenson et a l 1987) also produce MMP2 although the main source of 

MMP2 in the RA synovial joint is not currently documented. Therefore unless glutamate 

affects production by these cells the impact of glutamate on MMP2 levels in the synovial 

joint remains unclear.

Ultimately it is the balance of MMPs and TIMPs that causes degradation in RA. Results 

of chapter 6 demonstrated that TBOA and tPDC increased TIMP1 and TIMP2 production 

by RA FLS (patient 2). However, glutamate and glutamate receptor antagonists had no 

effect on TIMP production by RA and normal FLS. It is unclear how glutamate may 

interact with TIMP production because no effects were observed when FLS were 

incubated with ionotropic receptor inhibitors. It is therefore possible that the 

metabotropic receptors are involved in the increase in TIMP production observed in the 

presence of high extracellular glutamate (caused by glutamate transporter inhibition).

9.3 Future Research

It is clear from the data that even though statistically significant responses were observed 

with treatments, further work is necessary to characterise the data fully. It would be of 

interest if all experiments were carried out on cells from the same patient in order to 

compare results accurately and see interacting effects. Furthermore, in order for accurate 

trends to be observed, cells from many RA and normal patients need to be tested and data 

correlated with age, sex, disease progression, treatments received and synovial fluid and 

serum concentrations of glutamate and IL-6. The results have however provided clear 

pathways for future research.

mRNA expression of a wide range of glutamate receptors and transporters has been 

observed in cells and tissues of the synovial joint however only EAAT1 protein 

expression was tested in FLS. It would be fascinating to see which other glutamate 

receptor, receptor subunit and transporter protein is expressed by FLS and other cells
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Figure 9.3 Proposed mechanisms of pro-MMP2 and glutamate interactions in RA 
FLS
Activation of NMDA receptors leads to an increase in [C a2+]i which may decrease release 
of pro-MMP2 by RA FLS. Therefore the increase in pro-MMP2 observed in the 
presence of glutamate transporter inhibitors is likely to be mediated by by mGluR.

pro-MMP2
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present in the synovial joint. In addition, a more complete picture of which glutamate 

receptors, receptor subunits and transporters are functional or whether expression levels 

alter at different stages of disease is required to understand fully the responses seen in 

this study. Immunohistochemistry could be utilised to determine co-localisation of 

recetor subunits, and the exact location of transporters and receptors expressed in the 

synovial joint. Furthermore, it would be intriguing to see if expression levels of 

glutamate receptors and transporters and their splice variants changed upon stimulation 

with glutamate or IL-6. This could be done using RT-PCR to measure mRNA or by 

FACS analysis to measure cell surface protein.

The signalling pathways involved that link glutamate to IL-6, pro-MMP2 and TIMP 

production need to be explored further. Inhibiting glutamate transport had the same 

effect on pro-inflammatory and degradatory markers in RA FLS. TBOA increased IL-6 

and pro-MMP2 levels in RA FLS from patient 2 and 3 (chapters 4 and 6). The 

experiments need to be repeated to see if this occurs in all RA patients. Having shown 

that glutamate and altering glutamate signalling affects release of pro-MMP2 and IL-6 

into the media, it would be of interest to confirm whether mRNA and protein expression 

levels are also elevated, in order to see which part of the pathway glutamate acts upon. 

To determine further the exact pathways that are activated when glutamate transporters 

are inhibited, glutamate transporter inhibitors and glutamate receptor inhibitors could be 

used simultaneously. By doing this, levels of extracellular glutamate would be 

maintained at a higher level which would perhaps enhance the effects of glutamate 

receptor inhibitors. In addition, the glutamate receptor and transporter inhibitor 

experiments could be repeated in the presence of intracellular Ca2+ chelators, such as 1,2- 

bis(o-aminophenoxy)ethane-N,N,N',N,-tetraacetic acid (BAPTA; Grant et al. 2001), in
 ̂I

order to see whether effects are being mediated by alterations in [Ca ]i. The 

phosphorylation pathways involved in the hypothesised induction of IL-6 by activation of 

kainate receptors (figure 9.1) need to be investigated. It should be tested whether kainate 

(instead of glutamate) can increase IL-6 production by RA FLS and subsequently, the 

effect of tyrosine kinase inhibitors (e.g. Chelerythrine chloride or Hexadecyl 

Phosphoholine) and NFkB activation inhibitors (e.g. PDTC) on kainate-mediated
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increases in IL-6 could be measured. This would determine whether protein kinase C and 

NFkB are mediators of this proposed signalling pathway. Antisense techniques could 

also be used to prevent synthesis of specific signalling proteins. Finally, having shown 

that glutamate interacts with IL-6 the effects on sIL-6r, IL-6R and gpl30 expression also 

need to be evaluated to determine the overall effects of glutamate on IL-6 signalling.

Further investigation is needed to determine the signalling pathway mediating the effect 

of IL-6 on EAAT1 expression (chapter 5). As discussed in chapter 5 phosphatidylinositol 

3 kinase or ST AT proteins could mediate the signalling between IL-6 and EAAT1. 

Measuring EAAT1 expression after stimulating FLS with IL-6 and inhibiting these 

pathways with specific inhibitors would determine whether these pathways are involved. 

The effect of TNFa on EAAT1 expression was also briefly explored (chapter 5). TNFa 

is a dominant mediator in RA inflammation. Therefore this cytokine also has the 

potential to affect extracellular glutamate levels in the synovial joint. Synovial fluid 

levels of TNFa and glutamate are both elevated in RA although these levels were not 

shown to correlate (McNeamey et al. 2004). It would be interesting to see if glutamate is 

involved in the elevation of TNFa by treating cells with a range of glutamate 

concentrations and measuring TNFa levels as has been done in this study with IL-6.

As mentioned in chapter 6 TIMP1 can protect neurons against cell death induced by high 

concentrations of glutamate possibly by blocking glutamate mediated calcium entry (Tan 

et al. 2003). Tan et al. suggest that the neuroprotective effect of TIMP1 only occurs 

when it is bound to MMPs because when neurons are incubated with TIMP1 and a 

synthetic MMP inhibitor (MMPI) the neuroprotective effect is lost. Furthermore, TIMP1 

is up-regulated in rat neurons after kainate-induced seizures indicating that action of 

kainate receptors regulates TIMP1 expression (Tan et al. 2003). Studies described in 

chapter 7 demonstrated that RA FLS respond to kainate with increases in [Ca2+]i. It 

would be logical therefore, to see if pre-treatment of FLS with TIMP1 can influence 

levels of [Ca2+]i following stimulation with kainate. This would demonstrate whether the 

same signalling pathway between glutamate, TIMP1 and calcium occurs in FLS as it 

appears to in neurons. How the effect of TIMP1 on glutamate receptor calcium influx is
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mediated is currently unknown. The potential for kainate receptor inhibitors in RA 

therapy is discussed in section 9.4.

Previous studies also indicate that other cells in the synovial joint may be responsive to 

glutamate (see section 1.6.4). Therefore the scope for future work is great. As discussed 

in section 1.6.4 macrophages and chondrocytes express glutamate receptors and 

transporters but no research has investigated how these cells may be influenced by 

increased glutamate concentrations in RA. If glutamate signalling is important at the 

onset of RA disease then macrophage-like synoviocytes should be prioritised for 

investigation for responsiveness to glutamate because along with FLS, they constitute the 

major cell type of the invasive pannus.

The next step after in vitro experiments is to explore effects of glutamate and IL-6 in 

vivo. It would be interesting to see whether levels of glutamate in the synovial joint 

correlate with the degree of onset of inflammation by measuring synovial fluid levels of 

IL-6 and glutamate receptor and transporter expression. Glutamate levels can be 

measured by HPLC in the synovial perfusate of in vivo models of inflammatory arthritis; 

this would confirm studies carried out by Lawand et al. (Lawand et al. 2000). 

Furthermore, the effects of injection of glutamate transporter or receptor antagonists into 

the synovial joint on glutamate, IL-6, TNFa, MMP and TIMP levels and disease 

progression could be determined to see if changes in these proteins are also mediated by 

glutamate signalling in vivo.

The interaction of IL-6 and glutamate signalling could be investigated in IL-6 knock-out 

mice. Studies in chapter 5 demonstrated that IL-6 can induce EAAT1 mRNA and protein 

expression. It would be fascinating to see if glutamate transporter expression and 

function is altered in IL-6 knock-out mice compared to the wild type phenotype. This 

could be done by comparing in vivo expression of glutamate receptors and transporters 

using RT-PCR, Western blotting, in situ hybridisation and immunohistochemistry on 

sections of the synovial joints between wild type and knock-out mice. In addition, 

glutamate regulation could be monitored in IL-6 transgenic mice (over-expressing IL-6)
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through measuring synovial fluid levels of glutamate by HPLC and comparing this to 

wild-type mice. Inducing arthritis in the transgenic mice, injecting inhibitors of 

glutamate receptors, in particular kainate receptor inhibitors, and glutamate transporters 

and comparing joint damage to wild type mice would indicate the importance of IL-6 in 

glutamate regulation.

The interaction of IL-6 and glutamate signalling could also be investigated in glutamate 

transporter knock-out mice. EAAT1, EAAT2, EAAT3 and EAAT4 and many glutamate 

receptor and receptor subunit knock-out mice or partial knock-out mice already exist. 

Having already observed changes in EAAT1 expression in response to pro-inflammatory 

cytokines, this knock-out mouse should be targeted first. A protection against antigen- 

induced arthritis, with correlating changes in cytokine production, MMP and TIMP 

production and synovial fluid levels of glutamate upon induction of ALA would validate 

an importance for glutamate signalling in the onset of inflammatory arthritis.

It would be intriguing to see whether oestrogen affects glutamate regulation in RA 

patients. During pregnancy RA symptoms are alleviated and this has been associated 

with an increase in oestrogen levels (Ostensen et al. 1983). Furthermore, onset of RA or 

worsening of RA symptoms is associated with low oestrogen levels such as after giving 

birth or the menopause (McHugh 1990). Oestrogen increases glutamate transporter 

(EAAT1 and EAAT2) mRNA and protein expression in astrocytes and can prevent 

glutamate-induced cell death of astrocytes (Pawlak et al. 2005). Therefore it may be 

relevant to investigate the effect of oestrogen on glutamate uptake in cells of the synovial 

joint. Alternatively, the effect of ovariectomy in ALA could also be investigated. It may 

be that the low levels of oestrogen decrease EAAT1 and EAAT2 expression which in 

turn may increase glutamate levels in RA patients that make these patients more 

susceptible to this disease.

To prioritise future work, the main hypotheses that can be drawn from work in this thesis 

are those represented in figures 9.1 and 9.3. Investigation into the actual mechanisms of 

these pathways may determine potential therapeutic targets.
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9.4 Potential therapies for RA

The most likely therapeutic target identified in this study is the kainate receptor. 

However, any therapy that targets glutamate signalling machinery needs to be localised to 

the RA-affected joint or unable to cross the blood brain barrier. Furthermore, due to the 

role of glutamate identified in other peripheral systems (see section 1.6.4) therapeutics 

targeting glutamate signalling should be localised to the affected joint. Further work has 

been suggested to investigate the role of TIMP1 in the mediation of kainate induced 

increases in [Ca2+]i (section 9.3). If TIMP1 did decrease the increase in [Ca2+]i in 

response to kainate then recombinant TIMP1 or TIMP1 analogues could be considered as 

therapies for RA.

It is proposed that activation of NMD A receptors decreases pro-MMP2 production by RA 

FLS. Pro-MMP2 is thought to play an overall degradative role in RA (see section 

1.5.1.3) therefore activating this pathway may have beneficial effects in RA patients. 

However, the impact of enhancing this pathway is not likely to be great because many 

other degradative enzymes, besides MMP2, are involved in RA joint degradation.

If elevated levels of glutamate are involved in the pathogenesis of RA then a way of 

lowering synovial fluid levels of glutamate should be devised. Elevating expression of 

levels of EAATs would enable this. One possibility is through gene therapy, using a 

vector to deliver DNA encoding the EAAT1 gene to the inflamed synovial joints. In fact, 

the transfection of glucose transporters has been investigated as a potential way to treat 

diabetes (Simpson et al. 1997).
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9.5 Closing comments

The interaction of glutamate with inflammatory and degradatory responses involved in 

the pathogenesis of RA has been described. Signalling pathways that may mediate these 

interactions have also been proposed. Furthermore, it has been demonstrated for the first 

time that human FLS have the ability to take up glutamate and are responsive to 

glutamate via activation of specific glutamate receptors. Therefore, with further work, 

new therapeutics targeted to glutamate receptors may be identified that could treat or 

alleviate symptoms of the debilitating disease that is Rheumatoid arthritis.
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APPENDIX 1
2x Sample buffer
to make 50ml:
33.75ml dH20
6.25ml 1M Tris-Cl (pH6 .8)
10ml Glycerol
5g SDS
25mg Bromophenol

5x Sample buffer
to make 50ml:
9.37ml dH20
15.63ml 1M Tris-Cl (pH6 .8)
25ml Glycerol
5g SDS
25mg Bromophenol

APPENDIX 2
Calculation of IQ values from published IC50 values:
The Ki value can be obtained from an IC50 value using the Cheng-Prusoff equation:

Ĵ i
1 +L/IQ

where L is the concentration of radioactive ligand and Kd is the affinity of the ligand 
(i.e. glutamate) for the receptor (Cheng and Prusoff 1973).

To calculate approximately the binding affinity of DAP5 and MK801 for NMD A 
receptors, the binding affinity of glutamate (Kd) was taken to be 99nM (Fritz et al. 
1996). This value does not take into account the different affinities for different 
receptor subunit compositions.
The I C 5 0  values were taken from work published on lymphocytes (Lombardi et al. 
2001).
IC50 for DAP5 = 0.9pM, IC50 for MK801 = 0.6pM.
L=1 pM

To calculate approximately the binding affinity of fPDC and TBOA the binding 
affinity of glutamate (Kd) to all glutamate transporters was estimated. The affinity of 
glutamate for the EAATs varies between l-100pM (Danbolt 2001), therefore a value 
of 50pM was used.
The I C 5 0  values were taken from work published on astrocytes (Waagepetersen et al. 
2001).
I C 5 0  for fPDC = 39pM, IC50 for TBOA = 19pM.
L=1 pM
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Appendix 3

Kev:
p-actin PCR
1:1OObp ladder 
2: Rat menisci 
3: Female rat menisci 
4: Female rat menisci 
5: Female rat menisci 
6: Female rat menisci 
7: lOObp ladder 
8: Rat menisci 
9: Rat menisci 
10: Female rat menisci 
11: Rat menisci 
12: Rat menisci 
13: p-actin plasmid (positive)
14: Water (negative)

Appendix 4

Kev:
GLAST-1/EAAT1 PCR
1: lOObp DNA ladder 
2: Rat patella 
3: Rat patella 
4: Rat menisci 
5: Rat menisci 
6: RA FLS 
7: RAFLS 
8: water (negative) 
9:NFLS 
10NFLS
11: bovine chondrocyte 
12: bovine chondrocyte 
13: Rat brain (positive) 
14: Rat brain (positive)
15 water (negative)
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APPENDIX 5 

Kev:
GLASTla
1:1 OObp ladder 
2: Rat patella 
3: Rat menisci 
4: Rat fat pad 
5: Bovine chondrocyte 
6: Rat brain (positive) 
7: water (negative)

APPENDIX 6

Kev:
EAAT2
1:1 OObp ladder 
2: Rat patella 
3: Rat fat pad 
4: Rat menisci 
5: Rat brain (positive) 
6: water (negative)

1 2 3 4 5 6
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APPENDIX 7 

Kev:
EAAT2 and EAAT3
1:1OObp ladder
2: EAAT2 rat patella
3: EAAT2 rat fat pad
4: EAAT2 bovine chondrocytes
5: EAAT2 rat brain
6: EAAT2 water
7: EAAT3 rat patella
8: EAAT3 rat fat pad
9: EAAT3 bovine chondrocytes
10: EAAT3 rat brain (positive)
11: EAAT3 water (negative)

APPENDIX 8

AMPAGluR3, mGluR4 and NMDA NR1
1: 1OObp ladder
2: AMPAGluR3, rat patella
3: AMP A GluR3, rat brain (positive)
4: AMP A GluR3, water (negative)
5: mGluR4, rat patella 
6: mGluR4, rat brain (positive)
7: mGluR4, water (negative)
8: NMDA NR1, rat patella 
9: NMDA NR1, rat brain (positive)
10: NMDA NR1, water (negative)
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APPENDIX 9 

Kev:
mGluR4, AMPAGluR3, AMPAGluR2
PCR performed by V. Savanathan 
1: mGluR4, water (negative)
2: mGluR4, rat brain (positive)
3: mGluR4, rat patella 
4: mGluR4, rat fat pad 
5: mGluR4, rat menisci 
6: AMPAGluR3, water (negative)
7: AMPAGluR3, rat brain (positive)
8: AMPAGluR3, rat patella 
9: AMPAGluR3, rat fat pad 
10: AMPAGluR3, rat menisci 
11: AMPAGluR2, water (negative)
12: AMPAGluR2, rat brain (positive)
13: AMPAGluR2, rat patella 
14: AMPAGluR2, rat fat pad 
15: AMPAGluR2, rat menisci

APPENDIX 10

Kev:
KA1
1: 1 OObp ladder 
2: Rat patella 
3: Rat fat pad 
4: Rat menisci 
5: Bovine chondrocyte 
6: Rat brain (positive) 
7: water (negative)
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APPENDIX 11 

Kev:
AMPAGluR2
1: lOObp ladder 
2: Rat patella 
3: Rat fat pad 
4: Rat brain (positive) 
5: water (negative)
6: Rat menisci 
7: Human OA cartilage 
8: Rat brain (positive) 
9: water (negative)

I 2 3 4 5 6 7 8 9

APPENDIX 12

AMPAGluR3
1: lOObp ladder 
2: Rat fat pad 
3: Rat menisci 
4: Rat patella 
5: NFLS
6: Rat brain (positive) 
7: water (negative)

2 2 0



Appendix

APPENDIX 13

GLAST-1
1: lOObp ladder 
2: Rat menisci 
3: Rat menisci 
4: Rat menisci 
5: Rat menisci 
6: Rat menisci 
7: Rat menisci
8: GLAST-1 plasmid (positive) 
9: water (negative)

APPENDIX 14 

Kev:
AMPAGluR3
1: lOObp ladder 
2: Rat fat pad 
3: Rat menisci 
4: NFLS
5: bovine chondrocytes 
6: Rat brain (positive) 
7: water (negative)

1 2 3 4 5 6 7

221



Appendix

APPENDIX 15

GLAST-1
1: lOObp ladder 
2: one rat fat pad 
3: 3 rat fat pads 
4: 2 rat fat pads 
5: 3 rat fat pads 
6: 3 rat fat pads
7: GLAST-1 plasmid (positive) 
8: water (negative)

■■■■■■■■■■■■■■■■■■■■■■■
1 2- Z  S  (, t  $

APPENDIX 16 

Kev:
Human EAAT2 primers
1: 1 OObp ladder 
2: Bovine chondrocytes 
3: OA cartilage 
4: RA FLS 
5: NFLS
6: Chondrocyte library 
7: water (negative)

2 2 2
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APPENDIX 17

Key:
EAAT3
1: lOObp ladder 
2: Bovine chondroyte 
3: OA cartilage 
4: Chondrocyte library 
5: NFLS
6: water (negative)

APPENDIX 18

Kev:
AMPAGluR2
1: lOObp ladder 
2: OA cartilage 
3: water (negative)
4: Rat brain (positive) 
5: water (negative)

1 2 3 4 5
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APPENDIX 19 

Kev:
NMDA NR1 and AMPAGluR3
1: lOObp ladder 
2: NMDA NR1, OA cartilage 
3: NMDA NR1, rat brain (positive) 
4: NMDA NR1, water (negative)
5: AMPAGluR3, OA cartilage 
6: AMPAGluR3, rat brain (positive) 
7: AMPAGluR3, water (negative)

APPENDIX 20

Kev:
AMPAGluR2, AMPAGluR3, mGluR4
1: lOObp ladder
2: AMPAGluR2, rat brain (positive)
3: AMPAGluR2, chondrocyte library 
4: AMPAGluR2, water (negative)
5: AMPAGluR3, rat brain (positive)
6: AMPAGluR3, chondrocyte library 
7: AMPAGluR3. water (negative)
8: mGluR4, rat brain (positive)
9: mGluR4, chondrocyte library 
10: mGluR4, water (negative)

224



Appendix

APPENDIX 21 

Kev:
AMPAGluR2, AMPAGluR3, mGluR4
PCR carried out by V. Savanathan 
1: lOObp ladder
2: AMPAGluR2, rat brain (positive)
3: AMPAGluR2, chondrocyte library 
4: AMPAGluR2, water (negative)
5: AMPAGluR3, rat brain (positive)
6: AMPAGluR3, chondrocyte library 
7: AMPAGluR3, water (negative)
8: mGluR4, rat brain (positive)
9: mGluR4, chondrocyte library 
10: mGluR4, water (negative)

APPENDIX 22

Kev:
EAAT3
1: lOObp ladder 
2: RA FLS 
3: RA FLS 
4: RA FLS 
5: RA FLS 
6: NFLS 
7: NFLS
8: water (negative)
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APPENDIX 23

NMDA NR1
1: lOObp ladder 
2: RA FLS 
3: RA FLS
4: Bovine chondrocytes 
5: Rat brain (positive)
6: water (negative)

APPENDIX 24

Kev:
KA1
1: lOObp ladder 
2: Rat fat pad 
3: NFLS 
4: RA FLS 
5: OA Cartilage 
6: Chondrocyte library 
7: Bovine chondrocytes 
8: Rat menisci 
9: Rat brain (positive) 
10: water (negative)

1 2 3 4 5 6
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APPENDIX 25

EAAT2
1: lOObp ladder
2: NFLS, 1.5mM MgCl2
3: NFLS, 2mM MgCl2
4: NFLS, 2.5mM MgCl2
5: NFLS, 3mM MgCl2
6: NFLS, 3.5mM MgCl2
7: water, 2.5mM MgCl2 (negative)

APPENDIX 26 

Kev:
NMDA NR1
1: lOObp ladder 
2: NFLS, 1.5mM MgCl2 
3: Chondrocyte library, 1.5mM MgCl2 
4: Rat brain (positive), 1.5mM MgCl2 
5: water (negative), 1.5mM MgCl2 
6: NFLS, 2mM MgCl2 
7: Chondrocyte library, 2mM MgCl2 
8: Rat brain (positive), 2mM MgCl2 
9: water (negative), 2mM MgCl2 
10: NFLS, 2.5mM MgCl2 
11: Chondrocyte library, 2.5mM MgCl2 
12: Rat brain (positive), 2.5mM MgCl2 
13: water (negative), 2.5mM MgCl2 
14: NFLS, 3mM MgCl2 
15: Chondrocyte library, 3mM MgCl2 
16: Rat brain (positive), 3mM MgCl2 
17: water (negative), 3mM MgCl2

1 2  3 4 5 6 7 9 10 11 12

1 13 14 15 16 17

227



Appendix

APPENDIX 27

Key:
mGluR4
1: lOObp ladder 
2: NFLS 
3: NFLS 
4: NFLS 
5: RA FLS
6: Rat brain (positive) 
7: water (negative)
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APPENDIX 28
Sequence data o f  NMDA NR1 amplicon. Forward reaction confirmed 95% homology, reverse
primer reaction confirmed 98% homology to rat sequence
The primer is shown in blue
The NMDA NR1 sequence is shown in red.

FORWARD
NAATGCTCCCGGNNGCCATGGCCGCGNGATTCAGGAGCGGGTAAACCCCAGCAACAA
AAAGGAGTGGAANGGAATGATGNGGGAGCTACTCAGTGGCCAAGCGGACATGATTGT
GGCACCACTGACCATGTACAATGAGCGTGCGCAGTACATAGAGTTCTCCAAGCCCTTC
AAGTACCAGGAATCACTAGTGCGGCCGCCTGCAGGTCGACCATATGGGAGAGCTCCC
AACGNGTTGGATGCATAGCTTGAGTATTCTATAGTGTCACCTNAATAGCTTGGCTTAA
TCATGGTCATAGCTGTTTCCTGTGTGAAATTGTTATCCGCTCACAATTCNACACAACAT
ACGAGCCGGAAGCATAAAGTGTAAAGCCTGGGGTGCCTAATGAGTGAGCTAACTCAC
ATTAATTGCGTTGCGCTCACTGCCNGCTTTCCAGTCGGGAAACCTGTCGTGCCAGCTG
CATTAATGAATCGGCCAACGCGCGGGGAGAGGCGGTTTGCGTATTGGGCGCTCTTCCG
CTTCCTCGCTCACTGACTCGCTGCGCTCGGTCGTTCGGCTGCGGCGAGCGGTATCAGC
TCACTCAAAGGCGGTAATACGGTTATCCACAGAATCAGGGGGATAACGCAGGAAAGA
ACATGTGAGCAAAAGGNCAGCAAAAGGNCAGGAACCGTAAAAGGCCGCGNTGCTGG
CGTTTTTCCATAGGCTCCGCCCCCCTGACGAGCATCCAAAAATCNACGCTCAGTTANA
GGNGCGAAACCGANNGNAATATAAGANACAGGCGTTCCCCTGGANCTCCTCGGNGCC
NCTGTTCGACCTGCCCTTACCGAAACTGTCGCCTTTTCCTCGGANGGGNGCTTNNAAC
TNACTGAAGNTTCAATNGGNAAGCCNTCNTCANTGGTGGGGCAACCCCGTNACCGAC
CTGCCTNTCGNAANCCTNGANCACGAAANAATTCCCTGCNNCNTNANGANAAANGGN
TGGGCTAAATTAT

giI 8393483|ref|NM 017010.11 ISBSlEI Rattus norvegicus glutamate receptor, 
ionotropic, N-methyl D-aspartate 
1 (Grinl), mRNA 
Length=4213

Score = 248 bits (125), Expect = 4e-63
Identities = 144/151 (95%),  Gaps = 0/151 (0%) 
Strand=Plus/Plus

Query 1

Sbjct 1724
Query 61

Sbjct 1784

Query 121

Sbjct 1844

CAGGAGCGGGTAAACCCCAGCAACAAAAAGGAGT GGAANGGAATGAT GN GGGAGCTACTC 6 0
I I I II I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I
CAGGAGCGGGTAAACAACAGCAACAAAAAGGAGTGGAACGGAATGATGGGCGAGCTACTC 1783 

AGTGGCCAAGCGGACATGATTGTGGCACCACTGACCATGTACAATGAGCGTGCGCAGTAC 120
I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I

AGTGGCCAAGCGGACATGATTGTGGCACCACTGACCATCAACAATGAGCGTGCGCAGTAC 1843
ATAGAGTTCTCCAAGCCCTTCAAGTACCAGG 151 
I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I 
ATAGAGT T C T C CAAGC CCT T CAAGTACCAGG 1874
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REVERSE:
GGCT AT GC ATCC AACGCGNT GGGAGCT GT CCC AT AT GGT CG ACCT GC AGGCN G ACGC 
ACTAGTGATTCCTGGTACTTGAAGGGNTTGGAGAACTCTATGTAATGCGCACGCTCAT 
TGTTGATGGTCAGTGGTGCCACAATCATGTCCGCTTGGCCACTGAGTAGCTCGCCCAT 
C ATT C C GTT C C ACTC CTTTTT GTT GCT GTT GTTT ACCCGCTCCTGAATCCGGCGGCC AT 
GGC GGC C GGG AGC AT GC GAC GT CGGGCCC AATT CGCCCT AT AGT GAGT CGT ATT AC A 
ATT C ACT GGCCGT CGTTTT AC AACGTCGT G ACTGGG AAAACCCT GGCGTT ACCC AACT 
T AATCGCCTT GC AGC AC AT CCCCCTTT CGCC AGCT GGCGT AAT AGCG AAG AGGCCCGC 
ACCG AT CGCCCTT CCC AAC AGTT GCGC AGC CT G AAT GGCG AAT GG ACGCGCCCT GT AG 
CGGCGC ATT AAGCGCGGCGGGT GT GGT GGTT ACGCGC AGCGT G ACCGCT AC ACTT GCC 
AGCGCCCTAGCGCCCGCTCCTTTCGCTTTCTTCCCTTCCTTTCTCGCCACGTTCGCCGG 
CTTT CCCCGT CAAGCT CT AAAT CGGGGGCTCCCTTT AGGGNTCCG ATTT AGTGCTTT AC 
GGC ACCT CG ACCCC AAAAACTT GATT AGGGT GAT GGTT C ACGT AGT GGGCC AT CGCCC 
T GAT AG ACGGTTTTT CGCCTTT G ACGTT GG ANT C ACGNT CTTT AAT AGT GG ACT CTT GT 
T CN AACT GG AAN AC ACT C AACCT AT CT CGGCT ANT CTTTN G ATTTT AAGG AATTN GCC 
AATT CGN CT AT GGGTT AAAAT G ACT GATT ACC AAATTN ACGNGAATTT AC AAAAT ACN 
CTTAAATTCTGAGNGGAATTTCTTACCACTNGNGGAATCNCNCACAGGGCATTNGGAA 
GGCCG ACCC ATT GT ATTTN AAATT C AAT GNCCCT GN AANCCG AAAGTN AAA

giI 8393483|ref|NM 017010.11 l!l Q  Rattus norvegicus glutamate receptor, 
ionotropic, N-methyl D-aspartate 
1 (Grinl), mRNA 
Length=4213

Score = 285 bits (144), Expect = 2e-74
Identities = 149/151 (98%),  Gaps = 0/151 (0%)
Strand=Plus/Minus

Query 1 CCTGGTACTTGAAGGGNTTGGAGAACTCTATGTAATGCGCACGCTCATTGTTGATGGTCA 
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 II 1 1 1 1 1 1 1 1 1 1

60

Sbjct 1874 CCTGGTACTTGAAGGGCTTGGAGAACTCTATGTACTGCGCACGCTCATTGTTGATGGTCA 1815

Query 61 GTGGTGCCACAATCATGTCCGCTTGGCCACTGAGTAGCTCGCCCATCATTCCGTTCCACT
l l l l l l l I l l l l l l l l I l l I l l  l I I l l I l I l l l l l l l l l l l l l I 1 l l I I I I I I I I I l l l l

120

Sbjct 1814
I I  l i  1 I I  I I  I I  I I  I I  1 1 I I  I I  1 1 I I  1 1 I I  I I  1 I I  I I  I I  I I  I I  I I  I I  I I  I I  1 I I  I I  1 I I  I I
GTGGTGCCACAATCATGTCCGCTTGGCCACTGAGTAGCTCGCCCATCATTCCGTTCCACT 1755

Sbjct 17241754
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APPENDIX 29
Sequence data o f mGluR4 amplicon. Forward and reverse reaction confirmed 100% homology 
The primers are shown in blue.
The mGluR4 sequence is shown in red.

FORWARD:
GCTCCCGGCCGCCATGGCCGCGGGATTAGACCTTCAACGAGGCCAAGCCCATCGGCTT
CACCATGTACACCACCTGCATTGTCTGGCTGGCCTTCATCCCCATCTTTTTTGGCACCT
CACAGTCAGCCGACAAGCTGTACATCCAGACAACCACACTGACGGTCTCCGTGAGTCT
GAGCGAATCACTAGTGCGGCCGCCTGCAGGTCGACCATATGGGAGAGCTCCCAACGC
GTTGGATGCATAGCTTGAGTATTCTATAGTGTCACCTAAATAGCTTGGCGTAATCATG
GTCATAGCTGTTTCCTGTGTGAAATTGTTATCCGCTCACAATTCCACACAACATACGA
GCCGGAAGCATAAAGTGTAAAGCCTGGGGTGCCTAATGAGTGAGCTAACTCACATTA
ATTGCGTTGCGCTCACTGCCCGCTTTCCAGTCGGGAAACCTGTCGTGCCAGCTGCATT
AATGAATCGGCCAACGCGCGGGGAGAGGCGGTTTGCGTATTGGGCGCTCTTCCGCTTC
CTCGCTCACTGACTCGCTGCGCTCGGTCGTTCGGCTGCGGCGAGCGGTATCAGCTCAC
TCAAAGGCGGTAATACGGTTATCCACAGAATCAGGGGATAACGCAGGAAAGAACATG
TGAGCAAAAGGCCAGCAAAAGGCCAGGAAACCGTAAAAAGGCCGCGTTGCTGGCGTT
TTTCCATANGCTCCCCCCCCTGACGAGCATCACAAAAATCGACGCTCAGTCANAGTGG
CGAAACCGACAGANTATAAGANACNAGGCGTTTCCCTGGANCTCCTCGNGGCTCTCT
GTTCGACTGCGNTACGAAACTGTCGCTTTTCCTCGGAANNGGGCTTTCNACTCANNNT
AGANCCANTCGGGAGCGTCNCAGTGGTGNGCAACCCGTACCACGTGCTTACGAATTTT
TGTCACGTAANATNCCTGAACTGAAGNAAANGNAGGNAANTAGGCACNCAAAATGTN
CCANCNNAAGTCTCCACNGGTTTNNACAANANTNGCCGAAATTANTTAA

qi|12083594 I refINM 022666.11 
metabotropic 4 (Grm4),
mRNA
Length=4488

U E G Rattus norvegicus glutamate receptor,

Score = 303 bits (153), Expect = 8e-80
Identities = 153/153 ( 1 0 0 % ) ,  Gaps = 0/153 (0%) 
Strand=Plus/Plus

Query 1

Sbjct 3190

Query 61

Sbjct 3250
Query 121

Sbjct 3310

AGACCTTCAACGAGGCCAAGCCCATCGGCTTCACCATGTACACCACCTGCATTGTCTGGC 60
I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I

AGACCTTCAACGAGGCCAAGCCCATCGGCTTCACCATGTACACCACCTGCATTGTCTGGC 324 9
TGGCCTTCATCCCCATCTTTTTTGGCACCTCACAGTCAGCCGACAAGCTGTACATCCAGA
I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I II I I I I I 
TGGCCTTCATCCCCATCTTTTTTGGCACCTCACAGTCAGCCGACAAGCTGTACATCCAGA

CAACCACACTGACGGTCTCCGTGAGTCTGAGCG 153
I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I
CAACCACACTGACGGTCTCCGTGAGTCTGAGCG 3342

120

3309
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REVERSE:
GGNTTCTCTCCCATATGGTCGACCTGCAGGCGGCCGCACTAGTGATTCGCTCAGACTC 
ACGGAGACCGTCAGTGTGGTTGTCTGGATGTACAGCTTGTCGGCTGACTGTGAGGTGC 
C AA A AAAGAT GGGGAT G AAGGCC AGC C AGAC A AT GC AGGT GGT GT AC AT GGT GA AG 
CCGATGGGCTTGGCCTCGTTGAAGGTCTAATCCCGCGGCCATGGCGGCCGGGAGCATG 
CG ACGT CGGGCCC AATT CGCCCT AT AGT G AGTCGT ATT AC AATTC ACT GGCCGT CGTT 
TT AC AACGT CGT G ACT GGG AAAACCCT GGCGTT ACCC AACTT AAT CGCCTT GC AGC AC 
AT CCCCCTTT CGCC AGCT GGCGT AAT AGCG AAG AGGCCCGC ACCG AT CGCCCTTCCC A 
ACAGTTGCGCAGCCTGAATGGCGAATGGACGCGCCCTGTAGCGGCGCATTAAGCGCG 
GCGGGT GT GGT GGTT ACGCGC AGCGT G ACCGCT AC ACTT GCC AGCGCCCT AGCGCCCG 
CTCCTTT CGCTTT CTT CCCTT CCTTT CT CGCC ACGTT CGCCGGCTTTCCCCGT C AAGCT C 
T AAAT CGGGGGCT CCCTTT AGGGTT CCG ATTT AGT GCTTT ACGGC AC CT CG ACCCC AA 
AAAACTT GATT AGGGT GAT GGTT C ACGT AGT GGGCC AT CGCCCT GAT AG ACGGTTTTT 
CGCCCTTT G AGTT GG AGT C ACGTT CTTT AAT ANT GG ACT CTT GTT C AAACT GG AAC AC 
NT C AACCT AT CT CGGCT AT CTTT GATT AAAGG ATTT GCG ATT CGCT AT GNT AAAAN AC 
TGATTACAAATNACNGATTTACAAATAANCTAATTCNAGGGATNCCTACANGGNGAT 
TCACNAAGGNNTTNGGAANGCGAACCNTNTNTTAAATCATGTCNCGAAACGAAGTAA 
TNANAAAAAT ATCGCTTCTTGNTTTTTCCACGAATAAGGAGGNAGT AAT ATCAATAAT 
TTGGTTTNACCCNTTNANGAAGAAN
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APPENDIX 30
Sequence data o f AMPAGluR2 amplicon. Forward and reverse reaction confirmed 100%
homology.
The primers are shown in blue.
The AMPAGluR2 sequence is shown in red.

FORWARD:
CCGCCAATGGCCGCGGGATTGGTTGTCACCCTAACTGAGCTCCCATCAGGAAATGACA 
CGTCTGGGCTTGAAAACAAAACTGTGGTGGTCACCACAATATTGGAATCTCCATATGT 
T AT GAT GA AG AA AAAT C AT GA AATGCTT GAAGGGAAT GAGC GTT ACGAGGGCT ACTA 
ATC ACT AGTGCGGCCGCCTGC AGGTCGACCAT ATGGGAGAGCTCCC AACGCGTTGGAT 
GC AT AGCTT GAGT ATT CT AT AGT GT C ACCT AAAT AGCTT GGCGT AAT CAT GGTC AT AG 
CT GTTT CCT GT GT G AAATT GTT AT CCGCT C AC AATT CC AC AC AAC AT ACG AGCCGG AA 
GC AT AAAGT GT AAAGCCT GGGGT GCCT AAT GAGT G AGCT AACTC AC ATT AATT GCGTT 
GCGCT C ACT GCCCGCTTT CC AGT CGGG AAACCT GTCGT GCC AGCTGC ATT AATG AATC 
GGCC AACGCGCGGGG AG AGGCGGTTT GCGT ATT GGGCGCT CTT CCGCTT CCT CGCT C A 
CT GACT CGCT GCGCT CGGT CGTT CGGCT GCGGCG AGCGGT AT C AGCT C ACT C AAAGGC 
GGTAAT ACGGTTATCC AC AGAATCAGGGGGATANCGC AGGAAAGAAC ATGTGAGC AA 
AAGGCC AGC AAAAGGCC AGGAACCGT AAAAAGGCCGCGTT GCT GGCGTTTTTNCCAT 
AGGCT CGGCCCCCT G ACG AGC AT CCC AAAAT CG ACGCT C AGT C AAAGGT GGCG AAN C 
NGNCAGGNTNTAAGAACCAGCGTTCCCTGNANCTCCTCGGNGNCTCTGTCNACCTGCG 
CT ACG AAACT GT CGCNTTT CCT CGG AGGGGGCTT CCT AAT C ACT G AG ATN C ATN GGG A 
GCGT CCCC AGT GGGN GGGNN ACCNNT AC ANNT GCCT CG AANTNT GT CN CG AAC AATN 
CCGGCACNTAAAACAAAANGNGCNANNAGGCNCCCAAATTTNCCGACCTAANCTCCA 
CCGGNTNAACAAAANTTCGCGNAGNAANCTAAAANAACCCCCCACNCNCCCANN

gi |2043811gbIM85035.11RATGLUR2A
non-NMDA mRNA, complete
cds
Length=3488

Rat glutamate receptor subunit 2 (GLUR2

Score = 301 bits (152), Expect = 3e-79
Identities - 152/152 ( 1 0 0 % ) ,  Gaps = 0/152 (0%) 
Strand=Plus/Plus

Query 1

Sbjct 1500

Query 61

Sbjct 1560

Query 121

Sbjct 1620

GGTTGTCACCCTAACTGAGCTCCCATCAGGAAATGACACGTCTGGGCTTGAAAACAAAAC 60 
I I I I I I I I I I I I I I I I I I I I I I I I I I I II I I I I I I I I I I I I I I I I I I I I II I I I I I I I I I 
GGTT GT C AC C CT AACT GAGCT C CC AT C AGGAAAT G AC AC GTCTGGGCTT GAAAAC AAAAC 1559

TGTGGTGGT CAC C ACAAT AT T GG AAT CT C CAT AT GT TAT GAT GAAGAAAAAT CAT GAAAT 120
I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I
T GT GGT GGT CAC CAC AAT AT T GG AAT CT CC AT AT GT TAT GAT GAAGAAAAAT CAT GAAAT 1619

GCTTGAAGGGAATGAGCGTTACGAGGGCTACT 152
I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I
GCTTGAAGGGAATGAGCGTTACGAGGGCTACT 1651
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REVERSE:
NNTTCAAGCTATGCATCCAACGCGTTGGGAGCTCTCCCATATGGTCGACCTGCAGGCG 
GCCGCACTAGTGATTAGTAGCCCTCGTAACGCTCATTCCCTTCAAGCATTTCATGATTT 
TTC TTC AT C AT AAC AT AT GG AG ATTC C AAT ATT GT GGT G ACC ACC AC AGTTTT GTTTT C 
A AGC C C AG AC GT GT C ATTT CCTGAT GGG AGCTC AGTT AGGGT G AC A ACC AAT CC CGCG 
GCC AT GGCGGCCGGGAGC AT GCGACGTCGGGCCC AATTCGCCCT AT AGT GAGTCGT AT 
T AC AATT C ACT GGCC GT CGTTTT AC AACGT CGT G ACT GGG AAAACCCT GGCGTT ACCC 
AACTTAATCGCCTTGCAGCACATCCCCCTTTCGCCAGCTGGCGTAATAGCGAAGAGGC 
CCGCACCGATCGCCCTTCCCAACAGTTGCGCAGCCTGAATGGCGAATGGACGCGCCCT 
GT AGCGGCGC ATT AAGCGC GGCGGGT GT GGT GGTT ACGCGC AGCGT G ACCGCT AC AC 
TT GCC AGCGCCCT AGCGCCCGCTCCTTT CGCTTTCTTCCCTTCCTTTCT CGCC ACGTT CG 
CCGGCTTT CCCCGT C AAGCTCT AAATCGGGGGCT CCCTTT AGGGTT CCG ATTT AGT GCT 
TT ACGGC ACCT CG ACCCC AAAAAACTT GATT AGGGT GAT GGTT C ACGT AGT GGGCC AT 
CGCCCT GAT AG AC GGTTTT CGCCCTTT G ACGTT GG AGT C ACGTT CTTT AT AGT GG ACT C 
TT GTT CC AACT GG AC AACCT C ACCCT AT CT CGN CT AT CTTT GATT AN AN G AATTT GCG A 
TT CGCCT AT GGT AAAAN G ACT GATT AC AA ATT ACGCG AATT AAAAAAT ACNTT AANT C 
T GAGGG ATTT CCT AC AT GGN GAT C ACN AN AGGGNTTN GG AGGGN G ACC AT GTTTTN A 
AT C AAGTCCN G AAACG AAGT AAT G AAAAA ANN ATCGCCT CTT GNTTTNTT CN AGG AA 
AGAATGNNNNAGNNGATATCCATTATTTGGTTNNGCCCTATCCANGANCAATN AATTT 
NAN AAT AACTNGGA
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APPENDIX 31
Sequence data o f AMPAGluR3 amplicon. Due to sequencing reaction not working correctly, only 
partial sequence was obtained. However this was 100% homologous to published rat sequence.
The primers are shown in blue.
The AMPAGluR3 sequence is shown in red.

REVERSE:
AATCNCTCTCTGTCTCCTCAGGTATCGGAAGGCTTCTGCTATGACCAATATTGCGTCAT 
GT GT C AGC GC AG AT GT AT ACTT C AGT GGT GC ATT C TTGGCTTC AGGG AATT AATCCCG 
CGGCC AT GGCGGCCGGG AGC AT GCG ACGT CGGGCCC AATT CGCCCT AT AGT G AGT CG 
T ATT AC AATT C ACT GGCCGT CGTTTT AC AACGT CGT GACT GGG AAAACCCTGGCGTT A 
CCC AACTT AAT CGCCTT GC AGC AC AT CCCCCTTT CGCC AGCT GGCGT AAT AGCG AAG A 
GGCCCGC ACCG AT CGCCCTT CCC AAC AGTT GCGC AGCCT G AAT GGCG AAT GG ACGCG 
CCCT GT AGCGGCGC ATT AAGCGCGGCGGGT GT GGT GGTT ACGCGC AGCGT G ACCGCT 
ACACTTGCCAGCGCCCTAGCGCCCGCTCCTTTCGCTTTCTTCCCTTCCTTTCTCGCCAC 
GTT CGCCGGCTTT CCCCGT C AAGCT CT AAAT CGGGGGCT CCCTTT AGGGTT CCG ATTT A 
GT GCTTT ACGGC ACCTCG ACCCC AAAAAACTT GATT AAGGT GAT GGTT C ACGT AGT GG 
GCC AT CGCCCT GAT AG AN GGTTTT CGCCNTT GACGTT G ANTC ACGTT CTTN AT AGNG A 
NT CTT GT CC AANT GG AN AC ACTC AACCT AT CT CGGCT AT CTTT GATT AAAGG ATTT GCC 
AATT CGCT AT GGT AAAN GANT GATT AAAATT ACG ATTT AN AAAAT ACCTN ATT CG AGN 
GATTT CT AC AT GGGGAT C ACGAC AGGGNTTNGGAGGNGACN AT GTTTNAAATANGNC 
NNGAAACGAGT AAT AAGAAN AT ATCGCCTCTTGTTNTTNCANGNAAGANGGGGNANN 
NAT ATCATATTTGGTTGANCAANNAAAAAAT AA

gi j 5263284|gb|M85036.21RATGLUR3A IBIsI Rattus norvegicus glutamate receptor 
subunit 3 (GLUR3) non-NMDA 
mRNA, complete cds 
Length=3083

Score = 208 bits (105), Expect = 2e-51
Identities = 105/105 ( 1 0 0 % ) ,  Gaps = 0/105 (0%)
Strand=Plus/Minus

Query 6 CTCTCTGTCTCCTCAGGTATCGGAAGGCTTCTGCTATGACCAATATTGCGTCATGTGTCA 65
I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I 

Sbjct 1133 CTCTCTGTCTCCTCAGGTATCGGAAGGCTTCTGCTATGACCAATATTGCGTCATGTGTCA 1074

Query 66 GCGCAGATGTATACTTCAGTGGTGCATTCTTGGCTTCAGGGAATT 110 
I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I 

Sbjct 1073 GCGCAGATGTATACTTCAGTGGTGCATTCTTGGCTTCAGGGAATT 1029

235



References

REFERENCES
Abbaszade I, Liu RQ, Yang F, Rosenfeld SA, Ross OH, Link JR, Ellis DM, Tortorella MD, Pratta MA, 
Hollis JM et al: Cloning and characterization of ADAMTS11, an aggrecanase from the ADAMTS 
family. JBiol Chem 1999,274(33):23443-23450.

Abdelnour A, Bremell T, Holmdahl R, Tarkowski A: Role of T lymphocytes in experimental 
Staphylococcus aureus arthritis. Scand JImmunol 1994, 39(4):403-408.

Abe K, Saito H: Possible linkage between glutamate transporter and mitogen-activated protein kinase 
cascade in cultured rat cortical astrocytes. JNeurochem 2001,76(l):217-223.

Abramson SB, Amin A: Blocking the effects of IL-1 in rheumatoid arthritis protects bone and 
cartilage. Rheumatology (Oxford) 2002,41(9):972-980.

Abu-Amer Y, Teitelbaum SL, Chappel JC, Schlesinger P, Ross FP: Expression and regulation of RAB3 
proteins in osteoclasts and their precursors. J Bone Miner Res 1999,14(11):1855-1860.

Aderka D, Le JM, Vilcek J: IL-6 inhibits lipopolysaccharide-induced tumor necrosis factor production 
in cultured human monocytes, U937 cells, and in mice. J Immunol 1989,143(11):3517-3523.

Aisa MC, Beccari T, Costanzi E, Maggio D: Cathepsin B in osteoblasts. Biochim Biophys Acta 2003, 
1621(2):149-159.

Alberts, B., Bray, D., Lewis, J., Raff, M., Robers, K. and Watson, J. D. (1994) Molecular biology of the 
cell, third edition. Garland Publishing, New York.

al-Janadi M, al-Balla S, al-Dalaan A, Raziuddin S: Cytokine production by helper T cell populations 
from the synovial fluid and blood in patients with rheumatoid arthritis. J Rheumatol 1993, 
20(10): 1647-1653.

Althoff K, Reddy P, Voltz N, Rose-John S, Mullberg J: Shedding of interleukin-6 receptor and tumor 
necrosis factor alpha. Contribution of the stalk sequence to the cleavage pattern of transmembrane 
proteins. EurJBiochem 2000, 267(9):2624-2631.

Amara SG, Fontana AC: Excitatory amino acid transporters: keeping up with glutamate. Neurochem 
Int 2002,41(5):313-318.

Anderson CM, Bridges RJ, Chamberlin AR, Shimamoto K, Yasuda-Kamatani Y, Swanson RA: Differing 
effects of substrate and non-substrate transport inhibitors on glutamate uptake reversal. J
Neurochem 2001, 79(6): 1207-1216.

Ando K, Kanazawa S, Tetsuka T, Ohta S, Jiang X, Tada T, Kobayashi M, Matsui N, Okamoto T: 
Induction of Notch signaling by tumor necrosis factor in rheumatoid synovial fibroblasts. Oncogene 
2003, 22(49):7796-7803.

Andreason, P. A. Kjoller, L., Christensen, L. and Duffy, M. J. (1997) The urokinase-type plasminogen 
activator system in cancer metastasis. Int J. Cancer. 72,1-22

Anson LC, Chen PE, Wyllie DJ, Colquhoun D, Schoepfer R: Identification of amino acid residues of the 
NR2A subunit that control glutamate potency in recombinant NR1/NR2A NMDA receptors. J
Neurosci 1998,18(2):581-589.

Anwyl R: Metabotropic glutamate receptors: electrophysiological properties and role in plasticity.
Brain Res Brain Res Rev 1999, 29(1):83-120.

236



References

Apte RN, Voronov E: Interleukin-1—a major pleiotropic cytokine in tumor-host interactions. Semin 
Cancer Biol 2002,12(4):277-290.

Araki, N. and Robinson, F. D. (1993) Rapid and sensitive method of quantitation of bone gla protein 
mRNA using competitive PCR. Journal of bone and mineral research. 8, 313-322

Aramori I, Nakanishi S: Signal transduction and pharmacological characteristics of a metabotropic 
glutamate receptor, mGluRl, in transfected CHO cells. Neuron 1992, 8(4):757-765.

Arend W. R. and Gabay, C. (2000) Cytokine networks. In Rheumatoid arthritis. Firestein, G., Panayi, G. 
S. and Wollheim, F. A. editors. Oxford press, Oxford.

Arend WP: Cytokine imbalance in the pathogenesis of rheumatoid arthritis: the role of interleukin-1 
receptor antagonist. Semin Arthritis Rheum 2001,30(5 Suppl 2): 1-6.

Arend WP, Dayer JM: Inhibition of the production and effects of interleukin-1 and tumor necrosis 
factor alpha in rheumatoid arthritis. Arthritis Rheum 1995,38(2): 151-160.

Arriza JL, Eliasof S, Kavanaugh MP, Amara SG: Excitatory amino acid transporter 5, a retinal 
glutamate transporter coupled to a chloride conductance. Proc Natl Acad Sci USA  1997, 94(8):4155- 
4160.

Augustine GJ: Illuminating the location of brain glutamate receptors. Nat Neurosci 2001, 4(11): 1051- 
1052.

Bai D, Muller RU, Roder JC: Non-ionotropic cross-talk between AMPA and NMDA receptors in 
rodent hippocampal neurones. J Physiol 2002, 543(Pt l):23-33.

Balcar VJ: Na(+)-dependent high-affinity uptake of L-glutamate in cultured fibroblasts. FEBS Lett 
1992,300(3):203-207.

Balcar VJ, Shen J, Bao S, King NJ: Na(+)-dependent high affinity uptake of L-glutamate in primary 
cultures of human fibroblasts isolated from three different types of tissue. FEBS Lett 1994, 339(1-
2):50-54.

Bank U, Reinhold D, Schneemilch C, Kunz D, Synowitz HJ, Ansorge S: Selective proteolytic cleavage of 
IL-2 receptor and IL-6 receptor ligand binding chains by neutrophil-derived serine proteases at foci 
of inflammation. J Interferon Cytokine Res 1999,19(11):1277-1287.

Bannai S: Exchange of cystine and glutamate across plasma membrane of human fibroblasts. J Biol 
Chem 1986,261(5):2256-2263.

Barnes PJ, Adcock IM: NF-kappa B: a pivotal role in asthma and a new target for therapy. Trends 
Pharmacol Sci 1997,18(2):46-50.

Baron, R. E. (1996) Anatomy and ultrastructure of bone. In primer on the metabolic bone diseases and 
disorders o f mineral metabolism, third edition. Favus, M. J. editor. Raven press, New York.

Baud V, Karin M: Signal transduction by tumor necrosis factor and its relatives. Trends Cell Biol 2001, 
ll(9):372-377.

Baum J: Infection in rheumatoid arthritis. Arthritis Rheum 1971,14(1): 135-137.

Begni B, Tremolizzo L, D'Orlando C, Bono MS, Garofolo R, Longoni M, Ferrarese C: Substrate-induced 
modulation of glutamate uptake in human platelets. BrJ Pharmacol 2005.

237



References

Bell MC, Carroll GJ: Rheumatoid synovial fluid contains bioactive leukemia inhibitory factor with 
cartilage degrading activity—another target for chondroprotective intervention. J Rheumatol 2000, 
27(2):332-338.

Bernstein EM, Quick MW: Regulation of gamma-aminobutyric acid (GABA) transporters by 
extracellular GABA. JBiol Chem 1999,274(2):889-895.

Bessis N, Boissier M: Novel pro-inflammatory interleukins: potential therapeutic targets in 
rheumatoid arthritis. Joint bone spine 2001, 68:477-481.

Bhangu PS: ’Pre-synaptic’ vesicular glutamate release mechanisms in osteoblasts. J Musculoskelet 
Neuronal Interact 2003,3(1): 17-29.

Bhangu PS, Genever PG, Spencer GJ, Grewal TS, Skerry TM: Evidence for targeted vesicular glutamate 
exocytosis in osteoblasts. Bone 2001, 29(1): 16-23.

Bhave G, Karim F, Carlton SM, Gereau RWt: Peripheral group I metabotropic glutamate receptors 
modulate nociception in mice. NatNeurosci 2001, 4(4):417-423.

Billups B, Rossi D, Attwell D: Anion conductance behavior of the glutamate uptake carrier in 
salamander retinal glial cells. JNeurosci 1996,16(21):6722-6731.

Bleakman D, Gates MR, Ogden AM, Mackowiak M: Kainate receptor agonists, antagonists and 
allosteric modulators. CurrPharm Des 2002, 8(10):873-885.

Blum-Degen D, Muller T, Kuhn W, Gerlach M, Przuntek H, Riederer P: Interleukin-1 beta and 
interleukin-6 are elevated in the cerebrospinal fluid of Alzheimer's and de novo Parkinson's disease 
patients. Neurosci Lett 1995,202(1-2): 17-20.

Boe A, Baiocchi M, Carbonatto M, Papoian R, Serlupi-Crescenzi O: Interleukin 6 knock-out mice are 
resistant to antigen-induced experimental arthritis. Cytokine 1999,11(12): 1057-1064.

Boehmer C, Henke G, Schniepp R, Palmada M, Rothstein JD, Broer S, Lang F: Regulation of the 
glutamate transporter EAAT1 by the ubiquitin ligase Nedd4-2 and the serum and glucocorticoid- 
inducible kinase isoforms SGK1/3 and protein kinase B. J Neurochem 2003, 86(5):1181-1188.

Boulanger MJ, Chow DC, Brevnova EE, Garcia KC: Hexameric structure and assembly of the 
interleukin-6/IL-6 alpha-receptor/gpl30 complex. Science 2003, 300(5628):2101-2104.

Braithwaite SP, Meyer G, Henley JM: Interactions between AMPA receptors and intracellular 
proteins. Neuropharmacology 2000,39(6):919-930.

Breedveld FC: Investigational treatments in rheumatoid arthritis. Baillieres Best Pract Res Clin 
Rheumatol 1999,13(4):701-718.

Brenman JE, Chao DS, Gee SH, McGee AW, Craven SE, Santillano DR, Wu Z, Huang F, Xia H, Peters 
MF et al: Interaction of nitric oxide synthase with the postsynaptic density protein PSD-95 and 
alphal-syntrophin mediated by PDZ domains. Cell 1996, 84(5):757-767.

Brennan FM, Chantry D, Jackson AM, Maini RN, Feldmann M: Cytokine production in culture by cells 
isolated from the synovial membrane. JAutoimmun 1989, 2 Suppl: 177-186.

Bresnihan B, Alvaro-Gracia JM, Cobby M, Doherty M, Domljan Z, Emery P, Nuki G, Pavelka K, Rau R, 
Rozman B et al: Treatment of rheumatoid arthritis with recombinant human interleukin-1 receptor 
antagonist. Arthritis Rheum 1998,41(12):2196-2204.

238



References

Brooks JI, Gallicano K, Garber G, Angel JB: Acute monoarthritis complicating therapy with indinavir. 
Aids 2000,14(13):2064-2065.

Bucala R, Ritchlin C, Winchester R, Cerami A: Constitutive production of inflammatory and mitogenic 
cytokines by rheumatoid synovial fibroblasts. JExp Med 1991,173(3):569-574.

Bumashev N, Zhou Z, Neher E, Sakmann B: Fractional calcium currents through recombinant GluR 
channels of the NMDA, AMPA and kainate receptor subtypes. J Physiol 1995, 485 (Pt 2):403-418.

Butler DM, Maini RN, Feldmann M, Brennan FM: Modulation of proinflammatory cytokine release in 
rheumatoid synovial membrane cell cultures. Comparison of monoclonal anti TNF-alpha antibody 
with the interleukin-1 receptor antagonist. Eur Cytokine Netw 1995, 6(4):225-230.

Buttgereit F, Brink I, Thiele B, Burmester GR, Hiepe F, Hall ED: Effects of methylprednisolone and 21- 
aminosteroids on mitogen-induced interleukin-6 and tumor necrosis factor-alpha production in 
human peripheral blood mononuclear cells. J Pharmacol Exp Ther 1995, 275(2):850-853.

Campbell SJ, Finlay M, Clements JM, Wells G, Miller KM, Perry VH, Anthony DC: Reduction of 
excitotoxicity and associated leukocyte recruitment by a broad-spectrum matrix metalloproteinase 
inhibitor. J Neurochem 2004,89(6): 1378-1386.

Carlson NG, Wieggel WA, Chen J, Bacchi A, Rogers SW, Gahring LC: Inflammatory cytokines IL-1 
alpha, IL-1 beta, IL-6, and TNF-alpha impart neuroprotection to an excitotoxin through distinct 
pathways. J Immunol 1999,163(7):3963-3968.

Carlton SM, Coggeshall RE: Inflammation-induced changes in peripheral glutamate receptor 
populations. Brain Res 1999, 820(l-2):63-70.

Cawston T: Matrix metalloproteinases and TIMPs: properties and implications for the rheumatic 
diseases. Mol Med Today 1998, 4(3): 130-137.

Cawston TE, Barrett AJ: A rapid and reproducible assay for collagenase using [l-14C]acetylated 
collagen. AnalBiochem 1979,99(2):340-345.

Cawston TE, Curry VA, Summers CA, Clark IM, Riley GP, Life PF, Spaull JR, Goldring MB, Koshy PJ, 
Rowan AD et al: The role of oncostatin M in animal and human connective tissue collagen turnover 
and its localization within the rheumatoid joint. Arthritis Rheum 1998,41(10): 1760-1771.

Chabaud M, Fossiez F, Taupin JL, Miossec P: Enhancing effect of IL-17 on IL-l-induced IL-6 and 
leukemia inhibitory factor production by rheumatoid arthritis synoviocytes and its regulation by Th2 
cytokines. J Immunol 1998,161(1):409-414.

Chang YH, Pearson CM, Abe C: Adjuvant polyarthritis. IV. Induction by a synthetic adjuvant: 
immunologic, histopathologic, and other studies. Arthritis Rheum 1980, 23(1):62-71.

Chang YH, Pearson CM, Chedid L: Adjuvant polyarthritis. V. Induction by N-acetylmuramyl-L- 
alanyl-D-isoglutamine, the smallest peptide subunit of bacterial peptidoglycan. J Exp Med 1981, 
153(4): 1021-1026.

Chen J, Huang C, Xiao D, Chen HP, Cheng JS: Expression of interleukin-6 mRNA in ischemic rat brain 
after electroacupuncture stimulation. Acupunct Electrother Res 2003,28(3-4): 157-166.

Chen NX, O'Neill KD, Niwa T, Moe SM: Signal transduction of beta2m-induced expression of VCAM- 
1 and COX-2 in synovial fibroblasts. Kidney Int 2002,61(2):414-424.

Chenu C: Glutamatergic innervation in bone. Microsc Res Tech 2002,58(2):70-76.

239



References

Chenu C, Itzstein C, Espinosa L: Absence of evidence is not evidence of absence. Redundancy blocks 
determination of cause and effect. J Bone Miner Res 2001,16(9):1728-1729; author reply 1731-1722.

Chenu C, Serre CM, Raynal C, Burt-Pichat B, Delmas PD: Glutamate receptors are expressed by bone 
cells and are involved in bone resorption. Bone 1998, 22(4):295-299.

Cheon H, Yu SJ, Yoo DH, Chae IJ, Song GG, Sohn J: Increased expression of pro-inflammatory 
cytokines and metalloproteinase-1 by TGF-betal in synovial fibroblasts from rheumatoid arthritis 
and normal individuals. Clin Exp Immunol 2002,127(3):547-552.

Choi DW, Rothman SM: The role of glutamate neurotoxicity in hypoxic-ischemic neuronal death.
Annu Rev Neurosci 1990,13:171-182.

Choy EH, Isenberg DA, Garrood T, Farrow S, Ioannou Y, Bird H, Cheung N, Williams B, Hazleman B, 
Price R et al: Therapeutic benefit of blocking interleukin-6 activity with an anti-interleukin-6 
receptor monoclonal antibody in rheumatoid arthritis: a randomized, double-blind, placebo- 
controlled, dose-escalation trial. Arthritis Rheum 2002,46(12):3143-3150.

Chu CQ, Field M, Feldmann M, Maini RN: Localization of tumor necrosis factor alpha in synovial 
tissues and at the cartilage-pannus junction in patients with rheumatoid arthritis. Arthritis Rheum 
1991,34(9): 1125-1132.

Chung TD, Yu JJ, Kong TA, Spiotto MT, Lin JM: Interleukin-6 activates phosphatidylinositol-3 kinase, 
which inhibits apoptosis in human prostate cancer cell lines. Prostate 2000, 42(1): 1-7.

Ciesielska A, Joniec I, Przybylkowski A, Gromadzka G, Kurkowska-Jastrzebska I, Czlonkowska A, 
Czlonkowski A: Dynamics of expression of the mRNA for cytokines and inducible nitric synthase in a 
murine model of the Parkinson's disease. Acta Neurobiol Exp (Wars) 2003, 63(2): 117-126.

Colston JT, Chandrasekar B, Freeman GL: A novel peroxide-induced calcium transient regulates 
interleukin-6 expression in cardiac-derived fibroblasts. J Biol Chem 2002, 277(26):23477-23483.

Conn, P. J. and Pin, J. P. (1997) Pharmacology and functions of metabotropic glutamate receptors.
Annu rev pharmacol toxicol. 37, 205-237

Cooper B, Chebib M, Shen J, King NJ, Darvey IG, Kuchel PW, Rothstein JD, Balcar VJ: Structural 
selectivity and molecular nature of L-glutamate transport in cultured human fibroblasts. Arch 
Biochem Biophys 1998, 353(2):356-364.

Corthay A, Hansson AS, Holmdahl R: T lymphocytes are not required for the spontaneous 
development of entheseal ossification leading to marginal ankylosis in the DBA/1 mouse. Arthritis 
Rheum 2000,43(4):844-851.

Courtenay JS, Dallman MJ, Dayan AD, Martin A, Mosedale B: Immunisation against heterologous type 
II collagen induces arthritis in mice. Nature 1980, 283(5748):666-668.

Cromartie WJ, Craddock JG, Schwab JH, Anderle SK, Yang CH: Arthritis in rats after systemic 
injection of streptococcal cells or cell walls. J Exp Med 1977,146(6): 1585-1602.

Cruise L, Ho LK, Veitch K, Fuller G, Morris BJ: Kainate receptors activate NF-kappaB via MAP 
kinase in striatal neurones. Neuroreport 2000, ll(2):395-398.

Cull-Candy, S. G. (2002) Ionotropic glutamate receptors. In Glutamate and GABA receptors and 
transporters. Egebjer, J. Schousboe, A. and Krogsgaard-Larsen, P. editors. Taylor and Francis, London.

Cunnane G, Hummel KM, Muller-Ladner U, Gay RE, Gay S: Mechanism of joint destruction in 
rheumatoid arthritis. Arch Immunol TherExp (Warsz) 1998,46(l):l-7.

240



References

Dall'Asta V, Gazzola GC, Franchi-Gazzola R, Bussolati O, Longo N, Guidotti GG: Pathways of L- 
glutamic acid transport in cultured human fibroblasts. J Biol Chem 1983, 258(10):6371-6379.

DanboltNC: Glutamate uptake. Prog Neurobiol 2001,65(1): 1-105.

D'Andrea P, Calabrese A, Grandolfo M: Intercellular calcium signalling between chondrocytes and 
synovial cells in co-culture. Biochem J 1998,329 (Pt 3):681-687.

Davis KE, Straff DJ, Weinstein EA, Bannerman PG, Correale DM, Rothstein JD, Robinson MB: Multiple 
signaling pathways regulate cell surface expression and activity of the excitatory amino acid carrier 1 
subtype of Glu transporter in C6 glioma. JNeurosci 1998,18(7):2475-2485.

De Cristobal J, Moro MA, Davalos A, Castillo J, Leza JC, Camarero J, Colado MI, Lorenzo P, Lizasoain I: 
Neuroprotective effect of aspirin by inhibition of glutamate release after permanent focal cerebral 
ischaemia in rats. J Neurochem 2001,79(2):456-459.

Delgado M, Abad C, Martinez C, Leceta J, Gomariz RP: Vasoactive intestinal peptide prevents 
experimental arthritis by downregulating both autoimmune and inflammatory components of the 
disease. Nat Med 2001, 7(5):563-568.

Desgeorges A, Gabay C, Silacci P, Novick D, Roux-Lombard P, Grau G, Dayer JM, Vischer T, Gueme 
PA: Concentrations and origins of soluble interleukin 6 receptor-alpha in serum and synovial fluid. J
Rheumatol 1997, 24(8): 1510-1516.

Dickman KG, Youssef JG, Mathew SM, Said SI: Ionotropic glutamate receptors in lungs and airways: 
molecular basis for glutamate toxicity. Am JRespir Cell Mol Biol 2004,30(2): 139-144.

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

Dolmetsch RE, Xu K, Lewis RS: Calcium oscillations increase the efficiency and specificity of gene 
expression. Nature 1998,392(6679):933-936.

Domenici MR, Pintor A, Potenza RL, Gaudi S, Gro MC, Passarelli F, Reggio R, Galluzzo M, Massotti M, 
Popoli P: Metabotropic glutamate receptor 5 (mGluRS)-mediated phosphoinositide hydrolysis and 
NMDA-potentiating effects are blunted in the striatum of aged rats: a possible additional mechanism 
in striatal senescence. Eur JNeurosci 2003,17(10):2047-2055.

Driessler F, Venstrom K, Sabat R, Asadullah K, Schottelius AJ: Molecular mechanisms of interleukin- 
10-mediated inhibition of NF-kappaB activity: a role for p50. Clin Exp Immunol 2004,135(l):64-73.

Duan S, Anderson CM, Stein BA, Swanson RA: Glutamate induces rapid upregulation of astrocyte 
glutamate transport and cell-surface expression of GLAST. JNeurosci 1999,19(23): 10193-10200.

Dudhia, J., McAlindon, A., Muir, P. and Bayliss, M.: The meniscus-structure, composition, and 
pathology. In Soft tissue rheumatology 2004. Hazleman, B., Riley, G. and Speed, C. editors. Oxford 
press, Oxford.

Dziedzic T, Slowik A, Szczudlik A: Interleukin-6 and stroke: cerebral ischemia versus nonspecific 
factors influencing interleukin-6. Stroke 2003,34(12):e229-230; author reply e229-230.

Egebjerg J, Bettler B, Hermans-Borgmeyer I, Heinemann S: Cloning of a cDNA for a glutamate receptor 
subunit activated by kainate but not AMPA. Nature 1991,351(6329):745-748.

Egebjerg, J. and Jensen, H. S. (2002) Structure of ionotropic glutamate receptors. In Glutamate and 
GABA receptors and transporters. Egebjer, J. Schousboe, A. and Krogsgaard-Larsen, P. editors. Taylor and 
Francis, London.

241



References

Elenkov IJ, Wilder RL, Bakalov VK, Link AA, Dimitrov MA, Fisher S, Crane M, Kanik KS, Chrousos GP: 
IL-12, TNF-alpha, and hormonal changes during late pregnancy and early postpartum: implications 
for autoimmune disease activity during these times. J Clin Endocrinol Metab 2001, 86(10):4933-4938.

English WR, Puente XS, Freije JM, Knauper V, Amour A, Merryweather A, Lopez-Otin C, Murphy G: 
Membrane type 4 matrix metalloproteinase (MMP17) has tumor necrosis factor-alpha convertase 
activity but does not activate pro-MMP2. J Biol Chem 2000, 275(19): 14046-14055.

Erecinska, M. and Silver, I. A. (1990) Metabolism and role of glutamate in mammalian brain. Progress 
in neurobiology. 35(4), 245-96

Eriksson C, Tehranian R, Iverfeldt K, Winblad B, Schultzberg M: Increased expression of mRNA 
encoding interleukin-lbeta and caspase-1, and the secreted isoform of interleukin-1 receptor 
antagonist in the rat brain following systemic kainic acid administration. J Neurosci Res 2000, 
60(2):266-279.

Espinosa L, Itzstein C, Cheynel H, Delmas PD, Chenu C: Active NMDA glutamate receptors are 
expressed by mammalian osteoclasts. J Physiol 1999, 518 (Pt l):47-53.

Fan MZ, Matthews JC, Etienne NM, Stoll B, Lackeyram D, Burrin DG: Expression of apical membrane 
L-glutamate transporters in neonatal porcine epithelial cells along the small intestinal crypt-villus 
axis. Am J Physiol Gastrointest Liver Physiol 2004, 287(2):G385-398.

Fayyazuddin A, Villarroel A, Le Goff A, Lerma J, Neyton J: Four residues of the extracellular N- 
terminal domain of the NR2A subunit control high-affinity Zn2+ binding to NMDA receptors.
Neuron 2000, 25(3):683-694.

Feldmann M, Brennan FM, Maini RN: Rheumatoid arthritis. Cell 1996, 85(3):307-310.

Feldmann M, Maini RN: Anti-TNF alpha therapy of rheumatoid arthritis: what have we learned?
Annu Rev Immunol 2001,19:163-196.

Ferraguti F, Baldani-Guerra B, Corsi M, Nakanishi S, Corti C: Activation of the extracellular signal- 
regulated kinase 2 by metabotropic glutamate receptors. Eur JNeurosci 1999, ll(6):2073-2082.

Fife MS, Fisher SA, John S, Worthington J, Shah CJ, Oilier WE, Panayi GS, Lewis CM, Lanchbury JS: 
Multipoint linkage analysis of a candidate gene locus in rheumatoid arthritis demonstrates 
significant evidence of linkage and association with the corticotropin-releasing hormone genomic 
region. Arthritis Rheum 2000,43(8):1673-1678.

Firestein GS: Invasive fibroblast-like synoviocytes in rheumatoid arthritis. Passive responders or 
transformed aggressors? Arthritis Rheum 1996,39(11): 1781-1790.

Firestein GS: Evolving concepts of rheumatoid arthritis. Nature 2003,423(6937):356-361.

Firestein GS, Boyle DL, Yu C, Paine MM, Whisenand TD, Zvaifler NJ, Arend WP: Synovial interleukin- 
1 receptor antagonist and interleukin-1 balance in rheumatoid arthritis. Arthritis Rheum 1994, 
37(5):644-652.

Flannery CR, Little CB, Hughes CE, Curtis CL, Caterson B, Jones SA: IL-6 and its soluble receptor 
augment aggrecanase-mediated proteoglycan catabolism in articular cartilage. Matrix Biol 2000, 
19(6):549-553.

Franchimont, N., Lamber, C., Huynen, P., Ribbens, C., Relic, B., Chariot, A., Bours, B., Piette, J., Merville, 
M. P. and Malaise M. (2005) IL-6 receptor shedding is enhanced by IL-ip and TNFa and is partially 
mediated by TNFa-converting enzyme in osteoblast-like cells. Arth Rheum. 52 (1), 84-93

242



References

Frank C, Giammarioli AM, Falzano L, Fiorentini C, Rufmi S: Glutamate-induced calcium increase in 
myotubes depends on up-regulation of a sodium-dependent transporter. FEBS Lett 2002, 527(1- 
3):269-273.

Fritz KI, Groenendaal F, McGowan JE, Mishra OP, Delivoria-Papadopoulos M: Effect of cerebral 
hypoxia on NMDA receptor binding characteristics after treatment with 3-(2-carboxypiperazin-4- 
yl)propyl-l-phosphonic acid (CPP) in newborn piglets. Brain Res 1996, 729(l):66-74.

Gabay, C. (2004) Targeted IL-1 inhibition. In Cytokines and joint injury, van den Berg, W. B. and 
Miossec, P. editors. Birkhaeuser Verlag, Berlin.

Gegelashvili G, Civenni G, Racagni G, Danbolt NC, Schousboe I, Schousboe A: Glutamate receptor 
agonists up-regulate glutamate transporter GLAST in astrocytes. Neuroreport 1996,8(l):261-265.

Gegelashvili G, Dehnes Y, Danbolt NC, Schousboe A: The high-affinity glutamate transporters GLT1, 
GLAST, and EAAT4 are regulated via different signalling mechanisms. Neurochem Int 2000, 37(2-
3): 163-170.

Gegelashvili G, Schousboe A: High affinity glutamate transporters: regulation of expression and 
activity. Mol Pharmacol 1997, 52(1):6-15.

Genestier L, Paillot R, Foumel S, Ferraro C, Miossec P, Revillard JP: Immunosuppressive properties of 
methotrexate: apoptosis and clonal deletion of activated peripheral T cells. J Clin Invest 1998, 
102(2):322-328.

Genever PG, Maxfield SJ, Kennovin GD, Maltman J, Bowgen CJ, Raxworthy MJ, Skerry TM: Evidence 
for a novel glutamate-mediated signaling pathway in keratinocytes. J Invest Dermatol 1999, 
112(3):337-342.

Genever PG, Skerry TM: Regulation of spontaneous glutamate release activity in osteoblastic cells and 
its role in differentiation and survival: evidence for intrinsic glutamatergic signalling in bone. FASEB 
2001, 10.

Genever PG, Wilkinson DJ, Patton AJ, Peet NM, Hong Y, Mathur A, Erusalimsky JD, Skerry TM: 
Expression of a functional N-methyl-D-aspartate-type glutamate receptor by bone marrow 
megakaryocytes. Blood 1999,93(9):2876-2883.

Giannelli G, Erriquez R, Iannone F, Marinosci F, Lapadula G, Antonaci S: MMP-2, MMP-9, TIMP-1 and 
TIMP-2 levels in patients with rheumatoid arthritis and psoriatic arthritis. Clin Exp Rheumatol 2004, 
22(3):335-338.

Gilbert SJ, Duance VC, Mason DJ: Tumour necrosis factor alpha up-regulates protein kinase R 
(PKR)-activating protein (PACT) and increases phosphorylation of PKR and eukaryotic initiation 
factor 2-alpha in articular chondrocytes. Biochem Soc Trans 2002, 30(Pt 6):886-889.

Gilbert SJ, Duance VC, Mason DJ: Does protein kinase R mediate TNF-alpha- and ceramide-induced 
increases in expression and activation of matrix metalloproteinases in articular cartilage by a novel 
mechanism? Arthritis Res Ther 2004,6(1):R46-R55.

Girasole G, Passeri G, Jilka RL, Manolagas SC: Interleukin-11: a new cytokine critical for osteoclast 
development. J Clin Invest 1994, 93(4): 1516-1524.

Giant TT, Mikecz K, Arzoumanian A, Poole AR: Proteoglycan-induced arthritis in BALB/c mice. 
Clinical features and histopathology. Arthritis Rheum 1987,30(2):201-212.

243



References

Glasson SS, Askew R, Sheppard B, Carito B, Blanchet T, Ma HL, Flannery CR, Peluso D, Kanki K, Yang 
Z et al: Deletion of active ADAMTS5 prevents cartilage degradation in a murine model of 
osteoarthritis. Nature 2005, 434(7033):644-648.

Goldbach-Mansky R, Lee JM, Hoxworth JM, Smith D, 2nd, Duray P, Schumacher RH, Jr., Yarboro CH, 
Klippel J, Kleiner D, El-Gabalawy HS: Active synovial matrix metalloproteinase-2 is associated with 
radiographic erosions in patients with early synovitis. Arthritis Res 2000,2(2):145-153.

Grabowski PS, England AJ, Dykhuizen R, Copland M, Benjamin N, Reid DM, Ralston SH: Elevated 
nitric oxide production in rheumatoid arthritis. Detection using the fasting urinary nitrate:creatinine 
ratio. Arthritis Rheum 1996,39(4):643-647.

Grabstein KH, Urdal DL, Tushinski RJ, Mochizuki DY, Price VL, Cantrell MA, Gillis S, Conlon PJ: 
Induction of macrophage tumoricidal activity by granulocyte-macrophage colony-stimulating factor. 
Science 1986, 232(4749):506-508.

Grant SK, Bansal A, Mitra A, Feighner SD, Dai G, Kaczorowski GJ, Middleton RE: Delay of intracellular 
calcium transients using a calcium chelator: application to high-throughput screening of the 
capsaicin receptor ion channel and G-protein-coupled receptors. AnalBiochem 2001, 294(l):27-35.

Gray C, Marie H, Arora M, Tanaka K, Boyde A, Jones S, Attwell D: Glutamate does not play a major 
role in controlling bone growth. JBone Miner Res 2001,16(4):742-749.

Gu Y, Genever PG, Skerry TM, Publicover SJ: The NMDA type glutamate receptors expressed by 
primary rat osteoblasts have the same electrophysiological characteristics as neuronal receptors.
Calcif Tissue Int 2002, 70(3): 194-203.

Gu Y, Publicover SJ: Expression of functional metabotropic glutamate receptors in primary cultured 
rat osteoblasts. Cross-talk with N-methyl-D-aspartate receptors. J Biol Chem 2000, 275(44):34252- 
34259.

Gubellini P, Pisani A, Centonze D, Bemardi G, Calabresi P: Metabotropic glutamate receptors and 
striatal synaptic plasticity: implications for neurological diseases. Prog Neurobiol 2004, 74(5):271-300.

Gueme PA, Zuraw BL, Vaughan JH, Carson DA, Lotz M: Synovium as a source of interleukin 6 in 
vitro. Contribution to local and systemic manifestations of arthritis. J Clin Invest 1989,83(2):585-592.

Harigai M, Hara M, Kitani A, Norioka K, Hirose T, Hirose W, Suzuki K, Kawakami M, Masuda K, 
Shinmei M et al: Interleukin 1 and tumor necrosis factor-alpha synergistically increase the 
production of interleukin 6 in human synovial fibroblast. J Clin Lab Immunol 1991,34(3): 107-113.

Hashimoto G, Shimoda M, Okada Y: ADAMTS4 (aggrecanase-1) interaction with the C-terminal 
domain of fibronectin inhibits proteolysis of aggrecan. J Biol Chem 2004,279(31):32483-32491.

Hayashi M, Morimoto R, Yamamoto A, Moriyama Y: Expression and localization of vesicular 
glutamate transporters in pancreatic islets, upper gastrointestinal tract, and testis. J Histochem 
Cytochem 2003,51(10): 1375-1390.

Heinegard D: Minireviews on bone: introductory remarks. Matrix Biol 2000,19(2):83.

Heinrich PC, Behrmann I, Haan S, Hermanns HM, Muller-Newen G, Schaper F: Principles of interleukin 
(IL)-6-type cytokine signalling and its regulation. Biochem J  2003,374(Pt 1): 1-20.

Hembry RM, Bagga MR, Reynolds JJ, Hamblen DL: Stromelysin, gelatinase A and TIMP-1 in 
prosthetic interface tissue: a role for macrophages in tissue remodelling. Histopathology 1995, 
27(2):149-159.

244



References

Hensley K, Fedynyshyn J, Ferrell S, Floyd RA, Gordon B, Grammas P, Hamdheydari L, Mhatre M, Mou S, 
Pye QN et al: Message and protein-level elevation of tumor necrosis factor alpha (TNF alpha) and 
TNF alpha-modulating cytokines in spinal cords of the G93A-SOD1 mouse model for amyotrophic 
lateral sclerosis. Neurobiol Dis 2003,14(l):74-80.

Herb A, Bumashev N, Werner P, Sakmann B, Wisden W, Seeburg PH: The KA-2 subunit of excitatory 
amino acid receptors shows widespread expression in brain and forms ion channels with distantly 
related subunits. Neuron 1992, 8(4):775-785.

Hering, H. and Sheng, M. (2002) NMDA receptor targeting. In Receptor and ion-channel trafficking. 
Moss, S. J. and Henley, J. editors. Oxford press, Oxford.

Heymann D, Rousselle AV: gpl30 Cytokine family and bone cells. Cytokine 2000,12(10): 1455-1468.

Hibi M, Nakajima K, Hirano T: IL-6 cytokine family and signal transduction: a model of the cytokine 
system. J Mol Med 1996,74(1): 1-12.

Hinoi E, Fujimori S, Nakamura Y, Yoneda Y: Group III metabotropic glutamate receptors in rat 
cultured calvarial osteoblasts. Biochem Biophys Res Commun 2001, 281(2):341-346.

Hinoi E, Fujimori S, Takarada T, Taniura H, Yoneda Y: Facilitation of glutamate release by ionotropic 
glutamate receptors in osteoblasts. Biochem Biophys Res Commun 2002, 297(3):452-458.

Hinoi E, Fujimori S, Takemori A, Kurabayashi H, Nakamura Y, Yoneda Y: Demonstration of expression 
of mRNA for particular AMPA and kainate receptor subunits in immature and mature cultured rat 
calvarial osteoblasts. Brain Res 2002, 943(1): 112-116.

Hinoi E, Takarada T, Ueshima T, Tsuchihashi Y, Yoneda Y: Glutamate signaling in peripheral tissues. 
EurJBiochem 2004,271(1):1-13.

Hinoi E, Wang L, Takemori A, Yoneda Y: Functional expression of particular isoforms of excitatory 
amino acid transporters by rodent cartilage. Biochem Pharmacol 2005, 70(1):70-81.

Hirano T, Nakajima K, Hibi M: Signaling mechanisms through gpl30: a model of the cytokine system.
Cytokine Growth Factor Rev 1997,8(4):241-252.

Hirohata S, Miyamoto T: Elevated levels of interleukin-6 in cerebrospinal fluid from patients with 
systemic lupus erythematosus and central nervous system involvement. Arthritis Rheum 1990, 
33(5):644-649.

Hirth A, Skapenko A, Kinne RW, Emmrich F, Schulze-Koops H, Sack U: Cytokine mRNA and protein 
expression in primary-culture and repeated-passage synovial fibroblasts from patients with 
rheumatoid arthritis. Arthritis Res 2002,4(2): 117-125.

Hollman, M. and Heinemann, S. (1994) Cloned glutamate receptors. Annu Rev Neurosci. 17. 31-108

Holmdahl, R. (2000) Experimental models for rheumatoid arthritis. In Rheumatoid arthritis. Firestein, 
G., Panayi, G. S. and Wollheim, F. A. editors. Oxford press, Oxford.

Holmdahl R, Vingsbo C, Hedrich H, Karlsson M, Kvick C, Goldschmidt TJ, Gustafsson K: Homologous 
collagen-induced arthritis in rats and mice are associated with structurally different major 
histocompatibility complex DQ-like molecules. EurJ Immunol 1992,22(2):419-424.

Hopkins SJ, Humphreys M, Jayson MI: Cytokines in synovial fluid. I. The presence of biologically 
active and immunoreactive IL-1. Clin Exp Immunol 1988, 72(3):422-427.

245



References

Horai R, Nakajima A, Habiro K, Kotani M, Nakae S, Matsuki T, Nambu A, Saijo S, Kotaki H, Sudo K et 
al: TNF-alpha is crucial for the development of autoimmune arthritis in IL-1 receptor antagonist- 
deficient mice. J Clin Invest 2004,114(11): 1603-1611.

Horai R, Saijo S, Tanioka H, Nakae S, Sudo K, Okahara A, Ikuse T, Asano M, Iwakura Y: Development 
of chronic inflammatory arthropathy resembling rheumatoid arthritis in interleukin 1 receptor 
antagonist-deficient mice. J Exp Med 2000,191(2):313-320.

Horiuchi S, Koyanagi Y, Zhou Y, Miyamoto H, Tanaka Y, Waki M, Matsumoto A, Yamamoto M, 
Yamamoto N: Soluble interleukin-6 receptors released from T cell or granulocyte/macrophage cell 
lines and human peripheral blood mononuclear cells are generated through an alternative splicing 
mechanism. EurJ Immunol 1994, 24(8): 1945-1948.

Hou WS, Li Z, Gordon RE, Chan K, Klein MJ, Levy R, Keysser M, Keyszer G, Bromme D: Cathepsin k 
is a critical protease in synovial fibroblast-mediated collagen degradation. Am J Pathol 2001, 
159(6):2167-2177.

Howarth D, Pritzker KP, Cruz TF, Kandel RA: Calcium ionophore A23187 stimulates production of a 
144 kDa gelatinase. J Rheumatol 1993, 20(1):97-101.

Howe JR: Homomeric and heteromeric ion channels formed from the kainate-type subunits GluR6 
and KA2 have very small, but different, unitary conductances. J Neurophysiol 1996, 76(1):510-519.

Hu, S., Sheng, W. S., Ehrlich, L. C., Petersen, P. K. and Chao, C. C: Cytokine effects on glutamate 
uptake by human astrocytes. Neuroimmunomodulation 2000, 7(3): 153-9

Huang J, Gao X, Li S, Cao Z: Recruitment of IRAK to the interleukin 1 receptor complex requires 
interleukin 1 receptor accessory protein. Proc Natl Acad Sci USA 1997,94(24): 12829-12832.

Huettner JE: Kainate receptors and synaptic transmission. Prog Neurobiol 2003,70(5):387-407.

Huggett J, Vaughan-Thomas A, Mason DJ: The open reading frame of the Na+ dependent glutamate 
transporter GLAST-1 is expressed in bone and a splice variant of this molecule is expressed in bone 
and brain. FEBS letter 2000,485:13-18.

Hui W, Bell M, Carroll G: Oncostatin M (OSM) stimulates resorption and inhibits synthesis of 
proteoglycan in porcine articular cartilage explants. Cytokine 1996,8(6):495-500.

Hui W, Rowan AD, Richards CD, Cawston TE: Oncostatin M in combination with tumor necrosis 
factor alpha induces cartilage damage and matrix metalloproteinase expression in vitro and in vivo. 
Arthritis Rheum 2003, 48(12) :3404-3418.

Hummel KM, Petrow PK, Franz JK, Muller-Ladner U, Aicher WK, Gay RE, Bromme D, Gay S: Cysteine 
proteinase cathepsin K mRNA is expressed in synovium of patients with rheumatoid arthritis and is 
detected at sites of synovial bone destruction. J Rheumatol 1998, 25(10): 1887-1894.

Ichijo H: From receptors to stress-activated MAP kinases. Oncogene 1999,18(45):6087-6093.

Imai K, Ohta S, Matsumoto T, Fujimoto N, Sato H, Seiki M, Okada Y: Expression of membrane-type 1 
matrix metalloproteinase and activation of progelatinase A in human osteoarthritic cartilage. Am J
Pathol 1997,151(l):245-256.

Tnagaki N, Kuromi H, Gonoi T, Okamoto Y, Ishida H, Seino Y, Kaneko T, Iwanaga T, Seino S: 
Expression and role of ionotropic glutamate receptors in pancreatic islet cells. Faseb J 1995, 9(8):686- 
691.

246



References

Inomata Y, Hirata A, Yonemura N, Koga T, Kido N, Tanihara H: Neuroprotective effects of interleukin- 
6 on NMDA-induced rat retinal damage. Biochem Biophys Res Commun 2003,302(2):226-232.

Inui T, Ishibashi O, Inaoka T, Origane Y, Kumegawa M, Kokubo T, Yamamura T: Cathepsin K antisense 
oligodeoxynucleotide inhibits osteoclastic bone resorption. J Biol Chem 1997, 272(13):8109-8112.

Ishii T, Moriyoshi K, Sugihara H, Sakurada K, Kadotani H, Yokoi M, Akazawa C, Shigemoto R, Mizuno 
N, Masu M et al: Molecular characterization of the family of the N-methyl-D-aspartate receptor 
subunits. JBiol Chem 1993, 268(4):2836-2843.

Ito A, Itoh Y, Sasaguri Y, Morimatsu M, Mori Y: Effects of interleukin-6 on the metabolism of 
connective tissue components in rheumatoid synovial fibroblasts. Arthritis Rheum 1992, 35(10): 1197- 
1201 .

Ito A, Mukaiyama A, Itoh Y, Nagase H, Thogersen IB, Enghild JJ, Sasaguri Y, Mori Y: Degradation of 
interleukin lbeta by matrix metaUoproteinases. JBiol Chem 1996, 271(25): 14657-14660.

Itoh T, Matsuda H, Tanioka M, Kuwabara K, Itohara S, Suzuki R: The role of matrix metalloproteinase- 
2 and matrix metalloproteinase-9 in antibody-induced arthritis. J Immunol 2002,169(5):2643-2647.

Itzstein C, Cheynel H, Burt-Pichat B, Merle B, Espinosa L, Delmas PD, Chenu C: Molecular 
identification of NMDA glutamate receptors expressed in bone cells. J Cell Biochem 2001, 82(1): 134- 
144.

Itzstein C, Espinosa L, Delmas PD, Chenu C: Specific antagonists of NMDA receptors prevent 
osteoclast sealing zone formation required for bone resorption. Biochem Biophys Res Commun 2000, 
268(l):201-209.

Jackson DL, Graff CB, Richardson JD, Hargreaves KM: Glutamate participates in the peripheral 
modulation of thermal hyperalgesia in rats. Eur J Pharmacol 1995,284(3):321-325.

Jahn R, Hanson PI: Membrane fusion. SNAREs line up in new environment. Nature 1998, 
393(6680): 14-15.

Jeong JG, Kim JM, Cho H, Hahn W, Yu SS, Kim S: Effects of IL-lbeta on gene expression in human 
rheumatoid synovial fibroblasts. Biochem Biophys Res Commun 2004,324(l):3-7.

Jiang Y, Genant HK, Watt I, Cobby M, Bresnihan B, Aitchison R, McCabe D: A multicenter, double
blind, dose-ranging, randomized, placebo-controlled study of recombinant human interleukin-1 
receptor antagonist in patients with rheumatoid arthritis: radiologic progression and correlation of 
Genant and Larsen scores. Arthritis Rheum 2000,43(5): 1001-1009.

Jones SA, Horiuchi S, Topley N, Yamamoto N, Fuller GM: The soluble interleukin 6 receptor: 
mechanisms of production and implications in disease. FasebJ 2001,15(l):43-58.

Jones SA, Novick D, Horiuchi S, Yamamoto N, Szalai AJ, Fuller GM: C-reactive protein: a 
physiological activator of interleukin 6 receptor shedding. J Exp Med 1999,189(3):599-604.

Joosten LA, Helsen MM, van de Loo FA, van den Berg WB: Anticytokine treatment of established type 
II collagen-induced arthritis in DBA/1 mice. A comparative study using anti-TNF alpha, anti-IL-1 
alpha/beta, and IL-lRa. Arthritis Rheum 1996,39(5):797-809.

Jourquin J, Tremblay E, Decanis N, Charton G, Hanessian S, Chollet AM, Le Diguardher T, 
Khrestchatisky M, Rivera S: Neuronal activity-dependent increase of net matrix metalloproteinase 
activity is associated with MMP-9 neurotoxicity after kainate. Eur JNeurosci 2003,18(6):1507-1517.

247



References

Kalariti N, Koutsilieris M: Glutamatergic system in bone physiology. In Vivo 2004,18(5):621-628.

Kanner BI, Marva E: Efflux of L-glutamate by synaptic plasma membrane vesicles isolated from rat 
brain. Biochemistry 1982, 21(13):3143-3147.

Kashiwagi M, Tortorella M, Nagase H, Brew K: TIMP-3 is a potent inhibitor of aggrecanase 1 (ADAM- 
TS4) and aggrecanase 2 (ADAM-TS5). JBiol Chem 2001, 276(16):12501-12504.

Kay J, Calabrese L: The role of interleukin-1 in the pathogenesis of rheumatoid arthritis.
Rheumatology (Oxford) 2004,43 Suppl 3:iii2-iii9.

Keffer J, Probert L, Cazlaris H, Georgopoulos S, Kaslaris E, Kioussis D, Kollias G: Transgenic mice 
expressing human tumour necrosis factor: a predictive genetic model of arthritis. Embo J  1991, 
10(13):4025-4031.

Kekow J, Pap T, Zielinski S: Multifunctional role of proteases in rheumatic diseases. Adv Exp Med Biol 
2000,477:467-476.

Kent LW, Dyken RA, Rahemtulla F, Allison AC, Michalek SM: Effect of in vitro passage of healthy 
human gingival fibroblasts on cellular morphology and cytokine expression. Arch Oral Biol 1996, 
41(3):263-270.

Keyszer GM, Heer AH, Kriegsmann J, Geiler T, Trabandt A, Keysser M, Gay RE, Gay S: Comparative 
analysis of cathepsin L, cathepsin D, and collagenase messenger RNA expression in synovial tissues 
of patients with rheumatoid arthritis and osteoarthritis, by in situ hybridization. Arthritis Rheum 
1995,38(7):976-984.

Kingsley, G. (2000). Infection in the pathogenesis of rheumatoid arthritis. In Rheumatoid arthritis. 
Firestein, G., Panayi, G. S. and Wollheim, F. A. editors. Oxford press, Oxford.

Kim SY, Choi SY, Chao W, Volsky DJ: Transcriptional regulation of human excitatory amino acid 
transporter 1 (EAAT1): cloning of the EAAT1 promoter and characterization of its basal and 
inducible activity in human astrocytes. J Neurochem 2003, 87(6): 1485-1498.

Kinne, R. W. Stuhlmueller, B., Palombo-Kinne, E. and Burmester, G. (2000) In Rheumatoid arthritis. 
Firestein, G., Panayi, G. S. and Wollheim, F. A. editors. Oxford press, Oxford.

Kinne RW, Brauer R, Stuhlmuller B, Palombo-Kinne E, Burmester GR: Macrophages in rheumatoid 
arthritis. Arthritis Res 2000, 2(3): 189-202.

Klareskog L, Nordmark B, Lindblad S: On the organization of an early arthritis clinic. Best Pract Res 
Clin Rheumatol 2001,15(1): 1-15.

Klareskog L, van der Heijde D, de Jager JP, Gough A, Kalden J, Malaise M, Martin Mola E, Pavelka K, 
Sany J, Settas L et al: Therapeutic effect of the combination of etanercept and methotrexate compared 
with each treatment alone in patients with rheumatoid arthritis: double-blind randomised controlled 
trial. Lancet 2004,363(9410):675-681.

Kleckner NW, Dingledine R: Requirement for glycine in activation of NMDA-receptors expressed in 
Xenopus oocytes. Science 1988, 241(4867):835-837.

Klimiuk PA, Sierakowski S, Latosiewicz R, Cylwik B, Skowronski J, Chwiecko J: Serum matrix 
metalloproteinases and tissue inhibitors of metalloproteinases in different histological variants of 
rheumatoid synovitis. Rheumatology (Oxford) 2002,41(l):78-87.

248



References

Kohler M, Bumashev N, Sakmann B, Seeburg PH: Determinants of Ca2+ permeability in both TM1 
and TM2 of high affinity kainate receptor channels: diversity by RNA editing. Neuron 1993, 
10(3):491-500.

Kohn EC, Jacobs W, Kim YS, Alessandro R, Stetler-Stevenson WG, Liotta LA: Calcium influx 
modulates expression of matrix metalloproteinase-2 (72-kDa type IV collagenase, gelatinase A). JBiol 
Chem 1994, 269(34):21505-21511.

Koller H, Trimbom M, von Giesen H, Schroeter M, Arendt G: TNFalpha reduces glutamate induced 
intracellular Ca(2+) increase in cultured cortical astrocytes. Brain Res 2001, 893(l-2):237-243.

Kontoyiannis D, Pasparakis M, Pizarro TT, Cominelli F, Kollias G: Impaired on/off regulation of TNF 
biosynthesis in mice lacking TNF AU-rich elements: implications for joint and gut-associated 
immunopathologies. Immunity 1999,10(3):387-398.

Konttinen YT, Ainola M, Valleala H, Ma J, Ida H, Mandelin J, Kinne RW, Santavirta S, Sorsa T, Lopez- 
Otin C et al: Analysis of 16 different matrix metalloproteinases (MMP-1 to MMP-20) in the synovial 
membrane: different profiles in trauma and rheumatoid arthritis. Ann Rheum Dis 1999, 58(11):691- 
697.

Koshy PJ, Lundy CJ, Rowan AD, Porter S, Edwards DR, Hogan A, Clark IM, Cawston TE: The 
modulation of matrix metalloproteinase and ADAM gene expression in human chondrocytes by 
interleukin-1 and oncostatin M: a time-course study using real-time quantitative reverse 
transcription-polymerase chain reaction. Arthritis Rheum 2002,46(4):961-967.

Kotake S, Sato K, Kim KJ, Takahashi N, Udagawa N, Nakamura I, Yamaguchi A, Kishimoto T, Suda T, 
Kashiwazaki S: Interleukin-6 and soluble interleukin-6 receptors in the synovial fluids from 
rheumatoid arthritis patients are responsible for osteoclast-like cell formation. J Bone Miner Res 
1996, ll(l):88-95.

Kubo Y, Miyashita T, Murata Y: Structural basis for a Ca2+-sensing function of the metabotropic 
glutamate receptors. Science 1998, 279(5357): 1722-1725.

Kugler P: Expression of glutamate transporters in rat cardiomyocytes and their localization in the T- 
tubular system. JHistochem Cytochem 2004,52(10): 1385-1392.

Kuno K, Kanada N, Nakashima E, Fujiki F, Ichimura F, Matsushima K: Molecular cloning of a gene 
encoding a new type of metalloproteinase-disintegrin family protein with thrombospondin motifs as 
an inflammation associated gene. JBiol Chem 1997, 272(l):556-562.

Kyburz, D. and Carson, D. A. (2000) Rheumatoid factor. In Rheumatoid arthritis. Firestein, G., Panayi, G. 
S. and Wollheim, F. A. editors. Oxford press, Oxford.

Laemmli, U. K. (1970) Nature. 227, 680-5

Laketic-jubojevic I, Suva LJ, maathuis FJM, Sanders D, Skerry TM: Functional characterization of N- 
Methyl-D-Aspartic acid-gated channels in bone cells. Bone 1999, 25(6):631-637.

Lander HM, Sehajpal P, Levine DM, Novogrodsky A: Activation of human peripheral blood 
mononuclear cells by nitric oxide-generating compounds. J Immunol 1993,150(4):1509-1516.

Lane JM, Weiss C: Review of articular cartilage collagen research. Arthritis Rheum 1975, 18(6):553- 
562.

Langdon C, Kerr C, Hassen M, Hara T, Arsenault AL, Richards CD: Murine oncostatin M stimulates 
mouse synovial fibroblasts in vitro and induces inflammation and destruction in mouse joints in vivo. 
Am J Pathol 2000,157(4): 1187-1196.

249



References

Lark MW, Bayne EK, Flanagan J, Harper CF, Hoermer LA, Hutchinson NI, Singer, II, Donatelli SA, 
Weidner JR, Williams HR et al: Aggrecan degradation in human cartilage. Evidence for both matrix 
metalloproteinase and aggrecanase activity in normal, osteoarthritic, and rheumatoid joints. J Clin 
Invest 1997,100(1):93-106.

Laurenzi MA, Siden A, Persson MA, Norkrans G, Hagberg L, Chiodi F: Cerebrospinal fluid interleukin- 
6 activity in HIV infection and inflammatory and noninflammatory diseases of the nervous system. 
Clin Immunol Immunopathol 1990,57(2):233-241.

Lawand NB, McNeamey T, Westlund KN: Amino acid release into the knee joint: key role in 
nociception and inflammation. Pain 2000, 86:69-74.

Ledgerwood EC, Pober JS, Bradley JR: Recent advances in the molecular basis of TNF signal 
transduction. Lab Invest 1999, 79(9): 1041-1050.

Lehtimaki KA, Peltola J, Koskikallio E, Keranen T, Honkaniemi J: Expression of cytokines and cytokine 
receptors in the rat brain after kainic acid-induced seizures. Brain Res Mol Brain Res 2003, 
110(2):253-260.

Lemaire R, Huet G, Zerimech F, Grard G, Fontaine C, Duquesnoy B, Flipo RM: Selective induction of the 
secretion of cathepsins B and L by cytokines in synovial fibroblast-like cells. Br J Rheumatol 1997, 
36(7):735-743.

Lemer UH: Neuropeptidergic regulation of bone resorption and bone formation. Journal of 
Musculoskeletal neuron interactions 2002, 2(5):440-447.

Li W, Neugebauer V: Block of NMDA and non-NMDA receptor activation results in reduced 
background and evoked activity of central amygdala neurons in a model of arthritic pain. Pain 2004, 
110( 1-2):112- 122.

Liao SL, Chen CJ: Differential effects of cytokines and redox potential on glutamate uptake in rat 
cortical glial cultures. Neurosci Lett 2001, 299(1-2): 113-116.

Libermann TA, Baltimore D: Activation of interleukin-6 gene expression through the NF-kappa B 
transcription factor. Mol Cell Biol 1990,10(5):2327-2334.

Liew FY, Mclnnes IB: The role of innate mediators in inflammatory response. Mol Immunol 2002, 
38(12-13):887-890.

Lindqvist AB, Bockermann R, Johansson ACM, Nandakumar KS, Johanesson M, Holmdahl R: Mouse 
models for rheumatoid arthritis. Trends in Genetics 2002, Suplement:S7-S13.

Linton SM, Morgan BP: Complement activation and inhibition in experimental models of arthritis.
Mol Immunol 1999,36(13-14):905-914.

Lipton SA, Sucher NJ, Kaiser PK, Dreyer EB: Synergistic effects of HIV coat protein and NMDA 
receptor-mediated neurotoxicity. Neuron 1991,7(1):111-118.

Lissin DV, Carroll RC, Nicoll RA, Malenka RC, von Zastrow M: Rapid, activation-induced 
redistribution of ionotropic glutamate receptors in cultured hippocampal neurons. J Neurosci 1999, 
19(4):1263-1272.

Little CB, Flannery CR, Hughes CE, Goodship A, Caterson B: Cytokine induced metalloproteinase 
expression and activity does not correlate with focal susceptibility of articular cartilage to 
degeneration. Osteoarthritis Cartilage 2005,13(2): 162-170.

Liu Y, Zhang J: Recent development in NMDA receptors. Chin Med J (Engl) 2000,113(10):948-956.

250



References

Llamazares M, Cal S, Quesada V, Lopez-Otin C: Identification and characterization of ADAMTS-20 
defines a novel subfamily of metalloproteinases-disintegrins with multiple thrombospondin-1 repeats 
and a unique GON domain. JBiol Chem 2003, 278(15): 13382-13389.

Lloyd KC, Stover SM, Pascoe JR, Adams P: Synovial fluid pH, cytologic characteristics, and 
gentamicin concentration after intra-articular administration of the drug in an experimental model 
of infectious arthritis in horses. Am J Vet Res 1990, 51(9):1363-1369.

Lotz M, Moats T, Villiger PM: Leukemia inhibitory factor is expressed in cartilage and synovium and 
can contribute to the pathogenesis of arthritis. J Clin Invest 1992,90(3):888-896.

Luong C, Miller A, Barnett J, Chow J, Ramesha C, Browner MF: Flexibility of the NSAID binding site in 
the structure of human cyclooxygenase-2. Nat Struct Biol 1996,3(11):927-933.

Maciewicz RA, Wotton SF, Etherington DJ, Duance VC: Susceptibility of the cartilage collagens types 
II, IX and XI to degradation by the cysteine proteinases, cathepsins B and L. FEBS Lett 1990, 
269(1): 189-193.

Madhok R, Crilly A, Murphy E, Smith J, Watson J, Capell HA: Gold therapy lowers serum interleukin 6 
levels in rheumatoid arthritis. J Rheumatol 1993, 20(4):630-633.

Magari K, Nishigaki F, Sasakawa T, Ogawa T, Miyata S, Ohkubo Y, Mutoh S, Goto T: Anti-arthritic 
properties of FK506 on collagen-induced arthritis in rats. Inflamm Res 2003, 52(12):524-529.

Maini, R. N. (2004) The role of TNF in rheumatoid arthritis. In Cytokines and joint injury, van den 
Berg, W. B. and Miossec, P. editors. Birkhaeuser Verlag, Berlin.

Maini R, St Clair EW, Breedveld F, Furst D, Kalden J, Weisman M, Smolen J, Emery P, Harriman G, 
Feldmann M et al: Infliximab (chimeric anti-tumour necrosis factor alpha monoclonal antibody) 
versus placebo in rheumatoid arthritis patients receiving concomitant methotrexate: a randomised 
phase III trial. ATTRACT Study Group. Lancet 1999,354(9194): 1932-1939.

March CJ, Mosley B, Larsen A, Cerretti DP, Braedt G, Price V, Gillis S, Henney CS, Kronheim SR, 
Grabstein K et al: Cloning, sequence and expression of two distinct human interleukin-1 
complementary DNAs. Nature 1985,315(6021):641-647.

Mariette X: Emerging biological therapies in rheumatoid arthritis. Joint Bone Spine 2004, 71(6):470- 
474.

Martel-Pelletier J, Welsch DJ, Pelletier JP: Metalloproteases and inhibitors in arthritic diseases. Best 
PractRes Clin Rheumatol 2001,15(5):805-829.

Martinez-Lopez I, Garcia C, Barber T, Vina JR, Miralles VJ: The L-glutamate transporters GLAST 
(EAAT1) and GLT-1 (EAAT2): expression and regulation in rat lactating mammary gland. Mol
Membr Biol 1998,15(4):237-242.

Mason DJ: Glutamate signalling and its potential application to tissue engineering of bone. Eur Cell 
Mater 2004, 7:12-25; discussion 25-16.

Mason DJ, Huggett JF: Glutamate transporters in bone. J Musculoskelet Neuronal Interact 2002, 
2(5):406-414.

Mason DJ, Suva LJ, Genever PG, Patton AJ, Steuckle S, Hillam RA, Skerry TM: Mechnically regulated 
expression of a neural glutamate transporter in bone: a role for excitatory amino acids as osteotrpic 
agents? Bone 1997, 20(3): 199-205.
Matsunobu T, Schacht J: Nitric oxide/cyclic GMP pathway attenuates ATP-evoked intracellular 
calcium increase in supporting cells of the guinea pig cochlea. J Comp Neurol 2000, 423(3):452-461.

251



References

Mattson MP: Activities in cellular signalling pathways: a two-edged sword? Neurobiol Aging 1991, 
12(4):343-346; discussion 352-345.

McCawley LJ, Matrisian LM: Matrix metalloproteinases: they’re not just for matrix anymore! Curr 
Opin Cell Biol 2001,13(5):534-540.

McHugh NJ: Pregnancy loss, menopause, and the onset of rheumatoid arthritis. Ann Rheum Dis 1990, 
49(10):817-818.

Mclnnes IB, Gracie JA: Interleukin-15: a new cytokine target for the treatment of inflammatory 
diseases. Curr Opin Pharmacol 2004,4(4):392-397.

McNeamey T, Baethge BA, Cao S, Alam R, Lisse JR, Westlund KN: Excitatory amino acids, TNF- 
alpha, and chemokine levels in synovial fluids of patients with active arthropathies. Clin Exp Immunol 
2004,137(3):621-627.

McNeamey T, Speegle D, Lawand N, Lisse J, Westlund KN: Excitatory amino acid profiles of synovial 
fluid from patients with arthritis. J Rheumatol 2000, 27(3):739-745.

McNiff PA, Stewart C, Sullivan J, Showell HJ, Gabel CA: Synovial fluid from rheumatoid arthritis 
patients contains sufficient levels of IL-1 beta and IL-6 to promote production of serum amyloid A by 
Hep3B cells. Cytokine 1995, 7(2):209-219.

Meldrum BS: The role of glutamate in epilepsy and other CNS disorders. Neurology 1994, 44(11 Suppl 
8):S 14-23.

Mentzel K, Brauer R: Matrix metalloproteinases, IL-6, and nitric oxide in rat antigen-induced 
arthritis. Clin Exp Rheumatol 1998,16(3):269-276.

Merle B, Itzstein C, Delmas PD, Chenu C: NMDA glutamate receptors are expressed by osteoclast 
precursors and involved in the regulation of osteoclastogenesis. J Cell Biochem 2003, 90(2):424-436.

Meyerson BA, Linderoth B, Karlsson H, Ungerstedt U: Microdialysis in the human brain: extracellular 
measurements in the thalamus of parkinsonian patients. Life Sci 1990,46(4):301-308.

Mihara M, Ikuta M, Koishihara Y, Ohsugi Y: Interleukin 6 inhibits delayed-type hypersensitivity and 
the development of adjuvant arthritis. Eur J Immunol 1991, 21(10):2327-2331.

Minami M, Kuraishi Y, Satoh M: Effects of kainic acid on messenger RNA levels of IL-1 beta, IL-6, 
TNF alpha and LIF in the rat brain. Biochem Biophys Res Commun 1991,176(2):593-598.

Miossec P: Cytokine abnormalities in inflammatory arthritis. Baillieres Clin Rheumatol 1992, 6(2):373- 
392.

Monaghan DT, Yao D, Olverman HJ, Watkins JC, Cotman CW: Autoradiography of D-2-[3HJamino-5- 
phosphonopentanoate binding sites in rat brain. Neurosci Lett 1984, 52(3):253-258.

Montoliu C, Llansola M, Monfort P, Corbalan R, Femandez-Marticorena I, Hernandez-Viadel ML, Felipo 
V: Role of nitric oxide and cyclic GMP in glutamate-induced neuronal death. Neurotox Res 2001, 
3(2): 179-188.

Morgan K, Evans HB, Firth SA, Smith MN, Ayad S, Weiss JB, Lennox Holt PJ: 1 Alpha 2 alpha 3 alpha 
collagen is arthritogenic. Ann Rheum Dis 1983,42(6):680-683.

Morhenn VB, Waleh NS, Mansbridge JN, Unson D, Zolotorev A, Cline P, Toll L: Evidence for an NMDA 
receptor subunit in human keratinocytes and rat cardiocytes. Eur J Pharmacol 1994, 268(3):409-414.

252



References

Moriyoshi K, Masu M, Ishii T, Shigemoto R, Mizuno N, Nakanishi S: Molecular cloning and 
characterization of the rat NMDA receptor. Nature 1991,354(6348):31-37.

Morris NP, Oxford JT, Davies GB, Smoody BF, Keene DR: Developmentally regulated alternative 
splicing of the alphal(XI) collagen chain: spatial and temporal segregation of isoforms in the 
cartilage of fetal rat long bones. JHistochem Cytochem 2000,48(6):725-741.

Mullberg J, Rauch CT, Wolfson MF, Castner B, Fitzner JN, Otten-Evans C, Mohler KM, Cosman D, Black 
RA: Further evidence for a common mechanism for shedding of cell surface proteins. FEBS Lett 1997, 
401(2-3):235-238.

Murphy, G. and Reynolds, J. J. (2002) Extracellular matrix degradation. In Connective tissue and its 
heritable disorders second edition. Royce, P. M. and Steinmann, B. editors. Wiley-Liss press, New York.

Murphy G, Knauper V, Lee MH, Amour A, Worley JR, Hutton M, Atkinson S, Rapti M, Williamson R: 
Role of TIMPs (tissue inhibitors of metalloproteinases) in pericellular proteolysis: the specificity is in 
the detail. Biochem Soc Symp 2003(70):65-80.

Murrell GA, Jang D, Williams RJ: Nitric oxide activates metalloprotease enzymes in articular 
cartilage. Biochem Biophys Res Commun 1995, 206(1):15-21.

Nagase, H., Ogata, Y., Suzuki, K., Enghild, J. J. and Salvesen G. (1991) Substrate specificities and 
activation mechanisms of matrix metalloproteinases. Biochem Soc Trans. 19,715-718

Nakajima K, Kusafuka T, Takeda T, Fujitani Y, Nakae K, Hirano T: Identification of a novel interleukin- 
6 response element containing an Ets-binding site and a CRE-like site in the junB promoter. Mol Cell 
Biol 1993,13(5):3027-3041.

Newton RC, Solomon KA, Covington MB, Decicco CP, Haley PJ, Friedman SM, Vaddi K: Biology of 
TACE inhibition. Ann Rheum Dis 2001, 60 Suppl 3:iii25-32.

Niebroj-Dobosz I, Janik P: Amino acids acting as transmitters in amyotrophic lateral sclerosis (ALS). 
Acta Neurol Scand 1999,100(1):6-11.

Niki Y, Yamada H, Seki S, Kikuchi T, Takaishi H, Toyama Y, Fujikawa K, Tada N: Macrophage- and 
neutrophil-dominant arthritis in human IL-1 alpha transgenic mice. J Clin Invest 2001, 107(9): 1127- 
1135.

Nishimoto N, Ito A, Ono M, Tagoh H, Matsumoto T, Tomita T, Ochi T, Yoshizaki K: IL-6 inhibits the 
proliferation of fibroblastic synovial cells from rheumatoid arthritis patients in the presence of 
soluble IL-6 receptor. Int Immunol 2000,12(2): 187-193.

Nishimoto N, Yoshizaki K, Maeda K, Kuritani T, Deguchi H, Sato B, Imai N, Suemura M, Kakehi T, 
Takagi N et al\ Toxicity, pharmacokinetics, and dose-finding study of repetitive treatment with the 
humanized anti-interleukin 6 receptor antibody MRA in rheumatoid arthritis. Phase I/II clinical 
study. J Rheumatol 2003,30(7): 1426-1435.

Nishimoto N, Yoshizaki K, Miyasaka N, Yamamoto K, Kawai S, Takeuchi T, Hashimoto J, Azuma J, 
Kishimoto T: Treatment of rheumatoid arthritis with humanized anti-interleukin-6 receptor 
antibody: a multicenter, double-blind, placebo-controlled trial. Arthritis Rheum 2004, 50(6): 1761- 
1769.

Noble BS, Reeve J: Osteocyte function, osteocyte death and bone fracture resistance. Mol Cell 
Endocrinol 2000,159(l-2):7-13.
Noguchi K, Endo H, Kondo H, Ishikawa I: Prostaglandin F2alpha upregulates interleukin-6 production 
in human gingival fibroblasts. J Periodontal Res 2001,36(2):80-87.

253



References

Nowell MA, Richards PJ, Horiuchi S, Yamamoto N, Rose-John S, Topley N, Williams AS, Jones SA: 
Soluble IL-6 receptor governs IL-6 activity in experimental arthritis: blockade of arthritis severity 
by soluble glycoprotein 130. J Immunol 2003,171(6):3202-3209.

Ogura N, Tobe M, Sakamaki H, Kujiraoka H, Akiba M, Abiko Y, Nagura H: Interleukin-1 beta induces 
interleukin-6 mRNA expression and protein production in synovial cells from human 
temporomandibular joint. J Oral Pathol Med 2002,31(6):353-360.

Okada D, Yap CC, Kojima H, Kikuchi K, Nagano T: Distinct glutamate receptors govern differential 
levels of nitric oxide production in a layer-specific manner in the rat cerebellar cortex. Neuroscience
2004,125(2):461-472.

Okamoto H, Yamamura M, Morita Y, Harada S, Makino H, Ota Z: The synovial expression and serum 
levels of interleukin-6, interleukin-11, leukemia inhibitory factor, and oncostatin M in rheumatoid 
arthritis. Arthritis Rheum 1997,40(6): 1096-1105.

O'Shea RD: Roles and regulation of glutamate transporters in the central nervous system. Clin Exp 
Pharmacol Physiol 2002, 29(11): 1018-1023.

Ostensen M, Aune B, Husby G: Effect of pregnancy and hormonal changes on the activity of 
rheumatoid arthritis. Scand J Rheumatol 1983,12(2):69-72.

Otis TS, Kavanaugh MP: Isolation of current components and partial reaction cycles in the glial 
glutamate transporter EAAT2. JNeurosci 2000, 20(8):2749-2757.

Overall CM, Lopez-Otin C: Strategies for MMP inhibition in cancer: innovations for the post-trial era.
Nat Rev Cancer 2002, 2(9):657-672.

Pacheco R, Ciruela F, Casado V, Mallol J, Gallart T, Lluis C, Franco R: Group I metabotropic glutamate 
receptors mediate a dual role of glutamate in T cell activation. J Biol Chem 2004, 279(32):33352- 
33358.

Palmer CL, Cotton L, Henley JM: The molecular pharmacology and cell biology of alpha-amino-3- 
hydroxy-5-methyl-4-isoxazolepropionic acid receptors. Pharmacol Rev 2005, 57(2):253-277.

Palmer RM, Hickery MS, Charles IG, Moncada S, Bayliss MT: Induction of nitric oxide synthase in 
human chondrocytes. Biochem Biophys Res Commun 1993,193(l):398-405.

Pap, T., Gay, R. E. and Gay, S. (2000) Rheumatoid factor. In Rheumatoid arthritis. Firestein, G., Panayi, 
G. S. and Wollheim, F. A. editors. Oxford press, Oxford.

Parri HR, Crunelli V: The role of Ca2+ in the generation of spontaneous astrocytic Ca2+ oscillations.
Neuroscience 2003,120(4):979-992.

Partsch G, Tausch G, Eberl R: Plasma amino acid level in rheumatoid arthritis and ankylosing 
spondylitis and its variation during age. Z Rheumatol 1978,37(3-4): 105-111.

Patton AJ, Genever PG, Birch MA, Suva LJ, Skerry TM: Expression of an N-Methyl-D-Aspartate-Type 
receptor by human and rat osteoblasts and osteoclasts suggests a novel glutamate signaling pathway 
in bone. Bone 1998,22(6):645-649.

Pawlak J, Brito V, Kuppers E, Beyer C: Regulation of glutamate transporter GLAST and GLT-1 
expression in astrocytes by estrogen. Brain Res Mol Brain Res 2005.

Pearson CM: Development of arthritis, periarthritis and periostitis in rats given adjuvants. Proc Soc 
Exp Biol Med 1956, 91(1):95-101.

254



References

Peet NM, Grabowski PS, Laketic-jubojevic I, Skerry TM: The glutamate receptor antagonist MK801 
modulates bone resorption in vitro by a mechanism predominantly involving osteoclast 
differentiation. FASEB 1999,13:2179-2185.

Peng YP, Qiu YH, Lu JH, Wang JJ: Interleukin-6 protects cultured cerebellar granule neurons against 
glutamate-induced neurotoxicity. Neurosci Lett 2005,374(3): 192-196.

Penkowa M, Molinero A, Carrasco J, Hidalgo J: Interleukin-6 deficiency reduces the brain 
inflammatory response and increases oxidative stress and neurodegeneration after kainic acid- 
induced seizures. Neuroscience 2001,102(4):805-818.

Perrella O, Carrieri PB, Guamaccia D, Soscia M: Cerebrospinal fluid cytokines in AIDS dementia 
complex. J Neurol 1992, 239(7):387-388.

Pflanz S, Kurth I, Grotzinger J, Heinrich PC, Muller-Newen G: Two different epitopes of the signal 
transducer gpl30 sequentially cooperate on IL-6-induced receptor activation. J Immunol 2000, 
165(12):7042-7049.

Piecyk M, Anderson P: Signal transduction in rheumatoid arthritis. Best practice and research clinical 
rheumatology 2001,15(5):789-803.

Pratta MA, Yao W, Decicco C, Tortorella MD, Liu RQ, Copeland RA, Magolda R, Newton RC, Trzaskos 
JM, Amer EC: Aggrecan protects cartilage collagen from proteolytic cleavage. J Biol Chem 2003, 
278(46):45539-45545.

Putzke J, Seidel B, Huang PL, Wolf G: Differential expression of alternatively spliced isoforms of 
neuronal nitric oxide synthase (nNOS) and N-methyl-D-aspartate receptors (NMDAR) in knockout 
mice deficient in nNOS alpha (nNOS alpha(Delta/Delta) mice). Brain Res Mol Brain Res 2000, 85(1- 
2): 13-23.

Qiu Z, Gruol DL: Interleukin-6, beta-amyloid peptide and NMDA interactions in rat cortical neurons.
JNeuroimmunol 2003,139(l-2):51-57.

Qiu Z, Parsons KL, Gruol DL: Interleukin-6 selectively enhances the intracellular calcium response to 
NMDA in developing CNS neurons. JNeurosci 1995,15(10):6688-6699.

Qiu Z, Sweeney DD, Netzeband JG, Gruol DL: Chronic interleukin-6 alters NMDA receptor-mediated 
membrane responses and enhances neurotoxicity in developing CNS neurons. J Neurosci 1998, 
18(24): 10445-10456.

Rae C, Maitland A, Bubb WA, Hunt NH: Dichloroacetate (DCA) reduces brain lactate but increases 
brain glutamine in experimental cerebral malaria: a 1H-NMR study. Redox Rep 2000,5(2-3): 141-143.

Ralston SH, Todd D, Helfrich M, Benjamin N, Grabowski PS: Human osteoblast-like cells produce 
nitric oxide and express inducible nitric oxide synthase. Endocrinology 1994,135(l):330-336.

Rauen T, Wiessner M, Sullivan R, Lee A, Pow DV: A new GLT1 splice variant: cloning and 
immunolocalization of GLTlc in the mammalian retina and brain. Neurochem Int 2004, 45(7): 1095- 
1106.

Riedel W, Neeck G: Nociception, pain, and antinociception: current concepts. Z Rheumatol 2001, 
60(6):404-415.

Rimaniol AC, Haik S, Martin M, Le Grand R, Boussin FD, Dereuddre-Bosquet N, Gras G, Dormont D: 
Na+-dependent high-affinity glutamate transport in macrophages. J Immunol 2000, 164(10):5430-

255



References

5438.

Rimaniol AC, Mialocq P, Clayette P, Dormont D, Gras G: Role of glutamate transporters in the 
regulation of glutathione levels in human macrophages. Am J Physiol Cell Physiol 2001, 281(6):C1964- 
1970.

Romano M, Sironi M, Toniatti C, Polentarutti N, Fruscella P, Ghezzi P, Faggioni R, Luini W, van 
Hinsbergh V, Sozzani S et al: Role of IL-6 and its soluble receptor in induction of chemokines and 
leukocyte recruitment. Immunity 1997, 6(3):315-325.

Rosenmund C, Stevens CF: Definition of the readily releasable pool of vesicles at hippocampal 
synapses. Neuron 1996,16(6): 1197-1207.

Ruscheweyh R, Sandkuhler J: Role of kainate receptors in nociception. Brain Res Brain Res Rev 2002, 
40(l-3):215-222.

Rzeski W, Ikonomidou C, Turski L: Glutamate antagonists limit tumor growth. Biochem Pharmacol 
2002, 64(8): 1195-1200.

Saklatvala J, Bird T: A common class of receptors for the two types of porcine interleukin-1 on 
articular chondrocytes. Lymphokine Res 1986, 5 Suppl 1:S99-104.

Salter DM, Wright MO, Millward-Sadler SJ: NMDA receptor expression and roles in human articular 
chondrocyte mechanotransduction. Biorheology 2004,41(3-4):273-281.

Sandy JD, Thompson V, Doege K, Verscharen C: The intermediates of aggrecanase-dependent cleavage 
of aggrecan in rat chondrosarcoma cells treated with interleukin-1. Biochem J 2000, 351(Pt 1): 161- 
166.

Sato, K. Tsuchiya, M. Saldanha, J. Koishihara, U. Ohsugi, Y., Kishimoto, T. and Bendig, M. (1993) 
Reshaping a human antibody to inhibit the interleukin 6-dependent tumor cell growth. Cancer 
Research. 53, 851

Sato H, Fujiwara K, Sagara J, Bannai S: Induction of cystine transport activity in mouse peritoneal 
macrophages by bacterial lipopolysaccharide. Biochem J 1995,310 (Pt 2):547-551.

Sato K, Kiyama H, Park HT, Tohyama M: AMP A, KA and NMDA receptors are expressed in the rat 
DRG neurones. Neuroreport 1993,4(11): 1263-1265.

Sattayaprasert P, Choi HB, Chongthammakun S, McLamon JG: Platelet-activating factor enhancement 
of calcium influx and interleukin-6 expression, but not production, in human microglia. J
Neuroinflammation 2005, 2(1):11.

Saunders R, Nahorski SR, Challiss RA: A modulatory effect of extracellular Ca2+ on type 1 alpha 
metabotropic glutamate receptor-mediated signalling. Neuropharmacology 1998,37(2):273-276.

Savinainen A, Garcia EP, Dorow D, Marshall J, Liu YF: Kainate receptor activation induces mixed 
lineage kinase-mediated cellular signaling cascades via post-synaptic density protein 95. J Biol Chem 
2001, 276(14):11382-11386.

Schaible UE, Wallich R, Kramer MD, Museteanu C, Simon MM: A mouse model for Borrelia 
burgdorferi infection: pathogenesis, immune response and protection. Behring Inst Mitt 1991(88):59- 
67.

Schenk, R. K., Hofstetter, W. and Felix, R. (2002) Bone. In Connective tissue and its heritable disorders 
second edition. Royce, P. M. and Steinmann, B. editors. Wiley-Liss press, New York.

256



References

Schett G, Tohidast-Akrad M, Smolen JS, Schmid BJ, Steiner CW, Bitzan P, Zenz P, Redlich K, Xu Q, 
Steiner G: Activation, differential localization, and regulation of the stress-activated protein kinases, 
extracellular signal-regulated kinase, c-JUN N-terminal kinase, and p38 mitogen-activated protein 
kinase, in synovial tissue and cells in rheumatoid arthritis. Arthritis Rheum 2000,43(11):2501-2512.

Schiffer HH, Swanson GT, Heinemann SF: Rat GluR7 and a carboxy-terminal splice variant, GluR7b, 
are functional kainate receptor subunits with a low sensitivity to glutamate. Neuron 1997,19(5): 1141- 
1146.

Schindler R, Mancilla J, Endres S, Ghorbani R, Clark SC, Dinarello CA: Correlations and interactions in 
the production of interleukin-6 (IL-6), IL-1, and tumor necrosis factor (TNF) in human blood 
mononuclear cells: IL-6 suppresses IL-1 and TNF. Blood 1990, 75(l):40-47.

Schlag BD, Vondrasek JR, Munir M, Kalandadze A, Zelenaia OA, Rothstein JD, Robinson MB: 
Regulation of the glial Na+-dependent glutamate transporters by cyclic AMP analogs and neurons.
Mol Pharmacol 1998, 53(3):355-369.

Schorge S, Colquhoun D: Studies of NMDA receptor function and stoichiometry with truncated and 
tandem subunits. JNeurosci 2003, 23(4): 1151-1158.

Seals DF, Courtneidge SA: The ADAMs family of metalloproteases: multidomain proteins with 
multiple functions. Genes Dev 2003 ,17(l):7-30.

Sekizawa T, Openshaw H, Ohbo K, Sugamura K, Itoyama Y, Niland JC: Cerebrospinal fluid interleukin 
6 in amyotrophic lateral sclerosis: immunological parameter and comparison with inflammatory and 
non-inflammatory central nervous system diseases. J Neurol Sci 1998,154(2): 194-199.

Serre CM, Farlay D, Delmas PD, Chenu C: Evidence for a dense and intimate innervation of the bone 
tissue, including glutamate-containing fibers. Bone 1999,25(6):623-629.

Shaw, T. (2000) Inhibition of MMPs in rheumatoid arthritis. In Rheumatoid arthritis. Firestein, G., 
Panayi, G. S. and Wollheim, F. A. editors. Oxford press, Oxford.

Shealy DJ, Wooley PH, Emmell E, Volk A, Rosenberg A, Treacy G, Wagner CL, Mayton L, Griswold DE, 
Song XY: Anti-TNF-alpha antibody allows healing of joint damage in polyarthritic transgenic mice.
Arthritis Res 2002, 4(5):R7.

Shergy WJ, Isem RA, Cooley DA, Harshbarger JL, Huffstutter JE, Hughes GM, Spencer-Smith EA, 
Goldman AL, Roth SH, Toder JS et al: Open label study to assess infliximab safety and timing of onset 
of clinical benefit among patients with rheumatoid arthritis. J Rheumatol 2002, 29(4):667-677.

Shigeri Y, Seal RP, Shimamoto K: Molecular pharmacology of glutamate transporters, EAATs and 
VGLUTs. Brain Res Brain Res Rev 2004,45(3):250-265.

Shinmei M, Masuda K, Kikuchi T, Shimomura Y: The role of cytokines in chondrocyte mediated 
cartilage degradation. J Rheumatol Suppl 1989,18:32-34.

Silman AJ, MacGregor AJ, Thomson W, Holligan S, Carthy D, Farhan A, Oilier WE: Twin concordance 
rates for rheumatoid arthritis: results from a nationwide study. BrJRheumatol 1993,32(10):903-907.

Simon LS, Strand V: A world without Vioxx: to COX-2 or not to COX-2? Cleve Clin J Med 2004, 
71(11):849-850, 852, 854 passim.

Simon RP, Swan JH, Griffiths T, Meldrum BS: Blockade of N-methyl-D-aspartate receptors may 
protect against ischemic damage in the brain. Science 1984,226(4676):850-852.

257



References

Simpson AM, Marshall GM, Tuch BE, Maxwell L, Szymanska B, Tu J, Beynon S, Swan MA, Camacho M: 
Gene therapy of diabetes: glucose-stimulated insulin secretion in a human hepatoma cell line (HEP 
G2ins/g). Gene Ther 1997, 4(11): 1202-1215.

Skerry T, Genever P, Taylor A, Dobson K, Mason D, Suva L: Absence of evidence is not evidence of 
absence. The shortcomings of the GLAST knockout mouse. J Bone Miner Res 2001,16(9): 1729-1730; 
author reply 1731-1722.

Skerry TM: Neurotransmitter functions in bone remodeling. J Musculoskelet Neuronal Interact 2002, 
2(3):281.

Skerry TM, Taylor AF: Glutamate signalling in bone. Current pharmaceutical design 2001, 7:737-750.

Skiniotis, G., Boulanger, M. J., Garcia, K. C. and Walz, T. (2005) Signalling conformations of the tall 
cytokine receptor gpl30 when in complex with IL-6 and IL-6 receptor. Nat Struct Mol Biol. 12 (6), 
545-51

Sluka KA, Westlund KN: An experimental arthritis in rats: dorsal horn aspartate and glutamate 
increases. Neurosci Lett 1992,145(2): 141-144.

Smith JA, Davis CL, Burgess GM: Prostaglandin E2-induced sensitization of bradykinin-evoked 
responses in rat dorsal root ganglion neurons is mediated by cAMP-dependent protein kinase A. Eur
JNeurosci 2000,12(9):3250-3258.

Smolders I, Bortolotto ZA, Clarke VR, Warre R, Khan GM, ONeill MJ, Omstein PL, Bleakman D, Ogden 
A, Weiss B et al: Antagonists of GLU(K5)-containing kainate receptors prevent pilocarpine-induced 
limbic seizures. Nat Neurosci 2002, 5(8):796-804.

Sokolov, B. P. (1998) Expression of NMDAR1, GluRl, GluR7 and KA1 glutamate receptor mRNAs is 
decreased in frontal cortex of ‘neuroleptic-free’ schizophrenics: evidence on reversible up-regulation 
by typical neuroleptics. Journal o f neurochemistry. 71,2454-2464

Solis-Herruzo JA, Rippe RA, Schrum LW, de La Torre P, Garcia I, Jeffrey JJ, Munoz-Yague T, Brenner 
DA: Interleukin-6 increases rat metalloproteinase-13 gene expression through stimulation of 
activator protein 1 transcription factor in cultured fibroblasts. J Biol Chem 1999, 274(43):30919- 
30926.

Somerville RP, Oblander SA, Apte SS: Matrix metalloproteinases: old dogs with new tricks. Genome 
Biol 2003,4(6):216.

Sommer B, Kohler M, Sprengel R, Seeburg PH: RNA editing in brain controls a determinant of ion 
flow in glutamate-gated channels. Cell 1991, 67(1): 11-19.

Sorkin LS, Westlund KN, Sluka KA, Dougherty PM, Willis WD: Neural changes in acute arthritis in 
monkeys. IV. Time-course of amino acid release into the lumbar dorsal horn. Brain Res Brain Res Rev 
1992,17(l):39-50.

Spranger M, Krempien S, Schwab S, Maiwald M, Bruno K, Hacke W: Excess glutamate in the 
cerebrospinal fluid in bacterial meningitis. J Neurol Sci 1996,143(1-2): 126-131.

Stadler J, Stefanovic-Racic M, Billiar TR, Curran RD, McIntyre LA, Georgescu HI, Simmons RL, Evans 
CH: Articular chondrocytes synthesize nitric oxide in response to cytokines and lipopolysaccharide. J 
Immunol 1991,147(11):3915-3920.

Stastny P: Association of the B-cell alloantigen DRw4 with rheumatoid arthritis. N Engl J Med 1978, 
298(16):869-871.

258



References

Stefanovic-Racic M, Stadler J, Georgescu HI, Evans CH: Nitric oxide synthesis and its regulation by 
rabbit synoviocytes. J Rheumatol 1994, 21(10): 1892-1898.

Stephenson ML, Goldring MB, Birkhead JR, Krane SM, Rahmsdorf HJ, Angel P: Stimulation of 
procollagenase synthesis parallels increases in cellular procollagenase mRNA in human articular 
chondrocytes exposed to recombinant interleukin 1 beta or phorbol ester. Biochem Biophys Res 
Commun 1987,144(2):583-590.

Stemlicht, M.D., and Werb, Z. (1999) ECM proteinases. In Guide-book to the Extracellular Matrix and 
Adhesion Proteins, T. Kreis and R. Vale, editors. Oxford University Press, New York.

Storck T, Schulte S, Hofmann K, Stoffel W: Structure, expression, and functional analysis of a Na(+)- 
dependent glutamate/aspartate transporter from rat brain. Proc Natl Acad Sci U S A  1992, 
89(22): 10955-10959.

Strieker, N. L. and Huganir, R. L. (2002) AMPA/kainate receptors. In Receptor and ion-channel 
trafficking. Moss, S. J. and Henley, J. editors. Oxford press, Oxford.

Strieker NL, Huganir RL: The PDZ domains of mLin-10 regulate its trans-Golgi network targeting 
and the surface expression of AMPA receptors. Neuropharmacology 2003,45(6):837-848.

Su ZZ, Leszczyniecka M, Kang DC, Sarkar D, Chao W, Volsky DJ, Fisher PB: Insights into glutamate 
transport regulation in human astrocytes: cloning of the promoter for excitatory amino acid 
transporter 2 (EAAT2). Proc Natl Acad Sci USA 2003,100(4): 1955-1960.

Suarez F, Wlodarska I, Rigal-Huguet F, Mempel M, Martin-Garcia N, Farcet JP, Delsol G, Gaulard P: 
Hepatosplenic alphabeta T-cell lymphoma: an unusual case with clinical, histologic, and cytogenetic 
features of gammadelta hepatosplenic T-cell lymphoma. Am JSurg Pathol 2000, 24(7): 1027-1032.

Sugihara H, Moriyoshi K, Ishii T, Masu M, Nakanishi S: Structures and properties of seven isoforms of 
the NMDA receptor generated by alternative splicing. Biochem Biophys Res Commun 1992, 
185(3):826-832.

Swanson GT, Kamboj SK, Cull-Candy SG: Single-channel properties of recombinant AMPA receptors 
depend on RNA editing, splice variation, and subunit composition. JNeurosci 1997,17(l):58-69.

Sweeney SE, Firestein GS: Rheumatoid arthritis: regulation of synovial inflammation. Int J Biochem 
Cell Biol 2004,36(3):372-378.

Szaflarski J, Burtrum D, Silverstein FS: Cerebral hypoxia-ischemia stimulates cytokine gene expression 
in perinatal rats. Stroke 1995, 26(6): 1093-1100.

Szczudlik A, Dziedzic T, Bartus S, Slowik A, Kieltyka A: Serum interleukin-6 predicts cortisol release 
in acute stroke patients. J Endocrinol Invest 2004, 27(1):37-41.

Szklarczyk A, Lapinska J, Rylski M, McKay RD, Kaczmarek L: Matrix metalloproteinase-9 undergoes 
expression and activation during dendritic remodeling in adult hippocampus. J Neurosci 2002, 
22(3):920-930.

Taha AS, Grant V, Kelly RW: Urinalysis for interleukin-8 in the non-invasive diagnosis of acute and 
chronic inflammatory diseases. Postgrad Med J  2003,79(929): 159-163.

Tak PP: Is early rheumatoid arthritis the same disease process as late rheumatoid arthritis? Best 
PractRes Clin Rheumatol 2001,15(1): 17-26.

259



References

Taki H, Sugiyama E, Kuroda A, Mino T, Kobayashi M: Interleukin-4 inhibits interleukin-11 production 
by rheumatoid synovial cells. Rheumatology (Oxford) 2000,39(7):728-731.

Tamura T, Udagawa N, Takahashi N, Miyaura C, Tanaka S, Yamada Y, Koishihara Y, Ohsugi Y, Kumaki 
K, Taga T et al: Soluble interleukin-6 receptor triggers osteoclast formation by interleukin 6. Proc 
Natl Acad Sci USA 1993, 90(24):11924-11928.

Tan HK, Heywood D, Ralph GS, Bienemann A, Baker AH, Uney JB: Tissue inhibitor of 
metalloproteinase 1 inhibits excitotoxic cell death in neurons. Mol Cell Neurosci 2003,22(1):98-106.

Tanabe Y, Masu M, Ishii T, Shigemoto R, Nakanishi S: A family of metabotropic glutamate receptors. 
Neuron 1992, 8(1): 169-179.

Tanaka S, Mikura S, Hashimoto E, Sugimoto Y, Ichikawa A: Ca2+ influx-mediated histamine synthesis 
and IL-6 release in mast cells activated by monomeric IgE. EurJ Immunol 2005,35(2):460-468.

Tannenbaum H, Davis P, Russell AS, Atkinson MH, Maksymowych W, Huang SH, Bell M, Hawker GA, 
Juby A, Vanner S et al: An evidence-based approach to prescribing NSAIDs in musculoskeletal 
disease: a Canadian consensus. Canadian NSAID Consensus Participants. Cmaj 1996,155(l):77-88.

Tchetverikov I, Ronday HK, Van El B, Kiers GH, Verzijl N, TeKoppele JM, Huizinga TW, DeGroot J, 
Hanemaaijer R: MMP profile in paired serum and synovial fluid samples of patients with rheumatoid 
arthritis. Ann Rheum Dis 2004, 63(7):881-883.

Terato K, Ye XJ, Miyahara H, Cremer MA, Griffiths MM: Induction by chronic autoimmune arthritis 
in DBA/1 mice by oral administration of type II collagen and Escherichia coli lipopolysaccharide. Br
J Rheumatol 1996,35(9):828-838.

Thompson M, Bywaters EG: Unilateral rheumatoid arthritis following hemiplegia. Ann Rheum Dis 
1962, 21:370-377.

Tilg H, Trehu E, Atkins MB, Dinarello CA, Mier JW: Interleukin-6 (IL-6) as an anti-inflammatory 
cytokine: induction of circulating IL-1 receptor antagonist and soluble tumor necrosis factor 
receptor p55. Blood 1994, 83(1): 113-118.

Tortorella MD, Malfait AM, Deccico C, Amer E: The role of ADAM-TS4 (aggrecanase-1) and ADAM- 
TS5 (aggrecanase-2) in a model of cartilage degradation. Osteoarthritis Cartilage 2001,9(6):539-552.

Tortorella MD, Pratta M, Liu RQ, Austin J, Ross OH, Abbaszade I, Bum T, Amer E: Sites of aggrecan 
cleavage by recombinant human aggrecanase-1 (ADAMTS-4). J Biol Chem 2000, 275(24): 18566- 
18573.

Trentham DE, Townes AS, Kang AH: Autoimmunity to type II collagen an experimental model of 
arthritis. J Exp Med 1977,146(3):857-868.

Trontzas P, Kamper EF, Potamianou A, Kyriazis NC, Kritikos H, Stavridis J: Comparative study of 
serum and synovial fluid interleukin-11 levels in patients with various arthritides. Clin Biochem 1998, 
31(8):673-679.

Trotti D, Danbolt NC, Volterra A: Glutamate transporters are oxidant-vulnerable: a molecular link 
between oxidative and excitotoxic neurodegeneration? Trends Pharmacol Sci 1998,19(8):328-334.

Trzenschik K, Marx I: [Ultrastructural changes in articular cartilage affected by a non-physiological 
pH value of the synovial fluid]. Zentralbl Allg Pathol 1987,133(2): 147-153.

Tyor WR, Glass JD, Griffin JW, Becker PS, McArthur JC, Bezman L, Griffin DE: Cytokine expression in 
the brain during the acquired immunodeficiency syndrome. Ann Neurol 1992,31(4):349-360.

260



References

van de Loo FA, Kuiper S, van Enckevort FH, Amtz OJ, van den Berg WB: Interleukin-6 reduces 
cartilage destruction during experimental arthritis. A study in interleukin-6-deficient mice. Am J 
Pathol 1997,151(1):177-191.

van den Berg WB, Bresnihan B: Pathogenesis of joint damage in rheumatoid arthritis: evidence of a 
dominant role for interleukin-I. Baillieres Best Pract Res Clin Rheumatol 1999,13(4):577-597.

Van Wart HE, Birkedal-Hansen H: The cysteine switch: a principle of regulation of metalloproteinase 
activity with potential applicability to the entire matrix metalloproteinase gene family. Proc Natl 
Acad Sci USA 1990, 87(14):5578-5582.

Vanden Berghe W, Vermeulen L, Delerive P, De Bosscher K, Staels B, Haegeman G: A paradigm for 
gene regulation: inflammation, NF-kappaB and PPAR. AdvExp Med Biol 2003,544:181-196.

Vandenabeele P, Declercq W, Beyaert R, Fiers W: Two tumour necrosis factor receptors: structure and 
function. Trends Cell Biol 1995, 5(10):392-399.

Vane JR, Mitchell JA, Appleton I, Tomlinson A, Bishop-Bailey D, Croxtall J, Willoughby DA: Inducible 
isoforms of cyclooxygenase and nitric-oxide synthase in inflammation. Proc Natl Acad Sci USA 1994, 
91(6):2046-2050.

Varghese S, Yu K, Canalis E: Leukemia inhibitory factor and oncostatin M stimulate collagenase-3 
expression in osteoblasts. Am J Physiol 1999,276(3 Pt 1):E465-471.

Vervoordeldonk MJ, Tak PP: Cytokines in rheumatoid arthritis. Curr Rheumatol Rep 2002, 4(3):208- 
217.

Vila N, Castillo J, Davalos A, Chamorro A: Proinflammatory cytokines and early neurological 
worsening in ischemic stroke. Stroke 2000,31(10):2325-2329.

Villiger PM, Geng Y, Lotz M: Induction of cytokine expression by leukemia inhibitory factor. J Clin 
Invest 1993, 91(4):1575-1581.

Vincenti MP, Brinckerhoff CE: Transcriptional regulation of collagenase (MMP-1, MMP-13) genes in 
arthritis: integration of complex signaling pathways for the recruitment of gene-specific 
transcription factors. Arthritis Res 2002, 4(3): 157-164.

Vingsbo C, Sahlstrand P, Brun JG, Jonsson R, Saxne T, Holmdahl R: Pristane-induced arthritis in rats: a 
new model for rheumatoid arthritis with a chronic disease course influenced by both major 
histocompatibility complex and non-major histocompatibility complex genes. Am J Pathol 1996, 
149(5): 1675-1683.

Waage A, Halstensen A, Shalaby R, Brandtzaeg P, Kierulf P, Espevik T: Local production of tumor 
necrosis factor alpha, interleukin 1, and interleukin 6 in meningococcal meningitis. Relation to the 
inflammatory response. JExp Med 1989,170(6): 1859-1867.

Waagepetersen HS, Shimamoto K, Schousboe A: Comparison of effects of DL-threo-beta- 
benzyloxyaspartate (DL-TBOA) and L-trans-pyrrolidine-2,4-dicarboxylate (t-2,4-PDC) on uptake 
and release of [3h]D-aspartate in astrocytes and glutamatergic neurons. Neurochem Res 2001, 
26(6):661-666.

Wagenfeld A, Yeung CH, Lehnert W, Nieschlag E, Cooper TG: Lack of glutamate transporter EAAC1 
in the epididymis of infertile c-ros receptor tyrosine-kinase deficient mice. J Androl 2002, 23(6):772- 
782.

Wang L, Walia B, Evans J, Gewirtz AT, Merlin D, Sitaraman SV: IL-6 induces NF-kappa B activation in 
the intestinal epithelia. J Immunol 2003,171(6):3194-3201.

261



References

Wang Y, Durkin JP: alpha-Amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid, but not N-methyl- 
D-aspartate,, activates mitogen-activated protein kinase through G-protein beta gamma subunits in
rat cortical neurons. J Biol Chem 1995, 270(39):22783-22787.

Wang Y, Small DL, Stanimirovic DB, Morley P, Durkin JP: AMPA receptor-mediated regulation of a 
Gi-protein in cortical neurons. Nature 1997,389(6650):502-504.

Ward LD„ Hewlett GJ, Discolo G, Yasukawa K, Hammacher A, Moritz RL, Simpson RJ: High affinity 
interleukin-4 receptor is a hexameric complex consisting of two molecules each of interleukin-6, 
interleukin-4 receptor, and gp-130. J Biol Chem 1994,269(37):23286-23289.

Washburn MS, Numberger M, Zhang S, Dingledine R: Differential dependence on GluR2 expression of 
three characteristic features of AMPA receptors. JNeurosci 1997,17(24):9393-9406.

Weaver CD, Yao TL, Powers AC, Verdoom TA: Differential expression of glutamate receptor subtypes 
in rat pancreatic islets. JBiol Chem 1996, 271(22): 12977-12984.

Werb Z, Foley R, Munck A: Interaction of glucocorticoids with macrophages. Identification of 
glucocorticoid receptors in monocytes and macrophages. J Exp Med 1978,147(6): 1684-1694.

Westacott C®, Whicher JT, Barnes IC, Thompson D, Swan AJ, Dieppe PA: Synovial fluid concentration 
of five different cytokines in rheumatic diseases. Ann Rheum Dis 1990,49(9):676-681.

Westlund KB, Sun YC, Sluka KA, Dougherty PM, Sorkin LS, Willis WD: Neural changes in acute 
arthritis in monkeys. II. Increased glutamate immunoreactivity in the medial articular nerve. Brain 
Res Brain Res Rev 1992,17(1): 15-27.

Williams GM: Clinical aspects of allograft rejection. Transplant Proc 1974, 6(4 Suppl l):71-77.

Wong PK, Campbell DC, Egan PJ, Ernst M, Wicks IP: The role of the interleukin-6 family of cytokines 
in inflammattory arthritis and bone turnover. Arthritis Rheum 2003,48(5):1177-1189.

Wu L, Cao Z, Zhu X: [Effects of glutamate and ATP on interleukin 6 production by cultured neonatal 
rat astrocyte]. Hunan Yi Ke Da XueXue Bao 1997, 22(2): 116-118.

Yamada M, Hatanaka H: Interleukin-6 protects cultured rat hippocampal neurons against glutamate- 
induced cell death. Brain Res 1994, 643(1-2): 173-180.

Ye ZC, Sontheimer H: Cytokine modulation of glial glutamate uptake: a possible involvement of nitric 
oxide. Neuroreport 1996, 7(13):2181-2185.

Yong VW, Power C, Forsyth P, Edwards DR: Metalloproteinases in biology and pathology of the 
nervous system. Nat Rev Neurosci 2001, 2(7):502-511.

Yoo TJ, Kim SY, Stuart JM, Floyd RA, Olson GA, Cremer MA, Kang AH: Induction of arthritis in 
monkeys by immunization with type II collagen. J Exp Med 1988,168(2):777-782.

Yoshida K, Oida H, Kobayashi T, Maruyama T, Tanaka M, Katayama T, Yamaguchi K, Segi E, 
Tsuboyama T, Matsushita M et al: Stimulation of bone formation and prevention of bone loss by 
prostaglandin E EP4 receptor activation. Proc Natl Acad Sci USA 2002, 99(7):4580-4585.

Yoshihara Y, Nakamura H, Obata K, Yamada H, Hayakawa T, Fujikawa K, Okada Y: Matrix 
metalloproteinases and tissue inhibitors of metalloproteinases in synovial fluids from patients with 
rheumatoid arthritis or osteoarthritis. Ann Rheum Dis 2000, 59(6):455-461.

262



References

Yue H, Uzui H, Shimizu H, Nakano A, Mitsuke Y, Ueda T, Lee JD: Different effects of calcium channel 
blockers on matrix metalloproteinase-2 expression in cultured rat cardiac fibroblasts. J Cardiovasc 
Pharmacol 2004,44(2):223-230.

Zhang GH, Yoon YW, Lee KS, Min SS, Hong SK, Park JY, Han HC: The glutamatergic N-methyl-D- 
aspartate and non-N-methyl-D-aspartate receptors in the joint contribute to the induction, but not 
maintenance, of arthritic pain in rats. Neurosci Lett 2003,351(3):177-180.

Zhang JW, Deb S, Gottschall PE: Regional and age-related expression of gelatinases in the brains of 
young and old rats after treatment with kainic acid. Neurosci Lett 2000, 295(l-2):9-12.

Zhang Q, Hu B, Sun S, Tong E: Induction of increased intracellular calcium in astrocytes by glutamate 
through activating NMD A and AMPA receptors. J Huazhong Univ Sci Technolog Med Sci 2003, 
23(3):254-257.

Zhang X, Cheng M, Chintala SK: Kainic acid-mediated upregulation of matrix metalloproteinase-9 
promotes retinal degeneration. Invest Ophthalmol Vis Sci 2004,45(7):2374-2383.

Zhang Y, Guerassimov A, Leroux JY, Cartman A, Webber C, Lalic R, de Miguel E, Rosenberg LC, Poole 
AR: Induction of arthritis in BALB/c mice by cartilage link protein: involvement of distinct regions 
recognized by T and B lymphocytes. Am J Pathol 1998,153(4): 1283-1291.

Zoia C, Cogliati T, Tagliabue E, Cavaletti G, Sala G, Galimberti G, Rivolta I, Rossi V, Frattola L, Ferrarese 
C: Glutamate transporters in platelets: EAAT1 decrease in aging and in Alzheimer's disease.
Neurobiol Aging 2004, 25(2):149-157.

Zoia CP, Tagliabue E, Isella V, Begni B, Fumagalli L, Brighina L, Appollonio I, Racchi M, Ferrarese C: 
Fibroblast glutamate transport in aging and in AD: correlations with disease severity. Neurobiol 
Aging 2005, 26(6):825-832.

Zurawski G, de Vries JE: Interleukin 13, an interleukin 4-like cytokine that acts on monocytes and B 
cells, but not on T cells. Immunol Today 1994,15(1): 19-26.

263


