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Abstract
Our laboratory has defined a rapid cellular response in porcine articular cartilage to injury. To
enable study of the injury response in genetically modified animals I have characterized a
novel model of cartilage injury in the mouse, involving avulsion of femoral head epiphyseal
cartilage from 4-6 week old animals, and maintaining the explanted tissue in culture.

Avulsion injury (explantation) of murine cartilage rapidly activated mitogen activated protein
kinases (MAPKs) and nuclear factor κB (NFκB), thus establishing a close similarity to
porcine tissue.

Gene expression (mRNA) was analysed on Taqman® Low density array microfluidic cards
for 47 pre-selected genes. 25 were upregulated upon injury; many characteristic of the
inflammatory response. Some were upregulated early (by 1 h) and some not till after 4 h,
suggesting primary and secondary responses.

Re-cutting cartilage adapted to culture only activated a subset of genes, probably due to
release of fibroblast growth factor 2 (FGF2) which is stored pericellularly. Gene expression
profiling of explanted cartilage of Fgf2-deficient mice showed 7 of the 25 (28%) genes were
partly or largely FGF2-dependent.

Because the gene and signalling profiles resembled an inflammatory response I examined
tissue deficient in the myeloid differentiation 88 protein (MyD88) an adaptor protein for
signalling of the interleukin-1 receptor and toll-like receptor family. 12 of the 25 genes were
MyD88-dependent.
MyD88-/- cartilage did not show impairment of the intracellular signalling response upon
injury and expression of a MyD88-dependent gene (Ccl2) did not increase till 4 h of culture.
It was likely that a MyD88-using ligand was made during the primary response and
contributed to the secondary.

I conclude there are at least 3 mechanisms by which cartilage injury activates gene
expression: 1) release of pericellular FGF2, 2) an unkown trigger of MAPK and NFκB and 3)
secondary production of a MyD88-using factor.
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1.1

Introduction

Background

Osteoarthritis (OA) is a common degenerative disease of synovial joints associated with age
and mechanical wear. The disease affects the structure and integrity of articular cartilage and
subsequently other joint tissues (Sun HB et al., 2010; Wieland HA et al., 2005). Trauma to the
joints, such as ligamentous or meniscal tear, leads to joint destabilisation which predisposes to
OA.

Our laboratory has been exploring the cellular responses associated with mechanical injury to
porcine articular cartilage, involving either dissection of the tissue into culture (referred to as
explantation in the text) or scoring the surface. This type of sharp injury rapidly activates
mitogen-activated protein kinases (MAPKs) in cartilage, including the extracellularlyregulated kinase (ERK), p38 MAPK and c-Jun N-terminal kinase (JNK) pathways (Gruber et
al., 2004). It was also found that dissection of the cartilage caused degradation of the inhibitor
of nuclear factor-κB (NFκB), an indication of NFκB activation. Subsequently it has been
established that the classical pathway of NFκB is activated and that there is nuclear
translocation of the transcription factor (Didangelos A PhD Thesis 2008 Imperial College
London; Watt F PhD Thesis 2009 Imperial College London). There is also evidence of
interleukin-1 (IL-1) mRNA expression in response to dissection (Gruber et al., 2004). IL-1 is
known as a strong stimulator of catabolism of cultured cartilage (Dingle JT et al,. 1979;
Saklatvala J,. 1986).

In our laboratory Tonia Vincent has shown that ERK activation following (sharp) dissection
or scoring is due to fibroblast growth factor-2 (FGF-2) released from the pericellular matrix
(Vincent T et al., 2002; Vincent et T al., 2007). It was also found that FGF2 was released
when cartilage was subjected to loading (Vincent et al., 2004). Although FGF2 is a strong
activator of ERK and to a lesser extent p38, it is considered unlikely to account for the
induction of JNK and NFκB or IL-1 mRNA expression. Fiona Watt, by using a
pharmacological inhibitor of FGF receptor tyrosine kinase, found FGF2 only partly
(approximately 50%) regulated the ERK activation observed upon dissection. Unexpectedly,
dissecting cartilage into the FGF receptor inhibitor also partly suppressed IκBα degradation
and activation (Watt F PhD Thesis 2009 Imperial College London), suggesting that FGF2
might amplify inflammatory signalling on injury.
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Further work was carried out in our laboratory to identify soluble factors released upon
cartilage injury that activated inflammatory signalling (Didangelos A PhD Thesis 2008
Imperial College London). So far no soluble factor has been identified, raising the possibility
that the chondrocytes might directly sense extracellular matrix injury such as the cutting of
collagen fibres. The mechanism that causes MAPK and NFκB activation in response to injury
in cartilage is therefore not understood. My research project aimed to establish and fully
characterise a model of cartilage injury in mouse, in order that genetically modified animals
could be used to identify the ligands and pathways involved in the injury response.

I will describe briefly the biology of articular cartilage, the pathophysiology of OA including
matrix turnover and the proteinases and mediators thought to be involved. I will also describe
the relevant intracellular signalling pathways to be studied and give a summarised account of
recent work on OA, which includes gene profiling in models of OA. Finally I describe current
knowledge of chondrocyte responses to loading and to mechanical injury.

1.2

Cartilage structure and function

Articular hyaline cartilage is an avascular, aneural and alymphatic connective tissue that
covers the surface of bone epiphyses at all diarthrodial joints such as the synovial joint
(Section 1.2.1) (Dijkgraaf LC., et al. 1995b). Articular cartilage is uniquely adapted to
withstand mechanical stress and distribute loading, due to the orchestrated arrangement of
extracellular matrix (ECM). The ECM predominately consists of type II collagen and the
large aggregating proteoglycan called aggrecan (Pollard.TC et al., 2008). Chondrocytes are
the only cell type in cartilage, embedded within the ECM, occupying 5-10% of the total
volume. Cartilage relies on passive diffusion through the matrix for delivery of nutrients and
oxygen and for removal of waste products. The cartilage environment is hypoxic and
chondrocytes are capable of anaerobic metabolism (Sutton S et al., 2007).

1.2.1 Structure and function of synovial joints
Synovial joints occur where two articulating ends of bone meet. They have a complex
structure comprising capsule, synovium, cartilage and are stabilised by ligaments and
muscles. They are designed to allow movement and vary greatly in form and size (Pollard TC
et al., 2008). The synovial space lies within the joint capsule between the two articular
surfaces. The capsule is made up of two layers: the outer fibrous layer, which attaches to the
3
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periosteum, and the inner synovial membrane, which secretes synovial fluid to lubricate the
joint. The synovial membrane is lined with 2 types of cells, type A are macrophage-like and
type B fibroblast-like (Sutton S et al., 2007). In the knee, two semi-lunar shaped pieces of
fibrocartilage, the medial and lateral menisci, lie between the two weight-bearing surfaces of
the joint. They help to stabilise the joint, and reduce strain through the cartilage by spreading
mechanical forces across the whole articular surface. Individuals who injure their menisci
develop premature OA (Lohmander LS et al., 2007).

1.2.2 Extracellular matrix
The biochemical composition and arrangement of the ECM is important for its biomechanical
function to resist compressive force. The tensile strength of cartilage is due to the structure
and alignment of type II collagen fibres. The high concentration of negatively charged
aggrecan draws water (accounting for 60% to 80% of the total tissue weight) into the tissue
and this allows cartilage to withstand mechanical load (Dijkgraaf LC et al., 1995b).

The morphology of the ECM varies with increasing depth from the articuar surface and
distance from the chondrocytes. This difference in composition, cellular density and structural
organisation alters the mechanical properties of the matrix.

The ECM in cartilage can be divided into three regions; the pericellular matrix (PCM),
territorial matrix and the interterritorial matrix. The PCM is notably devoid of fibrillar type II
collagen, but is rich in type VI collagen and the proteoglycan; perlecan. The territorial and the
interterritorial matrix are areas rich in type II collagen and aggrecan (Knudson CB., 2003;
Buckwalter JA et al 2005a; Guilak F et al., 2006; Dijkgraaf LC et al., 1995b; Goldring MB,
Marcu KB., 2009).

1.2.2.1 Collagen
Collagen is an insoluble fibrous protein whose α-helical regions contain the repeating
tripeptide motif Gly-Pro-Y or Gly-X-Hyp where X and Y are any other amino acid. Three α
chains form a triple stranded helical molecule known as tropocollagen. These are arranged
into fibrils, which are linked by covalent aldol cross-links. Collagen fibrils are aggregated
together into large bundles to form collagen fibres.
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Collagen contributes to 60% of cartilage’s dry weight (Dijkgraaf LC et al., 1995b). There are
about 20 types of collagen, of which collagen type II, VI, IX, X and XI are present in articular
cartilage. Type II is the most abundant collagen and types IX and XI are present in small
amounts within the type II collagen fibres. Collagen type VI is abundant in the PCM, while
collagen type X is a characteristic of hypertrophic chondrocytes such as those seen in the
growth plate and the epiphysis (Dijkgraaf LC et al., 1995b).

The structural scaffold of collagen in cartilage provides tensile strength and resistance to
mechanical stress (Pollard TC et al., 2008; Dijkgraaf LC et al., 1995b; Eyre DR et al., 2006).
The orientation of collagen fibres forms a uniquely and extensively cross-linked fibrillar
network, which is kept in place by anchoring proteins such as chondronectin and fibronectin
(Dijkgraaf LC et al., 1995b; Eyre DR et al., 2006). Little or no collagen synthesis is seen in
mature cartilage and chondrocytes appear to have little ability to repair injured cartilage
matrix (Eyre DR et al., 2006). However type II collagen protein synthesis is upregulated in
OA cartilage (Hermansson M et al., 2004).

1.2.2.2 Proteoglycans
Proteoglycans are a class of complex glycoproteins, which consist of a core protein covalently
attached to glycosaminoglycans (GAG) which may be keratan, chondroitin, dermatan or
heparan sulphates. Proteoglycans are classified into four main groups: (1) small leucine rich
repeat proteoglycans (SLRPs), which include decorin, biglycan, lumican and fibromodulin;
(2) the basement membrane proteoglycan, perlecan; (3) cell surface proteoglycans, (CD44,
glypicans and syndecans) and (4) large proteoglycans, versican and aggrecan, both of which
are found in cartilage (Roughley PJ., 2006; Hardingham TE, Fosang AJ., 1992).
Proteoglycans contribute 20% of the dry weight of cartilage. They are present throughout the
collagen network (Dijkgraaf LC et al., 1995b).

Aggrecan (Fig 1.1) constitutes the major proteoglycan in cartilage, contributing 90% of the
total proteoglycan content. It consists of a core protein having a molecular mass of 230kDa,
which contains 3 globular domains; G1, G2 and G3. The region between the G1 and G2 is
known as the inter-globular domain (IGD) (Fig 1.2) (Knudson CB, Knudson W., 2001).
Aggrecan is heavily substituted with keratan and chondroitin sulphate GAG chains on the Cterminal region between the G2 and G3 domain (Nagase H et al., 2003). The GAGattachment regions are highly polyanionic and hydrophilic, resulting in high water retention.
This creates an osmotic pressure essential for its function to resist compressive force (Pollard
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TC. 2008, Dijkgraaf LC et al., 1995b). Aggrecan molecules exist as aggregates because the
G1 domain interacts with hyaluronan. This interaction is stabilised by link protein (Roughley
PJ., 2006).

The SLRPs, decorin, biglycan, fibromodulin and lumican are present in articular cartilage.
Their functions depend on their core protein and component GAG chains. They are thought to
interact with fibrillar collagen and aid fibril assembly and organisation (Roughley PJ. 2006;
Knudson CB, Knudson W 2001).

Perlecan is a chondroitin sulphate/heparan sulphate hybrid proteoglycan found in basement
membrane and in the PCM of cartilage. Growth factors such as fibroblast growth factor FGF2
have been found to bind to perlecan in the pericellular matrix (Mongiat M et al., 2001; Knox
S et al 2002; Vincent C et al., 2007). It is suggested that perlecan influences the chondrocyte’s
metabolism by modulating the bioavailability of FGFs (Knudson CB, Knudson W., 2001).
We have shown that perlcan facilitates the release of FGF2 by mechanical loading (Vincent et
al 2007). Perlecan deficient mice die either before birth with defective cephalic development,
or just after birth with severe skeletal dysplasia characterized by board long bones and
craniofacial abnormalities.

In these mice the structural matrix of cartilage is severely

disorganised, suggesting that perlecan may be important in the developmental ogranisation of
chondrocytes, collagen fibres and GAGs in cartilage (Arikawa-Hirasawa et al., 1999).
Syndecan, CD44 and glypican are cell surface proteoglycans that are involved in cell-matrix
interactions and are important for sensing mechanical force (Knudson CB, Knudson W.,
2001).

In addition, non-collagenous proteins and glycoproteins are also found in the ECM, but are
not well understood. Cartilage oligomeric protein (COMP) and fibronectin are ubiquitously
expressed in cartilage and bind to proteoglycans. (Dijkgraff et al., 1995b). Their functions
appear to be to help organise and maintain the macromolecular structure of the matrix by
interactions with collagen and proteoglycan (Buckwalter JA, Mankin HJ., 1997; Dijkgraf L
1995b; Hardingham TE, Fosang A., 1992; Heinegard D., 2009; Posey KL, Hecht JT., 2008).

Aggrecan in cartilage is thought to turn over very slowly. Chondrocytes secrete proteinases,
which cleave aggrecan resulting in its loss from the matrix, but synthesis of aggrecan (and
other proteoglycans) continues throughout adulthood and it is constantly deposited in the
cartilage to maintain a constant matrix (Knudson CB, Knudson W., 2001).
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Figure 1.1 Structure of aggrecan
Aggrecan is made up of a core protein and consists of G1, G2, and G3 globular domain. The region
between G1 and G2 is called the inter-globular domain (IGD). Between the G2 and G3, the core
protein is heavily sulphated with glycosaminoglycan chains (keratan sulphate, chondroitin sulphate).
Aggrecans are attached to hyaluronan at the N terminal, which is stabilised by a link protein.
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1.2.2.3 Pericellular matrix
Chondrocytes are surrounded by a pericellular matrix (PCM), which contains with the
proteoglycan perlecan, hyaluronan, collagens (predominantly type VI), and other noncollagenous proteins such as biglycan, decorin and fibronectin (Buckwalter JA, Mankin JH.,
1997a; Knudson CB., 2003). The PCM has been suggested to have a protective role for
chondrocytes during loading by an ‘adaptive water loss’ phenomenon (Guilak F. et al., 2006).
The PCM is also the site of cell-matrix interactions, mediated by transmembrane receptors,
such as integrins and non-integrin receptors such as CD44. CD44 interacts with hyaluronan
and may function to regulate the hyaluronan scaffold structure of the PCM (Knudson CB.,
2003).

1.2.2.4 Articular chondrocytes
Chondrocytes possess diverse functions in development and postnatal life (Dijgraaf LC., et al
1995B). Their main role in adult cartilage is the synthesis and maintenance of the ECM by a
constant turnover of the matrix macromolecules (Goldring MB., 2006). Chondrocytes respond
to mechanical stimuli, fragments of matrix molecules (e.g. fibronectin and collagen)
(Millward-Sadler SJ, Salter DM., 2004; Pulai JI et al., 2005), growth factors and cytokines.
These are all thought to influence normal matrix homeostasis by inducing cellular responses
such as proliferation, cell death and gene regulation (Bougault C et al., 2008). Due to the
avascular environment, chondrocytes have a low metabolic activity and function under
anaerobic conditions (Dijgraaf LC et al., 1995b; Goldring MB., 2006; Goldring MB, Marcu
KB., 2009)
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1.2.3 Cartilage and bone development
Long bones, such as the femur, tibia, fibula, metatarsals and phalanges of the lower limb,
consist of a central shaft known as the diaphysis with an epiphysis at either end (Fig 1.2).
Long bones grow through endochondral ossification, which involves a number of stages of
chondrogenesis, chondrocyte hypertrophy and death, bone cell proliferation and
mineralisation (Mackie EJ et al., 2008). Further maturation known as secondary ossification,
occurs when the epiphyses ossify and fuse to the diaphysis. A mature epiphysis consists of
articular cartilage, the bony epiphysis and the epiphyseal line (the remnant of the growth
plate). Metaphysis is the name given to the region where the diaphysis meets the growth plate.
The epiphyseal line lies between the metaphysis and the epiphysis and is responsible for
longitudinal growth of the bone (Mackie E J et al., 2008; DeLise AM et al., 2000).

During embryogenesis undifferentiated prechondrogenic mesenchymal cells migrate to the
site of the prospective skeletal element. These mesenchymal cells are compacted together.
Their close proximity initiates cell-cell surface interaction causing intracellular signalling and
activating chondrocyte differentiation. Their morphology changes from fibroblast-like to a
spherical hypertrophic phenotype. These chondrocytes start to synthesise cartilage-specific
molecules such as collagens type II, IX and XI and form a cartilage template (Bobick BE et
al., 2008). During later embryogenesis and early postnatal life, the template undergoes
primary ossification at the diaphysis and metaphysis by vascularisation. The blood vessels
bring in osteoblasts that replace cartilage with mineralised bone (Mackie EJ et al., 2008;
DeLise AM et al., 2000). During early stages of life, secondary ossification occurs at the
epiphysis. The hypertrophic chondrocytes are replaced with bone and chondrocyte
proliferation ceases, whilst the growth plate becomes thinner and fuses with the bone (Fig
1.2).
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Figure 1.2 Cartilage and bone development

(A) Mesenchymal cells condense to form a cartilage template. Mesenchymal cells differentiate into
hypertrophic chondrocytes and begin to synthesise cartilage-specific ECM molecules such as
collagen type II, IX and XI. During late embryogenesis and early post natal development the
cartilage template undergoes primary ossification; hypertrophic chondrocytes are replaced by
osteoblasts, which form mineralised bone. At a later stage the epiphysis undergoes secondary
ossification: the epiphyseal and growth plate chondrocytes are replaced by bone. The epiphysis
fuses to the diaphysis and the epiphseal line marks the site of this and is all that is left of the
growth plate (taken from Baron R., 2008).

(B) Histological appearance of 10 week old of femoral head stained with safranin O. The whole
femoral head from a 10 week old mouse was dissected into the fixative 10% formalin, decalcified
in dilute formic acid, and embedded in paraffin. Sagittal sections (8μm thick) were cut and stained
with safranin O.
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1.3 Osteoarthritis
OA is a highly prevalent musculo-skeletal disease. It is characterised by slow degradation of
cartilage with accompanying changes in the underlying bone (such as sclerosis, cysts and
osteophyte formation), synovium, capsule and ligaments (Fig 1.3) (Buckwalter JA & Mankin
HJ., 2005b; Wieland HA et al., 2005). Clinical presentation is associated with pain, functional
impairment and stiffness within the joints. Traditionally OA is classified as primary (or
idopathic) when the cause is unknown, or secondary, when it is a consequence of another
disease or condition for example hemophilia, neuropathic arthropathy, intra-articular fracture
or ligament injuries (Buckwalter JA & Mankin HJ., 1997b).

Although the aetiology of the disease is unknown (Buckwalter JA & Mankin HJ., 2005b),
there are many predisposing factors including obesity, aging, gender, excessive mechanical
wear, joint instability, diet, and genetic factors (Buckwalter JA, Mankin HJ., 2005; Martin JA,
Buckwalter JA., 2002; Felson DT et al., 1988; Recnik G et al., 2010). The incidence of OA is
higher in the aging population and in women (Sniekers YH., et al 2010; Roman-Blas JA et al.,
2009). Two important risk factors that predispose to OA are mechanical injury, usually a
result of joint trauma for example rupture to anterior cruciate ligaments (Lohmander et al.,
2004), and over use (McMillan G et al., 2005).

OA is heritable. Genome studies have identified several candidate gene loci associated with
the susceptibility to OA including the IL-1 cluster, the matrilin 3 gene (MATN3), the IL-4
receptor α-chain gene (IL-4R), the secreted frizzled-related protein 3 gene (FRZB), ADAM12
and the asporin gene (ASPN) (Loughlin J., 2005). The results for the latest genome wide
association scan (GWAS) for OA are currently awaited (due 2011).

1.3.1 Clinical aspects of osteoarthritis
World Health Organisation (WHO) has estimated 10% of the world’s population have OA
(Buckwalter JA, Mankin HJ., 2005b). Joints typically affected in OA are knees, hips, cervical
and lumbar spine, the first metatarsophalangeal joints of the foot, and distal interphalangeal,
proximal interphalangeal and first carpometacarpal joints of the hand. However the disease
can occur in any synovial joint (Wieland H.A et al., 2005).
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The early stages of the disease, although detectable by X-radiographs often do not manifest
symptoms. Therefore the majority of OA cases diagnosed are at a late stage of cartilage
damage (Glass GG., 2006).

There is no medical treatment that reverses or modifies the disease process. Treatments only
suppress the symptoms of OA. Pharmacological treatments used include analgesics, for
example paracetamol, non-steroidal anti-inflammatory drugs (NSAIDs) or opioids. These
drugs often do not provide sufficient pain relief and may cause side effects such as
gastrointestinal complications or are poorly tolerated. Severe OA of large joints is treated by
surgical joint replacement. There is an urgent need to find medical treatments for OA
(Goldring MB., 2006; Wieland HA et al., 2005; Glass GG., 2006).

1.3.2 Histological changes in cartilage in osteoarthritis
The earliest histological change in OA is fibrillation (or splitting) (Fig 1.3) of the superficial
zone of articular cartilage and reduced staining of proteoglycan (Meachim G., 1962; Meachim
G, Collins DG., 1965; Collins DH, McElligott TF., 1960; Mason RM et al., 1965). As the
disease progresses the fibrillations extend deep into the cartilage. Empty lacunae in the
cartilage suggest cell death (Meachim G., 1965). Signs of cartilage damage initially occur at
areas subjected to the most weight bearing (Wieland HA et al., 2005; Pollard TC et al., 2008;
Hashimoto M et al., 2008; Buckwalter JA, Mankin HJ., 1997b).
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A

Normal

OA

B

Figure 1.3 Pathogenesis of OA
(A) Histological sections representative of health human articular cartilage and osteoarthritic cartilage
stained with Safranin O. Osteoathritic cartilage shows fibrillation of the cartilage surface extending
into the deeper zone, with loss of proteoglycan staining. (From Connective Tissue Biochemistry
Hamerman & Schubert)
(B) A diagram showing (a) healthy joint vs (b) osteoarthritic joint; signs of degraded cartilage and
damaged meniscus, as well as remodelling of bone leading to bony outgrowth and subchondral
sclerosis (Wieland HA et al., 2005).
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1.4 Regulation of matrix turnover
Homeostasis of cartilage is dependent upon the balance between synthesis and degradation of
matrix. Degradation occurs through the action of proteinases of which matrix
metalloproteinases (MMPs) and a disintegrin and metalloproteinase with thrombospondin
motif (ADAMTS) enzymes are thought to be the most important. Endogenous regulators of
these enzymes include the tissue inhibitors of metalloproteinases (TIMPs), which are a family
of 4 members (Nagase H, Kashiwagi M., 2003).

1.4.1 Proteinases
1.4.1.1 Matrix metalloproteinases
MMPs degrade all types of extracellular matrix proteins, including proteoglycans and
collagen. They are a family of zinc-dependent proteolytic enzymes. There are 23 members
which can be classed into 4 main functional groups: collagenases, stromelysins, gelatinases
and membrane type enzymes (MT-MMPs) (Cawston TE, Young DA., 2010).

There are three collagenases; MMP-1, MMP-8, and MMP-13, which have related structures
and substrate specificity. They have very similar but non-identical catalytic and C-terminal
hemopexin-like domains. Collagenases cleave native fibrillar collagens at a single locus in the
major triple helical domain (Krane SM at al., 2008). Following cleavage of the collagen helix,
it denatures and becomes susceptible to further degradation by other MMPs. MMPs are
initially synthesized as inactive zymogens with pro-peptide domains that contain a cysteine
residue. This must interact with zinc to become the activated form of MMP (Krane SM et al.,
2008; Visse R, Nagase H., 2003). Stromelysin 1 (also known as MMP3) is expressed in
cartilage like MMP-1 and -13, and is upregulated upon an inflammatory stimulus. MMP-3 has
a broad substrate specificity acting on proteoglycans, laminin and fibronectin (Krane SM et
al., 2008). MMP1 and MMP13, (Mitchell PG et al., 1996) transcripts have been found in OA
cartilage (Billinghurst R C et al., 1997) and expression of several other MMPs is upregulated
in synovial tissue of patients with OA and in animal models.
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1.4.1.2 Aggrecanases
The ADAMTS family comprises of 19 members (Lin E & Liu CJ, 2010). ADAMTS enzymes
have highly selective activities. Their structure comprises a signal peptide, a pro-domain, a
catalytic domain, a disintegrin-like domain, a central thrombospondin type I-like (TS)
domain, a cysteine-rich domain, a spacer region and a variable number of C-terminal TS
repeats (Lin E, Liu CJ., 2010). The activity of aggrecanase in cartilage was first identified
when bovine articular cartilage was stimulated with IL-1 and cleavage occurred at Glu373Ala374 (RNITEGE-ARGESVIL) in the IGD of the aggrecan. This is distinct from the MMP
cleavage site Asn341-Phe342 (Sandy JD et al., 1991). Aggrecanase 1 (ADAMTS4) (Tortorella
MD et al., 1999) and aggrecanase 2 (ADAMTS5) (Abbaszade I et al., 1999) were the two
identified aggrecanases that preferentially cleave at Glu373-Ala374 (Fushimi K et al., 2008).
Other ADAMTS’s (1, 8, 9, 15, 16 and 18) are also able to cleave aggrecan, but are less active
at this site compared with ADAMTS4 and 5. The aggrecanases cleave sites other than the
Glu373-Ala374 bond, including 4 sites in the chondroitin sulfate-rich CS-2 region of bovine
aggrecan: GELE1480-GRGD, KEEE1667-GLGS, TAGE1771-AGEG, and VSGE1871- LGQR (Fig
1.4) (Nagase H et al., 2003). Aggrecan fragments cleaved at the Glu373-Ala374 were found in
synovial fluid of OA patients, strongly suggesting that aggrecanolysis in OA is due the
aggrecanases of the ADAMTS family (Sandy JD et al,. 1992; Lohmander LS et al., 1993).
Recent work has shown that deletion of ADAMTS5 but not ADAMTS4 in mice, significantly
protects against OA and inflammatory arthritis (Glasson SS, Askew R et al., 2005; Stanton H
et al., 2005). In human OA, it has been suggested that both ADAMTS5 and ADAMTS4
mediate cartilage degradation (Song RH et al., 2007).

1.4.2 Tissue inhibitors of metalloproteases
TIMPs are specific endogenous inhibitors of MMPs. There are four; TIMP-1, TIMP-2, TIMP3 and TIMP-4. TIMP-3 is known to be a potent inhibitor of ADAMTS4 and ADAMTS5 as
well as MMPs. TIMP-3 is expressed in skeletal tissues during development and in normal
bovine human chondrocytes and synoviocytes, and is also highly expressed in human OA
synovium (Nagase H et al., 2003). TIMP levels are important because they directly influence
MMP and ADAMTS activity (Nagase H, Visse R., 2003).
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Figure 1.4 ADAMTS and MMP cleavage sites in human aggrecan.
Cleavage sites of ADAMTSs are labelled (A)-(E) and lie within the region between G1 and G2 domain
(IGD) and between G2 and G3. MMPs cleave along the core protein and are labelled 1-6 (Nagase H et
al., 2003).
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1.4.3 Mediators in matrix turnover
Cartilage matrix homeostasis is controlled by a balance of anabolic and catabolic mediators.
In OA there appears to be an imbalance due to induction of MMPs and possibly ADAMTS
enzymes. What drives induction of MMPs and ADAMTSs in OA is far from clear (Goldring
MB, Marcu KB., 2009; Goldring SR, Goldring MB., 2004). To balance breakdown, antiinflammatory factors and growth factors such as FGF2, TGFβ and IGF are able to either
either increase synthesis of the matrix, or inhibit the proteolytic degradation (Hui W et at al.,
2001; Sawaji Y et al., 2008).

1.4.3.1 Catabolic factors and cytokines
Secreted inflammatory factors are critical mediators in cartilage because they enhance
catabolism in the tissue. One of the very first identified cytokines known to degrade ECM and
hinder proteoglycan synthesis is interleukin-1 (IL-1) (Kapoor M et al., 2011), originally
known as ‘Catabolin’ and discovered in experiments with porcine synovium and cartilage
(Dingle JT et al., 1979; Saklatvala J., 1981). Tumour necrosis factor-α (TNFα) another proinflammatory cytokine was found to have similar effects to IL-1 (Saklatvala J., 1986), and
both have been claimed to be present in OA synovial fluid (Bertazzolo N et al., 1994; Smith
MD et al., 1997). IL-1α and TNF were reported to be co-localized in chondrocytes in OA
cartilage (Tetlow LC et al., 2001) and induce MMP-1, MMP-3, MMP-13 (Kobayashi M et al,.
2005), ADAMTS-4 and ADAMTS-5 expression (Hui W et al., 2005) as well as inhibit
proteoglycan synthesis in cartilage (Kobayashi M et al,. 2005) . IL-1 and TNF also induce
pro-inflammatory proteins such as IL-6, chemokines, inducible nitric oxide synthase (iNOS),
prostaglandin E synthase and reactive oxygen species (ROS) (Kapoor M et al,. 2011), which
could all contribute to the development of OA.
Blocking IL-1 activity in a number of OA animal models, by intra-articular injection of IL-1
receptor antagonist (IL-1Ra) slowed down cartilage degradation (Caron JP et al., 1996;
Pelletier JP et al., 1997, Fernandes J et al., 1999). Although when injecting a single dose of
IL-1Ra in OA patients knee joints, there were no significant improvements compared to
placebo (Chevalier X et al., 2009; Martel-Pelletier J, Pelletier JP 2009). Moreover the IL1R
deficient mice are not protected from OA (our unpublished data).
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In addition IL-8, IL-6 and IL-17 were detected in cartilage and synovial fluid from OA
patients (Bertazzulo N et al., 1994; Smitth MD et al., 1997; Pelletier JB et al., 1993) IL-17
may have some catabolic properties in cartilage and inhibit proteogycan synthesis. IL-17 is
secreted by CD4+ T cells found to be present in the synovium of OA patients. IL-17 caused
synergistic effects in cartilage breakdown in combination with IL-1β, TNF and IL-6 (Koshy
PJ et al., 2002a; Van Bezooijen RL et al., 2002). IL-17 was found to induce MMP-3, MMP13 and ADAMTS4 gene expression in cartilage (Slyvester J et al., 2004; Koshy PJ et al
2002b). IL-17 overexpression in joints induces minor cartilage loss and enhances cartilage
loss in collagen-induced arthritis (Goldring SR, Goldring MB., 2004; Lubberts E et al., 2001).
IL-18 belongs to the IL-1 family of cytokines and like IL-1, requires IL-1β-converting
enzyme (also known as caspase 1) to cleave inactive pro-IL-18 to an active form. IL-18
increases the expression of IL-1, IL-6, inducible nitric oxide synthase (iNOS), prostaglandin 2
(PTGS2) and MMPs in human chondrocytes. Neutralizing endogenous IL-18 in the collageninduced arthritis model reduced proteoglycan loss (Plater-Zyberk C et al., 2001; Goldring SR,
Goldring MB., 2004). IL-18 also suppressed aggrecan synthesis and is thought through this to
cause cartilage loss in OA (Inoue H et al., 2008).
Oncostatin M (OSM) is an IL-6 cytokine family member and is known to synergise with IL-1
to induce MMP-1, MMP-8, MMP-13, ADAMTS4 and ADAMTS5 (Koshy PJ et al., 2002b)
in chondrocytes. Overexpression of IL-1 and OSM through adenoviral gene transfer in murine
knee joints exacerbates joint damage (Hui W et al., 2003).
Even though inflammatory cytokines strongly induce cartilage degradation, there is no
consensus on whether or not they drive OA. Nonetheless, proteinase expression is quite likely
to be dependent upon intracellular inflammatory signalling pathway activation (Bondeson J et
al., 2006).

1.4.3.2 Anabolic mediators
Inhibitory cytokines: Three anti-inflammatory cytokines IL-4, IL-10 and IL-13 that are
spontaneously produced by the synovial membrane and cartilage, have been found to be
highly expressed in the synovial fluid of OA patients. These anti-inflammatory cytokines
could theoretically decrease the production of IL-1β, TNF and MMPs and also upregulate the
production of IL-1 receptor antagonist (IL-1Ra). IL-1Ra is a competitive inhibitor of IL-1,
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which acts by blocking the receptor (Goldring MB., 2006; Fernades JC et al., 2002;
Hashimoto M, et al. 2008).

Growth factors: A number of growth factors are known to promote formation of cartilage in
development and to increase synthesis of collagen and/or proteoglycan. Transforming growth
factor-β (TGFβ), FGF2, bone morphogentic proteins (BMP)s and insulin-like growth factor
(IGF) are all known to possess anabolic properties and promote chondrocyte synthesis of
collagen type II and proteoglycan (Goldring MB., 2006; Yamamoto T et al 2004; Saas J et al,.
2006)

Transforming growth factor-β (TGFβ) is a secreted protein, which promotes chondrocyte
synthesis of collagen type II and proteoglycan (Goldring MB., 2006) and may also inhibit
production of proteolytic enzyme such as MMPs. (Finnson KW et al., 2010; Hashimoto M, et
al. 2008). TGF-β inhibits IL-1-induced cartilage degradation (Hui W et al., 2001a). Other
studies have found TGF-β inhibits TNFα induction of MMP-1,-3 and -8 and collagenase
activity in both human articular and bovine nasal cartilage (Hui W et al., 2001a). However, a
more recent study showed that inhibition of endogenous TGF-β1 in a mouse OA model
impaired cartilage repair and induced osteophyte formation. (Scharstuhl A et al., 2002). TGFβ also suppressed proteoglycan synthesis in anatomically intact articular cartilage, leading to
gradual cartilage degradation (van der Kraan PM et al., 1992), indicating that it has
conflicting roles in the joint (Gaissmaier C et al., 2008; Schmidt MB et al., 2006).

Bone morphogentic proteins (BMPs) belong to the TGFβ superfamily and are known to have
similar actions to TGFβ in cartilage homeostasis (Goldring MB., 2006; Hanada T et al., 2002;
Hashimoto M et al., 2008). BMP-2, BMP-4 and BMP-7 have been shown to be potent
stimulators of proteoglycan synthesis (Chubinskaya S et al., 2008). In a microarray study
BMP7 stimulation of chondrocytes induced mainly anabolic genes including ECM genes;
collagen type II and aggrecan (Saa J et al., 2006). BMP-7 was shown to possess anti-catabolic
characteristics by counteracting IL-1β induced MMP-13 expression in human chondrocytes
(Im HJ et al., 2003). Studies in vivo in osteoarthritis models have demonstrated that BMP-7
inhibits cartilage degradation (Hayashi M et al., 2010; Hurtig M et al., 2009).

Insulin-like growth factor (IGF) is a growth-hormone-dependent serum factor known to
increase collagen and proteoglycan synthesis (Stakman BG et al., 2005; Hashimoto M et al.,
2008) and in vitro studies have demonstrated IGF suppression of IL-1α and oncostatin M
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induced MMP-1, MMP-8, MMP-13 expression and collagenase activity (Hui W et al.,
2001a).

Fibroblast growth factors are a family of polypeptides involved in multiple functions
including cell proliferation, differentiation and survival (Gaissmaier C et al., 2008). There are
two specific members of the family; basic FGF (also known as FGF2) and FGF-18 that are
implicated in the regulation of articular cartilage matrix homeostasis (Ellman MB et al.,
2008). FGF18 is essential for skeletal growth and development and has been shown to have
anabolic effects on chondrocytes in cartilage: it increases type II collagen in mice (Ellman
MB et al. 2008; Moore EE et al., 2005). Gain of function mutations in the FGF receptors
cause a number of skeletal dysplasias including achondroplasia (the most common form of
dwarfism) caused by mutations in FGFR3 (Tsai FJ et al., 1999; Heuertz S et al., 2006).
FGFR3 is involved in the regulation of the growth plate, by inhibiting chondrocyte
proliferation, thus gain of function mutations limit growth plate elongation and result in short
stature (Oji GS et al., 1997).

Fibroblast growth factor 2 (FGF2) is found in the chondrocyte pericellular matrix bound to
perlecan (Vincent T et al., 2002; Vincent T et al., 2004; Vincent T et al., 2007) and is released
upon mechanical injury or with loading (Vincent T et al., 2002; Vincent T et al., 2004). The
role of FGF2 as an anabolic mediator appears at times contradictory; reports have
demonstrated FGF2 to stimulate the production of MMP-1, MMP-3 and MMP-13 (Im HJ et
al., 2007) and inhibit IGF1 induced anabolic activity (Loeser RF et al., 2005). In vivo
cartilage injury models demonstrated FGF-2 to having anabolic roles such as promoting
chondrocyte proliferation, proteoglycan and collagen synthesis, which aids cartilage
regeneration and repair (Chen B et al., 2010; Yamamoto T et al., 2004; Cuevas P et al., 1988).
An in vivo model of rabbit knee degeneration, found that by using an adeno-associated virus
(AAV) to transport FGF-2 gene into the knee demonstrated enhance cartilage repair (Ellman
MB et al., 2008). Studies in our lab have also shown FGF2 inhibits IL-1-induced aggrecanase
expression and activity in human cartilage (Sawaji Y et al., 2008). Furthermore Fgf2-deficient
mice develop spontaneous accelerated OA, as well as accelerated OA following surgical
destabilisation (Chia SL et al., 2009), suggesting that the overall role in the joint is protective.

20

Chapter 1

Introduction

1.5 Inflammatory signalling pathways
The currently most widely accepted hypothesis of OA pathogenesis is that abnormal
mechanical loading or inury to cartilage and surrounding tissue leads to a chain of events
resulting in the overproduction of proteinases. (Goldring MB & Marcu KB., 2009). The bestknown stimuli for production of these enzymes are inflammatory stimuli such as IL-1,
although as discussed earlier there is uncertainty regarding the role of cytokines in OA. Our
laboratory has shown that injury to cartilage directly activates intracellular signalling
pathways known to activate inflammatory response genes, although no pro-inflammatory
soluble factors have been detected from the injured tissue to account for the cell activation.
There are two principal receptor families through which inflammatory signalling is initiated:
the Toll-like receptor (TLR) and IL-1 receptor (IL-1R) (TIR) family, and the TNF receptor
(TNFR) family. Stimulation of these receptors results in activation of four major signalling
pathways: NFκB, and the three MAPKs, namely p38 MAPK, c-jun N-terminal kinase (JNK)
and the extracellularly regulated kinase (ERK) (Saklatvala J., 2007).

1.5.1 Receptor families
The IL-1 and TLR super-family comprises two subgroups: the IL-1 receptor group and TLRs.
All members of this super-family have a cytoplasmic Toll/interleukin-1 receptor (TIR)
domain which, when the receptor is activated recruits the myeloid differentiation primary
response protein 88 (MyD88) adaptor. MyD88 and the receptor then interact with IL-1Rassociated kinase 4 (IRAK4) and IRAK1. IRAK4 phosphorylates IRAK1, which dissociates
from the receptor complex but complexes with and activates TNF receptor-associated factor 6
(TRAF6). TRAF6 is an ubiquitin ligase which autoactivates and forms K63-linked ubiquitin
chains. The ubiquitin chains interact with the TGFβ-activated kinase 1 (TAK1) via the TAK1
binding protein (TAB1)/TAB2/TAB3 complex, the TABs being ubiquitin-binding proteins.
These interactions cause proximity-induced auto-activation of TAK1 which then leads to the
activation of three signalling pathways; JNK, p38 MAPK and NF-κB (Takeda K et al., 2005;
Takeuchi O et al., 2001; Takaesu G et al., 2001).
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1.5.1.1 Interleukin-1 receptors
IL-1 is a strong inducer of inflammatory signalling. Originally the IL-1 family consisted of
only IL-1α and IL-1β, however there are now eleven known members (Dinarello CA., 2011).
IL-1R antagonist (IL-1Ra) a secreted protein also belongs to the IL-1 family, which also binds
to IL-1R inhibiting pro-inflammatory responses by IL-1α/β. IL-1α, IL-1β and IL-18 are made
in the cytoplasm as inactive precursor forms and it is necessary for the intracellular cysteine
protease caspase-1 to cleave the precursor to create the mature form which exits the cell
(Werman A et al., 2004).

There are nine members in the IL-1 receptor family among which are co-receptors, decoy
receptors, binding proteins and inhibitory receptors. They all possess a cytoplasmic TIR
domain and at least one extracellular immunoglobin G (Ig) domain. IL-1 receptor 1 (IL-1R1)
complexes with IL-1 and it was found that IL-1 receptor accessory protein (IL-1RAcP) is
essential for signalling. A second receptor known as IL-1 receptor II (IL-1RII) lacks the
cytoplasmic portion and was demonstrated to be a decoy receptor. The IL-1R family includes
four other proteins; ST2 (also known as IL1RL1), IL-1 receptor-related protein-2 (IL-1Rrp2),
three immunoglobulin IL-1 receptor-related (TIGGIR) and a single immunoglobulin IL-1
receptor-related (SIGGIR). IL-33, an IL-1 like cytokine binds to ST2. ST2 has been shown to
be highly expressed on T-helper 2 (Th2) cells and have a role in Th2 cell activation. The IL18R and IL-18RAcP which complex to IL-18 also belong to the IL-1 receptor family and is
involved in Th1 cell regulation, but can also promote Th2 cell activation. IL-1R1, IL-18R
and ST2 have all been demonstrated to signal via myeloid differentiation factor 88 (MyD88)
(an adaptor protein) (O’Neil LA., 2000) (Fig 1.5).

1.5.1.2 Toll-like receptors
TLRs play a crucial role in the innate immune response against microbial pathogens by
providing an initial rapid host defence. TLRs are evolutionarily conserved pathogenassociated molecular pattern (PAMPs) receptors which recognize specific structures on
viruses, bacteria, fungi and parasites (Kawai T, Akira S., 2006). TLR members are different
from the IL-1Rs in that they have leucine-rich repeats instead of Ig domains. The TLRs
recognize specific molecular patterns expressed by invading pathogens, such as
lipopolysaccharide (LPS) from Gram-negative bacteria, peptidoglycan (PGN), lipoteichoic
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acid (LTA) from Gram-positive bacteria, lipoarabinomannan (LAM) from mycobacterium,
unmethylated DNA and bacterial lipoproteins. The pattern recognition receptors sense the
presence of these microbial components and activate complex events to attempt to eliminate
the pathogens. There are 13 known TLRs that all act via MyD88 except for TLR3 (Kawai T,
Akira S., 2006). They also use additional adaptors such as TIR-domain-containing adaptorinduction interferon-β (TRIF) and TRIF-related adapter molecule (TRAM) to activate the
signalling pathways (Fig 1.5).
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Figure 1.5 TLR and IL-1R signaling pathways.
LPS pre-complexes with the LPS-binding protein (LBP) and cluster differentiation 14 (CD14) on the
cell membrane and then transfers LPS to MD2 and TLR4. Upon IL-1R ligation, the receptor associates
with IL-1R-accesory protein (IL-1RAcP). When IL-1R or TLR4 is activated by its ligand, it leads to
the recruitment of MyD88 to the Toll/interleukin-1 receptor (TIR) domain. MyD88 interacts with IL1R-associated kinase (IRAK4) and IRAK1. IRAK4 phosphorylates IRAK1, which leads IRAK1 to
dissociate from the receptor complex and activation of TNF receptor-associated factor 6 (TRAF6).
Subsequently TRAF6 auto-poly ubiquitinates, leading to the association of transforming growth factor
β-activated kinase 1 (TAK1)/ (TAK-1 binding protein) TAB1/TAB2/TAB3 complex. TAK1 is
activated leading to NF-κB and MAPK signaling activation. TLR can mediate a signal that is
independent of MyD88 via TIR-domain-containing adapter-inducing interferon-β (TRIF), which
associates with TANK-binding kinase 1 (TBK). This results in the activation of Interferon regulatory
factor IRF-3.
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1.5.1.3 Tumour necrosis factor receptors
The second major inflammatory receptor family comprises the tumour necrosis factor
receptors (TNFR). This includes TNFR1 and TNFR2, the receptor activator for NFκB
(RANK), CD40, CD27, osteoprotegerin (OPG), nerve growth factor- receptor (NGFR) and
lymphotoxin receptors (Li X, Stark GR., 2005; Bazzzoni F, Beutler B., 1996). In the case of
TNF the trimeric ligand binds to the TNFR inducing receptor trimerisation and clustering of
intracellular death domains. These interact with the TNFR-associated death domain protein
(TRADD) which recruits TNF-receptor-associated factor type 2 (TRAF2) and receptorinteracting-protein (RIP). TRAF2 auto-ubiquitinates and interacts with the TAK1/TAB
complex, leading to the activation of NFκB and MAPKs. TRADD is also known to associate
with Fas-associated protein with death domain (FADD) and induce apoptosis via recruitment
and cleavage of pro-caspase 8 (Thorburn A., 2004; Roux PP, Blenis J., 2004) (Fig 1.6).
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Figure 1.6 Tumour necrosis factor receptor (TNFR) signalling pathways
Upon TNFR ligation, it induces receptor trimerisation, which recruits TNFR-associated death domain
protein (TRADD), which further causes association of TNF-receptor-associated factor type 2 (TRAF2)
and receptor-interacting-protein. TRAF2 poly-ubiquitinate and interacts with the TGF-β-activated
kinase 1 (TAK1)/TGF β-activated kinase 1 binding protein (TAB), leading to the activation of NFκB
and MAPKs.
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1.5.2 Intracellular signalling pathways
1.5.2.1 Nuclear factor-κB (NF-κB)
The nuclear factor-κB (NF-κB) family of transcription factors plays an essential role in
regulating genes involved in inflammation, but is also involved in cell survival, proliferation
and differentiation. NF-κB activation is controlled by the canonical and atypical pathways
(Sun SC, Ley SC., 2008). NF-κB is a homodimer or heterodimer composed of any two of the
5 protein subunits; p65 (Rel A), c-Rel, RelB, p105/p50 (NFκB1) and p100/p52 (NFκB2). The
most common and well characterized form is the p50/p65 heterodimer. All proteins have a
Rel homology domain (RHD) and in order for these proteins to be active, their C-terminal is
degraded by the proteosome. There are three molecular systems that lead to NF-κB
activation: the canonical and the two atypical and non-canonical pathways.

1.5.2.1.1 Canonical Pathway
The most well-characterized and common mechanism leading to NF-κB transcription factor
translocation is known as the ‘canonical’ or ‘classical’ pathway. NF-κB is present in the
cytoplasm. When the cell is unstimulated the p65/p50 NF-κB interacts with the protein
inhibitor of NF-κB (IκB). IκBα is the most abundant form, but there are two other forms,
IκBβ and IκBγ. Upon cell activation by inflammatory stimuli such as IL-1, LPS or TNFα,
IκB is phosphorylated by IκB kinase (IKK) complex. Activation of the IKK-complex results
in phosphorylation of IκBα at two specific serine residues (Ser32 and Ser36) by IKKβ
followed by the poly-ubiquitination and subsequent degradation of IκBα by the 26S
proteasome (Verstrepen L et al., 2008). This causes release of the NFκB heterodimer, which
through a nuclear localisation signal, translocates to the nucleus to initiate transcription of
specific genes that have the NFκ-B binding sites. Inflammatory stimuli initiate resynthesis of
IκBα thereby re-inhibiting NFκ-B (Takeda K et al., 2003; Saklatvala J., 2007) (Fig 1.7).

The Iκ B Kinase Complex: IκB kinase (IKK) is a high molecular weight trimeric complex
comprising 3 subunits; IKKα, IKKβ and NEMO (also known as IKKγ). Both IKKα and
IKKβ have catalytic activity and are capable of inducing phosphorylation independently.
However NEMO does not possess catalytic properties but is essential as a regulatory adaptor
and is required for IKK to phosphorylate (Krappmann D et al., 2000).
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Iκ B family: The IκB family are structurally related proteins, each member differing in their
activity and role in NFκB signaling. IκBα is rapidly resynthesised following degradation,
whereas IκBβ degradation induces a prolonged NF-κB activation. IκBδ is also an inhibitor of
NF-κB canonical pathway, while IκBε is an inhibitor of Rel B non-canonical pathway. Bcl-3
is a transcriptional co-repressor specifically affects TNF-α. IκBNS is also a transcriptional
co-repressor but specifically affects IL-6. IκBξ is transcription factor of IL-6 and inhibits NFκB activity. All IκB proteins are composed of a central ankyrin repeat region on the Cterminal which interacts with the Rel Homology Domain (RHD) (Beinke S, Steven C., 2004).
On the N-terminal of the protein is the regulatory domain which controls their inducibility to
degrade (Simmonds RE, Foxwell BM., 2008).

1.5.2.1.2 Atypical Pathways
In addition to the canonical mechanism there exists 2 major atypical pathways; non-canonical
and p105 (Fig 1.7). The non-canonical pathway is triggered by lymphotoxin β receptor, TNF
ligands, CD40 and B-cell activating factor receptor (BAFF) which leads to activation of NFκB-inducing kinase (NIK) which phosphorylates the NF-κB2 precursor called p100. p100
exists in a complex with RelB. p100 is phosphorylated and it undergoes polyubiqitination to
be degraded by the 26 S proteasome. P100 is cleaved to p52/RelB, which like the p65/p50
complex translocates to the nucleus to bind to NF-κB sites. (Beinke S, Steven C., 2004)

The p105 pathway is stimulated by TNFα, IL-1 and LPS. These activate an IKKα complex to
phosphorylate p105 which undergoes ubiquitin-mediated proteasomal degradation to release
p50 dimers. The p50 dimers which translocate into the nucleus to bind to target genes. In
addition to NFκB activation, p105 is also known to activate the ERK MAPK because p105
has high affinity interactions with a protein kinase called tumour progression locus 2 (TPL2).
When p105 is degraded TPL2 is released and activates MKK1/2 (figure 1.8).
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Figure 1.7 Activation of nuclear factor kappa B (NFκB) by canonical and atypical pathways.
The canonical pathway is activated by interleukin (IL)-1, tumous necrosis factor (TNF) α leading to
the stimulation of IκB kinase (IKK) to phosphorylate the inhibitor of kappa B alpha (IκBα), which
results in polyubiquitination and degradation by the 26 S proteasome. The atypical pathways include
two distinct mechanismns, which involve the processing of p100 to p52 (non-canonical pathway) and
degradation of p105 precursor protein (p105 pathway).
Abbreviations: lipopolysaccharide (LPS), lymphotoxin (LT), B cell activating factor (BAFF), TGFβ
activating kinase (TAK), NFκB inducing kinase (NIK)
Modified from Sun et al (2008), Trends in Immunology, 29
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1.5.2.2 Mitogen activated protein kinase (MAPK) pathways
Mitogen activated protein kinases (MAPKs) are highly conserved intracellular protein kinases
that phosphorylate substrates on specific serine and threonine residues to regulate cellular
activities. They are activated by dual phosphorylation of a threonine-X-tyrosine (T-X-Y)
motif. MAPKs are activated by a cascade whereby a MAPK kinase kinase (MKKK)
phosphorylates

MAPK

kinase

(MKK),

which

in

turn

phosphorylates

MAPK.

Dephosphorylation is by phosphatases (Pearson G et al., 2001).

The 3 types of MAPK, are defined by the intervening residue in the T-X-Y motif: for ERK
the motif is T-E-Y, for JNK T-P-Y and for p38 T-G-Y. The JNK and p38 pathways are
typically activated by cell stress, by inflammatory cytokines (IL-1 and TNF) and by TLR
signalling (Cobb MH., 1999). JNK has 3 forms representing three different gene products;
JNK1, JNK2, and JNK3, which are phosphorylated and activated by the MAPKKs, MKK4
and MKK7 (Mooney LM, Whitmarsh AJ., 2003). JNK activation causes phosphorylation of
transcription factors including c-jun and ATF-2. p38 has 4 isoforms (α, β, γ and δ) and is
activated by MKK3 and 6 (Roux PP, Blenis J., 2004; Pearson G et al., 2001). p38
phosphorylates and activates other kinases including MAPK-activated protein kinase-2
(MK2). MK2 is important for stabilising and translating the inflammatory response mRNAs.
Besides this post-transcriptional role, p38 also regulates the activity of transcription factors.
ERK was the first MAPK to be discovered. There are two genes (ERK1 and ERK2), which
are also known as p44 and p42 respectively. The ERK pathway is activated by many
extracellular stimuli, including growth factors, which activate the cell via cell surface tyrosine
kinase receptors. This initiates a cascade of events that activates the small GTP-binding
protein Ras, which in turn activates the protein kinase Raf. Raf activates MEK1/2 (the
MKKs). The ERK pathway's principle function is the control of proliferation, differentiation
and survival of cells (Thalhamer T et al., 2008) (Fig 1.8). Inflammatory stimuli (e.g. LPS, IL1) are thought to activate ERK via TPL2 (Fig 1.8) rather than via Ras and Raf.
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Figure 1.8 MAPK; ERK, JNK, p38 signaling cascades
There are three major classes of Mitogen-activated-protein-kinase (MAPK); Extracellularly-regulated
kinases (ERK), p38 and c-Jun N-terminal Kinase (JNK). The MAPK is activated by an extracellular
stimulus which leads to a signaling cascade. It requires the MAPK kinase kinase (MAPKKK) (also
termed as MEKK, MKKK) to be activated leading to MAPK kinase (MAPKK) (also termed as MEK,
MKK) then MAPK (ERK, p38, JNK).
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1.5.3 FGF-receptor signaling
FGFs are a family of 15 structurally related heparin-binding growth factors that stimulate a
variety of cellular functions such as in growth and development. They were first identified for
their mitogenic activity on fibroblasts (Gospodarowicz D., 1974). FGFs are known to be
involved in differentiation of epithelial and neuronal cells. Other known functions of FGF
include angiogenesis, tumourigensis, cell proliferation, differentiation, limb formation and
tissue remodeling. FGF-18 and FGF2 play a role in cartilage matrix homeostasis and
modulate growth, differentiation, migration and survival of chondrocytes. In the presence of
heparan sulphate proteoglycans, FGF binds to one of four FGF-receptors (FGFR). The FGFR
is composed of three Ig domains (D1, D2, D3) and a cytoplasmic receptor tyrosine domains.

ERK: When FGF binds to FGFR, the receptor dimerises there is auto-phosphorylation or
trans- phosphorylation of the tyrosine kinase domains. The phosphorylated tyrosine residues
serve as high affinity binding site for the Src Homology 2 (SH2) domain-containing protein
called growth factor receptor-bound 2 (Grb2). Grb2 itself exists as a heterodimer with son of
sevenless (SOS), which causes the activation of Ras GTPase. The activated Ras associates
with the protein kinase Raf, which becomes activated and subsequently phosphorylates
MEK1 and MEK2, which in turn activate ERK (Fig 1.9) (Stauber DJ et al., 2000; Klint P,
Claesson-Welsh L., 1999; McKeeham WL et al., 1998)

Phosphatidylinositol-3 kinases (PI3K): PI3K is a lipid kinase. FGFR activation recruits via
Grb dimer, the Grb2-associated binding protein 1 (GAB-1) leading to the activation of PI3K.
PI3K phosphorylates phosphatidylinositol (PIP3) at the third carbon of the inositol leading to
activation of phosphatidylinositol-dependent kinase which activates PKB/Akt (Fig 1.9).

Protein Kinase C (PKC): Upon receptor ligation, FGF activates phospholipase C (PLC)
which leads to the subsequent hydrolysis of phosphatidylinositol-4,5,- bisphosphate (PIPs)
with release of inositol trisphosphate (IP3) and diacyglycerol (DAG). IP3 causes release of
Ca2+ from intracellular stores and this together with DAG activates PKC (Fig 1.9).
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Figure 1.9 FGF2 signaling cascade
FGF-receptor (FGFR) is made up of immunoglobulin (Ig) domains and cytoplasmic tyrosine kinase
(TK) daomins. Upon FGF2 ligation, the receptor dimerises and there is autophosphorylation or transphosphorylation of the TK domains. It activates 3 known pathways (i) ERK: the growth factor
receptor-bound 2 (Grb2)-SOS heterodimer binds to the phosphorylated TK domains, leading to Ras
activation which associates with Raf and subsequently activate ERK. (ii) Phosphatidylinositol-3
kinases (PI3K) activated via Grb dimer, the Grb2-associated binding protein 1 (GAB-1) leads to the
activation of PI3K. PI3K phosphphorylates phosphatidylinositol (PIP3) and activates
phosphatidylinositol-dependent kinase (PDK) which in turn activates AKt and p7056 kinase. (iii)
Protein Kinase C (PKC): activates phopholipase C (PLC) which leads to the subsequent hydrolysis of
phosphatidylinositol-4,5,bsiphosphate (PIP2) with release of inositol trisphosphate (IP3) and and
diacyglycerol (DAG). IP3 causes Ca2+ release and with DAG activates PKC.
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1.6 Recent research on the pathogenesis of OA
1.6.1 Animal models of osteoarthritis
Animal models of OA can be used to study the pathogenesis of the disease and to test
potential therapies. Models of OA will not necessarily fully resemble the human disease
(Pritzker KP., 1994). There are 2 types of OA model; spontaneous and induced (see Table
1.1). Some animals develop OA spontaneously, such as in the knee joints of Dunkin Hartley
guinea pigs (Jimenez PA et al., 1997), certain mouse strains and Syrian hamsters. Mouse
strains susceptible to OA with aging include; STR/ORT, BALB/c and C57B/6 (Mason RM et
al., 2001; Stoop et al., 1999; van der Kraan et al., 2001). Induced models of OA can be
divided into surgical and chemical. Chemically induced OA involves the intra-articular
injection of a toxic agent (iodoacetate) or a degradative enzyme (collagenase). Surgicallyinduced OA results from joint destabilisation causing abnormal mechanical loading and
disease. Surgical models include the transection of the anterior cruciate ligament, originally in
canines (Pond MJ, Nuki G., 1973), partial meniscectomy (Moskowitz RWW et al., 1973) and
the various mouse models shown in Table 1.2. The murine model which our laboratory has
adopted is the destabilisation of the medial meniscus (DMM) (Glasson SS et al., 2005;
Kamekura S et al., 2005).

1.6.1.1 The murine model of OA: destabilisation of the medial meniscus (DMM)
OA is induced in mice by transecting the anterior medial meniscotibial ligament. The mice
develop progressive degeneration of the articular cartilage over a period of 2-10 weeks
(Glasson SS et al., 2005). The model resembles human disease in that there is little synovitis
or osteophytosis in early disease, and mice develop pain only after significant cartilage
damage has occurred. We have been using this model to study early disease pathogenesis
(Inglis JJ et al., 2008; Chia S-L et al., 2009).
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Table 1.1: Rodent models of induced OA

Procedure
Destabilisaton of the medial meniscus (DMM)
Medial collateral ligament transection and
meniscectomy
Cruciate ligament transection
Collagenase
Iodoacetate (iodoacetic acid)

Animals and reference
Mice (Glasson SS et al., 2005)
Mice (Clements K et al., 2003)
Rat (Appleton CT et al., 2007a)
Canines (Pond MJ Nuki G., 1973)
Rat (Yeh TT et al., 2008)
Mice (Price JS et al., 2002)
Rat (Guingamp C et al., 1997)

1.6.1.2 Genetically modified mice
Genetic manipulation in mice is used for the study of the involvement of individual genes in
physiological or disease processes. Most common modifications either delete the function of
the gene of interest, or cause the gene to be overexpressed. Such modification may be
constitutive and global i.e. occurring during the whole life of the mouse and in all tissues, or
conditional, i.e. is inducible and/or restricted to certain tissues (Jürgen R., 2002). Where there
is a significant developmental phenotype following gene deletion, it may be necessary to
make conditional knockout mice. These are generated by a recombinase (typically Cre
recombinase, a 38kDa type I topoisomerase) that deletes DNA located between two
recombinase-specific sites (typically LoxP).

Genetically modified mice in OA models: OA has now been induced in a number of
genetically modified mice (Table 1.2). As mentioned previously Adamts5 deficient mice are
significantly protected from OA (Glasson SS et al 2005), suggesting that it is a key proteinase
in the development of murine OA, although what drives ADAMTS5 expression and activity
is unclear. However the classical inflammatory cytokine IL-1 does not appear to have a role
as Il1β and Ice deficient mice show no protection from disease (Clements KM et al., 2003).
Our Lab has further shown that Il1R deficient mice are also not protected from OA. Deletion
of Fgf2 causes accelerated disease (Chia S-L et al., 2009). Fgf2 is known as a
mechanotranducer and released about cartilage loading and injury (Vincent T et al., 2002;
Vincent T et al., 2004). These results suggest that loading induced release of FGF2 is
protective for the joint.
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Modified gene

Surgical model

Disease effect

Reference
(Ji H et al 2001; Amiable N
et al., 2011)

PPAR2-/-

DMM

Decreased

Mmp17-/-

DMM

No difference

(Clements KM et al., 2003)

Ddr2+/-

DMM

Decreased

(Xu L et al., 2010)

Sulfatase 1/2-/-

DMM

Increased

(Otsuki S et al., 2010)

Syndecan 4-/-

DMM

Decreased

(Echtermeyer F et al 2009)

Hif2a+/-

DMM

Decreased

(Yang S et al., 2010)

Hif2a+/-

Meniscectomy

Decreased

(Saito T et al., 2010)

GDF5+/-

DMM

No difference

(Daans M et al., 2011)

Fgf2-/-

DMM

Increased

(Chia SL et al., 2009)

Mmp13-/-

DMM

Decreased

(Little CB et al., 2009)

Osteopontin

Med coll lig / partial men

Increased

(Weiss PH et al., 2010)

Ptges1

Med coll lig / partial men

No difference

(Yamakawa K et al., 2008)

Tnfrsf11b+/-

DMM

Increased

(Shimizu S et al., 2007)

Adamts5/4-/-

DMM

Decreased

(Majumdar MK et al.,
2007)

Runx 2+/-

Meniscectomy

Decreased

(Kamekura S et al., 2006)

Adamts5-/-

DMM

Decreased

(Glasson SS et al., 2005)

Adamts4-/-

DMM

No difference

(Glasson SS et al., 2004)

Mmp3-/-

Med coll lig / partial men

Slight increase

(Clements KM et al., 2003)

ICE-/-

Med coll lig / partial men

Slight increase

(Clements KM et al., 2003)

IL1b-/-

Med coll lig / partial men

Slight increase

(Clements KM et al., 2003)

iNOS-/-

Med coll lig / partial men

Slight increase

(Clements KM et al., 2003)

Table 1.2 Genetically modified mice following surgical induction of OA
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1.6.2 Gene analysis studies in OA
Gene expression studies carried out by using microarrays have been performed on OA
cartilage from human patients comparing normal, early degenerative and late stage OA
cartilage (Aigner T et al., 2001; Aigner T et al., 2006; Sato T., et al., 2006; Geyer M et al.,
2009; Yagi R et al., 2005). Collgen type II, collagen type VI, fibronectin and perlecan were
found to be increased in late stage OA (Aigner T et al., 2006; Aigner T et al., 2001; Sato T et
al., 2006) when compared to normal cartilage. Many MMPs were found to be downregulated
in late stage OA (Yagi R et al., 2005) including Mmp3, although Mmp2 and Mmp11 were
found to be strongly expressed (Aigner, Zien et al 2001). Interestingly the two main candidate
aggrecanases, Adamts4 and Adamts5 were not found to be regulated. Timp1, 3 and 4 were
upregulated in late stage OA cartilage as were Tnfaip6 and Serpina1a (Aigner T et al., 2001;
Aigner T et al., 2006; Sato T et al., 2006). Of the cytokines examined IL-1β, IL-6, IL-8 and
Lif were downregulated (Aigner T et al., 2006), although IL-1-induced genes were highly
regulated for example Tnfaip6 and Ptges (Aigner T et al., 2006; Sato T et al., 2006).
Although many genes were regulated within individual studies, few genes overlapped
between studies suggesting that diversity or heterogeneity between patients is great in end
stage disease (Vincent T, Saklatvala J., 2008). Unfortunately there are difficulties in
investigating early pathology because symptoms occur only when disease is well established.
Cartilage samples are rarely available from early disease.

For these reasons we and others have adopted animal models of OA to study early changes in
gene expression. It is then possible to control gender and age as well as reduce diversity by
using the same background strain. Two rat studies involving surgical induction of OA either
by anterior cruciate ligament transection (ACL) with partical menisectomy (Appleton CT et
al., 2007b) or meniscal tear (Wei T et al., 2010) have shown similarities with regards to genes
regulated in early stages of disease. In both cases cartilage samples were taken early in
disease either 4 weeks post surgery (Appleton CT et al., 2007b) or 3 days post surgery (Wei T
et al., 2010). Such studies have demonstrated regulation of proteases Adamts5 (1.7 fold),
Mmp2 (2.1 fold) and Mmp13 (2.5 fold) in rat cartilage following surgical joint destabilisation.
Upregulation of ECM components were observed, such as lumican and syndecan, but not
collagen type II. Inflammatory genes including prostaglandin E synthase (Ptges),
protsaglandin endoperoxide synthase (Ptgs2, also known as cyclooxygenase 2 (COX2)) and
Tnfaip6 were upregulated (Appleton CT et al., 2007b). When meniscal tear was performed
on rat joints, Adamts5 was not upregulated, but Adamts4, Mmp13, Mmp3 and Timp1 were.
Inflammatory genes Ccl2 and Ptgs2 were also unpregulated as were Inhibin βa (Ihba),
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Serpina1a and Bmp2 (Wei T et al., 2010). Some of the genes that were upregulated in the
studies of rat OA were also increased in a microarray study performed in our laboratory in
murine joints 6 h post DMM surgery (Burleigh A submitted manuscript 2010). Ccl2, Tnfaip6,
Ptgs2, Timp1, Adamts4, Adamts5 and Inhba are among the genes that were regulated.

1.7 Mechanical injury
1.7.1 Models of cartilage injury
Mechanical injury is an important risk factor for OA and this has stimulated an interest in
exploring experimental injury responses in vitro and in vivo. A number of injury models have
been used in studies to investigate the response of cartilage to injury. Studies have been
performed on cartilage in vivo or in vitro. Injury can be induced by sharp or blunt dissection,
scarfication or by mechanical loading. Further distinction is also made between injury of
cartilage immediately following removal of tissue (ex vivo) and that to cartilage explants
which have been explanted (and often rested in vitro) before injury.

In vivo injury: The failure of injured cartilage to repair was described by William Hunter in
eighteenth century. Modern studies confirmed that cartilage did not heal following superficial
injury (Mankin HJ, 1962). Rabbit articular cartilage traumatized by superficial scarification
showed degeneration after 6 weeks, including fibrillation, clustering of chondrocytes, loss of
proteoglycan staining, similar to observations seen in human arthritic cartilage (Meachim G,
Collins DH., 1963; Collin DH, McElligott TF., 1960). Full-thickness defects in rabbit
articular cartilage extending into the cancellous bone, demonstrated a repair response but the
repair tissue was fibro-cartilage and lacked the mechanical properties of normal hyaline
cartilage (Shapiro F et al., 1993), whilst partial thickness defects to cartilage did not repair
(Hunziker EB et al., 1996a). From these observations it appears that the cartilage response
depends in part upon whether the injury crosses the osteochondral juntction.

Studies have also focused on cartilage responses to loading. Repetitive compression of rabbit
knee joints led to deformation of the joint with time and this subsequently led to cartilage
degeneration (Serink MT et al., 1977). Repetitive cyclic loading of murine knee joints (at high
magnitude of forces) induced proteoglycan loss and caused osteophyte formation and
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meniscal ossification (Poulet B et al., 2011).

Etawil NM et al have described a novel cartilage injury model in which a full thickness
cartilage defect is generated in the patellar groove of the knee joint. They demonstrated that
cartilage in C57BL/6 mice repaired poorly and developed osteoarthritic features following
injury, whilst a different strain of mouse DBA/1 displayed superior healing (Etawil NM et al.,
2009).

A more recent approach where cartilage is indirectly damaged in vivo is by surgical joint
destabilization. Models such as the destabilistation of the medial meniscus (DMM) lead to the
development of OA (Glasson SS et al 2007a). Immobilisation of these knees by sciatic
neurectomy prevented mice from the disease (Burliegh A PhD Submitted Manuscript 2011).

In vitro:

Injury by loading

Different types of loading have been applied to cartilage explants in vitro, such as
static, cyclic, compressive, and impact loading. These loading experiments can be
achieved on loading rigs with varying magnitudes and frequency. When cartilage
explants were exposed to static loading or cyclic loading held for 60 s, proteoglycan
synthesis was suppressed (Palmoski MJ et al., 1984). However cyclic loading held for
short periods of time, increased proteoglycan synthesis (Palmoski MJ et al., 1984;
Sah RL et al., 1989; Korver TH et al., 1992). A single rapid impact load or repeated
impact loads, greater than 20MPa caused macroscopic cracks, a decrease in
proteoglycan synthesis, increased water content and rupture of collagen fibers, as well
as cell death centered around the cracks (Torzilli PA et al., 1999; Lewis JL et al.,
2003; Chen CT et al., 2001). High impact cyclic loading to mature bovine cartilage
for long periods of time, increases MMP3 and proteoglycan degradation (Lin PM et
al., 2004). Rapid impact to cartilage caused cell death adjacent to fissures, whereas
slow compression of cartilage at the same force caused more cell death away from the
fissures (Ewers BJ et al., 2001). It was found that a single injurious compression to
cartilage, not only altered chondrocytes’ biosynthetic patterns, but its subsequent
response to cyclic loading (Kruz B et al., 2001). Single impact loading of calves’
cartilage exhibited increased Mmp3, Adamts5 and Timp1 gene expression (Lee JH et
al., 2005). How cartilage responds to injurious loading depends heavily on the
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frequency, the magnitude, and the period the load is applied for (Chen T et al., 1999;
Arokoski JP et al., 2000). It is speculated that thresholds may be defined above which
loading causes cell death and injury. These vary from tissue to tissue.

Injury by cutting

Our laboratory has investigated the response of cartilage to injury by dissecting porcine
articular cartilage from the underlying bone and maintaining it in medium. This
procedure is often referred to as explantation. Dissection of articular cartilage causes
immediate activation of all 3 MAPKs (JNK, p38 and ERK), NFκB and Src-like
tyrosine kinase (Didangelos A PhD Thesis 2008 Imperial College London; Watt F PhD
Thesis 2009 Imperial Collge London) as well as inducing IL-1α and β gene expression
(Gruber et al., 2004). Scoring the surface of the articular cartilage (i.e. causing the
injury but not removing the tissue from the articular surface) also activated the same
pathways (Didangelos A PhD Thesis 2007 Imperial College London). If the cartilage
that has been dissected is rested in vitro and then re-cut a different pattern of cell
signalling is seen. Re-cutting only activated ERK and p38, which was due to FGF2
release (Vincent T et al., 2002). Activation of JNK, NFκB and Src-like enzyme
occurred only upon cutting tissue ex vivo and not on re-cutting cultured cartilage. The
ERK activation seen on cutting tissue ex vivo occurs at least in part, as a result of the
release of FGF2, but the basis of the NFκB and JNK activation is unknown. No soluble
factor released from the damaged tissue has been found which accounts for the NFκB
and JNK activation (Didangelos A PhD Thesis 2007). It is possible matrix disruption
per se is sufficient to stimulate the full range of inflammatory intracellular signalling
seen upon dissection of tissue ex vivo.

Dell’Accio et al performed a microarray study on 1 week rested cartilage explants that
had been re-cut using a scalpel. This revealed the regulation of a large proportion of
genes usually involved in healing, developmental processes and skeletal development.
The WNT pathway was strongly regulated including induction of the Wnt ligand,
Wnt16 and increased nuclear localization of β-catenin. Other genes upregulated
included Inhba, Tenascin XB, Tgfβ2, Bmp2, Ptgs22, but not Adamts5 and Mmp13
(Dell’accio F et al., 2008).
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Tew SR et al (2000) induced injury by removing a ‘core’ of tissue from rested immature (7
day old) and mature (15-30 months old) bovine cartilage explants using a trephine. There was
cell necrosis and apoptosis which was more evident in immature tissue than in mature tissue.
Cells that did not die underwent proliferation. In the areas with wounding, there was evidence
of degeneration, but aggrecanase activity was not detected (Tew SR et al., 2000).

1.7.2 How chondrocytes sense mechanical stimuli
Chondrocytes are highly specialized and have the ability to detect a range of mechanical
forces and respond by altering their metabolic activity dependent on the type magnitude and
duration of loading (Guilak F et al., 1999a). It is not well understood how chondrocytes sense
mechanical stimuli.

Chondrocyte deformation: When cartilage is deformed, chondrocytes undergo changes in
shape and intracellular spacing (Broom BD & Myers DB., 1980). Following loading, the size,
volume and the nucleus size of the cells decreases but once the compression is removed the
morphology returns to its orignal state (Guilak F., 1994). It has been suggested that
chondrocytes sense deformation of the ECM via cytoskeletal elements within the cells. The
cytoskeleton acts as a link between the ECM and cell nucleus, by which mechanical forces
can be transmitted into molecular processes (Ingber D., 1991). The chondrocyte’s
cytoskeleton is comprised of actin, microfilaments, tubulin and vimentin intermediate
filaments (Blain EJ., 2009). In chondrocytes actin extends from the nucleus to focal contacts,
which may act as a mechanism to sense mechanical load (Durrant LA et al., 1999).
Expression of actin does not change in response to loading or cutting cartilage explants,
however the expression of vimentin increases. It has been shown that the vimentin
cytoskeleton is more prominent in weight-bearing areas of the cartilage (Trickey WR et al.,
2004; Lahiji K et al., 2004). Disruption to the vimentin cytokeleton reduced the synthesis of
GAGs and collagen, which may have been regulated by sustained ERK activation (Blain EJ et
al., 2009; Blain EJ et al., 2006).

Low oxygen tension: Cartilage is a avascular tissue and therefore oxygen tension is low (51%) (Lund-Olesen K et al., 1970; Brighton CT & Heppenstall RB., 1971). Mobilisation of the
joint is thought to increase oxygen tension (Fermor B et al., 2007) and this could represent
one mechanism by which genes change in response to mechanical stimulation. Chondrocytes
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sense oxygen by Hypoxia-Inducible transcription factors (HIFs) whose stability are controlled
via prolyl-hydroxylase enzymes (PHDs) (Lafont JE., 2010). Oxygen is the sole cofactor for
PHDs and therefore in the presence of oxygen the enzyme is activated leading to degradation
of HIFs and a change in gene expression. When cartilage is under hypoxic conditions, the
main matrix molecules Col2a1 and aggrecan are upregulated (Lafont J., 2007, Lafont J et al.,
2007; Lafont J et al., 2008), via a HIF-dependent mechanism. Low oxygen tension also seems
to affect other chondrocytic genes for example matrix enzymes, inflammatory mediators and
growth factors like TGF. Production of nitric oxide (NO) and prostaglanding E2 (PGE2)
induced by mechanical loading was significantly higher under high oxygen tension compared
to low (Fermor B et al., 2005). Hypoxia has also been shown to enhance MAPK signalling in
IL-1 induced chondrocytes (Martin G et al., 2004).

Integrins: Integrins are cell surface receptors which interact with components of the ECM
and have been implicated as mediators of mechanotransduction. Integrins are heterodimers
composed α and β subunits that can be non-covalently assembled into 24 combinations.
Chondrocytes express α1β1, α2β1, α3β1, α5β1, αvβ3 and αvβ5 (Chai DH et al., 2010).
There are many integrin ligands, all which have selective binding properties to matrix
molecules, such as laminin, fibronectin, collagen I, II, IV and VI, secreted protein acidic and
rich in cysteine (SPARC) and cartilage oligomeric matrix protein (COMP) (Spiteri C et al.,
2009). Upon integrin receptor ligation they propagate an intracellular signalling pathways,
including Src and FAK (Brown MC et al., 2005) and the MAPKs activation (Chiquet M et al.,
2003). It has been proposed that αvβ3 and αvβ1 regulate proteoglycan synthesis in response
to compressive loading in monolayer chondrocytes (Chai DH et al., 2010). In fibroblasts,
mechanically induced integrin signalling leads to the production of matrix molecules such as
tenascin C (Maier S et al., 2008; Chiquet M et al., 2003).

Ion transport systems: Chondrocytes may also respond to changes in ionic concentration
following mechanical transduction. This could be via L-type Voltage Gated Calcium Channel
(VGCC) and the cationic stretch activated ion channels (SAICs) (Raizman I et al., 2010;
Mobasheri A et al., 2005) expressed on chondrocytes. It has been found that mechanical
stimulation induces intracellular calcium influx in chondrocytes (D’Andrea P et al., 2000;
Raizman JN et al., 2010; Grandolfo M et al., 1998; Pingguan-Murphy B et al., 2005; Guliak F
et al., 1999a; Guliak F et al., 1999b). It has been reported that increases in cytosolic Ca2+
regulate aggrecan mRNA expression (Alford AI et al., 2003). Blocking SAIC in fibroblasts
partially suppressed tenascin C expression following mechanical stress (Chiquet M et al.,
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2003), while inhibiting VGCC reduced the expression of MMP-3 and -13 in canine
chondrocytes (Gálvez BG et al., 2002; Riazman I et al., 2010).

Primary cilia: Primary cilia are single cytoplasmic organelles found on the majority of
eurkaryotic cells. They are also present on chondrocytes where they are thought to act as
mechanosensors (Poole CA et al., 1997). Primary cilia protrude into the PCM of the
chondrons and interact with matrix macromolecules such as Coll II and Coll VI via receptors
such as intergrins (McGlashan et al., 2006a; McGlashan et al., 2008). Bending cilia in kidney
epithelial cells cause intracellular calcium signalling (Praetorius HA & Spring KR., 2001).
Similar intracellular calcium signalling also occurs in chondrocytes upon mechanical loading
(Pingguan-Murphy et al., 2005). It has been reported that prolonged compressive force causes
reduction in the number and lenth of cilia present on chondrocytes suggesting that they can
adapt to the mechanical environment (McGlashan et al., 2006b).

FGF2: FGF2 has been shown to be bound to perlecan in the pericellular matrix of articular
cartilage in both human and porcine tissue, where it acts as a mechanotransducer and is
responsible for ERK activation and changes in gene expression following cartilage injury
(Vincent T et al., 2002; Vincent T et al., 2004; Vincent T et al., 2007; Gruber et al., 2004).
The concentration of FGF2 in the pericellular matrix determined the degree of ERK activation
in response to loading (Vincent T et al., 2007).

1.8 Research aims
1. To characterise and develop a murine cartilage injury model, so that immediate
and early cellular responses can be studied in genetically modified animals.

2. To investigate the signalling responses upon injury in murine tissue.
3. To investigate the gene responses following murine cartilage injury and compare
these gene responses to those seen following cartilage injury in vivo.

4. To elucidate the role FGF2 and MyD88 plays in cartilage injury responses.
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2.1 General reagents
All general laboratory chemical reagents used were purchased from BDH Laboratory
Supplies (Poole, UK) or Sigma-Aldrich Chemie Gmbh (Steinhem, Germany), unless
otherwise specified.

2.1.1 General buffers
A 10 x phosphate buffered saline solution (PBS) stock solution, consisting of 43mM
Na2HPO4, 14mM KH2CO3, 14mM KCl and 1.37M NaCl at pH 7.3 (VWR, Lutterworth, UK),
was diluted to 1 x PBS solution with ddH2O. A stock solution 10 X Tris Buffered SalineTween (TBS-T) (2.12g Tris, 87.66g NaCl, 5ml Tween 20) was made up to 1000ml with
ddH2O and adjusted to pH 7.4 with HCl. 1 x TBS-T working solution was made up with
ddH2O.

2.1.2 Tissue culture
Tissue was cultured in Dulbecco’s modified Eagle’s medium (DMEM), obtained as a 1 x
endotoxin-free solution (PPA laboratories, Pasching, Austria), and supplemented with
penicillin (100 units/mL), streptomycin (100 units/mL) (v/v) and 5% HEPES (v/v) (both from
Bio Whittaker, Verviers) under conditions of 5% CO2 and 20% O2.

2.1.3 Cytokines and growth factors
Murine and porcine cartilage was stimulated with various cytokines or growth factors. Human
recombinant IL-1α was purified in our laboratory from E.coli by Lesley Rawlinson, using a
combination of acid precipitation, anion and cation exchange chromatography. The plasmid
was a gift from Celltech, Slough Berkshire. Human recombinant FGF-2 (basic-FGF) was
purchased from PeproTech EC (London, UK). Ultra-pure bacterial lipopolysaccharide (LPS)
was purchased from Sigma-Aldrich (Dorset, UK).

2.1.4 Inhibitors
Cycloheximide, a protein synthesis inhibitor (Sigma-Aldrich, Dorset, UK) (C-6255) was
made up to a 10mg/ml stock solution in absolute ethanol.
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2.1.5 Antibodies (listed in Table 2.1)
All primary and secondary antibodies used for western blotting, immunoprecipitation and
immunohistochemistry are listed in the Table 2.1.

Table 2.1 Primary and secondary antibodies

Antibody
Specificity

Activity

Antibody
type
Primary antibody

Size of protein
(kDA)

Source

PhosphoSAPK/JNK
(Thr183/Tyr185)
Antibody (#9251)

Western blot

Rabbit
polyclonal

p-JNK1 (49)
p-JNK2 (55)
p-JNK3 (54)

Cell Signalling
Technology Beverly,
MA

Phospho-ATF2
(Thr71) Antibody
(#9221)

Western blot

Rabbit
polyclonal

P-ATF2 (70)

Cell Signalling
Technology Beverly,
MA

Anti-JNK1&2
(Thr183/Tyr185)
phosphospecific
Antibody,
unconjugated (44682G

Western blot

Rabbit
polyclonal

p-JNK1 (49)
p-JNK2 (55)
p-JNK3 (54)

Invitrogen, Carlsbad,
CA

Phospho-p38
Kinase
(Thr180/Tyr182)
Antibody (#9211)

Western blot

Rabbit
polyclonal

p-p38 (40)

Cell Signalling
Technology Beverly,
MA

Monoclonal AntiMAP Kinase,
Activated
(Diphosphorylated
ERK1&2) (M 8159)

Western blot

Mouse
monoclonal

p-ERK1 (44)

Sigma, Saint Louis,
USA

ERK 1 (K-23): sc-94

Western blot

Rabbit
polyclonal

ERK (44)

Santa Cruz
Biotechnology, Inc

α Tubulin (ab 7291)

Western blot

Mouse
monoclonal

α Tubulin (55)

Sigma Aldrich
Company `ltd, Dorset,

p-ERK2 (42)
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α Tubulin (ab 7291)

Western blot

Mouse
monoclonal

α Tubulin (55)

Sigma Aldrich
Company `ltd, Dorset,
U.K.

Iκβα (Sc-203)

Western blot

Rabbit
polyclonal

Iκβα (40)

Santa Cruz
Biotechnology, Inc

Phospho-IκBα
(Ser32/36)(5A5)
Mouse mAb
(#9246)

Western blot

Mouse
monoclonal

p-IκBα (40)

Cell Signalling
Technology Beverly,
MA

IκBα Antibody
(#9242)

Western blot

Rabbit
polyclonal

IκBα (39)

Cell Signalling
Technology Beverly,
MA

Arginase II (P-20)
Sc-18360

Western blot

Goat
polyclonal

Arginase II (37)

Santa Cruz
Biotechnology, Inc

Arginase I (V-20)
Sc-18354

Western blot,
Immunohistochemistry

Goat
polyclonal

Arginase
I(35/38)

Santa Cruz
Biotechnology, Inc

IKKγ (559675)

Immunoprecipitation

Mouse
monoclonal

IKKγ (50/55)
doublet

BD biosciences,
Bedford, USA

IKKα

Immunoprecipitation

Mouse
monoclonal

IKKα

BD biosciences,
Bedford, USA

Iκβα (Sc-203)

Western blot

Rabbit
polyclonal

Iκβα (37)

Santa Cruz
Biotechnology, Inc

ALGS

Western blot

Rabbit
polyclonal

ALGS (200)

Amanda Fosang,
Melbourne

Anti-FGF2

Immunofluorescence

Mouse
monoclonal

FGF2 (17.5)

Millipore

Anti-heparan
proteoglycan
sulphate (MAB
1948)

Immunofluorescence

Rat
monoclonal

Heparan
proteoglycan
sulfate

Millipore
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Immunofluorescence

Rabbit
polyclonal

p-65

Santa Cruz
Biotechnology, Inc

Secondary antibody
Rabbit IgG HRP
(P0217)

Western blot

Swine Ig

DAKO Cytomatin, A/S,
Denmark

Mouse IgG HRP
(P0218)

Western blot

Rabbit Ig

DAKO Cytomatin, A/S,
Denmark

Rat Alexa-fluor 467
conjugated
fluorescent antibody
(A-21247)

Fluorescent

Goat IgG

Invitrogen, Carlsbad,
CA

Mouse Alexa-fluor
488 conjugated
fluorescent antibody
(A-110034)

Fluorescent

Goat Ig

Invitrogen, Carlsbad,
CA
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2.2 Animals
2.2.1 Animal husbandry
Ethical and statutory approval was obtained for all murine experiments. C57BL/6 were
purchased from Harlan Laboratories, Bichester, U.K. Mice were housed in sterile
63x54x30cm3 standard individually ventilated (IV) cages, at 21°C and received 12 hours of
light and dark. They were fed a sterilized standard rodent laboratory diet (RM3 from Special
Dietary Systems, Essex, UK) and sterile water ad libitum.

2.2.2 Transgenic mice
2.2.2.1 FGF2 deficient mice
Fgf2-deficent (-/-) mice were obtained from Charles River Laboratories, USA. Originally they
were on a 50% 129Sv/ 50% Black Swiss background. These mice were backcrossed onto a
C57BL/6 background, over 8 generations. Fgf2-/- mice were developed by Dr Thomas
Doestschman (Zhou M et al., 1998), by replacing a 0.5-kilobase (kb) sequence, which
included 121 base-pairs (bp) of the proximal promoter region and exon 1 with an Hprt
(hypoxanthine phosphoribosyl transferase) minigene. This removes the first 59 amino acids
shown to be involved in mitogenic activity and heparin and receptor binding. The mice have
mild cerebral (Ortega S et al., 1998) and blood pressure control abnormalities (Zhou M et al.,
1998) and late osteoporosis (Montreo A et al., 2000). They also have increased susceptibility
to OA (Chia S-L et al., 2009).

2.2.2.2 MyD88 deficient mice
MyD88-/- mice were a gift from Gordan Dougan, Sanger Institute, Cambridge. The mice
obtained were on an 88% C57BL/6, 12% 129/Bl Swiss background and were backcrossed
onto a C57BL/6 background, over a further 5 generations.

The MyD88 gene was deleted by homologous recombination in E14.1 embryonic stem (ES)
cells (Adachi O et al., 1998). A targeting vector containing the neomycin resistance gene was
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use to replace a 1.0 kb genomic fragment. The genomic fragment included two exons
encoding the C-terminal portion of MyD88, which resembles the cytoplasmic domain of the
IL-1RAcP. The MyD88-/- mice have low resistance to infection but show no obvious
abnormalities and grow healthily until at least 20 weeks old of age (Adachi O et al., 1998).

2.2.3 Genotyping of transgenic mice
Each offspring of MyD88-/- and Fgf2-/- mice was genotyped to select deficient and
heterozygote mice. All primers used for genotyping were purchased from MWG-Biotech
(Eurofins MWG Operon, Ebersberg, DE) and used as a 10pmol/µl stock.

2.2.3.1 Genomic DNA isolation

Genomic DNA was isolated from tail snips of approximately 3-5mm in length obtained from
mice during weening (2-3 weeks). Ethyl chloride was used as a brief analgesic during
snipping. Genomic DNA was extracted using the Wizard®SV Genomic DNA Purification
System (Promega, Wisconsin, USA) as follows. Tail snips were incubated overnight (1618hrs) at 55ºC with agitation in 275µl of digestion buffer (200µl Nuclei Lysis Solution, 50µl
0.5M EDTA (ethylenediaminetetraacetic acid) (pH8.0), 20µl Proteinase K (20mg/ml)
(Promega), 5µl RNase A solution (4mg/ml)). 250µl of Wizard®SV lysis buffer was added to
the samples and then transferred to a Wizard®SV Microcolumn, and processed according to
the manufacturer’s protocal. Genomic DNA was eluted in 250µl nuclease-free water
(Promega). A NanoDrop ND-100 spectrophotometer (Thermo Fisher Scientific, MA, USA)
was used to quantify DNA.

2.2.3.2 Fgf2-/- genotyping

PCR was performed for the wildtype (wt) Fgf2 gene using primers 5’-CGA GAA GAG CGA
CCC ACA C-3’ (forward) and 5’-CCA GTT CGG GGA CCC TAT T-3’ (reverse), which
amplify a 185-bp fragment within the first intron of the Fgf2 gene. PCR was also performed
across the deleted Fgf2 allele using primers 5’- AGG CAA GTG GAA AAC GAA-3’
(forward) and 5’-CCC AGA AGG CGA AGG AAC AAA-3’ (reverse), amplifying a 1299 bp
fragment spanning the 5’ recombination junction of the targeted allele.
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PuRe Taq Ready-To-GoTM PCR Beads (GE Healthcare, Bucks, UK) were used in the PCR
reaction mix. The PuRe Taq Ready-To-GoTM PCR Beads were rehydrated in 25µl nucleasefree water (Promega) and 1µl of each appropriate primer was added. The reaction contained
10mM Tris-HCl, (pH 9.0), 50mM KCl, and 1.5mM MgCl2, 200µM of each dNTP, stabilizers
and bovine serum albumin (BSA). The mixture was split into two equal volumes into 200µl
PCR tubes. 2µl of DNA template was added to each tube giving a total reaction volume of
15.5µl.

PCR cycle conditions for both wild-type and target genes were performed as follows:

Activation of polymerase

95ºC

90s,

58ºC

10s,

Melting
Annealing
Extension

95ºC
58ºC
72ºC

30s,
50s,
90s,

Final step

95ºC

30s,

35 Cycles

2.2.3.3 Analysis of genotype PCR reactions by electrophoresis

6 x DNA loading dye
12% v/v Glycerol,
60mM disodium EDTA (pH 8.0),
0.6%w/v SDS, 0.003% w/v Bromophenol blue,
0.003%w/v xylene cyanol FF
5 X Tris-Boric Acid (TBE) buffer
54g Tris-base,
27.5g orthoboric acid,
20ml of 0.5M EDTA,
1 litre of ddH2O,
Adjusted to pH 8.0

The PCR products were visualised on a 2% agarose gel (4g of electrophoresis-grade agarose
(Invitrogen) in 200ml of 0.5 x TBE buffer), to which 10µl of ethidium bromide was added.
The PCR product was mixed with 6 x DNA loading dye in a 5:1 ratio by volume. 15µl of
each sample was loaded onto a 2% agarose gel. The gel was run in a horizontal gel tank at a
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constant voltage of 100V over 90 minutes, using 0.5 x TBE as running buffer. A 100bp DNA
ladder (Invitrogen) was used as a DNA standard for size estimation. The PCR products were
visualised under UV illumination and images captured using the GelDoc system and Quantity
one 1D analysis software (BioRad Ltd, Herts, UK). The gene of interest was expected to run
at 1299bp for Fgf2-/- animals and 185bp for wt animals.

2.3.3.4 Myd88-/- Genotyping
PCR was performed for the wt Myd88 allele using primers MyD88-A_5’-TGG CAT GCC
TCC ATC GTT ACC C-3’ (forward) and MyD88-B_5’-GTC AGA AAC AAC CAC CAC
CAT GC-3’ (reverse), which amplify a 600-bp fragment of the intron between exon 2 and
exon 3 of the MyD88 gene. PCR was also performed for the deleted MyD88 gene using
primers MyD88-A_for 5’-TGG CAT GCC TCC ATC GTT ACC C-3’ (forward) and MyD88
(NEO)-C_5’ ATC GCC TTC TAT CGC CTT CTT GAC G-3’ (reverse), amplifying a 600 bp
fragment of the Neo cassette used to replace the two exons encoding the C-terminal portion of
MyD88.

Each reaction mix comprised 12.65µl Nuclease-free H2O (Promega), 0.1µl Taq DNA
Polymerase (Invitrogen, California, USA), 1.0µl Mg2+, 0.25µl dNTP, 4.0µl 5 x buffer, 1.0 µl
DNA template and 0.5µl of the appropriate primers. The total volume of reaction mix was
20µl.

PCR cycle conditions for both wild-type and target genes were as follows:

Activation of polymerase

94ºC

3min,

Melting
Annealing
Extension

94ºC
65ºC
72ºC

40s,
40s,
50s,

Final step

72ºC

10min,

35 Cycles

The PCR products were visualised on a 2% agarose gel as before (2.1.3.3). The gene of
interest was to run at 600bp for MyD88-/- animals and 550bp for wt animals.
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2.3 Tissue
2.3.1 Porcine cartilage
Porcine articular cartilage was obtained from the metacarpophalangeal (MCP) joint of 6-9
month old pigs. Porcine trotters were obtained from a local abattoir within 12 hours of
slaughter. Trotters were placed in 1% Virkon solution (Dupont Reylon, Prevention Solutions,
Subury, UK) for 2 hours before use. All dissections were carried at in a biological safety
cabinet. Trotters were skinned and, the metacarphophalangeal joint was opened using a
disposable scalpel (size 10A) (Swann, Morten, Sheffield, UK). Cartilage was taken from the
distal articular surfaces of the joint using scalpel (size 15) (Fig 2.1).

2.3.2 Murine cartilage
Murine hip cartilage was dissected from the head of the femur from freshly sacrificed 4-6
week old mice. All surgical tools were sterilised by autoclaving. Mice were sacrificed by
cervical dislocation following ethically acceptable procedures. Scissors were used to remove
skin from the hind limb to the paw. Butterfly scissors were used to make an incision into the
muscle tissue towards the acetabulo-femoral joint. The limb was dislocated from the
acetabulo-femoral socket, revealing the white smooth surface of the hip cartilage cap. Using
forceps the hip cartilage caps was flicked off, removing it from the subchondral bone (Fig
2.2).
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Proximal
articular
surface

Distal articular
surface

Figure 2.1 The porcine metacarpophalangeal (MCP) joint.
Using a size 15 scalpel 4-6 pieces (approximately 0.2g) are taken from the distal articular surfaces for
experiments.
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(b)

(a)

(c)

(e)

(d)

(f)

(g)

(h)

Figure 2.2 Photographic series describing the dissection of murine femoral epiphyseal cartilage
from the acetabulofemoral joint. (a) A small incision in the skin is made. (b) The skin is pulled away
from the incision. (c/d) An incision is made using butterfly scissors in the muscle tissue towards the
acetabulofemoral joint. (e) The acetabulofemoral joint is dislocated to reveal the intact hip cartilage
cap. (f/g) Forceps are used to flick the hip cartilage off. (h) The dissected hip cartilage cap.
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2.4 Cartilage experimental conditions
2.4.1 Rested cartilage
Murine and porcine cartilage explants were dissected into serum-free DMEM and washed 3
times prior to resting in serum-free (SF) DMEM for 48 hours at 37ºC, 5% CO2, 20% O2.

2.4.2 Injury response time course
Porcine MCP joints were opened, and left to equilibrate for at least 4 hours at 37ºC, 5% CO2.
Porcine cartilage explants were dissected into SF DMEM (0.2g/4ml) and cultured for
specified periods of time at 37ºC, 5% CO2. Cartilage explants were snap-frozen in liquid
nitrogen. For time point 0, the cartilage surfaces were rapidly washed with 1 x PBS, then
dissected into a tube placed on dry ice before being snap frozen in liquid nitrogen.

Murine cartilage explants were dissected into 100µl of SF DMEM (unless indicated
otherwise) and cultured for the specified times at 37ºC, 5% CO2. Cartilage explants were
snap-frozen in liquid nitrogen. For time point 0, cartilage explants were dissected into a tube
placed on dry ice and snap-frozen in liquid nitrogen.
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2.5 Histology
Histological analysis was performed by Mr David Essex and Miss Geethanjali Bahal,
Department of Histopathology, Charing Cross Hospital, Imperial College Health Care NHS
Trust, UK.
Table 2.2 Histology protocol for the section and staining of murine hip explants
Histological Paraffin sectioning
Murine cartilage explants were fixed in 10% neutral buffered formalin (Cellpath, Newton,
UK) for a minimum of 24 hr. The samples were placed in 10% formic acid (containing 5%
Formalin) or in 10% aqueous EDTA for 3 weeks for decalcification. X-ray analysis was used
to determine the degree of decalcification.
The samples were processed as follows:
2 changes of formalin (40ºC),
70% alcohol (40ºC),
90% alcohol (40ºC),
3 changes of absolute alcohol (40ºC),
4 changes of xylene (40ºC),
4 changes of paraffin wax (40ºC),
Samples were embedded in paraffin wax. For murine cartilage explants, 4µm coronal or
saggital sections were taken from the centre of the murine hip explants. Sections were cut
using MICROM HM325 microtome (MICROM UK ltd, Oxon, UK). 4µm paraffin embedded
sections were warmed at 60ºC for 30 min and dewaxed by immersion in xylene (3 x 1 min)
before being, rehydrated in absolute alcohol (3 x 1 min), and washed in tap water. Sections
were stained with Heamtoxylin prior Safranin O and Eosin staining.
Staining
All staining was performed in a Leica autostainer XL and Leica CV5030 glass coverslipper
(Lecia Microsystems, Wetzlar, DE).
Haematoxylin staining
Prior to Safranin O, Haematoxylin was used as a counter stain. The stain was differentiated
for 30 s in 0.5% acid alcohol (70% alcohol), and sections were then washed with tap water.
Ammoniated water (1% NH3 in tap water) was used to ‘blue’ the sections for 2 min followed
by a washing with tap water.
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Safranin O solution
1% Safranin dye (BDH)
1% Acetic acid
Safranin O staining
Safranin O is used for the detection of proteoglycan, because it stains the sulphate of
proteoglycans.
1) Safranin O solution was applied onto the sections for 10 min.
2) Washed with tap water.
3) Sections were dehydrated, cleared and mounted.
Dehydration, clearing and mounting
Sections were:
1) Dehydrated by immersion in absolute alcohol for 20 s, 30 s and 60 s.
2) Cleared by immersion in xylene (2 x 1 min).
3) Mounted with a coverslip using a pertex mountant (Surgipath Europe LTD, Peterborough,
UK)
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2.6 Western blotting
2 x RIPA (500ml):
6g Trizma base (100mM)
8.8g sodium chloride (NaCl) (300mM)
2.7g sodium pyrophosphate Na4PyroP (20mM)
0.3g EDTA (2mM)
5.4g beta-glycerophosphate (200µM) (w/v)
18mg sodium vanadate 2% (w/v)
10ml NP40 Nonidet p40 1% (v/v)
5g sodium deoxycholate 0.2%
1g sodium dodecyl sulphate (SDS)
Adjusted to pH 7.4 with HCl
Protease cocktail inhibitor
(Protease inhibitors for the inhibition of serine, cysteine, aspartic proteases and
aminopeptidases)
104 mM 4-(2-aminoethyl)benzenesulfonyl fluoride AEBSF,
80 μM Aprotinin
4 mM Bestatin
1.4 mM E-64
2 mM Leupeptin
1.5mM Pepstatin A

4 x deglycosylation buffer
2.42g Tris
1.64g sodium acetate
3.72g EDTA
100ml di H2O
Adjust pH to 7.5 with HCl and sterile filter
4 x Sample buffer
10ml stacking buffer
1ml 10% SDS
10ml glycerol
5-10mM DTT (1 M stock) or 250µl 2-mercaptoethanol
Separating buffer
1M Tris pH8.8
60.55g Tris in 500ml
(400ml H2O adjust to pH 8.8 with HCl then make up to 500ml with H2O)
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Stacking buffer
1M Tris pH6.8
60.55g Tris in 500ml
(400ml H2O adjust to pH 6.8 with HCl then make up to 500ml with H2O)
12% separating gel
7mls H2O
11ml separating buffer
12ml 10% acrylamide
300µl 10% SDS (w/v)
300µl 10% ammonium persulfate (w/v)
20µl tetramethylethylene-diamine (TEMED)
12% separating gel
11ml H2O
11ml separating buffer
8ml 10% acrylamide
300µl 10% SDS (w/v)
300µl 10% ammonium persulfate (w/v)
20µl tetramethylethylene-diamine (TEMED)
Stacking gel 4% acrylamide
13.6 ml H2O
2.5ml separating buffer
3.4ml 10% acrylamide
200µl 10% SDS (w/v)
400µl 10% ammonium persulfate (w/v)
20µl tetramethylethylene-diamine.
Running buffer for SDS
60.54g Tris
288.24g glycine
20.0g SDS
Make up to 2 l with H2O
Transfer buffer
12.9g Tris
57.6g glycine
800ml methanol
3200ml Di H2O
Store at 4ºC
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2.6.1 Protein analysis
Cartilage (porcine and murine) was lysed in 1 x radio-immunoprecipitation assay (RIPA)
buffer, supplemented with protease cocktail Inhibitor (1:100) (Sigma-Aldrich, Dorset, U.K.),
0.2 mM dithiothreitol (DTT) (Alexis Biochemicals) and 0.2µg/ml Microcystin LR (Alexis
Biochemical) on a shaker continuously for 2 h at 4ºC. Lysates were clarified by centrifugation
at 10,000g for 10 min. Lysates underwent acetone precipitation or treatment with the SDSPAGE clean up kit (GE Healthcare, Amersham Biosciences) (see blow 2.6.2) or were directly
mixed with of 4 x sample buffer.

For porcine cartilage: Approximately 0.2g of porcine cartilage was lysed in 700µl 1 x RIPA
buffer for 2 h at 4ºC.

Murine cartilage: Three murine cartilage explants were lysed in 160µl 1 x RIPA buffer for
the detection of phospho-JNK, phospho-ERK and Phospho-p38, and five murine explants
were lysed in 160µl 1x RIPA for the detection of phospho-IκBα for 2 h at 4ºC.

For aggrecanase neoepitope: The method was used to detect cleavage of aggrecan by
ADAMTS enzymes. Conditioned medium taken from IL-1 stimulated and control hip
explants were deglycosylated with keratanase (0.1unit/10µg of aggrecan) and chondroitinase
ABC (0.1unit/10µg of aggrecan) in glycosylation buffer, at 37°C overnight. Samples were
acetone precipitated (as below 2.6.2.1). Ice-cold acetone was added to the samples (20 min) to
precipitate the protein.

For arginase: Protocol was identical to that used for signaling assays but five cartilage
explants were lysed per sample with RIPA buffer. Primary antibody was used at 1:1000.
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2.6.2 Concentration and precipitation of samples
2.6.2.1 Acetone precipitation
Acetone precipitation was used to concentrate the lysates. For each 100µL of lysate, 1 ml of
ice cold acetone was added. The samples were briefly mixed and incubated for 20 min at 4ºC,
followed by centrifuging at 10,000g for 15 min at 4ºC. The supernatant was discarded and the
pellet was dried in a rotary evaporator until fully dried. 40μl of 1 x sample buffer with a final
concentration of 50mM DTT was added to the pellets and vortexed until fully dissolved. The
samples were boiled for 5 min to denature the proteins.

2.6.2.2 SDS-PAGE clean up Kit
The SDS-PAGE clean up kit concentrates proteins through precipitation. It also removes salts
and helps to clarify the lysate to improve protein resolution on SDS-PAGE. The SDS-PAGE
clean up kit uses a combination of a precipitant and co-precipitant. The procedure was
followed as per the kit instructions. 20μl of 4 x sample buffer supplemented with 50mM DTT
was added to the samples and mixed until fully dissolved. The samples were boiled for 5 min
to denature the proteins.

2.6.3 Electrophoresis
Specific proteins were immunodetected using western blotting. Tissue lysates were separated
by SDS-PAGE (Novex, San Diego, CA) (12% acrylamide, except for when immunoblotting
for ALGS a 10% acrylamide gel were use) Samples run at 190 V for 90 min in separating
buffer in a Xcell SureLock Mini-Cell electrophoresis apparatus (Novex, San Diego, CA). The
size of proteins was determined using SeeBlue pre-stained molecular weight markers (Novex,
San Diego, CA).
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2.6.4 Transferring gel proteins
Protein was transferred from the gel onto polyvinylidene difluoride (PVDF) membrane
(Perkin Elmer). The PVDF membrane was placed in 100% methanol to hydrate it. Proteins
were transferred in a trans-blot chamber (Biorad, Hercules, CA) at a constant voltage of 100
V for 90 min in transfer buffer and the temperatures was maintained at 4ºC by a watercirculating pump. The PVDF membrane was blocked with 5% Marvel milk powder (w/v) in 1
x TBS-T for 1 h at room temperature. The PVDF membrane was incubated with primary
antibodies (1:1000, 5% BSA) against phospho-ERK, phospho-ATF2, or phospho-p38
overnight. The membrane was washed with TBS-T (3 x 10 min) and incubated with a
secondary antibody (1:1000, 1 h), against the species-specific portion (FC) of the primary
antibody; HRP-conjugated anti-rabbit IgG and HRP-conjugated anti-mouse IgG (DAKO
Cytomatin, A/S, Denmark). The PVDF membrane was again washed (3 x 10 min) with TBST and the protein was visualised by chemiluminescent detection using ECL (GE Healthcare,
Amershan).
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2.7 IKK kinase assay
The IKK complex was immunoprecipitated using an antibody against the IKKγ subunit. The
kinase assay measures the incorporation of radioactive phosphate from [γ-32P] adenosine 5triphosphosphate (ATP) into the recombinant substrate IκBα by IKK.

Buffers for IKK kinase assay
1x Non-dissociative kinase assay lysis buffer for 1 litre
50mM Tris-HCl pH7.5
6.06g
250mM NaCl
14.61g
3mM EDTA
1.12g
3mM EGTa
1.14g
1% Tritonx100
10ml
0.5% Igepal
5ml
10% glycerol
100ml
Total Volume 1000ml in H2O
1 x Immunoprecipitation buffer
As lysis buffer, but 400mM NaCl
Add an additional 4.38g NaCl and mix

To 500ml lysis buffer (above)

10 x kinase wash buffer

For 500ml

200mM Hepes/HCl pH 7.5
100mM MgCl2

26.03g
50ml of 1M solution

Reaction mix

µl per sample

10x kinase wash buffer
ATP 200µM
β glycerophosphate 1M
PNPP 1M
DTT 200mM
GST- IκBα
ddH2O
32
Pγ-ATP
________
Total

2.5
2.5
0.6
0.3
0.3
0.4 (i.e. ~2 µg per reaction)
18
0.4
__
25
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Protease and Phosphatase inhibitors used in lysis of samples for IKK kinase assay
All buffers were supplemented with protease and phosphatase inhibitors as summaried below.
Stock reagent

Dilution

Target

Source

100xProtease inhibitor
cocktail

1:100

Proteinases (various)

Sigma-Aldrich, UK,
Dorset, UK

DTT 1M- in H2O

1:500

Reducing agent

Alexis

Phenyl methyl suphonyl
Fluroide stock= 34mg/ml in
dry ethanol

1:200

Serine protease

Sigma-Aldrich, UK,
Dorset, UK

Microcystin 1mg/ml (made
in DMSO)

1:500

Phosphatase

Alexis, Lausen,
Switzerland

Para-nitrophenyl
phosphate (PNPP) 1M in
H 2O

1:500

General phosphatase

Calbiochem, La,
Holla, USA

β glycerophosphate 1M in
H 2O

1:500

General phosphatase

Sigma-Aldrich, UK,
Dorset, UK

Sodium orthorvanadate
100mM in H2O

1:100

Tyrosine phosphatase

Sigma-Aldrich, UK,
Dorset, UK
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2.7.1 Immunoprecipitation
Throughout the whole process samples remained on ice, unless stated. Adequate training was
acquired to handle radioactive substances to ensure health and safety.

Porcine or murine cartilage explants were lysed in 1 x non-dissociative kinase assay lysis
buffer (supplemented with protease and phosphatase inhibitors). 700µl of 1 x non-dissociative
kinase assay lysis buffer was used to lyse 0.2g porcine cartilage. 180µl of 1 x non-dissociative
kinase assay lysis buffer was used to lyse five murine cartilage explants. Cartilage explants
was lysed for 2 h at 4°C with continuous mixing. The lysate was transferred into a new
eppendorf and centrifuged for 20 min at 10,000g at 4°C.

250µl of 1 x immunoprecipitation buffer (IP), 12.5µl of protein A (Sigma, Dorset, UK) and
12.5µl of protein G (Sigma, Dorset, UK) agarose in IP buffer were added to 160µl of the
lysate. Then 1µl of IKKγ antibody (BD biosciences) was added to the samples. The samples
were incubated overnight with constant mixing at 4°C. The samples were centrifuged at
10,000g at 4°C for 1 min, and the supernatant was aspirated. 600µl of IP buffer was added to
the pellet and shaken for 10 s and this step was repeated once again. After the third wash with
IP buffer, kinase buffer was discarded leaving the protein A and G beads at the bottom of the
eppendorf.

2.7.2 Kinase reaction mix
25µl of the reaction mixture was added to the beads and incubated for 30 min at 30°C.10µl
with added DTT(to make a final concentration of 50mM) and 4 x Sample buffer was added to
the reaction mix and boiled at 100°C for 5 min. The samples were then centrifuged at 13,000
rpm for 1 min. The radioactive supernatant was loaded without the beads onto a 12% gel and
run at 130 V for 90 min. The gel was then transferred onto PVDF. The PVDF was then placed
in a cassette. Phosphorylated protein was analysed using two methods; autoradiography and
quantification by phosphor-imaging.
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2.7.3 Autoradiography
An X-ray film (Fuji Super RX X-ray film, Fuji Photo) was placed over the PVDF in the
cassette. After 2 hours or 16 hours in -80°C (to reduce background noise), the films were
developed using Curix 60 film processor (AGFA-GEVAERT Ltd, Brentford, UK).

2.7.4 Quantification of phosphorylation
The phosphorylated protein image was captured using a phosphorimager (FLA5100,
Fujifilm). The phosphorylation was quantified using Advanced Image Data Analyser
Software (AIDA version 4.10, Raytest, Straubenhardt, Germany).

2.8 Immunofluorescence localisation
2.8.1 p65 nuclear translocation
Immunofluorescence was used to visualise NFκB p65 (Rel A) nuclear translocation, in order
to detect NFκBα activation in cartilage.

Murine cartilage explants were snap frozen in liquid nitrogen and embedded in OCT
embedding matrix (CellPath). Sections were cut using a cryostat (CM-1900, Leica,
Microsystems, Wetzlar, Germany), operating at -20ºC. 7µm cryosections were cut onto extra
adhesive glass slides (Superfrost plus, VWR, Lutterworth, UK). Sections were air-dried for 1
h at room temperature and then fixed in 4% (v/w) paraformaldehyde in PBS for 20 min. PBS
was used to wash the sections briefly. 0.2% (v/v) Triton X-100 in 1 x PBS was applied to the
sections for 20 min to allow cells to permeabilise. Following permeabilisation, sections were
washed briefly with 1 x PBS before blocking with 10% (v/v) Goat serum (DAKO,
Cytomation, A/S Denmark) for 1 h. Sections were incubated with a primary antibody against
p65 (1:100) overnight at 4ºC, and then washed 5 times with 1 X PBS. Sections were then
incubated with Alexa Fluor 488-conjugated fluorescent antibody (Invitrogen, Carlsbad, CA)
and fluoropure propidium iodide (1:500) (Invitrogen, Carlsbad, CA) for 2 h in the dark.
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Fluoropure propidium iodide stains the nucleus by binding to DNA (Alexa fluor 568).
Following incubation, sections were washed 5 times with 1 x PBS and mounted using 50%
glycerol in 1 x PBS as mounting solution. Floursecence was visualised by confocal
microscopy (Nikon eclipse TE-2000U, Tokyo, Japan) using Volocity® Acquisition (Perkin
Elmer), high performance 3D-4D imaging software. Alexa fluor 488 was visualised under
excitation wavelengths of 488nm and emission wavelength of 525nm and for Alexa fluor 568
Fluoropure propidium iodide, excitation wavelengths were adjusted to 568nm and emission
wavelength 630nm.

2.8.1.2 Quantification of nuclear p65 localisation
Three gradient images from each zone; articular cartilage surface, middle zone, epiphyseal
line and margins of the cartilage explants and two gradient images were taken at the margins
of the hip explants on the Ultraview confocal microscopy. Images were taken from three
sections from the same samples.

Fluorescence signals detect p65 as green and nucleus as red. Yellow indicates when green and
red were merged, representing p65 nuclear translocation. If more than 50% of the nucleus
expressed a yellow signal I regarded it as activated. The total number of nuclei showing such
p65 nuclear translocation was counted for each zone from each section. The mean percentage
of p65 translocation was calculated as follows:

(1) For each image total numbers of nuclei and nuclei showing p65 translocation were
counted.

(2) The percentage of nuclei showing p65 translocation was calculated from three fields taken
from the same zone and was averaged.

(3) This average was calculated for three different sections for each sample, giving an overall
average for each hip explant.

(4) For each experiment three hip explants were used for each time point and the results were
expressed as a mean.

When calculating the mean percentage of p65 postivie nuclei in the whole cartilage explants
the total number of nuclei and nuclei showing p65 translocation from the different zones were
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summed together and the percentage was calculated. Results were expressed as either
percentage of positive cells in the separate regions of this hip or percentage of positive cells in
the hip tissue as a whole.

Articular
Cartilage
Surface

Epiphyseal Line
Middle
zone

Margins of
the cartilage
explants

Figure 2.3 Safranin O-stained murine epiphyseal hip.
Histological image showing the different zones; articular cartilage surface, middle zone (which
will become the secondary ossification centre of the hip), epiphyseal line, maragins of the
cartilage explants.
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2.8.2 FGF2 localisation
Immunofluorescence was used to visualise FGF2 localisation in hip explants. Sections were
cut using a cryostat (CM-1900, Leica, Microsystems, Wetzlar, Germany), operating at -20ºC.
7µm cryosections were cut onto extra adhesive glass slides (Superfrost plus, VWR,
Lutterworth, UK). Sections were air-dried for 1 h at room temperature and fixed in 100%
methanol for 10 min. Sections were pre-incubated with chondroitinase ABC (0.1unit/10µg)
for 2 h at 37°C, blocked for 1 h with 10% goat serum in PBS for 1 h at room temperature.
Sections were washed briefly with PBS and then incubated with primary antibodies against
FGF2 (1:1000) and the heparan sulphate proteoglycan perlecan (1:000) overnight at 4°C.
Sections were then washed 5 times for 5 min before incubating them with secondary
antibodies Alexa 488-conjugated anti-mouse IgG (secondary antibody for the detection of
FGF2) and Alexa 647-conjugated anti-rat IgG (secondary antibody for the detection of
perlecan) and propiodium iodide (for detection of nuclei) for 1 h in the dark. Following
incubation, sections were washed 5 times with 1 x PBS and mounted using 50% glycerol in 1
x PBS. Floursecence was visualised by confocal microscopy (Nikon eclipse TE-2000U,
Tokyo, Japan) using Volocity® Acquisition (Perkin Elmer), high performance 3D-4D
imaging software. Alexa fluor 488 was visualised under excitation wavelengths of 488nm and
emission wavelength of 525mm; Alexa fluor 568 Fluoropure propidium iodide, excitation
wavelengths were adjusted to 568nm and emission wavelength 630nm; Alexa fluor 647 Fluor
excitation wavelengths were adjusted to 647nm and emission wavelength 668nm
Three gradient images from each zone; articular cartilage surface, middle zone, epiphyseal
line and two gradient images were taken for margins of the cartilage explants by using
Ultraview confocal microscopy. Images were taken from three sections from the same
samples. Fluorescence signals detect ‘FGF2’ as green, ‘nucleus’ as blue and ‘heparan
sulphate proteoglycan prelecan’ as red. Merged images are seen as yellow.
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2.9 Real time reverse transcription polymerase chain
reaction (qRT-PCR)
2.9.1 RNA extraction from murine hip articular cartilage
Four murine cartilage explants were harvested for RNA extraction followed by RT-PCR.
Murine cartilage explants were snap-frozen in liquid nitrogen and stored at -80ºC until RNA
was extracted. RNA was isolated from the murine cartilage explants in 250µl RNAqueous
Lysis Buffer (Lysis Buffer from RNAqueous®-MIDI kit (AM1911, Ambion, Applied
Biosystems). The cartilage explants were pulverised using a Power Gen 125 Polytron (Fishers
Scientific). After the cartilage explants were pulverised, lysates were vigorously shaken for 1
h and centrifuged at 10,000g for 10 min at room temperature. Lysates were transferred to a
new Eppendorf tube and the debris was discarded. 500µl of Trizol Reagent (Helena
Biosciences, Gateshed, UK) was added to the lysates, which were vigorously shaken for 15
min at room temperature. 75µl of 1-bromo-3-chloropropane (BCP) (Sigma) was added to the
samples and shaken for 20 s and left for 10 min at room temperature. The samples were
centrifuged for 20 min at 13,000 rpm. 500µl of the upper RNA aqueous phase was mixed
with 210µl of 70% ethanol. RNA was purified using RNAeasy mini kit (Qiagen, Hilden, DE).
Samples were transferred into the RNeasy mini spin columns and washed following the
manufacturer’s protocol. RNAase-free DNAase (Qiagen) was used as an intermediate step
during the procedure to remove genomic DNA. RNA was eluted with 30µl of Nuclease free
water (Promega) and stored at -80 ºC.

2.9.2 RNA quality control
RNA quality and concentration was checked by electrophoresis using the Agilent Bioanalyzer
and Agilent RNA 6000 Nano LabChip® Kit (Agilent, Santa Clara, USA). Regents and
Agilent RNA 6000 Nano Chip were prepared as per the manufacturer’s instructions. 1µl of
Dye Concentrate was added to 65µl filtered Gel-Matrix and vortexed followed by
centrifugation at 10,000g for 10 min at room temperature. Dye Gel mix was loaded onto the
chip first, followed by RNA 6000 nano marker, RNA ladder and RNA samples were added
according to the manufacturer’s instruction. The Chip was vortexed at 2400 rpm in the IKA
vortex adapter for 1 min and was then inserted into the Agilent 2100 Bioanalyzer. RNA
quality was measured by 1-10 score of RNA Integrity Number (RIN). Samples with a RIN ≥
6, was used for RT-PCR.
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2.9.3 RNA reverse transcription
RNA underwent reverse transcription to generate cDNA. A reverse transcription reaction
mixture was prepared as below:

1) Total RNA (100ng)
2) 1µl of 100ng/µl random primers (Invitrogen, San Diego, CA)
3) 1µl of 10mM dNTP (Invitrogen, San Diego, CA)
The RNA was denatured at 65ºC for 5 min in the T3 thermocycler (Whatman biometra,
Goettingen, Germany) to ensure single stranded templates prior to reverse transcription.

Reverse transcription was achieved in a second step by adding a mixture consisting of:

1)
2)
3)
4)

4µl of 5 X First-Stranded Buffer (Invitrogen, San Diego, CA)
2µl of 0.1M DTT (Invitrogen, San Diego, CA)
1µl Rnasin Plus Rnase Inhibitor (Promega)
1µl of Supercript II reverse transcriptase (Invitrogen, San Diego, CA)

The mixture was incubated at 30ºC for 10 min, followed by 43ºC for 50 mins and finally 70ºC
for 15 min in the T3 thermocycler.

2.9.4 Real-Time PCR (RT-PCR) using Taqman reagents
Taqman® RT-PCR was used to assay for gene expression. A PCR mixture was set up which
consisted of:

1)
2)
3)
4)

4µl RNase-free water (Promega),
10µl TaqMan PCR master mix (Applied Biosystems)
1µl Gene Expression Assays (GEA, 20 x primer probe)
5µl cDNA, (diluted with 35μl of RNase-free water)

Samples were analysed in duplicates and gene expression was normalised to a house keeping
gene, glyceraldehyde-3-phosphate dehydrogenase (GAPDH). Real-time PCR was performed
and analysed using the Rotor Gene 6000 thermocycler (Corbett Life Science, Corbett
Research, UK Ltd, Cambridgeshire, UK) or using 7900HT System (Applied Biosystems Inc)
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using the ABI PRISM ® 7900HT sequence Detection System (SDS 2.2 Applied Biosystems
Inc) on 384 well plates. The mixture was incubated for 2 min at 50°C for the activation of
Uracil-N-glycosylase (UNG)erase (UNGerase is enzyme which removes uracil incorprated
into single or double stranded DNA, by hydrolyzing uracil glycosidic bonds in DNA,
therefore preventing carryover of PCR products). Then it was incubated at 95°C for 10 min
for denaturation followed by 40 repeated cycles of 2 s of denaturation at 95°C and 30 s at
60°C for the annealing/extension step. Data analysis was performed using Rotor-Gene 6000
software version 1.7 (Corbett Life Science, Corbett Research, UK Ltd, Cambridgeshire, UK).

Table 2.3 List of Gene Expression Assays used for the 384 well plates:
Abbreviations

Genes

Catalogue Number

Gapdh

Glyceraldehyde 3- Phosphate Dehydrogenase

Mm99999915_g1

Il1rl1

Interleukin 1 receptor-like 1/ ST2

Mm00516117_m1

Inhba

Inhibin, beta A

Mm03023991_g1

Il6

Interleukin-6

Mm01210733_m1

Ccl2

Chemokine (C-C motif) ligand 2

Mm00441242_m1

Pdpn

Podoplanin

Mm00494716_m1

Timp1

Tissue Inhibitor of Metalloproteinases 1

Mm00441818_m1

Saa1

Serum Amyloid A3

Mm00441203_m1

Tnfaip6

Tumor Necrosis Factor-Inducible Protein Gene 6

Mm00493736_m1

Arg1

Arginase 1

Mm00475989_m1

Il33

Interleukin-33

Mm00505403_m1

Ptgs2

Prostaglandin-Endoperoxide Synthase 2

Mm00478374_m1
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2.9.4.1 Calculation of relative gene expression step using the delta delta Ct
Method.
The threshold cycle (Ct) value was determined as the cycle number where the fluorescence
crossed a certain threshold, where gene expression is increasing exponentially. The
housekeeping gene (GAPDH/18s) Ct value was subtracted from the gene of interest Ct value
to give the ΔCt value for each sample. The ΔΔCt value was determined, which represents the
ratio of gene expression. The formula 2-ΔΔCt was used to calculate the fold change of relative
gene expression.

2.9.5 Taqman ® Low Density Array (TLDA) Microfluidic Cards
The TLDA microfluidic cards are 384-well cards preloaded with customized Taqman® Gene
Expression Assays, which allows measurements of gene expression using the comparative CT
(ΔΔCt) method of relative quantitation. The TLDA microfluidic cards were custom designed
and obtained from Applied Biosystems. The card interrogates up to 8 samples with 48
Taqman® Gene Expression Arrays including an 18s endogenous control as standard (Table
2.4).

RT-PCR reactions were carried out on the 7900HT System (Applied Biosystems Inc) using
the ABI PRISM ® 7900HT sequence Detection System (SDS 2.2 Applied Biosystems Inc)
with a TLDA block.

50µl cDNA template (100ng starting RNA) in Nuclease-free water was added to 50µl of
Taqman® 2 x Universal PCR Master Mix (Applied Biosystems) together to give a final
reaction mixture volume of 100µl. The reaction mixture was mixed together, centrifuged and
loaded on to the TLDA microfluidic cards via the ports. The TLDA microfluidic cards were
centrifuged twice for 1 min each at 12,000 rpm and sealed using the microfluidic card sealer.

The RT-PCR reaction conditions were as follows: Hold 50ºC for 2 min for optimal UNGerase
enzyme activity, then denature at 94.5ºC for 10 min followed by 40 cycles of denaturing at
97ºC for 30 s and an annealing/ extension step at 59.7ºC for 1 min. Data were analysed using
RQ (relative Quantification) Manager (Applied Biosystems Inc) using the 2-ΔΔCt formula.
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Table 2.4 Mus Musulus Taqman Gene Expression Assay® primers/probe mixes (Applied
Biosystems) used in Taqman® Low Density Array (TLDA) Microfluidic Cards
Abbreviations
18S
Acan
Adam8
Adam9
Adamts1
Adamts15
Adamts4
Adamts5
Ar
Arg1
Arg2
Ccl2
Ccl5
Ccl7
Ccr2
Ccr5
Cd14
Cd68
Col2a1
Ctgf
Esr1
Esr2
F3
Has1
Has2
Il1a
Il1b
Il1r1
Il1rl1
Il33
Il6
Inhba
Mmp13
Mmp19
Mmp3
Mmp8
Nos2
Pdpn
Ptges
Ptgs2
Saa3
Serpina1a
Sfrp2
Timp1
Tnfaip6
Tnfrsf12a
Wisp2
Wnt16

Genes
Eukaryotic 18S rRNA
Aggrecan
A Disintegrin and metalloprotease domain 8
A Disintegrin and metalloprotease domain
A Disintegrin And Metalloproteinase with
Thrombospondin Motifs 1
A Disintegrin And Metalloproteinase with
Thrombospondin Motifs 15
A Disintegrin And Metalloproteinase with
Thrombospondin Motifs 4
A Disintegrin And Metalloproteinase with
Thrombospondin Motifs 5
Androgen Receptor
Arginase 1
Arginase 2
Chemokine (C-C motif) ligand 2
Chemokine (C-C motif) Ligand 5
Chemokine (C-C motif) Ligand 7
Chemokine (C-C motif) Receptor 2
Chemokine (C-C motif) Receptor 5
Cluster of Differentiation 14
Cluster of Differentiation 68
Collagen, type II, alpha 1
Connective Tissue Growth Factor
Estrogen Receptor 1
Estrogen Receptor 2
Factor III
Hyaluronan Synthase 1
Hyaluronan Synthase 2
Interleukin-1 alpha
Interleukin-1 beta
Interleukin 1 receptor, type I
Interleukin 1 receptor-like 1/ ST2
Interleukin- 33
Interleukin-66
Inhibin, beta A
Matrix Metalloproteinase-13
Matrix Metalloproteinase-19
Matrix Metalloproteinase-3
Matrix Metalloproteinase-8
Nitric oxide Synthase 2A
Podoplanin
Prostaglandin E Synthase
Prostaglandin-Endoperoxide Synthase 2
Serum Amyloid A3
Serine (or Cysteine) Peptidase Inhibitor, Clade A,
Member 1A
Secreted Frizzled-Related Protein 2
Tissue Inhibitor of Metalloproteinases 1
Tumor Necrosis Factor-Inducible Gene
Tumor Necrosis Factor Receptor Superfamily
member 12A
WNT1-Inducible-Signaling Pathway Protein 2
Wingless-type MMTV Integration Site Family,
Member 16
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Hs99999901_s1
Mm00545794_m1
Mm00545762_m1
Mm01218460_m1
Mm00477355_m1
Mm01176187_m1
Mm00556068_m1
Mm00478620_m1
Mm00442688_m1
Mm00475988_m1
Mm00477592_m1
Mm00441242_m1
Mm01302428_m1
Mm00443113_m1
Mm01216173_m1
Mm01216171_m1
Mm00438094_g1
Mm00839636_g1
Mm01309565_m1
Mm00515790_g1
Mm00433149_m1
Mm00599819_m1
Mm00438855_m1
Mm00468496_m1
Mm00515089_m1
Mm00439620_m1
Mm01336189_m1
Mm00434237_m1
Mm00516117_m1
Mm00505403_m1
Mm99999064_m1
Mm00434339_m1
Mm00439491_m1
Mm00491300_m1
Mm00440295_m1
Mm00439509_m1
Mm01309898_m1
Mm00494716_m1
Mm00452105_m1
Mm01307329_m1
Mm00441203_m1
Mm02748447_g1
Mm01213947_m1
Mm00441818_m1
Mm00493736_m1
Mm00489103_m1
Mm00497471_m1
Mm00446420_m1
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2.10 Arginase activity assay
2.10.1 Regents and buffers used in the arginase activity assay
Lysis solution: (store room temperature)
0.1% Triton X-100 (0.5ml)
2mM EDTA (372.24mg)
500ml ddH2O
2 x reaction mix: (store room temperature) (used as a dilution of 1 x)
50mM Tris-Hcl (7.88mg)
10mM MnCl2 (1.979mg)
500ml ddH2O
pH7.5
0.5M L-arginine: (store 4°C)
L-arginine (87.1g)
20 ml ddH2O
Acidic solution: (store room temperature)
1.8M H2SO4 (5ml)
4.4M H3PO4 (15ml)
35ml ddH2O
α-Isonitropropiophenone: (store 4°C)
9%α-Isonitropropiophenone (9mg)
10ml absolute ethanol
Urea standard curve 1 Mole: (store room temperature)
Urea (303mg)
5ml ddH2O
Arginase converts arginine to ornithine and urea. The assay determines the arginase activity
by measuring the urea production from the breakdown of arginine by arginase extracted from
the cartilage explants. 0.2g of porcine cartilage was lysed in a lysis solution with added 1:100
protease cocktail inhibitors and mixed at room temperature for 1 h. Cartilage was discarded
and the lysate centrifuged to remove debris. 160μl of lysate was mixed with 100μl of reaction
mix and incubated for 10 min at 55ºC to activate the arginase. 50μl of this activated mix was
added to 50μl of 0.5M L-arginine and incubated for 1 h at 37ºC. The reaction was terminated
using 400μl acidic solution. 25μl of α isonitrosopropiophenone (IPSF)(9% (v/v) solution in
absolute ethanol) was added to the samples and heated for 45 min at 100ºC and then
incubated in the dark for a further 10 min at room temperature. The concentration of urea was
determined by measuring the absorbance at 540nm. The standard curve was used to determine
the concentration of urea correlating with a specific absorbance. A series of dilutions from 0100μg of urea (GE Healthcare, Amersham) was used to generate a standard curve. 100μl of
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standard and samples were loaded onto a 96 well plate in triplicate, placed in a plate reader
(Multiskan Biochromatic, Labsystems, Finland) and analysed using Ascent software (Thermo
Fisher, Scientific, Waltham, USA). Two additional controls were generated; (i) water alone
and (ii) lysates, which had L-arginine added but which were not incubated for 1 h.

2.11 Activin A ELISA
2.11.1 Reagents and buffers used in Activin ELISA
1x PBS
pH 7.2-7.4
0.2µm filter sterilised
Wash buffer
1 x PBS,
0.05% Tween® 20
pH 7.2-7.4
Reagent diluent
1% BSA
pH7.2-7.4
0.2µm filter sterilised
Substrate solution
1:1 mixture hydrogen peroxide and tetramethylbenzidine
Stopping solution
2N H2SO4
6M Urea
1 x PBS
pH 5.0-5.8

Secreted activin A protein was quantified using an ELISA Activin A kit (Duoset, R&D
systems, Minneapolis, USA). The manufacturer’s instructions were followed.

Murine

cartilage explants were cultured in 60µl of SF-DMEM for the specified period of time. The
supernatants were collected, centrifuged to remove debris and were transferred to new
eppendorfs. The samples were stored at -80°C until further use. 96 ELISA plates (NUNC,
Roskilde, Denmark) were coated with 100µl of capture antibody (1µg/ml diluted in 1x PBS)
and incubated overnight at room temperature. The wells were then aspirated and washed 3
times with wash buffer. 300µl of reagent diluent was used to block the wells for 2 h followed
by washing with wash buffer. An activin A standard curve was generated by preparing 2 fold
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serial dilutions in DMEM from 8ng/ml to 0.125ng/ml. Samples were diluted 3 times with
DMEM. 100µl of standards or samples were loaded into the wells in duplicates. 100µl 6M
urea in 1 x PBS was also added into the wells and mixed with the standards or samples and
incubated for 2 h. Wells were aspirated and washed 3 times with wash buffer. 100µl 0.5µg/ml
biotinylated detection antibody diluted in reagent diluent was added to each well and gently
agitated before being left at room temperature for 2 h. Wells were aspirated and washed 3
times with wash buffer. 100µl of streptavidin solution diluted to 1:200 in 1 x PBS was added
to the wells and incubated for 40 min. Wells were aspirated and washed 3 times with wash
buffer. 100µl substrate solution (1:1 mixture hydrogen peroxide and tetramethylbenzidine,
KPL, Gaithersbury, USA) was added to each well for 20 min. 50µl of 2M sulphuric acid was
added to the wells to terminate the reaction. Plates were read immediately using a
spectrophotometric plate reader (Multiskan Biochromatic, Labsystems, Finland) set to a
wavelength of 450nm, and analysed using Ascent software (Thermo Fisher Scientific,
Waltham, USA)

2.12 Statistics
All statistical analysis (mean, percentage, ± standard deviation (SD), p-values) was performed
using GraphPad Prism and Microsoft Excel Software.

To find the statistical significance, p-values were calculated to prove the null-hypothesis
(there is no difference between samples). Results with p-values ≤0.05 were considered
statistically significant.
p-values
≤0.001
0.001-0.01
0.01-0.05
0.05

***
**
*
ns

Extremely significant
Very significant
Significant
Not significant

I used three different methods to calculate the statistical significant depending on the
experiment:
1) Unpaired T-test, when comparing two different groups of samples
2) One way ANOVA Bonferroni post-hoc test, when comparing three or more groups
with each other
3) Two way ANOVA Bonferroni post-hoc test when comparing two variables in two or
more groups.
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3.1 Introduction
Our laboratory has investigated the immediate response of cartilage to injury, because injury
is a strong risk factor for the development of OA. As described in the Introduction, injury to
intact porcine articular cartilage by sharp dissection activated all 3 MAPKs (JNK, p38 and
ERK) and induced IL-1α and β gene expression (Gruber et al., 2004). Further studies
revealed that injury to intact porcine cartilage also caused degradation of IκBα and
translocation of p65 to the nucleus, which is indicative of NFκB activation (Didangelos A
PhD Thesis, 2008 Imperial College London; Watt F PhD Thesis 2009 Imperial College
London). Activation of ERK (but not JNK or NFκB) was shown to be due at least in part to
the release of FGF2 upon injury (Vincent T et al., 2002). We had no clues as to what activated
inflammatory signalling (i.e. NFκB and JNK) upon cartilage injury. By transferring the
investigation of cartilage injury into the mouse, it would be possible to examine genetically
modified strains to determine the possible roles of candidate ligands and intracellular
signalling pathways involved in the cartilage injury response.

3.2 Characterisation of murine cartilage epiphyseal injury
model
The difficulty in replicating the porcine cartilage injury model in the mouse is that associated
with working on such a small scale. Fiona Watt had shown in her PhD thesis studies that
dissection of porcine synovium activated MAPKs and NFκB (Fig 3.1 B), the response being
very similar to that seen in cartilage (Fig 3.1 A). She also found that dissection injury
stimulated a Src-like tyrosine kinase activity, and that lysates of dissected cartilage and
synovium showed similar tyrosine phosphorylation patterns (Fig 3.2). Therefore the response
of the intracellular signalling pathways to the injury may be general to connective tissue and
not specific to articular cartilage.

The mouse cartilage that has been used for testing responses to cytokine such as IL-1 has
been the femoral head epiphysis (Glasson SS et al., 2005; Stanton H et al., 2011). This is an
epiphyseal cartilage covered with a thin layer of articular cartilage on its outside, which in
animals up to the age of 5 or 6 weeks is easily sheared from the femur. The shear passes
through the base of the growth plate (Fig 3.3). After 6 weeks the epiphysis ossifies and by 10
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weeks has fused to the metaphysis of the femoral shaft (Fig 1.3B). The articular cartilage of
the mature femoral head is about 60-80μm deep and it is not practical to dissect it for the
experiments envisaged.

It seemed likely that the avulsion of the epiphysis and also the simultaneous cutting of the
ligamentum teres to free the femoral head from the acetabulum to create the explants would
cause an injury response similar to that seen in the pig tissues. I therefore decided to
investigate the MAPK and NFκB activation in the explanted murine femoral head epiphyses.
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(A)

(B)
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Synovium
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Figure 3.1 Similar MAPK and NFκB activation in cartilage (A) and synovium (B).
(A) 0.2g of cartilage was dissected either into lysis buffer (0) or into SF medium and cultured for
increasing times indicated prior to lysis. Cartilage lysates were assayed for phospho-ATF2,
phospo-p38 MAPK, phospho-ERK by western blotting the membrane (upper panels). IKK
activity in the lysates was also measured by kinase assays (lower panels) (taken from Watt F
PhD Thesis Imperial College London 2009).
(B) 0.2g synovium was dissected either into lysis buffer (0) or SF medium and cultured for 10min
prior to lysis. Synovium lysates were assayed for phospho-ATF2, phospho-p38 MAPK,
phospho-ERK by western blotting the membrane (upper panels). IKK activity in the lysates
was also measured by kinase assays (lower panels) (taken from Watt F PhD Thesis Imperial
College London 2009).
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Figure 3.2 A similar pattern of increased protein tyrosine-phosphorylation proteins is seen in
dissected synovium (A) and cartilage (B).
A: 0.2g synovium was dissected either directly into ice cold lysis buffer (0) or into culture medium for
10 min (10) prior to lysis in RIPA.
B: 0.5g cartilage was dissected either directly into ice cold lysis buffer (0) or into culture medium for
10 min (10) prior to lysis in RIPA.
For both A. And B., lysates were incubated overnight with agarose beads coated with the 4G10
antibody to phospho-tyrosine. The beads were then washed 5 times in RIPA, and eluted with phenyl
phosphate. The elutes were western blotted with 4G10 antibody (taken from Watt F PhD Thesis
Imperial College London 2009).
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Figure 3.3 Dissection of epiphyseal cartilage from the femoral head of 5-6 week old mice.
The epiphyseal cartilage cap of the whole femoral head from 5-6 week old mice was dissected into the
fixative 10% formalin, decalcified in dilute formic acid, and embedded in paraffin. Sagittal sections (8µm thick) were cut and stained with Safranin O. (A) femoral head (B) the epiphyseal cartilage that has
been dissected from the femoral head (C) femoral head after the epiphyseal cartilage has been avulsed.
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3.3 MAPK activation upon murine femoral head epiphyseal
cartilage explantation
Explanting intact porcine cartilage resulted in the activation of all three MAPKs (Gruber et
al., 2004). An experiment was done to investigate whether explantation of the murine femoral
head elicited a similar response. Firstly, western blotting for MAPK activation was optimised
for the use of murine hips.

3.3.1 JNK, p38, ERK and IkBα activation in murine cartilage
explants
Because of difficulties (variability and sensitivity) in using phospho-JNK antibodies in
cartilage before the time my work started, the laboratory was using phospho-ATF2 as an
indicator of JNK activity. The justification for this was that (a) ATF-2 is as good a substrate
for JNK as c-jun for in vitro kinase assays, (b) even though ATF2 is also regarded as a
substrate for p38, the p38 inhibitor does not affect IL-1-induced or injury-induced phosphoATF2 (Watt F PhD Thesis 2009 Imperial College London) and (c) FGF2, which strongly
activates ERK and p38 (but not JNK) in chondrocytes does not cause ATF2 phosphorylation
(Didangelos A PhD Thesis 2008Imperial College London).

In order to establish how much tissue would be needed for experiments I first compared
activation of MAPKs and degradation of IκB in response to IL-1α in porcine and murine
cartilage. Cartilage explants (3 murine hips (0.5-1.0mg per hip) or 0.2g of porcine
metacarpophalangeal (MCP) cartilage) were rested for 24 h in SF-DMEM and stimulated
with IL-1α (50ng/ml) for 20 min. Control cartilage was left unstimulated. Explants were lysed
in ice-cold RIPA buffer. Lysates were either mixed directly with sample buffer or
concentrated using the SDS-PAGE clean up kit before adding sample buffer. The samples
were western blotted for phospho-ATF2, after which the membranes were stripped and reprobed for phospho-p38, phospho- ERK and IκBα. Equal loading of cellular protein was
checked

by

stripping

and

re-probing

the

membrane

unphosphorylated ERK protein (total-ERK) or tubulin.
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Upon IL-1α stimulation ATF2, p38 and ERK were phosphorylated and IκBα degradation was
seen in both porcine and murine cartilage. This was more pronounced when lysates were
concentrated (approximately 7 fold) using the SDS-PAGE clean up kit (Fig 3.4). The effect of
concentration was apparent in the amount of total ERK seen on the blot. When the lysate
concentration had been increased in this way it was possible to identify kinase activation in
murine cartilage in response to IL-1α, although it remained less strong than that in porcine
tissue. Unfortunately the IκBα protein signal (the arrowed lower 37kDa band) was weak in
the murine samples compared to the porcine material. The upper band may be non-specific or
may be the phosphorylated form of IκBα. It seemed that material from 3 hips, provided it was
concentrated might be sufficient for the injury experiments.
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44 kDa
42 kDa

IκBα

37 kDa

44 kDa

Total-ERK

42 kDa

-

+

+

-

+

IL-1 stimulation
(50ng/ml)

Porcine
cartilage

SDS-PAGE
clean up kit

Murine
cartilage

Nonconcentrated

-

SDS-PAGE
clean up kit

+

Nonconcentrated

-

Figure 3.4 IL-1α stimulated MAPK activation and IκB degradation in rested porcine and murine
cartilage explants.
0.2g porcine cartilage was dissected from the MCP joints. 3 murine cartilage explants were dissected
from femoral heads. The cartilage explants were rested for 24 h then stimulated with IL-1α (50ng/ml
for 20 min) before lysis with ice cold 1 x RIPA buffer. Tissue lysates (non-concentrated) were either
western blotted directly or concentrated using SDS-PAGE clean up kit prior to western blotting.
Samples were immunoblotted for phospho-ATF2, then stripped and re-probed for phospho-p38,
phospho-ERK, total-IκBα and total ERK.
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3.3.2 Western blotting to study phospho–JNK in murine
cartilage explants
In studies by previous students phospho-JNK antibodies were found to be unreliable when
used in western blotting of porcine cartilage lysates. However Sigma had marketed a new
polyclonal rabbit antibody against phospho-JNK so this was tested on murine cartilage
lysates.

The phospho-JNK antibody was first tested on murine cartilage explants that had been rested
for 24 h then stimulated with IL-1α. In this experiment cartilage lysates were concentrated
either by acetone precipitation or by using the SDS-PAGE clean up kit. The membrane was
probed for phospho-JNK then stripped and re-probed for phospho-p38, phospho-ERK and
total ERK (Fig 3.5). There was phosphorylation of all the MAPKs in response to IL-1α
stimulation.

The loading control is indicated by the total-ERK antibody. Loading appears to be uneven but
in fact reduced total ERK is frequently observed when phosphorylated ERK is high. This
could be because when the phospho-ERK antibody is stripped from the membrane, its
removal is incomplete, or that the total ERK antibody fails to recognise the phosphorylated
form. Therefore in future experiments the membrane was probed for total-ERK (more readily
stripped from the membrane) before probing for phospho-ERK. The phospho-JNK antibody
purchased from Sigma appeared to give a strong signal and therefore for all further
experiments I used this.
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Figure 3.5 Stimulation of rested murine epiphyseal cartilage with IL-1 α: testing phospho-JNK
antibody, and comparing acetone precipitation with the SDS-PAGE clean up kit.
Each lane represents material from 3 murine cartilage explants. The epiphyseal cartilage was dissected
from the femoral heads and rested for 24 h. Some explants were stimulated with IL-1α (50ng/ml for 20
min) before lysis with ice cold 1 x RIPA buffer. Extracts were precipitated with acetone or SDS-PAGE
clean up kit as indicated. Tissue lysates were immunoblotted and probed for phospho-JNK. The
membrane was stripped and re-probed for phospho-p38, phospho-ERK and total ERK.
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3.4 Signalling responses following explantation of murine
epiphyseal cartilage
3.4.1 Explantation of murine cartilage explants caused activation of all
three MAPKs
Murine femoral heads were dissected and immediately lysed (0 min) in ice cold 1 x RIPA
buffer, or were left in SF medium for increasing times (5, 20, 40, 90 mins and 6, 12 and 24 h)
then lysed. Lysates were concentrated by using the SDS-PAGE clean up kit and were then
immunoblotted for phospho-JNK, phospho-p38, phospho-ERK and total ERK. The dissection
of the femoral heads activated all three MAPKs (Fig 3.6 A and B are two separate
experiments). JNK and p38 were detected at 20 min and returned to basal levels by 90 min.
ERK activation was more sustained and returned to its basal level within 24 h. The pattern of
activation was similar to that seen in porcine cartilage following explantation.

3.4.2 Canonical NFκBα pathway activation
3.4.2.1 Phospho- IκBα is increased in murine epiphyseal cartilage following
explantation
An experiment was performed to find out whether there was degradation of IκB protein or
increased level of phospho-IκBα (both being indicative of NFκB activation) following injury
to murine femoral head epiphyses. Murine hip explants were put into SF-DMEM and
incubated for 5 min or explanted directly into an Eppendorf tube on dry ice (0 min). Hips
were also rested for 48 h and the effect of IL-1α stimulation was examined. Cartilage explants
were lysed and concentrated with SDS-PAGE clean up kit. Concentrated lysates were western
blotted for phospho-IκBα, total- IκBα and total-ERK.

For these experiments material from 5 hips was used for each assay point (or electrophoresis
lane). Cartilage explants that were rested for 48 h and stimulated with IL-1α showed
phosphorylation of IκBα (Fig 3.7, upper panel, right hand 2 lanes). In the injury experiment
(Fig 3.7 upper panel, first 2 lanes) there was little phospho-IκBα at 0 min, and at 5 min post
injury there was clear albeit modest phosphorylation of IκBα (Fig 3.7 upper panel). On the
blot for phospho-IκBα there were two bands visible in the freshly explanted tissue (both 0
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and 5 min samples). The upper band is probably non-specific and is not seen in the explants
rested for 48 h then stimulated with IL-1α. The antibody to unphosphorylated IκB protein
(Fig 3.7 middle panel) detected two stronger faster bands and a faint upper band. The IL-1α
stimulation caused disappearance of the two faster bands, identifying them as IκB. The strong
phospho-IκBα signal in the IL-1α-stimulated samples suggests either that the phospho-IκBα
antibody is very sensitive, or that the antibody to the unphosphorylated protein does not detect
the phosphorylated form. While injury increased phospho-IκB at the 5 min time point there
was not convincing evidence of IκB degradation, although the IκB protein bands (identified
from the IL-1 response) were slightly reduced in intensity.
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Figure 3.6 Explantation of murine epiphyseal cartilage activated MAPK.
Murine cartilage explants (3 per assay lane) were dissected from the femoral heads directly into SFDMEM and cultured for the increasing times indicated prior to lysis or lysed immediately (0 min) with
ice cold 1 x RIPA buffer. Tissue lysates were concentrated using SDS-PAGE clean up kit and then
immunoblotted for phospho-JNK. The membrane was stripped and re-probed for phospho-p38,
phospho-ERK and total ERK. (A) and (B) are two different experiments and tubulin was stained as an
additional loading control in (A).
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Figure 3.7 Phospho-IκBα induction in response to murine epiphyseal cartilage explantation.
5 murine cartilage explants were dissected from the femoral head directly into SF-DMEM and
incubated for 5 min or lysed immediately (0 min), or stimulated with IL-1α (50ng/ml for 5 min) after
resting for 48 h. Tissue lysates were concentrated using SDS-PAGE clean up kit and then
immunoblotted for phospho-IκBα. The membrane was stripped and re-probed for total- IκBα and total
ERK.
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3.5 IKK activation following cartilage injury
3.5.1 IKK activation following explantation to porcine articular cartilage
The injury to the mouse cartilage caused an increase in phospho-IκB, most likely indicative of
NFκB activation. Previously Fiona Watt (Watt F PhD Thesis 2009 Imperial College London)
showed that the canonical NFκB pathway was activated following explantation of porcine
cartilage. She showed IKK activation by immunoprecipitating it and measuring its activity
(see Chapter 2 Materials and Methods, Section 2.7, Page 65).

To confirm her findings an experiment was performed looking at the injury response in
porcine cartilage upon explantation. Joints from trotters were opened and left to equilibrate
for 3 h at 37ºC prior to cartilage dissection. 0.2g of cartilage was dissected into SF DMEM
and incubated for 0, 5, 10, 20 and 60 min before lysing. Some cartilage was rested for 48 then
stimulated for 5 min with IL-1α (10ng/ml or 100ng/ml) or left resting. In order to remove
synovial fluid proteins from the 0 time lysate, the surface of the cartilage was washed with
cold PBS rapidly before dissection onto dry ice. Cartilage samples were lysed in ice-cold nondissociative kinase lysis buffer. The IKK complex was then immunoprecipitated from the
lysates by incubating it with agarose beads coated with IKKγ antibody at 4°C. The activity of
IKK was assessed by measuring incorporation of 32P from [γ-32P]ATP into the substrate GSTIκBα. The reaction was stopped by adding SDS sample buffer and boiling. Samples were
then electrophoresed and proteins were then transferred onto a PVDF membrane. The
membrane was exposed to a film for 4 h and was quantified using a phospho-imager.

IKK activity increased in a dose dependent manner when rested porcine cartilage was
stimulated with IL-1α for 5 min (Fig 3.8A right hand 4 lanes). There was a 20 fold increase in
IKK activity with IL-1α (10ng/ml) and 70 fold with 100ng/ml (figure 3.8B). Upon
explantation there was some IKK activity at 0 min, but after 5 min it had increased three fold.
After 10 min activity began to fall and returned to basal level after 20 min. These results were
similar to those of Fiona Watt (Watt F PhD Thesis 2009), confirming that IKK is rapidly
activated in response to explantation in the porcine system.
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Figure 3.8 Rapid increase in IKK activity in response to explantation of porcine cartilage.
MCP joints from porcine trotters were opened and equilibrated at 37°C for 3 h prior to dissection of the
cartilage. 0.2g of cartilage was either lysed immediately or explanted directly into SF-DMEM and
incubated for 5, 10, 20, 60 min before lysis. Some cartilage was rested for 48 h. Rested cartilage was
either lysed immediately or stimulated with IL-1α (10ng/ml or 100ng/ml for 5 min) before lysis. IKK
was immunoprecipitated from cartilage lysates and IKK activity assayed using the substrate GSTIκBα. (A) Autoradiograph of the membrane. (B) Quantification of phosphorylated substrate GST-IκBα
from 3 separate experiments. IKK activity was measured using Intergral (%) /IκBα GST and
normalised to 0 min. Results for each group are means ± SD from 3 separate experiments. Statistical
analysis was performed using ANOVA Bonferroni post hoc test *p<0.01 **p<0.05 ***p<0.001
significance was compared to the 0 min (for explantation) and control 1 and control 2 (for IL-1
stimulation).
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3.5.2 IKK activation following explantation to murine cartilage
An experiment was conducted on murine femoral head epiphyses to investigate IKK activity
following injury. Five murine explants were used for each assay point. Explants were
dissected into SF DMEM and incubated for 5 min. Ten other femoral heads were rested for 48
h then stimulated with IL-1α (50ng/ml). For 0 min cartilage explants were explanted into an
Eppendorf tube on dry ice then snap-frozen in liquid nitrogen. Explants were lysed and the
IKK complex was immunoprecipitated by incubating agarose beads coated with IKKγ
antibody or with normal mouse IgG as described previously. The lysates were then analysed
for IKK activity.

There was strong increase (about 50 fold) in IKK activity when explants were stimulated with
IL-1α and a weak activation in response to explantation after 5 min (Fig 3.9).

A mouse IgG (Santa Cruz, Biotechnology) was used as a control to ensure there were no nonspecific bands present. IKK protein does not precipitate from the lysates. In the absence of
IKK, the incorporation of [γ-32P] ATP to IκBα does not occur; therefore a band should not
appear at the 36kDa position (Fig 3.9 right hand 4 lanes).
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Figure 3.9 IKK activity in murine epiphyseal cartilage following explantation or IL-1α
stimulation
5 murine epiphyseal cartilage explants were dissected from the femoral heads directly into SF DMEM
and incubated for 5 min or lysed immediately (0 min), or stimulated with IL-1α (100ng/ml for 5 min)
after resting for 48 h before lysis. IKK was immunoprecipitated from cartilage lysates with a normal
mouse IgG or IKKγ antibody. IKK activity assayed using the substrate GST-IκBα. (A)
Autoradiography of the membrane. (B) Quantification of phosphorylated substrate GST-IκBα. IKK
activity was measured using Intergral (%) /IκBα GST and normalised to 0 min.

97

Chapter 3

Intracellular signalling in response to injury of murine femoral head epiphyseal cartilage

3.6 p65 nuclear translocation
Having shown increased phosphorylation of IκBα together with possible degradation of IκBα
protein I investigated whether or not there was translocation of the p65 NFκB subunit into the
nucleus, which would be consistent with translocation of the p65/p50 NFκB heterodimer and
activation of NFκB. Immunohistochemistry was performed to investigate the sub-cellular
localisation of p65.

3.6.1 p65 nuclear translocation in murine eiphyseal cartilage following
explantation
Murine epiphyseal cartilage was dissected from the femoral head and frozen immediately (0
min) or maintained in SF medium for 30 min prior to snap freezing. Some explants were
rested for 48 h and frozen or stimulated with IL-1α for 30 min, then frozen. Coronal frozen
sections were cut, fixed and blocked, then incubated with a primary antibody against p65
overnight. Sections were then washed and incubated with Alexa Fluor 488-conjugated
fluorescent antibody and fluoropure propidium iodide (used for the detection of the nucleus).
Confocal microscopy was used to visualise the fluorescence. Images from three fields were
taken for each of 4 zones (articular cartilage surface, middle zone, epiphyseal line and
margins of the cartilage explants) for each section. Images were taken for each sample. Three
separate experiments were performed. Green fluorescence signals detect p65 localised in the
cytoplasm. Red fluorescence detects the nucleus. Yellow indicates where green and red were
merged, representing p65 nuclear translocation. I arbitrarily considered a cell activated if >
50% of the nucleus was yellow.

I first studied the response of cartilage explants to IL-1α stimulation. A few cells were
activated (p65 had translocated to the nucleus) in the control sample (rested 48 h), but there
was a significant increase in p65 nuclear translocation after IL-1α stimulation for explants 30
min; approximately 70% of cells were activated overall, throughout the explants (Fig 3.10 and
3.11E). The degree of p65 nuclear translocation in response to IL-1α differed throughout the
zones (Fig 3.11 A-D). The articular surface and margins (Fig 3.11 A & D) of the explants
contained the highest percentage of cells activated (approx 80%), and the middle zone (Fig
3.11B) had lowest (approx 50%). This could be due to a delay in IL-1α diffusion into the
middle zone.
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In the case of explantation there was an increase in p65 translocation in approximately 50% of
cells of the whole cartilage explant (Fig 3.10 and 3.11E). Again the percentage of p65 nuclear
translocation differed through the zones; the articular surface was most responsive,
approximately 70% of cells activated. The lowest activation was seen in the middle zone
(approx 40%). Nuclear translocation of p65 is a good indicator of NFκB activation and
strongly suggests there is activation of this pathway upon explantation. The extent of
activation was similar to that seen with IL-1α stimulation; this is surprising in view of the
changes in IκB phosphorylation being moderate.
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Figure 3.10 Immunolocalisation of p65 in murine epiphyseal cartilage in response to explantation
and to IL-1α stimulation
Murine epiphyseal cartilage explants were snap frozen immediately (time 0) or after 30 min incubation
in SF-DMEM. Some explants were rested for 48 h (Control) before snap freezing or stimulation with
IL-1α (50ng/ml) for 30 min and snap freezing. Sections (5 μm) were incubated with a primary antibody
against p65. Sections were washed and incubated with a Alexa Fluor 488-conjugated fluorescent
antibody to p65 and propidium iodide. P65 nuclear translocation was assessed by Ultraview confocal
microscopy using Volocity® Acquisition. Fluorescence signals detected ‘p65’ (green) and ‘nuclear’
(red). Yellow indicates when green and red were merged, indicative of p65 nuclear translocation. Three
gradient images taken from the articular cartilage surface, middle zone, epiphyseal line and margins of
the whole cartilage explants from each section. There were three sections for each sample. The
experiment was performed 3 times.
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Figure 3.11 Immunolocalisation of p65 in murine epiphyseal cartilage in response to explantation
and to IL-1α stimulation.
Murine epiphyseal cartilage explants were snap frozen immediately (time 0) or after 30 min incubation
in SF-DMEM. Some explants were rested for 48 h (Control) before snap freezing or stimulation with
IL-1α (50ng/ml) for 30 min and snap freezing. Results are shown as percentage of p65 nuclear
translocation in articular cartilage surface, middle zone and epipyhseal line, margins of the cartilage
explants and for the whole cartilage explants. Images were taken from each zone on the Ultraview
confocal microscopy (for details see material and methods). >50% yellow was regarded as p65 nuclear
translocation. <50%. The mean percentage if p65 nuclear translocation was calculated as follows: (1)
For each image total numbers of nuclei and nuclei showing p65 translocation were counted. (2) The
percentage of nuclei showing p65 translocation was calculated from three fields taken from the same
zone was averaged. (3) This average was calculated for three different sections for each sample, giving
an overall average for each hip explant. (4) For an experiment three hip explants were used for each
point and the results was expressed as a mean. The mean percentage of p65 positive nuclei in the whole
cartilage explants was calculated by summing the total number of nuclei and nuclei showing p65
translocation from the different zones.
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3.7 Re-cutting rested murine femoral head epiphyseal
cartilage
In previous experiments activation of p38 and ERK was seen upon re-cutting rested porcine
articular cartilage (Gruber J et al., 2004) and this was largely due to the release of FGF2
(Vincent et al., 2002). In these experiments porcine cartilage explants were rested overnight
and cut with a scalpel into smaller pieces on day 2. In such experiments, the JNK pathway
was not activated, nor was NFκB (Watt F PhD Thesis 2009 Imperial College London). This
cultured cartilage is refractory to the scalpel injury in its signalling response. I conducted an
experiment to see which signalling pathways were activated upon re-cutting rested murine
cartilage explants.

ERK, JNK and p38 activation: Murine cartilage was explanted into SF-DMEM and rested
for 48 h. Each cartilage explant was then cut into 4 pieces with a scalpel and either lysed
immediately, or incubated for 5, 20, 40 or 90 min. Cartilage pieces were lysed in RIPA buffer
and concentrated. The lysates were run on SDS-PAGE and the proteins transferred to a
membrane which was probed for phospho-JNK, phospho-p38, phospho-ERK and total ERK
(Fig 3.12). ERK and p38 were activated upon re-cutting, peaking at 5 min. JNK was also
weakly activated upon re-cutting (in comparison to IL-1α stimulation (Fig 3.12, right hand
lane), a response which had not been seen in porcine cartilage. The time course of ERK and
p38 activation following re-cutting was similar to the response following explantation (Fig
3.7 A & B).

A further experiment was conducted to explore the degree of JNK activation seen upon recutting compared to explantation. Murine cartilage was explanted and either lysed
immediately (time 0 min explantation), explanted into DMEM and incubated 20 min or rested
for 48 h. Cartilage explants that were rested for 48 h were either lysed (time 0 min re-cutting)
or re-cut using a scalpel and incubated for 20 min. ERK activation showed no difference
between explantation and re-cutting. However both JNK and p38 showed a weaker activation
upon re-cutting in comparison to explantation (Fig 3.13).

IκBα phosphorylation: Murine cartilage was explanted and rested for 48 h, re-cut and
cultured for 5 min. Samples were lysed and western blotted for phospho-IκBα, tubulin and
total-ERK. Re-cutting rested murine cartilage explants did not induce phospho-IκBα
expression, indicating that NFκB was not activated (Fig 3.14).
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Figure 3.12 JNK, p38 and ERK activation upon re-cutting rested murine cartilage explants.
3 murine explants used per assay point. Cartilage was dissected from the femoral heads directly into
SF-DMEM and rested for 48 h. They were either lysed immediately or re-cut and incubated for the
times indicated, or stimulated with IL-1α (50ng/ml for 20 min) before lysis. Tissue lysates were
concentrated with SDS-PAGE clean up kit prior to immunoblotting for phospho-JNK. The membrane
was stripped and re-probed for phospho-p38, phospho-ERK and total ERK.
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Figure 3.13 JNK, p38 and ERK activation upon explantation and re-cutting rested murine
cartilage explants.
Cartilage explants (3 per assay point) were dissected from the femoral heads and were either lysed
immediately or explanted directly into SF-DMEM and incubated for 20 min or rested for 48 h. Rested
cartilage was either lysed after 48 h or re-cut and incubated for 20 min, or stimulated with IL-1α
(50ng/ml for 20 minutes) before lysis. Tissue lysates were concentrated by using SDS-PAGE clean up
kit and were then immunoblotted for phospho-JNK. The membrane was stripped and re-probed for
phospho-p38, phospho-ERK and total ERK.
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Figure 3.14 Re-cutting rested murine cartilage explants does not induce phospho-IκBα.
Murine cartilage explants (5 per assay point) were dissected from the femoral heads directly into SFDMEM and rested for 48 h. They were either lysed immediately or re-cut and incubated for 5 min or
stimulated with IL-1α (50ng/ml for 5 min) before lysis. Tissue lysates were concentrated by using
SDS-PAGE clean up kit and were then immunoblotted for phospho- IκBα. The membrane was stripped
and re-probed for tubulin and total ERK.
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3.8 FGF2 stimulates ERK and p38 in murine femoral head
epiphyseal cartilage
FGF2 is located in the pericellular matrix and is released when porcine cartilage is subjected
to either explantation or re-cutting, causing ERK and p38 activation (Vincent T et al., 2002;
Vincent T et al., 2007). In order confirm whether FGF2 activates ERK and p38 in murine
cartilage, rested explants were stimulated with FGF2 and samples were western blotted for
phospho-MAPKs. FGF2 stimulation only activated ERK strongly, and not JNK in murine
cartilage explants. In 3 experiments p38 was only weakly activated, mirroring observations
with porcine cartilage (Fig 3.15).
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Figure 3.15 FGF2 activates ERK in rested murine cartilage explants.
Murine cartilage explants (3 per assay point) were dissected from the femoral heads and rested for 48
h. The cartilage explants were stimulated with IL-1α (50ng/ml for 20 min) or FGF2 (100ng/m for 20
min) before lysis with RIPA buffer. Tissue lysates were concentrated using SDS-PAGE clean up kit
and then immunoblotted for phospho-JNK, then stripped and re-probed for phospho-p38, phosphoERK, tubulin and total ERK.
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3.9 Discussion
Mechanical injury is an important risk factor that predisposes to the development of OA.
However mechanisms involving injury to cartilage are not understood. Our laboratory has
revealed that injury to intact porcine cartilage rapidly activated signalling pathways including
all three MAPKs (JNK, p38, ERK), NFκB, PI3K and Src/FAK (Watt F PhD Thesis Imperial
College London 2009; Didangelos A PhD Thesis Imperial College London 2008; Gruber J et
al., 2004). Activation of these intracellular signalling pathways are known to lead to gene
expression changes. The activation of ERK (but not NFκB and JNK) upon explantation is
partly due to FGF2 released from the pericellular matrix (Vincent T et al., 2002; Vincent T et
al., 2004). One possibility for the immediate activation of inflammatory signalling pathways
is the release of another soluble factor upon injury. However no such activity has been
identified in medium conditioned by injured cartilage explants (Didangelos A PhD Thesis
2008). It could be that the chondrocytes directly sense damage to the extracellular matrix and
that this drives inflammatory signalling. Or there may be an unstable soluble factor, which
cannot be detected. It was important to transfer the study of cartilage injury into the mouse so
that the possible roles of candidate ligands and receptors involved in the response could be
examined in genetically modified animals. In addition understanding the injury response in
mice is relevant to the study of pathogenesis of experimental osteoarthritis in the animal.

It was not possible by dissecting articular cartilage from mouse joints to obtain enough tissue
for biochemical analysis to replicate the same injury model used for porcine tissue. However
Fiona Watt had found that dissection of porcine synovium activated the same intracellular
signalling pathways as had been seen upon dissection of cartilage. This suggested that injury
responses of connective tissues may be generic, and not specific to chondrocytes of articular
cartilage. I therefore used murine epiphyseal cartilage dissected from the femoral head of
animals aged 5 to 6 weeks. Dissection of the epiphysis causes injurious trauma to the explants
at the growth plate, and to the ligamentum teres by shearing and cutting.

Signalling assays were performed on hip explants to confirm whether the injury responses
were similar to those in porcine synovium and articular cartilage. A series of protocols were
optimised in order to overcome the technical challenges working with small quantities of
tissue. Western blotting had been used to define the activation of signalling pathways in
response to explantation in porcine cartilage by immunoblotting phospho-proteins. When
murine cartilage lysates were concentrated and precipitated by using the SDS-PAGE clean up
kit, it was possible to use 3 to 5 murine hip explants to detect phospho-JNK, phospho-ERK,
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phospho-p38, phospho-IκBα and total-IκBα. This showed murine cartilage explantation
induced phosphorylation of JNK, p38, ERK and IκBα, indicative of MAPK and NFκB
activation. The rapidity of activation of MAPK and phosphorylation IκBα was similar to that
seen in porcine tissues. The results with the murine hips were consistent with there being a
generic injury response in connective tissue. Therefore the hip explant seemed a simple
practical system for exploring mechanisms behind injury responses.

While the injury showed unequivocal evidence of MAPK activation, the situation regarding
NFκB was unclear, there being evidence of weak phosphorylation of IκB, but not marked
degradation. In order to establish whether or not NFκB was being activated via the canonical
pathway I performed IKK kinase assays. This confirmed an induction of modest IKK activity
upon murine hip explantation. I also investigated p65 nuclear translocation in the hip explants
by performing immunohistochemistry to establish whether or not activation of NFκB was
occurring. Clear evidence of p65 nuclear translocation in the epiphyseal cartilage was
detected upon explantation, particularly located at the articular cartilage surface and the
growth plate. These observations differ somewhat from the p65 translocation seen in
dissected porcine cartilage, which mainly occurred in the deep zone. This was not surprising
because the deep zone receives the most injury upon dissection. Therefore a high percentage
of translocation localised at the growth plate was expected because of shearing at the base of
the explants. However it was unexpected that there was strong p65 translocation in the
articular cartilage surface, but this could have been a result of injury to the ligamentum teres
and/or injury to the margins of the explants that spreads through the tissues as a result of
mechanical deformation, or by cell-cell contacts. Alternatively these patterns could reflect a
soluble factor released.

Re-cutting rested porcine cartilage only activated ERK and p38 but not JNK and NFκB. It did
not cause the same activation as explantation. This was also partly the case when rested
murine hip explants were re-cut, although there was a weak activation of JNK. These subtle
disparities between porcine and murine cartilage could be due to differences in species or
tissue types because murine epiphyses contain hypertrophic as well as articular chondrocytes.
Failure to activate NFκB and JNK upon re-cutting in a similar fashion to cartilage
explantation could be due to changes in the responsiveness of chondrocytes in culture.
Because re-cutting caused weak JNK activation as well as ERK activation I could not
conclude that the re-cutting response was simply due to FGF2.
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Avulsing the hip epiphysis and cutting porcine cartilage show similar intracellular signalling
responses. These responses also occur in other tissues following injury. For instance,
mechanical stress to vascular smooth muscle cells or wounding lung epithelial cells rapidly
activates JNK, p38 and ERK (Li C, et al., 1999; Göke M et al., 1998). Wounding or partialthickness burns to the skin strongly activates ERK MAPK which contributes to the healing
process (Pintucci G et al., 2002; Satoh Y et al., 2009). It has been demonstrated that Erk+/mice exhibit a delay in re-epithelization following partial-thickness burns to the skin (Satoh et
al., 2009). Activation of ERK, p38 and PI3K has been shown in response to scratch wounding
in human keratinocytes. While inhibition of ERK and p38 impair or delay healing, PI3K
inhibition potentiates wound closure (Fitsialos G et al., 2007).

Even though avulsing the hip epiphysis differs from the porcine cartilage injury model, the
intracellular signalling responses in the two systems closely resemble each other. This is
consistent with idea that injury responses in connective tissues may be generic and that the
epiphyseal cartilage injury could be used to identify and investigate the molecules/pathways
that mediate these responses.
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4.1 Introduction
Having demonstrated that the immediate intracellular signalling responses in explanted
murine femoral head epiphysis closely resembled that of the porcine articular cartilage and
porcine synovial tissue, I next investigated the nature and extent of the changes in gene
expression in order to compare them with those previously detected in the porcine articular
cartilage and in murine knee joints immediately following the surgical destabilisation used for
inducing OA.

Fiona Watt (a previous PhD student) had found that dissection of the porcine articular
cartilage induced expression of mRNA of a number of known inflammatory response genes
(i.e. genes known to be expressed in response to IL-1, TNF or LPS), these included
prostaglandin-endoperoxide synthase 2 (Ptgs2 also known as cyclooxygenase-2 (COX-2)),
inhibin βα (Inhba) the precursor of the protein activin A (Alexander S et al., 2007), Mmp13,
tumour necrosis factor alpha-induced protein 6 (Tnftip6/TSG6) (Watt F PhD Thesis 2008),
interleukin-1α (Il1α) and Il1β (Gruber J et al., 2004). The expression of these genes was also
increased in analyses carried out by Annika Burleigh on whole murine knee joints following
DMM surgery (Burleigh A PhD Thesis 2010 Imperial College London).

In order to determine the changes in gene expression, I first optimised a protocol to extract
high quality RNA from murine cartilage explants for quantitative RT-PCR on custom-made
Taqman low density array (TLDA) microfluidic cards. TLDA microfluidic cards enable 48
genes to be analysed for 8 different samples per card. The selection of these genes was based
on the results of an Affymetrix microarray study performed on the DMM model of OA by
Annika Burleigh (Burleigh A PhD Thesis 2010 Imperial College London). Some genes with
putative roles in OA were included on the microfluidic cards even though they were not
picked up on Annika Burleigh’s microarray study, many they had been regulated in other
studies such as that of Appleton CT et al (2007b) who analysed rat OA cartilage one month
after induction of disease and of Dell’accio F et al (2008) who re-cut cultured human
cartilage. Table 4.1 gives details of the 48. These included arginase (Arg1) and the tissue
serum amyloid A (Saa3), two of the most strongly regulated genes from the Burleigh
microarray. Chemokines and receptors were Ccl2, Ccl7, Ccr2, Ccr5; cytokines and cytokine
receptors were Il33, Il1a, Il1b, Il1r1, Il1rl1, Il6, Inhba and Tnfrsf12a. Enzymes were Ptges,
Ptgs2, Has1, Has2 and Nos2; metalloproteinases were Adam8, Adam9, Adamts1, Adamts4,
Adamts5, Adamts15, Mmp3, Mmp8, Mmp13, Mmp19; and proteinase inhibitors were Timp1
and Serpina1a. Leukocyte markers were Cd14 and Cd68; and matrix components were
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Col2a1, Acan and Vcan. Ccr5 was included because of its ligand Ccl5 being upregulated in
the Burleigh array, and Il1α was included because previous data showed upregulation in
destabilised murine knees. Arg2 was included because of it being the other form of arginase.
Dell’Accio F et al (2008) had found Wnt16 was highly regulated on a microarray analysis of
human articular cartilage explants that were re-cut and therefore Wnt16, Wisp2 and Sfrp2
(involved in the Wnt signaling) were also selected for the microfluidic cards. Ar, Esr1 and
Esr2 were selected for a study of gender and OA susceptibility by another PhD student. 18s
RNA was included as the endogenous housekeeping control. I investigated the changes in the
transcripts of these 47 genes in response to explantation of murine epiphyseal cartilage.
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Table 4.1 Definition and function of the 48 genes on the custom designed Taqman low density arrays (TLDA) (Identified from murine OA microarray)

Abbreviation
18s
Acan
Adam8
Adam9

Adamts1

Adamts15
Adamts4
Adamts5

Genes
Eukaryotic 18S rRNA
Aggrecan
A disintegrin and metalloprotease
domain 8
A disintegrin and metalloprotease
domain
A disintegrin and metalloproteinase
with thrombospondin motifs 1
A disintegrin and metalloproteinase
with thrombospondin motifs 15
A disintegrin and metalloproteinase
with thrombospondin motifs 4
A disintegrin and metalloproteinase
with thrombospondin motifs 5

Catalogue Number
Hs99999901_s1
Mm00545794_m1
Mm00545762_m1
Mm01218460_m1

Mm00477355_m1

Description
Structural Component of eukaryotic ribosome. Used as a house-keeping gene.
Major proteoglycan in cartilage.
Cell surface glycoprotein expressed on monocytes and macrophages.
Expressed on macrophages and monocytes. Involved in shedding cell surface receptors of cleaves EGF and
FGFR2IIIb. Adamt9-/- have accelerated wound healing (Mauch C et al., 2010).
Adamts1 is hormonally regulated and possesses anti-angiogenic functions. It sequesters VEGF, binds
fibroblast growth factor-2 via a heparan bridge and releases anti-angiogenic fragments from thrombospondin-1
and thrombospondin-2. ADAMTS1 was found to regulate embryonic fibroblast growth factor signalling (Apte
SS., 2009).

Mm01176187_m1

Aggrecanase (See Chapter 1, Section 1.4.1.2, Page 15)

Mm00556068_m1

Aggrecanase degrades cartilage (See Chapter 1, Section 1.4.1.2, Page 15)

Mm00478620_m1

Ar

Androgen Receptor

Mm00442688_m1

Arg1

Arginase 1

Mm00475988_m1

Arg2

Arginase 2

Mm00477592_m1

Ccl2

Chemokine (C-C motif) ligand 2

Mm00441242_m1

Ccl5

Chemokine (C-C motif) Ligand 5

Mm01302428_m1

Ccl7
Ccr2
Ccr5

Chemokine (C-C motif) Ligand 7
Chemokine (C-C motif) Receptor 2
Chemokine (C-C motif) Receptor 5

Mm00443113_m1
Mm01216173_m1
Mm01216171_m1

Cd14

Cluster of Differentiation 14

Mm00438094_g1

Cd68

Cluster of Differentiation 68

Mm00839636_g1

Col2a1

Collagen, type II, alpha 1

Mm01309565_m1

Ctgf

Connective Tissue Growth Factor

Mm00515790_g1

Aggrecanase degrades cartilage. Adamts5-/- mice are protected from OA (Glasson et al., 2005) (See Chapter 1
section. (See Chapter 1, Section 1.4.1.2, Page 17)
A member of the nuclear receptor superfamily. Activated by testosterone or 5α-dihydrotestosterone (5αDHT).
AR has been implicated in fetal development, sexual maturation, aging and malignant transformation. Male
organs strongly express AR (Mantalaris A et al., 2001).
Arginase catalyzes the hydrolysis of arginine to ornithine and urea. Found in the cytosol and participates in the
urea cycle is expressed high levels in the liver (Shi O et al., 2001). May also identify M2 subset of
macrophages.
Catalyzes the hydrolysis of arginine to ornithine and urea. Localized in the mitochondria, wide tissue
distribution, but high levels in the kidney and low levels in the liver (Shi O et al., 2001).
Also known as Monocyte chemoattractant protein-1 (MCP-1). Chemokine for monocytes and macrophages
Also known as Regulated upon Activation, Normal T-cell Expressed, and Secreted (RANTES), attracts Tcells, eosinophils, basophils and leukocytes.
Also known as MCP-3, chemoattractant for all leukocytes.
Cell surface receptor for CCL2.
Cell surface receptor for CCL5, expressed on T-cells, macrophages and dendritic cells.
Acts as a co-receptor for binding of LPS to TLR4. LPS binds to CD14 in the presence of LPS-binding protein
(LBP), this complex then binds to TLR4. Expressed on chondrocytes cell surface (Summers KL et al., 1995).
110kDa transmembrane glycoprotein of unknown function, expressed by human monocytes and tissue
macrophages. CD68 is a member of hematopoietic mucin-like molecules family (Holness CL, Simmons DL.,
2011). Widely used as a activation marker of macrophages.
Key fibrillar
114collagen in cartilage.
A member of the CNN family. It is a protein that mediates interactions with growth factors, integrins and
ECM. Ctfg-/- mice have skeletal dysmorphism as a result of impaired chondroycte proliferation and die
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perinatally (Ivkovic S et al., 2003).
Esr1

Estrogen Receptor 1

Mm00433149_m1

Esr2

Estrogen Receptor 2

Mm00599819_m1

F3

Coagulation Factor III

Mm00438855_m1

Has1

Hyaluronan Synthase 1

Mm00468496_m1

Has2

Hyaluronan Synthase 2

Mm00515089_m1

Il1a

Interleukin-1 alpha

Mm00439620_m1

Il1b
Il1r1
Il1rl1
Il33

Interleukin-1 beta
Interleukin 1 receptor, type I
Interleukin 1 receptor-like 1/ ST2
Interleukin- 33

Mm01336189_m1
Mm00434237_m1
Mm00516117_m1
Mm00505403_m1

Il6

Interleukin-6

Mm99999064_m1

Inhba
Mmp13

Inhibin, beta A
Matrix Metalloproteinase-13

Mm00434339_m1
Mm00439491_m1

Mmp19

Matrix Metalloproteinase-19

Mm00491300_m1

Mmp3
Mmp8

Matrix Metalloproteinase-3
Matrix Metalloproteinase-8

Mm00440295_m1
Mm00439509_m1

Nos2

Nitric oxide Synthase 2A

Mm01309898_m1

Pdpn

Podoplanin

Mm00494716_m1

Ptges

Prostaglandin E Synthase

Mm00452105_m1

Ptgs2

Prostaglandin-Endoperoxide
Synthase 2

Mm01307329_m1

Saa3

Serum Amyloid A3

Mm00441203_m1

Serpina1a
Sfrp2

Serine (or Cysteine) Peptidase
Inhibitor, Clade A, Member 1A
Secreted Frizzled-Related Protein 2

Mm02748447_g1
Mm01213947_m1

Receptor for estrogen. Estrogen enhances skeletal development during sexual maturation. Expressed in growth
plate cartilage (Börjesson AE et al., 2010). Chondrocytes express Esr1. Esr1-/- mice do not exhibit spontaneous
cartilage degradation. (Sniekers YH et al., 2009)
Receptor for estrogen. Estrogen enhances skeletal development during sexual maturation, expressed in growth
plate cartilage (Börjesson AE et al., 2010). Chondrocytes express Esr2.
Cell surface glycoprotein enables cells to initiate blood coagulation upon endothelial damage.
Main function is to synthesize HA. Levels vary with age and change in response to cytokines and growth
factors (Hiscock DR et al., 2000)
Present in the chondrocytes. Levels vary with age and change in response to cytokines and growth factors
(Hiscock DR et al., 2000)
Strong inflammatory mediator (see Chapter 1, Section 1.4.3.1, Page 17/ Section 1.5.1.1 Page 22). Powerful
inducer of matrix breakdown.
Strong inflammatory mediator (see Chapter 1, Section 1.4.3.1, Page 17/ Section 1.5.1.1 Page 22).
Receptor for IL-1 (Chatpter 1, Section 1.5.1.1 Page 22).
Receptor for IL-33 (Chapter 1, Section 1.5.1.1 Page 24).
Cytokine of the IL-1 family (see Chapter 1, Section 1.5.1.1 Page 22).
Pro-inflammatory cytokine, secreted by T-cells, macrophages and fibroblasts. IL-6-/- male were protected from
RA (Boe A et al., 1999) and develop advance OA upon aging (de Hooge AS et al 2005).
Inhba forms a homodimer called activin. Activin is a member of TGFβ family. Can be blocked by follistatin.
Key collagenase in cartilage. (Mmps see Chapter 1, Section 1.4.1.1, Page 14).
MMP-19 has been found to degrade aggrecan and COMP and is constitutively expressed in RA and injured
synovial membranes (Stracke JO et al., 2000).
Also known as Stromelysin-1 (Mmps see Chapter 1, Section 1.4.1.1, Page 14).
Expressed at low levels in osteoarhritic cartilage (Stremme S et al 2003)
Also known as inducible NOS (iNOS) which functions in the immune system. Nos2 catalyzes the conversion
of L arginine to NO. NOS2 is upregulated in OA chondrocytes (Abramson SB., 2008).
Podoplanin was identified as a 43 kDa glycoprotein found in the cell membranes of podocytes. Pdpn is known
as a lymphatic marker. It is also expressed on osteoclasts, osteocytes and chondrocytes (Ariizumi T et al.,
2011).
An enzyme that participates in the arachidonic acid cascade. Catalyzes the conversion of PGH2 to PGE2
(Shimpo H et al., 2009)
Also known as Cyclooxygenase (COX2). An enzyme that participates in the arachidonic acid cascade.
Converts arachidonic acid to Prostaglandin H2 (PGH2).
Acute phase reactant (APR) protein. Serum amyloid A3 (SAA3) is the isoform induced in liver in response to
proinflammatory stimuli (Wilson TC et al., 2005).
Serpina1a also known as α1-antitrypsin or α1-proteinase inhibitor is a serine proteinase inhibitor. Plays a role
in blood clotting, inflammation, and turnover of ECM (Kuiperij HB et al., 200).
Involved in Wnt Signalling as a receptor for Wnt proteins. Expressed in human cartilage during development
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Timp1
Tnfaip6
Tnfrsf12a
Wisp2
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Secreted Frizzled-Related Protein 2

Tissue Inhibitor of
Metalloproteinases 1
Tumour Necrosis Factor-Inducible
Gene
Tumour Necrosis Factor Receptor
Superfamily member 12A
WNT1-Inducible-Signaling
Pathway Protein 2
Wingless-type MMTV Integration
Site Family, Member 16

Mm01213947_m1

Involved in Wnt Signalling as a receptor for Wnt proteins. Expressed in human cartilage during development
and also appears to be associated with apoptotic chondrocytes present in human OA cartilage (James IE et al.,
2000).

Mm00441818_m1

Inhibitors of MMPs. (See Chapter 1, section 1.4.1.2, page 15)

Mm00493736_m1
Mm00489103_m1
Mm00497471_m1
Mm00446420_m1

Encodes for TSG6 protein. Present in synovial fluid and cartilage from OA patients. Tsg6-/- mice develop
accelerated proteoglycan-induced arthritis (Szántó S et al., 2004).
Gene encoding for TNF-like weak inducer or apoptosis (TWEAK), which belongs to the TNF family. Is
known to bind to TWEAK receptor or FGF-inducible 14 (Fn14) and may play a role in cell growth,
angiogenesis and inflammation (Wiley SR, Winkles JA., 2003).
Belong to the (CTGF, CYR61, and NOV (CCN) family and exists downstream of the WNT-β-catenin
signalling pathway (Tanka I et al., 2005)
A ligand that activates the canonical Wnt signalling pathway. Mechanical injury to human cartilage causes
Wnt16 activation (Dell'accio F et al., 2008).
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4.2 RNA extraction from cartilage
Extracting RNA of good quality from cartilage has always been a challenge. This is
considered to be due to the abundance of extracellular matrix and particularly its high
proteoglycan content (Mallein-Gerin F, Gouttenoire J., 2004). Although RNA extraction from
whole murine knee joints had proved relatively straightforward, this was not the case for the
murine hip cartilage explants. The quantity and quality of mRNA was poor when I used
methods previously adopted for RNA extraction from whole joints or porcine articular
cartilage. I therefore spent some time optimizing the extraction procedure for the murine hip
tissue.

4.2.1 Measuring the quality of RNA
The quality and quantity of RNA obtained needs to be consistent throughout the experiments.
Initially RNA concentration and quality were measured by using a Thermo Scientific
NanoDrop™ 1000 Spectrophotometer (LabTech). This UV-spectrophotometer uses a
patented sample (1µl) retention technology, whereby the samples are held in place solely due
to surface tension. At both ends of the surface are fibre optic cables. One surface emits a
pulsed flash from a 220nm-750nm spectrum xenon lamp through the sample, and the other
end receives and analyzes the light via a linear CCD array. RNA quality is assessed by the
ratios of measurements at 260nm and 280nm, and 260nm and 230nm. The RNA absorbs at
260nm. Protein, phenol and other contaminants are detected at 280 nm. Carbohydrates and
phenol are detected at 230nm. A 260/280 ratio assesses the purity of RNA. The accepted ratio
is usually >1.7, any value lower than this indicates protein contamination. The accepted
range for 260/230 is from 1.7-2.0. A value below 1.7 indicates phenol or other buffer
contamination from the extraction procedure.

I also used the Agilent Bioanalyzer 2100 and Agilent RNA 6000 Nano LabChip® Kit
(Agilent, Santa Clara, USA) as an alternative method to measure the RNA quality and
concentration. This instrument uses gel microcapillary electrophoresis to analyse the mRNA.
It detects 18s and 28s ribosomal RNA, which are shown as two distinct bands on the gel and
two distinct peaks on the electropherogram (Fig 4.1(A)). The area under the 18s and 28s
peaks on the electropherogram represents the concentration of the RNA. The quality of the
RNA (amount of degradation) is expressed as a RNA integrity number (RIN), which is
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generated by algorithm software, which is based on a large collection of RNA data of various
tissues and qualities. An acceptable RIN value is >6.
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Electropherogram

Gel-like Image

(A)
Highly quality
RNA

Degraded RNA

(B)

Figure 4.1 Agilent Bioanlyzer 2100 electropherogram and gel-like image of high quality and
degraded RNA.
Electropherogram and gel-like image showing 18s and 28s of (A) high quality RNA with a RIN of 9.3.
and (B) degraded RNA with a RIN of 5.8.
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4.2.2 Developing a protocol to extract high quality RNA from murine
epiphyseal cartilage
I started with the method by which RNA had been extracted from murine knee joints and
made a number of alterations to optimise this protocol for murine explants. RNA was
extracted from 8 groups of explants in all modified protocols, and the tissue was first
pulverised by using a Power Gen 125 Polytron (Fisher Scientific) either in Trizol buffer or
RNAqueous lysis buffer. Table 4.1 shows protocols 1-6 with details of any changes to the
method.

Protocol 1 was the original standard method for extracting RNA from murine knee joints.
When using protocol 1 (Table 4.2) to extract RNA from murine cartilage explants, 260/280
ratios were acceptable indicating high RNA purity and low protein contamination, however
the 260/230 ratios were below the acceptable value and indicated phenol or carbohydrate
contamination. The yield appeared to be variable, with some samples having relatively high
concentrations but these results were unreliable and could have been a result of phenol or
polysaccharide contamination. Protocol 2 (Table 4.2) was the same as protocol 1 but an extra
high salt precipitation step was added in order to remove proteoglycans (Gruber J et al.,
2004). The low 260/280 ratio indicated protein contamination in some samples, and there was
still high proteoglycan or phenol contamination indicated by the low 260/230 ratio. Protocol 3
(Table 4.2) was based on a method in the literature claiming high quality RNA by treating
samples with proteinase K, which degrades proteins and proteoglycans (Mallein-Gerin F,
Gouttenoire J., 2004). However, the quality and yield of RNA still remained variable and
unreliable. Protocols 2 and 3 were combined as protocol 4 (Table 4.2). Even though extracts
had significantly higher yields of RNA they were still highly contaminated, therefore the
protocol was further adapted by including the use of Qiagen mini kit columns (Table 4.2,
Protocol 5). More recent literature suggested improved quality and yield might be obtained by
using an RNAqueous kit (Ruettger A et al., 2010). In Protocol 6 (Table 4.2) I combined
RNAqueous lysis buffer (guanidinium thiocyanate solution) and Trizol to lyse the cells and
dissociate the proteoglycans. Changes in the volume of reagents were made in order to reduce
contamination. RNA extracted using Protocol 6 (Table 4.1) showed 260/280≥1.7 and 260/230
ratio between 1.67-2.07, suggesting that the purity of RNA was high with relatively little
contamination by protein or proteoglycan. When this RNA was evaluated by using the
Agilent 2010 Bioanalyzer, samples had high RIN numbers ranging from 8.2 to 9. The samples
extracted by using Protocol 1 had RIN ≤ 5.
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Fig 4.2 summarises the variability of 260/280, 260/230 ratios and yields of RNA extracted.
Protocol 5 and 6 gave the most consistent 260/280 ratios, but the 260/230 ratio for Protocol 4
was low despite giving the best yields. Protocol 6 gave the best 260/280 and 260/230 ratios
with relatively little variation. The yield though less than Protocol 4 was sufficient to perform
RT-PCR. Protocol 6 was therefore adopted for the experiments.
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Protocol 1

Protocol 2

Protocol 3

Protocol 4

Protocol 5

Protocol 6

Homogenise tissue in 1 ml
of trizol and incubate 15
min at RT

Homogenise tissue in 1
ml of trizol and incubate
15 min at RT

Homogenise tissue in
500µl of a buffer (300mM
TrisCl, 30mM EDTA, 5%
Tween-20, 0.5% Triton X100, 800mM Hcl,
proteinase K) incubate 3 h

Homogenise tissue in
500µl of a buffer (300mM
TrisCl, 30mM EDTA, 5%
Tween-20, 0.5% Triton X100, 800mM HCl,
proteinase K) incubate 3 h

Homogenise tissue in
500µl of a buffer (300mM
TrisCl, 30mM EDTA, 5%
Tween-20, 0.5% Triton X100, 800mM HCl,
proteinase K) incubate 3 h

Homogenise tissue in
500µl of RNAqueous
Lysis buffer and
incubate 1 h

Step 2

Centrifuge and discard
debris. Add BCP to
supernatant

Centrifuge and discard
debris. Add BCP to
supernatant

Add 1 ml of trizol and
incubated 15 min at RT

Add 1 ml of trizol and
incubated 15 min at RT

Add 1 ml of trizol and
incubated 15 min at RT

Centrifuge and
discard debris

Step 3

Centrifuge and transfer top
aqueous phase into an
equal volume of 70%
ETOH

Centrifuge and transfer
top aqueous phase into
an equal volume of 70%
ETOH

Centrifuge and discard
debris. Add BCP to
supernatant

Centrifuge and discard
debris. Add BCP to
supernatant

Centrifuge and discard
debris and add BCP to
supernatant

Add 1 ml of trizol and
incubated 15 min at
RT

Run samples in Qiagen
mini kit columns

Add Isopropanol and
high salt precipitation
solution

Centrifuge and transfer top
aqueous phase into an
equal volume of 70%
ETOH and Isopropanol

Centrifuge and transfer top
aqueous phase into an
equal volume of 70%
ETOH

Centrifuge and transfer top
aqueous phase into an
equal volume of 70%
ETOH

Centrifuge and
discard debris. Add
BCP to supernatant

Run samples in Qiagen
mini kit columns

Run samples in Qiagen
mini kit columns

Add Isopropanol and high
salt precipitation solution

Add Isopropanol and high
salt precipitation solution

Centrifuge and
transfer top aqueous
phase into 230µl of
70% ETOH

Centrifuge and wash pellet
with 70% ETOH before
diluting RNA with
nuclease-free water

Centrifuge and wash pellet
with 70% ETOH

Run samples in
Qiagen mini kit
columns

Step 1

Step 4

Step 5

Step 6

Step 7

Conclusion

260/280 ratio
260/230 ratio
Yield (ng/µl)
RIN
260/280
260/230

1.62-2.08
0.15-1.23
16.26-134.93
2-5
Acceptable but variable
Low figures

1.30-1.72
0.48-0.90
2.71-66.80
N/A
Acceptable but variable
Low figures

1.56-1.80
0.27-0.76
7.78-15.37
N/A
Acceptable but variable
Low figures

1.84-1.96
0.68-1.06
500-600
N/A
Acceptable
Low figures

Run samples in Qiagen
mini kit columns
1.63-1.94
0.91-1.28
110-177
N/A
Acceptable
Low figures

1.93-2.08
1.67-2.07
51-113.75
8.20-9.1
Acceptable
Acceptable

Yield

Variable

Low yield and variable

Low yield and variable

High yield

High yield

High yield

RIN

Low figures and variable

N/A

N/A

N/A

N/A

High RIN

Table 4.2 Protocols 1-6 for RNA extraction showing method, results and conclusions
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(A)

(B)

(C)

Figure 4.2 shows the variation of (A) 260/280 ratio (B) 260/230 ratio and (C) yield of RNA for
different murine cartilage samples extracted by Protocols 1-6.
Absorbances measured by a Thermo Scientific NanoDrop™ 1000 Spectrophotometer.
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4.2.2.1 Minimisation of the number of murine cartilage explants for each RNA
extraction
Protocol 6 gave the best quality RNA from the murine cartilage. The next step was to reduce
the amount of tissue used in order to minimise the number of animals killed. Therefore 2 to 8
cartilage explants were used per sample, and the RNA yield and integrity assessed. Explants
were snap frozen and RNA was extracted using the optimized protocol 6. As expected, the
RNA concentration decreased as the number of cartilage explants was reduced (Fig 4.3).
RNA integrity remained at an acceptable value of 8, even when the number of explants was
reduced to 4. RNA extraction from 2 explants gave too little RNA for the integrity to be
assessed (N/A).

A further experiment was performed with reduced volumes of reagents to increase RNA
concentration. As a result the concentration of RNA extracted was higher: giving 40ng/μl of
RNA from 4 explants, and about 25ng/μl from 2 (Fig 4.4). RNA integrity was 6 when RNA
extracted from 4 explants, but fell to 2 when extracted from 2. It was concluded that 4
explants was the least number that would provide sufficient RNA of good quality.

4.2.2.2 Culturing murine cartilage explants does not alter the RNA Integrity
Previous members of the laboratory had found a marked reduction in both yield and quality of
RNA from porcine articular cartilage extracted after culture, when compared with that
extracted from fresh tissue. The quality of murine RNA was therefore checked to see whether
there would be a reduction after 48 h culture in SF-DMEM. Murine cartilage explants were
either immediately snap-frozen (0 h) or cultured for 4, 24 or 48 h before freezing. Analysis of
RNA extracted revealed that the RNA integrity remained around 6-8 regardless of the period
of culture and there were no significant differences in the yield (Fig 4.5). Therefore culturing
murine cartilage did not affect the quality or quantity or RNA extracted.
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(A)

2 Cartilage explants

4 Cartilage explants

6 Cartilage explants

8 Cartilage explants

(B)

(C)

Figure 4.3 Yield and quality of RNA obtained from different numbers of murine cartilage
explants.
RNA was extracted from either 2, 4, 6 and 8 murine cartilage explants, using lysis buffer from
RNAqueous™ and TRIzol®. Samples were treated with DNase, washed on Qiagen columns and
resuspended in 40μl nuclease-free water. (A) Integrity of RNA isolated was analyzed by capillary
electrophoresis. 18S and 28S ribosomal RNA (rRNA) bands correspond to 41-43 and 47-50 [s]. (B)
The quality of RNA as assessed using RNA integrity number (RIN). (C) The RNA yield is specified
for each sample (ng/μl).
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(A)

4 cartilage explants

2 cartilage explants

6 cartilage explants

8 cartilage explants

(B)
(C)

Figure 4.4 Yield and quality of RNA from different numbers of explants but with reduced
volumes of reagents.
RNA was extracted from either 2, 4, 6 and 8 murine cartilage explants using lysis buffer from
RNAqueous™ and TRIzol® When extracting from 2-4 hips, reagents were halved up to the step
involving Qiagen columns. Samples were treated with DNase, washed on Qiagen columns and
resuspended in 40μl (6-8 explants) or 30μl (2-4 explants) with nuclease-free water. (A) Integrity of
RNA isolated was analyzed by capillary electrophoresis. 18S and 28S ribosomal RNA (rRNA) bands
correspond to 41-43 and 47-50 [s]. (B) The quality of RNA as assessed using RNA integrity number
(RIN). (C) The RNA yield is specified for each sample (ng/μl).
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(A)

0 hours

4 hours

24 hours

48 hours

(B)

(C)

Figure 4.5 RNA integrity number and yield do not alter when cartilage is cultured for up to 48 h.
Murine cartilage explants were cultured for 0, 4, 24 and 48 h and snap-frozen. RNA was extracted from
4 murine cartilage explants, using protocol 6 with the modified buffer volumes. Samples were treated
with DNase, washed in Qiagen columns and resuspended in 30μl with nuclease-free water. (A)
Integrity of RNA isolated was analyzed by capillary electrophoresis. 18S and 28S ribosomal RNA
(rRNA) bands correspond to 41-43 and 47-50 [s]. (B) The quality of RNA as assessed using RNA
integrity number (RIN). (C) The RNA yield is specified for each sample (ng/μl).
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4.3 Gene regulation in response to explantation of murine
femoral head epiphyseal cartilage
Murine cartilage was explanted and RNA was either extracted immediately (0 h) or after
culturing the tissue in SF-DMEM for 4 h. The steady state mRNA levels were measured with
the TLDA microfluidic cards. All Ct values were normalized to 18s as an endogenous control
and calibrated to the mean ΔCt value at 0 h. Table 4.3 gives the mean gene expression at 4 h
relative to the 0 h values. Two genes (Esr2 and Saa3) have had to be excluded from the list
given in Table 4.2 because the primers used for detection gave unreliable results. However of
the remaining 45 genes studied, 25 were significantly upregulated by ≥1.5 fold 4 h following
explantation (Adamts1, Adamts5, Adam9, Arg1, Ccl2, Ccl7, Cd14, Ctgf, F3, Has1, Has2, Il1b,
Il1r1, Il1rl1, Il6, Inhba, Mmp19, Mmp3, Nos2, Pdpn, Ptges, Ptgs2, Timp1, Tnfaip6 and
Tnfrsf12a). 22 of these were significant at p≤0.01, 3 at p≤0.05.

The expression of Inhba, Arg1, Il6, Tnfaip6 and Il1rl1 (Fig 4.6) were most highly regulated,
being increased by 40 fold or more. Inhba expression was increased by 99 fold. Arg1 was
upregulated by 113 fold. However this fold difference is likely to be an under estimate as the
cycle threshold (Ct) values for the 0 h time point samples were arbitrarily set at 40 (maximal
cycles for PCR run) by the analysis software, indicating very low abundance of the Arg1 prior
to explantation. 4 h after explantation Ct values were around 30, representing a very
significant increase. Expression of Il6 was upregulated in response to explantation 48 fold,
while Tnfaip6 and Il1rl1 mRNA levels increased by 40 fold and 48 fold respectively.

Genes whose expression was moderately upregulated (from 5 to 20 fold), were Ccl2, Ccl7,
Cd14, F3, Has1, Pdpn, Ptgs2 and Tnfrs12a (Fig 4.7): all showed statistical significance. The
genes that were significantly upregulated by 1.5 to 5 fold were Adamts1, Adamts5, Adam9
Ctgf, Has2, Il1b, Il1r1, Mmp19, Mmp3, Nos2, Ptges and Timp1 (Fig 4.8). Of particular
interest were Il1b and Adamts5 (up 4 and 2 fold respectively), as Il1b is a key inducer of
cartilage degradation and Adamts5 is a key aggrecanase in murine cartilage (Stanton H et al.
2005). Mmp3, a metalloproteinase also known to degrade cartilage proteoglycan was also

significantly upregulated by 3.2 fold.
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mRNA levels for 9 genes were downregulated up to 5 fold 4 h following explantation;
Adamts15, Ar, Esr1, Ccr2, Cd68, Mmp8, Mmp13, Wisp2 and Sfrp2 (Fig 4.9). Adamts15, Ccr2,
Cd68 and Mmp8 are markers for leukocytes. One reason for their decreased expression could
be that upon explantation any leukocytes present in the epiphyseal explants die or move into
the SF-DMEM during culture. Expression of the remaining genes studied was not
significantly regulated, these were Acan, Adam8, Adamts4, Ccr5, Col2a1, Il1a, Il33,
Serpina1a and Wnt16.
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Genes
Acan
Adam8
Adam9
Adamts1
Adamts15
Adamts4
Adamts5
Ar
Arg1
Arg2
Ccl2
Ccl5
Ccl7
Ccr2
Ccr5
Cd14
Cd68
Col2a1
Ctgf
Esr1
F3
Has1
Has2
Il1a
Il1b
Il1r1
Il1rl1
Il33
Il6
Inhba
Mmp13
Mmp19
Mmp3
Mmp8
Nos2
Pdpn
Ptges
Ptgs2
Serpina1a
Sfrp2
Timp1
Tnfaip6
Tnfrsf12a
Wisp2
Wnt16

Gene
expression at
4 h relative to
0 h± SD

P-value

Direction of
regulation

1.2±0.4
1.8±0.6
1.5±0.3
2.5±1.0
0.2±0.1
1.3±0.5
2.0±0.4
0.5±0.2
113±94
2.6±1.3
12±7
1.8±1.1
7.0±3.9
0.2±0.1
1.4±0.7
16±6.7
0.2±0.1
1.2±0.6
3.2±1.1
0.5±0.1
15 ±7.8
17±9.9
2.7±1.5
3.2±1.7
4.1±1.0
3.5±0.9
48±27
2.2±1.4
48±30
98±57
0.7±0.2
3.4±1.8
3.3±1.0
0.3±0.3
2.9±1.9
5.9±1.3
1.8±0.7
15.7±8.5
1.1±0.4
0.1±0.1
4.6±1.0
40±22
12±6.7
0.5±0.2
0.9±0.6

ns
ns
p≤0.01
p≤0.01
p≤0.001
ns
p≤0.001
p≤0.01
p≤0.01
ns
p≤0.01
ns
p≤0.01
p≤0.01
ns
p≤0.001
p≤0.001
ns
p≤0.01
≤0.01
p≤0.001
p≤0.01
p≤0.05
ns
p≤0.001
p≤0.001
p≤0.001
ns
p≤0.01
p≤0.001
p≤0.05
p≤0.01
p≤0.001
p≤0.05
p≤0.05
p≤0.001
p≤0.05
p≤0.001
ns
p≤0.001
p≤0.001
p≤0.001
p≤0.01
p≤0.001
ns

−
−
↑
↑
↓
−
↑
↓
↑
↑
↑
↑
↑
↓
−
↑
↓
−
↑
↓
↑
↑
↑
−
↑
↑
↑
−
↑
↑
−
↑
↑
↓
↑
↑
↑
↑
↓
↑
↑
↑
↓
−

Table 4.3 Gene regulation in murine femoral head epiphyses on explantation.
The table shows fold change of mRNA levels normalised to 18s and expressed relative to the 0 h
samples. mRNA levels were measured with Taqman Low density arrays on microfluidic cards (See
Materials and Methods, Section 2.9.4.1, pg 71 for details). For both 0 h and 4 h, 6 samples comprising
4 separate epiphyses were analysed. Statistical analysis was by unpaired one-tailed t-test, ns= no
significant, p≤0.05, p≤0.01, p≤0.001. Direction of regulation is represented as ↑= upregulation, ↓=
downregulation, - = no regulation.
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Figure 4.6 Genes whose expression was strongly upregulated (by 40 fold or more) upon
explantation of murine femoral head epiphyses.
Murine cartilage explants were dissected from the femoral heads and the RNA was either extracted
immediately (time point 0 h) or explants were cultured for 4 h in SF-DMEM prior to RNA extraction.
Each point represents the mRNA from 4 cartilage explants. mRNA levels were measured with Taqman
Low density arrays on microfluidic cards (See Materials and Methods, Section 2.9.4.1, pg 71 for
details). 6 Samples were analysed (indicated by individual points). Data is shown fold change
normalised to 18s and expressed relative to 0 h. Horizontal bars indicate the means. Statistical analysis
were by using unpaired one-tailed t-test, ns= no significant, *= p≤0.05, **= p≤0.01, ***= p≤0.001.
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Figure 4.7 Expression of genes moderately upregulated (by 5 to 20) fold upon explantation of
murine femoral head epiphysis.
Murine cartilage explants were dissected from the femoral heads and the RNA was either extracted
immediately (time point 0 h) or explants were cultured for 4 h in SF-DMEM prior to RNA extraction.
Each point represents the mRNA from 4 cartilage explants. mRNA levels were measured with Taqman
Low density arrays on microfluidic cards (See Materials and Methods, Section 2.9.4.1, pg 71 for
details). 6 Samples were analysed (indicated by individual points). Data is shown fold change
normalised to 18s and expressed relative to 0 h. Horizontal bars indicate the means. Statistical analysis
were by using unpaired one-tailed t-test, ns= no significant, *= p≤0.05, **= p≤0.01, ***= p≤0.001.
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Figure 4.8 Gene whose expression was upregulated by 1.3 to 5 fold upon explantation of femoral
head epiphysis.
Murine cartilage explants were dissected from the femoral heads and the RNA was either extracted
immediately (time point 0 h) or explants were cultured for 4 h in SF-DMEM prior to RNA extraction.
Each point represents the mRNA from 4 cartilage explants. mRNA levels were measured with Taqman
Low density arrays on microfluidic cards (See Materials and Methods, Section 2.9.4.1, pg 71 for
details). 6 Samples were analysed (indicated by individual points). Data is shown fold change
normalised to 18s and expressed relative to 0 h. Horizontal bars indicate the means. Statistical analysis
were by using unpaired one-tailed t-test, ns= no significant, *= p≤0.05, **= p≤0.01, ***= p≤0.001.
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Figure 4.9 Genes whose expression was downregulated 2-5 fold upon explantation of femoral
head epiphysis.
Murine cartilage explants were dissected from the femoral heads and the RNA was either extracted
immediately (time point 0 h) or explants were cultured for 4 h in SF-DMEM prior to RNA extraction.
Each point represents the mRNA from 4 cartilage explants. mRNA levels were measured with Taqman
Low density arrays on microfluidic cards (See Materials and Methods, Section 2.9.4.1, pg 71 for
details). 6 Samples were analysed (indicated by individual points). Data is shown fold change
normalised to 18s and expressed relative to 0 h. Horizontal bars indicate the means. Statistical analysis
were by using unpaired one-tailed t-test, ns= no significant, *= p≤0.05, **= p≤0.01, ***= p≤0.001.
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4.4 Time course of gene regulation in response to
explantation of murine femoral head epiphyseal cartilage
It was important to know how rapidly gene expression changed in response to the injury. Very
rapid changes are likely to be primary responses, while slower changes maybe secondary to
the induction of intermediate mediators (either intra- or extracellular). Femoral head cartilage
explants were cultured for times up to 4 h. RNA was extracted and manual PCR was carried
out for 8 selected genes. Arg1, Il1rl1, Inhba, Il6 and Tnfaip6 were chosen because they were
the genes most highly regulated in response to explantation shown in Table 4.3. Although
Ccl2 was only moderately regulated following explantation, it was included because its
expression was highly increased in the microarray study of rat OA cartilage 1 month after
surgery (Appleton CT et al., 2007b) and on the Burleigh array of the murine knees following
destabilisation surgery (Burleigh A PhD Thesis 2010, Imperial College London). Ptgs2 and
Timp1 were selected because they are known to be FGF2 regulated.
Two patterns emerged from this experiment. The expression of one set of genes expression
was induced within 1 h-2 h of explantation (Table 4.4, Fig 4.10). The other set increased only
at a later stage, 4 h after the injury (Table 4.4, Fig 4.11). All genes were normalized to Gapdh
as an endogenous control and calibrated to 0 h.
Early stage (within 2 h)
Inhba and Il6 (Table 4.4, Fig 4.10): The most rapidly induced genes were Inhba and Il6.
Their mRNA levels were significantly increased within 30 min by 3 fold for Inhba and 12
fold for Il6 and continued to increase up to 4 h. Inhba expression had increased by 106 fold
after 4 h, and Il6 mRNA by 90 fold.
Ptgs2 (Table 4.4, Fig 4.10): Ptgs2 mRNA was significantly upregulated within 1 h by 5 fold
and increased with time. Expression had increased by 14 fold after 4 h.
Tnfaip6 (Table 4.4, Fig 4.10): After culture for 1 h, Tnfaip6 gene expression was significantly
increased by 4 fold. Within 2 h levels it had upregulated by 12 fold and this was maintained
up to 4 h.
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Late stage
Timp1 and Ccl2 (Table 4.4, Fig 4.11): The expression of Ccl2 and Timp1 was upregulated
after 2 h by 2 fold and 1.6 fold respectively, however these values did not reach statistical
significance. Within 4 h Ccl2 was upregulated by 6 fold and Timp1 by 3 fold, and these
values were statistically significant.
Arg1 and Il1rl1 (Table 4.4, Fig 4.11): Arg1 and Il1rl1 gene expression showed no evidence
of regulation before 4 h but were significantly upregulated by 4 h with a fold difference of 43
for Arg1 and 11 fold for Il1rl1.

From the results, it appears there may be two types of response. A primary response, as a
direct result of the intracellular signalling caused by injury, and a later secondary response.
The delay in response might be because transcription factors need to be induced for the genes
to be expressed, or it could be that the secondary response is dependent upon secreted factors
being synthesised during the primary response. An experiment was performed using
cycloheximide to inhibit protein synthesis in the explants in order to determine which
responses might be primary and which secondary. Primary responses should be unaffected by
cycloheximide.
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Genes
Time of regulation
Early stage
(within 2 h)

Late stage
(4h)

Gene expression relative to 0 h ± SD
10 min

30 min

1h

2h

4h

Inhba

1.3±0.1

2.7±1.3

8.4±5.9

40±4.0

106±8.6

Il6

1.1±0.8

12±5.3

53±18

96±62

90±37

Ptgs2

2.3±0.8

2.0±0.2

4.6±3.0

19±1.9

12±3.2

Tnfaip6

0.8±0.2

1.1±0.3

4.1±2.6

12±2.5

14±1.6

Timp1

0.8±0.1

1.0±0.2

1.0±0.3

1.6±0.1

2.7±0.5

Ccl2

0.5±0.3

1.2±0.7

1.3±0.3

2.0±0.7

6.4±1.0

Il1rl1

1.0±1.0

0.6±0.3

0.9±0.5

1.1±0.2

11±1.1

Arg1

0.6±0.7

1.0±1.4

1.5±2.1

0.5±0.1

43±11

Table 4.4 Time course of gene regulation in response to explantation of murine femoral head epiphyseal cartilage.
mRNA levels were measured by manual PCR (See Materials and Methods, Section 2.9.4.1, pg 71 for details). The table shows fold change of mRNA levels
normalised to Gapdh and expressed relative to 0 min. For all time points (0, 10, 30 min, 1, 2 or 4 h) 3 Samples comprising 4 separate epiphyses were analysed.
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Figure 4.10 Genes whose expression was upregulated within 1 h of cartilage explantation.
Murine cartilage explants were dissected from the femoral heads and either the RNA was extracted
immediately (time point 0 h) or explants were cultured for 10, 30min or 1, 2, 4 h in SF-DMEM prior to
RNA extraction. Each point represents the mRNA from 4 cartilage explants. mRNA levels were
measured with manual PCR (See Materials and Methods, Section 2.9.4.1, pg 71 for details). 3 Samples
were analysed (indicated by individual points). Data is shown as fold change normalised to Gapdh and
expressed relative to 0 min. Horizontal bars indicate the means. Statistical analysis were by using oneway ANOVA, Bonferroni post hoc testing, ns= no significant, *= p≤0.05, **= p≤0.01, ***= p≤0.001.
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Figure 4.11 Genes whose expression was significantly upregulated at 4 h post cartilage
explantation.
Murine cartilage explants were dissected from the femoral heads and either the RNA was extracted
immediately (time point 0 h) or explants were cultured for 10, 30min or 1, 2, 4 h in SF-DMEM prior to
RNA extraction. Each point represents the mRNA from 4 cartilage explants. mRNA levels were
measured with manual PCR (See Materials and Methods, Section 2.9.4.1, pg 71 for details). 3 Samples
were analysed (indicated by individual points). Data is shown as fold change normalised to Gapdh and
expressed relative to 0 min. Horizontal bars indicate the means. Statistical analysis were by using oneway ANOVA, Bonferroni post hoc testing, ns= no significant, *= p≤0.05, **= p≤0.01, ***= p≤0.001.
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4.5 Protein synthesis is required for induction of mRNA for
Il1rl1 and Arg1 after cartilage explantation
Murine cartilage explants were dissected into SF-DMEM containing cycloheximide or vehicle
(1:10,000 dry ethanol) and cultured for 4 h. Gene expression analysis was performed by using
manual PCR for mRNAs of the eight selected genes. Expression of all the genes was
significantly upregulated when explants were dissected into vehicle and cultured for 4 h,
consistent with the data of the previous experiment. However culturing explants in DMEM
containing vehicle apparently increased the mRNA levels to a greater extent than had been
seen in the time course experiment (Table 4.5 compared with Table 4.4). This is unlikely to
be the effect of the vehicle, and is more likely to be due to differences between the
experiments. These could arise from differences in the degree of injury, quality of the RNA,
or the state of the mice before the experiment. Culturing hip explants in medium containing
cycloheximide suppressed five of the genes (Il1rl1, Arg1, Inhba, Timp1 and Ptgs2) (Table
4.5, Fig 4.12). Arg1 and Il1rl1 were most strongly inhibited (97.5% and 95.3% respectively)
and so the response of these late genes is likely to be secondary. Timp1 is also a late response
gene and was suppressed with cycloheximide. Inhba and Ptgs2 mRNA levels were less
strongly suppressed, but since these were early response genes (i.e. detectably increased by 30
min to 1 h) being measured at 4 h, it may be they need other mediators to maintain levels.
Very strikingly, Il6 and Ccl2 were further upregulated in the presence of cycloheximide by
more than 10 fold (Table 4.5, Fig 4.13). Cycloheximide is known to super-induce some
mRNAs of inflammatory response proteins (Mizel SB, Mizel D. 1981; Newton R et al.,
1997), so the change in Ccl2 and Il6 may represent super-induction. Tnfaip6 expression was
neither suppressed nor super-induced by cycloheximide (Fig 4.13), and is likely to be a
primary response gene. This means that Inhba, Il6, Ptgs2 and Tnfaip6 are probably primary
response genes, while Arg1, Il1rl1 and Timp1 are probably secondary.

This data was interesting and I wondered whether there were more regulated genes that were
suppressed or further upregulated in the presence of cycloheximide. I conducted the same
experiment using TLDA microfluidic cards to analyse gene expression. Out of 45 genes the
expression of 24 was significantly upregulated when the explants were cultured in vehicle,
consistent with previous data when they were cultured in SF-DMEM (Table 4.6 compared
with Table 4.3). All showed a similar increase in mRNA level by ≥1 to 133 fold (Table 4.6).
Some genes previously non-regulated by explantation into SF-DMEM, were weakly but
significantly upregulated when cultured in the presence of vehicle, these included Arg2, Ccr5,
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Il33 and Il1a (Table 4.6): this is more likely to be just experimental variation than an effect of
the vehicle.

Explanting the femoral heads into cycloheximide, suppressed the increased expression of 7
genes (Table 4.6): in addition to Arg1, Inhba, Il1rl1 and Timp1 seen previously, Ccl7, Mmp19
and Pdpn were inhibited. Ccl2 and Il6 were increased by cycloheximide (Table 4.6) as before
(Table 4.5). The analysis by microfluidic cards also revealed an additional group of genes that
were induced in the presence of cycloheximide: Adam9, Adamts1, Ctgf, Has1, Has2, Il1a,
Il1b, F3, Nos2 and Tnfrsf12a. Adamts4, Ccl5 and Arg2. These had not been significantly
increased in response to cartilage explantation alone (Table 4.3) but their expression was
significantly upregulated in the presence of cycloheximide (Table 4.6): like Ccl2 and Il6 these
may be being super-induced.

The microfluidic cards have revealed three additional genes that may be secondary. Their
expression needs to be examined at 1 or 2 h to check they are not primary response genes. In
addition a number of genes appeared to be super-induced. These included Il1a and b, which is
interesting because cycloheximide was used originally to super-induce Il1 mRNA in early
work on this cytokine (Mizel SB, Mizel D., 1981).
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Veh

Cyc

P-values
Cyc /
Veh

Inhba

983±284

136±9.3

≤0.001

Direction
of gene
expressi
on due
to Cyc
↓

Il6

183±61

2625±311

≤0.001

↑

Ptgs2

153±36.5

67±13

≤0.01

↓

Tnfaip6

49±23

86±25

ns

-

Timp1

9.9±2.9

3.0±0.6

≤0.001

↓

Ccl2

49±25

474±26

≤0.001

↑

Il1rl1

46±14

2.2±1.2

≤0.001

↓

Arg1

10±6.6

0.3±0.2

≤0.05

↓

Genes

Early stage
(Within 2 h)

Time of
regulation

Late Stage
(4h)

Gene expression at 4 h
relative to 0 h± SD

Table 4.5 Expression of genes when murine femoral head epiphyseal cartilage was explanted into
cycloheximide.
Murine cartilage explants were cultured in SF-DMEM containing vehicle (Veh) (1:10,000 dry ethanol)
or cycloheximide (Cyc) (10µg/ml) for 4 h. mRNA was either extracted immediately (0 h) or after 4 h
incubation. 4 cartilage explants were extracted per sample. mRNA levels were measured by manual
PCR (See Materials and Methods, Section 2.9.4.1, pg 71 for details). Gene expressions were
normalised to Gapdh and expressed relative to 0 h. For all samples (0 h, 4 h Veh, 4 h Cyc) 3 Samples
comprising 4 separate epiphyses were analysed. Gene expression was analysed using manual RT-PCR.
Statistical analysis was performed using one way ANOVA, Bonferroni post hoc test p-values, ns= no
significant, p≤0.05, p≤0.01, p≤0.001.
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Figure 4.12 Explanting murine femoral head epiphyseal cartilage into cycloheximide suppressed
the increased expression of Il1rl1, Arg1, Inhba, Timp1 and Ptgs2.
Murine cartilage explants were cultured in SF-DMEM containing vehicle (Veh) (1:10,000 dry ethanol)
or cycloheximide (Cyc) (10µg/ml) for 4 h. mRNA was either extracted immediately (0 h) or after 4 h
incubation. Each point represents the mRNA from 4 cartilage explants. mRNA levels were measured
by manual PCR (See Materials and Methods, Section 2.9.4.1, pg 71 for details). 3 Samples were
analysed (indicated by individual points). Data is shown as fold change normalised to Gapdh and
expressed relative to 0 h for all time points (0 h, 4 h Veh, 4 h Cyc). Horizontal bars indicate the means.
Statistical analysis was by one-way ANOVA, Bonferroni post hoc testing, p-values ns= no significant,
*= p≤0.05, **= p≤0.01, ***= p≤0.001.
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Figure 4.13 Explanting murine femoral head epiphyseal cartilage into cycloheximide superinduced the expression of Ccl2 and Il6, but did not affect Tnfaip6 mRNA levels.
Murine cartilage explants were cultured in SF-DMEM containing vehicle (Veh) (1:10,000 dry ethanol)
or cycloheximide (Cyc) (10µg/ml) for 4 h. mRNA was either extracted immediately (0 h) or after 4 h
incubation. Each point represents the mRNA from 4 cartilage explants. mRNA levels were measured
by manual PCR (See Materials and Methods, Section 2.9.4.1, pg 71 for details). 3 Samples were
analysed (indicated by individual points). Data is shown as fold change normalised to Gapdh and
expressed relative to 0 h for all time points (0 h, 4 h Veh, 4 h Cyc). Horizontal bars indicate the means.
Statistical analysis was by one-way ANOVA, Bonferroni post hoc testing, p-values ns= no significant,
*= p≤0.05, **= p≤0.01, ***= p≤0.001.
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Genes
Acan
Adam8
Adam9
Adamts1
Adamts15
Adamts4
Adamts5
Ar
Arg1
Arg2
Ccl2
Ccl5
Ccl7
Ccr2
Ccr5
Cd14
Cd68
Col2a1
Ctgf
Esr1
F3
Has1
Has2
Il1a
Il1b
Il1r1
Il1rl1
Il33
Il6
Inhba
Mmp13
Mmp19
Mmp3
Mmp8
Nos2
Pdpn
Ptges
Ptgs2
Serpina1a
Sfrp2
Timp1
Tnfaip6
Tnfrsf12a
Wisp2
Wnt16

Gene expression relative to 0 h
± SD

P-values

Veh

Cycl

Cycl/Veh

2.0±0.7
2.6 ±0.5
1.6 ±0.5
3.3 ±0.9
0.2 ±0.1
1.4 ±0.4
2.3 ±0.5
0.9 ±0.3
133±65
3.8 ±0.2
27±6.0
6.1±1.6
14±6.3
0.2±0.04
2.1±0.2
20±7.0
0.2±0.04
0.9±0.2
3.4±1.0
0.5±0.1
20±7.6
19±7.2
4.1±1.8
15±2.7
7.1±0.7
5.5±2.1
41±11
3.2±1.2
34±22
112±41
0.9±0.2
2.1±0.8
4.7±0.9
0.2±0.04
5.4±1.5
7.8 ±1.9
3.4±0.8
33±12
28±18
0.1±0.07
6.7±1.5
44±18
15±5.3
0.7±0.2
1.2±0.3

2.3±0.4
1.9±0.9
3.6±1.0
7.9±1.19
0.7±0.2
3.7±1.8
4.9±2.0
1.3±0.2
0.5±0.3
37±7.4
777±560
31±6.8
1.8±2.0
0.2±0.1
2.0±0.2
14±2.6
0.1±0.1
1.1±0.04
6.1±0.8
1.1±0.3
39±1.6
56±17
12±2.1
199±146
61±35
5.8±0.6
16±13
1.7±0.9
188±166
43±10
1.0±0.2
0.8±0.1
5.1±1.2
0.2±0.2
102±25
2.6±0.5
3.5±0.1
57±15
33±33
0.2±0.1
4.1±0.6
111±31
54±3.0
0.7±0.1
1.8±0.4

ns
ns
p≤0.05
p≤0.05
p≤0.05
p≤0.05
ns
ns
p≤0.05
p≤0.001
p≤0.05
p≤0.01
p≤0.05
ns
ns
ns
ns
ns
p≤0.05
ns
p≤0.01
p≤0.05
p≤0.05
p≤0.05
p≤0.05
ns
p≤0.05
ns
p≤0.05
p≤0.05
ns
p≤0.05
ns
ns
p≤0.01
p≤0.05
ns
p≤0.05
ns
ns
p≤0.05
p≤0.05
p≤0.001
ns
ns

Direction of
gene
expression
due to Cyc
−
−
↑
↑
↑
↑
↑
−
↓
↑
↑
↑
↓
−
−
−
−
−
↑
↑
↑
↑
↑
↑
↑
↑
↓
−
↑
↓
−
↓
−
−
↑
↓
−
↑
−
−
↓
↑
↑
−
−

Table 4.6 Table showing the expression of genes when femoral head epiphyseal cartilage was
explanted into cycloheximide.
Murine cartilage explants were cultured in SF-DMEM containing vehicle (Veh) (1:10,000 dry ethanol)
or cycloheximide (Cyc) (10µg/ml) for 4 h. mRNA was either extracted immediately (0 h) or after 4 h
incubation. 4 cartilage explants were extracted per sample. mRNA levels were measured by Taqman
Low density arrays on microfluidic cards (See Materials and Methods, Section 2.9.4.1, pg 71 for
details). Gene expression was normalised to 18s and expressed relative to 0 h. For both time points (0
h, 4 h Veh, 4 h Cyc) 3 samples comprising 4 separate epiphyses were analysed. Statistical analysis was
by one-way ANOVA, Bonferroni post hoc test, p-values ns= no significant, p≤0.05, p≤0.01, p≤0.001.
Direction of regulation is represented as ↑= upregulation, ↓= downregulation, - = no regulation.
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4.6 Increased protein expression in response to murine
cartilage explantation
In order to establish whether mRNA upregulated upon cartilage explantation was translated
into protein, the proteins of two highly regulated genes (Arg1 and Inhba) were examined.

4.6.1 Activin A is expressed following explantation of murine
cartilage
Activin A is a dimer of processed (proteolytically cleaved) inhibin βA subunits. Murine
cartilage was explanted into SF-DMEM for 16 h or medium containing cycloheximide
(negative control). After 16 h of culture, the supernatants were analysed by ELISA. There was
a clear induction of activin protein compared to the cycloheximide control (Fig 4.14),
indicating that the increase in mRNA following injury causes an increase in secreted protein.

4.6.2 Arginase 1 protein is expressed following explantation of
murine and porcine cartilage.
Western blotting of whole tissue lysates was used to detect arginase 1 protein synthesis in
response to explantation. Murine femoral head explants were lysed either immediately after
explantation, or after culturing for 16 h in SF-DMEM, with or without cycloheximide.
Lysates were concentrated by using SDS-PAGE clean up kit. Arginase-1 was induced 16 h
after culture in SF-DMEM as shown by a doublet band at 37kDa, the expected molecular
weight (Fig 4.15, right lane 16 h). There was no detectable arginase 1 protein in the tissue at 0
h, or when explants were cultured with cycloheximide to prevent protein synthesis (Fig 4.15,
left 2 lanes).
Another experiment was conducted using porcine cartilage to explore how early the protein
was expressed following injury and to see if the same response occurred in a different species.
Explants were cultured for times from 0 h to 48 h in 10% FCS, or in SF-DMEM with or
without cycloheximide for 16 h (Fig 4.16 A). It was thought necessary to have serum present
for the longer cultures. The blots show induction of a 37kDa protein at 8 h, and the expression
increases with time. There appears to be some arginase 1 protein in the tissue ex vivo (0 h),
146

Chapter 4 Gene expression changes in response to injury of murine femoral head epiphyseal cartilage

but it is not possible to be sure because this sample has a number of bands stained which are
non-specific. The 50kDa and 25kDa bands are likely to be Ig heavy and light chains from
synovial fluid that may not have been washed away fully. The 2 h culture time point sample
shows fewer non-specific bands and has no detectable arginase 1, while the explants cultured
for 16 h in the presence of cycloheximide show a weak arginase 1 band. To confirm that the
enzyme was being induced I also used an arginase activity assay. Arginase converts Larginine to ornithine and urea. (See Chapter 2 Materials and Methods, Section 2.10, Page 76).
Fig 4.16 (B) shows urea production indicative of arginase activity at 4 h, which continues to
increase with time up to 48 h.
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Figure 4.14 Secretion of activin A in response to explantation of murine cartilage.
Murine cartilage explants were avulsed into SF-DMEM in the presence of cycloheximide (10µg/ml) or
vehicle (1:10,000 dry ethanol) and cultured for 16 h. Activin A in the medium was measured by
ELISA. Bars show the mean±SD. n=3. **p<0.05 as determined by unpaired t-test.
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Figure 4.15 Arginase 1 protein synthesis was induced in response to explantation of murine
cartilage.
Murine cartilage (5 femoral head explants per lane) was lysed immediately after dissection (0 h), or
cultured in SF-DMEM with or without cycloheximide (Cyc) (10µg/ml) for 16 h before lysing (See
Methods and Materials). Tissue lysates were concentrated using SDS-PAGE clean up kit and then
immunoblotted for arginase 1. The membrane was stripped and re-probed for total-ERK protein as a
(loading control).
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Figure 4.16 Arginase 1 protein (A) and activity (B) is upregulated at 4 h and increases with time
in response to explantation of porcine articular cartilage.
Porcine articular cartilage (0.2g of porcine cartilage per lane) was dissected into SF-DMEM
supplemented with 10% fetal calf serum (FCS) and cultured for 0, 2, 4, 8, 16, 24 or 48 h or in the
presence of vehicle (Veh) (1:10,000 dry ethanol) or cycloheximide (Cyc) (10µg/ml) for 16 h. (A)
Tissue lysates were immunoblotted for arginase 1. The membrane was stripped and re-probed for ERK
(loading control). (B) Arginase activity was measured in tissue lysates made after the indicated times of
culture by the production of urea from L-arginine (see chapter 2 section 2.10). Bars shows the mean
concentration of urea normalised to 0 h of 3 separate experiments.
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4.7 Discussion
The intracellular signalling pathways, which were activated rapidly upon cartilage
explantation, are known to induce gene expression changes. I therefore investigated the
expression of 47 genes by using TLDA microfluidic cards. These genes were selected from a
microarray study performed on murine knees with surgically induced OA or based on their
putative role in cartilage and OA.

There have always been difficulties with extracting high quality RNA from cartilage because
the tissue has a low cell density and a high proteoglycan content. I have optimised conditions
in protocol 6 in which high quality RNA can be extracted from 4 murine hips by using a
combination of RNAaqueous lysis buffer and Trizol. Long periods of culturing did not affect
the concentrations or the quality of RNA. Having a protocol that provided high quality RNA
extracted from murine cartilage explants, allowed me to perform gene analysis by using RTPCR.

Explantation of cartilage increased the expression of more than half of the genes on the array.
Many of these are known to be genes induced by inflammatory stimuli such as IL-1, TNFα
and LPS. Thus the physical injury is inducing inflammatory response genes, consistent with
the activation of the signalling pathways described in Chapter 3. Amongst genes that were
highly upregulated was Arg1, which is not known to be induced by inflammatory stimuli.
There was a broad range in the fold changes of expression. The fold-change in expression of a
gene may not reflect its role in disease. For example Adamts5 is a key aggrecanase in murine
cartilage degradation (Glasson SS et al., 2005), but was only upregulated by two-fold in
murine OA knee joints (Chia SL et al., 2009; Burleigh A PhD Thesis 2010 Imperial College),
as here in response to explantation injury.

The mRNA level of some genes was decreased upon injury. Some of these are known to be
leukocyte markers (Adam8, Cd68 and Mmp8) and their downregulation could be due to a
decrease in the number of leukocytes present in the epiphyseal tissue, either due to cells
moving into the medium or dying upon culturing. Another possibility is that these genes are in
chondrocytes.

Wnt16 was not upregulated upon murine cartilage explantation in my experiments, but the
expression was strongly induced in work by Dell’Accio et al (2008) where 6 day rested
human cartilage explants were injured. Differences between observations in these
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experiments could be because of different species or culture conditions. They injured cartilage
which had been cultured for 6 days in medium containing 10% serum. I am injuring tissue ex
vivo and maintaining it for 4 h in SF-DMEM.

I selected eight strongly up-regulated genes for further study, and I found that there were two
groups: those that were upregulated early (within 1 h) and those upregulated at a later stage at
4 h. These observations suggest that injury causes the expression of some genes to be
regulated directly by the rapid activation of intracellular signalling. The expression of these
early response genes increased with time and was maintained up to 4 h. The genes that were
upregulated at a later stage could be a result of a mediator produced in the early response.
This possibility was supported when inhibiting protein synthesis by using cycloheximide,
which suppressed the expression of late response genes, particularly Il1rl1 and Arg1.
Cycloheximide also partially inhibited the early response gene levels at 4 h but this may be
because a synthesised mediator is required for their levels to be maintained. The superinduction of some of the genes in the presence of cycloheximide is a recognised phenomenon
for inflammatory response genes (Yamazaki S & Takeshige K., 2008; Faggioli L et al., 1997;
Ito K et al., 2006). Interestingly I found both Il1a and Il1b mRNAs were super-induced on the
analysis, which was consistent with the superinduction protocol developed for early studies of
cytokines by Mizel SB & Mizel D (1981). It is also well known that cells treated with
cycloheximide demonstrate an increase in the expression of Il6 mRNA and protein (Faggioli
L et al., 1997; Hershoko DD et al., 2004). It is thought cycloheximide blocks degradation of
mRNAs whose turnover is rapid, so allowing their accumulation (Yamazaki S & Takeshige
K., 2008). Cycloheximide has been reported to prolong p38 and suppress IκB resynthesis,
therefore also prolonging NFκB activation (Hershko DD et al., 2004). Prolonged intracellular
signalling of NFκB and p38 may also cause the superinduction of proinflammatory genes
such as Il6 (Hershko DD et al., 2004).

One of the most interesting strongly regulated genes was Arg1 because it is not known to be
induced by classical inflammatory stimuli. There is one report of its mRNA being stimulated
by IL-4 supplemented with selenium in murine macrophages (Nelson SM et al., 2011).
Arginase 1 is an enzyme involved in the urea cycle and is responsible for the hydrolysis of
arginine to urea and ornithine. Ornithine is converted to proline by ornithine aminotransferase
or to polyamines by ornithine decarboxylase. Proline is a major component of collagen, while
polyamines are cationic molecules required for cell proliferation (Satriano J., et al 2004).
Arginase-1 is a hepatic enzyme and essential for life. Arg1-/- mice die shortly after birth of
hyperammonemia (Iyer Rk et al., 2002; Cederbaum SD et al., 2004). Arginase 1 has been
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found to be upregulated in response to skin wounding in activated neutrophils and fibroblasts
(Debats IB et al 2009; Witte MB et al., 2002). Rats fed with a arginine deficient diet showed
impaired wound healing and a decreased collagen composition (Seifter E et al., 1978). There
is no literature about arginase 1 in cartilage, but based on the possible idea of its function in
skin repair being to enable increased collagen synthesis (Witte MB & Brabul A., 2003), it
might also be upregulated as a healing response in injured cartilage. An experiment could be
done using arginase-1 inhibitors to see if they reduce synthesis of collagen type II in cultured
cartilage. From my experiments it was clear that Arg1 protein was expressed and was
enzymatically active in cartilage.

Arginase 1 although predominantly a hepatic enzyme is considered to be a marker of
alternatively-activated macrophages. These are called M2-polarized macrophages. They are
produced by culturing macrophages with Th2 cytokines such as IL-4 and IL-13. They are
thought to function differently to M1-polarised macrophages which are produced by
stimulation with LPS and other TLR agonists. M2 macrophages are thought to play a role in
diseases to limit tissue injury or promote repair (MacKinnon AC et al., 2011; Nelson SM et
al., 2011; Wang WW et al., 1995; Daley JM et al., 2009).

Another highly regulated gene was Inhba, two processed subunits of which form activin A.
Activin is a member of the TGFβ family. TGFβ is important in stimulating collagen synthesis
in wound healing and fibrotic disease. Activin A is made by human articular cartilage in
culture, and more was made by OA cartilage than normal (Hermansson M et al., 2004).
Activin inhibits aggrecan breakdown in cartilage treated with IL-1 (Alexander S et al., 2007).
It was also strongly upregulated in porcine cartilage in response to explantation injury and
was induced by FGF2 and IL-1 (Alexander S et al., 2007). Activin was originally defined as a
protein that stimulated follicle-stimulating hormone production in a pituitary cell line. It plays
a role in skeletal development since the knockout mouse has cranio-facial defects and is not
viable (Matzuk MM et al., 1995). It has been found expressed at inflammatory sites, including
injured skin where it may play a role in wound healing (Hübner G et al., 1996) and in
synovial fluid from patients with RA (Yu EW et al., 1998). It has been reported that activin
stimulates weakly proteoglycan synthesis in chondrocytes in vitro (Luyten FP et al., 1994).
Activin A may therefore have anti-catabolic and anabolic functions in cartilage, because of its
ability to inhibit aggrecanase induction we are developing a conditional knockout to
investigate its role in vivo in OA.
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The expression of Tnfaip6 was also highly regulated in the injured cartilage. It is the gene for
TNF-stimulated gene (TSG)-6 protein, which is a secreted 30kDa glycoprotein (Wisniewski
HG et al., 1996) and was originally identified as an elevated mRNA in TNF-treated human
fibroblasts. TSG-6 belongs to the hyaladherin family of proteins, which is related to CD44,
the hyaluronic acid receptor (Wisniewski HG et al., 1996). The function of TSG-6 is unclear;
however it has been suggested to be involved in inflammation because TSG-6 is highly
expressed upon inflammatory cytokine (IL-1 or TNF) stimulation (Wisniewski HG et al.,
1996). TSG6 protein was present in synovial fluid of patients with OA and RA (Bayliss MT
et al., 2001). It has been reported that TSG-6 forms a complex with inter-α inhibitor (IαI) and
enhances its ability to inhibit the protease plasmin (Wisniewski HG et al., 1994; Milner CM
& Day AJ., 2003) . Plasmin activates pro-MMPs, so TSG-6 may reduce MMP activity. TSG6 has also been found to inhibit leukocyte infiltration in an in vivo inflammatory arthritis
model (Wisniewski HG et al., 1996b). Tsg-6 transgenic mice demonstrated TSG-6 to be
chondroprotective in the antigen-induced arthritis model (Glant TT et al., 2002), while Tsg6-/mice developed accelerated proteoglycan-induced arthritis (Szántó S et al., 2004). Its role in
OA is unknown.

Ccl2 was also strongly regulated following cartilage injury. It is also strongly increased in
knee joints following DMM surgery and in other OA models (Appleton CT et al., 2007b; Wei
T et al., 2010). Ccl2 (also known as monocyte chemotactic protein-1 (MCP-1)) is a potent
chemoattractant causing monocyte migration into inflammatory sites. Macrophages migrating
to the knee joint could contribute to the inflammatory response leading to tissue damage. In
our laboratory OA has been surgically induced by destabilisation of the medial meniscus in
Ccl2-/- and Ccr2-/- (Ccl2 receptor) mice. No protection was seen in these mice suggesting that
Ccl2 despite its strong upregulation does not play a primary role in development of this model
of OA.

It seems that rapid activation of intracellular pathways upon injury of the epiphyseal cartilage
leads to a large number of genes being highly expressed. How all these genes are regulated
and their function in the injury response is largely unknown. In the following chapters I begin
to look at knockout animals to determine how these genes may be induced.
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Chapter 5

Gene expression changes in cultured murine femoral head
epiphyseal cartilage in response to re-cutting and FGF2
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5.1 Introduction
In the work in Chapter 3 I found explantation of the murine epiphyseal cartilage activated all
three MAPKs and NFκB, but re-cutting the tissue after it had been in culture for 48 h
activated ERK strongly, JNK weakly and p38 and NFκB not at all. Other lab members had
found a similar difference in responses between porcine articular cartilage injured ex vivo and
after culture. In the porcine system it seemed that the ERK activation on re-cutting was due to
release of FGF2 from the pericellular matrix (Vincent T et al., 2002; Vincent T et al., 2007).
Having examined the gene activation profile caused by the explantation injury in the previous
chapter I decided to investigate the gene activation on re-cutting to see how it differed from
that seen on the initial injury, since NFκB and JNK signalling were much reduced. I also
compared the effects of re-cutting with adding FGF2 to cultured explants.

5.2 Changes in gene expression in murine femoral epiphyseal
explants in response to exogenous FGF2 or re-cutting of the
cartilage.
Murine femoral head explants were rested for 48 h in SF-DMEM before stimulating with
exogenous FGF2 or re-cutting using a scalpel (horizontal and vertical cuts across the middle
of the explants). The cartilage was then cultured for a further 4 h prior to RNA extraction. By
using manual RT-PCR I analysed the changes in the expression of the eight genes (Inhba,
Ccl2, Tnfaip6, Il6, Timp1, Arg1, Il1rl1 and, Ptgs2), which had been selected (see Chapter 4)
because their expression was highly upregulated upon explantation. All values were
normalized to Gapdh as an endogenous control. To show the change in expression after 4 h
and 48 h of culture, samples were compared to 0 h (ex vivo) (Table 5.1). To show the
increased gene expression induced by re-cutting or FGF2 stimulation, samples were compared
with the cartilage cultured for 48 h (Table 5.1, Fig 5.1).

The expression of all 8 mRNAs was significantly upregulated between 2 and 103 fold when
explants were cultured ex vivo for 4 h as expected (Table 5.1, Column 2). After culture for 48
h, only Tnfaip6 and Timp1 returned to near basal levels (1.71 and 1.05 fold respectively)
(Table 5.1), while the expression of Il1rl1, Inhba, Il6, and Ptgs2 remained high and Ccl2 and
Arg1 had further increased to 30 and 300 fold above 0 h respectively (Fig 5.1). Thus although
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when explants are cultured for 48 h activity in intracellular signalling pathways may return to
basal levels, mRNA levels of upregulated genes may remain high.

Out of the eight genes analysed the expression of four was significantly (p≤0.01) upregulated
when FGF2 was added to the explants which had been cultured for 48 h. These were Inhba,
Tnfaip6, Timp1 and Ptgs2 (Table 5.1). The results are also shown in Fig 5.1 graphically and
values are normalised to the 48 h levels. The mRNA levels of Il6, Ccl2, Arg1 and Il1rl1 were
not significantly upregulated when explants were stimulated with FGF2 (Table 5.1, Fig 5.1).

Re-cutting increased mRNA levels of those same four genes upregulated by FGF2 (p≤0.01)
(Table 5.1, Fig 5.1). The only difference between adding FGF2 and re-cutting was that Il1rl1
was just significantly increased (P=0.05) after re-cutting (Table 5.1, Fig 5.1).

This experiment suggested that either re-cutting or stimulating with exogenous FGF2, caused
very similar gene expression changes, consistent with FGF2 being the major mediator of the
re-cutting response. This is in keeping with results obtained with porcine cartilage (Vincent T
et al., 2002). The fact that half of the genes remained altered in expression in the rested
explants was of interest since it is often assumed that rested cultured cartilage approximates to
the tissue in vivo. To investigate this further, and to further test the hypothesis that the gene
regulation caused by re-cutting is due to FGF2, I analysed the mRNA on the TLDA
microfluidic cards.
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Genes

Gene expression relative to 0
h ± SD

Gene expression after 4 h (relative to 48 h) ± SD
Fgf2 stimulated

Re-cut

Explantation
4h

Explantation
48 h

Mean gene
expression

p-value

Mean gene
expression

P-value

Tnfaip6

12±2.9

1.7±0.7

4.8±0.8

p≤0.05

11±1.2

p≤0.001

Timp1

2.8±0.5

1.1±0.1

4.1±0.9

p≤0.001

3.4±0.2

p≤0.01,

Inhba

103±24

21±5.7

9.6±1.7

p≤0.001

26±2.9

p≤0.001

Ptgs2

12±3.3

6.3±1.2

20±1.2

p≤0.01,

9.6±1.1

p≤0.001

Il1rl1

12±1.3

3.7±2.7

3.4±2.0

ns

7.3±4.0

p≤0.05

Il6

90±37

8.7±14

3.5±5.5

ns

1.8±0.3

ns

Ccl2

6.6±1.8

79±44

1.1±0.5

ns

2.0±0.9

ns

Arg1

43±11

318±157

0.3±0.1

ns

0.3±0.02

ns

Table 5.1 Gene expression 48 h after explantation, and the response to FGF2 stimulation or re-cutting of the rested (48 h cultured) murine cartilage.
Murine cartilage was explanted from the femoral heads directly into SF-DMEM and incubated for 4 h or 48 h. mRNA was extracted immediately from some samples (0 h) or
after 4 h or 48 h. Rested cartilage was either re-cut or stimulated with FGF2 (250ng/ml) and left for 4 h prior to RNA extraction. mRNA levels were measured with manual
PCR (See Materials and Methods, Section 2.9.4.1, pg 71 for details). Gene expression was normalised to Gapdh and expressed relative to 0 h (for time points 4 h and 48 h),
or 48 h (for FGF2 stimulation or re-cutting). For all samples (0 h, 4 h, 48 h, FGF2 stimulated and re-cutting) 3 samples comprising 4 separate epiphyses were analysed. Gene
expression was analysed using manual RT-PCR. Statistical analysis was performed using one-way ANOVA, Bonferroni post hoc test p-values, ns= no significant, p≤0.05,
p≤0.01, p≤0.001.
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Figure 5.1 The effects on gene expression of re-cutting or FGF2 stimulation of cultured explants.
Murine cartilage was explanted from the femoral heads directly into SF-DMEM and incubated for 48
h. mRNA was extracted 48 h. Rested cartilage was either re-cut or stimulated with FGF2 (250ng/ml)
and left for 4 h prior to RNA extraction. Each point represents the mRNA from 4 cartilage explants.
mRNA levels were measured by manual PCR (See Materials and Methods, Section 2.9.4.1, pg 71 for
details). 3 Samples were analysed (indicated by individual points). Data is shown as fold gene
expression normalised to Gapdh and expressed relative to 48 h for all samples (48 h, FGF2 stimulated
4 h, re-cut 4 h). Horizontal bars indicate the means. Statistical analysis was by one way ANOVA,
Bonferroni post hoc testing, p-values ns= no significant, *= p≤0.05, **= p≤0.01, ***= p≤0.001.
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5.3 Gene expression analysis on microfluidic cards of murine
epiphyseal cartilage rested in culture then re-cut or
stimulated with FGF2
The experiments on rested cartilage (shown in Table 5.1, Fig 5.1) were repeated and the
mRNA was analysed on the microfluidic cards. Table 5.2 shows the mean gene expression
calibrated to 0 h for tissue cultured for 48 h after dissection, and the mean gene expression
after 4 h for re-cutting and FGF2 stimulation relative to 48 h (Table 5.2).
At 48 h the expression of the majority of genes on the microfluidic cards returned to near
basal level (Table 5.2, first column) including those that were shown previously (Table 5.1).
In addition, Il6, Inhba and Ptgs2 whose expression was previously shown to be still high at 48
h (Table 5.1) by manual PCR, had now returned to near basal levels. There were five genes
(Acan, Cd68, Esr1, Sfrp2 and Wnt16) that remained significantly downregulated after 48 h.
Out of the 47 genes analysed there were 5 whose expression failed to return to basal levels at
48 h, these included those previously seen (Arg1, Ccl2 and Il1rl1) (Fig 5.1) and Il1a and Pdpn
which was significantly (p ≤ 0.05, ≥ 5 fold) upregulated (Table 5.2).
When the tissue was re-cut the five genes (Tnfaip6, Timp1, Il1rl1 Inhba and Ptgs2) already
identified to be upregulated by re-cutting, showed increased expression and a further ten
genes were also found to be significantly increased (p≤0.01, ≥2 fold). These were Acan,
Adamts1, Col2a1, Cd14, Ctfg, F3, Has1, Il1r1, Mmp19 and Tnfrs12a (Table 5.2). FGF2
stimulated the expression of the five genes previously observed and six additional genes also
increased by re-cutting (Cd14, Ctfg, F3, Has1, Il1r1 and Tnfrs12a) although four only
obtained a p˂0.05. Acan, Col2a1, Mmp19 and Adamts were not upregulated by FGF2
stimulation (Table 5.2). Arg1 and Ccl2, which had remained high after 48 h culture, were not
increased by either re-cutting or FGF2.
The genes that were upregulated by FGF2 stimulation were very similar to those that were
upregulated by re-cutting with a few exceptions. This is illustrated in Fig 5.2 by a Venn
diagram.
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Acan
Adam8
Adam9
Adamts1
Adamts15
Adamts4
Adamts5
Ar
Arg1
Arg2
Ccl2
Ccl5
Ccl7
Ccr2
Ccr5
Cd14
Cd68
Col2a1
Ctgf
Esr1
F3
Has1
Has2
Il1a
Il1b
Il1r1
Il1rl1
Il33
Il6
Inhba
Mmp13
Mmp19
Mmp3
Mmp8
Nos2
Pdpn
Ptges
Ptgs2
Sfrp2
Timp1
Tnfaip6
Tnfrsf12a
Wisp2
Wnt16
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48 h/ 0 h
Gene expression
relative to 0 h ±
p-value
SD
0.3±0.1
p≤0.05
1.6±0.7
ns
0.5±0.2
ns
0.2±0.1
ns
0.2±0.2
ns
0.5±0.2
ns
1.7±0.9
ns
0.9±0.4
ns
267±162
p≤0.05
0.3±0.1
ns
8.1±6.6
p≤0.01
0.4±0.4
ns
11±11
ns
0.1±0.1
ns
1.1±0.5
ns
1.0±0.4
ns
0.3±0.1
p≤0.01
0.3±0.2
ns
1.5±0.9
ns
0.3±0.1
p≤0.05
1.2±0.5
ns
0.3±0.2
ns
0.2±0.1
ns
15±3.5
p≤0.01
0.2±0.2
ns
0.9±0.4
Ns
10±7.5
p≤0.05
0.8±0.3
ns
0.7±0.2
ns
1.1±0.6
ns
0.5±0.3
ns
1.0±0.4
ns
2.6±3.4
ns
0.5±0.3
ns
4.5±5.8
ns
5.2±3.1
p≤0.05
0.8±0.5
ns
1.1±0.3
ns
0.1±0.02
p≤0.001
0.9±0.2
ns
1.0±0.7
ns
0.3±0.1
ns
1.4±0.2
ns
0.1±0.1
p≤0.001

4 h FGF2 stimulated/48 h
Gene expression
prelative to 48 h ±
values
SD
1.6±1.4
ns
3.1±2.0
1.42
ns
2.3±1.6
ns
2.7±2.3
ns
4.4±4.6
ns
2.1±0.9
ns
1.8±1.7
ns
1.8±1.0
ns
2.0±1.5
ns
7.0±4.4
ns
5.9±2.1
ns
1.5±1.2
ns
3.2±1.4
ns
2.3±3.1
ns
1.0±0.3
ns
18±8.4
p≤0.05
1.7±0.7
ns
1.2±0.1
ns
3.2±1.2
p≤0.05
1.5±0.6
ns
9.4±1.0
p≤0.001
11±4.6
p≤0.05
5.3±2.0
p≤0.05
2.7±2.3
ns
8.1±6.7
ns
5.3±2.7
p≤0.05
31±6.3
p≤0.01
1.6±1.3
ns
7.8±4.8
ns
31±17
p≤0.05
3.2±1.1
p≤0.05
1.2±0.7
ns
7.2±5.8
ns
4.5±4.0
ns
5.2±3.7
ns
5.0±3.1
p≤0.05
6.0±2.1
p≤0.05
15±5.5
p≤0.01
2.5±1.5
ns
9.2±2.8
p≤0.001
20±8.6
p≤0.01
15±5.7
p≤0.05
1.2±0.4
ns
1.5±1.3
ns

4 h re-cut/48 h
Gene expression
relative to 48 h ±
p-values
SD
2.7±0.7
p≤0.01
1.6±0.04
ns
1.2±0.1
ns
4.1±0.02
p≤0.01
1.6±1.2
ns
0.7±0.2
ns
1.3±0.2
ns
0.8±0.3
ns
0.7±0.4
ns
6.6±5.8
ns
2.8±1.3
ns
2.1±1.0
ns
4.9±2.4
ns
11±5.5
ns
0.3±0.01
ns
14±0.6
p≤0.001
1.3±0.1
ns
2.0±0.3
p≤0.01
8.5±1.4
p≤0.001
1.6±0.2
ns
27±4.6
p≤0.001
12±2.2
p≤0.001
6.8±0.4
p≤0.05
0.72±0.3
ns
0.5±0.5
ns
6.0±0.6
p≤0.001
7.3±4.6
p≤0.05
3.4±3.2
ns
11±9.2
ns
58±7.2
p≤0.01
2.0±0.3
p≤0.05
3.0±0.7
p≤0.01
4.3±2.6
ns
0.4±0.1
ns
3.9±2.5
ns
2.984±0.9
p≤0.05
3.1±0.851
p≤0.05
22±2.7
p≤0.001
1.6±1.3
ns
7.8±0.9
p≤0.01
19±2.3
p≤0.001
18±4.2
p≤0.01
1.3±0.2
ns
0.9±0.7
ns

Table 5.2 Genes regulated following FGF2 stimulation or re-cutting in rested murine cartilage.
Murine cartilage was explanted from the femoral heads directly into SF-DMEM and incubated for 48
h. mRNA was extracted immediately from some samples (0 h) or after 48 h. Rested cartilage was either
re-cut or stimulated with FGF2 (250ng/ml) and left for 4 h prior to RNA extraction. The table shows
ratios of steady state mRNA levels. mRNA levels were measured with Taqman Low density arrays on
microfluidic cards (See Materials and Methods, Section 2.9.4.1, pg 71 for details). Gene expression
was normalised to 18s and expressed relative to 0 h (for 48 h), or 48 h (for FGF2 stimulation or recutting). For all samples (0 h, 48 h, FGF2 stimulated and re-cutting) 3 samples comprising 4 separate
epiphyses were analysed. Statistical analysis was performed using one-way ANOVA, Bonferroni post
hoc test p-values, ns= no significant, p≤0.05, p≤0.01, p≤0.001.
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FGF2
Stimulated

Re-cut

Mmp13
Col2a1
Acan
CD14
Ctgf
F3
Il1r11
Inhba
Has1
Ptgs2
Timp1
Tnfaip6
Tnfrsf12a
Il1r1

Adamts5
Adam9
Arg1
Ccl2
Ccl7
Il1b

Mmp19
Adamts1

Il6
Mmp3
Nos2
Pdpn

Explantation
Figure 5.2 Gene expression changes in response to explantation of femoral head epiphysis, and to
re-cutting or FGF2 stimulation of the cartilage after 48 h.
A Venn diagram showing genes whose expression was significantly (p≤0.05) upregulated following
FGF2 stimulation (shaded red), or re-cutting (shaded blue) of rested murine cartilage explants or
explantation (shaded yellow). The overlapped area of all 3 circles represents those genes that were
upregulated by all three stimuli. Yellow non-overlapping area indicates genes whose expression was
increased by explantation which may be FGF2-independent.
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5.4 Discussion
In chapter 3 I found that upon re-cutting rested cartilage, only ERK was strongly activated,
while p38 and JNK were either weakly activated or not at all. This pattern of activation was
similar to that seen when rested explants were stimulated with exogenous FGF2. It had been
previously demonstrated that FGF2 was responsible for ERK activation upon re-cutting
porcine explants (Vincent et al., 2002; Vincent et al., 2004). Re-cutting rested porcine
explants lacked the intracellular signalling of JNK, p38 and NFκB seen upon explantation and
therefore re-cutting was likely to cause a different gene expression profile compared with
explantation.

Manual RT-PCR on the eight selected genes revealed that half were upregulated by recutting. The same genes whose expression was increased by re-cutting were also upregulated
by FGF2 stimulation (except for Il1rl1), suggesting that the re-cutting response was due to
FGF2. Interestingly it seemed that the mRNA level of approximately half of those selected
genes, in particular Arg1 and Ccl2, did not return to near basal level in explants cultured for
48 h. I therefore investigated the expression levels again at 48 h by using microfluidic cards,
and also gene regulation caused by re-cutting and FGF2.

In this second experiment I found that resting explants for 48 h caused the mRNA levels of
most genes on the microfluidic card to return to basal level, with the exception of ten. Five
remained raised and were not further upregulated upon re-cutting or FGF2 stimulation. The
other five genes were downregulated by explantation and remained so after 48 h of culture.
Even though most of the genes returned to near basal levels after 48 h, ten (out of 47)
remained altered so it seemed cultured femoral head cartilage significantly differed from
tissue immediately ex vivo.

Analysis by microfluidic cards revealed that re-cutting regulated those same genes that were
previously identified by manual PCR and an additional group of nine. FGF2 stimulation gave
the same pattern of activation as re-cutting. No genes were significantly increased by FGF2
that were not increased by re-cutting. Re-cutting increased 4 genes not induced by FGF2 and
a total of 15 genes out of the 47 on the card. This suggests that most of the re-cutting response
is due to FGF2. Explantation increased expression of 25 of the 47 genes, and 11 of these (≈
40%) seem significantly FGF2 dependent. Col2a1, Acan, Adamts1 and Mmp19 were the four
genes that were only upregulated by re-cutting alone. Upregulation of Col2a1 and Acan
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although not strong was interesting because those are the two major components of the
extracellular matrix. This may be a repair response.

To confirm the gene regulation seen upon re-cutting explants is due to FGF2, this same
experiment needs to be performed on explants from Fgf2-/- mice.

A number of genes that had been strongly increased by explantation injury (Chapter 4) were
not regulated by re-cutting. Fig 5.2 is a Venn diagram summarising the genes induced by
explantation, re-cutting and FGF2 stimulation. The genes upregulated only by initial injury
are most likely to be downstream of JNK and NFκB signalling which is absent on re-cutting
and FGF2 treatment. ERK is strongly activated by re-cutting and is likely to be upstream of
genes upregulated by re-cutting and FGF2. Interestingly inhibition of NFκB, JNK and p38,
but not ERK in IL-1β and TNFα treated rat astrocytes suppressed CCL2 and CCL7 protein
levels. (Thompson WL & Van Eldik LJ., 2009). Neither of these genes was Fgf2 dependent
upon cartilage explantation. It has also been reported that inhibiting JNK activation in IL-1
stimulated tubular epithelial cells decreases IL-6 protein levels (de Haij S et al., 2005)
(another FGF2-independent gene in our experiments). These studies demonstrate that
individual intracellular signalling pathways regulate specific group of genes, and likely reflect
similar processes occurring in cartilage.

Gene regulation in re-cut cultured cartilage is therefore very different from that of tissue
injured ex vivo. In order to understand the response to injury it is important to investigate the
regulation in freshly injured tissue. To workout the role of FGF2 in the initial injury response
I next investigated the changes in gene expression in Fgf2-/- animals.
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6.1 Introduction
In Chapter 4 I showed that explantation injury to the femoral head epiphysis induced
expression of 25 genes represented on a low density array of 47 genes. In Chapter 5 I found
that re-cutting or adding FGF2 to the cultured explants upregulated a group of these genes. I
also showed that cultured explants differed from immediate ex vivo tissue because some genes
were still highly expressed after resting, and re-cutting only activated limited intracellular
signalling (ERK) and gene expression. Therefore it was important to use FGF2 deficient
(Fgf2-/-) mice to investigate the dependence upon FGF2 of the gene regulation following
explantation of the cartilage ex vivo.

Even though FGF2 is ubiquitously expressed, FGF2 deficient mice are viable and fertile.
They exhibit mild impaired development of the cerebral cortex and abnormal blood pressure
control (Dono R et al., 1998; Zhou M et al., 1998). Interestingly knockout mice have delayed
healing of full thickness epithelial wounds (Ortega S et al., 1998).

6.2 FGF2 localisation in murine femoral head epiphysis
explants
Although I have shown the cultured epiphyseal cartilage to be responsive to FGF2 I had not
demonstrated

that

it

was

present

in

the

tissue.

Previously

in

our

laboratory

immunohistochemistry was used to localise FGF2 in articular cartilage. It was found in the
pericellular matrix (Vincent T et al., 2007; Chia S-L et al., 2009). I therefore performed
immunohistochemistry to localise FGF2 in the femoral head epiphyses. Fgf2-/- tissue was used
as a negative control.

Immunofluorescence was performed as described in chapter 2 (Section 2.8.2, Page 70). The
results are shown in Fig 6.1 with FGF2 staining indicated by green fluorescence, perlecan by
red fluorescence and nuclei by blue fluorescence. Where red and green fluorescence overlaps
the resulting image is yellow. Perlecan could be detected as a red fluorescent halo
surrounding each cell: this indicates approximately the extent of the pericellular matrix. The
perlecan staining around was present in all cells of both wt and Fgf2-/- explants (Fig 6.1). As
expected, FGF2 was not detected in the Fgf2-/- specimens in any zones (Fig 6.1, Fgf2-/- right
panel), whereas in the wt explants FGF2 strongly co-localised with perlecan around all cells
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of the epiphysis (Fig 6.1, wt left panel). Therefore shearing of the growth plate upon
explantation will tear across tissue containing FGF2.
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Figure 6.1 Immunolocalisation of FGF2 in wt and Fgf2-/- epiphyseal cartilage.
Wt and Fgf2-/- epiphyseal cartilage was removed and immediately snap frozen and embedded in OCT. Frozen sections were fixed by paraformaldehyde, incubated with a
primary antibody against FGF2 and perlecan a known pericellular matrix protein. Sections were washed and incubated with secondary FITC labelled antibodies and popidium
iodide. FGF2 localisation was assessed by Ultraview confocal microscopy using Volocity® Acquisition. Fluorescence signals detected ‘FGF2’ (green), ‘nuclei’ (blue) and
‘perlecan (red). Three images were taken from the articular cartilage surface, middle zone, epiphyseal line and margins of the cartilage explants from each section. There
were three sections for each sample. The experiment was performed 3 times. Fixed tissue was also paraffin embedded, sectioned, and stained with Safaranin O (left panel).
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6.3 FGF2 dependence of signalling responses on murine
femoral head epiphyseal cartilage explantation
6.3.1 MAPK activation following explantation of Fgf2-/- murine cartilage
Fgf2-/- and wt epiphyseal explants were cultured in SF-DMEM for 0, 5, 20 or 60 min and
lysed in ice cold 1 x RIPA buffer. Lysates were concentrated by using the SDS PAGE clean
up kit and then western blotted for phospho-JNK. The membrane was stripped and reprobed
for phospho-p38, phospho-ERK and phospho-IκBα.

Experiment 1 (Fig 6.2) shows strong JNK and ERK activation when wt explants were
cultured for 20 and 60 min. The JNK phosphorylation appeared to be suppressed by
approximately 50% in Fgf2-/- tissue and there was a small reduction in the ERK
phosphorylation. The loading of all the lanes is similar except for the lane loaded with lysates
from wt tissue stimulated with IL-1α, but this does not affect the interpretation of the results.
In a second experiment (Fig 6.3), explants from Fgf2-/- and wt animals were also cultured for
20 and 60 min. JNK, p38 and ERK activation did not differ between Fgf2-/- and wt explants.
In a third experiment (Fig 6.4) I investigated an earlier time point (5 min). Strong ERK and
JNK activation and a weak signal for phospho-p38 were seen. The extent of JNK and p38
activation was similar in Fgf2-/- hips compared to the wt tissue, however there appeared to be
some suppression of ERK phosphorylation. A fourth experiment (Fig 6.5) shows equally
strong activation of JNK, p38 and ERK in wt and Fgf2-/- tissue at 20 min. In these experiments
I also stained the blots for IκB protein to look for its degradation, and for its phosphorylation.
The results were variable and inconclusive because of the small amount of tissue available.

Due to small differences and the inconsistency between the experiments (Fig 6.2 to 6.5), I
was not able to conclude that FGF2 had a role in the immediate induction of intracellular
signalling of MAPKs and NFκB upon injury. However what I could conclude is that there is
an FGF2-independent mechanism involved in the rapid activation of these pathways. It would
be difficult to distinguish by western blotting moderate differences in activation between wt
and Fgf2-/- cartilage because the technique is only semi-quantitative. For example, a 30-50%
contribution to a signal by FGF2 would be hard to demonstrate convincingly, whereas an 8090% contribution would probably be clear. The uncertainty and difficulties of these
experiments led me to focus on the FGF2 dependence of changes in gene expression upon
injury because the PCR is quantitative and extremely sensitive.
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Figure 6.2 MAPKs are activated upon explanation of wt and Fgf2
cartilage.

IL-1α (50ng/ml)
20 min

0

IL-1α (50ng/ml)
20 min

Total-ERK

-/-

femoral head epipyseal

Fgf2 wildtype (wt) and Fgf2-/- murine explants were lysed immediately after dissection (0 min) or
cultured in SF-DMEM for 20 or 60 min. Some explants were rested for 48 then lysed or stimulated
with IL-1α (50ng/ml for 20 min). Tissue lysates were concentrated by using SDS-PAGE clean up kit
and then immunoblotted for phospho-JNK, phospho-p38, phospho-ERK and total ERK.
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Figure 6.3 MAPKs are activated upon explanation of wt and Fgf2
cartilage.

-/-

femoral head epipyseal

Fgf2 wildtype (wt) and Fgf2-/- murine explants were lysed immediately after dissection (0 min) or
cultured in SF-DMEM for 20 or 60 min. Some explants were rested for 48 then lysed or stimulated
with IL-1α (50ng/ml for 20 min). Tissue lysates were concentrated by using SDS-PAGE clean up kit
and then immunoblotted for phospho-JNK, phospho-p38, phospho-ERK and total ERK.
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Figure 6.4 MAPKs are activated upon explanation of wt and Fgf2
cartilage.
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femoral head epipyseal

Fgf2 wildtype (wt) and Fgf2-/- murine explants was lysed immediately after dissection (0 min) or
cultured in SF-DMEM for 5 min or rested for 48 h then stimulated with IL-1α (50ng/ml for 5 min).
Tissue lysates were concentrated by using SDS-PAGE clean up kit and immunoblotted for phosphoIκBα phospho-JNK, phospho-p38, phospho-ERK and total ERK.
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Figure 6.5 MAPKs are activated upon explanation of wt and Fgf2
cartilage.
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Fgf2 wildtype (wt) and Fgf2-/- murine hip explants was lysed immediately after dissection (0 min) or
cultured in SF-DMEM for 5 or 20 min or rested for 48 h then stimulated with IL-1α (50ng/ml for 20
min). Tissue lysates were concentrated by using SDS-PAGE clean up kit and then immunoblotted for
phospho-IκBα phospho-JNK, phospho-p38, phospho-ERK and total ERK.
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6.4 The FGF2-dependence of gene expression upon
explantation of murine femoral head epiphyseal cartilage
In order to investigate the FGF2 dependence of gene expression in response to explantation,
RT-PCR was performed on tissue from Fgf2-/- animals. The experiment was performed with
the same batch of TLDA microfluidic cards used for the wt explantation experiment. Fgf2-/cartilage was explanted and RNA was either extracted immediately (0 h) or after culturing for
4 h. All genes were normalized to 18s RNA as an endogenous control and calibrated to the 0
h. Levels of gene expression in Fgf2-/- cartilage was compared with data from wt taken from
Chapter 4 (Section 4. 3, Table 4.3, Page 130). There were no significant differences of the
gene expression between Fgf2-/-and wt explants at 0 h for all genes analysed.

Of the 45 genes studied, the expression of 22 was significantly (p≤ 0.05) upregulated in both
Fgf2-/- and wt cartilage following explantation (Adamts5, Arg1, Ccl2, Ccl7, Cd14, Ctgf, F3,
Has1, Has2, Inhba, Mmp3, Pdpn, Ptgs2, Timp1, Tnfaip6 and Tnfrsf12a: Table 6.1). Of these
22, 7 had a significantly reduced response by more than 35% in Fgf2-/- cartilage compared to
wt: These were Arg1, Cd14, Has1, Inhba, Pdpn, Tnfaip6, and Tnfrsf12a (Table 6.1, Fig 6.6). 6
of these were significant at p≤0.01, 1 at p≤0.05. These genes, except for Arg1, were all shown
to be activated by adding FGF2 to cultured tissue in Chapter 5 (Table 5.1, Page 158/ Table
5.2, Page 161). Interestingly, the expression of Arg1 was the most reduced in Fgf2-/- tissue. In
addition Mmp19 was significantly and completely suppressed in the Fgf2-/- (P≤0.001) (Table
6.1, Fig 6.6). FGF2 stimulation did not induce the expression of Mmp19 when added to
cultured cartilage shown in Chapter 5 (Table 5.2, Page 161).
Nos2 and Ccl7 were the only 2 genes whose expression was increased more in Fgf2-/- (≥5
fold) than in wt tissue (Fig 6.7) (P≤0.001), suggesting that FGF2 stimulation might be
suppressive for these.
Expression of 7 genes was equally significantly downregulated in both Fgf2-/- and wt
cartilage; these were Adamts15, Ccr2, Cd68, Esr1, Sfrp2, Mmp13 and Wisp2.
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Fgf2
Genes

Acan
Adam8
Adam9
Adamts1
Adamts15
Adamts4
Adamts5
Ar
Arg1
Arg2
Ccl2
Ccl5
Ccl7
Ccr2
Ccr5
Cd14
Cd68
Col2a1
Ctgf
Esr1
F3
Has1
Has2
Il1a
Il1b
Il1r1
Il1rl1
Il33
Il6
Inhba
Mmp13
Mmp19
Mmp3
Mmp8
Nos2
Pdpn
Ptges
Ptgs2
Serpina1a
Sfrp2
Timp1
Tnfaip6
Tnfrsf12a
Wisp2
Wnt16

Gene
expression at
4 h relative to
0 h ±SD
1.4±0.4
1.6±0.8
0.3±0.4
3.0±1.0
0.2±0.2
1.4±0.4
1.8±0.4
0.8±0.2
7.6±6.0
5.2±3.3
17±15
1.6±0.9
31±31
0.3±0.2
1.3±0.7
6.8±0.6
0.2±0.1
1.1±0.3
2.9±0.9
0.8 ±0.2
12±4.8
6.9±3.4
2.1±0.4
6.2±5.8
12±11
2.9±0.7
39±34
1.2±0.6
75±34
34±7.7
0.7±0.1
0.9±0.3
2.6±1.2
0.6±0.7
28±21
3.0±1.0
1.9±1.1
16±5.7
1.5±0.7
0.04±0.1
3.1±0.5
13 ±2.5
7.6±3.9
0.5±0.14
0.9±0.4

-/-

-/-

Wt
P values
ns
ns
ns
p≤0.001
p≤0.001
ns
p≤0.01
ns
p≤0.05
p≤0.05
p≤0.05
ns
p≤0.05
p≤0.001
ns
p≤0.001
p≤0.001
ns
p≤0.01
p≤0.05
p≤0.001
p≤0.01
p≤0.01
ns
p≤0.01
p≤0.001
p≤0.05
ns
p≤0.01
p≤0.001
p≤0.001
ns
p≤0.001
ns
p≤0.05
p≤0.001
ns
p≤0.001
ns
p≤0.001
p≤0.001
p≤0.001
p≤0.001
p≤0.001
ns

Gene
expression at 4
h relative to 0 h
±SD
1.2±0.4
1.8±0.6
1.5±0.3
2.5±1.0
0.2±0.1
1.3±0.5
2.0±0.4
0.5±0.2
113±93
2.6±1.3
12±7.9
1.8±1.1
7.0±4.0
0.2±0.1
1.4±0.7
16±6.7
0.2±0.1
1.2±0.6
3.2±1.2
0.5±0.1
16±7.8
17±9.9
2.7±1.5
3.2±1.7
4.1±1.0
3.5±0.9
48±27
2.2±1.4
48±31
99±57
0.7±0.2
3.4±1.8
3.3±1.0
0.3±0.3
2.9±2.0
5.9±1.3
1.8±0.7
15.7±8.5
1.1±0.4
0.1±0.2
4.6±1.0
40±22
12±6.7
0.6±0.2
0.9±0.9

Fgf2 / wt
P
values

Fold
ratio

P-values

ns
ns
p≤0.01
p≤0.01
p≤0.001
ns
p≤0.001
p≤0.01
p≤0.01
ns
p≤0.01
ns
p≤0.01
p≤0.01
ns
p≤0.001
p≤0.001
ns
p≤0.01
≤0.01
p≤0.001
p≤0.01
p≤0.05
ns
p≤0.001
p≤0.001
p≤0.001
ns
p≤0.01
p≤0.001
p≤0.05
p≤0.01
p≤0.001
p≤0.05
p≤0.05
p≤0.001
p≤0.05
p≤0.001
ns
p≤0.001
p≤0.001
p≤0.001
p≤0.01
p≤0.001
ns

1.2
0.9
0.2
1.2
1.4
1.1
0.9
1.6
0.1
2.0
1.4
0.9
4.4
1.3
0.9
0.4
1.2
0.9
0.9
1.5
0.8
0.4
0.9
1.9
2.9
0.8
0.7
0.5
1.6
0.4
1.0
0.3
0.8
2.1
9.5
0.5
1.1
1.0
1.4
0.3
0.7
0.3
0.7
1.0
1.0

ns
ns
ns
ns
ns
ns
ns
ns
p≤0.01
ns
ns
ns
p≤0.01
ns
ns
p≤0.001
ns
ns
ns
ns
ns
p≤0.01
ns
ns
ns
ns
ns
ns
ns
p≤0.01
ns
p≤0.001
ns
ns
p≤0.001
p≤0.001
ns
ns
ns
ns
ns
p≤0.001
p≤0.05
ns
ns

Table 6.1 The gene expression following explantation of Fgf2-/- murine femoral head epiphyseal cartilage.
The table shows fold change of mRNA levels normalised to 18s and expressed relative to the 0 h samples.
mRNA levels were measured with Taqman Low density arrays on microfluidic cards (See Materials and
Methods, Section 2.9.4.1, pg 71 for details). For both 0 h and 4 h, 6 samples comprising 4 separate epiphyses
were analysed. Statistical analysis was by two-way ANOVA Bonferroni post hoc testing, ns= no significant,
p≤0.05, p≤0.01, p≤0.001. Blue highlighted= those genes whose increased expression was significantly reduced
in Fgf2-/- cartilage.
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Figure 6.6 Genes that were suppressed following explantation of Fgf2-/- cartilage.
Fgf2-/- or wt murine cartilage explants were dissected from the femoral heads and the RNA was either extracted
immediately (time point 0 h) or explants were cultured for 4 h in SF-DMEM prior to RNA extraction. Each
point represents the mRNA from 4 cartilage explants. mRNA levels were measured with Taqman Low density
arrays on microfluidic cards (See Materials and Methods, Section 2.9.4.1, pg 71 for details). 6 Samples were
analysed (indicated by individual points). Gene expression was normalised to 18s and expressed relative to 0 h.
Horizontal bars indicate the means. Statistical analysis were by using two-way ANOVA, Bonferroni post hoc
testing, ns= no significant, *= p≤0.05, **= p≤0.01, ***= p≤0.001.
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Figure 6.7 Genes whose expression was super-induced following explantation of Fgf2-/- cartilage.
Fgf2-/- or wt murine cartilage explants were dissected from the femoral heads and the RNA was either
extracted immediately (time point 0 h) or explants were cultured for 4 h in SF-DMEM prior to RNA
extraction. Each point represents the mRNA from 4 cartilage explants. mRNA levels were measured
with Taqman Low density arrays on microfluidic cards (See Materials and Methods, Section 2.9.4.1, pg
71 for details). 6 Samples were analysed (indicated by individual points). Gene expression was
normalised to 18s and expressed relative to 0 h. Horizontal bars indicate the means. Statistical analysis
were by using two-way ANOVA, Bonferroni post hoc testing, ns= no significant, *= p≤0.05, **=
p≤0.01, ***= p≤0.001.
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6.5 Summary: The injury response of Fgf2-/- cartilage
By using immunohistochemistry I showed that FGF2 was localised in the pericellular matrix
throughout murine epiphyseal cartilage. This was similar to its localisation in porcine and
human articular cartilage (Vincent T et al., 2007). Cutting through porcine articular cartilage
releases FGF2 stores thus mediating ERK activation in the vicinity of the cut (Vincent T,
Saklatvala J., 2006). Dissection of murine femoral head epiphyseal cartilage causes direct
trauma along the growth plate, thus FGF2 is likely to be released from the damaged areas.

I was not able to conclude whether phosphorylation of ERK, p38 and JNK upon cartilage
explantation was dependent upon FGF2 to any extent, because the data was highly variable
and it was difficult to detect small differences between Fgf2-/- and wt. FGF2 may contribute to
the signalling response, but it is unlikely to be the major factor. A minor role will not be
detected using semiquantitative assessment such as western blotting. I therefore explored the
gene expression changes in Fgf2-/- by performing quantitative RT-PCR.
When Fgf2-/- cartilage was explanted, expression of 8 of the 22 upregulated genes was
significantly less than in wt tissue. I have shown in Chapter 5, that 6 of these genes were
regulated by FGF2 stimulation in culture. Arg1 and Mmp19 were not upregulated following
FGF2 stimulation but their induction was less in the Fgf2-/- cartilage. The reason for the
reduced response upon explantation of Fgf2-/- cartilage, when they are not induced by FGF2
stimulation of rested cartilage is unclear. The cultured tissue responds differently to ex vivo
tissue upon injury, and Arg1 expression was still elevated in the tissue cultured for 48 h so it
was possibly that FGF2 was unable to stimulate it further. Thus some genes may appear to be
insensitive to FGF2 in tissue culture, but in fact are highly sensitive in ex vivo tissue. FGF2
may influence gene expression upon explantation partly by augmenting the inflammatory
signalling pathway, but also by activating other mechanisms such as protein kinases C and B
and other pathways of growth factor signalling.

Although I was unable to show any clear deficit in signaling responses upon explantation of
Fgf2-/- cartilage, I was however able to conclude that FGF2 partly drives gene expression
changes seen. Many of the FGF-sensitive genes appear to have functions involved in tissue
repair.
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6.6 The role of MyD88 in cartilage injury
The partial suppression of some regulated genes in response to explantation of Fgf2-/cartilage, suggests that there are other mechanisms driving expression. This alternative
mechanism is likely also to drive the expression of the FGF2-independent genes. These were
Adamts1, Adam9, Ptgs2, Has2, Il1lrl1, Il1r1, Il1b, Il6, Mmp3, Ccl2, Ctgf, F3 and Adamts5.
Most of these can be induced by inflammatory cytokines such as IL-1 and TNF and by TLR
ligands such as LPS. I therefore investigated whether MyD88-dependent pathways had a role
in the cartilage response to injury. MyD88 is an essential adaptor protein for IL-1R and TLR
family signalling. I explanted hips from MyD88-/-animals (which have no gross phenotype)
and examined changes in signalling and performed RT-PCR to study gene expression.

6.7 MyD88-/- femoral head epiphyseal cartilage is protected
from degradation following stimulation with IL-1 and LPS
In order to check the non-responsiveness of MyD88-/- cartilage to IL-1α or lipopolysaccharide
(LPS), I stimulated MyD88-/- explants with either IL-1α or LPS (a TLR4 agonist) and
measured aggrecan cleavage using the aggrecanase neoepitope assay. In this assay induction
of aggrecanase (ADAMTS5) leads to the breakdown and release of aggrecan fragments,
which can be recognised because they have the N-terminal neoepitope (ALGS), and can be
detected by western blotting with an anti-ALGS antibody.
Rested explants from wildtype and MyD88-/- mice were stimulated with IL-1α (10ng/ml), LPS
(10ng/ml), or tumour necrosis factor α (TNF-α) (50ng/ml) for 24 hours. Medium was
collected, deglycosylated, then western blotted with the neoepitope antibody to ALGS to
detect the aggrecanase-generated fragments of aggrecan (Fig 6.8). IL-1α, LPS and TNF-α
stimulated aggrecanase-mediated cleavage in wildtype cartilage as shown by the presence of
the ALGS neoepitope in the culture medium. However when MyD88-/- cartilage was
stimulated with IL-1α or LPS, release of the ALGS fragments was undetectable. As expected,
TNF-α (which does not utilise MyD88 to signal) stimulated aggrecan cleavage in MyD88-/cartilage. It was concluded that the MyD88-/- cartilage was, as expected, unresponsive to IL1R or TLR4 stimulation.
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ALGS

wt

MyD88/

Figure 6.8 Aggrecanase activity is not induced by IL-1 or LPS in MyD88 -/- cartilage.
Western-blot of the aggrecan fragment generated by aggrecanase activity in wildtype (wt) and MyD88-/hip articular cartilage explants stimulated with, IL-1β (10ng/ml), LPS (10ng/ml), TNFα (50ng/ml) or
left unstimulated (control).
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6.8 MAPK activation following explantation of MyD88-/murine epiphyseal cartilage
Even though I did not see clear differences in signalling responses in Fgf2-/- cartilage
following explantation, I investigated whether MyD88-/- cartilage had any signalling deficit.
MyD88-/- epiphyses were explanted into SF-DMEM and cultured for 0, 20 and 60 mins.
Explants were lysed in ice cold RIPA buffer and lysates. Samples were western blotted for
phospho-JNK, phospho-p38, phospho-ERK and total ERK.
Explantation of the epiphyses from MyD88-/- animals still strongly activated ERK and JNK
and did not show any differences compared to wt tissue (Fig 6.9). This indicates ERK and
JNK activation upon cartilage explantation is largely independent of MyD88. It was difficult
to conclude whether there was phosphorylation of p38 in MyD88-/- because there was high
basal expression at 0 h.
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Figure 6.9 MAPKs are activated upon explanation of wt and MyD88
cartilage.
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Wildtype (wt) and MyD88-/- cartilage was lysed immediately or explanted into SF DMEM and
incubated for 20 or 60, or stimulated with IL-1α (50ng/ml for 20 min). Tissue lysates were
concentrated and immunoblotted for phospho-JNK, phospho-p38, phospho-ERK and total ERK.
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6.9 Gene expression changes upon explantation of MyD88-/murine femoral head epiphyseal cartilage.
RNA was extracted from MyD88-/- explants that had been dissected and cultured for 0 or 4 h
in SF DMEM. Gene expression was analysed by using the TLDA microfluidic cards. All
genes were normalized to 18s RNA as endogenous control and calibrated to the 0 h. The
mean gene expression for wt hips were taken from Chapter 4 (Section 4. 3, Table 4.3, Page
130) and compared to MyD88-/-. There were no significant differences in gene expression
between MyD88-/-and wt explants at 0 h for all genes analysed.

Following explantation, the expression of 18 genes was significantly upregulated (p≤0.05) in
both MyD88-/- and wt cartilage: Adamts1, Arg1, Cd14, Ctgf, F3, Has1, Has2, Il1b, Il1r1,
Il1rl1, Il6, Inhba, Mmp3, Pdpn, Ptgs2, Timp1, Tnfaip6 and Tnfsfr12a. Of these, the
upregulation of 8 genes was partly but significantly reduced in MyD88-/- cartilage compared to
wt tissue: These were Arg1, Cd14, Ctgf, F3, Has1, Inhba, Pdpn and Tnfaip6 (Fig 6.10 & 6.11)
and this was statistically significant. 5 of these were significant at p≤0.01 and 3 at p=0.05.

The up regulation of Adamts5, Ccl2, Ccl7 and Mmp19 seen in explanted wt tissue was highly
and significantly suppressed in the absence of MyD88 (p≤0.01)(Fig 6.11).

Those genes whose expression was significantly downregulated following explantation of wt
cartilage (Adamts15, Ccr2, Esr1, Sfrp2, Mmp13 and Cd68) also showed reduced mRNA
levels in the MyD88-/- tissue. Additionally, Ccr5 and Ccl5 were significantly downregulated in
the MyD88-/- but not wt cartilage. Ar, Mmp8 and Wisp2 expression was downregulated in wt
but not in the MyD88-/-.
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-/-

Genes
Acan
Adam8
Adam9
Adamts1
Adamts15
Adamts4
Adamts5
Ar
Arg1
Arg2
Ccl2
Ccl5
Ccl7
Ccr2
Ccr5
Cd14
Cd68
Col2a1
Ctgf
Esr1
F3
Has1
Has2
Il1a
Il1b
Il1r1
Il1rl1
Il33
Il6
Inhba
Mmp13
Mmp19
Mmp3
Mmp8
Nos2
Pdpn
Ptges
Ptgs2
Serpina1a
Sfrp2
Timp1
Tnfaip6
Tnfrsf12a
Wisp2
Wnt16

Myd88
Gene expression at
4 h relative to 0
h±SD
0.7±1.8
2.4±0.5
1.3±0.3
2.1±0.6
0.1±0.03
1.5±0.6
1.2±0.1
0.7±0.1
28±1.6
4±1.5
2±0.8
0.3±0.1
1.6±1.2
0.2±0.1
0.5±0.1
7.5±1.3
0.3±0.5
1.4±0.4
1.8±0.3
0.5±0.1
8.4±3.2
6.8±3.0
1.7±0.5
3.2±1.2
4.6±1.7
2.5±0.8
39±13
0.9±1.0
25±8.2
35±6.2
0.7±0.1
1.4±0.4
1.9±0.7
0.6±0.4
1.3±0.7
3.7±1.3
1.2±0.7
12±3.4
1.5±1.5
0.1±0.1
5.8±1.2
14±3.7
8.0±1.2
0.9±0.2
0.7±0.3

P values
ns
p≤0.001
ns
p≤0.01
p≤0.01
ns
ns
ns
p≤0.001
p≤0.05
ns
p≤0.001
ns
p≤0.01
p≤0.05
p≤0.001
p≤0.001
ns
p≤0.01
p≤0.05
p≤0.001
p≤0.001
p≤0.05
p≤0.05
p≤0.05
p≤0.01
p≤0.001
ns
p≤0.001
p≤0.001
p≤0.05
ns
p≤0.05
ns
ns
p≤0.001
ns
p≤0.001
ns
p≤0.01
p≤0.001
p≤0.001
p≤0.001
ns
ns

Wt 4 h
Gene expression at
4 h relative to 0
h±SD
1.2±0.4
1.8±0.6
1.5±0.3
2.5±1.0
0.2±0.1
1.3±0.5
2.0±0.4
0.5±0.2
113±93
2.6±1.3
12±7.9
1.8±1.1
7.0±4.0
0.2±0.1
1.4±0.7
16±6.7
0.2±0.1
1.2±0.6
3.2±1.2
0.5±0.1
16±7.8
17±9.9
2.7±1.5
3.2±1.7
4.1±1.0
3.5±0.9
48±27
2.2±1.4
48±31
99±57
0.7±0.2
3.4±1.8
3.3±1.0
0.3±0.3
2.9±2.0
5.9±1.3
1.8±0.7
15.7±8.5
1.1±0.4
0.1±0.2
4.6±1.0
40±22
12±6.7
0.6±0.2
0.9±0.9

-/-

4 h MyD88 / 4 h wt
P
values

Fold
ratio

P-values

ns
ns
p≤0.01
p≤0.01
p≤0.001
ns
p≤0.001
p≤0.01
p≤0.01
ns
p≤0.01
ns
p≤0.01
p≤0.01
ns
p≤0.001
p≤0.001
ns
p≤0.01
≤0.01
p≤0.001
p≤0.01
p≤0.05
ns
p≤0.001
p≤0.001
p≤0.001
ns
p≤0.01
p≤0.001
p≤0.05
p≤0.01
p≤0.001
p≤0.05
p≤0.05
p≤0.001
p≤0.05
p≤0.001
ns
p≤0.001
p≤0.001
p≤0.001
p≤0.01
p≤0.001
ns

0.7
1.3
0.8
0.8
0.4
1.2
0.6
1.3
0.3
1.5
0.2
0.2
0.2
0.8
0.4
0.5
1.4
1.2
0.6
1.0
0.5
0.4
0.6
1.0
1.1
0.7
0.8
0.4
0.5
0.4
0.9
0.4
0.6
2.2
0.5
0.6
0.7
0.8
1.4
0.8
1.3
0.3
0.7
1.8
0.7

ns
ns
ns
ns
ns
ns
p≤0.01
ns
p≤0.05
ns
p≤0.001
p≤0.01
p≤0.01
ns
p≤0.05
p≤0.001
ns
ns
p≤0.01
ns
p≤0.05
p≤0.01
ns
ns
ns
ns
ns
ns
ns
p≤0.001
ns
p≤0.01
ns
ns
p≤0.05
p≤0.01
ns
ns
ns
ns
ns
p≤0.01
ns
ns
ns

Table 6.2 Genes regulated following explantation of MyD88-/- femoral head epiphyseal cartilage.
The table shows fold change of mRNA levels normalised to 18s and expressed relative to 0 h samples.
mRNA levels were measured with Taqman Low density arrays on microfluidic cards (See Materials
and Methods, Section 2.9.4.1, pg 71 for details). For both 0 h and 4 h, 6 samples comprising 4 separate
epiphyses were analysed. Statistical analysis was by two-way ANOVA Bonferroni post hoc testing, pvalues ns= no significant, p≤0.05, p≤0.01, p≤0.001.
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Figure 6.10 Genes whose expression was completely suppressed following explantation of MyD88/femoral head epiphyseal cartilage.
MyD88-/- or wt murine cartilage explants were dissected from the femoral heads and the RNA was
either extracted immediately (time point 0 h) or explants were cultured for 4 h in SF-DMEM prior to
RNA extraction. Each point represents the mRNA from 4 cartilage explants. mRNA levels were
measured with Taqman Low density arrays on microfluidic cards (See Materials and Methods, Section
2.9.4.1, pg 71 for details). 6 Samples were analysed (indicated by individual points). Gene expression
was normalised to 18s and expressed relative 0 h for both time points (0 h and 4 h). Horizontal bars
indicate the means. Statistical analysis was by two-way ANOVA, Bonferroni post hoc testing, p-values
ns= no significant, *= p≤0.05, **= p≤0.01, ***= p≤0.001.
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Figure 6.11 Genes whose expression was partly suppressed following explantation of MyD88-/femoral head epiphyseal cartilage.
MyD88-/- or wt murine cartilage explants were dissected from the femoral heads and the RNA was
either extracted immediately (time point 0 h) or explants were cultured for 4 h in SF-DMEM prior to
RNA extraction. Each point represents the mRNA from 4 cartilage explants. mRNA levels were
measured with Taqman Low density arrays on microfluidic cards (See Materials and Methods, Section
2.9.4.1, pg 71 for details). 6 Samples were analysed (indicated by individual points). Gene expression
was normalised to 18s and expressed relative 0 h for both time points (0 h and 4 h). Horizontal bars
indicate the means. Statistical analysis was by two-way ANOVA, Bonferroni post hoc testing, p-values
ns= no significant, *= p≤0.05, **= p≤0.01, ***= p≤0.001.
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6.10 Summary: The injury responses of MyD88-/- cartilage
I was not able to show that MyD88 played any role in signalling responses upon explantation,
but I can conclude that MyD88 is not essential for signalling because ERK and JNK were
strongly activated in MyD88-/- tissue.

I detected significant differences in gene expression between MyD88-/- and wt cartilage. It
appears that the MyD88 dependent pathways have a role in the gene regulation following
cartilage explantation. Some genes such as Adamts5, Ccl2, Ccl7 and Mmp19 were completely
suppressed in cartilage deficient of MyD88, suggesting they are highly MyD88 dependent.
While other genes were partly suppressed indicating their increased expression may also be
driven either by FGF2 and/or additional unknown pathways. This indicates that injury
responses of cartilage are highly complex, involving at least two major systems: FGF2 and a
pathway involving MyD88. It is possible that in the primary response to injury a cytokine
such as IL-1, or a factor that signals via TLR, is produced and that this accounts for the
MyD88 dependence. It is significant that the most MyD88-dependent gene was Ccl2, which
was part of the secondary response.

6.11 Discussion
Upon cartilage explantation 25 genes were significantly upregulated and 8 were found to be
partly FGF2 dependent. While FGF2 contributes to the gene expression on injury other
factors and pathways must be involved. Many of the genes are for proteins characteristic of
the inflammatory response and are known to be induced by cytokines such as IL-1. Therefore
I studied responses in MyD88-/- tissue, MyD88 being an adaptor for IL-1 and TLR families
which activate inflammatory signalling pathways. I found that the genes that were partly
suppressed in Fgf2-/- hips seemed to also be partly dependent on MyD88. A group of genes
was identified as neither FGF2 nor MyD88-dependent (Chapter 6, Section 6.10, Page 189)
further suggesting the involvement of pathways independent of either FGF2 or MyD88 in
driving gene expression. The Venn diagram (Fig 6.12) shows those genes that were
upregulated upon wt cartilage explantation and those that were suppressed in Fgf2-/- and
MyD88-/- tissue. Genes that were neither MyD88- nor FGF2-dependent, were Adamts1,
Adam9, Ptgs2, Has2, Il1lrl1, Il1r1, Il1b, Il6, Timp1 and Mmp3.
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Genes reduced upon
explantation of Fgf2-/cartilage

Tnfrf12a

Genes reduced upon
explantation of MyD88-/cartilage

Arg1
Cd14
Has1
Inhba
Mmp19
Pdpn
Tnfaip6

Ccl2
Ccl7
Ctgf
Nos2
F3
Adamts5

Adamts1
Adam9
Ptgs2
Has2
Il1rl1
Il1r1
Il1b
Il6
Mmp3
Timp1
Genes upregulated
upon explantation of wt
cartilage

Figure 6.12 Genes that were FGF2 or/and MyD88 dependent in response to cartilage
explantation.
A Venn diagram of the genes that were significantly upregulated following explantation of wt cartilage
(blue), and genes whose increased expression was reduced following explantation of Fgf2-/- (shaded
red) or MyD88-/- cartilage (yellow).
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7.1 Discussion
Mechanical injury to cartilage is an important factor that leads to OA and experimental injury
recapitulates some features of OA such as cell apoptosis in vitro (Tew SR et al., 2000), and
cartilage fibrillation and proteoglycan loss in vivo (Meachim G et al., 1963; Collin DH,
McElligott TF., 1960). Therefore our laboratory has investigated the immediate responses of
cartilage to injury and has found that wounding or dissecting intact porcine cartilage ex vivo
rapidly activated all 3 MAPKs (JNK, p38 and ERK) and NFκB. FGF2 was shown to be
released upon injury causing some of the ERK activation (Vincent T et al., 2002; Vincent T et
al., 2004), but what activated NFκB and JNK still remained a mystery. Therefore the aim of
my project was to transfer this investigation of cartilage injury into the mouse in order to
study the possible role of candidate ligands and intracellular signalling pathways involved in
these responses.

I have developed and characterized an injury model of murine cartilage by using epiphyseal
explants taken from 5 to 6 week old animals. Upon dissection, the shearing of the growth
plate from the subchondral bone and of the ligamentum teres caused rapid activation of all 3
MAPKs and NFκB. These signalling responses were similar to those activated by dissection
of porcine articular cartilage and synovium, which suggest that the response of connective
tissue to mechanical trauma is likely to be generic. Having a cartilage injury model in mouse
extends the experimental scope further because it is possible to carry out studies in genetically
modified animals. In this work a number of protocols were established for the analysis of
intracellular signalling and gene expression changes in the murine femoral head epiphyseal
cartilage, which provide opportunities for future experiments. I found that measuring activity
of intracellular signalling pathways in murine tissue was difficult because of the small tissue
samples, and because western blotting is difficult to quantify. I was unable to clearly show
any impairment of ERK activation on explantation in the Fgf2-/- mice, because the additional
unknown mechanism activating the pathway was clearly a major factor. The changes in gene
expression were measured quantitatively and showed differences in both the Fgf2-/- and
Myd88-/- lines. There have been a number of interesting experimental findings from my
project, which are leading to further investigations.

Gene expression in response to cartilage injury: Firstly I have identified a range of genes
that were upregulated following explantation of murine femoral head epiphyses. These genes
have very different functions; some are inflammatory or catabolic to cartilage such as
Adamts5, Ccl2 and Il1b. ADAMTS-5 is a key aggrecanase in murine cartilage degradation
190

Chapter 7

Discussion

(Glasson SS et al., 2005) and IL-1b stimulation induces ADAMTS-5 expression (Hui W et
al., 2005) resulting in extensive cartilage degradation (Kapoor M et al., 2011). While other
genes that were upregulated may function as anti-inflammatory or repair genes such as
Timp1, Tnfaip6 and Inhba, a member of the TGFβ family. Genes were either rapidly
upregulated shortly after cartilage injury or their expression was slowly induced at a later
stage. These rapidly expressed genes were most likely an immediate and primary response to
the injury, whereas genes expressed later were secondary because they were suppressed by
cycloheximide and most likely downstream of an intermediate mediator or mediators. The
mediator(s) appeared to also have the ability to further induce the expression of the early
response genes as some of these were partly suppressed by cycloheximide at the later time
point. The identity of such mediators is unknown. It is possibly one of the identified primary
response gene/s, such as Il1.

A deficit in injury responses following re-cutting rested explants: I have shown that the
signalling response upon re-cutting rested cartilage was different to that seen upon
explantation, as had been found with porcine cartilage. Similarly there was a difference in the
genes that were upregulated upon re-cutting compared to explantation. Re-cutting responses
were highly similar to the effect of adding FGF2 to the explants. I did not have time to
investigate the re-cutting response in the Fgf2-/-tissue, which could establish that the re-cutting
response is due to FGF2.

The role of FGF2 and MyD88 in cartilage injury responses: There was no evidence to
conclude that FGF2 had any role in the signalling responses following explanation when I
compared the behaviour of Fgf2-/- cartilage with wt tissue. I did find that FGF2 plays a role in
gene expression changes following cartilage injury. A number of genes were highly regulated
following cartilage explantation were partly suppressed in Fgf2-/- tissue, these included Inhba,
Cd14 and Tnfaip6. These genes were also stimulated by FGF2 in rested explants, which had
suggested they were FGF2-dependent. Some genes such as Arg1 were not upregulated by
FGF2 stimulation in rested explants but were suppressed when Fgf2-/- tissue was explanted.
Why strong FGF2 dependence is found only in the initial injury is unknown, but it may be
related to the fact that the expression of Agr1 remains high in the cultured tissue.

In addition to FGF2, pathways involving MyD88 seemed also to play a role in gene
expression changes upon explantation. Deletion of MyD88 in the cartilage strongly
suppressed the induction of Ccl2, Adamts5 and Ccl7. These genes were not FGF2-dependent.
There were some genes such as Inhba that were partly dependent upon both FGF2 and
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MyD88. In order to further confirm this, the laboratory is in the process of generating a
double MyD88 and FGF2 knock out animal. An alternative strategy would be to study gene
expression in MyD88-/- cartilage that had been explanted into the pharmacological FGFR
kinase inhibitor.

What is driving the MyD88-dependent pathway on explantation is unknown. In my
experiments MAPK activation in the MyD88-/- cartilage upon explantation was the same as wt
tissue. A Didangelos in his PhD studies (PhD Thesis 2007 Imperial College London) was
unable to identify any soluble factor from damaged cartilage that activated JNK, but those
experiments are perhaps worth repeating using gene expression as a readout. It may be that
the initial response to injury is MyD88-dependent, or that a cytokine is produced during the
primary response, which feeds back on the chondrocytes to contribute to the secondary
response and uses MyD88 for its signalling. One possible mechanism could involve release of
matrix fragments following tissue injury. Fragments of fibronectin, tenascin, collagen and
other matrix proteins have been shown to activate TLRs and non-TLR receptors to induce
inflammatory signalling and induction of inflammatory cytokines (Midwood K et al., 2009;
Sofat N et al., 2012; Yasuda T et al., 2006). . The most MyD88-dependent gene I identified
was Ccl2, and this appeared to be secondary since its expression was not increased till after 4
h culture. Two others were Ccl7 and Adamts5, but I did not have time to investigate whether
or not they were also secondary genes. The possibility that IL-1 is the MyD88 using factor
could be tested by carrying out the experiment in the presence of the IL-1 receptor antagonist
protein or in the Il1r-/- line. Such secondary mediators following injury may be important in
OA.

There were a number of genes whose increased expression on explantation did not seem to be
either MyD88 or FGF2 dependent, strongly indicating an unknown mechanosensing system,
which is yet to be identified. The involvement of integrins has been suggested, because they
are mechanosensitive cell surface receptors present on chondrocytes (Salter DM et al., 1992;
Millward-Sadler et al., 1999) and have been known to mediate intracellular signalling (Chai
DH et al., 2010). Integrin signalling leads to activation of the tyrosine kinase Src and FAK,
which are also activated upon injury to porcine cartilage (Watt F PhD Thesis Imperial College
London 2009). Integrins have been shown to activate several signalling pathways and may act
synergistically with growth factor receptors (Kim SH et al., 2011). Integrins are also known to
regulate important cartilage genes such as MMP-3 and MMP-13 following mechanical stress
(Gálvez BG et al., 2002). Currently in the laboratory we are investigating the gene expression
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changes in explanted femoral head epiphyses from β1-integrin deficient mice to see whether
integrins are involved in the injury response.

Gene induction following cartilage injury could also involve less studied pathways including
those involving calcium influx via voltage gated calcium channel (VGCC) or cationic stretch
activated ion channels (SAICs). Interestingly a study has shown cross-talk between ion
channels and integrins (Wu X et al., 2001), which may serve as an alternative mechanism to
sense injury in epiphyseal cartilage.

There are a number of physiological changes that occur upon explantation. The femoral
epiphysis undergoes a number of alterations including disruption of the collagen fibres, which
leads to increased swelling exerted by the unopposed sulphated proteoglycans which draw
water into the tissue. Tissue swelling causes increased expression of vimentin filaments in the
chondrocytes (Durrant LA et al., 1999). Vimentin is thought to support the organisation of
actin, which senses load via indirect connections between the cell nucleus and focal contacts.
Focal contacts contain a high density of integrins (Loeser 1993).

Another physiological changes that occurs upon explantation is a change in oxygen tension.
High oxygen tension could regulate signalling and gene expression, since it has been shown
to enchance NO and PGE2 production in loaded cartilage (Fermor B., 2005). Upon
explantation the epiphyseal cartilage is cultured at higher oxygen tension compared to
conditions in vivo. Increased gene expression in epiphyseal cartilage following explantation is
perhaps unlikely be due to high oxygen tension because as shown later similar genes were
increased in in vivo cartilage injury (following joint destabilisation), where cartilage was
under hypoxic conditions.

Explantation of the epiphyseal cartilage may not only trigger mechanisms involving MyD88
and FGF2 but also processes involving ion channels, integrins, tissue swelling and oxygen
tension.
Comparison of gene expression profiles in destabilised knee joints (post DMM surgery) and
explanted femoral head epiphyseal cartilage: My findings in explantation of the femoral
head epiphysis could be relevant to OA, because similar genes were upregulated in OA knee
joints 6 h following destabilisation surgery. From the 47 genes analysed on the TLDA
microfluidic cards, the expression of 30 was increased by ≥ 1.5 fold in destabilised knees 6 h
post DMM surgery (Burleigh A PhD Thesis 2010 Imperial College London). Of the 30,
expression of 21 was increased in response to explantation of the epiphysis. These were Arg1,
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Adam9, Adamts1, Adamts5, Ccl2, Ccl7, Cd14, Has1, Has2, Il1rl, Ilb, Il6, Inhba, Mmp19,
Mmp3, Nos2, Ptgs2, Pdpn, Timp1, Tnfaip6 and Tnfrsf12a (Fig 7.1). There were some
differences in the genes that were expressed in the two systems, which were likely to be partly
because RNA was extracted from whole murine knee joints, rather than just cartilage alone.
The knee joint extracts therefore included mRNA of tissues such as synovium, meniscus,
tendon and bone that may respond differently. For instance the expression of Adamts4,
Adam8, Il33, Ccl5, and Ccr5 was upregulated in destabilised knees, but were not upon
cartilage injury. The expression of possible leukocyte markers Adamts15, Ccr2 Cd68, Wisp2
and Mmp8 was decreased in injured explants, but was upregulated in destabilised knees,
possibly indicating leukocyte infiltration and/or activation in the in vivo situation. ll1r1, Ptges
and Ctgf were the only 3 genes that were upregulated in response to cartilage explantation,
but not in the whole joint following surgery.
The similarity in the changes seen on destabilisation surgery and explantation were also born
out in Fgf2-/- mice. The same FGF2 dependent genes were identified both in vivo and in vitro
studies and included amongst others, Arg1, Tnfaip6 and Inhba (Fig 7.2). FGF2 seemed to be a
mechanism involved in regulating changes to gene expression in the destabilised knees. It was
further demonstrated by Annika Burleigh (Burleigh A PhD Thesis 2010 Imperial College
London) that joint movement following the destabilisation surgery was necessary for the
induction of FGF2-dependent genes because complete immobilisation of the knee joints after
surgery by prolonged anaesthesia suppressed the expression of all FGF2 and non-FGF2
dependent genes. These observations, and previous data suggest that FGF2-dependent genes
might play a role in repairing or protecting cartilage from degradation. Chia S et al (2009)
found that Fgf2-/- mice developed spontaneous OA with age and accelerated disease when OA
was surgically induced by DMM. Overall FGF2 appears to be chondroprotective in vivo, and
this is consistent with the observations that a number of the FGF2-dependent genes are anticatabolic or anti-inflammatory.

Concluding comments: These observations describe the complexity of cartilage injury
responses, which appear to be regulated by several mechanisms rather than by a single
mediator. My work shows that there are at least 3 mechanisms contributing to gene regulation
on injury. These are FGF2-dependent mechanisms, MyD88-dependent mechanisms and a
MyD88/FGF2-independent mechanism.
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Genes whose
expression was
upregulated following
destabilisation of murine
knee joints

Genes whose
expression was
upregulated following
explantation of femoral
head epiphysis

Arg1
Adam9
Adamts1
Adamts5
Ccl2
Ccl7
Cd14
Has1
Has2
Il1rl1
Ilb
Il6
Inhba
Mmp19
Mmp3
Nos2
Ptgs2
Pdpn
Timp1
Tnfaip6
Tnfrsf12a

Adamts15
Wisp2
Adamts4
Ccr2
Cd68
Adam8
Ccr5
Il33
Ccl5

Il1r1
Ctgf
Ptges

Genes whose expression was upregulated following
murine hip explantation and destabilisation of knee
joints

Figure 7.1 Genes whose expression was upregulated in response to destabilisation of knee joints
and explanting femoral head epiphyses.
A Venn diagram showing 33-upregulated genes (1.3≥ fold) that were either upregulated upon
destabilisation of the knee joint (shaded red) or upon explantation of femoral head epiphysis (shaded
blue). The overlapped area (shaded purple) represents the genes that were upregulated in both knee
joints following DMM (Burleigh A PhD Thesis 2010 Imperial College London) and upon epiphyseal
cartilage explantation.
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Genes whose increased
expression was suppressed
in Fgf2-/- tissue

Explantation

Has1

DMM

CD14
Inhba
Pdpn
Tnfip6
Tnfrsf12a
Arg1
Mmp19

Serpina1a
Ccl7
Mmp13
Mmp3
Mmp8
Ccr5
Has2
Wisp2
Il6
Ccl2
Timp1

Figure 7.2 Genes whose increased expression was suppressed following explantation of Fgf2-/femoral head epiphysis or OA surgical induction (DMM) to Fgf2-/- knee joints.
A Venn diagram was created showing genes whose increased expression was significantly suppressed
in response to explantation of Fgf2-/- cartilage (shaded yellow) or OA surgical induction (DMM) of
Fgf2-/- knee joints (shaded purple) (Burleigh A PhD Thesis 2010 Imperial College London). The
overlapped area represents those genes that were suppressed in Fgf2-/ tissue following explantation or
DMM surgery.
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