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Abstract

The loading of cartilage and chondrocyte cultures in vitro has demonstrated the importance of
mechanical forces in regulating chondrocyte metabolism. The aim of my thesis was to

investigate the effects of cyclical mechanical stimulation on proteoglycan (PG) metabolism in
chondrocytes derived from patients with OA and RA, in comparison with that of
chondrocytes from normal cartilage (Collins and McElligott Grade 0).

The chondrocytes were exposed to cyclical mechanical stimulation in an apparatus that
functioned to produce a strain on the base of the culture dishes with attached cells in
monolayer. Following 20 minute 4000p strain cyclical mechanical stimulation at 0.33 Hz, the
GAG synthesis of chondrocytes from normal cartilage (measured by the DMMB assay)
increased significantly (p=0.045) compared to unstimulated controls. Increased GAG synthesis
following mechanical stimulation was blocked in the presence of antibodies to a5 integrin, or

aV(35 integrin, or CD47.These experiments provided evidence that a5 integrin, aV(35
integrin, and CD47 are involved in the signal transduction process that leads to accelerated PG
synthesis, following cyclical deformation of chondrocytes from normal cartilage.

Cyclical mechanical stimulation applied to articular chondrocytes from patients with OA and
RA in monolayer culture did not show any significant change in GAG synthesis, measured by
the DMMB assay. Chondrocytes from OA grade III synthesized on average 65.0 per cent and
59.6 per cent less GAG (corrected by DNA) than OA grade I and II chondrocytes, which
were statistically significant (p=0.0038 and p=0.071 respectively).

PGs extracted from medium by acetone precipitation were analysed by SDS-PAGE and
Western blotting using anti-aggrecan G1 domain antibody and CS epitope monoclonal
antibodies (3-B-3,2-B-6 and l-B-5) following deglycosylation. Electrophoretic patterns of
PGs released from normal chondrocytes following mechanical stimulation showed that newly-
synthesized aggrecan was not fragmented or degraded. The concentration of C4S disaccharide
sulphation isomers with a molecular weight greater than 250 KDa was enhanced in normal
chondrocytes compared to unstimulated controls. Epitopes recognised by l-B-5 were

expressed at low levels in both chondrocytes from normal and OA cartilage. There was no
increase in 3-B-3 expression after 24 hours of chondrocyte stimulation. The intensity of the
band with molecular weight 50 KDa small C4S-containing epitopes increased following an

eight-times greater strain (32000p) on chondrocytes from OA cartilage. OA grade III
chondrocytes showed a lack of the synthesis of large molecular weight aggrecan core protein
with a molecular weight of around 350 kDa.The apparent intensity of the large molecular
weight 350 KDa band increased following the mechanical stimulation of OA grade I and II
chondrocytes in the presence of anti-a5 integrin antibody.

Techniques for the preparation and maintenance ofprimary cultures of human articular
chondrocytes in three-dimensional alginate culture were developed. Cyclical mechanical
stimulation through compression of OA chondrocytes in three-dimensional alginate culture
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Abstract

(disk formation) resulted in a decrease in GAG synthesis. This decrease in GAG synthesis in
the alginate-chondrocyte construct culture was seen after cyclical pressurization of 30 per cent
at 0.33 Hz and 0.1 Hz.This decrease was blocked by the presence of either anti-pi or anti-
aV(35 integrin antibodies.These experiments provided evidence for the first time that (31 and
aV(35 integrins are involved in the signal transduction process that leads to decreased PG
synthesis following cyclical deformation of chondrocytes from OA cartilage.
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Chapter One

Introduction

1.1 Articular cartilage

The prime function of cartilage is physical. Articular cartilage covers the heads of the long
bones in synovial diarthroidial joints, providing an essentially smooth gliding articulating
surface that is resistant to the considerable shear and compressive forces produced by normal
joint movement (Muir 1995). Adult articular cartilage is avascular, aneural, and alymphatic.
Cell nutrition is derived primarily from the synovial fluid (Barnett et al 1961).

1.1.1 Structure of articular cartilage

Articular cartilage consists of a matrix with sparsely distributed chondrocytes existing in
isolation or in small clusters (chondrons). Articular cartilage matrix consists principally of 70 to
80 per cent water (Maroudas 1980), 10 to 30 per cent collagen (Kuettner et al 1991), and 3 to
10 per cent PGs (Poole 1997). The chondrocytes only occupy 1 to 10 per cent of the total
cartilage volume (Meachim and Stockwell 1979, Hunziker et al 2002).The predominant
hyaline cartilage component comprises of the following: (1) collagens (type II,VI, IX, XI, XII),
(2) proteoglycans (aggrecan, biglycan, decorin, fibromodulin, lumican), (3) non-collagenous
proteins (cartilage oligomeric matrix protein, tenascin, cartilage matrix protein, anchorin II,
thrombospondin, chondrocalcin, fibronectin), (4) membrane proteins (syndecan, CD44,
integrins) (Goldring 2000).

Cartilage varies in thickness, but in large human synovial joints such as knees, normal adult
cartilage is 2 to 4 mm thick (Meachim and Stockwell 1979), on average 2.4 mm (Hunziker
2002). Cartilage thickness varies not only from joint to joint, but also from area to area within
joints (Simon 1970, Kiviranta et al 1987a). Loading patterns contribute to these variations.
Weight bearing and moderate exercise has been shown to increase articular cartilage thickness
in animal studies (Kiviranta et al 1987b, 1988), whereas immobilisation or excessive exercise
can decrease it (Kiviranta et al 1987b, Arokoski et al 1993, Palmoski et al 1979), demonstrating
the importance of load to cartilage integrity. Investigations in humans have been impossible
until very recently, since articular cartilage could not be quantified under in vivo conditions.
However, the development of fat-suppressed gradient echo-magnetic resonance sequences, and
three-dimensional digital post-processing techniques demonstrate that the thickness of the
cartilage does not adapt to mechanical stimulation in humans (Eckstein et al 2002).
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Chapter One

Articular cartilage is normally divided into four zones (superficial, intermediate or transitional,
deep or radial, and calcified zones) parallel to the surface (Collins and McElligott 1960,
Hunziker et al 2002). In human articular cartilage the superficial zone and the transitional
zone each occupy about 10 per cent of the total cartilage thickness and the radial zone occupy
about 80 per cent (Hunziker et al 2002).The matrix can be further subdivided into two

regions: the pericellular (the territorial) and inter-territorial (Meachim and Stockwell 1979,
Hunziker et al 2002 ).The pericellular matrix surrounds the chondrocyte plasma membrane.
The unit of specialised pericellular matrix surrounding the chondrocyte or chondrocytes is
termed the chondron. A chondron contains one or more cells, which can be isolated from the

cartilage (Poole 1997). Chondrons appear to be resistant to mechanical, osmotic, and
physicochemical changes induced by dynamic loading (Muir 1995).The pericellular matrix is
very thin with a rim of approximately 5 to 12 pm in width, characterised by the absence of
cross-banded fibrillar collagen, but it is very rich in PGs (Poole et al 1997, Mok et al 1994). A
'cargo-like' capsule with micro-pores connects the pericellular matrix to the inter-territorial
matrix (Allen and Mao 2004).The inter-territorial and outermost matrix constitutes the
largest domain. It is characterised by cross-banded collagen fibrils or fibres running in parallel
and inter-spaced with PGs (Mok et al 1994). It has been shown by both in vivo and in vitro
experiments that these two regions of matrix surrounding chondrocytes have different rate of
turnover (Mok et al 1994).

1.1.2 Composition of articular cartilage

1.1.2.1 The chondrocytes

Chondrocytes are differentiated from mesenchymal cells during embryonic development and
represent the sole cell type found in hyaline cartilage. Chondrocytes are discoidal or ovoid in
shape with scalloped edges. Individual chondrocytes are located in their lacunae within the
matrix, and each lacunae contains a single chondrocyte (Sandell and Aigner 2001).They
contain extensive endoplasmic reticulum, mitochondria, lysosomes, and Golgi apparatus

(Brighton et al 1984).These characteristics reflect the active role of chondrocytes in synthesis
and maintenance of the cartilage matrix. The chondrocytes' primary function is to maintain
the surrounding matrix which is turning over continuously. The cells detect changes in the
composition of the surrounding matrix, by unknown mechanisms, in order to maintain the
relative concentration of its components (Hauselmann et al 1994). Some chondrocytes have
cilia that extend from cell into extra-cellular matrix and sense the mechanical environment of

the cell (Wislman and Fletcher 1978).The chondrocytes in mature articular cartilage exhibit
virtually no mitotic activity and a very low rate of matrix synthesis (Hedbom and Hauselmann
2002).There is no detectable cell division in healthy adult articular cartilage. However, cells
appear to be divided anew in osteoarthritis lesions (Muir 1995).
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Introduction

Because chondrocytes are embedded in high concentrations of PGs, the extra-cellular ionic
environment of the chondrocytes is very different from that of most other cells. Chondrocytes
are surrounded by an extra-cellular fluid whose cation concentration is considerably higher
than that in synovial fluid or standard tissue culture media, and whose anion concentration is
lower. In addition, the osmolality of the interstitional fluid is high in order to maintain
cartilage hydration under a high external load (Table 1.1) (Urban and Hall 1994).

interstitional fluid

human hip
surface zone

human hip deep
zone

synovial fluid,
Dulbecco's modified

Eagle's medium
(DMEM)

fixed charge density
(meq/1 H20)

100-180 150-240 0

[Na+] mM 200-240 220-300 130-150

[K+] mM 6-8 8-12 5

[Ca2+] mM 4-8 6-20 2

[CP] mM 80-100 60-90 150

PH 7-7.2 7.2-6.9 7.4

osmolality (mOsm) 350-400 350-470 280-300

Table 1.1 The composition of extra-cellular environment of articular
chondrocytes (interstitional fluid)compared to the composition of synovial
fluid and tissue culture media (Urban and Hall 1994)

The zonal difference in cartilage matrix structure is determined by embedded chondrocytes
which produce the matrix. Studies of chondrocytes from these zones have demonstrated
differences in cell density, cell proliferation, cell size, PG synthesis, collagen synthesis,
cytoskeleton, and response to the pro-inflammatory cytokines (review by Aydelotte et al 1992,
pig cartilage by Siczkowski and Watt 1990, bovine cartilage by Langelier et al 2000). In human
articular cartilage, chondrocyte density is two to four fold higher in the superficial zone than
in the deep zone (Hunziker et al 2002). Adult human humeral head cartilage contains about
25.000 cells per mm3 in the superficial layer, and about 7000 cells per mm3 in the deeper layers
(Hunziker et al 2002 ). Another report says that adult human femoral head cartilage contains
10.000 cells per mm3 (Venn and Maroudas 1977).The cellularity can vary as much as 10 fold
or more according to species, age, degenerative change, zonal variation in the human articular
cartilage within the joint, or variations dependent on the particular joint from which the
cartilage has been obtained (Lipman 1989). Cells from the superficial layer have lower rates of
synthesis of PGs and collagen when compared to cells in deeper layers in human and calf
articular cartilage (Collins and McElligott 1960, Korver et al 1990). Turnover of PGs is
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Chapter One

significantly higher in chondrocytes of the superficial layer. This may be due to the lower
aggregation of PGs synthesized by these cells (Aydelotte et al 1988).The superficial layer has a

higher water content and reduced GAG concentration (Meachim and Stockwell 1979).These
metabolic differences are maintained by isolated chondrocytes from the various zones of
articular cartilage in a variety of culture systems, demonstrating that they are an intrinsic
property of the chondrocytes (Aydelotte et al 1988, Archer et al 1990).There are also
structural differences between the PG produced by the different chondrocyte populations
(Aydelotte et al 1992, Maroudas et al 1980).These zonal variations may be related to the
difference in cell shapes of chondrocytes within the zones, or may result from differences in
the chemical environment of each zone, or the changing physical environment, which is a
function of depth from the surface.

Measurement of chondrocyte metabolism in vitro indicates much more rapid synthesis of
matrix products than those seen in vivo, partially due to the increased availability of nutrients
and oxygen in vitro (Benya 1990). Chondrocytes experience very low oxygen tension, about 1
kPa compared to 20 kPa in vitro (Holm et al 1981), as low as 1 per cent in deep layers
compared with 24 per cent in normal atmosphere (Muir 1995) and metabolism is primarily
by anaerobic glycolysis (Holm et al 1981, Brighton et al 1974). However, Brighton et al (1974)
showed that in vitro articular cartilage, GAG metabolism has a broad tolerance to oxygen

tension, only in 1 per cent and 90 per cent of oxygen depressed GAG synthesis. Nutrient and
growth factor diffusion are limited in vivo, because of the small pore size in tissue (Holm et al
1981), whereas in cartilage explant culture, diffusion distances are reduced and the cartilage
tissue swells considerably, due to disruption of the collagen meshwork.This results in a greater
ease of diffusion and exposure of chondrocytes to higher nutrient and growth factor levels
(Bayliss et al 1986). In isolated chondrocyte cell cultures, the cells are bathed in nutrient
medium and have negligible surrounding matrix. As a consequence both rate and regulation of
metabolism are considerably altered compared to chondrocytes in vivo (Benya 1990).

1.1.2.2 Extra-cellular matrix

Cartilage homeostasis is regulated by the interaction of chondrocytes with extra-cellular
matrix. It is characteristic of extra-cellular matrix to have multiple compositions, including
isoforms of the collagen (I-XXI), large and small PGs, structural glycoproteins (non-
collagenous proteins), membrane proteins, and elastin (Haralson and Hassell 1995). Each
element is involved in both of the supporting structure of matrix and the modulation of the
biology of cells, in response to growth factors, cytokines, vitamins and hormones (Haralson
and Hassell 1995).The chondrocytes are responsible for maintaining the biological
composition of the extra-cellular matrix and in some manner respond to mechanical and
biological signs to maintain homeostasis. This concept, in which cells produce an extra-cellular
matrix and also are influenced by it, has been termed dynamic reciprocity (Scully 2001).The
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Introduction

extra-cellular matrix may be the regulatory apparatus of the cells and regulate extra-cellular
matrix by itself.

1.1.2.3 Proteoglycan

Proteoglycan (PG) can be defined as 'any macromolecule that has a core protein containing at
least one covalently bound glycosaminoglycan (GAG) chain' (Hascall and Kimura 1982). PGs
function in a range ofbiological activities that includes: (1) assembly ofECM components, (2)
modulation of cell growth, cell homeostasis, wound healing through interactions with various
growth factors and other ligands, (3) regulation of cell adhesion, migration, and proliferation
(Wight et al 1992). Some of the diverse actions of PGs are mediated by the core protein and
others are mediated by the GAG chains. Their structural diversity and tissue distribution
suggest a functional versatility (Kjellen and Lindahl 1991).

1.1.2.4 Glycosaminoglycans

A glycosaminoglycan (GAG) is a heteropolymer consisting of repeating disaccharide subunits
containing hexosamine and hexuronic acid or hexose (Carney and Muir 1988).These are

linear molecules which are highly charged due to the presence of carboxyl groups (-COO")~
and sulphate ester groups (0-S03~) (Carney and Muir 1988). GAGs form a very

heterogeneous population within cartilage, due to differences in their type and size, both of
which are influenced by factors such as age, disease state, and joint loading (Hardingham and
Bayliss 1990).The major GAGs found in cartilage PGs are chondroitin sulphate (CS), keratan
sulphate (KS) and dermatan sulphate (DS).Table 1.2 shows structure of different GAG chains
(Prydz and Dalen 2000).

The repeating unit of CS is glucuronic acid linked beta-(l,3) to N-Acetyl-galactosamine.
Linear CS chains are polymers of this disaccharide unit joined by a beta-(l,4) linkage.The
amine residues within the N-Acetyl-galactosamine can be sulphated in the -4 or -6 positions
and these are referred to as chondroitin -4 or -6-sulphate (C4S or C6S). A GAG chain
commonly exhibits regions of -6 sulphation followed by -4 sulphation, but un-sulphated
(COS) and disulphated residues are also seen (Carney and Muir 1988).The average CS chain
consists of 25 to 30 disaccharides. C4S predominates in young cartilage and C6S in adult
cartilage (Mourao et al 1988, Saamanen et al 1989). In OA cartilage, the proportion of C4S
increases (Mankin and Lippiello 1971b) and following moderate exercise, the proportion of
C6S increases (Saamanen et al 1989).
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Table 1.2 The structure of different glycosaminoglycans chains

The different sulphation positions in each GAG are marked by encircling
(adapted from Prydz and Dalen 2000).
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1.1.2.5 Chondroitin sulphate

The repeating unit of CS is glucuronic acid linked beta-(l,3) to N-Acetyl-galactosamine.
Linear CS chains are polymers of this disaccharide unit joined by a beta-(l,4) linkage. The
amine residues within the N-Acetyl-galactosamine can be sulphated in the -4 or -6 positions
and these are referred to as chondroitin -4 or -6-sulphate (C4S or C6S). A GAG chain
commonly exhibits regions of -6 sulphation followed by -4 sulphation, but un-sulphated
(COS) and disulphated residues are also seen (Carney and Muir 1988).The average CS chain
consists of 25 to 30 disaccharides. C4S predominates in young cartilage and C6S in adult
cartilage (Mourao et al 1988, Saamanen et al 1989). In OA cartilage, the proportion of C4S
increases (Mankin and Lippiello 1971b) and following moderate exercise, the proportion of
C6S increases (Saamanen et al 1989).

1.1.2.6 N- and O-Iinked oligosaccharide chains

In addition to the GAGs, N- and O-linked oligosaccharide are covalently bound to PG core

protein. N-linked oligosaccharides have a complex triantennary mannose structure and form
the majority of N-linked proteins (Carney and Muir 1988). These N-linked oligosaccharides
are relatively abundant in cartilage PG, in particular, around the hyaluronic acid binding
region, but their function is unknown. It has been suggested that an extra N-linked
oligosaccharide, which exists in the B' components of the tandem repeat region of the G2
domain, may disrupt the folding of this region and prevent binding of the G2 domain to

hyaluronic acid (Neame and Barry 1993).There are three distinct O-linked oligosaccharides
distributed along the whole PG core protein. They have no known function but they may

represent incomplete keratan sulphate II molecules since they have a similar structure to the
linkage region of keratan sulphate II (Carney and Muir 1988). O-linked carbohydrate side
chains may be important in fortifying the interaction between hyaluronic acid and the G1
domain (Hascall and Heinegard 1974) (Figure 1.1).

1.1.2.7 Aggrecan

1.1.2.7.1 The structure of aggrecan

Chondrocytes produce large PGs, in other words aggrecan, which contains both CS and KS,
the phenotype-specific PG of cartilage. Aggrecan accounts for approximately 10 per cent of
the dry weight (Ayad et al 1994) and about 80 per cent of total cartilage PG (Carney and
Muir 1988). As many as 20 to 100 aggrecan molecules are formed by non-covalent bonding to
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hyaluronic acid to produce aggregates with a molecular mass up to 5 x 108 Da (around 1-4 x

106) and up to 5 pm long, that are visible under the electron microscope (Rosenberg and
Buckwalter 1986).The aggrecan molecule is made up of 87 per cent chondroitin sulphate
(CS), 6 per cent keratan sulphate (KS) and 7 per cent core protein by weight, and has a
molecular weight of about 2600 kDa (Ayad et al 1994). Aggrecan core protein contains three
globular domains (Gl, G2, and G3) and two extended regions, which form the inter-globular
domain (IGD) region between Gl and G2, and the main GAG attachment region
(Hardingham et al 1994) (Figure 1.1).

The Gl domain of aggrecan contains three protein motifs: an IgG fold, and two copies of a

hyaluronan-binding motif (link module). In aggregates, the Gl domain of aggrecan binds to

hyaluronan and this binding is stabilized by the link protein (Heinegard and Oldberg 1989).

The G2 domain is located towards the N-terminus of the molecule and shares some of the

structural features of the Gl-domain. However, it has no hyaluronan binding properties
despite sharing considerable sequence homology with the Gl domain (Doege et al 1987).
Although the exact function of it is still unknown, it appears to function by inhibiting
aggrecan secretion (Watanabe et al 1997).

The G3 domain is located at the C-terminus of the molecule and contains regions with
sequence similarity to C-type lectins, complement regulatory proteins (CRP) and members of
the epidermal growth factor family (Baldwin et al 1989).The G3 domain may function to
stabilise the molecule within the matrix, since it is homologous to a lectin specific to galactose
and fiicose.The G3 domain is thought to be associated mainly with immature, newly
synthesised aggrecan (Dudhia et al 1996).This domain binds other matrix components that
may permit essential cross-links during extra-cellular matrix formation development
(Aspenberg et al 1997,1999, Olin et al 2001).The CRP domain may also function by
promoting GAG chain attachment to the core protein during aggrecan synthesis (Yang et al
2000).The G3 domain and CS-rich core protein are required for effective secretion of
aggrecan (Kiani et al 2001).

It has been shown that both the Gl and G2 domains work in concert with each other

inhibiting secretion of aggrecan, whilst the G3 domain and the CS core protein region
promote secretion. Therefore, the G2 domain acts as a secretion retardant, ensuring that only
fully glycosylated aggrecan monomer is secreted (Kiani et al 2001).

The binding of aggrecan to hyaluronan decreases with low pH, with no binding at pH 3.0.
The Gl domain re-natures after exposure to many denaturing agents such as guanidium
hydrochloride (GuHCl).The Gl domain also survives treatment with solvents such as ethanol
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and acetone (Hardingham 1981).These characteristics are significant in extracting aggrecan
from matrix.

1.1.2.7.2 Aggrecan core protein

Because the polysaccharide components (GAGs) are added to molecules post-translationally, it
is necessary to analyse the core protein in order to better understand the relationships between
the various PGs.The exceptional diversity of PGs is derived from both the number of
different core proteins and from the poly-dispersity, produced by the large variety of post-
translational modifications required to construct the final molecules.The molecular weight of
full length aggrecan core protein in rat chondrosarcoma is deduced to be 220.952 kDa, using
the data from its amino acid sequence of 2124 residues (Doege et al, 1987). Human aggrecan

core protein is sizing 245 kDa (personal communication with prof Hardingham, Manchester).
In addition to the full length of aggrecan core protein, there are a series ofproducts generated
by varying degrees ofproteolytic truncation from the C-terminal end of core protein. These
truncations result in the formation of distinct and electrophoretically separable species of
aggrecan core, all ofwhich lack the G3 globular domain and appear to be retained in the
tissue through the hyaluronan-binding properties of the G1 domain (Sandy 2001).

1.1.2.7.3 The role of aggrecan

The role ofaggrecan is often called 'space-filling' because when it aggregates, it occupies large
solvent domains in interstitial spaces (Gallagher 1989). The GAG chains of the PGs are

negatively charged due to carboxyl and sulphate groups (Carney and Muir 1988) and this
creates a high fixed charge density. This high concentration of negative charges attracts an

equally high concentration of counter ions and the resulting osmotic potential creates a

powerful swelling force within the matrix (Carney and Muir 1988).The PGs are, however,
prevented from swelling to their maximum hydrated volume by the collagen fibre network,
which is kept under tension as a consequence. When cartilage is compressed, following joint
loading, water is squeezed out of tissue, until the raised osmotic pressure is equal to the applied
compression (Carney and Muir 1988).

1.1.2.7.4 Metabolism of aggrecan

1.1.2.7.4.1 Biosynthesis of aggrecan

In mature normal cartilage, there is a little collagen turnover, but considerable enzymatic
breakdown and synthesis of PGs (Muir 1973). For functional PG aggregates to form,
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hyaluronic acid and link protein must be synthesized simultaneously in order to allow extra¬
cellular assembly to take place (Poole 1986, Hascall 1981). PG synthesis occurs intra-cellularly
in the endoplasmic reticulum and Golgi apparatus (Poole 1986, Lohmander and Kimura 1986,
Alonso et al 1996) but synthesis of hyaluronic acid occurs on the cell membrane from where it
is exposed directly (Prehm 1986).

Figure 1.2 outlines the general steps involved in PG synthesis. Synthesis of the protein and
carbohydrate moieties of PG occur sequentially (Kimura et al 1981, Calabro and Hascall
1994), although the initial steps of GAG chain synthesis may occur while the core protein is
still being synthesized (McQuillan et al 1986).The core protein is translated from mRNA by
ribosomes on the rough endoplasmic reticulum (Upholt et al 1979), a process which has a half
lifetime of approximately 60 minutes and represents 70 to 90 per cent of the time taken to
secrete a completed PG molecule (Velasco et al 1988).

Following translocation to the trans-Golgi cisternae, more than 7000 post-translational
modifications are performed in the 10 to 15 minutes remaining before secretion by exocytosis
(Calabro and Hascall 1994, Fellini et al 1984).The bulk of these modifications, occurring in
the Golgi apparatus, are concerned with the addition of approximately 200 sulphated GAGs
per core protein and the addition of O- and N-linked oligosaccharides (Velasco et al 1988).
N-linked and O-linked oligosaccharides are added to the PG precursor at an early stage,

possibly con-translationally, in the endoplasmic reticulum (Lohmander and Kimura 1986).The
N-linked oligosaccharides are added in the form of dolichol-bound high mannose primers,
which are processed after the translocation of core protein to the Golgi apparatus (Lohmander
and Kimura 1986).The O-linked oligosaccharide precursors are finked to protein core by
galactosyl-transferases, and then extended by other transferases to be completed at about the
same time as the CS chains (Thonar et al 1983). CS chains are added to the PG precursor at
serine residues with neighbouring glycine residues. Polymerisation is initiated by the action of
xylosyl-transferase, which functions to add xylose to the core protein in the endoplasmic
reticulum and cis-Golgi (Sugumaran and Silbert 1991). Elongation of GAG chains by the
addition of alternate glucuronic acid and N-Acetylgalactosamine then takes place in the
medial and trans-Golgi apparatus through the action of specific transferases (Sugumaran and
Silbert 1991). Sulphation probably takes place in the trans-Golgi network during chain
polymerisation and is mediated by sulpho-transferases (Lohmander and Kimura 1986,
Godman and Lane 1964) which add sulphate from PAPS (Godman and Lane 1964, Nishimoto
et al 1982).Terminal sulphation may stop chain polymerisation but little is known about chain
length, which can vary significantly (Godman and Lane 1964,Telser et al 1966).

The high mannose O-finked oligosaccharide primers added to the core protein in the
endoplasmic reticulum can be polymerised to either KS or O-finked oligosaccharides
(Lohmander and Kimura 1986).The polymerisation of KS occurs simultaneously with that of

28



Introduction

CS in the medial and trans-Golgi by the alternate addition of glucuronic acid and galactose
(Velasco et al 1988).The proportion of KS in completed PGs is variable but the sum of O-
linked oligosaccharides and KS is relatively constant, indicating their common origin
(Lohmander and Kimura 1986).The mechanism that determines whether KS or

oligosaccharide polymerisation occurs is unknown (Lohmander and Kimura 1986).

Hyaluronic acid synthesis is performed by hyaluronate synthetase which is found on the inner
side of the cell membrane (Prehm 1986). It functions to link N-Acetyl-galactosamine and
glucuronic acid sequentially, the product being extruded directly into the extra-cellular matrix.
The incomplete hyaluronic acid is able to bind to other matrix components, such as link
protein and aggrecan, whilst it is still enzyme-bound and this may serve to anchor a

proportion of the pericellular matrix. The extra-cellular assembly, of PG aggregates on

hyaluronic acid, takes place pericellularly and is dependent on a very specific interaction
between the core protein linkage region and five disaccharides, which is stabilised by link
protein (Kimura and Kuettner 1986). The bulk of the new hyaluronic acid, when released
from its synthetase, diffuses away from the cell into the territorial matrix, but some of it will
remain in the pericellular matrix bound to the chondrocyte surface hyaluronan receptor
CD44 (Knudson 1993).

Once completed, the PG can have a large number of outcomes depending upon the cell type
and function of the macromolecule. Mis-folded proteins and fractions of aggrecan precursor
are targeted onto a smooth endoplasmic reticulum sub-compartment where it undergoes
degradation (Alonso et al 1996), similar to other mis-folded proteins (Domowicz et al 2000).
The time between GAG chain synthesis in the Golgi apparatus and the appearance of PG
molecules is short (5 to 10 minutes). Half of the PGs synthesized by the cells spend less than
24 hours in the cell-associated matrix before moving into the inter-territorial matrix (Hassell
et al 1986).

1.1.2.7.4.2 Catabolism of aggrecan

Aggrecan has been demonstrated to undergo proteolytic cleavage at a number of different sites
within the molecule.The extra-cellular metabolism and turnover of aggrecan is markedly
influenced by processing events which occur at both the N-terminal (G1 end) and C-terminal
(G3 end) regions of the core protein.There are two pools representing the metabolically active
and inactive turnover pools found both in vivo (Sandy et al 1989) and in cartilage explant
studies (Sandy et al 1986) of mature cartilage. Molecules in the inactive pool may have an in
vivo half-life of up to 300 days in mature animals (Maroudas 1980). Previous work, measuring
both in vivo and in vitro turnover rates of PGs, showed dependence on age and on culture
conditions. PGs from calf articular cartilage have longer half-lives than those of adult bovine
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cartilage. PGs of steer articular cartilage, maintained in medium containing fetal calfserum,
have longer half-lives than those from the same tissue maintained in medium alone (Campbell
et al 1984).

Processing of the N-terminal (G1 domain side) during the biosynthesis and secretion of
aggrecan is indicated by a low affinity of newly synthesized aggrecan molecules for hyaluronan
(Sandy and Plaas 1989). Processing of the C-terminal region (G3 domain and CS-attachment
region) in molecules apparendy takes the form of a slowly progressive trimming in the
inactive pool. Such C-terminal processing is suggested by analysis of extracted aggrecan

molecules which have various sizes (Paulsson et al 1987, Stanescu 1990).These studies
detected that only 30 per cent of molecules from mature bovine nasal cartilage have the G3
domain. Moreover, only about 50 per cent of the aggrecan molecules carried the G3 domain
in rapidly growing immature rat chondrosarcoma cells, suggesting that a deficiency of G3 may
be a common feature of aggrecan. As a consequence of C terminal trimming and a reduction
in the length of the chondroitin sulphate attachment region, aggrecan molecules lacking a G3
domain are present at higher concentrations in mature tissues (Dudhia et al 1996).

A proportion of the molecules in the inactive pool will subsequently undergo proteolysis near
the N-terminal to generate fragments which have lost the ability to bind hyaluronan.This
population appear to be rapidly lost from the matrix (Sandy 1992).The catabolic process

leading to the loss of PGs from matrix is thus mediated by cells (Campbell et al 1984).

Catabolism of aggrecan in situ was first found in the dissociation of the hyaluronic acid
binding G1 domain (Roughley et al 1985,Tyler 1985, Ratcliffe et al 1986, Campbell and
Handley 1987). An early observation by Sandy et al (1978) showed that aggrecan degradation
in cartilage explants appeared to be initiated by proteolytic cleavage within or near N-
terminal domains. Subsequently, Sandy et al (1991,1992) discovered the existence of aggrecan

fragments between the G1-G2 domain (Glu373-Ala374) called the NITEGE neo-epitopes.
Flannery et al (1992) then identified others (Asp341-Phe342) calledVDIPEN neo-epitopes. In
1997, Kuno et al succeeded in cloning an 'aggrecanase', an endogenous proteolytic enzyme of
aggrecan. Abbaszade et al (1999) identified three aggrecanases (ADAMTS; a disintegrin and
metalloproteinase with thrombospondin motifs gene family -1,4, and 5), all of which release
the NITEGE neo-epitopes. Products of aggrecan cleavage by MMPs at theVDIPEN site were
demonstrated in normal and arthritic cartilage (Flannery et al 1992).

These cleavage events are likely to be of significant because they uncouple the G1 domain
from the GAG-rich domains, which are then no longer anchored inside the cartilage, and
hence might be lost (Sztrolovics et al 1997). It is now clearly established that aggrecanases are

primarily responsible for the aggrecan catabolism in the early stages of aggrecan loss from
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articular cartilage (Caterson et al 2000), which is induced by cytokines such as IL-1 andTNF
stimulation (Arner et al 1998).When collagen catabolism is occurring, MMPs (MMP-1,2,3,
7, 8, 9,10 and 11) appear to cleave the Asp341-Phe342 bond as a later event in cartilage
degeneration (van Meurs et al 1999a, 1999b, 1999c) As both types of aggrecan G1 fragments
are found in normal cartilage, it is thought that MMPs and aggrecanases play a role in the
turnover of human cartilage aggrecan. NITEGE andVDIPEN neo-epitopes are generated and
enriched in the immediate pericellular matrix.The intense staining immediately surrounding
the cells suggests that both aggrecanase enzyme and MMPs are probably generated and or
activated by chondrocytes.The catabolism of the newly synthesized aggrecan molecule occurs
almost exclusively in the cell-associated matrix (Hassell et al 1986).The amount ofMMP-
generated aggrecan G1-fragments in human joint cartilage increases up to about 20 to 30
years old of age, then remains constant with further increases in age (Mok et al 1994). When
using immuno-histochemical staining technique for the VDIPEN and NITEGE neo-epitopes
in human cartilage, staining intensity, in general, appears to increase with age (Hollander et al
1994). Moreover, aggrecan catabolism may differ with tissue origin and stimulatory agent

(Sztrolovics et al 1997,2002). Human articular cartilage shows little response to IL-1 (3 in
terms of GAG release, and there is no evidence for aggrecanase action. In contrast retinoic acid
appears to stimulate aggrecanase activity with the release of GAG and production of the
corresponding G1 region (Sztrolovics et al 2002). It has been noted that there may be some
elevated proteolytic activities involved in the progress of cartilage distraction, in diseased joints
such as OA and RA (see following OA and RA section).

G1 1GD G2 KS-rich CS! CS2 G3
i ii ii—u II » II 1

Ig fold PTR
LINK PROTEIN Keratan sulfate 0-linked oligosaccharides Chondroitin sulfate

Figure 1.1 Schematic molecular models of aggregating PG aggrecan
and link protein of cartilage

Aggrecan may contains as many as 100 chondroitin sulphate (CS) chains, up to
50 keratan sulphate (KS) chains, up to 50 O-linked, and 10 to 15 N-linked
oligosaccharides chains (adapted from http://www.glycoforum.gr.jp/science/
hyaluronan/HA05/HA05E.html#II).
PTR: proteoglycan tandem repeat
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1.1.2.8 Small chondroitin sulphate and Dermatan sulphate proteoglycans

Biglycan, decorin, and fibromodulin together form a family of structurally related small PGs.
In cartilage, biglycan is the predominant small PG. It contains two CS chains and dermatan
sulphate. Decorin and biglycan constitute about two per cent of the total cartilage PGs
(Gallagher 1989).

1.1.2.8.1 Decorin (PG-40, PG H, DS-PG)

PG II is a non-aggregating small proteoglycan in articular cartilage. It can also be found in
many connective tissues (Jarvelainen et al 1991), such as human fetal membranes (Brennan et
al 1984), sclera (Coster and Fransson 1981), human cervix (Uldbjerg et al 1983), bovine and
human bone (Franzen and Heinegard 1984, Fisher et al 1987), bovine tendon (Vogel and
Evanko 1987), rat, calf and pig skin (Miyamoto and Nagase 1980), and arterial wall (Kinsella
and Wight 1990), although initially it was isolated from cartilage and bone (Rosenberg et al
1985, Fisher et al. 1983). Human fibroblast PG II was named decorin due to its appearance on
the collagen network, decorating the collagen fibres at the'd' and 'e' bands, as seen through the
electron microscope (Scott and Orford 1981). Decorin is commonly found in the inter-
territorial matrix, while biglycan is localized mainly pericellularly within the hyaline cartilage
tissue (Miosge 1994).

From its core protein composition, decorin is further categorised as belonging in the leucine
rich family, together with the other small proteoglycans; biglycan, fibromodulin, lumican, and
PG-Lb. Electrophoretic separation indicates that decorin has an average molecular weight
value of 98 kDa and a core protein of 38 to 47 kDa (depending on the system used), after
chondroitinase ABC treatment (Glossl et al 1984, Roughley and White 1989).The GAG chain
can be either CS or DS, with the latter containing variable quantities of iduronate and
glucuronate, depending on the source (Sampaio et al 1988). For example, non-articular
cartilage from immature pig larynges contain no DS. Human decorin contains DS chains and
much shorter CS chains than the pig ones.The PG from human articular cartilage contains
DS chains which are 50 per cent chondroitinase resistant (Sampaio et al 1988).

Although aggrecan is the most abundant species in articular cartilage in terms of mass, low
molecular weight PGs are also present in similar molar concentrations (13.1 nM decorin
compared to 13.3 nM aggrecan core protein), when the different molecular sizes of two PG
classes are taken into account (Rosenberg et al 1985, Poole et al 1996). Ageing bovine articular
cartilage contained more DS PG relative to fetal epiphyseal cartilage. There is a steady increase
in the content of decorin in cartilage samples from 0 to 25 years old, and a subsequent decline
in older tissue (Sampaio et al 1988).
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Decorin's respective roles in the development and maintenance of cartilage are not known, but
there are numerous studies of the interaction between decorin and collagen, because decorin
is commonly found in the d and e bands of collagen fibrils, binding to triple helical collagen
(Gallagher 1989). It has been proposed that decorin is a bidentate ligand attached to two

parallel neighbouring collagen molecules in the fibril, helping to stabilize fibrils and orient
fibrillogenesis (Scott 1996). It has been suggested that decorin participates in the regulation of
the thickness of collagen fibres (Vogel et al 1984). Interaction occurs mainly via the leucine-
rich repeats of the decorin core protein (Svensson et al 1995). In uitro studies of collagen
fibrillogenesis have shown that the addition ofDS-PG II results in the production of more
uniform and thinner collagen fibrils (Vogel 1984,1987). Decorin interacts with collagens I, II,
III, andV (Bidanset et al 1992, Hedbom and Heinegard 1993,Whinna et al 1993),VI, XII, and
XIV (Bidanset et al 1992, Burg et al 1996), IX (Hagg et al 1998), and may interact with type I
and II collagen fibrils (Vogel et al 1984), and even type IV, which is localized in the
pericellular matrix (Burrows et al 1994).These functions are not affected by the removal of
the GAG chain, indicating that the function lies within the core glycoprotein.

In addition to collagen, decorin also binds to fibronectin. Interaction between decorin and the
fibronectin cell binding domain is also via its core protein (Schmidt et al 1991). Bidanset et al
(1992) found that this interaction only happens with fragmented fibronectin, not with intact
fibronectin.When the binding occurs of decorin and fibronectin, it can alter cell adhesion and
migration processes (Kinsella and Wight 1988, Schmidt et al 1987). For instance, fibronectin-
mediated adhesion to fibroblasts is inhibited by decorin (Lewandowska et al 1987,
Winnemoller et al 1991), possibly by attaching to specific regions adjacent to the fibronectin
cell-binding site. Another study suggested that decorin impairs the ability of cells to form focal
adhesions. Significantly fewer cells formed focal adhesions in the presence of decorin, as

compared with untreated control cells (Bidanset et al 1992).

Furthermore, decorin's possible roles are reported in various ways: first, it has been
demonstrated to be inhibitory for cell proliferation (Yamaguchi and Ruoslahti 1988), since its
protein core has been shown to bind TGF-(3 (Yamaguchi et al 1990) and it neutralises the
growth stimulating effect ofTGF-P (Ruoslahti and Yamaguchi 1991). It may be important in
the organogenesis (Scholzen et al 1994) and regulation of cell division and differentiation, the
controlling of cytokine activity through binding toTGF-P (Yamaguchi et al 1990,
Funderburgh et al 2001). Furthermore, there are possible interactions with PKC (Lam et al
2001), and thrombospondin (Iozzo 1999).

Interestingly, Cs-Szabo (1995,1997), found that decorin increased both mRNA and protein
levels in OA cartilage when compared to age-matched normal controls. Decorin is up-

regulated in late stage OA (Bock et al 2001), and synthesis is increased in OA (Okimura et al
1997). Pearson and Sasse (1992) showed decorin mRNAs increased upon treatment of bovine
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chondrocytes with retinoic acid, indicating that decorin could serve as a marker for phenotype
change. Similarly, Dourado et al (1996) showed that the relative levels of the mRNAs of the
small PGs increased in the hypertrophic phase ofearly OA that follows joint injury. Poole
(1996), on the contrary, showed relating to OA cartilage, that there were no overall significant
changes in the quantity, but that the distribution of decorin was changed. Some researchers
have even reported the loss of decorin in human OA (Carroll et al 1989, Pettipher 1989,
Witsch-Prehm 1992, van de Loo 1998).

Regarding decorin and mechanical stimulation in the articular cartilage, Korver et al (1992)
have demonstrated a three-fold increase in synthesis ofDS-PG in articular cartilage, following
seven days of cyclic in vitro loading. Litde et al (1996) showed that a high contact stress area

produced more decorin than a lesser stress area. Similarly, 30 MPa hydrostatic pressure
increased decorin mRNA (Lammi et al 1994).

1.2 Osteoarthritis

Damage to articular cartilage is a common problem affecting the joints of millions ofpeople:
15 per cent of the world's adult population (Cole and Kuettner 2002, Lawrence et al 1998), 25
per cent by 2020 (Lohmander 2004). OA is the single largest cause of physical disability in the
elderly (Hardingham and Bayliss 1990). OA is a clinico-pathologic consequence of many

etiologic factors (Brandt et al 1986). Causative factors leading to the development of OA can
be classed either as those that render cartilage abnormal, or as those that lead to abnormal
loading of cartilage (Brandt et al 1986). As an example of abnormal loading ofnormal
cartilage responsible for cartilage degeneration, Koshino et al (2003) showed that the
correction of overloading of weight bearing resulted in successful regeneration of degenerated
articular cartilage, using a high tibial valgus osteotomy treatment of medial compartmental OA
of the knee, without autologous chondrocyte implantation. Thus, substantial loss of cartilage
PG and simultaneous inhibition of GAG can be reversed (Page Thomas et al 1991), however,
the poor healing ability of the cartilage makes OA a high priority health care problem.

1.2.1 Chondrocyte changes in OA

Many researchers have found that chondrocytes in OA cartilage show increased anabolic
activity (Brand et al 1991, McElligott and Collins 1960, Ehrlich and Mankin 1980, Bollet
1967), however, a net loss of PG content is one of the hallmarks of all stages of OA cartilage
degeneration (McElligott and Collins 1960, Mankin 1971,Aigner et al 1997).This leads to the
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assumption that the balance between the anabolic processes (chondro-formation) and
catabolic processes (chondro-resorption) of cartilage is disturbed in OA patients (Aigner et al
1997).

Normally in adult cartilage, chondrocytes are long-lived and seldom divide, but when the
collagenous network of the local matrix is damaged, as occurs in OA, the capacity to replicate
cells appears. Cell cloning is a typical feature of OA cartilage (Stockwell 1971). Why this
should be, and how the response is initiated, is not understood. Cell proliferation and division
in OA is initiated by growth factors (Malemud 1999).The increased proliferative activity of
chondrocytes, which is found primarily in the upper zone of cartilage, might be due to an
easier accessibility to the synovial fluid (Meachim and Collins 1962). Alternatively, damage in
the collagen network, which is particularly found in the upper zone of OA cartilage, may

contribute to the proliferation of OA chondrocytes. Chondrocyte proliferation results in a

higher cellular content, and consequendy an increased synthesis of the matrix, but
unfortunately the fabric of the matrix is not restored to its former state (Muir 1995). It's
inferior biomechanical properties lead to progressive deterioration of articular cartilage
(Aigner and McKenna 2002).

It is also notable that various specific macromolecules in cartilage are intimately associated
with each other and yet are synthesized by chondrocytes and degraded independently. This is
difficult to explain (Muir 1995). Some authors have suggested that cell death is a central
feature in OA cartilage degeneration (Vignon et al 1976), but chondro-necrosis or apoptosis
can only be seen to a limited extent in early OA or aged human articular cartilage (Aigner and
McKenna 2002). Because chondrocytes are the only source of matrix synthesis in articular
cartilage, terminal differentiation of the articular chondrocytes must be responsible for the
formation of OA cartilage. In other words, there is an inability of the cells to synthesize extra¬
cellular matrix components of their former state (Salter et al 1992).

Chondrocyte phenotypes are classically categorised in the main by sub-typing of the collagen
expression (von der Mark 1986, Cancedda et al 1995). Mature chondrocytes express the
typical cartilage collagen type II, IX, and XI as well as aggrecan and fink protein (Vornehm et
al 1996, Sandberg andVuorio 1987, Muller et al 1997 ).When looking at in situ expression
analysis of OA cartilage specimens, collagen type II and aggrecan (as a marker of differentiated,
activated, and functional chondrocytes) were found mostly in the middle zones (Sandell and
Aigner 2001).This indicates that chondrocytes start to re-express a chondro-progenitor
phenotype in OA cartilage. Cells expressing type III collagen (a marker of dedifferentiated
chondrocytes) were mainly found in the upper middle zone. Cells start to express type X
collagen (as a reversion to a fetal phenotype), in the deepest zone of OA cartilage (Sandell and
Aigner 2001). However, no specific markers have been established for the chondrocytes in the
upper zones.
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Chondrocyte changes in cartilage are reported by various authors. In contrast to normal
chondrocytes, human OA chondrocytes were hypo-responsive to stimulation by insulin-like
growth factor 1 (IGF-1), due to an alteration in the level of IGF binding proteins (IGFBP)
(Tardifet al 1996).Trickey et al (2000) found significant differences in the mechanical
properties of chondrocytes isolated from normal and OA cartilage. The increased elastic and
viscous properties suggest that the mechanical environment of the chondrocyte may be altered
in OA cartilage. Dozin et al (2002) have investigated the metabolic properties of human
articular chondrocytes derived from young, aged and OA subjects, and their genetic adaptation
to catabolic challenge (i.e. the inflammatory cytokines IL-la andTNF-a). Results show that
chondrocytes from aged subjects appear to be different from those ofyoung patients, but were
similar to OA chondrocytes, as indicated by cell morphology, cell proliferation rate and pattern
ofprotein secretion (in particular stromelysin-1 and interstitial collagenase). Chondrocytes
isolated from OA cartilage bound moreTNF-a and IL—1 (3 compared with chondrocytes
isolated from morphologically normal cartilage from the same joint (Shlopov et al 2000).The
volume and morphology of living in situ human chondrocytes increased with cartilage
degeneration (Bush and Hall 2003). OA chondrocytes up-regulated the cell adhesion
molecules such as CD44 (Ostergaard et al 1997b) and pi integrin (Loeser et al 1995).
Aberrant expression of a2, a4, and P2 integrins, which are not expressed in normal cartilage,
has also been documented (Ostergaard et al 1998). Human OA chondrocytes express different
percentages of al to 6 and aV chains, according to the severity of anatomical change and the
phase of the cell cycle in different zones of OA cartilage (Lapadula et al 1997). Moreover, the
lower prevalence of OA in ankle joints, rather than the knee, may in part be explained by
differences, in metabolic and biochemical activities, between the chondrocytes in the different
joints (Eger et al 2002, Cole and Kuettner 2002, Jubb 1984).

1.2.2 Extra-cellular matrix changes in OA

The expression of extra-cellular matrix molecules is modified in OA, and secondary changes
in cell-matrix interactions are believed to influence the development and progression of the
disease. A number of biochemical studies have demonstrated enhanced synthesis of extra¬
cellular matrix components in OA cartilage, such as fibronectin (Scott et al 1981, Burton-
Wurster et al 1986, Brown and Jones 1990, Farquhar et al 1996), type VI collagen (McDevitt et
al 1988), and tenascin (Sage and Bornstein 1991).The quantitatively minor matrix
components may serve important roles in regulating the assembly of the matrix and its
constituents (Burton-Wurster and Lust 1990). Fibronectin accumulation is one of the first
changes to occur after injurious impact (at 10 days) in articular cartilage (Farquhar et al 1996).
Fragments of fibronectin can induce expression of MMPs and matrix degradation
(Homandberg et al 1992). Moreover, a fragment of fink protein was found to stimulate PG
and collagen synthesis in cartilage explant culture (Liu et al 2000). Studies have also reported
the appearance of molecules in OA cartilage, such as collagen type I (Nimni and Deshmukh
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1973), IIA (Aigner et al 1999) and III (Aigner et al 1993), which are rarely seen in normal
articular cartilage.

Age is a major factor in occurrence of OA. The articular cartilage extra-cellular matrix
undergoes extensive changes during ageing (DeGroot et al 1999). It is likely that aged cartilage
chondrocytes experience different regulatory signals, in their extra-cellular matrix, than those
ofyoung tissue. Age-related changes in articular cartilage include an increase in decorin and
biglycan (Kuettner et al 1992), hyaluronan acid concentration (Holmes et al 1988), changes in
GAG composition (Bayliss et al 1978), and increase in non-enzymatic glycation (DeGroot et
al 1999).

The main changes in the OA cartilage matrix are depletion of PGs and disruption of the
collagen network (Chevalier 1993). In the OA cartilage, a decrease in chondroitin sulphate
concentration was found according to the severity of the grade of OA, while the
concentration of hydroxyproline (representing collagen) was virtually unchanged (Bollet et al
1963). PG and collagen degradation seems to occur separately. There may be tighter regulation
of collagen degrading enzymes in the articular cartilage (Kozaci et al 1997). Moreover, the
decrease in the quantity of organic matrix components can be seen in the areas of actual
cartilage fibrillation and erosion (Anderson et al 1964), indicating that the degenerative joint
disease OA is a focal process, and not due to a generalised matrix deficiency.

Cytokines are important as local mediators of inter-cellular communication in normal and
diseased tissue (Chevalier 1993). Cytokines bind to specific receptors on target cells and
induce intra-cellular signal transduction pathways (Chevalier 1993). For example, IL-1 induces
signal transduction via the cytoplasmic domain of IL-1 receptor I, which in turn activates
several signalling pathways, among which are the production of prostaglandins, NO synthesis,
activation ofprotein tyrosine kinases, mitogen-activated protein kinases and calcium signalling
(Tonon and D'Andrea 2000).There are many different cytokines including IL-1 a, IL-1 (3, IL-2,
3,4,5,6,7,10 (Flannery et al 2000, van Roon et al 1996, Lotz et al 1991, Nietfeld et al 1990,
Moos et al 1999), tumour necrosis factor-a (TNF-a), and interferons (Goldring et al 1986,
Verbruggen et al 1993) which can cause the destruction of cartilage. They are up-regulated in
OA cartilage compared to normal cartilage, suggesting that they serve some regulatory
(catabolic) function (Moos et al 1999).

Matrix metalloproteinases (MMPs) are involved in extra-cellular remodelling, and have a

crucial role in progressive joint degradation (Streuli 1999).These proteinases are Zn2+
dependent endopeptidases.The MMPs are currendy believed to number 16 and are generally
subdivided into four main groups on the basis of their substrate specificity and internal
homologies; namely collagenases, gelatinases, stromelysins, and membrane type
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metalloproteinases (Lee et al 1998a). Enhanced levels of many MMPs including, MMP-3
(Wernicke et al 1996), MMP-7 (Ohta et al 1998), MMP-8 (Shlopov et al 1997), MMP-9 Qin
et al 2000) MMP-13 (Moldovan et al 1997),MMP-14 (Imai 1997) and aggrecanases

(Lohmander et al 1993, Malfait 2002) have been reported to accompany increased matrix
degradation in OA cartilage. In addition, MMP-generated and aggrecanase generated G1 neo-

epitopes were detected in the more severely fibrillated superficial zone of the OA cartilage
(Lark et al 1997). MMP-1, 8, and 13 are collagenase-1,2, and 3 and serve as degraders of
collagen. In particular MMP-13 (collagenase-3) degrades type II collagen (Shlopov et al 2000).
MMP-1,2,3,8,9,10,13, and 14 all have the capacity to degrade aggrecan core protein
between Asn341 and Phe342 (Lark et al 1997, Lee et al 1998) independendy of aggrecanase

activity (Hughes et al 1998). MMPs are responsible for the Asn341-Phe342 cleavage, and they
can cleave aggrecan core protein at different sites (Sandy et al 1991). Chondrocytes obtained
from cartilage adjacent to OA lesions express higher levels of MMPs in comparison with
chondrocytes from more normal looking cartilage located in the same joint (Shlopov et al
2000). Shlopov et al (2000) showed that up-regulated MMP-1 and MMP-13 synthesis can be
seen in OA chondrocytes compared to normal ones, as a result of an increase in the number of
the cytokine receptors per cell. They were able to create activated OA phenotype
chondrocytes by incubating normal chondrocytes with TNF- a.

Collagen degradation is found to change in parallel withVDIPEN neo-epitope expression,
from the middle to the late stage in arthritis models.VDIPEN neo-epitope and collagen
degradation are stimulated by collagenase (Billinghurst et al 1997). It has been proposed that
MMP-3 is one of the major degradative MMPs which activate collagenase to cause loss of
cartilage in RA (Hasty et al 1990, Brinckerhoff et al 1991, Martel-Pelletier et al 1994). It has
also reported that MMP-3 degrades a wide spectrum of matrix molecules such as cartilage
link protein, collagen III, IX, X, fibronectin, and gelatine, and is particularly active against PG
(Mehraban et al 1994) . However, Mudgett et al (1998) have shown that the exclusion of
MMP-3 neither prevents nor reduces cartilage destruction in MMP-3 knockout mice. No
single cytokine can stimulate all metabolic reactions observed in OA (Sandell and Aigner
2001). Both aggrecanase ADAM-TS4 and ADAM-TS5 mRNA exist in OA cartilage, and
most important, a recent study shows that the aggrecanase inhibitors can block aggrecan

degradation in OA cartilage in vitro (Malfait et al 2002).This means that inhibition ofADAM-
TS4 and ADAM-TS5 is a potential target for the development of new cartilage-protective
treatment (Stanton et al 2005).

Free radical nitric oxide (NO) has been implicated as a biological mediator in OA (Studer et
al 1999). OA chondrocytes produce inducible enzyme nitric oxide synthase (iNOS) and NO
spontaneously (Clancy et al 1998).The amount of NO produced by chondrocytes is greater
than that produced by synoviocytes in OA joints (Melchiorri et al 1998). NO can inhibit PG
synthesis in vitro (Studer et al 1999, Matsukawa et al 2004 ), and a selective inhibitor of iNOS
can reduce the progression in experimental OA (Pelletier et al 1998). NO inhibits the
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assembly of the intra-cellular activation of the focal adhesion complex, but has no effect on

the extra-cellular aggregation of a5(3l integrins (Clancy et al 1997). Within the joint, NO
production causes a number of catabolic effects which are assumed to promote the
degradation of articular cartilage, including the release of aggrecan from cartilage and down-
regulation synthesis of PG and collagen II (Clancy et al 1998).

Better understanding of chondrocyte cell biology is required to develop methods to arrest the
onset of deterioration in OA. The study of chondrocytes is made more difficult by the need to
consider transient intra-cellular and extra-cellular physicochemical changes. When
chondrocytes in vivo are subjected to mechanical stress, the immediate and also long-term
activity of the cell is affected. The situation is further complicated by spatial heterogeneity of
the extra-cellular matrix (Muir 1995).

1.3 Rheumatoid arthritis

Rheumatoid arthritis (RA) is a chronic inflammatory disease with two major pathological
components; synovial proliferation and cartilage and bone destruction.The available data
suggest that the overall prevalence of diagnosed RA is approximately one percent of adult
population. Rates for women are approximately 2.5 times higher than those for men

(Lawrence et al 1998).

1.3.1 Pannus in RA

The invasion of cartilage by synovial pannus is a characteristic feature of rheumatoid arthritis.
Even though there are numerous previous studies on rheumatoid synovium, there is still a

controversy about the cell composition and nature of synovial pannus tissue in RA (Mitrovic
1985).The inflammatory processes that operate in rheumatoid synovial tissue (pannus), that
can lead to cartilage degradation, are just beginning to be elucidated. Rheumatoid synovial
fibroblasts are a major component ofpannus tissue. The pannus tissue gliding over the cartilage
may originate from the cartilage by itself. Under the influence of rheumatoid inflammation,
specialized, differentiated cells tend to lose their phenotype, acquiring morphologic
characteristics of fibroblasts, and destroying the matrix (Mitrovic 1985). The overall process

may be explained in terms of fibrous metaplasia of hyaline cartilage. Hyperplastic synovioblasts
synthesize and secrete MMP-3 continuously (Okada et al 1989), and MMP-3 degrades a wide
spectrum of extra-cellular matrix macromolecules. Indeed, greater amounts of MMPs exist
than their natural inhibitors (tissue inhibitors ofmetalloproteinasesTIMP), and this implies
joint damage in RA. Oncostatin M, which induces MMP andTIMP-3, is undetectable in the
synovial fluid of OA, but is present in the fluid of RA patients, and its mRJMA and protein
levels were elevated in synovial cells (Li et al 2001). MMPs are considered the most influential
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proteolytic enzymes in RA, and many MMPs and TIPMs are enriched in synovium and
synovial fluid with RA (Sun andYokota 2002).

1.3.2 Adhesion molecules in RA

Heterotypical interactions between chondrocytes and synovial cells are known to occur in
RA. Synovial pannus formation is initiated with the recognition and adhesion of synovial cells
to chondrocytes and to cartilage matrix, mediated by cadherins and integrins (Ishikawa et al
1994). A complex mechanism of inter-cellular calcium signalling between chondrocytes and
synovial cells in vitro has been reported by DAndrea et al (1998).The evidence is that these
two cell types in vitro develop a cell network, which may result in an increased tissue sensitivity
to changes in the extra-cellular environment (D'Andrea et al 1994).

Cell adhesion molecules are important in immune cell functions.They are receptors for
soluble molecules, receptors for viruses, and ligands for other cell surface molecules (Haynes et
al 1991). CD44 is up-regulated on many synovial cell types in patients with RA, and the level
of CD44 present in synovial tissue is related to the degree of synovial inflammation (Haynes et
al 1991,Takagi et al 2002). Integrin subunits of a5, a6, pi, and p3 are not up-regulated in RA
synovial tissues (Johnson et al 1993), however,Wang et al (1997) showed rheumatoid synovial
fibroblast invasion in cartilage was inhibited by antibodies to a4, a5, aV, and (31 integrins.This
indicates that integrin receptors have a role in the invasion of cartilage by rheumatoid synovial
fibroblasts.

1.3.3 Chondrocyte changes in RA

There have been few studies of the role of chondrocytes in the process of cartilage destruction
in RA. Cartilage destruction and synovial inflammation are separately controlled (van den
Berg et al 1996). Fujii et al (1999) suggested that RA primarily involves articular cartilage and
subchondral bone, and that the initiation of the rheumatoid process is possibly triggered by the
autoimmune reaction involving type II collagen in the articular cartilage.T cells are required
for immunity against type II collagen (Seki et al 1995) and autoimmune mouse is known to

develop a spontaneous destructive arthropathy sharing many features with RA (Koopman et al
1988). Moreover, Zhang et al (1998) showed that fink protein can produce a persistent, erosive,
inflammatory polyarthritis in mice. Guerassimov et al (1999) described the arthritogenic
capacity of link protein and G1 domain aggrecan in patients with RA.The patients also
displayed proliferative responses to the G1 domain depletion of KS chains. Chondrocytes are

responsible for alterations in the expression profiles of degenerative enzymes, such as MMP-9,
as a part of the paracrine interactions of chondrocytes and macrophages (Dreier et al 2001)
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Progressive degradation of type II collagen and aggrecan in cartilage is a major feature in both
OA and RA joints. Previous research has explored the relationships between matrix synthesis,
degradation and mechanical stimulation in chondrocytes from OA cartilage (Millward-Sadler
et al 1999, 2000a, 2000b). However, very few studies have been undertaken of chondrocytes
from RA cartilage. Normal cartilage is generally resistant to invasion by many kinds of cells
and blood vessels. Pathological observations in 150 different RA knee joints by Woolley et al
(1997) showed that, within the same specimen, individual cartilage erosion sites are spatially
and temporally separated. This observation suggested that rheumatoid cartilage becomes
deficient in its resistance to cellular invasion. Local as well as general factors may be involved.
Murphy (2002) suggests that the marked regional variations in the production of MMPs in
arthritic joints indicate that proteinase synthesis is dependent upon cellular events brought
about by locally co-ordinated signals.

1.3.4 Inflammation in RA

Researchers have speculated that the inflammatory pathways in RA joints develop in two

stages: the early stage of the disease is mainly mediated by T cells, while the late stage is
mediated mainly by pro inflammatory cytokines. Anti-CD4+T cells treatment showed a trend
towards efficacy (Veale et al 1999) but was less effective at the end stage of RA (Firestein and
Zvaifler 1990). Recent advances in the treatment of RA, using antiTNF agents (Taylor et al
1999) and the IL-1 receptor antagonist, have suggested that the erosive event in a RA joint
occurs at the late stage, dominated by cytokines and proteinases (van den Berg et al 2001).The
most extensively studied cytokine in relation to cartilage breakdown is IL-1 (Dinarello et al
1996, 2000). Degradation ofproteoglycan by IL-1 has been clearly demonstrated in in vivo
studies (Page Thomas et al 1991). Chondrocytes in explant culture can be induced to degrade
their surrounding proteoglycan with the application of compounds such as retinoic acid, IL-1
orTNF (Flannery et al 1999). IL-1 induces leukocyte infiltration and cartilage proteoglycan
degradation in the synovial joint (Pettipher et al 1986).

Evidence of iNOS expression has been found in the rheumatoid joint, and patients with active
RA have raised level of NO breakdown products in blood and urine (Ralston 1997). Recent
studies have found that the inhibitory effect of IL-1 on matrix production by cultured
chondrocytes is partially mediated by NO (Hickery et al 1998), and that NO activates MMPs
in cultured chondrocytes (Murrell et al 1995). It has also been indicated that a NO production
around the joint may contribute to the increased bone loss which is an early feature of RA
(Gough et al 1994). In addition, iNOS activation may be partly responsible for the increased
blood flow associated with joint inflammation in RA (Ralston 1997). Increased numbers of
apoptotic synovial lining cells and chondrocytes in the tissue of samples from patients with
RA can be seen with closely mirrored iNOS expression (van't Hof et al 2000).The inhibitors
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of NO synthase suppress the development of disease in animal models of inflammatory
arthritis (McCartney-Francis et al 1993).

1.3.5 Comparing RA with OA

Causative factors leading to the development of OA can be classed either as those that render
cartilage abnormal or as those that lead to abnormal loading of cartilage (Brandt et al 1986).
Thus mechanical stress of OA chondrocytes is probably more important in the development
of OA, whereas RA chondrocytes are exposed to more inflammatory mediators, although the
loss of PG is the first sign ofpathology in the articular cartilage in both OA and RA joints
(Joosten et al 1999). Lark et al (1997) found that similar aggrecan degradation mechanisms of
MMPs and aggrecanases may be active in OA and RA, in spite of the contrasting pathological
and clinical features of these two conditions. Obviously looking at the synovial tissue in RA
joints is of primary importance, however, cartilage destruction in RA joints may proceed
through pathways independent of the classic inflammatory ones in the synovial tissue. Looking
at the initial site of cartilage or bone destruction in RA-hke joints of mice, these appear in the
absence of inflammatory cells (Gay et al. 1993). Cartilage and bone erosions occur extensively
at sites of synovial attachment, it seems likely that a critical cell-matrix interaction occurs (Gay
et al. 1993).

No study has been performed to test the effects of mechanical stimulation on human articular
chondrocytes from RA cartilage. Thus it is important to compare the differences in the
mechano-transduction pathway between OA and RA chondrocytes after mechanical
stimulation. As mechanical loading of RA synovial cells has been shown to down-regulate
cytokine MMP-13 genes (Sun and Yokota 2001), and the strain elevates the mRNA level of
TIMP-1 andTIMP-2 (Sun and Yokota 2002), there is a possibility that mechanical stimulation
effects cell-matrix interaction in RA joints. In vitro experiments using human synovial cell
cultures also support a stimulus-dependent transcriptional regulation of MMPs and TIMPs
(Sun and Yokota 2001).

1.4 Loading of articular cartilage

Changes in pressure on articular cartilage have been measured in vivo using a pressure-sensitive
pseudo-femoral head (Hodge et al 1986). Within the joint cartilage compressive forces are
transient but they can be very high, rising from one to two atmospheres to 100 atmospheres
when the body is standing, and oscillate between 40 to 50 atmospheres when walking (Afoke
et al 1987). Loading of articular cartilage in vivo results from weight bearing and joint
movement, and generates a combination of tensile, compressive and shear stress on the
material (Kempson et al 1973). Articular cartilage is mainly subjected to compressive loading,
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under high hydrostatic pressure. Rises in hydrostatic pressure lead to a number of physico-
chemical changes within the cartilage, such as loss of water, change of streaming potentials, and
altered pH and osmolality (e.g. increased cation concentrations and decreased anion
concentrations) (Urban and Hall 1994).

Loading can be mimicked in vitro either by mechanical compression of cartilage explants, or by
exposing chondrocyte cultures to hydrostatic pressure or stretching. Numerous studies have
examined the effects of loading on articular cartilage composition and metabolism, both in
vivo and in vitro, as mechanical loading is essential to normal joint homeostasis. In animal
models, immobilization of a limb, abnormally high joint forces, and ligamentous instability
initiate degradation of cartilage and impair joint function (Palmoski et al 1979, Kiviranta et al
1987, McDevitt et al 1988, Pond and Nuki 1973).

1.4.1 Terminology used in mechanical stimulation

In physics, a force is a pulling, or attracting, or pushing effect that something has on something
else. Stress is a measure of the force per unit of area, acting on a given surface. Tensile stress
causes an increase in the length of a body and compressive stress causes a reduction in the
length of a body. Shear stress results when the applied force lies on the plane of the surface.
Strain is a measure of deformation per unit of length of a body and a ratio of the deformation
to the initial length, see http://en.wikipedia.org/wiki/Stress_(physics).

The unit of stress is Newton (N)/m2 or Pascal (Pa). 1 kPa is equal to 1000 N/m2 or 7.5
mmHg.

1.4.2 The effect of loading articular cartilage and chondrocytes in vitro

Studies of loading in vivo have a number of drawbacks which have lead to the development of
systems for cartilage loading in vitro (Sah et al 1991). Chondrocyte structure and function can
be studied in cartilage explant or in isolated chondrocyte cell culture systems. In vitro systems
allow real time measurement of physical parameters, such as cell shape and intracellular ion
fluxes as well as metabolic labelling during loading (Lee and Bader 1995, Knight et al 1998,
2002, Guilak et al 1994). Loads of known magnitude and frequency can be applied to a

defined area of cartilage in vitro, in a precisely maintained physico-chemical environment.

However, studies of in vitro loading place articular cartilage in a non-physiological
environment, exposing the tissue to conditions never experienced in vivo in many aspects. For
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example, when chondrocytes are isolated from the matrix, and placed in standard tissue culture
medium, the extra-cellular osmolality and ionic environment are altered significantly. This
process is known to influence cell volume (Urban and Hall 1994). In addition, the
concentrations of cytokines and growth factors are altered in the presence of a high
concentration of FCS in standard culture medium which could affect the chondrocytes
metabolism.

Nevertheless, for investigating the mechanisms of cartilage matrix regulation, in vitro studies are
the best method of controlling loading. Studies of loading conditions in vitro can be divided
into three groups: first those looking at the mechanical compression of cartilage tissue explants
or chondrocytes cultured in a three dimensional matrix (loading with cartilage or cell
deformation), second those looking at the effects of hydrostatic pressure on cartilage explants
or chondrocytes in a number of culture systems (compression with no deformation), and third
those looking at the effects of stretch on chondrocyte cultures.

1.4.2.1 The effects of mechanical compression on cartilage explants and
chondrocyte three-dimensional cultures

*

Articular cartilage can be easily maintained in explant form in a culture medium, so that the
chondrocytes remain in contact with the native cartilage matrix. The use of cartilage explants
has the advantage that chondrocytes are maintained in an environment similar to that
experienced in vivo and cells retain a differentiated phenotype (Handley et al 1990). Explant
cultures (ex vivo) can be maintained in a steady state for several weeks (Sah et al 1991). An
articular cartilage explant culture system has been used to examine how newly synthesized
molecules are incorporated into the existing cartilage matrix, and how they are turned over

(Campbell et al 1984).The average half-life of PGs, in explants of articular cartilage from
different sources, varies from 10 to 25 days (Campbell et al 1984), and this is shorter than that
in vivo (Maroudas 1980a). Cartilage explants can be subjected to axial compression, hydrostatic
pressure, or pure tissue shear. Explant culture is not, however, ideal for detailed studies of
chondrocyte function since the cells' physical, chemical, and mechanical environment can not
be controlled precisely. Another disadvantage of the explant culture system is that the newly
synthesized aggrecan molecules cannot be recovered except using solvents, which cause the
dissociation of the aggregation (Campbell et al 1984).

To overcome the disadvantages of other cultures, many researchers have seeded chondrocytes
into three-dimensional matrices such as agarose or alginate. In three-dimensional cultures, the
cells maintain their morphology and phenotype, and will rebuild their matrices with many of
the characteristics of in vivo cells (Hauselmann et al 1994). Different groups have used agarose
three-dimensional model systems (Buschmann et al 1995, Lee and Bader 1997,Toyoda et al
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2003) as the physical properties of agarose are suited to mechanical loading. When
chondrocytes are suspended in three-dimensional cultures, such as agarose and alginate, for
three to four weeks, they form colonies of cells with 'halos' of matrix surrounding the cells,
which is characteristic of chondrocytes (Kolettas et al 1995). These differentiated colonies re-

express cartilage markers such as sulphated PG (aggrecan) and collagen type II, IX, and XI
(Benya and Shaffer 1982, Bonaventure et al 1994).The culturing of chondrocytes in alginate
offers an advantage over culturing the cells in agarose in examining the re-expression of the
cartilage phenotype. Differentiated chondrocyte colonies from the alginate can be recovered at
different time points and examined for their ability to produce normal biochemical and
molecular cartilage markers (Hauselmann et al 1992).

In general, static compression of these cultures leads to reduced matrix PG synthesis over
hours or days, but the degree of response is dependent on the amplitude of the applied load
(Table 1.3 and 1.4). Burton-Wurster et al (1993) showed that 18-hour long single loading of
up to 1.2 MPa resulted in the inhibition of PG and that depressed synthesis remained effective
for several hours, while the cartilage explants regained their original weight 90 minutes after
the removal of the load. Static compression of explants reduces protein synthesis (Burton-
Wurster et al 1993, Kim et al 1994, Wong et al 1997), in particular of fibronectin (Burton-
Wurster et al 1993), in contrast to fibronectin accumulation which is stimulated by cyclical
impaction of explants (Farquhar et al 1996).Valhmu et al (1998) found that core protein
mRNA was elevated after one to four hours of compression of bovine cartilage plugs and this
then fell below control levels with longer periods of loading. Sulphate incorporation measured
after one hour of compression demonstrated a similar increase. Earlier studies with canine
cartilage plugs (Palmoski and Brandt 1984) and human ones (Schneiderman et al 1986)
showed reduced 35S04 sulphate incorporation, following two hours and four hours of static
compression respectively. Dynamic mechanical compression of chondrocyte and three-
dimensional construct leads to increased matrix PG synthesis, although this varies with the
frequency of the loading cycle (Table 1.4).

Recently Grodzinsky et al (2004) have shown that low amplitude dynamic compression on

cartilage explants transiently up-regulated anabolic genes and then down-regulated them
during a period of 24 hours, while catabolic genes, such as IL-l|3,TNF-a andTGF-(3, were

increasingly up-regulated with time.This suggests that at early time points, there may be
apparent differences between gene and protein expression. In addition, a single application of
injurious compression of 60 per cent 20 MPa caused significant increases in MMP-3 and
ADAM TS-5 mRNA expression over controls during periods of 6 to 12 hours, but less
change to MMP-13 and other molecules (Grodzinsky et al 2004). Cultures in three-
dimensional agarose gels responded to continuous compression by reducing PG (Buschmann
et al 1995, Lee and Bader 1995) and protein synthesis (Buschmann et al 1995 ).
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compressed/

compressed
PG synthesis

compression
amplitude loading time

(hours)v '

pressure
(MPa)

Palmoski and Brandt
(1984)

,(1989)

Burton-Wurster et al

I®iil9IflSll

0.35

0.025

0.006

0.011

Table 1.3 The effects of static mechanical load on cartilage explants

Results are expressed as the ratio comprcssed/non-compressed for total 35S04
incorporation
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study (3D) pressure
(MPa)

compres
sion (%)

Cd«
(Hz)

... ,loading time (hours) IRliiPIIIIresults

mmWmm ifiwt

Buschmann
et al (1995)

25 16 (2 days culture) 1.00

agarose
gel

25 16 (41 days culture) 1.10

35 16 (2 days culture) 1.00

50 16 (2 days culture) 0.95

50 16 (41 days culture) 0.60

60 16 (41 days culture) 0.50

Lee et al
15 48 0.9

Ragan et al
60 22 (21 days culture) 0.75

alginate
gel

80 22 (21 days culture) 0.65

100 22 (21 days culture) 0.75

Mizuno et 2.8 0.015 120 1.4 collagen
spongeal (2002) 2.8 0 120 1.3

Lee et al

15 0 48 0.9

agarose
gel

15 0.3 48 0.85

15 1 48 1.4

15 3 48 1

Demarteau 5 0.1 12 (3 days culture) 0.09-
2.3

poly
active
foams

^ „i /onrm" d <2003) 5 0.1 12 (14 days culture)
10 24 0.75

non-

woven,

p°iy~
glycolic

acid
composi

te

Davisson et

al (2002)

30 24 0.95

50 24 0.4

10 0.001 24 1.5

10 0.1 24 1.25

1 50 0.001 24 1

50 0.1 24 2.8

Toyoda et
al (2003)

5 4 1.1

agarose
gel

5 1 4 0.95

5 20 1

5 1 20 0.9

Table 1.4 The effects of mechanical compression of chondrocytes in
three-dimensional cultures

Results are expressed as the ratio of compressed/non-compressed for total 35SC>4
incorporation.
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Very few studies have investigated the effect of mechanical compression on cartilage collagen
synthesis due to its low turnover rate (Muir 1973).

A number of experimental approaches have demonstrated that cartilage cells react to confined
and unconfined compressive loading under in vitro testing conditions depending on time,
magnitude, and frequency of loading (Gray et al 1988). Static compression inhibits GAG
synthesis but repetitive loading of cartilage has produced variable responses depending on the
range of forces applied, the technique for applying the forces, and the frequency of loading
(Veldhuijzen et al 1987). Comparing static and dynamic compression, the tissue biosynthetic
response depended on amplitude and frequency of loading (Sah et al 1989).

1.4.2.2 The effects of hydrostatic pressure on cartilage explants and chondrocytes
in different culture systems

Articular cartilage is a unique tissue where hydrostatic pressure is a significant component of
the mechanical loading environment (Ikenoue et al 2003). Cartilage, which is mainly subject
to compressive loading, experiences particularly high hydrostatic pressures and alterations to its
osmotic environment (Urban and Hall 1994). Hydrostatic pressure itself induces no fluid flow
or tissue deformation, since water is virtually incompressible up to 50 MPa (Parkkinen et al
1994). Little is known how chondrocytes sense changes in hydrostatic pressure. Likely sites for
sensors includes cell membranes because hydrostatic pressure spreads in the intra- and extra¬
cellular fluids equally. It is possible that there are several 'receptors' or 'monitors' activated at
different levels of hydrostatic pressure including integrins. In vivo testing shows that
chondrocytes within cartilage experience hydrostatic pressure levels of 0.1 to 20 MPa
(Ikenoue et al 2003). Relatively few studies have examined the effects of hydrostatic pressure
on articular cartilage or chondrocytes. However, the results for cyclic and static hydrostatic
pressurisation are broadly in agreement with those seen following mechanical compression
with deformation, which may imply that hydrostatic pressure is the key signal. Cyclical
pressure stimulated PG synthesis in cartilage explants (Parkkinen et al 1994, Hall et al 1991,
Lafeber et al 1992) and chondrocyte cultures (Parkkinen et al 1994, Kampen et al 1985), but
the response was sensitive to the magnitude and frequency of the stimulus. Hall et al (1991)
have found that the influence of hydrostatic pressure on incorporation rates of 35S04 and
[3H]proline into adult bovine articular cartilage slices in vitro depends on the pressure level and
varied with the duration of the signal. Organ culture experiments of Klein-Nulend et al
(1987) demonstrated that sites ofproteoglycan production coincide with regions of pure

hydrostatic pressure. Physiological levels of intermittent hydrostatic pressure enhanced mRNA
signal levels for aggrecan and type II collagen when applied for four hours (Smith et al 1996).
Up-regulation of aggrecan mRNA occurs when load-controlled intermittent hydrostatic
pressure was applied (Ikenoue et al 2003). Changes in hydrostatic pressure are clearly
important in regulating chondrocyte function.
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1.4.2.3 The effects of stretch on chondrocyte cultures

Monolayer cultures are associated with some loss of chondrocyte phenotype over the culture
period, and a result of the 'passage' (Aigner and McKenna 2002). Removal from the cartilage
matrix and attachment to the tissue culture dishes results in changes of cell shapes and cell
volumes, losses of cell-matrix interactions and alterations in the chemical and osmotic
environments (Wong and Carter 2003). All of them may define the cells' phenotype in vivo.

In monolayer culture, chondrocytes undergo a gradual (a few weeks) dedifferentiation,
characterised by a change in their spherical shape into a fibroblastic appearance (Benya et al
1978). At the same time, they replace the synthesis of cartilage specific collagen type II IX XI
and aggrecan with molecules that are normally expressed by fibroblasts or pre-chondrocytes.
These include collagen I, III andV (Benya et al 1978, von der Mark 1977) and dermatan
sulphate containing PGs, small molecular weight PG and versican (Liu et al 1998). Culture
systems such as agarose and alginate gel reduce the effects of chondrocyte isolation on

phenotype by suspending the cells in an artificial matrix in which their shape is maintained
and in which they do not form abnormal cell-substrate attachments.These methods are

preferable to monolayer culture, but are not practical for techniques, such as those used in
studies of cell stretching, that require cells to be immobilised on a substrate. Where it is
essential to use a monolayer culture of chondrocytes, phenotypic changes can be kept to a

minimum by using primary cultures which have been developed for only short periods of
time (Thonar et al 1986). Recent studies show that the expression by chondrocytes of
cartilage-specific molecules, such as type II collagen, remains in monolayer culture for a long
time, despite other changes that indicate loss ofphenotype (Kolettas et al 1995).

Chondrocytes can be grown on flexible membranes or cover-slips and then exposed to

stretching by deformation of the culture substrate, which mimics the deformation of the
cartilage substrate under load in two. This tension leads to direct deformation of the
chondrocytes, similar to the distortion of the collagen network which occurs with a direct
compressive load (Parkkinen et al 1994). Both intermittent stretching (Uchida et al 1988, de
Witt et al 1984) and continuous stretching (Lee et al 1982) cause significant increases in
sulphate incorporation, as well as increased type II collagen mRNA and PG core protein
mRNA levels (Holmvail et al 1995). Fluid induced shear stress on chondrocytes, equivalent to

a force of 1.6 Pa on the cell membrane, induces a two fold increase in 35S04 sulphate
incorporation (Smith et al 1995) a 10 fold increase in IL-6 andTIMP-1 (Smith et al 1994),
and a three to four fold increase in MMP-9 (Jin et al 2000). Exposure of fibro-chondrocytes to

cyclic tensile strain in monolayer culture results in abrogation of the catabolic effects of IL-1(3;
a cyclic tensile strain of 6 per cent up-regulated PG synthesis and inhibited NO production
(Xu et al 2000, Agarwal et al 2001). Interestingly, Matsukawa et al (2004) reported that PG
synthesis was enhanced by cyclic tensile strain when chondrocytes were attached to a
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fibronectin-coated surface. They also found that cyclic tensile strain decreased PG synthesis
when chondrocytes were seeded on type I collagen coated surface. These data suggest that the
response of chondrocytes to mechanical strain is influenced by the extra-cellular matrix.

1.5 Mechano-transduction

Many tissues use mechanical forces to control the homeostasis of their own extra cellular
matrix through inducing cell shape change, cell differentiation, and cell growth (Chiquet et al
1999,Tagil et al 1999).The process by which mechanical loading influences the metabolism of
chondrocytes and the synthesis of extra-cellular matrix is termed mechano-transduction. Cells
transduce physical force induced signals into biochemical responses, which are critical for the
adaptation of cells to mechanical loading (Ko et al 2001).This capability provides articular
cartilage which can alter its structure and composition to meet the physical demands of the
body. Mechanical stress (stimulation) selectively modulates the biosynthesis and retention of
certain cartilage components.The synthesis of link proteins is much less affected by static
loading than are aggrecan and small PGs (Kim et al 1996). Little et al (1997) have
demonstrated that strenuous exercise in horses can lead to a disturbance in the metabolism of

PGs by chondrocytes in articular cartilage regions subjected to high contact stress.These
metabolic changes are not associated with widespread gross or histo-morphological evidence
of cartilage degeneration.

1.5.1 Integrins as mechano-transducers

Control of chondrocyte function is central to the maintenance and integrity of the structure
and organisation of cartilage. Cell and matrix interactions are important in the regulation of
chondrocyte metabolism. Integrins are considered as molecules that are necessary for adhesive
interactions between cells and the extra-cellular matrix, regulating cell adhesion, cell growth
and cell motility. Integrins can also function as signal transducers that regulate gene expression
and cellular growth.They are now particularly recognized as mechano-transducers (Shyy et al
1997).

1.5.2 Integrin mediated mechano-transduction

Integrins are families of cell-surface receptors that link the extra-cellular matrix to the cellular
cytoskeleton, at places called focal adhesion sites (Hynes 1992, Schwartz 1995,Juliano 1993).
Integrins are composed of a and P subunit heterodimers that consists of a large extra-cellular
domain, a transmembrane region, and usually a short cytoplasmic domain.The extra-cellular
domain binds either the extra-cellular matrix or the counter receptors on other cells. The



Chapter One

cytoplasmic domain forms links with cytoskeletal proteins and intra-cellular signalling
molecules such as a-actinin and FAK (Hynes 1992, Lewis 1995).

One theory about the mechanism of integrin-mediated signalling is that integrins transmit
signals by organising actin cytoskeleton (actin stress fibres) through intermediary molecules
including a-actinin, talin, vinculin, paxillin, and tensin, thereby stabilizing cell adhesion and
regulating cell shape, morphology, and motility (Ingber 1991,Juliano 1993). In accordance
with this view, Wang et al (1993) showed that: (1) (31 integrin induced focal adhesion
formation and support a force-dependent stiffening response; (2) an increase in the
cytoskeletal stiffness requires an intact cytoskeleton.Their result suggests that mechanical stress
is first received by integrins.Then, inter-finked actin micro-filaments transduce mechanical
stress in concert with micro-tublins and intermediate filaments. Finally, this mechanism
modulates gene expression. It is possible that intermediate filaments may transmit mechanical
stress to the chromatin. Integrin-induced focal adhesions are clusters of integrins and
associated proteins. Comparing stationary and migrating cells, focal adhesions are shown to
move and be regulated by a clutch-like mechanism (Smilenov et al 1999).

Recendy, integrins have been regarded as true receptors, capable of inducing biochemical
signals within the cells that regulate gene expression and cellular growth. Upon clustering at
focal adhesion sites, the integrins recruit the non-receptor kinases such as FAK and Src,
cytoskeletal proteins, and signal transducing molecules such as Grb2, SOS, Ras, Raf, PLC-y,
and initiate the Ras and ERK signal transduction pathway (Parsons et al 1997, Juliano et al
1993, Clark et al 1995, Shyy et al 1997. Miyamoto et al 1995). The ability of tyrosine kinase
inhibitors to inhibit the formation of focal adhesions suggests a role for tyrosine
phosphorylation in the signalling pathways linked to integrin receptors (Burridge et al 1992).
FAK appears to play a central role in integrin-mediated signal transduction. Integrin-mediated
phosphorylation of FAK requires the cytoplasmic domain of the (3 integrin subunit (Schaller
and Parsons 1994). It has been shown that FAK can bind to peptides from (31, (32 and |33
subunits. However, FAK cannot be co-immuno-precipitated with these subunits, suggesting
that either the interaction is weak, or there is no direct association during the localization of
FAK (Dedhar and Hannigan 1996). In these complexes, signalling proteins and their substrates
are brought into close proximity, thereby facilitating signal transduction. The targeting of FAK
to focal adhesions appears to involve multiple binding interactions. Integrins may induce the
activation of FAK with the help of Src (Parsons et al 1997), which may lead to activation of
the ERK pathway through Grb2-SOS-Ras or through activation of PLCy (Shyy et al 1997).
Integrins can also collaborate with growth factor receptors and their substrates to

phosphorylate their receptor kinases, such as the serine-threonin kinase families (e.g. protein
kinase C (PKC)) and mitogen activated protein (MAP) kinases, and to activate ERKs and
JNKs upon ligand binding (Plopper et al 1995). Some inhibitors of PKC block cell
attachment and spreading (Vuori and Ruoslahti 1993). PKC also seems to play a role in the
formation of focal adhesions, and the association of PKC activation with FAK tyrosine
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phosphorylation has been reported (Vuori and Ruoslahti 1993). Activation of MAP kinase
kinase appears to he downstream of increases in PKC activity, seen following mechanical
stimulation (Watson and Krupinski 1994,Jalali et al 2001).Thus integrins may integrate a

variety of different signalling pathways that are activated by both the extra-cellular matrix, and
growth factors, to establish a well co-ordinated response. (Figure 1.3).

Integrins may integrate a variety of different signalling pathways that are activated by both the
extra-cellular matrix and growth factors to establish a well co-ordinated response. Besides
integrins, the extra-cellular matrix proteins, ligated to the integrins such as collagens, laminin,
fibronectin, and vitronectin (Hynes 1992), also play a role in signal transduction. Furthermore,
it was found that besides integrins, heparan sulphate proteoglycans are involved in the
formation of focal adhesions and the actin stress fibres act co-operatively with integrins in
generating signals in fibroblasts, plated on fibronectin (Delehedde et al 2001).

1.5.3 Ion channels in mechano-transduction

The first identified mechano-transducing activity in cells was a stretch-activated ion
conductance (Watson and Krupinski 1994). Cytoskeletal elements are necessary for ion
channel responses. The disruption of actin micro-filaments inhibits ion channel responses

(Davies andTripathi 1993). Almost all cells express stretch-activated ion channels (Gudi and
Frangos 1994). This particular class of ion channels remains up to now partially unidentified,
although it was the first identified cellular mechano-transducing function. Identification of
downstream effects, regulated by these channels, is limited to correlative biological responses.
Activation of mechano-sensitive ion channels has been proposed as a transduction mechanism
between mechanical stress and cell. These stretch-activated channels allow passage of ions like
Na+, K+ and Ca2+ (Ruknudin 1993). Direct Ca2+ influx through stretch-activated channels
has been reported in cultured chick heart cells, that were stimulated by prodding with a

pipette (Sigurdson 1992) Calcium ion is a ubiquitous intra-cellular second messenger involved
in a large number of cellular processes. The findings suggest that mechanical perturbation leads
to transient increases in intra-cellular Ca2+ in various cell types (Guilak et al 1994).
Chondrocyte deformation, in the absence of matrix-related effects, initiates an intra-cellular
biochemical signal, suggesting that the first signal is transduced through mechano-sensitive ion
channels on the plasma membrane. However, the involvement of stretch-activated channels in
the transduction of the mechanical stress stimulus into the nucleus is still controversial. Several

studies failed to confirm that gadolinium inhibits the stretch-induced expression of 'immediate
early genes' such as c-fos and protein synthesis (Ruwhof 2000). ('Immediate early genes' are
activated very soon after the imposition of mechanical challenge, and they are involved in
conveying signalling information and subsequently co-ordinating the adaptive response)
(Watson and Krupinski 1994).
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Figure 1.3 Diagram of possible mechano-transduction pathways
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An important consequence of the activation of K+ channels is depolarization of the cell, a

phenomenon that has been confirmed using membrane potential sensitive dyes, as well as

patch-clamping measurements (Nakache and Gaub 1988).The membrane hyperpolarization
response that follows 0.33 Hz mechanical stimulation was shown to be inhibited by quinidine,
indicating involvement of Ca2+ activated K+ channels leading to the efflux of K+ from the cell
(Wright et al 1997).These are apamin-sensitive charybdotoxin and iberiotoxin-resistant small
conductance Ca2+ activated K+ channels (Wright et al 1992).The depolarization response
does not involve activation of these ion channels, but rather it is the result of the activation of
the tetrodotoxin-sensitive Na+ channels (Wright et al 1992).

1.6 Integrins

Integrins are families of membrane-spanning glycoproteins that mediate cell adhesion to the
extra-cellular matrix, the basement of membranes, other cells, and plasma proteins (Hynes
1987, Ruoslahti 1987). Integrins are also exist in the cartilage matrix (Shakibaei and Merker
1999).The prototype integrin is the fibronectin receptor originally purified from human
placenta (Pytela et al 1986) and from human osteosarcoma cells (Pytela et al 1985).The name
of the integrins came from their function of linking the matrix to the cytoskeleton (van der.
Flier and Sonnenberg 2001). The basic structure of the integrins is that of a heterodimeric
complex of one 130 to 200 KDa a subunit, linked non-covalently to one 90 to 130 kDa
subunit. Up to now, 19 a and 8 P subunits have been identified, making 25 different dimers
(Table 1.5).

1.6.1 Structure of integrins

Integrins are comprised of one ligand binding globular, which is approximately 10 nm in
diameter, and two extended tails (Springer 1997). Most integrins have a large extra-cellular
domain and a much shorter cytoplasmic domain (van der Flier and Sonnenberg 2001) (Figure
1.4).The exception is the |34 subunit which has a long domain, and certain P subunits, such as

Pi, P3 and P4, that can undergo alternative splicing of the cytoplasmic domain.This may play
a role in the regulation of integrin signalling (Giancotti 1999). For example, the long
cytoplasmic tail of integrin P4 allows a6P4 to recruit She, and the P4 tail is phosphorylated
on tyrosine residues, binding to She directly (Giancotti 1999).There are also differences in
signalling that arise from variations in the pi cytoplasmic tail generated by alternative splicing
(Fornaro and Languino 1997).
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The a subunits are sub-divided into two groups based on structural differences.The first
group is formed by al, a2, aL, aM and aX.The members of the first group all contain an
inserted domain (I-domain).This domain of about 180 amino acids is situated between the
second and the third repeat (Loftus and Liddington 1997).The function of the I domain is
probably to do with ligand binding when it is associated with an I-like domain in the P
subunit region (Takagi et al 2002).

The second group is formed by a3, a5, a6, a7, a8, allb, aV and alEL. Members of this
group all share a post-translational cleavage of their precursors into heavy and light chains. The
light chain is composed of the cytoplasmic domain, the transmembrane region, and a part of
the extra-cellular domain (about 25 kDa), while the heavy chain contains the rest of the extra¬
cellular domain (about 120 kDa). All the RGD-reactive integrins are relatively closely related
and belong to this group.They do not all contain I domains in the a subunit (Hynes 1992). A
schematic diagram of a5pl integrin is shown in Figure 1.4.

1.6.2 Function of integrins

The P cytoplasmic domains play a critical role in a variety of cellular processes including
endocytosis (van Nhieu et al 1996), cross talk between integrins (Blystone et al 1995),
assembly of fibronectin fibrils (Wu et al 1995), and cell motility (Pasqualini and Hemler 1994).
The a subunit cytoplasmic domain is known to inhibit certain function of the P subunit
(Burridge and Chrzanowska-Wodnicka 1996). It also influences cell motility (Bauer et al
1993). It is becoming clear that integrin signalling is determined by both a and P subunits.

Ligand binding of integrins is regulated by inside-out and outside-in signalling leading to the
conversion of integrins from a low to a high affinity and avidity. Affinity modulation implies a
structural change intrinsic to the integrins that results in a greater strength of ligand binding,
and avidity modulation implies a change in the functional affinity of the interaction between
integrins and ligands (Neri et al 1996). Integrins typically exhibit relatively low affinities for
their ligands (dissociation constants KD between 10"6 and 10~8 moles per litre) compared with
the high affinities (KD between 10"9 and 10~n) of typical cell surface hormone receptors

(Lodish et al 1995). Cells can rapidly change integrin function by altering the binding affinity
of integrins for ligands (Schwartz et al 1995). Outside-in signalling is initiated by integrin
ligation and clustering, and they regulate cell functions and behaviour in nearly every cell type.

Ligation of integrins specifically blocks apoptosis indicating that integrin specific signals may

be involved (Schwartz et al 1995, Pulai et al 2002), such as collagen and pi integrin that
reduce chondrocyte apoptosis in vitro (Cao et al 1999). Integrin-mediated signalling must also
be co-ordinated with signals from other plasma membrane receptors, such as growth factors
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receptors and G-protein linked receptors (Juliano 1993). Integrins can exist in various affinity
states for their ligands (Hughes et al 1998).The a and (3 pairings specify the ligand binding
abilities of the integrin heterodimers (Ruoslahti 1996).

1.6.3 Expression of integrins in human articular cartilage

A variety of integrins are expressed in human articular cartilage.The a5(3l integrin is
prominent in adult human articular cartilage. This has been demonstrated by Salter et al (1992)
by using immuno-histochemical staining. Expression of the al(3l and a3(3l is variable and
weaker than <x5|3l (Salter et al 1992). Using a combination of immuno-fluorescence and
immuno-precipitation,Woods et al (1994) showed that adult human articular chondrocytes
express al|3l, a5(3l and aV(35 integrins accompanied by a weaker expression of a3(3l. Fetal
chondrocytes and chondrosarcoma cells show higher levels of a3(3l and a6(3l integrins (Salter
et al 1995, Holmvall et al 1995).With regard to OA cartilage, Loeser et al (1995) have shown
that there is a particular increase in expression in a1(31 OA-like cartilage in monkey, and
Ostergaard et al (1998) have demonstrated an increase in expression ofa2|3l in human
femoral head OA cartilage. In addition, only occasional a3, and no a2 or a4 at all, has been
observed (Ostergaard et al 1998), and aV was seen in the superficial layer (Woods et al 1994)
(Table 1.5).

1.6.4 Integrins and ligands

Integrins can adhere to an array of ligands. Common ligands are, for example, fibronectin and
laminin, which are both part of the extra-cellular matrix or basal laminas. Both of the ligands
mentioned above are recognized by multiple integrins. For adhesion to ligands, both integrin
subunits are needed, as well as the presence of cations (Hynes 1992).

The al(3l integrin is a receptor for collagen, and a5(3l receptor serves as the primary
chondrocyte fibronectin receptor. They recognize fibronectin via an RGD sequence (Loeser et
al 1995).The cxV|35 integrin is a receptor for vitronectin via an RGD sequence (Loeser et al
1995). Also, aV(33 is a receptor for vitronectin in addition to thrombospondin, von

Willebrands factor and fibrinogen (Hynes 1987).The (31 integrin attach to fibronectin, matrix
Gla protein, and type II collagen, indicating that (31-containing integrins are the primary
receptors in chondrocytes (Loeser 1994). A number of integrins mediate the binding of a cell
to laminin. For example, a6|3l, a7(3l and a3(3l have been shown to associate with proteins of
the C-terminal globular domain of the laminin Al chain (Nakahara et al 1996). It is likely that
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the integrin and ligand interactions have not been fully described, and a potential exists for
additional interactions to be discovered.

1.7 Cell membrane integrin-associated proteins

Integrins form multi-receptor complexes with other receptors on the same cell, with
neighbouring cells and with molecules in extra-cellular matrix. These complexes recruit
signalling molecules and result in focal complexes and focal adhesions. Integrins appear to co¬

operate with other cell surface receptors to influence a variety ofsignalling pathways. One of
the receptors known to be associated with integrins is CD47 (Porter and Hogg 1998).

1.7.1 CD47 or integrin associated protein (IAP)

CD47 associates with integrins physically and functionally. Up to now, CD47 has been known
to associate with the platelet fibronectin receptor allb|33, the RGD receptor aV(33, and the
collagen receptor a2pi integrins (Lindberg et al 1993,1994, Gao et al 1996, Hermann et al
1999). In addition, recent studies have revealed that there is a physical association between
CD47 and the a5 integrin in human articular chondrocytes (Orazizadeh 2004).

1.7.1.1 The structure of CD47

CD47, or integrin associated protein (IAP), was discovered originally as a plasma membrane
molecule that co-purified with the integrin aV(33 from leukocytes and placenta (Brown et al
1990). IAP is widely expressed in hematopoietic cells including erythrocytes, lymphocytes,
platelets, monocytes, and neutrophils (Rosales et al 1992, Mawby et al 1994). Later, after its
cDNA was cloned, antibodies that recognized IAP were shown to recognize CD47 (Lindberg
et al 1994), demonstrating that the IAP and CD47 were the same molecules.

CD47 is a unique Ig superfamily member with an IgV (variable) extra-cellular domain, five
membrane-spanning segments, and a short cytoplasmic tail with four alternatively spliced
forms (Lindberg et al 1993, Reinhold et al 1995, Brown and Frazier 2001 ).The four isoforms
(Form 1-4) of CD47 is shown in Figure 1.5.

60



Introduction

Figure 1.5 Structure model of CD47
The extra-cellular N-linked glycosylation sites and the Ig variable extra-cellular
domain are followed by five transmembrane segments terminating in a
cytoplasmic tail that is alternatively spliced (adapted from Brown and Frazier
2001).

CD47 is expressed at varying levels in a variety of cells and in almost all the tissues. However,
the four alternatively spliced isoforms of CD47 mRNA have different tissue distributions. For
example, the thymus and the spleen express predominantly Form 2 mRNA, while the brain
expresses Form 4.The most abundant CD47 splices in vivo are Form 2 and 4 (Reinhold et al
1995). CD47 is strongly expressed on the plasma membrane of chondrocytes in all cartilage
zones in normal and OA human articular cartilage (Orazizadeh 2004). The results of the
analysis of the expression patterns of CD47 by western blotting suggest that the molecule may
exist in more than one form in human articular cartilage (Orazizadeh 2004).

1.7.1.2 Functions of CD47

CD47 is reported to be involved in a number of cellular and molecular functions. Anti-CD47
monoclonal antibody B6H12 inhibits neutrophils trans-endotherial migration, chemotaxis to

RGD-containing proteins, and adhesion to entactin (Cooper et al 1995). In addition, anti-
CD47 antibody inhibits an increase in intra-cellular calcium concentration when endothelial
cells are spread on vitronectin in an aV-dependent manner (Schwartz 1993). Anti-CD47
antibody can block integrin stimulated phagocytosis (Blystone et al 1995), and trans-epithelial
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migration of polymorphonucleus (Parkos et al 1996). CD47 knockout mice have a severe host
defence defect (Lindberg et al 1996). Salter et al (1997) have shown that anti-CD47 antibody
(Brie 126) inhibited a hyperpolarization response in human bone cells following 0.33 Hz
cyclical mechanical stimulation.Ticchioni (1997) have shown that signals via CD47 inT cells
induce a tyrosine phosphorylation. Similarly, Orazizadeh (2004) showed that the tyrosine
phosphorylation response of FAK following mechanical stimulation was absent in the presence
ofBrie 126 in human articular chondrocytes. However, very little study has been done to

explore CD47 functions in human articular chondrocytes.

1.7.1.3 CD47 and integrin interactions

CD47 forms a physical complex with integrins. A blockage of CD47 with monoclonal
antibodies shows an inhibition of certain levels of integrin signalling (Lindberg et al 1996).
CD47 and integrin interactions initiate a signalling pathway to up-regulate integrin function
(inside-out signalling) (Blystone et al 1995, Gao et al 1996). Moreover, once CD47 binds with
its ligand thrombospondin, the affinity and/or avidity of aV(33 integrin is increased. For
example, the presence of thrombospondin or its agonist peptide causes tyrosine
phosphorylation (Gao et al 1996, Frazier et al 1999, Green et al 1999). Another example is that
the binding of CD47 to thrombospondin activated allb(33 integrin in platelet, results in the
spreading and aggregation of the platelet, and the enhanced tyrosine phosphorylation of focal
adhesion kinase (Chung et al 1997). Fujimoto et al (2003) reported that CD47 and
thrombospondin-1 binding interacted with allb(53 integrin, changing integrin to a higher
affinity state without the requirement of intra-cellular signalling.

Although the association of CD47 with certain integrins has been found to modulate their
functions, some signal transduction through CD47 is integrin independent (Cooper et al
1995, Frazier et al 1999, Reinhold et al 1997, Liu et al 2001). Previous researchers have used a

panel of function-blocking monoclonal antibodies to integrins, but they did not observe any

significant effects on CD47-mediated regulation. There is a possibility that CD47 is involved
in chondrocyte mechano-transduction in an integrin independent manner.

1.8 Aims of the Project

Previous studies have shown that human articular chondrocytes from normal, but not from
osteoarthritic cartilage, respond to cyclical mechanical stimulation in an in vitro model system,
with an integrin-dependent increase in aggrecan mRNA.This response was absent in OA
chondrocytes (Millward-Sadler et al 2000a, 2000b). It remains unclear whether these changes
at the mRNA level are associated with altered levels ofproteoglycan synthesis and whether
there was indeed differences in proteoglycan production by normal and OA chondrocytes in
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response to mechanical stimulation. This has led to the hypothesis that chondrocytes from
articular cartilage of normal or diseased (RA and OA) joints show differences in proteoglycan
production following mechanical stimulation that may be influenced by signalling via
integrins and the integrin-associated protein CD47.

Therefore specific aims of this study were

(1) to identify whether the relative increase in aggrecan mRNA following mechanical
stimulation is translated into increased aggrecan production in normal chondrocytes,

(2) ascertain whether chondrocytes derived from OA and RA joints show an altered PG
synthesis response (either no change or decrease) following mechanical stimulation,

(3) assess whether integrin receptors and the integrin associated protein CD47 are involved in
any changes in responses to mechanical stimulation in OA, and RA chondrocytes.
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Materials and Methods

All chemicals used throughout this study were provided by Sigma-Aldrich Ltd. (Poole, Dorset,
UK) unless otherwise stated. Anti-integrin antibodies used in this study are listed in Appendix.

2.1 Tissue sources and handling

All human articular tissues were obtained at the time ofjoint replacement surgery or above
knee amputation due to peripheral vascular disease. Patients details are shown in each chapters.
All tissue culture procedures were carried out in a lamina flow cabinet using aseptic
techniques, utilising sterile, disposable plastic pipettes and pipette tips. Laboratory coat, gloves
and over-sleeves were worn when handling biological tissue. If a given tissue was found to be
infected, the joint was incinerated and the hood was fumigated.

2.2 Assessment of cartilage

The articular cartilage surface was assessed and graded macroscopically for the presence or

absence of OA and the severity of OA using the grading system of McElligott and Collins
(1960) (Appendix). Cartilage was also assessed microscopically following safranin O and
Hematoxylin-and-eosin staining. Histological grading schemes were according to OARSI
Osteoarthritis Cartilage Histopathology Grade Assessment (Pritzker et al 2005, Figure 2.1),
modified Mankin scoring system. Two sets of full thickness pieces of cartilage were dissected
from grade of each knee. One set was snap frozen in liquid nitrogen immediately and stored at
-80°C for frozen sections. Another set was fixed in four per cent formalin for embedding in
paraffin wax for paraffin sections. 4 pm sections were cut with a Bright cryostat. Sections were
mounted on PLL coated glass slides and fixed with acetone (Fisher Scientific, Loughborough
UK) for 20 minutes at -20°C. Sections were stained with hematoxylin blue (Fisons, USA) for
10 minutes, washed with water, stained for three minutes with fast green diluted 1:5000 in
water, washed in 1 per cent acetic acid, then stained with 0.1 per cent safranin O for five
minutes. Sections were then dehydrated in ascending grades of alcohol (64 per cent, 74 per

cent, absolute), cleared in xylene (Genta Medical, UK) and mounted in pertex (Cellpath, UK).
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Figure 2.1 Histological grading schemes were according to OARS I
Osteoarthritis Cartilage Histopathology Grade Assessment (Pritzker et al
2005)
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OA III OA IV OA II

Plate 1A Typical OA knee joints, obtained at the time of joint replacement surgery

A knee joint obtained from 64 year old female (day book number DS069C) at the time of joint
replacement surgery. Macroscopically graded OA articular cartilage was shown as numbers (I,
II, III, IV). Area of softened OA grade II cartilage with destruction of superficial and deep
layers is shown. On tibial plateau, can be seen OA grade III cartilage with extensive
destruction of deep layer cartilage and next to exposure of bone, which is OA grade IV.

synovial overgrowth residual cartilage

Plate IB Typical RA knee joints, obtained at the time of joint replacement surgery.

A knee joint obtained from 55 year old female (day book number DS098C) at the time of joint
replacement surgery. Thinned residual cartilage and synovial overgrowth are shown.

Plate 1

facing page 66



Plate 2 Section of cartilage
Plate 2A (left) Section of OA cartilage from knee joint of 80 year old female (day book
number DS088C), stained with Safranin-O. Original magnification xlO. OA grade 0-1 cartilage
exhibits strong staining of PG with safranin-O, no disruption of tissue structure with smooth
articular surface and no cell clustering or cloning.

Plate 2B (centre) Section of OA cartilage from knee joint of 78 year old male (day hook
number DS138C), stained with safranin-O. Original magnification xlO. The OA section
exhibits a reduction uptake of safranin-O, indicating a decrease in PGs, surface irregularities
and clefts (OA grade II).

Plate 2C (right) Section of RA cartilage from knee joint of 43 year old female (day hook
number DS282C). Stained with safranin-O. Original magnification x40. The RA section
exhibits reduced staining of safranin-O in the upper zone of cartilage indicating a decrease in
PGs, surface irregularities and thinner than normal cartilage.

Plate 2
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Microscopic grading showed a close relation to the macroscopical grading system of OA
cartilage (Plate 1-2).When there is a discrepancy between macroscopic and microscopic
grading, the result obtained was discussed in each chapter. Both the quantity of residual
cartilage, and the quality, varied a great deal even in advanced stages of OA, so we included
normal (grade 0) cartilage from OA joints in agreement with Maroudas andVenn (1980). A
typical OA knee joint is shown at Plate 1A. In cases of RA, residual cartilage was collected
without grading (Plate IB) because the quantity of thinned residual cartilage was much less
than from OA (Plate 2). The osteophytic region of the joints was not used in experiments, to

prevent the use of neo-cartilage.

2.3 Chondrocyte cell culture

2.3.1 Monolayer culture

The cartilage was removed from the subchondral bone and cut into small pieces, which were

placed in sterile tissue culture dishes containing antibiotics (antibiotic-antimycotic solution;
0.25 pg/ml amphotericin B (Gibco Paisley, UK), 100 U/ml penicillin and streptomycin
(Gibco), 2 mM L-glutamine (Gibco) for 60 minutes. After removal of the antibiotic-
antimycotic solution and washing with PBS without magnesium and calcium (Gibco), the
cartilage pieces were incubated with 0.25 per cent trypsin (Gibco) at 37°C for 30 minutes
followed by collagenase digestion (3 mg per ml, type H Sigma blend, clostridiopeptidase A)
overnight at 37°C.The digested cartilage solution was poured through a 100 pm filter (Falcon,
Becton Dickinson, UK), washed and centrifuged three times at 300 £ for 10 minutes, and
suspended in a IMDM with 10 per cent FCS (First Link Ltd, UK) containing the antibiotic-
antimycotic solution. A sample of the cell suspension was used for cell counting and
determination of the viability of the cells with trypan blue (0.4 per cent) then seeded into
culture dishes (58 mm Nunc™, Denmark) at a cell density of 5 x 104 cells per ml of medium
(25xl04 cells per dish).

The cells were grown in monolayer culture in a IMDM with 10 per cent FCS in a humidified
incubator which was maintained in an atmosphere of 95 per cent air and 5 per cent CO2 at

37°C. Primary cells seeded at 5 x 104/ml grew up to 80 per cent confluence in a range of 6 to
13 days.The medium was changed every three to four days. At this point the cells spread
polygonally, rather than in a fibroblastic or a spherical morphological pattern.The day before
experiments were carried out (16 hours), the culture medium containing 10 per cent serum
was replaced by medium with 0 per cent or 0.5 per cent serum. 0.5 per cent serum was added
to medium in order to allow production of matrix (Lee et al 1995, and personal
communication to Dr R. Al-Jamal, Edinburgh University).
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2.3.2 Alginate culture

Chondrocytes were harvested from OA cartilage of mixed grades (OA grade I to III) using
sequential digestion which is the same technique used as described in monolayer culture. For
alginate culture the method of Ragan et al (1998) was followed with some modifications. 2
per cent alginate (Pronova Biomedical, Norway) solution was made by mixing 250 mg

alginate powder with 12.5 ml of 0.5 M NaCl, heated to 50°C for two hours in advance in
order to dissolve the mixture completely. Then the temperature of the mixture was brought
back to 37°C.

2.3.2.1 Alginate bead culture

Isolated cells were mixed with the two per cent alginate solution at the cell concentration of
23xl06cells/ml alginate.This high concentration was chosen in order to have a approximately
same numbers of cells in one alginate bead and one alginate disk. The alginate cell mixture
was dropped into a 102 mM CaCl2 solution through a 21 gauge needle to give a final cell
density 25x104cells/bead.The beads had a volume is 11 pi (0.0107 ± 0.0011). After 10
minutes incubated in CaCl2 solution, beads were washed once with PBS, then maintained in
culture medium (IMDM with 10 per cent FCS containing the antibiotic-antimycotic
solution).The preparation of chondrocytes in alginate beads was performed as described by
Guo et al (1989).The cells were maintained by changing the medium daily and incubated in a

humidified atmosphere of five per cent C02 at 37°C.

2.3.2.2. Alginate disk culture

Isolated cells were mixed with a two per cent alginate solution at the density of 2 x 106cells/
ml alginate to give a final cell density of 30 x 104 cells per disk (the volume of 0.157 ml
alginate per disk).This is chosen as a density similar to monolayer culture (25 x 104 cells per

dish). Alginate-cell mixture was injected into an ethanol-sterilised, diffusion-permeable,
custom-designed casting frame using a 21 gauge needle and a syringe (Plate 3A).The casting
frame was made of two stainless steel rounds, 5 mm thick, with a central area ofparallel mesh
and separated by 2 mm spacers and membrane filters (5 pm pore size, Durapore Millipore).
The mesh, filter paper, and frame were immersed in a solution of 102 mM CaCl2, and left for
30 minutes to allow the alginate to gel. Disks (10 mm diameter, 2 mm height) were punched
out from gelled alginate (Plate 3A). Each disk was transferred to a single well of a 12-well
plate containing 2 ml medium.The medium was replaced everyday. Disks were removed for
the mechanical stimulation and assayed on day three.
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Plate 3A Custom-designed casting frame
Disks (1 cm x 1 cm diameter, 0.2 cm height) were punched out from gelled alginate.

medium

ccii layer

Plate 3B Monolayer culture pressure chamber
The cells in the culture dish are subjected to an increase in pressure and stretching as a result
of the deformation of the base of the dish; set at 20 minutes, 0.33 Hz, 4000g strain.

Plate 3
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with medium
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Plate 4 Three-dimensional culture pressure chamber
Schematic diagram of the apparatus used to apply compressive strain to alginate-chondrocyte
construct.

Plate 4
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2.4 Induction of cyclical mechanical stimulation

2.4.1 Mechanical stimulation of chondrocytes in monolayer culture

Cells grown in a monolayer culture in plastic tissue culture dishes were subjected to
mechanical stimulation using an apparatus (Plate 4B) modified from that previously described
by Wright et al (1996).The apparatus consists of (a) inlet and outlet ports to allow
pressurization of the culture dishes with helium gas, (b) inlet and outlet valves fitted with an
electrical timer to control the frequency and duration of pressure pulses, (c) four pressure

chambers to insert the culture dishes (Plate 4B). It this system, the space above the dish is
smaller than the space below the dish. When the pressure is applied to the system, the base of
the dish becomes distorted because of the time constant for equilibration of pressure above
and below the dish is different. The difference in pressure between above and below the dishes
causes the base of the dish to flex, thereby stretching the plasma membranes of the adherent
chondrocytes.This result in an electro-physiological response with chondrocytes isolated from
normal cartilage showing hyperpolarization, those from OA depolarising. An electro¬
physiological response to mechanical stimulation is absent when non-deformable dishes are
used. Helium gas at a range of frequencies of 0.1,0.33, and 1Hz (Appendix I). Normal
walking cycle is usually above 0.1 Hz and less than 1 Hz. The pressure at 30 mmHg to impart
4000p strains (0.039 MPa). Hodge et al (1986) measured intra-articular pressures as fluctuating
between 0.2 MPa and 4 MPa during the normal walking cycle. This cyclical pressurization
technique is well documented to induce cell response (Wright et al 1992).Total duration of
cyclical mechanical stimulation was 20 minutes followed by incubation at 37°C for 24 hours.
Prior to mechanical stimulation, 1 ml ofmedium was removed from culture dishes (pre-
medium) including control dishes without mechanical stimulation in order to assess baseline
GAG synthesis. Following stimulation the remaining medium bathing the cells was removed
and kept separately from the cell layer as post-medium and both sample pools were stored in -

70°C until needed.

2.4.2 Mechanical stimulation of chondrocytes in alginate culture

Alginate beads and disks were placed into a specially designed compressive test apparatus

(SMC Pneumatics (UK) Limited) (Plate 4). Loading acuator'SMAC' is mounted vertically
through the roof of the test chamber (tissue culture incubator) pointing downwards. There is a
load cell mounted on the rod end of the 'SMAC' rod with a loading plate and pins on the
other side of the load cell. It registers zero distances of materials, and cylinder movement
allows compression and decompression of the material, moving the initial start set up zero
distance to any distance of setting. Operating frequency range is from 0 to 3 Hz and
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operating force is 2-200 N.The loading plate and pins were sterilised in 100 per cent methyl
alcohol before each experiment.

Alginate beads or disks were cyclically (0.1 Hz, 0.33 Hz, and 1 Hz) compressed to 10 per cent,
30 per cent, and 50 per cent of original thickness. Control alginate-cell beads or disks were
left uncompressed otherwise kept in the same conditions. After compression, the beads or disks
were cultured for 24 hours and removed from culture for snap freezing

2.5 Extraction of PG

PG released in the medium was incubated with ice-cold three volumes of acetone in glass
tubes at —20°C overnight. Then samples were centrifoged at 1800 rpm for 30 minutes at 4°C
(MSE Mistral 2000R centrifuge, Sanyo, Leicester, UK).

PG in the cell layer was extracted by using GuHCl buffer; first, after the medium was

aspirated, the cell layer was rinsed twice with ice-cold PBS (free of calcium and magnesium).
Second, 2 ml of 4 M GuHCl extraction buffer containing protease inhibitors was added in the
culture dish for 24 hours with agitation at 4°C (Hascall et al 1995) (Appendix).Third, GuHCl
extracts were precipitated overnight with three volumes [v/v] ethanol at —20°C and
precipitated again with ethanol overnight for the complete removal of GuHCl buffer. Fourth,
all the samples were centrifoged at 1000 £ for 30 minutes at 4°C.

Pellets were re-suspended in proteinase K buffer for GAG assay or in deglycosylation buffer
for SDS-PAGE (Appendix).

2.6 Glycosaminoglycan assay using Dimethylmethylene blue (DMMB)

The two most common methods of assessing PG synthesis are the quantification of35S-
sulphate incorporation into PG and the DMMB assay. The DMMB assay is a quantitative dye
binding procedure. DMMB was initially used as a metachromatic histological stain (Taylor and
Jeffree 1969).The metachromatic change in DMMB, which occurs when the cationic dye
binds to sulphate groups, was adapted for the spectrophotometric determination of sulphated
GAG (Humbel 1974). The assay excludes the binding of other commonly occurring
polyanions such as hyaluronan, DNA and RNA by lowering the pH of the assay buffer and
including NaCl in the buffer (Farndale et al 1986, Handley et al 1995). It was also found that
the interference by other proteins could be eliminated by treating the sample with papain or
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proteinase K (Farndale et al 1986).The sulphated GAG-DMMB complex shows a positive
peak at 525 nm, and a negative peak at 590 nm. Hollander et al (1991) made use of this assay
with a 96-well plate using a standard ELISA plate reader and were able to quantify sulphated
GAG in large numbers of samples at the same time. The only the disadvantage of this assay is
that the sulphated GAG-DMMB dye complex is unstable and tends to precipitate, it is
therefore necessary to measure the absorption within 60 seconds.

2.6.1 DMMB assay with monolayer culture

Precipitated pellets from 1 ml pre-stimulation medium and 2 ml post-stimulation medium and
1 ml cell layer samples in GuHCl buffer were re-suspended in 100 pi of PBS containing
proteinase K (1 mg/ml), followed by incubation at 60°C for 16 hours, then boiling for 15
minutes to denature enzymes.The DMMB assays were performed in 96-well plates using an

ELISA plate reader (model MRX Dynatech Laboratories). 20 pi of sample was added to 250
pi ofDMMB stock solution (Appendix) and the optical density (OD) was immediately
measured at 490 nm.The mean OD of the blank wells was subtracted from all other wells to

construct a standard curve and read off sample values. A standard solution of CS (chondroitin
sulphate A, Sigma) was prepared at 100 pg/ml in distilled water and this stock was used to

prepare a range of standard dilutions in individual plastic tubes. A standard curve was generated
at the time of each assay using a solution of CS of a known concentration (Figure 2.2).

0.0 10.0 20.0 30.0 40.0 50.0 60.0 70.0 80.0 90.0 100.0

chondroitin sulfate A (ug/ml)

Figure 2.2 A typical Standard curve for using a known concentration of
chondroitin sulphate A (o-ioo pg/ml)
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2.6.2 DMMB assay with alginate culture

Measurement of total sulphated GAG in cell culture digests containing alginate using DMMB
is complicated by the fact that the carboxyl group of alginate binds with DMMB forming a

complex which interferes with the spectrophotometric detection of sulphated GAG-DMMB.
A sulphated group has a lower pH than that of the carboxyl group. Enobakhare et al (1996)
have shown at a pH level of 1.5, only sulphated GAG will complex with DMMB.

Preparation ofDMMB solution for alginate is as follows; 21 mg of DMMB was stirred with 5
ml of absolute ethanol and 2.0 g of sodium formate. The solution volume was then made up
to 800 ml with distilled water. Concentrated formic acid was used to adjust the pH of the
solution to 1.5. The volume of the solution was made up to 1 litre with distilled water.

The chondrocyte-alginate gels were disrupted and digested by addition of 148 pi of alginate
digestion buffer (Appendix) per bead and 2 ml per disk ofpapain buffer (Appendix)
containing 0.56 units/ml papain.The samples were incubated at 60°C for 24 hours. Alginate
gel alone was used for the standard curve and the dilution of the samples. 40 pi of papain-
digested sample was added to 250 pi of DMMB solution and the absorbance was determined
immediately at 595 nm (Enobakhare et al 1996).

2.7 Determination of DNA content of cultures using a Hoechst DNA assay

Although equal numbers of chondrocytes were seeded, it was desirable to normalise metabolic
indices by cell or DNA content. In order to assess cellular proliferation, the total content of
DNA was quantified using the bisbenzimide fluorescent dye (Hoechst 33258); a method for
determining DNA concentrations in aqueous buffers, that is not affected by contaminating
protein or RNA (Kim et al 1988). One thing to note is that the DNA assay technique does
not distinguish live and dead cells in culture.

10 pi of the proteinase K digested samples was mixed with 2 ml of Hoechst working solution
(Appendix) and evaluated in a spectrofluorometer (LS50-B Luminescence Spectrometer
Perkin Elmer) (Figure 2.3).The samples were measured at an emission wavelength of 458 nm
and an excitation wavelength of 356 nm. Disposable polymethacrylate cuvettes (Elkay Ultra-
Vn®) were purchased from Elkay products Inc, USA. A standard curve was generated at the
time of each assay using a solution of calf thymus DNA (Sigma) of a known concentration
(Figure 2.4).
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source detector

excitation
mono

at 356 rrm

emission

mono

at 458 rrm

disposal
polymethacrylate
cuvette

-2ml Hoechst

working solution

sampling

Figure 2.3 Fluorometer
Total DNA content with in the disks was measured by reaction of 10 pi of the
digest with Hoechst 33258 dye solution and fluorometry as described in DNA
assay in monolayer culture.

calf thymus DNA (fig/ml)

Figure 2.4 A typical standard curve for using a known concentration of calf
thymus DNA (o-ioo pg/ml)
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2.8 Western blotting

2.8.1 Deglycosylation of PG (aggrecan and aggrecan catabolites)

This deglycosylation step is aimed at removing both CS and KS chains from the aggrecan core

protein, generating CS and KS 'stabs' for 3-B-3, 2-B-6 and l-B-5 antibody recognition.
Furthermore the removal ofboth CS and KS is necessary to enable aggrecan metabolites to
enter SDS-PAGE gels.The dried pellet samples after precipitation were incubated with 0.01
units/ml of keratanase II (Seikagaku) in distilled water at 37°C overnight, and subsequently
with 0.1 units/ml chondroitinase ABC (Seikagaku) diluted in 0.1 M sodium acetate and 0.1
MTris/HCl (pH 7.4) at 37°C for 4 hours (Appendix).

2.8.2 Analysis of PG core protein: assessing aggrecan and decorin core protein by
sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE)

The method of SDS-PAGE in this study was modified from Laemmli (1970) using the
continuous buffer system.

The composition of the gels and buffers used in the preparation is listed in Appendix I.
Electrophoresis was performed using the electrophoresis system (Mini protean® 3 cell Bio-
Rad lab Ltd). Glass gel plates (12x10,12x9 cm), spacers, clamp assembly, casting stand and
silicone gaskets were cleaned with 70 per cent industrial methyl alcohol. Glass plate
sandwiches were assembled into the clamp and the assembly was transferred to the casting
stand. A 10-well Teflon® comb was placed in between the plates and a mark was made below
the edge of the teeth. The separating gel was prepared of appropriate acrylamide percentages
for the resolution required (6 to 12 per cent polyacrylamide solution; see Appendix) and was

poured between the glass plates and a layer of distilled water was added gently over the sitting
gel to give a smooth surface. The gel was allowed to polymerise for 30 minutes at room

temperature. The overlaid distilled water was drained off and the stacking gel was poured onto
the surface of the separating gel. The comb was inserted, ensuring that no air bubbles were

trapped.The gel was allowed to polymerise at room temperature for 15 minutes. After
removing the comb, which leaves wells for samples, the gel was fitted into an electrophoresis
tank with an electrode buffer. The samples in a total volume of 40 pi containing 1 to 10 pg
GAG mixed with four times Laemmli sample buffer (Appendix) were then denatured by
boiling for five minutes and pipetted into the wells. Electrophoresis was carried out at 75 volts
for the first 30 minutes, then at 100 volts for two hours, until the samples reached the bottom
of the separating gel. The gel was then removed from the apparatus.
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PVDF membrane (Immobilon-P Millipore PVDF filter) was soaked in 100 per cent methanol
for 15 seconds, then in distilled water for two minutes, and finally in transfer buffer
(Appendix) for 15 minutes.Two pieces of 3 mm paper (Whatman®) were placed on top of
the sponges on the cathode side of a transfer cassette. The gel was then placed on top of the
paper and the PVDF membrane placed exactly above the gel. The remaining pieces of the
paper were stacked on top of the membrane, followed by the second sponge. This transfer
cassette was then closed, placed in the transfer tank (Bio-RadTrans-Blot Cell), and run at 45
volts overnight at 4°C.

After transfer was completed, the PVDF membrane was incubated in blocking buffer (5 per
cent [w/v] BSA in PBS-T (PBS contains 0.1 per centTween-20 (BDH)) overnight at 4°C.
The membrane was washed in 25 ml PBS-T for 30 minutes with three changes at room

temperature. Subsequently, the membrane was incubated with primary antibodies overnight at
4°C.

After further washing in PBS-T, a secondary antibody (alkinephosphatase-conjugated goat
anti-rabbit IgG; Dako Cytomation, Denmark) diluted 1:2000 with the blocking buffer, or

anti-sheep (horseradish peroxidase conjugated with anti-rabbit serum, Dako Cytomation,
Denmark) diluted 1:1000 with the blocking buffer, was added to the membrane and incubated
for 2 hours at room temperature with agitation.

The proteins were finally visualised by using chemiluminescence (ECL) or ECL plus detection
kit (Amersham, UK) with the ECL detection kit, a mixture of 1 ml solution A and 1 ml of
solution B were poured onto one membrane for one minute. For the ECL plus kit was used, a

mixture of solution A: solution B was 1:40 was applied for five minutes. The solution was
drained off and the membrane was wrapped in a translucent cover. Any bubbles were
smoothed out.The film was exposed to a film as required depending on the signal and
developed by a hyperprocessor (Amersham).

2.8.3 Preparation of culture media for SDS-PAGE and Western blotting with
monoclonal antibodies to core protein epitopes (BC-3, BC-4, BC-13, BC-14) or
chondroitin sulphate stubs (3-B-3, 2-B-6, l-B-5)

The medium was incubated with three volumes of acetone in glass tubes at -20°C overnight
and the GAG content of the samples was determined using the DMMB assay. Then the
volume of sample required for deglycosylation was calculated (10 pg of GAG for a BC-3 blot,
20 pg of GAG for a BC-14 blot, 1 pg of GAG for a 3-B-3 blot, 2 pg of GAG for a 2-B-6
blot). After the deglycosylation procedure, two times sample buffer with 10 per cent

mercaptoethanol was added. The composition of the buffers used in the preparation are listed
in Appendix. Samples were electrophoresed on 4 to 12 per cent gradient gels (Invitrogen
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EC6038) in SDS at 150 V for one hour and 45 minutes. After electrophoresis the fractionated
proteins were transferred electophoretically to nitrocellulose membranes 0.2 pm pore size
(Protran BA Schleicher&Schuell Bioscience, Germany, Perkin Elmer UK, NBA083G) at 100
V for one hour on ice. Then membranes were blocked with 5 per cent (w/v) BSA inTSA
buffer, and immuno-blotted with dilutions of listed monoclonal antibodies (Appendix) in 1
per cent (w/v) BSA in TSA buffer (Appendix) overnight at room temperature. After three
washes in TSA buffer, the nitrocellulose sheets were incubated with alkaline-phosphatase-
conjugated rabbit anti-mouse Ig secondary antibody (Promega, S3721) 1:7500 in 1 per cent

(w/v) BSA inTSA buffer at room temperature for one hour and immuno-positive bands
visualised. The immuno-blots were incubated with NBT and BCIP (development substrate
Promega catalogue #3771) in AP buffer for 5 to 15 minutes at room temperature to achieve
optimum colour development (Hughes 1995).

2.9 Calculation and Statistical analysis

2.9.1 Calculation of the values of the results

The values of the results were calculated as follows;

[postGAG x 2]^ -[preGAG x 3j
[GAGsynthJ) — M.

[GAGsynth|* (pg/pg/24 hours/dish): GAG synthesis (pg) per dish in 24 hours within the
system between the time points of tl (16 hours) and t2 (40 hours) and corrected by
DNA (pg)

[pOStGAG X 2]q : GAG measured in post-medium at time point of t2 (40 hours) which
amount is 2 ml out of total 3 ml

[preGAG x 3]" : GAG measured in pre-medium at time point of tl (16 hours) which
amount is 1 ml out of total 3 ml

As GAG in pre and post-medium samples were 10 times concentrated by acetone
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precipitation, the values were divided by 10, and finally corrected by the value ofDNA (pg)
per dish, which contained 25xl04cells.

However, with personal communication with Dr Hughes (Cardiff University), it was not

necessary to treat medium samples with proteinase K as GAG chains are released to medium.
In addition, starving cells for 16 hours with serum-free medium prior to experiments
probably inhibit cells synthesizing PG.The DMMB assay was modified for the experiments
relating to section 2.8.3 as follows; serum starved cells for 30 minutes prior to experiments.
Cells were then mechanically stimulated followed by 24 hours incubation. 40 pi medium out
of the total 2 ml post-medium samples were used for DMMB assay.

The values of the results were calculated as follows;

[GAGsynth]"-^^23"50
tl

[GAGsynth]tQ (pg/pg/24 hours/dish): GAG synthesis (pg) per dish in 24 hours within the
system between the time points of tl (0 hours) and t2 (24 hours) and corrected by
DNA (pg)

tl
[postGAG]tQ 4- 25 x 50: GAG synthesis (pg/ml) in 40 pi of medium was corrected to pg/

ml, and then corrected to pg/dish/2 ml, and finally corrected by the value ofDNA
(pg) per dish, which contained 25xl04cells.

2.9.2 Statistical analysis

The mean and standard deviation (SD) were determined for each set of experiments. For
statistical comparisons, when the F-ratio of the two variances reached significance, the non-

parametric (unpaired two samples) Mann-Whitney-U test (two-tail) was used. When the ratio
did not reach significance, the parametric Students t-test was used.The Kruskal-Wallis-H-test
and the Mann-Whitney-U test with Bonferroni correction post hoc test were used for
multiple comparison tests.
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Chapter Three

The Effects of Mechanical Stimulation on Proteoglycan Synthesis
in Human Articular Chondrocytes in Monolayer Culture

Structural integrity of articular cartilage depends on (a) balance of matrix synthesis and
degradation and (b) mechanical loading. Previous studies have shown that human articular
chondrocytes from normal cartilage, but not from osteoarthritic cartilage, respond to cyclical
mechanical stimulation with an increase in aggrecan mRNA.This response is absent in OA
chondrocytes (Millward-Sadler et al 2000a, 2000b). The aim of this study is to examine the
effects of mechanical stimulation on PG synthesis in chondrocytes. To test the hypothesis of
that increased aggrecan mRNA is translated into increased aggrecan production in normal
chondrocytes, a series of GAG assay was undertaken on monolayer cultured normal
chondrocytes, which subjected to mechanical stimulation. In addition, a question of whether
chondrocytes in OA and RA joints can respond to mechanical stimulation in the same way
was tested and compared.

3.1 The influence of age, disease states, and culture period on baseline GAG
synthesis

3.1.1 Aim

Samples obtained for this study include a variety of stages of OA and RA in addition to
normal cartilage. The aim of this study in this section was to analyse the influence of age as
well as disease states and culture period on GAG synthesis.

3.1.2 Materials and Methods

Human articular knee cartilage was obtained at the time ofjoint replacement surgery from
patients with OA or RA, and from above knee amputation from patients with peripheral
vascular disease. The articular cartilage surface was assessed macroscopically (McEfligott and
Collins 1960) and microscopically (OARSI) and graded into normal, OA (I-III) or RA.
Normal chondrocytes were isolated from articular cartilage of one male (76 year old) and two
females (66 and 73 year old). OA chondrocytes were isolated from the articular cartilage of
four males with a mean age of 64.5 years (range 39-79), and six females with a mean age of
64.6 years (range 53-74). RA chondrocytes were isolated from the articular cartilage of three
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females with a mean age of 57.3 years (range 39-74). Primary chondrocytes were seeded in
monolayer at 5 x 104 cells/ml concentration. Chondrocytes were cultured to sub-confluent for
an average of 8.1 days.The culture medium (IMDM) containing 10 per cent serum (FCS) was

then replaced by serum free medium, and this was followed by 24 hours incubation at 37°C.
PGs secreted into the medium were precipitated and the quantity of GAGs was measured by
the DMMB assay. Briefly, precipitated pellets were re-suspended in 100 pi of PBS containing
proteinase K (1 mg/ml), followed by incubation at 60°C for 16 hours, then boiling for 15
minutes. 20 pi of sample was added to 250 pi of DMMB stock solution (Appendix) and the
optical density (OD) was immediately measured at 490 nm.The total content of DNA was

quantified using the bisbenzimide fluorescent dye (Hoechst 33258).

3.1.3 Results

3.1.3.1 The influence of age on baseline GAG synthesis rates

There was no significant correlation between age of patients and the amount of GAG
measured in medium.The mean age of patients was 64.6 years old (range 39-79) (Figure 3.1).
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Figure 3.1 The influence of age on GAG synthesis
Baseline GAG synthesis in medium was assayed without mechanical stimulation
(control group).The mean age was 64.6 years old. Correlation and coefficient
analysis showed no correlation between age and the amount of GAG corrected
for DNA (R2=0.0816).
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3.1.3.2 The influence of disease state on baseline GAG synthesis rates

GAG synthesis by chondrocytes from normal articular cartilage was 1.24 ± 0.56 (pg/pgDNA)
(mean ± SD), and GAG synthesis by chondrocytes from OA and RA patients were 1.10 ±
0.58 and 1.20 ± 0.70 (pg/pgDNA) respectively. Chondrocytes from OA cartilage, graded from
I to III, produced 1.40 ± 0.34 (pg/pgDNA) (OAI), 1.21 ± 0.62 (OAII).and 0.49 ± 0.36
(OAIII). OA grade III chondrocytes synthesized on average 65.0 per cent and 59.6 per cent
less GAG (corrected by DNA) than OA grade I and II chondrocytes respectively, which were

statistically significant p=0.0038 and p=0.071 respectively (Figure 3.2).

2.5 T

Normal OAI OAII OAIII RA

Figure 3.2 The influence of disease state on GAG synthesis

Baseline amounts of GAG synthesis in chondrocytes derived from articular
cartilage graded as normal, OA (I-III), and RA were assayed for 24 hours without
mechanical stimulation. Chondrocytes from OA grade III synthesized on average
65.0 per cent and 59.6 per cent less GAG (corrected by DNA) than OA grade I
and II chondrocytes, which were statistically significant p=0.0038 and p=0.071
respectively. The vertical (Y) axis represents GAG/DNA (pg/pg). normal n=4,
OAI n=6, OAII n=6, OAIII n=4, RA n=6.

3.1.3.3 The influence of the length of time in culture on PG synthesis rates

The amount of GAG was estimated at between six and 13 days after isolation and initiation of
primary chondrocytes cultures. There was no correlation between the amount of GAG and
the period cells were cultured before assay (Figure 3.3).
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Figure 3.3 The influence of the number of days in culture on GAG
synthesis
There was no correlation between the amount of GAG synthesis and the number
of days in culture in human articular chondrocytes from normal, OA, or RA.The
average culture period was 8.4 days (filled symbol). Correlation and coefficient
analysis showed no correlation between age and the amount of GAG corrected
by DNA (R2=0.0802).

3.1.4 Discussion

3.1.4.1 The influence of age on baseline GAG synthesis rates

The amount of GAG released into medium from unstimulated cultured chondrocytes was

independent of age in this study (Figure 3.1). PG synthesis rates have been previously reported
to increase with age (McElligott and Collins 1960), although a recent report contradicted this,
indicating that there was an age-related decrease in the PG synthesis of human articular
chondrocytes (DeGroot et al 1999). One can speculate that there may be alterations in
cartilage cell morphology and mechanical properties with ageing, as the development of
osteoarthritis is closely associated with age. Dozin et al (2002) investigated some metabolic
mediators (MMPs, IL-8, IL-6, nitric oxide) of human articular chondrocytes derived from
young, old and osteoarthritic subjects.The mediator activity of chondrocytes from normal
aged subjects appeared to be different from that of normal young patients, but similar to those
of osteoarthritic chondrocytes. Differences in chondrocyte response in young and aged are also
reported by Loeser et al (2000), who showed a significant age-related decline in chondrocyte
response to IGF-1.
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3.1.4.2 The influence of disease state on baseline GAG synthesis rates

My results have shown no significant difference in PG synthesis between normal and OA
(grade I and II), or normal and RA chondrocytes, except only the end stage OA chondrocytes
(OA grade III) decreased PG synthesis on average 60.45 per cent compared to normal
chondrocytes, and also showed a statistically significant decrease in GAG synthesis compared to
OA grade I and II chondrocytes.This may be due to the following reasons.

First, the pathological cartilage changes in knee OA are often focal and heterogeneous. It is
technically difficult to divide cartilage samples with macroscopic gradings from 0 to IV from
OA cartilage. It is possible that samples obtained remained still heterogeneous. In addition,
cartilage was not isolated separately from the superficial, middle and deep layers. When
undertaking comparative studies of normal and osteoarthritic cartilage, Schneiderman et al
(1986) warned that cartilage from all areas of a normal joint should not be included because
the superior surface of the cartilage in an osteoarthritic joint has usually been worn away. PG
synthesis rates have been shown to differ in different cartilage zones (Lafeber et al 1992a,
1992b).They demonstrated that PG synthesis rates in chondrocytes located in the superficial
layer of normal cartilage were higher than those from cartilage derived from OA after being
cultured for four days.

Second, there are technical drawbacks to the use of chondrocytes in monolayer cell cultures.
We cultured chondrocytes on average for eight days up to 12 days. It was demonstrated that
disease-related increases in synthesis in cartilage explants were lost after three to four days in
culture. During culture, a transition from higher to lower PG synthesis rates was observed in
OA cartilage when compared with normal cartilage (Lafeber et al 1992b,Venn et al 1995).
This would suggest that it is unlikely that isolated chondrocytes, cultured for varying periods
up to 12 days, would maintain any disease or age-related metabolic differences. Chondrocytes
in monolayer culture have a completely different cell morphology; chondrocytes in monolayer
culture are polygonal, whereas chondrocytes in cartilage are spherical. The different shape of
chondrocytes in monolayer culture is known to influence their metabolism. In addition, we

used a relatively low cell density (5x104 cells/ml) compared to that used by Bulstra et al (1989)
who used a high-density culture (2x105 cells/ml) to maintain the characteristic phenotype of
the chondrocytes in vitro.

However, the cells used in this study were in primary culture within 12 days of isolation, and
expressed keratan sulphate, one of the marker of differentiated chondrocyte function
(Jobanputra et al 1992). Chondrocyte phenotypic expression ofaggrecan and type II collagen
may remain unchanged for one to two weeks, although a marker dedifferentiation type I
collagen mRNA was detectable in monolayer culture after four days (Zaucke et al 2001).
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Loeser et al (1995) discussed about chondrocyte dedifferentiation in monolayer culture; cells
retained a chondrocyte phenotype after 7 to 10 days of culture. In addition, they did not note

type I collagen expression until day 14 of culture (Loeser 1993). Pruzanski et al (1995) showed
that OA human articular chondrocytes synthesize secretory non-pancreatic phospholipase A2
(sPLA2), a known inducer and promoter of the inflammatory process in the joints, up to a

maximum of 60 days in monolayer culture. This activity was the same as in alginate beads
three-dimensional cultures. The exact time course of the dedifferentiation of human

chondrocytes in monolayer culture, especially of the osteoarthritic phenotype, is still largely
unknown.

Third, we need to take into account the fact that our samples are almost all from knee joints,
obtained at the time ofjoint replacement surgery. These are likely to be of advanced (end-
stage) OA, although cartilage obtained was usually macroscopically and microscopically a
mixture of early and late stages of OA. Samples of early stage osteoarthritic chondrocytes are
not easy to obtain at the time ofjoint replacement surgery. The early stage of osteoarthritic
cartilage tends to be found on the non-weight bearing lateral femoral condyle side, whereas
the advanced OA cartilage is often seen on the weight bearing medial tibial plateau. In this
study, grading OA cartilage is liable to sampling according to topographic differences,
comparing weight-bearing region and non-weight-bearing regions, within the joint.The
cartilage areas subjected to high contact stresses such as medial tibial side were found to

contain more PG but incorporated less 35S04 per pgDNA than low stress area (such as

femoral side) (Little et al 1997).This topographically dependent chondrocyte biosynthetic
expression was observed in vitro culture (Little et al 1997). Ideally we need to take normal and
osteoarthritic grade I to III cartilage samples from the same distinct joint regions for
comparison.

One thing to note is that the DNA assays do not distinguish live from dead cells in culture.
The decreased PG synthesis in OA grade III chondrocytes could be due to higher cell
apoptosis rates for advanced OA chondrocytes compared to normal or other grades (Todd
Allen et al 2004). All the chondrocytes showed greater than 95 per cent viability as measured
by trypan blue exclusion when the cells were seeded. In order to eliminate cell death during
the culture, one would need to test cell viability trypan blue assay on the seventh or eighth
culture day.

The amounts of GAG, synthesised by unstimulated chondrocytes derived from RA knee
joints, were also not significantly different from normal chondrocytes.This is surprising
because the cartilage in knee joints obtained by surgery from patients with RA is usually
thinner than even OA grade III cartilage (Figure 1.4). Chondrocytes in residual cartilage in
RA joints may be functioning more than chondrocytes in OA grade III cartilage. Woolley and
Tetlow (1997) observed the hyperplastic and hypertrophic outgrowth of chondrocytes from
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cartilage in a minority ofRA specimens. In addition, histological studies suggest that both
erosive and reparative processes were occurring at different sites within the same specimen
(Woolley andTetlow 1997).

PG synthesis rates have been previously reported to increase in OA (Brand et al 1991). In
particular, enhanced PG production in OA joints has been repeatedly demonstrated
(McElligott and Collins 1960, Ehrlich and Mankin 1980, Bollet 1967). Increased sulphate
incorporation with PG's is up to twice that of normal cartilage.This increase was found to be
proportional to the severity of the disease and it is highly significant in moderate OA with a

sharp fall off in severe OA (Mankin et al 1971). Although most of the studies which have
examined the relationship between PG synthesis and disease have used cartilage explants,
isolated human articular chondrocytes derived from OA cartilage have also shown that the rate
of 35S04 uptake increased with the severity of the disease. Only chondrocytes isolated from
the severest grades of OA showed a depressed synthesis (Bulstra et al 1989,Teshima et al 1983).

The increases in PG synthesis in human OA knee cartilage were reported from the middle
and the deep zones. Cells in the superficial zone show increased proliferation and decreased
PG synthesis, compared with chondrocytes from the deep layer (Schneiderman et al 1986,
Lafeber et al 1992a, 1992b, Aigner and Dudhia 1997). Proliferation of chondrocytes in OA
superficial cartilage zone in early OA is often seen in clusters suggesting the abnormal
development of cells (Hulth et al 1972,Telhag 1972).

The activity ofPG synthesis in OA chondrocytes is still controversial. It may be the same or
lower than normal. Some studies have found it unchanged or even decreased in OA cartilage.
Byers et al (1977) concluded that sulphate incorporation did not increase in cartilage from
osteoarthritic hip joints, as compared with normal cartilage on a total tissue basis. Mackenzie
et al (1977) also showed that comparable rates ofsulphated GAG synthesis exist in
osteoarthritic and normal cartilage from subjects in the same age range. Maroudas andVenn
(1980) suggested that when dry weight basis analysis is used there is no difference between the
sulphate uptake of OA cartilage as compared with normal, throughout its depth (Maroudas
and Evans 1974). Bollet and Nance (1966) did not find increased sulphate uptake, but only
increased turnover of chondroitin sulphate in the osteoarthritic regions.

Absolute PG synthesis varied widely in control samples of unstimulated cells. This may have
been the result of number of factors such as the length of time in culture, the length of time
after the operation before cartilage removal, age, disease state, as well as the possible influence
of other unrelated diseases. This variability makes data analysis difficult, especially when
number of samples (n) is unavoidably small due to limited tissue availability.
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3.1.4.3 The influence of the length of time in culture on PG synthesis rates

There was no correlation between GAG synthesis rates and the number of days in culture of
human articular chondrocytes, whether from normal, OA, or RA.The range of PG synthesis
assayed in chondrocytes from separate human cartilage samples, after being in culture for the
same number of days, was very wide, especially in the case of longer culture periods. PG
synthesis in cells from one individual need to be followed over a 0 to 14 day period in culture.

3.2 The effects of mechanical stimulation on GAG synthesis

Human articular chondrocytes from normal, but not from OA chondrocytes, respond to

cyclical mechanical stimulation with an increase in aggrecan mRNA (Millward-Sadler 2000a,
2000b).The aim of this study was to examine the effects of mechanical stimulation on GAG
production by chondrocytes from normal, OA, and RA articular cartilage.

3.2.1 The effects of mechanical stimulation on GAG synthesis in human articular
chondrocytes derived from normal cartilage

3.2.1.1 Aim

The aim of the study in this section was to test the hypothesis of that increased aggrecan
mRNA is translated into increased aggrecan production in normal chondrocytes in monolayer,
which subjected to mechanical stimulation.

3.2.1.2 Materials and Methods

Human articular knee cartilage was obtained at the time ofjoint replacement surgery from
patients with OA (three cases), and from above knee amputation from a patient with
peripheral vascular disease (one case) (Appendix), from one male (76 year old) and two
females (66 and 73 year old).The articular cartilage surface was assessed macroscopically
(McElligott and Collins 1960) (Appendix) and microscopically (OARSI) and graded as normal.
To confirm whether chondrocytes in osteoarthritic cartilage are normal cells or

phenotypically different from normal, cells were distinguished using the hyperpolarization
response. Since OA cells showed a depolarization response to the same mechanical stimulation,
hyperpolarized cells were considered as normal. Primary chondrocytes were seeded in
monolayer at 5 x 104 cells/ml concentration. Chondrocytes were cultured to sub-confluent for
an average of 10.5 days.The culture medium (IMDM) containing 10 per cent serum (FCS)
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was then replaced by serum free medium, and cells were subjected to short-time (20 minutes)
cyclic (0.33 Hz) mechanical stimulation of 4000p strain.This was followed by 24 hours
incubation at 37°C. PGs secreted into the medium were precipitated and the quantity of
GAGs was measured by the DMMB assay. The total content of DNA was quantified using the
bisbenzimide fluorescent dye (Hoechst 33258).

3.2.1.3 Results

Cultured primary chondrocytes isolated from normal cartilage, when exposed to mechanical
stimulation, showed a significant increase by 113 per cent (*p=0.045) in GAG synthesis
compared to unstimulated controls (Figure 3.4).
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Figure 3.4 The effects of mechanical stimulation on GAG synthesis in
human articular chondrocytes derived from normal cartilage
Cells subjected to mechanical stimulation of 4000p strain at 0.33 Hz for 20
minutes, followed by 24 hours incubation at 37°C.There were significant
increases in GAG release into medium following mechanical stimulation (mean ±
SD: 1.24 ± 0.57 pgGAG/pgDNA compared with non-stimulated controls: 2.80
±1.1 pgGAG/pgDNA) (n=4) (*p=0.045)(Right). Mechanical stimulation
increased GAG synthesis consistently compared to paired controls (CT:
chondrocytes from same cartilage sample without mechanical stimulation)(Left).
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3.2.1.4 Discussion

The results in this study demonstrate that mechanical stimulation modifies the metabolism of
adult human articular chondrocytes derived from normal cartilage in monolayer culture. GAG
production from normal stimulated human chondrocytes increased significantly compared to

paired unstimulated chondrocytes.This means that human articular chondrocytes, derived
from normal cartilage, responded to mechanical stimulation and as a result GAG synthesis was
stimulated. Smith et al (1995) showed a two-fold increase in GAG synthesis measured by
35S04 incorporation rates using human articular chondrocytes derived from non-arthritic
joints cultured in high-density monolayer with fluid induced stress. Lammi et al (1994) also
showed a frequency-dependent stimulation of 35S04 sulphate incorporation of PG by cyclic
pressures (0.5 Hz).

Studies have previously demonstrated that chondrocytes extracted from the normal articular
cartilage of human knee joints show a reproducible membrane hyperpolarization response,

protein tyrosine phosphorylation, an increase in relative levels of aggrecan mRNA and a
decrease in relative levels of MMP-3 mRNA due to 0.33 Hz mechanical stimulation (Salter et
al 2002).These cellular events occur very rapidly after stimulation e.g. tyrosine
phosphorylation in one minute, and an elevation of aggrecan mRNA within one hour. We
postulated that anabolic protein synthesis would follow mechanical signalling and mRNA
production.This was confirmed by the observation that after 24 hours of mechanical
stimulation, GAG synthesis was markedly elevated. Increased PG synthesis following
mechanical stimulation was previously shown by increases in 35S04 incorporation (Bavington
et al 1996). Changes in GAG synthesis may occur as a result of mechanical stimulation with a
maximum response at a frequency of 0.33 Hz.

The system employed in this study, cyclic gas pressurization, causes changes in p strain on the
base of the culture dish. Mechanical stimulation of 4000p strain (0.039 MPa, 30 mmHg)
results in deformation of approximately 0.4 per cent of the base of the dish. This is associated
with a plasma membrane deformation of cells because chondrocytes are attached to the base
of the dish (Wright et al 1996). DeWitt et al (1984) and Lee et al (1982) have shown
increased PG synthesis of 110 per cent and 40 per cent in cultured chondrocytes stimulated by
cyclical stretch with a cell deformation of 10 per cent and 5.5 per cent respectively.The level
of stimulation used in this study is far less than theirs. In addition, contact pressures in cartilage
in vivo can be up to approximately 20 MPa. When walking the pressure cycle is between 3 to 4
MPa (Urban 1994) with average compression amplitudes of over 13 per cent (Wright et al
1996). In vitro, chondrocytes produce a cartilaginous matrix under cyclic hydrostatic stress of
approximately 3 MPa, and in vivo, chondrocytes produce a cartilaginous matrix under a

compressive hydrostatic stress of 2 MPa (Tagil et al 1999). However chondrocytes can respond
to strains as low as 0.006 MPa compressive and tensile stimuli (Wright et al 1996). Isolated
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chondrocytes may sense stimuli differendy without their extra-cellular matrix and substrate
stiffness may influence that. To seed cells on a flexible substrate and apply defined cyclic strain
to it can be easily controlled, but the actual forces acting on individual cells are difficult to
measure because the substrate is much stiffer than the cells (Chiquet et al 1999).We have not
made an exact measurement of the strain transmitted to the adherent cells, but when

chondrocytes attached to pyrex glass petri dishes, whose degree of deformation is much less
than that of plastic culture dishes, the cell response to pressure disappeared (Wright et al 1996).

Mechanical stimulation influences cells to produce PG in different steps in different ways. The
translation of PG core protein takes approximately 120 minutes and post-translational steps,

including GAG chain elongation and sulphation, take a further 15 minutes in chondrosarcoma
cell line (Fellini et al 1984). Mechanical stimulation may act to stimulate PG synthesis in the
short term by provoking translational or post-translational steps, or increasing gene expression.
We have examined aggrecan mRNA expression in relation to 0.33 Hz of mechanical
stimulation of human normal articular chondrocytes by semi-quantitative RT-PCR and
showed that aggrecan mRNA levels increased within one hour of stimulation, with a return to
baseline level within 24 hours (Millward-Sadler et al 2000a, 2000b). In these experiments, the
stimulation period was 20 minutes, a relatively short observation period compared to those
reported previously, e.g. one and a half hours (Parkkinen et al 1992), six hours (Bavington et al
1996), and eight hours (Liu et al 2001). However, a short application of the load can alter
chondrocyte activity for many hours and acute events can initiate long-term responses. For
example, five minutes at a very low pressure, applied every 27 hours, stimulates an increase in
sulphate incorporation into mandibular chondrocytes by 40-60 per cent (Urban 1994).

3.2.2 The effects of mechanical stimulation on GAG synthesis in human articular
chondrocytes derived from cartilage of patients with OA

3.2.2.1 Aim

The aim of this study in this section was to examine the effects of mechanical stimulation on
GAG production by chondrocytes from OA articular cartilage.

3.2.2.2 Materials and Methods

Human articular knee cartilage was obtained at the time ofjoint replacement surgery from
patients with OA. The articular cartilage surface was assessed macroscopically (McElligott and
Colhns 1960) and microscopically (OARSI) and graded into OA I to III. OA chondrocytes
were isolated from the articular cartilage of four males with a mean age of 64.5 years (range
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39-79), and six females with a mean age of 64.6 years (range 53-74). Primary chondrocytes
were seeded in monolayer at 5 x 104 cells/ml concentration. Chondrocytes were cultured to
sub-confluent for an average of 8.0 days.The culture medium (IMDM) containing 10 per cent
serum (FCS) was then replaced by serum free medium, and cells were subjected to short-time
(20 minutes) cyclic (0.1 Hz, 0.33 Hz, 1 Hz) mechanical stimulation of 4000p strain or 32000p
strain. This was followed by 24 hours incubation at 37°C. PGs secreted into the medium were

precipitated and the quantity of GAGs was measured by the DMMB assay. The total content
ofDNA was quantified using the bisbenzimide fluorescent dye (Hoechst 33258).

3.2.2.3 Results

OA chondrocytes culture in monolayer exposed to cyclical mechanical stimulation of 4000p
strain at 0.33 Hz for 20 minutes followed by 24 hours incubation at 37°C showed no

significant changes in GAG synthesis when compared to paired controls of all grades of OA
(Figure 3.5). OA grade III chondrocytes synthesized significantly less GAG (#p<0.05) than
OA grade I or II chondrocytes.

OA chondrocytes were also subjected to mechanical stimulation at different frequencies and to

greater strain. Two different frequencies of mechanical stimulation regime and one of much
higher pressure induced strain (eight times more) were chosen; namely 4000p strain at 0.1 Hz,
4000p strain at 1 Hz, and 32000p. strain at 0.33 Hz.The amount of GAG detected in medium
was not different at these frequencies or higher strain (Figure 3.6).

3.2.2.4 Discussion

Articular chondrocytes derived from the cartilage of patients with OA, exposed to mechanical
stimulation, showed no significant change in GAG synthesis compared to paired controls. Cells
retain their in vivo abnormal metabolic characteristics, or at least they do not respond to
mechanical stimulation. As a result, GAG synthesis did not change following stimulation.There
were changes in expression of surface receptors for ECM molecules in OA cartilage
(Ostergaard et al 1998) and there are a lot of evidence of altered cellular responses to
mechanical stimulation in chondrocytes derived from osteoarthritic cartilage, such as
differences in membrane electro-physiological response, gene expression of aggrecan and
MMP-3, and cytokine autocrine and paracrine signalling (Millward-Sadler and Salter 2004).
In particular, there was up-regulation of aggrecan mRNA levels and down-regulation of
MMP-3 in normal chondrocytes following mechanical stimulation. This was dependent on

release of IL-4. In contrast OA chondrocytes released IL-ip and there was no change in
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Figure 3.5 The effects of mechanical stimulation on GAG synthesis in
human articular chondrocytes derived from cartilage of patients with
OA

OA chondrocytes culture in monolayer exposed to cyclical mechanical
stimulation of 4000p strain at 0.33 Hz for 20 minutes followed by 24 hours
incubation at 37°C showed no significant changes in GAG synthesis when
compared to paired controls of all grades of OA. OA grade I n=6, OA grade II
n=6, OA grade III n=4. Mechanical stimulation did not show consistent effects
on chondrocytes compared to paired controls (same cartilage sample number
without mechanical stimulation).
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Figure 3.6 The effects of different mechanical stimulation on GAG
synthesis in human articular chondrocytes derived from the cartilage of
patients with OA

OA chondrocytes (mixed grade I-III) were subjected to different regimes of
mechanical stimulation; 0.33 Hz at 32000p strain (32000), 0.1 Hz at 4000p strain
(0.1 Hz), and 1 Hz at 4000p strain (1 Hz) in addition to 0.33 Hz at 4000p strain
(0.3 Hz) followed by 24-hour incubation. The amount of GAG detected in
medium was not different at these frequencies or higher strain when compared to
controls (not stimulated, CT) (n=3).

aggrecan or MMP-3 mRNA in response to mechanical strain (Millward-Sadler et al 2000a,
2000b).

Because chondrocytes isolated from cartilage from patients with OA did not respond to 0.33
Hz of 4000p strain cyclical mechanical stimulation, although this induced increased GAG
synthesis in normal chondrocytes, I have done some additional experiments. Chondrocytes
from OA cartilage were stimulated with eight times more strain (32000p strain), and the same

4000p strain with different frequencies of 0.1 Hz and 1 Hz. Again the results were that GAG
synthesis in OA chondrocytes was not altered. As a previous report has shown (Wright et al
1992), cell response to different mechanical stimuli is variable and the dose response curve of
osteoarthritic chondrocytes needs to be systematically measured. Cyclic loading can stimulate
synthesis, but the response varies with loading frequency. At frequencies approaching those of
the normal walking cycle (more than 0.1 Hz) synthesis rates were stimulated by around 30 to
50 per cent, while at low frequencies synthesis was inhibited (Urban 1994, Kim et al 1994).
Different frequencies stimulate PG synthesis in cartilage, at directly compressed or

uncompressed sites, within the same tissue (Parkkinen et al 1992). A frequency of 1 Hz tended
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to increase the bone ingrowth, whereas 0.17 Hz caused a marked decrease in bone formation
and induced cartilage production (Tagil et al 1999). In addition, it is reported that the zones
and sites of articular cartilage differ in their response to joint loading in uivo. The superficial
parts of the cartilage were sensitive to inhibition following excess pressure.

The altered response to mechanical stimulation may be an example ofphenotypic difference
between normal and OA chondrocytes. One hypothesis of the pathogenic event in OA could
be that it is related to these changes in chondrocytes biosynthesis activity. An altered response
of PG synthesis to mechanical loading can be seen from the early stage OA and beyond. By
altering the distribution of mechanical loading across the joint by menisectomy, a disturbance
in the metabolism of cartilage PG was provoked after six months (Little et al 1996).Teshima et
al (1983) found abnormally high 35S04 incorporation in isolated osteoarthritic chondrocytes
compared to normal. Litde et al (1997) suggest that the changes in chondrocytes activities are

environmentally induced rather than genotypic by comparing the same joint regions of
neonatal sheep that had not borne weight, and skeletally mature.

Much osteoarthritis research has been directed to exploring whether OA is due largely to a
failure of anabolic activity of OA chondrocytes, or due mainly to over-activation of cartilage
catabolism by biochemical factors (Aigner 2004). However, in recent years there has been
more research into the molecular and genetic phenotypes of chondrocytes that determine the
homeostasis of extra-cellular matrix (Aigner 2004). Chondrocytes in OA cartilage showed
significant phenotypic differences in matrix production, including aggrecan, from those in
normal cartilage in an in situ analysis on the single cell level (Aigner and Dudhia 1997). In this
report, the authors suggested three steps in the OA cartilage destruction process; (1) an
increase of collagen type II and aggrecan synthesis, (2) modulation of the chondrocyte
phenotype with the expression ofatypical gene products such as collagen type III, (3)
suppression of aggrecan core protein and collagen type II mRNA expression (Figure 3.7).

As the results have shown, anabolic activity in chondrocytes is low in our specimens and they
did not response to mechanical stimulation.The results are consistent with the hypothesis that
chondrocytes may change their phenotype. Thus there is a possibility that mechanical
stimulation may work only to damage the collagen network, promoting its destruction and
thereby further loss of PG.
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Figure 3.7 schematic representation of the three steps of cellular events
in OA cartilage degeneration (hypothesis)
(1) cellular activation of chondrocytes, (2) modulation of the cellular phenotype,
(3) suppression of anabolic activity. Adapted from Aigner and Dudhia (1997).

Further reports suggest that chondrocytes isolated from normal and OA cartilage behave
differently. Tardif et al (1996) and Loeser et al (2000) demonstrated that, in contrast to normal
chondrocytes, human osteoarthritic chondrocytes were hypo-responsive to stimulation by
IGF-l.Trickey et al (2000) showed significant differences in cell mechanical (visco-elastic)
properties in chondrocytes isolated from macroscopically normal and osteoarthritic human
cartilage. The results in our study support the idea that there are fundamental differences
between the expression of genes and molecular phenotypes ofnormal and OA chondrocytes
that determine the homeostasis of cartilage matrix. In future research, it will be important to

mechanical
stress
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further characterise the 'osteoarthritic' cellular phenotype, and to find additional markers to
monitor the cellular processes.

3.2.3 The effects of mechanical stimulation on GAG synthesis in human articular
chondrocytes derived from cartilage of patients with RA

3.2.3.1 Aim

The aim of this study in this section was to examine the effects of mechanical stimulation on
GAG production by chondrocytes from RA articular cartilage.

3.2.3.2 Materials and Methods

Human articular knee cartilage was obtained at the time ofjoint replacement surgery from
patients with RA of one male (37 years old), and six females with a mean age of 62.4 years

(range 55-68). Primary chondrocytes were seeded in monolayer at 5 x 104 cells/ml
concentration. Chondrocytes were cultured to sub-confluent for an average of 8.2 days.The
culture medium (IMDM) containing 10 per cent serum (FCS) was then replaced by serum
free medium, and cells were subjected to short-time (20 minutes) cyclic (0.33 Hz) mechanical
stimulation of 4000p strain. This was followed by 24 hours incubation at 37°C. PGs secreted
into the medium were precipitated and the quantity of GAGs was measured by the DMMB
assay. The total content of DNA was quantified using the bisbenzimide fluorescent dye
(Hoechst 33258).

3.2.3.3 Results

Chondrocytes derived from the cartilage ofpatients with RA were subjected to cyclical
mechanical stimulation of 4000p strain at 0.33 Hz for 20 minutes followed by 24 hours
incubation at 37°C.The result showed no significant change in GAG secretion in the medium
compared to paired controls (Figure 3.8).
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Figure 3.8 The effects of mechanical stimulation on GAG synthesis in
human articular chondrocytes derived from cartilage of patients with
RA

Chondrocytes derived from the cartilage of patients with RA were subjected to
cyclical mechanical stimulation of 4000p strain at 0.33 Hz for 20 minutes
followed by 24 hours incubation at 37°C.The result showed no significant
change in GAG excretion in the medium compared to paired controls (not
stimulated) (n=6).

3.2.3.4 Discussion

The results showed that chondrocytes, isolated from the articular cartilage of patients with RA
exposed to mechanical stimulation, did not demonstrate any significant change in GAG
synthesis, compared to paired controls. Little is known as to the effect of mechanical
stimulation in chondrocytes in cartilage obtained from patients with RA, or of the role of
mechanical stimulation in the regulation of pro-inflammatory cytokines. No studies have been
made to test the effect of mechanical loading and unloading on human articular chondrocytes
from RA cartilage. Recently mechanical loading of RA synovial cells has been shown to
down regulate MMP-13 genes (Type II collagen proteinase) while unloading is followed by
up regulation (Sun andYokota 2001). Xu et al (2000) have suggested the possibility of treating
arthritic joints by cyclic tensile strain, which acts as an antagonist of IL-1(3 actions in vitro. The
x-rays of hands ofpatients with rheumatoid arthritis showed greater joint destruction in the
dominant hand. Owsianik et al (1980) recorded this difference using a radiological assessment.
The small hand joints are not weight bearing. It is likely that daily use leads to joint
destruction in RA joints. Our results suggest impaired anabolic response to mechanical
stimulation in RA joints.
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There were no statistical differences in GAG production between chondrocytes from OA and
RA after mechanical stimulation. This suggests that differences between these pathological
joint conditions are not related to the ability of chondrocytes to produce PG in response to
mechanical stimulation. Pulsatelli et al (1999) showed that chondrocytes isolated from articular
cartilage in patients with RA did not produce more chemokines, such as IL-8, than OA or

post-traumatic patients. However, cells from diseased tissue in RA may have different
sensitivities to IL— 1 (3 andTNF-a.We have found no differences between chondrocytes
isolated from RA and OA joints except that OA III chondrocytes produce significantly less
GAG. However, chondrocytes from RA joints have clearly lost the ability to respond to
mechanical stimulation in our system. We can only speculate that the abnormal environment
surrounding chondrocytes in RA joints may alter the chondrocyte phenotype, probably in a
similar way to OA chondrocytes in terms of the response to mechanical stimulation.

3.2.4 The effects of mechanical stimulation on cell-associated GAG synthesis in
human articular chondrocytes derived from normal, OA, and RA cartilage

3.2.4.1 Aim

Half of the PGs synthesized by the cells spend less than 24 hours in the cell-associated matrix
before moving into the inter-territorial matrix (Hassell et al 1986). Biosynthesis and
Catabolism of PG is not well understood. The aim in this study in this section was to analyse
the effects of mechanical stimulation on GAG synthesis which retained in cell-associated
matrix.

3.2.4.2 Materials and Methods

Human articular knee cartilage was obtained at the time ofjoint replacement surgery from
patients with OA or RA, and from above knee amputation from patients with peripheral
vascular disease. The articular cartilage surface was assessed macroscopically (McElligott and
Collins 1960) and microscopically (OARSI) and graded into normal, OA (grade I to III) or
RA. Normal chondrocytes were isolated from articular cartilage of two male (76 and 39 years

old) and one females (69 years old). OA chondrocytes were isolated from the articular cartilage
of four males with a mean age of 65.7 years (range 57-71), and two females (57 and 76 years

old). RA chondrocytes were isolated from the articular cartilage of three females with a mean

age of 51.6 years (range 37-63). Chondrocytes derived from normal cartilage, OA cartilage
and RA cartilage were subjected to cyclical mechanical stimulation of 4000p strain at 0.33 Hz
for 20 minutes followed by 24 hours incubation at 37°C.The cell-associated GAG was

extracted from the cells in monolayer culture using guanidium hydrochloride (GuHCl)
extraction buffer. GuHCl extracts were precipitated overnight with three volumes [v/v]
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ethanol at -20°C and precipitated again with ethanol overnight for the complete removal of
GuHCl buffer. Fourth, all the samples were centrifiiged at 1000 g for 30 minutes at 4°C.
Pellets were re-suspended in proteinase K buffer for DMMB assay.

3.2.4.3 Results

The result showed no significant change in cell-associated GAG synthesis after mechanical
stimulation compared to paired unstimulated controls (Figure 3.9).

□ CT
SMS

normal OAI oah OAm ra

Figure 3.9 Effect of mechanical stimulation on the cell-associated GAG
synthesis
Mechanical stimulation (MS) did not alter cell-associated GAG synthesis
compared to paired controls (CT).Values are given as the mean ± SD. (normal
n=3, OAI n=2, OAII n=2, OAIII n=2, RA n=3)

3.2.4.4 Discussion

The results show no significant change in cell-associated GAG after mechanical stimulation,
compared to paired unstimulated controls. Smith et al (1995) have shown that the cell-
associated GAG accounted to only 5 per cent of the total of newly synthesized GAG present
in the medium fraction in human articular chondrocyte monolayer cultures. Fluid shear stress
did not alter the distribution of GAG in the medium fraction, or the cell-associated fraction,
measured by sulphate incorporation. In our system, the total amount of GAG in the cell-
associated matrix was around 60 to 70 per cent of the total amount of GAG released in
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medium (Fig 3.9).This is because the chondrocytes were cultured on average for eight days
and the cell-associated matrix accumulated during this pre-experimental period. This
accumulation may mask the effects of mechanical stimulation, and it may not be appropriate
to use the cell-associated fraction when comparing the amount of GAG before and after
mechanical stimulation. It did not, however, demonstrated that mechanical stimulation did not

alter the distribution of GAG from the cell-associated fraction to the medium fraction.

3.3 Summary

The chondrocytes were exposed to cyclical mechanical stimulation in an apparatus that
functioned to produce a strain on the base of the culture dishes with attached cells in
monolayer. Following 20 minute 4000p strain cyclical mechanical stimulation at 0.33 Hz, the
GAG synthesis of chondrocytes from normal cartilage (measured by the DMMB assay,
corrected by DNA) increased significantly compared to unstimulated controls.

Cyclical mechanical stimulation applied to articular chondrocytes from patients with OA and
RA in monolayer culture did not show any significant change in GAG synthesis, measured by
the DMMB assay. Chondrocytes from OA grade III synthesized on average 65.0 per cent and
59.6 per cent less GAG (corrected by DNA) than OA grade I and II chondrocytes, which
were statistically significant (p=0.0038 and p=0.071 respectively). Chondrocytes from OA
cartilage were stimulated with eight times more strain (32000p strain), and the same 4000p
strain with different frequencies of0.1 Hz and 1 Hz. Again the results were that GAG
synthesis in OA chondrocytes was not altered.

Cyclical mechanical stimulation did not alter the amount of GAG in cell-associated matrix in
chondrocyte monolayer culture from normal, OA and RA cartilage.
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Chapter Four

The Role of (X5 Integrin, <XVP5 Integrin and Integrin Associated
Protein CD47 in Responses to Mechanical Stimulation in
Human Articular Chondrocytes in Monolayer Culture

Cell-matrix interactions mediated by integrins are important in the regulation of chondrocyte
function and development. A series of experiments have been undertaken to establish whether
a5 integrins, aV|35 integrins and the integrin associated protein CD47 are involved in
chondrocyte mechano-transduction following cyclical mechanical stimulation of 0.33 Hz (two
seconds on, one second off), 4000p strain.These integrins were chosen because (1) studies
have shown that a5 integrin, aV(35 integrin, and CD47 are expressed in cartilage (Salter et al
1992, Orazizadeh 2004), (2) to test a5 integrin involvement in mechano-transduction
pathway as a part ofa5(3l complex, (3) to test CD47 involvement in a5(3l integrin mediated
chondrocyte mechano-transduction as indicated by a study of Orazizadeh 2004, (3) to

compare classical mechano-transduction mediator a5(3l (e.g. fibronectin receptor) with other
integrin such as aVp5 (e.g. vitronectin receptor).

4.1 The effects of anti-integrin antibodies on GAG synthesis in response to
cyclical mechanical stimulation in human articular chondrocytes derived
from normal cartilage

4.1.1 Aim

The aim of the study in this section was to test the hypothesis of that increased GAG synthesis
is mediated by a5pi integrin in normal chondrocytes, which subjected to mechanical
stimulation. Moreover, the involvement of aVP5 integrin and CD47 in chondrocyte
mechano-transduction was tested.

4.1.2 Materials and Methods

The articular cartilage surface was assessed and graded macroscopically for the presence or
absence of OA and the severity of OA using the OA grading system of McEUigott and Collins
(1960). Cartilage was also assessed microscopically following safranin O and Hematoxylin-
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and-eosin staining. Histological grading was undertaken using the OARSI Osteoarthritis
Cartilage Histopathology Grade Assessment (OARSI).

Human articular knee cartilage of normal appearance was obtained at the time ofjoint
replacement surgery from patients with OA (one 76 year old male and two females of 66 and
73 year old), and from above knee amputation from a patient with peripheral vascular disease
76 year old male). Primary chondrocytes were studied in non-confluent monolayer culture.
Cells were seeded at 25xl04 into dishes and cultured on average for 10.5 days. Cells were

maintained in serum free medium for 16 hours prior to mechanical stimulation at 0.33 Hz
4000p strain for 20 minutes, and this was followed by 24 hours incubation at 37°C.
Experiments were repeated using single dishes of human articular chondrocytes derived from
at least four adult donors.

Function blocking monoclonal antibodies to a5 integrin (P1D6 MAB1956, Chemicon
International), aV|35 integrin (P1F6 MAB1961, Chemicon International) and CD47 (Brie
126, IBGRL Research) at a concentration of 1 pg/ml, were incubated with chondrocytes
cultured in monolayer at 37 °C for 30 minutes, prior to 0.33 Hz 4000p strain mechanical
stimulation for 20 minutes. GAG synthesis was measured after 24 hours incubation, using the
methods for assay of DMMB and DNA in described in Chapter Two. Details of results were
calculated as in Chapter Two. Details of results of individual DMMB and DNA assays and
calculated values are shown in tables (Appendix).

4.1.3 Results

Microscopic grading (OARSI) showed a close relation to the macroscopic grading of OA
cartilage (Appendix). Cartilage graded as macroscopically normal was confirmed as

microscopically normal cartilage except in cells from two cases (14013 and DS088C) showed
very early OA (grading 1, stage 1, score 1). Cells from these two cases were, however,
categorised as normal chondrocytes as their electro-physiological responses following 0.33 Hz
cyclical mechanical stimulation was one of hyperpolarization.

In normal chondrocytes there were significant increases in GAG synthesis following
mechanical stimulation at 0.33 Hz, 4000p strain (mean ± SD: 2.63 ± 0.84 pgGAG/pgDNA/
24 hours compared with non-stimulated controls: 1.40 ± 0.89 (fP=0.046) in the presence of
non-specific control antibody of mouse IgG (Figure 4.1). However, in the presence of
antibodies to a5 integrin, aV(l5 integrin, and CD47, the accelerated GAG synthesis response
was blocked completely, showing no difference between control chondrocytes and
mechanically-stimulated chondrocytes (Figure 4.1). Incubation with mouse IgG and
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antibodies to, a5 integrin, aV|35 integrin, and CD47 alone without mechanical stimulation
did not influence GAG synthesis (mean ± SD: 1.22 ± 0.76, range 0.379 - 2.98 pgGAG/
pgDNA/24 hours).

Figure 4.1 The effects of anti-integrin antibodies on GAG synthesis in
response to cyclical mechanical stimulation in normal chondrocytes.

Normal chondrocytes were exposed to cyclical mechanical stimulation (0.33 Hz,
4000p strain for 20 minutes at 37 °C) followed by 24 hours incubation in the
presence or absence of anti-integrin antibodies. The GAG synthesis of
chondrocytes from normal cartilage increased significantly compared to
unstimulated controls in the presence of control antibody mouse IgG (fp=0.046).
The increased GAG synthesis following mechanical stimulation was blocked in
the presence of antibodies to a5 integrin, or aV(35 integrin, or CD47.The white
bars (CT) are paired controls without mechanical stimulation.Values are given as
means ± SD (n=4).

4.1.4 Discussion

In these experiments only one antibody concentration (1 pg/ml) was tested, selected on the
basis of experiments investigating the electro-physiological response of chondrocytes to
mechanical stimulation.

4.1.4.1 The role of 0(5 integrin in mechano-transduction

Following 20 minute 4000p strain cyclical mechanical stimulation at 0.33 Hz, the GAG
synthesis of chondrocytes from normal cartilage increased significantly compared to
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unstimulated controls in the presence of control antibody mouse IgG. Increased GAG
synthesis following mechanical stimulation was blocked in the presence of anti-a5 integrin
antibody (P1D6). A reduction in GAG synthesis, in response to mechanical stimulation in the
presence of P1D6, is consistent with previous results which showed that P1D6 inhibited the
hyperpolarization response (Millward-Sadler et al 2000a), and is consistent with the hypothesis
that a5pi integrin, the fibronectin receptor, is the predominant integrin dimer in cartilage
(Salter et al 1992) mediating the mechano-transduction.

The anti-a5 integrin antibody P1D6 is a monoclonal Ig isotype subclass IgG3 antibody that
recognises a subunit of the a5|3l complex (Wayner et al 1988). P1D6 is regarded as a function
blocking antibody as P1D6 inhibited human cell adhesion to fibronectin, but not collagen or

laminin, following reaction with a5(3l integrin (Wayner et al 1988). Recently it has been
reported that P1D6 blocks the recognition by a5|3l of the PHSRN (pro-his-ser-arg-asn)
synergy sequence in fibronectin, by blocking the synergy recognition site in the I domain of
a5 subunit (Takagi et al 2002, Burrows et al 1999) (Figure 4.2). Binding of P1D6 to a5|3l
does not block the recognition of RGD, and is not affected by anti-(3l monoclonal antibodies
(Burrows et al 1999).The anti- a integrin antibody P1D6 blocks the up-regulation of GAG
synthesis in response to mechanical stimulation in normal chondrocytes by blocking cell -

fibronectin interaction through a5 subunit.

Figure 4.2 Location of the epitopes for function blocking monoclonal
antibody P1D6

Integrins contain two non-covalently associated glycoprotein alpha and beta
subunits with extra-cellular domains. Both subunits have a 'head' region.The head
piece contains a beta-propeller domain in the alpha subunit and I—like domain in
the beta subunit. These two domains are correctly folded only when they are
associated. Beta subunit's I-like domain and alpha subunit's (3-propeller domain is
shown in a space filling model. The monoclonal antibody P1D6 epitope is shown.
The species specific residues recognized by P1D6 have been precisely mapped in
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the beta-propeller domain on alpha subunit. SDL: specificity determining loop.
Adapted fiomTakagi et al (2002).

Although the available evidence points to both a and (3 subunits being required for a

complete response, there are several reports that have specifically focused on the role of the a5
subunit. The (31 subunit is shared by other receptors for laminin and collagen, but the a chain
is unique to the fibronectin receptor. The only integrin in which the a5 subunit is known to
occur is a5(3l (Otey et al 1990,Yang et al 1993)(Table 1.3).The a chain ofintegrins was

thought to confer the specificity for the recognition of different ligands, whereas the common

Pi chain was thought to be involved in signal transduction (Groux et al 1989,Yamada et al
1991). Recently, however, it has been found that both a and P chains contribute to both
ligand and binding events (Kornberg et al 1991, Schwartz et al 1991,Werb et al 1989). Cao et
al (1998) have demonstrated that the a5 integrin subunit mediates cell adhesion, spreading and
signalling on fibronectin, by modulating the function of the cytoplasmic domain of pi
subunit.The binding of a5 integrin to its ligand fibronectin activates a signalling pathway
(outside-in signalling) in muscle cells, which involves FAK and PKC.This activates integrins
and leads to cell adhesion (inside-out signalling) (Disatnik and Rando 1999). It has previously
been shown that a5-deficient embryonic cells survive poorly (Yang et al 1993) and undergo
apoptotic cell death on a substrate of fibronectin (Taverna et al 1998). The a5 integrin subunit
acted as a mechano-receptor in human umbilical vein endothelial cells (Yano et al 1997)
suggesting that a5 is vital for the mechano-transduction pathway.Yano et al have
demonstrated that the a5 subunit recognized cyclic strain through the cytoplasmic domain of
the pi subunit. It has also been shown that mechanical loading induces an increase in the
amount of a5 integrin mRNA in chondrosarcoma cells but not pi or aV integrin mRNA
(Holmvall et al 1995). As demonstrated by this study, cyclic mechanical stimulation of0.33 Hz
4000p strain increases GAG synthesis.The a5 subunit is involved in these processes, although
the mechanisms by which mechanical signals are transformed into cellular response are not
well understood. There is a binding region to ligands such as fibronectin on the a5 subunit,
and ligand occupancy is required to respond to mechanical stimulation. The cytoplasmic
domain of the pi subunit has a critical role for tyrosine phosphorylation (Cao et al 1998), and
for recruiting other focal adhesion molecules such as talin and a-actinin (Horowitz et al 1986,
Otey et al 1990). Ifeither of the integrin subunits is functionally blocked, one could
hypothesise that the increase in PG synthesis following mechanical stimulation would be
blocked. In support of this, Scully et al (2001) have shown that blocking the pi integrin
subunit with RGD peptide and anti-Pi antibodies (4-B-4) reduced PG synthesis in bovine
chondrocytes in alginate bead culture.They suggested that type II collagen and pi integrin
interaction modulated the effect ofTGF-P on chondrocytes.

One of the roles of a5 integrin as a part of a5pi integrin is to mediate of cell attachment to
fibronectin and intracellular signalling activation (outside-in signalling).This is followed by

105



Chapter Four

inside-out signalling activating other molecules including integrins themselves ultimately
leading to cellular responses, such as an increase in PG (GAG) synthesis.

4.1.4.2 The role of OtVfJS integrin in mechano-transduction

Increased GAG synthesis following mechanical stimulation was blocked in the presence of
anti- aV(35 integrin antibody (PlF6).This was an unexpected result, as previous reports have
shown that anti- aV integrin antibodies (VNR-147;Wright et al 1997), anti- aV(33 integrin
antibodies (23C6; Salter et al 2002) and anti- aVp5 integrin antibodies (P1F6; Millward-
Sadler et al 1999) did not affect hyperpolarization responses in normal chondrocytes. In
human bone cells, P1F6 reduced the hyperpolarization response at 0.104 Hz mechanical
stimulation but not 0.33 Hz. This was the only indication that there may be a role for aV(35
integrin in mechano-transduction in these cells. However, the membrane hyperpolarization
response in chondrocytes does not always relate with anabolic responses. For example,
inhibition of the hyperpolarization response by blocking stretch-activated ion channels did not
influence the up-regulation of aggrecan mRNA in normal chondrocytes following
mechanical stimulation (Millward-Sadler et al 2000).The effect of anti-aV(35 integrin
antibodies on GAG synthesis, in response to mechanical stimulation, is potentially interesting.

The anti-aV(35 integrin antibody P1F6 is a monoclonal Ig isotype subclass IgGj antibody that
recognises the aVp5 complex. P1F6 is reported as function blocking antibody as P1F6
inhibited human cell adhesion to vitronectin (Weinacker et al 1994) and does not cross react

with any other aV containing integrins. However, P1F6 is not well documented in terms of
the inhibitory effect of human cell adhesion to fibronectin. Giuffrida et al (2004) have
reported that the pre-treatment with P1F6 did not block the migration of epithelial cell line
cells on fibronectin.

Human articular chondrocytes express aV integrin as a part of aVp5 integrin dimer much
less strongly than a5(3l integrin (Woods et al 1994). Precise identification of the functional
activity of aVp5 integrin has been difficult because of the simultaneous expression of multiple
integrin P subunits on cells as part of other aV-containing heterodimers aVpi (Bodary and
McLean 1990,Vogel et al 1990), aVp3 (Pytela et al 1985, Cheresh et al 1989b), aVp5
(Sonnenberg et al 1988, Cheresh et al 1989a), aVP6 (Sheppard et al 1990), and aVP8 (Moyle
et al 1991). Both aVP3 and aVp5 integrins are notably abundant in cartilage (Chapter One
Table 1.3). Pasqualini et al (1993) have generated a panel of novel monoclonal antibodies
recognising the p5 subunit directly, showing that the P5 subunit can play a role in cell
adhesion to both vitronectin and fibronectin. This implies that aVp5 integrin may have a role
in signalling on vitronectin or fibronectin in a similar way to a5pi integrin. In addition,
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aVP5 integrin may have a role in signalling on fibronectin and vitronectin indirectly through
other extra-cellular matrix proteins, such as |3ig-h3, which has recently been confirmed as an

aV|35 ligand (Kim et al 2002). On the other hand, some of the reports showed that aV|33
integrin, but not aVp5 integrin, was able to localise in focal adhesions, and mediate cell
spreading and migration on vitronectin and fibronectin as a substrate (Leavesley et al 1992,
Wayner et al 1991).The cytoplasmic tail of the (15 subunit is structurally distinct from that of
the pi subunit, although pi and p5 cDNA sequences are the most closely related integrin P
subunits (Ramaswamy and Hemler 1990, Mclean et al 1990, Suzuki et al 1990). Both a5 and
aV integrins bind to fibronectin and are expressed on the same cell surface, although they
may be responsible for different intracellular signalling pathways. It has recently reported that
fibronectin- a5pi interaction regulates angiogenesis, and aVP3 seems participate in the same

pathways. However, the pathways are distinct from those involving fibronectin and aVP5
integrin (Giuffrida et al 2004).

Integrin ligand interactions are diverse. Indeed, there are nine different integrin combinations
(aVP5, aVpi, aVp3, allbp3, aVp6, a3pi, a4pi, a4p7, a5pl). All of them can function as a

fibronectin receptor (Pasqualini et al 1993). Despite this apparent redundancy, genetic studies
imply that many integrins have unique functions (Hynes 1996). However, post-ligand-binding
events are still not fully understood. It appears that P5 integrin activity can be stimulated into
a more fully functional state (Pasqualini et al 1993). In this regard, P5 integrin may adhere to
fibronectin with different affinities, compared to pi integrin.

Although a specific role for the aVP5 integrin dimmer has not been clarified, the aV subunit
has been shown to mediate increases in intracellular Ca2+ (Yamada and Miyamoto 1995). For
example, binding aVP5 integrin to its ligand osteopontin affects changes in intracellular Ca2+
levels (Denhardt and Noda 1998). Moreover, Schwartz and Denninghoff (1994) have shown
that aV integrin, but not a5pi integrin, mediates the rise in Ca2+ during the spreading of
endothelial cells, although substrate binding was predominantly mediated by a5pi integrin.
They suggested that the different binding activities of integrins may reflect differences in
regulatory functions, so that adhesion and signalling processes may be mediated by different
integrins.

Mechanical deformation of many cell types results in an increase in intracellular Ca2+, such as

fibroblasts (Grierson et al 1995), bone cells (Hung et al 1995), osteoclasts (Xia et al 1995,
Wiltink et al 1995), smooth muscle cells (Ohata et al 1995), lung epithelial cells (Wirtz et al
1990), endothelial cells (Sigurdson et al 1993, Naruse et al 1993), a hepatocyte cell fine (Nebe
et al 1995), and articular chondrocytes (Yellowley et al 1997). Intracellular Ca2+ can be a
modulator of the cytoskeleton (Schwartz 1993b,Wu et al 2000), probably via a pathway that
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involves PIP2, the levels of which are controlled by Rho (Burridge et al 1996). Mechano-
transduction in normal chondrocytes is, a calcium-dependent pathway (Wright et al 1996). It
has been shown that a number of ion channels are involved in the mechano-transduction

pathway, including gadolinium sensitive stretch-activated ion channels, L-type Ca2+-activated
K+ channels (Wright et al 1996). Somatostatin and cadmium chloride, which block L-type
calcium channels, inhibit the chondrocyte hyperpolarization response. EGTA, which chelates
extra-cellular Ca2+, reduces the response, and thapsigargin, which raises intracellular Ca2+,
causes the further hyperpolarization after mechanical stimulation (Wright et al 1996). Stretch-
activated ion channels have been implicated in chondrocyte mechano-transduction by use of
the stretch-activated ion channel blocker, gadolinium.These stretch-activated channels allow
the passage of ions like Na+,K+ and Ca2+(Ruknudin 1993). Direct Ca2+ influx through
stretch-activated channels was reported in cultured chick heart cells that were mechanically
stimulated (Sigurdson 1992), and Ca2+ influx through stretch-activated ion channels has been
studied by others (Wiltink et al 1995, Ohata et al 1995,Wirtz et al 1990, Naruse et al 1993).

The influx of Ca2+ through stretch-activated ion channels may be one of the primary events
to occur in response to mechanical stimulation. The influx of calcium stretch-activated ion
channels may activate the chondrocyte mechano-transduction pathway directly. Alternatively,
stretch-activated ion channels may interact with other integrins, forming an integrated
signalling complex. Since there are several ion channels as well as integrin-mediated calcium
waves, the elevation of intracellular calcium may be controlled by a number of ion channels
and integrins. Moreover, different ion channels may play distinct roles in converting the same
mechanical signal into different cellular responses. For example stretch-activated channels are
involved in cell proliferation, whereas calcium channels mediate cell differentiation responses

(Wu et al 2000). It is tempting to speculate that aVP5 integrin has a role in integrin-regulated
calcium entry in response to cyclical mechanical strain as aV integrin is likely to influence
Ca2+ influx. Increases in intracellular Ca2+ concentration regulate many mitogenic signals and
pathways (Burridge et al 1996).The mechanism by which integrins elevate intracellular Ca2+
has not yet been elucidated. This mechanism may explain how mechano-transduction, which
eventually leads to increased PG synthesis in normal chondrocytes, is blocked by anti-aVP5
integrin antibodies (Figure 4.3).

4.1.4.3 The role of CD47 in mechano-transduction

Following 20 minute 4000p strain cyclical mechanical stimulation at 0.33 Hz, the GAG
synthesis of chondrocytes from normal cartilage increased significantly compared to
unstimulated controls in the presence of control antibody mouse IgG. Increased GAG
synthesis following mechanical stimulation was blocked in the presence of anti-CD47
antibody (Brie 126). CD47, or integrin associated protein (IAP), is a transmembrane
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glycoprotein of the Ig super-family, it can modulate a range of cellular functions. Brie 126, an

antibody to CD47, was found to inhibit the electro-physiological response in human bone
cells (Salter et al 1997) and in normal chondrocytes (Orazizadeh 2004) following 0.33Hz
4000p strain mechanical stimulation, but had no effect on the depolarization response induced
by 0.104 Hz mechanical stimulation (Salter et al 1997). The inhibition of accelerated GAG
synthesis in response to 0.33Hz 4000p strain cyclical mechanical stimulation in the presence of
Brie 126 is consistent with the mechano-transduction mechanism previously proposed.

0.33Hz mechanical stimulation

Figure 4.3

The model suggested by this study is one of mechano-transduction pathways,
which are calcium-dependent, and activated by 0.33Hz 4000p strain mechanical
stimulation in normal articular chondrocytes

CD47 appears to be involved in integrin-mediated signal transduction (Brown 1990, Zhou
1993, Blystone 1995) following cell adhesion to vitronectin or fibronectin (Lindberg et al
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1993,1994,1996), cell spreading in response to vitronectin (Gao et al 1996b), and the inward
calcium currents induced in endothelial cells (Schwartz et al 1993a 1993b) and fibroblasts
(Tsao and Mousa 1995). Recent data show that CD47 can associate with, and modulate,
integrins of the pi (Wang et al 1998), (32 (Van Strijp et al 1993, Ishibashi et al 1994) and |33
(Gao 1996a, 1996b, Chung et al 1997) families. Blystone et al (1995) have reported that CD47
has no effect on a5(3l integrin interaction with fibronectin in the absence of aV(33 integrin.
This implies that CD47 may modulate a5(3l integrin function indirectly through the aV|33
integrin and CD47 signalling complex. There is a physical association between CD47 and a5
integrin in human articular chondrocytes (Orazizadeh 2004). Since integrins, including a5(3l,
have no intrinsic enzymatic activity of their own, they must interact with other proteins to be
activated (Damsky and Werb 1992). In addition, fibronectin-mediated adhesion to a5|3l
integrin needs a higher affinity state in the receptor to be activated (Arroyo et al 1992,1993,
Faull et al 1993, O'Toole et al 1994, Sanchez-Mateos et al 1993, Blystone et al 1995).
Integrin-related receptors such as CD47 may have a role in modulating their affinity states as

part of a cross-talk between integrins. CD47 is a strong candidate for a role in modulating the
function of a5(3l integrin in chondrocyte mechano-transduction.The results obtained here
support the idea that CD47 modulates a5|31 integrin-mediated signal transduction.

The anti-CD47 antibody Brie 126 is a monoclonal Ig isotype subclass Ig2b antibody that
recognises the IgG domain of CD47 on cell membranes (Avent et al 1988). Brie 126 is
considered to be a function blocking or function modifying antibody (Shahein et al 2002), as
Brie 126 inhibited the binding ofpig-CD47 expressing cells to fibronectin and
thrombospondin (Shahein et al 2002). In addition, another monoclonal anti-CD47 antibody,
B6H12, specifically interrupts CD47 and thrombospondin (Ticchioni et al 1997). Shahein et
al has speculated that Brie 126 and B6H12 probably recognize functionally important epitopes
of CD47. In addition, B6H12 has been shown to inhibit ligand binding to cxllb(33 on several
cell lines and to block the increase in intracellular Ca2+ (Schwartz et al 1993a). Some other
antibodies such as 2D3, a non-function blocking antibody that bind to CD47, failed to block
platelet adhesion to thrombospondin (Ticchioni et al 1997). Because there is no evidence that
fibronectin is a ligand for CD47, the effect of Brie 126 is likely to a consequence of CD47-
mediated enhancement of a5pi integrin interaction with fibronectin. In this way, the anti-
CD47 antibody Brie 126 blocks the elevation of GAG synthesis in response to mechanical
stimulation in normal chondrocytes. Interestingly, there is a similar mechano-sensitive
regulatory pathway comprising integrin, CD47 and thrombospondin in fibroblasts and in
endothelial cells (Graf et al 2003).

Although the association of CD47 with certain integrins was usually found to modulate their
function, some signal transduction through CD47 is integrin-independent (Reinhold et al
1997). CD47 seems to be expressed at higher levels than integrins. For example, CD47 is
present on lymphocytes, where little aVp3 integrin is expressed, and on erythrocytes, where
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no integrin is expressed (Brown et al 1990). Similarly, direct association of CD47 with pi, or

P2, or P3 integrins in neutrophils could not be detected by a co-immuno-precipitation (Liu et
al 2001). In addition, same authors have observed that blocking pi or P3 integrins has no
effect on CD47-mediated regulation of neutrophil trans-epithelial migration. It is likely that
the integrin CD47 complex regulates mechano-transduction in different cell types in response
to different mechanical stimuli.

As already mentioned, several ion channels and several integrins control the elevation of
intracellular calcium (Figure 4.3). Intracellular Ca2+ influx is controlled by adhesion to the
extra-cellular matrix through integrin receptors via integrin-associated, voltage-independent,
receptor-activated membrane calcium channels in endothelial cells (Schwartz 1993b).This
requires CD47 (Schwartz 1993a).This means that CD47 is likely to be an integrin-associated,
transmembrane, voltage-independent calcium channel. Inhibition of the hyperpolarization
response in normal chondrocytes to a 0.33 Hz 4000p strain cyclical strain, with the anti-CD47
antibody Brie 126, supports a role for integrin-regulated calcium entry, although it is difficult
to determine which integrins and ion channels are involved, as they function as complex in
regulating mechano-transduction.

The results obtained in the present study demonstrate that the mechano-transduction pathway
leading to increased GAG synthesis in normal chondrocytes is dependent on integrin and
extra-cellular matrix interactions. The precise role of integrins and CD47 in the response to

cyclical mechanical stimulation leading to PG synthesis remains to be elucidated, but they do
appear to be implicated in the mechano-transduction pathway.

4.2 The effects of anti-integrin antibodies on GAG synthesis in response to
cyclical mechanical stimulation in human articular chondrocytes derived
from OA cartilage

4.2.1 Aim

Many of the effects of extra-cellular molecules on cellular processes are mediated through
signal transduction via the integrins. In understanding the degradation and repair processes
that are operating in the cartilage extra-cellular matrix in OA joints, the interaction of extra¬
cellular matrix molecules with chondrocytes, which is modulated by integrins, may be
important. A parallel set of experiments to chondrocytes from normal cartilage was carried out
with chondrocytes from OA cartilage (grade I to III), to investigate whether there was a role
for a5 integrin, aV(35 integrin and CD47 in the response to 0.33 Hz 4000p strain mechanical
stimulation.
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4.2.2 Materials and Methods

Human articular knee cartilage was obtained at the time ofjoint replacement surgery from
patients with OA. The articular cartilage surface was assessed macroscopically (McElligott and
Collins 1960) and microscopically (OARSI) and graded into OA I to III. OA chondrocytes
were isolated from the articular cartilage of four males with a mean age of 64.5 years (range
39-79), and six females with a mean age of 64.6 years (range 53-74). Primary chondrocytes
were seeded in monolayer at 5 x 104 cells/ml concentration. Chondrocytes were cultured to
sub-confluent for an average of 8.0 days.The culture medium (IMDM) containing 10 per cent
serum (FCS) was then replaced by serum free medium and left 16 hours Function blocking
monoclonal antibodies to a5 integrin (P1D6), aV(35 integrin (P1F6) and CD47 (Brie 126) at

a concentration of 1 pg/ml, were incubated with chondrocytes cultured in monolayer at 37 °C
for 30 minutes, prior to 0.33 Hz 4000p strain mechanical stimulation for 20 minutes.This was

followed by 24 hour incubation at 37°C. PGs secreted into the medium were precipitated and
the quantity of GAGs was measured by the DMMB assay. The total content of DNA was

quantified using the bisbenzimide fluorescent dye.

4.2.3 Results

Microscopic grading (OARSI) showed a close correlation with the macroscopic grading of
OA cartilage (Appendix). Cartilage graded as macroscopically OA grade was confirmed as

microscopically OA cartilage. Chondrocytes from these cases after 0.33 Hz cyclical mechanical
stimulation depolarized. OA grade I and II cartilage were not clearly divisible, for example,
OA grade II DS037C and 14078 scored similar to OA grade I cartilage (grading 2 stage 1 and
score 2).

In OA chondrocytes there were no significant increases in GAG synthesis following
mechanical stimulation at 0.33Hz, 4000p strain (mean ± SD: 1.40 ± 047,1.03 ± 0.56,0.37 ±
0.24 pgGAG/pgDNA/24 hours compared with non-stimulated controls: 0.99 ± 0.47,0.85 ±
0.43,0.30 ± 0.27 in the presence of non-specific mouse IgG control antibody in OA grade I,
II, and III respectively (Figure 4.4,4.5,4,6). OA grade III chondrocytes synthesized less GAG
compared to OA grade I and II (p^O.OOl I vs. III,p=0.056 II vs. Ill) in the presence of non¬

specific mouse IgG control antibody of and this was comparable with the result obtained
without antibodies. In the presence ofantibodies to a5 integrin, aV|35 integrin, and CD47,
GAG synthesis was not different in control chondrocytes and mechanically-stimulated
chondrocytes in all grades of OA. Incubation with mouse IgG and antibodies to a5 integrin,
aV(35 integrin, and CD47 without mechanical stimulation (mean ± SD: 1.22 ± 0.76, range
0.379 - 2.98 pgGAG/pgDNA/24 hours) did not affect GAG production in OA chondrocytes.
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Figure 4.4 The effects of anti-integrin antibodies on GAG synthesis in
response to cyclical mechanical stimulation in OA grade I chondrocytes
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Figure 4.5 The effects of anti-integrin antibodies on GAG synthesis in
response to cyclical mechanical stimulation in OA grade II
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Figure 4.6 The effects of anti-integrin antibodies on GAG synthesis in
response to cyclical mechanical stimulation in OA grade III
chondrocytes

Cyclical mechanical stimulation at 0.33 Hz 4000p strain did not modulate GAG
synthesis in OA chondrocytes in GAG synthesis in response to mechanical
stimulation in the presence of anti-integrin a5, aVP5, and CD47 antibodies
(Figure 4.4,4.5,4.6).The white bars (CT) are paired controls without mechanical
stimulation (MS).Values are given as means ± SD (n=6).

4.2.4 Discussion

As shown in Chapter Three, the signal following 0.33 Hz 4000p strain mechanical stimulation
was mediated by integrins including a5pi and aV(35 integrins, and CD47 and resulted in
increased PG synthesis in normal chondrocytes. However, the same mechanical stimulation did
not affect PG synthesis in OA chondrocytes in the presence or absence of function blocking
anti-integrin antibodies.This may be for the following reasons.

Firstly, integrins in OA chondrocytes may not recognize mechanical stimuli in the same way as
normal chondrocytes because their extra-cellular matrix composition, including their integrin
ligands, may have been changed during the OA process. It has been shown that extra-cellular
matrix proteins such as fibronectin, collagen, and other integrin ligands can alter chondrocyte
functions (outside-in signalling) (Kaplan et al 1982) by modulating extra-cellular protease

activity (Attur et al 2000, Pacifici et al 1991,1992) and catabolic cytokines by inside-out
signalling (Homandberg 1999). In particular the capability of fibronectin and fibronectin
fragments, as components of the cartilage extra-cellular matrix, to influence cartilage
homeostasis have been studied extensively (Homandberg 1999). Osteoarthritis-affected
cartilage exhibits enhanced expression of fibronectin mRNA (Rencic et al 1995). Fibronectin
synthesis is increased in OA cultured chondrocytes, in cartilage explants (Burton-Wurster et al
1990, Brown et al 1990, Lust et al 1987,Wurster and Lust 1984), and in vivo OA models
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(Burton-Wurster et al 1986). Fibronectin is produced locally and accumulated within the joint
(MacLeod et al 1996). The highest rate of synthesis was in the deep zone of the cartilage in
normal human articular cartilage, but the greatest increase of fibronectin fragments was
detectable near the surface (Burton-Wurster et al 1986, Jones et al 1987, Rees et al 1987) or
close to eburnated areas (Chevalier et al 1992). Enhanced fibronectin synthesis is partly
influenced by biomechanical forces. Intermittent cyclic loading altered the synthesis and
release of fibronectin significantly in cartilage explants (Steinmeyer et al 1997) and fibronectin
synthesis increased in canine articular cartilage explant cultures after cyclic impact (Farquhar et
al 1996). Compressive loading and unloading has also been shown to affect fibronectin
synthesis (Burton-Wurster et al 1993). It would be interesting to see if OA chondrocytes
produced more fibronectin in response to mechanical stimulation as normal chondrocytes.
This could explain the increases in fibronectin found in abnormal cartilage in OA joints.

Incubation of fragments of fibronectin with cartilage explants enhances loss of cartilage matrix
PG.This is mimicked by stimulatory antibodies to a5pl integrin and blocked by RGD
peptides (Homandberg 1992). Interestingly, the fibronectin fragments do not cause collagen
degradation or cell death (Xie et al 1993), but PG loss (Homandberg 1994). If the fibronectin
fragments are removed from cartilage cultures, the PG synthesis rates increase to 140 per cent
of control values (Homandberg 1992). Intact fibronectin or fragmented fibronectin can induce
the release of IL-1(3 (Pacifici et al 1992), IL-6, GM-CSF, stromelysin-1, and MMPs,
particularly MMP-3 (Yonezawa et al 1996, Homandberg et al 1999,Bewsey et al 1996).Arner
and Tortorella (1995) have reported that RGD peptides can increase MMP production in
bovine chondrocytes in response to IL-1. Ligation of a5(3l with agonists similar to fibronectin
(anti-a5(3l antibodies; JBS5) up-regulated the production of inflammatory mediators (nitric
oxide, prostaglandin E2, IL-6, IL-8) via autocrine IL-1 (3 production. By contrast the aV(33
complex with a specific function-blocking monoclonal antibody (LM609) which mimics the
functions of osteopontin decreased the production of inflammatory mediators in OA cartilage
(Attur et al 2000).They showed that normal human cartilage is equally susceptible to a5|3l
integrin-mediated induction of inflammatory mediators. It appears that low concentrations of
fibronectin fragments enhance anabolic activities in normal cartilage homeostasis, whereas
increased accumulation or synthesis of fibronectin and its fragments may interact with a5(3l
integrin and induce the production of inflammatory mediators. However, the available data do
not rule out the involvement of other receptors other than a5(3l integrin; both a5(3l and
a4|3l receptors are required for fibronectin fragment mediated MMP gene induction in
fibroblasts (Huhtala et al 1995). Similarly, Pacifici et al (1992) reported that the occupancy of
both a5pi and a2|3l integrins by ligands was required in order to induce a maximal IL-1
release response from human blood mononuclear cells. In addition to changes in fibronectin,
changes in extra-cellular matrix composition, such as the changes in PG content (Brandt et al
1991, Cs-Szabo et al 1995,1997), disruption of the collagen II network (Brandt et al 1986), or

increases in a variety of glycoproteins such as fibromodulin, decorin and biglycan at the
mRNA level (Dourado et al 1996) and on the protein level (Cs-Szabo et al 1995,1997, Liu et
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al 2003), and up-regulation of collagen type IV expression (McDevitt et al 1988), have been
reported. As a result of these changes in the extra-cellular matrix, synthetic activity and
production of proteinases by chondrocytes may be significantly altered.

Secondly, even though some integrins in OA chondrocytes, most notably a5(31 integrin, may

recognize the same mechanical stimuli, downstream signalling events may be significandy
different. As a result, the mechano-transduction pathways in OA chondrocytes may be
changed from those operating in normal chondrocytes. Previous reports from our laboratory
have shown differences, at multiple stages of cellular response, in OA chondrocytes compared
to normal ones (Salter et al 2002, Millward-Sadler and Salter 2004). For example, instead of
the membrane hyperpolarization response in normal chondrocytes, OA chondrocytes show a

depolarization response. There is no increase in the level of aggrecan mRNA and there is an

IL-ip cytokine loop in mechanical signal transduction in OA chondrocytes and an IL-4
autocrine loop in normal chondrocytes. Furthermore, the actin cytoskeleton is required for
integrin-dependent mechano-transduction in normal chondrocytes but not in OA.

Thirdly, the integrins expressed in OA chondrocytes and the distribution of integrins in OA
cartilage may be different from normal. Ostergaard et al (1998) compared the distribution of
integrins in normal and OA cartilage and found neo-expression of a2, a4, and (32 integrin
subunits in OA cartilage. The a5 integrin subunit was seen in all cases with similar
distribution, but the aV integrin subunit was greater in the superficial layer (Woods et al 1994,
Ostergaard et al 1998), and was zone specific (Wong et al 1997). Chondrocytes from OA
affected cartilage express more of the al, a2, a3, a5, and aV subunits than a4 and a6
(Lapadula et al 1998).There was no topographic variation in the expression of CD47, in either
normal or OA articular cartilage. Different grades of OA do not show any modification of the
strong expression of CD47 in all zones of articular cartilage (Orazizadeh 2004). IL-1 has been
shown to up-regulate a5, a2, and aV integrin subunit mRNA levels in osteosarcoma cells
(Milam et al 1991) and IL-1 stimulation increased the expression of pi and aV integrin
subunits on the chondrocyte surface in primary rabbit articular chondrocytes (Arner and
Tortorella 1995). Changing the number of integrins expressed on the cell surface may alter
cell response to mechanical stimulation and other stimuli.

Fourthly, increased catabolic responses in OA cartilage may be more prominent than decreased
or unchanged anabolic responses. Integrins may be more involved in catabolic responses in
OA chondrocytes than anabolic responses. Integrin function may be altered in response to
abnormal stimulation. Reports have demonstrated a super-induction ofpro-inflammatory
mediators in OA cartilage compared to normal cartilage, which include nitric oxide (Amin et
al 1995,1998, Melchiorri et al 1998), PGE2, cyclo-oxygenase-2 (Amin et al 1997), IL-ip,
IL-6, and IL-8 (Attur et al 1998).These inflammatory mediators are up-regulated and
spontaneously released from OA-affected cartilage (Amin et al 1997, Attur et al 2000).The up-
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regulation of these cytokines and mediators exerts detrimental effects on chondrocyte
function (Moos et al 1999, Pelletier et a 1998). As catabolic responses, such as the release of
GAG from cartilage explants following fibronectin fragment stimulation in chondrocytes, has
been shown to be blocked by synthetic peptide analogues of the RGD sequence

(Homandberg et al 1994a) and by anti-sense oligonucleotides of the a5 subunit (Homandberg
et al 2002), there is a possibility that chondrocyte proteolytic activities could be obstructed by
function blocking anti-integrin antibodies.

4.3 The effects of anti-integrin antibodies on GAG synthesis in response to

cyclical mechanical stimulation in human articular chondrocytes derived
from RA cartilage

4.3.1 Aim

Cycbcal mechanical stimulation appbed to articular chondrocytes from RA cartilage did not
show any significant change in GAG synthesis. The aim of this study in this section was to
examine the effects of anti-integrin antibodies on GAG production in response to cyclical
mechanical stimulation in chondrocytes from RA articular cartilage.

4.3.2 Materials and Methods

Human articular knee cartilage was obtained at the time ofjoint replacement surgery from
patients with OA.The articular cartilage surface was assessed macroscopically (McElligott and
Collins 1960) and microscopically (OARSI) and graded into OA I to III. OA chondrocytes
were isolated from the articular cartilage of from patients with RA of one male (37 years old),
and six females with a mean age of 62.4 years (range 55-68). Primary chondrocytes were

seeded in monolayer at 5 x 104 cells/ml concentration. Chondrocytes were cultured to sub-
confluent for an average of 8.2 days.The culture medium (IMDM) containing 10 per cent
serum (FCS) was then replaced by serum free medium and left 16 hours Function blocking
monoclonal antibodies to a5 integrin (PlD6),aV|35 integrin (P1F6) and CD47 (Brie 126) at
a concentration of 1 pg/ml, were incubated with chondrocytes cultured in monolayer at 37 °C
for 30 minutes, prior to 0.33 Hz 4000p strain mechanical stimulation for 20 minutes.This was

followed by 24 hours incubation at 37°C. PGs secreted into the medium were precipitated and
the quantity of GAGs was measured by the DMMB assay. The total content ofDNA was

quantified using the bisbenzimide fluorescent dye (Hoechst 33258).
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4.3.3 Results

Microscopic assessment ofRA synovial tissue showed synovial inflammation was very variable
as judged by the following morphological characteristics: (1) hyperplasia of synovial lining cell
layer, (2) activation of resident cells in synovial stroma (3) inflammatory infiltration. Two cases

(DS190C and DS140C) showed little inflammation, two cases (DS098C and DS105C) showed
moderate inflammation and two cases (DS157C and DS052C) showed strong inflammation in
synovial tissue (Appendix).

Cyclical mechanical stimulation at 0.33Hz 4000p strain did not modulate GAG synthesis in
response to mechanical stimulation in RA chondrocytes in the presence of anti-integrin a5,
aV(35, and CD47 antibodies. None of the results from the paired samples were significantly
different from each other (Figure 4.7). The response of RA chondrocytes to mechanical
stimulation was partially modulated by anti-a5 integrin antibody, but not by aVP5 integrin or
CD47. GAG synthesis increased from a mean ± SD of 1.36 ± 0.78 to 1.56 ± 0.91 in human
RA chondrocytes exposed to 20 minutes cyclical (0.33 Hz, 4000p strain) mechanical
stimulation at 37°C in the presence of anti-a5 integrin antibody, but this was not statistically
significant (n=6). In two samples which showed inflammatory synovial tissue, GAG synthesis
increased from a mean ± SD of 1.45 ± 0.23 to 2.62 ± 0.24, when exposed to mechanical
stimulation in the presence of anti-a5 integrin antibody.

4.3.4 Discussion

This study reports that RA chondrocytes have lost their capacity to respond to cyclical
mechanical stimulation in the presence and absence of anti-a5 or aVfl5 integrin antibodies or
anti-CD47 antibody. The role of chondrocytes in the course of cartilage destruction in RA is
not well understood. There are a few studies which have demonstrated differences between

RA chondrocytes and normal or OA chondrocytes, in cartilage. One of the differences is the
change of expression of integrins in diseased cartilage (chondrocytes). Looking at RA tissue
sections, Jobanputra et al (1996) reported that chondrocytes in all zones of RA cartilage were

markedly stained with a5 with no focal differences. In addition, they showed that
inflammatory synovial fluid from RA patients could lead to increased a5 integrin expression
in normal human articular chondrocytes in monolayer culture. Takagi et al (2001) have shown
that the proportion of CD44-positive chondrocytes in RA is significantly higher than that in
OA, using immuno-histochemical techniques.
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Figure 4.7 The effects of anti-integrin antibodies on GAG synthesis in
response to cyclical mechanical stimulation in RA chondrocytes.

Cyclical mechanical stimulation at 4000p strain (0.33 Hz) did not modulate GAG
synthesis in RA chondrocytes in response to mechanical stimulation in the
presence of anti-integrin a5, aV(35, and CD47 antibodies. None of the results
from the paired samples were significantly different from each other. The white
bars (CT) are paired controls without mechanical stimulation.Values are given as
means ± SD (n=6).

Their data also showed that different CD44 isoforms are expressed in RA chondrocytes
compared with normal ones, indicating a phenotypic change in RA chondrocytes. In this
study, in the presence of the anti-a5 integrin antibody, GAG synthesis increased by 92 per

cent. The a5 subunit may be involved in the cellular response to mechanical stimulation in
RA cartilage. Signalling through integrin receptors is an important stimulus for cell activity. In
some cells, integrins are known to regulate MMP expression. In rabbit synovial fibroblasts
there is co-operative signalling by a5(3l and a4|3l integrins, regulating MMP gene expression
(Huhtala et al 1995). Engagement of the a2(M receptor in dermal fibroblasts increases
collagenase gene expression (Riikonen et al 1995). In contrast, a5 engagement inhibits RA
fibroblast-like synoviocytes collagenase expression (Sarkissian et al 1999). However few studies
have been done on the role of integrins in RA chondrocytes compared with integrins in
synovial tissue, and no previous studies have been done on whether matrix synthesis is
modulated by integrins in chondrocytes from patients with RA.

Rheumatoid synovial fibroblasts arc a major component of pannus tissue.The invasion of
cartilage by synovial pannus is a characteristic feature of rheumatoid arthritis. Turning to RA
synovial tissue, there are numerous reports of changes in extra-cellular matrix composition,
such as increased fibronectin (Vartio et al 1981, Dutu et al 1986, Clemmensen et al 1983,
Vartio et al 1981, Elices et al 1994), vitronectin (Nikkari et al 1995), and tanascin (Cutolo et al
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1992). Similarly, cx3, a4, a5, a6, pi,and P5 integrin expression are increased compared to OA
or normal cells in rheumatoid hyperplasia (Johnson et al 1993, Baeten et al 2000, Nikkari et al
1995, Nikkari et al 1993, Ishikawa et al 1994, Rinaldi et al 1994), but aV expression remains
controversial (Nikkari et al 1995). It is not known whether these changes in synovial tissue can
also be seen in RA cartilage tissue. Certainly in both kinds of tissue, integrins act as adhesion
molecules between chondrocytes and rheumatoid synovial fibroblasts. Blocking of a4, a5, aV,
and pi integrins could lead to an inhibition of rheumatoid synovial fibroblast invasion into
cartilage (Wang et al 1997). Normal synoviocytes do not adhere to the cartilage surface,
whereas in RA synovial fibroblasts adhere directly to the cartilage surface (Ishikawa et al
1991). It may be important to see whether the invasion of the cartilage by synovial pannus is
due to changes in the articular cartilage as well as changes in the synovium.

It is possible that in RA chondrocytes are functionally altered by many cytokines. RA is a
chronic inflammatory disease and increased levels of cytokines are a major feature (Sugiura et
al 2002). One cytokine,TGF-P, has been reported to have an important role in unresolved
inflammation, immune suppression, and angiogenesis (Blobe et al 2000).TGF-P is highly
expressed in joints in RA and considered to be a regulator ofanti-inflammation in RA (Fava
et al 1989,Taketazu et al 1994, Lafyatis et al 1989). Cytokines including TGF-P (Ignotz et al
1986, Heino et al 1989), IL-ip (Santala and Heino 1991),TNF-a (Santala and Heino 1991),
and interferon-y (Defilippi et al 1991) can selectively regulate integrin and adhesion molecule
expression. For example,TNF-a and IL-ip can down-regulate a6 subunit expression in
endothelial cells (Defilippi et al 1992).TGF-P increases pi subunit mRNA and protein levels
(Heino et al 1989), causes higher fibronectin binding capacity and elevated adhesion of cells. It
is interesting to note that in two joint diseases with different etiological backgrounds, OA and
RA, the pattern of integrin expression is different (Jobanputra et al 1996, Nikkari et al 1995,
Lapadula et al 1998, Ostergaard et al 1998, Baeten et al 2000). Adhesion receptors of the
integrin family appear to have a critical role for cell phenotype and function.

The use of surgical specimens from patients with rheumatoid disease may create a bias with
regard to disease duration and activity. In addition to disease duration and disease activity,
drugs may also be a confounding factor. Numerous previous studies have shown the effect of
anti-rheumatic drugs on synovial histology (Tak et al 1995,Veale et al 1999,Youssef et al 1997,
Smeets et al 2000,Tak et al 1996,Taylor et al 1999). However, Baeten et al (2000) has shown
that synovial histology is dependent on local disease activity, but not on disease duration in
clinically manifest RA.

120



Results ofDMMB Assay in the Presence of Integrin Antibodies in Monolayer

4.4 Summary

The results reported here indicate that integrin-mediated adhesions to extra-cellular matrix
proteins are involved in the signal transduction pathway that leads to accelerated PG synthesis
following mechanical stimulation. The blocking effect of monoclonal antibodies to a5, aVP5
and CD47 suggests that the occupancy of all these receptors by ligands is required in order for
0.33 Hz 4000p strain cyclical mechanical stimulation to induce an increased GAG synthesis
response from human normal articular chondrocytes.There must be a complex interactive role
for specific receptors in the regulation of PG synthesis. The normal up-regulation ofPG
synthesis that follows cyclical mechanical stimulation of normal chondrocytes is lost in OA
and RA chondrocytes.
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The Effects of Mechanical Stimulation on Aggrecan Expression
in Human Articular Chondrocytes in Monolayer Culture
(Western Blot Analysis)

The identification of the structure, biosynthesis and catabolism ofproteoglycans, which are

controlled during cellular responses, has initiated a new and important area of research
(Hardingham and Fosang 1992, Caterson et al 1990).The current study has shown that
0.33Hz 4000p strain cyclical mechanical stimulation of normal chondrocytes in monolayer
cell culture increases GAG synthesis around two-fold (Chapter Three), and this is blocked by
anti-a5 integrin, anti-aVpi integrin and anti-CD47 antibodies (Chapter Four).The same
mechanical stimulation does not alter GAG synthesis in OA or RA chondrocytes (Chapter
Three).

It can be postulated that the increased synthesis of GAG in normal chondrocytes is related to a

change of anabolic activity in chondrocytes. There have been few studies of how mechanical
stimuli influence aggrecan synthesis, especially metabolic analysis of aggrecan species. The aim
of the work reported in this chapter was to see whether the increases in GAG synthesis,
released from normal chondrocytes, were associated with changes in aggrecan synthesis and to

explore which aggrecan species were involved.

GAG synthesis following mechanical stimulation does not increase in OA and RA
chondrocytes as in does in normal chondrocytes. It is important to determine whether this is
due to decreased anabolic activity or increased proteolytic activity. It is especially important to
examine the effects ofmechanical stimulation as these may influence the metabolism of
diseased (OA and RA) chondrocytes differently in comparison with normal chondrocytes.

The aim of the work reported in this chapter was to analyse aggrecan populations (species)
synthesized by mechanically-stimulated, monolayer-cultured chondrocytes derived from
articular cartilage graded as normal, OA and RA.

5.1 Development of protocols for Western blotting

Preliminary experiments were performed to identify cultural conditions for applying
antibodies to Western blotting. Antibodies which recognize aggrecan (PG), anti-aggrecan G1
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domain antibody (anti-HABR) and monoclonal antibodies to aggrecan chondroitin sulphate
epitopes (3-B-3, 2-B-6, l-B-5), were assessed separately.

5.1.1 Development of protocols for Western blotting with an anti-aggrecan G1
domain antibody (anti-HABR)

5.1.1.1 Aim

The constituents of the cell culture medium can inhibit or stimulate matrix production by
chondrocytes. The concentration of serum (FCS) is especially important (Lee et al 1995).The
aim of this section is to maximise detection of a range of aggrecan species in different cultural
conditions (0.1 per cent, 0.5 per cent, and 0 per cent serum).

5.1.1.2 Materials and Methods

Human articular knee cartilage was obtained at the time ofjoint replacement surgery from
patients with OA and RA or from above knee amputations in patients with peripheral
vascular disease. The articular cartilage surface was assessed macroscopically (McElligott and
Collins 1960) and microscopically (OARSI) and graded into normal, OA (grade I to III) and
RA.

Two samples of OA cartilage (sample day book number 14038 and 14044) and one samples of
RA cartilage (DS359C) were used. As a control, proteoglycans were initially eluted from
cartilage with a GuHCl buffer. Cartilage from same donor was subsequently digested and
chondrocytes were seeded into monolayer culture. After an average of 7.1 days, when the cells
were sub-confluent, the medium were replaced by 0 per cent (serum free), 0.1 per cent and
0.5 per cent FCS containing IMDM.Then 1 ml of medium per dish was collected and
analysed after 24 hours incubation. 1 ml of the undigested control, digested samples, and 1 ml
of medium with 0 per cent, 0.1 per cent, 0.5 per cent serum were precipitated and run in a
7.5 per cent SDS-PAGE, under reducing conditions following deglycosylation.

5.1.1.3 Results

Seven bands (350, 250,160,110, 90,65, and 50 kDa) were detected in the control samples
which were extracted with buffer alone from OA cartilage (sample day book number 14038)
(Figure 5.1 lane 6). Cultured chondrocytes, which were incubated with 0 per cent (serum-
free) medium for 24 hours, showed a single band with molecular weight of~65 kDa (lane 2).
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Results ofWestern Blotting

When cells were incubated with 0.5 per cent serum medium for 24 hours, they showed a high
molecular weight band of~350 kDa in addition to ~65 kDa band (lane 1, black arrow).The
medium controls showed no bands for serum free (0 per cent) medium (lane 3), but there was
a band with molecular weight of~65 kDa in 0.1 per cent (lane 5) and in 0.5 per cent (lane 4)
serum containing medium.The same experiments were repeated with RA cartilage and
chondrocytes (day book number DS359C) and the same result was obtained (Figure 5.2).

blot: Gl-aggrecan

Figure 5.1 Western blotting using anti-aggrecan G1 domain antibody in
OA samples and controls

PGs extracted from 1 ml of medium obtained from cultured chondrocytes
incubated for 24 hours were run in a 7.5 per cent SDS-PAGE under reducing
conditions following deglycosylation. G1 domain containing aggrecan core
protein was detected by probing blots with polyclonal anti-aggrecan G1 domain
antibody. The molecular weight (MW) marker in kilodaltons (kDa) is shown on
the left, and the seven species of the G1 domain aggrecan in eluted articular
cartilage are shown in the right.

Lane 1:1 ml of medium (0.5 per cent serum) obtained from monolayer-cultured
OA (day book number; 14038 OAI) chondrocytes,
Lane 2:1 ml of medium (serum-free) obtained from monolayer-cultured OA
(14038 OAI) chondrocytes,
Lane 3: 1 ml of serum-free medium (negative control),
Lane 4:1 ml of 0.5 per cent serum containing medium (negative control),
Lane 5:1 ml of 0.1 per cent serum containing medium (negative control),
Lane 6:1 pg GAG extracted directly from OA cartilage (14038 OAI) (positive
control)
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blot: pl^aggreGm

Figure 5.2 Western blotting using the anti-aggrecan G1 domain
antibody in an RA sample

The large molecular weight band of~350 kDa is a full-length aggrecan core
protein corresponding with the highest band ofpositive control.

Lane 1:1 ml of medium in the presence of 0.5 per cent serum obtained from
monolayer-cultured RA (day book number; DS359C) chondrocytes,
P: 1 pg per lane GAG containing extract from RA cartilage (DS359C),
M: molecular weight (MW) in kilodaltons (kDa) (marker)

5.1.1.4 Discussion

Cultured OA and RA chondrocytes, which were incubated with 0.5 per cent serum medium
for 24 hours, showed a high molecular weight band with molecular weight of around 350 kDa
in addition to a band with molecular weight of around 65 kDa. Cultured OA and RA
chondrocytes, which were incubated with 0 per cent serum medium for 24 hours, showed
only a weak band with molecular weight of around 65 kDa. The controls, which were
extracted with buffer alone from OA cartilage, showed seven bands including 350 kDa band.
This ~350 kDa band is a full-length aggrecan core protein corresponding with the large
molecular weight band synthesized from cultured OA and RA chondrocytes (Figure 5.1,5.2).
The lower band with molecular weight of~65 kDa includes albumin, as 0.5 per cent and 0.1
per cent serum (FCS) containing medium without culturing chondrocytes showed the same
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molecular weight band, and 0.5 per cent serum containing medium showed stronger band
than 0.1 per cent ones.

Chondrocytes in serum free-medium will stop synthesizing matrix (Lee et al 1995). Usually
0.5 per cent serum is added to cell culture medium in order to allow the production of matrix
at the same time as serum does not interfere with analysis (Lee et al 1995, and personal
communication from Dr R. Al-Jamal, Edinburgh University).Thus subsequent experiments
using anti-aggrecan G1 domain antibody were performed using 0.5 per cent serum containing
medium. Any band of~65 kDa was regarded as a non-specific albumin band.

A rabbit polyclonal antibody, which recognises the anti-hyaluronic acid binding region
(HABR) which reacts with the G1 domain of the core protein of aggrecan has been used by
other researchers (Poole et al 1991), and a range of species of core protein of aggrecan released
into medium or synovial fluid from explants or knee joints have been reported (Sandy et al
1992, Ihc et al 1992). However, no previous studies have examined the range of Gl-domain-
containing species of core protein of aggrecan released into medium from monolayer-cultured
chondrocytes using Western blotting.

Aggrecan with extreme poly-dispersity, in size and composition, in cartilage has been found
extensively. The heterogeneity of aggrecan in cartilage is attributed to the size and number of
CS and KS chains, to the pattern of sulphation of the GAG, and to proteolytic activity on the
core protein. The variations occurring in the size of the core protein of aggrecan is an

important aspect for characterising aggrecan. The molecular weight of the full length of
aggrecan core protein in rat chondrosarcoma is deduced to be 220.952 kDa using the data
from its amino acid sequence of 2124 residues (Doege et al 1987). Other methods, depending
on the one used, have given sizes ranging from 180 kDa to 450 kDa (Hassell et al, 1986).

Despite the lack of precise structural data, the full length of peptides (un-degraded product)
including G1 domain has been reported as 350KDa molecular weight, after deglycosylation
with a method using Western blot. In addition, there are at least six smaller G1 containing
fragments in human articular cartilage of 250,160,110,90, 65, and 50 kDa (Sandy et al 1992,
Ihc et al 1992) (Figure 5.3, 5.4).
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Figure 5.3 Schematic diagram of the aggrecan core species

The figure illustrates the structure of the human aggrecan peptides.
Filled circle: G1 domain, checked circle: G2 domain, stippled circle: G3 domain
(Adapted from Sandy et al 2001).

12 3 4

1: normal cartilage 3: OA cartilage
2: normal synovial fluid 4: OA synovial fluid

Figure 5.4 Western blots with anti-aggrecan G1 domain antibody
showing the major aggrecan core species in human articular cartilage
and synovial fluids

There are at least seven major core species in human cartilage of different ages.
The species labelled 1 - 6, a - e are shown in Figure 5.3 (adapted from Sandy et al
2001).
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Results ofWestern Blotting

5.1.2 Development of protocols for Western blot with monoclonal antibodies to
aggrecan chondroitin sulphate epitopes

5.1.2.1 Aim

The aim of this section was to maximise detection of a range of aggrecan species under
different cultural conditions (0.5 per cent and 0 per cent serum) with appropriate controls.

5.1.2.2 Materials and Methods

Two samples of OA cartilage (sample day book number 14075 and 14085) were used. As a

control, proteoglycans were directly extracted from cartilage with GuHCl buffer. Using the
same cartilage, which was subsequently digested, chondrocytes were seeded into a monolayer
culture.When cells were sub-confluent (average culture period 7.1 days), the medium (IMDM
with 10 per cent FCS) was changed to 0 per cent (serum free) or 0.5 per cent FCS containing
IMDM, and 1 ml of medium per dish was collected and analysed after 24 hours incubation.
PGs were extracted from 1 ml medium from cultured OA chondrocytes incubated for 24
hours, and from 1 ml of medium controls containing 0 per cent or 0.5 per cent serum. Then
the samples were run in a 4 to 12 per cent gradient SDS-PAGE under a reducing condition
following deglycosylation.

5.1.2.3 Results

Large molecular weight aggrecan of more than 250 kDa was detected in chondrocyte cultures
with 0.5 per cent serum containing medium (Figure 5.6, lane 1,2) and in serum free medium
(Figure 5.6, lane 3,5,6). However, 0.5 per cent serum interfered with immuno-staining (lane
1,2) especially with molecular weight of~300 kDa.The control with 0.5 per cent medium
only showed thick non-specific albumin bands with molecular weight of~65 kDa (lane 4).
OAII chondrocytes (day book number 14085) released a band with molecular weight of~50
kDa in both 0.5 per cent serum containing medium (lane 1,2) and serum-free medium (lane
3), but OAI chondrocytes (day book number 14075) did not show the same band (lane 5,6)
with molecular weight of~50 kDa.The whole cartilage control (lane P) showed large
molecular weight aggrecan metabolites of more than 250 kDa, as well as the lower molecular
weight band with molecular weight of~50 kDa.
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blot: 3-B-3, 2-B-6, l-B-5 mixture
MW 1 2 3 N 5 6 P

Figure 5.6 Western blots from OA samples and controls using
monoclonal epitope antibodies

PGs extracted from 1 ml obtained from cultured chondrocytes incubated for 24
hours were run in a 4-12 per cent SDS-PAGE gradient gel under a reducing
conditions. CS stubs were detected by probing blots with a monoclonal antibody
mixture (3-B-3, 2-B-6, l-B-5). Molecular weights (MW) in kilodaltons (kDa) are
indicated on the left.

Lane 1 and 2: 1 ml of medium (0.5 per cent serum) obtained from monolayer-
cultured OA (day book number; 14085 OAII) chondrocytes
Lane 3:1 ml medium (0 per cent serum) obtained from monolayer-cultured OA
(14085 OAII) chondrocytes
Lane 4:1 ml of medium (0.5 per cent serum) (negative control)
Lane 5 and 6:1 ml of medium (0 per cent serum) obtained from monolayer-
cultured OA (14075 OAI) chondrocyte
Lane 7: positive control (14085 OAII cartilage extraction)

5.1.2.4 Discussion

Large molecular weight aggrecan of more than 250 kDa was detected in chondrocyte cultures
with 0.5 per cent serum containing medium and in serum free medium. The whole cartilage
control also showed large molecular weight aggrecan metabolites of more than 250 kDa.
However, 0.5 per cent serum interfered with immuno-staining.The epitope monoclonal
antibodies were able to detect metabolites in small amounts, and also when using
manufactured 4 to 12 per cent gradient gel gave clearer results. Subsequent experiments using
monoclonal antibodies were performed with serum-free medium. Monoclonal antibodies 3-
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B-3,2-B-6, and l-B-5 were used to detect aggrecan products generated by chondroitinase
ABC and keratanase I and II. Aggrecan fragments were detected by these antibodies which
recognize many sites along the core protein of the aggrecan. These monoclonal antibodies 3-
B-3, 2-B-6, and l-B-5 recognize specific epitopes 6,4, and O-sulphated unsaturated
disaccharides of CS respectively (Caterson et al 1985) (Figure 5.5).

core protein

•native • • • • i

CS

Aggrecanase
cleavage

MMPs_
cleavage

deglycosylated i •

3-B-3(+)
CS stubs

2-B-6 remaining after chondroitinase
and keratanase (I, II) digestion

l-B-5

anti-aggrecan G1 domain

link protein
——i— "HA"

Figure 5.5 A PG monomer and the binding sited of the monoclonal
and polyclonal antibodies used in this study

This schematic diagram shows the epitopes and catabolic neo-epitopes in
aggrecan as recognized by the monoclonal antibodies and anti-aggrecan G1
domain antibody. To the right of the core protein there are CS and KS
oligosaccharide stubs produced by chondroitinase and keratanase (I, II). (Adapted
from Caterson et al 2000).

131



Chapter Five

It has been shown that after electrophoretic separation, aggrecan from fetal cartilage migrates
as a single narrow band, whereas aggrecan from adult cartilage migrates in more diffused broad
band or multiple closely spaced bands (Sweet et al 1977, Rizkalla et al 1992). As all samples
used in this study are of adult cartilage, aggrecan migrated as diffuse broad bands is comparable
with previous results. An example of the analyses of PG metabolites with monoclonal
antibodies 3-B-3,2-B-6, and l-B-5 by other researchers is shown in Figure 5.7 (Rees et al
2000). They have examined the catabolism of aggrecan in tendon explant cultures from
compressed and tensional regions. A broad range of 3-B-3 positive high-molecular-mass PGs
(more than 100 kDa) were present in the medium. Analyses of tendon PG metabolites in
medium with the monoclonal antibody 2-B-6 showed little positive immuno-staining for the
high-molecular-mass PG species. Detection of tendon PG metabolites using monoclonal
antibody l-B-5 showed positive immuno-reactivity with high-molecular-mass (more than 100
kDa) metabolites in medium obtained from tendon explants.

Figure 5.7 PG metabolites released into culture media of tendon
explants detected by monoclonal antibodies of 3-B-3, 2-B-6, and l-B-5

Examples of a broad range of 3-B-3, 2-B-6, and l-B-5 positive high-molecular-
mass PGs (more than 100 kDa) were present in media. (Adapted from Rees et al
2000).
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5.2 The influence of disease states on baseline expression of aggrecan species

5.2.1 Aim

In this study, a significant decrease in GAG synthesis was only seen in advanced stage OA
chondrocytes (OA grade III), unlike normal, OA grade I, and OA grade II chondrocytes
(ChapterThree).The precise mechanisms causing the changes in PG that take place during
the OA process are still unknown.The changes may involve anabolic or catabolic modification
of newly synthesized PGs.To gain further insight, PGs, synthesized in OA and RA
chondrocytes, were compare with those from normal chondrocytes in monolayer culture.

5.2.2 Materials and Methods

Human articular knee cartilage was obtained at the time ofjoint replacement surgery from
patients with OA or RA, and from above knee amputation from patients with peripheral
vascular disease. The articular cartilage surface was assessed macroscopically (McElligott and
Collins 1960) and microscopically (OARSI) and graded into normal, OA (I to III) or RA.
Chondrocytes were isolated from the normal articular cartilage of one male (76 year old) and
two females (66 and 73 year old). OA chondrocytes were isolated from the articular cartilage
of four males with a mean age of 64.5 years (range 39 - 79), and six females with a mean age
of 64.6 years (range 53 - 74). RA chondrocytes were isolated from the articular cartilage of
three females with a mean age of 57.3 years (range 39 - 74). Primary chondrocytes were

seeded in monolayer at 5 x 104 cells/ml concentration. Chondrocytes were cultured to sub-
confluent for an average of 8.1 days.The culture medium containing 10 per cent serum (FCS)
was then replaced by serum free medium (IMDM) or medium with 0.5 per cent serum, and
this was followed by 24 hours incubation at 37°C. PGs secreted into the medium were

precipitated and the quantity of GAGs was measured by the DMMB assay. Equal amounts of
GAG were loaded onto SDS-PAGE under a reducing conditions (1 to 2 pg GAG per lane).
Experiments were repeated using single dishes of human articular chondrocytes derived from
at least three adult donors (Appendix).

5.2.3 Results

5.2.3.1 Western blotting with anti-Gl domain aggrecan antibody

Aggrecan core species of molecular weight 350 kDa, which were detected in other grades of
OA, RA and normal chondrocytes, were absent in the culture medium cultured from OA
grade III chondrocytes (Figure 5.8).The results from OA grade II chondrocytes varied
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significantly. For example, day book number 14087 showed aggrecan core species of molecular
weight 350 kDa, although the quantity appeared to be less than normal or OA grade I
chondrocyte cultures. Day book number 14035 showed a less intense 350 kDa band, and day
book number DS130C did not show a 350 kDa band. Normal, OA grade I, and RA
chondrocytes synthesized and released 350 kDa molecular weight core protein species into the
culture medium (Figure 5.8, see arrow). The macroscopic and OARSI microscopic gradings
were closely related. The observation of decreased full-length aggrecan core protein species in
OA grade II chondrocytes was more noticeable when the OARSI score was lower
(Appendix). Day book number 14087 OAII sample scored 1, whereas day book number
14085 scored 16.The former showed a clear band with molecular weight of 350 kDa but the
latter did not exhibit the same band, as was the case in OA grade III chondrocytes.

blot: Gl-aggrecan

13987 DS242C 14087 * 14044 *14085*" 14039 DS098C

Figure 5.8 Western blots showing baseline aggrecan species expression
in OA, RA and normal control samples
Un-degraded full-length aggrecan species (see arrow) were present in normal,
OA grade I, and RA samples. However, high molecular weight PGs was not
detected in OA grade III and in some OA grade II samples.
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5.2.3.2 Results ofWestern blotting with monoclonal anti-aggrecan epitope
antibodies

The fragments released into medium from chondrocytes were compared using the
monoclonal epitope antibodies 3-B-3,2-B-6, and l-B-5.The C6S, C4S, and COS levels were
lower in OA grade III samples than in other extracts. Some of the OA grade II samples
contained more C4S epitope than normal or RA samples.

A broad range of 3-B-3 positive high-molecular-mass PGs (more than 250 kDa) were present
in the medium cultured from normal, OAI, OAII, and RA chondrocytes. However there were
lesser amounts of 3-B-3 positive high-molecular-mass PGs and smaller fragments with
molecular weight of~250, ~75, and ~50 kDa from OA grade III chondrocytes (Figure 5.9).

Analyses of PGs in the medium with monoclonal antibody 2-B-6 showed less positive
immuno-staining for high-molecular-mass PG species, especially in the culture medium
cultured from RA chondrocytes (Figure 5.10). Strong 2-B-6 positive high-molecular-mass
PGs staining could be seen in OA grade II chondrocytes. In addition to a broad range of 2-
B-6 positive high-molecular-mass PGs (more than 250 kDa), there was a band with molecular
weight of~50 kDa in the medium cultured from normal, OAI, OAII, and RA chondrocytes,
but not from OA grade III (see arrow).

Detection of PGs using monoclonal antibody l-B-5 showed positive immuno-reactivity with
high-molecular-mass (i.e. more than 250 kDa) species in medium but the immuno-reactivity
of the detected bands was decreased in OA grade I to III (Figure 5.11).

5.2.4 Discussion

The results in this section showed that only aggrecan core species, immuno-reactive with G1
aggrecan antibody released from normal, OA grade I, and RA chondrocytes, was 350 kDa in
size. The release of the 350 kDa band from OA grade II chondrocytes varied significantly, and
was absent in the culture medium cultured from OA grade III chondrocytes (Figure 5.8).

The results also showed that a broad range of 3-B-3 positive high-molecular-mass PGs were

present in the medium cultured from normal, OAI, OAII, and RA chondrocytes. However
there were lesser amounts of 3-B-3 positive high-molecular-mass PGs from OA grade III
chondrocytes (Figure 5.9). Strong 2-B-6 positive high-molecular-mass PGs staining could be
seen in OA grade II chondrocytes. In addition, there was a band with molecular weight of
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Figure 5.9 Western blots showing baseline PGs in medium from
cultured chondrocytes and controls using the 3-B-3 epitope antibody
3-B-3 positive high molecular mass PGs were present in normal, OA grade I, II,
and RA samples as well as from samples direcdy eluted from cartilage). However,
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Figure 5.10 Western blots showing baseline PGs in medium from
cwtured chondrocytes and controls using the 2-B-6 epitope antibody

Analyses of PGs in medium with the monoclonal antibody 2-B-6 showed less
immuno-staining for high-molecular-mass PG species, especially in the medium
from RA chondrocyte cultures. Strong 2-B-6 positive high-molecular-mass PG
staining could be seen in medium from OA grade II chondrocyte cultures. In
addition to a broad range of 2-B-6 positive high-molecular-mass PGs (more than
250 kDa), there was a band with molecular weight of—50 kDa in the medium
cultured from normal, OAI, OAII, and RA chondrocytes, but not in OA grade
III (see arrow). P: positive control (extraction from cartilage)
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blot: l-B-5

Normal;OAI OAII OAIII RA P

Figure 5.11 Western blots showing baseline PGs in medium from
ciutured chondrocytes and controls using the l-B-5 epitope antibody

l-B-5 positive high molecular mass PGs were less apparent in OA chondrocytes.
P: positive control (extraction from cartilage)

around 50 kDa in the medium cultured from normal, OAI, OAII, and RA chondrocytes, but
not from OA grade III chondrocytes. Detection of PGs using monoclonal antibody l-B-5
decreased in OA grade I to III (Figure 5.11).

Chondrocytes were isolated from articular cartilage and cultured chondrocytes in monolayer.
The medium was harvested after 24 hours when the cells remained sub-confluent. The PGs

released directly into the culture medium were mosdy newly synthesized PGs.

Core protein heterogeneity in aggrecan from normal human articular cartilage has been
reported and identified as a consequence of aggrecan turnover in normal cartilage (Vilim et al
1993). Although the presence of many of these species in cartilage has been known for many

years, the extent to which they reflect anabolic and catabolic processes remains uncertain.

One of the first changes observed in OA cartilage is a decrease in its PG content (Mankin and
Lippiello 1971), but rates ofPG synthesis observed in OA chondrocytes are still controversial.
In many studies, PG synthesis rates increased in OA cartilage (Brand et al 1991, McEfligott
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and Collins 1960, Ehrlich and Mankin 1980, Bollet 1967). In other studies, they were

unchanged or even decreased (Byers et al 1977, Mackenzie et al 1977).

During the biosynthesis of aggrecan, there is a marked variation in the capacity of newly
synthesized molecules to bind hyaluronan (Sandy 1992). The pool of aggrecan synthesized
over a 24-hour period and released into the medium ofpost-confluent primary cultures
exhibits a low affinity for hyaluronan (Sandy and Plaas 1989).This population appears to have
a half-life of about 24 hours in vivo before undergoing assembly into link stabilized aggregates

(Sandy and Plaas 1989).The delay in acquisition of high affinity binding may be necessary to
allow newly secreted molecules to diffuse to PG-deficient regions of matrix distant from the
cells. Once synthesized aggrecan is aggregated, and this population may have an in vivo half-life
of up to 300 days in mature animals (Sandy 1992), before undergoing proteolytic trimming at
the C-terminal and N-terminal (Figure 5.12). Flannery et al (1992) reported that there may
be loss of the G3 region soon after synthesis of aggrecan. Experiments with calf chondrocytes
in culture showed that there was a rapid removal of G3 from newly synthesized aggrecan.

The only aggrecan core species, immuno-reactive with G1 aggrecan antibody to be released
from normal chondrocytes, has a molecular weight greater than 250 kDa. It has been reported
that 30 to 50 per cent of the total aggrecan core protein exists in full-length in cartilage
(Sandy et al 2001).Therefore, newly synthesized aggrecan is more likely to be intact (un-
degraded product). In normal cartilage, primary cleavages occur in the chondroitin sulphate-
rich region and cleavage in the inter-globular domain is slow and secondary. Studies of the
aggrecanase mediated degradative pathway in rat chondrosarcoma cells showed that only
species present before IL-ip addition was full length aggrecan.There was a lag period, after
IL-ip addition, of 20 hours before any catabolism occurred, and the first products, which
appeared between 20 and 45 hours, were peptides 4,5,7,8,10 (Figure 5.13).These products
were those expected from cleavage within the chondroitin sulphate-attachment region but
without inter-globular domain cleavage. A second phase of catabolism began at about 60
hours with the appearance ofpeptides 12,13, and 6. These are terminal products to be
expected following inter-globular domain cleavage (Sandy et al 2000) (Figure 5.13).

It has been reported that aggrecan G1 fragments increase in cartilage with age as well as with
the degree of histological damage in OA (Hollander et al 1994). However, few studies have
been done on the biosynthetic activity of cultured chondrocytes. In this study, OA
chondrocytes lost the ability to synthesize full-length intact aggrecan species when extracted
from chondrocyte with higher degrees of histological damage. This was especially noticeable
in OA grade III chondrocytes, measured by the G1 domain containing aggrecan species. The
results obtained here are similar to those of Malemud et al (1995), which showed that the
profiles of chondrocytes from aged-matched non-arthritic cartilage and chondrocytes from
osteoarthritic cartilage were virtually identical except for the almost complete absence of
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Figure 5.12 Extra-cellular metabolism of aggrecan

Aggrecan monomers are secreted by chondrocytes and enter a transient pool with
a low affinity of binding for hyaluronan.The majority of this pool undergoes
assembly into link-stabilised aggregates and acquires a high binding affinity for
hyaluronan.The molecules then undergo proteolytic trimming at the C-terminal
and N-terminal (adopted from Sandy 1992).
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Figure 5.13 A model of the kinetics of the aggrecanase-mediated
degradative pathway (adopted from Sandy et al 2000).
Peptides numbers refer to those shown in Figure 5.3.

some of the large (~520 kDa) molecular mass core proteins of PGs in the chondrocytes
derived from osteoarthritic cartilage.Total GAG production from OA grade III chondrocytes
was much smaller, on average 65.0 per cent and 59.6 per cent less GAG (corrected by DNA),
than for OA grade I and II chondrocytes (Chapter Three). It is possible that newly synthesized
PGs from OA grade III chondrocytes degraded more rapidly, or that OA grade III
chondrocytes synthesized PGs more slowly than normal chondrocytes. The former theory is
supported by Sandy et al (1984).They provided evidence that newly synthesized PGs in
cartilage, from operated joints of experimental OA, are more rapidly degraded in the tissue
than PGs in the control cartilage.

My results have demonstrated that RA chondrocytes synthesized large (~350 kDa) G1
containing molecular mass core proteins of aggrecan, which were virtually identical to those
synthesized by normal or early stage of OA cartilage chondrocytes. However, diminished C4S
reactivity in the high molecular weight protein from the RA samples suggests that RA
chondrocytes synthesize different aggrecan species from normal chondrocytes in culture.
Shiozawa et al (1992) found that rheumatoid synovium can spread easily over the eroded
cartilage surface (hyaluronidase treated) in vitro. Synovial tissue extension was inhibited when
the cartilage surface was covered by C4S. This result suggests that PGs in cartilage can inhibit
rheumatoid synovial extension over the cartilage as pannus, and that this inhibitory effect is
lost in RA. The results obtained with 2-B-6 in RA samples may be the result of degradative
processes in RA chondrocytes. CS-Szabo et al (1995) have shown that PGs from RA cartilage
were degraded and contained fewer PG populations than either normal or OA samples.
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3-B-3 and l-B-5 immuno-reactive proteins with lower electrophoretic mobility were not
detected. High molecular weight proteins (around 300 to 400 kDa) were predominantly
released from normal, early OA, and RA chondrocytes (Figure 5.9, 5.11).The strong immuno-
reactivity with 3-B-3 and l-B-5 confirms that the populations of aggrecan contain C6S and
COS disaccharide isomers. OA grade II samples contained more high molecular weight
(around 300 to 400 kDa) C4S-containing epitopes than for normal or RA samples, and this is
consistent with previous quantitative analysis of epitope contents in cartilage (CS-Szabo et al
1995).The band sizing just under 50 kDa when stained with 2-B-6 (see arrow) is most likely
to be the small proteoglycan decorin, as the core protein of decorin is 38 to 47 kDa after
chondroitinase ABC treatment (Roughley 1989, Liu 2003), and decorin contains CS isomers
(personal communication with Dr Hughes, Cardiff University), especially, a greater amount of
C4S than C6S of the N-Acetyl-galactosamine residues, in contrast with aggrecan, which
always show more C6S (Melching and Roughley 1989).

The concentration of high molecular mass chondroitin-6, 4,0-sulphate positive epitopes
decreased in OA grade III chondrocytes compared to normal chondrocytes, in this study. C6S
containing epitopes produced by OA grade III chondrocytes were fragmented and the
number with molecular weight sizes below 250 kDa increased. It has been proposed that
altered anabolic activity in OA is related to a change in the differentiated state of the
chondrocytes (Aigner and Dudhia 1997). Fragments with these epitopes may be expressed as

part of the chondrocyte response to the disease state. Changes in the concentration of
chondroitin sulphate in human OA cartilage have been demonstrated in many reports,

although changes in the structure of PGs are still controversial. The length of the CS chains
has been reported to be shortened (Vasan 1980,Bollet et al 1966) or unchanged (Brocklehurst
et al 1984, Rizkalla et al 1992), while the sizes of the PG monomers can vary (Brocklehurst et
al 1984, Inerot et al 1978). An increase in the concentration of C4S in OA cartilage has been
shown by Cs-Szabo et al (1995).The epitopes recognized by 3-B-3 (-) (monoclonal antibody
to native terminal CS disaccharide epitope) were shown to be absent or only weakly expressed
in normal cartilage, but expressed highly in pathological OA specimens (Slater et al 1995).
Chondroitin sulphate chains from arthritic cartilage have significantly altered sulphation of the
terminal residues. In normal cartilage around 60 per cent of terminal GalNAc4S was 4.6-
disulphated, but this was reduced to around 30 per cent in OA cartilage (Plaas et al 1998). In
experimental canine OA, induced by sectioning the cruciate ligaments in the stifle joint,
newly synthesized PG from cartilage explants had longer CS chains but were smaller in size
(Carney et al 1985). A summary of some of these investigations is listed on Table 5.1.
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Table 5.1 Studies of the PG CS epitopes in normal and OA cartilage
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5.3 The effects of mechanical stimulation on aggrecan core species released
from cultured chondrocytes

5.3.1 Aim

The aim of the experiments described in this section was to investigate possible changes in
aggrecan species and the level of epitope expression following exposure of cultured
chondrocytes to cyclic mechanical stimulation. In addition, a series of experiments were also
undertaken to establish whether a5 integrins, aV(35 integrins or the integrin associated
protein (IAP) CD47 were involved in those processes, following cyclical mechanical
stimulation.

5.3.2 Materials and Methods

Human articular knee cartilage was obtained at the time ofjoint replacement surgery from
patients with OA and RA and from above knee amputation in patients with peripheral
vascular disease. The articular cartilage surface was assessed macroscopically (McElligott and
Collins 1960) and microscopically (OARSI) and graded as normal, OA grade I to III or RA.
Chondrocytes were isolated from normal articular cartilage of one male (76 year old) and two
females (66 and 73 year old). OA chondrocytes were isolated from the OA articular cartilage
of four males with a mean age of 64.5 years (range 39-79), and six females with a mean age of
64.6 years (range 53-74). RA chondrocytes were isolated from the articular cartilage of three
females with a mean age of 57.3 years (range 39-74). Primary chondrocytes were seeded in
monolayer at 5 x 104 cells/ml concentration. Cells were cultured to near confluent for an

average of 8.1 days. On the day before experiments were carried out, the culture medium
containing 10 per cent serum (FCS) was replaced by serum free medium or medium with 0.5
per cent serum for 16 hours.

Cells were exposed to function-blocking monoclonal antibodies to a5 integrin (P1D6
MAB1956, Chemicon International), aV(B5 integrin (P1F6 MAB1961, Chemicon
International) or CD47 (Brie 126, IBGRL Research) at a concentration of 1 pg/ml, in
monolayer culture at 37 °C for 30 minutes. Cells were then mechanically stimulated at 0.33
Hz 4000p strain or 0.33 Hz 32000p strain for 20 minutes in the presence or absence of
antibodies, and this was followed by 24 hours incubation at 37°C. PGs in the obtained
medium were precipitated and the quantity of GAGs was measured by DMMB assay. Identical
amounts of medium (1 ml medium per lane)or GAG (1 to 2 pg GAG per lane) were loaded
onto SDS-PAGE under reducing conditions. Experiments were repeated using single dishes of
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human articular chondrocytes derived from at least four adult donors.The cultured medium
was collected and analysed (Appendix).

(
5.3.3 Results

Results were obtained from cultured chondrocytes derived from normal, OA and RA
cartilage.

5.3.3.1 Results obtained from normal chondrocytes

Identical amounts of medium (1 ml medium per lane) were loaded onto SDS-PAGE under
reducing conditions.The anti-aggrecan G1 domain antibody (anti-HABR) was used on 7.5
per cent gel to examine the extent ofaggrecan production from monolayer cells in 24 hours
after mechanical stimulation. Aggrecan peptides with a molecular weight of 350 kDa were

detected after 24 hours as well as smaller molecular weight bands, in both controls (CT:
without mechanical stimulation) and MS (mechanically stimulated at 0.33 Hz 4000p strain)
samples. The density of these bands increased following mechanical stimulation (see arrow).

blot: Gl-aggrecan

13987 FN
1 ml medium/ each lane

Figure 5.14 Western blots of aggrecan core proteins following 0.33 Hz
cyclical mechanical stimulation of normal chondrocytes

Normal chondrocytes (day book number 13987) were subjected to 0.33Hz
4000p strain mechanical stimulation for 20 minutes.The same amount of
medium samples (1 ml) from resting chondrocytes (CT) and stimulated
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chondrocytes (MS) cultured in medium with 0.5 per cent FCS were collected
and precipitated. Extracts were deglycosylated and blotted with anti-Gl aggrecan
antibody 1:400.The stimulated (MS) chondrocytes released large molecular
weight core protein (~350 kDa see arrow) and some smaller bands (~160,110,55
kDa) more intensively than control samples. •

CT: resting chondrocytes (without mechanical stimulation)
MS: mechanically stimulated

In order to compare the abundance of different peptides 24 hours after mechanical
stimulation, the same amount of GAG was loaded (lpg per lane) instead of the same amount
of medium. The only peptide detected after 24 hours was a full-length peptide with a
molecular weight of 350 kDa, in both controls without mechanical stimulation and MS
(mechanically stimulated) samples (Figure 5.15).

blot: Gl-aggrecan

13987 FN

Figure 5.15 Western blots of aggrecan core proteins following 0.33 Hz
cyclical mechanical stimulation of normal chondrocytes

Normal chondrocytes (day book number 13987) were subjected to 0.33Hz
4000p strain mechanical stimulation for 20 minutes. Medium samples from
resting chondrocytes (CT) and stimulated chondrocytes (MS) cultured in
medium with 0.5 per cent FCS were collected and precipitated. Extracts were
deglycosylated and 1 pg GAG per lane was blotted with anti-Gl aggrecan
antibody 1:400. Resting (CT) and stimulated (MS) chondrocytes released only
large molecular weight core protein (~350 kDa) with no noticeable difference
between the two. The blot shown is representative of a series of experiments
including three different donors of normal cartilage.

N: negative control (0.5 per cent serum containing medium)
CT: resting chondrocytes (without mechanical stimulation)
MS: mechanically stimulated
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In the presence of anti-integrin antibodies to a5, aV(35, and CD47, which have been shown
to block chondrocyte mechano-transduction, the only peptide detected was a full-length
peptide with a molecular weight of 350 kDa, with or without mechanical stimulation (Figure
5.16).

blot: Gl-aggrecan
MW *5 cStMS «V|;S otVp5+MS CD47 CD47+MS

Figure 5.16 Western blots of aggrecan core proteins following 0.33 Hz
cyclical mechanical stimulation in the presence of anti-integrin
antibodies in normal chondrocytes

Normal chondrocytes (day book number 13987, DS249C ) were subjected to
0.33Hz mechanical stimulation. Anti-integrin (a5,aVP5,and CD47) antibodies
were added to 0.5 per cent serum containing medium 30 minutes prior to the
experiments. Medium samples from resting chondrocytes and stimulated
chondrocytes (MS) were collected and precipitated. Extracts were deglycosylated
and 1 pg GAG per lane was blotted with anti-Gl aggrecan antibody 1:400.The
only protein species immuno-reactive with Gl-aggrecan antibody released from
resting and stimulated (MS) chondrocytes was greater than 250 kDa in size (~350
kDa) and was homogeneous. Anti-a5, aV(35, and CD47 antibodies did not
modulate this trend. The blot shown is representative of a series of experiments
including three different donors of normal cartilage.

N: negative control (0.5 per cent serum containing medium) . , .
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When monoclonal antibodies for C6S containing peptides (A) and COS containing peptides
(C) were used, there was no difference between mechanically stimulated (MS) and
unstimulated (CT) chondrocytes. However when the monoclonal antibody for C4S
containing peptides was used (B), a clear band with a molecular weight of greater than
250KDa could be detected in medium samples after mechanical stimulation at 4000p strain
(Figure 5.17). The density of this band increased when the mechanical strain was increased
eight fold at 32000p strain (see arrow).

(B) blot: 2-B-6 . (C)blot: l-B-5

Figure 5.17 Western blots of aggrecan following 0.33 Hz cyclical
mechanical stimulation using monoclonal antibodies in normal
chondrocytes

Normal chondrocytes (day book number DS249C and 13987) were subjected to
0.33Hz mechanical stimulation. Medium samples from resting chondrocytes (CT)
and stimulated chondrocytes (MS) were collected and precipitated. Extracts were
deglycosylated and 1 pg GAG per lane was blotted with 3-B-3 monoclonal
antibodies 1:200, 2 pg GAG per lane was blotted with 2-B-6 1:100, and 1 pg
GAG per lane was blotted with l-B-5 monoclonal antibodies 1:5000. Resting
(CT) and stimulated (MS) chondrocytes released only large molecular weight
core protein containing C6S and COS stubs (A, C). However, However when the
monoclonal antibody for C4S containing peptides was used (B), a clear band with
a molecular weight of greater than 250 KDa could be detected in medium
samples after mechanical stimulation at 4000p strain. The density of this band
increased when the mechanical strain was increased eight fold at 32000p strain
(see black arrow).The blot shown is representative a series of experiments
including three different donors of normal cartilage.
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5.3.3.2 Results obtained from OA chondrocytes

The results obtained here were different depending on the grade of OA.

In OA grade I, when using anti-aggrecan G1 domain antibody: (1) the only peptide present
after 24 hours was a full-length peptide with a molecular weight of 350 kDa, both in control
(CT; without mechanical stimulation) and following MS (Figure 5.18), (2) in the presence of
the anti-a5 integrin antibody, mechanical stimulation increased the density of the 350 kDa
band detected with anti-aggrecan G1 domain antibody (Figure 5.19, see arrows), (3) in the
presence of anti-aV(35 integrin antibody, the density of the 350 kDa molecular weight band
detected with anti-aggrecan G1 domain antibody, varied following mechanical stimulation, (4)
in the presence of anti-CD47 antibody, there were no changes in the 350 kDa band following
mechanical stimulation (Figure 5.19).

blot: Gl-aggrecan
MW CT* MS

"

nwpJiS

14075 OAI

Figure 5.18 Western blots of aggrecan core proteins following 0.33 Hz
cyclical mechanical stimulation in OA grade I chondrocytes
OA chondrocytes (day book number 14075 OAI) were subjected to 0.33Hz
mechanical stimulation. Medium samples from resting chondrocytes (CT) and
stimulated chondrocytes (MS) in medium supplemented with 0.5 per cent FCS
were collected and precipitated. Extracts were deglycosylated and 1 pg GAG per
lane was blotted with anti-Gl aggrecan antibody 1:400. Resting (CT) and
stimulated (MS) chondrocytes released only large molecular weight core proteins
with a molecular weight of 350 kDa but did not show any noticeable differences.
The blot shown is representative of a series of experiments including three
different donors of OA cartilage.

CT: resting chondrocytes (without mechanical stimulation)
MS: mechanically stimulated
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blot: Gl-aggrecan

Figure 5.19 Western blots of aggrecan core proteins following 0.33 Hz
cyclical mechanical stimulation in the presence of anti-integrin
antibodies in OA grade I chondrocytes
OA grade I chondrocytes (day book number 14075,14038, and DS182C) were
subjected to 0.33Hz mechanical stimulation. Anti-integrin (a5,aV|35,and
CD47) antibodies were added to 0.5 per cent serum containing medium 30
minutes prior to the experiments. Extracts were deglycosylated and 1 pg GAG
per lane was blotted with anti-Gl aggrecan antibody 1:400. Resting and
stimulated (MS) chondrocytes released only large molecular weight core protein
(350 kDa). In the presence of anti-a5 integrin antibodies, mechanical stimulation
increased the density of the 350 kDa molecular mass band detected with anti-
aggrecan G1 domain antibody (see arrow).

P: (positive control) 1 pg GAG extracted directly from OA cartilage (14038 OAI)
N: (negative control) 1 ml 0.5 per cent serum containing medium
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In OA grade II, when using the anti-aggrecan G1 domain antibody: (1) large molecular
weight core protein with a molecular weight of 350 kDa were absent in some control samples,
as well as in some mechanically stimulated samples (Figure 5.20), (2) smaller bands with
molecular weight of~160 kDa were more prominent in both control and mechanically
stimulated samples (Figure 5.20, 5.21), (3) in the presence ofanti-a5 integrin antibodies,
mechanical stimulation increased the density of the 350 kDa molecular mass band detectable
with anti-aggrecan G1 domain antibody (Figure 5.21, see arrows), (4) in the presence ofanti-
a5(3l integrin and anti-CD47 antibodies, the density of the 350 kDa molecular mass band
detected with anti-aggrecan G1 domain antibody varied (Figure 5.21).

Figure 5.20 Western blots of aggrecan core proteins following 0.33 Hz
cyclical mechanical stimulation in OA grade II chondrocytes

OA II chondrocytes (day book number 14035,14087, and DS130C) were
subjected to 0.33 Hz mechanical stimulation. Medium samples from resting
chondrocytes (CT) and stimulated chondrocytes (MS) cultured in IMDM
supplemented with 0.5 per cent FCS were collected and precipitated. Extracts
were deglycosylated and 1 pg GAG per lane was blotted with anti-Gl aggrecan
antibody 1:400. Large molecular weight core protein with a molecular weight
350 kDa (see black arrow) was observed less frequently than in normal or OA
grade I chondrocytes, and this was not due to mechanical stimulation. Also
smaller bands with a molecular weight of~160 kDa were more prominent than
in normal or OA grade I.
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(B) blot: Gl-aggrecan

ct5 <x5+MS aVp5 aVpSf-MS CD47 CD47+MS

Figure 5.21 Western blots of aggrecan core proteins following 0.33 Hz
cyclical mechanical stimulation in the presence of anti-integrin
antibodies in OA grade II chondrocytes

Resting and stimulated (MS) chondrocytes did not release large molecular weight
core protein (350 kDa) as frequently as normal or OA grade I chondrocytes. In
the presence ofanti-a5 integrin antibodies, mechanical stimulation increased the
350 kDa molecular mass reactivity with the anti-aggrecan G1 domain antibody
but not in the control samples (see white arrows). Smaller bands with molecular
weight of~160 kDa were more prominent than in normal or OA grade I.
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In OA grade III, when using the anti-aggrecan G1 domain antibody: (1) large molecular
weight core protein was not detected in control samples, nor in mechanically stimulated
samples (Figure 5.22), (2) in the presence of anti-integrin antibodies there were no differences
in expression of aggrecan species between control samples and mechanically stimulated
samples (Figure 5.23).

blot: Gl-aggrecan
MW CT MS

Figure 5.22 Western blots of aggrecan core proteins following 0.33 Hz
cyclical mechanical stimulation in OA grade in chondrocytes

OA chondrocytes (day book number 14039 OA grade III) were subjected to 0.33
Hz mechanical stimulation. Medium samples from resting chondrocytes (CT) and
stimulated chondrocytes (MS) cultured in IMDM supplemented with 0.5 per
cent FCS were collected and precipitated. Extracts were deglycosylated and 1 pg
GAG per lane was blotted with anti-Gl aggrecan antibody 1:400. Large
molecular weight core proteins with a molecular weight of 350 kDa were not
detected in OA grade III chondrocytes, and this absence was not due to
mechanical stimulation.
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blot: Gl-aggreean

Figure 5.23 Western blots of aggrecan core proteins following 0.33 Hz
cyclical mechanical stimulation in the presence of anti-integrin
antibodies in OA grade HI chondrocytes

Resting and stimulated (MS) chondrocytes released little large molecular weight
core protein (350 kDa) and anti-a5, aV|35, and CD47 antibodies did not
modulate this trend.
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When using monoclonal antibodies, In OA grade I, there were no differences between
mechanically stimulated and unstimulated (CT) samples of C6S, C4S, COS containing peptides
(Figure 5.24,5.25,5.26). In OA grade II, there were no differences between mechanically
stimulated and unstimulated chondrocytes in C6S and COS containing peptides using
monoclonal antibodies. However, eight times greater strain (8XMS) increased the density of a
small molecular weight band ~50 kDa detectable with a 2-B-6 antibody (Figure 5.25). In OA
grade III, only weak bands could be detected in both mechanically stimulated samples and
unstimulated samples with monoclonal antibodies to C6S, C4S, and COS (Figure 5.25).
However, higher strain (8XMS) resulted in a heavier band of a small molecular weight of~50
kDa detectable with a 2-B-6 monoclonal antibody (Figure 5.25).

OAI
MW CT MS 8XMS

blot: y-B-3

OAII QAIII
jCT MS 8XMS CT MS 8XMS

Figure 5.24 Western blots of aggrecan following 0.33 Hz cyclical
mechanical stimulation detected by 3-B-3 monoclonal antibody in OA
chondrocytes

OA chondrocytes were subjected to 0.33 Hz mechanical stimulation. Medium
samples from resting chondrocytes (CT) and stimulated chondrocytes (MS) were
collected and precipitated. Extracts were deglycosylated, and 1 pg per lane of
GAG was blotted with the 3-B-3 monoclonal antibody 1:200. Resting (CT) and
stimulated (MS) chondrocytes released only large molecular weight core proteins
containing C6S aggrecan in early OA (OA grade I and OA grade II) but
fragments appeared in OA grade III.
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. blot: 2-B-6
OAI OAII . OAIII

MW 'CT MS ©CMS. )GT\MS ©CMS CT MS 8XMS

Figure 5.25 Western blots of aggrecan following 0.33 Hz cyclical
mechanical stimulation detected by 2-B-6 monoclonal antibody in OA
chondrocytes

OA chondrocytes were subjected to 0.33 Hz mechanical stimulation. Medium
samples from resting chondrocytes (CT) and stimulated chondrocytes (MS) were
collected and precipitated. Extracts were deglycosylated, and 2 pg per lane of
GAG was blotted with the 2-B-6 monoclonal antibody 1:100. Resting (CT) and
stimulated (MS) chondrocytes released smaller C4S containing aggrecan with
molecular weights density of~50 kDa. Eight times greater strain (32000p strain)
(8XMS) slightly increased the density of the ~50 kDa bands in OA grade II and
III (see grey arrows).

blot: l-B-5

OAI OAII OAIII
MW CT MS 8XMS .CT MS CtjMS 8XMS

Figure 5.26 Western blots of aggrecan following 0.33 Hz cyclical
mechanical stimulation detected by l-B-5 monoclonal antibody in OA
chondrocytes
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OA chondrocytes were subjected to 0.33 Hz mechanical stimulation. Medium
samples from resting chondrocytes (CT) and stimulated chondrocytes (MS) were
collected and precipitated. Extracts were deglycosylated, and 1 pg per lane of
GAG was blotted with monoclonal antibody l-B-5 1:5000. Resting (CT) and
stimulated (MS) chondrocytes released only large molecular weight core proteins.
The density of the large molecular weight peptides were decreased in the OA
grade III chondrocytes.

5.3.3.3 Results obtained from RA chondrocytes

When using the anti-aggrecan G1 domain antibody, the only G1-containing peptide detected,
after 24 hours synthesis by RA chondrocytes, was a full-length one with a molecular weight of
350 kDa, apparently not degraded (Figure 5.27).There was no significant alteration in the
peptides metabolism after the cyclic mechanical stimulation (Figure 5.28).

blot: Gl-aggrecan
MW CT MS P

DS098C RA

Figure 5.27 Western blots of aggrecan core proteins following 0.33 Hz
cyclical mechanical stimulation of RA chondrocytes
RA chondrocytes (day book number DS098C) were subjected to 0.33 Hz
mechanical stimulation. Medium samples from resting chondrocytes (CT) and
stimulated chondrocytes (MS) cultured in medium supplemented with 0.5 per
cent FCS were collected and precipitated. Extracts were deglycosylated and 1 pg
per lane of GAG was blotted with anti-Gl aggrecan antibody 1:400. Resting
(CT) and stimulated (MS) chondrocytes both released only large molecular
weight core proteins with a molecular weight of~350 kDa. The blot shown is
representative of a series of experiments including three different donors of RA
cartilage.

CT: resting chondrocytes (without mechanical stimulation)
MS: mechanically stimulated
P: 1 pg GAG extracted direcdy from RA cartilage (DS098C) (positive control)
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blot: Gl-agg recan

a 5 a5fMS aVB5 cxVBSfMS CD47 CD47+MS

Figure 5.28 Western blots of aggrecan core proteins following 0.33 Hz
cyclical mechanical stimulation in the presence of anti-integrin
antibodies in RA chondrocytes

RA chondrocytes (day book number DS098C) were subjected to 0.33 Hz
mechanical stimulation. Anti-integrin (a5, aVP5, and CD47) antibodies were
added to 0.5 per cent serum containing medium, 30 minutes prior to the
experiments. Medium samples from resting chondrocytes and stimulated
chondrocytes (MS) were collected and precipitated. Extracts were deglycosylated
and 1 pg per lane of GAG was blotted with anti-Gl aggrecan antibody 1:400.
Resting and stimulated (MS) chondrocytes released only large molecular weight
core proteins (~350 kDa), and anti-a5, aV(35, and CD47 antibodies did not
modulate this trend. The blot shown is representative of a series of experiments
including three different donors of normal cartilage.

P: 1 pg per lane of GAG extracted direcdy from RA cartilage (DS098C)
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Using monoclonal antibodies, there was no difference between mechanically stimulated and
unstimulated chondrocytes in C6S, C4S, COS containing peptides. The intensity of the band
expressing the C4S epitope was significandy greater in smaller bands with molecular weight of
~50 kDa, than in larger bands in RA (Figure 5.29).

Figure 5.29 Western blots of aggrecan following 0.33 Hz cyclical
mechanical stimulation detected with monoclonal antibodies in RA
chondrocytes

RA chondrocytes (day book number DS190C) were subjected to 0.33 Hz
mechanical stimulation. Medium samples from resting chondrocytes (CT) and
stimulated chondrocytes (MS) were collected and precipitated. Extracts were
deglycosylated and 1 pg per lane of GAG was blotted with 3-B-3 and 2-B-6
monoclonal antibodies 1:200 and 1:100 respectively. Resting (CT) and stimulated
(MS) chondrocytes released only large molecular weight core protein containing
C6S stubs (A).There were aggrecan species containing C4S of~50 kDa (see
arrow) (B),but fewer aggrecan with high molecular masses above 250 kDa.The
blot shown is representative of a series of experiments including three different
donors ofRA cartilage.

CT: resting chondrocytes (without mechanical stimulation)
MS: mechanically stimulated at 4000p strain
2XMS: mechanically stimulated at 8000p strain
8XMS: mechanically stimulated at 32000p strain

(B) blot: 2-B-6
CT MS 2XMS 8XMS

(A) blot: 3-B-3
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5.3.4 Discussion

The anti-aggrecan G1 domain antibody was used to examine the abundance of different
peptides 24 hours after mechanical stimulation. The main peptide detected was a full-length
peptide with a molecular weight of 350 kDa, in both controls without mechanical stimulation
and mechanically stimulated medium samples from normal chondrocytes (Figure 5.14, 5.15),
in the presence or absence of anti-integrin antibodies to a5, aV|35, and CD47 (Figure 5.16).
When monoclonal antibody for C4S containing peptides was used, a clear band with a
molecular weight of greater than 250KDa could be detected in medium samples from normal
chondrocytes after mechanical stimulation at 4000p strain, and the density of this band
increased when the mechanical strain was increased eight fold at 32000p strain (Figure 5.17).

The results obtained from OA chondrocytes were different depending on the grade of OA.

In OA grade I, when using anti-aggrecan G1 domain antibody, the only peptide present after
24 hours was a peptide with a molecular weight of 350 kDa, both in control and following
mechanical stimulation (Figure 5.18). The density of the band was increased by mechanical
stimulation in the presence of the anti-a5 integrin antibody (Figure 5.19).

In OA grade II, when using the anti-aggrecan G1 domain antibody, large molecular weight
core proteins of 350 kDa were absent in some control samples, as well as in some mechanically
stimulated samples, and smaller bands with molecular weight of—160 kDa were more

prominent in both control and mechanically stimulated samples (Figure 5.20).The density of
the band was increased by mechanical stimulation in the presence of the anti-a5 integrin
antibody (Figure 5.21). The density of a small molecular weight band of~50 kDa detected by
2-B-6 monoclonal antibody increased when the mechanical strain was eight fold higher at

32000p strain (Figure 5.24).

In OA grade III, when using the anti-aggrecan G1 domain antibody, large molecular weight
core protein was not detected in control samples, nor in mechanically stimulated samples in
the presence or absence of anti-integrin antibodies (Figure 5.22,23).The density of a small
molecular weight band of~50 kDa detected by 2-B-6 monoclonal antibody increased when
the mechanical strain was eight fold higher at 32000p strain (Figure 5.24).

The results obtained from RA chondrocytes were different from normal or OA chondrocytes.
When using the anti-aggrecan G1 domain antibody, the only G1-containing peptide detected
was a full-length one with a molecular weight of 350 kDa, apparently not degraded.There was
no significant alteration in the peptides metabolism after the cyclic mechanical stimulation.
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Using monoclonal antibodies, there was no difference between mechanically stimulated and
unstimulated chondrocytes.

Mechanical stimuli are known to have a major influence on chondrocyte function. As can be
seen in Chapter Three and Four, it has been shown that the 0.33 Hz 4000p strain of
mechanical stimulation increased the synthesis of GAG in normal chondrocytes. a5 integrins,
aV|35 integrins and the integrin associated protein (IAP) CD47 were involved in these
processes. On the other hand, GAG synthesis, following mechanical stimulation, did not
increase in OA and RA chondrocytes. Judging by the studies in this section, this decrease may

be due to decreased anabolic activity in the early stage of OA and RA chondrocytes, and there
may be increased proteolytic activity through releasing aggrecan fragments from the late stage
of OA chondrocytes.

In vitro studies have been undertaken here in an effort to characterise the processes that occur
in chondrocytes, especially those concerning newly synthesized aggrecan in monolayer culture.
The only aggrecan core species, immuno-reactive with G1-aggrecan antibody released from
resting and mechanically stimulated normal chondrocytes, was ~350 kDa in size and
homogeneous. As can be seen in the results, newly synthesized aggrecan is likely to be intact
(un-degraded). It also affects that increased PG synthesis following mechanical stimulation is
associated with increases in intact aggrecan production.

We found that neither anti-integrin antibodies nor anti-CD47 antibody modulated the
aggrecan species released from cultured chondrocytes after mechanical stimulation in normal
chondrocytes. Therefore, these antibodies do not stimulate any catabolic response.

Extra-cellular matrix molecules are constantly degraded, broken down, synthesized anew, and
reassembled in a cyclical process. Mechanical forces and biochemical factors are known to
affect cell-mediated processes (Quinn et al 1999). PG release into medium is thought to be a

rapid cell-mediated process, since the release is greatly reduced when the cartilage is subject to

freeze-thawing to kill the chondrocytes (Carney et al 1988). In a study of the effects of five
kilo gram loading on the synthesis of PGs of normal bovine articular cartilage in vitro, Korver
et al (1992) showed that loading did not affect the composition of newly synthesized large
PGs, when measured by size exclusion chromatography. Also the aggregating capacity of
aggrecan did not change after loading (Korver et al 1992). On the other hand, over-

compression induces the release of a large aggregating species, with a core protein size of
about 200 kDa, which is C-terminally truncated (Quinn et al 1999).This might be the result
of an enhanced degradation of the hyaluronan network, rather than the result of accelerated
proteolysis, judging by the size of the released aggrecan species.
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Whether mechanical stimulation can affect the cell-mediated processes of PG release into
medium, directed by regulated protease action (aggrecanase and MMPs), needs to be
elucidated. Flannery et al (1999) showed that human OA chondrocytes in four day monolayer
cultures express mRNAs of the metalloproteinase enzymes (MMPs and ADAMs). Hughes et al
(1997) monitored aggrecanase activity using a recombinant substrate in agarose culture for a

period of 120 hours. Cleavage at the Glu373-Ala374 inter-globular domain site was confirmed
using Western blots with the BC-3 monoclonal antibody. In the system used by Hughes et al,
aggrecanase activity was only detected in retinoic acid stimulated cultures, demonstrating that
aggrecanase activity is minimal in the normal chondrocyte environment. Aggrecanase-
mediated degradation of aggrecan can typically be seen when chondrocyte cultures are
stimulated by cytokines such as IL-1 (Sandy et al 2000). In the present study, it was difficult to
test whether aggrecanase or MMPs cleavages of aggrecan existed in our system, as only around
2 to 4 pg of GAG per culture dish could be collected during a period of 24 hours. In order to
confirm aggrecanase and MMP activity, at least 10 pg of GAG-containing aggrecan catabolites
(representing approximately 1 pg of protein) are needed to for western blotting with BC-3
and BC-4 monoclonal antibodies (Hughes et al 1995).

There appear to be a decrease in 2-B-6 positive the high molecular mass bands in stimulated
samples from normal chondrocytes, with a specific band observed around 375 kDa. These
molecules had not been degraded in the inter-globular domain, as aggrecanase-generated, or

MMP-generated, bands will have lower molecular mass (40 to 80 kDa) (Little et al 1999).
Judging by the work described byTortorella et al (2001), this fragment must be C-terminally
truncated. It can be identified by specific antibodies corresponding with this protein. The
results suggest that cyclical mechanical stimulation affects C4S disaccharide sulphation isomers
on the GAGs of the newly synthesized PGs of normal chondrocytes in wiro.Vilim et al (1993)
showed that the signal given by 2-B-6 was very weak, or not present at all, indicating a very
low presence of C4S in human aggrecan isolated from associative extracts from normal human
femoral head articular cartilage. It appears that mechanical stimulation increases the number of
2-B-6 positive fragments, but not of3-B-3 or l-B-5 positive fragments. However, the 2-B-6
positive fragments may relate to increased turnover as the result of mechanical stimulation. As
the signal given by 2-B-6 was weak, 2 pg per lane of GAG was loaded for 2-B-6 blotting, as

oppose to 1 pg of GAG for 3-B-3, and the amount of GAG in medium from mechanically
stimulated samples was twice that of the unstimulated samples. Saamanen et al (1989) showed
that 15 weeks of running exercise increased the level of PG in the cartilage in the weight
bearing site, particularly increasing the amount of C6S as compared with C4S levels in the
articular cartilage of the knees ofyoung beagle dogs. In human cartilage, the superficial zone is
rich in C6S and this increases with age (Mourao et al 1988, Roughley et al 1981), while C4S
dominates in the deep zone (Mourao et al 1988).This may indicate that increased C6S is
result of cartilage maturation and changes in the level of C4S may be due to increased matrix
turnover.
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Aggrecan populations in OA samples lacked the large molecular weight bands on

electrophoresis. Although was variable in OA grade II, when microscopic grading of OA was

higher (advanced OA) the 350 kDa band was constandy absent. Notably, in OA grade III, no
350 kDa bands could be seen and this was not modulated by mechanical stimulation or by the
presence of anti-integrin antibodies. Interestingly, blocking a5 integrins increased the intensity
of the G1 domain containing a large molecular weight band with molecular weight of 350
kDa, following mechanical stimulation in OA grade I and II (Figure 5.20, 5.21, see arrows).
Mechanical stimulation did not increase GAG synthesis in OA chondrocytes in the presence

of the anti-a5 integrin antibody (Chapter Four) but it may influence aggrecan species
produced by OA chondrocytes. Aggrecan is not itself a ligand for integrins, but fibronectin is
known to interact with aggrecan. The aggrecan-binding domains of fibronectin are localized
in the third region of the molecule and in the adjoining type III repeats. a5(3l integrin binds
to a different region of the fibronectin molecule, the first cell-binding RGD containing
domain (Condic et al 1999).This implies that the precise combinations or concentrations of
aggrecan and fibronectin molecules, present in the extra-cellular matrix, may modulate cellular
activity via integrins. It might be speculated that the mechano-transduction pathways in OA
chondrocytes are changed from those operating in normal chondrocytes, and by blocking a5
integrin, downstream signalling events may be significantly altered.There may be a role for a5
integrin in aggrecan synthesis, following mechanical stimulation in early stage of OA
chondrocytes.

The concentration of high molecular mass chondroitin-6,-4,-0 sulphate positive epitopes
decreased in OA grade III chondrocytes, compared to normal ones, in this study. No
significant change in the expression of chondroitin sulphate epitopes were seen in OA
chondrocytes exposed to cyclical mechanical stimulation after a 24 hour culture period. This
means that cyclical mechanical stimulation did not alter the response of OA chondrocytes.
This absence of response to mechanical stimulation was one of the most important and
characteristic phenotypic changes found in this study.

Increased level of PGs bearing 3-B-3 (-) and 7-D-4 epitopes in the articular cartilage matrix
has been observed with the onset of OA (Caterson et al 1990, Carney et al 1992, Slater et al
1995, Carlson et al 1995).The increase in PGs reacting with 3-B-3 (-) and 7-D-4 antibodies is
associated with a hyper-metabolic response of chondrocytes, and has been used as a marker of
early OA change (Caterson et al 1990, Carney et al 1992, Slater et al 1995, Carlson et al 1995
). However, no such elevated levels of PGs bearing 3-B-3 (+) epitopes were seen in this study
in OA grade I chondrocytes (early stage of OA). Increased 3-B-3 (-) level have also been
induced in normal bovine cartilage that was cyclically loaded in vitro, suggesting mechanical
regulation of synthesis of this epitope (Ostendorf et al 1994). There were no significant
increase in synthesis of 3-B-3 (+) epitope in normal, OA or RA chondrocytes following
mechanical stimulation in this study.While 3-B-3(-) and 7-D-4 epitopes were evident in the
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superficial cells of articular cartilage, there was no difference between joint regions and
exercise groups in the level of these markers (Little et al 1997).

This is the first study in which chondrocyte expression of G1-containing aggrecan and CS
epitopes have been assessed by Western blotting, using antibodies to aggrecan G1 domain and
CS epitopes in RA chondrocytes, following mechanical stimulation. Although this cannot
determine intrinsic cellular differences due to local variations in matrix composition and
mechanical properties, the results here suggest that RA chondrocytes synthesize aggrecan

species differently from normal or OA chondrocytes, and do not show any response to
mechanical stimulation.

5.4 Summary

A summary of the Western blot experiments is shown in Table 5.2.

At - .Gl-agIfcan BBS!!3 c1 Mlm

large small large small large small large small

, * . NS + + + + + +

. ' ' " -
MS ++* ++* + ++ + +

NS + + + + + +

! /i ij- . j
MS + + + + + +

NS +/± +/± + + + +

MS +/± +/± + + ++ +

OA III
NS + ++ ± + + + ±

MS + ++ + + + + +

RA
NS + + + ± +

MS + + + + +

+ expressed
+ + strong expression
± weak expression
NS not stimulated

MS mechanically stimulated
* when the same amount of
medium were blotted per lane

Table 5.2 A summary of the Western blot experiments
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The results clearly showed that increased GAG synthesis in normal chondrocytes is related to
increases in aggrecan species. Mechanically-stimulated monolayer-cultured chondrocytes
derived from normal human articular cartilage, showed stronger expressions of large and small
G1-containing aggrecan species when blotted with the same amount of medium per lane.
Electrophoretic patterns of PGs released from normal chondrocytes showed mainly un-

degraded intact aggrecan species when the same amount of GAGs were blotted, whereas
samples from chondrocytes derived from OA cartilage exhibited an inability to synthesize
intact aggrecan species, especially in advanced OA (grade III). Cultured chondrocytes derived
from RA cartilage synthesized un-degraded intact aggrecan species.

Expression of aggrecan species and C4S containing epitopes was increased in normal
chondrocytes following mechanical stimulation. In the presence of anti-a5 integrin antibody,
mechanical stimulation in early stage OA chondrocytes increased intact aggrecan species.
There were no differences in the synthesis of aggrecan peptides between mechanically
stimulated and unstimulated controls in advanced OA or RA chondrocytes. There were,

however, differences in anabolic activity between normal, OA, and RA chondrocytes.
Mechanical stimulation alters some anabolic events in normal and early OA chondrocytes, but
not in advanced OA or in RA chondrocytes.
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The Effects of Mechanical Stimulation on Proteoglycan Synthesis
in Human Articular Chondrocytes in Three-Dimensional Culture

Chondrocytes maintained in monolayer culture differ from chondrocytes in cartilage in vivo in
cell morphology, cell-to-cell contact, and their matrix environment.The monolayer culture
system provides a predominantly two-dimensional culture milieu which is useful for studies of
cell stretching. Three-dimensional culture systems in agarose and alginate gel reduce the effects
of chondrocyte isolation on phenotype by suspending the cells in an artificial matrix in which
their shape is maintained, and in which they do not form abnormal cell-substrate attachments.
Moreover, three-dimensional culture facilitates compression studies.This is theoretically
preferable to monolayer culture as three-dimensional culture simulates the in vivo situation
more closely. This study was undertaken to assess whether chondrocyte responses to
mechanical stimulation were similar in two-dimensional and three-dimensional cultures.

6.1 Development of protocols for alginate three-dimensional culture

It is important to develop model systems of chondrocyte culture in which mechanical loads
can be applied. Alginate 'beads' are generally used for three-dimensional culture as they are

technically easy to make and relatively uniform in size. However, recently methods have been
developed for making alginate-chondrocyte cylindrical constructs (alginate disks) which are

reported to be more suitable for loading study (Wong et al 2001). Preliminary experiments
were, therefore, performed to assess the mechanical properties of alginate beads and disks.

6.1.1 Assessment of alginate beads

6.1.1.1 Aim

The aim of this section in this study was to assess the source of the properties of alginate
beads.
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6.1.1.2 Materials and methods

OA cartilage (sample day book number 14101,74 year old female) with mixed grading was
used. Isolated cells were mixed with the two per cent alginate solution at a cell concentration
of 23xl06cells/ml alginate. The alginate cell mixture was dropped into a 102 mM CaCl2
solution through a 21 gauge needle to give a final cell density of 25xl04cells per bead. After 10
minutes incubation in CaCl2 solution, beads were washed once with PBS, and then
maintained in culture medium (IMDM with 10 per cent FCS containing the antibiotic-
antimycotic solution). The cells were maintained in a humidified atmosphere of five per cent

CO2 at 37°C with daily changes of medium. Alginate-chondrocyte constructs in beads was

tested in a time course of one, two, three and seven days for production of DNA and GAG.
The chondrocyte-alginate gels were disrupted and digested by addition of an alginate
digestion buffer containing papain (Appendix).The samples were incubated at 60°C for 24
hours. 40 pi of papain-digested sample was added to 250 pi of DMMB solution and the
absorbance was determined immediately at 595 nm (Enobakhare et al 1996). Corrections for
the alginate background at various dilutions were made as alginate gel alone was used for
constructing a standard curve (following personal communication with Dr Ameye, Lausanne).
The total content ofDNA was quantified using the bisbenzimide fluorescent dye (Hoechst
33258).

6.1.1.3 Results

The mass of an alginate bead fiom a drop of a 21 gauge needle was on average 0.0107 ±
0.0011 g.Total DNA content increased from 1.85 ± 0.58 pg per bead to 2.28 ± 0.57 pg per
bead after seven days (Figure 6.1).Total GAG content within the alginate beads increased from
3.74 ± 1.24 pg per bead to 5.18 ± 0.82 pg per bead (Figure 6.2). GAG content (pg) per DNA
(pg) increased from 2.17 ± 0.81 pg per bead to 2.38 ± 0.96 pg per bead. None of the
differences here were statistically significant.
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Figure 6.1 Changes of GAG content in alginate beads

One 11 mm3 of alginate bead contained 25xl04 cells. Results expressed as mean
± SD (n=6/time point).

3.5 -|
3 -

2.5 -

1 -

0.5 -

0 -J T 1 1 1

Dayl Day2 Day3 Day7

Figure 6.2 Changes in DNA content in alginate beads

Total GAG content was measured as chondroitin sulphate equivalent by the
DMMB reactivity method. Results expressed as mean ± SD (n=6/time point).
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Figure 6.3 Changes in GAG content (pg) per DNA (pg) in alginate
beads

Results expressed as mean ± SD (n=6/time point).

6.1.1.4 Discussion

Total DNA and GAG content per bead did not increase significantly from one to seven days.
Liu et al (1998) showed that DNA content measured using the bisbenzimidazole fluorescent
dye Hoechst 33258 showed no significant increase in the first 10 days of culture. However, Liu
et al (1998) showed that GAG content measured with DMMB increased steadily during the
first 10 days of culture. It has also been reported that GAG content (pg) measured by the
DMMB assay per DNA (pg) increased during seven days of alginate culture in bovine
chondrocytes (Ragan et al 2000).The difference may be explained by the fact that
chondrocytes used in this study were from aged, OA cartilage.

Three-dimensional culture techniques are used in different fields of biomedical science.
Alginate culture can maintain chondrocytes in a spherical conformation,and more
differentiated phenotype with expression of cartilage specific proteins (Aydelotte et al 1998).
Alginate beads were used firstly for the study of cancer cells (Kupchik et al 1983) and later for
studying embryonal sternal chicken chondrocytes (Guo et al 1989). Alginate is a negatively
charged un-sulphated co-polymer of L guluronan and D-mannuronan, which polymerises to
form a gel in the presence of calcium ions. Chondrocytes can be released easily from the
alginate gels by the addition of calcium chelator (Gacesa et al 1998).The spherical
morphology and cell viability of chondrocytes were maintained for a long time in alginate
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culture (Ragan et al 2000).When cells were encapsulated inside alginate beads, they were

evenly dispersed within the semi-solid beads and rapidly exhibited the typical spherical
morphology of chondrocytes (Hauselmann 1992). As chondrocytes maintain spherical
morphology and differentiated phenotypes in an alginate culture system, this is therefore more

likely to produce biologically relevant results than a monolayer culture.

6.1.2 Studies of mechanical compression of alginate beads

6.1.2.1 Aim

These studies here were undertaken to assess the effects of cyclic mechanical compression of
the structural integrity of alginate beads.

6.1.2.2 Materials and methods

OA cartilage (day book number DS338C, 73 years old female) with mixed grading was used.
Isolated cells were mixed with the two per cent alginate solution at the cell concentration of
23xl06cells/ml alginate. The alginate cell mixture was dropped into a 102 mM CaCl2 solution
through a 21 gauge needle to give a final cell density 25x104cells/bead. After 10 minutes
incubation, beads were washed once with PBS, and then maintained in culture medium
(IMDM with 10 per cent FCS containing the antibiotic-antimycotic solution).The cells were

maintained in a humidified atmosphere of five per cent C02 at 37°C with daily changes of
medium. On the third culture day, the culture medium was replaced by serum—free medium
one hour prior to testing the mechanical properties of the alginate-chondrocyte beads. A set
of three beads was placed in the bottom of a 12-well-plate and cyclically (0.33 Hz)
compressed by 10 per cent, 30 per cent, and 50 per cent of the original thickness for 20
minutes in a specially designed apparatus (Figure 2.10). After compression, the beads were left
for 24 hours at 37°C.The height of the beads, the GAG content of the beads, and the amount
of GAG released into the culture medium were measured. The height of the beads was
measured using a 10 times scale magnifier (PEAK®,Japan) (Figure 6.4).

169



Chapter Six

Figure 6.4 PEAK® 10 times scale magnifier

6.1.2.3 Results

The compression testing apparatus did not register the original height (3.0 mm) of the beads,
and the material thickness was set at a zero point with the beads marginally compressed. The
beads were experimentally compressed by 10 per cent, 30 per cent and 50 per cent in height
from the set zero point.The heights of the beads after 5 cycles were 2.5 ± 0.2 mm (10 per

cent), 1.5 ± 0.4 mm (30 per cent) and 1 ± 0.2 mm (50 per cent).There was some evidence of
split lines inside beads after 50 per cent compression (Figure 6.5) and these beads did not
return to their original height after 24 hours incubation.

GAG, synthesized by chondrocytes in the beads after 10, 30, and 50 per cent cyclical
mechanical compression, was retained within the beads and the amount of GAG released into
the medium did not change significandy after the compression (Figure 6.6).
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Figure 6.5 Measurement of height in alginate beads following 0.33 Hz
mechanical cyclical compression
Cyclical compression of 10 per cent, 30 per cent, and 50 per cent height of the
beads (originally 3 mm in height) showed a rapid decrease in the height without
returning to original levels within 5 cycle compression. The height was measured
using 10 time scale magnifier (PEAK®,Japan) (n=3/time point, mean ± SD)
(*p<0.05, **p<0.01).
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Figure 6.6 Measurement of GAGs in alginate beads and culture
medium following mechanical cyclical compression
GAG, synthesized by chondrocytes after 10,30, and 50 per cent cyclical (0.33 Hz)
mechanical compression, was retained within the beads, and the amount of GAG
released into the medium did not change significantly after the compression
(n=3/stimulation, mean ± SD).
ns: not significant
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6.1.2.4 Discussion

The results of these studies showed that the alginate beads decreased in height immediately
after one compression stroke. Cyclical compression of 50 per cent broke the three-dimensional
structure. The zero point at the top of the beads (around 3 mm in height) in the custom

designed compression apparatus was problematic, as the apparatus registered a certain
resistance force. Judging by the results obtained, the apparatus registered the zero point only
after approximately 20 per cent compression of the beads. This made accurate measurement of
the mechanical properties ofbead formation technically difficult. There was little further
change in the height of the beads after five cycles of compression, indicating the beads become
irreversibly flattened by the compression. Measurement of GAGs in the alginate beads and
culture medium following cyclical compression showed that newly synthesized GAGs were
retained within the alginate and that the amount of GAG released into the medium did not

change significantly following compression. Liu et al (1998) previously showed that over 95
per cent of Sulphate labelled PGs were retained within alginate beads during long periods of
culture. The majority of matrix molecules become incorporated and assembled into the extra¬
cellular matrix in the alginate culture system whereas most matrix molecules are released into
the culture medium in monolayer cultures (Kamada et al 2002).

These studies looked at the usefulness of chondrocyte culture in three-dimensional alginate
beads for studies of mechanical stimulation. The results showed that with the mechanical

compression system available, alginate bead cultures were not very suitable for studying the
effects of cyclical compression on chondrocytes.

6.1.3 Studies of mechanical compression of alginate disks

6.1.3.1 Aim

In the last five years, there have been a number ofpublications reporting the use of three-
dimensional cultures to examining molecular aspects of matrix formation following
mechanical loading (Wong et al 2001). Studies were therefore undertaken to assess how well
alginate disks will survive cyclic mechanical compression.

6.1.3.2 Materials and Methods

Two per cent alginate was injected into an ethanol-sterilised, diffusion-permeable, custom-

designed casting frame. Disks (10 mm diameter, 2 mm height) were punched out from gelled
alginate (Chapter Two). Each disk was transferred to a single well of a 12-well plate containing
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1 ml medium. On the third culture day they were cyclically (0.33 Hz) compressed to 30 per
cent of the original thickness in time courses up to 20 minutes in the specially designed
compression testing apparatus (Figure 2.10).The height of the beads was measured using a 10
times scale magnifier (PEAK®,Japan) (Figure 6.4).

6.1.3.3 Results

The height of the alginate disks started to decrease significantly from an original height of 2.5
± 0.2 mm to 2.0 ±0.1 mm following five minutes, 30 per cent, at 0.33 Hz cyclical
compression. The disk height decreased by 30 per cent after 10 minutes and 200 cycles of
compression, and did not show any further change up to 20 minutes compression (Figure 6.7)
(data from Dr K. E. Elliot and B. Halliday, Edinburgh University).
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Figure 6.7 Measurement of height of alginate disks following 0.33 Hz
mechanical cyclical compression
Cyclical compression of 30 per cent at 0.33Hz of the disks (originally 2.5 mm in
height) started to show a significant decrease in height after 5 minutes
compression. The height was measured using a 10 times scale magnifier (PEAK®,
Japan) (data from Dr K. E. Elliot and B. Halliday) (**p<0.01). Results expressed
as mean ± SD (n=8/time point).

6.1.3.4 Discussion

The mechanical properties of alginate disks (a cylinder 1 cm in diameter, 0.25 cm in height)
were studied under compression in the three-dimensional compression apparatus (Figure
2.10). A set of two disks was placed in the bottom of a 12-well-plate with 1 ml of medium,
and cyclically (0.33 Hz) compressed to 30 per cent of the original thickness for 20 minutes.
The alginate disks started decreasing in height significantly following five minute of 30 per
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cent cyclical compression at 0.33Hz.Then the disk height decreased by 30 per cent at 10
minutes, and did not show any further change up to 20 minutes compression. No split lines
inside the disks were observed in the 20 minute time course (unpublished observation by Dr
KJ Elliot and B Halliday, Edinburgh University) (Figure 6.7).

In this study, a modified custom-designed casting frame was made based on the system,
described by Wong et al (2001) as explained in the materials and methods (Chapter Two).
Wong et al (2001) developed alginate-chondrocyte cylindrical constructs which were able to

support large strains for a long period of time prior to failure. Their system is stable for a long
term as alginate disks were subjected to non-cyclical compression tests. No study has been
performed for testing alginate disks with cyclical mechanical properties.

Mechanical properties of chondrocyte culture in three per cent agarose gels have been well
documented by Lee et al (1998). Static compression of their model system resulted in
measurable deformation of cells within the gel, which had a tangent modulus of 10 per cent
strain at approximately 110 kPa. In addition, cyclical compression of agarose-chondrocyte
constructs have been reported by Lee et al (1997) andToyoda et al (2003) (Table 1.2).
However, the use of the alginate gel system is clearly preferable because alginate is much easier
to remove than agarose and this makes it possible to distinguish the molecules that becomes
resident in different matrix regions (e.g cell-associated matrix and further-removed matrix)
(Kamada et al 2002).

6.2 The effects of cyclic compression on GAG synthesis in human articular
chondrocytes derived from cartilage of patients with OA

6.2.1 Aim

The environment of chondrocytes in monolayer is different from that in a three-dimensional
culture system. The aim of this section of this study was to assess whether responses of
chondrocytes were similar in two-dimensional and three-dimensional culture.This study also
explores whether mechanical stimulation influences chondrocyte function in three-
dimensional culture.

6.2.2 Materials and methods

Because ofnormal and RA samples were not available, only OA samples were studied in
alginate culture. Chondrocytes were isolated from OA articular cartilage of two males (aged 58
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and 69) and eight females with a mean age of 68.8 years (range 59-77) (Appendix). Isolated
cells were mixed with a 2 per cent alginate solution at a density of 2 x 106cells per ml alginate
to give a final cell density of 30 x 104 cells per disk (0.157 ml alginate per disk). Alginate-cell
mixture was injected into an ethanol-sterilised, diffusion-permeable, custom-designed casting
frame. Disks (10 mm diameter, 2 mm height) were punched out from gelled alginate (Chapter
Two). Each disk was transferred to a single well of a 12-well plate containing 2 ml medium.
On the third culture day, medium with 10 per cent FCS was replaced with serum-free
medium, one hour prior to testing the mechanical properties of the alginate-chondrocyte
disks.They were placed in the bottom of a 12-well-plate and cyclically (0.33 Hz, 0.1 Hz and 1
Hz) compressed to 30 per cent of the original thickness for 20 minutes in a specially designed
compression testing apparatus (Figure 2.10). After compression, the disks were incubated for
24 hours at 37°C.The amount of GAG and DNA in disks was analysed.

6.2.3 Results

Alginate-OA chondrocyte disks, exposed to cyclic compression of0.1 Hz and 0.3 Hz to 30
per cent of the original thickness for 20 minutes showed a significant decrease in GAG
synthesis (*p = 0.024 and **p = 0.019) compared to paired unstimulated controls after 24-
hour incubation at 37°C,(Figure 6.8). Disks subjected to 1 Hz cyclic compression showed
only a non-significant decrease of 25.6 per cent in GAG synthesis compared to paired controls
(Figure 6.8).

6.2.4 Discussion

30 per cent cyclic compression at 0.1 Hz and 0.33 Hz decreased GAG synthesis significandy
compared to unstimulated controls, while the decrease was not statistically significant at 1 Hz.
The results presented here suggest that cyclic mechanical compression has profound effects on
the synthesis of GAG by articular chondrocytes derived from OA cartilage in three
dimensional alginate culture.

Using confocal microscopy, 20 per cent compression of 2 per cent alginate-chondrocyte
constructs is known to deform cells and nuclei (Knight et al 2002). It is likely that in this
study, 30 per cent compression resulted in deformation of chondrocytes and nuclei in 2 per
cent alginate disks.
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Figure 6.8 The effects of cyclic compression on GAG synthesis in
alginate OA chondrocyte disks.

Three-dimensional alginate-cell disks exposed to cyclic compression of 0.1 Hz,
0.33 Hz and 1 Hz to 30 per cent of the original thickness for 20 minutes
followed by 24 hour incubation at 37°C showed a significant decrease (*p =
0.024 vs. CT, **p = 0.019 vs. CT).There was a slight decrease of 25.6 per cent
at 1 Hz in GAG synthesis compared to paired controls (p=0.086).Values are
given as means ± SD (n=8).

There is a possibility that decrease in GAG synthesis induced by cyclic mechanical
compression contributes to the OA chondrocyte phenotype. It has long been known that
mechanical stimulation can stimulate chondrocytes to produce more PGs. Increases in the
synthesis of GAG by chondrocytes may be part of a common response of all, or most,
connective tissue cells to mechanical stimulation. In some three-dimensional culture model

systems, chondrocytes have been reported to respond bio-synthetically to mechanical load in a
manner similar to that observed in organ culture. For example, Demarteau et al (2003) have
shown that mechanical loading (5 per cent deformation at 0.1 Hz frequency) increased GAG
synthesis in normal human articular chondrocytes cultured in a three-dimensional bio¬
degradable polymer scaffold, when the GAG content prior to compression was sufficiendy
high. However, this is the first time that the alginate gel system has been used to examine the
effects of cyclic mechanical compression on human articular chondrocytes derived from OA
cartilage, and the results were not compared with results from chondrocytes derived from
normal cartilage. It would certainly be of interest to undertake experiments with chondrocytes
derived from normal human articular cartilage.
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Cells cultured in monolayer, which have an altered organisation of their cytoskeleton
compared with articular chondrocytes in vivo, are likely to respond differently to the
application ofmechanical stimulation. In this study, mechanical stimulation of monolayer-
cultured OA chondrocytes did not show any change in GAG synthesis (ChapterThree), but
when OA chondrocytes were embedded in alginate three-dimensional culture, chondrocyte
metabolism was influenced by compressive strains. Although the nature of the mechanical
stimulation applied to the monolayer-cultured chondrocytes differed from the compressive
strain applied to the alginate cultures, it is reasonable that the response to compressive strain
observed of chondrocytes in three dimensional alginate are similar to responses of articular
chondrocytes in vivo.

Review of investigations by other researchers suggest that the duration of pressure and
frequency ofapplication are very important. Lee et al (1997) showed that static and 0.3 Hz
compressive strain inhibited GAG synthesis, while 1 Hz stimulated synthesis in bovine
chondrocytes embedded in agarose. Cyclic strain at 0.33 Hz and 3 Hz but not at 1Hz resulted
in reduction in GAG synthesis in superficial cells ofbovine articular cartilage while dynamic
strain at 1 Hz induced highly significant increases in GAG synthesis in deep cells in agarose
culture (Lee et al 1998). However, using three-dimensional agarose culture, 5 MPa static
pressure for 4 hours resulted in a significant increase in GAG synthesis in bovine articular
chondrocytes (Toyoda et al 2003). 2.8 MPa constant and cyclic (0.015 Hz) hydrostatic fluid
pressure enhanced matrix synthesis (C4S containing PG and Keratan sulphate) in bovine
chondrocytes in porous three-dimensional sponges without inducing cellular deformation
(Mizuno et al 2002). Overall, increasing levels of static compression decreased biosynthesis in a

dose-dependent manner (Ragan et al 2000, Lee et al 1997, Buschmann et al 1995), while
dynamic compression stimulated biosynthetic activity (Elder et al 2000,2001, Mauck et al
2000, Buschmann et al 1995 ).This was similar to the results obtained from cartilage explants
(Sah et al 1989).

It is important to note that the application of compressive strain to alginate constructs for 10
to 20 minutes at 30 per cent compression resulted in a 20 per cent decrease in the height of
the alginate disks (Figure 6.7) which did not recover even after 24 hours incubation in free-
swelling conditions. This means that 10 per cent static compression and 10 per cent dynamic
compression were applied to the three-dimensional disks. Cells are spherical after isolation
from cartilage and remain so in culture. Compressive strain applied to alginate-cell constructs
must induce cellular deformation. Following 10 minute compression, cellular deformation
resist for as long as 24 hours. However, mean deformation indices of cells in un-strained and
strained constructs following 20 minute compression and during 24-hour culture periods
were not measured (Lee et al 1998).They reported that when deformation was measured after
24 and 72 hours in culture, deformation at the later time point was significantly reduced when
compared with earlier one, due to the accumulation of extra-cellular matrix surrounding the
cells. In this study, cyclic compression was applied after 72 hours in culture, so accumulated
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extra-cellular matrix surrounding the cells should also be considered. Compressive strains
applied to alginate-cell constructs and articular cartilage are however totally different, as
demonstrated by Wang et al (2003). The strain distribution inside chondrocytes seeded in 2 per
cent alginate disks is linear throughout, whereas articular cartilage explants under the same

loading conditions shows non-linear displacement.The solid matrix of articular cartilage is
incompressible when subjected to hydrostatic pressure up to 12 MPa (Bachrach et al 1998).

PGs synthesized by chondrocytes in alginate culture are found in two compartments: a cell-
associated matrix and a further-removed matrix (Hauselmann et al 1992). The use of alginate
cultures makes it possible to examine molecules that have become resident in different matrix
regions. Mok et al (1994) suggested that aggrecan molecules which reside in the cell-
associated matrix compartment have a much faster rate of turnover than those in the further-
removed matrix areas. Moreover, catabolism of the newly synthesized aggrecan molecules
occurs in the cell-associated matrix. Further study of the regulation of PG synthesis by
mechanical forces will be gready facilitated by separating matrix molecules from these
compartments and analysing them separately.

6.3 Treatment of human articular chondrocytes in alginate culture with
anti-integrin antibodies

6.3.1 Aim

The physiological response of chondrocytes to changes in the cartilage matrix involves
signalling pathways in response to multiple stimuli including mechanical stimulation.
Activation following mechanical stimulation is likely to be recognized by cell surface integrins
which serve to modulate cellular responses. A series of experiments have been undertaken
here to establish whether the (31 and and aV|35 integrins were involved in the responses that
lead to decreased GAG synthesis following cyclical mechanical stimulation and 30 per cent

compression of the alginate-chondrocyte constructs.

6.3.2 Materials and methods

The amount of newly synthesized GAG was assayed in the presence or absence of monoclonal
integrin function blocking antibodies raised against human integrin subunits. Aliquots of stock
solutions containing 1 mg per ml mouse IgG, aV|35 integrin antibody (P1F6 MAB1961
Chemicon International, England), or (31 integrin antibody (JB1A MAB1965 Chemicon
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international, England) were added to the medium to give a final concentrations of 1.0 fig per

ml, one hour prior to mechanical compression. Human articular chondrocytes derived from
patients with OA were then exposed to cyclical pressurization (0.1 Hz, 0.33 Hz and 1 Hz to
30 per cent of the original thickness for 20 minutes at 37 °C). Following pressurization, the
alginate-cell construct disks were incubated for 24 hours at 37 °C, and the amount of newly
synthesized GAG was determined by DMMB assay and DNA was quantified using the
bisbenzimide fluorescent dye (Hoechst 33258).

6.3.3 Results

There were significant decreases in GAG synthesis following 30 per cent compression of 0.1
Hz and 0.33 Hz in control samples in the presence of mouse IgG (mean ± SD: 1.94 ± 0.63 pg

GAG/pg DNA at 0.1 Hz, #p = 0.041, 2.15 ± 0.56 pg GAG/pg DNA at 0.33 Hz, ##p =
0.034 one tail/0.068 two tail) compared with non-stimulated controls: 2.92 ± 0.54. In the
presence of antibodies to aV|35 integrin and (31 integrin, this decreased GAG synthesis
response was blocked completely (Figure 6.9). Incubation with mouse IgG and antibodies to

aV(35 integrin and pi without mechanical stimulation had no effect (mean ± SD: 2.60 ±
0.23,2.27 ± 0.33 pg GAG/pg DNA) indicating that these antibodies alone do not affect GAG
production in chondrocytes.

6.3.4 Discussion

The results presented in this study showed that antibodies to aV(35 and (31 integrins are able
to block the events that lead to decreased GAG synthesis following cyclic compression of
alginate-chondrocyte culture. Scully et al (2001) have shown that blocking the (31 integrin
subunit with anti-(3l antibodies (4B4) reduces PG synthesis in bovine chondrocytes in alginate
bead culture. They suggested that type II collagen and (31 integrin interaction modulates the
effect ofTGF-(3 on chondrocytes. Lee et al showed that the increased PG synthesis, which is
stimulated by TGF-|3, can be blocked by anti-(3l antibody (4B4) on day four in alginate bead
culture (Lee et al 2002). Attachment of chondrocytes to extra-cellular matrix is a necessary

prerequisite for cells to respond to external changes and so to maintain the composition and
mechanical properties of articular cartilage. They receive information from the external
environment through receptors.The integrins, particularly members of pi subfamily, appear to
be the primary receptors for the attachment of chondrocytes to the extra-cellular matrix
(Durr et al 1993, Enomoto-Iwamoto et al 1997,Woods et al 1994). In this study, antibodies to

pi and aVp5 integrins had little effects on GAG synthesis. However, the decrease in GAG
synthesis following mechanical stimulation (cyclic compression strain of 0.1 Hz and 0.33 Hz),
a decrease in GAG synthesis was blocked. Chondrocytes from OA articular cartilage were
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Figure 6.9 The effects of anti-integrin antibodies on GAG synthesis in
response to cyclic compression

Cyclic mechanical compression of 0.1 Hz and 0.33 Hz significantly decreased
GAG synthesis in alginate-chondrocyte disks in the presence of control mouse IgG
(#p = 0.041 vs. IgG, ##p = 0.034 vs. IgG one tail 0.068 two tail).This decrease
was blocked by adding anti-aV(35 integrin antibody P1F6 and anti (31 integrin
antibody JB1 A.Values are given as means ± SD (n=4).

aV(35: anti-aV(35 integrin antibody P1F6
pi: anti-pi integrin antibody JB1A

isolated and embedded in alginate. In this way, chondrocytes were maintained in milieu which
resembles the in vivo environment more closely than a monolayer cultures in in extra-cellular
matrix composition, mechanical properties, and overall tissue integrity. This may continue to

understanding the mechano-transduction pathways leading to changes in PG synthesis
following cyclic mechanical stimulation.

The anti-Pi integrin antibody JB1A (MAB1965) is a monoclonal Ig isotype IgGi subclass
antibody that recognises residues 82-87 of the mature pi integrin chain.This restricted region
of the p 1 integrin serves as the target for regulatory antibodies which inhibit integrin
function.JB1A binding to purified peptide was also inhibited by Mn2+- This is due to
interference with antibody function rather than to a cation-dependent change in the epitope
(Ni andWilkins 1998).Thus JB1A is a function blocking antibody, which inhibits cell
adhesion to collagen and fibronectin or laminin.
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Interestingly, bovine chondrocytes in alginate synthesized significantly less collagen when
cultured in the presence of cyclic RGD peptide, but there were no effects on PG synthesis
(Beekman et al 1997). Covalent bonding of RGD peptide enables the attachment of
chondrocytes to alginate. Integrins are likely to be involved in extra-cellular matrix synthesis
in alginate culture.

Jobanputra et al (1996) showed that the culture of chondrocytes in monolayer with
inflammatory synovial fluid led to an increase in expression ofal, a5 and aV integrins. These
changes were diminished in alginate cultures. This implies that cell shape may be important for
the expression of integrins. In particular, aV integrin expression may be more susceptible to
cell shape changes as aV integrin is found to be intensively expressed in the superficial layer of
cartilage where the cells are flattened. Roberts et al (2001) have reported that mechanical
compression influences intra-cellular Ca2+ signalling in bovine articular chondrocytes seeded
agarose culture. The integrin aV subunit has been shown to mediate increases in intra-cellular
Ca2+ (Yamada and Miyamoto 1995) and there is considerable evidence linking the
cytoskeleton with activation of ion channels and intracellular Ca2+ signalling (Janmey 1998).
Mechano-transduction in chondrocytes is a calcium-dependent pathway (Wright et al. 1996).
This study suggests that mechanical loading initiates a mechano-transduction pathway, which
is both integrin and calcium dependent, and which eventually leads to changes in chondrocyte
metabolism.

The current studies represent the first attempt to examine integrin-mediated GAG synthesis
in chondrocytes derived from human articular cartilage from patients with OA following
mechanical compression of chondrocytes in alginate disks. Unfortunately it was not possible to
obtain normal cartilage for comparison. Clearly this would be important as the results in the
previous work with monolayer cultured chondrocytes indicate that there may be significant
differences in responses between normal and OA chondrocytes. Further elucidation of these
regulatory mechanisms could contribute to a better understanding of the pathogenesis of
diseases ofarticular cartilage. Better understanding of the regulation of chondrocytes
metabolism following mechanical stimulation are prerequisite for studies on cartilage repair.

6.4 Summary

A three-dimensional alginate culture system has been developed to investigate the effects of
mechanical stimulation of chondrocytes in vitro. Chondrocytes were isolated from human
articular OA cartilage by enzyme digestion and seeded in two per cent alginate at a final
concentration 25~30 x 104cells per disk or bead. Accurate measurement of mechanical
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properties of bead formation was technically difficult and bead formation of alginate was
found to be unsuitable for mechanical loading research. Alginate-chondrocyte disks were

subjected to compressive strains of 30 per cent at 0.1 Hz, 0.33 Hz and 1 Hz for 20 minutes
following 24 hours of incubation. Mechanical compressive strains of0.1 Hz and 0.33 Hz
resulted in a significant decrease of GAG synthesis from OA chondrocytes.This decrease was

blocked in the presence ofanti (31 integrin and a5|3l integrin antibodies.This study indicates
that distinct mechano-transduction pathways may be induced by mechanical compressive
strains via (31 and a5(3l integrins in OA chondrocytes.
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General Discussions, Conclusions, and Future Prospects

7.1 General Discussions and Conclusions

PG metabolism in articular cartilage is, at least in part, dependent on mechanical stimulation of
chondrocytes.This thesis has set out to investigate how mechanical forces regulate matrix
synthesis in chondrocytes derived from patients with OA and RA, compared with
chondrocytes from normal cartilage. In order to achieve this objective, methods were

developed to enable the examination of the effects of cyclical mechanical stimulation on rates
of GAG synthesis by chondrocytes in monolayer culture and alginate three-dimensional
culture.

This study has demonstrated accelerated GAG synthesis in response to cyclical mechanical
stimulation, in human articular chondrocytes derived from normal articular cartilage.The
increase in GAG synthesis, measured by the DMMB assay, was around two-fold following
4000p strain at 0.33 Hz cyclical mechanical stimulation. This is consistent with a previous
study (Millward-Sadler et al 2000b) showing that human articular chondrocytes from normal
cartilage responded to 4000p strain at 0.33 Hz cyclical mechanical stimulation by increasing
aggrecan mRNA.Western blotting was successfully used to analyse the nature of PGs, released
into the culture medium from monolayer cultured chondrocytes following mechanical
stimulation. Aggrecan core protein species were detected by using anti-aggrecan G1 domain
antibody, and CS epitopes were detected by specific monoclonal antibodies. G1-containing
aggrecan species, released from monolayer-cultured chondrocytes, derived from normal
human articular cartilage, are increased following mechanical stimulation. Electrophoretic
patterns of PGs showed mainly un-degraded large molecular weight aggrecan core species,
and also revealed an increased number of C4S-containing species. Thus, following mechanical
stimulation, newly-synthesized aggrecan was increased and the concentration of CS was

changed. Cyclical mechanical stimulation affected C4S disaccharide sulphation isomers on the
GAGs of the newly synthesized PGs of normal chondrocytes. The increased 2-B-6 positive
fragments of C4S epitopes may relate to the increased turnover of matrices as the result of
mechanical stimulation.

The study has demonstrated the increase in GAG synthesis in chondrocytes from normal
cartilage induced by cyclical mechanical stimulation. Chondrocytes from normal cartilage
increased GAG synthesis which was blocked by antibodies to anti-a5 integrin antibody
(P1D6), or anti-aV(35 integrin antibody (P1F6) and or anti CD47 antibody (Brie 126).
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Antibodies alone had no effect on GAG production by unstimulated cells, suggesting that
integrins and integrin associated regulatory molecules are involved in the mechano-
transduction pathway, possibly through interplay with the perception of the mechanical signals
by the chondrocytes. Anti-a5 integrin antibody (P1D6) is likely to act through modulation of
chondrocyte blocking cell binding to a specific extra-cellular matrix ligand such as fibronectin.
Anti-aV|35 integrin antibody (P1F6) was probably blocking cells adhesion to vitronectin in
extra-cellular matrix. The affects of the anti CD47 antibody (Brie 126), however, is likely to be
through a different route, perhaps by interacting with CD47 binding to a5(M integrins and
disruption of a macro-molecular complex necessary for co-ordinated integrin activation.
Increased aggrecan mRNA, following chondrocyte membrane deformation, can be blocked
by RGD containing peptides, or anti-a5 integrin antibody (P1D6), or by anti-Pi integrin
antibody (P4C10) (Millward-Sadler et al 2000a) consistent with the idea that of the
accelerated GAG synthesis is, at least in part, a downstream event of increased aggrecan

niRNA.This study is the first to show that aV|35 integrin and CD47 may also be involved in
the mechano-transduction pathway that regulates chondrocyte matrix production.

The attachment of integrins to extra-cellular matrix may be one of the primary events that
occurs in response to mechanical stimulation and may be important in the regulation of
chondrocyte activity following mechanical stimulation. It is well documented that signal
transduction is regulated by several proteins forming a complex in order to function (Brown
and Frazier 2001).There are other integrins and membrane receptors in chondrocytes.The
application of other anti-integrin antibodies, such as anti-aV|33 integrin antibody, to

chondrocyte cultures might provide more information regarding the role of integrins in the
events that lead to increased PG synthesis. This study was the first one to show that aV|35
integrin and CD47 may be involved in mechano-transduction pathways that involve
chondrocyte matrix production.

Cyclical mechanical stimulation applied to articular chondrocytes from patients with OA in
monolayer culture did not show any significant change in GAG synthesis, consistent with
previous studies in which no change in aggrecan mRNA levels were seen under similar
experimental conditions (Millward-Sadler et al 2000a, Salter et al 2002). The results of the
DMMB assay showed no difference in the quantity of GAGs, synthesized by stimulated and
unstimulated OA chondrocytes cultured in monolayer, in the presence or absence of integrin
antibodies. However, the apparent intensity of the large molecular weight 350 KDa band
increased following mechanical stimulation of OA grade I and II chondrocytes, in the
presence of anti-a5 integrin antibody. It may be speculated that the mechano-transduction
pathways in OA chondrocytes are changed from those operating in normal chondrocytes, and
by modulating blocking the function of a5 integrin, matrix interactions and/or downstream
signalling events may be significantly altered in OA chondrocytes.There may be a role for a5
integrin in aggrecan synthesis, following mechanical stimulation of early stage OA
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chondrocytes. Moreover, it may be possible to mitigate against the progression of OA using
anti-integrin antibodies.

Cyclical mechanical stimulation by compression of OA chondrocytes in three-dimensional
alginate culture (disk formation) resulted in a decrease in GAG synthesis, measured by the
DMMB assay. This decrease in GAG synthesis in alginate-chondrocyte construct culture was
seen after cyclical compression of 30 per cent at 0.33 Hz and 0.1 Hz. Cyclical mechanical
loading is known to act in different ways, affecting different stages in the syntheses of PGs.
Short term compression may decrease PG synthesis by inhibiting translational or post-
translational steps. Interestingly, in this study, this decrease was blocked by the presence of anti-
(31 integrin antibody (JB1A) and anti-aV(35 integrin antibody (P1F6). It seems likely that cell-
matrix linkage, through integrins as mechano-receptors, is also critical for the response of
chondrocytes derived from OA cartilage. Moreover, the kinds of integrins and their
distribution in OA chondrocytes in monolayer culture, may be different from those expressed
in a three-dimensional culture system. Thus the presence of the extra-cellular matrix and the
cell-surface receptors has may have been shown to have a major effect on cell response and the
extra-cellular matrix can also have a significant influence on the chondrocyte phenotype.

When chondrocytes were mechanically stimulated at 32000p strains, rather than 4000p strains,
there was an increase in the production of molecular weight 50 KDa PGs of small C4S-
containing epitopes, probably small PG decorin.in chondrocytes from OA cartilage.This
change was not seen in chondrocytes from normal cartilage. This increased synthesis of C4S
containing PGs may be an adaptive change in the a result of an altered mechano-transduction
pathway related to disease onset. For instance, Decorin is reported to be increased in high
contact stress areas of articular cartilage (Little et al 1996) and in OA cartilage (CS-Szabo et al
1995,1997), particularly in later stages of OA (Bock et al 2001) when compared to age-
matched normal controls.

Previous studies have demonstrated differences in responses to mechanical stimulation,
between chondrocytes from normal and OA cartilage. The hyperpolarization response of
normal chondrocytes to cyclical mechanical stimulation at 0.33 Hz is associated with the
opening of small conductance calcium-dependent K+ channels and it is mediated via the
a5|3l integrin. In contrast, OA chondrocytes following 0.33 Hz cyclical mechanical
stimulation show a membrane depolarization as a result of tetrodotoxin-sensitive Na+
channels.This involves a5(3l integrin but the subsequent cellular response has been shown to
be different (Salter et al 2002).The present study suggests the idea that OA cartilage shows
significant differences in mechano-responses.This may be part of a general phenotypic switch
in disease (Sandell and Aigner 2001), or chondrocytes derived from OA cartilage may have
adopted to a new mechanical- environment and their threshold for response to cyclical
mechanical stimulation may has been altered.
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One of the important findings in this study was that PG synthesis in OA chondrocytes is
variable depending on the grades of OA. End stage OA chondrocytes (OA grade III) showed
significantly decreased PG synthesis, compared to normal or other grades of OA chondrocytes.
This, in fact, relates to an inability to synthesize intact aggrecan species, showing a decrease in
the synthesis of large molecular weight aggrecan core protein with a molecular weight of
around 350 kDa. In addition, end-stage OA chondrocytes (OA grade II and III) produced
smaller bands with molecular weight 50 to 160 kDa. There may be decreased anabolic activity,
as well as increased proteolytic activity in this stage of OA chondrocytes.

In normal articular cartilage, there is a balance between matrix synthesis and degradation. In
advanced OA, there is a significant depletion of the PG content of the matrix. (Bollet 1963,
Anderson 1964, Mankin 1970).The mechanical environment and biological processes

responsible for these alterations are difficult to identify. Degenerative and repair process occur

concurrently in articular cartilage, and pathological features including changes in matrix
composition, chondrocyte clustering, cartilage fissuring and flaking, osteophytes are partly
secondary to the effects of mechanical forces. My studies here showed that chondrocytes
derived from OA cartilage have altered matrix production in response to mechanical
stimulation when compared to normal ones. The response of chondrocytes derived from OA
cartilage to mechanical stimulation appears to be defective. An early event in OA cartilage may
be a failure of chondrocytes to respond of mechanical stimulation with an increase in PG
synthesis, and in later stages of OA, the anabolic capacity of PG synthesis is significantly
depleted, leading to cartilage loss. The results of the experiments presented in this thesis are
consistent with a hypothesis that the progression of OA may be mediated by a lack of anabolic
response to mechanical stimulation in cartilage chondrocytes.The basis for these changes in
chondrocytes metabolism are probably the results ofboth environmentally induced (Little et al
1997) and genotypic changes (Aigner 2004).

To date, no studies have been made to test the effects of mechanical loading and unloading on
human articular chondrocytes from RA cartilage. The results in this study showed that
chondrocytes, isolated from the articular cartilage ofpatients with RA exposed to mechanical
stimulation, did not demonstrate any significant change in GAG synthesis. In this context, the
impaired anabolic response to mechanical stimulation in RA chondrocytes is similar to that of
chondrocytes from OA cartilage. However, the amounts of GAG synthesised by unstimulated
chondrocytes derived from RA knee joints, were not significantly different from those from
normal chondrocytes. G1 domain-containing aggrecan species were also present, unlike in OA
grade II or III chondrocytes. Chondrocytes in residual cartilage in RA joints may produce
more matrix than chondrocytes in OA grade III cartilage.

There are few studies which have demonstrated the differences between RA chondrocytes
and normal or OA chondrocytes in cartilage. Jobanputra et al (1996) have shown the change
in expression of integrins in diseased cartilage, indicating a phenotypic change in RA
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chondrocytes. However few studies have been undertaken on the role of integrins in RA
chondrocytes compared with that of integrins in synovial tissue in this disease. This was the
first study to look at the regulation of matrix production via integrin-mediated mechano-
transduction pathways in chondrocytes from patients with RA.Anti-integrin antibodies used
in this study did not modulate matrix syntheses in RA chondrocytes following mechanical
stimulation.

7.2 Future prospects

(i) Further studies of the regulation of the chondrocyte PG synthesis by mechanical forces will
be greatly facilitated by the use of a stable matrix for chondrocyte culture systems. A three-
dimensional, bio-degradable, and cyclically compressible culture system is required.

(ii) Integrin expression of chondrocytes derived from Normal, OA and RA cartilage cultured
in monolayer and 3D needs to be examined.

(iii) aVp5 integrin involvement in intracellular signalling following mechanical stimulation
needs to be explored.

(iv) Chondrocytes have the capacity to synthesize a number of metalloproteinases (MMPs and
ADAM-TS) in vitro (Flannery et al 1999). No obvious metalloproteinases activities could be
seen in this study. In the future, chondrocytes in vitro could be exposed to IL-1 or retinoic acid
prior to anabolic cyclical mechanical stimulation in order to assess the counter-effect of
mechanical stimulation to metalloproteinase activities.

(v) An increase of fibronectin fragments was detectable in OA cartilage (Burton-Wurster et al
1986,Jones et al 1987, Rees et al 1987, Chevalier et al 1992). Enhanced fibronectin synthesis is
partially influenced by biomechanical forces (Steinmeyer et al 1997, Farquhar et al 1996,
Burton-Wurster et al 1993). It would be interesting to see if OA chondrocytes produced more
fibronectin in response to mechanical stimulation than normal chondrocytes. Similarly,
increased levels of mRNA and the protein of small PG decorin in OA have been reported
(Cs-Szabo et al 1995,1997). Decorin synthesis is influenced by mechanical loading (Korver et
al 1992, Little et al 1996,Lammi 1994). Investigations of these extra-cellular matrix molecules,
such as fibronectin and decorin, following the mechanical stimulation of chondrocytes from
OA cartilage, will be important for gaining fuller understanding of cell-matrix interactions.
Altered mechano-transduction pathways in OA chondrocytes may explain the increases in
these extra-cellular matrix molecules found in abnormal cartilage in OA joints.
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(vi) Heterotypic interactions between chondrocytes and synovial cells are known to occur in
RA (D'Andrea et al 1998). Synovial pannus formation is initiated with the recognition and
adhesion of synovial cells to chondrocytes and to the cartilage matrix mediated by cadherins
and integrins.The evidence is that these two cell types develop pathways allowing direct and
indirect intracellular communication resulting in increased tissue sensitivity to changes in the
extra-cellular matrix environment. To assess chondrocyte mechano-transduction in RA
chondrocytes, it will be necessary to use a co-culture with synovial cells.
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Antibodies

monoclonal antibody
final

concentration

anti-a5 integrin P1D6 (MAB1956 Chemicon International) 1 pg/ml

anti-aV(35 integrin P1F6 (MAB1961 Chemicon International) 1 pg/ml

anti-CD47 Brie 126 (IBGRL Research, UK) 1 pg/ml

anti-Pi integrin JB1A (MAB1965 Chemicon International) 1 pg/ml

mouse IgG control 1 pg/ml

anti-aggrecan G1 domain
antibody

rabbit antisera anti-Gl domain of human

aggrecan
1:400

2-B-6 4 sulfate CS stubs 1:100

3-B-3 6 sulfate CS stubs 1:200

l-B-5 0 sulfate CS stubs 1:5000

5-D-4
keratan sulfate

(after only chondroitinase ABC digestion)
1:1000

70.6 anti decorin 1:200

BC-3 aggrecanase cleavaged neoepitope (ARGSVI) 1:500

BC-13 aggrecanase cleavaged neoepitope (NITEGE) 1:100

BC-4 MMP cleavaged neoepitope (VDIPEN) 1:100

BC-14 MMP cleavaged neoepitope (FFGVG) 1:200

anti-rabbit
an alkinephosphatase-conjugated goat anti-
rabbit IgG

1:2000

anti-sheep
rabbit antiserum conjugated with horseradish
peroxidase (Dako Cytomation, Denmark)

1:1000
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Buffer compositions

GuHCl PG extraction buffer

fwfillll1II11I8&;
content quantity

4 M GuHCl
extraction buffer

(100 ml)

4 M GuHCl 8 M 50 ml

4% (w/v) CHAPS (Calbiochem®) 20% 20 ml

100 mM sodium acetate buffer pH 5.8 1 M 10 ml

10 mM 6-amino-hexanoic acid (nova biochem) 1 M 1 ml

10 mM EDTA 0.1M 10 ml

1 mM PMSF in methanol 100 mM 1 ml

5 mM benzamidine hydrochloride (AMS.UK) 0.1746 g

10 mM N-ethyl-maleimide in methanol 1 M 1 ml

distilled water 8.5 ml

DMMB stock solution and GAG standard solution

•

SiliPtPr
content

.

quantity

DMMB sto<

solution
(500 ml)

DMMB 0.008 g

:k
glycine 1.52 g

NaCl 2.85 g

HC1 adjust to pH
3.0

distilled water adjust to 500
ml

GAG standard
solution bovine chondroitin sulfate A 100 pg/ml
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Papain buffer and DMMB solution for alginate

contents quantity

Papain buffer (250 ml)
stored at 4°C

150 mM NaCl 2.192 g

55 mM sodium citrate 4.04 g

5 mM cystein HC 0.197 g

5 mM EDTA 0.4605 g

DMMB solution for
alginate (pH 1.5)(1
litre)

1,9-dimethylene blue 21 mg

absolute ethanol 5 ml

sodium formate 2.0 g

concentrated formic acid to adjust to pH 1.5

Hoechst dye stock, Hoechst working solution, and DNA standard solution

material content

Hoechst dye stock sterilized by
filtration through a 0.22 pm filter and
stored at 4°C in a light tight
container

Hoechst dye 33258
0.1 mg/ml in distilled
water

working assay solution sterilized by
autoclaving and stored at 4°C, total
50ml

Hoechst dye stock 250 pi

10 mMTris-HCl pH
7.4

1 M 500 pi

1 mM Na2EDTA 100 mM 500 pi

0.1 mM NaCl 500 mM 20 ml

distilled water 28.75 ml

DNA standard solution calf thymus DNA 100 ng/pl
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Appendix I

Materials used for SDS-PAGE

content quantity

4x sample buffer (16 ml)

distilled water 7.6 ml

0.5 M Tris-HCl, pH 6.8 2.0 ml

glycerol (Fisons, UK) 1.6 ml

10% [w/v] SDS 3.2 ml

1 MDTT 1.6 ml

bromophenol blue 8.0 mg

stacking gel 5% (8 ml)

distilled water 5.5 ml

1.0 M Tris-HCl, pH 6.8 1.0 ml

10% [w/v] SDS 0.08 ml

acrylamide/bis [30% stock] (ultra pure grade
amresco®, USA)

1.3ml

10% APS 0.08 ml

TEMED 0.008 ml

separating gel 7.5% (20
ml)

distilled water 9.6 ml

1.5 M Tris-HCl, pH 8.8 5 ml

10% [w/v] SDS 0.2 ml

acrylamide/bis [30% stock] 5 ml

10% APS 0.2 ml

TEMED 0.016 ml

transfer buffer pH 8.3 (1
litre) (pH not adjust)

0.0025 MTris 3.03 g

0.19 M glycine 14.4 g

15% (v/v) methanol 150 ml

1 OX Tris-glycine
electrode buffer pH 8.3
(2 litre) (not adjust pH)

0.025 MTris 60 g

0.19 M glycine 288 g

0.1% [w/v] SDS 20 g
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Appendix I

Materials used for SDS-PAGE for epitope monoclonal antibodies

content quantity

2x sample buffer (16
ml)

distilled water

0.125 M Tris-HCl, pH 6.8

20% glycerol (Fisons, UK)

4% [w/v] SDS

10% mercaptoethanol

0.01% bromophenol blue

transfer buffer pH 8.3
(1 litre)
10X Tris-glycine
electrode buffer pH
8.3 (2 litre) ( pH not
adjust) (re-used up to
5 times)

0.0025 MTris 3.03 g

0.19 M glycine 14.4 g

20% (v/v) methanol 200 ml

0.025 MTris 60 g

0.19 M glycine 288 g

0.1% [w/v] SDS 20 g

running buffer (1 litre)

25 mMTris (TRIZMA) 3.02 g

192 mM glycine 14.4 g

0.1% SDS 1.0 g

TSA buffer (2 litre)
( pH 7.4 with HC1)

50 mMTris 12.12 g

200 mM NaCl 23.38 g

0.02% sodium azide 0.6 g

AP buffer (200 ml)
(pH 9.55)

100 mMTris 2.42 g

100 mM NaCl 1.168 g

5 mM MgC12 0.2033 g
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Deglycosylation buffer

material contents quantity

0.1 unit/ml keratanase II 5 pi

proteolytic inhibitors 5 pi

deglycosylation 1 unit/ml chondroitinase ABC 5 pi
buffer (50 jjI) 1 M sodium acetate pH 7.3 5 pi

1 M Tris-HCl pH 7.3 5 pi

distilled water 25 pi

50 mM PMSF in 100% ethanol 100 mM 1 pi

proteolytic
inhibitors (1 ml)

100 mM N-ethyl-maleimide in 0.1 MTris-HCi pH
7.4

1 M 2 pi

36 mM pepstein A in 0.1 M Tris-HCl pH 7.4 20 pi

100 mM EDTA in 0.1 M Tris-HCl pH 7.4 1 M 2 pi

0.1 MTris-HCl pH 7.4 1 M 75 pi

OA grading system (Macroscopic)

grade OA cartilage changes judged by the naked eye

0 normal cartilage with smooth surface

I superficial flaking

II softening, such as sponge like cartilage (i.e. not denuding bone)

III extensive fibrillation and fissuring of cartilage, bone exposure

IV total cartilage loss and bone exposure, eburnation and bone grooving

Modified from OA grading system ofMcElligott and Collins (1960)

Frequencies used in experiments

frequency (Hz) helium gas flow on (seconds) helium gas flow oft (seconds)
0.1 2 7.8

0.33 2 1

1 0.5 0.5
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Appendix II
Original data: Chapters 3-5

sample OARSI 2005 data

grade donor procedure
culture

period (days) gender/age grade stage score reagent

pre-
medium

pg/ml/16-
hour

post-
medium

pg/ml/40-
hour

GAG pg/24
hour/dish

(3ml)

DNA

pg/dish
(250000

cells)

GAG/DNA

(ng/ng)

normal 14013 AKA 13 M/76 1 1 1 Nil 6.334 21.255 2.351 2.043 1.151

Nil+MS 9.112 55.334 8.333 2.055 4.055

IgG 7.669 27.780 3.255 1.471 2.213

IgG+MS 9.504 53.330 7.815 2.466 3.169

a5 11.888 25.259 1.485 1.907 0.779

a5+MS 10.944 29.333 2.583 2.447 1.056

aVb5 10.222 20.518 1.037 1.962 0.529

aVb5+MS 15.778 27.852 0.837 2.192 0.382

CD47 14.112 30.444 1.855 2.454 0.756

CD47+MS 8.556 31.628 3.759 1.917 1.961

normal 14039 TKR 10 M/39 0 0 0 Nil 12.667 25.354 1.271 2.005 0.634

Nil+MS 6.943 26.650 3.247 2.340 1.388

IgG 13.911 25.998 1.026 2.710 0.379

IgG+MS 8.544 28.880 3.213 2.480 1.295

a5 4.545 15.150 1.667 2.550 0.654

a5+MS 4.911 17.900 2.107 1.940 1.086

aVb5 8.400 23.900 2.260 2.980 0.758

aVb5+MS 4.100 23.850 3.540 2.153 1.644

CD47 6.900 28.900 3.710 3.720 0.997

CD47+MS 5.650 20.400 2.385 3.810 0.626
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sample OARS1 2005 data

grade donor procedure
culture

period (days) gender/age grade stage score reagent

pre-
medium

pg/ml/ 16-
hour

post-
medium

pg/ml/40-
hour

GAG pg/24
hour/dish

(3ml)

DNA

pg/dish
(250000

cells)

GAG/DNA

(Fg/Fg)

normal 14039 TKR 10 M/39 0 0 0 Nil 12.667 25.354 1.271 2.005 0.634

Nil+MS 6.943 26.650 3.247 2.340 1.388

IgG 5.333 23.722 3.145 1.611 1.952

IgG+MS 7.278 46.500 7.117 2.385 2.984

a5 10.944 44.000 5.517 3.072 1.796

a5+MS 5.944 37.889 5.795 2.812 2.061

aVb5 5.111 34.278 5.322 1.782 2.987

aVb5+MS 7.889 41.778 5.989 2.691 2.226

CD47 7.056 45.667 7.017 3.061 2.292

CD47+MS 4.278 23.722 3.461 1.315 2.632

normal 14080 TKR 10 F/66 0 0 0 Nil 9.848 29.000 2.846 2.431 1.171

Nil+MS 10.182 45.428 6.031 2.201 2.740

IgG 12.576 30.428 2.313 2.165 1.068

IgG+MS 10.485 37.572 4.369 1.422 3.072

a5 13.182 37.572 3.560 2.612 1.363

a5+MS 10.455 30.428 2.949 3.119 0.946

aVb5 13.182 29.714 1.988 3.347 0.594

aVb5+MS 13.788 38.286 3.521 3.210 1.097

CD47 11.121 21.572 0.978 2.130 0.459

CD47+MS 9.848 25.074 2.060 2.070 0.995

OA I 14023 TKR 9 F/76 2 2 4 Nil 3.727 17.364 2.355 1.829 1.287

1 Nil+MS 7.818 20.091 1.673 1.453 1.151

IgG 6.636 15.091 1.027 1.274 0.806

IgG+MS 9.273 28.273 2.873 2.003 1.434

*
s



a5 10.545 23.273 1.491 1.207 1.235

a5+MS 6.818 15.091 0.973 1.773 0.549

aVb5 6.818 17.364 1.427 1.773 0.805

aVb5+MS 8.273 13.273 0.173 2.014 0.086

CD47 10.091 18.273 0.627 2.027 0.309

CD47+MS 15.454 28.727 1.109 2.417 0.459

OA I 14051 TKR 10 F/57 no slides no slides no slides Nil 6.429 20.286 2.129 2.279 0.934

2 Nil+MS 8.000 16.357 0.871 1.035 0.842

IkG 8.286 19.214 1.357 1.898 0.715

IgG+MS 7.786 27.786 3.221 2.022 1.593

a5 6.500 17.786 1.607 2.279 0.705

a5+MS 7.571 26.000 2.929 2.035 1.439

aVb5 6.857 21.000 2.143 2.346 0.913

aVb5+MS 11.286 31.000 2.814 1.764 1.595

CD47 10.857 38.143 4.372 2.426 1.802

CD47+MS 8.429 24.214 2.314 1.678 1.379

OA I 14035 TKR 7 M/71 slides fault fault fault Nil 8.313 26.625 2.831 1.574 1.799

3 Nil+MS 6.875 26.335 3.205 1.645 1.948

IrG 7.063 20.063 1.894 2.564 0.739

IgG+MS 10.063 26.313 2.244 2.100 1.068

a5 8.313 21.625 1.831 2.328 0.787

a5+MS 8.938 27.875 2.894 2.207 1.311

aVb5 7.125 26.000 3.063 2.308 1.327

aVb5+MS 8.625 19.750 1.363 2.808 0.485

CD47 8.438 16.313 0.731 2.305 0.317

CD47+MS 6.188 11.313 0.406 1.669 0.243
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sample OARSI 2005 data

grade donor procedure
culture

period (days) gender/age grade stage score reagent

pre-
medium

pg/ml/ 16-
hour

post-
medium

pg/ml/40-
hour

GAG pg/24
hour/dish

(3ml)

DNA

pg/dish
(250000

cells)

GAG/DNA

(ngA»g)

OA I 14038 TKR 7 M/64 2 1 2 Nil 3.591 21.545 3.232 2.896 1.116

4 Nil+MS 7.909 25.409 2.709 1.432 1.892

IgG 7.000 16.773 1.255 2.356 0.533

IgG+MS 6.318 28.136 3.732 1.705 2.189

a5 6.545 24.045 2.846 3.468 0.821

a5+MS 7.000 20.636 2.027 2.087 0.971

aVb5 9.045 25.182 2.323 2.511 0.925

aVb5+MS 9.273 22.909 1.800 2.239 0.804

CD47 6.318 12.909 0.686 2.040 0.336

CD47+MS 9.727 24.955 2.073 2.539 0.816

OA I DS170C TKR 8 M/70 1 1 1 Nil 4.054 26.591 4.102 2.409 1.703

5 Nil+MS 4.719 25.227 3.630 1.500 2.420

IgG 6.002 26.136 3.427 2.136 1.604

IgG+MS 6.002 24.091 3.018 2.318 1.302

a5 8.900 36.591 4.648 1.818 2.557

a5+MS 6.144 35.909 5.339 2.25 2.373

aVb5 5.574 36.364 5.601 1.954 2.866

aVb5+MS 3.769 30.000 4.869 1.704 2.858

CD47 3.198 28.409 4.722 2.045 2.309

CD47+MS 6.049 27.955 3.776 2.045 1.847

OA I 14081 TKR 6 F/72 no no no Nil 10.083 33.000 3.575 2.272 1.574

6 Nil+MS 10.083 22.167 1.409 1.198 1.176

IgG 12.167 29.667 2.283 1.438 1.588

t
s
ex.

X*
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IgG+MS 3.417 15.083 1.992 2.414 0.825

a5 6.056 17.786 1.740 2.279 0.764

a5+MS 7.857 26.000 2.843 2.035 1.397

aVb5 5.083 25.917 3.659 3.33 1.099

aVb5+MS 9.25 31.330 3.491 2.387 1.463

CD47 8.166 23.000 2.150 2.591 0.830

CD47+MS 17.25 36.330 2.091 2.272 0.920

OA II DS037C TKR 9 M/71 2 1 2 Nil 7.687 28.625 3.419 2.298 1.488

1 Nil+MS 0.813 10.500 1.856 2.833 0.655

IgG 2.687 20.813 3.357 2.064 1.626

IgG+MS 6.347 14.875 1.071 3.098 0.346

a5 0.817 6.437 1.042 2.77 0.376

a5+MS 5.5 16.750 1.700 1.79 0.950

aVb5 13.313 20.813 0.169 1.458 0.116

aVb5+MS 12.063 21.438 0.669 2.694 0.248

CD47 5.125 14.563 1.375 2.134 0.644

CD47+MS 11.125 28.000 2.263 2.224 1.017

OA II DS130C TKR 9 M/57 3 4 12 Nil 14.333 38.778 3.456 2.099 1.646

2 Nil+MS 12.944 37.389 3.595 3.141 1.144

IgG 13.778 27.111 1.289 2.062 0.625

IgG+MS 15.167 39.333 3.317 2.796 1.186

a5 17.944 44.056 3.428 1.997 1.717

a5+MS 15.167 29.333 1.317 1.516 0.868

aVb5 14.333 48.222 5.345 2.91 1.837

aVb5+MS 11.833 50.722 6.595 1.879 3.510

CD47 14.056 42.944 4.372 2.098 2.084

CD47+MS 10.444 26.000 2.067 1.278 1.617

*
3

>5*



sample OARSI 2005 data

grade donor procedure
culture

period (days) gender/age grade stage score reagent

pre-
medium

pg/ml/16-
hour

post-
medium

pg/ml/40-
hour

GAG pg/24
hour/dish

(3ml)

DNA

pg/dish
(250000

cells)

GAG/DNA

(Fg/Fg)

OA II 14071 TKR 8 F/51 2 4 8 Nil 3.611 19.642 2.845 1.853 1.535

3 Nil+MS 6.389 20.418 2.167 1.909 1.135

IgG 6.944 16.675 1.252 1.754 0.714

IgG+MS 1.111 13.818 2.430 1.656 1.468

a5 3.333 17.853 2.571 1.779 1.445

a5+MS 1.944 23.431 4.103 2.024 2.027

aVb5 7.222 19.036 1.641 1.841 0.891

aVb5+MS 5.889 21.216 2.477 1.966 1.260

CD47 1.389 19.718 3.527 1.886 1.870

CD47+MS 5.556 19.152 2.164 1.959 1.104

OA II DS069C TKR 9 F/65 2 4 8 Nil 7.609 15.435 0.804 1.949 0.413

4 Nil+MS 3.478 15.435 2.044 1.741 1.174

IsG 4.783 14.438 1.453 1.601 0.907

IgG+MS 8.478 16.078 0.672 2.107 0.319

a5 4.565 20.217 2.674 2.416 1.107 !

a5+MS 10.432 20.435 0.957 2.095 0.457

aVb5 7.826 17.714 1.195 2.477 0.482

aVb5+MS 7.391 15.435 0.870 2.281 0.381

CD47 11.739 19.783 0.435 1.273 0.342

CD47+MS 9.565 18.696 0.870 2.002 0.434

OA II 14078 TKR 8 F/75 2 1 2 Nil 12.915 24.975 1.121 2.616 0.428

5 Nil+MS 9.397 25.402 2.261 1.277 1.771

IsG 7.638 21.206 1.950 2.284 0.854

t
Hi
3
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IgG+MS 6.884 28.492 3.633 2.244 1.619

a5 9.407 16.935 0.565 1.885 0.300

a5+MS 10.965 27.990 2.309 1.58 1.461

aVb5 6.915 18.191 1.564 1.591 0.983

aVb5+MS 6.382 12.161 0.518 1.636 0.316

CD47 5.879 25.477 3.332 3.113 1.070

CD47+MS 3.116 17.688 2.603 2.43 1.071

OA II 14044 TKR 7 F/71 3 3 9 Nil 6.712 28.332 3.653 2.042 1.789

6 Nil+MS 6.087 23.098 2.794 1.135 2.461

IRG 4.516 10.32 0.709 1.898 0.374

IgG+MS 5.803 27.705 3.800 3.021 1.258

a5 8.379 17.901 1.067 2.279 0.468

a5+MS 3.056 14.853 2.054 2.135 0.962

aVb5 5.868 26.943 3.628 2.455 1.478

aVb5+MS 11.286 41.346 4.883 2.543 1.920

CD47 5.251 22.241 2.873 2.426 1.184

CD47+MS 14.429 39.940 3.659 2.311 1.583

OA III DS079C TKR 10 M/64 4 4 16 Nil 20.250 31.063 0.138 2.371 0.058

1 Nil+MS 20.750 34.188 0.613 2.073 0.296

IsG 19.240 31.480 0.524 2.419 0.217

IgG+MS 18.673 29.228 0.244 1.874 0.130

a5 15.438 28.250 1.019 1.899 0.536

a5+MS 18.250 27.938 0.113 1.845 0.061

aVb5 16.375 31.375 1.363 2.749 0.496

aVb5+MS 15.813 26.688 0.594 1.973 0.301

CD47 20.188 32.000 0.344 2.959 0.116

CD47+MS 12.938 25.750 1.269 2.496 0.508
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sample OARSI 2005 data

grade donor procedure
culture

period (days) gender/age grade stage score reagent

pre-
medium

pg/ml/16-
hour

post-
medium

pg/ml/40-
hour

GAG pg/24
hour/dish

(3ml)

DNA

pg/dish
(250000

cells)

GAG/DNA

(ng/ng)

OA III 14035 TKR 7 M/71 4 4 16 Nil 0.095 9.650 1.902 2.810 0.677

2 Nil+MS 1.524 4.509 0.445 1.035 0.430

IsG 5.095 17.577 1.987 2.860 0.695

IgG+MS 0.000 2.342 0.468 2.332 0.201

a5 5.095 18.653 2.202 2.224 0.990

a5+MS 7.000 12.800 0.460 2.041 0.225

aVb5 1.286 11.859 1.986 2.218 0.895

aVb5+MS 6.048 15.189 1.223 2.761 0.443

CD47 10.810 24.139 1.585 2.121 0.747

CD47+MS 5.048 16.619 1.809 2.174 0.832

OA III DS138C TKR 7 M/79 3 3 9 Nil 5.750 13.234 0.922 1.045 0.882

3 NU+MS 0.000 2.000 0.400 1.859 0.215

IKG 3.667 5.756 0.051 1.237 0.041

IgG+MS 0.750 6.853 1.146 1.911 0.599

a5 3.667 7.417 0.383 1.718 0.223

a5+MS 4.284 9.852 0.685 1.718 0.399

aVb5 6.076 9.692 0.116 2.077 0.056

aVb5+MS 0.330 2.833 0.468 1.329 0.352

CD47 3.250 9.083 0.842 2.322 0.362

CD47+MS 2.400 7.417 0.763 2.445 0.312

OA III 14039 TKR 8 M/39 1 1 1 Nil 5.737 12.579 0.795 2.297 0.346

4 Nil+MS 7.053 17.263 1.337 1.888 0.708

IsG 6.895 12.842 0.500 1.776 0.281

IgG+MS 12.579 27.053 1.637 2.811 0.582

t
S
cv-
X*



a5 13.526 22.842 0.511 1.623 0.315

a5+MS 6.526 14.158 0.874 2.661 0.328

aVb5 3.368 12.579 1.505 2.523 0.597

aVb5+MS 11.526 18.105 0.163 1.688 0.097

CD47 10.316 18.105 0.526 1.948 0.270

CD47+MS 5.474 12.579 0.874 1.278 0.684

grade donor procedure
culture

period (days) gender/age synovial overgrowth reagent

pre-
medium

pg/ml/16-
hour

post-
medium

pg/ml/40-
hour

GAG pg/24
hour/dish

(3ml)

DNA

pg/dish
(250000

cells)

GAG/DNA

(Hg/Fg)

RA DS105C TKR 8 M/37 + Nil 14.271 31.859 2.091 2.445 0.855

1 Nil+MS 10.503 17.286 0.306 1.834 0.167

IgG 23.568 36.131 0.156 2.941 0.053

IgG+MS 6.231 14.271 0.985 1.969 0.500

a5 16.030 35.926 2.376 2.052 1.158

a5+MS 28.593 51.960 1.814 1.535 1.182

aVb5 8.241 13.518 0.231 1.784 0.130

aVb5+MS 10.000 24.322 1.864 1.509 1.236

CD47 12.010 22.313 0.860 2.159 0.398

CD47+MS 11.508 17.538 0.055 1.283 0.043

RA DS098C TKR 9 F/55 + Nil 20.550 38.500 1.535 1.941 0.791

2 Nil+MS 13.050 26.500 1.385 2.147 0.645

IgG 20.800 36.500 1.060 1.353 0.783

IgG+MS 30.800 52.500 1.260 1.811 0.696

a5 17.300 50.500 4.910 1.784 2.752

a5+MS 27.800 53.050 2.270 1.353 1.678

aVb5 24.800 60.550 4.670 2.312 2.020

aVb5+MS 30.550 46.800 0.195 1.307 0.149

CD47 30.550 58.800 2.595 2.278 1.139

CD47+MS 30.550 57.050 2.245 1.229 1.827

t
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grade donor procedure
culture

period (days) gender/age synovial overgrowth reagent

pre-
medium

pg/ml/16-
hour

post-
medium

pg/ml/40-
hour

GAG pg/24
hour/dish

(3ml)

DNA

pg/dish
(250000

cells)

GAG/DNA

(ng/ng)

RA DS052C TKR 7 F/63 + Nil 17.611 56.778 6.072 2.734 2.221

3 Nil+MS 16.778 55.944 6.155 3.733 1.649

IgG 20.667 56.222 5.044 3.042 1.658

IgG+MS 15.667 56.500 6.600 3.172 2.081

a5 7.056 29.833 3.850 2.344 1.642

a5+MS 20.944 54.556 4.628 1.888 2.451

aVb5 21.778 55.111 4.489 2.893 1.552

aVb5+MS 13.722 54.556 6.795 2.590 2.623

CD47 18.167 57.056 5.961 2.999 1.988

CD47+MS 10.389 21.611 1.206 1.889 0.638

RA S140C TKR 9 F/67 - Nil 3.474 11.368 1.231 1.199 1.027

4 Nil+MS 1.895 6.895 0.811 1.594 0.508

IeG 5.482 10.316 0.419 2.317 0.181

IgG+MS 9.000 19.263 1.153 1.912 0.603

a5 10.053 19.526 0.889 1.648 0.540

a5+MS 5.482 14.789 1.313 1.967 0.668

aVb5 5.316 10.579 0.521 1.641 0.317

aVb5+MS 5.579 9.526 0.232 1.327 0.174

CD47 2.684 12.158 1.626 2.311 0.704

CD47+MS 4.789 16.632 1.890 2.391 0.790

RA DS157C TKR 7 F/68 + Nil 10.498 38.000 4.451 2.319 1.919

5 Nil+MS 7.474 20.985 1.955 1.556 1.256

IsG
IgG+MS 1.684 16.421 2.779 3.399 0.818

a5 1.608 28.263 5.170 4.139 1.249



a5+MS 1.684 35.105 6.516 2.339 2.786

aVb5 1.507 35.105 6.569 3.135 2.095

aVb5+MS 3.526 29.842 4.911 2.353 2.087

CD47 6.947 26.684 3.253 3.185 1.021

CD47+MS 13.000 39.482 3.996 2.220 1.800

RA DS190C TKR 9 F/59 - Nil 4.667 12.667 1.133 2.734 0.415

6 Nil+MS 0.333 12.667 2.434 1.836 1.325

IgG 2.000 19.333 3.267 2.110 1.548

IgG+MS 1.166 27.667 5.184 2.105 2.463

a5 3.000 13.167 1.733 2.052 0.845

a5+MS 1.667 9.333 1.367 2.275 0.601

aVb5 5.832 29.167 4.084 2.413 1.692

aVb5+MS 2.167 32.667 5.883 3.080 1.910

CD47 5.833 25.637 3.378 3.333 1.013

CD47+MS 2.833 20.500 3.250 3.180 1.022

Original data: Chapter 6

grade donor procedure gender/age reagent

GAG

pg/disc/3d
ays

DNA

pg/disc
(300000

cells)

GAG/DN
A

(pg/pg/dis
c)

OA 14101 TKR F72 beads

beads

beads

beads

OA DS338C TKR F/73 CT 13.6 3.495 3.89

0.1 Hz 7.267 3.057 2.38

0.3Hz 11.333 3.445 3.29

1Hz 11.735 5.85 2.01



§o\

grade donor procedure gender/age reagent

GAG

pg/disc/3d
ays

DNA

pg/disc
(300000

cells)

GAG/DN
A

(pg/pg/dis
c)

OA DS360C TKR M/69 CT 10.38 3.46 3.00

0.1Hz 11.56 4.48 2.58

0.3Hz 6.68 3.93 1.70

1Hz 10.56 4.11 2.57

OA 14105 TKR F/67 CT 12.37 1.53 8.09

0.1 Hz 7.00 2.25 3.11

0.3Hz 13.50 14.80 0.91

1Hz 14.37 1.94 7.40

OA DS398C TKR M/58 CT 9.91 3.41 2.91

0.1 Hz 8.78 4.78 1.84

0.3Hz 13.41 6.71 2.00

1Hz 11.83 4.71 2.51

lHz+IgG 14.52 6.16 2.36

lHz+aVb5 13.24 4.09 3.23

lHz+bl 12.84 3.90 3.29

IkG 13.35 4.09 3.26

aVb5 10.82 4.68 2.31

bl 10.34 4.37 2.36

OA DS406C TKR F/69 CT 11.18 4.53 2.47

O.lHz+IgG 5.95 5.61 1.06

0.3Hz+IgG 9.44 5.53 1.71

t
3
Si¬

s'



I

lHz+IgG 10.42 5.40 1.93

OA 14108 TKR F/64 CT 12.25 5.49 2.23

0.1 Hz 10.22 8.37 1.22

0.3Hz 15.28 13.31 1.15

1Hz 6.63 2.42 2.74

OA 14109 TKR F/77 CT 16.35 3.44 4.75

0.1Hz 9.57 4.57 2.09

0.3Hz 10.46 4.42 2.37

1Hz 12.17 5.10 2.39

O.lHz+IgG 9.00 4.57 1.97

0.1Hz+aVb5 11.54 5.32 2.17

O.lHz+bl 11.85 4.80 2.47

0.3Hz+IgG 12.42 5.17 2.40

0.3Hz+aVb5 12.80 4.27 3.00

0.3Hz+bl 10.02 3.29 3.04

lHz+IgG 9.19 5.02 1.83

lHz+aVb5 13.94 4.80 2.91

lHz+bl 11.28 6.15 1.83

IgG 9.75 3.89 2.51

aVb5 8.01 3.14 2.55

bl 10.27 5.77 1.78

OA 14110 TKR F/77 CT 10.13 4.22 2.40

0.1 Hz 10.67 4.56 2.34

0.3Hz 8.87 3.84 2.31

1Hz 9.55 3.40 2.81

O.lHz+lgG 9.27 4.27 2.17

t
Hi
3
Cu



grade donor procedure gender/age reagent

GAG

pg/disc/3d
ays

DNA

pg/disc
(300000

cells)

GAG/DN
A

(pg/pg/dis
c)

0.1Hz+aVb5 9.20 4.17 2.21

O.lHz+bl 8.87 3.57 2.48

0.3Hz+lgG 8.80 3.20 2.75

0.3Hz+aVb5 9.67 4.37 2.21

0.3Hz+bl 10.87 3.88 2.80

lHz+IgG 7.27 3.83 1.90

lHz+aVb5 7.73 3.69 2.10

lHz+bl 8.60 3.98 2.16

IsG 10.07 2.72 3.71

aVb5 10.87 3.79 2.87

bl 10.93 4.42 2.48

OA 14112 TKR F/71 CT 17.86 4.70 3.80

0.1 Hz 16.66 4.73 3.52

0.3Hz 10.15 3.76 2.70

1Hz 11.16 3.36 3.32

O.lHz+IgG 12.89 5.05 2.56

0.1Hz+aVb5 17.46 4.33 4.03

O.lHz+bl 13.29 4.08 3.26

0.3Hz+IgG 10.39 5.89 1.76

0.3Hz+aVb5 14.46 4.57 3.17

0.3Hz+bl 12.35 4.36 2.83

lHz+IgG 14.03 4.69 2.99

lHz+aVb5 13.59 4.47 3.04

lHz+bl 12.48 4.88 2.56
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