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Abstract 
 
Skiöldebrand E. 2004. Studies of articular cartilage macromolecules in the equine middle 
carpal joint, in joint pathology and training. 
Doctor’s dissertation 
ISSN 1401-6257, ISBN 91-576-6651-2 
 
Lameness caused by osteoarthritis (OA) is the most common reason for failure to race 
among horses. Degenerative changes to the articular cartilage are commonly seen often 
with subchondral bone sclerosis. Cartilage is a connective tissue with tensile strength and 
resilience, consisting of cells and abundant extracellular matrix. The cells are adapting the 
matrix to environmental conditions by synthesis and degradation of the matrix structural 
elements. A change in the concentration of macromolecules in synovial fluid and serum can 
indicate early biochemical changes in the joint. This provides a tool for research into and 
monitoring pathogenic mechanisms of OA. 
 

The content of COMP, aggrecan and collagen type II was measured in serum and 
synovial fluid (sf) from trotters and riding horses with either normal joints or joints with 
different stages of cartilage pathology. The trotters with a training background and cartilage 
degeneration had low concentrations of COMP and aggrecan in synovial fluid and serum as 
well as sf-collagen (paper I). The effect of long-term training on the concentration of sf-
COMP, -aggrecan and -collagen type II from young trotters was measured (paper II). The 
amount of training and age influenced sf-COMP, where lower concentrations were related 
to more training and higher age. The concentration of collagen type II degradation products 
increased with total days of training. In vitro dynamic compression of cartilage explants 
from trained horses showed a down-regulation of COMP synthesis compared to untrained 
horses (paper II). COMP in cartilage matrix was presented in an ultrastructural study (paper 
III), where COMP concentration, was much less abundant in loaded and unloaded matrix of 
articular cartilage from a strenuously trained horse compared to untrained horses. The 
untrained horses often displayed a higher immunolabeling in loaded areas compared to 
unloaded areas, indicating that dynamic load can promote COMP synthesis and /or 
retention, while excessive load have opposite effect.  
 

Galloping horses with osteochondral fractures had higher concentration of sf-COMP 
compared to normal or osteoarthtritic joints from trotters or galloping horses (paper IV). In 
conclusion the present work shows that strenuously training of racehorses alter the 
expression of macromolecules in the articular cartilage of the third carpal bone. 
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 Abbreviations 
 
ADAM/-TS-  A disintegrin and metalloprotease with thrombospondin repeat 
COMP     Cartilage oligomeric matrix protein 
ELISA     Enzyme-linked immunosorbant assay 
GAG      Glycosaminoglycan 
Galloping horse Thoroughbred horse 
IL       Interleukin 
KS       Keratan sulphate 
MMP      Matrix metalloprotease 
MT-MMP    Membrane-type MMP 
OA       Osteoarthritis 
PRELP     Proline-arginine-rich end and leucine-rich repeat protein 
PsoA      Psoriatic arthritis 
RA       Rheumatoid arthritis 
Riding horse  Swedish Warmblood horse 
Sf-aggrecan   Concentration of aggrecan in synovial fluid 
Sf-collagen   Concentration of collagen type II in synovial fluid 
Sf-COMP    Concentration of COMP in synovial fluid 
TIMP      Tissue inhibitor of metalloproteases 
TNF      Tumour necrosis factor 
Trotter     Standardbred trotter 
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Background 
 
The horse racing industry suffers significant economic losses due to a high 
prevalence of lameness in racehorses (Rossdale et al., 1985).  

Osteoarthritis (OA) of the middle carpal joint is a common cause of lameness in 
racehorses and the medial aspect of the radial facet in the third carpal bone is the 
most common site of degenerative lesions (Fig. 1). These lesions include cartilage 
fraying and erosions, subchondral bone sclerosis and incomplete bone fractures 
(McIlwraith, 1982; Palmer, 1986; Pool & Meagher, 1990; Norrdin et al., 1998). 

Early stages of tissue changes in equine OA are impossible to detect clinically. 
An early diagnosis, with subsequent appropriate treatment and accurate 
convalescence program are of great value to prevent irreversible joint destruction. 
A lameness evaluation of the horse includes a clinical examination and palpation 
of the joints to identify and localise signs of heat, pain and swelling. Grading of 
the lameness before and after flexion tests, together with intra-articular anaesthesia 
can accurately localise the exact joint responsible for the lameness. The tissue 
destruction can be characterised by the aid of radiology, magnetic resonance 
imaging, ultrasonography, computed tomography, scintigraphy and diagnostic 
arthroscopy. However, clinical identification of early biochemical as well as 
microscopically catabolic processes of the cartilage and bone is not possible with 
techniques available today. Hence, molecular markers in synovial fluid and/or 
serum correlated to catabolic and anabolic processes in the joint tissues would be 
of great value.  

Most joint lesions are induced by acute trauma, repetitive load, or overload 
(Pool & Meagher, 1990). OA is defined as a joint disorder characterised by 
degeneration of the articular cartilage and sclerosis and /or microfractures of 
underlying bone with an inflammatory reaction in the synovial membrane and 
capsule (Sandell & Aigner, 2001). The pathophysiological mechanisms involved 
in OA are not fully understood. Findings implicate an alteration in the dynamic 
equilibrium between the biosynthetic phase (in which the chondrocytes synthesise 
and restore extracellular matrix) and the degradative phase (in which proteolytic 
enzymes are activated) (Sandell & Aigner, 2001). Release of different 
macromolecules and their fragments into synovial fluid and serum follow these 
anabolic and catabolic processes in the cartilage (Saxne & Heinegård, 1992). 
Hence, these macromolecules can be used as markers of cartilage homeostasis. 

This literature review covers Getty, 1975; Stryer, 1981; Poole, 1986; Mankin, 
1989; Mayne, 1989; Pool & Meagher, 1990; Buckwalter & Mow, 1992; Kuettner 
1992; Levick, 1992; Poole et al., 1995; McIlwraith, 1996; Pool, 1996; Grodzinsky 
et al., 1998; Heinegård et al., 1998; Lohmander & Felson, 1998; McCarthy & 
Frassia, 1998; Neame et al., 1999; Grodzinsky et al., 2000; Kawacak et al., 2001; 
Sandell & Aigner, 2001; Heinegård et al., 2002; Kielty & Grant, 2002; Martin & 
Buckwalter, 2002; McIlwraith, 2002; Morris et al., 2002; Murphy & Reynolds, 
2002; Stashak & Hill, Garrick & Requa, 2003, and includes several original 
references. References to review papers are identified by “rev” before the 
reference. 
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Figure 1. Macroscopic section of the proximal surfaces of the fourth, third and second 
carpal bones in the middle carpal joint of a four-year-old trotter. Moderate articular 
fraying and erosions of the third carpal bone are present at the radial facet (arrow). 
 
 
 
 
Literature review 
 
The carpal joint 
The carpal joint is a diarthrodial joint comprised of bony parts covered by hyaline 
cartilage. Its major functions are to absorb and distribute load and to enable low-
friction motion. The cartilage surfaces are separated by the joint cavity containing 
synovial fluid enclosed by a synovial membrane. The carpal joint is composed of 
three main joints with collateral and intercarpal ligaments including distal radius, 
carpal bones, and proximal metacarpal bones. The carpal bones consist of seven to 
eight bones arranged in a proximal and distal row (rev Getty, 1975) (Fig. 2). The 
proximal row contains radial-, intermediate-, ulnar- and accessory carpal bones 
and the distal row contains first (sometimes absent), second, third and fourth 
bones.  

The radial, intermediate and third carpal bones are axial weight bearing 
subjected to most of the load (Colahan et al., 1988). These three carpal bones and 
the distal radius are the most frequently injured parts of the joint (Bramlage et al., 
1988). The ulnar, and fourth and second carpal bones are subjected to minor load 
and the accessory carpal bone is non-weight bearing but interposed in flexor 
tendons (Colahan, et al.,1988; rev Getty, 1975). During the stride, the radiocarpal 
and middle carpal joints have a great range of movement compared to the more 
distal carpometacarpal joint. During the non-weightbearing phase, the different 
bones of the carpal joints do not fit perfectly, but when the hoof hits the ground, 
the bones slide into a locked position, absorbing large axial forces (Bramlage et 
al., 1988).  



 13 

Over-extension of the carpal joint (Fig. 3) during the weight bearing phase of 
the stride occurs due to the joint’s rotating action (Bramlage et al., 1983; Johnston 
& Roepstorff, 1995) and maximum overextension of the carpus is correlated with 
high trotting and galloping speeds (Johnston et al., 1995; rev Stashak & Hill, 
2002). During this overextension phase, the dorsal parts of the joints receive an 
excessive amount of vertical load causing high intrarticular pressure between the 
radial and third carpal bones (Johnston & Roepstorff, 1995). The dorsal part of the 
radial facet of the third carpal bone is also most prone to develop cartilage lesions; 
such as fraying, erosions, ulceration and subchondral bone sclerosis with 
incomplete fractures (Palmer, 1986; rev Pool & Meagher, 1990; Norrdin et al., 
1998). 

 
 
 
 
 

 
 

 
 
Figure 2. Macerated specimen of the equine carpal joint viewed dorsomedial. The radius, 
radial carpal, intermediate carpal and third carpal bone are indicated.  
(Photo: Cecilia Ley) 
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Figure 3. Schematic drawing showing overextension of the carpal joint at gallop. 
 
Articular cartilage 
The articular cartilage is a connective tissue covering joint surfaces with 
specialised load-bearing properties, and the ability to withstand compressive, 
tensile, and shear forces due to the composition and structural integrity of its 
extracellular matrix (rev Grodzinsky et al., 1998). Adult articular cartilage is 
aneural, avascular, alymphatic and has a high matrix to cell ratio (rev Morris et al., 
2002; rev McIlwraith, 2002). The major constituents of this matrix are fibril-
forming collagen type II (giving the cartilage its tensile strength) and large 
aggregating proteoglycans (essential for its load-bearing properties). Collagen 
fibers and aggregating proteoglycans form a network together with non-
collagenous proteins responsible for the functional properties of the tissue (rev 
Heinegård et al., 2002). 
 
Morphology 
Adult articular cartilage is structurally arranged in four zones—superficial, 
intermediate, deep and calcified (Fig. 4) (Palmer & Bertone, 1994). The content of 
collagen is highest in the superficial zone with fibers orientated parallel to the 
surface. Collagen content decreases with increasing distance from the surface, 
while proteoglycan content shows a trend in the opposite direction (Poole et al., 
1982; rev McIlwraith, 2002). Extracellular water is more concentrated in the 
superficial layer, contributing to lubrication during load through fluid exudation 
into the synovial space. Chondrocytes in the superficial layer are oval and oriented 
parallel to the articular surface. The intermediate layer contains larger 
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chondrocytes, single or paired in lacunes (chondrones), and randomly oriented. 
Proteoglycan content in the intermediate layer is higher than the superficial layer 
and has a network of obliquely oriented collagen fibrils (rev Morris et al., 2002). 
The deep layer is characterised by rounded chondrocytes often arranged in vertical 
columns separated by radially aligned collagen fibrils, with the highest 
proteoglycan content. The most basal layer is mineralised, separated from the non-
mineralised articular cartilage by a distinct thin layer of enhanced calcification—
known as the tidemark (rev Morris et al., 2002). Each layer has a different 
inherent biomechanical capacity due to different biochemical composition and 
collagen fiber arrangements.  

The fine structural organisation of the extracellular matrix can be divided into 
different compartments—the pericellular, territorial and interterritorial. The 
pericellular matrix, close to each cell (the lacunae), contains molecules interacting 
with the cell surface membrane providing feedback from the matrix. The territorial 
matrix (the capsular) surrounds the cell or groups of cells, with molecules 
regulating early stages of matrix assembly. The interterritorial matrix is the most 
abundant compartment occupying the intervening spaces at a distance from the 
cell. The main role of the extracellular matrix is to provide the unique 
biomechanical capacity of the articular cartilage (rev Heinegård et al., 2002). 

 
 
 

 
 

 
 
 
 
Figure 4. Micrographs of Tolouidine blue stained section of equine articular cartilage from 
the third carpal bone of a four-year-old trotter. 
Interterritorial matrix (large arrowhead) and territorial matrix (small arrowhead). 
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Molecular organisation 
The molecular organisation in articular cartilage is complex. This review focuses 
on macromolecules studied in this thesis (COMP, aggrecan and collagen type II) 
and other macromolecules of interest in adult articular cartilage with OA (Fig. 5). 

Articular cartilage is composed of a highly hydrated matrix in which the 
chondrocytes are embedded. The chondrocytes lack cell to cell contact and 
communication between cells occurs via the matrix (rev Kuettner, 1992). To adapt 
to changes within the matrix, the chondrocytes respond to signals (mechanical, 
electrical and physiochemical) in the pericellular microenvironment. This occurs 
through cell/matrix interactions responsible for cell proliferation, differentiation, 
and metabolism (Huber et al., 2000; Giannoni et al., 2003). 

Chondrocytes are responsible for synthesis, assembly and degradation of 
extracellular matrix constituents and cytokines, growth factors and degrading 
enzymes regulate the turnover of matrix constituents. Cartilage is a dynamic tissue 
that changes with many factors including age, mechanical load and inflammation 
with a continuous turnover of matrix constituents in order to meet changed 
functional needs. During homeostasis, the cartilage continuously undergoes 
remodelling and repair in which macromolecules of the extracellular matrix are 
continuously removed and replaced (Setton et al., 1999).  

In pathological processes such as OA, the balance between anabolic and 
catabolic processes is disturbed causing increased or decreased synthesis or 
degradation (rev Sandell & Aigner, 2001). 
 

CHONDROCYTE

Collagen II

Aggrecan

COMP

Chondroadherin

Integrin

CILP

TERRITORIAL

INTERTERRITORIAL

© Li Gessbo

Fibronectin

 
 

Figure 5. Schematic drawing of chondrocytes and their extracellular matrix, illustrating a 
limited number of macromolecules relevant for this Thesis and suggested future research. 
For complete matrix review see Heinegård et al., 2002. 
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Aggrecan 
A major constituent of cartilage is aggrecan, a large macromolecule having a 
central core protein with many negatively charged glycosamnioglycan side chains 
covalently bound to it (rev Heinegård et al., 2002). The closely packed negatively 
charged groups attract and bind water and repel each other, leading to a large 
osmotic swelling pressure that contributes to the compressive stiffness of the 
articular cartilage (Heinegård & Oldberg, 1989; rev Heinegård et al., 1998). 
Several functional domains can be identified in the core protein.  

The first globular (G1) domain, in the amino-terminal part, allows a specific 
interaction with hyaluronan, stabilised by the link-protein enabling a large number 
of aggrecan molecules to bind to one molecule of hyaluronan (Hardingham & 
Muir, 1972). Aggrecan also consists of a second globular (G2) domain, with an 
unknown function, that is separated from the G1 domain by a short stretch of 
amino acids, the interglobular domain (IGD). A third globular (G3) domain, which 
appears to play a role in matrix assembly, is found at the carboxyl terminal part of 
the proteoglycan (Olin et al., 2001; rev Heinegård et al., 2002). Interposed 
between the G2 and G3 domains are the keratan sulphate (KS) and chondroitin 
sulphate (CS) attachment regions. The KS-region, with approximately 30 keratan 
sulphate chains, and the CS region with 100 some chondroitin sulphate chains 
bound to the core protein of a single proteoglycan monomer. KS and CS 
glycosaminoglycans consist of anionic polysaccharides with repeating 
disaccharide units each containing an amino sugar, (KS- glucosamine; CS- and 
galactosamine) and a hexose (KS) or hexuronic acid (CS). Each chain consists on 
average of 40 to 50 disaccharide units each with two negatively charged groups. 
The hexosamine carries a sulphate ester group as occasionally does the other 
sugar. Proteoglycan turnover primarily results in the release of large GAG 
substituted fragments cleaved between G1 and G2 domains (Ratcliffe et al., 1986), 
however further degradation results in the release of the G1 domain and link 
protein (Witter et al., 1987; Ratcliff et al., 1992). The enzymatic degradation is 
mediated by metalloproteases (stromelysin) and aggrecanases (ADAM-TS -4, -5, -
11) (Poole et al., 1995; Abbaszade, I. et al., 1999; Tortorella et al., 2000). 
 
Collagens 
The extracellular matrix in the articular cartilage is composed of a three-
dimensional crosslinked network of collagen type II (together with smaller 
amounts of other minor collagens such as collagen type IX, and XI) essential for 
the tensile strength and stiffness of the tissue (rev Mayne, 1989; Huber et al., 
2000, rev Kielty & Grant, 2002). Collagen type II represents 50% of the dry 
weight and 95% of the total collagen content in articular cartilage (rev Kuettner 
1992). The collagen type II molecule is fibril forming and composed of three 
identical polypeptide chains, [α1(II)]3, wound around each other forming a right-
handed triple helix.  

Chondrocytes synthesise and secrete collagen type II. Many modifications 
unique to collagen occur during biosynthesis. Collagen contains proline and 
lysine, and during synthesis hydroxylation of the residues results in the formation 
of hydroxyproline and hydroxylysine (rev Stryer, 1981) almost unique to 
collagens. The molecule, secreted as a procollagen, contains nonhelical propeptide 
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extensions at their amino- and carboxy terminal ends. The extensions are 
enzymatically removed, allowing the molecules to form fibrils. These are later 
stabilised by covalent, intermolecular crosslinks following modification of certain 
lysin residues by lysoloxidase, further increasing tensile strength (Eyre et al, 
1984).  

Other collagens in articular cartilage are also classified as fibril forming: 
collagen type III and XI, short-chain: collagen type VI and X, fibril-associated 
collagen with interrupted triple helices (FACIT): collagen type IX, XII, XIV. 
Collagen type XI, located within the interior of collagen type II fibrils probably 
organise type II molecules and determine the size of the final collagen fibril (rev 
Kuettner, 1992; Blaschke et al., 2000). Collagen type IX is covalently linked to 
the surface of collagen type II fibrils, which is believed to mediate fibril-fibril and 
fibril-proteoglycan interactions (Eyre, et al., 2004). Collagen type X, involved in 
calcification of matrix, is present in the growth plate around hypertrophic 
chondrocytes and in the calcified zone of articular cartilage (Grant et al., 1985). 
Collagen type VI, located in the pericellular compartment is proposed to have a 
bridging function between chondrocyte and matrix. (Horikawa et al., 2004). 
Collagen type III fibrils are rarely found in normal articular cartilage (Young et 
al., 2000). 

Collagenases (MMP-1, -2 –8, -13 and –14) cleave the collagen molecule, with 
ensuing unwinding the helical structure with subsequent susceptibility to 
degradation by other proteases (Murphy et al., 1987; rev Murphy &Reynolds, 
2002). 
 
Non-collagenous proteins 
Articular cartilage also consists of non-collagenous matrix proteins (rev Heinegård 
et al., 2002) which are important for the interaction and assembly of the various 
macromolecules. These molecules have different functions and interact 
specifically with other matrix molecules, either contributing to the structural 
network or interacting directly with the chondrocytes by modulating the phenotype 
(rev Neame et al., 1999). 
 
Leucine rich repeat proteins 
A major non-collagenous protein family of the extracellular matrix is the small 
leucine-rich repeat proteins (sLRP), some of which contain glycosaminoglycan. 
These proteins have a central leucine rich repeat (LRR) domain and represent an 
important superfamily known to participate in protein-protein interactions 
(Hocking et al., 1998). They are sub-grouped according to their amino acid 
sequences and gene organisation. Several sLRPs are found in cartilage including 
decorin, biglycan, asporin, fibromodulin, lumican, PRELP (proline-arginine-rich 
end leucine-rich repeat protein), ephiphycan and chondroadherin. 

Decorin and biglycan, interact with collagens via the LRR domain (Oldberg et 
al., 1989), and asporin (which is structurally related to biglycan and decorin but 
without glycosaminoglycan chains) is upregulated in articular cartilage in early 
OA (Lorenzo et al., 2001). PRELP, a heparin binding protein, binds to a basement 
membrane proteoglycan—perlecan via its heparin-binding domain. Additional, 
PRELP binds to collagen type I and II via the LRR domain. The putative role for 
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this protein is to anchor the basement membranes to the underlying tissue 
(Bengtsson et al., 2002). 

Chondroadherin interacts with chondrocytes and fibroblasts via a surface 
receptor (integrin α2β1) (Camper et al., 1997). Chondroadherin also binds to two 
sites on collagen type II (Månsson et al., 2001a), and collagen type VI (Wiberg et 
al., 2002) with probable functional importance in regulating collagen fibril 
assembly and anchor the cell to matrix. Chondroadherin is localised in the 
territorial matrix of late proliferative cells in the growth plate and in articular 
cartilage of the maturing femoral head of the rat. The protein may have an 
important role in the regulation of chondrocyte proliferation and growth (Shen et 
al., 1998). Biglycan, decorin and chondroadherin have the ability to interact with 
collagen type VI and biglycan or decorin with GAG–chains can organise the 
molecule into extensive hexagonal-like networks (Wiberg et al., 2002). 
 
Fibronectin 
Fibronectin is found in most tissues and body fluids, binding to cell surfaces via 
several different integrin receptors and integrin subunits α5β1 to chondrocytes 
(Lucchinetti et al., 2004). Mechanical load up-regulates the synthesis of 
fibronectin in bovine explants and in osteoarthritic joints (Xie et al., 1992; Wong 
et al., 1999). Additional fragments of fibronectin can initiate degradation and 
release of COMP and chondroadherin, inducing production of nitric oxide from 
equine cartilage explants in vitro (Johnson et al., 2004).  

Increased concentration of fibronection has also been found in cartilage 
explants (Burton-Wurster et al., 1999) and synovial fluid (Lust et al., 1997) from 
OA joints in dogs. 
 
Cartilage intermediate layer protein (CILP) 
CILP, present in the middle/deep layer of articular cartilage increases in 
concentration with age. The function of the protein is not known, though its 
restricted distribution in the articular cartilage suggests a specific function 
(Lorenzo et al., 1998). 
 
Cartilage Oligomeric Matrix Protein (COMP) 
COMP is a glycoprotein belonging to the thromospondin family also named 
thrombospondin 5. COMP is made up of five identical subunits (pentamer) linked 
together at their N-terminal part via a coiled coil domain stabilised by disulphide 
bonds. Each subunit continues with a flexible arm that contains four epidermal 
growth factor (EGF) domains and seven calcium-binding domains (Zaia et al., 
1997). The chains end with a C-terminal globular domain creating a bouquet that 
is tulip-like appearance (Mörgelin et al., 1992). The intact pentamer is 435 kDA in 
size, and is dissociated by reduction of disulphide bonds resulting in 5 subunits on 
86,949 kDa (Zaia et al., 1997).  

The COMP molecule consists of 737 amino acids. The distribution in different 
parts of cartilage as well as between cartilages differs. The protein is present in the 
territorial matrix of the growth plate (Ekman et al., 1997) and immature cartilage 
(Shen et al., 1995) and the interterritorial matrix of the adult articular cartilage 
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(Shen et al., 1995). Its function is not fully understood but it interacts with 
collagen type I, II (Rosenberg et al., 1998) and IX molecules (Thur et al., 2001; 
Holden et al., 2001) through the C-terminal domain and catalyses the assembly of 
collagen type I and II into fibrils in vitro (Rosenberg, PhD Thesis 2001). COMP 
also interacts with fibronectin found in the extracellular matrix of cartilage (Di 
Cesare et al., 2002) and is found in tendon (Di Cesare et al., 1994; Smith et al., 
1997), and in trace amounts in synovial membrane (DiCeasare et al., 1997). 
However, the concentration of COMP in intra-articular ligaments and synovial 
membrane of the equine middle carpal joint is a thousand and hundred-fold lower, 
respectively, than in synovial fluid (Skiöldebrand et al., 2001).  

COMP plays an important role in cartilage development and mutations in the 
gene give rise to multiple epiphyseal dysplasia (Hecht et al., 1998) and 
pseudoachondroplasia (Briggs et al., 1995) characterised by limb dwarfism and 
cartilage abnormalities. Suprisingly, COMP-deficient mice have normal skeletal 
development suggesting that mutations in the gene result in defects of the protein 
or abnormalities in matrix assembly, rather than reduced amounts of COMP 
(Svensson et al., 2002).  

The enzymes responsible for COMP degradation in vivo have yet to be 
identified. Bovine explants stimulated with Il-1 release aggrecan prior to COMP, 
which in turn was released prior to collagen (Dickinson et al., 2003). COMP was 
cleaved by ADAMTS-4 (a disintegrin and metalloprotease with thrombospondin 
repeat) creating fragments with an apparent molecular mass of approximately 110 
kDa similar to fragments of COMP released in OA synovial fluid. 
 
Age-related changes in articular cartilage 
Age changes in cartilage matrix are mostly related to a decline in the ability of the 
cells to synthesise and assemble matrix macromolecules (rev Martin & Buckwalter 
2002). Macromolecular homeostasis in ageing healthy joints must be considered 
when interpreting pathological processes occurring in OA. Age-related articular 
cartilage degeneration such as fibrillation is the most obvious structural change, 
not always associated with joint pain or dysfunction in humans (Byers et al., 1970; 
Koepp et al., 1999). There is a strong relationship between increased levels of 
pentosidine crosslinks and degeneration in articular cartilage in man, resulting in a 
stiffer collagen network more susceptible to mechanical load (Verzijl et al., 2000). 
Additional, increased pentosidine crosslink levels are present in articular cartilage 
from older horses (Brama et al., 1999). Articular cartilage degeneration was found 
to increase with age, suggesting that OA also may be a natural occurring age-
related process in the horse (Brommer et al., 2003a). 

Age-related articular cartilage fibrillation does not necessarily lead to 
progressive articular cartilage degeneration present in OA (rev Martin & 
Buckwalter, 2002). Low metabolic activity in chondrocytes with a decreased 
responsiveness to growth factors have been found in articular cartilage from old 
horses compared to young horses (Iqbal et al., 2000; Morries & Treadwell, 1994). 
Also, an age-related decrease in the ratio of cell (DNA) to matrix (dry-weight) has 
been described in equine articular cartilage from weight bearing areas of the 
metacarpophalangeal joint (Platt et al., 1998; Brama et al., 2002). This is in 
agreement with studies of human articular cartilage showing decreased cellularity 
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correlated to higher age (Vignon et al., 1976; rev Martin & Buchwalter, 2002). It 
is suggested ”that the functional adaptation of articular cartilage, as reflected in the 
function of biochemical heterogeneity in the horse, occurs for the most part during 
the first 5 month post-partum” (Brama et al., 2002). 

In synovial fluid of neonates, high concentrations of hydroxyproline , GAG and 
MMP were found (van den Boom et al., 2004), and during maturation the 
concentrations decreased. However, in horses more than 4 years of age the 
collagen content and hydroxyproline and GAG concentrations did not change with 
age in adult horses (Brama, et al., 1999; van den Boom, et al., 2004). This is in 
agreement with GAG in synovial fluid from different equine joints (8-30 years) 
(Fuller et al., 1996). The total proteoglycan content (mainly composed of 
aggrecan) remains constant with age in equine articular cartilage, however a 
heterogeneity in size of the proteoglycans, with an increased level of free 
hyaluronan binding region suggesting a retained functional capacity to aggregate 
is present (Platt et al., 1998). Also, there is an age-related change in sulphation of 
newly synthesised and endogenous proteoglycans, in human (Hardingham & 
Bayliss, 1990; Bayliss et al., 1995) and equine (Platt et al., 1998) articular 
cartilage. The decrease in sulphation at the 6 loci compared to the 4 loci of CS in 
equine and the increase in the 6-sulphation and decrease in 4-sulphation of CS in 
human (Bayliss et al., 1995) suggest a species related difference in the 
sulphotransferas enzyme. The content of hyaluronan in equine and human articular 
cartilage increases with age, presenting more binding sites for protoglycan 
monomers (Hardingham & Bayliss, 1990; Platt et al., 1998). The structures of 
decorin and link protein in equine articular cartilage of metacarpophalangeal joints 
are similar in size and change with age (Platt et al., 1998). No significant 
correlation is found between KS, total GAGs, and age in synovial fluid from 
different equine joints (Fuller et al., 1996).  

The biochemical characteristics of the collagen network such as water and 
collagen content, lysylhydroxylation, and crosslinking of hydroxylysylpyridinoline 
in equine articular cartilage of the proximal first phalanx does not change with age 
(4 to 30 years) (Brama et al., 1999). No significant correlation between age and 
concentration of COMP in serum was found but the concentration of KS in serum 
from young horses was higher compared to the older horses (Misumi et al., 2002). 
Collagenase (MMP-1) and stromelysin (MMP-3) activity in synovial fluid 
declined with maturation of the joint after high activity in foetal joints, suggesting 
a rapid tissue turnover necessary for maturation of the tissue (Brama et al., 2000; 
Brama et al., 2004). 
 
Load-related changes in articular cartilage 
It is well known that immobilisation of joints or lack of exercise negatively affects 
the metabolism of articular cartilage and that exercise is necessary to maintain 
normal cartilage homeostasis (Richardson & Clark, 1993; van den Hoogen et al., 
1999). Also lack of exercise during the first 5 months of life delay the functional 
adaptation of the collagen network in equine articular cartilage (Brama et al., 
2002). 

In vivo, axial, shear, and tensile strains are produced in cartilage when loaded 
(rev Grodzinsky et al., 2000). In general, static compression of cartilage, in vitro, 
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decreases synthesis of proteoglycans, most likely due to reduction in cell and 
nucleus structures (Buschmann et al., 1996). However, low-amplitude dynamic 
compression in vitro with different frequencies stimulates chondrocyte metabolism 
(Sah et al., 1989). Injurious dynamic compression of articular cartilage, in vitro, 
results in cell necrosis and apoptosis (Chen et al., 2001; Kurz et al., 2001).  

The exact level of exercise for an adequate dynamic load, beneficial for 
physiologic turnover of matrix constituents is not known. Mechanical load 
classified as overload or repetitive load is not a static process and the 
transformation from physiologic load to overload with a subsequent dominance of 
catabolic processes is not well characterised. The cellular responses in in vitro 
compression studies are difficult to compare since different loading and labeling 
times are used, and normal turnover of many proteins is not known. 

Physical and structural alterations occur in articular cartilage during dynamic 
compression, including cell and nucleus deformation, extracellular matrix changes 
in fluid flow, streaming potentials and currents, altered water content, and fixed 
charge density. All these parameters have been found to modulate matrix 
metabolism after compression in vitro (rev Grodzinsky et al., 1998). 

The modulation of metabolic activity in tissue caused by mechanical load is 
orchestrated by the chondrocytes (Wu & Chen, 2000; Buschmann et al., 1996), 
which can respond through stretch-activated ion channels and integrin signalling. 
Mechanical load has been found to increase the number of integrin subunit α5 
(Lucchinetti et al., 2004) and subunit β-1 in articular cartilage (Giannoni et al., 
2003). These subunits form the receptor for fibronectin, a matrix protein involved 
in mechanotransduction (Millward-Sadler et al., 2000; Enomoto et al., 1993) and 
regulation of cytokine production (Arner & Tortorella, 1995).  

The equine third carpal bone in the middle carpal joint is characterised by 
different load-bearing regions of the proximal articular surface (Palmer et al., 
1994). Contact area and pressure distribution changes during load and the dorsal 
part of the radial facet is subjected to a high load compared to the palmar aspect of 
the intermediate facet, characterised as an unloaded non-contact area (Palmer et 
al., 1994). The articular cartilage from moderately and strenuously trained horses 
has a similar total DNA content in loaded and unloaded areas (Little et al., 1997) 
indicating no cell loss. A significant reduction in aggrecan and increase in decorin 
synthesis is present in the dorsal radial facet of articular cartilage from long-term 
strenuously trained racehorses. The abnormalities in proteoglycan biosynthesis are 
retained four months after termination of the training (Little et al., 1997). No 
change in biglycan synthesis or ability of aggrecan to aggregate was found.  

Short-term, high-speed training in trotters will increase KS concentration in 
synovial fluid (Yovich et al., 1993), as is also found in serum of human athletes 
after running for 1-1.5 hours (Roos et al., 1995). After long-term strenuous 
training of 2-year-old galloping horses, a decrease in hydroxylysylpyridinoline 
(HP) crosslinking in the proximal first phalanx (Brama et al., 2000a) and a 
difference of collagen content and crosslinking between sites in the equine 
articular cartilage of this bone is reported (Brama et al., 1999). The areas 
subjected to constant load show a lower collagen content, HP and pentosidine 
crosslinks than the dorsal areas subjected to intermittent peaks of load. 

The collagen content was also significantly lower in the dorsal area of the third 
carpal bone of the middle carpal joint in galloping horses exposed to high-
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intensity training compared to those in low-intensity training (Murray et al., 
2001a). These findings suggest that the collagen network is influenced and 
damaged in strenuous training. Also, lower serum concentrations of CPII were 
found in five-month old foals exposed to training compared to rested foals and 
foals in pasture—suggesting a negative effect on the collagen turnover in relation 
to forced exercise early in life (Billinghurst et al., 2003). 

COMP expression in articular cartilage is also correlated to load. COMP and 
fibronectin is up-regulated in bovine adult cartilage explants subjected to cyclic 
unconfined compression in vitro (Wong et al., 1999). The up-regulation may be an 
attempt by the cartilage to stabilise the extracellular matrix in response to the 
compression. Cell/receptor/matrix interactions are important in the transduction of 
mechanical signals. The up-regulation of COMP could be blocked with antibodies 
against the integrin subunits β-1, suggesting activation of a matrix/receptor 
complex (Giannoni et al., 2003). 

Distribution of COMP, assessed by light microscopic immunohistochemistry, is 
more prominent in the interterritorial compartments of articular cartilage from 
horses undergoing a 19-week high-intensity training program (Murray et al., 
2001b) compared to non-exercised horses. In the latter, a generalised distribution 
in territorial and interterritorial compartments is found, suggesting exercise related 
enhancement of the structural maturity of the articular cartilage. This 
reorganisation of COMP is also present in articular cartilage from older 
individuals (King and Heinegård, unpublished data).  

The content of COMP also differs in loaded and unloaded equine articular 
cartilage with lower concentration of COMP in the dorsal areas of radial facet 
compared to the palmar areas of the intermediate facet of the third carpal bone in 
exercised horses (Murray et al., 2001b). A correlation between COMP and load is 
also present in other connective tissues. The concentration of COMP in equine 
tendons varies with age and tendon type with low levels in the neonatal tendon 
and an increase in concentration up to the age of three years (Smith et al., 1997). 
The superficial digital flexor tendon, which experiences a high load, has a high 
concentration of COMP compare to the deep digital flexor tendon and extensor 
tendon.  

Another non-collagenous protein in cartilage, fibronectin, is also affected by 
load. Increased fibronectin content, assessed by light microscopic immuno-
chemistry, is present in articular cartilage from loaded area of the third carpal bone 
in two-year-old galloping horses that were strenuously trained for 19 weeks, 
compared to non-trained horses (Murray et al., 2000). 

Biomechanical properties such as the aggregate modulus and permeability 
constant of the articular cartilage from the third carpal bone were assessed by 
creep indentation testing (Palmer et al., 1995). Exercise significantly increased the 
permeability constant, suggesting an increased fluid movement through the 
articular cartilage, resulting in thinner cartilage. Similar results were found in 
young galloping horses strenuously trained for 19 weeks. The articular cartilage of 
the middle carpal joint, assessed by creep indentation, showed less permeability, 
and was thinner in the loaded area of the third carpal bone as compared to 
untrained horses (Murray et al., 1999). 
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Joint diseases 
Joint diseases in horses have been categorised into three main groups, according to 
etiologic factors: traumatic, developmental, and infectious (rev McIlwraith, 1996).  

In man, more than 100 specific diagnostic entities of joint diseases exist, with 
the most common being, degenerative, inflammatory and metabolic (rev McCarthy 
& Frassia, 1998). Degenerative joint disease is mainly exemplified by OA; the 
inflammatory by rheumatoid arthritis (RA), reactive arthritis and psoriatic arthritis 
(PsoA); and the metabolic by gout and calcium pyrophosphate deposition disease. 
Other major disease categories in humans include traumatic and infectious disease 
that can lead to OA when no successful healing is achieved. 

OA comprises a heterogeneous group of disorders in the joints with pain and 
loss of joint function. OA in humans and equine has been defined in various 
ways—degenerative joint disease, osteoarthrosis, primary and secondary OA—
which has led to confusion when comparing the aetiopathogensis. Osteoarthritis 
and osteoarthrosis are often used interchangeably, but it is useful to remember the 
difference between them. The latter being joint failure from primarily degenerative 
changes whereas osteoarthritis are primarily an inflammatory process with 
secondary degenerative changes (Radin, 1995). Differentiating between the two is 
often impossible since the difference is found only in the acute event. Both 
osteoarthritis and osteoarthrosis result in a mixture of inflammatory and 
degenerative processes within the joint. There appears to always be a component 
of inflammation in OA. Hence, the term osteoarthritis (OA) will be used 
throughout this thesis.  

The aetiopathogenesis of OA is multifactorial and differs between man (Dieppe, 
1995) and horse (rev McIlwraith, 1996). OA in man often has an age-related 
factor (rev Mankin, 1989) not as predominant in equine OA (Brommer et al., 
2003a). Excessive, rapid and repetitive load has been suggested to induce joint 
damage and is an important factor in clinical OA of racehorses (Bramlage et al., 
1988; rev Pool & Meagher, 1990) and athletes (rev, Garrick & Requa, 2003).  

OA in the horse is characterised by articular cartilage degeneration, subchondral 
bone sclerosis, bone necrosis, marginal osteophytes, and inflammation of the 
synovial membrane (synovitis), capsule (capsulitis) and ligaments (rev 
McIlwraith, 1996). Synovitis is almost always present and the reaction is reported 
to range from mild synovitis to more severe degenerative joint disease 
(McIlwraith, 1982). Joints differ in form and function, and joints of the limbs 
develop unique patterns of changes—where the carpal, fetlock, distal intertarsal 
and tarsometatarsal joints are most commonly affected (rev Pool, 1996). 

Subchondral bone sclerosis is often found in OA of the carpal joints of 
racehorses (Norrdin et al., 1998), and it has been suggested that bone sclerosis 
precedes cartilage fibrillation (Hayami et al., 2004). A sclerotic bone is less elastic 
and may have a reduced ability to dissipate and absorb load (Radin & Rose, 1986). 
In an assessment of cartilage and bone lesions (by magnetic resonance imaging—
MRI), in carpal joints of racehorses, the different cartilage lesions were related to 
the degree of sclerosis in the underlying bone (Anastasiou et al., 2003). However, 
the sequence of events in the interactions between articular cartilage and 
subchondral bone is not fully understood (rev Kawcak et al., 2001).  
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Articular cartilage changes in osteoarthritis 
The normal articular cartilage is a metabolically active tissue with a balance 
between anabolic and catabolic processes (rev Heinegård et al., 2002). In OA, an 
imbalance occurs between synthesis and the degradation rate of cartilage 
extracellular matrix components, inflammatory mediators released from the 
synovium as well as changes in the subchondral bone (Fig. 6). Joint surface 
osteoarthritis is grossly characterised by a roughening and fibrillation of the 
superficial cartilage and in late stages, erosions with denuded bone and the 
formation of osteophytes. Histologically, superficial fibrillation together with 
chondrocyte necrosis and proliferation (chondrocyte clustering) to vertical clefts 
and full thickness loss of articular cartilage are seen (rev McIlwraith, 1996; rev 
Sandell & Aigner, 2001). 
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Figure 6. Suggested cellular responses in equine osteoarthritis. 
 

Biochemical reactions in osteoarthritic cartilage are complex with degenerative 
and repair processes present simultaneously. Early cartilage degeneration induced 
by proinflammatory enzymes is characterised by a net loss of proteoglycans and 
increased tissue volume (Mankin et al., 1971; Maroudas, 1976). KS concentration 
is significantly increased in serum prior to the onset of macroscopic cartilage 
damage in dogs with ligament transection of the knee (Manicourt et al., 1991). 
When proteoglycan loss has reached a certain level, degradation of the collagen 
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network follows with disruption of the network leading to tissue swelling and loss 
of tensile properties (Maroudas, 1976). The synthesis of collagen has a slow 
turnover rate, so damage to collagen type II fibrillar network is a critical event in 
disease progression (Maroudas, 1976; Verzijl et al., 2000). Phenotype alteration of 
the chondrocytes in ostearthritic cartilage with ensuing synthesis of proteoglycans 
of heterogeneous size and collagen type I (fibrocartilage), results in matrix being 
less resistance to mechanical load (rev Poole, 1986; Pfander et al., 1999).  

Although the chondrocytes increases its anabolic activity as an attempt to repair, 
the tissue is characterised by increased enzymatic degradation. Proinflammatory 
cytokines such as IL-1, -6, -17, -18 and tumour necrosis factor alpha (TNFα) 
stimulates chondrocytes and synovial cells to synthesise proteases and nitric oxide 
with subsequent matrix degradation (rev Sandell & Aigner, 2001; Min et al., 
2001). Proteases, especially metalloproteases (MMP), are important enzymes in 
cartilage degradation. MMPs are classified into collagenases, gelatinases, 
stromelysins, matrilysins, ADAMs and MT-MMP (membrane-type MMPs). 
Collagenases (MMP -1, -2, -8, -13 and 14), cleave and degrade fibrillar collagen at 
a single bond, three-quarters of the way along the collagen molecule from the N-
terminus, thereby destabilising the conformation (Gadher et al., 1988). 
Stromelysins (MMP -3, -10 and -11) degrade proteoglycans, and collagens such as 
collagen types II, IX, XI. Gelatinases (MMP -2 and -9) degrade gelatin and 
unwound collagen. ADAMS-TS -4 and -5 (aggrecanase) cleave the aggrecan 
molecules at specific sites (Tortorella et al., 2000). The inactive form of the 
MMPs can be activated by stromelysin or MT- MMPs (Woessner, 1991; Murphy 
et al., 1990). 

Production of MMPs by equine chondrocytes and subsequent cartilage 
degradation has been induced by TNFα and Il-1 ß (Alwan et al., 1991b; 
Billinghurst et al., 1995; Clegg & Carter, 1999; Trumble et al., 2001). However, 
the activity of TNFα in synovial fluid does not correlate to the degree of joint 
destruction in horses as does the activity of MMP -9, where high levels are found 
in joints with severe cartilage lesions (Joughlin et al., 2000). High concentrations 
of MMP -2 and -9 are present in synovial fluid from equine aseptic arthritic joints 
(Clegg et al., 1997; Trumble et al., 2001). Also, high MMP activity as well as high 
concentrations of MMP -3 and MMP -1 are found in synovial fluid from OA joints 
(Brama et al., 1998; 2000; 2004). Regulation of MMPs is achieved by controlling 
production and activation of the pro-enzymes together with the presence of 
inhibitors, such as tissue inhibitors of metalloproteases (TIMP) (Clegg et al., 
1998). 
 
Molecular markers in joint disease  
The early stages of cartilage and bone changes in OA are impossible to define and 
monitor, hence there is a search for biochemical and immunological markers that 
indicate the disease process. In order to prevent the onset of tissue destruction and 
progression, it is crucial to find molecular markers that can be used to monitor 
inflammatory and catabolic as well as anabolic processes in cartilage and bone 
(Heinegård & Saxne, 1991; Lohmander et al., 1995).  

A set of synovial fluid and serum markers, indicating events in different 
compartments of the joint tissues would be valuable in monitoring tissue 
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destruction and repair over time. These markers could also be used to diagnose, 
prognosticate, and evaluate therapeutic intervention. The effects of load, 
inflammation and age on the degradation, remodelling and synthesis of matrix 
molecules in connective tissues could be evaluated using such markers. 

Molecular markers are classified as inflammation and skeletal markers 
(Otterness et al., 2000). Inflammation markers, comprise MMPs (Clegg et al., 
1997; Brama et al., 1998; 2000b; 2004), cytokines (Morris EA et al., 1990, 
Bertone et al., 2001, Billinghurst et al., 1995) acute phase proteins (Hultén et al., 
2002; Otterness, 1994) and hyaluronan (Tulamo et al., 1996). However, this 
review concentrates on skeletal markers and in particular, markers of cartilage 
metabolism. 

Skeletal markers comprise constituents of cartilage and bone extracellular 
matrix. Specified concentrations of these tissue derived markers in body fluid 
compartments (synovial fluid, serum and urine) may serve as a window of 
ongoing pathological processes in the joint (Saxne et al., 1993; Lohmander et al., 
1998; Petersson et al., 1997, 1998). Skeletal markers are related to anabolic and 
catabolic processes of cartilage and bone matrix (Otterness et al., 2000; rev 
Lohmander & Felson, 1998). The correlation between metabolic processes in the 
joint and the concentration of markers in synovial fluid is influenced by such 
parameters as: degradation/synthesis rate of the matrix constituents; amount of 
tissue, cell viability and intensity of inflammation—as the rate of elimination from 
the joint fluid compartment increases with inflammation (rev Levick, 1992; Myers 
et al., 1996). Concentrations of molecular markers in serum and urine are further 
dependent on the rate of elimination by lymph nodes, liver and kidney (Fig. 7). 
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Figure 7. Schematic drawing illustrating elimination of cartilage matrix constituents. 
 

The concentration and fragmentation of a certain molecular marker in synovial 
fluid can reflect the tissue metabolism of the specific joint (Heinegård et al., 1985; 
Heinegård & Saxne, 1991; Saxne & Heinegård, 1992). Serum, however, contains 
intact or degraded macromolecules released from many joints, reflecting systemic 
changes (Simkin et al., 1995). Also, human joint cartilage represents less than 
10% of the total body hyaline cartilage, hence, serum concentrations of a cartilage 
derived macromolecule will reflect pathological changes in other organs than 
joints (rev Lohmander & Felson, 1998).  

Cartilage matrix molecules originate from newly synthesised molecules never 
incorporated in the matrix or resident molecules released as degraded or intact 
molecules. In addition, the released molecules originate from different 
compartments in the matrix (pericellular, territorial and interterritorial) and/or 
from different morphological layers (superficial, intermediate and deep) of the 
articular cartilage (rev Lohmander & Felson, 1998). 

The results of the many studies of skeletal markers in OA can be difficult to 
compare since different methods are often used. It is important to consider the type 
of joint, the pathological changes, the age, and the athletic activity of the horse 
when comparing results. 

KS concentration in serum, (as measured by an inhibition ELISA using 
monoclonal antibodies against a sulphated epitope on KS (5D4)), was significantly 
higher in horses with OA joints compared to normal, however no difference in 
synovial fluid from normal and OA joints was noted. (Okumura et al., 1998). 
Significantly increased levels of KS in synovial fluid and serum, assessed by an 
identical immunoassay and glycosaminoglycans measured by a specific dye 
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binding assay (DMB) were found in fetlock and carpal joints of horses with OA as 
compared to normal joints (Alwan et al., 1990). However, using an identical 
immunoassay, KS in synovial fluid from fetlock and carpal joints of galloping 
horses, subjected to arthroscopy after a short period of lameness, decreased in 
correlation to the severity of pathological changes (Fuller et al., 2001). But, this 
comparison was made between the clinically active joint (lame) and the 
contralateral joint, not clearly defined as normal. Also, a low KS concentration in 
synovial fluid from osteoarthritic carpal joints has been reported (Todhunter et al., 
1997). The differences presented in these studies can be due to different athletic 
profiles of the horses, different definition of OA and/or different activity of the 
inflammation in the osteoarthritic joints. 

High levels of GAGs (DMB-assay) were found in synovial fluids, serum, and 
urine from horses with OA and in each case, the level was higher in the synovial 
fluid than in the serum or urine from the same horse (Alwan et al., 1991a). High 
levels were also found in horses with osteochondritis dissecans and traumatic 
arthritis, but not in normal or infected joints. A change in glycosaminoglycan 
structure depicted by the 846 epitope on chondroitin sulphate is an indicator of 
altered proteoglycan metabolism. High levels of this epitope were found in 
synovial fluid and serum from horses with osteochondral fractures of the carpal 
joints as compared to healthy joints. As well, an elevated concentration of CPII 
(pro-peptide of collagen type II)—an indicator of collagen type II production in 
serum from horses with fractured joints was found (Frisbie et al., 1999). Further, a 
significant increase in CPII and a decrease of 846 and KS epitopes were present in 
young horses with osteochondrosis (Laverty et al., 2000). Collagen type II 
fragments [COL2-3/4C], biomarkers of collagen degradation (collagenase-
generated neoepitopes of type-II collagen fragments) in serum, are indicators of 
the severity of osteochondrosis in foals, aged 5 months (Billinghurst et al., 2004). 
However, osteochondrosis in foals, aged 11 months, showed lower concentrations 
of [COL2-3/4C] and higher of CPII in serum, indicating reparation. In another 
study (van den Boom et al. 2004), no increase in concentrations of hydroxyproline 
(high-performance liquid chromatography) and GAG (DMB-assay) in synovial 
fluid from horses with OA compared to unaffected joints was found. However, 
hydroxyproline was positively correlated with cartilage degeneration index and 
MMP activity. 

COMP has been an extensively studied candidate in the search for molecular 
markers of OA in man. COMP concentrations in synovial fluid and serum increase 
in RA, reactive arthritis, and in early stages of osteoarthtritis (Forslind et al., 1992; 
Saxne et al., 1993; Lohmander et al., 1994; Di Cesare et al., 1996), and the high 
concentration remains for many years. However, in advanced OA with cartilage 
erosions and loss of cartilage with denuded bone, no high COMP concentrations 
are observed (Lohmander et al., 1994). In a one-year prospective study of patients 
with hip OA, COMP concentrations in serum were higher in patients with 
progressive disease (Conrozier et al., 1998).  

COMP in synovial fluid and serum has also been tested as a marker candidate of 
OA in horses. The concentrations of COMP in synovial fluid from joints with 
aseptic and septic arthritis were significantly lower compared to normal joints, 
with no difference between aseptic and septic joints (Misumi et al., 2001). A 
higher proportion of fragmented COMP was also found in these joints. 
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Additionally, low concentrations of COMP and KS in serum were found in horses 
(unknown breeds) with synovitis, osteochondral chip fractures and osteochondritis 
dissecans. The concentration of COMP in synovial fluid also varies between 
different joints (Viitanen et al., 2000). Higher concentrations of COMP, total 
protein, and GAGs were found in synovial fluid from the coffin joint as compared 
to the fetlock joint, possibly reflecting differences in load. 

Studies of experimental induced arthritis in rats showed high serum levels of 
COMP reflecting cartilage destruction, and fibrinogen and hyaluronan reflecting 
inflammation (Larsson et al., 2002). Inflammation and tissue destruction appears 
to be uncoupled processes in human RA and in animal models of RA (Joosten et 
al., 1999a; Joosten et al., 1999b; Roux-Lombard et al., 2001). An increased 
concentration of COMP can be an indicator of anabolic and /or catabolic processes 
in the cartilage. Inflammatory joint diseases, such as RA and PsoA include both 
synovial inflammation and tissue destruction and PsoA patients had a high 
concentration of sf-COMP and a low concentration of sf-aggrecan compared to 
patients with destructive and non-destructive RA (Månsson et al., 2001b). The low 
concentration of sf-aggrecan and high concentration of sf-COMP in PsoA may 
reflect a repair process where the high concentration of COMP primarily 
represents release of newly synthesised molecules. 
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Aims of thesis 
 
The overall aim was to study the metabolism of equine articular cartilage in 
relation to training and injury using the pattern of release of extracellular matrix 
proteins into the synovial fluid as a biologic window. Detection of subclinical 
biochemical cartilage destruction may provide knowledge into the pathogenesis of 
OA. 
 
The specific objectives were: 

* To define the baseline values for COMP, aggrecan, and collagen type II 
degradation products in synovial fluid and serum in normal middle carpal joints 
from two horse breeds with different athletic background. Additionally, to identify 
the relationship, if any, between the concentration of macromolecules released into 
the synovial fluid and serum and the extent of articular cartilage lesions. 

 
* To measure changes in the concentration of COMP, aggrecan, and collagen 

type II degradation products released into synovial fluid in the middle carpal joints 
from racehorses during a long term training program (24 month) and to investigate 
the synthesis of COMP in dynamic compressed cartilage explants from horses 
with different athletic backgrounds. 

 
* To delineate the presence and distribution of COMP in relation to collagen 

fibril thickness in different matrix compartments and zones from loaded and 
unloaded areas of proximal articular cartilage of the third carpal bone. 

 
* To determine the concentration of COMP and aggrecan released into synovial 

fluid of carpal joints in racehorses with acute lameness and to identify any 
relationship between the macromolecular concentration and the type of joint lesion 
present. 
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Present investigation 
 
Three common horse breeds in Sweden are the Swedish Warmblood horse (riding 
horse), Thoroughbred horse (galloping horse) and Standardbred trotter (trotter). 
The trotter and galloping horse are the two most popular racehorses and the 
different gait at which the horses perform creates different loading conditions 
within the carpal joints—leading to differences in the location of lesions and type 
of fractures to the third carpal bone (Palmer, 1986; Schneider et al., 1988). Greater 
force is generated in the carpal joints during the gallop as compared to trot, which 
is a more balanced gait. However, the third carpal bone is subjected to more 
frequent repetitive cyclic load during trotting, though with lower magnitude forces 
than in the gallop (Schneider et al., 1988). Racehorses start to train at an early age 
(1.5 years) and to qualify for youth races at 2.5 years. Riding horses used for 
competition and pleasure riding start their training at 2 to 3 years of age, with a 
slower progression of intensity during the first years compared to the racehorses. 
The riding horse will qualify for advanced competition at the age of 8-10 years. 

This thesis focuses on these three horse breeds, with different athletic 
backgrounds. Synovial fluids are sampled from the left middle carpal joints (paper 
I, II, IV) and radiocarpal joints (paper IV), which are high-motion joints subjected 
to high load with frequent micro-trauma and subsequent cartilage destruction and 
subchondral bone sclerosis. The studies concentrate on the left carpal joint often 
associated with lameness in the racehorse (Bramlage, 1988). Also, trotters in 
Sweden race counter clock-wise with subsequent lameness more frequently 
originating in the left carpal joint than the right carpal joint (Magnusson, Thesis 
1985). Only one joint is evaluated, since different joints normally express varying 
concentrations of synovial fluid constituents (Viitanen et al., 2000) and the 
cartilage metabolism of macromolecules in one joint can influence the 
contralateral joint (Dahlberg et al., 1994). 

Molecular markers of cartilage metabolism would be powerful tools in 
investigations into the pathogenic mechanisms of articular cartilage destruction in 
the athletic horse. Much research has been done to develop biochemical markers 
that identify and quantify cartilage breakdown. To be able to detect and monitor 
the early stages of osteoarthritic changes, when the balance between anabolic and 
catabolic processes is disturbed, is crucial for an understanding of the 
pathogenesis of OA.  

The biochemical and morphological methods used are thoroughly described in 
four papers included in the Thesis. The following antibodies have been used: a) 
rabbit polyclonal antibody against purified porcine collagen type II, denatured 
thermally (paper I, II), not cross reacting with any of the other collagen types, but 
with collagen type II from rat and horse. After immunoadsorption against native 
collagen type II by ELISA it did not react with native collagen type II from any 
species; b) rabbit polyclonal antibody against the CS-region of the core protein of 
aggrecan (paper I, II, IV); and c) rabbit polyclonal antibody against bovine COMP 
reacting with intact protein as well as fragments of the pentamer ín the ELISA 
(paper I, II, IV) and immunolocalisation (paper II, III). 
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Summary of papers 
 
Concentration of collagen, aggrecan and cartilage oligomeric 
matrix protein (COMP) in synovial fluid from equine middle 
carpal joints (Paper I) 
Hypothesis: The concentration of cartilage derived molecular markers in synovial 
fluid and serum correlates to tissue destruction of cartilage in the middle carpal 
joint, with higher values in osteoarthritic joints with cartilage degeneration.  

 
To test this, we evaluated metabolic activity in the cartilage of the third carpal 

bone by measuring the release of COMP, aggrecan, and collagen type II molecules 
into the synovial fluid and serum and correlating the values to different cartilage 
lesions and metabolically labelled cartilage explants.  

Seventy-three horses of two different breeds, trotters (52) and riding horses (21) 
aged 1 to 19 years, with different athletic backgrounds having articular cartilage 
with normal appearance or mild, moderate, or severe macroscopic lesions were 
included. A significantly lower concentration of sf-COMP and sf-aggrecan were 
found in trotters with moderate joint lesions as compared to trotters with normal 
articular cartilage. This lower sf-COMP was not present in riding horses, instead, a 
slight increase in concentration was found in joints with moderate lesions 
compared to normal joints and the sf-aggrecan concentration was similar in joints 
with normal articular cartilage and lesions. The COMP content in serum was also 
significantly lower in the trotter with moderate joint lesions and highest in the 
riding horse with normal joints. Also, a correlation between age and lower sf-
COMP was found in the trotters. Additional metabolic labeling confirmed a lower 
synthesis of COMP in cartilage with moderate lesions compared to cartilage with 
normal cartilage or mild lesions. The total content of COMP in the articular 
cartilage was lowest in the trotter with moderate lesions. The content of COMP in 
the cartilage extracts was expressed as mg/wet weight and in relation to µg 
hydroxyprolin, with similar results.  

The level of collagen type II degradation products in synovial fluid was higher 
in the riding horses compared to the trotters (indicating a difference in release of 
molecules in horses with different activity), but no correlation between joint 
lesions and collagen concentrations were found. 

The hypothesis, put forward, could not be proven and the results contradict the 
higher COMP release found in humans with OA. 

Interestingly a correlation between age and lower sf-COMP was found in the 
trotters but not in the riding horses. These results suggest that the trotter, subjected 
to earlier and more intense training than the riding horse, has an altered cartilage 
metabolism. This difference between breeds can reflect a difference in release of 
macromolecules in loaded normal and/or osteoarthritic cartilage. Hence the effect 
of load on articular cartilage achieved during training needed to be further 
evaluated. To shed some light on these questions, the second study was conducted. 
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Altered metabolism of extracellular matrix proteins in articular 
cartilage of intensely training Standardbred trotters (Paper II) 
Hypothesis: Training will increase the turnover of macromolecules in normal 
articular cartilage with a subsequent increase of molecules or fragments into the 
synovial fluid.  
 

To test this hypothesis, we followed 28 trotters during a two-year training 
program from start of training at the age of 1.5 years until high speed racing at 3.5 
years. To minimise effects from variables other than training and age, the horses 
were trained by the same trainer at the same campus during the same time of year, 
and synovial fluid was collected every third month (before 2 days of rest). The 
concentration of COMP, aggrecan and collagen type II degradation products was 
correlated to total amount of training, age, rest and lameness. At each visit, the 
horse was classified as lame or not lame and the values of the macromolecules 
were recorded as coming from a lame or non-lame joint.  

The statistical evaluation was constructed to find possible relationships, and the 
magnitude of any relationship, between the concentration of macromolecules in 
the synovial fluid and each of the parameters measured (age, days of training, days 
of rest, lame/non-lame).  

The concentration of collagen type II degradation products increased with the 
amount of training, indicating degeneration of the collagen network. This was 
found in both lame and non-lame joints. Sf-aggrecan was not significantly 
influenced by the parameters studied. However, a somewhat lower concentration 
of aggrecan was found in the raced horses compared to the non-raced at visit 6. 
Total days of training and the age of the horse influenced COMP concentration in 
both lame and non-lame joints. However, age and total days of training correlated 
strongly to each other, hence the result indicated that both age and load could 
influence COMP metabolism.  

To obtain information on possible mechanisms responsible for the lower COMP 
concentration, an in vitro compression study was undertaken. Cartilage from age-
matched, trained and untrained horses was collected and subjected to 48-h cyclic 
unconfined dynamic load. In the untrained horses, an up-regulation of COMP 
synthesis was seen, and in the cartilage from trained horses a down-regulation of 
the protein was found, though this was not influenced by age. The up-regulation in 
the untrained horses is in agreement with previous results from compression 
studies of bovine cartilage from untrained animals (Wong et al., 1999).  

Our working hypothesis was not supported by the results, instead we concluded 
that long-term strenuous training results in alterations of cartilage metabolism and 
an inhibited ability of the cell to respond with increased synthesis of matrix 
proteins. The down-regulation of COMP synthesis may be one part of the early 
development of cartilage degeneration in osteoarthritic joints. 
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Ultrastructural immunolocalization of cartilage oligomeric 
matrix protein   (COMP) in loaded and unloaded areas of the 
articular cartilage from the equine third carpal bone (Paper III) 
Hypothesis: Mechanical load creates a structural difference in the articular 
cartilage matrix with changes in collagen fibrils and amount of COMP. 
 

To test this hypothesis, an ultrastructural semi-quantification of COMP was 
undertaken—to compare the delineation of COMP in cartilage matrix from a high 
weight-bearing area in the dorsal radial facet (loaded) and a low weight-bearing 
area in the palmar intermediate facet (unloaded) of the third carpal bone from 
trained and untrained horses.  

The untrained horses often displayed a higher COMP concentration, assessed by 
density of gold markers, in the loaded areas compared to unloaded. Also, 
immunolabeling was higher in the untrained horses compared to the trained 3-
year-old horse, which showed the lowest levels of all horses. The untrained 3-
year-old horse displayed the highest density of gold markers in the loaded area of 
all horses. This marked difference between the age-matched horses clearly 
indicates that the high-speed training of the horse has a drastic effect on cartilage 
metabolism. The collagen fibril diameter was also measured and the young 
untrained horses had a similar diameter distribution in unloaded and loaded areas. 
The 3-year-old horses, also showed a similar distribution of fibril diameter, but the 
trained 3-year-old presented a higher proportion of thin fibrils in loaded areas 
compared to unloaded. This was not found in the three-year-old untrained horse, 
where a tendency to a somewhat higher proportion of thicker fibrils could be seen 
in loaded areas.  

In conclusion, an altered immunolabeling of COMP with low concentration in 
all compartments of articular cartilage matrix from an intensely trained horse is 
presented— supporting our hypothesis. An indication of altered collagen fibril 
diameter together with low COMP content indicates the need for further studies 
into the effect of strenuous training with high load on the equine articular 
cartilage. 
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Enhanced concentration of COMP (cartilage oligomeric matrix 
protein) in osteochondral fractures from racing Thoroughbreds 
(Paper IV) 
Hypothesis: A correlation between COMP and aggrecan concentration in synovial 
fluid and macroscopic lesions of articular cartilage, osteochondral fractures and 
ligament tears in acutely lame horses exists.  

 
Sixty-three lame horses (49 trotters and 14 galloping horses: 2.5-8.3 years old) 

in conventional training/racing with acute lameness underwent arthroscopy to the 
intercarpal or middle carpal joints and synovial fluid samples were collected. The 
joint pathology was characterised macroscopically and correlated to the sf-COMP 
and sf-aggrecan. No correlation between sf-COMP and age was present in the 
galloping horses, however, sf-COMP decreased with age in the trotters. 

The concentration of COMP was higher in galloping horses with osteochondral 
fractures than in trotters and galloping horses with osteoarthritic lesions. The 
concentration also increased in correlation to days after injury. The chondrocytes 
in middle and deep zones of the articular cartilage in the osteochondral fragments 
from two horses expressed COMP mRNA, in contrast to the articular cartilage of 
the third carpal bone on the opposite side of the fracture with no expression 
detected. In the synovial fluid from a joint with osteochondral fracture only intact 
COMP was present, whereas, fragmented COMP was more prominent in synovial 
fluid from a joint with osteoarthritic lesions. The concentration of aggrecan did not 
differ between the two breeds, or between different joint pathology. 

The increased concentration of COMP in joints with osteochondral fractures and 
the dominance of intact COMP together with expression of COMP mRNA in the 
fragments, suggests that the protein is up-regulated in this type of pathology where 
compressive load of the osteochondral fragment is low.  

Our hypothesis was partly supported by the findings of significant elevation of 
sf-COMP in the joints from galloping horses with osteochondral fractures. The 
elevated COMP concentration in the joints of the galloping horses can be a useful 
clinical marker for carpal joint osteochondral fragments. 
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Conclusions 
 
● The concentration of COMP, aggrecan and collagen type II degradation 
products in synovial fluid from trotters with moderate articular cartilage lesions is 
lower than in riding horses with similar lesions. The COMP synthesis and total 
amount of COMP in explants from trained trotters are lower compared to 
untrained horses. This indicates that chondrocytes from cartilage subjected to high 
and repeated load have a low capacity to synthesise COMP. The baseline values 
differed between the two horse breeds. 
 
● The concentration of COMP in synovial fluid from young trotters in training 
decreases with the amount of training and higher age. 
 
● Cartilage explants—collected from trained horses—subjected to dynamic 
unconfined compression, in vitro, showed inhibition of COMP synthesis compared 
to cartilage from age-matched untrained horses. 
 
● COMP concentration, assessed by immunolabeling is higher in loaded areas 
compared to unloaded areas of articular cartilage in untrained horses. Low COMP 
levels are seen in both loaded and unloaded areas of a trained horse.  
 
● A high concentration of COMP in synovial fluid is seen in galloping horses with 
osteochondral fractures compared to trotters with normal articular cartilage and 
articular cartilage with moderate lesions or osteochondral fractures. The articular 
cartilage of the osteochondral fragments expressed COMP mRNA and the 
synovial fluid contained intact COMP molecules, indicating COMP synthesis with 
increased release or primary increased release of COMP from the matrix.  
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General discussion 
 
A progressive destruction of articular cartilage in combination with subchondral 
bone changes, leading to pain, lameness and subsequent loss of joint function is 
seen in OA. The exact aethiopathogenesis behind the cartilage degeneration in OA 
of equine athletes is poorly understood. A high and/or repetitive load is believed to 
play a significant role in the destruction of the articular cartilage of the dorsal 
radial facet on the third carpal bone in the middle carpal joint of racehorses 
(Bramlage et al., 1988; Palmer et al., 1994).  

The work in this thesis focused on three cartilage matrix macromolecules; 
COMP, aggrecan, and collagen type II—each reflecting different functional units 
of the cartilage. The present studies concentrated on the left middle carpal joint 
focusing on the third carpal bone in order to minimise variations of biomechanics 
and patterns of joint disease. Also, metabolic changes in one joint can influence 
the contralateral joint (Dahlberg et al., 1994). 

The overall aim was to detect subclinical biochemical articular cartilage 
destruction in the horse with the aid of cartilage-derived macromolecules in the 
synovial fluid. The metabolic reactions of articular cartilage to high repetitive load 
of the dorsal radial facet in the middle carpal joint and its role in pathogenesis of 
OA were also of great interest. 

In paper I, we measured the concentrations of COMP, aggrecan or fragments of 
these molecules and collagen type II degradation products released to synovial 
fluid and serum from trotters and riding horses with articular cartilage 
degeneration or normal joints. Sf-COMP and sf-aggrecan decreased in the joints 
with moderate cartilage lesions from the trotters compared to the normal joints. 
This decrease was not found in the joints from riding horses. A marked difference 
between normal and osteoarthritic cartilage was seen in COMP synthesis 
(identified by metabolic labeling), where the lowest amount was found in articular 
cartilage with moderate lesions from the trotter. Also, no increase of sf- GAG 
from the metacarpophalangeal joints (van den Boom et al., 2004) and sf-COMP 
(unknown joints) (Misumi et al., 2001) of horses (unknown breed and athletic 
background) with OA is seen.  

In contrast, an increase in COMP and aggrecan concentration is found in joints 
with rheumatoid arthritis, OA, reactive arthritis, and juvenile arthritis in man 
(Saxne & Heinegård, 1992). A distinct difference between horse and man is that 
the equine athletes will continue to expose the articular cartilage to a high load, 
while the human patient will not. A lower concentration of collagen type II was 
also found in the trotter compared to the riding horse; this was not correlated to the 
cartilage lesions or age. Lower hydroxyproline concentration in synovial fluid is 
correlated to cartilage degeneration index (CDI) in the metacarpophalangeal joints 
(van den Boom et al., 2004) and age. The difference in results can be explained by 
different joints and different classification and activity of cartilage lesions. Using 
the more precise CDI classification (Brommer et al., 2003b) may have showed a 
correlation with cartilage lesions and the lower collagen type II concentration of 
the trotters. The reported age difference is most significant between the neonates 
and 5-month-old foals. At the age of 1-4 years, the levels are stable throughout the 
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lifespan of the horses (van den Boom et al., 2004), which explains the lack of age 
correlation in our study.  

In conclusion paper I showed that there is a difference between two breeds (with 
different activity profiles) in the articular cartilage metabolic activity of the middle 
carpal joint. The lower metabolic activity can be related to intensive high load 
training experienced by trotters. To test the hypothesis that strenuous training and 
lameness alter the articular cartilage metabolic activity and influence the release of 
COMP, aggrecan, and collagen type II in synovial fluid, a longitudinal study with 
young trotters in training was set up in paper II.  

Young trotters were sampled every third month during a long-term training 
program (24 months). Due to economic limitations it was not possible to sample 
an age-matched non-exercising group. However, the correlations between the 
amount of training and lameness remains valid and important observations were 
made. The concentration of COMP decreased with increasing age (19.5 to 40 
months) and total days of training. Also, the concentration of collagen type II 
degradation products increased with total days of training. Additionally, in vitro 
dynamic compression of cartilage explants from trained and untrained, age-
matched horses showed a decrease of COMP synthesis in the compressed explants 
compared to the free swelling explants from trained horses. An increase of COMP 
synthesis was found in the explants from the untrained horses. Stimulation of 
COMP synthesis is always found when untrained bovine cartilage is compressed 
in vitro (Wong et al., 1999). Hence, it was concluded that the strenuous training 
with high load to the articular cartilage would alter the cartilage metabolism with a 
subsequent lower COMP synthesis.  

To further evaluate the effect of load on the presence of COMP, an 
ultrastructural semi-quantitative delineation of the protein was done in loaded and 
unloaded areas of trained and untrained horses. The samples from the trained 
trotter displayed a very low amount of COMP, assessed by gold-markers, in both 
territorial and interterritorial matrix compartments from two different depths of the 
cartilage. The COMP concentration was much higher in the cartilage from the 
untrained horses, where often the loaded areas showed higher levels compared to 
unloaded areas, indicating a stimulatory effect of load. Riding horses were 
compared to trotters, since their activity profiles are different and the trotters are 
subjected to an earlier and more intensive training, aimed to qualify for fast speed 
racing at the age of 2 years. The galloping horse also is trained and raised at this 
early age. However, the difference in motion results in different mechanical load 
of the carpal joints with different types of fractures. The trotter experiences mostly 
large and deep fractures, while galloping horses develop small superficial fractures 
in the carpal joints (Schneider et al., 1988).  

In paper IV, COMP and aggrecan concentrations in synovial fluids from acutely 
lame trotters and galloping horses, subjected to arthroscopy, were evaluated and a 
higher concentration of sf-COMP in galloping horses with osteochondral fractures 
compared with the trotters and galloping horses with OA was found. The articular 
cartilage of the unloaded osteochondral fragments expressed COMP mRNA, in 
contrast to the articular cartilage on the opposite side of the fracture, still subjected 
to load. Intact COMP was present in the joint with osteochondral fracture, which 
suggests an up-regulation of this protein where compressive loading of the 
fragment is low. Dynamic load can stimulate the chondrocyte to active synthesis.  
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The cells may respond to changes in cell shape (deformation), sensed by 
cytoskeletal proteins or stretch-activated ion-channels, or to changes in integrin- 
(Wu & Chen, 2000) and IL-4- signalling (Salter et al., 2002). A non-physiological 
high load may lead to cell necrosis or apoptosis and/or production of MMPs and 
cytokines. An increased expression of fibronectin fragments is present in OA (Zie 
et al., 1992; Homandberg et al., 1999) and these fragments induce the production 
of MMPs and cytokines (Homandberg et al., 1997). This can result in higher 
levels of protein fragments in the synovial fluid; though in a long-term period of 
high repetitive load, the cell may react with altered integrin composition and 
fatigue of the cell where the mechanical signal transducers are blocked. The 
decreased levels of proteins found in the present studies can be due to cell fatigue.  

The results from this thesis clearly indicate that dynamic compression at high 
load and high frequency, as a result from strenuous training, has drastic effects on 
the metabolism of articular cartilage from the dorsal radial facet of the equine third 
carpal bones.  

Development of new assays, quantifying fragments or detecting epitopes of 
matrix molecules specific for anabolic and catabolic processes will aid in the 
understanding of factors responsible for joint failure in the equine athletes. Also, 
studies focusing on cell responses, through integrins (receptors for specific 
proteins), during cyclic compression at different amplitudes and frequencies, can 
clarify how mechanical signals are transduced and how the chondrocyte will 
respond. Cell reaction will depend on the magnitude and rate of load as well as the 
duration and nature of the loading pattern (constant vs. intermittent). 
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Future Research 
 
The results presented in this thesis indicate that much research into tissue reactions 
of mechanical load is needed. Also, the role of the interaction between bone and 
cartilage at their interface in OA must be clarified. In particular, the following 
areas should be investigated: 
  
In cartilage, matrix molecules interacting with cell surface receptors and therefore 
of relevance in understanding cellular responses to events in the matrix should be 
one focus. An example of such a molecule is chondroadherin. Whether this 
integrin binding molecule is also involved in modulating responses to mechanical 
load is another issue of relevance. Other such molecules like fibronectin are less 
specific for cartilage, although there are specific splice variants. This protein binds 
a different integrin than chondroadherin. Molecules that appear to provide readout 
for mechanical responses include COMP and further studies into the role of this 
protein and its variability should be informative. Molecules like CILP change 
early in the OA-process and delineating its role should be a part of understanding 
the biology of joint diseases. 
 
Studies of responses of cartilage to environmental factors, in attempts to 
understand the apparent altered responses induced by the excessive overload of 
intense training of racehorses, should be conducted. To control the conditions, 
initial studies should focus on in vitro systems, where cartilage explants can be 
loaded and details of the responses can be studied. A compression chamber (for 
unconfined compression) has been constructed, where different load and 
frequencies can be applied, mimicking the load to tissue when the horse is running 
at different speeds. 
 
It is clear that the process in the joint include the bone where alterations of 
sclerosis are observed. Little is known of the molecular events, which represent 
early phenomenon. One molecule of particular interest is bone sialoprotein (BSP), 
which is particularly enriched at the bone part of the interface between cartilage 
and bone, with a role in early bone formation. This molecule is of particular 
interest since it can specifically bind to the integrin subunits α5β3 and therefore 
involved in modulating cellular activities. 
BSP will be analysed in synovial fluid and serum from 28 young trotters trained 
and raced during a long-term training period (paper II). The concentration of BSP 
will be correlated to parameters such as amount of training, lameness, age, bone 
sclerosis, and bone activity determined by radiographic and scintigraphic 
examination. 
 



 42

This work was supported by grants from 
 
SJFR (Swedish Council for Forestry and Agricultural research), FORMAS (the 
Swedish Research Council for Environment, Agricultural Sciences and Spatial 
Planning), The Swedish Medical Research Council, the Österlund Foundation, 
Konung Gustav V:s 80-års fond, Ulla and Gustav af Ugglas stiftelse and research 
fund from Karolinska Institute and Bayer AG Animal Health, Germany. 



 43 

Acknowledgements 
 
This thesis work was carried out at the Department of Biomedical Sciences and 
Veterinary Public Health, Division of Pathology, Pharmacoloy and Toxicology, 
Faculty of Veterinary Medicine, Swedish University of Agricultural Sciences, 
Uppsala and at the Department of Cell and Molecular Biology, Section for 
Connective Tissue Biology, Lund University and at the Department of Oral 
Biochemistry, Gothenburg University. 
  
I would like to express my gratitude and take the opportunity to thank the 
following persons. 
 
Professor Stina Ekman, my scientific supervisor. First of all, for endlessly sharing 
your broad knowledge of the pathology of the equine cartilage and bone 
connective tissue and professional scientific guidance of this project. Secondly 
because she is such a nice person—always positive, humble and concerned, with 
the great degree of humour and flexibility that was necessary for this project. If 
you can choose your supervisor, choose Stina! 
 
Professor Dick Heinegård, my associate scientific supervisor, for providing 
excellent scientific atmosphere and working facilities at the “Lab” in Lund; For 
superb guidance, and sharing knowledge into the connective tissue biology field, 
for interesting, stimulating discussions on the scientific problems from both 
veterinary and human aspects; And thanks for all valuable, straightforward, and 
visionary critique of manuscripts. 
 
Lelis Zunino for skilful technical assistance, always creating a nice pleasant 
atmosphere in the “Lab” in Lund, sharing all your wisdom and for being a great 
friend  
 
Kristina Sarvik, who always was very helpful and kind no matter what the 
problem. 
 
To the Ekman Family; Torkel, Stina, Lars and Jonas; for their warm hospitality, 
great food (always window table with a great view), for inspiring me to appreciate 
Larson along with the interesting dinnertime discussions. 
 
The Department of Biomedical Science and Veterinary Public Health: Fredrik, 
Maaja-Lena, Cecilia – The horse’s researchers and members of the “Joint club” 
for many laughs and Karin, Ulla, and Brita for excellent technical help and Ann-
Sofi for always being supportive. 
 
Kjell Hultenby, one of the “Joint club” founders, for your great knowledge in 
morphology and shared enthusiasm. 
 



 44

To Pilar, Patrik, Bengt, Kristina, Roger, Anna, Anders, Mette among others, at the 
Department of Cell and Molecular Biology in Lund, for being friendly, having 
time for laughs and sharing all your broad scientific knowledge.  
Bertil Olofsson, for helping me understand the basics of the statistical world from 
a philosophical point of view, with little mention of mathematical formulae. 
 
Professor Anders Linde, Dr Amel Gritli-Lindé, for great hospitality in letting me 
be a member of the Department of Oral Biochemistry in Gothenburg, always 
having time for scientific discussions, and playing nice jazz and Egyptian music. 
 
Marcy Wong and Alan Grodzinsky for all your help in the world of “in vitro 
compression” 
 
Eva Larsson and Erland Johnson at the National Testing Institute in Borås, for 
collaborative work with the compression chamber and enthusiasm for testing 
equine cartilage along with chairs from IKEA—a bit exotic in your world.  
 
Leo Götze, for believing in this project and for broad interest and scientific 
optimism regarding veterinary science. 
 
To Ted, Kristina, Sani, Katarina and Dawei at the Department of Oral 
Biochemistry in Gothenburg for friendly supporting the “vet”. 
 
To Ulla, Christina, Björn, Anne, Johan, Ivo and Henriette at the Veterinary 
Department at Bayer Health Care in Gothenburg, thank you for being such good 
friends—for so many years, and thanks to Irene for valuable, superb computer 
work. 
 
Drs. Björn Sandgren, Nils Ronéus and Gunnar Nilsson, important co-workers and 
excellent equine clinicians. 
 
My great family– to whom nothing had been impossible, for their unselfish help 
all the time with valuable things in life, as taking care of the children, bringing 
horse cartilage to Gothenburg, staying with me at late nights in the lab in 
Gothenburg, and most of all:----always positive and enthusiastic--- 
My parents Mona and Henrik, Karin and Claes, my very best sister and her 
husband, Fredrik and Pernilla, my brother and his wife, for taking care of our 
“small” horses whenever time limitations required (for several years!), Marianne, 
my mother in-law, Hans for his love and support throughout all these years, and to 
Ebba and Kalle, for being the best children in the world, giving us so many laughs 
and meaningful moments. 
 



 45 

References 
 
Abbaszade, I., Liu, R.Q., Yang, F., Rosenfeld, S.A., Ross, O.H., Link, J.R., Ellis, D.M., 

Tortorella, M.D., Pratta, M.A., Hollis, J.M., Wynn, R., Duke, J.L., George, H.J., 
Hillman,, M.C.J., Murphy, K., Wiswall, B.H., Copeland, R.A., Decicco, C.P., Bruckner, 
R., Nagase, H., Itoh, Y., Newton, R.C., Magolda, R.L., Trzaskos, J.M. & Burn, T.C. 
(1999) Cloning and characterisation of ADAMTS11 and aggrecanase from ADAMTS 
family. J Biol Chem 274, 23443-23450. 

Alwan, W.H., Carter, S.D., Bennett, D., May, S.A. & Edwards, G.B. (1990) Cartilage 
breakdown in equine osteoarthritis: measurements of keratan sulphate by an ELISA 
system. Res Vet Sci 49, 56-60. 

Alwan, W.H., Carter, S.D., Bennett, D. & Edwards, G.B. (1991a) Glycosaminoglycans in 
horses with osteoarthritis. Equine vet J 23, 44-47. 

Alwan, W.H., Carter, S.D., Dixon, J.B., Bennett, D., May, S.A. & Edwards, G.B. (1991b) 
Interleukin-1-like activity in synovial fluids and sera of horses with arthritis. Res Vet Sci 
51, 72-77. 

Anastasiou, A., Skiöldebrand, E., Ekman, S. & Hall, L.D. (2003) Ex-vivo magnetic 
resonance imaging of the distal row of equine carpal bones: assessment of bone sclerosis 
and cartilage damage. Vet Radiol and Ultrasound 44, 501-512. 

Arner, E.C. & Tortorella, M.D. (1995) Signal transduction through chondrocyte integrin 
receptors induces matrix metalloproteinase synthesis and synergies with interleukin-1. 
Arthritis Rheum 38,1304-1314.  

Bayliss, M.T., Davidson, C., Woodhouse, S.M. & Osborne, D.J. (1995) Chondroitine 
sulphate in human joint tissues varies with age, zone and topography. Acta Orthop Scand 
(suppl 266) 66, 22-25. 

Bengtsson, E., Mörgelin, M., Sasaki, T., Timpl, R., Heinegård, D. & Aspberg, A. (2002) 
The leucine-rich repeat protein PRELP binds perlecan and collagens and may functions 
as a basement membrane anchor. J Biol Chem 26, 15061-15068. 

Bertone, A.L., Palmer, J.L. & Jones, J. (2001) Synovial fluid cytokines and eicosanoids as 
markers of joint disease in horses. Vet Surg 30, 528-38. 

Billinghurst. R,C., Fretz, P.B. & Gordon, J.R. (1995) Induction of intra-articular tumour 
necrosis factor during acute inflammatory responses in equine arthritis. Equine Vet J 27, 
208-216. 

Billinghurst, R.C., Brama, P.A., van Weeren, P.R., Knowlton, M.S. & McIlwraith, C.W. 
(2003) Significant exercise-related changes in the serum levels of two biomarkers of 
collagen metabolism in young horses. Osteoarthritis and Cartilage 11, 760-769.  

Billinghurst, R.C., Brama, P.A., van Weeren, P.R., Knowlton, M.S. & McIlwraith, C.W. 
(2004) Evaluation of serum concentrations of biomarkers of skeletal metabolism and 
results of radiography as indicator of severity of osteochondrosis in foals. Am J Vet Res 
65, 143-150. 

Blaschke, U.K., Eikenberry, E.F., Hulmes, D.J.S., Galla, H-J. & Bruckner, P. (2000) 
Collagen XI nucleates self-assembly and limits lateral growth of cartilage fibrils. J Biol 
Chem 275, 10370-10378. 

Brama, P.A., TeKoppele, J.M., Beekman, B., van Weeren, P.R. & Barneveld, A. (1998) 
Matrix metalloproteinase activity in equine synovial fluid: influence of age, 
osteoarthritis, and osteochondrosis. Ann Rheum Dis 5, 697-699.  

Brama, P.A., Tekoppele, J.M., Bank, R.A., van Weeren, P.R. & Barnevald, A. (1999) 
Influence of site and age on biochemical characteristics of the collagen network of equine 
articular cartilage. Am J vet Res 60, 341-345. 

Brama, P.A., Tekoppele, J.M., Bank, R.A., Barnevald, A., Firth, E.C. & van Weeren, P.R. 
(2000a) The influence of strenuous exercise on collagen characteristics of articular 
cartilage in Thoroughbreds age 2 years. Equine Vet J 32, 551-554. 

Brama, P.A., TeKoppele, J.M., Beekman, B., van El, B., Barneveld, A. & van Weeren, P.R. 
(2000b) Influence of development and joint pathology on stromelysin enzyme activity in 
equine synovial fluid. Ann Rheum Dis 59, 155-157. 



 46

Brama, P.A., TeKoppele, J.M., Bank, R.A., Barneveld, A. & van Weeren, P.R. (2002) 
Development of biochemical heterogeneity of articular cartilage: influences of age and 
exercise. Equine Vet J 34, 265-269. 

Brama, P.A., van den Boom, R., DeGroott, J., Kiers, G.H. & van Weeren, P.R. (2004) 
Collagenase-1 (MMP-1) activity in equine synovial fluid: influence of age, joint 
pathology, exercise and repeated arthrocentesis. Equine Vet J 36, 34-40. 

Bramlage, L.R. (1983) Surgical diseases of the carpus. Vet Clin North Am Large Anim 
Pract 5, 261-74.  

Bramlage, L.R., Schneider, R.K. & Gabel, A.A. (1988), A clinical perspective on lameness 
originating in the carpus. Equine Vet J suppl 6, 12-18. 

Briggs, M.D., Hoffman, S.M., King, L.M., Olsen, A.S., Mohrenweiser, H., Leroy, J.G., 
Mortier, G.R., Rimoin, D.L., Lachman, R.S., Gaines, E.S., and others. (1995) 
Pseudoachondroplasia and multiple epiphyseal dysplasia due to mutations in the cartilage 
oligomeric matrix protein gene. Nat Genet 10, 330-336.  

Brommer, H., van Weeren, P.R., Brama, P.A. & Barneveld, A. (2003a) 
Quantification and age-related distribution of articular cartilage degeneration in the 
equine fetlock joint. Equine Vet J 7, 697-701. 

Brommer, H., van Weeren, P.R., & Brama, P.A. (2003b) New approach for quantitative 
assessment of articular cartilage degeneration in horses with osteoarhtritis. Am J Vet Res 
64, 83-87. 

Buckwalter, J.A. & Mow, D.C. (1992) Cartilage repair in osteoarthritis. In: Osteoarthritis. 
Diagnosis and Medical/surgical Management . Moskowitz, R.W., Howell, D.S., 
Goldberg, V.M. & Mankin, H.J. (eds) WB Saunders, Philadelphia. 71-107. 

Buschmann, M.D., Hunziker, E.B., Kim, Y-J. & Grodzinsky, A.J. (1996) Altered aggrecan 
synthesis correlates with cell and nucleus structure in statically compressed cartilage. J of 
Cell Science 109, 499-508. 

Burton-Wurster, N., Farese, J.P., Todhunter, R.J. & Lust, G. (1999) Site-specific variation 
in femural head cartilage composition in dogs at high and low risk for development of 
osteoarthritis: insights into cartilage degeneration. Osteoarthritis and Cartilage 7, 486-
497. 

Byers, P.D., Contemponi, C.A. & Farkas, T.A. (1970) A post mortem study of the human 
hip joint. Ann Rheum Dis 29, 15-26. 

Camper, L., Heinegård, D. & Lundgren-Åkerlund, E. (1997) Integrin alpha2beta1 is a 
receptor for the cartilage matrix protein chondroadherin. J Cell Biol 138, 1159-1167.  

Chen, C.T., Burton-Wurster, N., Borden, C., Hueffer, K., Bloom, S.E. & Lust, G. (2001) 
Chondrocyte necrosis and apoptosis in impact damaged articular cartilage. J Orthop Res 
19, 703-711. 

Clegg, P.D., Coughlan, A.R., Riggs, C.M. & Carter, S.D. (1997) Matrix metalloproteinases 
2 and 9 in equine synovial fluids. Equine Vet J 29, 343-348. 

Clegg, P.D., Coughlan, A.R. & Carter, S.D. (1998) Equine TIMP-1 and TIMP-2: 
identification, activity and cellular sources. Equine Vet J 30, 416-23. 

Clegg, P.D. & Carter, S.D. (1999), Matrix metalloproteinase-2 and 9 are activated in joint 
disease. Equine Vet J 31, 324-330. 

Colahan, P., Piotrowski, G. & Poulos, P. (1988) Kinematic analysis of the instant centres of 
rotation of the equine metacarpophalangeal joint. Am J Vet Res 49,1560-1565. 

Conrozier, T., Saxne, T., Fan, C.S., Mathieu, P., Tron, A.M., Heinegård, D. & Vignon, E. 
(1998) Serum concentrations of oligomeric matrix protein and bone sialoprotein in hip 
osteoarthritis: a one year prospective study. Ann Rheum Dis 57, 527-32. 

Dahlberg, L., Roos, H., Saxne, T., Heinegård, D., Lark, M.W., Hoerrner, L.A. & 
Lohmander, L.S. (1994) Cartilage metabolism in the injured and uninjured knee of the 
same patient. Ann Rheum Dis 53, 823-827. 

Di Cesare, P.E., Hauser, N., Lehman, D., Pasumarti, S. & Paulsson, M. (1994) Cartilage 
Oligomeric Matrix Protein (COMP) is an abundant component in tendon. FEBS Lett 354, 
237-240. 

Di Cesare, P.E., Carlson, C.S., Stolerman, ES, Hauser, N., Tulli, H. & Paulsson, M. (1996) 
Increased degradation and altered tissue distribution of cartilage oligomeric matrix 
protein in human rheumatoid and osteoarhtritic cartilage. J Orthop Res 14, 946-955. 



 47 

Di Cesare, P.E., Carlson, C.S., Stollerman, E.S., Chen, F.S., Leslie, M. & Perris, R. (1997) 
Expression of cartilage oligomeric matrix protein by human synovium. FEBS Lett 412, 
249-252. 

Di Cesare, P.E., Chen, F.S., Mörgelin, M., Carlson, C.S., Leslie, M.P., Perris, R. & Fang, 
C. (2002) Matrix-matrix interaction of cartilage oligomeric matrix protein and 
fibronectin. Matrix Biology 21, 461-470. 

Dickinson, S.C., Vankemmelbeke, M.N., Buttle, D.J., Rosenberg, K., Heinegård, D. & 
Hollander, A.P. (2003) Cleavage of cartilage oligomeric matrix protein (thrombospondin 
5) by matrix metalloproteinases and a disintegrin and metalloproteinase with 
thrombospondin motifs. Matrix Biol 22, 267-278. 

Dieppe, P. (1995) Osteoarthritis and molecular markers. A rheumatologist’s perspective. 
Acta Orthop Scand Suppl 266: 66, 1-5. 

Enomoto, M., Leboy, P.S., Menko, A.S. & Boettiger, D. (1993) Beta 1 integrins mediate 
chondrocyte interaction with type I collagen, type II collagen, and fibronectin. Exp Cell 
Res 205, 276-85.  

Ekman, S., Reinholt, F.P., Hultenby, K. & Heinegård, D. (1997) Ultrastructural immuno-
localisation of cartilage oligomeric matrix protein (COMP) in porcine growth cartilage. 
Calcif Tiss Int 60, 547-553. 

Eyre, D.R., Paz, M.A. & Gallop, P.M. (1984) Cross-linking in collagen and elastin. Ann 
Rev Biochem 53, 717-748. 

Eyre, D.R., Pietka, T. Weis, M.A.& Wu, J.J. (2004) Covalent cross-linking of the NC1 
domain of collagen type IX to collagen type II in cartilage. J Biol Chem 279, 2568-2574. 

Forslind, K., Eberhardt, K., Jonsson, A. & Saxne, T. (1992) Increased serum concentration 
of cartilage oligomeric matrix protein. A prognostic marker in early rheumatoid arthritis. 
Br J Rheumatol 31, 593-598. 

Frisbie, D.D., Ray, C.S., Ionescu, M., Poole, A.R., Chapman, P.L. & McIlwraith, C.W. 
(1999) Measurement of synovial fluid and serum concentrations of the 846 epitope of 
chondroitin sulphate and of carboxy propeptides of type II procollagen for diagnosis of 
osteochondral fragmentation in horses. Am J Vet Res 60, 306-309.  

Fuller, C.J., Barr, A.R., Dieppe, P.A. & Sharif, M. (1996) Variation of an epitope of keratan 
sulpahte and total glycosamnioglycans in normal equine joints. Equine Vet J 28, 490-493. 

Fuller, C.J., Barr, A.R., Sharif, M. & Dieppe, P.A. (2001) Cross-sectional comparison of 
synovial fluid biochemical markers in equine osteoarthritis and the correlation of these 
markers with articular cartilage damage. Osteoarthritis and Cartilage 9, 49-55. 

Gadher, S.J., Eyre, D.R., Duance, V.C., Wotton, S.F., Heck, L.W., Schmid, T.M. & 
Wolley, D.E. (1988) Susceptibility of cartilage collagens type II, IX, X and XI to human 
synovial collagenase and netutrophil elastase. Eur J Biochem 175, 1-7. 

Garrick, J.G.& Requa, R.K. (2003) Sports and fitness activities: the negative consequences. 
J Am Acad Orthop Surg 11, 439-434. 

Getty, R. (1975) Equine Osteology. In: Sisson and Grossman’s The anatomy of the 
domestic animals. Getty, R. (ed). W.B.Saunders Company pp 255-348. 

Giannoni, P., Siegrist, M., Hunziker, E.B., & Wong, M. (2003) The mechanosensitivity of 
cartilage oligomeric matrix protein (COMP). Biorheology 40, 101-109. 

Grant, W.T., Sussman, M.D. & Balian, G. (1985) A disulfide-bonded short chain collagen 
synthesized by degenerative and cacifying zones of bovine growth plate cartilage. J Cell 
Biol 101, 227-284. 

Grodzinsky, A.J., Kim, Y-J., Buschmann, M.D.,Garcia, A.M., Quinn, T.M. & Hunziker, 
E.B. (1998) Response of the chondrocyte to mechanical stimuli. In: Osteoarthritis. 
Brandt, K.D., Doherty, M. and Lohmander, L.S. (eds) Oxford University Press, pp123-
136. 

Grodzinsky, A.J., Levenston, M.E., Jin, M. & Frank, E.H. (2000) Cartilage tissue 
remodelling in response to mechanical forces. Annu Rev Biomed Eng 2, 691-713. 

Hardingham, T.E. & Muir, H. (1972) The specific interaction of hyaluronic acid with 
cartilage proteoglycans. Biochim Biophys Acta. 15, 401-405.  

Hardinghamn, T.E. & Bayliss, M.T. (1990) Proteoglycans of articular cartilage: Changes in 
ageing and in joint disease. Semin Arth Rheum 20, 12-33. 



 48

Hayami, T., Pickarski, M., Wesolowski, G.A., McLane, J., Bone, A., Destefano, J., Rodan, 
G.A. & le Duong, T. (2004) The role of subchondral bone remodelling in osteoarthritis: 
reduction of cartilage degeneration and prevention of osteophyte formation by 
alendronate in the rat anterior cruciate ligament transaction model. Arthritis Rheum 50, 
1193-1206. 

Hecht, J.T., Deere, M., Putnam, E., Cole, W., Vertel, B., Chen, H. & Lawler, J. (1998) 
Characterisation of cartilage oligomeric matrix protein (COMP) in human normal and 
pseudoachondroplasia musculoskeletal tissues. Matrix Biol 17, 269-278.  

Heinegård, D. & Oldberg, Å. (1989) Structure and biology of cartilage and bone matrix 
noncollagenous macromolecules. FASEB J 3, 2042- 2051. 

Heinegård, D. & Saxne, T. (1991) Molecular markers of processes in cartilage in joint 
disease. Br J Rheum 30, 21-24. 

Heinegård, D., Inerot, S., Wieslander, J. & Lindblad, G. (1985) A method for the 
quantification of cartilage proteoglycan structures liberated to the synovial fluid during 
developing degenerative joint disease. Scand J Clin Lab Invest 45, 421-427. 

Heinegård, D., Bayliss, M. & Lorenzo, P. (1998) Biochemistry and metabolism of normal 
and osteoarthritic cartilage. In: Osteoarthritis. Brandt, K.D., Doherty, M. and 
Lohmander, L.S. Oxford University Press, pp 74-84. 

Heinegård, D., Aspberg, A., Franzén, A. & Lorenzo, P. (2002) Non-collagenous 
glycoproteins in the extracellular matrix, with particular reference to cartilage and bone. 
In: Connective tissue and its heritable disorders: molecular, genetic and medical aspects. 
Royce P, and Steinmann B. (eds) Wiley-Liss Inc, New York 2nd edition, pp 271-291. 

Hocking, A.M., Shinomura, T. & McQuillan, D.J. (1998) Leucine-rich repeat glycoproteins 
of the extracellular matrix. Matrix Biol 17, 1-19. 

Holden, P., Meadows, R.S., Chapman, K.L., Grant, M.E., Kadler, K.E. & Briggs, M.D. 
(2001) Cartilage Oligomeric Matrix Protein Interacts with type IX collagen, and 
disruptions to these interactions identify a pathogenic mechanism in a bone dysplasia 
family. J Biol Chem 276, 6046-6055. 

Homandberg, G., Hui, F., Wen, C., Purple, C., Bewsey, K., Koepp, H., Huch, K. & Harris, 
A. (1997) Fibronectin-fragment-induced cartilage chondrolysis is associated with release 
of catabolic cytokines. Biochem J 321, 751-757. 

Homandberg, G. (1999) Potential regulation of cartilage metabolism in 
Horikawa, O., Nakajima, H., Kikuchi, Y., Ichimura, S., Yamada, H., Fujikawa, K. & 

Toyama, Y. (2004). Distribution of type VI collagen in chondrocyte microenvironment: 
study of chondrons isolated from human normal and degenerative articular cartilage and 
cultured chondrocytes. J Orthop Sci 9, 29-36. 
osteoarthritis by fibronectin fragments. Front Biosci 4, 713-730. 

Huber, M., Tratting, S. & Lintner, F. (2000) Anatomy, biochemistry and physiology of 
articular cartilage. Investigative Radiology 35, 573-580. 

Hulten, C., Grönlund, U., Hirvonen, J., Tulamo, R.M., Suominen, M.M., Marhaug, G. & 
Forsberg, M. (2002) Dynamics in serum of the inflammatory markers serum amyloid A 
(SAA), haptoglobin, fibrinogen and alpha2-globulins during induced noninfectious 
arthritis in the horse. Equine Vet J 34, 699-704.  

Iqbal, J., Dudhia, J., Bird, J.L. & Bayliss, M.T. (2000) Age-related effects of TGF-beta on 
proteoglycan synthesis in equine articular cartilage. Biochem Biophys Res Commun 2, 
467-471. 

Johnson, A., Smith, R., Saxne, T., Hickery, M. & Heinegård, D. (2004) Fibronectin 
fragments cause release and degradation of collagen-binding molecules from equine 
explant cultures. Osteoarthritis and Cartilage 12, 149-159. 

Johnston, C., Roepstorff, L., Drevemo, S. & Ronéus, N. (1995) Kinematics of the distal 
forelimb during the stance phase in the fast trotting Standardbred. Equine Vet J, Suppl 18, 
170-174. 

Johnston, C. & Roepstorff, L. (1995) Biomechanical factors affecting overextension of the 
carpus. In: Procedings Int Eq Orthop Conf, Skara pp 7-12. 

Joosten, L.A., Helsen, M.M., Saxne, T., van De Loo, F.A., Heinegård, D. & van Den Berg, 
W.B. (1999a) IL-1 alpha beta blockade prevents cartilage and bone destruction in murine 



 49 

type II collagen-induced arthritis, whereas TNF-alpha blockade only ameliorates joint 
inflammation. J Immunol 163, 5049-55  

Joosten, L.A., Lubberts, E., Helsen, M.M.A., Saxne, T., Coenen-de Roo, C.J.J., Heinegård, 
D.& van den Berg, W.B. (1999b) Protection against cartilage and bone destruction by 
systemic interleukin-4 treatment in established murine type II collagen-induced arthritis. 
Arthritis Res 1, 81-89.  

Joughlin, M., Robert, C., Valette, J-P., Gavard, F., Quintin-Colonna, F. & Denoix, J-M. 
(2000) Metalloproteinases and tumour necrosis factor-alpha activities in synovial fluids 
of horses: correlation with articular cartilage alterations. Vet Res 31, 507-515. 

Kawcak, C.E., McIlwraith, C.W., Norrdin, R.W., Park, R.D. & James, S.D. (2001) The role 
of subchondral bone in joint disease: a review. Equine Vet J 33, 120-126. 

Kielty, C.M. & Grant, M.E. (2002) The collagen family: Structure, assembly and 
organization in the extracellular matrix. In: Connective Tissue and Heritable Disorders 
molecular, genetic and medical aspects. Royce, P.M. and Steinmann, B. (eds), Wiley-
Liss Inc, New York 2nd edition, pp 159-223. 

Koepp, H., Eger, W., Muehleman, C., Valdellon, A., Buckwalter, J.A., Kuettner, K.E. & 
Cole, A.A. (1999) Prevalence of articular cartilage degeneration in the ankle and knee 
joints of human organ donors. J Orthop Sci 4, 407-412.  

Kuettner, K.E. (1992) Biochemistry of articular cartilage in Health and Disease. Clin 
Biochem 25, 155-163. 

Kurz, B., Jin, M., Patwari, P., Cheng, D.M., Lark, M.W. & Grodzinsky, A.J. (2001) 
Biosynthetic response and mechanical properties of articular cartilage after injurious 
compression. J Orthop Res 19, 1140-1146. 

Larsson, E., Erlandsson, H.H., Lorentzen, J.C., Larsson, A., Månsson, B., Klareskog, L. & 
Saxne, T. (2002) Serum concentrations of cartilage oligomeric matrix protein, fibrinogen 
and hyaluronan distinguish inflammation and cartilage destruction in experimental 
arthritis in rats. Rheumatology 41, 996-1000. 

Laverty, S., Ionescu, M., Marcoux, M., Boure, L., Doize, B. & Poole, A.R. (2000) 
Alterations in cartilage type II procollagen and aggrecan contents in synovial fluid in 
equine osteochondrosis. J Orthop Res 18, 399-405. 

Levick, J.R. (1992) Synovial fluid. Determinants of volume turnover and material 
concentration. In: Articular cartilage and osteoarthritis. Kuettner KE, Schleyerbach R, 
Peyron JG, Hascall VC (eds). Raven Press, New York pp 529-541. 

Little, C.B., Gosh, P. & Rose, R. (1997) The effect of strenuous versus moderate exercise 
on the metabolism of proteoglycans in articular cartilage from different weight bearing 
regions of the equine third carpal bone. Osteoarthritis and Cartilage 5, 161-172. 

Lohmander, S.L., Saxne, T. & Heinegård, D. (1994) Release of cartilage oligomeric matrix 
protein (COMP) into joint fluid after knee injury and in osteoarthritis. An Rheum Dis 58, 
8-13. 

Lohmander, L.S., Roos, H., Dahlberg, L. & Lark, M.W. (1995) The role of molecular 
markers to monitor disease, intervention and cartilage breakdown in osteoarthritis. Acta 
Orthop Scand Suppl 266, 84-87. 

Lohmander, S.L., Dahlberg, L., Eyre, D., Lark, M., Thonar, E. J-M. & Ryd, L. (1998) 
Longitudinal and cross-sectional variability in markers of joint metabolism in patients 
with knee pain and articular cartilage abnormalities. Osteoarthritis and Cartilage 6, 351-
361. 

Lohmander, S.L. & Felson, D.T. (1998) Defining and validating the clinical role of 
molecular markers on osteoarthritis. In: Osteoarthritis. Brandt, K.D., Doherty, M. and 
Lohmander, S.L. (eds) Oxford University Press, pp 519-530. 

Lorenzo, P., Bayliss, M., & Heinegård, D. (1998) A novel cartilage protein (CILP) present 
in the mid-zone of human articular cartilage increases with age. J Biol Chem 273, 23463-
23468. 

Lorenzo, P., Aspberg, A., Önnerfjord, P., Bayliss, M.T., Neame, P.J. & Heinegård, D. 
(2001) Identification and characterisation of asporin. A novel member of the leucine-rich 
repeat protein family closely related to decorin and biglycan. J Biol Chem 13, 12201-
12211. 



 50

Lucchinetti, E., Bhargava, M.M. & Torzilli, P.A. (2004) The effect of mechanical load on 
integrin subunits α5 and β1 in chondrocytes from mature and immature cartilage 
explants. Cell Tissue Res 315, 385-391. 

Lust, G., Burton-Wurster, N. & Leipold, H. (1997) Fibronectin as a marker for 
osteoarthritis. J Rheumatol 14, 28-29. 

Magnusson, L-E. (1985) The orthopaedic health status of the Standardbred trotter at 4 years 
of age. Studies on the conformation and related traits of Standardbred trotters in Sweden. 
Thesis ISBN 91-576-2315-5 

Manicourt, D.H., Lenz, M.E. & Thonar, E.J. (1991) Levels of serum keratan sulphate rise 
rapidly and remain elevated following anterior cruciate ligament transection in the dog. J 
Rheumatol 18, 1872-1876. 

Mankin, H.J., Dorfman, H., Lipiello, L. & Zarins, A. (1971) Biochemical and metabolic 
abnormalities in articular cartilage from osteoarhritic human hips. II, Correlation of 
morphology with biochemical and metabolic data. J Bone Joint Surg Am 53A, 523-537. 

Mankin, H.J. (1989) Clinical features of osteoarthritis In: Textbook of Rheumatology Kelly, 
W.N., Harris, E.D. and Jr Sledge, C.B. (eds) WB Saunders, Philadelphia pp 1480-1500. 

Maroudas, A.I. (1976) Balance between swelling pressure and collagen tension in normal 
and degenerate cartilage. Nature 29, 808-809.  

Martin, J.A. & Buckwalter, J. (2002) Ageing, articular cartilage chondrocyte senescence 
and osteoarthritis. Biogerontology 3, 257-264. 

Mayne, R. (1989) Cartilage collagens. What is their function, and are they involved in 
articular disease? Arthritis Rheum 32, 241-246.  

McCarthy, E.F. & Frassia, F.J. (1998) Disease of joints. In: Pathology of bone and joint 
disorders, with clinical and radiographic correlations.  

McCarthy, E.F. and Frassia, F.J. (eds) WB Saunders, Philadelphia, pp 317-352. 
McIlwraith, C.W. (1982) Current concepts in equine degenerative joint disease. JAVMA 

180, 239-250. 
McIlwraith, C.W. (1996) General pathobiology of the joint and response to injury. In: Joint 

Disease in the horse. McIlwraith, C.W., Trotter, G.W. (eds), WB Saunders, Philadelphia 
pp 40-69. 

McIlwraith, C.W. (2002) Diseases of joints, tendons, ligaments, and related structures. In: 
Adam’s Lameness in horses. Stashak, T.S. (ed) Lippincott Williams and Vilkins, pp 459-
479. 

Millward-Sadler, S.J., Wright, M.O., Davies, L.W., Nuki, G. & Salter, D.M. (2000) 
Mechanotransduction via integrins and interleukin-4 results in altered aggrecan and 
matrix metalloproteinase 3 gene expression in normal, but not osteoarthritic, human 
articular chondrocytes. Arthritis Rheum 43, 2091-2099.  

Min, B.H., Kim, H.J., Lim, H., Park, C.S. & Park, S.R. (2001) Effects of ageing and 
arthritic disease on nitric oxide production by human articular chondrocytes. Exp Mol 
Med 33, 299-302.  

Misumi, K., Vilim, V., Clegg, P.D., Thompson, C.C.M. & Carter, S.D. (2001) 
Measurement of cartilage oligomeric matrix protein (COMP) in normal and diseased 
equine synovial fluid. Osteoarthtritis and Cartilage 9, 119-127. 

Misumi, K., Vilim, V., Hatazoe, T., Murata, T., Fujiki, M., Oka, T., Sakamoto, H. & Carter, 
S.D. (2002) Serum level of cartilage oligomeric matrix protein (COMP) in equine 
osteoarthtritis. Equine Vet J 34, 602-608. 

Morris, E.A., McDonald, B.S., Webb, A.C. & Rosenwasser, L.J. (1990) Identification of 
interleukin-1 in equine osteoarthtritic joint effusion. Am J Vet Res 51, 59-64. 

Morris, E.A., & Treadwell, B.V. (1994) Effect of interleukin-1 on articular cartilage from 
young and aged horses and comparison with metabolism of osteoarthritic cartilage. Am J 
Vet Res 55, 138-146.  

Morris, N.P., Keene, D.R. & Horton, W.A. (2002) Morphology and Chemical composition 
of connective tissue: Cartilage. In: Connective tissue and its heritable disorders: 
molecular, genetic and medical aspects. Royce, P. and Steinmann, B.(eds) Wiley-Liss 
Inc, pp 41-65. 



 51 

Murphy, G., Cockett, M.I, Stephens, P.E., Smith, B.J. & Docherty, A.J. (1987) Stromelysin 
is an activator of procollagnease. A study with recombinant enzymes. Biochem J 248, 
265-268. 

Murphy, G., Hembry, R.M., Hughes, C.E., Fosang, A.J. & Hardingham, T.E. (1990) Role 
and regulation of metalloproteinases in connective tissue turnover. Biochem Soc Trans 
18, 812-815. 

Murphy, G. & Reynolds, J. (2002) Extracellular matrix degradation In: Connective tissue 
and its heritable disorders: molecular, genetic and medical aspects. Royce, P. and 
Steinmann, B.(eds) Wiley-Liss Inc, pp 343-384. 

Murray, R.C., Zhu, C.F., Goodship, A.E., Lakhani, K.H., Agrawal, C.M. & Athanasiou, 
K.A. (1999) Exercise affect the mechanical properties and histological appearance of 
equine articular cartilage. J Orthop Res 5, 725-731.  

Murray, R.C., Janicke, H.C., Henson, F.M.D. & Goodship, A. (2000). Equine carpal 
articular cartilage fibronectin distribution associated with training, joint location and 
cartilage deterioration. Equine Vet J 32, 47-51. 

Murray, R.C., Birch, H.L., Lakhani, K. & Goodship, A.E. (2001a) Biochemical 
composition of equine carpal articular cartilage is influenced by short-term exercise in a 
site-specific manner. Osteoarthritis and Cartilage 9, 625-632. 

Murray, R.C., Smith, R.K., Henson, F.M.D. & Goodship, A. (2001b). The distribution of 
cartilage oligomeric matrix protein (COMP) in equine carpal articular cartilage and its 
variation with exercise and cartilage deterioration. Vet J 162, 121-128 

Myers, S.L., O'Connor, B.L. & Brandt, K.D. (1996) Accelerated clearance of albumin from 
the osteoarthritic knee: implications for interpretation of concentrations of "cartilage 
markers" in synovial fluid. J Rheumatol 23, 1744-1748.  

Månsson, B., Wenglén, C., Mörgelin, M., Saxne, T. & Heinegård, D. (2001a) Association 
of chondroadherin with collagen type II. J Biol Chem 276, 32883-32888. 

Månsson, B., Gulfe, A., Geborek, P., Heinegard, D. & Saxne, T. (2001b) Release of 
cartilage and bone macromolecules into synovial fluid: differences between psoriatic 
arthritis and rheumatoid arthritis. Ann Rheum Dis 60, 27-31.  

Mörgelin, M., Heinegård, D., Engel, J. & Paulsson, M. (1992) Electron microscopy of 
native cartilage oligomeric matrix protein purified from the Swarm rat chondrosarcoma 
reveals a five-armed structure. J Biol Chem 267, 6137-6141. 

Neame, P.J., Tapp, H. & Azizan, A. (1999) Noncollagenous, nonproteoglycan 
macromolecules of cartilage. Cell Mol Life Sci 15, 1327-1340. 

Norrdin, R.W., Kawacak, C.E., Capwell, B.A. & McIlwraith, C.W. (1998) Subchondral 
bone failure in an equine model of overload arthrosis. Bone 22, 133-139. 

Okumura, M., Tagami, M. & Fujinaga, T. (1998) Measurement of serum and synovial fluid 
keratan sulphate a antibody to collagen type II in equine osteoarthritis. Zentralbl 
Veterinarmed A 45, 513-516.  

Oldberg, A., Antonsson, P., Lindblom, K. & Heinegård, D. (1989) A collagen-binding 59-
kd protein (fibromodulin) is structurally related to the small interstitial proteoglycans PG-
S1 and PG-S2 (decorin). EMBO J 8, 2601-2604. 

Olin, A., Mörgelin, M., Sasaki, T., Timpl, R., Heinegård, D. & Aspberg, A. (2001) 
The proteoglycans aggrecan and versican form network with fibulin-2 through their 
lecitin domain binding. J Biol Chem 276, 1253-1261. 

Otterness, I.G.(1994) The value of C-reactive protein measurement in rheumatoid arthritis. 
Sem Arth Rheum 24, 91-104. 

Otterness, I.G., Swindell, A.C., Zimmer, R.O., Poole, A.R., Ionescu, M. & Weiner, E. 
(2000) An analysis of 14 molecular markers for monitoring osteoarthritis: segregation of 
the markers into clusters and distinguishing osteoarthritis at baseline. Osteoarthritis and 
Cartilage 8, 180-185. 

Palmer, S.E. (1986) Prevalence of carpal fractures in Thoroughbred and Standardbred 
racehorses. J Am Vet Med Ass 188, 1171-1173. 

Palmer, J.L. & Bertone, A.L. (1994) Joint structure, biochemistry and biochemical 
disequilibrium in synovitis and equine joint disease. Equine Vet J 26, 263-277.  

Palmer, J.L., Bertone, A.L. & Litsky, A.S. (1994) Contact area and pressure distribution 
changes of the equine third carpal bone during loading. Equine Vet J 26, 197-202. 



 52

Palmer, J.L., Bertone, A., Malemud, C.J., Carter, B.G., Papay, R.S. & Mansour, J. (1995) 
Site-specific proteoglycan characteristics of third carpal articular cartilage in exercised 
and nonexercised horses. Am J Vet 56, 1570-1575. 

Petersson, I.F., Sandqvist, L., Svensson, B. & Saxne, T. (1997) Cartilage markers in 
synovial fluid in symptomatic knee osteoarthritis. Ann Rheum Dis 56, 64-67.  

Petersson, I.F., Boegard, T., Dahlström, J., Svensson, B., Heinegård, D. & Saxne, T. (1998) 
Bone scan and serum markers of bone and cartilage in patients with knee pain and 
osteoarthritis. Osteoarthritis Cartilage 6, 33-39. 

Pfander, D., Rahmanzadeh, R. & Scheller, E.E. (1999) Presence and distribution of 
collagen II, collagen I, fibronectin, and tenascin in rabbit normal and osteoarthritic 
cartilage. J Rheumatol 26, 386-394.  

Platt, D., Bird, J.L.E. & Bayliss, M.T. (1998) Ageing of equine articular cartilage: structure 
and composition of aggrecan and decorin. Equine Vet J 30, 43-52. 

Pool, R.R. & Meagher, D.M. (1990) Pathologic Findings and Pathogenesis of Racetrack 
injuries. In: Veterinary Clinics of North America: Equine Practice Vol 6, No 1, 1-29. 

Pool, R.R. (1996) Pathologic manifestations of joint disease in the athletic horse. In: Joint 
Disease in the horse. McIlwraith, C.W., Trotter, G.W. (eds), WB Saunders, Philadelphia 
pp 87-103. 

Poole, A.R., Pidoux, I., Reiner, A. & Rosenberg, L. (1982) An immunoelectron microscope 
study of the organisation of proteoglycan monomer, link protein and collagen in the 
matrix of the articular cartilage. J Cell Biol 93, 921-937. 

Poole, A.R. (1986) Proteoglycans in health and disease: Structures and functions. Biochem 
J 15, 1-14.  

Poole, A.R., Alini, M. & Hollander, A.H. (1995) Cellular biology of cartilage degradation. 
In: Mechanisms and Models in Rheumatoid Ahrtritis. Henderson, B., Edwards, J.C.W., 
Pettipher, B.R. (eds): San Diego, Academic Press, pp 163-204. 

Radin, E.L. & Rose, R.M. (1986) The role of subchondral bone in the initiation and 
progression of cartilage damage. Clin Ortop 213, 34-40. 

Radin, E.L. (1995) Osteoarthrosis – the orthopaedic surgeon’s perspective. Acta Orthop 
Scand, suppl 266, 6-9. 

Ratcliffe, A., Tyler, J.A. & Hardingham, T.E. (1986) Articular cartilage cultured with 
interleukin 1. Increased release of link protein, hyaluronate-binding region and other 
proteoglycan fragments. Biochem J 238, 571-580.  

Ratcliffe, A., Billingham, M.E., Saed-Nejad, F., Muir, H. & Hardingham, T.E. (1992) 
Increased release of matrix components from articular cartilage in experimental canine 
osteoarthritis. J Orthop Res 10, 350-358. 

Richardson, D.W. & Clark, C.C. (1993) Effect of short-term cast immobilisation on equine 
articular cartilage. Am J Vet Res 3, 449-453. 

Roos, H., Dahlberg, L., Hoerrner, L.A., Lark, M.W., Thonar, E.J., Shinmei, M., Lindqvist, 
U. & Lohmander, L.S. (1995) Markers of cartilage matrix metabolism in human joint 
fluid and serum: the effect of exercise. Osteoarthritis and Cartilage 3, 7-14. 

Rossdale, P.D., Hopes, N.J., Wingfield, Digby, K. & Offord, K. (1985) Epidemiological 
study of wastage among racehorses 1982 and 1983. Vet Rec 116, 66-69. 

Rosenberg, K., Olsson, H., Mörgelin, M. & Heinegård, D. (1998) COMP shows high 
affinity Zn-dependent interaction with triple helical collagen. J Biol Chem 273, 20397-
20403. 

Rosenberg, K. Cartilage Oligomeric Matrix Protein (COMP), Functions in collagen binding 
and assembly. (2001) ISBN91-628-4827-5 Thesis.  

Roux-Lombard, P., Eberhardt, K., Saxne, T., Dayer, J.M. & Wollheim, F.A. (2001) 
Cytokines, metalloproteinases, their inhibitors and cartilage oligomeric matrix protein: 
relationship to radiological progression and inflammation in early rheumatoid arthritis. A 
prospective 5-year study. Rheumatology 40, 544-551. 

Sah, R.L., Kim, Y.J., Doong, J.Y.H., Grodzinsky, A.J., Plaas, A.H.K. & Sandy, J.D. (1989) 
Biosynthetic response of cartilage explants to dynamic compression. J Ortop Res 7, 619-
636. 



 53 

Salter, D.M., Millward-Sadler, S.J., Nuki, G. & Wright, M.O. (2002) Differential responses 
of chondrocytes from normal and osteoarthritic human articular cartilage to mechanical 
stimulation. Biorheology 39, 97-108. 

Sandell, L.J. & Aigner, T. (2001) Articular cartilage and changes in arthritis: Cell biology 
of osteoarthritis. Ahrtritis Res 3, 107-113. 

Saxne, T. & Heinegård, D. (1992) Cartilage Oligomeric Matrix Protein: A novel marker of 
cartilage turnover detectable in synovial fluid and blood. Br J Rheum 31, 583-591. 

Saxne, T., Glennås, A., Kvien, T.K., Melby, K. & Heinegård, D. (1993) Release of 
cartilage macromolecules into synovial fluid in acute and prolonged phases of reactive 
arthritis. Arthritis Rheum 36, 20-25. 

Schneider, R.K., Bramlage, A.L., Gabel, A.A., Barone, L.M. & Kantrowitz, B.M. (1988) 
Incidence, location and classification of 371 third carpal bone fractures in 313 horses. 
Equine Vet J 6, 33-42. 

Setton, L.A., Elliott, D.M. & Mow, V.C. (1999) Altered mechanics of cartilage with 
osteoarthritis: human osteoarthritis and an experimental model of joint degeneration. 
Osteoarthritis and Cartilage 7, 2-14. 

Shen, Z., Heinegård, D. & Sommarin, Y. (1995) Distribution and expression of cartilage 
oligomeric matrix protein and bone sialoprotein show marked changes during rat femoral 
head development. Matrix Biol 14, 773-781. 

Shen, Z., Gantcheva, S., Månsson, B., Heinegård, D. & Sommarin, Y. (1998) 
Chondroadherin expression changes in skeletal development. Biochem J 330, 549-557. 

Simkin, P.A. & Bassett, J.E. (1995) Cartilage matrix molecules in serum and synovial fluid. 
Curr Opin Rheumatol 7, 346-351. 

Smith, R.K., Zunino, L., Webbon, P.M. & Heinegård, D. (1997) The distribution of 
oligomeric matrix protein (COMP) in tendon and its variation with tendon site, age and 
load. Matrix Biol 16, 255-271. 

Skiöldebrand, E., Lorenzo, P., Zunino, L., Rucklidge, G.J., Sandgren, B., Carlsten, J. & 
Ekman, S. (2001) Concentration of collagen, aggrecan and cartilage oligomeric matrix 
protein in synovial fluid from equine middle carpal joints. Equine Vet J 33, 394-402.  

Stashak, T.S. & Hill, C. (2002) Conformation and Movement. In: Adam’s lameness in 
horses. Stashak, T.S. (ed) Lippincott Williams & Wilkins, Philadelphia pp 73-111. 

Stryer, L. (1981) Connective-Tissue Proteins: Collagen, Elastin and proteoglycans. In: 
Biochemistry. Stryer, L. (ed) W.H Freeman and Company, pp185-198. 

Svensson, L., Aszódi, A., Heinegård, D., Hunziker, E.B., Reinholt, F.P., Fässler, R. & 
Oldberg, Å. (2002). Cartilage Oligomeric Matrix Protein-deficient mice have normal 
skeletal development. Mol and Cell Biol 22, 4366-4371. 

Thur, J., Rosenberg, K., Nitsche, D.P., Pihlajamaa, T., Ala-Kokko, L., Heinegård, D., 
Paulsson, M. & Maurer, P. (2001). Mutations in Cartilage Oligomeric Matrix Protein 
causing Pseudoachondroplasia and Multiple Epiphyseal Dysplasia affect binding of 
calcium and collagen I, II and IX. J Biol Chem 276, 6083-6092. 

Todhunter, R.J., Fubini, S.L., Freeman, K.P. & Lust, G. (1997) Concentrations of keratan 
sulphate in plasma and synovial fluid from clinically normal horses and horses with joint 
disease. J Am Vet Med Assoc 1, 369-374.  

Tortorella, M., Pratta, M., Liu, R-Q., Austin, J., Ross, O.H., Abbaszade, I., Burn, T. & 
Arner, E. (2000) The thrombospondin motif of aggrecanase-1 (ADAMTS-4) is critical 
for aggrecan substrate recognition and cleavage. J Biol Chem 275, 25791-25797. 

Trumble, T.N., Trotter, G.W., Oxford, J.R., McIlwraith, C.W., Cammarata Goodnight, J.L., 
Billinghurst, R.C. & Frisbie, D.D. (2001) Synovial fluid gelatinases concentrations and 
matrix metalloproteinase and cytokine expression in naturally occurring joint disease in 
horses. Am J Vet Res 62, 1467-1477. 

Tulamo, R.M., Houttu, J., Tupamaki, A. & Salonen, M. (1996) Hyaluronate and large 
molecular weight proteoglycans in synovial fluid from horses with various arthritides. 
Am J Vet Res 57, 932-937.  

Van den Hoogen, B.M., van den Lest, C.H.A., van Weeren, P.R., van Golde, L.M.G. & 
Barnevald, A. (1999). Effect of exercise on proteoglycan metabolism of articular 
cartilage in growing foals. Equine Vet J Suppl 31, 62-66. 



 54

Van den Boom, R., Brama, P.A.J., Kiers, G.H., de Groot, J. & van Weeren, P.R. (2004) 
Assessment of the effects of age and joint disease on hydroxyproline and 
glycosaminoglycan concentrations in synovial fluid from the metacarpophalangeal joint 
of horses. Am J Vet Res 64, 296-306. 

Verzijl, N., DeGroot, J., Thorpe, S.R., Bank, R.A., Shaw, J.N., Lyons, T.J., Bijlsma, J.W., 
Lafeber, F.P., Baynes, J.W. & TeKoppele, J.M. (2000) Effect of collagen turnover on the 
accumulation of advanced glycation end products. J Biol Chem 15, 39027-39031. 

Vignon, E., Arlot, M., Patricot, L.M. & Vignon, G. (1976) The cell density of human 
femoral head cartilage. Clin Orthop 121, 303-308. 

Viitanen, M., Bird, J., Maisi, P., Smith, R., Tulamo, R. & May, S. (2000) Difference in the 
concentration of various synovial fluid constituents between the distal interphalangeal 
joint, the metacarpophalangeal joint and the navicular bursa in normal horses. Res Vet Sci 
69, 63-67. 

Wiberg, C., Heinegård, D., Wenglén, C., Timpl, R. & Mörgelin, M. (2002) Biglycan 
organizes collagen VI into hexagonal-like networks resembling tissue structures. J Biol 
Chem 277, 49123-49126. 

Witter, J., Roughley, P.J., Webber, C., Roberts, N., Keystone, E. & Poole, A.R. (1987) The 
immunologic detection and characterisation of cartilage proteoglycan degradation 
products in synovial fluids of patients with arthritis. Arthritis Rheum 30, 519-529. 

Woessner, J.F. (1991) Matrix metalloproteinases and their inhibitors in connective tissue 
remodelling. FED Amer Soc Exp Biol J 5, 2145-2154. 

Wong, M., Siegrist, M. & Cao, X. (1999) Cyclic compression of articular cartilage explants 
is associated with progressive consolidation and altered expression pattern of 
extracellular matrix proteins. Matrix Biology 18, 391-399. 

Wu, Q.Q. & Chen, Q. (2000) Mechanoregulation of chondrocyte proliferation, maturation, 
and hypertrophy: ion-channel dependent transduction of matrix deformation signals. Exp 
Cell Res 256, 383-391.  

Xie, D.L., Meyers, R. & Homandberg, G.A. (1992) Fibronectin fragments in osteoarthritic 
synovial fluid. J Rheumatol 19, 1448-1452.  

Yovich, J.Y., Carroll, G.J. & Bell, M.C. (1993) Exercise increases synovial fluid keratan 
sulphate concentration in horses. Austr Equine Vet 11, 171-173. 

Young, R.D., Lawrence, P.A, Duance, V.C., Aigner, T. & Monaghan, P. (2000) 
Immunolocalization of collagen type II and III in single fibrils of human articular 
cartilage. J Histochem Cytochem 48, 423-432. 

Zaia, J., Boynton, R.E., McIntosh, A., Marshak, D.R., Olsson, H., Heiengård, D. & Barry, 
S.P (1997). Post-translational modifications in cartilage oligomeric matrix protein: 
Characterization of the N-linked oligosaccharides by matrix-assisted laser desorption 
ionization time-off-flight mass spectrometry. J Biol Chem 272, 14120-14126. 




