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Abstract 
Anteromedial Gonarthrosis – a molecular and cellular study 
 

Rajesh Rout       Doctor Of Philosophy 

Worcester College      Michaelmas 2012 

 

Anteromedial Gonarthrosis (AMG) is a distinct phenotype of knee osteoarthritis (OA), with a specific 

pattern of disease on the tibia. There is full thickness cartilage loss anteromedially, progressing to an 

area of damaged cartilage, and then to an area of macroscopically and histologically normal cartilage 

posteriorly. This reproducible pattern of disease can be considered to be a spatial model of OA 

progression and provides an alternative and less biologically varied set of specimens than the 

commonly used multiple joint compartments in which to quantify disease-related changes. The aim of 

this thesis was to explore in detail spatial and quantitative differences in cell, matrix and molecular 

features between areas of cartilage in AMG. 

A real time PCR study was undertaken comparing damaged and undamaged cartilage in AMG. 

Previous work from our research group had shown increased type I collagen content of undamaged 

cartilage in AMG. This gene expression study corroborated this finding by demonstrating increased 

COL1A1 expression in undamaged cartilage, compared to damaged cartilage. MMP1, MMP3, MMP13 

and ADAMTS4 were also shown to have increased expression in undamaged cartilage. Since these 

changes arise in tissue before any macroscopic damage is apparent, these may indicate early changes of 

the cartilage matrix in AMG. 

In order to confirm that these changes are directly related to the damage process and not only to normal 

regional variations, Above Knee Amputations were collected from patients with peripheral vascular 

disease but no overt OA and a template of the AMG joint surface created to allow for matched regional 

sampling. Studies into their histology, immunoassays and qPCR were performed in order to compare 

results with those from AMG specimens. Histology demonstrated low scores throughout but allowed 

for a division into lower (macroscopically and histologically normal) and higher grade (surface 

wear/possible early signs of OA) groups. Immunoassays showed elevated type I collagen in high grade 

but not low grade groups in the posterior cartilage. No differences in mRNA expression were detected 

using qPCR suggesting that changes seen in AMG specimens were specific to the OA disease process. 

Because the causes of cell death in OA are not fully understood an immunohistochemical study into 

apoptosis was performed. TUNEL staining demonstrated higher levels of apoptosis, the more damaged 

the cartilage. The presence of Active Caspase 3, Cytochrome C, Active Bax and Bim with the same 

distributions demonstrated apoptosis occurring via the intrinsic or mitochondrial pathway. The high 

levels of 3-Nitrotyosine in more damaged cartilage implicated reactive oxygen species in apoptotic 

mechanisms. 

A microarray study was conducted comparing regions of damaged and undamaged cartilage in AMG. 

389 genes were found to be significantly differentially expressed between regions. Several pathways 

rich in gene expression changes were highlighted including cellular development, inflammatory 

response and skeletal disorders. Results suggest complex changes in the signaling microenvironment of 

AMG and identify areas for future study. 

In summary, this thesis has highlighted several quantitative molecular and cellular differences between 

regions of cartilage in AMG, demonstrating its usefulness as a tight disease model. Gene expression 

differences corroborate changes previously seen by immunohistochemistry; microarray has shown the 

wider picture of gene expression changes. Apoptosis has been shown to occur via the intrinsic pathway 

and involve reactive oxygen species, highlighting this damage pathway as an important driver of cell 

loss. Most importantly this thesis has identified the apparently normal region in AMG specimens as a 

region undergoing considerable molecular changes and as a potential early disease model. The 

dysregulation of collagen I distribution seen in AMG and slightly worn AKA specimens is very 

interesting and suggests a possible early response to loading alterations caused by joint wear and 

opening the way for future experiments. The identification of wear patterns in AKA specimens 

specifically mapping to the zone of maximal damage in AMG confirms the site of initial injury and 

progression over time proposed in this model. These AKA specimens with no overt OA should 

therefore be used in future studies to assess emerging biomarkers of disease progression. 
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Chapter One 

1 GENERAL INTRODUCTION 

1.1 Osteoarthritis 

Osteoarthritis (OA) is the most common musculoskeletal condition affecting joints. It 

is primarily considered to be a degenerative joint disease, and it is the major cause of 

chronic musculoskeletal pain and disability in elderly populations worldwide [1].  

 

1.1.1 Definition 

There have been many iterations of a definition for OA, each aiming to include the 

multiple factors affecting the many constituents of a joint and the resulting 

pathological features. 

A consensus definition of osteoarthritis (OA) was defined in 1994: 

“OA diseases are a result of both mechanical and biologic events 

that destabilise the normal coupling of degradation and synthesis of 

articular cartilage chondrocytes and extracellular matrix and 

subchondral bone.  Although they may be initiated by multiple factors, 

including genetic, developmental, metabolic, and traumatic, OA diseases 

involve all of the tissues of the diarthrodial joint.  Ultimately, OA 

diseases are manifested by morphologic, biochemical, molecular, and 

biomechanical changes of both cells and matrix which lead to a 

softening, fibrillation, ulceration, loss of articular cartilage, sclerosis and 

eburnation of subchondral bone, osteophytes, and subchondral cysts.  

When clinically evident, OA diseases are characterised by joint pain, 
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tenderness, limitation of movement, crepitus, occasion effusion, and 

variable degrees of inflammation without systemic effects.” [2, 3] 

 

1.1.2 Epidemiology 

In the UK, OA affects approximately 8.5 million people [4]. More recently there has 

been a summary of its epidemiology in the USA that estimates its prevalence based 

on large cohort studies [5]. In particular, with reference to knee OA, radiological 

prevalence ranged from 14.1% (aged >26) to 31.2% (aged >60). The clinical and 

radiological prevalence ranged from 4.6% (aged >26) to 13.5% (aged >45) [6-8]. It 

appears to be more prevalent in females than males [9, 10]. 

 

The incidence of OA is increasing, and Kurtz et al, in 2007 [11] used the numbers of 

hip and knee replacements, census data, and population predictions to produce 

somewhat alarming figures. His paper predicts hip replacement surgery to grow by 

174% and knee replacement surgery by 673% by the year 2030. Similarly, the number 

of revision surgeries is expected to increase by 137% and 601% for hips and knees 

respectively, in the same time frame, adding considerable stresses to the healthcare 

system. In 1986, in the UK, the direct costs of OA were estimated at £1 billion [12], 

and since then has increased with the growing number of joint replacements being 

performed. 

 

1.1.3 Aetiology  

The aetiology of OA has traditionally been categorised as being either primary (or 

idiopathic) or secondary. There are many theories about the factors that predispose a 

person to ‘primary’ OA, and these include an individual’s genetic pre-disposition, 



 3 

biological, anatomical and mechanical factors (Figure 1-1).  However, their 

interaction and relationships to the initiation and progression of OA are poorly 

understood. There are more identifiable links between certain conditions/events and 

OA, and these are often grouped together as ‘secondary’ OA (Table 1-1). 

 

 

 

Figure 1-1 - A suggested relationship between genes and OA (adapted from Spector and 

MacGregor [13]). 

 

Given the polyfactorial nature of OA, the current philosophy proposes that all OA is 

secondary, and that the historical divide of primary and secondary OA is not a useful 

one [14, 15]. 
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Secondary OA 

 

Trauma 

Acute (accident) 

Chronic (occupational, obesity) 

 

Underlying joint disorder 

Fracture 

Infection 

Rheumatoid arthritis 

Hypermobility syndrome 

 

Systemic metabolic or endocrine disorder 

Wilson disease 

Haemochromatosis 

Hyperparathyroidism 

Acromegaly 

 

Neuropathic disease 

Diabetes mellitus 

Overuse of intra-articular steroids 

 

Crystal deposition disease 

Calcium pyrophosphate dehydrate (pseudogout) 

Monosodiumurate monohydrate (gout) 

 

Miscellaneous 

Bone dysplasia  

(multiple epiphyseal dysplasia, achondrodysplasia) 

Frostbite 

 
 

Table 1-1 A categorised list of some of the conditions that have a known association with OA, and 

have therefore previously been classed ‘secondary’. Adapted from Moskowitz 2007 [16]. 

 

1.1.3.1 Genetic Factors 

There appears to be a genetic predisposition to developing OA [17]. This relationship 

was noted as early as the 1940s, with hand OA and the presence of Heberden’s nodes 

[18]. Further large cohort studies of twins and siblings have demonstrated a higher 

risk of developing OA. This has been demonstrated for hip OA [19], knee OA 

(tricompartmental) [19-22], and hand OA [23]. More recently there has been shown to 

be similar evidence for a genetic risk for developing Anteromedial Gonarthrosis 
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(AMG). The relative risk for AMG in siblings was 3.2 [24]. Some of the earlier 

studies took joint replacement for OA as their end point [19]; more recent work has 

used radiological progression and investigated other morphological/biological factors 

[25]. A review by Spector et al in 2004 [13] included the factors shown in Figure 1-1. 

Genome-wide association studies have also identified potential candidate genes (for a 

recent review see [26]). However, given that our understanding of the initiation and 

progression of OA is limited, it is difficult to study and draw conclusions on the 

relationship between genes and OA. Furthermore, it is important to note that OA is 

polyfactorial in its nature, and thus the environmental and other factors discussed 

below contribute greatly. 

1.1.3.2 Environmental Factors  

A number of cohort studies have collected large numbers of variables attempting to 

correlate environmental factors with OA. For example, the following have been 

identified as having a relationship with OA: occupation, obesity, physical activity, 

joint injury and trauma [27-30] (trauma is discussed in more detail in section 1.1.3.3). 

Occupational risk factors include working in a kneeling position, squatting and heavy 

lifting [28, 31-33]. Obesity has also shown an association to knee OA [34-36]. 

1.1.3.3 Traumatic Factors 

Previous injury has been linked to OA. The relationship, in humans, between 

meniscectomy and OA was described by Fairbank in the 1940s [37].  Since the advent 

of arthroscopic surgery, this procedure is now rarely performed, with surgeons aiming 

to debride meniscal tears to a stable rim, or to repair them. However, even with 

meniscus-preserving surgery, there is progressive degenerative change [38-41]. 

Anterior cruciate ligament (ACL) tears are also common in the sporting population. 

Gait studies show evidence of altered loading in the ACL deficient knee [42], and 
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there is an increased risk of mensical damage and OA change in the ACL deficient 

knee [43]. The Pond-Nuki animal model (canine ACL transection) of OA is well 

described in the literature [44]. Other joint trauma, such as intra-articular fractures 

and chondral lesions also lead to OA changes, as demonstrated in the knee and ankle 

joints [45, 46]. 

1.1.3.4 Mechanical and Morphological Factors 

Abnormalities of gait have been shown in patients that have AMG [47-49]. More 

recently, researchers have considered the effect of changes of gait on normal 

cartilage, and conclude that such abnormalities may predispose a joint to OA [42, 50].  

The normal mechanical axis of the lower limb is aligned through the medial 

compartment of the knee, just medial to the tibial spine [51]. The anatomical 

alignment of the distal femur and proximal tibia is between 5 and 7 degrees of valgus. 

Changes in either of these alters the load-bearing areas of the knee and predisposes an 

individual to OA as demonstrated by resection specimens from the time of 

arthroplasty [52-54] and, more recently, by MRI studies [55-57]. 

 

Morphological features have long been associated with hip OA, where conditions 

such as developmental dysplasia of the hip, Perthes’ disease and SUFE have been 

shown to accelerate the progression of OA. In the young adult, the study of hip 

morphology has given rise to the term Femoro-Acetabular Impingement (FAI) [58]. 

Relationships have been noted with patients that develop OA, and the presence of FAI 

in their siblings [59], however longitudinal studies are yet to be conducted 

considering the outcome for joints exhibiting such morphological changes. Similarly, 

in AMG, one group’s findings suggest that the morphology of the tibial slope and the 
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extension facet angle of the tibial plateau may be features of patients that develop 

AMG [25]. The reasons why individuals exhibit such features are not understood. 

1.1.3.5 Pathogenesis and Biological Factors  

The initiation and progression of OA is poorly understood. There are a combination 

of factors that contribute to the pathogenesis of OA, and despite being described as a 

disease of all tissues of a synovial joint, the literature suggests uncertainty as to 

whether it is a primary disease of bone or cartilage. There is certainly growing interest 

in the relationship between cartilage and subchondral bone [15, 60], however, this 

thesis concentrates on the changes of cartilage in OA 

 

Cartilage degeneration leads to fibrillation, fissuring, and ultimately complete 

cartilage loss, exposing the subchondral bone plate. Osteophytes are formed, and their 

formation may precede cartilage damage [61]. The remodeling of normal tissue is 

absent in OA, and repair mechanisms falter. Chondrocytes are responsible for the 

generation and maintenance of tissue homeostasis [62] and in OA, their failure is a 

result of an imbalance in the physiochemical resisting properties, together with an 

altered biological mechanical stress environment on cartilage. At some point the 

biosynthetic anabolic activity is unable to keep pace with the degradative catabolic 

activity and tissue degeneration results [63]. 

 

1.1.4 Clinical Presentation / Phenotype 

The clinical presentation of a patient with OA is typically of pain and loss of function. 

A clinician’s role is to assess the severity of the pain and the degree to which a 

patient’s activities are impaired. To this extent, the use of Patient Reported Outcome 

Measures (PROMs), such as the Oxford Knee Score [64] and WOMAC score [65] are 
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becoming much more commonplace in clinical practice. Clinical examination will 

reveal findings including: an antalgic gait, deformity, effusions, muscle wasting, 

tenderness, fixed flexion deformity and a decreased range of movement which may be 

painful. 

 

For many years, OA has been considered to be a homogeneous disease of joint 

degeneration [15]. There has been much recent interest in patterns, or phenotypes, of 

disease and epidemiological studies have highlighted population differences between 

races and ethnicities [66, 67]. However further studies are required to emphasize 

potential explanatory factors such as genetic, environmental, anatomical and 

biomechanical features [68]. Similarly, when considering the basic science research 

into OA, it is important to pursue phenotype-specific study as is the case in this thesis. 

 

1.1.5 Investigation 

The workhorse of clinical investigation remains the plain radiograph. In knee OA, 

weight bearing, skyline (patellofemoral joint) and stress view Xrays are common 

additional views taken. MRI is also an adjunct, however its role in diagnosis and 

management is not well defined. It is more often used in the assessment of early OA. 

MRI is a useful research tool, and in large cohort studies such as the Osteoarthritis 

Initiative, it is used to image patients at intervals to assess progression [57]. Advances 

in MRI imaging include dGEMERIC scanning (GAG specific), and T2 mapping 

(Collagen network specific) though these currently are predominantly used in the 

research setting [69]. 
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1.1.6 Staging 

The clinical severity of the disease and its staging is a very topical subject in terms of; 

how one measures it, how a pain score or a PROM score should be interpreted, and 

how it should affect treatment. Radiographic disease staging has a number of scoring 

systems based around osteophytes, subchondral cysts, subchondral sclerosis and joint 

space narrowing. The most common of these is the Kellgren-Lawrence grade [70] 

(Table 1-2). 

 

Kellgren Lawrence 

Grade 

Features 

I Doubtful narrowing of joint space and possible osteophytic 

lipping 

 

II Definite osteophytes, definite narrowing of joint space 

 

III Moderate multiple osteophytes, definite narrowing of joint 

space, some sclerosis and possible deformity of bone contour  

 

IV Large osteophytes, marked narrowing of joint space, severe 

sclerosis and definite deformity of bone contour 

 
 

Table 1-2 – The Kellgren-Lawrence grading scale for the assessment of radiographic 

osteoarthritis. 

 

Other radiographic scoring systems, include those of Ahlback [71] and Altman [72].  

Newer MRI scoring systems have been developed such as the Boston Leeds 

Osteoarthritis Score [73] and the Knee Osteoarthritis Scoring System [74] however 

they are not yet common place in clinical practice and Xray remains the gold 

standard. 
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1.1.7 Treatment 

The Osteoarthritis Research Society International (OARSI) produced a systematic 

review of 23 guidelines that exist for the treatment of OA, and produced their own 

consensus guideline documents in 2007-10 [75-77]. They reviewed treatment options 

available and analyse the evidence base. 

In summary, they recommended a combination of non-pharmacological and 

pharmacological modalities which included: 

1. Physiotherapy, and undertaking regular exercise 

2. Analgesia 

3. Steroid / hyaluronic acid injection 

4. Osteotomy 

5. Joint replacement surgery 

 

Perhaps the most important factor in the progression of treatments for OA is that there 

are no available disease modifying treatments. Therefore most subjects that present 

with symptoms of OA will progress, at varying rates, toward joint replacement. 

 

1.1.8 Current Treatment of Anteromedial Gonarthrosis 

The treatment for Anteromedial Gonarthrosis (AMG) follows the same principle as 

highlighted in section 1.1.7. However the ‘end-stage’ surgical treatment of AMG 

remains an area of some debate. Options include high tibial osteotomy, 

unicompartmental (UKA) and total knee arthroplasty (TKA) (for systematic review 

see [78]). 

Interestingly, despite the figures described in section 1.1.2, which gives an 

approximation of the prevalence of each of the knee OA phenotypes, joint registry 
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data demonstrates far more total knee replacements being conducted (7% of knee 

replacements were UKA in 2012 NJR data) [79], implying that a large number of 

patients with AMG receive TKA as opposed to UKA. This apparent dichotomy has a 

number of potential causes which include surgeon training, surgeon preference, and 

lack of high quality evidence either supporting or refuting their use [78]. 

 

1.1.9 Unicompartmental Knee Arthroplasty 

The study of AMG in this thesis was made possible by obtaining resection samples 

from patients undergoing UKA. In brief, UKA was first used in the 1950s [80]. It is 

used to treat medial or lateral compartmental OA, with the underlying principle being 

preservation of normal structures. It has been shown to be successful and have shorter 

rehabilitation and shorter inpatient hospital stays than TKA [81].  

All patients studied in this thesis underwent medial UKA with the Oxford Knee. This 

arthroplasty, designed by Goodfellow and O’Connor [82], employs a spherical 

femoral component and a flat tibial component with a fully congruent mobile bearing 

[83]. The minimally invasive surgical approach [84] now used to implant the Oxford 

Knee does not resect the femoral articulation with saw cuts. Instead, it uses a bone 

mill to reshape the femur in situ. Unfortunately this means that the femoral cartilage is 

not available for similar biological studies as were conducted on the tibial plateau. 

 

1.1.10 Study of Osteoarthritis using Animal Models 

Animal models have widely been used in the study of OA. These vary widely from 

genetically modified small animals to rabbit or dog ‘mechanical’ models. However, 

their transferability to human OA is debatable, with onset of disease and rate of 
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progression being the key factors that make their relevance difficult to ascertain [85, 

86]. 

 

1.2 Knee Osteoarthritis 

1.2.1 The Knee Joint Anatomy and Function 

The knee is the largest synovial joint in the human body, and is formed between the 

femur, tibia and patella [87] (Figure 1-2). It has two articulations; tibiofemoral and 

patellofemoral. The tibiofemoral articulation is comprised of two compartments, the 

medial and lateral compartments. Stability is conferred to the knee by two collateral 

ligaments, the medial and lateral collaterals, and by two cruciate ligaments, the 

anterior and posterior cruciates. The collateral ligaments provide stability against 

valgus and varus forces and the cruciates against anterior-posterior translation of the 

tibia relative to the femur. 

 

In both the medial and lateral tibiofemoral compartments there are ‘C’ shaped 

fibrocartilaginous structures called menisci (Figure 1-2). Their role is to spread load 

bearing in the joint. They perform this by improving congruity and are able to 

conform slightly throughout the range of flexion [88]. 

 

As a synovial joint there are three other important characteristic features of the knee; 

a joint capsule which encompasses distal femur and proximal tibia, synovium (a soft 

tissue lining of the joint, containing synoviocytes), and synovial fluid (a fluid secreted 

from the synovial membrane responsible for lubrication and nutrition to the articular 

cartilage). As cartilage is an avascular and aneural tissue synovium must also 
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metabolise cartilage waste products [89]. Figure 1-3 demonstrates pictorially some of 

the joint changes that occur in OA. 

 

 

Figure 1-2 Diagram illustrating the major structures of the knee. Taken from Gray’s Anatomy 

[90]. 

 

 

Figure 1-3 A schematic demonstrating joint changes in osteoarthritis [89]. 
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1.2.2 Phenotypes of Knee Osteoarthritis 

As described in section 1.2.1, the knee joint has three compartments; the medial 

tibiofemoral compartment, the lateral tibiofemoral compartment, and the 

patellofemoral joint. OA can affect each of these in isolation, or in varying 

combinations. Anteromedial Gonarthrosis presents an opportunity to study the 

changes in a specific phenotype of OA. 

 

1.2.3 Anteromedial Gonarthrosis 

AMG was first described by White et al. in 1971 [91]. They described a repeatable 

pattern of macroscopic disease; an area of full thickness cartilage loss in the anterior 

third of medial tibial plateau, an area of damaged cartilage in the middle third, and 

posteriorly, an area of full thickness, macroscopically-normal cartilage. Thus, their 

description described the lesion as anteromedial on the entire tibial plateau. Our group 

has shown, by examination and analysis of specimens, that the lesion is in the 

anteromedial quadrant of the medial tibial plateau (Figure 1-4). It does grow in size 

with deterioration of the ACL (Rout et al, in press; 2013) and when the ACL is no 

longer functioning, tricompartmental OA ensues [43, 53, 92]. Histological analysis of 

AMG corroborates the macroscopic findings, with progressively less damaged 

cartilage from anterior to posterior [93]. It could, therefore, be considered to be a 

spatial model of OA progression. Intraoperative studies have shown a matching 

‘kissing’ lesion on the femoral side of the joint [94]. 

 



 15 

 

Figure 1-4 A medial tibial plateau resection specimen from a patient having UKA for AMG. The 

schematic on the right helps better demonstrate the areas of full thickness cartilage loss, partial 

thickness cartilage loss and macrosopically normal cartilage. 

 

1.3 Cartilage 

Articular cartilage is a highly specialised tissue. Its main role is the distribution of 

load within synovial joints, over its smooth and low friction surface. It is avascular, 

aneural and alymphatic. It consists of an extracellular matrix (ECM) sparsely 

populated with chondrocytes. The ECM is made up of primarily water, proteoglycans 

and collagens. 

 

1.3.1 Structure 

Articular cartilage can be divided into different zones based on depth and the 

arrangement of chondrocytes and matrix components (Figure 1-5). The main 

differences are cell shape and volume, collagen orientation and diameter, 

proteoglycan and water content. It can be divided into four zones;  superficial, middle 

and deep zones, and a zone of calcified cartilage (a boundary between cartilage and 

subchondral bone). The superficial zone contains chondrocytes that are flattened and 
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elongated, and both they and the collagen fibres are arranged parallel to the articular 

surface. In the middle zone, chondrocytes are more rounded in shape and the collagen 

fibres have a larger diameter and appear more randomly arranged. The middle zone is 

the thickest of the zones. The deep zone has chondrocytes and collagen fibres which 

are arranged perpendicular to the articular surface in a columnar fashion. The zone of 

calcified cartilage is visible beneath a tidemark and, in this layer, collagen is arranged 

similar to the deep zone and appears to ‘anchor’ cartilage to subchondral bone with 

collagen fibres crossing zones. The cell population is more scarce and chondrocytes 

are hypertrophic. 

 

 

Figure 1-5 Schematic demonstrating the layers of normal human cartilage [95]. 

 

In addition, the ECM can be divided into regions characterised by the proximity to 

chondrocytes. The pericellular region is the region immediately surrounding the 

chondrocyte; the territorial region matrix lies outside the pericelluar region and lies 

between the large regions of interterritorial matrix which encompasses the general 

tissue-wide matrix [96].  
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1.3.1.1 Chondrocytes 

Chondrocytes are the resident cells of articular cartilage and they originate from the 

mesenchymal stem cell lineage [97]. They occupy approximately 5% of the matrix 

volume and are responsible for the maintenance of the ECM. Cartilage is a post-

mitotic tissue and chondrocytes demonstrate extremely low levels of proliferation 

[98-100]. They are metabolically active and respond to a number of environmental 

stimuli including mechanical load. The biological stimuli and communication 

between chondrocytes occurs through soluble mediators which include cytokines, and 

growth factors. 

 

Chondrocytes secrete the matrix components of cartilage, and through a balance of 

anabolic and catabolic activity regulate homeostasis – an imbalance in these functions 

leads to some of the changes observed in disease. Changes also occur with age, with 

some evidence for senescence, which may contribute to OA initiation and progression 

[101, 102]. A decreased responsiveness to biological signals may contribute to ECM 

degradation by an inability to increase anabolic activity [103].  

1.3.1.2 The Extracellular Matrix 

Water is the main constituent of the ECM and normal cartilage contains between 65-

80%. The highest concentration is found near the cartilage surface, and decreases 

gradually with increasing depth. Most of the water is extracellular and contributes to 

the lubrication system. In addition it contains nutrients from synovial fluid. 

 

The other two major components of the ECM are collagens and proteoglycans. 

Collagens vary in diameter from 20 nM in the superficial zone to 70-120 mm in the 

deep zone. Type II collagen is the primary collagen in cartilage accounting for 90-
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98% of total collagens. The main property that collagens confer to cartilage is the 

tensile stiffness and strength. Proteoglycans are the next most abundant molecules 

with aggrecan being the commonest. They are complex macromolecules consisting of 

a central hyaluronic acid filament (HA) to which multiple monomers are covalently 

attached. Proteoglycans confer the osmotic properties necessary for cartilage to resist 

compressive load. 

There are a number of other collagens and proteoglycans, discussed below, which 

even though present in smaller quantities may contribute to cartilage structure and 

function in both normal and diseased states.  

 

Cartilage Constituent Percentage 

Water 65-80 

Collagen 10-20 

Proteoglycans 10-20 
 

Table 1-3 - The basic constituents of cartilage as percentage of wet weight. 

 

1.3.1.3 Collagens 

Collagens make up 50-80% of dry weight of cartilage and the major collagen of 

articular cartilage is type II collagen [104]. It is a fibrillar protein in which the basic 

monomer is made up of three identical !1 polypeptides orientated in a left-handed 

helix.  These polypeptides have a triple repeat amino acid sequence (Glycine-X-Y), 

where X and Y are frequently proline and hydroxyproline.  These polypeptides 

associate at the C-terminal ends and condense forming a nucleus. Nucleation of the C-

terminals facilitates chain alignment and formation of a right-handed triple helical 

structure (superhelix) that is stabilised by hydrogen bonding along the backbones of 

the chains.  The triple helical structure is highly resistant to most proteinases. N- and 

C-terminal propeptides are cleaved enabling fibril formation. Processed triple helix 

monomers cross-link at the N- and C-terminals (non-helical regions) to form the 
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collagen fibrils. This covalent cross-linking occurs usually between two lysine or 

hydroxylysine residues and is catalysed by lysyl oxidase. 

 

The other collagens of cartilage include types III, VI, IX, X, XI, XII, and XIV [105]. 

The most detail is known about type IX and XI collagens which form a heteropolymer 

with type II collagen, demonstrated using electron microscopy to exist as subunits of 

the same fibril network [106]. Type IX collagen molecules decorate the surface of 

type II collagen fibrils [107], and seven cross-linking sites have been identified in the 

type IX collagen molecule. Type XI collagen cross-link to each other and are believed 

to form a template that constrains the lateral growth of the type II collagen fibril [108, 

109]. 

 

Type I collagen has been demonstrated in normal and osteoarthritic cartilage [110, 

111]. It has been seen to colocalise with type II collagen and in OA cartilage is seen 

predominantly in the superficial zone in a similar fashion to that of wound healing in 

type I collagen based tissues [105]. The precise function of type VI collagen 

(distributed sparsely in the matrix) type XII and XIV collagens (found to be bound to 

collagen fibril surfaces) is unknown. 

 

The fibres and network of collagen provides the high tensile strength that is resistant 

to deformation and important for resisting the swelling capacity of aggrecan upon 

hydration [112]. 

Interestingly in review papers of cartilage collagens [105, 113], type I collagen is not 

described as being a constituent of normal cartilage. Comment is passed about it 

being present in the normal articular cartilage of birds, where it predominates at the 
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articular surface and decreases with depth in an interchanging gradient with type II 

collagen [114]. It is the main collagen of tendon, skin and bone and is also found in 

fibrocartilaginous repair tissue. There is some debate, covered in more detail in the 

next chapter, about its presence in OA cartilage. 

 

Collagen Type Function % of total collagen 

I Cartilage repair  

II 
Main collagen of articular 

cartilage 

75% 

III Adult articular cartilage <10% 

VI Chondron basket <1% 

IX 
Covalently fibril-

associated cartilage 

10% fetal 

1% adult 

X 
Hypertrophic cartilage 

only 

 

XI 
Fibril template 10% fetal 

3% adult 

XII / XIV 
Non-covalently fibril-

associated collagen 

 

XIII Transmembrane  
 

Table 1-4 Table of collagens in articular cartilage, function and % by dry weight. Adapted from 

Eyre 2006 [113]. 

 

1.3.1.4 Proteoglycans 

Proteoglycans are complex macromolecules consisting of a core protein to which 

covalently bound polysaccharide (glycosaminoglycans (GAG)) are covalently bound. 

Aggrecan is the main proteoglycan of cartilage. It is present as an aggregate of up to 

100 aggrecan molecules, in association with a central filament of hyaluronan and link 

proteins. Aggrecan has three globular domains. G1, G2 and G3. G1 and G2 are 

separated by a short interglobular domain; G2 and G3 are separated by a long GAG 

attachment region. G1 contains the domain where HA and link proteins interact. The 

function of the G2 domain is unknown. The G3 domain is at the C- terminus and 

essential for aggrecan secretion [115]. 
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The GAG molecules contain chondroitin sulphate and keratan sulphate, which are 

repeating polydimeric saccharide units of D-glucuronate and N-acetyl-D-

galactosamine, and D-galactose and N-acetyl-D-glucosamine respectively. They have 

an overall negative charge which is crucial to control of the hydration of the matrix. 

GAGs are hydrated occupying a volume many times greater than their dry weight.  

When compressed, water is extruded from the molecule, but complete compression is 

sterically hindered by the polyanionic nature of the GAG molecule, thus it serves as 

an excellent impact absorber. Upon release of the compressive force and subsequent 

return of water, the inflexible collagen component resists the swelling pressure and 

prevents over-hydration of the proteoglycan [116].  

In addition, this movement of water in and out of the cartilage and inevitable 

interaction with the synovial fluid is crucial for delivering nutrients and removal of 

waste products to and from the chondrocytes that reside in this avascular environment 

[117]. This interaction of aggrecan and collagen confers the ability of cartilage to 

maintain its integral shape and resistance to deformity (Figure 1-6).  

 

 

Figure 1-6 Schematic demonstrating the arrangement of aggrecan, hyaluronan and collagen in 

cartilage [118]. 
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1.3.2 Cartilage in Osteoarthritis 

As the definition above in section 1.1.1 implies, OA is a joint-wide phenomenon 

affecting all of the tissues of a synovial joint. The order in which these occur is 

undetermined and, as outlined previously, so is the question of where the pathology 

begins. One of the predominating visible features of end-stage osteoarthritis is 

cartilage loss, hence the description of OA being ‘wear and tear’. It is understandable 

that much of the study of OA has centered around cartilage degeneration and the 

factors driving this change. As techniques have evolved it has become possible to 

delve deeper into the molecular and cellular mechanisms underpinning cartilage 

change in OA, and some of these techniques are described in section 1.4. 

 

1.3.2.1 Macroscopic Features 

The non-invasive (imaging) features of OA cartilage are described in section 1.1.5. 

The next ‘level’ of descriptive features are those observed macroscopically, either at 

arthroscopy, or at the time of joint arthroplasty. Normal cartilage has a smooth shiny 

surface, and changes such as flaking or softening, fissuring and cartilage loss form the 

basis of two commonly used macroscopic grading systems of Collins [119] and 

Outerbridge [120] (See Table 1-5 and Table 1-6).  Interestingly, in the description of 

his grade Collins wrote that, “This grading system is, of course, arbitrary and in no 

way represents fixed stages in the progress of the disease.” [119]. 
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Collins grade Features 

Grade 0 Normal healthy joint with smooth cartilage 

Grade I Superficial flaking of cartilage in areas of pressure and movement 

Grade II More extensive destruction of cartilage not denuding bone 

Grade III Total loss of cartilage in one or more pressure areas and obvious 

margins 

Grade IV Complete loss of cartilage from large areas with eburnation of 

bone; prominent osteophytes 
 

Table 1-5 – Collins grade of macroscopic damage to cartilage. Taken from Collins (1949) [119]. 

 

 

Outerbridge grade Features 

Grade 0 Normal cartilage 

Grade I Cartilage with softening and swelling 

Grade II A partial-thickness defect with fissures on the surface that do 

not reach subchondral bone or exceed 1.5 cm in diameter 

Grade III Fissuring to the level of subchondral bone in an area with a 

diameter more than 1.5 cm. 

Grade IV Exposed subchondral bone 
 

Table 1-6 – The Outerbridge grade. Taken from Outerbridge (1961) [120]. 

 

These are relatively crude assessments of cartilage damage, though Acebes et al. 

showed that there is a moderate correlation between arthroscopic and histological 

grading systems [121]. It is also interesting to note that in macroscopic descriptions of 

OA, osteophyte formation can develop prior to joint space narrowing [61]. 

1.3.2.2 Microscopic Features 

The traditional microscopic features of OA cartilage are defined by histological 

analysis. These include surface fibrillation and fissuring, cloning and hypercellularity, 

and decreased GAG staining. They are discussed in more detail in section 1.4.1 

together with grading systems. 
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1.3.2.3 Cellular features 

The cellular responses in OA cartilage include; proliferation and apoptosis, changes in 

synthetic activity, changes in degradation, and phenotypic modulation of 

chondrocytes [63]. Chondrocytes have low proliferative activity in osteoarthritic 

cartilage [122]. The reported levels of apoptosis are variable, ranging from 20 to 50% 

[123-125]. A more detailed consideration of apoptosis is presented in Chapter 5. 

 

OA cartilage has been shown to have some metabolic activity and synthesis of ECM 

components [126-128], under the influence of anabolic growth factors such as 

transforming growth factors beta, bone morphogenic proteins, insulin-like growth 

factors and fibroblast growth factors. However there is an imbalance in their 

breakdown with the increased synthesis of two main families of enzymes, the matrix 

metalloproteinases (MMPs) and the Disintegrin-like and metalloproteinase-like 

domain with thrombospondin motifs (ADAMTS). Chapter 2 describes the roles of 

these enzymes in more detail.  

 

1.4 Experimental techniques 

The earliest studies of cartilage in OA involved macroscopic assessment alone [119]. 

There has been a rapid evolution in biological techniques and this thesis uses a 

number of molecular and cellular techniques to examine cartilage. An overview of 

their principles, development and historical use is given below. 

 

1.4.1 Histology 

Histology remains the gold standard, both clinically and in research, for the study and 

grading of damaged cartilage in OA. Mankin et al. in 1971 [129], produced 



 25 

pioneering work on a pathological grading system for OA cartilage. The Mankin 

grade of Histological and Histochemical Grading System (HHGS), as it is also 

known, examines the following pathological features; the structure (in terms of 

damage to cartilage), cellularity, safranin-O staining, and tidemark integrity. Each is 

scored as shown in Table 1-7) with the range being 0-14. 

 

Category Subcategory Score 

Structure Normal 0 

 Surface irregularities 1 

 Pannus and surface irregularities 2 

 Clefts to transitional zone 3 

 Clefts to radial zone 4 

 Clefts to calcified zone 5 

 Complete disorganisation 6 

Cells Normal 0 

 Diffuse hypercellularity 1 

 Cloning 2 

 Hypocellularity 3 

Safranin O staining Normal 0 

 Slight reduction 1 

 Moderate reduction 2 

 Severe reduction 3 

 No dye noted 4 

Tidemark integrity Intact 0 

 Crossed by blood vessels 1 

Total  0–14 
 

Table 1-7 – The Histological and Histochemical Grading system for osteoarthritic articular 

cartilage [129]. 

 

There have been several modifications to the Mankin grade. For example that of 

Armstrong et al [130] takes into account chondrocyte cloning. More recently, due to 

concerns about the validity and reproducibility of this scoring system [131, 132] 

OARSI produced a new grade, stage and scoring system [133] subsequently named 

the Osteoarthritis Cartilage Histopathology Assessment System (OOCHAS) [134]. 

The grade is driven by the key feature of the degree of cartilage damage, with 
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subtypes defined by associated criteria as demonstrated in Figure 1-7. The stage is 

dependent upon the horizontal extent of the damage across a joint’s cartilage surface. 

Thus for experimental models analysing regional areas of cartilage, the stage is 

redundant [93]. 

 

Figure 1-7 The Osteoarthritis Cartilage Histopathology Assessment System (OOCHAS). This 

scoring system grades sections based on the surface phenomena of cartilage as demonstrated in 

the schematic representations and histological sections provided in the original paper [133]. 

 

1.4.2 Light Microscopy Techniques 

Immunohistochemistry was first developed in the 1940s [135] to allow for the 

detection of and localisation of molecules in cells and tissues. It does this through an 

antigen-antibody interaction that is visualised using an enzyme, dye or radioactive 

element. It remains a useful tool but only allows for semi-quantitative analyses, for 

example the number of cells in which a protein is found, but not the absolute amount 

of that protein. 
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Fluorescence in situ hybridization (FISH) is a technique developed in the 1980s [136] 

to detect and localise specific DNA sequences. It can be used to detect mRNA in 

tissue, thus helping define the spatial pattern of gene expression. Specific probe 

sequences are created and tagged with fluorophores. The amount of fluorescence 

detected can be used in a comparative fashion. It has previously been used as a semi-

quantitative technique, though with increased specificity of probes and improved 

microscopy, it can be used quantitatively. 

 

1.4.3 Other Microscopy Techniques 

The advances in microscopy, such as those below, can produce some elegant images 

including those of fluorescent markers and co-localisation and orientation of 

molecules being investigated. Confocal microscopy produces clearer images by 

excluding light from outside of the focal plane, using pin holes. Thus it allows for 

imaging of greater depth of a section, with the ability to reconstruct a three 

dimensional picture. Such analysis can provide interesting data on chondrocytes at 

different depths of a section and the 3D morphology of cells [137, 138]. 

 

Multiphoton microscopy uses non-linear optical effect, amplified at very tight focus, 

to produce images (fluorescence) of sub micron resolution. Due to the near infra-red 

pump beams, the depth of penetration is improved relative to visible light. The use of 

high intensity pulsed lasers also lends itself to second harmonic generation 

microscopy. Molecules, such as collagen that lack centro-symmetry (are piezo 

electric) generate second harmonic signals that can be related to spatial organization 

and orientation [139, 140]. 
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Electron microscopy uses a beam of electrons, instead of light, to image a specimen. 

Its main advantage over light microscopy is its ability to produce image resolution on 

the nanometer scale. However, it is limited by its expense and the extensive 

preparation of tissue required. It is not possible to image live tissues/cells. 

 

1.4.4 Immunoassay 

Enzyme Linked Immuno Sorbent Assay (ELISA) allows quantitative measurement of 

the levels of protein in cartilage sample. It uses antigen-antibody interactions in a 

similar manner to immunohistochemistry, and can determine the amount of a protein 

present in a sample by measurement of level of the optical signal of enzymatic 

substrate. Their use in the study of cartilage has particularly been driven by the need 

to assess the quality of engineered cartilage [141-143]. 

 

1.4.5 Polymerase Chain Reaction 

Conventional Polymerase Chain Reaction (PCR) is a technique that was developed in 

the 1980s to amplify DNA strands. Primers that are specific to a strand of DNA are 

used in conjunction with an enzyme, DNA polymerase, to create complimentary 

strands. The principle involves three cyclical steps: denaturation of double stranded 

DNA, annealing of primers, and primer extension [144]. RNA sequences are first 

reverse transcribed into cDNA and then undergo the same process. The presence of 

amplified products is detected using gel electrophoresis at the end of the procedure. 

This does not allow for accurate quantification, though band thickness can be used to 

crudely approximate or compare levels of gene expression [145]. 
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Real Time quantitative PCR (qPCR) was developed in 1996 [146] as a method of 

DNA quantification. It monitors the progress of a PCR reaction in real time, allowing 

for quantification of even small amount of PCR product. This is possible due to the 

detection of fluorescence produced by a reporter molecule. These can be either dyes 

that bind to DNA or sequence specific probes such as TaqMan probes [147]. In each 

cycle of PCR, if the target sequence is present, the fluorophore attached to the probe 

is cleaved thus increasing the reporter dye signal. The detection of this signal can then 

be quantified absolutely, or relative to a control specimen or target ‘housekeeping’ 

gene. 

 

1.4.6 Microarray 

Microarray technology was first described in the 1990s [148]. It allows the 

simultaneous study of gene expression levels across large numbers of genes in 

parallel. A glass chip is coated with selected probe “spots” and DNA added. 

Hybridization of the probe occurs to the complementary DNA which is fluorescently 

tagged. The plate can then be scanned and the intensity of signal from each spot 

calculated. A vast amount of data is generated. This can undergo complex 

bioinformatic analyses in conjunction with gene ontology data to demonstrate clusters 

of genes that are up or down regulated, together with pathway analyses. 

 

1.5 Previous Findings in the study of Anteromedial Gonarthrosis 

Over the last six years, our group has focused on the specific OA subtype of AMG. 

This is most common pattern of disease in patients presenting for knee replacement, 

and the specific pattern of lesion development lends itself to mechanical and 

biological study. Previous studies have focused on macroscopic and histological 
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features. This thesis considers, in more detail, regional cellular and molecular 

variations. 

 

1.5.1 Macroscopic 

The macroscopic features of AMG were first described by White et al. in 1971 [91] 

and are summarized in section 1.2.3. Further, more focused work by our group on the 

size of the area of full thickness cartilage loss shows that with increasing damage of 

the ACL, the lesion size increases (Rout et al, in press; JOR 2013) and the 

macroscopically normal area of cartilage posteriorly remains. At the point at which 

the ACL is no longer functional, tricompartmental OA ensues, with a loss of the 

retained posterior cartilage on the medial tibial plateau, and extension of disease into 

the lateral compartment. 

 

1.5.2 Histological 

Previous work by our group has characterised in detail the histological features of 

AMG [93]. Samples were sectioned through regions of full thickness cartilage loss, 

damaged cartilage and undamaged cartilage, as demonstrated by the schematic below 

(Figure 1-8). The sections then underwent staining using Haemaoxylin and Eosin and 

Safranin-O stains, and were graded using both Modified Mankin and OOCHAS 

scoring systems (Figure 1-9). A significant decrease in histological grade was 

demonstrated from anterior to posterior (p<0.001) with the posterior region classified 

as being within a normal range (Figure 1-10). This study showed that there was a 

good correlation between Modified Mankin and OOCHAS grades (rho=0.886; 

p=0.001), with both demonstrating similar inter- and intra- observer error, suggesting 

that they can both grading systems can be used for the purposes of such studies.  
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Figure 1-8 - Schematic of a cross section of AMG. It demonstrates the regions of full thickness 

cartilage loss (Bone), damaged and undamaged cartilage. The damaged cartilage was divided 

into equal thirds T1, T2 and T3. N is the undamaged region of cartilage posteriorly. 

 

 

Figure 1-9 Schematic of regions with the histological Safranin-O staining of each region: T1, T2, 

T3 (damaged areas) and N (undamaged area). 
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Figure 1-10 - The modified Mankin grade of AMG by region. A statistical difference was shown 

between regions (p<0.001). 

 

Immunohistochemical analyses revealed low levels of cell proliferation across all 

regions of the specimen, as one might expect, given the low turnover of cartilage in 

both normal and diseased states. Staining was undertaken for Types I and II collagens. 

Type II collagen appeared evenly distributed in all regions of cartilage. However, 

Type I collagen staining was shown in an inter-territorial distribution in undamaged 

cartilage only (Figure 1-11). This interesting finding led to further investigation with 

immunoassays, and is considered in more detail in Chapter 2. 
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Figure 1-11 Type I Collagen immunhistochemistry. Positive staining was found in some 

chondrocytes and the interterritorial regions of the matrix. 

 

1.5.3 Immunoassays 

Immunoassays were undertaken for matrix components GAG, Type II collagen and 

Type I Collagen. The regions used were those defined in the study of histology of 

AMG [93]. T1-T3 were equal thirds of damaged cartilage, with T1 being the most 

damaged, T3 being the least damaged, and N, undamaged cartilage. There was a 

significant decrease in GAG levels with more damaged cartilage (p<0.0001) (Figure 

1-12) and no difference in type II collagen levels (p=0.78) (Figure 1-13). However, 

the Type I collagen assay revealed an unexpected finding, with increased levels in the 

macroscopically and histologically normal cartilage (Figure 1-14).  



 34 

   

Figure 1-12 – Graph of GAG % dry weight by region (reproduced from S.McDonnell thesis, The 

Phenotype of Anteromedial gonarthrosis, 2008). T1-T3 represent damaged cartilage (most 

damaged to least damaged). N is undamaged cartilage. The red line represents lab control data 

(bovine). There was a significant difference (p<0.0001; ANOVA) between regions. 

 

Figure 1-13 – Graph of Type II Collagen % dry weight by region (reproduced from S.McDonnell 

thesis, The Phenotype of Anteromedial gonarthrosis, 2008). There was no significant difference 

(p=0.78) between regions. 
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Figure 1-14 – Graph of Type I Collagen % dry weight by region (reproduced from S.McDonnell 

thesis, The Phenotype of Anteromedial gonarthrosis, 2009). There was a significant difference 

(p<0.0001) between groups. 

 

1.5.4 Conclusions of Previous Studies and Motivation for this Work 

The work above forms the basis of the model of AMG, this thesis, and subsequent 

work. It is suggestive that within AMG, there are well-defined histological regions 

with varying degrees of cartilage damage in close proximity. Therefore one could 

consider them to be at different stages of OA disease with the undamaged posterior 

region exemplifying early pre-OA and the anterior lesion, end-stage disease. As 

previously discussed, there are no human models of OA disease progression, and 

though obtaining tissue for temporal studies will always remain a challenge, AMG 

provides a platform for the study of a spatial model of OA. 

 

The expected results were demonstrated for levels of GAG, with decreased amounts 

in the more damaged tissue. However the unexpected finding of increased Type I 

collagen, demonstrated qualitatively with immunohistochemistry, and quantitatively 

with immunoassays led to the hypothesis that this may be a pre-histological (early) 
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change of OA, worthy of investigation, and formed the basis for further molecular and 

cellular studies in AMG. 

 

Even the earliest presentation of OA to the clinician is often that of end-stage OA. 

Clinical imaging shows changes of cartilage erosion, and treatments are limited to 

those mentioned previously in sections 1.1.7 and 1.1.8. One could consider the 

clinical presentation of OA as being synonymous with ‘a failing joint’. 

 

There are currently no disease modifying treatments for OA. We have a very limited 

understanding of the changes that occur prior to visible histological damage. AMG 

provides a potential model for studying and gaining a better understanding of ‘earlier’ 

changes of osteoarthritic cartilage; one would hope that it might be possible to 

identify markers of early disease, and develop targets for earlier intervention.  

 

1.6 The Scope of this Thesis 

The scope of this thesis is to move beyond standard pathological descriptions of AMG 

cartilage, and to begin to explore altered cellular responses, signalling pathways and 

pathogenic mechanisms in a well-defined phenotype of OA. 

 

In addition to the evident changes in damaged cartilage, the data presented above 

(section 1.5.4) provides evidence for previously undocumented changes occurring 

within the undamaged cartilage of AMG. These are interesting because they may 

represent pre-OA changes. A major technical aim of this thesis is to collect knee 

cartilage from age-matched patients without OA and to develop a sampling technique 
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to isolate precisely matched regions for comparison with AMG specimens, relying on 

our understanding of lesion topography from previous studies. 

 

1.7 Aims of this thesis 
 

This thesis aims to study cartilage biology in AMG, a specific phenotype of disease. 

AMG presents an opportunity to study regions of damaged and undamaged cartilage 

that are in close proximity and exhibit progressive histological features of disease. I 

aim to demonstrate regional differences in the content and gene expression of these 

areas. By investigating the molecular and cellular changes that occur in these regions 

of cartilage, I hope to identify new potential markers of disease and provide new 

insight into the mechanisms underlying these changes. 

 

A series of cellular and molecular techniques are used both on AMG samples and 

control tissue to address the following questions: 

1. Are there gene expression differences between undamaged and damaged 

cartilage in AMG? 

2. Do these gene expression studies corroborate our previous findings from 

immunoassays? 

3. Does healthy control tissue confirm these findings as changes due to OA? 

4. What regulates apoptotic cell death in cartilage degeneration in AMG? 

5. In a whole genome microarray is it possible to identify further genes and 

pathways involved in cartilage degeneration in AMG? 
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Chapter 2 will explore regional gene expression differences in AMG. The following 

‘matrix-relevant genes will be investigated using Real-Time Polymerase Chain 

Reactions (qPCR) comparing damaged and undamaged cartilage regions: COL1A1, 

COL2A1, COLIII, ACP, MMP 1, MMP 3, MMP 13, MMP 28, ADAMTS 4, 

ADAMTS 5, ADAMTS 16. 

 

Chapter 3 will describe the methods by which control tissue is obtained. In order that 

results for AMG can be compared, above knee amputations are used as control tissue, 

and a template created to allow for topographical sampling from equivalent regions of 

cartilage. 

 

Chapter 4 will present a series of experiments (histology, immunoassays and qPCR) 

conducted on AKA samples, as have previously been undertaken on AMG specimens. 

 

Chapter 5 explores apoptosis in AMG. Apoptosis has been shown to play a role in 

cartilage degeneration in OA. Pilot data from our group suggests increased levels of 

apoptosis in degraded cartilage. This study will use a series of immunohistochemical 

experiments to explore potential mechanisms of apoptosis in AMG and its pathways. 

 

Chapter 6 uses whole genome microarray technology to consider a global picture of 

cellular alteration between damaged and undamaged cartilage in AMG. 

 

A specific hypothesis for each study is presented at the start of each chapter 
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Chapter Two 

2 STUDY 1 – REGIONAL GENE EXPRESSION 

DIFFERENCES IN ANTEROMEDIAL GONARTHROSIS 

2.1 Introduction 

Chapter 1 outlined our group’s findings in Anteromedial Gonarthrosis using 

biochemical and immunoassays. In light of these intriguing findings, the aim of this 

study was to investigate relative differences in gene expression between damaged and 

undamaged cartilage in AMG. In particular, the finding of increased Type I collagen 

in the macroscopically and histologically normal cartilage of AMG has not been 

documented in the literature and was worthy of further investigation. In addition we 

noted a high loss of GAG in the damaged region and were interested to assess 

whether this correlated with decreased aggrecan mRNA expression and other relevant 

matrix degrading enzymes mRNA. 

 

A study was therefore designed to make use of the highly uniform graded damage 

features in AMG specimens to map regional gene expression changes in a number of 

matrix-relevant genes. The ability to compare expression patterns in damaged and 

undamaged regions from the same specimen is a considerable advantage when 

compared to the widely published approach of using damaged and undamaged 

cartilage from different patients. The genes studied were those most relevant to the 

immunoassays conducted in previous studies (COL1A1, COL2A1, ACP). In addition 

a selection of matrix metalloproteinases (MMPs) and a disintegrin and 

metalloproteinase with thrombospondin motifs (ADAMTSs) were also chosen for 
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study. There was limited RNA available for gene expression studies, and the MMPs 

and ADAMTSs chosen were on the basis of either a previously well documented role 

in OA (MMPs 1, 3, 13; ADAMTSs 4,5), or because of emerging evidence (MMP 28 

and ADAMTS 16) from a collaborating group (Dr. Ian Clark, University of East 

Anglia) 

 

Chondrocytes are responsible for cartilage homeostasis. The cytokines, growth 

factors, and enzymes produced by chondrocytes control the anabolic and catabolic 

processes that occur within cartilage. The MMPs and ADAMTSs have been 

previously studied and shown to play a key role in cartilage extracellular matrix 

(ECM) degradation [149-151]. Their precise role in OA is not fully understood, in 

terms of their interaction with other proteinases and their inhibitors. Similarly, the 

triggers and predisposing factors for their up- and down- regulation in disease states 

has not been characterised. 

 

The MMPs, in humans, consist of a group of 24 zinc-dependent endopeptidases (they 

require a zinc ion in their active site for catalytic activity). They are active at neutral 

pH and can therefore catalyze the normal turnover of ECM macromolecules 

(collagens, proteoglycans, elastins, and matrix glycoproteins). Table 2-1 shows the 

MMPs that were selected for study. 

 

MMP1 was the first MMP discovered in 1962 [152], where its action was noted on 

resorbing tadpole tails. As the first MMP discovered, much early work in OA 

cartilage focused on its collagenase activity in cleaving Type II collagen [153]. 
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It was not until MMP13 was sequenced from breast cancer tissue [154] that interest 

was raised as to the relative collagenase action of MMPs in OA. MMP13 activity has 

been shown to be 10-fold that of MMP1 activity against Type II collagen. Hence 

MMP13 became considered pathognomic of OA. 

 

MMP3 is another enzyme that has been well documented as having a role in cartilage 

degeneration in OA [155, 156]. This is not only due to its direct action on its 

substrates, but because of its capacity to activate pro-MMPs -1, -8, -9 and -13. 

 

MMP28 is the newest member of the MMP family. It was first reported in the 

literature in 2001[157, 158]. Kevorkian et al [159] and Davidson [160] have shown 

this to be amongst the most highly upregulated MMPs in OA cartilage and synovium. 

Its role and function have been studied in chondrosarcoma cell lines [161] however a 

more specific action in OA cartilage has not yet been identified. 

 

MMP Enzyme name Substrates 

 

MMP-1 

 

Collagenase-1, 

interstitial 

collagenase 

 

Collagens I, II, III, VII, VIII and X, gelatin, aggrecan, versican, 

proteoglycan link protein, casein, !1-proteinase inhibitor, !2-M, 

pregnancy zone protein, ovostatin, nidogen, MBP, proTNF, L-

selectin, proMMP-2, proMMP-9 

 

MMP-3 Stromelysin-1 Collagens III, IV, IX and X, gelatin, aggrecan, versican, 

perlecan, nidogen, proteoglycan link protein, fibronectin, 

laminin, elastin, casein, fibrinogen, antithrombin-III, !2M, 

ovostatin, !1-proteinase inhibitor, MBP, proTNF, proMMP-1, 

proMMP-7, proMMP-8, proMMP-9, proMMP-13 

 

MMP-13 Collagenase-3 Collagens I, II, III and IV, gelatin, plasminogen activator 

inhibitor 2, aggrecan, perlecan, tenascin 

 

MMP-28 Epilysin Casein 

 

 

Table 2-1 - Table summarising the matrix metalloproteinases (MMPs) examined and their 

substrates. Adapted from Murphy et al (2002) [162] 
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The ADAMTSs consist of a group of 19 enzymes, the first of which, ADAMTS1 was 

documented in 1997 [163], though prior to this others had been discovered but 

labelled proteases rather than ADAMTSs. These enzymes have a complex domain 

structure consisting of at least a signal peptide, pro domain, metalloproteinase 

domain, disintegrin domain, thrombospondin type I motif and cysteine rich domain 

[164]. Table 2-2 shows the ADAMTSs selected in this study. 

 

Initial work into OA and the ADAMTSs suggested that ADAMTS5 was the major 

aggrecanase involved in its pathogenesis [165, 166]. However, more recent work has 

shown that both ADAMTS 4 and 5 contribute to the structural damage in OA 

cartilage [167-169]. ADAMTS16 was described more recently [164] and has also 

been shown to be upregulated in OA cartilage and synovium [159, 160]. 

 

ADAMTS Enzyme name Substrates 

ADAMTS4 Aggrecanase-1, 

KIAA0688* 

Aggrecan; brevican; versican V1; 

fibromodulin; decorin; 

carboxymethylated transferrin 

ADAMTS5 Aggrecanase-2, 

ADAMTS-11 

Aggrecan 

ADAMTS16 

 

 

 

Unknown 

 
 

Table 2-2 - Table to summarise the “a disintegrin and metalloproteinase with thrombospondin 

motifs” (ADAMTSs) examined and their substrates. Adapted from Porter et al (2005) [164]. 

 

This study aims to assess the relative regional gene expression differences between 

the damaged and undamaged cartilage of AMG specimens.  

2.2 Null Hypothesis 

There are no gene expression differences between damaged and undamaged regions 

of cartilage in AMG as determined by mRNA quantification measured by quantitative 

real time polymerase chain reaction. 
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2.3 Materials and Methods 

2.3.1 Sample collection and preparation 

Six tibial plateau resection specimens were collected from patients undergoing UKA 

for AMG (Ethics Reference C01.071) (Appendix 1) at the Nuffield Orthopaedic 

Centre, Oxford. Preliminary work undertaken for four samples’ damaged regions 

(n=12 regions), had shown that in order to obtain suitable amounts of RNA for gene 

expression analysis it was not possible to divide the regions up as described 

previously (T1-N), in Chapter 1, for immunoassay work. Instead, it was necessary to 

compare damaged versus undamaged regions en masse. Therefore damaged cartilage 

(T1-T3) was compared to undamaged cartilage (N) (Figure 2-1). 

 

For each sample, the cartilage was identified as being either undamaged 

(macroscopically) or damaged. Under a bright light, the samples were examined and a 

line marked between the posterior crescent of undamaged cartilage and damaged 

cartilage. The rim of the sample (the medial and posterior borders) was discarded to 

avoid contamination with tissue such as osteophyte. The cartilage was lifted off the 

bone using a size 12 scalpel blade. It was immediately snap frozen in liquid nitrogen 

and transported to a -80 °C freezer, where it remained pending processing. 
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Figure 2-1 – Schematic of a medial tibial plateau demonstrating the features of AMG.  The 

regions of cartilage sampled. The marked regions represent: the excluded border the undamaged 

cartilage (green), and the damaged cartilage (yellow).  

 

2.3.2 RNA extraction 

The samples were processed in a batch, and messenger RNA (mRNA) was isolated 

from the areas of undamaged and damaged cartilage. All surfaces, vessels, and 

equipment used were made RNase free through use of RNaseZap (Applied 

Biosystems, California, USA), or baking of relevant equipment to 180°C for 2 h. 

 

The specimens were ground under liquid nitrogen using the Type 6750 Freezer Mill 

(Spex Certiprep) and transferred to an Eppendorf tube. They were further ground 

using a pre-chilled pestle and mortar. Following grinding they were quickly weighed 

before TRIzol
®

 reagent (Invitrogen) was added to the Eppendorf (1ml/200mg 
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cartilage). After being vortexed for 15 sec, they were incubated at room temperature 

for 5 min. 

 

Samples were centrifuged at 4°C and 9500g for 10 min. The cartilage formed a pellet, 

and the supernatant was recovered. Chloroform was added to the supernatant (600"l 

per 1ml of TRIzol
®)

). The mixture was vortexed for 15 sec and incubated at room 

temperature for 10 min before being centrifuged at 4°C and 9500g for 15 min. The 

aqueous layer was recovered into a fresh tube. Having closely estimated the volume 

when pippetting off the aqueous layer, 0.5x volume of 100% ethanol was added, and 

the tubes shaken vigorously.  

 

The RNeasy Plus Mini Kit (Qiagen, Hilden, Germany) was used according to 

manufacturer’s protocols. The remaining centrifuge steps were conducted at room 

temperature. 

 

Samples were loaded onto the columns and centrifuged at 9,500g for 15 sec and the 

flow-through discarded. 700"l buffer RW1 (Qiagen) was added, centrifuged at 9,500g 

for 15 sec and the flow-through discarded. Columns were transferred to new 

collection tubes, 500"l buffer RPE (Qiagen) added, and centrifuged at 9,500g for 15 

sec and the flow-through was discarded. Another 500"l buffer RPE (Qiagen) was 

added and centrifuged for 2mins, at 9,500g.  The columns were transferred to new 

collection tubes. 

 

RNA was eluted with 30"l RNase free water. After adding the water, they were left to 

stand for 2 min to increase the RNA yield. They were then centrifuged at 9,500g for 
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1min. Quantification at 260nm was undertaken using a NanoDrop
®

 

spectrophotometer (NanoDrop Technologies, Delaware, USA). Samples were then 

stored at -80°C. 

 

2.3.3 Reverse Transcription 

Complementary DNA (cDNA) was synthesized as follows; 2mM random hexamers 

(Amersham Biosciences, Amersham, UK) were added to 1"g RNA in a total volume 

of 11"l and incubated at 70°C, for 10min. The master mix containing 4µl 5x first 

strand buffer (Invitrogen, Paisley, UK), 2"l 0.1M DTT (Invitrogen), 5"M dNTPs 

(Bioline, London, UK), 200U Superscript II reverse transcriptase (Invitrogen) and 

30U RNasin
®

 ribonuclease inhibitor (Promega, WI, USA) in a total volume of 9µl 

was prepared. The master mix was added to the randomly primed RNA to give a total 

volume of 20µl and incubated for 1h, at 42°C followed by heat inactivation of the 

Superscript at 70°C, for 10 min.  cDNA was stored at - 80°C. 

 

2.3.4 Quantitative Polymerase Chain Reaction 

qPCR was undertaken for the genes shown in Table 2-3. 

Matrix related genes Matrix 

Metalloproteinases 

ADAMTSs 

COL1A1 MMP 1 ADAMTS 4 

COL2A1 MMP 3 ADAMTS 5 

COL3A1 MMP 13 ADAMTS 16 

ACP MMP 28  
 

Table 2-3 - List of genes that underwent quantitative real time polymerase chain reaction 

(qPCR). 

 

Gene expression data was normalized. 18S was used as an endogenous reference 

genes. This accounts for differences in RNA concentration between samples. 
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All samples achieved quality control by falling within a 1.5Ct range. Ct is the 

threshold cycle where the signal is above baseline and can be detected. 

 

For each of the genes in Table 2-3 a standard curve was prepared to control for 

primer/probe efficiency. 18S cDNA standards were serially diluted as follows; 4, 2, 1, 

0.5, 0.25, 0.125ng/10"l. All other genes were serially diluted as 20, 10, 5, 2.5, 1.25, 

0.625ng/10"l. The results were plotted in Microsoft# Excel 2004 for Mac  

(Microsoft, Washington, USA) as log10 of the Ct against concentration, the line 

equation calculated. 

 

Relative quantification was determined using the standard curve and normalising to a 

housekeeping gene. RT-qPCR was carried out using the ABI Prism 7700 Sequence 

Detector in MicroAmp optical 96-well plates (Applied Biosystems). 18S assays 

required 1ng cDNA and all other genes required 5ng cDNA per reaction.  

 

The following were added to each well; 2x TaqMan$ Universal PCR Master Mix 

(Applied Biosystems), 100nM forward and reverse primers and 200nM probe to a 

total reaction volume of 25"l with water.  Plates were sealed using optical adhesive 

covers (Applied Biosystems).  RT-qPCR cycling conditions were; 2 min at 50°C, 10 

min at 95°C followed by 15 sec at 95°C and 1 min at 60°C for 40 cycles.  Data was 

analysed using SDS 1.9.1 (Applied Biosystems). 
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2.3.5 Data Analysis 

2.3.5.1  Relative Quantification 

Relative quantification was performed using the standard curve method [170]. This 

allows direct comparison across samples. The relative expression of the genes above 

was compared between damaged and undamaged regions of cartilage. As it is a 

relative comparison (without a normal reference), gene expression levels are 

expressed as being higher or lower, and not up- or down- regulated. 

2.3.5.2 Statistical analysis 

Non-parametric statistical tests were used to compare groups, given the small 

numbers analysed, thus making no assumption about their distribution. 

Pairwise analysis, undertaken using a Wilcoxon test, was performed using PASW 

version 18 for Mac (Illinois, USA). Significance was set at the p<0.05 level. 

 

2.4 Results 

2.4.1 Samples 

Six tibial plateau were analysed. The mean age of the patients was 70.8 (range 61 -

78). There were 4 male and 2 female and 3 left and 3 right sided specimens. 

2.4.2 Summary 

Table 2-4 shows a summary of the genes examined, together with fold change and 

significance. They are presented as expression in undamaged cartilage, compared to 

damaged cartilage. There were five genes in total that showed statistically significant 

higher levels in undamaged cartilage. There was an 8.8 fold higher expression of 
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COL1A1 in undamaged cartilage relative to damaged cartilage (p=0.028, Figure 2-2). 

No significant difference was noted for the other matrix genes. 

 

Of the MMPs examined, there was significantly higher expression in undamaged 

cartilage compared to damaged cartilage; 1.88 fold for MMP1 (p=0.046, Figure 2-3), 

3.68 fold for MMP3 (p=0.028, Figure 2-4), and 4.62 fold for MMP13 (p=0.028, 

Figure 2-5). No significant difference was seen for MMP28 (Figure 2-7). 

 

ADAMTS 4 expression was 26.86 higher in undamaged cartilage compared to 

damaged cartilage (p=0.046, Figure 2-6). No significant difference was noted for 

ADAMTS 5 and 16 (Figure 2-7). 

 

There were no genes that showed lower levels in undamaged, compared to damaged 

cartilage.  

 

Gene Fold change 

Undamaged compared to 

damaged 

p value 

   

COL1A1 8.80 (+) 0.028 

COL2A1  0.116 

COL3A1  0.116 

ACP  0.917 

MMP 1 1.88 (+) 0.046 

MMP 3 3.68 (+) 0.028 

MMP 13 4.62 (+) 0.028 

MMP 28  0.917 

ADAMTS 4 26.86 (+) 0.046 

ADAMTS 5  0.173 

ADAMTS 16  0.249 
 

Table 2-4 - Changes in gene expression between undamaged and damaged cartilage in AMG. 

Gene expression is expressed as fold change with p values (+ indicates higher levels in 

undamaged cartilage relative to damaged cartilage, and red p values highlight significant 

changes). 
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Figure 2-2 –Gene expression of COL2A1 in undamaged and damaged cartilage. There is 8.8 fold 

higher expression of COL2A1 in undamaged cartilage (p=0.028, Wilcoxon). 

 

Figure 2-3 - Gene expression of MMP1 in undamaged and damaged cartilage. There is 1.88 fold 

higher expression of COL2A1 in undamaged cartilage (p=0.0246, Wilcoxon). 
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Figure 2-4 - Gene expression of MMP3 in undamaged and damaged cartilage. There is 3.68 fold 

higher expression of MMP3 in undamaged cartilage (p=0.028, Wilcoxon). 

 

 
Figure 2-5 - Gene expression of MMP13 in undamaged and damaged cartilage. There is 4.62 fold 

higher expression of MMP13 in undamaged cartilage (p=0.028, Wilcoxon). 
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Figure 2-6 - Gene expression of ADAMTS4 in undamaged and damaged cartilage. There is 26.86 

fold higher expression of MMP13 in undamaged cartilage (p=0.046, Wilcoxon). 
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Figure 2-7 - Gene expression for further genes. These results, for COL2A1, COL3A1, ACP, 

MMP28, ADAMTS5 and ADAMTS16 are plotted for undamaged and damaged cartilage. There 

was no significant difference for any of these genes (Wilcoxon). 
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2.5 Discussion 

The null hypothesis “There are no gene expression differences between damaged and 

undamaged regions of cartilage in AMG as determined by mRNA quantification 

measured by quantitative real time polymerase chain reaction.” is rejected. 

 

The aim of this study was to gain insight into the complex matrix biology that, over 

time, may have contributed to the region-specific and cumulative matrix changes 

identified in our group’s previous work. I sought to take advantage of the tight 

phenotype in AMG and the highly conserved pattern of damage to make pairwise 

comparisons of regional gene expression differences in AMG for a number of key 

matrix related components and enzymes. It is somewhat disappointing not to be able 

to consider all of the regions (T1, T2, T3 and N) but this was an experimental 

limitation secondary to difficulties in obtaining good quality and quantity of RNA 

from small amounts of cartilage. However, the main strength of the study is that this 

is a statistical pairwise analysis of samples from the same patients, all of whom 

exhibit the same pattern of disease. In considering how to present the data, I chose to 

present it as level in undamaged cartilage relative to damaged cartilage. It is important 

to note that this data could easily be presented as the opposite of this. In the absence 

of normal reference value, it could be the case that both values are up-regulated, both 

down-regulated, or that normal expression falls between damaged and undamaged 

cartilage. 
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2.5.1 Matrix related genes 

Firstly if we consider the evidence for changes in the matrix related genes group: 

This experiment shows a higher level of COL1A1 gene expression in the undamaged 

and histologically normal cartilage of AMG, compared to the damaged cartilage; 

COL2A1 demonstrated no differential gene expression. This is the first study to my 

knowledge that has shown this relative difference between damaged and undamaged 

cartilage. Perhaps more interestingly, it would appear to corroborate the results of 

previous work on AMG, where the Type I collagen protein content was shown to be 

increased. Whereas the immunoassays show a cumulative change in the formation 

and homeostasis of cartilage over a longer time frame, the gene expression has given 

a ‘snapshot’ of chondrocyte metabolism at one time point.  

 

There are a number of studies that have examined differences in collagen content and 

expression in osteoarthritic cartilage [111, 114, 171-176]. Early experiments used a 

variety of cellular and molecular techniques to examine the presence and expression 

of Type I collagen in normal and osteoarthritic cartilage. These included 

immunohistochemistry [111, 177] and in situ hybridisation [111, 173, 176] and semi-

quantitative RT-PCR [175, 176, 178]. Results have been conflicting with some 

studies suggesting no change in Type I collagen and others that corroborate the 

findings of this study. Certainly, Type I collagen is well recognised as being present 

in fibrocartilage and ‘repaired’ cartilage [141, 142]. It would appear that as techniques 

have become more sensitive and accurate that Type I collagen has been more 

commonly detected in OA specimens. 
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Eyre [105, 174], in several review articles, makes no mention of Type I Collagen 

being a constituent part of normal cartilage nor of the osteoarthritis disease process. 

Mankin [179] described the presence of Type I Collagen, but only in repaired 

cartilage that was, when examined histologically, a mixture of hyaline and 

fibrocartilage. The same is true for osteophytic tissue. 

 

The earlier techniques of electrophoresis, used by Goldwasser et al showed no Type I 

collagen in normal or osteoarthritic cartilage [171]. However he discussed the 

limitations of the technique, suggesting that if Type I collagen levels were less than 

three percent then it would be difficult to show its presence. In our groups previous 

work, the mean content of Type I collagen in the undamaged tissue was 4.5% by dry 

weight, and in damaged tissue just over 1%. 

 

As techniques progressed, Aigner et al in 1993 studied osteoarthritic cartilage from 

hip and knees using in situ hybridisation for Type I, II and III collagen [111]. In 1997, 

he published further work on knee OA biopsies, examined using 

immunohistochemistry and in situ hybridisation [172]. In both of these studies, he did 

not find positive staining for Type I Collagen in any sample. In the second study he 

did show changes in Type II and III collagen, which were increased in OA. Gebhard 

et al, using real time PCR did show a 13-fold increase in Type I collagen in 

osteoarthritic cartilage [175]. However, their commentary suggested no change in 

chondrocyte phenotype because the Type I to Type II collagen ratio was unchanged, 

whereas in this study Type II collagen expression was unchanged. 
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A number of other studies in the 1980s and early 1990s did show the presence of type 

I collagen in OA using immunohistochemical techniques [177, 180, 181]. Our group’s 

immunohistochemical studies on AMG showed the same distribution (McDonnell et 

al, unpublished work). This was typically located in the surface layer of damaged 

cartilage and around clonal clusters. However the quantitative contribution of this 

surface expression appears to be outweighed by overall tissue distribution when 

regional full depth mRNA expression is studied. The evolution of gene expression 

techniques and increased sensitivity of molecular techniques appears to have 

contributed to being able to study, in far greater detail, phenotypic alterations in the 

chondrocyte in OA. 

 

Since the late 1990s a number of studies have shown increased Type I Collagen gene 

expression in OA, in cartilage at various stages of disease. Young et al. showed 

positive staining for Type I Collagen and an 11.7 fold increase in COL1A1 mRNA 

expression in histologically damaged regions [182]. Miosge et al showed Type I 

Collagen mRNA presence in the deep zones of OA chondrocytes [173], and later 

showed a 100 fold increased between Collins grade [128] I and III disease [176]. 

The immunoassay data for AMG cartilage has shown increased levels of Type I 

collagen in undamaged cartilage. In the absence of a normal reference for COL1A1 

gene expression, one cannot comment on the level of gene expression being up- or 

down- regulated compared to a non-disease state. However, what is clear is that there 

is a relative difference in the gene expression. One possible hypothesis, taking into 

account the gene expression and immunoassay data, is that the presence of Type I 

collagen may be an early marker of OA damage or possibly indicative of altered 
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mechanical loading as the joint surface erodes. This is certainly worthwhile studying 

further. 

 

2.5.2 MMPs and ADAMTSs 

The MMPs and ADAMTSs have been widely studied in OA, however it is believed 

that this is the first study that has considered their differential expression between 

damaged and undamaged cartilage within the same joint. It has shown significantly 

higher levels of gene expression in undamaged cartilage of MMP1, 3 and 13, and 

ADAMTS4. 

 

MMP13 has been shown to be increased in a number of studies, and is likely to be the 

key collagenase in OA [159, 160, 183-185]. However, in this study its expression is at 

a relatively higher level in undamaged cartilage. 

 

MMP1 and 3 have been shown to be upregulated in rheumatoid arthritis, however 

appear to be down-regulated in OA cartilage [159, 160, 186, 187]. Other studies have 

shown MMP3 to be present in greater amounts following cartilage damage secondary 

to cyclical loading, with loss of proteoglycans [156] and OA models [155, 156, 188, 

189]. MMP3 has been described as central [190] due to its pro-MMP activity, in 

particular on MMPs 1, 8, 9 and 13. In this study, MMP1 and 3 expression had higher 

levels in undamaged cartilage. 

 

ADAMTS4 and 5 expression levels were similarly higher in the undamaged zone of 

AMG cartilage. Previous studies have described ADAMTS5 as being the major 

aggrecanase [165, 166, 191] with ablation of its activity in a mouse model, protecting 
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against OA. More recent work has also shown the presence of and increased gene 

expression for ADAMTS4 [167-169]. 

 

MMP28 and ADAMTS16 were first reported to be upregulated in OA by Kevorkian 

et al. [159]. With little known about their substrate and function, it is difficult to 

speculate on their role in OA pathogenesis.  

 

Previous studies do not provide straightforward answers to which up- or down- 

regulated genes contribute to OA pathogenesis. What is clear from the literature is 

there is co-activation and interaction between a number of cytokines, and the 

underlying processes are not fully understood. Some of the findings of this study may 

initially be perceived as contradictory to previous work. There are a number of 

possible reasons why this might be the case. Tissue used for OA research is generally 

a heterogeneous mix of damaged and undamaged regions from resected human or 

animal joints. The majority of previous studies comparing OA versus normal cartilage 

excise OA cartilage en masse from joints. However within a diseased joint there may 

be both undamaged and damaged cartilage. Therefore if one takes both of these 

together their gene expression is, in effect, mathematically ‘added together’. The 

topographical pattern of AMG cartilage erosion enables the reproducible sampling of 

these separate areas, and consideration of gene expression changes of cartilage at 

different stages of disease. 

 

It should be noted that in isolation one should be wary of interpreting gene expression 

data as it may not indicative of protein synthesis due to post transcription / translation 

regulation. However there is some apparent corroboration of these results, in 
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particular the Type I collagen expression, with previous immunoassay data of ECM 

content. However, there is no disease-free comparator available in the literature or 

this study that allows a conclusion of whether this is a real up-regulation. 

 

There are a number of possible hypotheses as to why there are unexpected changes in 

undamaged cartilage. First and foremost it should be noted that the standard for 

determining whether cartilage is osteoarthritic or not is histology [192]. However, 

given our evolving understanding of osteoarthritis, many cellular and molecular 

features are becoming evident that occur prior to histological damage. These are 

mostly from animal models, as one can appreciate the ethical issues of removing 

normal looking cartilage from human joints. 

 

This rise in Type I collagen, and the changes in MMP and ADAMTS expression may 

be early features of OA. But other possibilities are that these are topographic feature, 

one that is present in normal joints, or perhaps one that is secondary to ageing. 

 

If we consider this to be a change due to OA, there are a number of reasons why this 

might be the case. OA is a joint-wide phenomenon, affecting cartilage, synovial fliud, 

synovium, ligaments, bone, as well as cartilage [3, 15]. In AMG, cartilage erosion 

begins in the anteromedial quadrant of the tibial plateau [91] (Rout et al, 2013, in 

press). It extends posteriorly as the disease progresses, but there remains an intact 

crescent of macroscopically and histologically normal cartilage [93], until the ACL 

fails. During this process there are many chondrocytes that can be considered to be in 

varying stages of OA, and thus varying stages of OA phenotype. There is a complex 

combination of biological and mechanical changes within this OA joint, and one 
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could hypothesize that changes in weight bearing status and consequent signalling 

changes could contribute to Type I collagen gene expression / content changes. 

 

From a biological perspective, it could be the case that the late stage of disease within 

regions T1-3 has caused cessation of cytokine stimulation. However, the joint-wide 

disease processes may be causing changes in the undamaged cartilage due to cytokine 

activity in synovial fluid, from chondrocytes or synoviocytes elsewhere in the joint. 

 

Mechanical loading has been shown, using in vitro studies, to affect the ECM by 

inducing collagen and proteoglycan degradation [156, 193, 194]. It has been shown to 

induce MMP13 [195]. Loading of the knee, and tibio-femoral movement has been 

studied in great depth in the normal knee, with pivotal work by Freeman et al [196-

199] demonstrating the centres of femoral condyles on the tibial plateau. Further 

studies using pressure-sensitive film [200] and finite element (FE) modelling [201] 

have shown load distribution patterns within a normal knee and knees that have 

undergone meniscectomy. These show the highest load is close to the middle of the 

medial tibial plateau with more dispersed loads peripherally. This is mainly due to the 

menisci whose role is load distribution [88]. MRI studies of AMG have shown antero-

medial (but not posterior) meniscal extrusion to be a common finding [202]. It is 

logical that this change will alter the load distribution on the tibial plateau and this 

perhaps contributes to the initiation of AMG. Once there is cartilage erosion, the load 

distribution must again change, but there are no studies that investigate this directly. 

Unloading of skeletal tissues is strongly linked to up regulation of MMPs both in 

bone [203] and tendon [204] and lack of loading has also been linked to high collagen 

I content in fibrocartilage Autologous Chondrocyte Implantation (ACI) grafts as 
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chondrocytes are passaged in culture [205]. It will be important to measure loading in 

the conserved posterior of AMG cartilage once the joint has realigned with the 

anterior lesion, since relative unloading would be consistent with the molecular 

changes observed here. 

 

2.5.3 Further Work 

This work, together with our group’s previous work, provides evidence for a change 

in the matrix content between regions of AMG (section 1.5.3). Furthermore, the MMP 

and ADAMTS data demonstrate interesting changes in the environment of the 

undamaged cartilage of AMG. Two further studies in this thesis were influenced by 

these findings: 

One hypothesis of the interpretation of the immunoassay and gene expression data 

from AMG cartilage is that these changes are secondary to OA. In order to investigate 

this further, Chapter 4 examines control tissue, and uses the same series of 

experiments used with AMG specimens to attempt to validate these findings as 

changes of the disease state, and not simply regional variations. 

A further exploratory experiment builds on the hypothesis of an altered signalling 

environment in AMG giving rise to the matrix and gene expression differences 

described above. Chapter 6 uses microarray technology to address the question of 

other differences in gene expression of tens of thousands of genes, and their 

interacting pathways. 
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Chapter Three 

3 COLLECTION OF CONTROL DATA 

3.1 Introduction 

Chapters 1 and 2 have demonstrated that Anteromedial Gonarthrosis exhibits novel 

regional differences of OA that have not previously been described. These findings, 

of regional differences in matrix composition and gene expression, highlight the 

potential use of AMG as a spatial model of disease progression. Type I collagen has 

not been previously described in the literature in undamaged cartilage, and differences 

in COL1A1, MMPs and ADAMTSs gene expression, though not quantitative, provide 

further evidence of altered metabolism within damaged and undamaged cartilage. 

 

In order to further our understanding of why and when these changes might be 

occurring, it was necessary to collect normal control tissue for further experiments. 

Historically there has been poor control data in the study of OA. This is partly due to 

the difficulty in obtaining normal human tissue from asymptomatic individuals. Thus 

researchers have used a number of other sources of tissue. Animal models have been 

used widely in the study of OA [85] however their relevance to human disease is 

questionable [86, 206]. Their patterns of OA are different and the rate at which they 

develop OA is far shorter, making comparisons to humans difficult. There are other 

sources of human cartilage: for example, when studying hip OA, proximal femoral 

neck fracture samples are used as control data [159, 160, 207]. Similarly, with knee 

OA, amputations have been used as control samples in previous studies [208, 209]. In 
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some cases, where amputation was undertaken for lower limb tumours, neoplasia and 

their treatment may be confounders [210] of cellular and molecular studies. 

 

As discussed in section 1.5.4, one of the strengths of studying cartilage in AMG is the 

reproducible pattern of disease. Many studies into OA cartilage have taken all 

remaining cartilage from OA joints with little regard to disease topography. Similarly, 

studies that have used control tissue often take all available cartilage for experiments. 

The sub-anatomical location of cartilage is an important feature of a local micro-

environment where there are unique biological and mechanical factors. Studies have 

shown differences in ECM based on location and weight bearing status in knee joints 

[210]. 

 

The control tissues collected for this work were above knee amputations (AKA) from 

patients undergoing the procedure due to lower limb ischaemia caused by peripheral 

vascular disease (PVD). As described above, one typical shortcoming of OA cartilage 

experiments is the lack of reproducible topographical sampling. A major aim of the 

work presented in this Chapter was to use the predictive power conferred by the tight 

disease phenotype of AMG to develop an accurate method to achieve this in normal 

knee specimens. In order to be able to compare diseased with control specimens, a 

template was created to lay over harvested samples so that cartilage was taken from 

equivalent topographical locations of the medial tibial plateau. 
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3.2 Materials and Methods 

3.2.1 Ethics 

I obtained Ethical approval (Reference 06/Q1606 /97) to harvest knee joints from 

patients undergoing AKA for PVD from the Oxford Research Ethics Committee 

(Appendix 1). A substantial amendment was subsequently submitted to permit 

harvesting joint from patients who lacked capacity to consent. 

 

3.2.2 Site Initiation, Patient Recruitment and Consent 

The two hospitals recruited into providing tissue for the study were the John Radcliffe 

Hospital, Oxford, and Stoke Mandeville, Aylesbury, under the authority of the local 

vascular surgeon: Mr. Jeremy Perkins, and Mr. Andrew Northeast, respectively. 

 

Both sites were visited at the start of the study, and intermittently during the study to 

ensure the vascular surgery teams, nurses and theatre staff were aware of the 

procedures. The doctors were advised to contact me if it was decided that a patient 

under their care would undergo an AKA. I would then meet the patient, give them 

information pertaining to the study and obtain informed consent/assent (Appendix 1). 

 

 

3.2.3 Surgical Technique 

Once the operating vascular surgeon had amputated the leg, it was handed out to me. I 

worked on a side table within a sterile field. The skin, fat and muscle were dissected 

away from the knee joint. The joint was opened, and the status of the cruciate 

ligaments and menisci were documented. They were then removed and the tibial and 

femoral the articular surfaces were photographed (Figure 3-1, Figure 3-2, Figure 3-3). 
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Specimens exhibiting macroscopic disease were discarded. Using an oscillating saw, 

the excess bone was removed and the distal femur, proximal tibia and patella were 

harvested. 

The remaining tissue was placed in a limb bin and discarded according to hospital 

policy. 

 

 

Figure 3-1 Macroscopic appearances of patella from an AKA sample collected from a patient 

having surgery for peripheral vascular disease. 
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Figure 3-2 Macroscopic appearances of femur from an AKA sample collected from patients 

having surgery for peripheral vascular disease. 

 

Figure 3-3 Macroscopic appearances of tibial plateau from an AKA sample collected from 

patients having surgery for peripheral vascular disease. 
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3.2.4 Transport and Storage 

The samples were then transferred, on ice, to the laboratory where they were stored in 

a -80°C freezer, pending batch processing for experiments. 

 

3.2.5 Creating a Template of Anteromedial Gonarthrosis 

In order to generate a topographical map or template of AMG, the precise site and 

extent of typical lesions in patients with this phenotype of disease needed to be 

mapped. The varying size of tibial plateaus also needed to be taken into account, and 

a range of template sizes were created to account for the varying size of AKA samples 

that would be collected. 

 

Ten tibial plateau resection specimens from patients undergoing UKA for AMG were 

collected. They all demonstrated typical lesions. Each resection specimen was placed 

onto a standardised grid and digitally photographed. The resulting digital image was 

then processed first using Photoshop (version CS2, Adobe Software, California, USA) 

and then with a custom routine, performing automated image analysis in Matlab 

(version 7, The MathWorks Inc., MA, USA). With Photoshop, the outlines of the 

entire medial tibial plateau, the cartilage lesion, and the region of retained full 

thickness cartilage, present posteriorly, were marked. 

The automated image processing routine automatically determined the overall 

specimen characterisation parameters (Figure 3-4) in pixels. 

LT: total length of specimen 

WT: total width of specimen 
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Two templates were required. The first of these was to analyse the specimen cross-

sectionally for histology, immunohistochemistry and immunoassays. The samples of 

AMG had previously been sectioned along a line joining the area of the full thickness 

cartilage loss and the most posterior point of damaged cartilage. Experimental assays 

were performed at three points of damaged cartilage (T1-T3) and then in the 

undamaged cartilage posteriorly (N) as shown in the schematic, Figure 1-8. This cross 

section template was calculated as demonstrated by the lines L1, L2 and L3 in Figure 

3-4. These values were expressed as a percentages of L4. The distance between L2 and 

L3 was divided into three sections to represent regions T1-T3. 

 

A second template was required for sectioning (as previously undertaken in AMG) 

and for sampling in preparation for qPCR experiments. Figure 2-1, in chapter 2 

demonstrates the areas of damaged and undamaged cartilage that were sampled. The 

width (WT) of the specimen was divided into ten, and a line extended from the 

posterior border of the specimen to the most posterior point of macroscopically 

damaged cartilage (Figure 3-5). Using the mean of these lines of the ten specimens, 

the morphology of macroscopically undamaged cartilage was calculated. In addition, 

for each lesion, the Matlab routine fitted an ellipse. Using edge detection of the lesion 

and the fitted ellipse, the radii (major and minor axes, Dmaj and Dmin) as shown in 

Figure 3-4 were calculated, as was the position of the centre of the lesion. The angle 

of orientation (") of the major axis, in relation to the horizontal was also calculated. 

This region was marked for a further region of sampling (the equivalent of the lesion 

in AMG). The angle of sectioning was calculated relative to vertical line (!). 
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Templates were drawn using CorelDraw (Corel, Ottawa, Canada), and printed onto 

acetate sheets. They were printed in 1 mm increments of L4 and LT so that they could 

be matched to the size of resection specimens. 

 

Figure 3-4 – The AMG measurements calculated. LT and WT are the total length and width of the 

specimen respectively. The line drawn through the centre of the lesion and the most posterior 

aspect of damaged cartilage represents the section taken through the specimen. !  represents the 

angle of this cross section. Measurements were taken from the front of the specimen to the start 

of the area of full thickness cartilage loss (L1), to the end of the area of full thickness cartilage loss 

(L2) to the most posterior point of damaged cartilage (L3) and to the posterior of the section (L4). 

Dmaj and Dmin represent the major and minor axes of the fitted ellipse of the cartilage lesion. "  

represents the angle of orientation of Dmaj relative to the horizontal.  
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Figure 3-5 - An AMG resection demonstrating measurement of the border of undamaged 

cartilage. A line was drawn from the posterior reference line to the border of undamaged 

cartilage. The mean of each of line was calculated. 
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3.3 Results 

3.3.1 AKA samples 

Seventeen AKA samples were obtained; one was discarded as it had macroscopic OA 

disease of the tibiofemoral joint. Of the remaining 16 samples: there were 8 female 

and 8 male subjects, and 8 knees were right sided, and 8 left sided, with an average 

age of 77.5 years (range 37-93)(Table 3-1).  

 

Sample 

number 
Hospital Gender 

Date of 

Birth 
Age Side 

1 JR F 04/01/1934 72 R 

2 SMH M 21/10/1913 93 R 

3 JR M 16/03/1918 88 L 

4 JR M 25/11/1919 87 L 

5 SMH M 28/07/1930 76 R 

6 SMH F 14/12/1926 80 L 

7 SMH F 11/05/1929 78 L 

8 SMH F 12/09/1969 37 R 

9 SMH F 14/02/1922 85 R 

10 JR M 05/11/1933 74 L 

11 SMH M 28/02/1934 73 R 

12 JR M 13/11/1934 73 R 

13 JR F 04/08/1924 83 L 

14 SMH F 15/03/1934 73 L 

15 SMH M 19/09/1926 80 R 

16 SMH F 28/07/1934 74 R 

rejected 

specimen 
SMH M 1/02/1915 92 R 

 

Table 3-1 – Collection and Demographics of AKA specimens. Seventeen samples were collected. 

One was rejected as it demonstrated macroscopic OA.  (JR – John Radcliffe Hospital, SMH – 

Stoke Mandeville Hospital, M – Male, F – Female, R – Right, L – left). 

 

Of the 16 samples used, all had macroscopically normal cartilage of the tibio-femoral 

joint, with a Collins score [119] of 0, and they all had intact ACLs and menisci. The 

samples were later graded histologically as described in Chapter 4. A complete data 

set including standard deviations is presented in Table 3-2. 
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3.3.2 Template 1 

Template 1 is for sampling the cross sections taken and is shown in Figure 3-6. 

The mean measurements were, as percentages of L4: L1 was 9.2%, L2 was 40.8% and 

L3 78.5%.  

 

 

Figure 3-6 - Template 1. This template was used to sample the cross sections of AKA specimens. 

The lesion refers to the equivalent region to full thickness cartilage loss in AMG. T1 – T3 are 

equal thirds of the equivalent of damaged cartilage in AMG, and N is the equivalent of the 

undamaged cartilage in AMG. 

 

 

3.3.3 Template 2 

Template 2 is shown in Figure 3-7. The mean length and width of the AMG 

specimens was 54.7 and 29.9 mm respectively and the mean angle of cross sectioning 

was 17.2 degrees. 

Dmaj and Dmin were 25.1 and 12.5 mm respectively, and the mean orientation of Dmaj 

was 120.2 degrees.  
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Figure 3-7 - Template 2. This template was used for cutting the cross section, and also laying over 

specimens to harvest cartilage for mRNA quantification experiments. 
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Measurement Mean Length (mm) 

Angle (degrees) 

Standard Deviation 

LT 54.7 3.2 

LW 29.9 3.0 

L1 4.5 (9.2% of L4) 1.4 

L2 19.9 (40.8% of L4) 3.9 

L3 38.3 (78.5% of L4) 3.1 

L4 48.8 3.0 
!  17.2 5.0 

Dmaj 25.1 5.0 

Dmin 12.6 2.9 
"  120.2 12.3 
 

Table 3-2 - Measurements taken for templating of AMG. The abbreviations are all referenced in 

Figure 3-4. 

 

3.4 Discussion 

This chapter describes the method developed to collect healthy control tissue from 

above knee amputations, and their templating for use in further experiments matched 

precisely with AMG specimens. The aim of collecting healthy control samples was to 

obtain tissue that could be used to evaluate the results from AMG specimens. All 

samples obtained were from patients who were undergoing AKA for PVD. AKA is 

the end-stage treatment for patients with PVD that have critical ischaemia.  

 

Subjects with PVD have decreased blood flow, leading to hypoxia, which in turn can 

lead to irreversible tissue necrosis beginning distally. It is easy to argue that these 

patients may indeed not have ‘normal’ knee cartilage. However, cartilage is an 

avascular tissue, that therefore survives at low oxygen tensions. The superficial zones 

at approximately 6% O2 and the deep zones at less than 1% O2 [211]. Furthermore, 

the disease process of OA involves invasion of the tidemark with blood vessels [212] 

and synovial fluid penetrating into fissures, both of which increase oxygen delivery in 
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diseased cartilage. Therefore it is increased oxygenation, rather than hypoxia that has 

been associated with cartilage degeneration. 

 

Certainly, there appears to be no evidence to suggest an increase in incidence of OA 

in patients with PVD. However this is biased by the fact that OA symptoms are much 

less likely to come to the fore and be investigated, given the other comorbidities of 

this group of patients. Patients with symptoms of claudication may not ambulate as 

much as those without such symptoms, and those with end-stage PVD will definitely 

have much lower activity levels. However, it seems logical that macrovascular disease 

ought not to have a detrimental effect on cartilage in terms of OA pathogenesis. 

 

In order to gain access to unequivocally healthy and normal cartilage, during the 

course of this work I applied for additional ethics to obtain knee specimens from a 

cohort of brain-stem dead patients that had consented to organ donation (Appendix 1). 

Unfortunately no such samples became available. This would have provided an 

invaluable source of tissue, and such samples may become obtainable in the future. 

 

The average age of samples obtained was 77.5 years, and this is older than the 

average age of someone undergoing knee arthroplasty surgery, which, in the UK 

National Joint Register 2009, was 64 years (NJR 6
th

 edition, 2009). The average age 

of patients with AMG specimens for which we have histology and immunoassay data 

was 68. This is a significant difference (p=0.02, Mann Whitney-U), therefore the 

AKA samples cannot be considered to be an age-matched group. However 77.5 years 

is clearly an age group with a normally very high incidence of OA and one likely to 

display the full range of other age related changes to knee cartilage. 
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Collected tissue was stored at -80°C and processed in batches. There were a number 

of technical issues with regard to the experimental techniques and protocols 

(described in Chapter 4) which required a large amount of pilot work with other 

sources of cartilage, prior to conducting experiments on these valuable AKA 

specimens. In particular, it was noted that in order to maximise the number of 

experiments that each of these samples could be used for, precise handling and 

sampling would be required.  
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Chapter Four 

4 STUDY 2 – THE REGIONAL DIFFERENCES IN AGED, 

UNDAMAGED CARTILAGE – A CELLULAR AND 

MOLECULAR STUDY 

4.1 Introduction 

Anteromedial Gonarthosis has been previously studied in terms of its histology [93], 

its molecular matrix content, using immunohistochemistry and immunoassays (Rout 

et al., unpublished work) and its gene expression profile (Chapter 2). As previously 

discussed (Chapter 3) the control data in the field of cartilage biology is often limited 

by the availability of human tissue. In taking macroscopically undamaged cartilage 

from AKA specimens, I sought to provide data against which AMG data could be 

compared. Ultimately, the aim was to try and distinguish the findings in AMG as 

component of OA pathogenesis. 

 

Given the age difference between AMG and AKA samples, 68 and 77.5 years 

respectively, comparisons of data would not serve as age-matched data. However 

given that the AKA samples were from subjects approximately 10 years older, a 

finding of no regional differences would possibly lead one to conclude that changes 

were not age-related. 
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In order to study these specimens systematically, a series of experiments were 

planned, akin to those previously undertaken in AMG (Section 1.5). 

 

1. Histology – This was undertaken using Modified Mankin [129] and 

OOCHAS [133] grades. 

2. Immunohistochemistry – for Type I and II collagens 

3. Immunoassays – for Type I and II collagens, total collagen, and GAG 

4. Real time PCR – for the same ‘matrix-related’ genes, MMPs and 

ADAMTSs investigated in Chapter 2. 

 

Topographical sampling was possible using the templates described in Chapter 3. 

This allows for pairwise analysis of the AKA equivalent regions of the undamaged 

and damaged cartilage of AMG. It also allows direct quantitative comparisons 

between AKA and AMG samples for the immunoassay data. However, given that 

qPCR was run at different times, it would only allow for pairwise analysis across 

either AKA or AMG samples, and not a direct comparison across samples. 

 

In addition to the regions designated equivalent to the damaged and undamagaed 

cartilage of AMG, there is an additional region, equivalent to the area of the full 

thickness cartilage loss lesion of AMG. This region is termed “X” henceforth. This is 

an interesting region of cartilage given that if subjects were to develop OA, in the 

form of AMG, this would be the region of cartilage that would be the first to 

degenerate.  
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4.2 Null Hypotheses 

1. The AKA specimens are not histologically normal. 

2. There are no regional differences in matrix content (type I and II collagens and 

GAG) in AKA specimens as measured using immunoassays. 

3. There are no regional differences in gene expression in AKA specimens as 

measured by real-time PCR. 

 

4.3 Materials and Methods 

As described in the previous chapter (section 3.3.1), sixteen AKA samples were 

collected. The samples were collected in batches from the -80˚C freezer and 

processed as follows: 

An RNAse free area was created by preparing surfaces and instruments with 

RNasezap (Applied Biosystems, California, USA).  

Firstly, template 2, printed on acetate, was placed over the sample, and the axis of 

sampling marked. Using a band saw, two sections were taken along this axis. Each 

section was approximately 2 mm thick. The first section, for use in histology and 

immunohistochemical studies and was placed in 10% formalin. The second section, to 

be used for immunoassays, was placed on top of template 1. The lines were then used 

as guides, and cuts made with a scalpel at the appropriate junctions between zones. 

The cartilage was lifted off the bone and each piece placed into an Eppendorf tube. 

The remaining tibial plateau was aligned beneath template 2, and scored along lines 

separating zone X from the area equivalent to damaged and undamaged cartilage of 

AMG. Once scored, the cartilage was again lifted off using a scalpel. It was placed in 

RNAlater (Applied Biosystems), in Eppendorf tubes and transported back to storage 

in a -80°C freezer.  
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4.3.1 Histology 

Following fixation in 10% formalin, the sections were then decalcified in nitric acid 

for 24h before wax embedding. Previous lab data had shown radiologically that 24h 

was a suitable duration for complete decalcifcation of a section of this width. Five 

micron sections were cut using a Leica RM2134 microtome (Leica Microsystems, 

Germany) and heat adhered onto Snowcoat X-tra
TM 

pre-cleaned micro slides 

(Surgipath, Illonois, USA). They were stained using Haematoxylin and Eosin (H&E) 

and Safranin-O stains using standard protocols. 

 

Once stained, both the H&E and Saffranin-O slides were digitally photographed. 

Using an Olympus BX40 microscope (x40 magnification) and Olympus DP70 

camera, images were taken and photomerged™ together using Adobe Photoshop CS2 

(Adobe, California, USA).  

 

By applying the values obtained from template 1, to the image it was possible to 

assess the equivalent regions to the cartilage of AMG. Therefore results were obtained 

for regions equivalent to T1, T2, T3 and N, as well as the additional region, X. 

The histological characteristics of each region were assessed using the Modified 

Mankin score [129] and the OOCHAS [133]. 

 

Rather than simply classifying the samples as controls, they were grouped on the 

basis of their histological score as encountered in previous studies in the literature 

[126, 175, 213]. Those of lower grade (< 3) were named LAKA and higher grade 

specimens (>3), HAKA  
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4.3.2 Immunohistochemistry 

Further sections were cut from the wax embedded blocks, and immunohistochemistry 

undertaken for Type I and Type II Collagens using the protocol in Appendix 3.  

 

4.3.3 Immunoassays 

Immunoassays were undertaken for Types I and II collagen, total collagen and GAG, 

for regions X, T1, T2, T2 and N. These were undertaken in collaboration with 

Professor Anthony Hollander (University of Bristol), using his patented and validated 

assays [141, 142]. 

 

4.3.3.1 Sample preparation 

For the assays undertaken, it was first necessary to digest and solubilise the cartilage 

matrix. The samples were thawed, and the wet weight was recorded. A pestle and 

mortar were used to grind the cartilage, and, after freeze-drying, the dry weight was 

recorded. Samples were digested using Trypsin (Sigma).  

 

In brief, samples were digested with 2 mg/ml TPCK-treated bovine pancreatic trypsin 

containing 1mM iodoacetamide, 1mM EDTA, and 10g/ml pepstatin A (all from 

Sigma). An initial incubation for 15 hr at 37°C with 250 µl trypsin was followed by a 

further 2 hr incubation at 65°C after the addition of a further 250 µl of the freshly 

prepared proteinase. All samples were boiled at 100°C for 15 min at the end of 

incubation to denature remaining enzymes. 
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The published protocol [214] for this and the following summarised sections and can 

be found in Appendix 2. 

4.3.3.2 Type I Collagen 

The Type I collagen assay used was first described by Dickinson et al in 2005 [141] 

as a method for extracting and immunoassaying type I collagen from tissue 

engineering cartilage. 

Inhibition ELISA with a rabbit anti-peptide antibody to Type I collagen was used as 

described in previously published work [141, 142]. Peptide SFLPQPPQ was 

synthesized using 9-fluorenyl-methoxycarbonyl chemistry (Fmoc) (from Dr. A. Moir, 

Kreb's Institute, Sheffield University, UK) and was used as a standard in all of the 

immunoassays. 

4.3.3.3 Type II Collagen 

The %–chains of type II Collagen can be assayed using antibodies against specific 

amino acid sequences. This inhibition ELISA uses a mouse IgG monocolonal 

antibody to Col2-3/4m, raised against a synthetic peptide CB11B. Peptide CB11B 

(CGKVGPSGAP[OH]GEDGRP-[OH]GPP[OH]GPQY) was synthesized using 

standard Fmoc chemistry (from Dr. A. Moir). 

4.3.3.4 GAG 

Sulphated GAG levels, in solution, can be quantified using 1,9-Dimethylmethylene 

blue (DMB) [215-217]. The DMB itself and the GAG-DMB complex are known to 

have a degree of instability; precipitates can form, creating measurement error. 

Therefore rapid processing and immediate reading of samples was undertaken (within 

one minute). 
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4.3.4 Real time PCR 

The methods of RNA extraction, reverse transcription and real time PCR have been 

described previously in section 2.3. qPCR was attempted for three regions; X, 

undamaged, and damaged cartilage. Unfortunately, region X yielded too little 

cartilage to obtain sufficient RNA for qPCR. The amount of RNA obtained from the 

undamaged and damaged regions also limited the number of genes that could be 

studied. The genes selected are highlighted in bold in Table 4-1; All of them were 

chosen, with the exception of COL2A1, because they had shown a significant 

difference in AMG (see section 2.4.2).  

 

Matrix related genes Matrix 

Metalloproteinase 

ADAMTSs 

COL1A1 MMP 1 ADAMTS 4 

COL2A1 MMP 3 ADAMTS 5 

COL3A1 MMP 13 ADAMTS 16 

ACP MMP 28  
 

Table 4-1 – List of genes that underwent qPCR (from Chapter 2). Those in bold were undertaken 

on AKA samples. 

 

4.3.5 Statistical analysis 

Graphical data are displayed as box and whisker plots with median values and error 

bars representing range. Statistical analyses were performed using SPSS (version 15, 

SPSS Inc., Chicago, USA). The histology grading was analysed using a Friedman test 

between regions. Post hoc testing was also undertaken in a pairwise manner using a 

Wilcoxon test.  Data was also compared to AMG histology data [93] using a Mann 

Whitney-U test between equivalent regions. Inter- and intra- observer error was 

determined by calculating the Intra-Class-Coefficient (ICC) [218]. 
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Similarly, the immunoassays were compared in the same fashion. The real time PCR 

results were compared using a pairwise analysis with a Wilcoxon test. The standard 

curve relative quantification method was used. It does not allow quantitative or 

relative comparison between AKA and AMG samples. 

4.4 Results 

4.4.1 Histology 

The median modified Mankin score of all regions graded, across all samples, was 2 

(range 0-6); the median OOCHAS was 1.5 (range 1-3). There was a significant 

difference in histological grade for both Mankin and OOCHAS when compared to 

AMG data (p<0.001). Images of H&E and Safranin-O staining are shown in Figure 

4-1. 

 

Anterior         Posterior 

 

Figure 4-1 – Above knee amputation section stained with Haematoxylin and Eosin (top) and 

Safranin-O (bottom). Multiples images were taken under the microscope and they were merged 

together using Adobe Photoshop. 
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There was a significant difference between regions for both Mankin (p=0.003) and 

OOCHAS (p=0.015) scores, and post hoc testing demonstrated a significant 

difference, in Mankin grade between region X vs T3 (p=0.018) (Figure 4-2). 

 

Figure 4-2 – Graph demonstrating histological grade (Mankin/OOCHAS) by region. The white 

boxes are for Mankin grade and a significant difference was demonstrated (p=0.003 ;Friedman). 

The grey boxes are for OOCHAS scoring, and a significant difference was demonstrated 

(p=0.015). Post hoc testing identified a significant difference between region X and T3 (p=0.018). 

 

Using criteria that have previously been documented in the literature [126, 175, 213] 

for Mankin grading, there were eight samples that were classed as ‘lower grade’, and 

eight that were ‘higher grade’. These are referred to as LAKA and HAKA 

respectively. LAKA included samples with a grade of not more than 3 in any region; 

HAKA samples had a region that scored more than 3 (Figure 4-3). There is no such 

suggested value for the OOCHAS though the data has been included for reference 

(Figure 4-3). 

The median modified Mankin grade of the samples in the LAKA group was 1 (range 

0-3) and the HAKA group was 3 (range 2-6). The LAKA group did show a significant 

difference between regions (p<0.001), though post hoc testing did not demonstrate 
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this between individual regions. There was no significant difference between regions 

in the HAKA group. 

There was a significant difference between these LAKA and HAKA groups (p<0.001)  

 

Figure 4-3 – Histology grading (Mankin (top), OOCHAS (bottom))for lower grade (LAKA; white 

boxes) and higher grade (HAKA; grey boxes) samples. For lower grade groups there was a 

statistically significant difference (p<0.001) between regions. There was no significant difference 

for the higher grade groups. Comparing Lower grade to Higher grade demonstrated a significant 

difference (p<0.001).  
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4.4.2 Immunoassays 

The values presented are percentage of dry weight. For the regions T1-N there were 

16 values, of which 8 were LAKA and 8 were HAKA. There were 2 samples for 

which there were no values for region X due to experimental errors, therefore n=14 

for the analysis when X is included. 

The data is firstly presented for regions T1-N. This is comparable data to that 

available for AMG (Section 1.5.3). The analysis of region X-N is then also presented. 

4.4.2.1 Glycosaminoglycans 

The median sGAG across all regions and all specimens was 16.3% (range 8.8 to 

43.3%). When analysed by region, the median values ranged from 14.2 to 17.7%. 

There was no statistically significant difference when T1-N values (n=16) were 

analysed. 

Comparing regions X-N (n=14), Friedman’s test showed statistical significance 

(p=0.040) and a Wilcoxon tests revealed differences between X vs T3 (p=0.016) and 

X vs N (p=0.041) (Figure 4-4). 
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Figure 4-4 - GAG content in AKA specimens by region. n=16 for all regions and n=14 when X 

included. There was no statistical significance between regions T1-N. There was a statistical 

difference when including region X, p=0.040 (Friedman). Post hoc testing demonstrated 

statistical differences between X vs T3 (p=0.016) and X vs N (p=0.041). * Indicates significant 

differences. 

 

The data was subdivided into LAKA and HAKA groups. There was no statistical 

difference between regions T1-N for either group (n=16). When region X was 

included there was also no significant difference between regions (n=14). Each region 

of LAKA specimens was also compared to the same region of HAKA specimen, and 

there was no significant difference (Figure 4-5). 
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Figure 4-5 - GAG content (% by dry weight) of LAKA / HAKA samples. There was no 

significant difference across the regions, nor between LAKA and HAKA within each region. 

 

4.4.2.2 Type I Collagen 

The Type I collagen content median values ranged from 0.81 to 3.74% (overall range 

0.06% to 7%) collagen by dry weight; values are further broken down in Table 4-2.  

Overall, the AKA specimens showed a statistically significant difference between 

regions; p<0.001 (comparing regions T1-N) and p<0.001 (comparing region X-N). 

Post hoc analyses showed statistically significant differences between regions X vs N, 

T1 vs N, and T2 vs N (Figure 4-6).  
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Figure 4-6 – Type I Collagen (% by dry weight) by region, including all AKA samples. There was 

a statistically significant difference between regions if X is excluded (p<0.001) and if included 

(p<0.001). Post hoc testing showed a significant difference between regions X vs N, T1 vs N and 

T2 vs N. * Indicates significant differences. 

 

When analyzed, taking into account histological grade, the LAKA showed no 

significant difference between groups (p=0.14 (T1-N)). However, the HAKA group 

did show a statistical difference (p=0.02 (T1-N)). When region X was included, the 

significance was unchanged (LAKA, p=0.23; HAKA, p=0.02). Post hoc testing 

revealed statistical differences between X vs N and T2 vs N (Figure 4-7). 

 

Sample/Region X T1 T2 T3 N P value 

All AKA 1.023 1.06 0.81 1.3 3.74 p<0.001 

LAKA 1.15 0.93 0.73 1.16 2.23 P=0.23 

HAKA 0.90 1.10 1.30 1.35 4.85 p=0.02 

 

Table 4-2 – Type I Collagen (% dry weight) shown by region, divided into the groups examined.  

LAKA – low grade AKA samples; HAKA – high grade AKA samples. Red indicates significant 

differences. 
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Figure 4-7 Type I Collagen (% by dry weight) in each region of HAKA/LAKA samples. For 

LAKA samples there was no significant difference between regions. For HAKA, there was a 

significant difference (p=0.02 when both excluding and including x) between regions (post hoc 

analysis showed differences between T2 vs N, and X vs N). * Indicates significant differences. 

 

4.4.2.3 Type II Collagen 

Overall, the AKA specimens showed no statistically significant differences between 

regions when comparing regions T1-N and regions X-N (Figure 4-8). Median values 

ranged from 48% to 62% by dry weight. 
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Figure 4-8 - Type II Collagen (% by dry weight) in each region, including all AKA samples. 

There was no statistically significant difference between regions. 

 

Similarly, when this was analysed by histological group, there was no significant 

difference between regions for both LAKA (p=0.319) or HAKA (p=0.062) when X 

was excluded, or included (p=0.216 and 0.194) (Figure 4-9). 
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Figure 4-9 - Type II Collagen (% by dry weight) in each region of HAKA/LAKA samples. For 

both HAKA and LAKA samples, there was no significant difference between regions. 

 

4.4.2.4 Total Collagen 

The median total collagen levels ranged from 51-64%. There was no statistical 

difference between regions for total collagen levels for regions T1-N (p=0.125). 

However when X was included there was a difference (p=0.011). Post hoc testing 

showed the difference between regions T2 vs N (Figure 4-10) 

 

When analysed by histological group, there was a statistical difference between 

regions for both LAKA (p=0.05), and HAKA (p=0.019) for regions T1-N (post hoc 

testing showed this to be between regions T2 and N). This became not significant 

(p=0.178 and 011) when X was included (Figure 4-11). 
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Figure 4-10 - Total Collagen (% by dry weight) in all AKA samples. There was no significant 

difference when region X was excluded (p=0.125), and there was a difference with X included in 

the analysis (p-0.011). Post hoc testing showed the difference to be between regions T2 vs N. 

* Indicates significant differences. 

 

 

 
Figure 4-11 - Total Collagen (% by dry weight) in each region of HAKA/LAKA samples. For 

both LAKA and HAKA samples, there was a significant difference when X was excluded (p=0.05 

and 0.019 respectively), but not when X was included. 
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4.4.3 Real Time PCR 

The quality and yield was such that fewer samples were suitable for analysis and thus 

it was possible to conduct fewer experiments than planned. Furthermore, only paired 

data was included in the analysis. As a result of these reduced numbers, the data for 

HAKA and LAKA were analysed firstly as combined, and then, for those where there 

were larger numbers, they were analysed separately.  

Table 2-4 shows a summary of the genes examined, together with fold change and 

significance. They are presented as expression in regions T1-3 combined compared to 

region N. There were no genes that showed differential expression between regions. 

Results are shown in Figure 4-18. 

 

Gene n Fold change 

Damaged compared to 

Undamaged 

p value 

    

COL1A1 10 0.30 0.646 
LAKA 4 2.25 0.465 

HAKA 6 0.20 0.173 

COL2A1 9 1.18 0.241 
LAKA 4 1.31 0.465 

HAKA 5 1.06 0.686 

MMP 1 6 1.78 0.249 

MMP 3 10 0.56 0.241 
LAKA 4 0.35 0.273 

HAKA 6 0.73 0.600 

MMP 13 2 1.57 0.655 

ADAMTS 4 5 1.35 0.686 
Table 4-3 – AKA changes in gene expression between regions equivalent to the undamaged and 

damaged cartilage of AMG (values greater than 1 indicate higher expression in regions N 

compared to T1-3) 

 

4.4.4 Comparison of Data to AMG 

4.4.4.1 Immunoassays 

In order to fully interpret these results, it is necessary to consider the data alongside 

the data obtained from AMG. The graphs below first demonstrate regional findings 
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for GAG, Type I, II and total collagen. These data are taken from results of Rout et al 

(unpublished data).  

 

 

  

Figure 4-12 – Regional variation in AMG of Type I Collagen (p<0.001) Type II Collagen 

(p=0.840), GAG (p<0.001) and Total Collagen (p=0.003). Post hoc testing and significant 

differences are starred. 

 

In brief, GAG follows the expected pattern of decreased amounts in more damaged 

cartilage and of particular interest were the changes in Type I Collagen content in the 

macroscopically and histologically normal cartilage of AMG (see section 1.5.4). 

 

This data is shown plotted together, for comparison, with the result of AKA 

specimens in Figure 4-13 – 16. 

 



 98 

 

Figure 4-13 – Type I Collagen regional differences in LAKA, HAKA and AMG samples. 

* Indicates significant differences; in LAKA there were no significant differences. In HAKA, post 

hoc tests showed significant differences between X vs N and T2 vs N. In AMG, there were 

statistical differences between T1 vs N, T2 vs N and T3 vs N. 

 

 

 

Figure 4-14 - Type II Collagen regional differences in AKA and AMG samples. There were no 

significant differences.  
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Figure 4-15 - GAG regional differences in AKA and AMG samples. * Indicates significant 

differences; In AKA post hoc testing showed significant differences were between X vs T3 and X 

vs N. In AMG, significant difference were shown between T1 vs T3 and T1 vs N.  

 

Figure 4-16 - Total Collagen regional differences in AKA and AMG samples. * Indicates 

significant differences; In AMG post hoc testing demonstrated a significant difference between 

T2 vs N. 

 

4.4.4.2 Real time PCR 

The results for regional differences in gene expression in AMG are presented in detail 

in Chapter 2. Above (4.4.3), no regional differences have been shown in any of the 

genes examined in AKA specimens. 
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Figure 4-17 – Regional differences in Gene expression between the undamaged and damaged 

cartilage of AMG. * denotes significant differences (COL1A1, p=0.028; COL2A1, ns; MMP1, 

p=0.046; MMP3, p=0.028; MMP13, p=0.028 and ADAMTS4, p=0.046). The red line represents 

median values. 

 

 

 

 

Figure 4-18 - Regional differences in Gene expression in AKA samples between the equivalent 

regions of undamaged and damaged cartilage of AMG. No significant differences were 

demonstrated. The red line represents median values. 
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4.4.5 Summary of main findings 

There is a statistical difference in the amount of Type I Collagen in AMG and in high 

grade AKA samples. It is found in greater levels in the posterior area of cartilage 

(region N) in both cases. This regional difference is not found in low grade AKA 

samples. 

GAG content exhibits regional variation in the disease state of AMG, with lower 

GAG in more damaged cartilage. In addition, it is significantly lower in region X of 

AKA specimens. 

Total collagen is higher in the undamaged cartilage of AMG, with no variation  

between regions in AKA specimens. Type II collagen shows no significant variation 

across regions in either AMG or AKA specimens. 

In AMG, regional differences in gene expression, COL1A1, MMP1, 3, 13, and 

ADAMTS4 have been demonstrated, however there are no regional differences in 

gene expression in AKA specimens for these genes.  

4.5 Discussion 

The aims of this study were to study regional variation in aged cartilage and also to 

provide data to aid comparison of AMG data in a topographical manner. The null 

hypotheses:  

The AKA specimens are not histologically normal – is rejected. 

There is no difference in matrix content (type I and II collagens and GAG) between 

AMG and AKA specimens as measured using immunoassays: 

Type I Collagen - is rejected. 

Type II Collagen – is accepted. 

GAG – is rejected. 
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There are no regional differences in matrix content (type I and II collagens and GAG) 

in AKA specimens as measured using immunoassays – is rejected. 

 

4.5.1 Histology interpretation 

The study was initially conceived to validate conclusions reached in the study of 

AMG, namely that the matrix content and gene expression differences found are part 

of the OA disease process. In order to do this control tissue was sought. There are 

obvious difficulties in obtaining human tissue, and, as previously discussed, the most 

accessible source was AKA from patients undergoing this operation for peripheral 

vascular disease. 

 

During the collection of this tissue, it was noted that one sample demonstrated frank 

macroscopic features of OA, however the 16 samples that were processed did not. 

However, when studied histologically, there was a range of histological scores. 

Histology remains the gold standard for the confirmation of diagnosis of OA. 

Microscopic features, including surface fibrillation, loss of GAG, and cell clustering, 

are considered pathognomonic of OA. Numerous grading systems have been 

developed to study histology. The most popularly used remains the Mankin score 

[129] and its subsequent modifications, including the one used in this study [130]. 

More recently, the OOCHAS method [133] has been introduced and is becoming 

increasingly more used, having been shown to be reliable and reproducible [134]. 

 

The range of histological scores presented the question of how one could classify 

these samples, as they did not represent true ‘control’ tissue as was initially planned. 

Previous studies in the literature were identified that encountered this issue [126, 175, 
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213] and value of 3 on a Mankin scale has previously been used to distinguish 

‘normal’ or age-related change from OA cartilage. No such criteria have been 

suggested using the OOCHAS, thus the Mankin grade was used to classify the 

samples. It is interesting to note that in most fields of medicine there are ranges 

assigned to normal values, be it clinical measurements, for example, temperature, or 

biochemical levels as in blood results. However, in certain fields such as tumours, 

there is a binary approach of being either positive or negative. There is no such agreed 

approach to histological scoring in OA. 

 

OA is considered in the same way as the latter, and therefore any histological changes 

are often considered to be changes due to the disease process. One of the problems 

that arises with OA is that even though it is not an obligatory consequence of ageing 

[219], there are changes in cartilage that occur with age, and it is feasible that though 

they may appear, microscopically, to look like early OA, they may never progress. 

Cadaveric studies would suggest that in an aged population of similar age to these 

AKA samples, that the prevalence of OA is approximately 30-60% [220, 221]. 

 

In this study, the convention of previous work in the literature was used and therefore 

a distinction was made, rather than classifying the samples as controls, they were 

termed aged cartilage and divided into those of lower grade (< 3) or higher grade 

(>3), named LAKA, and HAKA respectively. 

 

For the immunohistochemistry, it was difficult to obtain clean and interpretable 

staining using the immunohistochemistry protocol, despite attempts to optimse the 

blocking steps and antibody concetrations. Therefore this experiment was abandoned, 
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and the immunoassays alone used to qualitatively assess Type I and II Collagen 

content. 

 

4.5.2 Immunoassay interpretation 

The central finding of this study relates to Type I collagen. This was shown to be 

elevated in AMG in histologically and macroscopically normal tissue. Chapter 2 

(section 2.5.1) discusses the presence of Type I collagen in more detail, but in 

summary, its presence in elevated amounts was an unexpected finding, leading to the 

hypothesis of it being part of the AMG disease process. When examined by 

histological grade, the HAKA specimens exhibited a significant difference in the 

same pattern as AMG. In region N, there was no significant difference between the 

values for Type I collagen content between AMG and HAKA specimens. In contrast, 

the LAKA samples had significantly less Type I Collagen in region N. Figure 4-13 

demonstrates the regional variation of type I Collagen in AKA alongside the LAKA 

and HAKA samples. Thus, one could hypothesize that increased Type I collagen is 

not a finding in low grade aged cartilage, and is instead one that occurs progressively 

with increasing histological damage. However, its topographical location is not in the 

regions of cartilage damage, but instead in the posterior region of the tibial plateau. 

This is discussed in more detail below in section 4.5.4. 

When all AKA samples were considered together, there was a significant difference 

in GAG content (p=0.04). Post hoc testing showed differences in GAG between 

regions X-T3 and X-N. This is interesting, as region X represents the topographical 

location of cartilage failure and bone erosion in AMG. However, when divided into 

LAKA and HAKA samples, these findings were no longer significant. Therefore, I 
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believe the conclusions drawn from this should be guarded and more samples are 

required in LAKA and HAKA groups to allow a more in depth analysis. 

 

4.5.3 Real time PCR interpretation 

The use of the standard curve method does not allow for comparison of gene 

expression across different genes, for example, MMP1 cannot be compared to MMP3. 

Furthermore as all AMG samples were processed together, and AKA specimens were 

processed on a separate occasion, the same gene cannot be compared across the two 

groups. The comparisons are therefore only between damaged and undamaged 

regions for either AMG or AKA, and have been assessed statistically in a pairwise 

manner. 

 

The results from AMG and AKA data are demonstrated above (Figure 4-17 and 

Figure 4-18 respectively). There were several significant differences in gene 

expression in AMG (COL1A1, MMP1, 3, 13, and ADAMTS4), however there was no 

differential gene expression in AKA samples, even for those that were subdivided into 

LAKA and HAKA. This suggests that differential gene expression is related to the 

OA disease process. 

 

4.5.4 Implications of findings 

This is the first study to analyse aged cartilage in a topographical fashion, using a 

template of knee OA, in the form of AMG, to allow comparisons between matched 

areas of cartilage. The repeatable pattern of AMG allows it to be used as a spatial 

model of OA progression. However, the data our group has previously acquired is 

difficult to interpret in isolation without control data. As described in section 4.1 the 
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AKA samples are not true controls. They do exhibit some histological changes that 

are impossible to categorise into possible age-related changes versus early OA 

changes. Nevertheless, the AKA samples do provide some extremely useful data. 

Towards the end of this study, ethical approval was given to collect samples from 

patients who were brain stem dead and donating organs as part of the national organ 

donation program. Unfortunately, there were no suitable specimens, but these samples 

would potentially provide true control tissue. 

The presence of Type I collagen and differential gene expression in AMG is discussed 

in chapter 2 (section 2.5.1). This study points to these changes perhaps being related 

to early histological changes, but not in the area of histologically damaged cartilage. It 

appears to be a phenomenon of the posterior-most cartilage of the medial tibial 

plateau. Animal studies have shown that cartilage damage, in its early stages, causes 

changes in gene expression, cytokine release and inflammatory mediation. Cartilage 

thinning in humans has been found to be related to altered synovial fluid profiles, for 

example IL15, TNF-alpha, IL-6 and IL-21 [222]. Even early disease produces an 

altered joint wide environment, as evidenced by changes in bone [15, 60], cartilage 

and synovium [223, 224]. It is likely that these changes alter chondrocyte phenotype. 

However, it is unlikely to be due to these factors in isolation, due to the regional 

specificity of these changes in both AMG and HAKA specimens. 

The distribution of weight, contact and stress areas in the knee have been 

demonstrated using film pressure sensors [200] and finite element modelling [201]. 

The posterior area of cartilage is sub-meniscal and thus has a more evenly spread load 

than more central areas of the tibial plateau. 
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It would be interesting to conduct two mechanical studies which might lead to a better 

insight into the mechanical element of OA changes in AMG as a lesion occurs. Firstly 

it would be interesting to understand if the cartilage in zone X becomes softer as OA 

ensues, and secondary to that how the loading of the tibial plateau changes. I would 

hypothesize that as the lesion progresses that there is increased weight bearing 

through this area and off-loading of the posterior undamaged cartilage. This would 

potentially explain some of the changes described in AMG. 

 

Interestingly, the thickest regions of cartilage are in the primary load bearing areas 

[42]. It has been hypothesized that abnormal loading during gait may be a 

predisposing factor to initiation and progression of AMG [50, 94]. Studies have 

shown that gait changes with cartilage loss in AMG [48, 225], however no work has 

been conducted to look at change in weight-bearing areas in either early damaged 

cartilage or in AMG. It has been suggested that histological features alone are likely 

not to be the strongest associated measure of the functional properties of cartilage 

[226]; as an indicator of cartilage damage it is logical to assume that both biological 

and mechanical environments are altered. This may lead to altered nutrition to cells 

and altered mechanotransduction which in turn leads to increased Type I collagen 

synthesis. It is also important to note that in this study, care was taken to exclude 

peripheral cartilage when preparing the samples, and there was no subchondral bone, 

fibrocartilage or synovium. 

 

It is interesting that there is no difference in Type II collagen in both AMG and AKA 

specimens in terms of content or differential gene expression. Its gene expression has 

been shown to be increased in OA [227, 228] however has not previously been 
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assessed in a regional manner. We have shown no differential gene expression 

between regions, however it could still be the case that there is a difference between 

AKA and AMG specimens, but as explained earlier, the methodology does not allow 

for this direct comparison.  

 

GAG exhibits the pattern that one would expect in AMG; the more histologically 

damaged, the less the GAG content. This was shown using histological staining 

(Safranin-O) and DMB immunoassays (Figure 4-15). When analysing all AKA 

samples the statistical difference between regions X-T3 and X-N, is an extremely 

interesting one. X has less GAG and is the equivalent of the area that first fails in 

AMG. It is difficult to draw strong conclusions from this because when divided into 

LAKA and HAKA subgroups, there was no statistical difference. Larger numbers in 

each sub group may clarify this finding, but it is possible that this early loss of GAG 

is a phenomenon secondary to early mechanical changes prior to more advanced OA 

disease. Rogers et al (2006) showed increased GAG in areas of higher weight bearing 

(using femoral condyle cartilage) [210]. This study appears to contradict that, as 

region X is a higher weight bearing area, with lower GAG content. One weakness of 

the GAG assay is the instability of DMB. A statistical difference was shown in each 

region between AKA and AMG samples, with the AKA GAG content being lower. 

These experiments were conducted at different time points, with different stock of 

DMB, which is notorious for being unstable depending on factors such as duration 

since the stock was made, storage and light conditions [217]. 

 

This study has demonstrated differences in regions of cartilage in both AMG and 

AKA specimens. Whilst it is easy to accept that AKA samples are not the best 
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controls, they are an excellent source of aged tissue which has definitely generated 

some interesting data. Peripheral vascular disease, for which all AKA samples were 

undergoing surgery is a possible confounder. However, given that the usual 

conditions of cartilage are at low oxygen tensions [211], one would hope that it is less 

of a confounder than, for example, nearby tumour, as used in other studies [210]. 

Another shortcoming is that although matrix content was assessed in smaller regions 

(X, T1, T2, T3 and N) it was not possible to assess by depth. Furthermore, gene 

expression was only possible, due to constraints of the amount and quality, to be 

assessed in the pooled regions T1-3. Weight-bearing status of the subjects undergoing 

AKA was not documented. It is feasible that a lack of loading in some subjects 

contributes to changes in gene expression, and ultimately matrix content perhaps 

dependent on the duration of altered weight bearing. One analogy would be with 

tendon and bone, where the effects of decreased loading have been shown to cause 

increase in MMP expression. 

 

AMG provides an excellent spatial model of OA progression. The gold standard in 

assessment of cartilage in OA would be to couple this with a temporal model and also 

to couple its study with parallel mechanical studies, with the key questions that still 

remain unanswered in the study of OA relating to its initiation and progression. An 

ideal set of samples would include young undamaged cartilage, early diseased 

cartilage, aged diseased and undiseased cartilage and AMG (Figure 4-19).  
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Figure 4-19 – Ideal sample collection at varying ages and stages of disease. The numbered lines 

1,2, and 3 represent three groups: undiseased cartilage, aged cartilage, and progressive 

osteoarthritic cartilage. 

 

It would also be possible to apply the same approach to the study of lateral, 

patellofemoral and tricompartmental disease, in that regional variation in disease and 

controls sampled in the same manner provide a persuasive argument of better 

understanding these changes. In addition, earlier detection techniques, for example, 

MRI imaging may make such early disease more amenable to study. 

 

It is not clearly understood whether TCOA is a consequence of late AMG and the 

failing ACL, or whether it exists, in addition as a phenotype in itself. AKA samples, 

and a complete analysis of all cartilage surfaces could provide further insight into the 

initiation of OA. Mechanical testing of the cartilage of AKA samples could also yield 

interesting results especially when coupled with the findings of this study, and 

remains an area for further investigation. 



 111 

Chapter 5 

5 STUDY 3 - CELL DEATH IN ANTEROMEDIAL 

GONARTHROSIS 

5.1 Introduction 

Cartilage is an avascular, aneural and alymphatic tissue with poor regenerative 

potential (as discussed in Chapter 1). Chondroctyes are responsible for synthesising 

and maintaining the extracellular matrix of articular cartilage. They have low 

proliferation rates [229] thus cell death does not elicit an appropriate homeostatic 

mechanism of repair. Instead, once a threshold of chondrocyte death is reached, it is 

likely to be a pre-terminal event for the joint. 

 

Cell death is divided into two broad categories: apoptosis and necrosis. Apoptosis, 

was first described by Wylie et al in 1972, as programmed cell death [230]. They 

described the concept of a genetically-controlled programme of nuclear and 

cytoplasmic changes with defined morphological and biochemical features, but 

without cellular constituents released into the surrounding tissues, and thus without 

the presence of inflammatory changes consistent with release of lysosomal enzymes 

[231-235]. In addition, because it involves hierarchical cascades with activation 

thresholds, it has been shown to be a reversible process, provided intervention occurs 

early enough [236]. 

 

Necrosis, on the other hand, is considered to be caused by exogenous factors, when 

the insult is large [237], and occurs rapidly. It would appear not to include the 
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complex signalling pathways of apoptosis. It is always pathological, and an 

inflammatory response is mounted [238]. It is a passive or energy-independent mode 

of death, which has been attributed to two main mechanisms; interference with the 

energy supply of the cell, and direct damage to cell membranes [239]. 

 

The difference between apoptosis and necrosis is an interesting and important 

distinction to make, and in cartilage both appear to be pathological processes [234, 

240], however, necrosis is irreversible. Thus, in a study that aims to find reversible 

pathways as potential targets for therapeutic intervention, it is the incidence and 

cellular pathways of apoptosis that have been investigated.  

 

Apoptosis has more than one pathway leading to cell death; the intrinsic (or 

mitochondrial) pathway, and the extrinsic (or cell surface death receptor) pathway 

[241] (for overview see Figure 5-1) 
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Figure 5-1 - Image demonstrating the intrinsic and extrinsic pathways of apoptosis taken from 

Harrington et al (2008) [242]. 

 

The extrinsic pathway involves transmembrane receptor-mediated interactions and is 

p53 independent. These involve extracellular death ligands that are part of the TNF 

receptor gene superfamily, for example FasL and TNF%. They bind with their 

respective receptor causing recruitment of FADD and formation of a death-inducing 

signalling complex (DISC), ultimately resulting in activation of caspase 8 and 

apoptosis execution [243]. 

 

The intrinsic pathway is initiated within the cell and there are number of known 

triggers which include; radiation, toxins, hyperthermia, viruses and reactive oxygen 

species. Such stimuli act directly within the cell, ultimately resulting in opening of 

mitochondrial pores and release of pro-apoptotic proteins such cytochrome c [244-

246] into the cytosol [247, 248]. These proteins go on to activate Apaf-1 and pro-
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caspase 9, forming an apoptosome. Thus begins the initiation and subsequent 

execution of the caspase cascade of proteolysis. Once activated, it has been suggested 

that there is an irreversible commitment towards death. However, more recently, there 

is some evidence that inhibition of caspase activity can prevent apoptosis [249]. 

 

A further form of programmed cell death is anoikis [250]: this is also known as 

“detachment-induced apoptosis “ or “integrin-mediated apoptosis”, and elements of 

both the instrinsic and extrinsic pathways of caspase-dependent apoptosis are 

implicated [251]. The loss of integrin-mediated adhesion to the extra cellular matrix 

results in the faltering of survival signals, including Fak, Src,and Akt, and the 

activation of the initiator caspase 8 via unknown mechanisms [251]. 

 

The early stages of the intrinsic pathway are highly regulated and modulation occurs 

with a number of proteins [252] including p53 and the Bcl-2 family  Table 5-1.  There 

are several functional classes of the Bcl-2 family. A first class inhibits apoptosis (Bcl-

2, Bcl-xl, Bcl-w, Mcl-1, Bcl-B). A second class forms the pores that disrupt 

mitochondrial membrane integrity, allowing cytochrome c release and caspase 9 

activation (Bax, Bak). A third class facilitates apoptosis by binding to and decoying 

anti-apoptotic Bcl2 etc (Bad, Noxa and Bmf). A fourth class can bind and directly 

activate pore formers Bak and Bax (Bim, puma, truncated Bid) [236]. In functional 

terms this means that decoy-type proapoptotic members like noxa are less potent than 

direct activators of pore formation like Bim. 
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Pro-apoptotic Anti-apoptotic BH3-only 

Triggers of 

apoptosis 

Bcl-10 Bcl-2 Bad 

Bax Bcl-x Bik 

Bak Bcl-xl Bid 

Bok Bcl-xs Bim 

 Bcl-w Noxa 

 BAG Puma 

   
 

Table 5-1 – The Bcl-2 family of proteins. The Bcl-2 family have both pro- and anti-apoptotic 

functions. There are 25 genes in total, and a selection are listed above as pro/anti apoptotic or 

BH3-only. 

 

This family of proteins has also been shown to be involved with Endoplasmic 

Reticulum (ER) stress-induced apoptosis. The ER is an organelle responsible for the 

synthesis and folding of intracellular proteins. It is highly sensitive to stresses that 

affect cellular energy levels, the oxidation-reduction (redox) state and calcium ion 

concentration. The Bcl-2 family of genes has also been implicated in ER stress-

induced apoptosis, with over expression of Bcl2, or Bax and Bak deficiencies being 

shown experimentally to confer protection against ER stresses [253, 254]. However, 

their regulation in ER stress is not fully understood. 

 

The caspases have been described as the ‘executioners of cell death’ [255]. In broad 

terms there are three main groups of caspases; the initiators, the executioners and the 

inflammatory caspases (Table 5-2). Executioner caspases such as caspase 3, 6 and 7 

are responsible for the activation of cytoplasmic endonucleases, which degrades 

nuclear material, and proteases that degrade the nuclear and cytoskeletal proteins 

[256].  
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Category Caspases 

Initiator 2, 8, 9, 10 

Executioner 3, 6, 7 

Inflammatory or cytokine 

processing 

1,4, 5, 11, 12, 13, 14 

 

Table 5-2 – Caspases listed by role. There are 14 caspases that are broadly categorised into the 

roles above. In particular, caspase 8 is the first activated in the extrinsic pathway, and caspase 9 

in the intrinsic pathway.  

 

Reactive oxygen species (ROS) have been implicated in a number of pathological 

processes. “Oxidative stress” is the term used for an imbalance in oxidants and 

antioxidants large enough to induce cellular and/or tissue structural or functional 

changes [257]. Mitochondria are an important source of ROS, they have been have 

been shown to be triggers of mitochondrial-mediated apoptosis. 3-Nitrotyrosine can 

be used as a surrogate marker of ROS induced damage. It is formed from the nitration 

of tyrosine residues in a chemical reaction caused by exposure to high levels of ROS 

[258]. It has been suggested that nitric oxide (NO) donors are one of the primary 

inducers of cell death. It appears that this process is modulated by other ROS [259]. 

Likely causes of excess ROS generation include excessive mechanical load [260] or 

proinflammatory cytokines [222], both of which are known factors in the OA disease 

process. 

 

There are multiple triggers that may influence why a cell that is under stressed 

conditions may start down a route towards apoptosis. Similarly, there are protective 

mechanisms that attempt to prevent this. It is a complex, and not fully understood, 

balance. One family of proteins that have been implicated in the process is the 

Forkhead box (FOXO) family of transcription factors. The role of FOXOs is not 

clearly defined in the literature, showing both protective and cell death effects. 
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FOXO1 and 3A are key responders to oxidative stress and mediate cellular responses 

to ROS, including initial upregulation of protective enzymes such as SOD [261], but 

followed, in chronic exposure states, by upregulation of pro-apoptotic proteins such as 

Bim and noxa, resulting in apoptosis [262, 263]. As discussed above, while both Bim 

and noxa play a role in oxidative stress induced death, Bim can directly mediate cell 

death while noxa predisposes to it, hence presence of Bim in damaged tissue is a 

stronger indicator of probable apoptotic consequences. Bim was first linked to 

oxidative stress induced apoptosis [264] and subsequently identified as a FOXO target 

gene [265]. 

 

This study investigates the incidence of cell death in AMG using 

immunohistochemical methods, with the aim of exploring possible pathways causing 

apoptosis and the role they may play in cartilage degradation in AMG. Table 5-3 lists 

the immunohistochemical studies conducted and function of the marker. 
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Immunohistochemical study Role of marker 

Terminal deoxynucleotidyl transferase 

dUTP nick end labeling (TUNEL) 

Detects DNA fragmentation resulting 

from apoptotic signalling cascades  [266] 

Active Caspase 3 

 

Executioner caspase.  

Cytochrome C 

 

Intermediary in apoptosis; released from 

inner membrane of mitochondria and 

readily detectable only when released. 

Active Bax 

 

Bcl-2 family, found primarily in cytosol, 

triggers mitochondrial permeability 

transition in the mitochondrial membrane 

once conformationally active. 

3-Nitrotyrosine Indicator of nitric oxide and ROS induced 

damage. 

Bim  Bcl-2 family, proapoptotic molecule in 

BH-3 only or direct activator group. 

Forkhead box O3A (FOXO 3A) Forkhead transcription factor; oxidative 

stress responder and mediator of 

apoptosis  in conjunction with other 

proteins 
 

Table 5-3 - Immunohistochemical studies conducted. The list above demonstrates the 

immunohistochemical staining undertaken, with a brief overview of the role of the 

marker/protein. 

5.2 Null Hypotheses 

1. Apoptosis does not correlate with degradation of cartilage in OA. 

2. There are no regional differences in cell death in AMG. 

3. Reactive oxygen species are not implicated in the process. 

4. There is no difference in cell death between AMG and control specimens. 

 

5.3 Methods 

5.3.1 Sample collection 

Ten tibial plateau resection specimens were collected from patients undergoing UKA 

for AMG (Ethics Reference C01.071) at the Nuffield Orthopaedic Centre). These 

were paraffin embedded and sectioned as described in previously (section 4.3.1).  
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Of the sixteen AKA specimens, described in the previous chapter, eight were used as 

control samples, having also been prepared into paraffin embedded sections.  

 

Sample 

number 
Gender 

Date of 

Birth 
Age Side 

1 M 02/07/1933 74 R 

2 F 22/8/54 53 R 

3 M 9/10/1939 68 L 

4 F 2/8/1926 81 L 

5 F 16/11/1945 62 R 

6 F 29/2/32 75 L 

7 F 26/3/1938 69 L 

8 M 9/12/1936 71 R 

9 M 7/12/1943 64 R 

10 F 18/06/1929 78 L 
Table 5-4- Demographics of AMG specimens used in this study. (M – Male, F – Female, R – 

Right, L – left). 

 

 

5.3.2 Immunohistochemical studies 

Table 5-3 shows the immunohistochemical studies that were undertaken. A protocol 

is included as Appendix 3. 

A number of optimising steps were required to the initial basic immunohistochemistry 

protocol in order to gain satisfactory results, in terms of appropriate staining. These 

are highlighted below. 

5.3.2.1 Heating sections 

When difficulty has been encountered with paraffin embedded sections in the past, a 

number of immunohistochemical protocols describe microwaving of sections to aid 

with antigen retrieval [267, 268]. This was attempted to improve the quality of 

staining with these sections. However it was abandoned due to problems with the 

sections lifting off the slides. Upon discussing this with other groups, it is a common 

occurrence with very large cartilage sections.  
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5.3.2.2 Blocking non-specific staining 

Blocking solutions reduce background staining by binding to generic protein-binding 

sites or highly charged molecules. The primary antibody then competitively binds to 

its respective antigen in the next step. Despite increasing concentrations of antibody, a 

number of sections were still showing only faint staining. By varying the length of the 

blocking step, more pronounced specific staining was achieved, with no excess of 

background staining; 200µl of 3% Horse serum was added per slide. 

5.3.2.3 Primary Antibody 

The data sheet information provided with each antibody often gave concentrations for 

immunohistochemistry conducted on cryosections. Therefore a number of pilot 

experiments were required to optimise the concentrations of antibody on paraffin 

embedded sections. 

200µl of each primary antibody was added per slide. They were then covered in 

parafilm and incubated overnight (approximately 18 hr) at 4°C. Table 5-5  shows the 

concentrations that each antibody was optimised to. 

5.3.2.4 Positive and negative controls 

The following controls were used for: 

TUNEL – Positive control was sections of colon, provided with the lab kit; negative 

control was performed with no terminal transferase (label solution only).  

Caspase/cytochome c – Positive controls for the antibody have been used widely by 

our lab on induced apoptosis in cultured cells. Negative controls were isotype specific 

controls.  

FOXO / Bim – these have been used extensively by our research group to confirm 

specific knockdown of Bim or FOXO3A by siRNA procedures. On Western blot, 
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bands of the correct size are induced by expected inducers and removed by siRNA, 

confirming antibody specificity. 

 

5.3.3 Assessment 

TUNEL, 3-nitrotyrosine (abbreviated to acronym 3-NT although tyrosine is correctly 

symbolized as Y), and FOXO were assessed quantitatively. Each region (T1-3 and N) 

was divided into superficial, middle and deep areas as shown in Figure 5-2. Cells 

were counted at 200x magnification and the percentage positive cells (number of 

positive cells divided by total number of cells x 100) was calculated for three frames 

per area. For the AKA specimens, the template described previously was used (Figure 

3-6) 

 

 

Figure 5-2 - Schematic representation of AMG. The damaged area was divided into equal thirds 

(T1, T2, T3). The undamaged cartilage is region N. The cartilage was divided into equal thirds, S 

being the most superficial, M the middle region and D being the deepest. 

 

Active Caspase 3, Cytochrome C and Active Bax and Bim were assessed 

qualitatively. 
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Antibody to: Manufacturer Concentration 

used 

Active Caspase 3 

 

Cell signalling 

technologies (MA, 

USA) 

1:100 

Cytochrome C 

 

Cell signalling 

technologies  

1:100 

Active Bax 

 

Upstate (Virginia, 

USA) 

1:100 

3-Nitrotyrosine Invitrogen 

(Paisley, UK) 

1:100 

Bim  Epitomics 

(California, USA) 

1:20 

FOXO3A Cell signalling 

technologies  

1:20 

 

Table 5-5 - Antibodies (manufacturer, concentration). The antibodies were optimised by 

changing the concentrations to obtain appropriate staining. 

 

5.3.4 Statistical Analysis 

Graphical data are displayed as box and whisker plots with median values and error 

bars representing range. Analysis was undertaken using Friedman’s tests, comparing 

percentage positive staining between regions in PASW version 18 (IBM, New York, 

USA). Post hoc testing was undertaken using Wilcoxon tests and Spearman’s rank 

correlations were undertaken to assess the relationship between percentage positive 

staining and histological grade. Graphs were created using GraphPad Prism version 5 

(Graphpad, California, USA) 

 

5.3.5 Inter/Intra observer variability 

Two random sections were analysed by a second observer, and at two different time 

points by one observer. Each section equates to twelve regions, and three frames were 

counted in each region, therefore 72 fields were analysed. Results were judged by the 
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intraclass correlation coefficient. The inter and intra observer variability was 0.994 

and 0.995 respectively. 

 

5.4 Results  

There was a significant difference in TUNEL staining between regions (p<0.001) 

showing progressively less staining with less damage to the cartilage (Figure 5-3 and 

Figure 5-4). This ranged from a median value of 26% in the most damaged cartilage 

(T1) to 4.4% in the undamaged cartilage (N). Post hoc analysis showed significance 

in comparison of T1 to other groups, but not within pairs T2-N. 

 

 
Figure 5-3 – Percentage apoptosis (as shown by TUNEL staining) by zone in AMG specimens. 

The cartilage sections were divided into regions from anterior to posterior (Figure 5-2). There 

were equal divisions of damaged cartilage (T1-T3) between the full thickness cartilage and the 

start of the area of undamaged cartilage (N). Percentage positive TUNEL staining (TUNEL 

positive cells/total number of cells) were counted in multiple frames. There was a significant 

decrease in levels of TUNEL staining between regions (p<0.001, Friedman), from a median of 

26.0% in T1 to 4.4% in N. Post hoc testing revealed significance between pairs of zone T1 and 

other zones, but not for pairs within T2-N. 
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Figure 5-4 - Immunohistochemistry pictures of TUNEL staining for regions T1, T2, T3 and N. 

Cell counting demonstrated significantly higher percentage of positive staining in more damaged 

cartilage (p<0.001; see Figure 5-3). 

 

Cell death, as detected by TUNEL, appeared predominantly in surface chondrocytes 

of damaged cartilage. The median value in the superficial layer across all zones was 

22.7% compared to 0.0% (25% percentile 0.0; 75% percentile 3.4) in the deeper 

layers (p<0.001) (Figure 5-5). 

 

An analysis of percentage of apoptosis compared to histological grade showed that 

there was a good correlation (Spearman’s r=0.66, p<0.001), as illustrated in Figure 

5-6. 
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Figure 5-5 - Percentage apoptosis (as shown by TUNEL staining) by depth in AMG specimens. 

The cartilage sections were divided into regions by depth, of superficial (top third by depth) or 

other (including middle and deep) Percentage positive TUNEL staining (TUNEL positive 

cells/total number of cells) were counted in multiple viewing fields. There were significantly 

greater amounts of apoptosis in superficial cartilage when compared to deeper regions (p<0.001, 

Friedman). 

 

  

Figure 5-6 - Scatterplot showing percentage apoptosis by histological grade. Each region had 

percentage of TUNEL positive cells counted and was also graded histologically using a modified 

Mankin grade (range 0-21). The percentage of apoptosis showed a good correlation with 

histological damage (r=0.66, p<0.001, Spearman’s rank correlation). 
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Active caspase 3, Cytochrome C, Bim and active Bax were assessed qualitatively and 

shared a similar distribution to TUNEL (Figure 5-7). There were highest numbers of 

positive cells in the surface layer of damaged cartilage. There was little staining in 

deeper layers or in undamaged cartilage. 

 

 

 

Figure 5-7 - Immunohistochemistry pictures demonstrating the presence of Active Caspase 3, 

Cytochrome C, Active Bax and Bim. These markers of apoptosis were seen in a similar 

distribution to that of TUNEL – more prevalent in more damaged cartilage (see Figure 5-3). 

 

3-Nitrotyrosine was also shown to be present with a similar distribution to TUNEL 

(Figure 5-8). Quantification revealed a progressive decrease in percentage positive 

cells from 58.3% in T1 to 10.3% in N, and there was a significant difference between 

regions (p<0.001) (Figure 5-9). Pairs of data (by zone) were analysed using a 

Wilcoxon test, and were significantly different between all pairs (p=0.002) except for 

T3 compared to N. 
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Figure 5-8 – Immunohistochemistry pictures demonstrating the presence of 3-nitrotyrosine in a 

similar distribution to TUNEL. Positive staining was seen predominantly in the surface layer of 

damaged cartilage. 

 

Figure 5-9 - Percentage 3-nitrotyrosine immunostaining by region. The percentage of 3-

nitrotyrosine staining (positive cells/total cells) in multiple frames was shown to be significantly 

different (p<0.001, Friedman) by region. The median values decreased from 58.3% in T1 to 

10.3% in N. There was a significant difference (p=0.002) between all pairs except T3 and N. 

 

Plotted together, the relative amount of 3NT positive cells was greater than TUNEL 

positive cells in each zone (Figure 5-10). It was significantly higher in zones T1 and 

T2 (p<0.04 and p<0.01 respectively). This may be due to these methods having 

differing sensitivities, for example 3NT may be a more sensitive antibody than the 

TUNEL antibody kit, or 3NT may be more abundant as a marker. 
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Figure 5-10 - Percentage 3-nitrotyrosine and percentage apoptosis by region. This graph 

represents Figure 5-9 and Figure 5-3 plotted together. In each region there appears to be a 

higher level of 3-NT staining that TUNEL staining. 3NT boxes are patterned, TUNEL boxes are 

empty. This was significant in zones T1 (p<0.04) and T2 (p<0.01, Wilcoxon). 
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No significant difference was demonstrated in levels of FOXO3A between regions 

(p=0.06) (Figure 5-11). Figure 5-12 demonstrates, for interest, levels of FOXO, 3-NT 

and TUNEL in regions of AMG. They are not compared statistically as each are 

different assays/antibodies with different sensitivities (Table 5-6). 

  

Figure 5-11 – Percentage FOXO3A by region. Median values ranged from 30.8 (T3) to 35.3 (N). 

There was no significant difference between regions (p=0.06). 

 
Figure 5-12 – Percentage positive cells of FOXO 3A, 3-NT and TUNEL, by region. 
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Assay/Region T1 T2 T3 N 

TUNEL 26.0 12.0 12.0 4.5 

Range 14.7 – 80.0 4.9 – 25.0 4.3 – 16.8 0.6 – 22.0 

3-NT 58.3 24.7 12.7 10.3 

Range 41.0 – 67.5 18.7 – 37.5 7.2 – 23.4 0.0 – 15.0 

FOXO3A 33.9 31.2 30.8 35.25 

Range 28.4 – 44.2 25.3 – 37.9  25.9 – 41.5  32.1 – 39.6 

 
Table 5-6 - Median percentage positive cells by region. Median values and ranges are shown for 

TUNEL, 3-NT and FOXO3A staining by region. 

 

Comparing this to apoptosis in the age-matched but relatively undamaged AKA 

specimens, levels were significantly lower (p<0.001) than in AMG across all regions 

(Figure 5-13). Median values were low throughout AKA specimens, ranging from 1.0 

to 3.2%. In AKA specimens, there was a significant difference between regions 

(p<0.001), with post hoc testing demonstrating this to be between regions X v T2, X v 

T3 and X v N (p=0.012). 

 

 

Figure 5-13 – Percentage apoptosis in aged samples, by region. Within each zone, the percentage 

of apoptosis is plotted for AMG specimens and for undamaged aged control samples (higher and 

lower histological grade). Within each zone (T1-N) there was a significantly greater percentage of 

apoptosis in AMG compared to undamaged control samples (T1 p<0.001, T2 p<0.001, T3 

p<0.001, N p=0.02, Kruskal Wallis). 
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In the AKA samples, 3-NT demonstrated a significant difference (p<0.001) between 

regions (Figure 5-14). Post hoc testing showed that region X significantly higher 

numbers of cells than all other regions. There was no significant difference when 

higher and lower grade AKA specimens were compared. 

 

Figure 5-14 - Percentage 3 Nitrotyrosine by region. Median values ranged from 12.1 (N) to 19.41 

(X). There was a significant difference between regions (p<0.001) demonstrated with post hoc 

testing to be 30.8 between X and all other regions, T2 v T3 and T2 v N). 

 

FOXO3a staining was very consistent across all regions but there was a statistically 

significant difference (p=0.04) between regions. Post hoc testing showed this to be 

between regions X v T3 and T1 v T3. FOXO3A was most prevalent in region X 

(Figure 5-15). N displayed the least variation in staining between specimens. There 

was no significant difference between higher and lower grade AKA specimens. 
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Figure 5-15 - Percentage FOXO3A by region. Median values ranged from 29.01 (T3) to 38.48 (X). 

There was a significant difference (p=0.04). Post hoc testing demonstrated statistically significant 

differences between X v T3 and T1 v T3. 
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Figure 5-16 - Immunohistochemistry pictures demonstrating 3-nitrotyrosine and FOXO 3A 

staining in AKA samples. The smooth cartilage surface, representative of a low histological 

grade, can be seen together with positive staining. 

 

When AMG levels of 3-NT and FOXO3A were compared to those from AKA 

samples significant differences were demonstrated in regions T1 (p<0.001) and T2 

(p<0.001) for 3NT; there were no significant differences between regions for 

FOXO3A. 
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Figure 5-17 – Graphs demonstrating percentage positive cells, by region, of 3-NT and FOXO3A 

between AMG and AKA specimens. Significant differences were shown in regions T1 (p<0.001) 

and T2 (p<0.001) for 3-NT. There were no significant differences for FOXO3A. 

 

5.5 Discussion 

5.5.1 Apoptosis  

The null hypotheses: 

1. Apoptosis does not correlate with degradation of cartilage in OA. 

2. There are no regional differences in cell death in AMG. 

3. Reactive oxygen species are not implicated in the process. 

4. There is no difference in cell death between AMG and control specimens. 

are all rejected. 

 

The results from this study have a number of interesting findings: 

 

1. There is a progressive increase in the amount of positive staining per region as 

the cartilage becomes more damaged and there is a good correlation of cell 

death to histological grade. 

2. Positive staining is predominantly a surface phenomenon. 
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3. The presence of active caspase 3 and cytochrome C release support the theory 

of a programmed signalling pathway leading to cell death 

4. Appearance of Bim and activation of Bax and cytochrome c release suggest an 

“intrinsic” apoptotic mechanism that involves the mitochondria and possibly 

apoptosis secondary to endoplasmic reticulum stress. 

5. 3NT presence demonstrates a role of ROS mediated apoptosis in cartilage 

 

Apoptosis is an area within cartilage biology that has been controversial for over a 

decade. In broad terms, apoptosis has a role in several processes in the eukaryotic 

mammalian cell. It is required for embryogenesis and development, and in the adult, 

for tissue remodeling. However, it also has pathological implications, and to take a 

few simple examples, too much apoptosis may lead to tissue atrophy (e.g. 

neurodegeneration or skin thinning), and too little, to hyperplasia (e.g. cancer or 

atherosclerosis). In cartilage, it appears to be a pathological process and one which is 

poorly dealt with by the tissue. There are low rates of proliferation and little in the 

way of cellular turnover [122, 269] both in normal and diseased tissue. This means 

that an area of cartilage with depleted numbers of functioning chondrocytes has no 

mechanism for maintaining the ECM. This lack of a ‘regenerative’ homeostatic 

mechanism is one of the reasons that once OA is diagnosed that it is considered to be 

pre-terminal for the joint. 

 

Aigner, in a perhaps controversially titled paper, “Apoptotic cell death is not a 

widespread phenomenon in normal aging and osteoarthritic human articular knee 

cartilage” [122] in 2001, reported only occasional TUNEL positive cells in 

osteoarthritic cartilage. Aigner’s paper stresses one group’s conclusions, but there 
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have been both agreement and contradictory findings prior to and since its 

publication.  

 

Roach et al [239] addressed this further by coining the term “chondroptosis”. Her 

interpretation of programmed cell death focuses on the morphological differences 

between classical apoptosis and features seen in chondrocytes. The presence, under 

electron microscopy, of TUNEL-positive clusters of particles containing nuclear 

material is rare. There are several reports of failure to find apoptotic bodies in OA 

cartilage [125, 270]. Roach et al thus use the term chondroptosis as a descriptive term 

for the events that they note using electron microscopy, not a sequence of biochemical 

events.  

 

TUNEL staining [266] is one of the most commonly used assays for detection of 

apoptotic cells. It identifies DNA fragments but there is debate with regards to its 

accuracy and possible false positive rate [234, 239, 271], with it detecting end-stage 

necrotic cells that also display DNA fragmentation. This uncertainty about the 

specificity of TUNEL led us to use other recognised ‘end-stage’ markers of apoptosis 

which have also been used by other groups and for which published data exists. 

Active caspase 3 has been used as another marker of apoptosis in several studies 

[272-274] in cartilage, yielding similar results to TUNEL, however it is interesting to 

note that reported levels of apoptosis in OA cartilage vary widely from <1% [122] to 

44% [274]. Released cytochrome c is a widely used marker of intrinsically driven 

apoptosis involving mitochondria [275, 276]. Despite the differences in nomenclature, 

it is evident from previous work into cell death in cartilage that a number of markers 

for a ‘programmed’ cascade are present. 
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There is a statistically greater percentage of positive cells in the surface layer when 

compared to the deeper layers. The most superficial layer of remaining cartilage was 

taken as the surface layer, and compared to the other layers (this was defined as all of 

the cartilage in T1, the most superficial half of the cartilage in T2 and the most 

superficial third of the cartilage in T3 and N). This result is as one might expect. In 

OA it is the surface layer of cartilage which histologically exhibits changes first hence 

grading is driven by surface phenomena [133]. In mechanical loading models in vitro 

[277], and also in animal models of OA [274, 278], it is the surface layer that exhibits 

changes in cellular viability or increase in staining of apoptotic markers. This has also 

been demonstrated in human cartilage [124]. 

 

This study demonstrates surface driven damage in a human model of OA progression, 

where even in cartilage with a normal histological grade, some positive staining was 

present with the vast majority in the superficial layer. There is a statistical difference 

in the percentage of positive cells when compared by region, with higher rates of cell 

death detected in more damaged cartilage. This is further supported statistically by a 

good correlation with histological grade. In the phenotype of AMG, there is a 

progressive change in histological grade and thus the severity of OA across 

specimens. These results show that in these regions of cartilage, cell death, certainly 

in more damaged cartilage, is a good marker of disease progression. However, one of 

the interesting results is in region ‘N’ where, though histologically classified as 

‘normal’, there are 4% positive cells. 
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This again relates to a recurring theme of the lack of good human control data, but 

some human data [122, 239] and certainly available animal data would suggest that 

this is a higher percentage than one might expect. If one were to hypothesize why this 

might be the case, it again relates to the overall environment of the joint. In an AMG 

joint, the biological ‘stability’ of the joint firstly becomes compromised in the 

anteromedial quadrant of the tibial plateau, which is where the lesion is found [91]. 

As the disease progresses, the size of the lesion increases, more histological damage is 

evident, and there an increase in the amount of cell death. This will inevitably have 

sequelae, with a combination of a loss of chondrocyte survival signals [279] and a 

pro-apoptotic environment. 

 

5.5.1.1 Mechanism of apoptosis 

Given that TUNEL shows the variation described above in cartilage with increasing 

degrees of damage, it is important to try and ascertain the pathways causing cell 

death. Immunohistochemical staining of active caspase 3, cytochrome C, active Bax, 

and Bim showed their presence with a similar distribution to TUNEL staining.  

Active Caspase 3 is termed an executioner caspase, in other words, its activation and 

effects are at the end stages of apoptosis. In particular it has interactions with caspases 

8 and 9 as shown in Figure 5-1 [242]. It is activated by both the extrinsic and intrinsic 

pathways [280, 281]. Active caspase 3 has been used in previous studies [274] as a 

means of quantifiying apoptosis in cartilage. The conclusions of this paper, which 

used equine metacarpophalengeal and proximal and distal interphalangeal joints, are 

analogous to the present study, showing the presence of active caspase 3 to be 

correlated to histological grading. This study, in assessing AMG, supports this data.  
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Cytochrome C is a protein normally found bound to the inner membrane of 

mitochondria. It is highly toxic outside the mitochondrion and upon release acts as an 

intermediary in the apoptosis cascade [246]. Cytochrome c release has been explained 

by a number of proposed theories. A significant amount begins bound to the inner 

mitochondrial membrane by cardiolipin [282]. Cardiolipin is oxidised, (and this can 

occur by ROS interactions), leading to release of cytochrome C from the membrane. 

Other evidence suggests that a change in the concentration of potassium ions is 

enough in itself to release cytochrome C from the membrane without other molecular 

interactions [283]. Its release into the cytosol then has downstream effects on 

procaspase 9, which is activated and in turn activates executioner caspase mediated 

cell death. While double-staining was not carried out, the data from this study 

supports apoptosis induction via the mitochondrial pathway, as evidenced by the 

presence of cytochrome C in cells from tissue regions also positive for active caspase 

3 and TUNEL. 

 

Further immunohistochemical studies examined upstream markers of instrinsic 

pathway apoptosis. 

Bax is one of a family of apoptosis regulating molecules; the Bcl-2 superfamily [252]. 

Bax, in its inactive state, is present in the cytosol. Apoptotic stimuli cause its 

translocation into mitochondria and when it is activated, it creates pores in the outer 

mitochondrial membrane through which cytochrome C is released. 

 

Bim is another one of the Bcl2 family of proteins that has been shown to have a pro-

apoptotic action. This also been shown to be through interactions with a number of 

other Bcl-2 family members including by direct binding to and activation of Bax 
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[284]. Bim is also known to be upregulated by FOXOs [285, 286] (see section 5.5.2). 

Since the start of this work evidence for the involvement of Bim in ROS-mediated 

stress response has emerged [287] but it has also now been found that FOXO1 is the 

primary driver of Bim in apoptosis induction [287, 288], and in hindsight this would 

have been the better FOXO to study. 

 

The molecules discussed are the ones primarily addressed in this study, however, 

there are numerous other proteins including other caspases and Bcl-2 proteins that 

interact in the regulation of apoptosis. 

 

In summary, we have shown the presence of markers that are recognised as forming a 

part of the intrinsic pathway of apoptosis. Their prevalence is highest in the most 

damaged cartilage of AMG, and sequentially decrease as the cartilage becomes 

increasingly less damaged.  

 

5.5.2 Reactive Oxygen Species 

Oxidative stress is a term used to describe an imbalance between reactive oxygen 

species and the anti-oxidant capabilities of cells. 

ROS are molecules and ions that contain oxygen. They are recognised as being highly 

reactive secondary to the presence of unpaired electrons, and examples include 

hydrogen peroxide (H2O2), the hypochlorite ion (OCl
-
), the hydroxyl radical (

.
OH) 

and superoxide anion (O
.
2

-
) [257]. ROS have been implicated in numerous processes 

from ageing skin to cancers, however, more recently there is evidence pointing 

towards there being a balance of beneficial physiological signalling, and pathological 

processes [289]. Indeed, this has previously been considered in cartilage and an aptly 
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named review paper by Henrotin and Aigner in 2005 questioned their roles as “friends 

or foes” [257] with one of the defining factors appearing to be the amount of ROS. 

 

To simplify the role of ROS, low levels are typically involved in cellular signalling, 

and high levels with apoptosis. ROS are created as a result of normal cellular 

metabolism, and are countered by the antioxidant effect of superoxide dismutases 

(SOD) and other cellular anti-oxidant strategies. At the point where ROS production 

is greater than the antioxidant effect, oxidative stress arises and this is considered to 

be a pathological catabolic event. 

 

ROS and NO can react with tyrosine residues from nearby proteins to produce 3-

nitrotyrosine (3-NT) [290, 291] although nitration can be reversed. 3-NT is a 

reasonably stable marker, remaining in tissues to serve as surrogate marker of 

reactions between NO and ROS. In isolation it simply provides an indicator of 

oxidative stress and an idea of levels of ROS mediated damage. Nitrotyrosine residues 

have been detected previously in OA cartilage [258]. Their presence provides 

evidence of ROS-induced damage, and nitric oxide dependent oxidative stress. Work 

by Hashimoto et al (1998) [278] demonstrated high levels of NO production in an 

animal model of OA. NO has previously been shown to induce apoptosis in vitro 

[123]. 

 

This study provides evidence of ROS having a potential role in cartilage degradation 

in AMG. Studies have shown that ROS are linked to apoptosis [123, 211, 244, 254, 

257-259, 265, 292], and this study shows the percentage of positive staining follows a 

similar pattern to that of TUNEL staining, with the highest percentage of positive 
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cells in the most damaged cartilage. This percentage decreases as the cartilage 

becomes less damaged. Within each zone, the amount of positive staining is higher 

for 3-NT than TUNEL. There are a number of possible reasons why this might be the 

case. The antibody itself may be more sensitive than TUNEL, the tissue may be 

damaged but protects itself, and it is probable that 3-NT presence is a marker of a pre-

apoptotic cell. In other words, the presence of 3-NT may indicate high levels of NO 

toxicity, and subsequent DNA or mitochondrial damage that forces a cell to begin the 

cascade of apoptosis. This raises the question if there is increased oxidative stress, and 

a resulting increase in 3-NT formation, is this reversible, and at what stage, or are 

these cells beyond the stage of ‘recovery’? 

 

In isolation, the presence of 3-Nitrotyrosine suggests ROS damage, however one 

would expect if that is the case then additional intermediate markers would be 

present, and we have shown evidence for the involvement of Bim. Bim expression has 

been shown to be regulated by oxidative stress and by redox sensitive FOXO family 

transcription factors [286, 293-295]. 

 

Forkhead box 3A (FOXO3a) is a transcription factor belonging to the forkhead group. 

They have been shown to be involved in numerous cellular processes across a wide 

range of physiological and pathological states. Its role in apoptosis is not fully 

understood, though upregulation has been shown to be associated with increased 

apoptosis in relation to several diseases [285, 296]. In neurons, it has been shown to 

induce expression of Fas ligand, triggering the death receptor pathway [297]. 

In musculoskeletal disease little work has been conducted regarding FOXO3a. Other 

papers have studied inflammatory arthropathy and found that FOXO3a was required 
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to prevent Fas-ligand induced neutrophil apoptosis [298, 299]. However these papers 

consider a neutrophil dependent inflammatory component (and Fas-mediated) of 

apoptosis. This is also predominant in synovium, and not in chondrocytes. In OA, 

studies generally have not observed Fas-induced apoptosis. 

 

With regards to oxidative stress, FOXO3a presence has been shown to cause SOD 

upregulation [300], implying a protective role when under oxidative stress, however 

its role would appear to be much more complex than this. Other studies have shown 

that FOXOs upregulate Bim, which in turn can lead to intrinsic pathway apoptosis 

[301]. The reality is that FOXOs role differs in cell types, between diseases and 

probably has a changing role with ageing. In AMG, we have shown the presence of 

FOXO3a in cartilage of differing stages of disease. Levels were similar (no significant 

difference between regions T1-N) across regions potentially suggesting a complex 

role in both chondroprotection and apoptosis in a ROS rich environment, in 

conjunction with other pro and anti apoptotic signalling molecules. Its role has not 

clearly been defined and other family members, such as FOXO1 and FOXO4 may be 

equally involved. As discussed before, FOXO1 is now more clearly linked with Bim 

mediated apoptosis than FOXO3a but this information was not available at the time of 

this immunostaining study. 

 

Figure 5-18 shows a proposed mechanism for apoptosis in AMG as suggested by the 

presence of markers in this study. The causative factors of OA initiation are poorly 

understood. In studies of ‘end stage’ OA, where cartilage degradation has begun, the 

joint is a pro-inflammatory environment [222]. There are a number of cytokines 

present which contribute to the disease process. In addition to the biological changes 
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within the joint, the mechanical properties of cartilage change [260] and weight 

distribution changes. These factors have shown to be present in the OA joint [302, 

303], and also to stimulate over-production of ROS. 

 

 

Figure 5-18 – A proposed mechanism for apoptosis in AMG of the markers identified in this 

study. Excess reactive oxygen species are present secondary to stimuli such as inflammatory 

cytokines and mechanical overload. Their presence is detected using 3-Nitrotyrosine. FOXO3a is 

activated though not detectably upregulated and launches an anti-oxidant protective response. 

ROS presence becomes excessive at some point so that the antioxidant threshold is exceeded and 

FOXO - probably FOXO1- causes upregulation of Bim, and subsequent activation of Bax. Bax 

causes permeability of the mitochondrial membrane, and Cytochrome C is released. Caspase 3 is 

activated and executes apoptosis, which is detected using TUNEL. 

 

5.5.3 Diseased versus aged control samples 

In comparing the AMG specimens to AKA specimens, this study sought to address 

the question of firstly whether an earlier stage of disease (the undamaged cartilage of 
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AMG) was related to apoptosis, and secondly if, and how much, ROS were detected, 

in the globally less damaged cartilage of AKA specimens, and its localisation.  

The AKA specimens were methodically divided into the same regions of AMG (T1-

N) and a further region X, corresponding to the area of the lesion in AMG. In AKA 

specimens, the earliest signs of damage TUNEL levels were low throughout all 

regions (less than 4% for regions T1-N), but at 6.9% were significantly higher in 

region X. The same was true for 3NT, the implication of this being that the area that 

corresponds to the region of AMG where cartilage damage is initiated exhibits higher 

levels of ROS-mediated damage. Both AMG and AKA samples demonstrated no 

significant difference of the presence of FOX3A across regions or between specimens 

with a median of 33%. There is a limited understanding of the complex interaction of 

ROS, FOXO3A and the factors that may induce cells on a pathway to apoptosis. In 

the AKA samples, the implication of similar levels of FOXO3A, but significantly less 

apoptosis may suggest that it has a chondroprotective role. One of the best previously 

studied interaction is that of Sirt1 and FOXO3A where the interaction was shown to 

confer cell resistance to oxidative stress and apoptosis, however in the presence of 

high levels of ROS, it can induce apoptosis [292]. It would appear from this study that 

the FOXO3A-Bim plays a role in this progression, with much lower levels of Bim 

found in AKA specimens when compared to AMG. One important factor to consider 

in comparing AKA to AMG tissue is that the AKAs were from an older population, in 

whom one would expect there to be higher levels of ROS, as implicated by its process 

in ageing. Further in vitro work is required to better understand the interactions of 

FOXO3A and pro and anti apoptotic signals in the progression of cells onto apoptosis 

and their role in redox systems in the initiation and progression of OA. 
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5.6 Summary 

The presence of markers of apoptosis provides evidence for it playing a key role in 

cartilage degeneration. The nature of the model of AMG allows for the study of 

disease progression in regions of cartilage at different stages of disease. It has clearly 

been demonstrated that in more diseased cartilage that apoptosis level are higher, as 

are the markers associated with reactive oxygen species, implicating this process in 

the evolution of cartilage degradation. This study has shown evidence for apoptosis 

and the involvement of reactive oxygen species. There are little previous data in the 

literature available on the presence of the markers studied in this chapter in human 

cartilage that is not diseased. It has been demonstrated that aged, but macroscopically 

normal cartilage demonstrates low levels of apoptosis and ROS mediated damage, but 

a similar levels of FOXO3A compared to OA cartilage. Perhaps the most useful 

outcome of this work is the positive 3-nitrotyrosine staining in AKA patients who 

have normal but elderly cartilage, seen in zone X, the region of maximum future 

damage were they to develop AMG. This highlights the potential role of ROS in 

disease initiation and suggests that other useful biomarkers of very early 

disease/damage may be ROS scavengers such as SOD, that may already be 

upregulated and protecting the cartilage. 

 

The intrinsic pathway of apoptosis has been studied in more depth in other tissues and 

disease processes and further work is required to define its role in chondrocytes and 

cartilage degradation. If, indeed, the pathways of cell death can be studied, 

manipulated, and even reversed, in vitro, then further work into the field of anti-

apoptotic treatment may yield potential treatment strategies [304]. 
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Chapter Six 

6 STUDY 4 - A MICROARRAY GENE EXPRESSION 

STUDY OF NORMAL VERSUS DAMAGED CARTILAGE 

IN ANTEROMEDIAL GONARTHROSIS 

6.1 Introduction 

Previous chapters have demonstrated several distinct regional variations within AMG 

specimens. Chapter two, in particular, highlighted gene expression changes between 

the areas of damaged and undamaged cartilage in AMG and chapter four compares 

the same regions in aged AKA samples where these gene expression differences were 

not found. 

 

Chondrocytes have been shown to undergo phenotypic change as part of the 

osteoarthritic disease process [63]. Many studies have used quantitative real time 

polymerase chain reaction assays (qPCR) to investigate several genes of interest at 

once, but with our increasing knowledge of gene expression, interactions and 

pathways comes the desire to study a wider range of genes simultaneously. 

 

Microarray technology provides a powerful tool to investigate global gene expression 

changes, and though used widely in neoplastic disease, has been used much less in 

orthopaedics and human cartilage biology [186, 305-309]. It provides the opportunity 

to study the differential expression of tens of thousands of genes in a single 

experiment. Its use, to date, in cartilage biology has been in animal studies [310, 311], 

injured cartilage explants [305] and one study has considered damaged versus intact 
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human cartilage within the same knee joint of OA patients [306]. One of the reasons 

why microarray studies on human cartilage may be relatively limited is the difficulty 

in obtaining a high enough yield of RNA, of suitable quality. 

 

AMG provides a topographically reproducible pattern of disease in which regions of 

damaged and undamaged cartilage can be sampled within the same joint surface and 

compartment. In focussing on AMG, the aims of this study were to characterize areas 

of cartilage at different stages of damage within this phenotype, in terms of their gene 

expression. Chapter 2 demonstrated differences in type I collagen expression and 

MMPs/ADAMTSs, and this microarray aimed to investigate collagen expression and 

breakdown, and also highlight a number of genes and pathways of interest for future 

work. 

 

6.2 Method 

6.2.1 Sample collection and preparation 

Ten tibial plateau resection specimens were collected from patients undergoing UKA 

for AMG (Ethics Reference C01.071) at the Nuffield Orthopaedic Centre, Oxford. 

Regions were defined, cartilage was harvested and RNA extraction was undertaken as 

described previously (Section 2.3). A further sample from each specimens’ damaged 

and undamaged regions also underwent extraction, and was retained for later qPCR 

analysis and microarray validation. Samples were stored in a -80°C freezer. 
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Sample 

number 
Gender 

Date of 

Birth 
Age Side 

1 M 02/03/1964 54 R 

2 F 06/07/1938 70 R 

3 F 26/05/1957 51 R 

4 M 17/01/1944 64 R 

5 F 11/04/2027 81 L 

6 F 16/09/1948 60 L 

7 M 10/09/1944 64 R 

8 F 07/05/1946 62 R 

9 M 04/05/1939 69 L 

10 F 17/12/1937 71 L 
Table 6-1 - Demographics of AMG specimens used in this study. (M – Male, F – Female, R – 

Right, L – left). 

 

 

AMG samples used in previous studies [93] had remaining paraffin embedded tissue 

sections in storage and these were used for immunohistochemistry validation studies. 

 

6.2.2 RNA quantification and preparation 

RNA yield and quality was determined using an Agilent Bioanalyzer (Agilent 

Technologies, California, USA) and Nanodrop Spectrophotometer (Nanodrop 

Technologies, Delaware, USA).  

The RNA integrity number [312, 313] is a measure of RNA quality and has been used 

in the study of other tissues (for example breast [314], brain [315] and blood [316]. 

Previous published microarray studies in cartilage appear to omit this data; for this 

study, it is provided below. Of note, Agilent’s online database does not have data for 

two matrix tissues, cartilage and tendon, both recognised as being challenging sources 

from which to retrieve high quality RNA [317]. 

Due to the variable amounts of starting RNA, the amount used for each pair of 

samples was matched to that of the lower concentration sample in each pair. Prior to 

labelling, the samples were concentrated to 8.3"l in a rotary evaporator. 
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6.2.3 Microarray 

Each pair of samples was combined and prepared as per Agilent’s Two-Color 

Microarray-Based Gene Expression Analysis (Quick Amp Labeling) protocol 

(version 5.7) [318]. The RNA was then fragmented at 60°C for 30 min and the 

reaction was stopped by the addition of 2x Agilent Hi-RPM hybridisation buffer. The 

samples were then loaded on to the arrays and hybridised at 65°C for 17 hr at 10 

RPM. The slides were then washed and scanned as per Agilent’s protocol using 

Agilent’s stabilisation and drying solution, without using TritonX supplemented wash 

buffers. 

 

6.2.4 Immunohistochemistry and qPCR  

The quality of gene expression data obtained from microarray can vary greatly 

depending on the platforms and methods used; qPCR is commonly used as a 

validation tool for confirming gene expression data [319]. It is also of interest to 

validate gene expression data with the presence of proteins therefore, for the purposes 

of validation, a few proteins / genes of interest were chosen. The following genes 

were chosen for immunohistochemistry; CCL3, FGF18, and TNFSR11 (OPG). The 

following genes were chosen for qPCR and paired samples were used: TNFSR11 

(OPG), SOX11, IGF1 and FGF18. 

 

The methods used are described in Appendix 3 (immunohistochemistry) and section 

2.3 (qPCR). These genes were included amongst the top hits of the microarray and 

chosen because of previous documented links to OA. Previous work surrounding 

these genes is cited in the discussion section. 
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6.2.5 Statistical Analysis 

6.2.5.1 Microarray 

Normalisation is the process of adjusting microarray data for effects arising from 

variation in the technology, in particular the variation in dye balance [320]. This was 

carried out using Agilent Feature Extraction 9.5.3, which applied a global Lowess 

normalisation to remove systematic errors resulting from the fluorescence profiles of 

the two dyes. The normalised fluorescence data was analysed using GeneSpring GX 

10 (Agilent Technologies) to identify genes with significantly differing expression.  

As all samples were paired, genes of interest were identified by applying a Wilcoxon 

signed rank test with the null hypothesis of there being no difference in expression in 

the undamaged and damaged tissue types across the samples. Significance was set at 

the p<0.01 level. 

Pathways analysis was undertaken using Ingenuity software (Ingenuity Systems, 

California, USA) 

6.2.5.2 Immunohistochemistry 

Immunohistochemistry was performed on a further set of AMG specimens that had 

been well characterised for histopathology and Mankin grading (Chapter 1). These 

samples had paraffin embedded blocks stored at the time of these previous 

experiments. These were assessed qualitatively from representative photos of 

immunostained damaged and undamaged regions. 

6.2.5.3 Real time PCR 

Each gene was assessed using the standard curve method [170], and normalised to 

18S housekeeper as described in Chapter 2. Because the samples for each gene of 
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interest were two regions matched from the same individual, paired statistics were 

used. A Wilcoxon test was performed using PASW Statistics 18.0 (IBM, Illinois, 

USA). Significance was set at the p<0.01 level.  

Statistical advice was sought and advice given to increase the stringency of the p 

value and not apply a correction (see discussion, section 6.4). 

 

6.3 Results 

6.3.1 Samples 

Ten AMG samples were collected between May and July 2008. The median age was 

64 (range 54-81). Six were right knees, four were left; six were female, and four were 

male. All of the specimens demonstrated the characteristic pattern of AMG 

macroscopically. No power calculation was undertaken. Previous published 

microarray work by other groups have used a similar number of samples [305, 321, 

322], with the purpose of this technical approach being to highlight potential 

genes/pathways for further analysis. 

 

6.3.2 Quantity / Quality 

The median RNA sample concentration was 18.06 ng/ul (range 8.14-30.11). The 

median 260/280 ratio was 1.9 (range 1.64-2.08). The 260/280 ratio is a 

spectrophotometric analysis of sample purity of nucleic acids. A complete set of 

values is shown in Table 6-2. 



 153 

 

Sample ID 
Concentration 

(ng/ul)  
A260  A280  

260/280  

ratio 

1d 8.14 0.203 0.108 1.89 

1u 16.21 0.405 0.194 2.08 

2d 17.14 0.428 0.217 1.97 

2u 28.13 0.703 0.376 1.87 

3d 12.35 0.309 0.188 1.64 

3u 15.24 0.381 0.225 1.69 

4d 9.072 0.227 0.12 1.90 

4u 13.11 0.328 0.17 1.93 

5d 19.72 0.493 0.249 1.98 

5u 20.42 0.510 0.257 1.98 

6d 20.53 0.513 0.297 1.73 

6u 14.12 0.353 0.226 1.56 

7d 23.4 0.585 0.313 1.87 

7u 17.09 0.427 0.225 1.90 

8d 22.49 0.562 0.286 1.97 

8u 30.11 0.753 0.442 1.70 

9d 8.04 0.201 0.104 1.93 

9u 19.54 0.489 0.262 1.86 

0d 25.38 0.634 0.318 1.99 

0u 18.98 0.474 0.275 1.73 

 

Table 6-2 – Table showing the samples used for the microarray analysis. Each samples’ 

concentrations and quality data is presented. ‘d’ refers to damaged cartilage, ‘u’ to undamaged 

cartilage. Quantification and quality assessment (260/280 ratio) was undertaken using a 

Nanodrop spectrophotometer. The 260/280 ratio is a measure of nucleic acid purity. 
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The median RIN was 7.3 (range 6.5 – 8.8) as shown in Table 6-3.. An example of the 

data output from the Agilent bioanalyser is included in appendix 4. 

 

Sample ID RIN 

1d 7.5 

1u 6.5 

2d 7.1 

2u 6.5 

3d 6.9 

3u 6.9 

4d 7.0 

4u 6.5 

5d 7.9 

5u 7.0 

6d 8.8 

6u 7.2 

7d 7.1 

7u 7.1 

8d 7.0 

8u 7.0 

9d 7.8 

9u 8.1 

10d 8.0 

10u 8.1 

 

Table 6-3 – Table demonstrating RNA integrity number (RIN) for each of the samples used in 

the microarray. The median value was 7.3 (range 6.5 – 8.8) 

 

6.3.3 Microarray 

Initial analysis showed that one sample (4u) had clear errors which were likely to be 

due to the low RNA yield; therefore this sample was excluded from the analysis. 

Boxplots of the expression log ratios for the filtered probes show acceptable 

consistency across the slides used as shown in Figure 6-1. 
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Figure 6-1 – Boxplots of expression log ratios for the filtered probes by sample. Samples are, 

from left to right, 101-103, 105-110. 

 

In preparation for identifying genes of interest, control samples were removed and 

probes with few readings above background levels were excluded. Use of a Wilcoxon 

test yielded a list of 389 genes that were found to be significantly (p<0.01) 

differentially expressed by a fold change of at least 2 between tissue types. This 

consists of 197 genes found to be expressed at a higher level in the damaged tissue 

than the normal tissue and 192 genes found to be expressed at a lower level in the 

damaged tissue compared to the normal tissue.  

The list in Table 6-4 shows the top 50 genes listed by fold change order in damaged 

relative to undamaged regions. The full list of these genes is provided as 

supplementary material in Appendix 5. 
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Gene P value 

Up/Down 

regulation 

 

Fold change 

 

Gene P value 

Up/Down 

regulation 

 

Fold change 

IL11 0.008 up 15.866  AY358804 0.008 down 5.258 

LAMB1 0.008 down 15.274  TWIST1 0.008 down 5.163 

GPNMB 0.008 down 9.535  IGF1 0.008 down 5.092 

ENST00000357303 0.008 up 8.754  CCL2 0.008 down 5.032 

SOX11 0.008 up 8.662  BST2 0.008 down 5.028 

COL14A1 0.008 down 8.283  FAM20A 0.008 down 5.011 

DNER 0.008 up 8.145  OLFML3 0.008 down 4.976 

C15orf48 0.008 up 7.880  GFRA2 0.008 up 4.958 

PDE1A 0.008 down 7.879  ACOX2 0.008 down 4.947 

MMP2 0.008 down 7.211  LEF1 0.008 down 4.939 

PCSK1 0.008 down 6.841  IL13RA2 0.008 down 4.885 

SOX11 0.008 up 6.683  MAN1C1 0.008 down 4.783 

IFI44 0.008 down 6.530  PLCL2 0.008 down 4.704 

RFTN1 0.008 down 6.353  FGF18 0.008 up 4.685 

GFRA2 0.008 up 6.193  WISP2 0.008 down 4.550 

CXCL14 0.008 up 6.168  CASP1 0.008 down 4.535 

PLXDC1 0.008 down 6.016  CCL3 0.008 down 4.497 

GALNTL1 0.008 up 5.977  CRISPLD1 0.008 down 4.464 

SERPINF1 0.008 down 5.824  S100A2 0.008 up 4.412 

BAALC 0.008 up 5.595  THC2540738 0.008 down 4.391 

CDH11 0.008 down 5.505  AYTL1 0.008 down 4.346 

OLFML3 0.008 down 5.471  VIT 0.008 down 4.345 

MMP9 0.008 down 5.427  THC2668815 0.008 up 4.245 

GPR124 0.008 down 5.277  EBF3 0.008 down 4.237 

HAVCR2 0.008 down 5.267  CLIC3 0.008 up 4.233 
Table 6-4 – Table listing the highest ranked fifty genes based on most statistically significant. All genes had significance of p=0.008, and are listed in decreasing 

order of up (green) / downregulation (orange) in damaged cartilage relative to undamaged cartilage. 
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A search was then made for Gene Ontologies (GO groups). The GO project is one 

which aims to describe gene products in terms of their associated biological 

processes, cellular components and molecular functions [323]. A search was run to 

find GO groups enriched within the list of genes (p<0.01). This led to the 

identification of 67 GO groups which are shown in Appendix 5. 

 

A number of pathways were revealed, in particular: 

1. Cellular development, Skeletal and muscular system development and function, 

Lymphoid tissue structure development 

2. Inflammatory response, cell death, haematological disease 

3. Skeletal and muscular disorders, cell signalling, small molecule biochemistry 

 

Grey shaded proteins are positive hits; white are genes that were not significantly 

different. The pathways are shown in Figure 6-2, Figure 6-3, and Figure 6-4 and the 

legend showing what each represents is presented below each diagram. 
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Figure 6-2 – Pathways analysis - Cellular development, Skeletal and muscular system 

development and function, Lymphoid tissue structure development. Grey shapes showed 

significant differences in gene expression. Shape legend below. 
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Figure 6-3 – Pathways analysis - Inflammatory response, cell death, haematological disease. Grey 

shapes showed significant differences in gene expression. Shape legend below 
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Figure 6-4 - Pathways analysis - Skeletal and muscular disorders, cell signalling, small molecule 

biochemistry. Grey shapes showed significant differences in gene expression. Shape legend below. 
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6.3.4 Immunohistochemistry 

Confirming the microarray data at the protein level, the following proteins were found 

to be present in greater amounts in undamaged compared to damaged cartilage: 

FGF18, and OPG (Figure 6-5). CCL3 was present in greater levels in damaged 

cartilage (Figure 6-6), the opposite direction to the microarray. 

 

Figure 6-5 - Immunohistochemistry picture of FGF18 presence in damaged and undamaged 

cartilage. Positive cells were demonstrated in both regions and there was a higher percentage of 

positive cells present in undamaged cartilage. This matched the microarray finding of increased 

CCL3 gene expression in damaged cartilage. 
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Figure 6-6 – Immunohistochemistry picture of CCL3 presence in damaged and undamaged 

cartilage. Positive cells were demonstrated in both regions and there was a higher percentage of 

positive cells present in damaged cartilage. This did not match the microarray finding of 

increased CCL3 gene expression in undamaged cartilage. 
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6.3.5 Real Time PCR validation of the Microarray results 

qPCR was performed on a selected subset of genes to validate the array data, SOX11, 

IGF1, OPG and FGF 18. The qPCR Analysis showed significant differences in gene 

expression within the mirrored samples for the following genes; SOX11 (6.7 fold 

higher in damaged (p=0.043)), IGF1 (5.2 fold lower in damaged (p=0.043)) and OPG 

(6.9 fold higher in damaged (p=0.043)). The changes for SOX11 (Figure 6-7), IGF1 

(Figure 6-8), and OPG (Figure 6-9) displayed the same pattern as the microarray 

There was no significant difference for FGF18 gene expression (p=0.08) (Figure 

6-10). 

 

 

 

Figure 6-7 - Gene expression of SOX11 in undamaged and damaged cartilage. There is a 6.7 fold 

higher expression of SOX11  in damaged cartilage (p=0.043, Wilcoxon). 
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Figure 6-8 - Gene expression of IGF1 in undamaged and damaged cartilage. There is 5.2 fold 

lower expression of IGF1 in damaged cartilage (p=0.043, Wilcoxon). 

 

 

Figure 6-9 - Gene expression of OPG in undamaged and damaged cartilage. There is 6.7 fold 

higher expression of OPG in damaged cartilage (p=0.043, Wilcoxon). 
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Figure 6-10 - Gene expression of FGF18 in undamaged and damaged cartilage. There is no 

statistical difference in expression between undamaged and damaged cartilage (p=0.08, 

Wilcoxon). 

 

Further validation is also noted from qPCR results from Chapter 2 which used the 

same regions from matched AMG samples (section 2.4). These results corroborate 

microarray results with significant differences in expression of MMP1 - 1.88 fold 

change (p=0.046); MMP 3 – 3.68 fold change (p=0.028); MMP13 – 4.63 fold change 

(p=0.028) and COL1A1 - 8.8 fold change (p=0.028) (Figure 6-11) (increased in the 

undamaged cartilage of AMG in all cases). 
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Figure 6-11 - qPCR results showing statistically significant differences for COL1 (p=0.028), 

MMP1 (p=0.046), MMP3 (p=0.028) and MMP13 (p=0.028) comparing expression in damaged 

and undamaged cartilage. 
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6.4 Discussion 

This study is the first to describe the detailed gene expression changes between 

undamaged and damaged cartilage within a specific phenotype of OA and within the 

same specimen, in other words a direct comparison of gene expression changes with 

the same genetic background. It has highlighted a number of interesting differences 

across a genome wide microarray. 

 

This study stemmed from previous gene expression work that highlighted differences 

between the undamaged and damaged cartilage of AMG (see Chapters 1 and 2). Some 

of these changes were unexpected and thus raised the question of what might be 

happening within these regions of cartilage on a wider level of gene expression. Some 

of the areas of particular interest raised were the collagens and collagen degrading 

enzymes coupled with other changes of the extracellular matrix. Other questions 

include the role of the bone-cartilage interface, and bone relevant factors being 

expressed (for example WNTs, BMPs, OPG), and pro-inflammatory cytokines, those 

that might alter protein expression. Ultimately, microarray studies are only partially 

hypothesis driven, with the overall aim being to reveal new pathways or novel targets 

that may lead to therapeutic interventions. 

 

AMG is a distinct phenotype in which cartilage becomes damaged in a predictable 

manner. It accounts for up to 60% of individuals presenting with OA of the knee. 

Resection specimens have shown [91, 324] that it exhibits a repeatable pattern of 

disease that can be considered to be a spatial model of OA disease progression. This 

has also been demonstrated histologically using grading systems [93]. We highlight a 

number of gene expression changes between damaged and undamaged cartilage, and 
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these may shed light upon the mechanisms involved in cartilage homeostasis and 

degradation in OA.  A particular strength of using AMG specimens is the ability to 

compare cartilage regions from the same individual, thus removing confounding 

factors related to drug treatments, activity, environment and genetics.  Additionally 

the reliability with which damaged and undamaged cartilage can be distinguished 

allows delineation of gene expression differences that may be missed when excising 

cartilage en masse for comparison of OA and non-OA cartilage. 

 

There are no published figures of RIN values in previous qPCR or microarray studies 

of cartilage. The quality of the RNA extracted from cartilage for this study was 

satisfactory when compared to other tissues that have been cited in the literature.  

One of the difficulties in analysis of microarray results is addressing the vast amount 

of data generated. The complete data set of upregulated and down regulated gene 

expression and well as differences in GO group data is provided as appendices 

(Appendix 5). 

 

In terms of assessing this data statistically, paired, non-parametric tests were used to 

compare undamaged and damaged regions (Wilcoxon). Post hoc adjustments were 

not made. This increases the likelihood of a Type I error (false positive), but most 

corrections (for example, Bonferroni [325] are too stringent, and statistically 

questionable [325, 326]). By not applying a correction, there is an increased risk of a 

Type II error (false negative), however the purpose of this study was identification of 

genes for further work. In genome wide association studies the threshold for reporting 

significance is lowered; in this study significance was lowered to p<0.01 level, and 

other methods of reporting were also utilised: significance of GO groups of genes and 



 169 

pathways analyses, as well as validation of selected results with qPCR and 

immunoassays. 

 

As this is a comparative study of damaged and undamaged cartilage, the results can 

be interpreted as either higher or lower in each region of cartilage. For example, a 

decreased level of expression in damaged cartilage can also be read as an increased 

level of expression in undamaged cartilage. For ease of use, all the data here is 

referred back to the undamaged regions. However, note should made that some 

proteins are over expressed in undamaged regions, for example type I collagen, 

suggesting that the normal regions are not necessarily stable and one cannot assume 

that the majority of dysregulation happens in the damaged cartilage. 

 

Contrary to the results from other groups which have suggested higher numbers of 

genes displaying increased expression in OA cartilage [322], this study demonstrates 

a similar number of higher and lower expressed genes (197 and 192 respectively) in 

damaged cartilage. This can partly be accounted for by the more distinct phenotype of 

OA studied here as well as the specific geographical regions studied.  Additionally, in 

the majority of other reports, OA samples have been compared to non-OA or early-

OA samples from different individuals, and containing both damaged and undamaged 

cartilage from these joints.   Thus the regions defined as “normal” in our study may 

well form the majority of analysed cartilage in other studies, such that an increased 

number of overexpressed genes is found to be present when compared to non-OA 

specimens.    



 170 

The main aim of this study was to profile expression of a large number of genes with 

a view to identification of known and novel pathways and candidate genes worthy of 

a more in depth analysis. 

 

6.4.1 Matrix related genes 

Genes of interest include those of matrix components and enzymes indicative of 

matrix turnover. Several matrix related genes and pathways express higher or lower 

regulation in AMG cartilage regions. The impact of these changes may influence the 

loading environment and physical interaction between cells. In addition to the 

collagens and enzymes discussed in detail below, other matrix related genes showing 

differential expression include CLIP, NTN1, COMP and FMOD. 

 

The collagen gene included in Table 6-4 above is COL14A1. This gene has only 

recently been identified in two studies as being implicated in cartilage in OA. The 

first study was a microarray comparing OA and normal donors by Karlsson et al 

[308], and the second, a study of cultured chondroctyes and the effects of GIN, a 

Gsk3! inhibitor from mouse embryos by Miclea et al [327]. In the first study, 

COL14A1 was upregulated in OA cartilage. In the second study, where GIN was 

shown to induce loss of the chondrocytic phenotype, there was downregulation of 

COL14A1 in treated cells. This study shows lower gene expression in damaged 

cartilage, a finding of unknown consequence as yet. 

 

Other collagen genes expressing significant changes (shown in Appendix 5) were; 

COL5A1 (FC=2.02 "in damaged; p=0.008), COL12A1 (FC=3.42 # in damaged, 

p=0.008), and COL24A1 (FC=2.93 # in damaged, p=0.008). There is limited 



 171 

information in the literature regarding these genes in cartilage and in osteoarthritis. 

COL5A1, though known to be involved in Ehlers-Danlos syndrome, and more 

recently with Achilles tendinopathy [328-330] has been much less researched in OA. 

It is a quantitatively minor fibrillar collagen that regulates fibrillogenesis [331] and is 

characteristically synthesized by cells with a fibrocartilagenous phenotype [332]. 

Aigner et al [322], showed its increased expression in moderate/severe OA in a 

microarray study, and when this was compared to rat ACL transection model 

microarray by Wei et al [311], this result was corroborated, however with the 

suggestion that it is a feature of early osteoarthritic cartilage. Our finding agrees with 

the former of these two studies, with it being a feature of end stage osteoarthritic 

cartilage. Other studies have shown its increased expression in OA cartilage [307, 

310, 321, 333]. The mechanism by which this occurs and its implications have not 

been researched, but one logical conclusion is that its expression is part of an 

attempted reparative process [310]. 

 

COL12A1 is also sparsely studied in OA. Fukui et al [306], in a microarray study of 

zonal expression is osteoarthritic cartilage, identified it as having increased expression 

in the superficial zone compared to deep. The title of their study is “Zonal gene 

expression of chondroctyes in osteoarthritic cartilage”. However they do not comment 

on the location of such cartilage and its macroscopic or histological appearance. One 

assumes that this cartilage was taken from an area similar to that which we have 

termed undamaged cartilage, in which case the two study results would appear to 

concur. Type XII collagen function is unknown, but cooperation with other fibril 

binding proteins in cartilage, such as small proteoglycans, decorin, biglycan and 

fibromodulin seems probable [105]. 
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COL24A1 is a poorly characterised fibrillar collagen; it has been shown to be 

expressed in the forming skeleton of the mouse embryo [334], and mouse osteoblasts 

[335]. In our study it has decreased expression in damaged cartilage. It has never 

previously been shown to demonstrate altered gene expression in osteoarthritis. 

 

Of interest in relation to qPCR results of Chapter 2 (section 2.4) is COL1A1. This did 

appear in the microarray data set, showing a 2.50 fold change, with a p value of 0.015 

(hence did not fit into the criteria of the results reported above). This was in the same 

pattern as previously described; a higher expression in undamaged cartilage. COL1A2 

showed a fold change of 2.08 with a significance of p=0.011. These two genes are 

both required to produce pro-alpha1 and pro-alpha2 chains respectively, which 

together combine to produce type I procollagen, therefore one would expect their 

gene expression to be comparable when there is increased type I collagen present. 

The MMPs generated several results of interest in AMG (Chapter 2). The MMPs are 

key to matrix turnover in cartilage. Four MMPs, MMP1, MMP2, MMP9, MMP13, 

were shown to demonstrate altered gene expression between damaged and 

undamaged cartilage in this microarray study. They all showed lower levels of 

expression in damaged cartilage. In Karlsson’s [308] microarray study, all four of 

these genes were in the significantly altered group, demonstrating higher expression 

in OA cartilage, however in the most thorough MMP profiling studies of OA cartilage 

[159, 160] MMP 13 was upregulated in OA, but MMPs 1 and 3 were downregulated 

in OA cartilage. These studies [159, 160] were not topographical studies of areas of 

cartilage within an OA joint, and this highlights that different regions of cartilage in 

OA have different catalytic activity. The higher levels of expression in undamaged 
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cartilage of MMPs may be markers of impending cartilage degeneration, perhaps 

related to the OA disease process and altered mechanical and biological stimuli. 

6.4.1.1 Glycoproteins 

Laminins are a family of glycoproteins whose role is poorly understood. They have 

been shown in fetuses to control proliferation and differentiation of various cell types 

[336, 337] and Laminin-1 is present in epithelial cells and has been localised to 

basement membranes [338]. Laminin 1 has been shown to be present in fetal (physis) 

and adult cartilage (superficial layer) using immunohistochemistry [339], however 

there are no gene expression studies in OA or normal cartilage. This microarray study 

shows a highly significant 15-fold difference in LAMB1 gene expression between 

damaged and undamaged cartilage. It is higher in the undamaged region which does 

have a superficial zone, however without a direct comparison to normal cartilage, one 

cannot comment on its significance, and given the limited knowledge of its function, 

there are no previous study results upon which one can build a meaningful hypothesis. 

 

The GPNMB gene codes for another glycoprotein, transmembrane glycoprotein 

NMB. In this microarray it was shown to have decreased expression in damaged 

cartilage; in another microarray study it was upregulated in OA cartilage [308]. 

GPNMB has not been studied in relation to OA, however has been shown to be 

related to bone formation with overexpression resulting in abnomalities of osteoblast 

expression and function [340]. 
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6.4.2 Cytokines and chemokines 

6.4.2.1 IL11 

IL11 exhibited the greatest fold change (15-fold higher regulation in damaged 

cartilage) of all the genes tested. Previous studies have shown it to have both pro- and 

anti-inflammatory properties [341, 342]. It appears to stimulate production of TIMPs, 

[343] (there was no differential expression of TIMPs in this microarray). It has been 

shown to have increased expression in both RA and OA synovial fluid [344], and 

mouse studies showed more severe RA in IL11 injected joints, and less severe disease 

in those receiving IL11 antibody [345]. It clearly demonstrates a pro-inflammatory 

role, and more recent work showed similar concentration in RA and OA synovial 

fluid, but greater than that of control joints [346]. Further data on this cytokine is 

limited, but defining its role and its potential as a biomarker or treatment pathway is 

warranted. 

6.4.2.2 OPG 

TNFRSF11B is also known as Osteoprotegerin (OPG). OPG is a member of the TNF 

receptor family that acts as a decoy receptor for RANKL (TNFSF11) [347, 348] and 

subsequently has actions on bone, inhibiting osteoclast activation. It is involved in 

disruption of growth plates, subchondral bone and joint surface collapse in 

rheumatoid arthritis and Paget’s disease. OPG has been shown to be expressed in 

normal cartilage, and previous studies describe upregulation in OA [349, 350]. 

Genotyping studies have also identified its association with knee OA [351]. This 

study demonstrates higher OPG expression in damaged cartilage, by microarray, 

qPCR and of protein expression, in the same pattern, by immunohistochemistry. 

Studies into OPG and OA have shown it to have a chondroprotective effect in an 

induced model of murine OA [352, 353], via prevention of chondrocyte apoptosis. 
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The previous chapter of this thesis addresses apoptosis in AMG, and finds increased 

apoptosis in damaged cartilage. One would hypothesize that the increased expression 

of OPG is a chondroprotective mechanism, which despite being initiated at the gene 

expression level is not significant to the extent that it can overcome the apoptosis 

signalling from the biological and mechanical stresses on the cartilage. A comparison 

to normal cartilage would also be interesting in order to compare it to the undamaged 

cartilage of AMG. It could be the case, in conjunction with other pathways, that if 

more highly expressed in this undamaged cartilage in an OA joint compared to 

normal cartilage, that it may be a contributing factor to this area of cartilage 

remaining undamaged.  

 

Another factor of note is the role of OPG in bone resorption [354]. Of growing 

interest are the interaction between bone and cartilage in OA, with suggestions that 

their relationship is key [15, 60] and some studies suggest bone changes precede those 

of cartilage degeneration [355]. This has further been considered by Kadri et al. in 

relation to OPG and inhibition of cartilage degradation through an effect on trabecular 

bone in a murine model [356]. In his study, bone volume increased in mice treated 

with OPG. In AMG it was observed that the bone was sclerotic under the more 

damaged cartilage suggesting a possible adaptation response to the damaged cartilage 

above, perhaps in response to the OPG/RANK/RANKL balance or to altered 

mechanical load. Evidence from other studies would suggest that the earlier changes 

in bone structure are increased resorption and bone thinning [357, 358], however later 

changes in OA, such as those seen in AMG in conjuction with cartilage loss are 

increases in bone volume and density, and the formation of the typical subchondral 

sclerotic bone seen in end stage OA [359]. 
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A recent paper by Sanchez et al [360], speculated that OPG expression is also 

mechanically mediated, with compression downregulating its expression in 

subchondral bone. The modulation of OPG, RANK (TNFRSF11A) and RANKL has 

only recently been studied in more details in chondrocytes [361]. Tat’s study (2009) 

describes decreased OPG expression in OA chondrocytes, in contrast to the results of 

the only other study of the role of RANK signalling in cartilage, Komuro et al (2001) 

[349], and their suggestion for these conflicting results was cited as experimental 

differences (semi-quantitative versus real-time PCR). They do, however, demonstrate 

significant differences of ratios of OPG/RANKL and RANK/RANKL in human OA 

chondroctyes, and suggest these as potential targets for therapeutic intervention. 

 

An in vivo cartilage injury model microarray screen [305] also identified OPG as 

exhibiting altered expression and implicated it in the regulation of Wnt Signalling and 

FRZB genes associated with cell signalling, wound healing and response to injury. 

OPG may therefore have beneficial effects against the progression of OA via several 

different mechanistic routes. 

 

6.4.3 Inflammatory, Injury and Signalling responses 

Rhematoid Arthritis has traditionally worn the label of the ‘inflammatory arthritis’, 

however there is an increasing amount of work being undertaken into the 

inflammatory component of OA. This microarray highlights changes in inflammatory 

and NF-kB signalling that may contribute to this component. There was decreased 

expression of inflammatory genes in damaged cartilage, including those of the 

complement system, C2, C1A and C4BPA. Complements have previously been 

identified in synovial fluid: C3 [362] and C5 dysregulation plays a critical role in OA 
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pathogenesis [363]. In addition to one of the greatest fold change genes, IL11, CCL2 

and CCL3 (Figure 6-6) are expressed in higher levels in undamaged cartilage. PTSG1 

(COX1) is also expressed at higher levels in undamaged cartilage. COX1 is a key 

enzyme in prostaglandin synthesis, and is inhibited by the NSAID pharmacological 

agents such as ibuprofen and diclofenac, anti-inflammatory analgesics used for 

symptom control in OA. Animal models have suggested possible protective effects of 

certain COX inhibitors on the progression of OA, however, this is an area of debate 

with other studies showing they were detrimental (for review see Ding 2002; [364]). 

 

Cytokines that have been shown to stimulate chondrogenesis and chondrocyte 

proliferation include IGF 1 (FC 5.09  ! in damaged; p=0.008) and FGF 18 (FC 4.68 

"in damaged; p=0.008). It has been postulated that FGF18 facilitates BMP activity by 

reducing expression of the BMP antagonist Noggin.  However in our study an 

increase in FGF18 in damaged cartilage occurs with an increase in Noggin 

expression. 

 

6.4.4 WNT Pathway 

The exact role of the Wnt pathway is OA is not fully understood, however cartilage 

homeostasis and development have shown under and over activation in OA mouse 

models [365, 366]. Of note, the Wnt antagonist, FRZB is downregulated in damaged 

cartilage in this study. Genome-wide association studies have shown FRZB 

polymorphisms associated with Caucasian populations with OA [367] and FRZB 

knockout mice show increased proteoglycan loss in OA models [368]. Expression of a 

number of Wnt–inducible genes including LEF1, WISP2 and TWIST1 were 

decreased in damaged cartilage our study, as was the Wnt receptor FZD5 and 
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modulator DACT1. Furthermore FGF18, RUNX2, IGF1, FMOD, COL5A1, FN1 are 

also Wnt target genes showing altered expression, and involvement in other key 

dysregulated networks in this study.  FZD5, downregulated in damaged cartilage in 

our study, has previously been shown to be upregulated in knee OA. In agreement 

with previous studies, this microarray highlights that there is dysregulation of the Wnt 

pathway, however the mechanisms underlying these changes are not known but are 

worth further study. 

 

6.4.5 BMP Pathways  

A number of BMP antagonists show altered regulation in AMG; Noggin, FSTL2 and 

BMPER. Noggin has been studied in relation to cartilage development and is highly 

expressed in growth plate chondrocytes, however it appears not, in the literature, to 

have been found to be expressed in adult cartilage [369]. BMPER (FC 2.98 ! in 

damaged; p=0.008) can antagonise BMP-induced chondrogenesis by ATDC5 

chondroprogenitor cells, however it has also been reported to have pro-BMP activity 

through binding to chordin. A microarray of Kashin Beck Disease [309], an 

osteochondropathy seen in Asia, showed lower expression in damaged cartilage 

regions compared to undamaged cartilage, leading to the conclusion that this gene 

expression change precedes visible damage. 

Up and down-regulation of these BMP antagonists in damaged regions of OA 

cartilage suggest the balance of BMP signalling is altered in different zones of 

cartilage possibly resulting in dysregulated chondrocye phenotype in the OA joint. 

Our data suggests that dysregulation of the BMP pathway occurs through altered 

expression, activities and specificities of the regulated BMP antagonists and their 

modulators (e.g. FGF18). 
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6.4.6 Developmental/Skeletal injury networks 

In this significantly altered network, regulated genes include SOX11, TNFSFR11B, 

CASP1, FGF18, RUNX2 and IGF1. TNFSFR11B (OPG) has been discussed in some 

detail above (section 6.4.2.2). 

SOX11 gene expression differences (FC 8.66 !in damaged; p=0.008) were validated 

by qPCR. It is a transcription factor highly expressed in the growth plate during 

chondrogenesis , though its function is not known, and increased SOX11 has been 

detected in OA cartilage in a microarray study by Sato et al [321]. SOX11 KO mice 

show skeletal malformations and it has been shown to play an important role in 

skeletal tissue remodelling [370]. CASP1 encodes caspase1, a modulator of apoptosis, 

previously shown to be increased in OA clonal clusters, and apoptosis is a theme 

investigated in more detail in the previous chapter. RUNX2 has been reported to be 

increased in OA and is a key transcription factor and regulator of osteoblast 

differentiation, essential for correct regulation of differentiation towards chondrogenic 

or osteoblastic lineages. It has also been found that RUNX2 expression is associated 

with MMP-13 expression [371], and both these genes are regulated in the same 

direction in this microarray. 

 

6.4.7 Summary 

This study is the first to consider gene expression differences within a specific 

phenotype of OA. It highlights a number of genes and pathways worthy of further 

study, and a better understanding of these changes may lead to potential diagnostic 

markers and therapeutic targets. In addition, it highlights changes of damaged and 

undamaged cartilage within AMG that have previously only been attributed to OA 

cartilage in a broader sense, but are now shown to demonstrate regional specificity. 
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In AMG, there is a specific, repeatable pattern of disease which allows for 

topographic sampling from adjacent regions of damaged and undamaged cartilage. 

The other studies presented in this thesis have highlighted some changes in the matrix 

content of these regions, and differences in gene expression, which provided 

justification for a broader screening approach.  

 

It is possible that these changes may be progressive, or indeed reactive, to a joint-

wide phenomenon. One shortcoming of this study is being unable to distinguish in 

which region of cartilage genes are being up- or down- regulated because of the lack 

of healthy control tissue to provide baseline quantitation. It could be the case that in 

end-stage disease, cell metabolism slows and gene expression is downregulated, and 

that the over expression of genes, traditionally linked to OA cartilage degeneration, 

such as MMPs etc, is occurring in the undamaged cartilage as a signalling response to 

surrounding damaged cells in cartilage and synovium, and circulating synovial fluid 

cytokines. The changes in cartilage integrity result in altered weight bearing over the 

joint surface, and this mechanical stimulus may also contribute to a change in 

chondrocyte phenotype. 

 

It is interesting to note that some of our results corroborate those in the literature, 

whilst others suggest the opposite. As previously described, I hypothesize this is the 

case due to previous studies comparing OA versus normal cartilage where OA 

cartilage is excised en masse from both joints. However within a diseased joint there 

may be both undamaged and damaged cartilage. Therefore if one takes both of these 

together their gene expression is, in effect, mathematically ‘added together’. The 

topographical pattern of AMG cartilage erosion enables the reproducible sampling of 
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these separate areas of undamaged and damaged areas within the same joint, a process 

which appears not to have been undertaken previously in the literature. 

Microarray is a powerful tool to assess thousands of genes simultaneously, however, 

in isolation its use has been questioned [372, 373]. Particular drawbacks include that 

results may be too complex to interpret and results are not always reproducible. Thus, 

even though this study has produced many results of interest, further work is required, 

in particular, to address some of the findings of this study using human healthy 

control tissue. In this way a baseline for gene expression can be identified, and one 

might find that even those genes which are differentially expressed are both higher or 

lower than that of normal cartilage. 

 

The microarray study by Sato et al [321] does compare damaged and undamaged 

cartilage from the same joint, however this is taken from individuals undergoing total 

knee arthroplasty, which may include joints with only one or several affected 

compartments affected and to differing degrees, thus is less defined than AMG both 

as a phenotype of disease and as the geographical regions sampled.  These more 

global studies of gene expression in OA are not without value as the dominant gene 

expression changes may define the overriding changes that could be targeted to 

increase our understanding of disease mechanism and potential therapies.  The 

advantage of further delineation using AMG and distinct geographical regions is the 

potential to define specific mechanisms in a common form of OA. Therein lies the 

possibility of the study of AMG leading to target genes and pathways which are 

driving OA. The main focus of study, if AMG does represent progressive OA change, 

is that targets can be identified from macroscopically normal cartilage which, if 

altered, prevent subsequent degradation. Findings of particular interest include 
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pathways involving BMP and Wnt signalling, two traditionally bone related 

pathways. Interest has been growing for a number of years with regards to the 

relationship between bone and cartilage, with some groups suggesting that OA might 

be a primary disease of subchondral bone [14, 15, 60]. 

 

This study demonstrates the importance of studying positionally well-defined and 

precisely mapped regions of cartilage. Future work is required to better understand 

how these gene expression changes relate to normal human cartilage, and this 

microarray perhaps points to changes and interactions between bone and cartilage 

being a worthwhile path of further study. Feasible future work might involve studying 

the underlying bone beneath regions of damaged and undamaged cartilage in AMG. 
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Chapter 7 

7 DISCUSSION AND FUTURE WORK  

Anteromedial Gonarthrosis is a specific phenotype of Osteoarthritis. It is common, 

and its reproducible pattern of disease lends itself to the study of osteoarthritic 

cartilage at different stages of disease. The progressive nature of AMG has previously 

been demonstrated macroscopically and histologically. This thesis has concentrated 

on the molecular and cellular features of AMG and used undamaged cartilage from 

above knee amputations in order to validate these changes as being part of the AMG 

disease process. 

 

7.1 Summary of Results and Conclusions 

In brief, each of the studies findings and conclusions are summarised below: 

 

7.1.1 Study 1 - Quantitative Real Time PCR 

This chapter demonstrated differences in the gene expression between regions of 

damaged and undamaged cartilage. Significant differences (increased in undamaged 

cartilage) were demonstrated for COL1A1, ADAMTS4 and the MMPs, MMP1, 

MMP3, and MMP13. 

We can conclude that these changes, which are previously undocumented findings, 

may be a result of regional variation in the AMG phenotype. They may be due to the 

OA disease process, changes in loading of cartilage, and a result of joint wide 

signaling processes. In order to further investigate this, above knee amputations, 

exhibiting undamaged cartilage were collected and analysed. 
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7.1.2 Study 2 - Assessment of Aged Undamaged Cartilage 

This chapter’s results showed that from 16 AKA samples collected that it was 

possible, using histological classification, to divide them into two groups; a lower 

grade and a higher grade group.  The real time PCR demonstrated no significant 

differences between equivalent regions in contrast to clear differences between 

damaged and undamaged cartilage in AMG, supporting the hypothesis that the gene 

expression differences described above are specific to AMG. Immunoassay data 

demonstrated higher levels of Type I collagen in higher grade AKA specimens in 

posterior cartilage (as previously found in AMG), but not in lower grade specimens, 

suggesting that it may be a change of undamaged cartilage that occurs when there is 

increasing histological damage elsewhere on the medial tibial plateau or an early 

response to altered loading. GAG was demonstrated to be lower in region X, the 

equivalent region to the epicentre of the lesion in AMG. This is in keeping with 

evidence that this is the region where AMG commences. 

 

7.1.3 Study 3 – Apoptosis 

This study considered apoptosis in AMG and AKA specimens to seek molecular 

evidence of the damage pathways involved. There was progressively less apoptosis in 

the less damaged cartilage of AMG. The presence of active Caspase 3, cytochrome c, 

Bim and active Bax illustrate that apoptosis is occurring via the intrinsic pathway. 

Reactive Oxygen Species-mediated damaged was demonstrated with the increased 

presence of 3-nitrotyrosine in areas of increased apoptosis. 
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7.1.4 Study 4 - Microarray 

This complex study, that considered tens of thousands of genes’ expression, revealed 

389 expression differences between regions of damaged and undamaged cartilage in 

AMG. Highlighted gene ontology groups included cellular and skeletal development, 

inflammatory response, cell death and cell signalling. It corroborated several findings 

in the literature and suggests new genes that may be linked to OA pathogenesis in the 

specific phenotype of AMG. 

 

7.2 Directions for Further Work 

There are a number of interesting avenues to pursue on the basis of the results of this 

thesis. 

1. Obtaining better control data including young, undamaged cartilage. 

2. Study of further apoptotic markers, including FOXO1 and in vitro / ex vivo 

work considering the effects of anti-oxidants and/or inhibters of apoptotic 

pathways. 

3. Mechanical studies to better understand the changes of loading as disease 

progresses. 

4. Mechanobiology studies to better understand the relationship between changes 

in load and cartilage biology. 

5. Regional bone biology in AMG and bone-cartilage interactions 

6. Studies into synovial fluid as a potential carrier for joint-wide signals. 

7. Further similar work into to other phenotypes of disease, both in the knee and 

other joints. 
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This thesis has considered the regional cartilage zones affected in AMG and, where 

possible, compared them to the equivalent regions of cartilage from AKA specimens. 

The conclusions that have been drawn suggest that many of the changes seen are part 

of the AMG disease process. As discussed in Chapter 4, whilst the AKA samples 

were of great benefit, they were not ideal controls, being slightly older and at least 

transiently less ambulant. The collection of human control tissue represents a 

significant challenge in the study of cartilage biology. During the course of this thesis, 

ethical approval was obtained to collect knee cartilage from brain stem dead patients 

that were undergoing organ collection for donation. However, none of these samples 

became available during the time frame. In the one year that this ethics was in place, 

contact was made about two patients; one was under the age of 18, and was not 

suitable as limited by ethical approval The second had had previous knee surgery. 

 

The nature of the study of cartilage biology means that studies generally have small 

numbers. This is a particular limitation when quantifying small changes. A power 

calculation is not appropriate in this situation, non parametric statistics are used, but 

one’s conclusions need to be guarded. The results form the basis for further 

investigation, and with the advent of a ‘biobank’ for tissue collection, at the Nuffield 

Orthopaedic Centre, it would be possible to repeat some of these experiments on 

greater numbers. One major limitation is assay based: a well optimised and controlled 

immunoassay can be run at any time and data compared with previous assays, 

however with the qPCR method used, samples are only comparable if undertaken on 

the same run. There is too much potential for variability if undertaken at different 

times, furthermore the RNA in cartilage, even if stored appropriately does degrade 
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over time. Whilst it would be feasible for one to collect AMG samples rapidly, the 

same is not true for AKA specimens which become available less frequently. 

 

Apoptosis is an interesting field, relevant to most human diseases. At the time of 

starting this study, the FOXO family was gaining attention in ROS-mediated cell 

death, and FOXO3a had been identified as a potential candidate driving expression of 

pro-apoptotic Bim. FOXO3a was demonstrated as being present in similar levels in 

both AMG and AKA samples, potentially suggesting a homeostatic role, rather than 

one of an apoptotic trigger or signaller. As described in Chapter 5, interest has shifted 

to FOXO1, which directly mediates cell death via upregulation of Bim. Future studies 

should consider FOXO1 and its role in ROS-mediated apoptosis. Given that ROS 

damage has been demonstrated in cartilage where there is apoptosis, it would be 

interesting to conduct in vitro and ex vivo work on the modulation of apoptosis using 

anti-oxidants and to assess ROS generators such as mechanical load and cytokines. 

Further study into regional proteomics may help quantify absolute amounts of pro- 

and anti- apoptotic markers present in regions of AMG. 

The microarray study presents several findings which stimulate ideas for further 

work. Some of the top hits of the array, (see section 6.4) have had limited study in the 

context of OA, and should be investigated further. Of growing interest, fuelled by the 

presence of genes traditionally associated with bone metabolism, is the interaction 

between bone and cartilage. A straightforward study could consider regional 

variations of subchondral bone in AMG, undertaken in the same manner as this study. 

Similarly, in AKA samples demonstrating early histological changes, it would be of 

great interest to study the underlying bone as many scientists hypothesize that 

changes are driven by the bone-cartilage interaction. 
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OA is a joint wide disease, and this thesis has demonstrated changes in terms of 

cartilage matrix content and metabolism, a wide range of gene expression changes, in 

that apoptosis contributes to progressive cartilage damage. The signals that trigger 

some of the changes described occur over a large area and it is possible that they have 

a mechanical basis. It is also probable that as the overall environment changes in a 

joint that ‘long distance’ signalling occurs via synovial fluid changes. Future studies 

should consider the synovial fluid of joints at differing stages of disease, as it may be 

possible to identify markers that are responsible for initiating some of the cellular and 

molecular features described in this thesis. 

 

Typically, over a large number of years, the mechanics of OA progression and the 

biology of OA have been studied in isolation. There is growing interest in 

mechanotransduction and the role that mechanics play on cellular changes. Of 

particular interest, and previously not investigated, is how loading changes in AMG. 

As a lesion develops the distribution of load must change, and it is possible that that is 

one of the triggers for the biological changes described in this thesis. With regard to 

the AKA samples, changes were demonstrated in region X, the equivalent of the 

central lesion in AMG, and the area of cartilage that fails first. It would be interesting 

firstly, to mechanically test this area of cartilage in further samples. Though not 

possible, due to sample limitations, it would also be very interesting to consider the 

changes in loading with changes in the mechanical properties of this area of cartilage, 

something that may become possible with finite element modelling.  
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This thesis considers the phenotype of AMG, however the study of other phenotypes 

in the knee joint, and of OA of other joints, in a similar fashion would be of great 

interest. 

 

Ultimately, a better understanding of the initiation and progression of early OA is 

sought. With investigation of the mechanical and biological factors that occur early in 

the disease process one can then consider which of these factors may be either 

reversible, or amenable to therapies to slow or halt progression. 

 



 190 

References 
 

1. Peat G, McCarney R, Croft P. Knee pain and osteoarthritis in older adults: a 
review of community burden and current use of primary health care. Annals of the 
Rheumatic Diseases. 2001 Feb;60(2):91-7. 

2. Kuettner KE, Goldberg VM. Osteoarthritic disorders : Workshop entitled 
"New horizons in osteoarthritis". Rosemont, IL: The Academy; 1995. 

3. Kuettner KE, Goldberg VM, American Academy of Orthopaedic Surgeons. 
Osteoarthritic disorders : workshop, Monterey, California, April 1994. Rosemont, IL: 
American Academy of Orthopaedic Surgeons; 1995. 

4. ArthritisCare. 1 in 5: The prevalence and impact of arthritis in the UK. 
Arthritis Care. 2002 2002:3. 

5. Lawrence RC, Felson DT, Helmick CG, Arnold LM, Choi H, Deyo RA, et al. 
Estimates of the prevalence of arthritis and other rheumatic conditions in the United 
States. Part II. Arthritis and Rheumatism. 2008 Jan;58(1):26-35. 

6. Dillon CF, Rasch EK, Gu Q, Hirsch R. Prevalence of knee osteoarthritis in the 
United States: arthritis data from the Third National Health and Nutrition 
Examination Survey 1991-94. The Journal of Rheumatology. 2006 Nov;33(11):2271-
9. 

7. Felson DT, Naimark A, Anderson J, Kazis L, Castelli W, Meenan RF. The 
prevalence of knee osteoarthritis in the elderly. The Framingham Osteoarthritis Study. 
Arthritis and Rheumatism. 1987 Aug;30(8):914-8. 

8. Jordan JM, Helmick CG, Renner JB, Luta G, Dragomir AD, Woodard J, et al. 
Prevalence of knee symptoms and radiographic and symptomatic knee osteoarthritis 
in African Americans and Caucasians: the Johnston County Osteoarthritis Project. 
The Journal of Rheumatology. 2007 Jan;34(1):172-80. 

9. Lawrence RC, Hochberg MC, Kelsey JL, McDuffie FC, Medsger TA, Jr., 
Felts WR, et al. Estimates of the prevalence of selected arthritic and musculoskeletal 
diseases in the United States. The Journal of Rheumatology. 1989 Apr;16(4):427-41. 

10. Petersson IF, Jacobsson LT. Osteoarthritis of the peripheral joints. Best Pract 
Res Clin Rheumatol. 2002 Dec;16(5):741-60. 

11. Kurtz S, Ong K, Lau E, Mowat F, Halpern M. Projections of primary and 
revision hip and knee arthroplasty in the United States from 2005 to 2030. The 
Journal of Bone and Joint Surgery. 2007 Apr;89(4):780-5. 

12. Martin J, Meltzer H, Elliot D. OPCS surveys of disability in Great Britain. 
Report 1, The prevalence of disability among adults: HMSO, 1988 (1989). 

13. Spector TD, MacGregor AJ. Risk factors for osteoarthritis: genetics. 
Osteoarthritis and Cartilage / OARS, Osteoarthritis Research Society. 2004;12 Suppl 
A:S39-44. 



 191 

14. Brandt KD, Dieppe P, Radin E. Etiopathogenesis of osteoarthritis. Med Clin 
North Am. 2009 Jan;93(1):1-24, xv. 

15. Dieppe P. Developments in osteoarthritis. Rheumatology. 2011 February 1, 
2011;50(2):245-7. 

16. Moskowitz RW. Osteoarthritis : diagnosis and medical/surgical management. 
4th ed. ed. Philadelphia, Pa. ; London: Lippincott Williams & Wilkins; 2007. 

17. Valdes AM, Spector TD. The clinical relevance of genetic susceptibility to 
osteoarthritis. Best Pract Res Clin Rheumatol. 2010 Feb;24(1):3-14. 

18. Stecher RM, Hersh AH. Heberden's Nodes: The Mechanism of Inheritance in 
Hypertrophic Arthritis of the Fingers. The Journal of Clinical Investigation. 1944 
Sep;23(5):699-704. 

19. Chitnavis J, Sinsheimer JS, Clipsham K, Loughlin J, Sykes B, Burge PD, et al. 
Genetic influences in end-stage osteoarthritis. Sibling risks of hip and knee 
replacement for idiopathic osteoarthritis. J Bone Joint Surg Br. 1997 Jul;79(4):660-4. 

20. Valdes AM, Evangelou E, Kerkhof HJ, Tamm A, Doherty SA, Kisand K, et 
al. The GDF5 rs143383 polymorphism is associated with osteoarthritis of the knee 
with genome-wide statistical significance. Annals of the Rheumatic Diseases.  
May;70(5):873-5. 

21. Zhai G, Hart DJ, Kato BS, MacGregor A, Spector TD. Genetic influence on 
the progression of radiographic knee osteoarthritis: a longitudinal twin study. 
Osteoarthritis and Cartilage / OARS, Osteoarthritis Research Society. 2007 
Feb;15(2):222-5. 

22. Neame RL, Muir K, Doherty S, Doherty M. Genetic risk of knee 
osteoarthritis: a sibling study. Annals of the Rheumatic Diseases. 2004 
Sep;63(9):1022-7. 

23. Gillaspy E, Spreckley K, Wallis G, Doherty M, Spector TD. Investigation of 
linkage on chromosome 2q and hand and knee osteoarthritis. Arthritis and 
Rheumatism. 2002 Dec;46(12):3386-7. 

24. McDonnell SM, Sinsheimer J, Price AJ, Carr AJ. Genetic influences in the 
aetiology of anteromedial osteoarthritis of the knee. J Bone Joint Surg Br. 2007 
Jul;89(7):901-3. 

25. Lankester BJ, Cottam HL, Pinskerova V, Eldridge JD, Freeman MA. 
Variation in the anatomy of the tibial plateau: a possible factor in the development of 
anteromedial osteoarthritis of the knee. J Bone Joint Surg Br. 2008 Mar;90(3):330-3. 

26. Loughlin J. Genetic indicators and susceptibility to osteoarthritis. Br J Sports 
Med. 2011 Apr;45(4):278-82. 

27. Jensen LK. Knee-straining work activities, self-reported knee disorders and 
radiographically determined knee osteoarthritis. Scand J Work Environ Health. 
2005;31 Suppl 2:68-74. 



 192 

28. Jensen LK, Eenberg W. Occupation as a risk factor for knee disorders. Scand J 
Work Environ Health. 1996 Jun;22(3):165-75. 

29. Hunter DJ, March L, Sambrook PN. Knee osteoarthritis: the influence of 
environmental factors. Clin Exp Rheumatol. 2002 Jan-Feb;20(1):93-100. 

30. Klussmann A, Gebhardt H, Liebers F, von Engelhardt LV, David A, Bouillon 
B, et al. Individual and occupational risk factors for knee osteoarthritis - study 
protocol of a case control study. BMC Musculoskelet Disord. 2008;9:26. 

31. Cooper C. Occupational activity and the risk of osteoarthritis. J Rheumatol 
Suppl. 1995 Feb;43:10-2. 

32. Maetzel A, Makela M, Hawker G, Bombardier C. Osteoarthritis of the hip and 
knee and mechanical occupational exposure--a systematic overview of the evidence. 
The Journal of Rheumatology. 1997 Aug;24(8):1599-607. 

33. Sandmark H, Hogstedt C, Vingard E. Primary osteoarthrosis of the knee in 
men and women as a result of lifelong physical load from work. Scand J Work 
Environ Health. 2000 Feb;26(1):20-5. 

34. Manek NJ, Hart D, Spector TD, MacGregor AJ. The association of body mass 
index and osteoarthritis of the knee joint: an examination of genetic and 
environmental influences. Arthritis and Rheumatism. 2003 Apr;48(4):1024-9. 

35. McAlindon T, Zhang Y, Hannan M, Naimark A, Weissman B, Castelli W, et 
al. Are risk factors for patellofemoral and tibiofemoral knee osteoarthritis different? 
The Journal of Rheumatology. 1996 Feb;23(2):332-7. 

36. Sturmer T, Gunther KP, Brenner H. Obesity, overweight and patterns of 
osteoarthritis: the Ulm Osteoarthritis Study. J Clin Epidemiol. 2000 Mar 1;53(3):307-
13. 

37. Fairbank TJ. Knee joint changes after meniscectomy. J Bone Joint Surg Br. 
1948 Nov;30B(4):664-70. 

38. Hunter DJ, Zhang YQ, Niu JB, Tu X, Amin S, Clancy M, et al. The 
association of meniscal pathologic changes with cartilage loss in symptomatic knee 
osteoarthritis. Arthritis and Rheumatism. 2006 Mar;54(3):795-801. 

39. Meredith DS, Losina E, Mahomed NN, Wright J, Katz JN. Factors predicting 
functional and radiographic outcomes after arthroscopic partial meniscectomy: a 
review of the literature. Arthroscopy. 2005 Feb;21(2):211-23. 

40. Rangger C, Klestil T, Gloetzer W, Kemmler G, Benedetto KP. Osteoarthritis 
after arthroscopic partial meniscectomy. Am J Sports Med. 1995 Mar-Apr;23(2):240-
4. 

41. Chang A, Moisio K, Chmiel JS, Eckstein F, Guermazi A, Almagor O, et al. 
Subregional effects of meniscal tears on cartilage loss over 2 years in knee 
osteoarthritis. Annals of the Rheumatic Diseases. 2011 Jan;70(1):74-9. 



 193 

42. Andriacchi TP, Koo S, Scanlan SF. Gait mechanics influence healthy cartilage 
morphology and osteoarthritis of the knee. The Journal of Bone and Joint Surgery. 
2009 Feb;91 Suppl 1:95-101. 

43. Daniel DM, Stone ML, Dobson BE, Fithian DC, Rossman DJ, Kaufman KR. 
Fate of the ACL-injured patient. A prospective outcome study. Am J Sports Med. 
1994 Sep-Oct;22(5):632-44. 

44. Pond MJ, Nuki G. Experimentally-induced osteoarthritis in the dog. Annals of 
the Rheumatic Diseases. 1973 Jul;32(4):387-8. 

45. Mehin R, O'Brien P, Broekhuyse H, Blachut P, Guy P. Endstage arthritis 
following tibia plateau fractures: average 10-year follow-up. Can J Surg. 2010 
Apr;55(2):87-94. 

46. Stufkens SA, Knupp M, Horisberger M, Lampert C, Hintermann B. Cartilage 
lesions and the development of osteoarthritis after internal fixation of ankle fractures: 
a prospective study. The Journal of Bone and Joint Surgery. 2012 Feb;92(2):279-86. 

47. Baliunas AJ, Hurwitz DE, Ryals AB, Karrar A, Case JP, Block JA, et al. 
Increased knee joint loads during walking are present in subjects with knee 
osteoarthritis. Osteoarthritis and Cartilage / OARS, Osteoarthritis Research Society. 
2002 Jul;10(7):573-9. 

48. Mundermann A, Dyrby CO, Andriacchi TP. Secondary gait changes in 
patients with medial compartment knee osteoarthritis: increased load at the ankle, 
knee, and hip during walking. Arthritis and Rheumatism. 2005 Sep;52(9):2835-44. 

49. Asay JL, Mundermann A, Andriacchi TP. Adaptive patterns of movement 
during stair climbing in patients with knee osteoarthritis. J Orthop Res. 2009 
Mar;27(3):325-9. 

50. Andriacchi TP, Mundermann A. The role of ambulatory mechanics in the 
initiation and progression of knee osteoarthritis. Current Opinion in Rheumatology. 
2006 Sep;18(5):514-8. 

51. Johnson F, Leitl S, Waugh W. The distribution of load across the knee. A 
comparison of static and dynamic measurements. J Bone Joint Surg Br. 1980 
Aug;62(3):346-9. 

52. Weidow J, Cederlund CG, Ranstam J, Karrholm J. Ahlback grading of 
osteoarthritis of the knee: poor reproducibility and validity based on visual inspection 
of the joint. Acta Orthopaedica. 2006 Apr;77(2):262-6. 

53. Harman MK, Markovich GD, Banks SA, Hodge WA. Wear patterns on tibial 
plateaus from varus and valgus osteoarthritic knees. Clinical Orthopaedics and 
Related Research. 1998 Jul(352):149-58. 

54. Moschella D, Blasi A, Leardini A, Ensini A, Catani F. Wear patterns on tibial 
plateau from varus osteoarthritic knees. Clin Biomech (Bristol, Avon). 2006 
Feb;21(2):152-8. 



 194 

55. Wirth W, Benichou O, Kwoh CK, Guermazi A, Hunter D, Putz R, et al. 
Spatial patterns of cartilage loss in the medial femoral condyle in osteoarthritic knees: 
data from the Osteoarthritis Initiative. Magn Reson Med. 2010 Mar;63(3):574-81. 

56. Wirth W, Eckstein F. A technique for regional analysis of femorotibial 
cartilage thickness based on quantitative magnetic resonance imaging. IEEE Trans 
Med Imaging. 2008 Jun;27(6):737-44. 

57. Wirth W, Hellio Le Graverand MP, Wyman BT, Maschek S, Hudelmaier M, 
Hitzl W, et al. Regional analysis of femorotibial cartilage loss in a subsample from 
the Osteoarthritis Initiative progression subcohort. Osteoarthritis and Cartilage / 
OARS, Osteoarthritis Research Society. 2009 Mar;17(3):291-7. 

58. Ito K, Minka MA, 2nd, Leunig M, Werlen S, Ganz R. Femoroacetabular 
impingement and the cam-effect. A MRI-based quantitative anatomical study of the 
femoral head-neck offset. J Bone Joint Surg Br. 2001 Mar;83(2):171-6. 

59. Pollard TC, Villar RN, Norton MR, Fern ED, Williams MR, Murray DW, et 
al. Genetic influences in the aetiology of femoroacetabular impingement: a sibling 
study. J Bone Joint Surg Br. 2010 Feb;92(2):209-16. 

60. Brandt KD, Radin EL, Dieppe PA, van de Putte L. Yet more evidence that 
osteoarthritis is not a cartilage disease. Annals of the Rheumatic Diseases. 2006 
Oct;65(10):1261-4. 

61. van der Kraan PM, van den Berg WB. Osteophytes: relevance and biology. 
Osteoarthritis and Cartilage / OARS, Osteoarthritis Research Society. 2007 
Mar;15(3):237-44. 

62. Hedbom E, Hauselmann HJ. Molecular aspects of pathogenesis in 
osteoarthritis: the role of inflammation. Cell Mol Life Sci. 2002 Jan;59(1):45-53. 

63. Sandell LJ, Aigner T. Articular cartilage and changes in arthritis. An 
introduction: cell biology of osteoarthritis. Arthritis research. 2001 Jan 1;3(2):107-13. 

64. Dawson J, Fitzpatrick R, Murray D, Carr A. Questionnaire on the perceptions 
of patients about total knee replacement. J Bone Joint Surg Br. 1998 Jan;80(1):63-9. 

65. Roos EM, Roos HP, Lohmander LS, Ekdahl C, Beynnon BD. Knee Injury and 
Osteoarthritis Outcome Score (KOOS)--development of a self-administered outcome 
measure. J Orthop Sports Phys Ther. 1998 Aug;28(2):88-96. 

66. Braga L, Renner JB, Schwartz TA, Woodard J, Helmick CG, Hochberg MC, 
et al. Differences in radiographic features of knee osteoarthritis in African-Americans 
and Caucasians: the Johnston county osteoarthritis project. Osteoarthritis and 
Cartilage / OARS, Osteoarthritis Research Society. 2009 Dec;17(12):1554-61. 

67. Nelson AE, Renner JB, Schwartz TA, Kraus VB, Helmick CG, Jordan JM. 
Differences in multijoint radiographic osteoarthritis phenotypes among African 
Americans and Caucasians: the Johnston County Osteoarthritis project. Arthritis and 
Rheumatism. 2011 Dec;63(12):3843-52. 

68. Allen KD. Racial and ethnic disparities in osteoarthritis phenotypes. Current 
Opinion in Rheumatology. 2010 Sep;22(5):528-32. 



 195 

69. Roemer FW, Crema MD, Trattnig S, Guermazi A. Advances in imaging of 
osteoarthritis and cartilage. Radiology. 2011 Aug;260(2):332-54. 

70. Kellgren JH, Lawrence JS. Radiological assessment of osteo-arthrosis. Annals 
of the Rheumatic Diseases. 1957 Dec;16(4):494-502. 

71. Ahlback S. Osteoarthrosis of the knee. A radiographic investigation. Acta 
radiologica: diagnosis. 1968:Suppl 277:7-72. 

72. Altman R, Asch E, Bloch D, Bole G, Borenstein D, Brandt K, et al. 
Development of criteria for the classification and reporting of osteoarthritis. 
Classification of osteoarthritis of the knee. Diagnostic and Therapeutic Criteria 
Committee of the American Rheumatism Association. Arthritis and Rheumatism. 
1986 Aug;29(8):1039-49. 

73. Hunter DJ, Lo GH, Gale D, Grainger AJ, Guermazi A, Conaghan PG. The 
reliability of a new scoring system for knee osteoarthritis MRI and the validity of 
bone marrow lesion assessment: BLOKS (Boston Leeds Osteoarthritis Knee Score). 
Annals of the Rheumatic Diseases. 2008 Feb;67(2):206-11. 

74. Peterfy CG, Guermazi A, Zaim S, Tirman PF, Miaux Y, White D, et al. 
Whole-Organ Magnetic Resonance Imaging Score (WORMS) of the knee in 
osteoarthritis. Osteoarthritis and Cartilage / OARS, Osteoarthritis Research Society. 
2004 Mar;12(3):177-90. 

75. Zhang W, Moskowitz RW, Nuki G, Abramson S, Altman RD, Arden N, et al. 
OARSI recommendations for the management of hip and knee osteoarthritis, part I: 
critical appraisal of existing treatment guidelines and systematic review of current 
research evidence. Osteoarthritis and Cartilage / OARS, Osteoarthritis Research 
Society. 2007 Sep;15(9):981-1000. 

76. Zhang W, Moskowitz RW, Nuki G, Abramson S, Altman RD, Arden N, et al. 
OARSI recommendations for the management of hip and knee osteoarthritis, Part II: 
OARSI evidence-based, expert consensus guidelines. Osteoarthritis and Cartilage / 
OARS, Osteoarthritis Research Society. 2008 Feb;16(2):137-62. 

77. Zhang W, Nuki G, Moskowitz RW, Abramson S, Altman RD, Arden NK, et 
al. OARSI recommendations for the management of hip and knee osteoarthritis: part 
III: Changes in evidence following systematic cumulative update of research 
published through January 2009. Osteoarthritis and Cartilage / OARS, Osteoarthritis 
Research Society. 2010 Apr;18(4):476-99. 

78. Griffin T, Rowden N, Morgan D, Atkinson R, Woodruff P, Maddern G. 
Unicompartmental knee arthroplasty for the treatment of unicompartmental 
osteoarthritis: a systematic study. ANZ J Surg. 2007 Apr;77(4):214-21. 

79. NJR. 
http://www.njrcentre.org.uk/NjrCentre/Portals/0/Documents/England/Reports/9th_an
nual_report/NJR%209th%20Annual%20Report%202012.pdf. 2012. 

80. Emerson RH, Jr., Potter T. The use of the McKeever metallic hemiarthroplasty 
for unicompartmental arthritis. The Journal of Bone and Joint Surgery Am. 1985 
Feb;67(2):208-12. 



 196 

81. Keys GW, Ul-Abiddin Z, Toh EM. Analysis of first forty Oxford medial 
unicompartmental knee replacement from a small district hospital in UK. The Knee. 
2004 Oct;11(5):375-7. 

82. Goodfellow JW, Kershaw CJ, Benson MK, O'Connor JJ. The Oxford Knee for 
unicompartmental osteoarthritis. The first 103 cases. J Bone Joint Surg Br. 1988 
Nov;70(5):692-701. 

83. Goodfellow JW, Tibrewal SB, Sherman KP, O'Connor JJ. Unicompartmental 
Oxford Meniscal knee arthroplasty. J Arthroplasty. 1987;2(1):1-9. 

84. Goodfellow J. Unicompartmental arthroplasty with the Oxford knee. Oxford: 
Oxford University Press; 2006. 

85. Bendele AM. Animal models of osteoarthritis. Journal of musculoskeletal & 
neuronal interactions. 2001 Jun;1(4):363-76. 

86. van den Berg WB. Lessons from animal models of osteoarthritis. Current 
Opinion in Rheumatology. 2001 Sep;13(5):452-6. 

87. McMinn RMH, Last RJ. Last's anatomy : regional and applied. 9th ed. / edited 
by R. M. H. McMinn. ed. Edinburgh: Churchill Livingstone; 1994. 

88. Walker PS, Erkman MJ. The role of the menisci in force transmission across 
the knee. Clinical Orthopaedics and Related Research. 1975(109):184-92. 

89. Aigner T, Sachse A, Gebhard PM, Roach HI. Osteoarthritis: Pathobiology - 
targets and ways for therapeutic intervention. Advanced Drug Delivery Reviews. 
2006;58(2):128-49. 

90. Gray H, Williams PL, Banniser LH. Gray's Anatomy: The Anatomical Basis 
of Medicine and Surgery: Elsevier Books, Oxford; 1995. 

91. White SH, Ludkowski PF, Goodfellow JW. Anteromedial osteoarthritis of the 
knee. J Bone Joint Surg Br. 1991 Jul;73(4):582-6. 

92. Mullaji AB, Marawar SV, Luthra M. Tibial articular cartilage wear in varus 
osteoarthritic knees: correlation with anterior cruciate ligament integrity and severity 
of deformity. J Arthroplasty. 2008 Jan;23(1):128-35. 

93. Rout R, McDonnell S, Benson R, Athanasou N, Carr A, Doll H, et al. The 
histological features of anteromedial gonarthrosis--the comparison of two grading 
systems in a human phenotype of osteoarthritis. The Knee. 2010 Jun;18(3):172-6. 

94. Gulati A, Chau R, Beard DJ, Price AJ, Gill HS, Murray DW. Localization of 
the full-thickness cartilage lesions in medial and lateral unicompartmental knee 
osteoarthritis. J Orthop Res. 2009 Oct;27(10):1339-46. 

95. Minas T, Nehrer S. Current concepts in the treatment of articular cartilage 
defects. Orthopedics. 1997 Jun;20(6):525-38. 

96. Wachsmuth L, Soder S, Fan Z, Finger F, Aigner T. Immunolocalization of 
matrix proteins in different human cartilage subtypes. Histology and Histopathology. 
2006 May;21(5):477-85. 



 197 

97. Ortega N, Behonick DJ, Werb Z. Matrix remodeling during endochondral 
ossification. Trends Cell Biol. 2004 Feb;14(2):86-93. 

98. Rothwell AG, Bentley G. Chondrocyte multiplication in osteoarthritic 
articular cartilage. J Bone Joint Surg Br. 1973 Aug;55(3):588-94. 

99. Meachim G, Collins DH. Cell counts of normal and osteoarthritic articular 
cartilage in relation to the uptake of sulphate (35SO4) in vitro. Annals of the 
Rheumatic Diseases. 1962 Mar;21:45-50. 

100. Hulth A, Lindberg L, Telhag H. Mitosis in human osteoarthritic cartilage. 
Clinical Orthopaedics and Related Research. 1972 May;84:197-9. 

101. Price JS, Waters JG, Darrah C, Pennington C, Edwards DR, Donell ST, et al. 
The role of chondrocyte senescence in osteoarthritis. Aging Cell. 2002 Oct;1(1):57-
65. 

102. Loeser RF, Jr. Aging and the etiopathogenesis and treatment of osteoarthritis. 
Rheum Dis Clin North Am. 2000 Aug;26(3):547-67. 

103. Loeser RF. Molecular mechanisms of cartilage destruction: mechanics, 
inflammatory mediators, and aging collide. Arthritis and Rheumatism. 2006 
May;54(5):1357-60. 

104. Mow VC, Ratcliffe A, Poole AR. Cartilage and diarthrodial joints as 
paradigms for hierarchical materials and structures. Biomaterials. 1992;13(2):67-97. 

105. Eyre D. Collagen of articular cartilage. Arthritis Research. 2002;4(1):30-5. 

106. Mendler M, Eich-Bender SG, Vaughan L, Winterhalter KH, Bruckner P. 
Cartilage contains mixed fibrils of collagen types II, IX, and XI. The Journal of Cell 
Biology. 1989 Jan;108(1):191-7. 

107. Hagg R, Bruckner P, Hedbom E. Cartilage fibrils of mammals are 
biochemically heterogeneous: differential distribution of decorin and collagen IX. The 
Journal of Cell Biology. 1998 Jul 13;142(1):285-94. 

108. Blaschke UK, Eikenberry EF, Hulmes DJ, Galla HJ, Bruckner P. Collagen XI 
nucleates self-assembly and limits lateral growth of cartilage fibrils. The Journal of 
Biological Chemistry. 2000 Apr 7;275(14):10370-8. 

109. Muir H. The chondrocyte, architect of cartilage. Biomechanics, structure, 
function and molecular biology of cartilage matrix macromolecules. Bioessays. 1995 
Dec;17(12):1039-48. 

110. Wotton SF, Duance VC. Type III collagen in normal human articular 
cartilage. The Histochemical Journal. 1994 May;26(5):412-6. 

111. Aigner T, Bertling W, Stoss H, Weseloh G, von der Mark K. Independent 
expression of fibril-forming collagens I, II, and III in chondrocytes of human 
osteoarthritic cartilage. The Journal of Clinical Investigation. 1993 Mar;91(3):829-37. 



 198 

112. Aigner T, Stove J. Collagens--major component of the physiological cartilage 
matrix, major target of cartilage degeneration, major tool in cartilage repair. Adv 
Drug Deliv Rev. 2003 Nov 28;55(12):1569-93. 

113. Eyre DR, Weis MA, Wu JJ. Articular cartilage collagen: an irreplaceable 
framework? European Cells & Materials. 2006;12:57-63. 

114. Eyre DR, Brickley-Parsons DM, Glimcher MJ. Predominance of type I 
collagen at the surface of avian articular cartilage. FEBS Lett. 1978 Jan 15;85(2):259-
63. 

115. Chen L, Wu Y, Lee V, Kiani C, Adams ME, Yao Y, et al. The folded modules 
of aggrecan G3 domain exert two separable functions in glycosaminoglycan 
modification and product secretion. J Biol Chem. 2002 Jan 25;277(4):2657-65. 

116. Hardingham TE, Fosang AJ. The structure of aggrecan and its turnover in 
cartilage. J Rheumatol Suppl. 1995 Feb;43:86-90. 

117. Malinin T, Ouellette EA. Articular cartilage nutrition is mediated by 
subchondral bone: a long-term autograft study in baboons. Osteoarthritis and 
Cartilage / OARS, Osteoarthritis Research Society. 2000 Nov;8(6):483-91. 

118. Fosang AJ, Beier F. Emerging Frontiers in cartilage and chondrocyte biology. 
Best Pract Res Clin Rheumatol. 2011 Dec;25(6):751-66. 

119. Collins DH. The Pathology of Articular and Spinal Diseases. [S.l.]: Edward 
Arnold & Co.; 1949. 

120. Outerbridge RE. The etiology of chondromalacia patellae. J Bone Joint Surg 
Br. 1961 Nov;43-B:752-7. 

121. Acebes C, Roman-Blas JA, Delgado-Baeza E, Palacios I, Herrero-Beaumont 
G. Correlation between arthroscopic and histopathological grading systems of 
articular cartilage lesions in knee osteoarthritis. Osteoarthr Cartil. 2008 Aug 1. 

122. Aigner T, Hemmel M, Neureiter D, Gebhard PM, Zeiler G, Kirchner T, et al. 
Apoptotic cell death is not a widespread phenomenon in normal aging and 
osteoarthritis human articular knee cartilage: a study of proliferation, programmed 
cell death (apoptosis), and viability of chondrocytes in normal and osteoarthritic 
human knee cartilage. Arthritis and Rheumatism. 2001 Jun;44(6):1304-12. 

123. Blanco FJ, Ochs RL, Schwarz H, Lotz M. Chondrocyte apoptosis induced by 
nitric oxide. The American Journal of Pathology. 1995 Jan;146(1):75-85. 

124. Hashimoto S, Ochs RL, Komiya S, Lotz M. Linkage of chondrocyte apoptosis 
and cartilage degradation in human osteoarthritis. Arthritis and Rheumatism. 1998 
Sep;41(9):1632-8. 

125. Kim HA, Lee YJ, Seong SC, Choe KW, Song YW. Apoptotic chondrocyte 
death in human osteoarthritis. The Journal of Rheumatology. 2000 Feb;27(2):455-62. 

126. Lippiello L, Hall D, Mankin HJ. Collagen synthesis in normal and 
osteoarthritic human cartilage. The Journal of Clinical Investigation. 1977 
Apr;59(4):593-600. 



 199 

127. Eyre DR, McDevitt CA, Billingham ME, Muir H. Biosynthesis of collagen 
and other matrix proteins by articular cartilage in experimental osteoarthrosis. The 
Biochemical Journal. 1980 Jun 15;188(3):823-37. 

128. Collins DH, McElligott T. Sulphate (35SO4) uptake by chondrocytes in 
relation to histological changes in osteoarthritic human articular cartilage. Annals of 
the Rheumatic Diseases. 1960 Dec;19:318-30. 

129. Mankin HJ, Dorfman H, Lippiello L, Zarins A. Biochemical and metabolic 
abnormalities in articular cartilage from osteo-arthritic human hips. II. Correlation of 
morphology with biochemical and metabolic data. The Journal of Bone and Joint 
Surgery Am. 1971 Apr;53(3):523-37. 

130. Armstrong S, Read R, Ghosh P. The effects of intraarticular hyaluronan on 
cartilage and subchondral bone changes in an ovine model of early osteoarthritis. The 
Journal of Rheumatology. 1994 Apr;21(4):680-8. 

131. Ostergaard K, Petersen J, Andersen CB, Bendtzen K, Salter DM. 
Histologic/histochemical grading system for osteoarthritic articular cartilage: 
reproducibility and validity. Arthritis and Rheumatism. 1997 Oct;40(10):1766-71. 

132. Ostergaard K, Andersen CB, Petersen J, Bendtzen K, Salter DM. Validity of 
histopathological grading of articular cartilage from osteoarthritic knee joints. Annals 
of the Rheumatic Diseases. 1999 Apr;58(4):208-13. 

133. Pritzker KP, Gay S, Jimenez SA, Ostergaard K, Pelletier JP, Revell PA, et al. 
Osteoarthritis cartilage histopathology: grading and staging. Osteoarthritis and 
Cartilage / OARS, Osteoarthritis Research Society. 2006 Jan;14(1):13-29. 

134. Custers RJ, Creemers LB, Verbout AJ, van Rijen MH, Dhert WJ, Saris DB. 
Reliability, reproducibility and variability of the traditional Histologic/Histochemical 
Grading System vs the new OARSI Osteoarthritis Cartilage Histopathology 
Assessment System. Osteoarthritis and Cartilage / OARS, Osteoarthritis Research 
Society. 2007 Jun 16. 

135. Coons AH, Creech HJ, Jones RN, editors. Immunological properties of an 
antibody containing a fluorescent group. Proceedings of the Society for Experimental 
Biology and Medicine Society for Experimental Biology and Medicine (New York, 
NY); 1941: Royal Society of Medicine. 

136. Pinkel D, Landegent J, Collins C, Fuscoe J, Segraves R, Lucas J, et al. 
Fluorescence in situ hybridization with human chromosome-specific libraries: 
detection of trisomy 21 and translocations of chromosome 4. Proceedings of the 
National Academy of Sciences of the United States of America. 1988 
Dec;85(23):9138-42. 

137. Amin AK, Huntley JS, Bush PG, Simpson AH, Hall AC. Chondrocyte death 
in mechanically injured articular cartilage-the influence of extracellular calcium. J 
Orthop Res. 2008 Nov 24. 

138. Amin AK, Huntley JS, Bush PG, Simpson AH, Hall AC. Osmolarity 
influences chondrocyte death in wounded articular cartilage. The Journal of Bone and 
Joint Surgery Br. 2008 Jul;90(7):1531-42. 



 200 

139. Brown CP, Houle MA, Chen M, Price AJ, Legare F, Gill HS. Damage 
initiation and progression in the cartilage surface probed by nonlinear optical 
microscopy. J Mech Behav Biomed Mater. 2011 Jan;5(1):62-70. 

140. Brown CP, Jayadev C, Glyn-Jones S, Carr AJ, Murray DW, Price AJ, et al. 
Characterization of early stage cartilage degradation using diffuse reflectance near 
infrared spectroscopy. Phys Med Biol. 2011 Apr 7;56(7):2299-307. 

141. Dickinson SC, Sims TJ, Pittarello L, Soranzo C, Pavesio A, Hollander AP. 
Quantitative outcome measures of cartilage repair in patients treated by tissue 
engineering. Tissue Engineering. 2005 Jan-Feb;11(1-2):277-87. 

142. Hollander AP, Dickinson SC, Sims TJ, Brun P, Cortivo R, Kon E, et al. 
Maturation of tissue engineered cartilage implanted in injured and osteoarthritic 
human knees. Tissue Engineering. 2006 Jul;12(7):1787-98. 

143. Roberts S, Hollander AP, Caterson B, Menage J, Richardson JB. Matrix 
turnover in human cartilage repair tissue in autologous chondrocyte implantation. 
Arthritis and Rheumatism. 2001 Nov;44(11):2586-98. 

144. Schochetman G, Ou CY, Jones WK. Polymerase chain reaction. The Journal 
of Infectious Diseases. 1988:1154-7. 

145. Sundfors C, Collan Y. Basics of quantitative polymerase chain reaction: 2. 
Electrophoresis and quantitation of polymerase chain reaction products. 
Electrophoresis. 1996 Jan;17(1):44-8. 

146. Heid CA, Stevens J, Livak KJ, Williams PM. Real time quantitative PCR. 
Genome Res. 1996 Oct;6(10):986-94. 

147. Holland PM, Abramson RD, Watson R, Gelfand DH. Detection of specific 
polymerase chain reaction product by utilizing the 5'----3' exonuclease activity of 
Thermus aquaticus DNA polymerase. Proceedings of the National Academy of 
Sciences of the United States of America. 1991 Aug 15;88(16):7276-80. 

148. Schena M, Shalon D, Davis RW, Brown PO. Quantitative monitoring of gene 
expression patterns with a complementary DNA microarray. Science (New York, NY. 
1995 Oct 20;270(5235):467-70. 

149. Hembry RM, Dyce J, Driesang I, Hunziker EB, Fosang AJ, Tyler JA, et al. 
Immunolocalization of matrix metalloproteinases in partial-thickness defects in pig 
articular cartilage. A preliminary report. The Journal of Bone and Joint Surgery. 2001 
Jun;83-A(6):826-38. 

150. Lark MW, Bayne EK, Flanagan J, Harper CF, Hoerrner LA, Hutchinson NI, et 
al. Aggrecan degradation in human cartilage. Evidence for both matrix 
metalloproteinase and aggrecanase activity in normal, osteoarthritic, and rheumatoid 
joints. The Journal of Clinical Investigation. 1997 Jul 1;100(1):93-106. 

151. Yamanishi Y, Boyle DL, Clark M, Maki RA, Tortorella MD, Arner EC, et al. 
Expression and regulation of aggrecanase in arthritis: the role of TGF-beta. J 
Immunol. 2002 Feb 1;168(3):1405-12. 



 201 

152. Gross J, Lapiere CM. Collagenolytic activity in amphibian tissues: a tissue 
culture assay. Proceedings of the National Academy of Sciences of the United States 
of America. 1962 Jun 15;48:1014-22. 

153. Shlopov BV, Lie WR, Mainardi CL, Cole AA, Chubinskaya S, Hasty KA. 
Osteoarthritic lesions: involvement of three different collagenases. Arthritis and 
Rheumatism. 1997 Nov;40(11):2065-74. 

154. Freije JM, Diez-Itza I, Balbin M, Sanchez LM, Blasco R, Tolivia J, et al. 
Molecular cloning and expression of collagenase-3, a novel human matrix 
metalloproteinase produced by breast carcinomas. The Journal of Biological 
Chemistry. 1994 Jun 17;269(24):16766-73. 

155. Takahashi K, Goomer RS, Harwood F, Kubo T, Hirasawa Y, Amiel D. The 
effects of hyaluronan on matrix metalloproteinase-3 (MMP-3), interleukin-1beta(IL-
1beta), and tissue inhibitor of metalloproteinase-1 (TIMP-1) gene expression during 
the development of osteoarthritis. Osteoarthritis and Cartilage / OARS, Osteoarthritis 
Research Society. 1999 Mar;7(2):182-90. 

156. Lin PM, Chen CT, Torzilli PA. Increased stromelysin-1 (MMP-3), 
proteoglycan degradation (3B3- and 7D4) and collagen damage in cyclically load-
injured articular cartilage. Osteoarthritis and Cartilage / OARS, Osteoarthritis 
Research Society. 2004 Jun;12(6):485-96. 

157. Marchenko GN, Strongin AY. MMP-28, a new human matrix 
metalloproteinase with an unusual cysteine-switch sequence is widely expressed in 
tumors. Gene. 2001 Mar 7;265(1-2):87-93. 

158. Lohi J, Wilson CL, Roby JD, Parks WC. Epilysin, a novel human matrix 
metalloproteinase (MMP-28) expressed in testis and keratinocytes and in response to 
injury. The Journal of Biological Chemistry. 2001 Mar 30;276(13):10134-44. 

159. Kevorkian L, Young DA, Darrah C, Donell ST, Shepstone L, Porter S, et al. 
Expression profiling of metalloproteinases and their inhibitors in cartilage. Arthritis 
and Rheumatism. 2004 Jan;50(1):131-41. 

160. Davidson RK, Waters JG, Kevorkian L, Darrah C, Cooper A, Donell ST, et al. 
Expression profiling of metalloproteinases and their inhibitors in synovium and 
cartilage. Arthritis Research & Therapy. 2006;8(4):R124. 

161. Rodgers UR, Kevorkian L, Surridge AK, Waters JG, Swingler TE, Culley K, 
et al. Expression and function of matrix metalloproteinase (MMP)-28. Matrix Biol. 
2009 Jun;28(5):263-72. 

162. Murphy G, Knauper V, Atkinson S, Butler G, English W, Hutton M, et al. 
Matrix metalloproteinases in arthritic disease. Arthritis research. 2002;4(Suppl 
3):S39-S49. 

163. Kuno K, Iizasa H, Ohno S, Matsushima K. The exon/intron organization and 
chromosomal mapping of the mouse ADAMTS-1 gene encoding an ADAM family 
protein with TSP motifs. Genomics. 1997 Dec 15;46(3):466-71. 



 202 

164. Porter S, Clark IM, Kevorkian L, Edwards DR. The ADAMTS 
metalloproteinases. The Biochemical Journal. 2005 Feb 15;386(Pt 1):15-27. 

165. Glasson SS, Askew R, Sheppard B, Carito B, Blanchet T, Ma HL, et al. 
Deletion of active ADAMTS5 prevents cartilage degradation in a murine model of 
osteoarthritis. Nature. 2005 Mar 31;434(7033):644-8. 

166. Glasson SS, Askew R, Sheppard B, Carito BA, Blanchet T, Ma HL, et al. 
Characterization of and osteoarthritis susceptibility in ADAMTS-4-knockout mice. 
Arthritis and Rheumatism. 2004 Aug;50(8):2547-58. 

167. Song RH, Tortorella MD, Malfait AM, Alston JT, Yang Z, Arner EC, et al. 
Aggrecan degradation in human articular cartilage explants is mediated by both 
ADAMTS-4 and ADAMTS-5. Arthritis and Rheumatism. 2007 Feb;56(2):575-85. 

168. Majumdar MK, Askew R, Schelling S, Stedman N, Blanchet T, Hopkins B, et 
al. Double-knockout of ADAMTS-4 and ADAMTS-5 in mice results in 
physiologically normal animals and prevents the progression of osteoarthritis. 
Arthritis and Rheumatism. 2007 Nov;56(11):3670-4. 

169. Cheung KS, Hashimoto K, Yamada N, Roach HI. Expression of ADAMTS-4 
by chondrocytes in the surface zone of human osteoarthritic cartilage is regulated by 
epigenetic DNA de-methylation. Rheumatology International. 2009 Mar;29(5):525-
34. 

170. Larionov A, Krause A, Miller W. A standard curve based method for relative 
real time PCR data processing. BMC Bioinformatics. 2005;6:62. 

171. Goldwasser M, Astley T, van der Rest M, Glorieux FH. Analysis of the type 
of collagen present in osteoarthritic human cartilage. Clinical Orthopaedics and 
Related Research. 1982 Jul(167):296-302. 

172. Aigner T, Gluckert K, von der Mark K. Activation of fibrillar collagen 
synthesis and phenotypic modulation of chondrocytes in early human osteoarthritic 
cartilage lesions. Osteoarthritis and Cartilage / OARS, Osteoarthritis Research 
Society. 1997 May;5(3):183-9. 

173. Miosge N, Waletzko K, Bode C, Quondamatteo F, Schultz W, Herken R. 
Light and electron microscopic in-situ hybridization of collagen type I and type II 
mRNA in the fibrocartilaginous tissue of late-stage osteoarthritis. Osteoarthritis and 
Cartilage / OARS, Osteoarthritis Research Society. 1998 Jul;6(4):278-85. 

174. Eyre DR. Collagens and cartilage matrix homeostasis. Clinical Orthopaedics 
and Related Research. 2004 Oct(427 Suppl):S118-22. 

175. Gebhard PM, Gehrsitz A, Bau B, Soder S, Eger W, Aigner T. Quantification 
of expression levels of cellular differentiation markers does not support a general shift 
in the cellular phenotype of osteoarthritic chondrocytes. J Orthop Res. 2003 
Jan;21(1):96-101. 

176. Miosge N, Hartmann M, Maelicke C, Herken R. Expression of collagen type I 
and type II in consecutive stages of human osteoarthritis. Histochemistry and Cell 
Biology. 2004 Sep;122(3):229-36. 



 203 

177. Horton WA, Dwyer C, Goering R, Dean DC. Immunohistochemistry of types 
I and II collagen in undecalcified skeletal tissues. J Histochem Cytochem. 1983 
Mar;31(3):417-25. 

178. Lorenz H, Wenz W, Ivancic M, Steck E, Richter W. Early and stable 
upregulation of collagen type II, collagen type I and YKL40 expression levels in 
cartilage during early experimental osteoarthritis occurs independent of joint location 
and histological grading. Arthritis Research & Therapy. 2005;7(1):R156-65. 

179. Mankin HJ. The response of articular cartilage to mechanical injury. The 
Journal of Bone and Joint Surgery Am. 1982 Mar;64(3):460-6. 

180. Adam M, Deyl Z. Altered expression of collagen phenotype in osteoarthrosis. 
Clinica chimica acta; International Journal of Clinical Chemistry. 1983 Sep 
15;133(1):25-32. 

181. Nerlich AG, Wiest I, von der Mark K. Immunohistochemical analysis of 
interstitial collagens in cartilage of different stages of osteoarthrosis. Virchows Arch 
B Cell Pathol Incl Mol Pathol. 1993;63(4):249-55. 

182. Young AA, Smith MM, Smith SM, Cake MA, Ghosh P, Read RA, et al. 
Regional assessment of articular cartilage gene expression and small proteoglycan 
metabolism in an animal model of osteoarthritis. Arthritis Research & Therapy. 
2005;7(4):R852-61. 

183. Knauper V, Will H, Lopez-Otin C, Smith B, Atkinson SJ, Stanton H, et al. 
Cellular mechanisms for human procollagenase-3 (MMP-13) activation. Evidence 
that MT1-MMP (MMP-14) and gelatinase a (MMP-2) are able to generate active 
enzyme. The Journal of Biological Chemistry. 1996 Jul 19;271(29):17124-31. 

184. Flannelly J, Chambers MG, Dudhia J, Hembry RM, Murphy G, Mason RM, et 
al. Metalloproteinase and tissue inhibitor of metalloproteinase expression in the 
murine STR/ort model of osteoarthritis. Osteoarthritis and Cartilage / OARS, 
Osteoarthritis Research Society. 2002 Sep;10(9):722-33. 

185. Billinghurst RC, Dahlberg L, Ionescu M, Reiner A, Bourne R, Rorabeck C, et 
al. Enhanced cleavage of type II collagen by collagenases in osteoarthritic articular 
cartilage. The Journal of Clinical Investigation. 1997 Apr 1;99(7):1534-45. 

186. Aigner T, Zien A, Gehrsitz A, Gebhard PM, McKenna L. Anabolic and 
catabolic gene expression pattern analysis in normal versus osteoarthritic cartilage 
using complementary DNA-array technology. Arthritis and Rheumatism. 2001 Dec 
1;44(12):2777-89. 

187. Shingu M, Obata K, Ezaki I, Tomari K, Fujikawa Y, Wada T, et al. 
[Stromelysin-1 (MMP-3) level in the sera from patients with rheumatoid arthritis and 
other connective tissue diseases--clinical significances in early onset rheumatoid 
arthritis]. Ryumachi. 1995 Feb;35(1):15-24. 

188. Chubinskaya S, Kuettner KE, Cole AA. Expression of matrix 
metalloproteinases in normal and damaged articular cartilage from human knee and 
ankle joints. Lab Invest. 1999 Dec;79(12):1669-77. 



 204 

189. Buttner FH, Chubinskaya S, Margerie D, Huch K, Flechtenmacher J, Cole 
AA, et al. Expression of membrane type 1 matrix metalloproteinase in human 
articular cartilage. Arthritis and Rheumatism. 1997 Apr;40(4):704-9. 

190. Fuchs S, Skwara A, Bloch M, Dankbar B. Differential induction and 
regulation of matrix metalloproteinases in osteoarthritic tissue and fluid synovial 
fibroblasts. Osteoarthritis and Cartilage / OARS, Osteoarthritis Research Society. 
2004 May;12(5):409-18. 

191. Stanton H, Rogerson FM, East CJ, Golub SB, Lawlor KE, Meeker CT, et al. 
ADAMTS5 is the major aggrecanase in mouse cartilage in vivo and in vitro. Nature. 
2005 Mar 31;434(7033):648-52. 

192. Pritzker KPO, K.; Salter, D.M. Towards standardization of osteoarthritis 
histopathology; terminology, topology and technology. Osteoarthritis Cartilage (Suppl 
B). 2000;8:IP010. 

193. Honda K, Ohno S, Tanimoto K, Ijuin C, Tanaka N, Doi T, et al. The effects of 
high magnitude cyclic tensile load on cartilage matrix metabolism in cultured 
chondrocytes. Eur J Cell Biol. 2000 Sep;79(9):601-9. 

194. Arner EC. Aggrecanase-mediated cartilage degradation. Curr Opin Pharmacol. 
2002 Jun;2(3):322-9. 

195. Yang CM, Chien CS, Yao CC, Hsiao LD, Huang YC, Wu CB. Mechanical 
strain induces collagenase-3 (MMP-13) expression in MC3T3-E1 osteoblastic cells. 
The Journal of Biological Chemistry. 2004 May 21;279(21):22158-65. 

196. Karrholm J, Brandsson S, Freeman MA. Tibiofemoral movement 4: changes 
of axial tibial rotation caused by forced rotation at the weight-bearing knee studied by 
RSA. J Bone Joint Surg Br. 2000 Nov;82(8):1201-3. 

197. Nakagawa S, Kadoya Y, Todo S, Kobayashi A, Sakamoto H, Freeman MA, et 
al. Tibiofemoral movement 3: full flexion in the living knee studied by MRI. J Bone 
Joint Surg Br. 2000 Nov;82(8):1199-200. 

198. Hill PF, Vedi V, Williams A, Iwaki H, Pinskerova V, Freeman MA. 
Tibiofemoral movement 2: the loaded and unloaded living knee studied by MRI. J 
Bone Joint Surg Br. 2000 Nov;82(8):1196-8. 

199. Iwaki H, Pinskerova V, Freeman MA. Tibiofemoral movement 1: the shapes 
and relative movements of the femur and tibia in the unloaded cadaver knee. J Bone 
Joint Surg Br. 2000 Nov;82(8):1189-95. 

200. Ihn JC, Kim SJ, Park IH. In vitro study of contact area and pressure 
distribution in the human knee after partial and total meniscectomy. Int Orthop. 
1993;17(4):214-8. 

201. Donahue TL, Hull ML, Rashid MM, Jacobs CR. A finite element model of the 
human knee joint for the study of tibio-femoral contact. Journal of Biomechanical 
Engineering. 2002 Jun;124(3):273-80. 

202. Bottomley NJ, McNally EG, Ostlere S, Beard DJ, Gill HS, Kendrick BJL, et 
al. The Magnetic Resonance Imaging Description of Anteromedial Osteoarthritis of 



 205 

the Knee. The Journal of Bone and Joint Surgery (Proceedings). 2010;92-
B(SUPP_III):416-d. 

203. Visigalli D, Strangio A, Palmieri D, Manduca P. Hind limb unloading of mice 
modulates gene expression at the protein and mRNA level in mesenchymal bone 
cells. BMC Musculoskelet Disord. 2010;11:147. 

204. Leigh DR, Abreu EL, Derwin KA. Changes in gene expression of individual 
matrix metalloproteinases differ in response to mechanical unloading of tendon 
fascicles in explant culture. J Orthop Res. 2008 Oct;26(10):1306-12. 

205. von der Mark K, Gauss V, von der Mark H, Muller P. Relationship between 
cell shape and type of collagen synthesised as chondrocytes lose their cartilage 
phenotype in culture. Nature. 1977 Jun 9;267(5611):531-2. 

206. Ameye LG, Young MF. Animal models of osteoarthritis: lessons learned 
while seeking the "Holy Grail". Current Opinion in Rheumatology. 2006 
Sep;18(5):537-47. 

207. Heraud F, Heraud A, Harmand MF. Apoptosis in normal and osteoarthritic 
human articular cartilage. Annals of the Rheumatic Diseases. 2000 Dec;59(12):959-
65. 

208. Bobinac D, Spanjol J, Zoricic S, Maric I. Changes in articular cartilage and 
subchondral bone histomorphometry in osteoarthritic knee joints in humans. Bone. 
2003 Mar;32(3):284-90. 

209. Brocklehurst R, Bayliss MT, Maroudas A, Coysh HL, Freeman MA, Revell 
PA, et al. The composition of normal and osteoarthritic articular cartilage from human 
knee joints. With special reference to unicompartmental replacement and osteotomy 
of the knee. The Journal of Bone and Joint Surgery American volume. 1984 Jan 
1;66(1):95-106. 

210. Rogers BA, Murphy CL, Cannon SR, Briggs TW. Topographical variation in 
glycosaminoglycan content in human articular cartilage. J Bone Joint Surg Br. 2006 
Dec;88(12):1670-4. 

211. Fermor B, Christensen SE, Youn I, Cernanec JM, Davies CM, Weinberg JB. 
Oxygen, nitric oxide and articular cartilage. European Cells & Materials. 2007;13:56-
65; discussion  

212. Suri S, Gill SE, Massena de Camin S, Wilson D, McWilliams DF, Walsh DA. 
Neurovascular invasion at the osteochondral junction and in osteophytes in 
osteoarthritis. Annals of the Rheumatic Diseases. 2007 Nov;66(11):1423-8. 

213. Martin I, Jakob M, Schafer D, Dick W, Spagnoli G, Heberer M. Quantitative 
analysis of gene expression in human articular cartilage from normal and 
osteoarthritic joints. Osteoarthritis and Cartilage / OARS, Osteoarthritis Research 
Society. 2001 Feb;9(2):112-8. 

214. Kafienah W, Sims TJ. Biochemical methods for the analysis of tissue-
engineered cartilage. Methods Mol Biol. 2004;238:217-30. 



 206 

215. Whitley CB, Draper KA, Dutton CM, Brown PA, Severson SL, France LA. 
Diagnostic test for mucopolysaccharidosis. II. Rapid quantification of 
glycosaminoglycan in urine samples collected on a paper matrix. Clin Chem. 1989 
Oct;35(10):2074-81. 

216. Handley CJ, Buttle DJ. Assay of proteoglycan degradation. Methods Enzymol. 
1995;248:47-58. 

217. Farndale RW, Sayers CA, Barrett AJ. A direct spectrophotometric microassay 
for sulfated glycosaminoglycans in cartilage cultures. Connect Tissue Res. 
1982;9(4):247-8. 

218. Shrout PE, Fleiss JL. Intraclass correlations: uses in assessing rater reliability. 
Psychol Bull. 1979 Mar;86(2):420-8. 

219. Brandt KD, Doherty M, Lohmander LS. Osteoarthritis. 2nd ed. Oxford: 
Oxford University Press; 2003. 

220. Casscells SW. Gross pathological changes in the knee joint of the aged 
individual: a study of 300 cases. Clinical Orthopaedics and Related Research. 1978 
May(132):225-32. 

221. Koepp H, Eger W, Muehleman C, Valdellon A, Buckwalter JA, Kuettner KE, 
et al. Prevalence of articular cartilage degeneration in the ankle and knee joints of 
human organ donors. J Orthop Sci. 1999;4(6):407-12. 

222. Kapoor M, Martel-Pelletier J, Lajeunesse D, Pelletier JP, Fahmi H. Role of 
proinflammatory cytokines in the pathophysiology of osteoarthritis. Nat Rev 
Rheumatol. 2010 Jan;7(1):33-42. 

223. Hill CL, Hunter DJ, Niu J, Clancy M, Guermazi A, Genant H, et al. Synovitis 
detected on magnetic resonance imaging and its relation to pain and cartilage loss in 
knee osteoarthritis. Annals of the Rheumatic Diseases. 2007 Dec;66(12):1599-603. 

224. Ayral X, Pickering EH, Woodworth TG, Mackillop N, Dougados M. 
Synovitis: a potential predictive factor of structural progression of medial 
tibiofemoral knee osteoarthritis -- results of a 1 year longitudinal arthroscopic study in 
422 patients. Osteoarthritis and Cartilage / OARS, Osteoarthritis Research Society. 
2005 May;13(5):361-7. 

225. Briem K, Snyder-Mackler L. Proximal gait adaptations in medial knee OA. J 
Orthop Res. 2009 Jan;27(1):78-83. 

226. Armstrong CG, Mow VC. Variations in the intrinsic mechanical properties of 
human articular cartilage with age, degeneration, and water content. The Journal of 
Bone and Joint Surgery Am. 1982 Jan;64(1):88-94. 

227. Aigner T, Stoss H, Weseloh G, Zeiler G, von der Mark K. Activation of 
collagen type II expression in osteoarthritic and rheumatoid cartilage. Virchows Arch 
B Cell Pathol Incl Mol Pathol. 1992;62(6):337-45. 

228. Tchetina EV, Squires G, Poole AR. Increased type II collagen degradation and 
very early focal cartilage degeneration is associated with upregulation of chondrocyte 



 207 

differentiation related genes in early human articular cartilage lesions. The Journal of 
Rheumatology. 2005 May;32(5):876-86. 

229. Yatsugi N, Tsukazaki T, Osaki M, Koji T, Yamashita S, Shindo H. Apoptosis 
of articular chondrocytes in rheumatoid arthritis and osteoarthritis: correlation of 
apoptosis with degree of cartilage destruction and expression of apoptosis-related 
proteins of p53 and c-myc. J Orthop Sci. 2000;5(2):150-6. 

230. Kerr JF, Wyllie AH, Currie AR. Apoptosis: a basic biological phenomenon 
with wide-ranging implications in tissue kinetics. Br J Cancer. 1972 Aug;26(4):239-
57. 

231. Wyllie AH, Kerr JF, Currie AR. Cell death: the significance of apoptosis. Int 
Rev Cytol. 1980;68:251-306. 

232. Majno G, Joris I. Apoptosis, oncosis, and necrosis. An overview of cell death. 
The American Journal of Pathology. 1995 Jan;146(1):3-15. 

233. Horton WE, Jr., Feng L, Adams C. Chondrocyte apoptosis in development, 
aging and disease. Matrix Biol. 1998 Jun;17(2):107-15. 

234. Aigner T, Kim HA. Apoptosis and cellular vitality: issues in osteoarthritic 
cartilage degeneration. Arthritis and Rheumatism. 2002 Aug;46(8):1986-96. 

235. Van Cruchten S, Van Den Broeck W. Morphological and biochemical aspects 
of apoptosis, oncosis and necrosis. Anat Histol Embryol. 2002 Aug;31(4):214-23. 

236. Kim H, Rafiuddin-Shah M, Tu HC, Jeffers JR, Zambetti GP, Hsieh JJ, et al. 
Hierarchical regulation of mitochondrion-dependent apoptosis by BCL-2 subfamilies. 
Nat Cell Biol. 2006 Dec;8(12):1348-58. 

237. Uezono T, Maruyama W, Matsubara K, Naoi M, Shimizu K, Saito O, et al. 
Norharman, an indoleamine-derived beta-carboline, but not Trp-P-2, a gamma-
carboline, induces apoptotic cell death in human neuroblastoma SH-SY5Y cells. J 
Neural Transm. 2001;108(8-9):943-53. 

238. Kelly KJ, Plotkin Z, Dagher PC. Guanosine supplementation reduces 
apoptosis and protects renal function in the setting of ischemic injury. The Journal of 
Clinical Investigation. 2001 Nov;108(9):1291-8. 

239. Roach HI, Aigner T, Kouri JB. Chondroptosis: a variant of apoptotic cell 
death in chondrocytes? Apoptosis. 2004 May;9(3):265-77. 

240. Chen CT, Burton-Wurster N, Borden C, Hueffer K, Bloom SE, Lust G. 
Chondrocyte necrosis and apoptosis in impact damaged articular cartilage. J Orthop 
Res. 2001 Jul;19(4):703-11. 

241. Stroh C, Schulze-Osthoff K. Death by a thousand cuts: an ever increasing list 
of caspase substrates. Cell Death Differ. 1998 Dec;5(12):997-1000. 

242. Harrington HA, Ho KL, Ghosh S, Tung KC. Construction and analysis of a 
modular model of caspase activation in apoptosis. Theor Biol Med Model. 2008;5:26. 



 208 

243. Budihardjo I, Oliver H, Lutter M, Luo X, Wang X. Biochemical pathways of 
caspase activation during apoptosis. Annu Rev Cell Dev Biol. 1999;15:269-90. 

244. Cai J, Jones DP. Superoxide in apoptosis. Mitochondrial generation triggered 
by cytochrome c loss. The Journal of Biological Chemistry. 1998 May 
8;273(19):11401-4. 

245. Du C, Fang M, Li Y, Li L, Wang X. Smac, a mitochondrial protein that 
promotes cytochrome c-dependent caspase activation by eliminating IAP inhibition. 
Cell. 2000 Jul 7;102(1):33-42. 

246. Ow YP, Green DR, Hao Z, Mak TW. Cytochrome c: functions beyond 
respiration. Nat Rev Mol Cell Biol. 2008 Jul;9(7):532-42. 

247. Green DR. Apoptotic pathways: ten minutes to dead. Cell. 2005 Jun 
3;121(5):671-4. 

248. Chipuk JE, Fisher JC, Dillon CP, Kriwacki RW, Kuwana T, Green DR. 
Mechanism of apoptosis induction by inhibition of the anti-apoptotic BCL-2 proteins. 
Proceedings of the National Academy of Sciences of the United States of America. 
2008 Dec 23;105(51):20327-32. 

249. Chen L, Kim TJ, Pillai S. Inhibition of caspase activity prevents anti-IgM 
induced apoptosis but not ceramide generation in WEHI 231 B cells. Mol Immunol. 
1998 Mar;35(4):195-205. 

250. Frisch SM, Screaton RA. Anoikis mechanisms. Curr Opin Cell Biol. 2001 
Oct;13(5):555-62. 

251. Vachon PH. Integrin signaling, cell survival, and anoikis: distinctions, 
differences, and differentiation. J Signal Transduct. 2011;2011:738137. 

252. Cory S, Adams JM. The Bcl2 family: regulators of the cellular life-or-death 
switch. Nat Rev Cancer. 2002 Sep;2(9):647-56. 

253. Distelhorst CW, McCormick TS. Bcl-2 acts subsequent to and independent of 
Ca2+ fluxes to inhibit apoptosis in thapsigargin- and glucocorticoid-treated mouse 
lymphoma cells. Cell Calcium. 1996 Jun;19(6):473-83. 

254. Wei T, Chen C, Hou J, Xin W, Mori A. Nitric oxide induces oxidative stress 
and apoptosis in neuronal cells. Biochim Biophys Acta. 2000 Oct 20;1498(1):72-9. 

255. Cohen GM. Caspases: the executioners of apoptosis. The Biochemical 
Journal. 1997 Aug 15;326 ( Pt 1):1-16. 

256. Slee EA, Adrain C, Martin SJ. Executioner caspase-3, -6, and -7 perform 
distinct, non-redundant roles during the demolition phase of apoptosis. The Journal of 
Biological Chemistry. 2001 Mar 9;276(10):7320-6. 

257. Henrotin Y, Kurz B, Aigner T. Oxygen and reactive oxygen species in 
cartilage degradation: friends or foes? Osteoarthritis and Cartilage / OARS, 
Osteoarthritis Research Society. 2005 Aug;13(8):643-54. 



 209 

258. Loeser RF, Carlson CS, Del Carlo M, Cole A. Detection of nitrotyrosine in 
aging and osteoarthritic cartilage: Correlation of oxidative damage with the presence 
of interleukin-1beta and with chondrocyte resistance to insulin-like growth factor 1. 
Arthritis and Rheumatism. 2002 Sep;46(9):2349-57. 

259. Del Carlo M, Jr., Loeser RF. Nitric oxide-mediated chondrocyte cell death 
requires the generation of additional reactive oxygen species. Arthritis and 
Rheumatism. 2002 Feb;46(2):394-403. 

260. Tomiyama T, Fukuda K, Yamazaki K, Hashimoto K, Ueda H, Mori S, et al. 
Cyclic compression loaded on cartilage explants enhances the production of reactive 
oxygen species. The Journal of Rheumatology. 2007 Mar;34(3):556-62. 

261. Kops GJ, Dansen TB, Polderman PE, Saarloos I, Wirtz KW, Coffer PJ, et al. 
Forkhead transcription factor FOXO3a protects quiescent cells from oxidative stress. 
Nature. 2002 Sep 19;419(6904):316-21. 

262. Ewings KE, Wiggins CM, Cook SJ. Bim and the pro-survival Bcl-2 proteins: 
opposites attract, ERK repels. Cell Cycle. 2007 Sep 15;6(18):2236-40. 

263. Mei Y, Xie C, Xie W, Tian X, Li M, Wu M. Noxa/Mcl-1 balance regulates 
susceptibility of cells to camptothecin-induced apoptosis. Neoplasia. 2007 
Oct;9(10):871-81. 

264. Kaushal GP, Liu L, Kaushal V, Hong X, Melnyk O, Seth R, et al. Regulation 
of caspase-3 and -9 activation in oxidant stress to RTE by forkhead transcription 
factors, Bcl-2 proteins, and MAP kinases. Am J Physiol Renal Physiol. 2004 
Dec;287(6):F1258-68. 

265. van Gorp AG, Pomeranz KM, Birkenkamp KU, Hui RC, Lam EW, Coffer PJ. 
Chronic protein kinase B (PKB/c-akt) activation leads to apoptosis induced by 
oxidative stress-mediated Foxo3a transcriptional up-regulation. Cancer Res. 2006 
Nov 15;66(22):10760-9. 

266. Gavrieli Y, Sherman Y, Ben-Sasson SA. Identification of programmed cell 
death in situ via specific labeling of nuclear DNA fragmentation. The Journal of Cell 
Biology. 1992 Nov;119(3):493-501. 

267. Cuevas EC, Bateman AC, Wilkins BS, Johnson PA, Williams JH, Lee AH, et 
al. Microwave antigen retrieval in immunocytochemistry: a study of 80 antibodies. J 
Clin Pathol. 1994 May;47(5):448-52. 

268. Reynolds GM, Young FI, Young JA, Williams A, Rowlands DC. Microwave 
oven antigen retrieval applied to the immunostaining of cytopathology specimens. 
Cytopathology. 1994 Dec;5(6):345-58. 

269. Pfander D, Swoboda B, Kirsch T. Expression of early and late differentiation 
markers (proliferating cell nuclear antigen, syndecan-3, annexin VI, and alkaline 
phosphatase) by human osteoarthritic chondrocytes. The American Journal of 
Pathology. 2001 Nov;159(5):1777-83. 



 210 

270. Blanco FJ, Guitian R, Vazquez-Martul E, de Toro FJ, Galdo F. Osteoarthritis 
chondrocytes die by apoptosis. A possible pathway for osteoarthritis pathology. 
Arthritis and Rheumatism. 1998 Feb;41(2):284-9. 

271. Walker JA, Quirke P. Viewing apoptosis through a 'TUNEL'. The Journal of 
Pathology. 2001 Oct;195(3):275-6. 

272. Sharif M, Whitehouse A, Sharman P, Perry M, Adams M. Increased apoptosis 
in human osteoarthritic cartilage corresponds to reduced cell density and expression 
of caspase-3. Arthritis and Rheumatism. 2004 Feb;50(2):507-15. 

273. Matsuo M, Nishida K, Yoshida A, Murakami T, Inoue H. Expression of 
caspase-3 and -9 relevant to cartilage destruction and chondrocyte apoptosis in human 
osteoarthritic cartilage. Acta Med Okayama. 2001 Dec;55(6):333-40. 

274. Thomas CM, Fuller CJ, Whittles CE, Sharif M. Chondrocyte death by 
apoptosis is associated with cartilage matrix degradation. Osteoarthritis and Cartilage 
/ OARS, Osteoarthritis Research Society. 2007 Jan;15(1):27-34. 

275. Kluck RM, Bossy-Wetzel E, Green DR, Newmeyer DD. The release of 
cytochrome c from mitochondria: a primary site for Bcl-2 regulation of apoptosis. 
Science (New York, NY. 1997 Feb 21;275(5303):1132-6. 

276. Yang J, Liu X, Bhalla K, Kim CN, Ibrado AM, Cai J, et al. Prevention of 
apoptosis by Bcl-2: release of cytochrome c from mitochondria blocked. Science 
(New York, NY. 1997 Feb 21;275(5303):1129-32. 

277. Lucchinetti E, Adams CS, Horton WE, Jr., Torzilli PA. Cartilage viability 
after repetitive loading: a preliminary report. Osteoarthritis and Cartilage / OARS, 
Osteoarthritis Research Society. 2002 Jan;10(1):71-81. 

278. Hashimoto S, Takahashi K, Amiel D, Coutts RD, Lotz M. Chondrocyte 
apoptosis and nitric oxide production during experimentally induced osteoarthritis. 
Arthritis and Rheumatism. 1998 Jul;41(7):1266-74. 

279. Goggs R, Carter SD, Schulze-Tanzil G, Shakibaei M, Mobasheri A. Apoptosis 
and the loss of chondrocyte survival signals contribute to articular cartilage 
degradation in osteoarthritis. Vet J. 2003 Sep;166(2):140-58. 

280. Salvesen GS. Caspases and apoptosis. Essays Biochem. 2002;38:9-19. 

281. Salvesen GS, Renatus M. Apoptosome: the seven-spoked death machine. Dev 
Cell. 2002 Mar;2(3):256-7. 

282. Gonzalvez F, Gottlieb E. Cardiolipin: setting the beat of apoptosis. Apoptosis. 
2007 May;12(5):877-85. 

283. Uren RT, Dewson G, Bonzon C, Lithgow T, Newmeyer DD, Kluck RM. 
Mitochondrial release of pro-apoptotic proteins: electrostatic interactions can hold 
cytochrome c but not Smac/DIABLO to mitochondrial membranes. The Journal of 
Biological Chemistry. 2005 Jan 21;280(3):2266-74. 

284. Kim BJ, Ryu SW, Song BJ. JNK- and p38 kinase-mediated phosphorylation 
of Bax leads to its activation and mitochondrial translocation and to apoptosis of 



 211 

human hepatoma HepG2 cells. The Journal of Biological Chemistry. 2006 Jul 
28;281(30):21256-65. 

285. Essafi A, Fernandez de Mattos S, Hassen YA, Soeiro I, Mufti GJ, Thomas NS, 
et al. Direct transcriptional regulation of Bim by FoxO3a mediates STI571-induced 
apoptosis in Bcr-Abl-expressing cells. Oncogene. 2005 Mar 31;24(14):2317-29. 

286. Sunters A, Fernandez de Mattos S, Stahl M, Brosens JJ, Zoumpoulidou G, 
Saunders CA, et al. FoxO3a transcriptional regulation of Bim controls apoptosis in 
paclitaxel-treated breast cancer cell lines. The Journal of Biological Chemistry. 2003 
Dec 12;278(50):49795-805. 

287. Chae HD, Broxmeyer HE. SIRT1 deficiency downregulates 
PTEN/JNK/FOXO1 pathway to block reactive oxygen species-induced apoptosis in 
mouse embryonic stem cells. Stem Cells Dev. 2011 Jul;20(7):1277-85. 

288. McLoughlin TJ, Smith SM, DeLong AD, Wang H, Unterman TG, Esser KA. 
FoxO1 induces apoptosis in skeletal myotubes in a DNA-binding-dependent manner. 
Am J Physiol Cell Physiol. 2009 Sep;297(3):C548-55. 

289. Pizzimenti S, Toaldo C, Pettazzoni P, Dianzani MU, Barrera G. The "Two-
Faced" Effects of Reactive Oxygen Species and the Lipid Peroxidation Product 4-
Hydroxynonenal in the Hallmarks of Cancer. Cancers. 2010;2(2):338-63. 

290. Herce-Pagliai C, Kotecha S, Shuker DE. Analytical methods for 3-
nitrotyrosine as a marker of exposure to reactive nitrogen species: a review. Nitric 
Oxide. 1998;2(5):324-36. 

291. Reiter CD, Teng RJ, Beckman JS. Superoxide reacts with nitric oxide to 
nitrate tyrosine at physiological pH via peroxynitrite. The Journal of Biological 
Chemistry. 2000 Oct 20;275(42):32460-6. 

292. Circu ML, Aw TY. Reactive oxygen species, cellular redox systems, and 
apoptosis. Free Radic Biol Med. 2010 Mar 15;48(6):749-62. 

293. Stahl M, Dijkers PF, Kops GJ, Lens SM, Coffer PJ, Burgering BM, et al. The 
forkhead transcription factor FoxO regulates transcription of p27Kip1 and Bim in 
response to IL-2. J Immunol. 2002 May 15;168(10):5024-31. 

294. Gilley J, Coffer PJ, Ham J. FOXO transcription factors directly activate bim 
gene expression and promote apoptosis in sympathetic neurons. The Journal of Cell 
Biology. 2003 Aug 18;162(4):613-22. 

295. Urbich C, Knau A, Fichtlscherer S, Walter DH, Bruhl T, Potente M, et al. 
FOXO-dependent expression of the proapoptotic protein Bim: pivotal role for 
apoptosis signaling in endothelial progenitor cells. FASEB J. 2005 Jun;19(8):974-6. 

296. Brunet A, Bonni A, Zigmond MJ, Lin MZ, Juo P, Hu LS, et al. Akt promotes 
cell survival by phosphorylating and inhibiting a Forkhead transcription factor. Cell. 
1999 Mar 19;96(6):857-68. 

297. Barthelemy C, Henderson CE, Pettmann B. Foxo3a induces motoneuron death 
through the Fas pathway in cooperation with JNK. BMC Neurosci. 2004 Nov 29;5:48. 



 212 

298. Jonsson H, Allen P, Peng SL. Inflammatory arthritis requires Foxo3a to 
prevent Fas ligand-induced neutrophil apoptosis. Nat Med. 2005 Jun;11(6):666-71. 

299. Peng SL. Fas (CD95)-related apoptosis and rheumatoid arthritis. 
Rheumatology (Oxford). 2006 Jan;45(1):26-30. 

300. Kops GJ, Medema RH, Glassford J, Essers MA, Dijkers PF, Coffer PJ, et al. 
Control of cell cycle exit and entry by protein kinase B-regulated forkhead 
transcription factors. Mol Cell Biol. 2002 Apr;22(7):2025-36. 

301. Dijkers PF, Medema RH, Lammers JW, Koenderman L, Coffer PJ. Expression 
of the pro-apoptotic Bcl-2 family member Bim is regulated by the forkhead 
transcription factor FKHR-L1. Curr Biol. 2000 Oct 5;10(19):1201-4. 

302. Fermor B, Weinberg JB, Pisetsky DS, Misukonis MA, Banes AJ, Guilak F. 
The effects of static and intermittent compression on nitric oxide production in 
articular cartilage explants. J Orthop Res. 2001 Jul;19(4):729-37. 

303. Lee MS, Trindade MC, Ikenoue T, Goodman SB, Schurman DJ, Smith RL. 
Regulation of nitric oxide and bcl-2 expression by shear stress in human osteoarthritic 
chondrocytes in vitro. J Cell Biochem. 2003 Sep 1;90(1):80-6. 

304. Scher JU, Pillinger MH, Abramson SB. Nitric oxide synthases and 
osteoarthritis. Curr Rheumatol Rep. 2007 Apr;9(1):9-15. 

305. Dell'accio F, De Bari C, Eltawil NM, Vanhummelen P, Pitzalis C. 
Identification of the molecular response of articular cartilage to injury, by microarray 
screening: Wnt-16 expression and signaling after injury and in osteoarthritis. Arthritis 
and Rheumatism. 2008 May;58(5):1410-21. 

306. Fukui N, Miyamoto Y, Nakajima M, Ikeda Y, Hikita A, Furukawa H, et al. 
Zonal gene expression of chondrocytes in osteoarthritic cartilage. Arthritis and 
Rheumatism. 2008 Dec;58(12):3843-53. 

307. Ijiri K, Zerbini LF, Peng H, Otu HH, Tsuchimochi K, Otero M, et al. 
Differential expression of GADD45beta in normal and osteoarthritic cartilage: 
potential role in homeostasis of articular chondrocytes. Arthritis and Rheumatism. 
2008 Jul;58(7):2075-87. 

308. Karlsson C, Dehne T, Lindahl A, Brittberg M, Pruss A, Sittinger M, et al. 
Genome-wide expression profiling reveals new candidate genes associated with 
osteoarthritis. Osteoarthritis and Cartilage / OARS, Osteoarthritis Research Society. 
2010 Apr;18(4):581-92. 

309. Wang WZ, Guo X, Duan C, Ma WJ, Zhang YG, Xu P, et al. Comparative 
analysis of gene expression profiles between the normal human cartilage and the one 
with endemic osteoarthritis. Osteoarthritis and Cartilage / OARS, Osteoarthritis 
Research Society. 2009 Jan;17(1):83-90. 

310. Clements DN, Carter SD, Innes JF, Ollier WE, Day PJ. Gene expression 
profiling of normal and ruptured canine anterior cruciate ligaments. Osteoarthritis and 
Cartilage / OARS, Osteoarthritis Research Society. 2008 Feb;16(2):195-203. 



 213 

311. Wei T, Kulkarni NH, Zeng QQ, Helvering LM, Lin X, Lawrence F, et al. 
Analysis of early changes in the articular cartilage transcriptisome in the rat meniscal 
tear model of osteoarthritis: pathway comparisons with the rat anterior cruciate 
transection model and with human osteoarthritic cartilage. Osteoarthritis and 
Cartilage / OARS, Osteoarthritis Research Society. 2010 Jul;18(7):992-1000. 

312. Schroeder A, Mueller O, Stocker S, Salowsky R, Leiber M, Gassmann M, et 
al. The RIN: an RNA integrity number for assigning integrity values to RNA 
measurements. BMC Molecular Biology. 2006;7:3. 

313. Mueller O, Hahnenberger K, Dittmann M, Yee H, Dubrow R, Nagle R, et al. 
A microfluidic system for high-speed reproducible DNA sizing and quantitation. 
Electrophoresis. 2000 Jan;21(1):128-34. 

314. Jones DT, Lechertier T, Mitter R, Herbert JMJ, Bicknell R, Jones JL, et al. 
Gene Expression Analysis in Human Breast Cancer Associated Blood Vessels. PLoS 
One. 2012;7(10):e44294. 

315. Bruning O, Rodenburg W, Radonic T, Zwinderman AH, de Vries A, Breit 
TM, et al. RNA isolation for transcriptomics of human and mouse small skin biopsies. 
BMC Res Notes. 2011;4:438. 

316. Weber DG, Casjens S, Rozynek P, Lehnert M, Sch!"neweis SZ, Bryk O, et al. 
Assessment of mRNA and microRNA Stabilization in Peripheral Human Blood for 
Multicenter Studies and Biobanks. Biomarker Insights. 2011;5(BMI-5-Weber-
Supplementary table 1):95-102. 

317. http://www.chem.agilent.com/rin/_rinsearch.aspx. 

318. http://www.chem.agilent.com/Library/ usermanuals/Public/ G4140-90051_ 
Two-Color_Tecan.pdf. 

319. Morey JS, Ryan JC, Van Dolah FM. Microarray validation: factors 
influencing correlation between oligonucleotide microarrays and real-time PCR. Biol 
Proced Online. 2006;8:175-93. 

320. Smyth GK, Speed T. Normalization of cDNA microarray data. Methods. 2003 
Dec;31(4):265-73. 

321. Sato T, Konomi K, Yamasaki S, Aratani S, Tsuchimochi K, Yokouchi M, et 
al. Comparative analysis of gene expression profiles in intact and damaged regions of 
human osteoarthritic cartilage. Arthritis and Rheumatism. 2006 Mar 1;54(3):808-17. 

322. Aigner T, Fundel K, Saas J, Gebhard P, Haag J, Weiss T, et al. Large-scale 
gene expression profiling reveals major pathogenetic pathways of cartilage 
degeneration in osteoarthritis. Arthritis and Rheumatism. 2006 Nov 1;54(11):3533-44. 

323. http://www.geneontology.org/. 

324. Rout R, McDonnell S, Hulley P, Jayadev C, Khan T, Carr A, et al. The pattern 
of cartilage damage in antero-medial osteoarthritis of the knee and its relationship to 
the anterior cruciate ligament. J Orthop Res. 2013 Jun;31(6):908-13. 



 214 

325. Abt K. Problems of repeated significance testing. Controlled Clinical Trials. 
1981;1(4):377-81. 

326. Mitchell ID. The interaction of statistical significance, biology of dose-
response and test design in the assessment of genotoxicity data. Mutagenesis. 1987 
Mar;2(2):141-5. 

327. Miclea RL, Siebelt M, Finos L, Goeman JJ, L!"wik CWGM, Oostdijk W, et 
al. Inhibition of Gsk3Œ# in cartilage induces osteoarthritic features through activation 
of the canonical Wnt signaling pathway. Osteoarthritis and Cartilage / OARS, 
Osteoarthritis Research Society. 2011;19(11):1363-72. 

328. Raleigh SM, van der Merwe L, Ribbans WJ, Smith RK, Schwellnus MP, 
Collins M. Variants within the MMP3 gene are associated with Achilles 
tendinopathy: possible interaction with the COL5A1 gene. Br J Sports Med. 2009 
Jul;43(7):514-20. 

329. September AV, Cook J, Handley CJ, van der Merwe L, Schwellnus MP, 
Collins M. Variants within the COL5A1 gene are associated with Achilles 
tendinopathy in two populations. Br J Sports Med. 2009 May;43(5):357-65. 

330. Mokone GG, Schwellnus MP, Noakes TD, Collins M. The COL5A1 gene and 
Achilles tendon pathology. Scand J Med Sci Sports. 2006 Feb;16(1):19-26. 

331. Laguette M-J, Abrahams Y, Prince S, Collins M. Sequence variants within the 
3‚Ä#-UTR of the COL5A1 gene alters mRNA stability: Implications for 
musculoskeletal soft tissue injuries. Matrix Biology. 2011;30(5‚Äì6):338-45. 

332. Benjamin M, Ralphs JR. Fibrocartilage in tendons and ligaments--an 
adaptation to compressive load. Journal of Anatomy. 1998 Nov;193 ( Pt 4):481-94. 

333. Clements DN, Carter SD, Innes JF, Ollier WE, Day PJ. Analysis of normal 
and osteoarthritic canine cartilage mRNA expression by quantitative polymerase 
chain reaction. Arthritis Research & Therapy. 2006;8(6):R158. 

334. Matsuo N, Tanaka S, Yoshioka H, Koch M, Gordon MK, Ramirez F. Collagen 
XXIV (Col24a1) gene expression is a specific marker of osteoblast differentiation and 
bone formation. Connect Tissue Res. 2008;49(2):68-75. 

335. Matsuo N, Tanaka S, Gordon MK, Koch M, Yoshioka H, Ramirez F. CREB-
AP1 protein complexes regulate transcription of the collagen XXIV gene (Col24a1) in 
osteoblasts. The Journal of Biological Chemistry. 2006 Mar 3;281(9):5445-52. 

336. Kleinman HK, Cannon FB, Laurie GW, Hassell JR, Aumailley M, Terranova 
VP, et al. Biological activities of laminin. J Cell Biochem. 1985;27(4):317-25. 

337. Kleinman HK, Weeks BS, Schnaper HW, Kibbey MC, Yamamura K, Grant 
DS. The laminins: a family of basement membrane glycoproteins important in cell 
differentiation and tumor metastases. Vitam Horm. 1993;47:161-86. 

338. Malinda KM, Kleinman HK. The laminins. Int J Biochem Cell Biol. 1996 
Sep;28(9):957-9. 



 215 

339. Durr J, Lammi P, Goodman SL, Aigner T, von der Mark K. Identification and 
immunolocalization of laminin in cartilage. Exp Cell Res. 1996 Jan 10;222(1):225-33. 

340. Safadi FF, Xu J, Smock SL, Rico MC, Owen TA, Popoff SN. Cloning and 
characterization of osteoactivin, a novel cDNA expressed in osteoblasts. J Cell 
Biochem. 2001;84(1):12-26. 

341. Martel-Pelletier J, Alaaeddine N, Pelletier JP. Cytokines and their role in the 
pathophysiology of osteoarthritis. Front Biosci. 1999 Oct 15;4:D694-703. 

342. Pelletier JP, Martel-Pelletier J, Abramson SB. Osteoarthritis, an inflammatory 
disease: potential implication for the selection of new therapeutic targets. Arthritis 
and Rheumatism. 2001 Jun;44(6):1237-47. 

343. Maier R, Ganu V, Lotz M. Interleukin-11, an inducible cytokine in human 
articular chondrocytes and synoviocytes, stimulates the production of the tissue 
inhibitor of metalloproteinases. The Journal of Biological Chemistry. 1993 Oct 
15;268(29):21527-32. 

344. Trontzas P, Kamper EF, Potamianou A, Kyriazis NC, Kritikos H, Stavridis J. 
Comparative study of serum and synovial fluid interleukin-11 levels in patients with 
various arthritides. Clin Biochem. 1998 Nov;31(8):673-9. 

345. Wong PK, Campbell IK, Robb L, Wicks IP. Endogenous IL-11 is pro-
inflammatory in acute methylated bovine serum albumin/interleukin-1-induced 
(mBSA/IL-1)arthritis. Cytokine. 2005 Jan 21;29(2):72-6. 

346. Kokebie R, Aggarwal R, Lidder S, Hakimiyan AA, Rueger DC, Block JA, et 
al. The role of synovial fluid markers of catabolism and anabolism in osteoarthritis, 
rheumatoid arthritis and asymptomatic organ donors. Arthritis Research & Therapy. 
2011;13(2):R50. 

347. Nakagawa N, Kinosaki M, Yamaguchi K, Shima N, Yasuda H, Yano K, et al. 
RANK is the essential signaling receptor for osteoclast differentiation factor in 
osteoclastogenesis. Biochem Biophys Res Commun. 1998 Dec 18;253(2):395-400. 

348. Yasuda H, Shima N, Nakagawa N, Yamaguchi K, Kinosaki M, Mochizuki S, 
et al. Osteoclast differentiation factor is a ligand for 
osteoprotegerin/osteoclastogenesis-inhibitory factor and is identical to 
TRANCE/RANKL. Proceedings of the National Academy of Sciences of the United 
States of America. 1998 Mar 31;95(7):3597-602. 

349. Komuro H, Olee T, Kuhn K, Quach J, Brinson DC, Shikhman A, et al. The 
osteoprotegerin/receptor activator of nuclear factor kappaB/receptor activator of 
nuclear factor kappaB ligand system in cartilage. Arthritis and Rheumatism. 2001 
Dec;44(12):2768-76. 

350. Haynes DR, Barg E, Crotti TN, Holding C, Weedon H, Atkins GJ, et al. 
Osteoprotegerin expression in synovial tissue from patients with rheumatoid arthritis, 
spondyloarthropathies and osteoarthritis and normal controls. Rheumatology 
(Oxford). 2003 Jan;42(1):123-34. 



 216 

351. Valdes AM, Van Oene M, Hart DJ, Surdulescu GL, Loughlin J, Doherty M, et 
al. Reproducible genetic associations between candidate genes and clinical knee 
osteoarthritis in men and women. Arthritis and Rheumatism. 2006 Feb;54(2):533-9. 

352. Shimizu S, Asou Y, Itoh S, Chung UI, Kawaguchi H, Shinomiya K, et al. 
Prevention of cartilage destruction with intraarticular osteoclastogenesis inhibitory 
factor/osteoprotegerin in a murine model of osteoarthritis. Arthritis and Rheumatism. 
2007 Oct;56(10):3358-65. 

353. Kong YY, Feige U, Sarosi I, Bolon B, Tafuri A, Morony S, et al. Activated T 
cells regulate bone loss and joint destruction in adjuvant arthritis through 
osteoprotegerin ligand. Nature. 1999 Nov 18;402(6759):304-9. 

354. Boyce BF, Xing L. Functions of RANKL/RANK/OPG in bone modeling and 
remodeling. Archives of Biochemistry and Biophysics. 2008;473(2):139-46. 

355. Felson DT, Neogi T. Osteoarthritis: is it a disease of cartilage or of bone? 
Arthritis and Rheumatism. 2004 Feb;50(2):341-4. 

356. Kadri A, Ea HK, Bazille C, Hannouche D, Liote F, Cohen-Solal ME. 
Osteoprotegerin inhibits cartilage degradation through an effect on trabecular bone in 
murine experimental osteoarthritis. Arthritis and Rheumatism. 2008 Aug;58(8):2379-
86. 

357. Bettica P, Cline G, Hart DJ, Meyer J, Spector TD. Evidence for increased 
bone resorption in patients with progressive knee osteoarthritis: longitudinal results 
from the Chingford study. Arthritis and Rheumatism. 2002 Dec;46(12):3178-84. 

358. Pastoureau PC, Chomel AC, Bonnet J. Evidence of early subchondral bone 
changes in the meniscectomized guinea pig. A densitometric study using dual-energy 
X-ray absorptiometry subregional analysis. Osteoarthritis and Cartilage / OARS, 
Osteoarthritis Research Society. 1999 Sep;7(5):466-73. 

359. Shimizu M, Tsuji H, Matsui H, Katoh Y, Sano A. Morphometric analysis of 
subchondral bone of the tibial condyle in osteoarthrosis. Clinical Orthopaedics and 
Related Research. 1993 Aug(293):229-39. 

360. Sanchez C, Pesesse L, Gabay O, Delcour JP, Msika P, Baudouin C, et al. 
Regulation of subchondral bone osteoblast metabolism by cyclic compression. 
Arthritis and Rheumatism. 2012 Apr;64(4):1193-203. 

361. Kwan Tat S, Amiable N, Pelletier JP, Boileau C, Lajeunesse D, Duval N, et al. 
Modulation of OPG, RANK and RANKL by human chondrocytes and their 
implication during osteoarthritis. Rheumatology (Oxford). 2009 Dec;48(12):1482-90. 

362. Gobezie R, Kho A, Krastins B, Sarracino DA, Thornhill TS, Chase M, et al. 
High abundance synovial fluid proteome: distinct profiles in health and osteoarthritis. 
Arthritis Research & Therapy. 2007;9(2):R36. 

363. Wang Q, Rozelle AL, Lepus CM, Scanzello CR, Song JJ, Larsen DM, et al. 
Identification of a central role for complement in osteoarthritis. Nat Med. 2011 
Dec;17(12):1674-9. 



 217 

364. Ding C. Do NSAIDs affect the progression of osteoarthritis? Inflammation. 
2002 Jun;26(3):139-42. 

365. Zhu M, Chen M, Zuscik M, Wu Q, Wang YJ, Rosier RN, et al. Inhibition of 
beta-catenin signaling in articular chondrocytes results in articular cartilage 
destruction. Arthritis and Rheumatism. 2008 Jul;58(7):2053-64. 

366. Zhu M, Tang D, Wu Q, Hao S, Chen M, Xie C, et al. Activation of beta-
catenin signaling in articular chondrocytes leads to osteoarthritis-like phenotype in 
adult beta-catenin conditional activation mice. J Bone Miner Res. 2009 Jan;24(1):12-
21. 

367. Min JL, Meulenbelt I, Riyazi N, Kloppenburg M, Houwing-Duistermaat JJ, 
Seymour AB, et al. Association of the Frizzled-related protein gene with symptomatic 
osteoarthritis at multiple sites. Arthritis and Rheumatism. 2005 Apr;52(4):1077-80. 

368. Lories RJ, Peeters J, Bakker A, Tylzanowski P, Derese I, Schrooten J, et al. 
Articular cartilage and biomechanical properties of the long bones in Frzb-knockout 
mice. Arthritis and Rheumatism. 2007 Dec;56(12):4095-103. 

369. Martel-Pelletier J, Boileau C, Pelletier JP, Roughley PJ. Cartilage in normal 
and osteoarthritis conditions. Best Pract Res Clin Rheumatol. 2008 Apr;22(2):351-84. 

370. Sock E, Rettig SD, Enderich J, Bosl MR, Tamm ER, Wegner M. Gene 
targeting reveals a widespread role for the high-mobility-group transcription factor 
Sox11 in tissue remodeling. Mol Cell Biol. 2004 Aug;24(15):6635-44. 

371. Wang X, Manner PA, Horner A, Shum L, Tuan RS, Nuckolls GH. Regulation 
of MMP-13 expression by RUNX2 and FGF2 in osteoarthritic cartilage. Osteoarthritis 
and Cartilage / OARS, Osteoarthritis Research Society. 2004 Dec;12(12):963-73. 

372. Murphy D. Gene expression studies using microarrays: principles, problems, 
and prospects. Adv Physiol Educ. 2002 Dec;26(1-4):256-70. 

373. Verducci JS, Melfi VF, Lin S, Wang Z, Roy S, Sen CK. Microarray analysis 
of gene expression: considerations in data mining and statistical treatment. Physiol 
Genomics. 2006 May 16;25(3):355-63. 

 

 



 218 

Appendices 

 
Appendix 1 Ethics, Patient Information and Consent 

 



 219 

 

 



 220 

 



 221 

 
PATIENT INFORMATION SHEET 

 

Investigation into the features of Aged Cartilage. 
 

What is the purpose of the study? 

The purpose of this study is to investigate changes that occur in aged cartilage in 
people who do not suffer from severe osteoarthritis. 
 
Why have I been chosen to take part? 

You have been chosen to take part as you are due to have an above knee amputation.  
Following the surgery the amputated limb is disposed of. We wish to take some tissue 
samples from the limb prior to this.  Following this the limb will be disposed of in the 
normal way. 
 
Why are these samples of interest? 

We are currently investigating the causes of osteoarthritis and other bone and joint 
conditions.  We have looked at the features of diseased cartilage in patients who have 
undergone joint replacements for severe osteoarthritis.  In order for us to fully 
understand the changes that occur in disease it is important to look at the changes in 
tissues that have not suffered from severe osteoarthritis and are approximately the 
same age. 
 
Will my vascular problems change things? 

No. Cartilage has very little blood supply, so it will not have been affected by your 
vascular history 
 
Do I have to take part? 

You do not have to take part in this investigation. If you decide to take part you are 
still free to withdraw at any time and without giving a reason. A decision to withdraw 
at any time, or a decision not to take part, will not affect the standard of care you 
receive; your planned operation will proceed as normal. 
 
What would happen to me if I take part? 

If you decide to take part you will be given this information sheet to keep and be 
asked to sign a consent form.  Your planned operation will proceed as normal. 
 

Will taking part change anything during my operation? 

No, your operation will be exactly the same  
 
What are the risks of taking part? 

There are no risks to you if you participate in the study. 
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What are the benefits of taking part? 

There will be no direct medical benefit to you but we hope very much that this 
research will help increase our understanding which will help patients with 
osteoarthritis in the future. 
 

Will my taking part in this study be kept confidential? 

All information collected about you during this study will be kept strictly confidential. 
Any information about you which leaves the hospital will have your name and 
address removed so that you cannot be recognised from it. 
 

Will I retain any rights to samples when they are taken? 

No once the samples have been donated it will be considered a gift that is an 
anonymous donation.  
 

What happens if something goes wrong? 

If you are not happy with the general care and treatment you receive during this study, 
please talk to the study supervisor – Mr Andrew Price, who will try and solve the 
problem. He will also tell you about the Hospital standard complaints procedure in 
case you wish to take the matter further. 
 
What will happen to the results of the research study? 

The results of the study we hope would be published in scientific journals. 
 
Who has reviewed the study? 

It has been reviewed by experts in the field and has been approved by the Oxfordshire 
Clinical Research Ethics Committee (OREC:) 
 
Who is organising this study? 

The study is being organised by the Nuffield Department of Orthopaedic Surgery, 
University of Oxford. 
 

Where can I get more information? 

If you have more questions about this study, please contact: 
 
Mr. Andrew Price  - Clinical Lecturer & Honorary Consultant contact details are 
below. 
 
Nuffield Orthopaedic Centre, Headington, Oxford, OX3 7LD 
Email: andrew.price@ndos.ox.ac.uk or Telephone: 01865 737 543 
 
CERES (consumers for ethics in Research) produce a leaflet about participating in 
research, called ‘Medical Research and You’ which you may find helpful. This is 
available from: 
 
Postal address: CERES, PO Box 1365, London N16 0BW 
e-mail:   info@ceres.org.uk 
web-site  www.ceres.org.uk 



 223 

 
 

 

RELATIVE INFORMATION SHEET 

 

Investigation into the feature of aged     

cartilage 

 
Why am I being approached? 

Currently your relative is listed to have an above knee amputation for vascular 
disease. At the moment he is unable to give informed consent for the procedure or for 
participation in this research project. 
 
What is the study? 

This study investigates changes that occur in aged cartilage in people who do not 
suffer from severe osteoarthritis 
 
Why are these samples of interest? 

Osteoarthritic cartilage has been investigated in depth by obtaining samples from 
patients having joint replacement. In order for us to fully understand the changes that 
occur in disease, it is important to look at changes that have occurred in cartilage of 
people of a similar age but who have not suffered severe osteoarthritis 
 
Do his/her vascular problems change things? 

No. Cartilage has very little blood supply, so it will not have been affected by your 
relative’s vascular problems 
 
Does he/she have to take part? 
No. You are free, as his/her relative not to agree to taking part in this study. You are 
free to withdraw your assent at any time, as is your relative, without giving a reason. 
Not taking part, or withdrawing from the study will not affect the medical care in any 
way; the operation will proceed as normal, and the tissue incinerated as normally 
happens in these cases. 
 
Will taking part change anything during the operation? 
No. The operation is exactly the same. 
 
What are the risks of taking part? 
There are no risks of participating in this study 
 
What are the benefits of taking part? 

There is no direct medical benefit to your relative in taking part. We hope that the 
research will increase out understanding of osteoarthritis and benefit patients in the 
future. 
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Will my relative’s details remain confidential? 

All information collected about your relative during this study will remain 
confidential. Any information that leaves the hospital will have your relative’s 
name/address removed from it. Samples are kept anonymous. 
 
Will I/my relative retain any rights to samples when they are taken? 

No. Once samples are donated they are considered a gift that is an anonymous 
donation. 
 
What happens if I/my relative are not happy with something? 
If you are not happy with the general care and treatment you receive during the study, 
please talk to the study supervisor, Mr Andrew Price, who will try to solve the 
problem. He will also tell you about the hospital standard complaints procedure in 
case you wish to take the matter further. 
 
What will happen to the results of research study? 

We hope to publish the results in scientific journals. 
 
Who is organising the study? 

The study is organised by the Nuffield Department of Orthopaedic Surgery, part of 
the University of Oxford. 
 
Who has reviewed the study? 

It has been reviewed by experts in the field and approved by the Oxfordshire Clinical 
Research Ethics Committee (OREC) 
 
Where can I get more information? 

If you have any further questions please contact: 
 
Mr. Andrew Price – Clinical Lecturer and Honorary consultant 
Nuffield Orthopaedic Centre. Windmill Road, Oxford. OX3 0DH 
Email: Andrew.price@ndos.ox.ac.uk       Tel: 01865 737543 
 
CERES (consumers for ethics in research) produce a leaflet about participating in 
research called ‘medical research and you’ which you may find helpful. This is 
available from: 
 
CERES, PO Box 1365, London. N16 0BW 
Email: info@ceres.org.uk 
Website: www.ceres.org.uk 
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Appendix 2 Immunoassay Protocols 
 

Protocols developed by Kafienah and Sims [214]. 

Type I Collagen Assay 

 
DAY 1 

1. Dilute samples in 0.8% (w/v) SDS in Tris (0.8g SDS in 100 ml Tris). Mix well. 
 
2. Using 96 well round bottomed plates, block all wells (except outer wells, to 
minimise evaporation) with 110 µl of 1% BSA-PBS for 30 min at room temperature. 
 
3. Prepare 1° antibody (AH23-1319 from Rabbit) by diluting 1 / 1000 in Tris buffer 
containing 4% (v/v) Triton-X100. Mix well. 
e.g. Prepare 5 ml per plate consisting of     4.8 ml Tris buffer 
      5 µl 1° antibody (AH23-1319) 
       200 µl of Triton-X100 
 
4. Wash plate 1x with PBS-Tween washing buffer and dry thoroughly. 
 
5. Set up 96 well plate as below:- 
 
            
 B MB S1 S4 S7 U1 U3 U5 U7 U9  
 B MB S1 S4 S7 U1 U3 U5 U7 U9  
 B MB S2 S5 S8 U1 U3 U5 U7 U9  
 B MB S2 S5 S8 U2 U4 U6 U8 U10  
 B MB S3 S6 S9 U2 U4 U6 U8 U10  
 B MB S3 S6 S9 U2 U4 U6 U8 U10  
            
 
 
 

= Empty 
 
B = BLANK      100 µl SDS-Tris buffer 
MB = Maximum Binding    50 µl of SDS-Tris   
S = 50 µl prepared standard.   Set up in duplicate.     
U = 50 µl prepared sample.  Set up in duplicate or triplicate. 
 
6. Add 50 µl of 1° antibody to MB, S and U wells. DO NOT ADD TO BLANK 
WELLS. 
 
7. Seal plate with Parafilm and incubate at 37°C overnight. 
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DAY 2 

 

8. Using a multi-channel pipette transfer 50 µl from each well to the equivalent well 
of an AH23-coated flat-bottom plate. 
 
NB. This must be accomplished in less than 45 sec.  Do not stop to change tips 
between pipetting.  
 
9. Incubate at room temperature for exactly 30 min. 
 
10. Prepare secondary antibody (AP conjugated goat anti-rabbit) by diluting 1/1000 in 
1% BSA/PBS containing Tween-20 also diluted 1/1000. 
 
e.g. Prepare 5ml per plate consisting of   5 ml BSA/PBS 
 5 µl 2° antibody 
 5 µl Tween-20 
 
11. After exactly 30 min, wash plate 3x with PBS-Tween. 
 
12. Add 50 µl of 2° antibody to all wells.  Wrap plate in parafilm and incubate at 
37°C for 2 hours. 
 
13. Wash plate 3x with PBS-Tween and 1x with distilled water to eliminate bubbles. 
 
14. Prepare substrate by adding 1 alkaline phoshatase substrate tablet to 10ml 
diethanolamine buffer. 
 
15. Add 50 µl of substrate solution to each well.  Allow plate to develop (approx 20 – 
30 min) and read at 405 nm. 
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Type II Collagen 

DAY 1 

 

1) Block wells B2 to O13 with 40µl PBS-1% BSA per well at RT for 30mins. 
 
2) Wash plate once with PBS-Tween. 
 
3) Add 10µl Tris to rows B, C and D in triplicate (maximum binding). 
 
4) Add 10µl standards (6µg/ml down to 0.5µg/ml) to rows E-K in triplicate. 
 
5) Add 20µl Tris to rows L-O in triplicate (blanks). 
 
6) Add 10µl sample in triplicate starting at well B5. There is space for 42 samples up 
to position O13. 
 
7) Prepare 1st antibody diluted 1 in 600 (5µl COL2-3/4m antibody in 3ml Tris per 
plate) and add 10µl to all wells EXCEPT THE BLANK WELLS  
 
8) Seal with a plate-seal and incubate o/n at 37°C. 
 
 1 2 3 4 5 6 7 8 9 10 11 12 13 

A              

B  MB MB MB 1 1 1 15 15 15 29 29 29 

C  MB MB MB 2 2 2 16 16 16 30 30 30 

D  MB MB MB 3 3 3 17 17 17 31 31 31 

E  Std1 Std1 Std1 4 4 4 18 18 18 32 32 32 

F  Std2 Std2 Std2 5 5 5 19 19 19 33 33 33 

G  Std3 Std3 Std3 6 6 6 20 20 20 34 34 34 

H  Std4 Std4 Std4 7 7 7 21 21 21 35 35 35 

I  Std5 Std5 Std5 8 8 8 22 22 22 36 36 36 

J  Std6 Std6 Std6 9 9 9 23 23 23 37 37 37 

K  Std7 Std7 Std7 10 10 10 24 24 24 38 38 38 

L  B B B 11 11 11 25 25 25 39 39 39 

M  B B B 12 12 12 26 26 26 40 40 40 

N  B B B 13 13 13 27 27 27 41 41 41 

O  B B B 14 14 14 28 28 28 42 42 42 

P              
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DAY 2 

1. Transfer 10µl from each well to equivalent well in collagen-coated plate. 
 
2. Incubate at RT for EXACTLY 30mins and then wash 3 times with PBS-Tween. 
 
3. Add 10µl anti-mouse second antibody, diluted 1/1000 in PBS-1%BSA-0.1% 
Tween (3µl antibody + 3µl Tween in 3ml PBS-BSA per plate) to all wells (reverse 
pipetting). Seal and incubate at 37°C for 2 hours. 
 
4. Wash 3 times with PBS-Tween and once with dH2O to remove bubbles. 
 
5. Add 10µl substrate to all wells (1 tablet in 10ml diethanolamine buffer) using 
reverse pipetting. Allow to develop at RT or 37°C and read OD at 405nm. 
 
 
GAG Assay 

 
1. DMB Solution  16mg DMB 
    3.04g glycine 
    2.37g NaCl 
Mix in 900ml water for 2 hours, covered in foil. Adjust pH to 3.0 with HCl and adjust 
volume to 1L. Store at RT, covered in foil. 
 
2. Chondroitin sulphate (CS) standards 
Prepare a stock at 50µg/ml in water and store at -20ºC. Dilute as follows:- 
Standard Number Standard Conc 

(µg/ml) 
Amount of stock 
CS (µl) 

Amount of water 
(µl) 

1 0 0 300 
2 5 30 270 
3 10 60 240 
4 15 90 210 
5 20 120 180 
6 25 150 150 
7 30 180 120 
8 35 210 90 
9 40 240 60 
10 45 270 30 
11 50 300 0 
Method 
1. Dilute samples as required in water. 
 
2. Add 20µl water to first column as blanks (wells A1-H1). 
 
3. Add standards, in duplicate, using 20µl / well (wells A2-F4). 
 
4. Add samples, in duplicate, using 20µl / well (wells G4-H12). 
 
5. Add 250µl DMB to all wells and read OD immediately at 525nm. 
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Appendix 3 Immunohistochemistry Protocols 
 

Protocol for Immunohistochemistry of Paraffin Embedded Cartilage sections 

 
1. Re-hydrate section 

a. Xylene 2 x 5 min 
b. 100% EtOH 2 x 2 min 
c. 90% EtOH 2 min 
 

2. Peroxidase block – 10 mins 
3. Continue rehydration 

a. 70% EtOH 2min 
 

4. Wash 
a. PBS 3 x 2min 
 

5. Permeabilzation in Triton X (0.5%) – 10 mins 
6. Wash 
7. Blocking stage with Horse Serum (3%) 1 hour (do not wash – drain only) 
8. Primary antibody – Over night @ 4°C 
9. Wash 
10. Use VECTASTAIN!  ABC kit (Vectorlab, Peterborough, UK) 
11. Secondary antibody – 30 mins 
12. Make up AB reagent (30 mins prior to use) 
13. Wash 
14. AB reagent – 30 mins 
15. Wash 
16. DAB – 8 mins 
17. Wash 
18. PI (1:500) – 10 mins 
19. Wash 
20. Mount with fluorosave  

 
 
Solutions: 

Peroxidase block = hydrogen peroxide + methanol (20 + 180µl)/slide 
Triton X = Triton X + PBS (50 + 950µl) 200µl /slide 
Horse Serum = Horse serum + PBS (6 + 194µl)/slide 
Primary antibody = for TUNEL, cytochrome C, Active caspase-3, active Bax, Bim, 
FOXO3a 3-NT - 200µl /slide 
Secondary antibody = II + HS + PBS (4 + 4 + 192µl)/slide 
AB reagent = A + B + PBS (4 + 4 + 192µl)/slide 
DAB = DAB concentrate + DAB diluent (1 drop + 1ml) 200µl /slide 
PI = PI + PBS (2 + 998µl) 200µl /slide 
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Appendix 4 Microarray Agilent Bioanalyser output 

extract 

 
Electrophoresis File Run Summary 

   
 



 233 

Electropherogram File Run Summary 
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Appendix 5 Microarray Results 

 
List of genes found to be differentially expression 

between regions of damaged and undamaged cartilage 

(Fold change>2; p=0.008) 
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List of Gene Ontology groups shown to be significantly different 

between regions of damaged and undamaged cartilage (p<0.01) 

 

 

GO Accession GO Term p-value 

GO:0005576 extracellular region 2.09E-24 

GO:0044421 extracellular region part 6.35E-18 

GO:0031012 extracellular matrix 5.32E-17 

GO:0005578 proteinaceous extracellular matrix 1.40E-16 

GO:0006955 immune response 5.88E-15 

GO:0002376 immune system process 8.39E-14 

GO:0005576 extracellular region 8.39E-14 

GO:0044421 extracellular region part 1.07E-10 

GO:0005578 proteinaceous extracellular matrix 9.42E-10 

GO:0031012 extracellular matrix 1.17E-09 

GO:0002376 immune system process 1.85E-09 

GO:0006955 immune response 4.62E-09 

GO:0005576 extracellular region 1.10E-06 

GO:0022610 biological adhesion 1.47E-06 

GO:0007155 cell adhesion 1.47E-06 

GO:0005615 extracellular space 2.80E-06 

GO:0042613 MHC class II protein complex 3.58E-06 

GO:0050896 response to stimulus 2.39E-05 

GO:0022610 biological adhesion 3.76E-05 

GO:0007155 cell adhesion 3.76E-05 

GO:0048856 anatomical structure development 8.85E-05 

GO:0042613 MHC class II protein complex 2.06E-04 

GO:0005201 

extracellular matrix structural 

constituent 2.06E-04 

GO:0048731 system development 2.48E-04 

GO:0007165 signal transduction 3.48E-04 

GO:0005201 

extracellular matrix structural 

constituent 4.43E-04 

GO:0044259 

multicellular organismal macromolecule 

metabolic process 5.36E-04 

GO:0030574 collagen catabolic process 5.36E-04 

GO:0032963 collagen metabolic process 5.36E-04 

GO:0044254 

multicellular organismal protein 

catabolic process 5.36E-04 

GO:0044256 protein digestion 5.36E-04 

GO:0044268 

multicellular organismal protein 

metabolic process 5.36E-04 

GO:0044266 

multicellular organismal macromolecule 

catabolic process 5.36E-04 

GO:0002252 immune effector process 6.28E-04 

GO:0044236 multicellular organismal metabolic 6.95E-04 
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process 

GO:0044243 

multicellular organismal catabolic 

process 6.95E-04 

GO:0042611 MHC protein complex 7.61E-04 

GO:0044420 extracellular matrix part 8.16E-04 

GO:0032502 developmental process 9.76E-04 

GO:0044254 

multicellular organismal protein 

catabolic process 0.001042428 

GO:0044256 protein digestion 0.001042428 

GO:0044259 

multicellular organismal macromolecule 

metabolic process 0.001042428 

GO:0032963 collagen metabolic process 0.001042428 

GO:0044266 

multicellular organismal macromolecule 

catabolic process 0.001042428 

GO:0044268 

multicellular organismal protein 

metabolic process 0.001042428 

GO:0030574 collagen catabolic process 0.001042428 

GO:0044421 extracellular region part 0.001189432 

GO:0031012 extracellular matrix 0.001189432 

GO:0005615 extracellular space 0.001229581 

GO:0007154 cell communication 0.001264797 

GO:0044243 

multicellular organismal catabolic 

process 0.00149125 

GO:0044236 

multicellular organismal metabolic 

process 0.00149125 

GO:0009611 response to wounding 0.001537514 

GO:0050776 regulation of immune response 0.00162074 

GO:0007275 multicellular organismal development 0.001699252 

GO:0050778 positive regulation of immune response 0.001896418 

GO:0009611 response to wounding 0.002584188 

GO:0002253 activation of immune response 0.003176867 

GO:0005578 proteinaceous extracellular matrix 0.003938509 

GO:0048513 organ development 0.003996241 

GO:0048583 regulation of response to stimulus 0.004877152 

GO:0002253 activation of immune response 0.004974672 

GO:0005509 calcium ion binding 0.005442143 

GO:0050778 positive regulation of immune response 0.005442143 

GO:0006954 inflammatory response 0.005805675 

GO:0005044 scavenger receptor activity 0.00625266 

GO:0050776 regulation of immune response 0.008448659 

 
 


