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SUMMARY

Osteoarthritis (OA) is a common, age-related skeletal disease affecting both men and

women, which causes significant morbidity and immobility. It is characterised by

progressive degenerative damage to the articular joint cartilage, and is associated with a

conservation of bone mass and a different, more rigid structure of the subchondral bone.

The subchondral bone changes may therefore exacerbate the disease by transferring more

of the load to the articular surface. Similar bone changes are also found at sites distal to the

joint articular surface, in the proximal femur and in the iliac crest, suggesting that they are

not simply reactive to the joint pathology. Thus, the bone changes may precede the joint

degeneration of OA, or may arise secondarily to the joint pathology, or indeed may occur

in parallel with the cartllage damage. Whichever of these is the case, in order to devise

effective treatments for OA, it is clearly important to consider the bony component of this

disease and to develop an understanding of the cellular and molecular processes that lead

to the bony changes. Moreover, the cytokines and growth factors that regulate the

differentiation and activity of the cell types that are directly responsible for the remodelling

of bone, the osteoblast and osteoclast, have been studied extensively in cell culture systems

and in animal models. Relatively little is known about the expression and production of

these molecular factors in the local microenvironment of normal human bone, or in

different bone pathologies, such as OA.

Therefore, this thesis has focused on trabecular bone remodelling, from both a molecular

and histomorphometric perspective, at a skeletal site distal to the subchondral bone, the

intertrochanteric region of the proximal femur, from OA patients undergoing joint
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replacement surgery for primary OA of the hip, and age-matched adults, at autopsy,

without any overt/known joint disease or any medical condition predicted to affect their

bone turnover status.

Contiguous trabecular bone samples were analysed for messenger RNA (mRNA)

expression of a selection of molecular factors involved in the regulation of bone

remodelling, together with the histomorphometric quantitation of static indices of bone

turnover, bone structural parameters, and microdamage parameters (microscopic cracks in

the bone matrix targeted for repair by bone remodelling). High quality undegraded RNA

was extracted from trabecular bone retrieved surgically (OA) and at autopsy (control), and

semi-quantitative reverse transcription-polymerase chain reaction (RT-PCR) analysis was

performed using a panel of oligonucleotides designed to amplify mRNA encoding a

number of skeletally active molecules.

At first, it was established that total RNA and specific mRNA transcripts were relatively

stable in bone tissues stored at 4"C up to 3.5 days postmortem. Secondly, the mRNA

expression pattern of a number of bone cell markers and regulatory molecules of bone

remodelling was not different between the proximal femur (intertrochanteric and femoral

neck regions) and iliac crest, for a cohort of postmortem individuals. This finding was

unexpected, given the known heterogeneity of bone turnover and architecture in the human

skeleton.

Striking differences were observed in gene expression between OA and control trabecular

bone at the intertrochanteric region of the proximal femur. OA bone showed significantly

reduced interleukin (IL)-6 and IL-11 mRNA expression, two cytokines with predominantly



XlV

pro-resorptive roles in the bone microenvironment. In contrast, an age-dependent elevation

in the mRNA expression of an osteoblastic cell marker, osteocalcin (OCN), was observed

in OA bone compared with control bone. This finding is consistent with a reported increase

in OCN protein in OA iliac crest bone, and also that at the intertrochanteric region there is

maintenance of trabecular bone volume in OA.

Osteoclast differentiation requires direct contact between osteoclast precursors and

osteoblastic cells, resulting from an essential interaction between receptor activator of

nuclear factor kappa B (RANK) ligand, expressed on the surface of osteoblastic cells, and

its receptor, RANK, located on the surface of osteoclast precursor cells and mature

osteoclasts. A naturally occurring antagonist of RANKL, termed osteoprotegerin (OPG)

can inhibit both the formation and activity of mature osteoclasts. There is extensive

evidence from cell culture experiments that the local ratio of RANKL to OPG determines

the effective activity of RANKL to promote osteoclast formation. The RANKL/OPG

mRNA ratio was significantly lower in OA bone compared to controls. This finding

suggests that osteoclast formation may be reduced in OA, and is consistent with the lower

expression levels of mRNA encoding the osteoclastogenic cytokines IL-6 and IL-11 in OA

bone. Furthermore, the bone resorption index, eroded surface (ES/BS), relative to the bone

formation index, osteoid surface (OS/BS), was significantly reduced in OA bone compared

to controls, consistent with reports of lower bone turnover in OA.

Intriguingly, when the histomorphometric and molecular analyses on contiguous bone

samples were combined, there was a strong positive correlation between ES/BS and the

RANKL/OPG mRNA ratio, independent of age, in controls. This finding suggests that, as

more RANKL becomes available to promote osteoclast formation, there is an increase in
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bone resorption. Further, trabecular bone volume (BV/TV) was inversely correlated to the

ratio of RANKL/OPG mRNA. In addition, a strong positive association was found

between OS/BS and the ratio of RANKL/OPG mRNA in the controls. This is the first

direct evidence that RANKL and OPG are involved in human bone remodelling, consistent

with the roles of RANKL and OPG in osteoclast development established from in vitro

murine and human cell systems and in vivo murine gene deletion studies. Moreover,

RANKL has been shown to be of central importance in determining the trabecular bone

volume and turnover in the human bone microenvironment of the proximal femur. These

relationships between the RANKL/OPG mRNA ratio and ES/BS, BV/TV, and OS/BS,

observed in controls, were not evident in trabecular bone from severe primary OA,

suggesting that bone turnover in the proximal femur may be regulated differently in this

disease. Further, it can be speculated that the trabecular bone structures in OA arise by

subversion of the physiological RANKl-controlled mechanisms.

Recent reports have shown that OA bone is less mineralised and the matrix collagen is

disorganised, which could potentially significantly weaken the biomechanical properties of

the bone matrix, resulting in collagen overproduction and thickening of the bone.

Interestingly, the length and type of microscopic cracks in the bone matrix, specifically

bone microdamage, differed between OA and control bone sampled from the

intertrochanteric region of the proximal femur. Intriguingly, the proportion of bone matrix

containing diffuse microdamage, focal collections of very fine microcracks, was higher in

OA bone. Bone microdamage is targeted for repair, and thus subsequent removal, by

stimulating a local bone remodelling response, via an unknown molecular mechanism. As

the length of the microcracks increased, for the pooled OA and control data, there was an

associated elevation in the mRNA expression of the pro-resorptive cytokine IL-11,
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measured in contiguous bone samples. This finding is consistent with an increased

stimulus for bone resorption in response to microdamage.

The experimental approach of molecular histomorphometry, to compare gene expression

with trabecular bone structure and bone turnover, has provided the first description of the

molecular events in the local bone microenvironment in OA. The data presented in this

thesis support, but do not prove, the hypothesis that altered bone architecture may be the

cause of primary OA. Furtherrnore, the experimental approach has great potential to

uncover the mechanisms of normal bone turnover and of those that lead to the altered bone

structures found in OA. If OA is caused or exacerbated by altered bone structure, it may be

possible to find ways to modify or prevent the bone changes and thus delay joint

degeneration. Such a finding would have important implications for the current treatment

of OA, which is the surgical replacement of diseased joints.
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Chapter I

1.1 OSTEOARTHRTTIS(oA)

1.1.1 Introduction

Osteoarthritis (OA) is a common age-related joint disease in both men and women. OA is

characterised by relatively non-inflammatory degeneration of the articular cartilage and

bony changes in the synovial joint. Symptoms of OA are localised to the affected joint, and

include considerable pain, stiffness, and limitation of motion. OA is a major cause of

incapacity, economic loss, and social disadvantage throughout the world's aged Caucasian

populations. The aetiology of OA is undetermined and there are no proven treatments to

reduce the severity or slow progression of this disease. For many sufferers of hip and knee

OA, symptoms become sufficiently severe to require resolution by joint replacement

surgery.

1.1.2 Classification

OA is classified as primary or idiopathic when it occurs in the absence of any known

underlying predisposing factor. In contrast, secondary OA is where joint degenerative

change is superimposed on a preceding abnormality such as local trauma, congenital

dysplasia, calcium deposition disease, aseptic necrosis or osteopetrosis (Flores and

Hochberg, 1998). Although the late stage pathological and radiological features are very

similar in both primary and secondary OA (section 1.1.6), it is likely that different

mechanisms are involved in the initiation of the disease.

1.1.3 Articular joints affected by OA

OA shows a predilection for lower extremity weight-bearing articular joints, such as the

knee, hip, and spine. OA of the hand, specifically of the distal interphalangeal (Heberden's

nodes) and first carpometacarpal joints, is more common in women than in men (Felson,

1
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1998). Primary generalised OA is characterised by the familial development of hand OA

and the premature degeneration of the articular cartilage of multiple joints, which may

include the knee, hip, and cervical and lumbosacral spine (Kellgren and Moore,1952).

1.1.4 Epidemiology

The reported epidemiological data for OA predominantly pertain to knee and hip OA. A

number of systemic and local factors have been identified as putative risk factors for the

development of OA. Systemic vulnerability factors include àEe, gender, racial

characteristics, inherited susceptibility to OA (section 1.1.5), bone density (section I.2.2),

and oestrogen loss after menopause (Dequeker et a|.,1996;Hart et a1.,1999; Felson et al.,

1998; Felson and Zhang, 1998; Nevitt et al., 1995; Spector et al., 1996a1' Van Saase et al.,

1989). OA has a higher prevalence, and more often exhibits a generalised distribution, in

women than in men (Malchau et a1.,2002; Oliveria et a|.,1995; Van Saase et a1.,1989). A

low prevalence of hip OA has been found in African black, American Indian, and Asian

populations (Felson and Zhang, 1998). Local factors such as joint injury (major joint

trauma and repetitive joint use), body mass index (BMI; strong relationship with knee

OA), joint developmental deformity, and muscle weakness may alter the biomechanical

environment of the joint and thus increase the joint's susceptibility to OA (Dougados et al.,

1992; Felson et ql., l99l1, Gelber et a1.,2000; Hadler et al., 1978; Felson et al., l99I;

Kujala et al., 1995; Neyret et al., 1993; Sharma et al., 2001; Slemenda et al., 1998;

Solomon, I976; Spector et a|.,1994; Spector et al.,I996b;Zhanget a1.,1996).

1.1.5 Genetics

Family and twin studies on subsets of patients with OA of the hands (Heberden's nodes),

hip andlor knee, have shown a significant genetic contribution to OA, which is

2
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independent of environmental and confounding factors such as gender, age, and BMI

(Demissie et a\.,2002; Hirsch et a1.,1998; Ingvarsson, 2000; Felson et a|.,1998; Lanyon

et a1.,2000; Lindberg, 1986; Spector et al., 1996a). Chitnavis et al. (1997) reported that

siblings, relative to a control group, had nearly twice the risk of total hip replacement and

nearly five times the risk of total knee replacement for primary OA. In addition, this group

reported that2TYo and3lo/o of the disease variance of OA of the hip and knee, respectively,

is likely to be genetically determined (Chitnavis et al., 1997). A twin study in females

demonstrated that 39% of the variance of knee OA, graded radiographically for

osteophytes and joint space narrowing (section 1.1.6.3), was attributable to genetic factors,

independent of known environmental or demographic confounders (Spector et al.,I996a).

Studies of potential candidate genes for OA have included polymorphisms of the 1,25-

dihydroxyvitamin D3 (1,25-(OH)zD¡) receptor (VDR) locus in association with knee and

hip OA (Aerssens et al., 1998; Keen et al., 1997; Uitterlinden et al., 1997), the type II

procollagen (COL2A1) gene (Aerssens et a1.,1998; Vikkula et al.,1993), and the insulin-

like growth factor type I (IGF-I) gene in association with radiographically identified OA of

the hip (Meulenbelt et a1.,199S). Collectively, these studies indic'ate that individuals with

primary OA are likely to have a significant genetic component, which is independent of

environmental and demographic factors.

1.1.6 Pathology of OA

It is possible that the different presentations of OA, with different spectra of joints

involved, indicate that OA is actually a cluster of diseases, with the common feature of

relatively non-inflammatory degeneration of the articular cartilage. Further, it is likely that

different pathophysiological mechanisms are involved in the initiation of the disease

a
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process. However, advanced or end-stage OA, regardless of the initiating event, shows

similar pathological and radiological features.

1.1.6.1 Articular cartilage degeneration

Articular cartilage is a highly specialised and uniquely designed bio-material that forms the

smooth, gliding surface of the diarthrodial joints. It is an avascular, aneural, and

alymphatic matrix, which is synthesised by the sparsely distributed chondrocyte cells

(Muir, 1995). The cartilage matrix consists of a dense scaffold of insoluble collagen fibres

and soluble proteoglycan molecules; the major proteoglycan is aggrecan. The

proteoglycans (primarily aggrecan) associate with water, generating a swelling pressure

that is resisted by the collagen fibres resulting in a tissue that is able to absorb compression

and shock (Carney and Muir, 1988; Maroudas, 1976). In normal adult cartilage,

chondrocytes maintain a balance between synthesis and degradation of extracellular matrix

components. However, in OA, new matrix synthesis is outweighed by the breakdown of

matrix components, resulting in the degeneration and gradual loss of articular cartilage.

The degradation of cafülage matrix components in OA has been shown to be due to an

increased synthesis and activation of extracellular proteinases, such as the matrix

metalloproteinases (MMPs) and the recently identified aggrecanases (Arner et al., 1999;

Billinghurst et al., 1997; Cawston et al., 1999; Tetlow et al., 200I). The pathological

features of the articular cafülage in advanced OA include the total loss of cartilage from

large areas of the joint surface, with eburnation of the exposedbone (i.e., thebone surface

becomes smooth and burnished). Most of the remaining cartilage is fibrillated and fissured,

and there is a loss of joint surface congruity (Collins, 1949). Variable degrees of synovial

inflammation are seen in advanced OA, which is a response to an increased release of

cartilage degradation products into the synovial fluid, such as fragments of aggrecan,
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cartilage oligomeric matrix protein (COMP), and type II collagen C-propeptide

(Lohmander and Felson, 1998).

1.1.6.2 Subchondral bone changes

The articular cartllage is supported, and separated from the underlying subchondral

trabecular bone, by the subchondral plate. The subchondral plate, consisting of calcified

cafülage and subchondral cortical bone, transmits loads from the cartilage into the

trabecular bone beneath. This underlying subchondral trabecular or cancellous bone is

composed of thin plates and rods, or trabeculae, oriented in a lattice structure. The

interstices between the trabeculae are filled with cellular maffow. Bone is vascularised,

metabolically active, and a highly organised tissue consisting of a mineral phase of

hydroxyapatite and calcium phosphate crystals deposited in an organic matrix. The mineral

component of bone makes the tissue hard and rigid, whilst the organic component gives

bone its flexibility and resilience. Bone is constantly remodelled or renewed (by the

coupled processes of bone resorption and bone formation; section 1.3.2) to maintain the

mechanical integrity of the skeleton and for the maintenance of calcium homeostasis

(section 1.3.3). The pathological features of the subchondral bone in advanced OA include

sclerosis, with increased trabecular thickness and decreased inter-trabecular spacing

(Fazzalari et al., 1985; Fazzalai et al., 1992), which appears to be a result of increased

bone remodelling activity (Grynpas et al., l99I; Jeffery, 1973). However, it is not known

whether adaptational bone formation or bone modelling (i.e., bone formation in the

absence of bone resorption) is involved in the subchondral bone sclerosis in advanced OA.

In addition, the subchondral bone develops cysts, and osteophytic outgrowths at the joint

margins (Collins, 1949). The development of bony osteophytes occurs by endochondral

ossification (i.e., calcified cartilage that is remodelled into bone; Jeffery, 1973). The

5
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altered trabecular architecture of OA subchondral bone is associated with altered

mechanical properties, such that the tissue is rendered more rigid and less able to absorb

shock (Li and Aspden, 1997b). These changes in the subchondral bone may therefore

exacerbate the disease by transferring more of the load to the articular surface (Radin et al.,

re72).

1.1.6.3 Radiographic grading of OA

Currently, diagnosis of OA is based on clinical examination, symptoms, and radiographic

assessment. OA is def,rned radiographically by joint space narrowing, loss and fibrosis of

articular cartrlage, subchondral bone sclerosis, cyst formation, and bony osteophytes at the

joint margins (Kellgren and Lawrence, 1963). The onset of OA is usually insidious,

occurring long before it can be detected with current clinical and radiographic methods.

Thus, permanent and irreversible damage to the joint structure has often occurred by the

time the clinical diagnosis is made. The development of sensitive and reliable methods for

early diagnosis of OA, and for monitoring disease progression, is essential for the

implementation of preventative treatment strategies, which may avoid the need for joint

replacement surgery (Buckwalter et a1.,2001). Recently, B,euf et al. (2002) have reported

on the use of high-resolution magnetic resonance imaging (MRI) for the characterisation of

subchondral trabecular bone changes in different stages of knee OA. In addition, MRI can

be used to evaluate articular cartilage volume, thickness, and degeneration (Disler et al.,

1996; Eckstein et al., 1997; Stammberger et a1.,1999).B,euf et al. (2002) have suggested

that MRI is an emerging clinical modality that allows investigation of the clinical

relationship between bone and cartilage and the onset and progression of OA. Many

reports have described the increased release of markers of cartilage (eg., fragments of

aggrecan, COMP, and type II collagen C-propeptide), bone (eg., bone sialoprotein,

6
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osteocalcin), or synovial (eg., hyaluronic acid, MMPs) metabolism into the synovial fluid,

serum, and urine in OA (reviewed in Lohmander and Felson, 1998). Potentially, assays for

these biochemical markers could be used to detect and/or monitor development of OA.

However, most biochemical marker assays are still at the level of research.

I.2 THE ROLE OF BONE IN THE PATHOGENESIS OF OA

An understanding of all the joint structures involved in OA, including the cartilage, bone,

joint capsule, synovial membrane, ligaments, and tendons, will help to develop sensitive

and reliable methods for early diagnosis, and to devise preventative and treatment

strategies to avoid the need for joint replacement surgery. Research into the aetiology of

OA has predominantly focussed on understanding the mechanism of breakdown and loss

of articular cartilage. Furthermore, OA has been considered primarily to be a cartilaginous

disorder (Bland and Cooper, 1984). However, there is now substantial evidence in

spontaneous OA animal models (section 1.2.1) that there is a change in the densify and

metabolism of bone, particularly of subchondral bone, before any evidence of cartilage

fibrillation (Dequeker and Luyten, 2000). Furthermore, alterations in bone density,

trabecular bone structure, bone mineralisation, bone growth factor content, and osteoblast

cell activity have been observed in primary human OA (sections 1.2.2-1.2.7). These

observations lend support to the hypothesis that primary OA may primarily be a bone

disorder, in which more dense bone, with less shock absorbing capacity, would transfer the

stress of loading directly to the articular surface, promoting degeneration in the caftilage,

as first proposed by Radin et al. (1972).

7
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1.2.1 Earty subchondral bone changes in spontaneous OA animal models

Studies of animals, which naturally develop medial compartment knee OA with age (i.e.,

spontaneous OA animal models), have shown that early changes are evident in the

subchondral bone before any fibrillation of the cartilage occurs. All of these spontaneous

OA animal models show OA pathology similar to that seen in human OA. Of the three OA

animal models discussed below, the spontaneous OA guinea pig model is emerging as the

leading animal model for studying the pathogenesis of primary OA and the potential

effectiveness of new drug therapies (Billingham, 1998).

l.2.l.l STR/ORT mouse

Spontaneous OA occurs in the medial tibiofemoral compartment of the knee in STR/ORT

mice (Sokoloff, 1956; Walton, 1977a; 'Walton, l9l7b). The incidence and severity of knee

OA is greater in male than in female STR/ORT mice (Collins et a|.,1994; Walton, 1977a;

'Walton, 1977b). An MRI study has shown early calcifrcation of the patellar tendon before

any evidence of articular cartilage damage (Munasinghe et al., 1995). However, other

studies have shown that the first indication of articular cartilage degeneration occurs at the

junction of the cafülage with the cruciate ligament on the medial tibial condyle ('Walton,

1977a;'Walton, I977b). Anderson-MacKenzie et al. (1999) have shown that collagen

metabolism in the cruciate ligament is up-regulated before any OA cartilage degeneration

or subchondral bone changes are evident. Consequently, the cruciate ligament is weaker in

male STR/ORT mice, which may destabilise the knee joint, alter the load, and trigger the

OA cartilage degeneration and subchondral bone remodelling (Anderson-MacKenzie et al.,

1999). Interestingly, medial tibial articular cartilage degeneration and subchondral bone

thickening are closely related pathologically and chronologically in male STR/ORT mice

(Walton and Elves, 1979). Walton and Elves (1919) reported that the subchondral bone

8
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sclerosis in male STR/ORT mice was due to reduced osteoclastogenesis (i.e., reduced

numbers of osteoclasts, the bone-resorbing cells; section 1.3.1.1), rather than increased

osteoblastic activity (i.e., the bone-forming cells; section 1.3.I.2). Thus, the authors

concluded that bone turnover was abnormally low in male STR/ORT mice (Walton and

Elves, 1979).

1.2.1.2 Dunkin Hartley guinea pig

Spontaneous OA occurs in the medial compartment of the knee in male Dunkin Hartley

guinea pigs (Bendele and Hulman, 1988; Meacocket aI.,1990). MRI studies of the Dunkin

Hartley guinea pig have shown that subchondral bone changes are evident prior to any

obvious articular cartilage degeneration (Watson et al., 1996). Recently, Anderson-

MacKenzie et al. (2002) have shown that metabolic bone remodelling is increased in the

subchondral bone of the Dunkin Hartley guinea pig before any changes in bone density or

cafülage pathology are detected. The Strain 13 guinea pig displays less severe spontaneous

OA in comparison to the Dunkin Hartley guinea pig (Huebner et a1.,2002). The Dunkin

Hartley guinea pig has increased bone metabolism (increased serum markers of bone

resorption and formation) at a young age, with persistence of a greater rate of bone

formation at 12 months of age when OA is severe (Huebner et a1.,2002).Interestingly, the

Dunkin Hartley guinea pig also demonstrated higher knee bone mineral density (an

absorptiometric estimate of the total amount of bone mineral; BMD) at 12 months of age,

compared with the Strain 13 guinea pig (Huebner et al., 2002). Young et al. (2002)

recently described the deposition of fibrocartilage in the cruciate ligament of the Dunkin

Hartley guinea pig before any cartilage degeneration or subchondral bone changes were

evident. The authors suggest that cruciate ligament stiffening could precede, and thus

provide a stimulus for, the early subchondral bone changes, or alternatively, that the

9
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chondrogenesis in the ligament may be a response to bone remodelling processes already

occurring (Young et al.,2002). Quasnichka et al. (2002) also reported increased collagen

metabolism in the cruciate ligament of the Dunkin Hartley guinea pig, which was

associated with an increased laxity of the ligament.

1.2.1.3 Cynomolgus monkey

Spontaneous OA occurs in the medial compartment of the knee in male and female

cynomolgus monkeys (Carlson et a1.,1994; Carlson et a1.,1995; Carlson et a1.,1996). The

earliest histological change in the medial tibial plateau was a thickening of the subchondral

bone plate, which was followed by fibrillation of the cartilage (Carlson et al., 1994).In

addition, Carlson et al. (1996) have shown that cartilage degenerative changes were not

evident until the subchondral bone had thickened to a significant degree. As the disease

progressed and increased in severity, subchondral bone thickened in the lateral tibial

plateau and femoral condyles (Carlson et al., 1994). The prevalence and severity of OA

increased with age, but were independent of gender and weight (Carlson et al., 1996).

Interestingly, as in humans, OA in cynomolgus monkeys can occur in young individuals

and spares certain older individuals (Carlson et al., 1996). The advantage of this

spontaneous OA animal model is that the OA occurs in middle-aged animals (average age

of 12 years), which are bipedal. However, the disadvantages of this animal model arethat

it is long-term and expensive.

1.2.2 Bone mineral density in OA patients

A number of reports have described hip and knee OA individuals to have a better

preserved bone mass (measured as hip and spine bone mineral density; BMD) compared to

age- and sex-matched controls, independent of BMI (Gotfredsen et al., 1990; Lethbridge-
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Cejku et a1.,1996; Nevitt et a1.,1995). Two recent reports have shown that bone changes

may precede cartilage changes in the onset and progression of primary OA (Bruno et al.,

1999; Goker et a1.,2000). Bruno et al. (1999) reported that proximal femur BMD is

elevated when there are early radiographic signs of hip OA. Goker et al. (2000) reported

that elevated local and remote BMD is associated with a subsequent accelerated joint space

narrowing rate of the hip. Interestingly, the rare congenital disorder, osteopetrosis, is

characterised by a marked increase in bone density and early-onset OA in patients who

reach adulthood (Milgram and Jasty, 1982). Intriguingly , primary OA and osteoporosis are

rarely both seen in the same patient, and clinical reports and epidemiological studies have

suggested that there is a negative association between the two age-related diseases (Cooper

et al., I99l; Dequeker et al., 1993a; Dequeker et al., 1996; Soloman et al., 1982;

Verstraeten et al., 1991). Osteoporosis is characterised by a reduced amount of bone,

leading to a fragile skeleton, which is more susceptible to fracture. The more supple bone

in osteoporosis may be a better shock absorber in synovial joints and therefore may spare

the cartilage and protect against OA. Hart et al. (2002) recently reported that women with

previous fractures had a reduced risk of subsequently developing knee OA, which was

independent of BMD status. The mechanism to explain the inverse relationship between

primary OA and osteoporosis remains unclear.

1.2.3 Trabecular bone architecture at distal skeletal sites

Subchondral bone in advanced primary hip OA is sclerotic, with increased trabecular bone

volume due to increased trabecular thickness and decreased inter-trabecular spacing,

compared to age-matched controls (Crane et a1.,1990; Fazzalari et al., 1985;Fazzalari et

at.,I992).It has been postulated that such changes are due to alteration of loading through

the joint because of the articular disease (Bland and Cooper, 1984) or, alternatively that
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they are secondary to pathology within the joint. However, similar trabecular bone

structural changes are also present at sites distal to the joint articular surface, in the

proximal femur (at the intertrochanteric region, more than 15 cm from the joint surface)

and in the iliac crest (Crane et a1.,1990;Fazzalari et a1.,1992).In addition, Geverc et al.

(19S9a) have reported increased iliac crest trabecular bone volume and trabecular thickness

in individuals with OA of the hands. Iliac crest bone has been studied in OA as a skeletal

site distal from the affected joint structures, as it is not subject to loading abnormalities or

joint pathological changes. The observation of altered trabecular bone architecture at distal

skeletal sites suggests that these architectural changes are not merely reactive to the joint

pathology.

1.2.4 Hypomineralised bone

The trabecular bone structural changes in OA (section 1.2.3) may develop to compensate

for an altered bone matrix structure and composition in OA. A number of reports have

described OA subchondral femoral head and femoral neck trabecular bone to be

hypomineralised (i.e., less mineralised; Brown et a1.,2002; Grynpas et a|.,1991; Helliwell

et al., 1996; Li and Aspden, I997a; Li and Aspden, I997b; Mansell and Bailey, 1998).

Type I collagen forms approximately 90Yo of the organic mass of bone. The triple helix of

type I collagen is composed of two ol chains and one u,2 chain of type I collagen (van der

Rest and Garrone, 1991). The ability of bone collagen to provide a strong framework and

to fully mineralise depends on the very precise alignment of the type I collagen molecules

in the collagen fibre (Kielty et al., 1994). Interestingly, a recent study has shown that

subchondral bone osteoblasts, from individuals with hip OA, produce a molecularly

distinct collagen, type I collagen homotrimer (i.e., three ol chains of type I collagen;

Bailey et a1.,2002). A decreased enthalpy (i.e., the energy required to denature the triple
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helix) of the type I collagen homotrimer fîbre indicated that the homotrimer molecules are

more loosely packed in the fibre (Bailey et al., 2002). Furthermore, the collagen fibres

appeared to be narrower and aligned in a disorganised manner in OA subchondral bone

(Bailey et al., 2002). The type I collagen homotrimer is suggested to be mechanically

weaker and less mineralised in bone (McBride et a1.,1998; Misof et al., 1997).

1.2.5 Biomechanical properties of OA bone

Subchondral and femoral neck trabecular bone from hip OA subjects has been reported to

be materially weaker (i.e., less stiff and dense) compared with age-matched controls (Li

and Aspden, 1997a). However, biomechanical studies of OA subchondral and femoral

neck trabecular bone cores have shown the bone to be stiffer or more rigid (Li and Aspden,

I997a; Li and Aspden, 1997b; Martens et al., 1983). The biomechanical properties of a

trabecular bone core are influenced by the bone matrix composition and trabecular bone

architecture. The more rigid subchondral trabecular bone in OA is associated with

trabecular bone architectural changes, such as increased trabecular bone volume, and

altered trabecular size and spacing (section L.2.3; Crane et al., 1990; Fazzalari et al.,

1992).Interestingly, in individuals with hand OA, increased trabecular bone volume and

trabecular thickness at the iliac crest is associated with increased biomechanical stiffness

(Gevers et al.,19S9b). Since the more rigid subchondral bone would have a reduced ability

to absorb shock, it has been postulated that the bone changes in OA might exacerbate the

disease or could even precede and be causative of the cafülage degeneration (Radin et al.,

1972; Radin et al.,1978; Radin et a1.,1991).
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1.2.6 Bone matrix growth factor composition

Consistent with the concept of generalised bone changes in OA (sections I.2.2-1.2.5), bone

matrix from the iliac crest of individuals with hand OA has been found to contain a higher

content of the growth factors, insulin-like growth factor types I and II (IGF-I and IGF-II)

and transforming growth factor (TGF)-p, compared with that in control subjects (Dequeker

et al., 1993b). These anabolic growth factors are thought to be locally released and

activated during the bone resorption phase, acting to link bone resorption to bone

formation in the remodelling cycle (Hayden et a|.,1995; Linkhart et a1.,1996). The higher

concentrations of these growth factors in OA iliac crest bone may act to maintain bone

mass in OA individuals (section 1.2.2). In addition, OA iliac crest bone matrix has

significantly increased osteocalcin (OCN) content, compared with that in control subjects

(Dequeker et al.,1993b; Gevers and Dequeker, 1987; Raymaekers et al., 1992). OCN is a

major non-collagenous protein of the bone matrix and it is utilised as an indicator of bone

formation as it is one of the marker genes for the progression of osteoblastic differentiation

(Stein and Lian, 1993). OCN has been implicated to play a role in the regulation of bone

mineral turnover (Boskey et al., 1998). However, the biological function of OCN in the

bone microenvironment has not been precisely defined. Interestingly, vitamin K, which is

needed for gamma-carboxylation of OCN, has been reported to be increased in iliac crest

bone and in serum from OA patients, compared to osteoporotic patients (Wakabayashi et

a|.,2000).

1.2.7 An altered OA osteoblast phenotype

Biochemical studies have shown an increase in the metabolism of subchondral bone

collagen in individuals with hip OA, compared to age-matched controls (Mansell et al.,

1997; Mansell and Bailey, 1998). Dequeker et al. (1993b) postulated that there may be an
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increased biosynthetic activity of osteoblasts in OA, a possibility supported by Hilal et al.

(1998) showing that bone explants and osteoblasts from OA medial tibial subchondral

bone produced more IGF-I and alkaline phosphatase (a bone formation marker) than

controls. Furthermore, Hilal et al. (1998) have shown an increase in de novo OCN

synthesis, in response to 1,25-(OH)2D3 stimulation, by OA osteoblasts in vítro. Given that

the phenotypic alterations in the OA subchondral osteoblast-like cells were observed in e¡

vivo and ín vitro experiments, Hilal et al. (1998) have suggested that the altered OA

osteoblast phenotype may be caused by a primary defect in these cells, rather than a

secondary response to local chemical andlor systemic factors in vivo. Intriguingly,

Westacott et al. (1997) have shown that the secretory products of OA subchondral

osteoblasts are capable of altering cartilage matrix metabolism. Specifically, the co-culture

of OA subchondral osteoblast-like cells, derived from individuals with knee and hip OA,

with non-OA cartllage explants resulted in enhanced cartilage matrix degradation

(Westacott et al., 1997). The specific cellular and molecular interaction between bone and

cafülage in OA has not been defined. Furthermore, it is not known whether an interaction

between bone and cartllage occurs during the initiation and,/or progression of the OA

disease process.

1.3 BONE REMODELLING

1.3.1 Cells of bone

1.3.1.1 The Osteoclast

The unique bone-resorbing cell, the osteoclast, is a large motile cell often displaying

multinucleation with irregular cytoplasmic branches. Osteoclasts are formed by the fusion

of mononuclear progenitor cells of the monocyte-macrophage lineage (Suda et al., 1991).

The resorption of mineralised bone matrix is accomplished by the osteoclast attaching to
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the bone surface (mediated by integrin receptors) and creating a "sealing zorre" to isolate

the bone area to be resorbed from the extracellular environment. The osteoclast then

secretes proteolytic enzymes (such as cathepsin K) into the space between the bone and the

osteoclast plasma membrane (the resorption lacunae), which removes the osteoid and

exposes the bone mineral. The osteoclast pumps acid (via the activities of carbonic

anhydrase II and the vacuolar proton ATPase) into the resorption lacunae via the ruffled

border, an osteoclast-specific organelle, which dissolves the bone mineral leaving a pit in

the bone surface (Roodman, 1996). In trabecular bone, these pits appear as shallow,

scalloped bays in the surface of the bone and are termed Howship's lacunae. Resorption

activity of the osteoclast can be rapidly terminated by the binding of calcitonin to the

calcitonin receptor on the cell surface, which is used experimentally as an osteoclast

marker (Hattersley and Chambers, 1989). Another osteoclast marker is the eîzymetartra1'e-

resistant acid phosphatase (Minkin, 1982).

Considerable progress has been made towards an understanding of the mechanisms

responsible for the formation and activation of osteoclasts. A large number of hormones

and cytokines have been identified that can stimulate the development of osteoclasts from

their haematopoietic precursors (Martin and Ng, 1994: Martin et al., 1998; Martin and

Udagawa, 1998). Cell-to-cell contact between cells of the osteoblast lineage and

haemopoietic cells is necessary for inducing differentiation of osteoclasts (Martin and

Udagawa, 1993). A cell-surface member of the tumour necrosis factor (TNF)-ligand family,

termed receptor activator of nuclear factor kappa B ligand (RANKL), was shown to be

central in osteoclast development and activity (Lacey et al., 1998; Wong et al., 1997;

Yasuda et al., 1998b). Agents that induce bone resorption, including 1,25-(OH)zD:,

parathyroid hormone (PTH), prostaglandin Ez GGE2), and interleukin (IL)-l1, have been

t6
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shown to induce the presentation of RANKL on the surface of osteoblastic cells, which are

then able to promote osteoclast formation (Horwood et al., 1998; Udagawa et ql., 1999i

Yasuda et al., 1998b). RANKL binds to a TNF-receptor superfamily member, RANK

(Anderson et al.,1997; Hsu et a1.,1999), which is expressed on the surface of osteoclasts

and their precursors (Hsu e/ a\.,1999). RANK has been shown to be essential for osteoclast

formation; anti-RANK antibodies inhibit osteoclast formation in vitro (Nakagawa et al.,

1998), and RANK-deficient mice exhibit profound osteopetrosis and lack osteoclasts

(Dougall et al., 1999; Li et a1.,2000). In addition, over-expression of soluble RANK in

transgenic mice resulted in osteopetrosis, decreased numbers of osteoclasts, and decreased

bone resorption (Hsu et a\.,1999). Furthermore, mice deficient in RANKL lack osteoclasts

and develop osteopetrosis (Kong et al., 1999). Likewise, a natural RANKL antagonist, a

soluble TNF-receptor family member, termed osteoprotegerin (OPG), can inhibit osteoclast

formation and bone resorption (Simonet et al., 1997). Over-expression of OPG in mice

resulted in an osteopetrotic phenotype and decreased numbers of osteoclasts (Simonet el

al.,1997),while mice in which the OPG gene is deleted develop extensive osteoporosis and

increased numbers of osteoclasts (Bucay et al., 1998; Mizuno et al., 1998). Furthermore,

administration of recombinant murine OPG protects against ovariectomy-associated bone

loss in rats, via a reduction in osteoclast number and subsequent increase in bone volume

(Simonet et al., 1997). OPG is expressed by a wide variety of cell types, including

osteoblasts, in which its expression is down-regulated by many of the same factors that

promote bone resorption and RANKL expression (Hofbauer et al., 1999b). Thus, there is

now good evidence that the local amount of RANKL, relative to OPG, is important in

osteoclast formation (Hofbauer et aL.,2000).
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1.3.1.2 The Osteoblast

The bone-forming cell, the osteoblast, is derived from the multipotent mesenchymal stem

cell, which also gives rise to fibroblasts, bone marrow stromal cells, chondrocytes, muscle

cells, and adipocytes (Manolagas and Jilka, 1995). The differentiation of osteoblasts is

dependent on the expression of the osteoblast-specific transcription factor, core binding

factor al (Cbfal; Ducy et al.,1997). Cbfal-deficient mice lack osteoblasts and osteoclasts,

and develop with a normally patterned skeleton that is made exclusively of cartilage

(Komori et al., I99l). The bone morphogenetic proteins (BMPs) are capable of initiating

osteoblastogenesis from mesenchymal progenitors (Rosen et al., 1996). A number of

growth factors, including fibroblast growth factors (FGFs), IGFs, platelet-derived growth

factor, and TGF-B, are able to stimulate the proliferation and differentiation of committed

osteoblast progenitors toward the osteoblastic lineage (Centrella et a|.,1994; Hayden et al.,

1995; Mundy, 1996). Osteoblasts are identif,red morphologically by their cuboidal

appearance and by their association with newly synthesised bone matrix (osteoid) at sites

of active bone formation. The plasma membrane of the osteoblast is rich in alkaline

phosphatase, which is used as a biochemical marker of bone formation (Calvo et a1.,1996).

The osteoblasts produce and secrete proteins that constitute the bone matrix. These bone-

associated matrix proteins include type I collagen, osteocalcin (OCN), osteonectin,

osteopontin (OPN), and bone sialoprotein (Karsenty, 1999). All of these proteins have

been implicated in the regulation of the mineralisation process (i.e., the process of

deposition of hydroxyapatite; Boskey, 1996).

OCN and OPN are both marker genes for the progression of osteoblastic differentiation

(Denhardt and Noda, 1998; Stein and Lian, 1993). However, OPN is also expressed at high

levels in osteoclasts (Dodds et al., 1995). The biological function of OCN and OPN in the
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bone microenvironment has not been precisely defined. Mice deficient in OCN have

increased bone density, cortical thickness, and bone formation (Ducy et al., 1996).

However, osteoblast number was not altered in OCN deficient mice, suggesting that the

role of OCN in the bone microenvironment is an inhibitor of osteoblast function (Ducy e/

al., 1996). Subsequently, those investigators reported that bone mineral maturation was

impaired in OCN-defîcient mice, suggesting that OCN is involved in the regulation of bone

mineral turnover (Boskey et al., 1998). Interestingly, there were signif,rcantly more

osteoclasts per unit surface in the OCN-deficient mice than in the wild-type mice (Ducy et

al., 1996). Conversely, OCN has been shown to be important for osteoclast recruitment

both in in vitro and in animal models (Chenu et a1.,1994; DeFranco et a1.,1991; Glowacki

et aL,1989; Glowacki et a\.,1991; Ingram et al.,1994; Liggett et a1.,1994). For instance,

OCN may act in combination with other non-collagenous proteins, such as OPN, as a

signal for osteoclastic bone resorption (Reinholt et al., 1990; Ritter et a1.,1992). In vitro,

OPN has been shown to be an extracellular signalling molecule for osteoclasts and

endothelial cells, via binding of OPN to the cell surface cruB3 integrin (Denhardt and Noda,

1998; Liaw et al., 1995). Furthermore, OPN has been shown to be required for

vascularisation by endothelial cells and subsequent osteoclastic bone resorption in an

ectopic bone-resorbing model, in which wild-type and OPN-deficient bone discs were

implanted into wild{ype and OPN knockout mice (Asou et a|.,2001).

1.3.1.3 The Osteocyte

Osteocytes are terminally differentiated osteoblasts that have become buried within

lacunae of the mineralised bone matrix. The osteocyte is the most abundant cell type in

bone tissue; there are approximately l0 times as many osteocytes as osteoblasts (Parfitt,

1977). Osteocytes have a stellate shape with long cytoplasmic processes that extend
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through small canals (canaliculi) in the bone matrix to connect with, and enable

communication with, adjacent osteocytes and bone lining surface cells (Nijweide et al.,

1996). In situ hybridisation and immunohistochemical studies have shown that osteocytes

express a range of bone-matrix proteins, including type I collagen, osteocalcin,

osteonectin, and osteopontin (Mason et a\.,1996; Nijweide et al., 1996).

The osteocytes collectively form a mechanosensory system, which is sensitive to

mechanical stress (Burger and Klein-Nulend, 1999). Mechanical stress in bone causes

deformation (strain) of the bone matrix, which is thought to initiate the

mechanotransduction pathway in the osteocytic canalicular network (Forwood and Turner,

1995). The strain causes interstitial fluid to flow through the osteocytic canalicular network

(Weinbaum et al., 1994). In vitro, fluid flow has been shown to greatly affect osteocyte

metabolism. Osteocytes are affected by direct fluid shear stress and by the movement of

ions over their cell surface, which modulates the production of signalling molecules, such

as nitric oxide and prostaglandins (such as PGEz; Klein-Nulend et a1.,1995; Klein-Nulend

et al., 1997; Pitsillides et al., 1995). These factors in turn may act to stimulate other

factors, such as IGF-I and OPN, that regulate bone formation and bone resorption by

osteoblasts and osteoclasts, respectively (Lean et al., 1995; Terai et al., 1999). In addition

to sensing mechanical strain, it has been proposed that osteocytes may also detect

microdamage within bone and direct its removal through their apoptosis (section 1.3.3.1;

Verborgt et al., 2000). However, the molecular mechanism(s) of the activation of

osteoclasts and osteoblasts, which lead to site-specific bone remodelling after the

osteocytic detection of mechanical stress or microdamage, have not been fully elucidated.

20
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1.3.2 The bone remodelling cycle

Bone remodelling or bone turnover is the coordinated process whereby small packets of

bone are eroded and replaced with new bone by an organised group of cells, the basic

multicellular unit (BMU; Parfitt, 1994). Remodelling is a dynamic process occurring

constantly throughout the mature skeleton, replacing approximately I0%o of the skeleton

per year (Parfitt, 1994). This process enables hypermineralised and/or damaged bone to be

replaced, structural alterations to be made, and mineral homeostasis to be maintained.

There are four distinct phases in the remodelling cycle: activation, resorption, reversal, and

formation. These processes are temporally and spatially distinct, occurring sequentially at

any single site, and occurring simultaneously at different locations, respectively (Parfitt,

ree4).

Activation is the process that converts a quiescent bone surface into an active remodelling

surface. Osteoclasts are activated at specific focal sites on the bone surface by mechanisms

that are not well understood. In some circumstances, this site-specific activation of

osteoclasts may involve bone matrix microdamage (section 1.3.3.1). The activation phase

involves resorption of the thin layer of osteoid covering the bone surface, by the resident

bone lining cells (Chambers et al., 1985), and their retraction to expose the mineralised

surface to osteoclasts. This is followed by fusion of the mononuclear osteoclasts and the

tight attachment of the osteoclast to the mineralised surface. Resorption is a dynamic

process, with multinucleated osteoclasts working in teams producing a moving resorption

front. In cortical bone this results in a cutting cone burrowing through the tissue. In

trabecular bone this results in an irregular scalloped cavity on the surface of the bone

(Howship's lacunae). The reversal phase is characterised by the disappearance of

multinucleated osteoclasts (osteoclast apoptosis; Hughes et al., 1996) and the appearance
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of mononuclear cells, which may be of the macrophage lineage. The majority of resorption

results from the action of multinuclear osteoclasts. However, it has been suggested that

mononuclear cells, found in resorption pits after the departure of multinuclear osteoclasts,

are responsible for up to one third of resorption (Eriksen, 1986). During this period the

resorbed surface is smoothed, a non-collagenous cement layer is laid down, and a thin

layer of collagen is deposited by bone lining cells (Everts et a1.,2002). The initiation of

bone formation involves the chemotactic attraction of osteoblast precursors to the site of

previous resorption. This process is likely mediated by local factors produced during bone

resorption, with evidence from in vitro studies of the chemotactic effect of BMP-2, IGFs,

osteopontin, and TGF-B (Dodds et al., 1995; Hayden et bl., 1995; Lind et al., 1996;

Pfeilschifter et al., 1990b). Once attracted to the site of previous resorption, osteoblast

precursors proliferate and differentiate into mature osteoblasts, influenced by local growth

factors released from the bone matrix during resorption, such as the IGFs and TGF-B

(Hayden et aL, 1995 Mundy, 1999). The assembled team of osteoblasts begins production

of new matrix, in the form of osteoid, which is subsequently mineralised. As the resorption

front proceeds, so does the formation front, with newly exposed portions of the Howship's

lacunae occupied by newly differentiated osteoblasts. Formation occurs at a much slower

rate than resorption (approximately 3 months versus 2 weeks; Parfitt, 1994), resulting in

osteoblasts rather than osteoclasts, representing a largelr proportion of the cells active on

bone at any time. As formation continues, osteoblasts are incorporated into the matrix and

differentiate into osteocytes, connecting with other osteocytes in the newly synthesised

section of bone (Parhtt, 1994).
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1.3.3 Functions of bone remodelling

Bone remodelling fulfils metabolic functions, replacing bone matrix in a stochastic fashion

throughout the skeleton in response to a systemic requirement for calcium. Superimposed

on this is targeted remodelling of bone as a response to microdamage (section 1.3.3.1;

gu¡¡,2002). Thus, some BMUs may be "targeted" at (i.e., initiated by, and in proximity to)

microdamage, while others serve purposes through "stochastic" or "random" remodelling

(Burr, 2002; Martin, 2000; Parfitt, 2002). The proportion of total bone remodelling that is

stochastic and that is targeted is not known. This proportionality is likely to differ between

skeletal regions given the heterogeneity of the human skeleton (Parfitt, 1996).

Furthermore, it is not known whether similar or independent mechanisms are involved in

the regulation of stochastic and targeted remodelling.

1.3.3.1 The repair of bone microdamage by targeted bone remodelling

Mechanical strain is an important stimulus for the maintenance of normal bone metabolism

(Frost, 2000). However, repetitive loading causes skeletal fatigue or microdamage,

resulting in the microscopic cracking of the ultra-structural bone matrix (Burr et al.,1997).

The accumulation of microdamage in bone has been shown to contribute to the loss of

bone quality or biomechanical properties (Bun et a1.,1997; Carter et a1.,1981; Carter and

Hayes, 1977; Forwood and Parker, 1989; Mashiba et al., 2000; Pattin et al., 1996;

Schaffler et al., 1989). In vivo, microdamage may accumulate in a bone faster than the

bone's capacity to repair that damage. Microdamage is thought to play an important role in

fractures attributed to aging or osteoporosis (Burr et al.,1997).

Mori and Burr (1993) fîrst demonstrated that microdamage initiates its repair by targeted

bone remodelling, by fatigue loading dog long bones and observing a subsequent increase
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in osteoclastic resorption. Bentollla et al. (1998) tested the hypothesis that bone fatigue

loading in vivo, which induces in vivo microdamage, can activate the remodelling process

in adult rat long bones, in which haversian remodelling (i.e., cortical bone remodelling)

characteristically does not occur. Ten days after fatigue loading of adult rat ulnae,

intracortical resorption was activated (Bentolila et al. 1998). Moreover, numerical

microcrack density was reduced by almost 40% by ten days after faigue loading.

Intriguingly, intracortical resorption was associated with both bone microdamage and

regions of altered osteocyte and canalicular integrity (Bentolila et al. 1998). Subsequently,

those investigators reported that microdamage induced osteocyte apoptosis, which may

provide an important local signal to remodel a damaged area of bone (Verborgt et al.,

2000; Verborgt et al., 2002). However, at this time, the nature and mechanism of the

stimulus to recruit osteoclasts to begin the targeted bone remodelling process, to remove

the bone microdamage, is unknown.

1.3.4 Molecular factors involved in the regulation of bone remodelling

Bone mass is preserved in the healthy skeleton by a tight balance between the amount of

bone resorbed and formed during each cycle of remodelling. The strict regulation of bone

remodelling is achieved by the coordinated actions of a variety of systemic and local

factors, identifîed in vitro and in animal models, which act either directly or indirectly on

bone cells.

1.3.4.1 Systemic regulation

The two principal calcium-regulating hormones, PTH and the active metabolite of vitamin

D3, I,25-(OH)2D3, are involved in the regulation of bone turnover. PTH is a potent

stimulator of osteoclastic bone resorption and has biphasic effects on bone formation
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(Roodman, 1999). There is an acute inhibition of collagen synthesis with high

concentrations of PTH, but prolonged intermittent administration of PTH produces

increased bone formation (Dempster et al., 1993). This latter property of PTH has been

explored clinically (reviewed in Crandall,2002), and PTH has recently been approved as

an anabolic agent for the treatment of established osteoporosis in postmenopausal women

who are at high risk of a fracture. 1,25-(OH)2D¡ is a potent stimulator of bone resorption

and osteoclast formation, and is also involved in bone formation (Roodman, 1999). The

stimulatory effects of PTH and 1,25-(OH)zD¡ on osteoclastic bone resorption appear to be

mediated by the induction of RANKL expression on maffow stromal/osteoblastic cells

(Horwood et al., 1998; Lee and Lorenzo, 1999; Yasuda et al., 1998b). Oestrogen

deficiency in postmenopausal rwomen results in an increase in bone remodelling, in which

resorption exceeds formation and thus bone mass decreases. The mechanism responsible

for the increased bone turnover with oestrogen deficiency is not fully understood, but the

pro-reso{ptive cytokines IL-1,IL-6,1L-7, and TNF-cr have been implicated in this process

(Jilka, 1998; Manolagas,1995; Manolagas and Jilka, 1995; Pacifici, 1998; Weitzmann et

a1.,2002). Other systemic factors involved in the regulation of bone turnover include the

prostaglandins (particularly PGEz), calcitonin, androgen, growth hormone (acting through

IGF production), thyroid hormone, and the glucocorticoids (Roodman,1999).

1.3.4.2 Local regulation

Signals that promote osteoclast differentiation appear to act via receptors expressed by

cells of the osteoblast lineage (Martin and Ng, 1994), suggesting that ín silø, localised

activation of osteoclastogenesis leads to site-directed bone remodelling. RANI(L, RANK,

and OPG are key molecular regulators of osteoclast biology and bone metabolism (section

1.3.1.1). RANKL is expressed on the cell surface of stromal/osteoblastic cells and
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promotes osteoclast development by binding to its cognate receptor, RANK, which is

expressed on the surface of osteoclasts and their precursors, with the required presence of

macrophage colony stimulating factor (M-CSF; Anderson et al., 1997; Hsu el al., 1999;

Lacey et a1.,1998; Nakagawa et a|.,1998; V/ong et a1.,1997; Yasuda et al.,l998b). OPG

is a natural antagonist for RANKL and inhibits osteoclast formation and bone resorption

(Simonet et al., 1997). Extensive bone marrow cell culture studies have shown that

RANKL, OPG, and to a lesser extent, RANK, are modulated by cytokines, growth factors,

and hormones known to affect bone metabolism (Hofbauer et al., 2000; Hofbauer and

Heufelder, 200I; Horowitz et a1.,200I; Suda etal.,1999). These modulators include PTH,

1,25-(OH)2D3, oestrogen, glucocorticoids, TGF-p, BMP-2, basic FGF, PGE2, and the pro-

resorptive cytokines lL-I,IL-6,IL-11, and TNF-cr, (Hofbauer et a1.,2000; Hofbauer and

Heufelder, 2001; Horowitz et a|.,200I; Suda el al.,1999).

IL-6 and IL-ll are two cytokines that share many biological properties, including the -,/

ability to stimulate osteoclast development from their haematopoietic precursors (i|lÍafün et

al., 1998). IL-6 is produced by a number of cell types in the bone microenvironment,

including maffow stromal cells, monocyte-macrophages, osteoblasts, and osteoclasts

(Girasole et al., 1992; Kishimoto, 1989; Linkhart et al.,l99l; O'Keefe et a1.,1997). The

reported effects of IL-6 on RANKL-RANK-promoted osteoclast development are

conflicting (Brandstrom et al., 1998; Hofbauer et al., 1998; Hofbauer et al., 1999b;

Nakashima et a|.,2000; O'Brien et al.,1999; Vidal et a\.,1998). It has been suggested that

IL-6 may attenuate calcium sensing and thus enhance bone resorption by a direct effect on

mature osteoclast activity (Adebanjo et a1.,1998). Interestingly, while expression of IL-6

mRNA in the bone is contributed by several cell types, IL-ll mRNA is likely to be

expressed predominantly by cells of mesenchymal origin, namely, cells of the osteoblast
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lineage (Paul et a1.,1990). IL-l1 has been suggested to play a critical role in the hierarchy

of osteoclastogenic factors, since in vitro its expression is induced by a number of hormone

and local activators of osteoclast formation (Manolagas, 1995; Romas et al., 1996;Yang

and Yang, 1994).In addition, neutralisation of IL-l1 has been shown in vitro to suppress

osteoclast development induced by 1,25-(OH)zD:, PTH, IL-1, and TNF-a (Girasole et al.,

1994). The effects of IL-11 on osteoclast differentiation appear to be mediated by inducing

RANKL expression on malrow stromal/osteoblastic cells (Nakashima et a1.,2000; Yasuda

et a\.,1998b). Furthermore, the bone-resorptive effect of IL-11 in neonatal mouse calvarial

bone cultures resulted in dose-dependent increases in RANKL and OPG mRNA (Ahlen e/

a1.,2002). However, in contrast to observations in mouse bone marrow cultures (Girasole

et al., 1994; Romas et al., 1996), Ahlen et al. (2002) have demonstrated that IL-l1 did not

play an important role in the resorptive effects of PTH and 1,25-(OH)zD¡ in the mouse

calvarial bone culture experimental system.IL-6 and IL-I1 have also been implicated as

suppressors of osteoblastic synthetic activity (Hughes and Howells, 1993a; Hughes and

Howells, 1993b). However, a recent report of over-expression of IL-11 in transgenic mice

suggests that this cytokine functions as an anabolic factor for bone in vivo (Takeuchi et al.,

2002). The full role of these pleiotropic cytokines in the bone microenvironment is not

completely understood.

I.4 SUMMARY AND AIMS OF THESIS

Evidence from spontaneous OA animal models suggest that a change in the density and

metabolism of subchondral bone occurs before any signs of cartilage fibrillation (section

1.2.1). In addition, there have been numerous reports of alterations in bone density,

trabecular bone structure, bone mineralisation, bone growth factor content, and osteoblast

cell activity in subchondral bone,andat skeletal sites distal to the joint articular surface, in
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primary human OA individuals (sections 1.2.2-I.2.7). Collectively, these studies suggest

that the bone changes may precede the joint degeneration of OA, or may arise secondarily

to the joint pathology, or indeed may occur in parallel with the cartilage damage, driven by

the same causative agent(s) that lead to cartilage disease. Whichever of these is the case, in

order to devise effective treatments for OA, it is clearly important to consider the bony

component of this disease and to develop an understanding of the cellular and molecular

processes that lead to the bony changes. Moreover, the cytokines and growth factors that

regulate the differentiation and activity of the cell types that arc directly responsible for the

remodelling of bone, the osteoclast and osteoblast, have been studied extensively in cell

culture systems and in animal models. Relatively little is known about the expression and

production of these molecular factors in the local microenvironment of normal human

bone, or in different bone pathologies, such as OA.

Therefore, this thesis has focused on trabecular bone remodelling, from both a molecular

and histomorphometric perspective, at a skeletal site distal to the subchondral bone, the

intertrochanteric region of the proximal femur, from OA patients undergoing joint

replacement surgery for primary OA of the hip, and age-matched adults, at autopsy,

without any overVknown joint disease or any medical condition predicted to affect their

bone turnover status.
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The general aims of this thesis are listed below:

To investigate the stability of total RNA and bone-specific mRNAs in human

postmortem and surgical trabecular bone tissues (Chapter 3).

To investigate whether there are skeletal site differences in the mRNA expression of

bone cell markers and factors known to have important regulatory roles in bone

remodelling, in human postmortem trabecular bone sampled from the iliac crest, and

femoral neck and intertrochanteric regions of the proximal femur (Chapter 4).

To describe and compare the pattern of mRNA expression of factors known to have

important regulatory roles in bone remodelling in trabecular bone sampled from the

intertrochanteric region of the proximal femur, between individuals with primary hip

OA and a postmortem non-diseased/control group (Chapters 5 and 6).

To describe and compare the histomorphometric parameters describing trabecular

structure and bone turnover, in trabecular bone sampled from the intertrochanteric

region, between individuals with primary hip OA and a postmortem non-

diseased/control group (Chapter 7).

To examine and compare the relationships between the histomorphometric parameters

describing trabecular structure and bone turnover, and the levels of expression of

mRNA corresponding to factors known to have important regulatory roles in bone

remodelling, measured in contiguous bone samples from the intertrochanteric region,

o

a

a
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between individuals with primary hip OA and a postmortem non-diseased/control

group (Chapter 7).

To describe and compare the morphometric parameters describing the extent of bone

microdamage, in trabecular bone sampled from the intertrochanteric region, between

individuals with primary hip OA and a postmortem non-diseased/control group

(Chapter 8).
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2.I MATERIALS

2.1.1 General chemicals and reagents

2.l.l.l Chemicals supptied by BDH Laboratory Supplies

The following chemicals and reagents were obtained from BDH Laboratory Supplies,

MERCK, Kilsyth, VIC, Australia.

Acetone

Basic Fuchsin

Ethanol

Etþlenediaminetetra-acetic acid (EDTA)

Ethylene glycol monoetþl ether

Chloroform

Formaldehy de 40o/o solution

Glycerol

Isoamyl alcohol

Isopropanol

Metþl methacrylate

Bis (4-tert-butyl cyclohexyl)

peroxydicarbonate (perkadox I 6)

Polyethyleneglycol 400 (PEG-400)

Sarkosyl NL30

Sodium hydroxide

Xylene

2.1.1.2 Chemicals supplied by ICN Biomedicals Inc.

The following chemicals and reagents were obtained from ICN Biomedicals Inc., Aurora,

OH, USA.

Diethyl pyrocarbonate (DEPC) 3-[N'-morpholino] propane-sulphonic

Formamide acid (MOPS)

Guanidine thiocyanate
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2.1.1.3 Chemicals supplied by Sigma Chemical Company Ltd.

The following chemicals and reagents were obtained from Sigma Chemical Co. Ltd., St

Louis, MO, USA.

32

Bromophenol blue

Dextran sulphate

Dithiothreitol (DTT)

Ethidium bromide

Herring spenn DNA

B-mercaptoethanol

Phenol

Sephadex G5¡

Sodium acetate

Sodium chloride

Sodium citrate

Sodium dodecyl sulphate (SDS)

Tris [hydroxymethyl] aminomethane

(Tris)-HCl

2.1.1.4 Sources of other routinely used chemicals

Agarose DNA grade Progen Industries, QLD, Australia

Low melt agarose

DNA 100 bp ladder GeneWorks, SA, Australia

Deoxyribonucleotide triphosphates Amersham Pharmacia Biotech, Uppsala,

(dNTP's) Sweden

Random hexamers GeneWorks, SA, Australia

SYBR@ Gold nucleic acid gel stain Molecular Probes, Eugene, OR, USA
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2.1.2 Enzymes

The enzymes were obtained from the following companies:

AmpliTaq Gold@ DNA polymerase Applied Biosystems, Foster City, CA, USA

Superscript'" II reverse transcriptase Invitrogen, Life Technologies, Carlsbad, CA,

USA

2.1.3 Radionucleotides

[o-"P] deoxycytidine triphosphate

(dCTP), 3000Ci/mM

Purification of PCR products

(Wizard PCR preps DNA purification

system)

GeneWorks, SA, Australia

Promega Biosciences, Madison, WI,

USA

2.1.4 Kits

Oligolabelling of DNA (Gigaprime kit) GeneWorks, SA, Australia

2.1.5 Buffers and solutions

All solutions were prepared in RNase-free glassware, using either DEPC{reated and

autoclaved water or Milli-Q purified water. The DEPC-treated water was prepared by

treating Milli-Q water with 0.1% (v/v) DEPC, a potent inhibitor of RNases, for a minimum

of 12 hours at 37"C, and then autoclaved. The autoclave treatment is important, as it

removes all traces of DEPC. Any residual DEPC may modify purine residues in RNA by

carboxymethylation.
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DNA loading buffer (6X) 0.25% bromophenol blue, 40% (wlv) sucrose in

water

MOPS buffer (10X) 0.2 M MOPS, 50 mM sodium acetate, 10 mM

EDTA, (pH 8.0)

RNA loading buffer (2X) 5 0% formam ide, 6.2%o formaldehy de, l0o/o

glycerol, 30 pglml ethidium bromide,

I X MOPS buffer

RNA lysis buffer 4 M guanidine thiocyanate,2S mM sodrum

citrate (pH 7.0), 0.5olo sarkosyl,

100 mM B-mercaptoethanol

ssc (20x) 3 M sodium chloride, 0.3 M sodium citrate,

(pH 7.0)

TAE 40 mM Tris-acetate, 1 mM EDTA, (pH 8.0)

l0 mM Tris-HCl, 1 mM EDT.Á' (pH S.0)TE

2.1.6 Synthetic oligonucleotides

RT-PCR oligonucleotide primers

(Refer to Table 2.1. for primer sequences)

Experinental materials and mcthods

GeneWorks, SA, Australia



Chapter 2 35

2.1.7 Miscellaneous

HybondrM-N* nucleic acid transfer Amersham Pharmacia Biotech,

membrane Buckinghamshire, UK

2.2 METHODS

2.2.1 Human bone tissue samples

The profiles of the human postmortem cases and surgical primary osteoarthritis (OA) of

the hip cases, from which the trabecular bone tissues \Mere sampled, are described in detail

in the methods section of each relevant chapter. The following sections, 2.2.I.I and

2.2.l.2,provide a generalised description of the human postmortem and surgical OA cases,

in particular the skeletal sites from which the trabecular bone was sampled and the initial

processing and storage of the bone tissue samples, before subsequent RNA isolation andlor

histological analysis.

2.2.1.1 Human postmortem bone tissue

Proximal femurs and for a subset of cases, the iliac crest, were obtained from routine

autopsies performed at the Royal Adelaide Hospital, Adelaide, SA, Australia. The

postmortem case details, including age, gender, anatomical side, postmortem interval, and

cause of death, are listed in Tables 3.1, 3.2, 4.1, and 5.1. With the exception of the

experiments described in Chapters 3 and 4, which investigate the stability of RNA isolated

from human postmortem bone tissues and skeletal site differences in mRNA expression,

respectively, the postmortem cases were selected using the following criteria: no known

history of any chronic condition or disease, which may have affected bone status (such as

renal dysfunction or endocrine disease affecting bone metabolism); no known history of

any medication which may have affected bone turnover; admitted to hospital less than 3
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days before death; and on macroscopic and radiological assessment of the proximal femur

showed no signif,rcant sign of joint degeneration, according to the criteria of Collins

(lg4g). Based upon these exclusion criteria, the postmortem cases were thus categorized as

control cases in this thesis. Further, pertaining to all postmorlem cases, cases were

excluded if there was any evidence of hepatitis or HIV; from patient history and a blood

test of arterial blood taken at autopsy.

2.2.1.1.1 sampling of trabecular bone from the proximal femur

Trabecular bone was sampled from the intertrochanteric region of the proximal femur for

each postmortem case (Figure 2.I).In addition, for a subset of cases, trabecular bone was

sampled from the subchondral principal compressive and medial principal compressive

regions (for microdamage assessment, Chapter 8; Figure 2.3), or the femoral neck region

(for investigation of stability of RNA isolated from human postmortem bone tissues,

Chapter 3; and for assessment of skeletal site differences in mRNA expression, Chaptet 4;

Figure 2.1) of the proximal femur. Initially, each proximal femur was sectioned in the

coronal plane using a band saw, which had been cleaned with DEPC-treated water, to

allow access to trabecular bone for sampling from the femoral neck and intertrochanteric

regions, which are enclosed within the femoral cortex. Using sterile bone cutters, the

trabecular bone tissue was sampled as small fragments from an approximate 1.5 x 1.0 cm2

area, to a specimen depth of 0.5 cm, from the femoral neck and intertrochanteric regions.

The trabecular bone tissue fragments were rinsed briefly in DEPC-treated water (the rinsed

material contained trabecular bone and bone marrow) and then immersed in RNA lysis

buffer (4 M guanidine isothiocyanate solution, section 2.I.5;2 mll250 mg wet weight), and

stored at -70"C until RNA isolation. The remaining coronal half of each proximal femur

was stored frozenuntil required for undecalcified histological analysis (section 2.2.3).
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Figure 2.lz X-ray of a 5 mm-thick para-coronal slice through a human proximal femur

which shows the regions of trabecular bone sampling for RNA isolation and

histomorphometric analysis; femoral neck (FN) and intertrochanteric (IT).
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Figure 2.22 A wedge of bone was sampled from the iliac crest at a point 3 cm posterior

to the antero-superior iliac spine from postmortem cases.



Figure 2.32 X-ray of a 5 mm-thick para-coronal slice through a human proximal femur

which shows the regions of trabecular bone sampling for microdamage assessment;

subchondral principal compressive (SPC), medial principal compressive (MPC), and

intertrochanteric (IT).
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2.2.1.1.2 Sampling of trabecular bone from the iliac crest

Trabecular bone was sampled from the iliac crest for a subset of postmortem cases (for

investigation of stability of RNA isolated from human postmortem bone tissues, Chapter 3;

and for assessment of skeletal site differences in mRNA expression, Chapter 4). The iliac

crest was sampled as a wedge of bone at a point 3 cm posterior to the antero-superior iliac

spine (Figure 2.2; Crane et a1.,1990; Fazzalari et a1.,1992). Each iliac crest bone sample

was bisected longitudinally, in an antero-posterior plane, using a band saw, which had been

cleaned with DEPC-treated water, to access the trabecular bone enclosed within the

cortical shell. Using sterile bone cutters, the trabecular bone tissue was sampled as small

fragments from an approximate 1.0 x 1.0 cm2 area, to a specimen depth of 0.5 cm. The

trabecular bone tissue fragments, consisting of trabecular bone and the encased bone

matrow, were rinsed briefly in DEPC{reated water and then immersed in RNA lysis buffer

(4 M guanidine isothiocyanate solution, section 2.1.5;2m11250 mg wet weight), and stored

at -70oC until RNA isolation.

2.2.1.2 Human surgical OA bone tissue

Proximal femur surgical specimens were obtained from patients undergoing total hip

arthroplasty for advanced primary OA at the Royal Adelaide Hospital. The surgical OA

case details, includinEa1e, gender, anatomical side, and macroscopic grade of the femoral

head and acetabulum, are listed in Table 6.1. The clinical diagnosis of OA is based on

radiological investigation (Kellgren and Lawrence, 1963), and patient history determines

whether the OA is classified as primary in nature. In addition, the orthopaedic surgeon

graded the macroscopic appearance of the femoral head and acetabulum at surgery by

assessment of the location and degree of fibrillation and degeneration, according to the

criteria of Collins (1949). For all OA cases selected in this thesis, the macroscopic grade of
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the femoral head and acetabulum at surgery was severe, characterised by cartilage loss,

eburnation of bone, osteophytes, and remodelling of the articular contour (Table 6.1).

Patients suspected of having secondary OA, inflammatory joint disease, Paget's disease,

drug-induced disease or other conditions, which may have affected the trabecular bone

architecture and quality, were excluded.

2.2.1.2.1 Sampling of trabecular bone from the intertrochanteric region of

the OA proximal femur

At total hip arthroplasty surgery, a l0 mm internal diameter tube saw was used to take a

trabecular bone core biopsy of the intertrochanteric region (Figure 2.1), taken in line with

the femoral medullary canal (FazzalaÅ et al., 1998b), from OA patients. The

intertrochanteric region was chosen for sampling for the following reasons: the trabecular

architecture in this region depends upon stresses in the proximal femoral shaft while being

remote from the subchondral bone that undergoes well-characterised secondary changes in

severe OA(Fazzalari et al., 1985;Fazzalaú et al., 1992); the region has previously been

shown to be structurally different between OA and control bone (Crane et a1.,1990); and a

trabecular bone core biopsy from this region is easily obtainable during total hip

arthroplasty surgery, as this region is reamed and the bone usually discarded. The

intertrochanteric bone core biopsies, 10 mm in diameter and 3-5 cm in length, were placed

in cold (4"C) sterile RNase-free 0.85% saline and transported directly to the laboratory.

Within 12 hours after retrieval at surgery, RNA was extracted from the bone samples as

follows: trabecular bone tissue was sampled as small fragments from an approximate tube

saw length of 12 cm, using sterile bone cutters and/or a sterile scalpel blade. The

trabecular bone tissue fragments were rinsed briefly in DEPC-treated water (the rinsed

material contained trabecular bone and bone marrow) and then immersed in RNA lysis
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buffer (4 M guanidine isothiocyanate solution, section 2.1.5;2 mll250 mg wet weight), and

stored at -70"C until RNA isolation (section 2.2.2.I). The remaining contiguous pieces of

the intertrochanteric trabecular bone samples, l0 mm in diameter and 2-3 cm in length,

were stored frozen until required for undecalcified histological analysis (section 2.2.3).

2.2.1.3 Ethical considerations

Ethical approval for the collection of surgical and postmorlem bone specimens from the

Royal Adelaide Hospital was granted by the Royal Adelaide Hospital Human Ethics

Committee (Ethical approval number: 97041Sb). Informed consent for collection and use

of bone tissues was obtained prior to the patient undergoing surgery and from the next-of-

kin prior to autopsy.

2.2.2 Isolation and analysis of RNA

Disposable plasticware that was sterile was considered to be essentially free of RNases,

and was used for the preparation and storage of RNA without any pre-treatment. Filter tips,

which were manufacturer-certified RNase-free, were used for RNA isolation and

subsequent Northern blot and RT-PCR analyses.

2.2.2.1 Isolation of total RNA from human trabecular bone

Total RNA was isolated from human postmortem and surgical trabecular bone tissue using

an adaptation of the protocol for rat femoral cortical bone described by Davey et al.

(2000), which takes into account the large amount of extracellular matrix and mineral

present in skeletal tissue samples. The trabecular bone tissue fragments had been rinsed

briefly in DEPC-treated water (the rinsed material contained trabecular bone and bone

marrow), immersed in RNA lysis buffer (4 M guanidine isothiocyanate solution;2 mll250
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mg wet weight), and stored at -70"C. The trabecular bone tissue fragments in RNA lysis

buffer (section 2.1.5; Chomzynski and Sacchi, 1987) were homogenised using an Ultra-

Turrax (TP 18-10; Janke and Kunkel, Staufen, Germany). The homogenised sample was

clarified by centrifugation (1000 x g for 5 minutes at 4'C) to separate the lysate from the

bone mineral. To remove the DNA and proteins, the lysate Ìvas vortexed in 0.1 volume of

2 M sodium acetate, pH 4.0, and then extracted with 1 volume of phenol and0.2 volume of

chloroform/isoamylalcohol (49:1), incubated on ice for 15 minutes, and centrifuged (4000

x g for 45 minutes at 4C) to recover the aqueous layer containing the RNA. The RNA was

precipitated with I volume of isopropanol overnight at -20"C. The RNA was recovered by

centrifugation (4000 x g for 45 minutes at 4"C); the RNA pellet was drained and air-dried

for 5 minutes. The RNA was resuspended in 1 X TE buffer containing 0.1 volume of 3 M

sodium acetate,pH 5.2, then re-extracted with 0.5 volume phenol, followed by 0.5 volume

chloroform/isoamylalcohol (49:1) to remove any phenol remaining in the aqueous layer.

To remove contaminating proteoglycans, 3 volumes of 4M sodium acetate, pH 7.0, was

added to the aqueous phase, and precipitated at -20"C overnight. Total RNA was recovered

by centrifugation, washed withT5Yo v/v cold ethanol, and air-dried. RNA was dissolved in

an appropriate volume of DEPC-treated water (50-200 ¡rl) and stored at -70oC until

required for Northern blot and RT-PCR analyses.

Total RNA was also isolated from cultured human osteoblasts, obtained by outgrowth from

trabecular chips, which were treated for 48 hours with 10-8 M 1,25-(OH)zD¡ as described

previously (Gronthos et al., 1999), and stromal and multinucleated cells sub-fractionated

from human giant cell tumour cultures (Atkins et a1.,2000). These RNA samples provided

positive controls for amplification of CTR, IL-6, IL-11, OCN, OPG, OPN, RANK,

RANKL, TGF-p, TNF-cr, and TRAP mRNA (results not shown).
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Before use for Northern blot analysis and/or RT-PCR analysis, RNA purity and integrity of

the 28S and 18S ribosomal RNA (rRNA) bands were assessed on ethidium bromide-

stained ).Yo wlv agarose-formaldehyde gels. Briefly, 6 prl of the total RNA sample was

added to 6 ¡rl of 2XRNA loading buffer (section 2.1.5), denatured at 68oC for 2 minutes,

snap-cooled on ice, and separated in a l%o wlv agarose gel containing 2.2 M formaldehyde

in 1 X MOPS (section 2.I.5) running buffer by electrophoresis. The gel was viewed under

UV light to check the integrity of the RNA by the presence and intensity of the rRNA

bands. A 2:l ratio of the 28S to the 18S rRNA bands indicates that the RNA is undegraded

(Sambrook and Russell, 2001).

2.2.2.1.1 Spectrophotometric quantification of RNA

Each total RNA sample was quantified by measuring the absorbance of a 1 in 100 dilution

of RNA in DEPC-treated water on a UV spectrophotometer (Beckman Coulter Inc.,

Fullerton, CA, USA) at wavelengths of 260 and 280 nm. The concentration of RNA was

calculated using the following formula:

RNA concentration (¡rg/pl) : Absorbance at 260 nm x 40 x dilution factor (100)

The purity of the RNA was assessed by calculating the ratio of absorbance at 260 nm to

absorbance at 280 nm. Pure RNA has a 2601280 absorbance ratio of 2.0 (Sambrook and

Russell, 2001). This RNA isolation method consistently yielded high quality total RNA

from human trabecular bone tissue, with 2601280 ratios of 1 .6 to 2.0.
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2.2.2.2 Northern blot analysis

2.2.2.2.1 Separation of RflA on a denaturing gel and transfer to nylon

membrane

Total RNA (3 pg per lane), prepared in 2 X RNA loading buffer (section 2.1.5), was

denatured and size-separated by electrophoresis on l%o w/v agarose gels containing 2.2M

formaldehyde and I X MOPS buffer (section 2.1.5). Following electrophoresis, the

ethidium bromide-stained 28S (5 kb) and 18S (1.8 kb) rRNA bands were visualised with

UV light and the gels scanned using a Fluorlmager (Molecular Dynamics, Sunnyvale, CA,

USA) to assess the integrity of the RNA. RNA samples were transferred, by downward

capillary blotting, to HybondrM-N* nucleic acid transfer nylon membranes (Amersham

Pharmacia Biotech), using l0 X SSC (Section 2.1.5) as the transfer buffer. Briefly, the

nylon membrane was cut to the size of the gel, and both the gel and nylon membrane were

rinsed in milli-Q water and placed in transfer buffer for 5 minutes. The downward transfer

of the RNA was carried out using a 3 cm-thick stack of paper towels onto which three

Whatman 3MM filters, cut to the size of the gel, were positioned on top. The top two filters

were soaked in transfer buffer. The nylon membrane was placed on top of these filters

followed by the gel. Three Whatman 3MM filters were soaked in transfer buffer and

placed on top of the gel followed by a stack of soft towelling wipes, also soaked in transfer

buffer. The RNA was transferred to the nylon membrane for 2 hours. The nylon membrane

was rinsed in2X SSC buffer for 5 minutes after the transfer, blotted dry using filter paper,

and the RNA was immobilised on the membrane by UV cross-linking (1200 ¡tJlcm2 for 18

seconds; Spectrolinker XL-1000 UV Crosslinker, Spectronics Corp., Lincoln, NE, USA).

Membranes were scanned using a Fluorlmager (Molecular Dynamics) to enable the

position of the 28S and 18S rRNA bands to be marked on the membranes. The membranes

were stored at 4"C between sheets of 'Whatman 3MM filter paper until required.
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2.2.2.2.2 Labelling of DNA probe with 32P

The 415 bp PCR-generated DNA fragment of human glyceraldehyde-3-phosphate

dehydrogenase (GAPDH; Table 2.1), purified by the V/izard PCR preps DNA purification

system (Promega), was radiolabelled with ¡o-32e1dctP (GeneWorks), by random priming

using the Gigaprime DNA labelling kit (GeneWorks), according to the manufacturer's

recommended protocol. The labelled probe was purified from unincorporated nucleotides

through a Sephadex Gso column. The labelled probe was monitored for 32P incorporation

efficiency using a radiation monitor before and after column treatment.

2.2.2.2.3 Pre-hybridisation, hybridisation, and washing of nylon membrane

Membranes were pre-hybridised for at least 4 hours at 43"C in hybridisation glass bottles

in arotary incubator, in a solution consisting of 1 M NaCl, 1% SDS, 10% dextran sulphate,

50%o formamide, and 100 ¡rglml of sheared and heat-denatured herring spenn DNA. After

pre-hybridisation, the purified 32P-labelled 415 bp PCR-generated DNA fragment of

human GAPDH was denatured by heating to 100oC for 5 minutes, snap-cooled on ice, and

added directly to the hybridisation bottle containing the pre-hybridisation solution. The

membrane and 32P-labelled probe hybridised overnight at 43"C. The membranes were

washed twice with a stringency o12X SSC, 0.1% SDS, at 60"C for 10 minutes, and to a

f,rnal stringency of 1 X SSC, 0.1% SDS, at 60"C for 10 minutes. The membranes were

wrapped in cling film, exposed to a Storage Phosphor Screen (Molecular Dynamics), and

bound probe was quantifîed using a Phosphorlmager (Molecular Dynamics) and the

volume integration function of ImageQuant v.3.3 software (Molecular Dynamics).

Northern blot analysis \Mas performed twice, yielding reproducible results for the

quantitation of the relative density of the GAPDH mRNA bands.
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2.2.2.3 Reverse transcription-potymerase chain reaction (RT-PCR)

amplification of RNA

2.2.2.3.1 Synthesis of complementary DNA (cDNA)

First-strand complementary DNA (cDNA) was synthesized from 1 pg of total RNA,

isolated from human trabecular bone samples, in a reverse transcription reaction mixture

containing 200 U of SuperScriptrM II reverse transcriptase (Invitrogen), 0.5 pg random

hexamer primers (GeneWorks), 1 mM dNTP's (Amersham Pharmacia Biotech), 10 mM

DTT, and I X First-Strand Buffer (Invitrogen). cDNA was synthesized from the RNA

samples for each group (either control or OA) at the same time, to limit differences

between RNA samples within the same group in the efficiency of cDNA synthesis.

2.2.2.3.2 Polymerase chain reaction amplification of cDNA

çDNA was amplified by polymerase chain reaction (PCR) to generate products

corresponding to mRNA encoding human cTR, IL-6,lL-Il, OCN, OPG, OPN, RANK,

RANKL, TGF-81, TNF-cr,, TRAP, and the housekeeping gene GAPDH. Amplification of

GAPDH served as an internal positive control for the integrity of the extraction/reverse

transcription and PCR processes, and ensured that the various mRNA levels were

normalised against the total mRNA content in the samples. The 20 ¡.rl amplification

mixture contained 1 ¡rl of oDNA, 1 U of AmpliTaq Gold@ DNA polymerase (Applied

Biosystems), 100 ng each of the sense and antisense primers (Table 2.1),0.2 mM dNTP's

(Amersham Pharmacia Biotech), 1.5 mM MgCl2, 1 X PCR reaction buffer (Applied

Biosystems), and sterile DEPC-treated water. PCR was performed for 23-37 cycles for the

primer pairs specified in Table 2.1 in a DNA thermal cycler (PC-960C cooled thermal

cycler; Corbett Research, Melbourne, VIC, Australia). After an initial step at 95'C for 9

minutes to activate the polymerase, each cycle consisted of 1 minute of denaturation at

44
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g4"C, 1 minute of annealing at 62"C for all primer pairs, except for an annealing

temperature of 60oC for GAPDH, and I minute of extension at 72"C. This cycle was

followed by an additional extension step at 72"C lot I minute.

Human mRNA-specific oligonucleotide primers were designed, on the basis of published

sequences available in GenBank for CTR, IL-6, IL-11, OCN, OPG, OPN, RANK,

RANKI, TGF-PI, TNF-a, TRAP, and GAPDH (GeneWorks), in the Department of

Orthopaedics and Trauma Bone Cell Laboratory (Hanson Institute, Adelaide, SA,

Australia). To prevent amplif,rcation of genomic DNA, all of the primers were mRNA-

specific in that the recognition sites of the upstream and downstream primers resided in

separate exons or at intron/exon boundaries in the genomic sequence. Primer sequences,

GenBank accession numbers, and predicted PCR product sizes are shown in Table 2.1.

To show that there were no false-positive results, PCR reactions were carried out using

non-reverse transcribed RNA, and on reaction mixtures to which no RNA was added.

Positive controls, including human cell line-derived cDNAs, were used to confirm the

activity of each primer pair (Atkins et al. 2000; described in section 2.2.2.1). The

specificity of the PCR reactions had been confirmed previously in the Department of

Orthopaedics and Trauma Bone Cell Laboratory (Hanson Institute) by Southern blot

transfer onto a nylon membrane and hybridisation with a digoxigenin (DlG)-labelled

internal detecting oligonucleotide probe (Atkins et al' 2000)'

2.2.2.3.3 Semi-quantification of PCR products

To allow semi-quantification of the PCR products, preliminary experiments were

performed to ensure that the PCR amplification cycle number, for each set of primers, was
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Target
gene

PCR
product
size (bp)

GenBank
accession
numberSense 

u Primer sequence (5' - 3')

GAPDH

CTR

TL-6

IL-l1

OCN

OPG

OPN

RANK

RANKL

rGF-p1

TNF-a

TRAP

S

AS

S

AS

S

AS

S

AS

S

AS

S

AS

S

AS

S

AS

S

AS

S

AS

S

AS

S

AS

CATGGAGAAGGCTGGGGCTC

CACTGACACGTTGGCAGTGG

GCAATGCTTTCACTCCTGAGAAACT

AGTGCATCACGTAATCATATATC

ATGAACTCCTTCTCCACAAG

GTGCCTGCAGCTTCGTCAGCA

GACATGAACTGTGTTTGCCGCCTGG

TTGTCAGCACACCTGGGAGCTGTAG

ATGAGAGCCCTCACACTCCTCG

GTCAGCCAACTCGTCACAGTCC

TGCTGTTCCTACAAAGTTTACG

CTTTGAGTGCTTTAGTGCGTG

AGCCGTGGGAAGGACAGTTATG

GAGTTTCCATGAAGCCACAAAC

CCTACGCACAAGGCGAAGATGC

CGTAGACCACGATGATGTCGCC

ATAGAATATCAGAAGATGGCACTC

TAAGGAGGGGTTGGAGACCTCG

CTAGACCCTTTCTCCTCCAGGAGACG

TCAGATCATCTTCTCGAACC

CAGATAGATGGGCTCATACC

CTGGCTGATGGTGCCACCCCTG

CTCTCAGGCTGCTGGCTGAGG

415 }/f33t97

7801ß2b x699201
L00587

544 M54894

289 Ms776s

255 x53698

433 u94332

472 xt3694

702 4F018253

665 NM 003701

224 x02812

359 M10988

470 NM 001611

Table 2.1 RT-PCR oligonucleotide primers and expected PCR product sizes for the

specific amplification of human mRNA.

u S, "sense" primer; AS, "antisense" primer.
b Bands corresponding to the calcitonin receptor insert-positive and insert-negative

isoforms, respectively (Kuestner et al., 199 4).
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within the log-linear range of amplification. An example of a PCR amplification curve is

shown in Figure 2.4 for OCN mRNA. This was achieved by performing 6 PCR reactions

for the same gDNA synthesized from intertrochanteric trabecular bone, from an OA case,

and removing one PCR tube aftet 24,26,28,30,32, and 34 cycles. The number of PCR

cycles required for linear amplification of OCN mRNA in human trabecular bone, from the

intertrochanteric region of the proximal femur, was27 cycles (Figure 2'4).

PCR amplification products (10 ¡rl of each PCR product) were resolved by electrophoresis

on 2Yo w/v agarose gels in I X TAE (section 2.1.5) running buffer and post-stained with

SyBR@ Gold (Cat. No. S-11494; Molecular Probes). The molecular weight of the PCR

products (size in bp; Table 2.1) was estimated visually by comparison with DNA 100 bp

ladder markers (GeneV/orks). The relative amounts of the PCR products were determined

by quantitating the intensity of bands using a Fluorlmager and the volume integration

function of ImageQuant v.3.3 software (Molecular Dynamics). Amplified product

corresponding to cTR, IL-6,1L-11, OCN, OPG, OPN, RANK, RANKL, TGF-p1, TNF-c,

and TRAP mRNA are represented as a rutio of the respective PCR product/GAPDH PCR

product. It was found to be important for this semi-quantitative method that all samples for

a given mRNA species amplified were electrophoresed in a single gel, and good inter-

assay variability was obtained by adhering to this procedure.
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Figure 2.42 (1t) PCR cycle course of OCN mRNA expression in total RNA extracted

from intertrochanteric trabecular bone from a 80-year-old female undergoing total hip

arthroplasty surgery for primary osteoarthritis. PCR product representing OCN mRNA

(255 bp) is visualised on a SYBR@ Gold-stained 27o agarose gel. (B) Relationship

between PCR product (relative volume) and number of PCR cycles for OCN mRNA, as

determined by RT-PCR.
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2.2.3 Bone histomorphometry

2.2.3,1 Human bone tissue samPles

2.2,3.1.1 Sampling of trabecular bone from the proximal femur of human

postmortem cases

Each autopsy proximal femur had been sectioned in the coronal plane using a band saw, to

allow sampling access to trabecular bone from the intertrochanteric region, and the femoral

neck region for a subset of cases, for subsequent RNA isolation (section 2.2.I.I.1). Two 5

mm-thick coronal slices were cut from the remaining coronal half of each proximal femur,

using a diamond blade on the Exakt saw (Exakt Apparatebau GmbH & Co. KG'

Norderstedt, Germany). In a study comparing the diamond blade on the Exakt saw, the

diamond wire saw (Ahlburg Technical Equipment, Norcross, GA, USA), and the band

saw, in cutting 5 mm-thick coronal slices from a femoral head, the amount of

microdamage, including discrete microcracks and diffuse staining (Figures 2.7A and2.7B;

Chapter 2.2.3.6.2), was qualitatively higher from the band saw (results not shown).

Moreover, there was no difference in the amount of microdamage between the Exakt saw

and wire saw (results not shown). Contact X-ray images of the 5 mm-thick coronal slices

were taken using a Faxitron X-ray cabinet (Hewlett-Packard, McMinville, OR, USA) and

Min-R film (Eastman Kodak, Rochester, NY, USA). The X-ray images were used to

enable reproducible sampling of trabecular bone from the intertrochanteric region for one

coronal slice (for undecalcified bone histology, Chapter 7), and to sample trabecular bone

from the intertrochanteric, subchondral principal compressive, and medial principal

compressive regions for the other coronal slice (for microdamage assessment, Chapter 8;

Figure 2.3). Trabecular bone was sampled as a 1.0 x 1.0 cm2 block of tissue from the

intertrochanteric, subchondral principal compressive, and medial principal compressive

regions of the 5 mm-thick coronal slices using an Isomet 1 1- 1 180 low-speed diamond saw
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(Buehler Ltd., Evanston, IL, USA). The trabecular bone tissue blocks (1.0 x 1.0 x 0.5 cm3)

were immediately fixed in 70o/o ethanol for 24 hours at room temperature.

2.2.3.1.2 Sampling of trabecular bone from the intertrochanteric region of

the human OA proximal femur

Intertrochanteric bone core biopsies, 10 mm in diameter and 3-5 cm in length, were

obtained from patients undergoing total hip arthroplasty surgery for advanced primary OA

(section 2.2.1.2.). Trabecular bone tissue was sampled from an approximate tube saw

length of l-2 cm from each OA case (section2.2.l.2.1), for subsequent RNA isolation. The

remaining contiguous intertrochanteric trabecular bone samples, 10 mm in diameter and2-

3 cm in length, were X-rayed (Faxitron X-ray cabinet; Hewlett-Packard) before sampling

for undecalcified histological analysis, to ensure the exclusion of any damaged tissue

(particularly the ends of the biopsy). Each undamaged tube saw biopsy, approximately 1-

1.5 cm in length, was bisected lengthwise using an Isomet low-speed diamond saw

(Buehler Ltd.). One half of the tube saw \¡/as processed for microdamage assessment

(section 2.2.3.2) and the other half processed for undecalcified bone histology (section

2.2.3.3). The trabecular bone tissue samples were immediately fixed in 70To ethanol for 24

hours at room temperature.

2.2.3.2 Basic fuchsin bulk-staining of bone tissue

Trabecular bone samples for microdamage assessment, from the intertrochanteric region

for OA cases, and from the intertrochanteric, subchondral principal compressive, and

medial principal compressive regions for autopsy cases, were fixed in 70o/o ethanol

(sections 2.2.3.1.1 and 2.2.3.1.2). These trabecular bone samples were bulk-stained in basic

fuchsin according to the protocols of Burr and Hooser (1995) andFazzalari et al. (1998b).
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Briefly, bone samples were dehydrated through a series of graded ethanols (70o/o,2X85yo,

2 X 95o/o, 3 X I00%) containing lo/o basic fuchsin, each for at least 4 hours under vacuum,

for uniform tissue dehydration and staining, and then embedded in methyl methacrylate

(MMA; section 2.2.3.3).

2.2.3.3 Processing bone tissue undecalcified into resin

Trabecular bone samples for microdamage assessment, from the intertrochanteric region

for OA cases, and from the intertrochanteric, subchondral principal compressive, and

medial principal compressive regions for autopsy cases, were bulk-stained in basic fuchsin

(section 2.2.3.2). In addition, trabecular bone samples for undecalcified bone histology,

from the intertrochanteric region for both OA and autopsy cases were fixed in 70%o ethanol

(sections 2.2.3.1.1 and 2.2.3.1.2). All of these trabecular bone samples were embedded,

undecalcified, in MMA. Briefly, bone samples for undecalcified bone histology, were

dehydrated through a series of graded ethanols (70o/o,2X85o/o,2X95yo,3 X 100%), each

for at least 4 hours under vacuum, for uniform tissue dehydration. All of the bone samples

(for undecalcified bone histology and microdamage assessment) were rinsed in 100%

ethanol (2 X), dehydrated in I00%o acetone under vacuum overnight, and transferred into

MMA monomer under vacuum for 3-5 days. The bone samples were then placed in MMA

monomer containing IÙYo wlv PEG-400 (hardener) under vacuum overnight. The final 3-4

ml embedding mixture contained MMA monomer, I0%o wlv PEG-400 (hardener) and 0.4o/o

w/v perkadox 16 (initiator). The mixture was poured into a 25 ml polypropylene tube and

the bone sample immersed, with the low-speed saw cut surface (for OA cases) or the Exakt

saw cut surface (for autopsy cases) facing downwards (as thin sections were sampled from

this surface). The tubes were tightly capped and transferred to a 37"C waterbath for 1-2

days polymerisation. The bone samples, once embedded in MMA, were cut from the tubes
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using a band saw, and flrxed to aluminium block holders with epoxy glue (Selleys, Sydney,

NSW, Australia).

2.2.3.4 Undecalcified resin embedded bone tissue sectioning

2.2.3.4.1 Microtome sectioning

Following embedding in MMA, the bone samples were trimmed to expose the sample area

by removing and discarding l0 pm-thick sections with a Jung K motorised microtome

(Reichert, Heidelberg, Germany). Once the sample area was exposed, the block surface

was moistened with tap water and two 5 pm-thick sections were cut. MMA sections were

immersed in a 30:70 mixture of ethylene glycol monoethyl ether (Merck) and 70o/o ethanol

heated to 65-70"C, and flattened onto gelatinised slides. The section was then covered with

polyethylene plastic and filter paper, clamped, and adhered to the slide overnight in a37"C

oven.

2.2.3.4.2 Wire saw sectioning

A diamond wire saw (Ahlburg Technical Equipment) was used to cut two 70 pm-thick

sections from each of the basic fuchsin bulk-stained, resin embedded, bone samples.

Sections were mounted on glass slides.

2.2.3.5 von Kossa and haematoxylin and eosin staining of undecalcified bone

tissue sections

Prior to staining of 5 ¡rm-thick bone sections (section 2.2.3.4.1), MMA was removed by a

10 minute immersion in I00o/o acetone. Undecalcified bone sections were impregnated

with silver by the von Kossa technique (Drury and Wallington, 1980), and counterstained

with haematoxylin and eosin (H&E) to distinguish between the mineralised bone, the
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osteoid, and the cellular components of the marow. Following staining, sections were

dehydrated in ethanol (3 X 100%), cleared in xylene (3 X 100%), and mounted in a xylene

based mountant, Depex. Undecalcified 5prm-thick sections of human trabecular bone

stained with von Kossa/H&E showing osteoclastic bone resorption and osteoblastic bone

formation are shown in Figures 2.5Aand 2.58, respectively.

2.2.3.6 Quantitative histomorphometry

2.2.3.6.1 Manual quantitation of trabecular bone structure and bone

turnover indices

The von Kossa and H&E stained 5 pm-thick undecalcified bone sections were used for the

manual quantitation, by point and intersection counting (for volume and surface

measurements, respectively), of bone structural parameters and static indices of bone

turnover (Fazzalari et al., 1992; Parfitt et a1.,1937). Two sections per case, each section

representing approximately I x 1 cm2 of bone tissue, were quantitated. This involved using

an ocular-mounted Zeiss II Integration 100 point (10 x l0) graticule in a X10 eye-piece

and an objective magnif,rcation of Xl0 on an Olympus BH-2 light microscope (Olympus,

Tokyo, Japan). At this magnification, the total length of a single grid line was 1 .2 mm and

the length of a single partition 0.I2 mm (Figure 2.6). The following standard

histomorphometric parameters (Parfitt et al., 1987) were calculated using formulae from

Recker (1983):

Trabecular bone structural parameters:

(1) Percentage of mirreralised bone tissue volume

(2) Surface density of bone in mm2/mm3

(3) Specific surface of bone in mm2lmm3

BV/TV

BS/TV
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Figure 2.5: Undecalcified 5pm-thick sections of human trabecular bone stained with

von Kossa /H&E showing (A) osteoclasts resorbing bone, and (B) osteoblasts laying

down osteoid.
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Figure 2.62 Diagrammatic representation of the Zeiss II Integration 100 point graticule

field used for histomorphometric analysis. The total length of a single grid line was 1.2

mm and the length of a single partition 0.12 mm.



Chapter 2 52

(4) Trabecular thickness in Pm

(5) Trabecular separation in Pm

(6) Trabecular number Per mm

Static indices of bone turnover:

(l) Percentage of osteoid volume

(2) Percentage of osteoid volume

(3) Percentage ofosteoid surface

(4) Percentage oferoded surface

Tb.Th

Tb.Sp

Tb.N

OV/TV

OV/BV

OS/BS

ES/BS

To assess reproducibility of the manual histoquantitation, 8 cases were selected at random

(including both OA and control cases), and were re-quantitated by the same single observer

and by a different observer. The mean difference and standard deviation of the mean

difference of each parameter between either the single observer (intra-observer variability)

or different observers (inter-observer variability), were calculated. These represent the bias

and random etîor, respectively, between the two group estimates (Grubbs, 1948). Intra-

observer and inter-observer variability were not statistically significant for any of the

histomorphometric parameters (bias and random elror wefe less than I0%).

2.2.3.6.2 Quantitation of bone microdamage parameters

The basic fuchsin bulk-stained 70 ¡rmthick undecalcified bone sections were used for the

quantitation of bone microdamage parameters (Fazzalari et al., 1998b; Forwood et al.,

1995). Microdamage is identihed histologically by discrete microcracks (basic fuchsin

staining through the depth of a crack, sharp edges, some depth of field, and permeation of

the stain into the walls of the crack), cross-hatch staining (a series of crossed darkly stained
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lines), and diffuse staining (amorphous flooding of basic fuchsin on the trabeculae; Burr

and Stafford, 1990; Fazzalari et al.,l998b; Figures 2.7Aand2.7B). Two sections per case,

each section representing approximately 1 x I cm2 of bone tissue, were quantitated. To

avoid edge artifacts, only microdamage further than I mm from the edge of the sample was

measured (Fyhrie and Schaffler, 1994). The following morphometric parameters,

describing the extent of microdamage, were measured using a Nikon Optiphot II

microscope (Nikon, Tokyo, Japan) at X250 magnification by point counting and a semi-

automated digitizing system (Bioquant, R & M Biometrics, Nashville, TN, USA):

Mícrodamage parameters ;

(1) Trabecular bone area in mm2

(2) Total tissue areainmmz

(3) Number of microcracks

(4) Mean microcrack length in Pm

(5) Area of trabecular bone damage in mm2

B.Ar

TT.Ar

Cr.N

Cr.Le

Dx.Ar

The above measurements were used to calculate the following morphometric parameters

describing the extent of microdamage:

Morphometric parameters describing the extent of microdamage:

(1) Percentage of mineralised bone tissue volume BV/TV

BV/TV: B.Ar/TT.Ar

(2) Numerical microcrack density in number/mm2 Cr.Dn

Cr.Dn: Cr.N/B.Ar
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Figure 2.7: Photomicrographs of human femoral 70 ¡rm-thick sections of trabecular

bone bulk-stained with basic fuchsin to show microdamage. Arrows identify (A) a

microcrack, and (B) cross-hatching embedded in difTuse staining (objective

magnification: X20).
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(3) Microcrack surface density in pm/mm2

Cr.S.Dn: Cr.Le*Cr.Dn

(4) Percentage of damaged bone volume

DxV/BV: Dx.ArlB.Ar

(5) Percentage of damaged bone volume

DxV/TV: Dx.Ar/TT.Ar

Cr.S.Dn

DxV/BV

DxV/TV

2.2.4 Statistical analyses

2.2.4.1 Statistical analysis of mRNA expression data

RT-PCR reactions were performed twice, from duplicate cDNA syntheses, which

confirmed that repeated RT-PCR analysis of the same RNA samples yielded reproducible

results. In addition, to minimise inter-assay variability between each bone sample for either

the comparison of time-points in the RNA stability studies (Chapter 3), or the comparison

between skeletal sites (Chapter 4), or the comparison of OA and control cases (Chapter 6),

all PCR products for a given mRNA species (n < 30), were electrophoresed in a single 2o/o

agarose gel.

Regression analysis, both linear and exponential, was used to examine the relationship

between the relative mRNA expression levels and storage intervals of the bone tissue, for

both the Northern blot and RT-PCR analyses for the RNA stability studies (Chapter 3).

Pearson's correlation coefficient was used to examine the relationship between postmortem

variables and relative intensities of the rRNA bands and GAPDH mRNA for the RNA

stability studies (Chapter 3; Excel; Microsoft Corp., Redmond, WA, USA).
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The Shapiro-Wilk statistic was used to test the semi-quantitative RT-PCR data for

normality (PC-5AS software; sAS Institute, cary, NC, USA); for the skeletal site

comparisons (Chapter 4) and for the comparison of OA and control cases (Chapters 5 and

6). The semi-quantitative RT-PCR data were found to be both normally and non-normally

distributed. Therefore, both parametric and non-parametric statistical methods were used to

analyse the data (Excel; Microsoft Cotp.; PC-SAS software; SAS Institute).

Differences in mRNA expression between the iliac crest and proximal femur regions

(femoral neck and intertrochanteric), for postmortem cases, were tested by one-way

analysis of variance (ANOVA) for the means (parametric) or by the Kruskal-Wallis one-

way ANOVA by ranks for the medians (non-parametric; Chapter4). The statistical

significance of differences in mRNA expression between females and males, and between

the autopsy control and OA groups, were determined by Student's /-test (parametric) or the

Mann-Whitney U-test (non-parametric). The F-test was used to analyse differences in the

variance of mRNA expression between females and males, and between the control and

OA groups. Linear regression analysis was used to describe age-related changes, and to

examine the relationship between PCR products representing specific mRNA species. The

Spearman rank correlation (rr) was used to test for an association between two specific

PCR products when the data were non-normally distributed. Student's l-test was used to

compare the slopes and intercepts of significant linear regressions between the OA and

control groups. If there was more than one significant independent factor associated with a

speeific mRNA species, multiple regression was performed to determine the contribution

of each independent factor. Parametric mRNA expression data is quoted as mean *

standard deviation and non-parametric mRNA expression data quoted as the median

(quartiles). The critical value for significance was chosen asp:0.05.
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2.2.4.2 Statistical analysis of histomorphometric data

The Shapiro-V/ilk statistic was used to test the histomorphometric data (bone structural

parameters, static indices of bone turnover, and microdamage parameters) for normality

(pC-SAS software; SAS Institute). The histomorphometric data for bone structural

parameters and static indices of bone turnover was found to be normally distributed, and

parametric statistical methods were used to analyse the data (Chapter 7). The

morphometric parameters describing the extent of bone microdamage were found to be

both normally and non-norïnally distributed (Chapter 8). Therefore, both parametric and

non-parametric statistical methods were used to analyse the microdamage data (Excel;

Microsoft Co.p.; PC-SAS software; SAS Institute).

Differences in the microdamage morphometric parameters between the proximal femur

regions (intertrochanteric, subchondral principal compressive, and medial principal

compressive) were tested by one-way analysis of variance (ANOVA) for the means

(parametric) or by the Kruskal-V/allis one-\May ANOVA by ranks for the medians (non-

parametric). If significant differences were indicated, comparison between proximal femur

region means or medians was tested by Student's l-test (parametric) or the Mann-Whitney

U-test (non-parametric), respectively. The statistical significance of differences between

females and males, and between the autopsy control and OA groups, were determined by

Student's l-test or the Mann-Whitney U-test. The F-test was used to analyse differences in

the variance of the histomorphometric parameters between females and males. Linear

regression analysis was used to describe age-related changes. Regression analysis was used

to examine the relationship between bone microdamage morphometric parameters, and

between histomorphometric parameters. The Spearman rank correlation (rr) was used to

test for an association between two non-norrnally distributed microdamage parameters.
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Regression analysis was used to examine the relationship between PCR products

representing specific mRNA species (Chapters 5 and 6) and bone microdamage and

histomorphometric variables (Chapters 7 and 8), measured in contiguous trabecular bone

tissue samples. Student's l-test was used to compare the slopes and intercepts of significant

linear regressions between the OA and control groups. If there was more than one

significant independent factor associated with a specific histomorphometric variable,

multiple regression was performed to determine the contribution of each independent

factor. Parametric histomorphometric data is quoted as mean + standard deviation and non-

parametric histomorphometric data quoted as the median (quartiles). The critical value for

significance was chosen asp:0.05.

Experimental materials and methods
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3.1 INTRODUCTION

The extensive knowledge of systemic and local regulation of bone remodelling has been

developed primarily from studies utilising in vitro cell culture systems, human and

predominantly murine, and animal studies such as the effects of gene deletion studies in

mice (reviewed in Ducy et al., 2000; Hofbauer and Heufelder, 2001; Raisz, 1999;

Roodman, 1999; Suda e/ al., 1999). There is limited information regarding the pattern of

gene expression corresponding to specific molecules, with regulatory roles in bone

turnover, in normal human bone tissue or their role in skeletal disease. The advantage of

investigating the mRNA expression of skeletally active genes in the local human bone

microenvironment, over cell culture techniques, is that paracrine factors/mediators of bone

turnover can be analysed with their local regulatory mechanisms intact. Furthermore, Lin

et al. (1999) emphasizedthat the analysis of mRNA expression patterns in human tissues

can provide significant insight into the spatio-temporal activities of gene transcription in a

tissue, and further provide important information on physiology and pathology at a

molecular level.

It is not known how a pattern of gene expression in normal human bone may be altered in

musculoskeletal pathologies such as osteoarthritis (OA) and osteoporosis, and further, how

this may support mechanisms of disease. Insight may also be gained from changes in

6RNA levels in tissues specifically affected by disease; for example the bone adjacent to

an OA articular joint, where the structural parameters and turnover indices of trabecular

bone are known (Crane et al., 1990; Fazzalari et al., 1992). Human pathological bone

tissue is readily available from joint replacement surgery, including OA, rheumatoid

arthritic, and fractured neck of femur cases. It is difficult, or rarely possible, to obtain

suitable non-diseased bone tissues at surgery. A valuable resource of skeletal site-matched
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control tissue is postmortem bone tissue. However, the disadvantage in using postmortem

tissues for molecular studies is the time interval between death and the postmortem

examination. This postmortem interval (PMI) is variable and often uncontrollably delayed

due to the time of the death, autopsy consent being obtained, and a number of other

hospital protocols. Recovering intact RNA from postmortem tissues is complicated by the

activity of both targeted and generalised ribonuclease enzymes (RNases) that cause

degradation of mRNA molecules. Therefore, to determine the reliability of gene expression

studies in postmortem bone tissue, it is important to evaluate the stability of total RNA and

specific mRNA species isolated from such tissues, as a function of the PMI.

The isolation and stability of total RNA and specific mRNA species from human

postmortem tissues has been widely reported for neurological tissues (reviewed inBahn et

al., 2001; Yasojima et al., 2001). A number of these studies have demonstrated the

importance of controlling postmortem variables, such as minimising the time between

death and refrigeration of the body at 4oC,the PMI, and the storage interval of the tissue

before RNA isolation. Moreover, the storage temperature of the body has been reported to

be more important than the PMI (Bahn et a1.,2001). Human brain-specific mRNAs are

generally stable up to 48 hours postmortem at 4"C, as assessed by Northern blotting and

RT-PCR (Burke et al., l99l; Leonard et al., 1993; Ross e/ al., 1992). In addition,

biologically stable total RNA and tissue-specific mRNAs have been isolated from a

number of other human postmortem tissues, including the adrenal glands, heart, kidney,

liver, lung, muscle, pancreas, spleen, stomach, and temporal bone soft tissues (Eikmans el

a1.,2001; Humphreys-Beher et a1.,1986; Larsen et al.,1992;Lin et a1.,1999l' Stuart et al.,

1999). The optimal PMI for obtaining undegraded RNA from these tissue types was found

to vary considerably. RNA isolated from the stomach and pancreas, tissues that are known
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to produce abundant RNases, degraded after a PMI of 2 hours (Humphreys-Beher et al.,

1986). In contrast, Larsen et at. (1992) isolated RNA from human adrenal glands, brain,

heart, kidney, lung, liver, and spleen, which \¡/as preserved and undegraded up to 50 hours

postmortem. The integrity of the total RNA samples was shown by the presence of

ribosomal (r)RNA bands in ethidium bromide-stained gels and Northern blotting analysis

of p-actin and retinoblastoma transcripts (Larsen et al., 1992). The variation between these

reports in the PMI for obtaining undegraded RNA may be associated with the type of soft

tissue analysed, differences in the inherent stability of mRNA transcripts, and the

sensitivity of the techniques used for assessment and quantitation of mRNA integrity.

The stability of total RNA isolated from human postmortem skeletal tissues is unknown.

Marchuk et at. (1998) isolated intact rRNA and specific mRNA species, such as type I

collagen and transforming growth factor (TGF)-p1, up to 96 hours postmortem from rabbit

connective tissues such as ligament, cafülage, and tendon at 4"C. Furthermore, type I

collagen and TGF-BI mRNA were stable in these hypocellular tissues up to 48 hours

postmortem at room temperature. However, the RT-PCR protocol used in this study was

not designed for either semi-quantitative or quantitative analysis, and therefore may not

have been sensitive enough to detect subtle loss of mRNA transcripts with increased

postmortem time. Marchlk et al. (1998) suggest that cellular RNases are either maintained

in sequestered intracellular sites or maintained in an inactive state up to 96 hours

postmortem at 4"C. Larsen et al. (1992) demonstrated that RNA stability is strongly

dependent on the temperature, at which the tissue is stored before RNA isolation. Mouse

lung tumour rRNA bands and mRNA Northern blot signals for c-raf-| and c-myc genes

indicated undegraded RNA in tissue kept at 4oC up to 72 hours. However, RNA began to

degrade in tissue kept at 20oC for 48 hours (Larsen et al., 1992).Importantly, stability of
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specific 6RNA transcripts postmortem was not dependent on the in vivo mRNA half-lives.

Similar rates of mRNA degradation in mouse postmortem small cell lung cancer tumour

tissue kept at 20"C, for times up to 72 hours, were observed for c-myc mRNA, which has a

short in vivo haff-life of 10 to 20 minutes, compared to p-actin, which has an approximate

half-life of 6 to 12 hours (Larsen et a1.,1992).

This chapter describes investigation of the optimal postmortem conditions, that is the PMI

and tissue processing conditions, required to isolate undegraded total RNA from human

postmortem trabecular bone tissues. In addition, the influence of different bone tissue

storage conditions, such as temperature and time, on the stability of total RNA and bone-

specific nrRNAs, was investigated in surgical trabecular bone tissues. The data presented

in this chapter were used to define the sampling conditions described in Chapters 2,4, 5,

and 6, for the isolation of total RNA from human postmortem and surgical trabecular bone

tissues, for semi-quantitative RT-PCR analysis. This information was necessary to validate

comparison of the expression of mRNA species in OA bone obtained at surgery with their

expression in skeletal site-matched non-OA bone obtained postmortem (Chapter 6).

3.2 CHAPTER AIMS

To investigate the optimal postmortem conditions, that is the PMI and tissue

processing conditions, required to isolate undegraded total RNA from human femoral

and iliac crest postmortem trabecular bone tissues.

o
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To investigate whether differences in bone tissue storage conditions, such as

temperature and time, influence the stability of total RNA and bone-specific mRNAs in

surgical femoral trabecular bone tissues.

3.3 METHODS

3.3.1 Human postmortem bone tissue

3.3.1.1 Postmortem case Profiles

proximal femurs and iliac crest samples were obtained from 18 routine autopsies

performed at the Royal Adelaide Hospital (Table 3.1). The postmortem cases had a PMI

taîge, the time between death and the postmortem examination, of 4 to 84 hours (mean -f

SD [standard deviation]; 39.0 f 20.5 hours; Table 3.2). The proximal femurs and iliac crest

samples were stored at 4oC between 0 and 30 hours (9.2 ! 10.0 hours), after removal at

autopsy, and before sampling trabecular bone tissue for RNA isolation. The combined PMI

and bone tissue storage interval at 4"C (PMIS) ranged from 12 to 108 hours (48.2 t 23.2

hours; Table 3.2). The age of the postmortem cases, comprising 10 women (aged 43-83

years) and 8 men (aged 44-81years), varied between 43 and 83 years (64.4 t L2.6 years),

There was no correlation between PMI or PMIS and the age of the individual. Informed

consent from next-of-kin was obtained for the collection of these postmortem specimens,

with approval by the Royal Adelaide Hospital Human Ethics Committee.

3.3.1.2 Sampling of trabecular bone from the iliac crest and proximal femur

Trabecular bone was sampled from the intertrochanteric region of the proximal femur for

each postmortem case (Figure 2.1).In addition, trabecular bone was sampled from the

femoral neck, and iliac crest at a point 3 cm posterior to the antero-superior iliac spine, for
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Case Age
(years)

Gender Skeletal
regions

Cause of death

A1

A2

A3

A4

A5

A6

A7

A8

A9

A10

All
Al2

413

Al4

A15

A16

At7

418

50

6l

60

64

50

57

43

72

83

83

tl
IJ

68

75

44

68

81

57

Male

Female

Male

Male

Male

Female

Female

Female

Female

Female

Male

Male

Female

Female

Male

Female

Male

Female

FN,IT

IC,IT

IT

FN,IT

FN,IT

IC,IT

IT

IT

FN,IT

FN,IT

FN,IT

IT

IT

IT

IT

IT

IT

IT

Chronic renal failure

Non-Hodgkins lymphoma

Pneumonia

Sepsis

Liver failure

CMl/sepsis

Liver failure

Respiratory failure/pulmonary oedema

Cardiac arrest

#NOF

Lupus erythematosus

Cerebrovascular disease

Sepsis

Pneumonia

Sepsis/pneumonia

Post CABG

GI haemorrhage

Abdominal sepsis

Table 3.1 Profiles of autopsy cases examined.

A, autopsy case.

Total RNA was isolated from trabecular bone sampled from the following skeletal regions:

FN, femoral neck; IC, iliac crest; IT, intertrochanteric region of the proximal femur.

Abbreviations for cause of death: CABG, coronary artery bypass surgery; CML, chronic

myelogenous leukaemia; GI, gastrointestinal; #NOF, femoral neck fracture.



Table 3.2 Postmortem and bone tissue storage intervals for autopsy cases examined.

u Case 418 was used for a time-course analysis, incubating the bone tissue at 4"C from the

24hotx PMI time-point, with additional 24hour increments, up to 96 hours.

A, autopsy case; SD, standard deviation.
PMI, postmortem interval, refers to the time between death and autopsy.

Storage interval, refers to the time the bone tissue has been stored at 4oC between removal

of the tissue at autopsy and subsequent RNA isolation.

PMIS, refers to the sum of the postmortem and storage intervals.

Case PMIS
(hours)

PMI
(hours)

Storage interval
(hours)

A1
A2
A3
A4
A5
A6
A7
A8
A9
A10
All
Atz
413
At4
A.15

A16

^17A1g "

4

L6

29
2l
34
37
38

44
45

45

37

24

37

30
67

84

80

24

8

4

7

J

2

0

10

4

3

3

11

24

23

30

5

0

28

0

12

20

36

30

36

37

48

48

48

48

48

48

60

60

72

84

108

24

48.2 t23.29.2 r 10.039.0 + 20.5Mean t SD
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a subset of postmortem cases (Figures 2.1 and2.2;Table 3.1). Immediately after removal

from storage at 4"C, each proximal femur was sectioned in the coronal plane using a band

saw, which had been cleaned with DEPC-treated water, to allow access to trabecular bone

for sampling from the femoral neck and intertrochanteric skeletal regions, which are

enclosed within the femoral cortex. The iliac crest bone samples rù/ere bisected

longitudinally, in an antero-posterior plane, to access the trabecular bone enclosed within

the cortical shell. Using sterile bone cutters, the trabecular bone tissue was sampled as

small fragments from an approximate 1.5 x 1.0 cm2 aÍea, to a specimen depth of 0.5 cm,

from the femoral neck and intertrochanteric regions, and from an approximate 1.0 x 1.0

cm2 area, to a specimen depth of 0.5 cm, from the iliac crest. The trabecular bone tissue

fragments were rinsed briefly in DEPC-treated water (the rinsed material contained

trabecular bone and bone marrow) and then immersed in RNA lysis buffer (4 M guanidine

isothiocyanate solution, Chapter 2.1.5;2 mll250 mg wet weight).

To investigate the effect of the PMI or the storage interval at 4"C on the integrity of

specific mRNA species, trabecular bone tissue from the intertrochanteric region of

postmortem case 418 (57-year-old female; Tables 3.1 and 3.2) was further divided into

four samples of equivalent tissue weight (approximately 250 mg wet weight of trabecular

bone tissue, including bone marrow). Total RNA was isolated from one sample to

represent a 24 hour PMI time-point. The remaining three samples were kept in sterile

RNase-free 0.85% saline at 4"C, and RNA was sequentially isolated at24 hour intervals up

to 96 hours.
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3.3.2 Human surgical bone tissue

3.3.2.1 Surgical case Profìles

Trabecular bone samples obtained at surgery were used to investigate the effect of storage

temperature and storage time on the integrity of total RNA and specific mRNA species in

human bone tissue. The samples were obtained from 7 patients (4 females, 3 males, aged

70.3 + 11.5 years) undergoing total hip arthroplasty surgery for either severe OA of the hip

or subcapital femoral neck fracture (Table 3.3). Trabecular bone tissue from the proximal

tibia was obtained from one surgical case 51 (7l-year-old female) undergoing a tibial

osteotomy. Informed consent was obtained for the collection of these surgical specimens,

with approval by the Royal Adelaide Hospital Human Ethics Committee.

3.3.2.2 Sampling of trabecular bone from the proximal femur and tibia

At total hip arthroplasty surgery, a 10 mm internal diameter tube saw was used to take a

trabecular bone core biopsy of the intertrochanteric region (Figure 2.1), taken in line with

the femoral medullary canal (Fazzalari et al., 1998b), from OA and subcapital femoral

neck fracture patients. In addition, trabecular bone was sampled from the femoral neck

region for case 55 (8l-year-old female; Table 3.3). Trabecular bone tissue from the

proximal tibia was obtained from surgical case S1 (7l-year-old female; Table 3.3). All of

the fresh surgical bone samples were placed in cold sterile RNase-free 0.85% saline and

transported directly to the laboratory. Samples v/ere separated into small fragments using

sterile bone cutters andlor a sterile scalpel blade. The trabecular bone tissue fragments

were rinsed briefly in DEPC-treated water (the rinsed material contained trabecular bone

and bone marrow) and then immersed in RNA lysis buffer (4 M guanidine isothiocyanate

solution; 2 mll250 mg wet weight).
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Table 3.3 Profiles of surgical cases examined

u,b," Cases used for time-course analyses; the bone tissue was incubated in sterile saline at

4oC, room temperature (22"C + 1"C), ot 37"C, for cases 56, 57, or S8, respectively. RNA

was isolated at 0 hours and at 2, 4,8, 16,24,48, and 72 hours.

S, surgical case.

Total RNA was isolated from trabecular bone from the following skeletal regions: FN,

femoral neck; IT, intertrochanteric region of the proximal femur; PT, proximal tibia.

All patients were undergoing hip arthroplasty surgery, with the exception of patient S1,

who underwent a tibial osteotomY'
Abbreviations for skeletal disease: OA, osteoarthritis; OP, osteoporosis; #NOF, subcapital

femoral neck fracture.

Case Age Gender Skeletal
regions

Skeletal disease

(years)

S1

S2

S3

S4

S5

s6"

s7b

sg'

7l

49

69

77

81

80

62

74

Female

Female

Male

Male

Female

Female

Male

Female

PT

IT

IT

IT

Early knee OA

Severe hip OA

Severe hip OA

OP/#NOF

#NOF

Severe hip OA

Severe hip OA

#NOF

FN,IT

IT

IT

IT
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Trabecular bone tissues from the intertrochanteric region of surgical cases 56 (8O-year-old

female), S7 (62-year-old male), and S8 (74-year-old female), were used to investigate the

effect of storage temperature and storage time on the integrity of total RNA and specific

6RNA species (Table 3.3). Tube saw core biopsies, 10 mm in diameter, from cases 36, 57,

and S8 were 4 cm, 5.5 cm, and 4.5 cm in length, respectively. These were divided, using a

sterile scalpel blade, into eight pieces of approximately equivalent tissue weight (350 mg,

650 mg, and 250 mg wet weight, for cases S6, 37, and S8, respectively). Total RNA was

isolated from the bone tissue sampled from one end of the tube saw to represent a 0 hour

time-point. The remaining seven bone samples were kept in sterile RNase-free 0.85%

saline at 4"C or room temperature (22"C + 1"C) ot 37"C, for cases 56, S7, and S8,

respectively, and RNA was isolated from contiguous bone samples at 2, 4, 8, 16,24, 48,

and 7 2 hour time-points.

3.3.3 Isolation of total RNA from human postmortem and surgical trabecular

bone

Total RNA was isolated from the postmortem and surgical trabecular bone tissue

fragments (described in Chapter 2.2.2.1). RNA concentration and the 2601280 absorbance

ratio were determined by UV spectrophotometric readings at 260 and 280 nm (Chapter

2.2.2.1.1) for each total RNA sample. The trabecular bone tissue for each time-point from

the surgical cases 56, 57, and S8, used for a time-course analysis of RNA integrity, were

weighed prior to RNA extraction. The RNA yields were derived from the

spectrophotometric RNA concentration and are listed in Table 3.5. Before use for Northern

blot analysis and/or RT-PCR analysis, RNA purity and integrity of the 28S and 18S rRNA

bands were assessed on ethidium bromide-stained IYo wlv agarose-formaldehyde gels

(Chapter 2.2.2.1).
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3.3.4 Northern blot analysis of human GAPDH mRllA in total RNA isolated

from human postmortem and surgical trabecular bone

Total RNA isolated from human postmortem and surgical trabecular bone (3 pg per lane),

prepared in a loading buffer containing ethidium bromide (Chapter 2.1.5), was denatured

and size-separated by electrophoresis on lYo w/v agarose-formaldehyde gels' Following

electrophoresis, the ethidium bromide-stained 2SS (5 kb) and 1SS (1.8 kb) rRNA bands

were identif,red on the gels using a Fluorlmager (Molecular Dynamics) to assess the

integrity of the RNA (Chapter 2.2.2.2.1). The gels were transferred to a nylon membrane,

and hybridised with a "P-labelled GAPDH probe to detect human GAPDH mRNA (1.28

kb; Chapter 2.2.2.2). Bound probe was quantified using a Phosphorlmager (Molecular

Dynamics) and the volume integration function of ImageQuant v.3.3 software (Molecular

Dynamics). The relative intensity data of the 28S and 18S rRNA bands from ethidium

bromide-stained lo/o agarose-formaldehyde gels, and the GAPDH mRNA bands from

Northern blots, are expressed per mg of bone tissue for the surgical cases 56 and 57. The

relative half-life (Tso), the incubation time required for 28S and 18S rRNA, and GAPDH

6RNA, to decrease to 50o/o of the starting value at 0 hours for cases 56 and S7, has been

derived from the exponential regression of the relative intensity of 28S and 18S rRNA, and

GAPDH mRNA, per mg bone tissue versus the storage interval (hours).

3.3.5 Semi-quantitative RT-PCR of total RNA isolated from human

postmortem and surgical trabecular bone

gDNA was synthesized from 1 ¡rg of total RNA from each sample (4 time-points from

postmortem case 418, 8 time-points from surgical case 57, andT time-points from surgical

cases 36 and S8; Chapter 2.2.2.3.1). cDNA was synthesized from each time-point RNA
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sample for each case at the same time, to limit differences between time-point RNA

samples in the eff,rciency of cDNA synthesis. cDNA was then ampliflred by PCR, using

human-specific oligonucleotide primer pairs (Table 2.L), to generate products

corresponding to mRNA encoding human calcitonin receptor (CTR), interleukin (IL)-6,

osteocalcin (OCN), osteoprotegerin (OPG), receptor activator of nuclear factor kappa B

(RANK), RANK ligand (RANKL), TGF-P1, and the housekeeping gene GAPDH (Chapter

2.2.2.3.2). To allow semi-quantification of the PCR products, to compare the mRNA

expression between time-points, preliminary experiments were performed to ensure that

the PCR amplification cycle number, for each set of primers, was within the log-linear

range of amplification (Chapter 2.2.2.3.3). PCR amplification products were resolved by

electrophoresis in 2o/o wlv agarose gels and post-stained with SYBR@ Gold (Molecular

Probes). The relative amounts of the PCR products were determined by quantitating the

intensity of bands using a Fluorlmager (Molecular Dynamics) and the volume integration

function of ImageQuant v.3.3 software (Molecular Dynamics). Semi-quantitative RT-PCR,

involving verif,rcation and quantitation of PCR products by hybridisation with 32P-labelled

internal oligonucleotide probes, has been previously used by our group to determine the

half-life of CTR mRNA in mouse osteoclast-like cells (V/ada et a|.,1997).

The relative mRNA expression data (i.e., the relative amounts of the PCR products) are

expressed as percentages of the respective mRNA level at 24 hours postmortem for the

postmortem case A18. The relative half-life (Tso), the incubation time required for mRNA

to decrease to 50%o of the starting value at 24 hours postmortem, of each mRNA analysed

for case 418, has been derived from the exponential regression of the percentage of

6RNA at 24 hours postmortem versus the storage interval (hours). The relative mRNA

expression data (i.e., the relative amounts of the PCR products) are expressed per mg of
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bone tissue for the surgical cases 56, 57, and S8. The relative half-life (Tso), the incubation

time required for mRNA to decrease to 50o/o of the starting value at 2 hours for 56, and 0

hours for 57 and S8, for each mRNA analysed, has been derived from the exponential

regression of the relative mRNA level per mg bone tissue versus the storage interval

(hours). RT-PCR data was not available for the 0 hour time-point from case 56 (bone

tissue stored at 4"C) or the 72 how time-point from case S8 (bone tissue stored at 37'C)

due to small quantities of total RNA recovered.

3.3.6 Statistical analysis of Northern blot and RT-PCR data

Northern blot analysis was performed twice, yielding reproducible results for the

quantitation of the relative density of the GAPDH mRNA bands. For each time-point, from

postmortem case 418, and surgical cases 56, 57, and S8, RT-PCR reactions were

performed twice, from duplicate oDNA syntheses, which confirmed that repeated RT-PCR

analysis of the same RNA samples yielded reproducible results. In addition, to minimise

inter-assay variability for the comparison of time-points within a single case, all PCR

products, for each case, for a given mRNA species, were electrophoresed in a single 2o/o

agarose gel. Each data point for the statistical analyses represented the mean of two

separate RT-PCR reactions. Regression analysis, both linear and exponential, was used to

examine the relationship between the relative mRNA expression levels and storage

intervals of the bone tissue, for both the Northern blot and RT-PCR analyses. Pearson's

correlation coeff,rcient was used to examine the relationship between postmortem variables

and relative intensities of the rRNA bands and GAPDH mRNA (Excel; Microsoft Co.p.).

The critical value for signihcance was chosen asp:0.05.
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3.4 RESULTS

3.4.1 Stability of total RNA isolated from human postmortem trabecular

bone

Total RNA was isolated from femoral and iliac crest trabecular bone tissues, from 17

routine postmortem cases with a PMI range of 4 to 84 hours (Tables 3.1 and 3.2).Total

RNA integrity was assessed by the relative abundance of the 28S and 18S rRNAbands,

which were visualised, under UV light, on ethidium bromide-stained IYo agatose-

formaldehyde gels (Figure 3.1). Total RNA samples were loaded into the gel according to

increasing PMIS. Although an equivalent amount of total RNA was loaded per lane (3 pg),

Figure 3.1 shows that there is considerable variability in the intensity of the 28S (5 kb) and

1SS (1.8 kb) rRNA bands. The 2601280 absorbance ratio for these samples was on average

I.7 X 0.2. When the relative intensities of the 28S and l8S rRNA bands were quantitated,

no significant correlation was found between the relative intensities of 28S, 18S, or the

28S/18S ratio and the postmortem variables, which included the age of the individual,

PMI, storage interval at 4"C, and PMIS.

Human GAPDH mRNA, a housekeeping gene used as a referent in mRNA expression

analyses, was detected as a 1.28 kb band in these postmortem trabecular bone RNA

samples by Northern blot analysis (Figure 3.1). A tailing or smearing of GAPDH mRNA

below the 1.28 kb band was observed in several cases, which suggests parlial degradation

of the GAPDH mRNA. This band tailing effect has been previously observed for GAPDH

mRNA on Northern blots of rabbit postmortem connective tissue RNA (Marchuk et al.,

1998). Interestingly, a GAPDH mRNA 1.28 kb band was still detectable up to 84 hours

postmortem (Figure 3.1). The relative intensity of the GAPDH mRNA band did not

69
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Figure 3.1: Total RNA isolated from human postmortem trabecular bone, 3 ¡rg per lane, was electrophoresed through a IVo

agarose-formaldehyde gel, stained with ethidium bromide to visualise the 2SS (5 kb) and 1SS (1.S kb) rRNA bands, transferred to a

nylon membrane, and hybridised with a 32P-labelled GAPDH probe (Chapter 2.2.2.2) to detect human GAPDH mRNA (1.28 kb).

pMI, postmortem interval (hours); PMIS, sum of the postmortem and bone tissue storage at- 4"C intervals (hours); skeletal regions:

FN, femoral neck;IC, iliac crest;IT, intertrochanteric region of the proximal femur; for case profiles refer to Table 3.1.
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correlate with the postmortem variables, which included the age of the individual, PMI,

storage interval at 4"C, and PMIS.

A significant positive correlation was observed between the relative intensities of the 28S

and 18S rRNA bands for all of these postmortem trabecular bone RNA samples (n = 25;

2gS vs. lgS: r : 0.95, p < 0.0001). In addition, significant positive correlations were

observed between the relative intensity of the GAPDH mRNA band and the relative

intensity of both the 28S and 18S rRNA bands for all of these samples (n :25i' GAPDH

vs.28S: r:0.65,p<0.0005; GAPDHvs. l8S: r:0.60,p<0.001). Collectively,these

observations suggest that, irrespective of the postmortem variables for each case, there are

similar relationships between the relative intensities of 28S rRNA, 18S rRNA, and

GApDH mRNA, for each case. Furtherïnore, the data suggest that the RNA stability of

2gS rRNA, l8S rRNA, and GAPDH mRNA is comparable in human postmortem

trabecular bone tissues up to 84 hours postmortem at 4"C. When RNA was isolated from

two different skeletal regions from the same postmortem case, with the exception of case

All, significant positive correlations were observed between the two skeletal regions for

the relative intensity of the 28S rRNA band, 18S rRNA band, and GAPDH mRNA band(n

:7; 28S: r:0.91,p<0.001; 18s: r:0.74,p<0.03; GAPDH: r:0.98,p<0.0001). This

suggests that the relative intensity of each of the 28S rRNA, 18S rRNA, and GAPDH

'RNA 
bands is similar between skeletal regions for each case. In addition, the data further

suggest that the bone tissue processing conditions for RNA isolation are unlikely to be

influencing variation in the relative intensity of the 28S rRNA, 18S rRNA, and GAPDH

mRNA bands between cases'

Stability of RNA in human postmortem and surgical bone
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Total RNA was also isolated from femoral and tibial trabecular bone tissues from 5

surgical cases (Table 3.3), to assess the integrity of rRNA and GAPDH mRNA in bone

tissues which were processed immediately for RNA isolation after their retrieval at

surgery, without a storage interval. The 2601280 absorbance ratio for these surgical bone

RNA samples was on average L7 + 0.2, which was comparable to the postmortem bone

RNA samples. The assessment of rRNA integrity, on ethidium bromide-stained 1%

agarose-formaldehyde gels, and GAPDH mRNA integrity, by Northern blot analysis, is

shown in Figure 3.2. Yariability in the appearance of the 28S and 185 rRNA bands for an

equivalent quantity of total RNA loaded per lane (3 pg), as observed for the postmortem

bone tissue RNA, was evident for these surgical samples (Figure 3.2). A significant

positive correlation was observed between the relative intensities of the 28S and 18S

rRNA bands for these surgical samples (n: 6;28S vs. 18S: r : 0.99, p < 0.0002),

consistent with the postmortem bone RNA. No correlation was observed between the

relative intensity of the GAPDH mRNA band and the relative intensity of either the 28S or

l8S rRNA band for the surgical bone RNA. Further, the band tailing effect for GAPDH

6RNA, which was evident for some of the postmortem bone RNA samples (Figure 3.1),

was not observed for any of the surgical bone RNA samples (Figure 3.2).

3.4.2 Stability of various mftNA species in human postmortem trabecular

bone

To investigate the effect of the PMI, or the storage interval at 4"C, on the integrity of

specific mRNA species in human postmortem bone, total RNA was isolated from

intertrochanteric trabecular bone sampled from a postmortem case with a 24 hour PMI

(case A18; Table 3.1), and at further 24hour intervals, up to 96 hours, after storage of the

Stability of RNA in human postmortem and surgical bone
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Figure 3.2: TotaI RNA isolated from human surgical trabecular bone, 3 pg per lane,

was electrophoresed through a l7o agarose-formaldehyde gel, stained with ethidium

bromide to visualise the 28S (5 kb) and 18S (1.8 kb) IRNA bands, transfened to a nylon

membrane, and hybridised with a 32P-labelled GAPDH probe (Chapter 2.2.2.2) to detect

human GAPDH mRNA (1.28 kb). Skeletal regions: FN, femoral neck; IT,

intertrochanteric region of the proximal femur; PT, proximal tibia; for case profiles refer

to Table 3.3.
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bone tissue at 4"C (section 3.3.1.2). These time-course total RNA samples had an average

260l2g0absorbance ratio of 1.8 t 0.1. Semi-quantitative RT-PCR (section 3.3.5) was used

to assess the relative abundance of mRNA encoding the key osteoclast differentiation

factor, RANKL; the soluble decoy receptor for RANKL, OPG; IL-6, a recognised

skeletally-active cytokine capable of promoting osteoclast formation; the abundant bone

matrix growth factor, TGF-B1; and the housekeeping gene, GAPDH, in these time-course

RNA samples. The relative expression of OPG, TGF-PI, and GAPDH mRNA was

observed to decline with the time the postmortem bone tissue was stored at 4"C (Figure

3.3). RANKL 6RNA appeared to follow this pattern of decline up to 72 hours, although

RANKL 6RNA was abundant at the 96 hour time-point (Figure 3.3). IL-6 mRNA did not

appearto decline with bone tissue storage time at 4oC. The relative half-life (T5s), for each

'RNA 
analysed, was derived from the exponential regression of the percentage of mRNA

at 24 hours postmortem versus the storage interval at 4"C (hours; section 3'3.5). The

relative Tso for OPG, TGF-p1, and GAPDH mRNA was 64, 35, and 88 hours, respectively

(Table 3.4). The relative T5s for RANKL and IL-6 mRNA could not be determined as the

data is not described by a significant exponential regression.

There was no change in the relative ratios of RANKL/GAPDH, OPG/GAPDH, and IL-

6/GApDH 6RNA with bone tissue storage time. However, the relative ratio of TGF-

B1/GApDH mRNA declined with bone tissue storage time at 4"C (n: 4; exponential

regression: r : -0.83, p < 0.05), suggesting that TGF-Bl mRNA degraded at a faster rate

compared to the referent mRNA, GAPDH, in this postmortem bone tissue. Furthermore,

the relative Tso for TGF-81 mRNA (35 hours) was 2.5 fold less than for GAPDH mRNA

(88 hours; Table 3.4).

Stability of RNA in human postmortem and surgical bone
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Figure 3.3: Expression of RANKL (665 bp), OPG (433 bp), IL-6 (544 bp), TGF-p1

(Z24bp), and GAPDH (415 bp) mRNA in total RNA isolated from human postmortem

intertrochanteric trabecular bone sampled from case 418 (PMI of 24 hours; Table 3.1).

Trabecular bone tissue was stored in sterile saline at 4"C and total RNA was isolated at

24 hour increments, up to 96 hours, for RT-PCR analysis of specific mRNA expression'

pCR products representing each mRNA species were visualised on SYBR@ Gold-stained

2Vo agarcse gels.
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Table 3.4 Relative Tso for specif,rc mRNA species in human postmortem intertrochanteric

trabecular bone tissue sampled from case 418 (PMI of 24 hours). The bone tissue had been

stored in sterile saline at 4"C and total RNA was isolate d at 24 hour increments, up to 96

hours, for RT-PCR analysis of specific mRNA expression. Relative values for each

specific 6RNA were determined using ImageQuant on Fluorlmager (Molecular

Dynamics) scanned SYBR@ Gold-stained2o/o agarose gels, and expressed as percentages

of the respective mRNA level at 24 hours postmortem.

Relative half-life (Tso), refers to the incubation time required for mRNA to decrease to

50% of the starting value at 24 hours postmortem.

Indeterminate, refers to the relative T5s could not be determined as the data is not described

by a significant exponential regression.

3.4.3 Effect of storage temperature and time on the stability of total RNA

isolated from human surgical trabecular bone

Trabecular bone samples from the intertrochanteric region (sampled as 10 mm diameter

tube saw core biopsies; section 3.3.2.2) of surgical cases 56, 57, and S8 (Table 3.3), were

used to investigate the effect of storage temperature and storage time on the integrity of

total RNA and specific mRNA species in human bone tissue. Total RNA was isolated from

an eighth of each bone sample, immediately after their retrieval at surgery, to represent a 0

hour time-point. The remaining bone samples were stored in sterile saline at 4oC, room

temperature (22"C t loC), ot 37"C, for cases 56, 57, and S8, respectively, and total RNA

mRNA Tso
(hours)

RANKL

OPG

IL.6

rGF-pl

GAPDH

Indeterminate

63.6

Indeterminate

34.s

87.7

Stability of RNA in human postmorl"em and surgical bone
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was isolate d at 2, 4, 8, 16, 24, 48, and 72 hour time-points (section 3.3.2.2)' The storage

temperatures investigated were chosen for the following reasons: 4oC replicates the storage

temperature of the body before the postmortem examination, and subsequent bone tissue

retrieval and RNA isolation; room temperature replicates the stabilised body temperature

before refrigeration; and 37"C replicates the avetage core body temperature before death

(Henssge, 1995), and allows the RNA degradation rate to be assessed at a temperature at

which endogenous and introduced RNases are likely to be active. The total RNA yield (pg

RNA/mg wet weight) was calculated for each time-point for each of the three cases

(section 3.3.3; Table 3.5). There was no significant decline with time in the total RNA

yield or 2601280 absorbance ratio for the bone samples stored at 4"C or room temperature

(Table 3.5). However, total RNA yield declined rapidly with time for the bone samples

stored at 37"C (n : 8; linear regression: r : -0.81, p < 0.005; exponential regressioni r : -

0.86, p < 0.002). The 2601280 absorbance ratio also decreased with the time the bone

samples were stored at37"C (n:8; linear regression: r: -0.89,p < 0.001; exponential

regression: r : -0.91,p < 0.001). The total RNA yield from the 37oC stored bone tissues

was not sufficient in quantity for Northern blot analysis.

Total RNA integrity for the 4"C and room temperature time-course bone tissue RNA

samples was assessed by the relative abundance of the 28S and 18S rRNA bands on

ethidium bromide-stained lo/o agarose-formaldehyde gels (Figures 3.4 and 3.5). The

relative intensity data of the 28S and 18S rRNA bands were expressed per mg of bone

tissue to correct for differences in sample tissue weight. A negative exponential correlation

was observed between the relative intensities of 28S rRNA, 18S rRNA, and the 28S/l83

ratio, and the storage interval at 4"C, but not at room temperature (Table 3.6). There may

be more variability between time-points in the relative intensity of the 28S and 18S rRNA

14
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Table 3.5 yield of total RNA (¡rg RNA/mg wet weight) isolated from human surgical

intertrochanteric trabecular bone sampled from cases 56, 57, and S8. Trabecular bone

tissue was stored in sterile saline at 4oC (56), room temperature (RT; S7), or 37"C (S8), for

0,2,4,8, 16, 24,48, andl2 hours and total RNA isolated at these time-points.

Total RNA yield (¡rg RNA/mgwetweight)

Storage temPerature

RT (22'C)4"C 37"C
Time

(hours)

0

2

4

8

16

24

48

72

0.044

0.106

0.057

0.044

0.074

0.r49

0.054

0.045

0.221

0.086

0.119

0.087

0.047

0.094

0.126

0.089

0.067

0.064

0.042

0.052

0.024

0.009

0.013

0.007
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Figure 3.4: Total RNA isolated from human surgical intertrochanteric trabecular bone

sampled from case 56 (Table 3.3), 3 pg per lane, was electrophoresed through a l%o

agarose-formaldehyde gel, stained with ethidium bromide to visualise the 28S (5 kb) and

18S (1.8 kb) rRNA bands, transfered to a nylon membrane, and hybridised with a32P-

labelled GAPDH probe (Chapter 2.2.2.2) to detect human GAPDH mRNA (1.28 kb).

Trabecular bone tissue was stored in sterile saline at 4"C for 0, 2, 4, 8, 16, 24, 48, and 72

hours and total RNA isolated at these time-points.
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Figure 3.5: Total RNA isolated from human surgical intertrochanteric trabecular bone

sampled from case 57 (Table 3.3),3 Ftg per lane, was electrophoresed through a l7o

agarose-formaldehyde gel, stained with ethidium bromide to visualise the 28S (5 kb) and

1SS (1.S kb) rRNA bands, transferred to a nylon membrane, and hybridised with a32P-

labelled GAPDH probe (Chapter 2.2.2.2) to detect human GAPDH mRNA (1.28 kb).

Trabecular bone tissue was stored in sterile saline at RT (room temperature 22"C + 1'C)

for 0, 2, 4,8, 16,24,48, and 72 hours and total RNA isolated at these time-points.
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Table 3.6 Relative intensity values of 28S and 18S rRNA, and GAPDH mRNA, were

determined using ImageQuant on Fluorlmager (Molecular Dynamics) scanned l%

agarose-formaldehyde gels and Phosphorlmager (Molecular Dynamics) scanned Northern

blots, respectively, and expressed per mg of bone tissue. Total RNA was isolated from

human surgical intertrochanteric trabecular bone sampled from cases 56 and 57.

Trabecular bone tissue was stored in sterile saline at 4oC (56) or room temperature (RT;

57) for 0,2, 4,8, 16, 24, 48, and72 hours and total RNA isolated at these time-points.

The linear and exponential correlation coefficients between the time the bone tissue was

stored at 4"C or RT, and levels of 28S and 18S rRNA, and GAPDH mRNA, are shown.
The two-tailed p value for each correlation is given; NS, not significant.

Storage temperature

4"C RT (22"C)
RNA
(z:8) Línear Exponential Linear Exponential

28S rRNA r: -0.65
p < 0.05

r: -0.80
p < 0.005

r: -0.46
NS

r: -0.46
NS

18S rRNA r: -0.60
NS

r: -0.J0
p <0.03

r: -0.50
NS

r: -0.52
NS

28S/18S rRrlA r: -0.63
NS

r: -0.69
p < 0.03

r: -0.I9
NS

r: -0,I5
NS

GAPDH mRNA r: -0.55
NS

r: -0.65
p < 0.05

r: -0.6I
NS

r: -0.70
p < 0.03



Chapter 3 75

bands in bone tissue stored at room temperature in comparison to 4"C, due to small

fluctuations in the temperature during the time-course (i.e., 22"C + l"C; compare Figures

3.4 and3.5). The stability of GAPDH mRNA in the 4oC and room temperature time-course

bone tissue RNA samples was assessed by Northern blot analysis (Figures 3.4 and 3.5,

respectively), and the relative intensity data of the GAPDH mRNA bands were expressed

per mg of bone tissue. The relative intensity of the human GAPDH mRNA band negatively

correlated with the storage interval at both 4oC and room temperature by an exponential

regression (Figures 3.64 and 3.68, respectively; Table 3.6).

The relative Tso v/âs derived from the exponential regression of the relative intensity of

28S and 18S rRNA, and GAPDH mRNA, per mg bone tissue versus the storage interval

(hours; section 3.3.4). The relative Tso for 28S and 18S rRNA at 4"C was 26 and 39 hours,

respectively (Table 3.7). The 28S and l8S rRNA relative Tso at room temperature could

not be determined as the data is not described by a significant exponential regression. The

relative Tso for GAPDH mRNA at 4oC and room temperature was 48 and 39 hours,

respectively (Table 3.7). Interestingly, at both 4C and room temperature, there was no

change in the relative ratio of GAPDH mRNA/28S rRNA or GAPDH mRNA/18S rRNA

with increasing bone tissue storage time. This suggests that there is no difference between

the degradative rates of GAPDH mRNA and rRNA in surgical trabecular bone tissue

stored in sterile saline at either 4"C or room temperature.

Stabiliff of RNA in human postmortem and surgical bone



Figure 3.6: Effect of storage temperature and time on stability of GAPDH mRNA in

total RNA isolated from human surgical intertrochanteric trabecular bone sampled from

cases 56 (4"C; A) and S7 (room temperature {RT; 22"C t 1'C}; B; Table 3.3), as

determined by Northern blot analysis (Chapter 2.2.2.2). Trabecular bone tissue was

stored in sterile saline at 4"C or RT for 0, 2, 4, 8, 16, 24,48, and 72 hours and total

RNA was isolated at these time-points. Relative intensity values of GAPDH mRNA

were determined using ImageQuant on Phosphorlmager (Molecular Dynamics) scanned

Northern blots, and expressed per mg of bone tissue. The relative intensity value at the

first time-point was set to one. Relative intensity values at other time-points are shown

relative to the first time-point. There was a significant exponential decline in the relative

intensity of GAPDH mRNA with storage time at both 4"C (y: 1.59e-0'0r^; r : -0.65 and

p < 0.05) and RT (y:0.41e-0'02x; r: -0.70 andp < 0.03).
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Table 3.7 Relative Tso for 28S and 18S rRNA, and GAPDH mRNA, in human surgical

intertrochanteric trabecular bone tissue sampled from cases 56 and 57, which had been

stored in sterile saline at 4"C (56) or room temperature (RT; 57) for 0, 2, 4,8, 16,24, 48,

and 72 hours. Total RNA was isolated from each of these time-points. Relative intensity

values of 28S and 18S rRNA, and GAPDH mRNA, were determined using ImageQuant on

Fluorlmager (Molecular Dynamics) scanned l% agarose-formaldehyde gels and

phosphorlmager (Molecular Dynamics) scanned Northern blots, respectively, and

expressed per mg of bone tissue.

Relative half-life (Tso), refers to the incubation time required for RNA to decrease to 50o/o

of the starting value at 0 hours.

Indeterminate, refers to the relative Tso could not be determined as the data is not described

by a signif,rcant exponential regression.

3.4.4 Effect of storage temperature and time on the stability of various

mRNA species in human surgical trabecular bone

Time-oourses of RNA isolation from trabecular bone tissues sampled from surgical cases

56, 57, and S8, where the bone tissue was stored at either 4oC, room temperature, ot 37"C,

respectively, were used to investigate the effect of storage temperature and storage time on

the integrity of specific mRNA species in human bone tissue (section 3'3.2.2)' Semi-

quantitative RT-PCR (section 3.3.5) was used to assess the relative abundance of mRNA

encoding RANKL; OPG; the cognate receptor of RANKL, RANK; the osteoclastic cell

marker, CTR; the osteoblastic cell marker, OCN; IL-6; TGF-BI; and GAPDH, in these

RNA
RT (22"C)4"C

T5s (hours)

Storage temperature

28S rRNA

18S rRNA

GAPDH mRNA

26.4

38.7

47.8

Indeterminate

Indeterminate

38.5

Stability of RNA in human postmortem and surgical bone
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time-course RNA samples. In general, the relative expression of these mRNA species

declined significantly by 48 hours in bone tissue stored at 4"C from a 2 hour time-point up

to T2hours (Figure 3.7). The 0 hour time-point for this surgical case (56), where the bone

tissue was stored at 4"C, was not included in the RT-PCR analysis as all specific mRNA

species, excluding GAPDH mRNA, rwere very low in abundance. However, the relative

abundance of the 28S and 18S rRNA bands, and Northern blot analysis for GAPDH

mRNA were not significantly low for this 4oC 0 hour time-point compared to the 4oC 2

hour time-point (Figure 3.4). The low expression of bone-specific mRNA species for the

4'C 0 hour time-point may be due to the bone tissue being sampled from the end of the

tube saw specimen, and a subsequent loss of marro\M elements due to inadequate

harvesting and/or processing techniques.

For the bone tissue stored at room temperature from a 0 hour time-point up to 72 hours,

RANKL, OPG, RANK, CTR, and TGF-BI mRNA expression had declined significantly

by 24 hours (Figure 3.8). The PCR cycle number for the human GAPDH mRNA-specific

oligonucleotide primer set was within the log-linear range of amplification. The expression

of GAPDH mRNA, assessed by semi-quantitative RT-PCR for the 4"C (S7) and room

temperature (SS) time-courses (Figures 3.7 and 3.8, respectively), appeared to only decline

slightly up to 72 hours, which is in contrast with the significant exponential decline in

GAPDH mRNA observed with Northern blot analysis for both the 4"C and room

temperature time-courses (Figures 3.4 and 3.5, respectively; Figures 3.6A and 3.68,

respectively). Northern blot analysis detects full-length GAPDH mRNA transcripts (1.28

kb) using a 
3'P-labelled probe of the 415 bp GAPDH fragment amplified by PCR (Chapter

2.2.2.2). RT-PCR analysis utilises oligonucleotide primers specific to human GAPDH

mRNA, which amplify a 415 bp fragment between the exon 4/5 boundary and within exon

Stability of RNA in human postmortem and surgical bone
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Figure 3.7: Expression of RANKL (665 bp), OPG (433 bp), RANK (702bp),IL-6 (544

bp), CTR isoforms (180/132 bp), OCN (255 bp), TGF-p1 (224bp), and GAPDH (a15 bp)

mRNA in total RNA isolated from human surgical intertrochanteric trabecular bone

sampled from case 56 (Table 3.3). Trabecular bone tissue was stored in sterile saline at

4"C for 2,4,8, 16,24,48, and 72 hours, total RNA was isolated at these time-points, for

RT-PCR analysis of specific mRNA expression. PCR products representing each mRNA

species were visualised on SYBR@ Gold-stained2Vo agarose gels.
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Figure 3.8: Expression of RANKL (665 bp), OPG (433 bp), RANK (7O2bp),IL-6 (544

bp), CTR isoforms (780/l32bp), OCN (255 bp), TGF-PI (224bp), and GAPDH (a15 bp)

mRNA in total RNA isolated from human surgical intertrochanteric trabecular bone

sampled from case 57 (Table 3.3). Trabecular bone tissue was stored in sterile saline at

RT (room temperature',22"C + 1'C) for 0, 2,4,8, 16,24,48, and 72 hours, total RNA

was isolated at these time-points, for RT-PCR analysis of specific mRNA expression.

PCR products representing each mRNA species were visualised on SYBR@ Gold-stained

2Vo agarose gels.

*'



Chapter 3 78

7 (Table 2.1). The RT-PCR analysis for GAPDH mRNA would be ampliffing both full-

length and partially degraded GAPDH mRNA transcripts, degraded from the 3' end up to

within exon 7 andlor degraded from the 5' end up to exon 5. The discrepancy between the

Northern blot and RT-PCR analysis, for the 4oC and room temperature time-courses,

suggests that full-length GAPDH mRNA partially degraded with storage time, either from

the 3' end or 5' end, with relatively much less cleavage occurring in the region of sequence

being amplif,red by PCR.

The expression of all the mRNA species declined to almost no detectable PCR product by

48 hours in bone tissue stored at 37"C from a 0 hour time-point up to 48 hours (Figure

3.9). There was an insufficient quantity of total RNA recovered from the 72 hottt time-

point, from the 37"C time-course, for RT-PCR analysis.

The relative mRNA expression data for the 4oC, room temperature, and 37oC time-courses

were expressed per mg of bone tissue to correct for differences in sample tissue weight,

and to allow the calculation of relative half-lives (T56) of each mRNA species (section

3.3.5). The relative expression of OPG, CTR, OCN, and TGF-BI mRNA declined

significantly in bone tissue stored at 4oC with an exponential regression yielding relative

Tso values of 2I,35, 4I, and 2I hours, respectively (Table 3.8). At room temperature, the

expression of RANK and CTR mRNA significantly declined with an exponential

regression yielding relative Tso values of 18 and 45 hours, respectively (Table 3.8). The

RT-PCR data for the mRNA species listed in Table 3.8 without a relative T56, for the 4'C

and room temperature time-courses, could not be described by a significant exponential

regression. All of the mRNA species rapidly degraded in bone tissue stored at 37oC, with

the relative T56 ranging from 4 hours (RANK and OCN mRNA) to 14 hours (GAPDH

!

Stability of RNA in human postmortem and surgical bone
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Figure 3.9: Expression of RANKL (665 bp), OPG (433 bp), RANK (702bp),IL-6 (544

bp), CTR isoforms (l8jll32 bp), OCN (255 bp), TGF-P1 (224bp), and GAPDH (a15 bp)

mRNA in total RNA isolated from human surgical intertrochanteric trabecular bone

sampled from case S8 (Table 3.3). Trabecular bone tissue was stored in sterile saline at

3'7"C for 0,2, 4,8, 16, 24, and 48 hours, total RNA was isolated at these time-points, for

RT-PCR analysis of specific mRNA expression. PCR products representing each mRNA

species were visualised on SYBR@ Gold-stained2Vo agarcse gels.
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Table 3.8 Relative Tso for specific mRNA species in human surgical intertrochanteric

trabecular bone tissue sampled from cases S6, S7, and S8. The bone tissue had been stored

in sterile saline at 4"C (56), room temperature (RT; S7), or 37"C (S8) for 0, 2, 4,8, 16,24,

48, and 72 hours. Total RNA was isolated from each of these time-points for RT-PCR

analysis of specific mRNA expression. RT-PCR data was not available for the 4'C 0 hour

time-point or the 37"C 72 hour time-point due to small quantities of total RNA recovered.

Relative values for each specific mRNA were determined using ImageQuant on

Flrrorlmager (Molecular Dynamics) scanned SYBR@ Gold-stained 2%o agarose gels, and

expressed per mg of bone tissue.

Relative half-life (Tso), refers to the incubation time required for mRNA to decrease to

50% of the starting value at 2 hours for 4oC, and 0 hours for RT and37"C.
Indeterminate, refers to the relative Tso could not be determined as the data is not described

by a significant exponential regression.

mRNA

T5¡ (hours)

Storage temperature

40c RT (22"C) 37"C

RANKL

OPG

RANK

tL-6

CTR

OCN

rGF-p1

GAPDH

Indeterminate

20.8

Indeterminate

Indeterminate

34.5

40.5
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Indeterminate
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4s.3

Indeterminate

Indeterminate

Indeterminate

6.3

7.0

3.9

9.6

4.4

3.7

l.l
14.3



Chapter 3 79

mRNA; Table 3.8). This rapid degradation of mRNA in bone tissue stored at 37'C is

clearly demonstrated in Figures 3.10 and 3.11 as a comparison to bone tissue stored at 4oC,

for CTR and OCN mRNA, resPectivelY.

At 4oC, the relative ratios of OPG/GAPDH, RANIIGAPDH, OCN/GAPDH, and TGF-

p1/GAPDH pRNA declined with bone tissue storage time (n: 7; exponential regression:

OPG: r: -0.93,p < 0.001; RANK: r: -0'7I, p < 0.04; OCN: r: -0'84,p < 0'005; TGF-

B1: r : -0.91, p < 0.001), suggesting that OPG, RANK, OCN, and TGF-BI mRNA

degraded at a faster rate compared to the referent mRNA, GAPDH, in bone tissue stored at

4"C. Atroom temperature, the relative ratios of RANIIGAPDH and CTR/GAPDH mRNA

declined with bone tissue storage time (n: 8; exponential regression: RANK: r: -0.72, p

< 0.03; CTR: r : -0.67,p < 0.05), suggesting that RANK and CTR mRNA degraded at a

faster rate compared to GAPDH mRNA. The relative ratio of all of the mRNA

species/GAPDH mRNA declined significantly with bone tissue storage time at 37"C,

suggesting that the degradative rate of all of these mRNA species was faster than GAPDH

mRNA.

3.5 DISCUSSION

The analysis of mRNA expression patterns in human bone tissues can provide significant

insight into the spatio-temporal activities of gene transcription, and furthermore, important

information on physiology and pathology at a molecular level. Human pathological bone

tissue is readily obtainable from surgery, but it is rarely possible to obtain suitable non-

diseased bone tissues at surgery. Human postmortem bone tissue is a valuable resource of

skeletal site-matched control tissue, although the stability of total RNA and specific

mRNA species isolated from postmortem bone tissue is not known. The aim of the work

Stability of RNA in human postmortem and surgical bone



Figure 3.10: Effect of storage temperature and time on stability of CTR mRNA in total

RNA isolated from human surgical intertrochanteric trabecular bone sampled from

cases 56 (4"C) and S8 (37"C; Table 3.3), as determined by semi-quantitative RT-PCR

analysis (Chapter 2.2.2.3). Trabecular bone tissue was stored in sterile saline at 4"C for

2, 4,8, 16,24,48, and 72 hours, and at 37'C for 0,2, 4,8, 16, 24, and 48 hours, and

total RNA was isolated at these time-points. The 37'C 48 hour time-point is not shown

as the relative value for CTR mRNA was zero. Relative values of CTR mRNA were

determined using ImageQuant on Fluorlmager (Molecular Dynamics) scanned SYBR@

Gold-stained2o/o agarose gels, and expressed per mg of bone tissue. The relative value

at the first time-point was set to one. Relative values at other time-points are shown

relative to the first time-point. There \Mas a significant exponential decline in the relative

value of CTR mRNA with storage time at both 4'C (y : 0.94e'0'02*; r: -0.69 and p <

0.05 {solid line}) and 37'C (y : 0.92e'0't6x' , : -0.92 and p < 0.002 {broken line}).
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Figure 3.11: Effect of storage temperature and time on stability of OCN mRNA in total

RNA isolated from human surgical intertrochanteric trabecular bone sampled from

cases 56 (4'C) and S8 (37'C; Table 3.3), as determined by semi-quantitative RT-PCR

analysis (Chapter 2.2.2.3). Trabecular bone tissue was stored in sterile saline at 4"C for

2, 4, 8, 16, 24,48, and 72 hours, and at 37'C for 0, 2, 4, 8, 16, 24, and 48 hours, and

total RNA was isolated at these time-points. Relative values of OCN mRNA were

determined using ImageQuant on Fluorlmager (Molecular Dynamics) scanned SYBR@

Gold-stained 2Yo agarose gels, and expressed per mg of bone tissue. The relative value

at the first time-point was set to one. Relative values at other time-points are shown

relative to the first time-point. There was a significant exponential decline in the relative

value of OCN mRNA with storage time at both 4"C (y : 0.76e-0'02*; r : -0.73 and p <

0.03 {solid line}) and37"C (y: 1.96e-0'tex; r: -0.95 andp < 0.001 {broken line}).
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Chapter 3

described in this chapter was to investigate the stability of total RNA isolated from human

postmortem bone tissues with a PMI range of 4 to 84 hours, and further, to examine the

influence of different bone tissue storage conditions, such as temperature and time, on the

stability of total RNA and bone-specific mRNAs in human surgical bone tissues.

3.5.1 Stability of total RNA and tissue-specific mRNA species in human

postmortem tissues other than bone: a review of the literature

Yasojima et al. (2001) found negligible deterioration in total RNA and specific mRNAs in

human postmortem brain tissue obtained up to 96 hours, provided the body had been kept

at 4"C. There was no difference in the mRNA degradation rate between the highly stable

housekeeping gene cyclophilin, and the highly labile (relatively unstable and transient)

COX-2 mRNA, which has a half-life of 30 minutes in vivo. The techniques used in this

study of postmortem RNA decay included the examination of the appearance of the rRNA

bands on ethidium bromide-stained agarose-formaldehyde gels, and semi-quantitative RT-

PCR amplifîcation (Yasojima et a1.,2001), similar to the techniques used for the work

described in this chapter pertaining to human postmortem bone tissues. A number of

studies have found a variety of human brain-specific mRNAs, such as the G protein

subunits, Gso, Gpr, and Gpz, fibroblast growth factor (FGF) receptor, basic FGF, and

amyloid precursor protein, to be generally stable up to 48 hours postmortem at 4"C, when

measured by Northern blotting and RT-PCR (Burke et al., l99l; Leonard et al., 1993;

Ross e/ a1.,1992). The use of real-time RT-PCR analysis, for quantitation of mRNA levels,

has shown that collagen crl(IV) and GAPDH mRNA levels exponentially decline at a

similar rate when human postmortem kidney tissue, obtained at 7 hours postmortem, is

incubated up to 48 hours at 4"C (Eikmans et a1.,2001). Eikmans et al. (2001) concluded

that as the collagen cI1(IV)/GAPDH mRNA ratio did not change with increasing tissue
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storage time, which represents increasing PMI, this ratio was reliable for subsequent

analyses of 18 postmortem kidneys with a range of 4 to 21 hours between death of the

individual and storage of the renal tissue at -70"C. Real-time RT-PCR has also been used

to quantitate pulmonary surfactant apoprotein A mRNA in human lung tissue specimens

obtained from cases up to 96 hours postmortem (Ishida et al., 2000). Human skeletal

muscle tissues have been obtained within a postmortem interval of 24 hours and used for a

time-iourse RNase protection assay analysis of the disappearance of quantifiable mRNA

for the glucose transporter isoforms (GLUT) 3 and 4 (Stuart et al., 1999). These muscle-

specific mRNAs degraded rapidly in human postmortem muscle tissue stored at room

temperature (20'C; Stuart et al.,1999). There was a 50% decrease in GLUT 3 and GLUT 4

6RNA by 24 andT hours, respectively, at 4"C. GAPDH mRNA decreased by 50%by 17

hours at 4"C, and 2 hours at 20"C (Stuart et al., 1999). Lin et al. (1999) have shown that

RNA isolated from human temporal bone soft tissues, obtained up to 6 hours postmortem,

is reliable for Northern blot analysis and in situ hybridisation analysis of both "stable"

(low molecular weight; B-actin) and "unstable" (high molecular weight; MUC5B mucin

gene) mRNA species.

3.5.2 Stability of total RNA in human postmortem trabecular bone

Overall degradation in total RNA isolated from trabecular bone from 17 postmortem cases

was assessed by the integrity of the 28S and 18S rRNA bands on ethidium bromide-stained

agarose-formaldehyde gels, and GAPDH mRNA expression by Northern blotting (Figure

3.1). There appeared to be a loss of higher molecular weight rRNA (28S and 18S), which

is indicative of degradation, in some postmortem cases. However, there was no correlation

between the relative rRNA band intensities, or GAPDH mRNA band intensity, and the

PMI up to 84 hours. These observations are consistent with the report of well-preserved
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RNA in rabbit connective tissues in carcasses stored at 4"C up to 96 hours postmortem

(Marchuk et a1.,199S). Although there was no correlation between rRNA degradation and

the PMI, there was considerable variability in the quality of the RNA recovered between

cases with differing PMIs. This may be due to variability between the cases in a number of

unrecorded premortem and postmortem variables; such as the time between death and

storage of the body in the mortuary fridge at 4"C; and different body cooling rates due to

different medical conditions prior to death, including sepsis (which may maintain or raise

the body temperature for a short time after death), hypotension, local ischaemia from

thromboembolic disease, and general nutritional status (Kleiner et a1.,1995). In addition,

the body cooling rate after death will be affected by the individual's physique and build, as

adipose tissue acts as an insulator and therefore loss of internal heat will be slower in an

overweight individual, and conversely, a thin individual will lose heat quicker as the

surface area is greater in relation to the total tissue volume (Henssge, 1995). The PMI

depends on a number of uncontrolled factors, such as the time of day that the individual

died, how quickly consent is obtained from the next-of-kin for tissue donation, if the

individual died at the hospital, or if the body is transported between institutions the PMI is

lengthened by I or 2 days (Kleiner et a1.,1995).

Different cell types and certain mRNA species, in the case of human postmortem brain

tissue RNA, may be more susceptible than others to various premoftem and postmortem

factors (Burke et al., 1991). Burke et al. (1991) found different effects of premortem

variables, such as hypoxia and seizure activity, on human postmortem brain mRNA

expression levels. In addition, brain pH has been shown to significantly associate with the

abundance of several brain-specific mRNAs in human postmortem brain tissues (Harrison

et a\.,1995). Brain tissues with low pH (pH < 6.0) had fragmented or absent mRNAs, and
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a strong correlation between tissue pH and mRNA quality was demonstrated (Bahn et al.,

2001)

The Northern blot of GAPDH mRNA for some cases, for a selection of bone RNA samples

from human postmortem cases (Figure 3.1), showed a tailing effect below the 1.28 kb

band, which is suggestive of partial GAPDH mRNA degradation. This band tailing effect

was also observed for GAPDH mRNA on Northern blots of rabbit postmortem connective

tissue RNA (Marchuk et a1.,1998). A similar effect was observed for G protein mRNA in

human postmortem brain tissues obtained up to 19 hours postmortem (Ross et a1.,1992);

B-actin mRNA in [poly(A)*]-RNA isolated from human postmortem brain tissues up to 43

hours postmortem (Leonard et al., 1993); and MUC5B mucin gene and B-actin mRNA

detected by Northern blotting in RNA isolated from human postmortem temporal bone soft

tissues obtained up to 6 hours postmortem (Lin et al., 1999). The difference between the

study of Lin et al. (1999) and the data for human postmortem bone tissue, described in this

chapter, is the time-dependent downshift in Northern blot hybridising signals for B-actin

and MUC5B mRNA, indicating loss of intact mRNA transcripts (Lin et al., 1999). Both

intact and partially degraded GAPDH mRNA transcripts were observed in the Northern

blot of the selection of postmortem cases in Figure 3.1. The similar rate of RNA

degradation, found between different skeletal sites from the same case for 7 individuals

(section 3.4.1), has been reported for different regions of the human postmortem brain

from the same subject, for 28S rRNA integrity analysed by Northern blotting (Ross et al.,

ree2).

Autolysis, the destruction of tissues or cells by the action of endogenous enzymes

(RNases), occurs at different rates in different human tissue types after death. Tissues rich

Stability of RNA in human postmortem and surgical bone



Chapter 3

in digestive enzymes are most readily subject to autolytic changes. After death, the

autolytic process begins in the gastrointestinal tract, with the digestion of the stomach,

lower oesophagus, and intestine by digestive enzymes. These digestive enzymes then seep

into the pleural (lung) cavity. Cessation of blood circulation causes oxygen tension in the

tissues to fall rapidly, resulting in no further aerobic activity (Madea et al., 1995).

Anaerobic metabolism in muscles may attain a high level post-death with the production of

lactic acid from glycogen. Nearly all the muscle glycogen is broken down during the first

hours after death. Up to 104 hours postmortem, muscle cells in frozen muscle pulp can

react on ATP administration with a strong contraction (Madea et al., 1995)' Studies of

bone marrow cytology in postmortem cases in the 1960s showed that bone marrow cells,

particularly leukocytes, from the sternum and ilium were still motile in tissue culture up to

50 hours postmortem (Perry et al., 1960; Porteous, 1961). Bone marrow cells aspirated

from the sternum from 123 cadavers, stored at various times at 4"C up to 10 days after

death, were shown to be surprisingly viable, by a vital dye exclusion test, despite the

general assumption that autolytic changes proceed rapidly at the cellular level (Laiho and

Penttila, 1981).

3.5.3 Isolation of undegraded total RllA from human postmortem trabecular

bone: optimal tissue processing conditions

Positive correlations were found between RNA isolated from two different skeletal regions

from the same postmortem case for the intensities of the 28S and 18S rRNA bands, and

GAPDH 6RNA (section 3.4.I). These data suggest that the processing of the bone tissues

for RNA isolation was unlikely to be influencing the variation in the relative intensity of

the rRNA and GAPDH mRNA bands between cases (Figure 3.1). Moreover, the bone

tissue processing for RNA isolation was not resulting in any further RNA degradation. To
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consistently recover high concentrations of intact RNA from postmortem bone tissue, and

other tissues, it is important to mimimize the possible introduction of exogenous RNases

during tissue processing and dissection. RNase contamination can be minimised during

tissue processing to isolate RNA by: wearing gloves for all procedures, using tips and

tubes that have been certifîed RNase-free, treating water and buffers with DEPC (which

inactivates RNases by alkylation of histidine residues in the enzyme active site), and

treating surfaces with RNase decontamination solution or with a detergent that denatures

RNases such as l0% SDS. In addition, all tissues, including bone tissues, contain

endogenous RNases, thus it is very important to rapidly process samples into a strong

denaturant buffer, such as guanidine isothiocyanate, to inactivate these nucleases.

The RNA degradation seen in surgical bone tissues stored at 4"C, room temperature, and

37"C, up to 72 hours (Figures 3.4-3.11; Tables 3.5-3.8), may be due to the introduction of

exogenous RNases during the processing of the tissue andlor more endogenous RNases

from the bone tissue becoming free in solution with a longer storage time. The surgical

trabecular bone tissue samples used for the time-course analyses were initially divided, and

each sample separately stored at the study temperature in sterile saline (section 3'3.2.2)'

An alternative approach would be to retain the tube saw bone sample intact in sterile saline

and cut or section contiguous pieces of bone tissue as each time-point arises. This

approach would result in less initial exposure of the tissue to potential exogenous RNases'

In addition, the cutting or sectioning action (i.e., mechanical action and/or generation of

heat) may be damaging cell membranes at the borders of the tissue sample, resulting in

damage to lysosomes (the cell organelles housing the RNases), and thus releasing

endogenous RNases into the storage solution. This may explain the rapid mRNA

degradation observed for surgical bone tissue stored at 37"C, an optimal activity
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temperature for RNases, in sterile saline (Figures 3.10 and 3.11; Table 3.8). Minimising

lysosomal damage could prevent rapid degradation of RNA in postmortem tissues.

Experimentally controlled freezelthawing of rat brain tissues in comparison with

increasing PMI indicated that the RNA began to show signs of degradation at 48 hours in

rats stored at 4"C up to 72 hours postmortem. When the brain tissues where ftozen and

then thawed at room temperature (20'C) up to I hour before RNA isolation there was rapid

degradation of both 28S rRNA and specific mRNA species (Ross et al., 1992). Rapid

fueezing of tissues causes damage to the membrane structures within the cell, in particular

to the lysosomes, and thus results in the release of RNases into the cytoplasm. Upon

thawing of these tissues these RNases can result in rapid RNA degradation.

3.5,4 Stabitity of specific mRNA species in human surgical trabecular bone:

mRl\A degradation rates

Cell culture studies have been the model system used to study the in vivo stability of

specific mRNA types. mRNA half-lives vary from a few minutes for labile species, such as

c-fos, up to 24 hours or more for stable species, such as the globins (Yasojima et a1.,2001).

Degradation rates of specific mRNAs in vivo are largely determined by destabilising

sequences. The most important destabilising sequences are found in the 3' untranslated

region (UTR), and this includes the series of AUUUA pentamers. The greater the number

of A+U rich elements (AREs) in the 3' UTR, the greater the vulnerability for the mRNA to

decay. The initial steps in mRNA degradation include progressive deadenylation of the

poly(A) tail, in the model described by Sachs (1993). This exposes the remaining

adenosine nucleotides to attack by endoribonucleases and exoribonucleases, as the

poly(A)-binding protein can no longer attach to the mRNA. Yasojima et al. (2001)

proposed that these same pathways of mRNA degradation, for each mRNA in premortem
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degradation, would occur but at a slower rate postmortem. The in vivo half-lives of some

of the 6RNA species described in this chapter have been analysed in cell culture studies.

OCN 6RNA has a half-life of 7 hours in clonal osteoblast cells (Mosavin and Mellon,

1996). CTR 6RNA has a half-life of 14 hours in mature mouse osteoclast-like cells (Wada

et al., lggT). The 3'UTR of the human CTR mRNA contains 5 copies of the AUUUA

motif, as well as other AREs, which are known to destabilise mRNAs (Wada et a1.,1997)'

CTR and OCN mRNA rapidly degraded in surgical trabecular bone tissue stored at37"C, a

temperature at which endogenous and introduced RNases are likely to be active, with a

similar relative half-live (T56) of approximately 4 hours for both mRNA species (Figures

3.10 and 3.11, respectively; Table 3.8).

Tong et at. (1997) described a study where total RNA isolated from human breast cancer

cell lines was degraded to varying extents by treatment with different amounts of RNase A.

Competitive RT-PCR was used to show that specific mRNA species, such as oestrogen

receptor, p53, and GAPDH, were degraded to a similar extent depending on the degree of

the degradation of the total RNA. Tong et al. (1997) suggest that in degraded total RNA

samples the expression of specific mRNAs, measured by competitive RT-PCR, should be

normalised to a constitutively expressed gene, such as GAPDH, to allow correct relative

mRNA quantification. This approach would also correct erroneous results caused by any

incorrect spectrophotometric determinations of RNA concentrations (Tong et al., 1997).

And thus, the comparison of gene expression in RNA samples with varying integrity is

possible.

Time-courses of RNA isolation from surgical trabecular bone tissues stored at eithet 4oC,

room temperature, or 37"C, were used to investigate the effect of storage temperature and

87

Stability of RNA in human postmortem and surgical bone



Chapter 3 88

storage time on the integrity of specihc mRNA species, as determined by semi-quantitative

RT-PCR, in human bone tissue. In general, the relative expression of mRNA species

corresponding to a number of skeletally active molecules, RANKI, OPG, RANK, IL-6,

CTR, OCN, and TGF-BI, declined significantly by 48 hours and 24 hours in bone tissue

stored at 4"C and room temperature (22'C + loC), respectively (Figures 3.7 and 3.8,

respectively). All of the specific mRNA species rapidly degraded in bone tissue stored at

37"C, with an average relative Tso of 6 hours (Table 3.8). The relative ratio of each

specific mRNA/GAPDH mRNA was analysed as a function of bone tissue storage time at

each temperature. At 4'C and room temperature, some mRNA species appeared to degrade

at a faster rate than the referent mRNA, GAPDH (section 3.4.4). At37"C, the degradative

rate of all of the mRNA species appeared to be faster than GAPDH mRNA. Given that

there appear to be differences in mRNA degradation rates for some mRNA species in

human bone tissues stored at 4"C, it is important that the storage interval before RNA

isolation from bone tissues retrieved postmortem or at surgery is kept to a minimum (i.e.,

less than 12 hours). Further, the expression of specific mRNA species in human

postmortem and surgical bone tissues should be normalised to GAPDH mRNA expression

to reduce the impact of bone tissue sampling time.

Some variability in the RT-PCR analysis of bone-specific mRNA expression was observed

between the time-points for each time-course temperature (Figures 3.3,3.7-3.9). This may

be due to a difference in the abundance of particular cell types expressing these bone-

specific mRNA species between the contiguous trabecular bone pieces for each time-point.

For example, RT-PCR assessment of RANKL mRNA for the postmortem case 418 shows

a decline in RANKL mRNA expression for the 24,48, and72 hour time-points, similar to

that seen for OPG, TGF-pl, and GAPDH mRNA (Figure 3.3). However, the 96 hour time-
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point shows abundant RANKI mRNA. This inconsistency in RANKL mRNA expression

is most likely due to tissue sampling variation, as outlined above, and highly unlikely to be

due to an induction of RANKL mRNA transcription while the tissue is stored at 4"C. This

variation was not apparent between the time-points, for the 4oC and room temperature

time-courses, for the assessment of the 28S and 18S rRNA and GAPDH mRNA integrity

(Figures 3.4 and 3.5). The assessment of rRNA and GAPDH mRNA integrity is a

representative measure of RNA stability from all cell types in the tissue homogenate'

However, there may be more variability between time-points in the relative intensity of the

28S and 18S rRNA bands in bone tissue stored at room temperature in comparison to 4oC,

due to small fluctuations in the temperature during the time-course (i.e., 22"C + l"C).
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3.5.5 Conclusions

Total RNA isolated from different skeletal sites from human postmortem cases shows

signs of partial degradation up to 84 hours postmortem at 4"C. There is a mixture of both

intact and partially degraded GAPDH mRNA transcripts up to 84 hours postmoftem on a

Northern blot (Figure 3.1). This suggests that RT-PCR analysis is the preferred technique

for the analysis of gene expression in human postmortem bone tissues, as it tolerates

partial RNA degradation. Postmortem cases should be selected with an optimal Plldl of 72

hours or less for gene expression studies in bone tissue, and the time the bone tissue is

stored at 4"C after retrieval at autopsy must be kept to a minimum. The time-course

storage analysis of a postmortem bone tissue sample at 4"C, with a 24 hour PMI,

demonstrated that bone-specific mRNAs begin to degrade in sterile saline solution aftet 24

hours of storage. In addition, processing of the postmortem bone tissues must be controlled

to minimise introduction of exogenous RNases. The optimal temperature for any storage

and transport of the bone tissue before RNA isolation is 4oC. If RNA is isolated from

pathological bone tissues retrieved from surgery, this bone tissue should be processed and

handled as for the postmortem bone tissue (i.e., the optimal temperature for any short-term

storage is 4"C). The data described in this chapter have identified a 50olo reduction in the

relative abundance of some bone-specific mRNAs in surgical bone tissues stored at 4"Cby

24 hours. This suggests that surgical bone tissues should be processed for the reliable

isolation of intact total RNA within 12 hours after retrieval. Furtherrnore, once any

sectioning or cutting of the bone tissue has occurred the samples should be immersed into a

strong denaturant buffer, to inactive any released endogeneous RNases. These sampling

conditions have been utilised for isolation of total RNA from human postmortem and

surgical trabecular bone tissues to study the ex vivo pattem of gene expression (using semi-
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quantitative RT-PCR analysis) from non-diseased individuals (postmortem) and from

patients with severe primary hip OA (surgery; Chapters 4,5, and 6)'
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4.I INTRODUCTION

The adult human skeleton is considerably heterogeneous in terms of trabecular bone

architecture, bone matrix properties, and the rate at which bone is turned over. This

heterogeneity is a reflection of the mechanical and metabolic functions of each skeletal

region (Parfitt, 1996). Amling et al. (1996) and Hildebrand et al. (1999) described

architectural differences in trabecular bone from the calcaneus, femoral neck, iliac crest,

lumbar spine, and intertrochanteric region of the femur. Histomorphometric assessment of

trabecular bone architecture between the iliac crest, a number of femoral head regions

(subchondral and medial principal compressive regions, subchondral principal tensile

region), and the intertrochanteric region of the femur, demonstrated that the subchondral

principal tensile region most closely represented the iliac crest (Fazzalari et al., 1989).

Differences in the mineralisation profile of trabecular bone between the calcaneus, femoral

neck, iliac crest, and lumbar spine have been reported for a cohort of postmortem cases

(Aerssens et al., Ig97).In addition, skeletal site differences in the bone matrix content of

osteocalcin (OCN) and insulin-like growth factor type I (IGF-I) were reported in the same

study (Aerssens et al., 1997). Specifically, the trabecular bone matrix concentration of

OCN and IGF-I was higher at the femoral neck and lumbar spine than at the calcaneus and

iliac crest (Aerssens et al.,1997). Furthermore, Pfeilschifter et al. (1998) reported regional

differences in the trabecular bone matrix concentration of transforming growth factor

(TGF)-P1 and TGF-82 between the femoral head, lumbar spine, and iliac crest for

postmenopausal women. Ampe et al. (1986) described differences in the trabecular bone

matrix composition of collagen and non-collagenous proteins between the subchondral and

central regions of the femoral head, for 5 postmortem cases. Histomorphometry has shown

that the rate of bone turnover is higher at the iliac crest compared to appendicular skeletal

sites (Parfitt, 1,996). Eventov et al. (1991) described a reduction in the proportion of
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haematopoietic marrow and lower numbers of osteoclasts and osteoblasts in femoral neck

trabecular bone, in comparison to the iliac crest, for patients with femoral neck fractures.

In addition, lower bone turnover was reported in tetracycline-labelled bone biopsies from

the distal radius in comparison to iliac crest bone biopsies (Schnitzlet et al., 1996).

Furthermore, the proportion of haematopoietic maffow was reduced in trabecular bone

from the distal radius (Schnitzler et al., 1996). Similarly, Burkhardt et al. (1987) reported

lower bone turnover, increased fatty malïow, and reduced vascularity at the distal radius in

comparison to the iliac crest. Differential rates of bone turnover between skeletal regions

may be related to the differentiation potential and activity of the bone cell populations

derived from different skeletal sites. For instance, the expression of TGF-B mRNA was

more abundant in iliac crest-derived human osteoblastic cells compared to osteoblastic

cells derived from the mandible (Kasperk et a1.,1995).

The extensive knowledge of systemic and local regulation of bone remodelling has been

developed primarily from studies utilising in vitro cell culture systems, human and

predominantly murine, and animal studies such as the effects of gene deletion studies in

mice (reviewed in Ducy et al., 2000; Hofbauer and Heufelder, 2001; Raisz, 1999;

Roodman, 1999; Suda er a1.,1999). However, few studies, in the context of normal human

bone physiology, have addressed the expression of molecular regulators of bone turnover

in situ in the local human bone microenvironment, where paracrine mediators of bone

turnover can be measured with their local regulatory mechanisms intact. Furthermore,

there is a lack of information regarding the pattern of gene expression corresponding to

markers of bone cells and specific molecules, with regulatory roles in bone turnover, in

different skeletal sites from the same individual.
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Therefore, this chapter describes investigation of mRNA expression levels of bone cell

markers and a number of skeletally active molecules in trabecular bone sampled from the

iliac crest, femoral neck, and intertrochanteric region of the proximal femur, for a cohort of

postmortem individuals. The iliac crest was chosen for investigation as histomorphometric

studies have described the trabecular bone architecture and bone turnover at this skeletal

site for normal individuals and individuals with skeletal disease. In addition, the iliac crest

is a skeletal site accessible for bone biopsy. Trabecular bone was sampled from the femoral

neck, as low bone volume and associated changes in trabecular architecture are evident in

patients with femoral neck fractures (Fazzalari et al.,l9S5). The intertrochanteric region of

the proximal femur was included in the investigation, as striking differences were observed

at this skeletal site in the pattern of mRNA expression, corresponding to a number of

skeletally active molecules, between patients with severe primary hip osteoarthritis (OA)

and non-diseased postmortem individuals (described in Chapter 6). Trabecular bone in the

intertrochanteric region has previously been shown to be structurally different between OA

and non-OA individuals (Crane et al., 1990). Moreover, the intertrochanteric region is

remote from the subchondral bone that undergoes well-characterised secondary changes in

severe OA (Fazzalari et al., 1992)'

The skeletally active molecules in this investigation include the key regulators of osteoclast

biology and bone metabolism, RANKL, RANK, and OPG (as detailed in Chapter 5.1),

interleukin (IL)-6 and tumour necrosis factor alpha (TNF-ct), both of which are recognised

skeletally active cytokines capable of promoting osteoclast formation (Azuma et a1.,2000;

Komine et al., 200I; Martin et aI., 1998), and the abundant bone matrix growth factor,

TGF-81, proposed to be one of the key factors involved in coupling bone formation to

previous bone resorption (Pfeilschifter and Mundy,1987).In addition, the osteoblastic cell
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markers, OCN and osteopontin (OPN), and the bone osteoclastic cell markers, the

calcitonin receptor (CTR) andtartrate-resistant acid phosphatase (TRAP), were included in

the investigation.

4.2 CHAPTER AIMS

To investigate whether there are skeletal site differences in the mRNA expression of

bone cell markers and factors known to have important regulatory roles in bone

remodelling, in human postmortem trabecular bone sampled from the iliac crest, and

femoral neck and intertrochanteric regions of the proximal femur.

To seek gender or age-related differences in the pattern of mRNA expression in human

postmortem trabecular bone sampled from the iliac crest, and femoral neck and

intertrochanteric regions of the proximal femur.

To examine associations between the mRNA expression of skeletally active molecules

in human postmortem trabecular bone tissue sampled from the iliac crest, and femoral

neck and intertrochanteric regions of the proximal femur.

a

4.3 METHODS

4.3.1 Case selection

proximal femurs, 7 from the left and 2 from the right anatomical side, were obtained from

9 routine autopsies performed at the Royal Adelaide Hospital (Table 4.1). The age of the

postmortem cases, comprising 6 women (aged 57-85 years; mean t SD [standard

deviationl age, 69.8 t I2.l years) and 3 men (aged 42-60 years; 53.7 + 10.1 years), varied
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PMl

PM2

PM3

PM4

PM5

PM6

PM7

PM8

PM9

Female

Female

Female

Female

Female

Female

Male

Male

Male

IC,IT

IC,IT

FN,IC,IT

FN,IC,IT

FN,IC,IT

IC,IT

FN,IC,IT

IC,IT

FN,IC,IT

Left

Left

Left

Right

Left

Right

Left

Left

Left

57

6t

6I

72

83

85

42

59

60

37

I6

70

54

67

40

36

72

58

CML/sepsis

Non-Hodgkins lymphoma

Lymphoma/chronic renal failure

Ruptured duodenal ulcer

MVA chest trauma

Cardiac arrest

Chronic renal failure

Sepsis/pneumonia/post # pelvis

Chronic renal failure

Case Age Gender Skeletal regions Anatomical side Cause of death

(years)

PMI
(hours)

PM, postmortem case.

Total RNA was isolated from trabecular bone sampled from the following skeletal regions: FN, femoral neck; IC, iliac crest; IT,

intertrochanteric region of the proximal femur.

PMI, postmortem interval, refers to the time between death and autopsy.

Abbrwiations for cause of death: CML, chronic myelogenous leukaemia;#,fracíxed; MVA, motor vehicle accident.

Table 4.1 Profiles of postmortem cases examined.
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between 42 and 85 years (64.4 t 13.5 years). There was no difference in the mean age

between females and males. The postmortem cases had a postmortem interval (PMD tange,

the time between death and the postmortem examination, of 16 to 72 hours, which \¡/as an

average of 2 days (50.0 I 19.0 hours). There was no correlation between PMI and the age

of the individual. Informed consent from next-of-kin was obtained for the collection of

these postmortem specimens, with approval by the Royal Adelaide Hospital Human Ethics

Committee.

4.3.2 Sampling of trabecular bone from the iliac crest and proximal femur

Trabecular bone was sampled from the iliac crest (IC), at a point 3 cm posterior to the

antero-superior iliac spine (Figure 2.2), and the intertrochanteric (IT) region of the

proximal femur (Figure 2.1) for each postmortem case. In addition, trabecular bone was

sampled from the femoral neck (FN) region of the proximal femur for a subset of

postmortem cases (Figure 2.1; Table 4.I). Each IC bone sample was bisected

longitudinally, in an antero-posterior plane, using a band saw, which had been cleaned with

DEPC-treated water, to access the trabecular bone enclosed within the cortical shell. Each

proximal femur was sectioned in the coronal plane using a band saw to allow access to

trabecular bone for sampling from the FN and IT skeletal regions, which are enclosed

within the femoral cortex. Using sterile bone cutters, the trabecular bone tissue was

sampled as small fragments from an approximate 1.0 x 1.0 cm2 area,to a specimen depth

of 0.5 cm, from the IC, and from an approximate 1.5 x 1.0 cm' aÍea,to a specimen depth of

0.5 cm, from the FN and IT regions. The trabecular bone tissue fragments were rinsed

briefly in DEPC-treated water (the rinsed material contained trabecular bone and bone

marrow) and then immersed in RNA lysis buffer (4 M guanidine isothiocyanate solution,

Chapter 2.L5;2 mll250 mg wet weight).
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4.3.3 Semi-quantitative RT-PCR of total RI\A isolated from human

trabecular bone

Total RNA was isolated from the postmortem IC, FN, and IT trabecular bone tissue

fragments (Chapter 2.2.2.1). cDNA was synthesized from all the RNA samples (n = 23) at

the same time, to limit differences between RNA samples in the efficiency of cDNA

synthesis. gDNA was then amplified by PCR, using the human-specific oligonucleotide

primer pairs listed in Table 2.I, to generate products corresponding to mRNA encoding

human RANKL, OPG, RANK, IL-6, TNF-cr, CTR, TRAP, OCN, OPN, TGF-pl, and the

housekeeping gene GAPDH (Chapter 2.2.2.3.2). To allow semi-quantification of the PCR

products, preliminary experiments were performed to ensure that the PCR amplification

cycle number, for each set of primers, was within the log-linear range of amplification

(Chapter 2.2.2.3.3). Amplified PCR products corresponding to RANKL, OPG, RANK, IL-

6, TNF-g, CTR, TRAP, OCN, OPN, and TGF-Bl mRNA are represented as atatio of the

respective PCR product/GAPDH PCR product. There was no correlation between PMI and

the relative ratios of PCR product/GAPDH for any of the mRNA species.

4.3.4 Statistical analysis of mRI\A expression data

RT-PCR reactions were performed twice, from duplicate cDNA syntheses, which

confirmed that repeated RT-PCR analysis of the same RNA samples yielded reproducible

results. In addition, to minimise inter-assay variability for the comparison of skeletal

regions, all PCRproducts for a given mRNA species (n:23), were electrophoresed in a

single 2o/o agarose gel. The Shapiro-V/ilk statistic was used to test the semi-quantitative

RT-pCR data for normality (PC-SAS software; SAS Institute). The semi-quantitative RT-

PCR data were found to be both normally and non-normally distributed. Therefore, both

parametric and non-parametric statistical methods were used to analyse the data (Excel;
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Microsoft Corp.; PC-SAS software; SAS Institute). The statistical significance of

differences in mRNA expression between females and males were determined by Student's

/-test (parametric) or the Mann-Whitney U-test (non-parametric). The F-test was used to

analyse differences in the variance of mRNA expression between females and males.

Differences in mRNA expression between the skeletal regions, IC, FN, and IT, were tested

by one-way analysis of variance (ANOVA) for the means (parametric) or by the Kruskal-

Wallis one-way ANOVA by,ranks for the medians (non-parametric). Linear regression

analysis was used to describe age-related changes, and to examine the relationship between

PCR products representing specific mRNA species. If there was more than one significant

independent factor associated with a specifîc mRNA species, multiple regression was

performed to determine the contribution of each independent factor. The Spearman rank

correlation (r,) was used to test for an association between two specific PCR products

when the data were non-normally distributed. Parametric data is quoted as mean + standard

deviation and non-parametric data quoted as the median (quartiles). The critical value for

significance was chosen asp:0.05.

4.4 RESULTS

Semi-quantitative RT-PCR was employed to examine the expression of RANKL, OPG,

RANK, IL-6, TNF-o, CTR, TRAP, OCN, OPN, and TGF-BI mRNA in postmortem

trabecular bone sampled from the iliac crest (IC), and femoral neck (FN) and

intertrochanteric (IT) regions of the proximal femur (Figures 2.1 and 2.2). There were 5

postmortem cases where mRNA expression data was available from all three skeletal sites

(IC, FN, and IT), and 4 cases where mRNA expression data was available from the IC and

IT regions (Table 4.1). The mRNA species RANKL, OPG, and RANK were chosen for

their central regulatory roles in controlling osteoclast development and activity (as detailed

¡RNA expression in human trabecular bone from the iliac crest and proximal femur
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in Chapter 5.1). IL-6 and TNF-a are skeletally active cytokines capable of promoting

osteoclast formation (Azuma et a1.,2000; Komine et a1.,2001; Martin et al., 1998). CTR

and TRAP, and OCN and OPN, were chosen as markers for the presence of osteoclasts and

osteoblasts, respectively (Denhardt and Noda, 1998; Hattersley and Chambers, 1989;

Minkin, 1982; Stein and Lian, 1993). However, it is important to note that OPN is also

expressed at high levels in osteoclasts (Dodds et a\.,1995; Merry et a1.,1993). The growth

factor TGF-p1 is abundant in the bone matrix and has been proposed to be one of the key

factors involved in coupling bone formation to previous bone resorption (Pfeilschifter and

Mundy, 1987). The number of PCR cycles employed for each of these mRNA transcripts

was within the exponential phase of the amplification curve, enabling comparison of

6RNA expression between bone samples. Relative levels of RANKL, OPG, RANK, IL-6,

TNF-a, CTR, TRAP, OCN, OPN, and TGF-81 mRNA were determined by normalising

values to the GAPDH mRNA level determined for each sample.

4.4.1 Comparison of mRNA expression between females and males

The semi-quantitative RT-PCR data for specific mRNA species at each skeletal site (IC,

FN, and IT) in postmortem individuals were found to be both normally (TRAP, OCN,

opN, and TGF-81) and non-noÍnally (RANKL, OPG, RANK, IL-6, TNF-o, and CTR)

distributed (the Shapiro-Wilk statistic; PC-SAS software; SAS Institute). Therefore, the

student's /-test or the Mann-V/hitney U-test was used to assess whether there were any

gender differences in the mRNA expression levels of RANKL, OPG, RANK, IL-6, TNF-c,

CTR, TRAP, OCN, OPN, and TGF-BI in postmortem trabecular bone sampled from the

IC, and FN and IT regions of the proximal femur. No significant differences were observed

between females and males for the mean or median mRNA expression of each PCR

product/GAPDH ratio, at each skeletal site (IC, FN, and IT; results not shown). Based on
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these comparisons between females and males at each skeletal site, and the fact that the

sample sizes are small (IC, n: g; FN, n = 5; IT, n:9), fuither analyses of the mRNA

expression data were made independent of gender'

The statistical significance of differences in mRNA expression between females and males

were also assessed in the pooled IC, FN, and IT data (females, n : 15; males, ft:8), as no

statistical differences in mRNA expression were observed between these skeletal sites

(described in the following section 4.4.2). RANIIGAPDH mRNA expression was

significantly higher in the pooled skeletal site data for females compared to males þ <

0.05; Table 4.2).Inthe local bone microenvironment, RANK is primarily expressed on the

surface of osteoclasts and their precursors (Hsu et al., L999). However, is it is not known

whether the measured RANK mRNA is representative of immature and/or mature

osteoclasts in these human bone samples, or whether the RANK mRNA expression is

representative of the number of osteoclasts and/or the number of RANK receptors on each

osteoclast. The only other difference between females and males for the pooled skeletal site

data was for mean OCN/GAPDH mRNA expression, which was significantly higher in

females compared to males (p < 0.02; Table 4.2).ln addition, the variance in OCN/GAPDH

mRNA in females was significantly higher than in males (F-statistic: 11.1, representing

the ratio of the female variance to male variance, p < 0.002; Table 4.2), sttggesting that the

females are a more heterogeneous group with respect to OCN mRNA expression. It is

acknowledged that the number of male cases is small (n : 3; Table 4.1), and increased

cases are required to confirm these gender differences. OCN is utilised as an indicator of

bone formation as it is one of the marker genes for the progression of osteoblastic

differentiation (Stein and Lian, 1993). Minisola et al. (1997) reported an age-related

increase in serum OCN levels in women aged 25 to 75 years. All of the females in the
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Table 4.2Female and male RT-PCR product/GAPDH ratios in the pooled skeletal site data

for iliac crest, femoral neck, and intertrochanteric trabecular bone sampled from

postmortem individuals aged 42-85 years.

Parametric data reported as mean + standard deviation, and non-parametric data as median
(quartiles).
up<0.05;bp<0.02.

Ratio Female (n: 15) Male (z:8)

RANKL/GAPDH 0.1s (0.09-0.42)

0.0e (0.04-0.37)

0.17 (0.07-0.30)

0.3s (0.03-1.31)

0.s5 (0.34-0.97)

0.04 (0.02-0.23)

0.39 r 0.20

0.53 10.44

0.31 t0.27

0.23 r 0.09

0.20 (0.14-0.71)

0.06 (0.0s-0.28)

0.01 (0.01-0.14)'

0.10 (0-0.e6)

0.47 (0.32-0.72)

0.10 (0.01-0.21)

0.30 f 0.13

0.19 r 0.13b

0.37 t 0.30

0.1710.04

OPG/GAPDH

RANIIGAPDH

IL-6lGAPDH

TNF-oú/GAPDH

CTR/GAPDH

TRAP/GAPDH

OCN/GAPDH

OPN/GAPDH

TGF-p1/GAPDH
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pooled skeletal site data group are postmenopausal (aged 57-85 years, cases PMl to PM6;

Table 4.1), who may have had an increased bone remodelling rate due to oestrogen

deficiency. In contrast, no difference in OCN protein concentration was observed at the

femoral neck and iliac crest between females and males (Aerssens et al.,1997;Boonen et

al., 1997). Further, Vanderschuercn et at. (1990) reported that the concentration of OCN

protein in iliac crest bone was more abundant in males than in females. However, the age

range of the postmortem individuals in these studies was broad (aged 23-92 years, Aerssens

et al.,lgg7,Boonen et a\.,1997; aged 19-90 years' Vanderschueten et a|.,1990)'

4.4.2 Comparison of nRNA expression between the iliac crest' and femoral

neck and intertrochanteric regions of the proximal femur

Relative mRNA expression levels of RANKL, OPG, RANK, IL-6, TNF-ü, CTR' TRAP,

OCN, OpN, and TGF-BI were measured in postmortem trabecular bone sampled from the

IC, and FN and IT regions of the proximal femur. Differences in bone turnover, bone

matrix properties, and trabecular bone architecture have been reported between these

skeletal sites (Aerssens el al., 1997; Amling et al., 1996 Fazzalari et al., 1989; Parfitt,

1996). Thus, it was hypothesised that the levels of mRNA corresponding to bone cell

markers and regulatory factors of bone remodelling would differ between the IC, FN, and

IT regions. One-way analysis of variance (ANOVA) for the means or Kruskal-'Wallis one-

way ANOVA by ranks for the medians was used to assess whether there were any

differences in the mRNA expression levels of RANKL, OPG, RANK, IL-6, TNF-o, CTR,

TRAP, OCN, OPN, and TGF-p1 between the three skeletal sites.

Intriguingly, no significant differences were observed for mean or median RANKL, OPG,

RANK, IL-6, TNF-ct, CTR, TRAP, OCN, OPN, and TGF-Bl mRNA expression between
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the IC, FN, and IT skeletal sites (Table 4.3). This suggests that the steady state mRNA

expression levels for these skeletally active molecules are similar between the three

skeletal regions. However, it is not known whether the gene expression patterns are

representative of the corresponding protein levels in the trabecular bone tissue. For

instance, the trabecular bone matrix concentration of OCN was higher at the femoral neck

than at the iliac crest for postmortem individuals (Aerssens et al.,1997).

Table 4.3 RT-PCR product/GAPDH ratios in iliac crest, femoral neck, and

intertrochanteric trabecular bone sampled from postmortem individuals aged 42-85 years.

Total RNA was isolated from trabecular bone sampled from the following skeletal regions:

IC, iliac crest; FN, femoral neck; IT, intertrochanteric region of the proximal femur.

Parametric data reported as mean + standard deviation, and non-parametric data as median

(quartiles).

r02

Ratio
IC

(n:9)
FN

(n:5)
IT

(n:9)

RANKL/GAPDH

OPG/GAPDH

RANIIGAPDH

IL.6/GAPDH

TNF-d/GAPDH

CTR/GAPDH

TRAP/GAPDH

OCN/GAPDH

OPN/GAPDH

TGF-p1/GAPDH

0.17 (0.0e-0.20)

0.07 (0.0s-0.09)

0.11(0.02-0.15)

0.0s (0.01-0.e6)

0.3e (0.1s-0.75)

o.Os (0.01-0.1e)

0.32 t0.16

0.4r x0.29

0.38 r 0.16

0.21 r 0.08

0.0e (0.04-0.43)

0.36 (0.06-0.s 1)

0.21 (0.01-0.30)

0.s3 (0.35-1.10)

0.66 (0.3e-0.81)

0.12 (0.04-0.23)

0.39 !0.24

0.53 r 0.64

0.42 !0.47

0.23 I 0.11

0.22 (0.r1-0.41)

0.06 (0.05-0.34)

0.11 (0.01-0.28)

0.32 (0.01-0.94)

0.s3 (0.41-0.74)

0.03 (0.01-0.18)

0.38 10.19

0.35 r 0.36

0.34 !0.26

0.20 r 0.06
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4.4.3 Age-related changes in mRNA expression in human trabecular bone

To investigate whether there are any age-related changes in the mRNA expression levels in

trabecular bone sampled from the IC, FN, and IT sites, each PCR product/GAPDH mRNA

ratio, for each skeletal site, was plotted as a function of increasing age in years, and

analysed by linear regression analysis. There were no relationships with age for any of the

specific mRNA species, RANKL, OPG, RANK, IL-6, TNF-ct, CTR, TRAP, OCN, OPN,

and TGF-B1, at the FN or IT regions of the proximal femur (results not shown). The TGF-

B1/GApDH mRNA ratio increased with age at the IC, when analysed by linear regression

(n: 9; r : 0.64,p < 0.05; results not shown). In contrast, in a previous study, the bone

matrix concentration of TGF-BI at the iliac crest did not change with age in

postmenopausal women (Pfeilschifter et al., 1998). The expression of RANKL, OPG,

RANK, IL-6, TNF-ct, CTR, TRAP, OCN, and OPN mRNA showed no dependence on age

at the IC (results not shown).

Age-related changes in the mRNA expression levels were also assessed for the pooled IC'

FN, and IT trabecular bone samples (n -- 23), as no significant differences in mRNA

expression were observed between these skeletal sites (Table 4.3; described in the previous

section 4.4.2).The RANKL/GAPDH mRNA ratio declined with age for the pooled skeletal

site samples, when analysed by linear regression (n:23; r: -0.59,p < 0.003; results not

shown). This is consistent with in situhybridisation analysis of RANKL mRNA in 8-week-

old and 2.S-year-old male rat distal femur bones which showed a trend for an age-related

reduction in RANKL mRNA expression (Ikeda et al., 2001). In contrast, the

RANKL/GAPDH mRNA ratio increased with age in trabecular bone sampled from the IT

region for a non-diseased autopsy cohort of 12 individuals (Figure 5.13; Chapter 5.4.4);

although this relationship was dependent on inclusion of two young individuals. These
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non-diseased postmortem cases were selected using criteria described in Chapter 5.3.1,

which included no history of any chronic condition or disease which may have affected

bone status (such as renal dysfunction or endocrine disease affecting bone metabolism).

The postmortem cases for the skeletal site comparison of mRNA expression included 3

cases with a history of renal disease (cases PM3, PM7, and PM9; Table 4'1). Patients with

end-stage renal disease often have increased rates of bone turnover leading to increased

bone resorption (Hruska and Teitelbaum, 1995). Interestingly, a recent report identified

increased RANKL mRNA expression, detected by in situ hybridisation, associated with

increased bone resorption in iliac crest bone biopsies, from individuals with renal disease

(Langub and Malluche,2002). The differences in the selection of postmortem cases may

account for the opposing relationships between RANKL/GAPDH mRNA expression and

age. Furtherïnore, the age range of the non-diseased autopsy cohort was wider (aged 20-85

years; Chapter 5), in comparison to the postmortem cases described in this chapter (aged

42-85 years). There were no relationships with age for any of the other specific mRNA

species, oPG, RANK, IL-6, TNF-cr, CTR, TRAP, OCN, OPN, and TGF-BI, for the pooled

skeletal site data (results not shown).

4.4.4 Associations between expression of specific mRllA transcripts in human

trabecular bone

Linear regression analysis was used to investigate whether there ate any relationships

between amounts of PCR product representing specific mRNA species in the pooled

skeletal site data (n: 23), and in the individual skeletal regions, the IC (n:9), and FN (z :

6) and IT (n: 9) regions of the proximal femur, from postmortem individuals. The

Spearman rank correlation (rr) was used to test for an association between two specific

PCR products when the data v/ere non-normally distributed'
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In the bone microenvironment, the CTR, TRAP, and RANK are expressed by the same cell

types, namely osteoclasts and their precursors (Hattersley and Chambers, 1989; Hsu et al.,

1999; Minkin, 1982; Quinn et al., 1999). Interestingly, significant positive associations

were observed between CTR/GAPDH and TRAP/GAPDH mRNA expression (r: 0'48, p

< 0.02; Figure 4.1; Table 4.4), RANIIGAPDH and TRAP/GAPDH mRNA expression (r:

0.67, p < 0.001; Figure 4.2; Table 4.4), and CTR/GAPDH and RANIIGAPDH mRNA

expression (r,:0.53,p < 0.01; Table 4.4),in the pooled skeletal site data. The positive

associations between CTR/GAPDH and TRAP/GAPDH mRNA expression and

CTR/GAPDH and RANIIGAPDH mRNA expression were not observed at each skeletal

site (Table 4.4). However, the positive association between RANIIGAPDH and

TRAp/GAPDH mRNA expression in the pooled skeletal site data was maintained when

the skeletal sites were analysed individually (IC, r : 0.68, p < 0.03; FN, r -- 0.77,p < 0.05;

IT, r:0.61, p < 0.05; Table 4.4). Taken together, these observations are consistent with

the expression of CTR, TRAP, and RANK by osteoclast-like cells in the bone

microenvironment, and further suggest that the cell types expressing these factors in the

bone RNA samples are predominantly osteoclasts and their pfecursors.

Both RANIIGAPDH and IL-6IGAPDH mRNA positively associated with TNF-

crlGAPDH mRNA expression (r,: 0.53,p < 0.009; r. : 0.5I, p < 0.02; respectively; Table

4.5) in the pooled skeletal site data. The positive association between RANIIGAPDH and

TNF-cr,/GAPDH mRNA expression was maintained at the IC (r": 0.72,p < 0.03; Table

4.5), but not at the FN or IT regions of the proximal femur (Table 4.5). This association

between RANK and TNF-cr, mRNA expression is consistent with induction of RANK

6RNA expression by TNF-cr treatment of rodent pre-osteoclast cells (Komine et al.,

105
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Figure 4.1: A positive association was observed between the relative ratio of

CTR/GAPDH mRNA and TRAP/GAPDH mRNA in trabecular bone for the pooled

skeletal site data from postmortem individuals (n : 23; CTR/GAPDH :

0.43*TRAP/GAPDH - 0.02; r:0.48 andp < 0.02).
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Table 4.4 Associations between RT-PCR product/GAPDH ratios for CTR, TRAP, and

RANK mRNA in the pooled skeletal site data, and in trabecular bone sampled from the

individual skeletal sites, the iliac crest, femoral neck, and intertrochanteric regions, for

postmortem individuals aged 42-85 years.

Total RNA was isolated from trabecular bone sampled from the following skeletal regions:

IC, iliac crest; FN, femoral neck; IT, intertrochanteric region of the proximal femur.

r,linear regression analysis; r., Spearman rank correlation; NS, not significant.

Association
Pooled
(n = 23)

IC
(n:9)

FN
(n:5)

IT
(n=9)

CTR/GAPDH VS TRAP/GAPDH r:0.48
p <0.02

r:0.22
P:NS

r:0.72
P: NS

r:0.53
P: NS

RANIIGAPDH vs TRAP/GAPDH r:0.67
p < 0.001

r:0.68
p < 0.03

r:0.77
p < 0.05

r:0.61
p < 0.05

CTR/GAPDH VS RANIIGAPDH rr: 0.53
p < 0.01

r":0,5'7
P:NS

rr: 0.30

P: NS
r":0.62
P: NS
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2001), and the overall synergy between the RANKL-RANK system of osteoclast

development and TNF-cr, (Komine et a\.,2001). Furthermore, a key causal role for TNF-cr

in bone loss induced by oestrogen deficiency has been demonstrated in vivo, since bone

loss is not seen in ovariectomised TNF-deficient mice (Roggia et a\.,2001). The positive

association between IL-6IGAPDH and TNF-a/GAPDH mRNA expression in the pooled

skeletal site data was not observed when the skeletal sites were analysed individually

(Table 4.5). However, the positive association between IL-6 and TNF-cr mRNA, in the

pooled skeletal site data, is consistent with the finding that TNF-cr treatment of murine

osteoblastic cells resulted in a dose-dependent induction of IL-6 mRNA (Ishimi et al.,

1990; Kurokouchi et a1.,1998). In addition, the data suggest the co-regulation of these pro-

osteoclastic cytokines in the local human bone microenvironment. Interestingly, a positive

association was observed between RANIIGAPDH and IL-6IGAPDH mRNA expression

inthepooledskeletalsitedata(r,:0'59,p<0'003;Table4'5)'whichwasmaintainedat

the IC (r": 0.73,p < 0.03; Table 4.5), but not at the FN and IT regions (Table 4.5). In

contrast, a recent report of the effects of IL-6 in combination with soluble IL-6R in

neonatal mouse calvarialbone cultures demonstrated enhanced RANKL and OPG mRNA

expression and protein levels, but decreased RANK mRNA expression (Palmqvist et al''

2002). However, in vivo studies suggest that IL-6 may play a central role in bone loss

induced by oestrogen deficiency, since bone loss in ovariectomised mice can be reduced

with anti-Il-6 antibodies, and bone loss is not seen in ovariectomised Il-6-deficient mice

(Jilka et a\.,1992;Poli et al.,1994).

mRNA expression in human trabecular bone from the iliac crest and proximal femur
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Table 4.5 Associations between RT-PCR product/GAPDH ratios for RANK, TNF-o, and

IL-6 pRNA in the pooled skeletal site data, and in trabecular bone sampled from the

individual skeletal sites, the iliac crest, femoral neck, and intertrochanteric regions, for

postmortem individuals aged 42-85 years.

Total RNA was isolated from trabecular bone sampled from the following skeletal regions

IC, iliac crest; FN, femoral neck; IT, intertrochanteric region of the proximal femur.

rr, Spearman rank correlation. NS, not significant.

Extensive bone marrow cell culture studies have shown that RANKL, OPG, and to a lesser

extent, RANK, are modulated by growth factors, cytokines, peptide and steroid hormones,

and drugs known to affect bone metabolism (Hofbauer et al., 2000; Hofbauer and

Heufelder, 200I; Horowitz et al., 2001; Suda e/ al., 1999). Therefore, the results for

RANKL and OPG mRNA, RANK and OPG mRNA, and RANKL and RANK mRNA

were analysed by the Spearman rank correlation to identify whether any relationships exist

in the human bone microenvironment. No associations were observed between

RANKL/GAPDH mRNA with either OPG/GAPDH or RANI?GAPDH mRNA expression

in the pooled skeletal site data or when the skeletal sites were analysed individually (Table

4.6). In contrast, positive associations were observed between RANKL mRNA with both

OPG and RANK mRNA expression in trabecular bone sampled from the IT region for a

non-diseased autopsy cohort of 12 individuals (Figures 5.6 and 5.7, respectively; Chapter

r07

Association
Pooled
(n:23)

IC
(n:9)

FN
(z :5)

IT
(n:9)

RANIIGAPDH vs TNF-u/GAPDII r.: 0.53
p < 0.009

r":0.72
p < 0.03

r.:0.80
P:NS

rr: 0.08

P: NS

IL-6IGAPDH vs TNF-o/GAPDH r. : 0.51
p < 0.02

r.: 0.63
p:NS

r":0.70
P:NS

r":0.25
P: NS

RANIIGAPDH vs IL-6IGAPDH r.: 0.59
p < 0.003

rr:0.73
p < 0.03

rr: 0.30

P: NS
r":0,52
p: NS

mRNA expression in human trabecular bone from the iliac crest and proximal femur
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5.4.3). However, a positive association was observed between RANIIGAPDH mRNA and

OPG/GAPDH mRNA expression in the pooled skeletal site data (r. : 0.68, p < 0'0005;

Table 4.6), which was maintained at the IC (r":0.'75, p < 0.021' Table 4.6), but not at the

FN and IT regions (Table 4.6). This association was not observed in the non-diseased

autopsy cohort for the co-plot of RANIIGAPDH mRNA and OPG/GAPDH mRNA

expression (Figure 5.8; Chapter 5.4.3). The differences in the associations between

RANKL, OPG, and RANK mRNA between the postmortem cases described in this chapter

(Table 4.6) andthe non-diseased autopsy cohort described in Chapter 5, may be accounted

for by the difference in postmortem case selection and the age range of the cases (as

described in section 4.4.3).

Table 4.6 Associations between RT-PCR product/GAPDH ratios for RANKL, OPG, and

RANK mRNA in the pooled skeletal site data, and in trabecular bone sampled from the

individual skeletal sites, the iliac crest, femoral neck, and intertrochanteric regions, for

postmortem individuals aged 42-85 years.

Total RNA was isolated from trabecular bone sampled from the following skeletal regions:

IC, iliac crest; FN, femoral neck; IT, intertrochanteric region of the proximal femur.

rr, Spearman rank correlation; NS, not signif,rcant.

108

Association
Pooled
(n:23)

IC
(n:9)

FN
(z :5)

IT
(n:9)

RANKL/GAPDH vs OPG/GAPDH rr:0.32
P:NS

r":0.27
P:NS

r.: 0.80

P:NS
r.:0.18
P: NS

RANIIGAPDH vs OPG/GAPDH r.:0.68
p < 0.0005

r":0.75
p <0.02

r.:0.60
P:NS

rr:0.60
P:NS

RANKL/GAPDH vs RANIIGAPDH r":0.26
p: NS

r, : 0.13

P:NS
rr:0.60
P: NS

rr: -0'02

P:NS

mRNA expression in human trabecular bone from the iliac crest and proximal femur
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The growth factor TGF-BI and the non-collagenous proteins, ocN and oPN, are abundant

in the bone matrix. Both OCN/GAPDH and OPN/GAPDH mRNA positively associated

with TGF-pI/GAPDH mRNA expression (r : 0.70,p < 0.001; Figure 4.3; r: 0'51, p <

0.01; Figure 4.4; respectively; Table 4.7) in the pooled skeletal site data. The positive

association between ocN/GApDH mRNA and rGF-BI/GAPDH mRNA expression was

maintained at the FN (r -- 0.g9,p < 0.001; Table 4.7),but not at the IC and IT regions

(Table 4.7). In contrast, a number of reports have demonstrated that TGF-B inhibits the

'RNA 
expression and synthesis of OCN in osteoblast-like cells (Harris et al., 1994; Lai

and Cheng, 2002; Pirskanen et al., 1994). Further, the positive association between

opN/GApDH mRNA and TGF-p1/GAPDH mRNA expression was maintained at the IC

(r : 0.64, p < 0.05; Table 4.7), but not at the FN and IT regions (Table 4'7)' This

association between OpN mRNA and TGF-PI mRNA is consistent with a report of TGF-B

treatment of rat osteoblastic cells resulting in an up-regulation of OPN mRNA expression

(Sodek et al., 1995). Finally, there was a positive correlation between OCN/GAPDH

mRNA and OpN/GAPDH mRNA expression in the pooled skeletal site data (r:0.65, p <

0.001; Figure 4.5; Table 4.7), which was maintained at the IC and IT regions (r: 0'92, p <

0.001; r: 0.8l, p < 0.003; respectively; Table 4.7),but not at the FN region (Table 4'7),

when the skeletal sites where analysed individually. Interestingly, OCN and OPN have

been shown to form protein complexes in vitro (Ritter et al., 1992).

As detailed in Chapter l.3.l.2,OCN and OPN are both marker genes for the progression of

osteoblastic differentiation (Denhardt and Noda, 1998; Stein and Lian, 1993). However'

OpN is also expressed at high levels in osteoclasts (Dodds et a1.,1995; Merry et a1.,1993)'

The biological function of ocN and oPN in the bone microenvironment has not been

precisely defined. OCN has been suggested to play a role in the regulation of bone mineral

mRNA expression in human trabecular bone from the iliac crest and proximal femur
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Figure 4.32 A positive association was observed between the relative ratio of

OCN/GAPDH mRNA and TGF-p1/GAPDH mRNA in trabecular bone for the pooled

skeletal site data from postmortem individuals (n : 23; OCN/GAPDH : 3'59*/TGF-
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a

a

a

a

o
tr
É.
To
o-

Iz
Oo

a
0



OPN vs TGF-P1

1.2

a

0.9

a
a

0.6
a

a
a

0.3 a

aaI
0 0.1 0.2 0.3 0.4 0.5

TGF-p1/GAPDH RATIO

Figure 4.42 A positive association was observed between the relative ratio of
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Figure 4.52 A positive association was observed between the relative ratio of

OCN/GAPDH mRNA and OPN/GAPDH mRNA in trabecular bone for the pooled

skeletal site data from postmortem individuals (n : 23; OCN/GAPDH :
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Table 4.7 Associations between RT-PCR product/GAPDH ratios for OCN, TGF-B1, and

OpN mRNA in the pooled skeletal site data, and in trabecular bone sampled from the

individual skeletal sites, the iliac crest, femoral neck, and intertrochanteric regions, for

postmortem individuals aged 42-85 years.

Total RNA was isolated from trabecular bone sampled from the following skeletal regions:

IC, iliac crest; FN, femoral neck; IT, intertrochanteric region of the proximal femur.

r,linear regression analysis; NS, not significant.

Association
FN

(z:5)
IT

(n=9)
IC

(n:9)
Pooled
(n:23)

OCN/GAPDH vs TGF-PI/GAPDH

OPN/GAPDH vs TGF-PI/GAPDH

OCN/GAPDH vs OPN/GAPDH

r:0.46
P:NS

r:0.48
P: NS

r:0.32
P:NS

r: 0.81
p < 0.003

r:0.65
p < 0.001

r:0.99
p < 0.001

r: 0.58

P: NS

r:0.47
P:NS

r:0.70
p < 0.001

r : 0.51
p < 0.01

r:0.64
p < 0.05

r:0.92
p < 0.001
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turnover, as mineral maturation was impaired in OCN-deficient mice (Boskey et al',1998).

In addition, OCN may act in combination with other non-collagenous proteins, such as

OpN, as a signal for osteoclastic bone resorption (Reinholt et a1.,1990; Ritter et a1.,1992).

In vitro,OPN has been shown to be an extracellular signalling molecule for osteoclasts and

endothelial cells, via binding of OPN to the cell surface cr.',p3 integrin (Denhardt and Noda,

1998; Liaw et a1.,1995).

Positive associations were observed between OPG/GAPDH mRNA with both

OCN/GAPDH and OPN/GAPDH mRNA expression in the pooled skeletal site data (r:

0.61, p < 0.002; Figure 4.6; r:0.71,p < 0.001; Figure 4.7; respectively; Table 4.8). The

positive association between OPG/GAPDH and OPN/GAPDH mRNA expression in the

pooled skeletal site data was maintained when the skeletal sites were analysed individually

(IC, r:0.72, p < 0.02; FN, r :0.77,p < 0.05; lT, r:0.81, p < 0.003; Table 4'8)'

However, the positive association between OPG/GAPDH and OCN/GAPDH mRNA

expression was maintained at the IC (r:0.73, p < 0.02; Table 4.8), but not at the FN and

IT regions (Table 4.8). Further, as both OCN and OPN mRNA expression were

signif,rcantly associated with OPG mRNA expression in the pooled skeletal site data

(Figures 4.6 and 4.7, respectively), a multiple regression analysis was performed to

determine the contribution of OCN and OPN mRNA expression to OPG mRNA

expression. OPG mRNA expression was dependent on OPN and not OCN mRNA

expression (p < 0.02). Interestingly, OPG mRNA expression and protein synthesis was

induced by ouÞ¡ integrin ligation by OPN in endothelial cells (Malyankar et a1.,2000). In

vitro,the o,B3 integrin is involved in inhibition of endothelial cell death vía an NF-rB-

mediated pathway (Scatena et al., 1993). OPG-deficient mice develop severe artetial

calcification, in addition to the development of extensive osteoporosis (Bucay et al., 1998;

mRNA expression in human trabecular bone from the iliac crest and proximal femur
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Figure 4,62 A positive association was observed between the relative ratio of

OPG/GAPDH mRNA and OCN/GAPDH mRNA in trabecular bone for the pooled

skeletal site data from postmortem individuals (n : 23; OPG/GAPDH :

0.31*OCN/GAPDH + 0.07; r : 0.61 and p< 0.002)'
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Figure 4.7: A positive association was observed between the relative ratio of

OPG/GAPDH mRNA and OPN/GAPDH mRNA in trabecular bone for the pooled

skeletal site data from postmortem individuals (n : 23; OPG/GAPDH :

0.52*OPN/GAPDH - 0.0002; r:0.71 andp < 0.001).
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Mizuno et a1.,199S). Thus, the biological function of OPG may not only be to inhibit bone

resorption, but may also be a protective role in the vascular system (Bucay et al., 1998;

Malyankar et a1.,2000; Mizuno et al., 1998), perhaps with a role also for OPN' It is

important to note that the cellular origin(s) of the measured OPG, OCN, and OPN mRNA

expression in these human trabecular bone samples are not known. Thus, it is not known

whether the relationship between OPG and OPN exists for osteoblasts.

Table 4.8 Associations between RT-PCR product/GAPDH ratios for OPG, OCN, and OPN

mRNA in the pooled skeletal site data, and in trabecular bone sampled from the individual

skeletal sites, the iliac crest, femoral neck, and intertrochanteric regions, for postmortem

individuals aged 42-85 years.

Total RNA was isolated from trabecular bone sampled from the following skeletal regions

IC, iliac crest; FN, femoral neck; IT, intertrochanteric region of the proximal femur.

r,linear regression analysis; NS, not significant.

4.5 DISCUSSION

There is heterogeneity in the architecture, bone matrix properties, and bone turnover rates

of trabecular bone throughout the human skeleton. However, there is a lack of information

regarding the pattern of gene expression corresponding to markers of bone cells and

specific molecules, with regulatory roles in bone turnover, in different skeletal sites from

the same individual. Thus, the aim of the work described in this chapter was to investigate

Association
FN

(z :5)
IT

(n:9)
IC

(n:9)
Pooled
(n:23)

OPG/GAPDH vs OCN/GAPDH

OPG/GAPDH vs OPN/GAPDH

r: 0.68

P:NS
r:0.61

p <0.002

r:0.77
p < 0.05

r:0,71
p < 0.001

r:0.49
P:NS

r: 0.81
p < 0.003

r:0.73
p <0.02

r:0.72
p <0.02
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6RNA gene expression in trabecular bone sampled from the iliac crest, femoral neck, and

interhochanteric region of the proximal femur, for a cohort of postmortem individuals. The

purpose of describing the pattern of mRNA expression between these three skeletal regions

was to establish whether there were any skeletal site differences in the steady state mRNA

levels of the skeletally active molecules. These data were of particular interest as striking

differences in the pattern of mRNA expression, of a similar selection of skeletally active

molecules, were observed at the intertrochanteric region between patients with severe

primary hip osteoarthritis (OA) and non-diseased postmortem individuals (described in

Chapter 6). The select group of skeletally active molecules chosen for investigation

included the factors with central regulatory roles in controlling osteoclast development and

activity, namely RANKL, OPG, and RANK, two recognised skeletally active cytokines

capable of promoting osteoclast formation, IL-6 and TNF-cr, the abundant bone matrix

growth factor TGF-81, the osteoblastic cell markers, OCN and OPN, and the osteoclastic

cell markers, the CTR and TRAP.

4.5.1 The mRNA expression pattern of bone cell markers and regulatory

factors of bone remodelling is similar between iliac crest, femoral neck, and

intertrochanteric trabecular bone

Differences in trabecular bone architecture, bone matrix properties, and bone turnover have

been reported between the iliac crest, femoral neck, and intertrochanteric region of the

proximal femur, for non-diseased individuals (Aerssens et al., 1997; Amling et a1.,1996;

Fazzalari et al., 1989; Parfitt, 1996). Amling et al. (1996) described a gteater degree of

trabecular interconnection at the femoral neck compared to the iliac crest and

intertrochanteric region. Histomorphometric assessment of trabecular bone architecture

and bone turnover between the iliac crest and the region medial to the greater trochanter

mRNA expression in human trabecular bone from the iliac crest and proximal femur
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(MGT), which is medially adjacent to the intertrochanteric region, identified differences

between these skeletal sites (Fazzalari et al.,1989). Specifically, the structural parameters

BS/TV and BS/BV were lower, trabecular spacing was increased, and trabecular bone

volume did not differ, at the MGT region in comparison to the iliac crest (Fazzalari et al.,

1989). Further, the histomorphometric parameters representative of bone formation'

osteoid volume and osteoid surface, were lower at the MGT region in comparison to the

iliac crest. However, eroded bone surface, representative of bone resorption, was not

different between the MGT region and the iliac crest (Fazzalai et al.,1989). Aerssens ¿/

al. (1997) reported that trabecular bone from the femoral neck was more mineralised

compared to iliac crest trabecular bone. In addition, the trabecular bone matrix

concentration of OCN and IGF-I was higher at the femoral neck than at the iliac crest

(Aerssens et al., 1997). Static and kinetic histomorphometry have shown that the rate of

bone turnover is higher at the iliac crest compared to appendicular skeletal sites (Parfitt,

1996; Schnitzler et al., 1996). However, there is limited information on the rate of bone

turnover, specifically between the iliac crest, femoral neck, and intertrochanteric region,

for the same non-diseased individual.

It was hypothesised that the mRNA expression levels of bone cell markers and regulatory

factors of bone remodelling would differ between the iliac crest, femoral neck, and

intertrochanteric regions. Intriguingly, the levels of mRNA corresponding to the bone cell

markers, CTR, OCN, OPN, and TRAP, and the skeletally active molecules, RANKL, OPG,

RANK, IL-6, TNF-cr, and TGF-PI, were not significantly different between trabecular

bone sampled from the iliac crest, femoral neck, and intertrochanteric region, for a cohort

of postmortem individuals (Table 4.3). This finding suggests that the steady state mRNA

expression levels for these skeletally active molecules are similar between the three skeletal

mRNA expression in human trabecular bone from the iliac crest and proximal femur
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regions. Furthermore, this finding is even more unexpected given the diverse cellular

expression and function of these mRNA species in the local bone microenvironment.

However, a generalised observation was that for some individuals there was some skeletal

site variation for a number of mRNA species (with visual assessment of the pattern of

'RNA 
expression between skeletal sites for an individual case (i.e., a radial plot); results

not shown).

Histomorphometry has been used to show differential rates of bone turnover between

specific skeletal sites (parfitt, 1996). The histomorphometric calculation of activation

frequency, which in trabecular bone refers to the probability that a new cycle of

remodelling will be initiated at any point on the bone surface, is a two-dimensional, not a

three-dimensional, concept (Parfitt et al., 1987). However, the calculation of activation

frequency depends upon both the birth-rate of new basic multicellular units (BMUs) and

the distance that each one moves (i.e., the lifespan of the BMU; Parfitt,2002). Therefore,

the histomorphometric estimation of activation frequency and other histomorphometric

parameters describing the extent of bone formation and resorption, measured in 5pm-thick

sections of trabecular bone, may not be directly comparable to the steady state mRNA

expression levels of skeletally active molecules, measured in 1.0 x 1.0 x 0.5 cm3 trabecular

bone tissue, from the same skeletal region. However, a strong positive association was

observed between eroded bone surface, ES/BS, and the ratio of RANKL/OPG mRNA,

measured in contiguous trabecular bone samples from the intertrochanteric region of the

proximal femur, for non-diseased individuals (Figure 7.8; Chapter 7 '4.3). The

RANKL/OPG ratio is hypothesised to be the main determinant of the pool size of active

osteoclasts in the local bone microenvironment (Hofbauer et a|.,2000).

mRNA expression in human trabecular bone from the iliac crest and proximal femur
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The similarity in the steady state mRNA expression levels of the skeletally active

molecules between the iliac crest, femoral neck, and intertrochanteric region, for a cohort

of postmortem individuals (Table 4.3), is of particular interest as striking differences in the

pattern of mRNA expression, of a similar selection of skeletally active molecules, were

observed at the intertrochanteric region between patients with severe primary hip

osteoarthritis (OA) and non-diseased postmortem individuals (described in Chapter 6). It

remains to be established whether the different pattern of mRNA expression in trabecular

bone at the intertrochanteric region for OA patients is a local or constitutive skeletal site

phenomenon. Based upon the similarity in the pattern of mRNA expression between the

iliac crest and intertrochanteric region, for a cohort of postmortem individuals, it can be

hypothesised that the differences in mRNA expression at the intertrochanteric region

between OA patients and controls will also be observed at the iliac crest. It is important to

ascertain whether the pattern of mRNA expression for OA patients is different at the iliac

crest, for a number of reasons. Firstly, the iliac crest is a skeletal site accessible for bone

biopsy and id the accepted bone biopsy site for histomorphometric assessment of skeletal

change (parfitt, 1983). Secondly, the iliac crest is not subject to loading abnormalities or

joint pathological changes. Finally, the trabecular bone structure and bone matrix

biochemistry of the iliac crest have been described in OA (Crane et a1.,1990; Dequeker e/

al., 1993b; Fazzalari et al., 1992; Gevers and Dequeker, 1987). For instance, the bone

matrix from the iliac crest of OA subjects has been found to contain a higher content of the

growth factors IGF-I, IGF-II, and TGF-B, and an increased concentration of OCN,

compared with that in control subjects (Dequeker et al., 1993b; Gevers and Dequeker,

l9S7). The potential use of gene expression profiles in trabecular bone biopsies for

predicting development of OA is discussed in Chapters 6.5.4 and7.5.4.
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4.5.2 Associations bet\ryeen specific mRNA transcripts in human trabecular

bone from the iliac crest, femoral neck, and intertrochanteric regions

The current knowledge of systemic and local regulation of bone remodelling has been

developed primarily from studies utilising in vitro cell culture systems, predominantly

murine, and animal studies such as the effects of gene deletion studies in mice (reviewed in

Ducy et a1.,2000; Hofbauer and Heufelder, 2001; Raisz' 1999; Roodman, 1999; Suda et

al., L999). Human bone cell studies invitro involve culturing cells from trabecular bone

tissues obtained at surgery. The cells are cultured in a medium enriched with serum growth

factors, but this may not represent the paracrine and autocrine factors that are produced in

the local bone microenvironment. Thus, the morphology and behaviour of human bone

cells in culture may not exactly mimic their behaviour or function ín vivo. Therefore, it is

important to investigate the mRNA expression of skeletally active genes in the local

human bone microenvironment, where paracrine mediators of bone turnover can be

measured with their local regulatory mechanisms intact'

A number of significant associations between specific mRNA species, with known

regulatory roles in bone remodelling, were observed in human trabecular bone sampled

from the iliac crest, femoral neck, and intertrochanteric region, for a cohort of postmortem

individuals (Figures 4.I-4.7; Tables 4.4-4.8). For example, signifîcant positive associations

were observed between CTR/GAPDH, TRAP/GAPDH, ANd RANIIGAPDH MRNA

expression in the pooled skeletal site data (Figures 4.1 and 4.2; Table 4.4). These

associations are consistent with the expression of CTR, TRAP, and RANK by the same

cell types, namely osteoclasts and their precursors, in the bone microenvironment

(Hattersley and Chambers, 1989; Hsu el al., 1999; Minkin, 1982; Quinn et al', 1999)'

Interestingly, there was a positive association between IL-6IGAPDH and TNF-a/GAPDH

mRNA expression in human trabecular bone from the iliac crest and proximal femur
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mRNA expression in the pooled skeletal site data (Table 4.5). This association is consistent

with the finding that TNF-a treatment of murine osteoblastic cells resulted in a dose-

dependent induction of IL-6 mRNA (Ishimi et al., 1990; Kurokouchi et al., 1998). In

addition, the data suggest the co-regulation of these pro-osteoclastic cytokines in the local

human bone microenvironment. In vivo studies suggest that both IL-6 and TNF-a play a

key role in bone loss induced by oestrogen deficiency, since bone loss is not seen in

ovariectomised Il-6-deficient and TNF-deficient mice (Jilka et a1.,1992;Poli et al.,1994;

Roggia et a1.,2001).

The growth factor TGF-Bl and the non-collagenous proteins, OCN and OPN, are abundant

in the bone matrix. TGF-B has been shown to be released from the bone matrix as a

consequence of bone resorption (Pfeilschifter et al., 1990a). A number of roles for TGF-B

in the bone microenvironment have been described, including a role in enhancing

osteoclast apoptosis (Hughes et al.,1996), and TGF-B has been shown to be chemotactic

for osteoblasts (Pfeilschifter et a1.,1990b). Furthermore, TGF-Bl has been proposed to be

one of the key factors involved in coupling bone formation to previous bone resorption

(pfeilschifter and Mundy, 1987). In vivo, TGF-81 has been shown to stimulate bone

formation in rodents (Marcelli et al., 1990; Noda and Camilliere, 1989). As detailed in

Chapter 1.3.1.2, OCN and OPN are both marker genes for the progression of osteoblastic

differentiation (Denhardt and Noda, 1998; Stein and Lian, 1993). However, OPN is also

expressed at high levels in osteoclasts (Dodds et al', 1995; Merry et al., 1993)' The

biological function of OCN and OPN in the bone microenvironment has not been precisely

defined. OCN has been suggested to play arole in the regulation of bone mineral turnover,

as mineral maturation was impaired in OCN-deficient mice (Boskey et al., 1998). In

addition, OCN may act in combination with other non-collagenous proteins, such as OPN,

mRNA expression in human trabecular bone from the iliac crest and proximal femur
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as a signal for osteoclastic bone resorption (Reinholt et a1.,1990; Ritter et al', 1992). In

vilro, OpN has been shown to be an extracellular signalling molecule for osteoclasts and

endothelial cells, via binding of OPN to the cell surface o.'B3 integrin (Denhardt and Noda,

1998; Liaw et a1.,I995).Interestingly, OPG mRNA expression and protein synthesis was

induced by cruÞ¡ integrin ligation by OPN in endothelial cells (Malyankar et a1.,2000).

OpG-deficient mice develop severe arterial calcification, in addition to the development of

extensive osteoporosis (Bucay et al., 1998; Mizuno et al', 1998). Thus, the biological

function of OpG may not only be to inhibit bone resorption, but may also be a protective

role in the vascular system (Bucay et al., 1998; Malyankar et a1.,2000; Mizuno et al.,

1998), perhaps with a role also for OPN. Intriguingly, a significant positive association was

observed between OPG/GAPDH and OPN/GAPDH mRNA expression in the pooled

skeletal site data (Figure 4.i; Table 4.8), which was maintained when the skeletal sites

were analysed individually (Table 4.8).

Interestingly, significant positive associations were observed between OCN/GAPDH'

OPN/GAPDH, and TGF-pI/GAPDH mRNA expression in the pooled skeletal site data

(Figures 4.3-4.5; Table 4.7). These associations may be related to the biological function of

these factors in the bone microenvironment. For example, the association between OPN

mRNA and TGF-pl mRNA is consistent with a report of TGF-B treatment of rat

osteoblastic cells resulting in an up-regulation of OPN mRNA expression (Sodek et al',

1995). Further, the association between OCN mRNA and OPN mRNA is consistent with a

previous report which showed OCN and OPN form protein complexes in vitro (Ritter e/

a1.,1992). However, the associations between ocN, oPN, and TGF-B1 mRNA in human

trabecular bone may relate to the expression of these mRNA species by similar cell fypes,

namely osteoblasts, osteoclasts, and osteocytes, in the bone microenvironment. One

mRNA expression in human trabecular bone from the iliac crest and proximal femur
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limitation of semi-quantitative RT-PCR analysis of mRNA expression in bone tissue is that

the data provide no information about the cellular origin of each mRNA transcript. A

second limitation is that it is not known whether the gene expression patterns are

representative of the corresponding protein levels in the trabecular bone tissue.

4.5.3 Conclusions

There is considerable heterogeneity in the architecture, bone matrix properties, and bone

turnover rates of trabecular bone throughout the human skeleton. However, a similar

pattern of mRNA expression for markers of bone cells (CTR, OCN, OPN, and TRAP) and

specific molecules, with regulatory roles in bone turnover (RANKL, OPG, RANK, IL-6,

TNF-cr,, and TGF-B1), was observed between trabecular bone sampled from the iliac crest,

femoral neck, and intertrochanteric region, for a cohort of postmortem individuals. This

finding was unexpected given the diverse cellular expression and function of these mRNA

species in the local bone microenvironment. Interestingly, a number of significant

associations were observed between specific mRNA species, with known regulatory roles

in bone remodelling, in trabecular bone sampled from the three skeletal regions. Although

the semi-quantitative RT-PCR data provide no information about the cellular origin of each

6RNA transcript, and it is not known whether the gene expression patterns aÍe

representative of the corresponding protein levels in the trabecular bone tissue, the

advantage of this experimental approach over cell culture techniques is that

factors/mediators can be analysed with their local regulatory mechanisms intact.

mRNA expression in human trabecular bone from the iliac crest and proximal femur
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5.1 INTRODUCTION

Few studies, in the context of normal human bone physiology, have addressed the

expression of molecular regulators of bone remodelling in situ in the local human bone

microenvironment. The current knowledge of systemic and local regulation of bone

remodelling has been developed primarily from studies utilising in vitro cell culture

systems, predominantly murine, and animal studies such as the effects of gene deletion

studies in mice (reviewed in Ducy et a1.,2000; Hofbauer and Heufelder, 2001; Raisz,

1999; Roodman, 1999; Suda et al., 1999). Human bone cell studies in vitro involve

culturing cells from trabecular bone tissues obtained at surgery, predominantly joint

replacement surgery, for diseased and/or arthritic joints. The cells are cultured in a medium

enriched with serum growth factors, but this may not represent the paracrine and autocrine

factors that are produced in the local bone microenvironment. Thus, the morphology and

behaviour of human bone cells in culture may not exactly mimic their behaviour or

function in vivo. Therefore, there is a need to investigate the mRNA expression of

skeletally active genes in the local human bone microenvironment where mediators of

bone turnover can be related to bone structural parameters'

Analysis of the steady-state levels of gene transcription in human bone has been performed

in studies of cytokine mRNA in iliac crest bone biopsies from postmenopausal women

(Abrahamsen et a1.,2000; Ralston, 1994). These studies did not include any analysis of

age-related cha¡ges in cytokine mRNA expression. Lin et al. (1999) emphasized that the

analysis of 6RNA expression patterns in human tissues can provide significant insight into

the spatio-temporal activities of gene transcription in a tissue, and further provide

important information on physiology and pathology at a molecular level'

mRNA expression in human trabecular bone
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As detailed in Chapter 1.3.1.1, considerable progress has been made towards an

understanding of the mechanisms responsible for the formation and activation of

osteoclasts. A large number of hormones and cytokines have been identified that can

stimulate the development of osteoclasts from their haematopoietic precursors (Martin and

Ng, 1994; Martin et a1.,1998; Martin and Udagawa, 1998). A cell-surface member of the

tumour necrosis factor (TNF)-ligand family, termed receptor activator of nuclear factor

kappa B ligand (RANKL), was shown to be central in osteoclast development and activity

(Lacey et a1.,1998; Wong et aI., 1997; Yasuda et al., 1998b). Agents that induce bone

resorption, including 1,25-dihydroxyvitamin D3 (1,25-(OH)2D3), patathyroid hormone

(pTH), prostaglandin E2 (PGE2),and interleukin (IL)-l1, have been shown to induce the

presentation of RANKL on the surface of osteoblastic cells, which are then able to promote

osteoclast formation (Horwood et a\.,1998; Udagawa et al., 1999; Yasuda et a|.,1998b).

RANKL binds to a TNF-receptor superfamily member, RANK (Anderson et a1.,1997; Hsu

et al., ßgg), which is expressed on the surface of osteoclasts and their precursors (Hsu el

al., 1999). RANK has been shown to be essential for osteoclast formation; anti-RANK

antibodies inhibit osteoclast formation in vitro (Nakagawa et al., 1998), and RANK-

deficient mice exhibit profound osteopetrosis and lack osteoclasts (Dougall et al.,1999;Li

et a1.,2000). In addition, over-expression of soluble RANK in transgenic mice resulted in

osteopetrosis, decreased numbers of osteoclasts, and decreased bone resorption (Hsu et al.,

lggg). Furthermore, mice deficient in RANKL lack osteoclasts and develop osteopetrosis

(Kong et al., Lggg). Likewise, a natural RANKL antagonist, a soluble TNF-receptor family

member, termed osteoprotegerin (OPG), can inhibit osteoclast formation and bone

resorption (Simonet et al., 1997). Over-expression of OPG in mice resulted in an

osteopetrotic phenotype and decreased numbers of osteoclasts (Simonet et al., 1991), while

mice in which the OPG gene is deleted develop extensive osteoporosis and increased

t2l
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numbers of osteoclasts (Bucay et al., 1998; Mizuno et al., 1998). Furthermore,

administration of recombinant murine OPG protects against ovariectomy-associated bone

loss in rats, via a reduction in osteoclast number and subsequent increase in bone volume

(Simonet et al., lggT). OPG is being considered for use clinically as an anti-resorptive

agent to treat a variety ofbone disorders characterised by increased osteoclast activity, such

as osteoporosis, osteolytic bone tumours, rheumatoid arthritis, and periodontal disease.

Indeed, a preliminary study involving treatment of 52 postmenopausal women with a single

dose of human recombinant OPG resulted in a rapid and sustained decrease in urinary

biochemical markers of bone resorption (Bekker et a\.,2001). OPG is expressed by a wide

variety of cell types, including osteoblasts, in which its expression is down-regulated by

many of the same factors that promote bone resorption and RANKL expression (Hofbauer

et a1.,1999b). Thus, there is now good evidence that the local amount of RANKL, relative

to OPG, is important in osteoclast formation (Hofbauet et a|.,2000).

As detailed in Chapter L.3.4.2, IL-6 and IL-ll are two cytokines that share many

biological properties, including the ability to stimulate osteoclast development from their

haematopoietic precursors (Martin et al., 1998). Both of these cytokines signal via a

receptor system that consists of a unique ligand-binding domain and the common 130-kDa

subunit (gp130; Kishimoto et a1.,1995). lL-6 canbe produced by a number of cell types in

the bone microenvironment, including maffow stromal cells, monocyte-macrophages,

osteoblasts, and osteoclasts (Girasole et a\.,1992; Kishimoto, 1989; Linkhart et al.,I99l;

O'Keefe et al., lggT). The reported effects of IL-6 on RANKL-RANK-promoted

osteoclast development are conflicting. lL-6 has been shown to induce RANKL mRNA

expression, and conversely reduce OPG mRNA expression, in murine osteoblastic cell

lines (Nakashima et al., 2000; O'Brien et al., 1999). In contrast, RANKL mRNA

t22
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expression was not affected by IL-6 in human maffow stromal/osteoblastic cells (Hofbauer

et al., 1999b), and further, IL-6 had no effect on oPG production in these

stromal/osteoblastic cells (Brandstrom et al., 1998; Hofbauer et al., 1998; Vidal et al.,

1998). It has been suggested that IL-6 may attenuate calcium sensing and thus enhance

bone resorption by a direct effect on mature osteoclast activity (Adebanjo et al., 1998).

Interestingly, while expression of IL-6 mRNA in the bone is contributed by several cell

types, IL-l1 6RNA is likely to be expressed predominantly by cells of mesenchymal

origin, namely, cells of the osteoblast lineage (Paul et al.,1990). IL-11 has been suggested

to play a critical role in the hierarchy of osteoclastogenic factors, since in vitro its

expression is induced by a number of hormone and local activators of osteoclast formation

(Manolagas, 1995; Romas et al., 1996; Yang and Yang, 1994).In addition, neutralisation

of IL-l1 has been shown in vitro to suppress osteoclast development inducedby I,25-

(OH)zD¡, pTH, IL-1, and TNF-o (Girasole et a1.,1994). The effects of IL-l1 on osteoclast

differentiation appear to be mediated by inducing RANKL expression on maffow

stromal/osteoblastic cells (Nakashima et a\.,2000; Yasuda et a\.,1998b). Furthermore, the

bone-resorptive effect of IL-1 1 in neonatal mouse calvarial bone cultures resulted in dose-

dependent increases in RANKL and OPG mRNA (Ahlen et al., 2002). However, in

contrast to observations in mouse bone marrow cultures (Girasole et al., 1994; Romas el

al., 1996), Ahlen et at. (2002) have demonstrated that IL-l1 did not play an important role

in the resorptive effects of PTH and 1,25-(OH)zD: in the mouse calvarial bone culture

experimental system.

There is a lack of information regarding the pattern of gene expression corresponding to

specif,rc molecules, with regulatory roles in bone turnover, in normal human bone tissue or

indeed, their role in skeletal disease. Furthermore, it has not been determined whether there

t23
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is any change in the gene expression of these skeletally active molecules with aging in

normal human bone tissues. Therefore, this chapter describes investigation of the

expression of 6RNA corresponding to the key osteoclast differentiation factor, RANKL,

together with its cognate receptor, RANK, and the soluble decoy receptor for RANKL,

OpG, in normal human trabecular bone. In addition, expression of mRNA encoding the

cytokines IL-6 and IL-11, both of which are involved in the regulation of the RANKL-

RANK-OpG system of osteoclast development was investigated in normal human

trabecular bone. The osteoblastic cell marker, osteocalcin (OCN), and the calcitonin

receptor (CTR), which in bone is exclusively expressed by osteoclasts, were also studied.

The skeletal site chosen for investigation was from the proximal femur, with samples

derived from a cohort of autopsy individuals, who had not suffered from conditions

thought to affect their bone turnover status. The mRNA expression data presented in this

chapter describes characterisation of a control group, to which data from osteoarthritic

(OA) bone is compared in Chapter 6. The specifîc skeletal site that the trabecular bone was

sampled from was the intertrochanteric region of the proximal femur, as this region has

previously been shown to be structurally different between OA and control bone (Crane el

al., 1990). Further, the intertrochanteric region is remote from the subchondral bone that

undergoes well-characterised secondary changes in severe OA (Fazzalati et al., 1992).

5.2 CHAPTER AIMS

To describe the steady state mRNA expression, of factors known to have important

regulatory roles in bone remodelling, in non-diseased human trabecular bone tissue

sampled from the intertrochanteric region of the proximal femur (a skeletal site which
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displays a similar pattern of mRNA gene expression to the iliac crest and femoral neck

in postmortem human bone, described in Chapter 4)'

To investigate whether there are gender differences in the mRNA expression levels in

non-diseased human trabecular bone from the proximal femur.

o

a To investigate whether there are age-related.changes in the mRNA expression levels in

non-diseased human trabecular bone from the proximal femur.

5.3 METHODS

5.3.1 Case selection

Proximal femurs, 12 ftomthe left and2 from the right anatomical side, were obtained from

14 routine autopsies performed at the Royal Adelaide Hospital (Table 5.1). The age of the

postmortem cases, comprising 7 women (aged 20-83 years; mean t SD [standard

deviationl age, 6l.3 + 22.0 years) and I men (aged 24-85 years; 61.9 t 20.8 years), varied

between 20 and 85 years (61.6 120.6 years). There v/as no difference in the mean age

between females and males. The postmortem cases had a postmortem interval (PMI) taîge,

the time between death and the postmortem examination, of 24 to 72 hours, which was an

average of 2 days (48.2 t 19.1 hours). There was no correlation between PMI and the age

of the individual. These postmortem cases, which are categorized as control cases in this

thesis, were selected from routine autopsies using the following criteria: no known history

of any chronic condition or disease, which may have affected bone status (such as renal

dysfunction or endocrine disease affecting bone metabolism); no known history of any

medication which may have affected bone turnover; admitted to hospital less than 3 days

before death; and on macroscopic and radiological assessment of the proximal femur

showed no significant sign of joint degeneration, according to the criteria of Collins
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(lg4g). Informed consent from next-of-kin was obtained for the collection of these

postmortem specimens, with approval by the Royal Adelaide Hospital Human Ethics

Committee

Table 5.1 Profiles of autopsy cases comprising the control group

C, autopsy control case.

PMI, postmortem interval, refers to the time between death and autopsy'

Abbrwiations for cause of death: #, fractured; IHD, ischaemic heart disease; MI,

myocardial infarction; MVA, motor vehicle accident.

5.3.2 Sampting of trabecular bone from the intertrochanteric region of the

human proximal femur

PMI Cause of death
(hours)(years)

Case Age Gender Anatomical
side

C1

C2

C3

C4

C5

C6

C7

C8

C9

c10

c11

ctz
c13

cl4

Female

Female

Female

Female

Female

Female

Female

Male

Male

Male

Male

Male

Male

Male

Left

Left

Right

Left

Left

Left

Left

Left

Left

Left

Right

Left

Left

Left

20

43

68

68

72

t5

83

24

44

65

69

73

73

85

24

38

37

70

44

30

45

72

6l

69

5l

24

26

72

Cardiac arrest

Liver failure

Sepsis

Cardiac arrestilHD

Respiratory failure/pulmonary oedema

Pneumonia

Cardiac arrest

MVA # ribs

Sepsis/pneumonia

MI

Pneumonia

Cerebrovascular disease

Metastatic liver carcinoma

Pulmonary embolism/bowel cancer
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Trabecular bone was sampled from the intertrochanteric region of the proximal femur for

each postmortem case. Each proximal femur was sectioned in the coronal plane using a

band saw, which had been cleaned with DEPC-treated water, to allow access to trabecular

bone for sampling from the intertrochanteric site, which is enclosed within the femoral

cortex (Figure 2.1). Using sterile bone cutters, the trabecular bone tissue was sampled as

small fragments from an approximate 1.5 x 1.0 cm2 area, to a specimen depth of 0.5 cm'

from the intertrochanteric region. The trabecular bone tissue fragments were rinsed briefly

in DEpC-treated water (the rinsed material contained trabecular bone and bone marrow)

and then immersed in RNA lysis buffer (4 M guanidine isothiocyanate solution;2 mll250

mg wet weight). In addition, for each proximal femur, an intertrochanteric trabecular bone

sample (1.0 x 1.0 x 1.0 cm3), contiguous with the bone sampled for RNA isolation, was

processed for undecalcified bone histomorphometry and microdamage assessment

(Chapters 7 and 8).

5.3.3 Semi-quantitative RT-PCR of total RNA isolated from human

trabecular bone

Total RNA was isolated from the intertrochanteric trabecular bone tissue fragments

(Chapter 2.2.2.1) for each postmortem case. Semi-quantitative RT-PCR (Chapter 2.2.2.3),

using the human-specific oligonucleotide primer pairs listed in Table 2.1 and primer

conditions described in Chapter 2.2.2.3.2, was used to determine the relative expression

levels of IL-6, IL-11, CTR, OCN, RANKL, OPG, and RANK mRNA in these bone RNA

samples. Amplified PCR products corresponding to IL-6, IL-11, CTR, OCN, RANKL,

OPG, and RANK pRNA are represented as a ratio of the respective PCR product/GAPDH

pCR product. There was no correlation between PMI and the relative ratios of PCR

product/GAPDH for any of the mRNA species. RT-PCR data for RANKL, OPG, and
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RANK mRNA could not be obtained for cases C10 (65-year-old male) and C13 (73-year

old male) due to small quantities of total RNA recovered.

5.3.4 Statistical analysis of mRflA expression data

RT-PCR reactions were performed twice, from duplicate cDNA syntheses, which

confirmed that repeated RT-PCR analysis of the same RNA samples yielded reproducible

results. In addition, to minimise inter-assay variability between each bone sample, all PCR

products for a given mRNA species (n < I4), were electrophoresed in a single 2o/o agatose

gel. The Shapiro-Wilk statistic was used to test the semi-quantitative RT-PCR data for

normality (PC-SAS software; SAS Institute). The semi-quantitative RT-PCR data were

found to be normally distributed. Therefore, parametric statistical methods were used to

analyse the data (Excel; Microsoft Corp.). Student's /-test was used to analyse differences

in mRNA expression between females and males. Linear regression analysis was used to

describe age-related changes, and to examine the relationship between PCR products

representing specific mRNA species. If there was more than one significant independent

factor associated with a specific mRNA species, multiple regression was performed to

determine the contribution of each independent factor. The mRNA expression data is

quoted as mean t standard deviation. The critical value for significance was chosen as p:

r28

0.05.

5.4 RESULTS

5.4.1 Pattern of mRf[A expression in non-diseased trabecular bone from the

human proximal femur

Semi-quantitative RT-PCR was employed to examine the expression of IL-6,LL-II, CTR,

OCN, RANKL, OPG, and RANK mRNA in trabecular bone sampled from the

intertrochanteric region of the proximal femur of autopsy individuals. These mRNA
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species were chosen because they represent, in the case of IL-6 and IL-11, recognised

skeletally-active cytokines capable of promoting osteoclast formation. CTR and OCN were

chosen as specific markers of the presence of osteoclasts and osteoblasts, respectively.

RANKL, OpG, and RANK were chosen for their central regulatory roles in controlling

osteoclast development and activity. These autopsy individuals did not suffer from any

disease likely to affect the skeleton, and in particular, macroscopic examination of the

femoral head showed no significant sign of joint degeneration, according to the criteria of

Collins (lg4g).These individuals are thus categorized as control cases in this thesis.

Expression of mRNA corresponding to each of these seven mRNA species was found in all

trabecular bone samples analysed from the proximal femur. A typical pattern of mRNA

expression for IL-6, IL-l1, the CTR isoforms, OCN, RANKL, OPG, and RANK is shown

in Figure 5.1. The PCR products were authenticated by comparison with the expected

product size and by hybridisation to an internal detecting oligonucleotide probe (Atkins ef

at., 2000).In the case of the CTR, two bands were obtained, 780 bp and 732 bp PCR

products, corresponding to the expected sizes of the insert-positive and insert-negative

isoforms of the human CTR (Kuestner et a1.,1994). The two CTR isoforms differ from one

another by the presence or absence of a 16-amino acid insert, generated by alternative

splicing, in the first intracellular loop of the seven transmembrane domain (Moore et al.,

1995). The insert-negative isoform of the CTR was consistently more abundant than the

insert-positive isoform in these bone samples, as seen in most tissues (Kuestner et al.,

ree4).

The number of PCR cycles employed for each of these mRNA transcripts was within the

exponential phase of the amplification curve, enabling comparison of mRNA expression

mRNA expression in human trabecular bone
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GAPDH

M44 F72

Figure 5.1: Expression of IL-6 (544 bp), IL-l I (289 bp), CTR isoforms (1801132 bp),

ocN (255 bp), RANKL (665 bp), OPG (433 bp), RANK (7}2bp), and GAPDH (a15 bp)

6RNA in total RNA extracted from intertrochanteric trabecular bone, as determined by

RT-PCR (Chapter 2.2.2.3). Specimens were obtained from a 44-yearold male (M44)

and a 72-year-old female (F12), without any bone-related disease, at autopsy. PCR

products representing each mRNA species were visualised on SYBR@ Gold-sta\ned 27o

agarose gels.
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between bone samples. Relative levels of IL-6, IL-l1' CTR, OCN' RANKL, OPG, and

RANK pRNA were determined by normalising values to the GAPDH mRNA level

determined for each sample. The distribution of the individual values obtained for IL-6, IL-

11, CTR, OCN, RANKI, OPG, andRANKmRNA, expressed as aratio to GAPDH, is

shown in Figures 5.2 and 5.3. The two younger cases in this control cohort, cases Cl (20-

year-old female) and C8 (24-year-old male), are indicated in Figures 5.2-5.8, as

comparisons are made for this data between the controls and an OA group, aged over 49

years, in Chapter 6.

5.4.2 Comparison of mRNA expression between females and males

The student's /-test was used to assess whether there were any gender differences in the

mean 6RNA expression levels of IL-6, IL-l1, CTR, OCN, RANKL, OPG, RANK, and the

RANKL/OPG ratio in non-diseased human trabecular bone from the proximal femur'

RANKL and OPG are important downstream signals of osteoclast biology, onto which

many hormonal, chemical, and biochemical signals converge (Hofbauer and Heufelder,

2001). Hofbauer et at. (2000) hypothesised that the ratio of RANKL to OPG is the main

determinant of the pool size of active osteoclasts in the local bone microenvironment,

acting as a f,rnal effector system to modulate differentiation, activation, and apoptosis of

osteoclasts. All of the mRNA species chosen for analysis, except for OCN, are involved in

the regulation of osteoclastic bone resorption. Further, the 7 females in the control cohort

comprise 5 postmenopausal females, who may have had an increased bone remodellingtate

due to oestrogen deficiency. Thus, it was hypothesised that there may be an increased

6RNA expression level of IL-6, IL-l1, CTR, RANKL, RANK, and RANKL/OPG in the

females compared to the males.
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No significant differences were observed between females and males for the mean mRNA

expression of IL-6IGAPDH, IL-lI/GAPDH, OCN/GAPDH, RANKL/GAPDH,

OpG/GAPDH or RANIIGAPDH (Table 5.2). These data compare with in vitro studies of

human marrow stromal/osteoblastic cells, which found that the gender of the donor did not

influence the mRNA expression of IL-6 or IL-l1 (Shur et a1.,2001). Additionally, there

was no difference in OCN protein concentration at the femoral neck between females and

males (Boonen et al.,1997). On the other hand, Vanderschueren et al. (1990) reported that

the concentration of OCN protein in iliac crest bone was more abundant in males than in

females. The RANKL/OPG mRNA ratio was significantly higher in the females than in the

males Ø < 0.05; Table 5.2), as expected. This suggests that the pool size of active

osteoclasts may be greater in females than males at the intertrochanteric region of the

proximal femur. Interestingly, a recent study has found no difference in the expression of

RANKL and OPG mRNA or the RANKI/OPG mRNA ratio, in human iliac crest bone

tissue, between premenopausal and postmenopausal women (Seck et a|.,2001). The only

other difference between females and males was for CTR/GAPDH mRNA expression,

which was significantly lower in females compared with males (p < 0.05; Table 5.2). As

the CTR is expressed on the surface of mononuclear osteoclast precursor cells and

multinuclear osteoclasts in bone (Hattersley and Chambers, 1989; Quinn et a1.,1999), it is

not known whether immature and/or mature osteoclast cells are representative of the

measured CTR mRNA, nor whether the CTR mRNA expression is representative of the

number of osteoclasts and/or the number of calcitonin receptors on each osteoclast. Based

on these comparisons between females and males for mRNA gene expression, and the fact

that the sample size for the control cohort is small, further analyses of the data were made

independent ofgender.

mRNA expression in human trabecular bone
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Tabte 5.2 Female and male RT-PCR product/GAPDH ratios in intertrochanteric trabecular

bone from control individuals'

Values are mean + standard deviation.
up < 0.05.

5.4,3 Associations between expression of specific mRflA transcripts

As IL-6 and IL-l1 are two cytokines that share many biological properties, including the

ability to stimulate osteoclast development from their haematopoietic precursors (}dafün et

al., 1998), the IL-$IGAPDH and IL-II/GAPDH mRNA ratios were co-plotted, and

analysed by linear regression analysis. Intriguingly, a signifîcant positive association was

observed between IL-6IGAPDH and IL-1I/GAPDH mRNA expression (r: 0.49, p < 0'05;

Figure 5.4), although this association was dependent on inclusion of the two younger

cases. This finding suggests the coordinated regulation of these two cytokines in the local

human bone microenvironment. Further, when the outlier, case C5 (72-year-old female),

was removed, the positive association between IL-6 and IL-ll mRNA was statistically

Male (n:7)Female (n:7)Ratio

0.15 f 0.040.23 t0.16

0.18 t 0.050.28 !0.12IL.lI/GAPDH

1.39 I 0.88 u
0.46 ! 0.23CTR/GAPDH

0.32 r 0.100.37 r 0.11OCN/GAPDH

0.51+0.38; n:5RANKL/GAPDH 0.88 r 0.49

0.23 x0.09; n: 5OPG/GAPDH 0.20 r 0.09

0.32 ! 0.29; n: 50.32 t0.20

2.20f0.94u;n=54.28 !2.04RANKL/OPG

IL-6lGAPDH

RANIIGAPDH

mRNA expression in human trabecular bone
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more significant (r : 0.83, p < 0.001), which was maintained after exclusion of the two

younger cases (n : II; r:0.81,p < 0.001).

OCN, the major non-collagenous protein of bone matrix, is utilised as an indicator of bone

formation as it is one of the marker genes for the progression of osteoblastic differentiation

(Stein and Lian, Igg3). The CTR in bone is uniquely expressed on the surface of

mononuclear osteoclast precursor cells and multinuclear osteoclasts (Hattersley and

Chambers, 1989; Quinn et al., 1999). The plot of CTR/GAPDH versus OCN/GAPDH

6RNA expression might be regarded as an index of the balance of resorption to formation

in these bone samples. However, no relationship was found between CTR/GAPDH and

OCN/GAPDH mRNA expression in this cohort of bone samples (Figure 5.5). Using

CTR/GAPDH pRNA as a marker of bone resorption in these bone samples is ambiguous,

as it is not known whether immature and/or mature osteoclast cells are representative of the

measured CTR mRNA, nor whether the CTR mRNA expression is representative of the

number of osteoclasts and/or the number of calcitonin receptors on each osteoclast.

Furthermore, there was no association between the mRNA expression of the pro-resorptive

cytokines, IL-6 and IL-l1, and CTR mRNA expression in these bone samples (results not

shown). Despite the fact that RANK is expressed on the surface of the same cell types as

the CTR in bone, namely osteoclasts and their precursors (Hsu e/ a1.,1999), no association

was observed between CTR/GAPDH and RANIVGAPDH mRNA expression (Figure

6.12).

The stimulatory effects of IL-ll on osteoclast differentiation appear to be mediated by

inducing RANKL expression on maffow stromal/osteoblastic cells (Nakashima et al.,

2000; Yasuda et al., 199Sb). However, the reported effects of IL-6 on RANKL-RANK-

mRNA expression in human trabecular bone
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promoted osteoclast development arc conflicting (Brandstrom et a1.,1998; Hofbauer et al.,

1998; Hofbauer et al., I999b;Nakashima et a1.,2000; O'Brien et a1., 1999; Vidal et al',

1993). No associations were observed when the IL-6IGAPDH or IL-lI/GAPDH mRNA

ratios were co-plotted with the RANKL/GAPDH, OPG/GAPDH or RANIIGAPDH

mRNA ratios for these bone samples (results not shown)'

Extensive bone marrow cell culture studies have shown that RANKL, OPG, and to a lesser

extent, RANK, are modulated by growth factors, cytokines, peptide and steroid hormones,

and drugs known to affect bone metabolism (Hofbauer et al., 2000; Hofbauer and

Heufelder, 2001; Horowitz et al., 2001; Suda e/ at., 1999). Therefore, the results for

RANKL ANd OPG MRNA, RANKL ANd RANK MRNA, ANd RANK ANd OPG MRNA WETE

co-plotted to identify whether any relationships exist in the local human bone

microenvironment of the proximal femur. Firstly, a signifîcant positive association was

observed between RANKL/GAPDH mRNA and OPG/GAPDH mRNA (r : 0.55, p < 0.05;

Figure 5.6), which was maintained after exclusion of the two younger cases (n: I0; r:

0.68, p < 0.02). This finding suggests that the same stimuli/stimulus up-regulate/s both

RANKL and OPG pRNA expression in these bone samples. Secondly, when the

RANKL/GAPDH 6RNA levels were plotted versus RANIIGAPDH mRNA, the level of

RANKL gene expression increased as the level of RANK gene expression increased (r :

0.66, p < 0.01; Figure 5.7). Furtherïnore, this association was maintained after exclusion of

the two younger cases (n : 10; r:0.69, p <0.02). This finding suggests that either the

same stimulus regulates the expression of both RANKL and RANK mRNA, or, more

likely, that the same stimulus up-regulates RANKL and causes recruitment of RANK-

expressing osteoclast precursor cells. Finally, no association was observed in the co-plot of

RANIIGAPDH mRNA and OPG/GAPDH mRNA expression (Figure 5.8).

mRNA expression in human trabecular bone
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5.4.4 Age-related changes in mRNA expression in non-diseased trabecular

bone from the human Proximal femur

To investigate whether there afe any age-related changes in the mRNA expression levels in

non-diseased human trabecular bone from the proximal femur, each PCR product/GAPDH

mRNA ratio was plotted as a function of increasing age in years, and analysed by linear

regression analysis. IL-6IGAPDH mRNA expression showed no statistical dependence on

age in these bone samples (Figure 5.9). However, when the outlier' case c5 (72-yeat-old

female), was removed, the IL-6IGAPDH mRNA expression ratio significantly declined

with age (r: -0.78,p < 0.001). The outlier, case C5, has a high relative expression level of

IL-6IGAPDH mRNA in comparison with the IL-II/GAPDH mRNA expression level

(Figure 5.4). In contrast to these bone mRNA expression levels, serum IL-6 levels in

women, aged24 to 87 years, have been shown to positively correlate with age (McKane et

al., 1994). However, it is not clear how serum cytokine levels relate to localised bone

cytokine levels. The IL-II/GAPDH mRNA ratio declined with age, when analysed by

linear regression (r : -0.60, p 1 0.02; Figure 5.10), although this relationship was

dependent on inclusion of the two younger cases. As both age and IL-6 mRNA expression

were significantly associated with IL-ll mRNA expression (Figures 5.10 and 5.4,

respectively), a multiple regression analysis was performed to determine the contribution

of age and IL-6 6RNA expression to IL-11 mRNA expression. IL-11 mRNA expression

was dependent on age and not IL-6 mRNA expression (p < 0.05), suggesting that the effect

of IL-11 to stimulate osteoclast development may decline with age.

There was no relationship with age for CTR/GAPDH mRNA expression (Figure 5.11).

Interestingly, when the OCN/GAPDH mRNA results were plotted against age, there was a

mRNA expression in human trabecular bone
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negative association (r: -0.64,p < 0.01; Figure 5.12), describing an age-related decrease

in OCN 6RNA expression. This age-related decline in OCN mRNA was dependent on

inclusion of the two younger cases. This finding is consistent with a reported decrease in

OCN protein with age atthe femoral neck, for both cortical and trabecular bone, and at the

iliac crest (Boonen et al., 1997; Vanderschuercnet at., 1990). As OCN is regarded as an

indicator of bone formation and a molecular marker for osteoblasts (Stein and Lian, 1993),

this age-related decline in OCN mRNA in bone suggests an associated decrease in bone

formation and/or osteoblastic activity with age in normal individuals'

The values corresponding to mRNA levels for RANKL, OPG, and RANK in non-diseased

human trabecular bone from the proximal femur were plotted as a function of age. The

RANKL/GAPDH mRNA ratio increased with age (r : 0.62, p < 0.02; Figure 5'13),

although this relationship was dependent on inclusion of the two younger cases.

OpG/GApDH mRNA expression remained relatively constant with aging (Figure 5'14). In

contrast, serum OPG levels have been shown to increase with age in women and men

(Anighi et a1.,2000; Szulc et a\.,2001;Yano et al.,1999). As OPG is expressed by a wide

variety of cell types including vascular endothelial cells (Collin-Osdoby et al.200I; Kwon

et a1.,1998; Simonet et al.,l99l;Tan et a\.,1997; Yasuda et al.,l998b), systemic serum

OpG levels are unlikely to reflect changes in OPG mRNA expression in the local bone

microenvironment. The expression of RANIIGAPDH mRNA showed no dependence on

age (Figure 5.15).

Since, based upon a large amount of evidence, the ratio of RANKL to OPG has been

hypothesised to be the main determinant of the pool size of active osteoclasts in the local

bone microenvironment (Hofbauer et a1.,2000), it was of great interest to investigate this

mRNA expression in human trabecular bone
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relationship during aging. It was found that the ratio of RANKL/OPG mRNA levels

increased with age (r : 0.60, p < 0.03; Figure 5.16), although this relationship was

dependent on inclusion of the two younger cases. This suggests that the effective activity of

RANKL to promote osteoclast formation, and thus increase the pool size of active

osteoclasts at the intertrochanteric region of the proximal femur, may be increased with age

in normal individuals. Neither the RANKL/RANK nor RANIIOPG mRNA ratios were

dependent on age in these bone samples (Figure 5.17 and results not shown).

5.5 DTSCUSSION

There is limited information regarding the pattern of gene expression corresponding to

specific molecules, with regulatory roles in bone turnover, in normal human bone tissue or

indeed, their role in skeletal disease. The aim of the work described in this chapter was to

investigate 6RNA gene expression in the local human trabecular bone microenvironment

of individuals without any evidence of joint disease or any known medical condition

predicted to affect the skeletal status. The purpose of describing the pattern of mRNA gene

expression of a select group of skeletal regulatory molecules in non-diseased proximal

femur bone was to establish the base line or normal steady state mRNA levels of these

factors so that a comparison could be made with skeletal site-matched bone tissue from

individuals suffering from severe primary OA of the hip (Chapter 6). The select group of

skeletal regulatory molecules chosen for investigation included two recognised skeletally-

active cytokines capable of promoting osteoclast formation, IL-6 and IL-ll, the CTR and

OCN, as specific markers of the presence of osteoclasts and osteoblasts, respectively, and

factors with central regulatory roles in controlling osteoclast development and activity,

namely RANKL, OPG, and RANK.

mRNA expression in human trabecular bone
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5.5.1 IL-6 and IL-ll mRNA expression in non-diseased human trabecular

bone from the proximal femur: coordinated and age-dependent expression

IL-6 and IL-ll are two cytokines that share many biological properties, including the

ability to stimulate osteoclast development from their haematopoietic precursors (}{afün et

at., 1998). Both of these cytokines signal vía areceptor system that consists of a unique

ligand-binding domain and the common 130-kDa subunit (gp130; Kishimoto et al',1995).

A positive correlation was found between IL-6 and IL-l1 mRNA levels in normal human

bone tissue, suggesting the coordinated regulation of these two cytokines in the local bone

microenvironment (Figure 5.4). There is no ø priori reason why this should be the case,

and there are experimental examples of both coordinated and divergent regulation of IL-6

and IL-11 (Kim et al., 1997; Nakchbandi et a1.,2001). However, Nakchbandi et al. (2001)

reported a down-regulation of IL-11 by IL-6, both in vitro and in vivo, and further, that this

negative regulatory effect of IL-6 on IL-ll is post-transcriptional. Nonetheless, the

positive correlation between IL-6 and IL-11 mRNA (Figure 5.4) would be consistent with

similar activities of the two cytokines in this skeletal site from the proximal femur.

A trend towards a decline with age was observed for IL-6 mRNA, but this did not reach

statistical significance (Figure 5.9). However, when an outlier data point was removed, IL-

6 pRNA declined significantly with age. In contrast, semm IL-6 levels in women have

been shown to positively correlate with age, although not with any serum or urinary

markers for bone turnover (McKane et al., 1994). It is diffrcult to compare studies of

cytokine levels in localised bone with systemic serum measurements of cytokines, due to

the in vivo autocrinelparacrine action of cytokines. Further, as IL-6 can be produced by a

number of cell types in the bone microenvironment, including marrow stromal cells,

monocyte-macrophages, osteoblasts, and osteoclasts (Girasole et al., 1992; Kishimoto,

mRNA expression in human trabecular bone



Chapter 5
t39

1989; Linkhart et al., l99l; O'Keefe et al., 1997), it is not known which cell types are

contributing to the IL-6 mRNA levels measured in these normal human bone samples. As

detailed in section 5.1, the reported effects of IL-6 on RANKI-RANK-promoted osteoclast

development are conflicting. For instance, IL-6 has been shown to induce RANKL mRNA

expression, and conversely reduce OPG mRNA expression, in murine osteoblastic cell

lines (Nakashima et al., 2000; O'Brien et al., 1999). In contrast, RANKL mRNA

expression was not affected by IL-6 in human marrow stromal/osteoblastic cells (Hofbauer

et al., 1999b), and further, lL-6 had no effect on OPG production in these

stromal/osteoblastic cells (Brandstrom et al., 1998; Hofbauer et al., 1998; Vidal et al.,

1993). Furthermore, it has been suggested that IL-6 may attenuate calcium sensing and

thus enhance bone resorption by a direct effect on mature osteoclast activity (Adebanjo e/

al., l99B).IL-6 has been implicated as playing a pathogenetic role in several conditions

characterised by excessive osteoclastic bone resorption, rather than a major involvement in

normal physiological osteoclast development. Conditions characterised by excessive bone

resorption that IL-6 has been implicated in include: osteoporosis caused by loss of gonadal

function, multiple myeloma, Paget's disease, rheumatoid arthritis, and

hyperparathyroidism (Grey et al., 1996; Kotake et al., 1996; Manolagas and Jilka, 1995;

Roodman et al.,1992; Roodman, 1995)'

There was a significant decline with age in the expression of IL-l1 mRNA (Figure 5.10).

A multiple regression analysis found that IL-ll mRNA expression was statistically

dependent on age and not IL-6 mRNA expression (p < 0.05), suggesting that the effect of

1¡-11 to stimulate osteoclast development may decline with age' Interestingly, while

expression of IL-6 mRNA in the bone is contributed by several cell types, IL-11 mRNA is

likely to be expressed predominantly by cells of mesenchymal origin, namely' cells of the
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osteoblast lineage (Paul et al.,1990). However, the cellular origin(s) of the measured IL-6

and IL-11 mRNA expression in these human trabecular bone samples are not known. This

can be resolved by the use of in situ hybridisation in combination with

immunohistochemistry for the bone tissue localisation of IL-6 and IL-11 at the mRNA and

protein level, respectively.As detailed in section 5.1, IL-l1 has been suggestedto play a

critical role in the hierarchy of osteoclastogenic factors, since in vitro, its expression is

induced by a number of hormone and local activators of osteoclast formation (Manolagas,

1995; Romas et al., 1996; Yang and Yang, 1994).In addition, neutralisation of IL-l1 has

been shown in vitro to suppress osteoclast development induced by L,25-(OH)2D3, PTH,

IL-1, and TNF-o (Girasole et al.,1994). The effects of IL-11 on osteoclast differentiation

appear to be mediated by inducing RANKL expression on maffow stromal/osteoblastic

cells (Nakashima et a1.,2000; Yasuda et al., 1998b). Furthermore, the bone-resorptive

effect of IL-l1 in neonatal mouse calvarial bone cultures resulted in dose-dependent

increases in RANKL and OPG mRNA (Ahlen et a1.,2002).Interestingly, IL-l1 mRNA

expression did not correlate with RANKL, OPG or RANK mRNA expression in normal

human bone from the proximal femur. Although the evidence to date suggests one major

role for IL-l l in bone is to act as an upstream stimulatory signal for osteoclast

differentiation (Martin et a1.,1998), the full role of this pleiotropic cytokine in the bone

microenvironment is not completely understood. IL-ll has also been implicated as a

suppressor of osteoblastic synthetic activity. For example, IL-l1 dose-dependently

inhibited nodule formation and reduced alkaline phosphatase expression in rat calvarial

cell cultures (Hughes and Howells, 1993b). Conversely, a recent report of over-expression

of IL-l1 in transgenic mice suggests that this cytokine functions as an anabolic factor for

bone in vivo (Takeuchi et a1.,2002).
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In bone matrow, adipocytes develop from bone marrow stromal cells, namely the same

lineage that osteoblasts are derived from (Beresford el al., 1992). IL-l1 was originally

identified as a potent inhibitor of the differentiation of adipocytes from marrow stromal

cells (Kawashima et a1.,1991; Paul et at.,1990). The decrease in bone volume associated

with age-related osteopenia is accompanied by an increase in marrow adipose tissue

(Burkhardt et al., 1987; Parfîtt et al., 1995). Further, the number and size of maffow

adipocytes has been shown to increase in a linear manner with age (Rozman et a1.,1989).

In this thesis trabecular bone was also sampled for undecalcified bone histomorphometry

from the intertrochanteric region of each proximal femur, contiguous to the site from

which bone was sampled for RNA isolation and subsequent mRNA expression analysis.

The undecalcified bone sections were quantified for trabecular bone structural parameters

and static indices of bone turnover (data presented in Chapter 7).In performing this work,

a generalised observation (not quantified) \Mas an increase in bone maffow adipose tissue

with age in these non-diseased human trabecular bone samples. The decrease in IL-l1

pRNA expression with age in the human bone samples may be associated with this age-

related increase in bone maffov/ adipose tissue. Moreover, Kodama et al. (1998) reported

reduced IL-ll protein and mRNA expression in marrow stromal cells from senescence-

accelerated mice (SAMP6). The SAMP6 mice exhibit an early decrease in bone mass,

enhanced adipogenesis, with a reduction in bone remodelling, due to suppressed

osteoblastogenesis and osteoclastogenesis (Kodama et al. 1998). Administration of

recombinant IL-11 to SAMP6 mice enhanced the formation of osteoblasts and osteoclasts,

and suppressed the enhanced adipogenesis (Kodama et a1.,1998)'

r4l
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S.S.Z CTR and OCN nRNA expression in non-diseased human trabecular

bone from the proximal femur: age-dependent expression

OCN, the major non-collagenous protein of bone matrix, is utilised as an indicator of bone

formation as it is one of the marker genes for the progression of osteoblastic differentiation

(Stein and Lian, 1993). The circulating hormone, calcitonin, which is a potent inhibitor of

osteoclastic bone resorption, binds to its receptor, the CTR, which in bone is uniquely

expressed on the surface of mononuclear osteoclast precursor cells and multinuclear

osteoclasts (Hattersley and Chambers, 1989; Quinn et al., 1999). The plot of CTR versus

OCN 6RNA expression might be regarded as an index of the balance of resorption to

formation in these bone samples. However, no association was found between

CTR/GAPDH and OCN/GAPDH mRNA expression in these non-diseased human

trabecular bone samples (Figure 5.5). Using CTR/GAPDH mRNA as a marker of

osteoclasts or bone resorption in these bone samples is ambiguous as it is not known

whether immature and/or mature osteoclast cells are representative of the measured CTR

6RNA, nor whether the CTR mRNA expression is representative of the number of

osteoclasts and/or the number of calcitonin receptors on each osteoclast. There are few

reports on the regulation of the expression of CTR mRNA in human osteoclasts. Treatment

of human osteoclast-like cells with calcitonin dose-dependently reduced CTR mRNA

expression (Samura et a1.2000). Further, Wada et at. (2001) reported that glucocorticoids

increase CTR mRNA expression in human osteoclast-like cells, which was shown to

reflect an increase in the number of calcitonin receptors on individual osteoclast-like cells'

Despite the fact that RANK is expressed on the surface of the same cell types as the CTR

in bone, namely osteoclasts and their precursors (Hsu e/ al., 1999; Myers et al. 1999), no

association was observed between CTR and RANK mRNA expression in these human

bone samples. Further, there was no relationship with age for CTR mRNA expression
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(Figure 5.11). The data for CTR mRNA should be substantiated with the analysis of other

osteoclast cell markers, including carbonic anhydrase II, cathepsin K, and TRAP, which

are highly expressed by osteoclasts (Martin and Udagawa, 1998). Importantly, a significant

positive association was observed between CTR and TRAP mRNA expression levels in the

study comparing mRNA expression in different skeletal sites (iliac crest, femoral neck, and

intertrochanteric region) for a cohort of postmortem individuals (Figure 4.1; Table 4.4;

Chapter 4.4.4).

There was an age-related decline in OCN mRNA in these non-diseased human trabecular

bone samples (Figure 5.12), which is consistent with a reported decrease in OCN protein

with age at the femoral neck, for both cortical and trabecular bone, and at the iliac crest

(Boonen et al., 1997; Vanderschueren et al., 1990). Furthermore, in situ hybtidisation

studies found an age-related reduction in osteoblastic OCN mRNA expression in rat bone

tissues (Ikeda et a1.,1995). Frenkel et al. (1997) have shown an age-related decline in rat

osteocalcin promoter activity in the bone of mice. In contrast, serum OCN levels increased

linearly with age in women aged 25 to 75 years (Minisola et al., 1997). It is important to

note that the circulating OCN levels are unlikely to reflect the concentration of OCN at a

specific skeletal site. As OCN is regarded as an indicator of bone formation and a

molecular marker for osteoblasts (Stein and Lian, 1993), this age-related decline in OCN

6RNA in human bone (Figure 5.I2) suggests an associated decrease in bone formation

and/or osteoblastic activity with age in normal individuals. D'Ippolito et al' (1999)

reported an age-related decrease in the number of mesenchymal stem cells with osteogenic

potential, cultured from human thoracic and lumbar spine bone manow. Furthermore, the

proliferative capacity, but not the number, of mesenchymal stem cells from the human

femur, rib, and spine declined with age (Oreffo et al. 1998b). Oreffo et al. (1998b)
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proposed that the reduction in bone formation associated with aging is not a consequence

of reduced numbers of early osteoprogenitor cells, but rather afL alteration of

osteoprogenitor proliferation and differentiation. Furthermore, this altered differentiation

potential of osteoprogenitor cells may involve differentiation into other stromal lineages,

such as adipocytes.

5.5.3 RANKL, OpG, and RANK mRNA expression in non-diseased human

trabecular bone from the proximal femur: coordinated and age-dependent

expression

RANKL, RANK, and OPG are key regulators of osteoclast biology and bone metabolism.

RANKL is expressed on the cell surface of stromal/osteoblastic cells and promotes

osteoclast development by binding to its cognate receptor, RANK, which is expressed on

the surface of osteoclasts and their precursors, with the required presence of macrophage

colony stimulating factor (M-CSF; Anderson et al., 1997; Hsu e/ al', 1999;Lacey et al',

1998; Nakagawa et a1.,1998; Wong et a1.,1997; Yasuda et al.,199Sb). OPGis anatural

antagonist for RANKL and inhibits osteoclast formation and bone resorption (Simonet el

al., lggT). Mice deficient in OPG develop extensive osteoporosis, associated with

increased numbers of osteoclasts (Bucay et al., 1998; Mizuno et al., 1998). Likewise'

RANKl-deficient mice are severely osteopetrotic and lack osteoclasts (Kong et a1.,1999)'

Extensive bone marrow cell culture studies have shown that RANKL, OPG, and to a lesser

extent, RANK, are modulated by growth factors, cytokines, peptide and steroid hormones,

and drugs known to affect bone metabolism (Hofbauer et al., 2000; Hofbauer and

Heufelder, Z}}L;Horowitz et a\.,2001; Suda e/ al',1999)'
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In the local human bone microenvironment of the proximal femur a significant positive

association was observed between RANKL and OPG mRNA (Figure 5.6). This finding

suggests that the same stimuli/stimulus up-regulate/s both RANKL and OPG mRNA

expression in these bone samples. Takami et al. (2000) have shown that treatment of

murine stromal/osteoblastic cells with intracellular calcium-elevating compounds, or an

activator of protein kinase C, stimulated the expression of both RANKL and OPG mRNA,

which resulted in osteoclast formation in co-cultures of primary osteoblasts and bone

marrow cells. Further, the pro-resorptive cytokines IL-18 and TNF-a induced the

expression of both RANKL and OPG mRNA in human maffow stromal cells (Hofbauet et

al., I999b). However, it is important to note that it is not known whether the same cell

type(s) (eg., stromal/osteoblastic cells) are contributing to the measured RANKL and OPG

mRNA expression in these human bone samples. A significant positive association was

also observed between the expression of RANKL and RANK mRNA in non-diseased

human trabecular bone from the proximal femur (Figure 5.7). This finding suggests that

either the same stimulus regulates the expression of both RANKL and RANK mRNA, or,

more likely, that the same stimulus up-regulates RANKL and causes recruitment of

RANK-expressing osteoclast precursor cells. Treatment of murine bone marrow cultures

with 1,25-(OH)2D3 resulted in the up-regulation of both RANKL and RANK mRNA

expression, a reduction in OPG mRNA expression, and the formation of TRAP-positive

multinucleated osteoclast-like cells (Mukohyama et a1.,2000). When these bone maffow

cultures were treated with the neuropeptide vasoactive intestinal peptide, in addition to

1,25-(OH)2D¡, the stimulatory effect of 1,25-(oH)zD: on RANKL and RANK mRNA

expression decreased, and the inhibitory effect on OPG mRNA expression was reversed

(Mukohyama et a1.,2000). IL-l has been shown to both up-regulate RANKL and OPG

pRNA expression in human osteoblast-like cell lines (Hofbauer et al.,I999b; Vidal et al.,
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199S) and to potentiate the survival, fusion, and activation of pre-osteoclast cells in culture

in the absence of stromal/osteoblastic cells (Jimi et al., 1999). Based upon these

observations, IL-1 is a potential stimulus that could up-regulate RANKL in

stromal/osteoblastic cells and also recruit RANK-expressing osteoclast precursor cells, to

effectively induce the development of mature bone-resorbing osteoclasts'

RANKI and OPG are important downstream signals of osteoclast biology, onto which

many hormonal, chemical, and biochemical signals converge (Hofbauer and Heufelder,

2001). Hofbauer et at. (2000) hypothesised that the ratio of RANKI to OPG is the main

determinant of the pool size of active osteoclasts in the local bone microenvironment,

acting as a final effector system to modulate differentiation, activation, and apoptosis of

osteoclasts. The data described in this chapter show that the ratio of RANKL/OPG mRNA

is positively associated with age (Figure 5.16), and that this is largely driven by the

changing RANKL mRNA levels (compare Figures 5.13 and 5.14). This suggests that the

effective activity of RANKL to promote osteoclast formation and thus increase the pool

size of active osteoclasts, at the intertrochanteric region of the proximal femur, may be

increased with age in normal individuals. Moreover, the histomorphometric bone

resorption index, eroded surface, ES/BS, was found to increase as the RANKL/OPG

6RNA ratio increased, in contiguous trabecular bone samples from non-diseased

individuals (Figure 7.8; Chapter 1.4.3). The changes in the magnitude of this

RANKL/OPG mRNA ratio can be the result of changes in the magnitude of RANKI and

OpG, independently or linked. Experiments in vitro, in which bone marrow stromal cells

and osteoblast-like cells were treated with pro-resorptive agents, have shown concomitant

up-regulation of RANKL mRNA and down-regulation of OPG mRNA, or up-regulation of

RANKL with no change or even an increase in OPG, with the end result in each case an
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increase in the RANKIiOPG mRNA ratio (Hofbater et al., 1999a; Hofbauer et a1.,2001;

Horwood et a1.,1998; Lee and Lorenzo, 1999 Nakashima et aI.,2000; Takai et al., 1998;

Takami et al. 200q Takeshita et a1.,2001; Udagawa et al., 1999).In interpreting in vivo

results, it is important to note that, while RANKL is expressed by a relatively restricted

number of cell types, including stromal/osteoblastic cells and T cells, OPG is expressed

more widely by several cell types, including vascular endothelial cells (Collin-Osdoby e/

al.200I; Kwon et a1.,1998; Simonet et a1.,1997;Tan et al.,1997; Yasuda et al',1998b)'

The osteoclastogenic capacity of the stromal/osteoblast cell, albeit in murine cell lines, has

been shown to depend upon the expression ratio of RANKL/OPG, reflecting the

differentiation stage of the cell (Deyama et a1.,2000; Gori et a1.,2000; Nagai and Sato,

lggg). Undifferentiated or pre-osteoblastic or bone maffow stromal cells have been

reported to express abundant RANKL and low levels of OPG, and, further, the increased

RANKL/OPG ratio correlates with the cells capacity to support osteoclast formation and

activation. Conversely, the RANKL/OPG ratio is lower in mature osteoblasts and their

capacity to support osteoclast development is suppressed or lost (Deyama et a1.,2000;

Gori et a1.,2000; Nagai and Sato, 1999). This suggests that the increase in RANKL/OPG

6RNA with age in non-diseased human trabecular bone (Figure 5.16) may be associated

with an age-related increase in the number of stromal/osteoblast cells with an

osteoclastogenic capacíty.Interestingly, in situhybridisation analysis of 8-week-old and

2.5-year-old male rat distal femur bones showed a trend for an age-related reduction in

RANKL, OPG, and RANK mRNA expression (Ikeda et a1.,2001)'
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5.5.4 Conclusions

The extensive knowledge of systemic and local regulation of bone remodelling has been

developed primarily from studies utilising in vitro cell culture systems, and animal studies

such as the effects of gene deletion studies in mice (reviewed in Ducy et al., 2000;

Hofbauer and Heufelder, 2001; Raisz, 1999; Roodman, 1999: Suda el al',1999). The work

described in this chapter is the first direct demonstration that mRNA corresponding to IL-

6,IL-I1, CTR, OCN, RANKI, OPG, and RANK is expressed locally in human trabecular

bone from the intertrochanteric region of the proximal femur. Furthermore, coordinated

and age-dependent expression of particular mRNA species has been described. One

limitation of semi-quantitative RT-PCR analysis of mRNA expression in bone tissue is that

the data provide no information about the cellular origin(s) of each mRNA transcript.

Another limitation is that it is not known whether the gene expression patterns are

representative of the corresponding protein levels in the bone tissue. Conversely, the

advantage of this experimental approach over cell culture techniques is that

factors/mediators can be analysed with their local regulatory mechanisms intact. Finally,

the way in which the expression of these molecules relates to events in the human bone

microenvironment needs to be established. Indeed, these data enabled the identification of

a number of correlations between mRNA expression and trabecular bone volume and bone

turnover indices, measured in contiguous human bone tissues sampled from the proximal

femur. These results are presented in Chapter 7.
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6.1 INTRODUCTION

osteoarthritis (oA) is a common age-related skeletal disease characterised by progressive

degenerative damage to the articular joint cartilage, and is associated with a conservation

of bone mass and a different, more rigid structure of the subchondral bone (reviewed in

Dequeker and Luyten, 2000). The aetiology of this disease is poorly understood, although

it has both heritable and environmental components (chitnavis et al.,1997; Felson et al',

1998; Spector et al., I996a). A number of gene loci have been linked to various forms of

oA (Keen et a1.,1997;Meulenbelt et a1.,1998; Uitterlinden et al.,l99l). Although oA is

accompanied by a well-defined set of changes in the trabecular bone of the joint, it has

been considered primarily to be a cafülaginous disorder (Bland and Cooper, 1984)'

Fazzalari et at. (1992) have investigated the structural parameters of the trabecular bone in

the proximal femur adjacent to OA hips. Typically, the subchondral bone is sclerotic' with

increased trabecular bone volume, and altered trabecular size and spacing, compared to

age-matched controls (Crane et a\.,1990; FazzalaÅ et a1.,1992).It has been postulated that

such changes are due to alteration of loading through the joint because of the articular

disease (Bland and Cooper, 1984) or, alternatively that they are secondary to pathology

within the joint. However, similar structural changes are also present at sites distal to the

joint articular surface, in the proximal femur and in the iliac crest (Crane et al', 1990;

Fazzalari et al., lgg2), suggesting that they are not merely reactive to the joint pathology'

The different bone structure in hip OA is accompanied by a reduced incidence of

trabecular microfracture (Fazzalari et al.,lg87), and altered mechanical properties, with a

more rigid trabecular bone in the femoral neck (Li and Aspden, I997b; Martens et al',

l9g3). Since this more rigid bone would have a reduced ability to absorb shock, it has been

postulated that the bone changes in OA might exacerbate the disease or could even precede

and be causative of the cartilage degeneration (Radin et al.,1972; Dequeker et al., 1996)'
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Consistent with this concept of generalised bone structural changes in OA, bone matrix

from the iliac crest of OA subjects has been found to contain a higher content of the

growth factors insulin-like growth factor types I and II (IGF-I and IGF-II) and

transforming growth factor (TGF)-p, and an increased concentration of osteocalcin (OCN)

protein, compared with that in control subjects (Dequeker et al., 1993b; Gevers and

Dequeker, 1987; Raymaekers et al., 1992). The well-recognised anabolic effect of IGF-I,

IGF-II, and TGF-B, together with a suggested role for them to link bone resorption to bone

formation (Baylink et a1.,1990), also provide clues to the molecular mechanisms that lead

to maintenance or increase of bone mass in OA. Furtherrnore, }lllal et ø/. (1998) have

shown that osteoblast-like cells cultured from OA subchondral bone produce more IGF-I

than cells from individuals without OA pathology. Interestingly, a recent study has shown

that subchondral bone osteoblasts, from individuals with hip OA, produce a molecularly

distinct collagen, type I collagen homotrimer (Bailey et al., 2002). This finding was

associated with a disorganised collagen matrix and reduced mineralisation, which could

potentially significantly weaken the biomechanical properties of the bone matrix, resulting

in collagen overproduction and thickening of the bone (Bailey and Knott, 1999).

Collectively, these reports of an altered trabecular bone structure and bone matrix in

individuals with OA suggest that the bone changes may precede the joint degeneration of

OA, or may arise secondarily to the joint pathology, or indeed may occur in parallel with

the cartilage damage, driven by the same causative agent(s) that lead to cartilage disease.

Whichever of these is the case, in order to devise effective treatments for OA, it is clearly

important to consider the bony component of this disease and to develop an understanding

of the cellular and molecular processes that lead to the bony changes. Thus, the aim of the

work described in this chapter was to compare the expression of mRNA species
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corresponding to a number of skeletally active molecules in oA bone, at a skeletal site

distal to the degenerative joint changes in oA, with their expression in non-oA bone' It

was hoped that these studies might give clues to the molecular mechanisms that lead to the

altered bone structures in OA.

The cellular and molecular mechanisms that lead to particular trabecular structures in

healthy bone, or in the pathology of oA, are not well understood. However, as detailed in

Chapter 5.1, there is now a large amount of information about the factors that are capable

of regulating the differentiation and activity of the cell types that ate responsible for the

remodelling of bone, the osteoblast and the osteoclast. It is understood that physiological

bone remodelling is achieved by the initial activity of osteoclasts to resorb bone followed

by the formation of new bone by osteoblasts, and that these processes are strongly inter-

related. Signals that promote osteoclast differentiation appear to act via receptors

expressed by cells of the osteoblast lineage (Martin and Ng, 1994), suggesting that in situ,

localised activation of osteoclastogenesis leads to site-directed remodelling. Receptor

activator of nuclear factor kappa B (RANK) ligand, RANK, and osteoprotegerin (OPG) are

key molecular regulators of osteoclast development and activity. RANKL is expressed on

the cell surface of stromal/osteoblastic cells and promotes osteoclast development by

binding to its cognate receptor, RANK, which is expressed on the surface of osteoclasts

and their precursors, with the required presence of macrophage colony stimulating factor

(M-CSF)(Anderson etal., l997;Hsue/ al', 1999;Lacey etal', 1998; Nakagawa etal',

199g; Wong et al., 1991; Yasuda et al.,199Sb). OPG is a natural antagonist for RANKL

and inhibits osteoclast formation and bone resorption (Simonet et al., 1997). Mice

deficient in OPG develop extensive osteoporosis, associated with increased numbers of

osteoclasts (Bucay et a1.,1998; Mizuno et a1.,1998). Likewise, RANKl-deficient mice are
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severely osteopetrotic and lack osteoclasts (Kong et a\.,1999). Extensive bone marrow cell

culture studies have shown that RANKL, OPG, and to a lesser extent, RANK' are

modulated by growth factors, cytokines, peptide and steroid hormones, and drugs known to

affect bone metabolism (Hofbauer et a1.,2000; Hofbauer and Heufelder, 2001;Hotowitz et

a\.,2001; Suda et a|.,1999).

This chapter describes investigation of the expression of mRNA corresponding to the key

regulators of osteoclast biology and bone metabolism, RANKL' OPG and RANK, in

trabecular bone from the proximal femur of individuals suffering from primary hip OA. In

addition, expression of mRNA encoding the cytokines IL-6 and IL-l1, both of which are

involved in the regulation of the RANKL-RANK-OPG system of osteoclast development

(as detailed in Chapter 5.1), together with the osteoblastic cell marker, osteocalcin (OCN),

and the calcitonin receptor (CTR), which in bone is exclusively expressed by osteoclasts,

was investigated in OA trabecular bone from the proximal femur. The specific skeletal site

that the trabecular bone was sampled from was the intertrochanteric region of the proximal

femur, as trabecular bone in this region has previously been shown to be structurally

different between OA and control bone (Crane et a1.,1990). Further, the intertrochanteric

region is remote from the subchondral bone that undergoes well-characterised secondary

changes in severe OA (Fazzalari et at., 1992). Moreover, a trabecular bone core biopsy

from the intertrochanteric region is easily obtainable during total hip arthroplasty surgery,

as this region is reamed and the bone usually discarded. The mRNA expression data from

OA intertrochanteric bone is presented as a comparison to mRNA expression data from a

skeletal site-matched control group, which is independently described in Chapter 5. The

control group comprises a cohort of autopsy individuals, who had not suffered from

conditions thought to affect their bone turnover status and in particular, macroscopic
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examination of the femoral head showed no significant sign of joint degeneration

according to the criteria of Collins (1949)'

6.2 CHAPTER AIMS

To describe the expression levels of mRNA corresponding to factors, known to have

important regulatory roles in bone remodelling, in human trabecular bone tissue

sampled from the intertrochanteric region of the proximal femur, a skeletal site distal to

the degenerative joint changes in oA, in primary hip oA individuals.

o

a

a

To seek gender or age-related differences in the pattern of mRNA expression in

trabecular bone from the proximal femur in individuals with primary hip OA.

To compare the pattern of mRNA expression of the skeletally active molecules, in

trabecular bone from the intertrochanteric region, between individuals with primary hip

OA and an autopsy control group (control data is independently described in Chapter

s).

6.3 METHODS

6.3.1 Case selection

Proximal femur surgical specimens, 8 from the left and 8 from the right anatomical side,

were obtained from 16 patients, undergoing total hip arthroplasty surgery for advanced

primary OA, at the Royal Adelaide Hospital (Table 6.1). The age of the OA cases,

comprising 8 women (aged 49-84 years; mean + SD lstandard deviation] age,68.5 t 12.1

years) and 8 men (aged 50-85 years; 68.6 t 12.4 years), varied between 49 and 85 years
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(63.6 t ll.g years). There was no difference in the mean age between females and males'

The control group comprised 14 postmortem cases, aged 20 to 85 years (61'6 ! 20'6

years), not known to have suffered from any disease affecting the skeleton (described in

Chapter 5.3.1 and Table 5.1). The mean age of the oA group did not significantly differ

from the control group. The clinical diagnosis of oA is based on radiological investigation

(Kellgren and Lawrence, 1963), and patient history determines whether the oA is

classified as primary in nature. In addition, the orthopaedic surgeon graded the

macroscopic appearance of the femoral head and acetabulum at surgery by assessment of

the location and degree of fibrillation and degeneration, according to the criteria of Collins

(lg4g).For all OA cases selected in this thesis, the macroscopic grade of the femoral head

and acetabulum at surgery was severe (Table 6.1). The most severe grade, grade 5, which

is characterised by generalised eburnation of bone and bone remodelling' was found in

75r/o and 69%o of OA cases for the femoral head and acetabulum, respectively' Patients

suspected of having secondary OA, inflammatory joint disease, Paget's disease, drug-

induced disease or other conditions, which may have affected the trabecular bone

architecture and quality, were excluded from the OA group. The autopsy control femoral

heads were also macroscopically graded for oA according to the criteria of Collins (1949).

None of the selected autopsy femoral heads showed any significant sign of joint

degeneration. Informed consent was obtained for the collection of these surgical

specimens, with approval by the Royal Adelaide Hospital Human Ethics Committee.
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Case Age Gender Anatomical
side

Femoral head Acetabulum
(Macroscopic grade at surgerY)(years)

oA1

oA2

oA3

oA4

oA5

oA6

oA7

oA8

oA9

oA10

oA11

oAt2

oA13

oA14

oA15

oA16

49

59

60

66

72

78

80

84

50

54

62

69

73

77

79

85

Female

Female

Female

Female

Female

Female

Female

Female

Male

Male

Male

Male

Male

Male

Male

Male

Right

Left

Right

Right

Right

Right

Right

Left

Right

Left

Right

Left

Left

Left

Left

Left

4

5

3

4

5

5

5

5

5

5

5

5

5

5

5

4

4

5

3

a
J

5

5

5

5

5

5

5

5

4

5

4
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Table 6.1 Profiles of surgical cases comprising the osteoarthritic (OA) group'

OA, surgical osteoarthritic case.

The appearance of the femoral head and acetabulum were macroscopically graded at

surgery according to the following criteria: [1] normal cartllage; l2l fibrillation of
cartilage; [3] partial thickness cartilage loss; [4] localised bone exposed; [5] generalised

eburnated bone exposed, remodelled.

6.3.2 Sampting of trabecular bone from the intertrochanteric region of the

human proximal femur

At total hip arthroplasty surgery, a 10 mm internal diameter tube sa\À/ was used to take a

trabecular bone core biopsy of the intertrochanteric region (Figure 2.I), taken in line with

the femoral medullary canal (Fazzalari et al., 1998b), from OA patients. The bone core
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biopsies, 10 mm in diameter and 3-5 cm in length, were placed in cold (4"C) sterile

RNase-free 0.85% saline and transported directly to the laboratory. Within 12 hours after

retrieval at surgery, trabecular bone tissue was sampled as small fragments from an

approximate tube saw length oî l-2 cm, using sterile bone cutters and/or a sterile scalpel

blade. The trabecular bone tissue fragments were rinsed briefly in DEPC-treated water (the

rinsed material contained trabecular bone and bone marrow) and then immersed in RNA

lysis buffer (4 M guanidine isothiocyanate solution 2 mll250 mg wet weight). In addition,

for each trabecular bone core biopsy of the intertrochanteric region from OA patients, a

trabecular bone sample (10 mm in diameter and 2-3 cm in length), contiguous with the

bone sampled for RNA isolation, was processed for undecalcified bone histomorphometry

and microdamage assessment (Chapters 7 and 8; respectively). The trabecular bone was

sampled from the intertrochanteric region of the proximal femur for each postmortem

control case, as described in Chapter 5.3'2.

6.3.3 Semi-quantitative RT-PCR of total RNA isolated from human

trabecular bone

Total RNA was isolated from the intertrochanteric trabecular bone tissue fragments

(Chapter 2.2.2.1) for each surgical OA and postmortem control case. Semi-quantitative

RT-pCR (Chapter 2.2.2.3),using the human-specific oligonucleotide primer pairs listed in

Table 2.1 andprimer conditions described in Chapter 2.2.2.3.2, was used to determine the

relative expression levels of IL-6, IL-l1, CTR, OCN, RANKL, OPG, and RANK mRNA

in these bone RNA samples. Amplif,red PCR product corresponding to IL-6, IL-11, CTR,

OCN, RANKL, OPG, and RANK mRNA are represented as a ratio of the respective PCR

product/GApDH pCR product. RT-PCR data for RANKL, OPG, and RANK mRNA could

not be obtained for cases 0A6 (78-year-old female), OA14 (77-year-old male), OA15 (79-

Differential mRNA expression in OA trabecular bone
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year-old male), clg (65-year-old male), and c13 (73-year-old male) due to small

quantities of total RNA recovered. In addition, RT-PCR data for RANK mRNA was not

available for case OAl2 (69-year-old male).

6.3.4 Statistical analysis of mRNA expression data

RT-pCR reactions were performed twice, from duplicate cDNA syntheses, which

confirmed that repeated RT-PCR analysis of the same RNA samples yielded reproducible

results. In addition, to minimise inter-assay variability for the comparison of OA and

control cases, all pCR products for a given mRNA species (n < 30), were electrophoresed

in a singl e 2%o agarose gel. The Shapiro-Wilk statistic was used to test the semi-

quantitative RT-pCR data for normality (PC-SAS software; SAS Institute). The semi-

quantitative RT-PCR data were found to be normally distributed. Therefore, parametric

statistical methods were used to analyse the data (Excel; Microsoft Corp.). The statistical

significance of differences in mRNA expression between females and males, and between

the control and OA groups, were determined by Student's l-test. The F-test was used to

analyse differences in the variance of mRNA expression between the control and OA

groups. The F-statistic represents the ratio of the variances of the control and OA groups'

Linear regression analysis was used to describe age-related changes, and to examine the

relationship between PCR products representing specific mRNA species. Student's /-test

was used to compare the slopes and intercepts of signifîcant linear regressions between the

OA and control groups. If there was more than one significant independent factor

associated with a specific mRNA species, multiple regression was performed to determine

the contribution of each independent factor. The mRNA expression data is quoted as mean

r standard deviation. The critical value for significance was chosen asp:0.05.

Differential mRNA expression in OA trabecular bone
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6.4 RESULTS

6.4.1 pattern of mRl{A expression in OA and control trabecular bone from

the human proximal femur

The expression of IL-6, IL-11, CTR, OCN, RANKL, OPG, and RANK mRNA in

trabecular bone sampled from the intertrochanteric region of the proximal femur from

patients with severe hip OA and autopsy control individuals was assessed using semi-

quantitative RT-PCR. The intertrochanteric region was chosen for sampling because the

trabecular architecture in this region depends upon stresses in the proximal femoral shaft

while being unaffected by the sclerotic and cystic changes of the subchondral bone in the

OA femoral head (Fazzalari et a1.,1985). These mRNA species were chosen because they

represent, in the case of IL-6 and IL-11, recognised skeletally-active cytokines capable of

promoting osteoclast formation. CTR and OCN were chosen as specific markers of the

presence of osteoclasts and osteoblasts, respectively. RANKI, OPG, and RANK were

chosen for their central regulatory roles in controlling osteoclast development and activity.

Expression of mRNA corresponding to each of these seven mRNA species was found in all

trabecular bone samples analysed from the proximal femur of both OA and control

individuals. A typical pattern of mRNA expression for IL-6, IL-l1, the CTR isoforms,

OCN, RANKL, OPG, and RANK for two cases from each of the OA and control groups is

shown in Figure 6.1. The PCR products were authenticated by comparison with the

expected product size and by hybridisation to an internal detecting oligonucleotide probe

(Atkins et a1.,2000). As observed for the control bone samples (described in Chapter

5.4.1), the insert-negative isoform of the CTR (732 bp PCR product) was consistently

more abundant than the insert-positive isoform (780 bp PCR product) in the OA bone

samples. Figure 6.1, representing the pattern of mRNA expression for two cases from each

Differential mRNA expression in OA trabecular bone
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of the OA and control groups, clearly illustrates a reduction in the expression level of IL-6

and IL-11 6RNA, and an enhancement in the expression level of OCN and RANK mRNA,

in the OA bone samples, compared to the controls.

The number of pCR cycles employed for each of these mRNA transcripts was within the

exponential phase of the amplification curve, enabling comparison of mRNA expression

between bone samples. Relative levels of IL-6, IL-11, CTR, OCN, RANKI, OPG, and

RANK mRNA were determined by normalising values to the GAPDH nRNA level

determined for each sample. The individual values obtained for IL-6, IL-I1, CTR, OCN,

RANKL, OpG, and RANK mRNA are expressed as a ratio to GAPDH in Figures 6.2-6'10,

6.12-6.15, and 6.19-6.25. The two younger cases in the control cohort, cases Cl (20-year

old female) and CB (24-year-old male), are indicated in Figures 6.2-6.8, 6.1I, and 6.16-

6.18, as the control group data is compared to the OA group data with and without these

two cases

6.4.2 Comparison of mRNA expression between females and males in the OA

group

The student's /-test was used to assess whether there were any gender differences in the

mean mRNA expression levels of IL-6, IL-l1, CTR, OCN, RANKL, OPG, RANK, and the

RANKL/OPG pRNA ratio in OA human trabecular bone from the proximal femur. The

ratio of RANKL to OPG 6RNA was included in the analysis as this ratio has been

hypothesised, based upon a large amount of evidence, to be the main determinant of the

pool size of active osteoclasts in the local bone environment (Hofbauet et a1.,2000). The

ratio of RANKL/OPG 6RNA was found to be significantly higher in the bone samples

from females (5 of the 7 females were postmenopausal) than in males in the control cohort

Differential mRNA expression in OA trabecular bone
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mRNA in total RNA extracted from intertrochanteric trabecular bone, as determined by
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and an 8O-year-old female (FS0) undergoing total hip arthroplasty surgery for primary

osteoarthritis (OA); and from a 44-year-old male (M44) and a 7}-year-oId female (Fl2),

without any bone-related disease, at autopsy (control). PCR products representing each

mRNA species were visualised on SYBR@ Gold-stained2Vo agarose gels.
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(p < 0.05; described in Chapter 5.4.2)

No significant differences were observed between OA females and OA males for the mean

mRNA expression of IL-6IGAPDH, CTR/GAPDH, OCN/GAPDH, RANKL/GAPDH'

opG/GApDH, RANIIGAPDH or the RANKL/OPG ratio (Table 6.2). A small difference

that did reach statistical significance was found between OA females and OA males for IL-

lllGApDH mRNA expression þ < 0.05; Table 6.2). Therc was no difference in the

RANKL/OPG mRNA ratio between oA females and oA males, despite 7 of the 8 oA

females being postmenopausal, and thus likely to have an increased bone remodelling rate

due to oestrogen deficiencY.

Based on these comparisons between oA females and oA males for mRNA gene

expression, further analyses of the data were made, independent of gender for the OA

group, similar to the control group (described in Chapter 5'4'2)'

6.4.3 Comparison of mRf[A expression between OA and control trabecular

bone from the human Proximal femur

The individual values obtained for IL-6, IL-l1, CTR, OCN, RANKL, OPG, and RANK

6RNA expression in the OA and control groups are shown in Figures 6'2 to 6.8. The

student's l-test was used to assess whether there were any differences in the mRNA

expression levels between the OA and control groups. To enable comparison of age-

matched control and OA groups, analysis was performed on complete data sets or after

exclusion of the two younger control individuals (cases Cl (2}-year-old female) and C8

(24-year-old male); Tables 6.3 and 6'4)-

Differential mRNA expression in OA trabecular bone



Table 6.2 Female and male RT-PCR product/GAPDH ratios in intertrochanteric trabecular

bone from OA individuals.

Values are mean + standard deviation.
up < 0.05.

Male (z = 8)Female (z = 8)Ratio

0.13 r 0.080.ll 10.04

0.09 r 0.02uIL.lI/GAPDH 0.1210.04

0.55 r 0.300.65 !032

1.14 t 0.51OCN/GAPDH 1.36 r 0.57

0.45 t 0.35; n:7 0.56 t 0.68; n: 6RANKL/GAPDH

0.27 t0.33; n:60.33 t 0.15; n:7OPG/GAPDH

0.64 ! 0.30; n: l 0.78 t 0.52; n: JRANIIGAPDH

2.09 + 0.69; n: 6RÄ.NKL/OPG 1.52 t l.l7; n:7

IL.6/GAPDH

CTR/GAPDH
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In OA, the mean pRNA expression of IL-6IGAPDH and IL-lI/GAPDH were significantly

reduced in comparison to the control group (p < 0'05 and p < 0.001; Figures 6.2 and 6.3;

respectively). This difference in IL-6IGAPDH mRNA expression was not observed

between the OA group and the controls aged greater than 40 years (Table 6.3).

Furthermore, Figure 6.2 shows that the outlier in the controls, case C5 (72-yeat-old

female) with a high relative expression level of IL-6IGAPDH mRNA, influenced the mean

expression level of IL-6IGAPDH mRNA in the control group. However, the reduction in

the mean IL-1I/GAPDH mRNA expression in OA remained significant when the OA data

was compared to controls greater than 40 years of age (p < 0.001; Table 6'3). The

stimulatory effects of IL-II on osteoclast differentiation appear to be mediated by

induction of RANKL expression by marrow stromal/osteoblastic cells (Nakashima et al.,

2000; Yasuda et al., 1998b). Thus, the reduced expression of IL-ll mRNA in the OA

group suggests a reduced promotion of osteoclastogenesis by osteoblasts in OA trabecular

bone.

There was no significant difference in the mean expression of CTR/GAPDH mRNA

between the OA and control groups (Figure 6.4), even when the OA data was compared to

controls greater than 40 years of age (Table 6.3). In contrast, there was a highly significant

elevation in both the mean and the variance of the expression of OCN/GAPDH mRNA in

OA compared with the control samples (p < 0.00001; Figure 6.5; F-statistic:26.5,

representing the ratio of the OA variance to control variance, p < 0.00001), and compared

with controls aged greater than 40 years Qt < 0.00001; Table 6.3; F-statistic:36.2,p <

0.00001). As OCN is regarded as an indicator of bone formation and a molecular marker

for osteoblasts (Stein and Lian, 1993), the enhanced expression of OCN mRNA in the OA

group suggests that there is an increase in bone formation and/or osteoblastic activity in

161
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Figure 6.2: Relative ratio of IL-6IGAPDH mRNA expression in intertrochanteric

trabecular bone from OA (n: 16) and control (n:14) individuals. OA patients had

significantly reduced IL-6iGAPDH mRNA (p < 0.05) versus controls. Two control

cases, <40 years old, are indicated (O). The means are indicated (l). Values are mean

* standard deviation.
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Figure 6.3: Relative ratio of IL-II/GAPDH mRNA expression in intertrochanteric

trabecular bone from OA (n : 16) and control (r: 14) individuals. OA patients had

signif,rcantly reduced IL-lI/GAPDH mRNA (p < 0.001) versus controls. Two control

cases, <40 years old, are indicated (O). The means are indicated (f). Values are mean

+ standard deviation.
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Figure 6.4: Relative ratio of CTR/GAPDH mRNA expression in intertrochanteric

trabecular bone from OA (n : 16) and control (, : 14) individuals. No significant

difference was observed for the ratio of CTR/GAPDH mRNA between OA and controls.

Two control cases, <40 years old, are indicated (O). The means are indicated (t).

Values are mean + standard deviation.
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Figure 6.5: Relative ratio of OCN/GAPDH mRNA expression in intertrochanteric

trabecular bone from OA (n : 16) and control (n : 14) individuals. The ratio of

OCN/GAPDH mRNA was significantly elevated in OA versus controls (p < 0.00001).

Two control cases, <40 years old, are indicated (O). The means are indicated (f).

Values are mean * standard deviation.
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intertrochanteric OA bone. This is consistent with a significant increase in mean osteoid

volume, OV/TV, in OA bone compared to control bone, for trabecular bone sampled from

the intertrochanteric region of the proximal femur (Tables 7.4 and 7.5; Chapter 7.4.5).

However, the histomorphometric bone formation parameters of osteoid surface, OS/BS,

and OV/BV, were not significantly different between the OA and control groups (Tables

7.4 and 7.5; Chapter 7.4.5).Interestingly, the enhanced expression of OCN mRNA in OA

intertrochanteric bone supports a previous finding of increased OCN protein extracted

from iliac crest bone of OA subjects (Gevers and Dequeker, 1987; Raymaekers et al',

lg92).It is important to note that it is not known whether the relative expression level of

OCN mRNA is representative of the concentration of OCN protein in these trabecular bone

samples.

Table 6.3 RT-PCR product/GAPDH ratios in intertrochanteric trabecular bone sampled

from OA and control cases aged over 40 years'

Values are mean + standard deviation.
up < 0.001, bp < 0.00001," p <0.02 vs. OA group.

Ratio

OA
(n: 16)
(aged 49-85 years)

Control >40 years
(n: 12)
(aged 43-85 years)

IL-6lGAPDH 0.12 r 0.06 0.18 t 0.12

IL-l1/GAPDH 0.1 1 r 0.04 0.21! 0.08 u

CTR/GAPDH 0.60 r 0.30 1.0010.82

OCN/GAPDH r.25 t0.54 0.32 + 0.09 b

CTR/OCN 0.51 r 0.21 3.5113.39"

Differential mRNA expression in OA trabecular bone



Chapter 6 t63

There \Mas no significant difference in mean RANKL/GAPDH or OPG/GAPDH mRNA

expression levels between the OA and control groups (Figures 6.6 and 6.7), even when the

OA data was compared to controls greatt than 40 years of age (Table 6.4). There was

comparable variance from the mean for RANKL mRNA in OA and the controls (Figure

6.6). Whereas the variance in the expression of OPG/GAPDH mRNA was significantly

higher in OA compared with all control samples (F-statistic:8.1,p < 0.001), or controls

aged greater than 40 years (F-statistic : 8.0, p < 0.003). Interestingly, the mean expression

of RANIIGAPDH mRNA was significantly elevated in OA compared to either the control

group (p < 0.02; Figure 6.8), or controls aged greater than 40 years (p < 0.02; Table 6.4).

RANK expression has been detected in pre-osteoclast, mature osteoclast, chondrocyte,

dendritic, fibroblast, B, and T cells (Anderson et a1.,1997; Hsu el a1.,1999; Komuro et al.,

2001; Myers et al., 1999; Nakagawa et al., l99S). However, in the local bone

microenvironment, it is not known whether immature and/or mature osteoclast cells are

representative of the measured RANK mRNA, or whether the RANK mRNA expression is

representative of the number of osteoclasts and/or the number of RANK receptors on each

osteoclast. Further, a positive association was observed between the histomorphometric

bone resorptive index, eroded surface, ES/BS, and RANIIGAPDH mRNA expression, in

contiguous trabecular bone samples from the intertrochanteric region for controls (Figure

7.Il; Chapter 7.4.3). However, there was no correlation between ES/BS and

RANIVGAPDH mRNA expression in the OA group (Chapter 7.4.7). Additionally, it is

important to note that it is not known whether the relative expression level of RANK

mRNA is representative of the level of RANK protein in these trabecular bone samples.

Differential mRNA expression in OA trabecular bone
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trabecular bone from OA (n : 13) and control (n : 12) individuals. No significant
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Figure 6.7: Relative ratio of OPG/GAPDH mRNA expression in intertrochanteric

trabecular bone from OA (n : 13) and control (n : 12) individuals. No significant

difference was observed for the ratio of OPG/GAPDH mRNA between OA and controls.

Two control cases, <40 years old, are indicated (O). The means are indicated (l).
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Figure 6.g: Relative ratio of RANIIGAPDH mRNA expression in intertrochanteric

trabecular bone from OA (n : 12) and control (n : 12) individuals. The ratio of

RANIIGAPDH mRNA was significantly elevated in OA versus controls (p < 0.02).

Two control cases, <40 years old, are indicated (O). The means are indicated (t).

Values are mean + standard deviation.
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Table 6.4 RT-PCR product/GAPDH ratios in intertrochanteric trabecular bone sampled

from OA and control cases aged over 40 years.

Values are mean + standard deviation'
u p < 0.02 vs. OA group.

6.4.4 Associations betrveen expression of specific mRNA transcripts

As IL-6 and IL-l1 are two cytokines that share many biological properties, including the

ability to stimulate osteoclast development from their haematopoietic precursors (I|dafün et

al., 1998), the IL-íIGAPDH and IL-lI/GAPDH mRNA ratios were co-plotted for the OA

group, and analysed by linear regression analysis. No significant association was observed

between the expression of IL-6IGAPDH and IL-II/GAPDH mRNA in the OA group

(Figure 6.9), which is in contrast to the positive association between IL-6 and IL-ll

pRNA observed in control bone samples (Figure 6.9; Chapter 5.4.3).Interestingly, the OA

data points clustered at the lower end of the positive linear regression line for controls

(Figure 6.9), which was consistent with the reduced mean IL-6IGAPDH and IL-

1I/GAPDH mRNA expression in the OA group (Figures 6.2 and 6.3, respectively; Table

6.3).

Ratio

OA
(n = 13)
(aged 49-85 years)

Control >40 years
(n :10)
(aged 43-85 years)

RANKL/GAPDH 0.50 r 0.51 0.82 t0.46

OPG/GAPDH 0.30 + 0.24 0.21 10.09

RANIIGAPDH 0.70 t 0.39; n: L2 0.33 t 0.25u
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Figure 6.9: Associations between the relative ratio of IL-6IGAPDH mRNA and IL-

1llGApDH mRNA in intertrochanteric trabecular bone from OA (n : 16) and control (ru

: 14) individuals. No significant relationship was found for the OA group (IL-

6/GAPDH : 0.26*IL-1I/GAPDH + 0.09; r : 0.16 and p: NS). A positive association

was observed between the two parameters in controls (IL-6IGAPDH : 0.58*IL-

1I/GAPDH + 0.06; r:0.49 andp < 0.05 {broken line}). NS : not signihcant.



Chapter 6 165

OCN is utilised as an indicator of bone formation as it is one of the marker genes for the

progression of osteoblastic differentiation (Stein and Lian, 1993). The CTR in bone is

uniquely expressed on the surface of mononuclear osteoclast precursor cells and

multinuclear osteoclasts (Hattersley and Chambers, 1989; Quinn et a1.,1999). The plot of

CTR/GAPDH versus OCN/GAPDH mRNA expression might be regarded as an index of

the balance of resorption to formation in these bone samples. Interestingly, a significant

positive association was found between CTR/GAPDH and OCN/GAPDH mRNA

expression in the OA group (r:0.52,p < 0.05; Figure 6.10), which was not present in the

control group (Figure 6.10; Chapter 5.4.3). Furthermore, a significant reduction in the

CTWOCN 6RNA ratio was observed in the OA group compared to the controls (p < 0.01;

Figure 6.11), and controls aged greater than 40 years (p < 0.02; Table 6.3). The variance in

the CTR/OCN 6RNA ratio was significantly higher in the control samples compared with

OA (F-statistic : 233.2, representing the ratio of the control variance to OA variance, p <

0.00001), and in the controls aged greater than 40 years compared with OA (F-statistic :

252.2,p < 0.00001). The reduced mean and variance in the expression of the CTR/OCN

pRNA ratio in the OA group, compared with the control samples, is suggestive of a

skewing of the remodelling process towards net bone formation in OA. In interpreting this

result, it is important to note that it is not known whether immature and/or mature

osteoclast cells are representative of the measured CTR mRNA, nor whether the CTR

mRNA expression is representative of the number of osteoclasts and/or the number of

calcitonin receptors on each osteoclast. However, a significant positive association was

observed between the expression of CTR/GAPDH and RANIIGAPDH mRNA in the OA

bone samples (r: 0.89,p < 0.001; Figure 6.L2),which was not evident in the control bone

samples. RANK is expressed on the surface of the same cell types as the CTR in bone,

namely osteoclasts and their precursors (Hsu el al.,1999; Myers et a|.,1999).

Differential mRNA expression in OA trabecular bone
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Figure 6.10: Associations between the relative ratio of CTR/GAPDH mRNA and

OCN/GAPDH mRNA in intertrochanteric trabecularbone from OA(n: 16) and control

(n : 14) individuals. A significant positive correlation was observed between the two

parameters in OA patients (CTR/GAPDH : 0.29*OCN/GAPDH + 0.24; r: 0.52 and p

< 0.05 {solid line}). No significant relationship was found for the control group

(CTR/GAPDH : -2.44*OCN/GAPDH + 1.76; r : -0.32 and p : NS). NS : not

significant.
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Figure 6.L1: Relative ratio of CTWOCN mRNA expression in intertrochanteric

trabecular bone from OA (n : 16) and control (n: 14) individuals. The CTR/OCN

mRNA ratio was significantly lower in OA patients versus controls (p < 0.01). Two

control cases, <40 years old, are indicated (O). The means are indicated (f). Values

are mean * standard deviation.
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Figure 6.12: Associations between the relative ratio of CTR/GAPDH mRNA and

RANIIGAPDH mRNA in intertrochanteric trabecular bone from OA (n = 12) and

control (n: 12) individuals. A significant positive correlation was observed between the

two parameters in OA patients (CTR/GAPDH : O.54*RANIIGAPDH + 0.14; r: 0'89

and p < 0.001 {solid line}). No significant relationship was found for the control group

(CTR/GAPDH : -0.03*RANIIGAPDH + 0.74; r : -0.01 and p : NS)' NS : not

significant.
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Both IL-6 and IL-l1 have been shown to stimulate the development of osteoclasts from

their haematopoietic precursors (Martin et a1.,1998). Although the stimulatory effects of

1¡-11 on osteoclast differentiation appear to be mediated by inducing RANKL expression

on maffow stromal/osteoblastic cells (Nakashima et a1.,2000; Yasuda et al.,l998b), the

reported effects of IL-6 on RANKL-RANK-promoted osteoclast development are

conflicting (Brandstrom et al., 1998; Hofbauer et al., 1998; Hofbauer et al., 1999b;

Nakashima et a\.,2000; o'Brien et a\.,1999; Vidal et al.,l99s). when the IL-6IGAPDH

or IL-lI/GAPDH mRNA ratios were co-plotted with the RANKL/GAPDH, OPG/GAPDH

or RANIIGAPDH 6RNA ratios for these OA bone samples, no significant associations

were observed (results not shown), consistent with the control group data (Chapter 5.4'3).

Extensive bone marrow cell culture studies have shown that growth factors, cytokines, and

peptide and steroid hormones modulate the gene expression of RANKL, OPG, and to a

lesser extent, RANK (Hofbauer et al., 2000; Hofbauer and Heufelder, 2001 ; Horowitz et

a1.,2001; Suda er at., 1999). Therefore, the results for RANKL and OPG mRNA, RANKL

and RANK 6RNA, and RANK and OPG mRNA were co-plotted, as they were for the

controls in Chapter 5.4.3, to identify whether any relationships exist in the local human

bone microenvironment of the OA proximal femur. Firstly, RANKL/GAPDH mRNA

versus OPG/GAPDH mRNA values were positively associated for the OA bone samples (r

: 0.79, p < 0.001; Figure 6.13), consistent with the control group data (Figure 6.13;

Chapter 5.4.3).It appears that this positive association between RANKL and OPG mRNA

in OA bone is statistically reliant on two outliers, cases OA7 (8O-year-old female) and

OA13 (73-year-old male). However, both of these outliers consistently showed a high

relative expression level of RANKL/GAPDH, OPG/GAPDH, and RANIIGAPDH mRNA,

Differential mRNA expression in OA trabecular bone
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Figure 6.13: Associations between the relative ratio of RANKL/GAPDH mRNA and

OPG/GAPDH mRNA in intertrochanteric trabecular bone from OA (n: 13) and control

(n : 12) individuals. A significant positive correlation was observed between the two

parameters in OA patients (RANKL/GAPDH: 1'67*OPG/GAPDH - 0'01; r:0'79 and

p < 0.001 {solid line}) and controls (RANKL/GAPDH:3.06*OPG/GAPDH * 0.08; r:

0.55 andp < 0.05 {broken line}).
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when compared to the other OA cases. Furthermore, the individual values for the

RANKL/OPG mRNA ratio for the two outliers, OA7 and OA13 (relative ratio of

RANKL/OPG mRNA : 1.56 and 2.06, respectively), lie close to the OA group mean

(relative ratio of RANKL/OpG mRNA: 1.78; Figure 6.16). Interestingly, the slope of the

linear regression line for the control samples was greater than for the OA samples (p <

0.01), so that for a given level of RANKL mRNA, the corresponding level of OPG mRNA

was greater in OA samples (Figure 6.13). Per unit of OPG gene expression, the level of

RANKL gene expression in OA was about half that in the controls (regression slopes :

1.67 for OA versus 3.06 for controls). Taken together, these results suggest that there is a

relationship between the positive and negative osteoclastic influences in the bone

microenvironment and that the inhibitory influence is relatively greater in OA. Secondly,

when the RANKL/GAPDH mRNA levels were plotted versus RANIVGAPDH mRNA, the

level of RANKL gene expression increased as the level of RANK gene expression

increased for the OA bone samples (r:0.95,p < 0.001; Figure 6.14), consistent with the

control group data (Figure 6.14; Chapter 5.4.3). Although the slopes of the linear

regression lines for the OA and control samples were parallel, the results segregated such

that for a given level of RANK mRNA, the level of RANKL mRNA was higher in the

control group (p < 0.001; Figure 6.14). Therefore, when combining Figures 6.13 and6.14,

for a given level of OPG or RANK gene expression, there was a lower level of RANKL

gene expression in OA compared with controls. Finally, the plot of RANIIGAPDH

pRNA versus OPG/GAPDH mRNA expression shows the level of RANK gene expression

associated positively with OPG gene expression in OA bone samples (r:0.74,p < 0.003;

Figure 6.15), which is in contrast to no association between RANK and OPG mRNA in

control bone samples (Figure 6.15; Chapter 5.4.3). The positive association between

RANK and OPG 1RNA in OA bone is statistically reliant on the same two outliers, cases

Differential mRNA expression in OA trabecular bone
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Figure 6.14: Associations between the relative ratio of RANKL/GAPDH mRNA and

RANIVGAPDH mRNA in intertrochanteric trabecular bone from OA (n : 12) and

control (n: 12) individuals. A significant positive correlation was observed between the

two parameters in OA patients (RANKLiGAPDH : I.3O*RANIIGAPDH - 0.40; r:
0.95 andp < 0.001 {solid line}) and controls (RANKL/GAPDH: I.34*RANIIGAPDH

+ 0.30; r:0.66 andp < 0.01 {broken line}).
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Figure 6.15: Associations between the relative ratio of RANIIGAPDH mRNA and

OPG/GAPDH mRNA in intertrochanteric trabecular bone from OA (n : 12) and control

(n : 12) individuals. A signifîcant positive correlation was observed between the two

parameters in OA patients (RANIIGAPDH : 1.I7*OPG/GAPDH + 0'32; r:0'74 and

p < 0.003 {solid line}). No association was observed between the two parameters in

controls (RANIIGAPDH: 0.gOxoPGiGAPDH + 0.13; r:0.33 andp: NS). NS : not

significant.
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OA7 (8o-year-old female) and OA13 (73-year-old male), that influenced the RANKL

versus opc 
'RNA 

association in oA bone (Figure 6.13). It is reiterated that both of these

outliers consistently showed a high relative expression level of the osteoclastogenic

factors, RANKL, OPG, and RANK mRNA, when compared to the other OA cases'

Furthermore, it is acknowledged that the number of cases in the oA and control groups is

small, and increased cases in each study group ate required to strengthen these

relationships, observed in human bone samples'

As positive associations were observed between RANKL and OPG mRNA (in both OA

and control bone; Figure 6.I3),RANKL and RANK mRNA (in both OA and control bone;

Figure 6.I4),and RANK and OpG mRNA (in OA bone only; Figure 6.15), student's /-test

was used to assess whether there were any differences between the OA and control groups

for the RANKr/opG, RANKL/RANK, and RANIIOPG mRNA ratios. The mean ratios of

RANKL/OpG mRNA and RANKL/RANK mRNA were significantly lower in the oA

group, compared to controls (p <0,02 andp < 0.001; Figures 6.16 and 6.17; respectively)'

conversely, the mean ratio of RANIIOPG mRNA was significantly increased in the oA

group, compared to the control group (p < 0.03; Figure 6.18). The exclusion of the two

younger control individuals did not affect the signihcant differences in the RANKL/OPG'

RANKL/RANK, and RANIIOPG mRNA ratios between the oA and control groups

(Table 6.5). The magnitude of the RANKL/RANK and RANIIOPG mRNA ratios in OA

bone samples were directly influenced by the elevation in the mean expression of

RANIIGApDH 6RNA in the OA group, compared to the controls (Figure 6.8; Table 6'4).

The ratio of RANKL to OPG has been hypothesised, based upon a large amount of

evidence, to be the main determinant of the pool size of active osteoclasts in the local bone

microenvironment (Hofbauer et a1.,2000). The lower mean RANKLiOPG mRNA ratio in

Differential mRNA expression in OA trabecular bone
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0.03). Two control cases, <40 years old, are indicated (O). The means are indicated (a).
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OA bone suggests that the effective activity of RANKL to promote osteoclast formation

and thus increase the pool size of active osteoclasts is reduced in the bone

microenvironment of OA. In fact, the histomorphometric bone resorption index, eroded

surface, ES/BS, measured in trabecular bone sampled from the intertrochanteric region of

the proximal femur, was significantly reduced in the oA group compared to the controls

(Tables 7 .4 andT .5; Chaptet 7 .4.5).

Table 6.5 RT-pCR product ratios in intertrochanteric trabecular bone sampled from OA

and control cases aged over 40 years.

Values are mean t standard deviation'
up < 0.01;b p < 0.001 " p < 0.04 vs. OA group'

6.4.5 Age-related changes in mRNA expression in OA and control trabecular

bone from the human Proximal femur

To investigate whether there arc any age-related changes in the mRNA expression levels in

oA human trabecular bone from the proximal femur, each PCR product/GAPDH mRNA

ratio was plotted as a function of increasing age in years, and analysed by linear regression

analysis, as for the controls in Chapter 5.4.4.IL-6IGAPDH mRNA expression was not

dependent on age in the OA group (Figure 6.19), consistent with the control group data for

OA
(n: 13)
(aged 49-85 years)

Control >40 years
(n: 10)
(aged 43-85 years)Ratio

3.82 t 1.86 
u

1.78 t 0.98RANKL/OPG

1.61 + 0.99 "2.91it1.60;n: 12

RANKL/RANK

RANIIOPG

0.59 t 0.31; n: 12 2'81 t l.4gb

Differential mRNA expression in OA trabecular bone
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Figure 6.19: Changes in IL-6IGAPDH mRNA with age in intertrochanteric trabecular

bone from OA (n : 16) and control (n:14) individuals. No significant change in IL-

6/GAPDH mRNA with age was found in either oA (IL-6IGAPDH : -0.002*AGE +

0.25; r: -0.38 and p: Ns) or controls (IL-6IGAPDH : -0.001*AGE + 0.28; r: -0.24

andp: NS).NS : not signif,rcant.
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IL-6 *RNA (Figure 6.19; Chapter 5.4.4). The IL-1I/GAPDH mRNA ratio declined with

age in the OA group (r : -0.50, p < 0.04; Figure 6.20), consistent with the control group

data (Figure 6.20; Chapter 5.4.4). When plotted as a function of age, the OA and control

values for IL-11 mRNA appeared to be two distinct groups with little overlap, with the OA

bone samples containing significantly lower levels of IL-l1 mRNA than controls across

the entire age range investigated(p < 0.001; Figures 6.3 and 6'20;Table 6.3). Thus, the

reduced expression of IL-ll mRNA in the OA group suggests a reduced promotion of

osteoclastogenesis by osteoblasts in OA trabecular bone, with age and compared to control

human bone.

There was a positive association and marked increase of CTR/GAPDH mRNA expression

with age in the OA group (r:0.60,p < 0.01; Figure 6.21), which is in contrast to no

association between CTR mRNA and age in control bone samples (Figure 6.21; Chaptet

5.4.4). As both age and RANK mRNA expression were significantly associated with CTR

'RNA 
expression in OA bone (Figures 6.21 and 6.12, respectively), a multiple regression

analysis was performed to determine the contribution of age and RANK mRNA expression

to CTR 6RNA expression. CTR mRNA expression was dependent on RANK mRNA

expression and not age in OA bone (p < 0.002), suggesting that similar cells types, that is

osteoclast precursors andlor mature osteoclasts, are contributing to the measured CTR and

RANK mRNA expression in these OA bone samples. Intriguingly, when the

OCN/GApDH pRNA results were plotted against age for the OA bone samples, there was

a positive association and marked increase in OCN mRNA with age (r:0'63,p < 0'01;

Figure 6.22). This age-related increase in OCN mRNA expression in the OA group was

strikingly different to the control group, where OCN mRNA expression declined with age

(Figure 6.22; Chapter 5.4.4), with the control bone samples containing significantly lower

Differential mRNA expression in OA trabecular bone
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Figure 6.202 Changes in IL-lI/GAPDH mRNA with age in intertrochanteric trabecular

bone from OA (n : l6) and control (n:14) individuals. There was a significant decline

in IL-lI/GAPDH mRNA for both oA (IL-II/GAPDH : -0.002x4GE + 0.21; r: -0.50

and p < 0.04 {solid line}) and control (IL-1I/GAPDH : -0.003*AGE + 0.41; r: -0.60

and p < 0.02 {broken line}) groups with age.
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Figure 6.212 Changes in CTR/GAPDH mRNA with age in intertrochanteric trabecular

bone from OA (n: 16) and control (n: 14) individuals. In OA, there was a significant

increase in CTR/GAPDH mRNA with age (CTR/GAPDH: 0.02*AGE - 0.45; r: 0.60

and,p < 0.01 {solid line}). There was no significant change in CTR/GAPDH mRNA

with age in controls (CTR/GAPDH : 0.01*AGE + 0.42; r : 0.22 and p : NS). NS : not

significant.

o
tr
É.
Io
o-

o
È
C)

3

2

I

o
o

o <t
0



2.5

1.5

0.5

OCN VS AGE

. OA O CONTROL

a aa

a

aa
a

a

2

1

o
tr
É.
Io
o-

q
z
Oo

a
ata

OO- - - - _O_ - t
o "ø

o

0

0 20 40 60 80 100

AGE (years)

Figure 6.222 Changes in OCN/GAPDH mRNA with age in intertrochanteric trabecular

bone from OA (n : 16) and control (n:14) individuals. In OA, there \À/as a significant

increase in OCN/GAPDH mRNA with age (OCN/GAPDH: 0.03*AGE - 0.71; r:0.63

and p < 0.01 {solid line}). In controls, there was a significant decline in OCN/GAPDH

mRNA with age (OCN/GAPDH : -0.003*AGE + 0.54; r: -0.64 and p < 0.01 {broken

line)).
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levels of ocN mRNA than oA (p < 0.00001; Figure 6.5; Table 6.3). Furtherrnore, the oA

group appeared to diverge from control ocN mRNA levels between the ages of 40 to 50

years. As OCN is regarded as an indicator of bone formation and a molecular marker for

osteoblasts (stein and Lian, lgg3), the age-related increase in ocN mRNA expression in

OA suggests that there is an increase in bone formation and/or osteoblastic activity with

age. However, no correlation was observed between the histomorphometric bone

formation index, osteoid surface, os/BS, and age in the oA group (Figure 7.20; chapter

7.4.6), for trabecular bone sampled from the intertrochanteric region of the proximal

femur. Intriguingly, a positive association was observed between OS/BS and

OCN/GApDH mRNA expression, in contiguous trabecular bone samples from the

intertrochanteric region for the OA group (Figure 7'30; Chaptet 7 '4'7), which was not

evident for the controls. The CTR/OCN mRNA ratio was not dependent on age for either

the OA or control group (results not shown). It is reiterated that it is not known whether the

relative expression level of OCN mRNA is representative of the concentration of OCN

protein in these trabecular bone samples.

The values coffesponding to mRNA levels for RANKL, OPG, and RANK in OA

trabecular bone from the proximal femur were plotted as a function of age. The expression

of RANKL/GAPDH mRNA showed no statistical dependence on age for the OA group

(Figure 6.23), in contrast to the age-related increase in RANKL mRNA in control bone

samples (Figure 6.23; Chapter 5.4.4). However, when the outlier, case OA13 (73-year-old

male), was removed from the OA data set, the RANKL/GAPDH mRNA expression ratio

significantly increased with age in the OA group (r : 0'70, p < 0'008)' OPG/GAPDH

6RNA expression was not dependent on age in the OA group (Figure 6'24), consistent

with the relatively constant expression of OPG mRNA with age in controls (Figute 6.24;

Differential mRNA expression in OA trabecular bone
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Figure 6.232 Changes in RANKL/GAPDH mRNA with age in intertrochanteric

trabecular bone from OA (z : 13) and control (n : 12) individuals. There was no

significant change in RANKL/GAPDH mRNA with age in OA (RANKL/GAPDH :

0.02*AGE - 0.91; r : 0.50 and p: NSt n : 12 (without outlier); RANKL/GAPDH :

0.02*AGE - 0.66; r : 0.70 and p < 0.008). There was a significant increase in

RANKLiGAPDH mRNA with age in controls (RANKL/GAPDH : 0.01*AGE - 0.07 r

:0.62 andp < 0.02 {broken line}). NS : not significant.
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Figure 6.242 Changes in OPG/GAPDH mRNA with age in intertrochanteric trabecular

bone from OA (n: 13) and control (n : 12) individuals. No significant change in

OPG/GAPDH mRNA with age was found in either OA (OPG/GAPDH : 0.004*AGE +

0.06; r: 0.18 and p: NS) or controls (OPG/GAPDH : 0.0005*AGE + 0'18; r : 0'13

andp: NS).NS : not significant.
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Chapter 5.4.4). There was a positive association between the expression of

RANIIGAPDH mRNA and age for the OA bone samples (r: 0.58,p < 0'04; Figure 6.25)'

and the level of RANK gene expression tended to be higher than controls at each age

(Figure 6.8; Table 6.4). Further, when the outlier, case OA13 (73-yeat-old male) with a

high relative expression level of RANIIGAPDH mRNA, was r'emoved from the OA data

set, the positive association between RANK mRNA and age was statistically more

significant (r : 0.76,p < 0.005). In contrast, there was no age-related change in RANK

6RNA in control bone samples (Figure 6.25; Chapter 5.4.4)' As age, and both the

expression of CTR mRNA and RANKL mRNA, were significantly associated with RANK

6RNA expression in OA bone (Figures 6.25, 6.12, and 6.14, respectively), multiple

regression analyses were performed to determine the contribution of age and CTR mRNA

expression, and age and RANKL mRNA expression, to RANK mRNA expression. Firstly,

RANK 6RNA expression was dependent on CTR mRNA expression.and not age in OA

bone (p < 0.002), suggesting that similar cells types, that is osteoclast precursors and/or

mature osteoclasts, are contributing to the measured RANK and CTR mRNA expression in

these OA bone samples. Secondly, RANK mRNA expression was dependent on RANKL

pRNA expression and not age in OA bone (p < 0.00002), suggesting that either the same

stimulus regulates the expression of both RANKL and RANK mRNA, or, more likely, that

the same stimulus up-regulates RANKL and causes recruitment of RANK-expressing

osteoclast precursor cells in OA bone.

The ratio of RANKL to OPG has been hypothesised, based upon a large amount of

evidence, to be the main determinant of the pool size of active osteoclasts in the local bone

microenvironment (Hofbauer et a1.,2000). Therefore, the RANKL/OPG mRNA ratio was

investigated with age in the OA group. Interestingly, as observed for the controls (Figure

Differential mRNA expression in OA trabecular bone
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Figure 6,252 Changes in RANIIGAPDH mRNA with age in intertrochanteric

trabecular bone from OA (n: 12) and control (n: 12) individuals. In OA, there was a

significant increase in RANIIGAPDH mRNA with age (RANIIGAPDH : 0.02*AGE -

0.50; r:0.58 andp < 0.04 {solid line}; n: 11 (without outlier); RANIIGAPDH:

0.01*AGE - 0.32; r : 036 and p < 0.005). There v/as no significant change in

RANIIGAPDH mRNA with age in controls (RANIIGAPDH : 0.003*AGE * 0.12; r:
0.32 andP: NS).NS : not significant'
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6.26; Chapter 5.4.4),the ratio of RANKL/OPG mRNA increased with age in the OA group

(r : 0.5g, p < 0.03; Figure 6.26). Importantly, the values segregated such that the

RANKLiOpG mRNA levels in control bone were higher than for OA across the entire age

rangeexamined (Figures 6.16 and 6.26;Table 6.5). This suggests that the effective activity

of RANKL to promote osteoclast formation and thus increase the pool size of active

osteoclasts is reduced in the bone microenvironment of OA, consistent with the

observation of reduced eroded bone surface, ES/BS, in OA (Tables 7'4 and 7.5; Chapter

1.4.5). The RANKL/RANK mRNA ratio increased with age in the OA group (r: 0.58, p <

0.04; Figure 6.27), which is in contrast to no age-dependence in controls (Figute 6.27;

Chapter 5.4.4). The difference between the OA and control groups for RANKL/RANK

'RNA 
expression with age is reflected in the 24 times greater variance in this value in

controls than OA (F-statistic :23.5, representing the ratio of the control variance to OA

variance, p < 0.00001; Table 6.5). More importantly, the plot of RANKL/RANK mRNA

versus age showed a clear segregation of values between control and OA individuals, such

that the values for OA were lower than controls across the age range examined (Figures

6.17 and 6.27;Table 6.5). The RANIIOPG mRNA ratio, as observed for controls (Chapter

5.4.4),was not dependent on age for the OA group (results not shown).

6.5 DISCUSSION

OA of the hip is characterised by progressive degenerative damage to the articular joint

cartilage and changes in the subchondral bone trabecular architecture. Trabecular bone

structural changes are also present at sites distal to the joint articular surface, in the

proximal femur and in the iliac crest (Crane et a1.,1990; Fazzalari et al.,1992), suggesting

that they are not solely reactive to the joint pathology. Very few studies have investigated

the cellular and molecular processes or mechanisms that may lead to these structural

Differential mRNA expression in OA trabecular bone
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Figure 6.26: Changes in the RANKL/OPG mRNA ratio with age in intertrochanteric

trabecular bone from OA (n : 13) and control (n : 12) individuals. There was a
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Flgure 6.27t Changes in the RANKL/RANK mRNA ratio with age in intertrochanteric

trabecular bone from OA (n : 12) and control (n : 12) individuals. In OA, there was a

signiflrcant increase in the RANKL/RANK mRNA ratio with age (RANKL/RANK :

0.01*AGE - 0.36; r: 0.58 and p < 0.04 {solid line}). There was no significant change

in the RANKI/RANK mRNA ratio with age in controls (RANKL/RANK: 0.03*AGE

+ 0.86; r: 0.40 and p: NS). NS : not significant'
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changes in OA trabecular bone. The aim of the work described in this chapter was to

investigate mRNA expression, coffesponding to a select group of skeletally active

molecules, in the human trabecular bone microenvironment of individuals suffering from

primary OA of the hip in comparison to non-OA controls, at a skeletal site distal from the

degenerative changes at the joint articular surface. The intertrochanteric region of the

proximal femur was chosen for sampling of trabecular bone because characteristic

architectural changes at this site in OA have been described previously (Crane et al.'

1990), while it is unaffected by the sclerotic and cystic changes of the OA femoral head

(Fazzalari et a1.,1985), and therefore unlikely to be affected directly by any inflammatory

cytokines in the synovial fluid.

The select group of skeletally active molecules chosen for investigation included the key

regulators of osteoclast biology and bone metabolism, RANKL, OPG, and RANK, two

cytokines capable of promoting osteoclast formation, IL-6 and IL-l1, and the CTR and

OCN, as cell specific markers of osteoclasts and osteoblasts, respectively' Striking

differences were found in the pattern of mRNA expression of these skeletally active

molecules in intertrochanteric trabecular bone from individuals with primary hip OA in

comparison to non-OA control cases. The observed differences in mRNA expression

between the OA and control groups are highly unlikely to be due to inherent differences in

6RNA stability between surgical (OA) and postmortem (control) bone tissues, as total

RNA and specific mRNA transcripts were found to be relatively stable in surgical bone

tissues stored at 4"C up to 12 hours after retrieval, and in postmortem bone tissues stored

at 4oC up to 3.5 days postmortem (as described in Chapter 3). Furthermore, differences in

mRNA expression, coffesponding to the skeletally active molecules described in this

chapter, have been observed in intertrochanteric trabecular bone from 13 patients

Differential mRNA expression in OA trabecular bone
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undergoing total hip arthroplasty surgery for a fractured neck of femur (#NOF) in

comparison to 23 postmortem control cases (H. Dassios et al., unpublished observations).

For instance, the expression of RANKL/GAPDH mRNA was significantly increased in

#NOF patients in comparison to controls, whereas OPG/GAPDH mRNA expression did

not differ between these groups. Consequently, there was a significant increase in the

relative expression level of the RANKI/OPG mRNA ratio in the #NOF patients'

Interestingly, there were no differences in the expression level of CTR/GAPDH and

ocN/GApDH mRNA between the #NoF patients and postmortem controls (H. Dassios el

a/., unpublished observations).

6.5.1 Enhanced OCN mRNA expression in OA human trabecular bone from

the intertrochanteric region of the proximal femur

OCN, the major non-collagenous protein of bone matrix, is utilised as an indicator of bone

formation as it is one of the marker genes for the progression of osteoblastic differentiation

(Stein and Lian, 1993). The enhanced mRNA expression of OCN in OA trabecular bone

was the most striking difference between the OA and control groups (Figure 6'5; Table

6.3). This finding suggests that there may be an increase in bone formation andlor

osteoblastic activity in intertrochanteric OA bone. Interestingly, mean osteoid volume,

OV/TV, was significantly increased in interlrochanteric OA bone compared to control

bone (Tabl es 7.4 and7.5; Chapter 7.4.5). However, the histomorphometric bone formation

parameters of osteoid surface, OS/BS, and osteoid volume, OV/BV, although higher in OA

bone, were not significantly different between the OA and control groups (Tables 7.4 and

7.5; Chapt er 7.4.5). Furthermore, trabecular bone volume, BV/TV, at the intertrochanteric

region was not different between the OA and control groups (Tables 7.4 and 7.5; Chapter

7.4.5). The enhanced expression of OCN mRNA in OA intertrochanteric bone supports a
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previous finding of increased OCN protein extracted from iliac crest bone of OA subjects

(Gevers and Dequeker,1987; Raymaekers et al.,1992). However, it is not known whether

the relative expression level of OCN mRNA is representative of the concentration of OCN

protein in the intertrochanteric OA and control trabecular bone samples. In addition, it is

not known whether there is a difference in the degree of carboxylation of OCN between

the OA and control groups. This is important as the vitamin K-dependent gamma-

carboxylated OCN has a high affinity for hydroxyapatite, whereas undercarboxylated OCN

binds to hydroxyapatite with a low aff,rnity, and is less likely to be incorporated into the

bone matrix (Vermeer et a1.,1995).

The biological function of OCN in the bone microenvironment has not been precisely

defined. Mice deficient in OCN have increased bone density, cortical thickness, and bone

formation (Ducy et al., 1996). However, osteoblast number was not altered in OCN

deficient mice, suggesting that the role of OCN in the bone microenvironment is an

inhibitor of osteoblast function (Ducy et al., 1996). Subsequently, those investigators

reported that bone mineral maturation was impaired in OCN-deficient mice, suggesting

that OCN is involved in the regulation of bone mineral turnover (Boskey et al., 1998).

Interestingly, there were significantly more osteoclasts per unit surface in the OCN-

deficient mice than in the wild-type mice (Ducy et al., 1996). Conversely, OCN has been

shown to be important for osteoclast recruitment both in in vitro and in animal models

(Chenu et al.,1994; DeFranco et a1.,1991; Glowacki et a1.,1989; Glowacki et al.,l99li'

Ingram et a\.,1994; Liggett et al.,1994)'

Dequeker et al. (1993b) postulated that there may be an increased biosynthetic activity of

osteoblasts in OA, a possibility supported by Hilal et al. (1998) showing that bone explants
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and osteoblasts from OA subchondral bone produced more IGF-I than controls.

Furthermore, Hilal et at. (1998) have shown an increase in de novo OCN synthesis' in

response to 1,25-(OH)zD¡ stimulation, by OA osteoblasts in vitro' Given that the

phenotypic alterations in the OA subchondral osteoblast-like cells were observed in ex vivo

and in vitro expelments, Hllal et al. (1998) have suggested that the altered OA osteoblast

phenotype may be caused by a primary defect in these cells, rather than a secondary

response to local chemical andlor systemic factors in vívo. The increased metabolic

capacity of the OA osteoblast is unlikely to translate into increased mineralisation of OA

bone, as a number of reports have shown OA bone to be hypomineralised (Brown et al',

2002; Grynpas et al.,l99l; Helliwell et a\.,1996;Li and Aspden,1997a; Li and Aspden,

1991b; Mansell and Bailey, 1998). Moreover, a recent study has shown that subchondral

bone osteoblasts, from individuals with hip oA, produce a molecularly distinct collagen,

type I collagen homotrimer (i.e., three al chains of type I collagen; Bailey et al''2002).

Alterations in the mechanical environment of the hip joint can adversely affect the

direction and distribution of bone loading. Severe OA hip patients tend to have altered gait

patterns due to joint pain and anatomical differences, which would result in abnormal

directions of bone loading (Moore et al., lgg4), and perhaps an increase in local load

amplitudes. Mechanical stimulation of rat caudal vertebrae resulted in an increase in the

expression level of OCN 6RNA on the trabecular bone surface (Lean et al', 1995)'

Interestingly, osteoblast-like cells from OA hip patients were responsive to mechanical

microstrain in vitro, of a physiological magnitude, in comparison to osteoblast-like cells

from age-matched osteoporotic hip fracture patients, which were unresponsive to

mechanical strain (Stanford et a1.,2000). Furthermore, a trend for an increased protein

level of OCN was observed when the OA osteoblast-like cell cultures were subjected to
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microstrain (Stanford et a1.,2000). Osteocytes are suggested to be the mechanosensing

cells of the bone matrix (Burger and Klein-Nulend, t999).In addition to OCN being a

marker gene for the progression of osteoblastic differentiation (Stein and Lian, 1993),

osteocytes have been shown to constitutively express OCN mRNA (Mason et al.' 1996). A

limitation of the semi-quantitative RT-PCR analysis of OCN mRNA expression in the OA

and control intertrochanteric trabecular bone samples is that the cellular origin(s) of the

measured OCN mRNA is not known.

A significant age-related increase in the abundance of OCN mRNA was observed in

intertrochanteric trabecular bone from individuals with severe primary OA, with onset

between the ages of 40 and 50 years (Figure 6.22). This age-related increase in OCN

mRNA in the OA group was strikingly different to the control group, where OCN mRNA

expression declined with age (Figure 6.22; Chapter 5.4.4), with the control bone samples

containing significantly lower levels of OCN mRNA than OA (Figure 6.5; Table 6.3). In

addition, a significant reduction in the CTR/OCN mRNA ratio was observed in OA

trabecular bone (Figure 6.11; Table 6.3), suggestive of a skewing of the remodelling

process toward net bone formation in OA. These analyses are consistent with the known

maintenance or increase of bone volume in OA versus the age-dependent bone loss found

in the general population (Crane et al. 1990). Furthermore, trabecular bone volume,

BV/TV, at the intertrochanteric region of the proximal femur, was maintained with age for

the OA group, in comparison to anage-related decline in BViTV in controls (Figure 7.17;

Chapter 1.4.6). Interestingly, the number of mesenchymal stem cells with osteogenic

potential, cultured from femoral neck bone marrow, did not change with age for OA hip

patients (Oreffo et a\.,1998a). In interpreting the CTR/OCN mRNA data,it is important to

note that it is not known whether immature and/or mature osteoclast cells are
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representative of the measured CTR mRNA, nor whether the CTR mRNA expression is

representative of the number of osteoclasts and/or the number of calcitonin receptors on

each osteoclast. However, a positive association was observed between the expression of

CTR and RANK mRNA in the OA bone samples (Figure 6.12), which was not evident in

the control bone samples. Given that RANK is expressed on the surface of the same cell

types as the CTR in bone, namely osteoclasts and their precursors (Hsu el al',1999; Myers

et al.,lggg),similar cells types, that is osteoclast precursors andlor mature osteoclasts, are

contributing to the measured RANK and CTR mRNA expression in the OA bone samples'

6.5.2 Reduced IL-6 and IL-ll nRNA expression in OA human trabecular

bone from the intertrochanteric region of the proximal femur

IL-6 and IL-1l are two cytokines that share many biological properties, including the

ability to stimulate osteoclast development from their haematopoietic precursors (}dafün et

at.,1998). There was a significant reduction in the mRNA expression of both IL-6 and IL-

l l in OA intertrochanteric trabecular bone in comparison to the control group (Figures 6'2

and 6.3, respectively; Table 6.3). However, the difference in IL-6 mRNA expression

between the OA and control groups was dependent upon two control cases aged less than

40 years (Table 6.3). The reduced expression of IL-6 and IL-l1 mRNA in the OA group

suggests that there may be a reduced promotion of osteoclastogenesis by osteoblasts in OA

trabecular bone. Although the stimulatory effects of IL-ll on osteoclast differentiation

appear to be mediated by inducing RANKL expression on marrow stromal/osteoblastic

cells (Nakashima et a1.,2000; Yasuda et al., 1998b), the reported effects of IL-6 on

RANKL-RANK-promoted osteoclast development are conflicting (Brandstrom et al',

1998; Hofbauer et a1.,1998; Hofbauer et al., l999b; Nakashima et al',2000; O'Brien e/

al., 1999; Vidal et al., 1998). IL-6 and IL-II mRNA expression did not correlate with
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RANKL, OpG or RANK mRNA expression in either the OA or control bone samples'

Given that IL-6 can be produced by a number of cell types in the bone microenvironment,

including mafÏow stromal cells, monocyte-macrophages, osteoblasts, and osteoclasts

(Girasole et a1.,I992;Kishimoto, 1989; Linkhart et al.,l99l; o'Keefe et a1.,1997), it is

not known which cell types are contributing to the IL-6 mRNA levels measured in the OA

and control bone samples. Interestingly, while expression of IL-6 mRNA in the bone is

contributed by several cell types, IL-l1 mRNA is likely to be expressed predominantly by

cells of mesenchymal origin, namely, cells of the osteoblast lineage (Paul et al.,1990).

A number of reports have described OA individuals to have a better preserved bone mass

compared to age- and sex-matched controls, independent of body mass index (Gotfredsen

et a1.,1990; Lethbridge-Cejku et a\.,1996; Nevitt et a1.,1995). A recent study has shown

that elevated bone mineral density (BMD) is associated with a subsequent accelerated joint

space narrowing rate (Goker et a1.,2000). Primary OA and osteoporosis are rarely both

seen in the same patient, and clinical reports and epidemiological studies have suggested

that there is a negative association between the two age-related diseases (Coopet et al',

I99l;Dequeker et al., 1993a; Soloman et al., 1982; Verstraeten et a1.,1991). Interestingly,

a polymorphism in the IL-6 gene promoter, characterised by lower plasma levels of IL-6

(Fishman et a1.,1998), is associated with higher BMD at the femoral neck and lumbar

spine in a longitudinal study of Caucasian young men, both during late puberty and after

development of peak bone mass (Lorentzon et a1.,2000).

There was a significant decline with age in the expression of IL-l1 mRNA in both the OA

and control groups (Figure 6.20), suggesting that the effect of IL-11 to stimulate osteoclast

development may decline with age in both groups. In the case of IL-6 mRNA, an observed
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trend toward a decline with age in the OA and control groups did not reach statistical

significance (Figure 6.19). IL-l1 has been suggested to play a critical role in the hierarchy

of osteoclastogenic factors, since in vitro its expression is induced by a number of hormone

and local activators of osteoclast formation (Manolagas, 1995; Romas et al., 1996;Yang

and yang, lgg4).In addition, neutralisation of IL-l1 has been shown in vitro to suppress

osteoclast development induced by 1,25-(OH)zD¡, PTH, IL-1, and TNF-cr (Girasole et al',

Igg¡).Although the evidence to date suggests one major role for IL-l1 in bone is to act as

an upstream stimulatory signal for osteoclast differentiation (Martin et al., 1998; as

detailed in Chapter 5.1), the full role of this pleiotropic cytokine in the bone

microenvironment is not completely understood. IL-ll has also been implicated as a

suppressor of osteoblastic synthetic activity. For example, IL-l1 dose-dependently

inhibited nodule formation and reduced alkaline phosphatase expression in rat calvarial

cell cultures (Hughes and Howells, 1993b). The reduced IL-l1 mRNA expression in OA

bone (Figure 6.3; Table 6.3) canbe understood in terms of this dual activity of the cytokine

to activate osteoclastogenesis and inhibit osteoblast synthetic activity'

'When plotted as a function of age, the OA and control values for IL-l 1 mRNA appeared to

be two distinct groups with little overlap, with the OA bone samples containing

significantly lower levels of IL-II mRNA than controls across the entire age range

investigated (Figure 6.20).It is intriguing that there was no obvious age of onset of the

difference between the IL-II mRNA in OA and controls (Figure 6.20). That is, this

difference between the two groups may be pre-existing. However, the expression level of

OCN mRNA increased in OA between 40 and 50 years of age and diverged from the

controls, in which OCN mRNA expression decreased with age (Figure 6.22)' The latter

result in non-OA controls is consistent with a reported decrease in OCN protein at the
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femoral neck and iliac crest with age (Boonen et a1.,1997; Vanderschueren et a|.,1990).k

is possible that the IL-l1 data point to apre-existing biochemical and genetic difference

between the bone of OA individuals and the remainder of the population. This difference is

likely to be of considerable magnitude, since it was clearly discernible in the data

described in this chapter, with relatively small numbers of subjects and in which the

control group was unselected apart from the exclusion criteria of evidence of OA or other

bone-related diseases. The reduced expression of IL-11 mRNA may be a reflection of the

genetic determinants that result in altered bone turnover in OA, leading eventually to the

altered bone structure that is characteristic of OA'

6.5.3 Reduced expression of the RANKL/OPG mRNA ratio in OA human

trabecular bone from the intertrochanteric region of the proximal femur

RANKL, OpG, and RANK are key regulators of osteoclast biology and bone metabolism.

Extensive bone marrow cell culture studies have shown that growth factors, cytokines, and

peptide and steroid hormones modulate the gene expression of RANKL, OPG, and to a

lesser extent, RANK (Hofbauer et a\.,2000; Hofbauer and Heufelder, 2001; Hotowitz et

a1.,2001; Suda et al., lg99). A signif,rcant positive association was observed between

RANKL and OPG mRNA in both OA and control intertrochanteric trabecular bone (Figure

6.13). This finding suggests that the same stimuli/stimulus up-regulate/s both RANKL and

OpG mRNA expression in these bone samples. Experiments in vitro, in which bone

maffow stromal cells and osteoblast-like cells were treated with pro-resorptive agents such

as IL-IB and TNF-a, have shown up-regulation of both RANKL and OPG mRNA (as

detailed in Chapter 5.5.3; Hofbauer et al., 1999b; Takami et al., 2000). A significant

positive association was also observed between the expression of RANKL and RANK

mRNA in both OA and control intertrochanteric trabecular bone (Figure 6'14). This
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finding suggests that either the same stimulus regulates the expression of both RANKL and

RANK mRNA, or, more likely, that the same stimulus up-regulates RANKL and causes

recruitment of RANK-expressing osteoclast precursor cells (as detailed in Chapter 5.5.3).

Although the positive relationships between RANKL and OPG mRNA (Figure 6.13), and

RANKI and RANK 6RNA (Figure 6.14), were observed in both OA and control bone,

the data show clear differences. For a given level of OPG or RANK mRNA expression,

there was a lower level of RANKL mRNA expression in OA bone compared with controls.

This finding suggests that there is a lower net osteoclastogenic influence in OA

intertrochanteric trabecular bone. Furthermore, these data arc consistent with lower levels

of IL-6 and IL-ll mRNA in OA bone compared to controls (Figures 6'2 and 6-3,

respectively; Table 6.3), both of which act on cells of the osteoblast lineage to promote

osteoclast formation (Martin et a\.,1998).

RANKL and OPG are important downstream signals of osteoclast biology, onto which

many hormonal, chemical, and biochemical signals converge (Hofbauer and Heufelder,

2001). Hofbauer et al. (2000) hypothesised that the ratio of RANKL to OPG is the main

determinant of the pool size of active osteoclasts in the local bone microenvironment,

acting as a final effector system to modulate differentiation, activation, and apoptosis of

osteoclasts. The ratio of RANKL/OPG mRNA was positively associated with age in both

the OA and control groups (Figure 6.26) and this is largely driven by the changing

RANKL 6RNA levels (compare Figures 6.23 and 6.24). This suggests that the effective

activity of RANKL to promote osteoclast formation and thus increase the pool size of

active osteoclasts, at the intertrochanteric region of the proximal femur, may be increased

with age in both OA and control individuals. Moreover, the histomorphometric bone

resorption index, eroded surface, ES/BS, was found to increase as the RANKL/OPG
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ratio increased, in contiguous trabecular bone samples for the control group (Figure

7.8; Chapter 7.4.3). However, the plot of RANKL/OPG mRNA versus age showed a clear

segregation of values between control and OA individuals, such that the values for OA

were lower than controls across the entire age range examined (Figures 6'16 and 6'26;

Table 6.5). This suggests that the effective activity of RANKL to promote osteoclast

formation is reduced in the bone microenvironment of oA, consistent with the observation

of reduced ES/BS in OA intertrochanteric bone (Tables 7.4 and 7.5; Chapter 7.4.5). The

lower ratio of RANKL/OPG mRNA in oA bone (Figure 6.16; Table 6.5) occurs in the

context of no statistical difference in the mean RANKL/GAPDH and OPG/GAPDH

6RNA expression between the OA and control groups (Figures 6.6 and 6.7; respectively;

Table 6.4). This is indicative of a robust and multidimensional control process operating to

maintain the integrity of the skeleton.

As detailed in Chapter 5.5.3, the osteoclastogenic capacity of the stromal/osteoblast cell

has been shown to depend upon the expression ratio of RANKL/OPG, reflecting the

differentiation stage of the cell (Deyamaet a1.,2000; Goti et a1.,2000; Nagai and Sato,

lggg). Undifferentiated or pre-osteoblastic or bone marrow stromal cells reportedly

express abundant RANKL and low levels of OPG, and, further, the increased

RANKL/OpG ratio correlates with the cells capacity to support osteoclast formation and

activation. Conversely, the RANKL/OPG ratio is lower in mature osteoblasts and their

capacity to support osteoclast development is suppressed or lost (Deyama et al., 2000;

Gori et al., 2000; Nagai and Sato, 1999). This suggests that the lower level of

RANKL/OPG mRNA in OA intertrochanteric trabecular bone (Figure 6'16; Table 6.5)

may be associated with a decreased number of stromal/osteoblast cells with an

osteoclastogenic capacitY.
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In interpreting in viyo results, it is important to note that, while RANKL is expressed by a

relatively restricted number of cell types, including stromal/osteoblastic cells and T cells,

OpG is expressed more widely by several cell types (Collin-Osdoby et al.200I; Kwon e/

al., 1998; Simonet et al., 1997;Tan et al., 1997; Yasuda et al., 1998b). Given that the

cellular origin of the measured RANKL and OPG mRNA in the OA and control trabecular

bone samples is not known, it was intriguing to observe a strong positive association

between the bone resorption index, ES/BS, and the ratio of RANKL/OPG mRNA,

measured in contiguous trabecular bone samples for the controls (Figure 7'8; Chapter

7.4.3). This association between ES/BS and RANKL/OPG mRNA was found to be almost

entirely because of the RANKL component (compare Figures 7.9 and 7.10; Chaptet 7.4.3).

Thus, this relationship strongly supports the concept that the surrogate measures of

RANKL and OPG 6RNA levels relate directly to levels of expression of the

corresponding proteins in the bone tissue.

As detailed in section 6.5.1, severe OA hip patients tend to have altered gait patterns due to

joint pain and anatomical differences, which would result in abnormal directions of bone

loading (Moore et al.,l9g4), and perhaps an increase in local load amplitudes' Ptubin et al'

(1999) have shown that mechanical strain inhibits osteoclast formation in murine bone

maffow cell cultures. Subsequently, those investigators reported that mechanical strain of

murine bone stromal cells resulted in a reduction of RANKI mRNA expression and an

associated inhibition of osteoclast formation (Rubin et a1.,2000). These reports are of

interest given that the effective activity of RANKL to promote osteoclast formation is

reduced in the bone microenvironment of OA (Figure 6.16; Table 6.5).
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6.5.4 The potential use of gene expression profiles in trabecular bone biopsies

for predicting development of OA: involvement of other skeletally active

factors

The aetiology of OA is poorly understood, although it has both heritable and

environmental components (Chitnavis et al., 1991; Felson et al., 1998; Spector et al.,

1996a).As detailed in section 6.1, numerous reports of an altered trabecular bone structure

and bone matrix in individuals with OA (reviewed in Dequeker and Luyten, 2000) suggest

that the bone changes may precede the joint degeneration of OA, or may arise secondarily

to the joint pathology, or indeed may occur in parallel with the cartilage damage, driven by

the same causative agent(s) that lead to cartilage disease. Interestingly, recent reports have

shown that bone changes may precede cartilage changes in the onset and progression of

primary OA (Bruno et al., 1999; Goker et a1.,2000). The work described in this chapter

has established that patients with primary hip oA have a different mRNA expression

profile of several skeletally active molecules at the intertrochanteric region of the proximal

femur. This skeletal site is remote from the subchondral bone that undergoes well-

characterised secondary changes in severe OA (Fazzalari et al., 1992). Specifically, the

expression of IL-l1 and OCN mRNA provided a clear discriminator between OA patients

and controls (as detailed in sections 6.5.1 and 6.5.2).It is possible that these differences in

gene expression point to pre-existing genetic and biochemical differences between the

bone of OA individuals and the remainder of the population. Thus, the potential use of this

type of gene expression data to identify individuals that will progress to OA needs to be

explored. These types of predictive analyses may be possible, given that the mRNA

expression of several skeletally active molecules was similar between the proximal femur

(intertrochanteric and femoral neck regions) and iliac crest for a cohort of postmortem
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individuals (as detailed in Chapter 4); with the latter skeletal site amenable to biopsy' It is

not known whether this relationship holds for OA individuals.

A more complete gene profile in skeletal regions distal to the degenerative joint changes in

patients with primary OA needs to be established. Specifically, a profile of gene

expression in the iliac crest that is consistent with that in the proximal femur, such as at the

intertrochanteric region, in the same OA individuals would be supportive of the hypothesis

of a generalised skeletal involvement in OA. There are a large number of skeletally active

molecules known to regulate the differentiation and activity of the cells of bone

remodelling, osteoblasts and osteoclasts. To further explore the molecular mechanisms for

the altered trabecular bone structure and bone turnover in OA, RT-PCR (semi-quantitative,

as described in this thesis, or quantitative) could be used to determine the profile of

expression of a greater number of genes known to be involved in bone metabolism, than

those described in this chapter. Examples of molecular factors involved in the regulation of

osteoclast formation, either as stimulatory or inhibitory factors, that would be of interest

include IL-lg and IL-lþ,IL-l/,IL-l8, macrophage colony stimulating factor (M-CSF)'

prostaglandin Ez GGE2), PTH, and TNF-cr, (Martin and Udagawa, 1998; Roodman, 1999)'

The 6RNA expression level of TNF-cr in trabecular bone was similar between the iliac

crest, femoral neck, and intertrochanteric region, for a cohort of postmortem individuals

(Table 4.3; Chapter 4.4.2). Furthermore, a signifîcant positive association was observed

between IL-6 and TNF-cr, mRNA expression levels (Table 4.5; Chaptet 4.4.4), suggesting

the co-regulation of these pro-osteoclastic cytokines in the postmortem bone samples.

Interestingly, Hilal et at. (2001) have shown that osteoblast-like cells cultured from OA

subchondral bone produce more PGE z than controls, and that the OA osteoblasts are

resistant to pTH stimulation. The data for CTR mRNA should be confirmed with the
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analysis of other osteoclast cell markers, including carbonic anhydrase II, cathepsin K, and

TRAp, which are highly expressed by osteoclasts (Martin and Udagawa, 1998). The

'RNA 
expression level of TRAP in trabecular bone was similar between the iliac crest,

femoral neck, and intertrochanteric region, for a cohort of postmortem individuals (Table

4.3; Chapter 4.4.2). Furthermore, significant positive associations were observed between

CTR, TRAp, and RANK mRNA expression levels (Figures 4.1 and 4.2;Table 4.4; Chaptet

4.4.4), suggesting that similar cells types, that is osteoclasts and their precursors, are

contributing to the measured CTR, TRAP, and RANK mRNA expression in the

postmortem bone samples. Bone anabolic factors, including the bone morphogenetic

proteins, BMp-2, BMP-4, and BMP-7 (Rosen and Thies, 1992), and the growth factors

TGF-BI, TGF-p2, TGF-p3, IGF-I, and IGF-II (Centrella et a1.,1994; Hayden et a1.,1995),

would be of interest as the bone matrix from the iliac crest of OA subjects has been found

to contain a higher content of IGF-I, IGF-II, and TGF-B compared with that in control

subjects (Dequeker et al., 1993b; Gevers and Dequeker, 1987). Furthermore,Hllal et al.

(1998) have shown that osteoblast-like cells cultured from OA subchondral bone produce

more IGF-I than cells from individuals without OA pathology. The mRNA expression

level of TGF-81 in trabecular bone was similar between the iliac crest, femoral neck, and

intertrochanteric region, for a cohort of postmortem individuals (Table 4.3; Chapter 4'4'2).

Given that OA subchondral femoral head and femoral neck trabecular bone have been

shown to be hypomineralised (Brown et a1.,2002; Grynpas et al., l99l; Helliwell et al.,

I996;Li and Aspden, L997a; Li and Aspden, 1997b; Mansell and Bailey, 1998), and that a

recent study has shown that subçhondral bone osteoblasts, from individuals with hip OA'

produce a molecularly distinct collagen, type I collagen homotrimer (Bailey et al',2002),

the analysis of bone matrix protein genes would be of specific interest. This analysis would

include type I collagen (al and o2 chains), osteonectin, osteopontin (OPN), and bone
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sialoprotein (Karsenty, 1999). The mRNA expression level of OPN in trabecular bone was

similar between the iliac crest, femoral neck, and intertrochanteric region, for a cohort of

postmortem individuals (Table 4.3; Chapter 4.4.2). Furthermore, an interesting observation

was a significant positive association between OCN and OPN mRNA expression levels

(Figure 4.5; Table 4.7; Chapter 4.4.4), in the postmortem bone samples'

The use of gene array technology would allow a comparison of a latget number of genes

between OA and control individuals, to determine whether consistent over- or under-

expression of one or more genes is characteristic of OA. In addition to identiffing a

different profile of genes between OA and control individuals, gene anay analysis may

identify novel targets that are involved in the regulation of bone remodelling and thus the

bony changes characteristic of oA. In a preliminary study, RNA isolated from

intertrochanteric trabecular bone from three primary OA hip patients was compared with

that from three age- and sex-matched non-OA controls, using a commercial CDNA

microarray containing over 4000 known human genes. This microarray approach identified

24 genes that were consistently differentially expressed, showing a greater than 2-fold

difference, in all three OA and control samples (S. Gronthos et aI., unpublished

observations). Interestingly, a recent report has described the use ofgene array technology

to identify differentially expressed genes between normal and OA human cartilage (Aigner

et al.,2001).

6.5.5 Conclusions

Numerous reports of an altered trabecular bone structure and bone matrix in individuals

with OA (reviewed in Dequeker and Luyten, 2000) suggest that the bone changes may

precede the joint degeneration of OA, or may arise secondarily to the joint pathology, or
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indeed may occur in parallel with the cartilage damage, driven by the same causative

agent(s) that lead to cartilage disease. 
'Whichever of these is the case, in order to devise

effective treatments for OA, it is clearly important to consider the bony component of this

disease and to develop an understanding of the cellular and molecular processes that lead

to the bony changes. Striking differences were observed in the pattern of mRNA

expression, coffesponding to a number of skeletally active molecules, in trabecular bone

from the intertrochanteric region of the proximal femur, between patients with severe

primary hip OA and non-OA controls. The intertrochanteric region is remote from the

subchondral bone that undergoes well-characterised secondary changes in severe OA.

Specifically, the expression of factors associated with the development of the osteoclast,

the RANKL/OPG mRNA ratio, lL-6 mRNA, and IL-II mRNA, were all significantly

reduced in OA bone compared to non-OA bone. Conversely, mRNA expression of the

osteoblastic cell marker, OCN, was significantly enhanced in OA bone compared to non-

OA bone, consistent with a previous finding of increased OCN protein in iliac crest bone

from OA subjects (Gevers and Dequeker, 1987; Raymaekets et a\.,1992). The expression

of IL-ll and OCN 6RNA provided a clear discriminator between OA hip patients and

controls. Thus, it is possible that these differences in gene expression point to pre-existing

genetic and biochemical differences between the bone of OA individuals and the

remainder of the population. Finally, the way in which the expression of these skeletally

active molecules relates to trabecular bone structure and bone turnover in the OA and

control human bone microenvironment needs to be established. Indeed, these data enabled

the identification of a number of correlations between mRNA expression and trabecular

bone volume and bone turnover indices, measured in contiguous human bone tissues

sampled from the proximal femur. These results are presented in Chapter 7'
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7.I INTRODUCTION

The mechanisms that lead to the particular shape and structure of bony trabeculae in

general, and in the human proximal femur in particular, are clearly complex, involving

both mech anical and biochemical inputs. There is a substantial amount of information

about the molecular factors that are capable of regulating the differentiation and activity of

the cell types that are responsible for the remodelling of bone, the osteoblast and the

osteoclast (as detailed in Chapter 5.1). The process of bone remodelling is involved in both

the maintenance and alteration of trabecular structures. The current knowledge of systemic

and local regulation of bone remodelling has been developed primarily from studies

utilising in vitro cell culture systems, human and predominantly murine, and animal studies

such as the effects of gene deletion studies in mice (reviewed in Ducy et al., 2000;

Hofbauer and Heufelder, 2001; Raisz, 1999;Roodman, 1999; Suda e/ al.,1999). However,

it is important to investigate the mRNA expression of skeletally active genes in the local

human bone microenvironment, where paracrine mediators of bone turnover can be

measured with their local regulatory mechanisms intact. This led to investigation of the

'RNA expression of a number of skeletally active molecules in non-diseased and

osteoarthritic (OA) trabecular bone, sampled from the human proximal femur, which is

described in Chapters 5 and 6 of this thesis. The way in which the expression of these

skeletally active molecules relates to trabecular bone structure and bone turnover in the

human bone microenvironment needs to be established'

Therefore, this chapter describes an innovative experimental approach, involving the

analysis of the mRNA expression of molecular regulators of bone remodelling, in

combination with histomorphometric assessment of trabecular bone structure and bone

turnover, in contiguous human bone tissues sampled from the proximal femur. A similar
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investigational approach has been reported by Abildgaard et al. (2000), where

histomorphometric indices of bone resorption, in iliac crest biopsies from multiple

myeloma patients, positively correlated with protein levels of IL-6, in marrow plasma

aspirated from the bone biopsy area. Further, the concentration of transforming growth

factor (TGF)-p1, extracted from the bone matrix of iliac crest biopsies (from breast cancer

patients) and femoral head trabecular bone (from hip fracture patients), was shown to

positively correlate with osteoblast- and osteoclast-covered surfaces in the same bone

samples (pheilschifter et al., 1993). Similarly, histomorphometric parameters of bone

formation and resorption positively correlated with the bone matrix concentration of

insulin-like growth factor type I (IGF-Ð in the same iliac crest biopsies from the

pheilschifter et al. (199S) study (Seck et a\.,199S). Interestingly, the concentration of bone

matrix TGF-81 did not correlate with trabecular bone volume in either iliac crest or

femoral head bone samples (Pheilschifter et al., 1998), whereas there was a positive

correlation between the concentration of bone matrix IGF-I and trabecular bone volume in

iliac crest bone (Seck et a1.,1998).

As detailed in Chapter 6.1, OA is characterised by progressive degenerative damage to the

articular joint cartil age, and is associated with a conservation of bone mass and a different,

more rigid structure of the subchondral bone (reviewed in Dequeker and Luyten, 2000).

Although the major focus of research into the aetiology of OA has been on the articular

cartilage, the disease is also consistently associated with marked changes in the

subchondral bone. Fazzalari et al. (1992) have investigated the structural parameters of the

trabecular bone in the proximal femur adjacent to OA hips. Typically, the subchondral

bone is sclerotic, with increased trabecular bone volume, and altered trabecular size and

spacing, compared to age-matched controls (Crane et al., 1990; Fazzalari et al., 1992).It
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has been postulated that such changes are due to alteration of loading through the joint

because of the articular disease (Bland and Cooper, 1984) or, alternatively, that they are

secondary to pathology within the joint. However, similar structural changes are also

present at sites distal to the joint articular surface, in the proximal femur and in the iliac

crest (Crane et al., 1990; Fazzalari et al., lgg2), suggesting that they are not merely

reactive to the joint pathology. The different bone structure in hip OA is accompanied by a

reduced incidence of trabecular microfracture (Fazzalari et al., 1987), and altered

mechanical properties, with a more rigid trabecular bone in the femoral neck (Li and

Aspden, 1997b; Martens et a1.,1933). Since this more rigid bone would have a reduced

ability to absorb shock, it has been postulated that the bone changes in OA might

exacerbate the disease or could even precede and be causative ofthe cartilage degeneration

(Radin et a1.,1972; Dequeker et a1.,1996)'

Consistent with this concept of generalised bone structural changes in OA, bone matrix

from the iliac crest of OA subjects has been found to contain a higher content of growth

factors that may have important regulatory roles in bone turnover, IGF-I, IGF-II, and TGF-

B, and an increased concentration of osteocalcin (OCN) protein, compared with that in

control subjects (Dequeker et al.,l993b; Gevers and Dequeker, 1987; Raymaekers et al.,

lgg2).Interestingly, a recent study has shown that osteoblasts isolated from subchondral

bone of individuals with hip OA produce a molecularly distinct collagen, type I collagen

homotrimer (Bailey et a\.,2002). This finding was associated with a disorganised collagen

matrix and reduced mineralisation, which could potentially weaken the biomechanical

properties of the bone matrix, resulting in collagen overproduction and thickening of the

bone (Bailey and Knott, 1999).
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These reports of an altered trabecular bone structure and bone matrix in individuals with

OA suggest that the bone changes may precede the joint degeneration of OA, or may arise

secondarily to the joint pathology, or indeed may occur in parallel with the cartilage

damage, driven by the same causative agent(s) that lead to cafülage disease. Whichever of

these is the case, in order to devise effective treatments for OA, it is clearly important to

consider the bony component of this disease and to develop an understanding of the

cellular and molecular processes that lead to the bony changes.

Striking differences were observed in the pattern of mRNA expression corresponding to a

number of skeletally active molecules in human OA bone, at a skeletal site distal to the

degenerative joint changes in OA, in comparison to skeletal site-matched non-OA bone

(described in Chapter 6). For example, the expression of factors associated with the

development of the osteoclast, the RANKL/OPG mRNA ratio, IL-6 mRNA, and IL-l1

mRNA, were all significantly reduced in OA bone compared to non-OA bone (Figures

6.16, 6.2, and 6.3, respectively; Chapter 6.4.3). Conversely, mRNA expression of the

osteoblastic cell marker, OCN, was significantly enhanced in OA bone compared to non-

OA bone (Figure 6.5; Chapter 6.4.3), consistent with a previous finding of increased OCN

protein in iliac crest bone from OA subjects (Gevers and Dequeker, 1987; Raymaekers e/

al., I9g2). This chapter describes investigation of histomorphometric parameters of

trabecular bone structure and bone turnover in bone sampled from the proximal femur of

individuals suffering from primary hip OA, compared to skeletal site-matched non-

OA./control individuals. Further, the relationships between the histomorphometric

parameters and the 6RNA expression levels of skeletally active molecules (independently

described in Chapters 5 and 6), measured in contiguous trabecular bone samples from both

OA and control individuals, are examined. The skeletally active molecules in this
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investigation include the key regulators of osteoclast biology and metabolism, RANKL'

RANK, and OpG, the cytokines IL-6 and IL-11, both of which are involved in the

regulation of the RANKI-RANK-OPG system of osteoclast development, the osteoblastic

cell marker, OCN, and the bone osteoclastic cell marker, the calcitonin receptor (CTR) (as

detailed in Chapter 5.1). The specific skeletal site that the trabecular bone was sampled

from was the intertrochanteric region of the proximal femur, as trabecular bone in this

region has previously been shown to be structurally different between OA and control bone

(Crane et a1.,1990). Moreover, the intertrochanteric region is remote from the subchondral

bone that undergoes well-characterised secondary changes in severe OA (Fazzalari et al.,

lgg¡). The control group comprised a cohort of autopsy individuals, who had not suffered

from conditions thought to affect their bone turnover status and in particular, macroscopic

examination of the femoral head showed no significant sign of joint degeneration,

according to the criteria of Collins (1949)'

7.2 CHAPTER AIMS

To investigate whether there are gender-related differences and age-related changes in

the histomorphometric parameters describing trabecular structure and bone turnover in

non-diseased/control human trabecular bone tissue, sampled from the intertrochanteric

region of the proximal femur.

To examine the relationship between the histomorphometric parameters describing

trabecular structure and bone turnover, and the levels of expression of mRNA

corresponding to factors known to have important regulatory roles in bone remodelling,

measured in contiguous bone samples from the intertrochanteric region of the proximal

o

a
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femur for non-diseased/control individuals (mRNA expression data for controls is

independently described in Chapter 5).

To investigate whether there are gender-related differences and age-related changes in

the histomorphometric parameters describing trabecular structure and bone turnover in

trabecular bone tissue sampled from the intertrochanteric region of the proximal femur,

a skeletal site distal to the degenerative joint changes in oA, in individuals with

primary hip OA.

a

a

o

To compare the histomorphometric parameters describing trabecular structure and bone

turnover, in trabecular bone sampled from the intertrochanteric region, between

individuals with primary hip OA and an autopsy control group'

To examine the relationship between the histomorphometric parameters describing

trabecular structure and bone turnover, and the mRNA expression levels of the

skeletally active molecules, measured in contiguous bone samples from the

intertrochanteric region for primary hip OA individuals (mRNA expression data for the

OA cases is independently described, as a comparison to controls, in Chapter 6).

To compare the relationships between the histomorphometric parameters and mRNA

levels of skeletally active molecules, measured in contiguous bone samples from the

intertrochanteric region, between individuals with primary hip OA and an autopsy

control group.
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7.3 METHODS

7.3.1 Case selection

proximal femurs were obtained from 14 routine autopsies performed at the Royal Adelaide

Hospital. The postmortem case details, including age, gender, anatomical side, postmortem

interval, and cause of death, are listed in Table 5.1. There were 12 postmortem cases

available for undecalcified bone histomorphometric analysis. Trabecular bone tissue for

histomorphometric analysis was not available from cases Cl1 (69-year-old male) and Cl3

(73-year-old male; Table 5.1) due to an inadequate amount of bone tissue remaining after

RNA isolation. The age of the 12 postmortem cases for histomorphometric analysis,

comprising 7 women (aged 20-83 years; mean t SD [standard deviation] age, 61.3 t 22.0

years) and 5 men (aged 24-85 years; 58.2 t 24.3 years), varied between 20 and 85 years

(60.0 t 21.9 yearc). There was no difference in the mean age between females and males.

These postmortem cases, which are categorized as control cases in this thesis' were

selected from routine autopsies not known to have suffered from any disease affecting the

skeleton and on macroscopic and radiological assessment of the proximal femur showed no

significant sign of joint degeneration, according to the criteria of Collins (1949; described

in Chapter 5.3.1 and Table 5.1).

Surgical specimens from the proximal femur were obtained from 16 patients undergoing

total hip arthroplasty surgery for advanced primary OA at the Royal Adelaide Hospital.

The surgical OA case details, including age, gender, anatomical side, and macroscopic

grade of the femoral head and acetabulum, are listed in Table 6.1. There were 15 OA cases

available for undecalcified bone histomorphometric analysis. Trabecular bone tissue for

histomorphometric analysis was not available from case OAl0 (54-year-old male; Table

6.1) due to an inadequate amount of bone tissue remaining after RNA isolation. An
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additional 1g surgical OA cases were available for undecalcified bone histomorphometric

analysis (Table 7.1). These additional OA cases were from an archive of human trabecular

bone tissues stored in the Division of Tissue Pathology (Institute of Medical and

Veterinary Science, Adelaide, SA, Australia). The additional OA proximal femur

specimens were all obtained from patients undergoing total hip arthroplasty surgery for

advanced primary OA, which were selected using the same criteria as described in Chapter

6.3.1. In briet the selection of primary OA cases excluded patients suspected of having

secondary OA, inflammatory joint disease, Paget's disease, drug-induced disease or other

conditions, which may have affected the trabecular bone architecture and quality. The

surgical case details, of anatomical side, and macroscopic grade of the femoral head and

acetabulum, vr'ere not available for the additional 18 OA cases listed in Table 7.1. In total,

there were 33 OA cases available for undecalcified bone histomorphometric analysis. The

age of the 33 OA cases, comprising 18 women (aged 49-84 years; 71.5 + 9.0 years) and 15

men (aged 37-85 years; 66.0 I l4.2years), variedbetween 37 and 85 years (69'0 I 11.8

years). There was no difference in the mean age between OA females and OA males. The

mean age of the OA group (n : 33) for bone histomorphometric analysis did not differ

significantly from the control group (n: l2).

7.3.2 Sampling of trabecular bone from the intertrochanteric region of the

human proximal femur

Trabecular bone was sampled from the intertrochanteric region of the proximal femur for

each postmortem case. Initially, each proximal femur was sectioned in the coronal plane

using a band saw, which had been cleaned with DEPC-treated water, to allow access to

trabecular bone for sampling from the intertrochanteric site, which is enclosed within the

femoral cortex (Figure 2.1). Trabecular bone tissue for RNA isolation, taken from the

Molecular histomorphometry of control and OA trabecular bone



Table 7.1 profiles of additional surgical osteoarthritic (OA) cases for undecalcified bone

histomorphometric analYsis'

OA, surgical osteoarthritic case.

GenderCase Age
(years)

oA17

oA18

oA19

oA20

oA2l
oA22

oA23

oL24

oA25

oA26

oA27

oA28

oL29

oA30

oA31

oA32

oA33

oA34

64

70

7l

73

74

74

75

79

79

80

37

45

56

56

74

t4

75

78

Female

Female

Female

Female

Female

Female

Female

Female

Female

Female

Male

Male

Male

Male

Male

Male

Male

Male
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intertrochanteric region, was sampled from an approximate 1'5 x 1'0 cm2 area, to a

specimen depth of 0.5 cm (described in Chapter 5.3.2). The remaining coronal half of each

proximal femur was stored frozen until required for undecalcifîed histological analysis.

Two 5 mm-thick coronal slices were cut from the remaining ftozen coronal half of each

proximal femur, using a diamond blade on the Exakt saw (Exakt Apparatebau GmbH &

Co. KG). One coronal slice was used for bone histomorphometric analysis, and the other

coronal slice for microdamage assessment (Chapter 8)' A contact X-ray image of the 5

mm-thick coronal slice for undecalcified bone histomorphometric analysis was taken using

a Faxitron X-ray cabinet (Hewlett-Packard). The X-ray image was used to enable

reproducible sampling of trabecular bone from the intertrochanteric region as a 1.0 x 1.0

cm2 block of tissue, using an Isomet l1-1180 low-speed diamond saw (Buehler Ltd.)' The

intertrochanteric trabecular bone tissue blocks (1.0 x 1.0 x 0.5 cm3; were immediately

fixed in l0o/o ethanol for 24 hours at room temperature'

At total hip arthroplasty surgery in OA patients, a 10 mm internal diameter tube saw was

used to take a trabecular bone core biopsy of the intertrochanteric region (Figure 2.1),

taken in line with the femoral medullary canal (FazzalaÅ et al., 1998b). The bone core

biopsies, 10 mm in diameter and 3-5 cm in length, were placed in cold (4'C) sterile RNase-

free 0.g5% saline and transported directly to the laboratory. Trabecular bone tissue was

sampled from an approximate tube saw length of l-2 cm for RNA isolation (described in

Chapter 6.3.2). The remainder of each intertrochanteric bone core biopsy, 10 mm in

diameter and 2-3 cm in length, was stored frozen until required for undecalcified

histological analysis. These trabecular bone samples were X-rayed (Faxitron X-ray

cabinet; Hewlett-packard) before sampling for undecalcified histological analysis, to

ensure the exclusion of any damaged tissue (particularly the ends of the biopsy)' Each
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undamaged tube saw biopsy, approximately 1-1.5 cm in length, was bisected lengthwise

using an Isomet low-speed diamond saw (Buehler Ltd.). One half of the tube saw was

processed for undecalcified bone histomorphometric analysis and the other half processed

for microd amage assessment (Chapter 8). The trabecular bone tissue samples were

immediately fixed in7\o/o ethanol for 24 hours at room temperature.

7.3.3 Undecalcified bone histomorphometric analysis

Trabecular bone samples from the intertrochanteric region, fixed in 70%o ethanol, for

autopsy control and surgical OA cases (section 7.3.2), were embedded undecalcified in

methyl methacrylate (MMA; Chapter 2.2.3.3). Undecalcified bone sections, 5 pm-thick,

were stained by the von Kossa silver method and counterstained with haematoxylin and

eosin to distinguish between the mineralised bone, the osteoid, and the cellular components

of the maûow (Chapter 2.2.3.4.1 and 2.2.3.5). Bone histomorphometric analysis was

performed using an ocular-mounted Zeiss II Integration 100 point (10 x 10) graticule in a

X10 eye-piece and an objective magnification of X10 on an Olympus BH-2 light

microscope (Olympus; Chapter 2.2.3.6.1). The following standard histomorphometric

parameters (Parfitt et a1.,1987) were calculated using formulae from Recker (1983):

Trabecular bone structural parameters:

(1) Percentage of mineralised bone tissue volume

(2) Surface density of bone in mm2/mm3

(3) Specific surface of bone in mm2lmm3

(4) Trabecular thickness in Pm

(5) Trabecular seParation in ¡rm

(6) Trabecular number Per mm

BV/TV

BS/TV

BS/BV

Tb.Th

Tb.Sp
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Static indices of bone turnover:

(l) Percentage of osteoid volume

(2) Percentage of osteoid volume

(3) Percentage ofosteoid surface

(4) Percentage oferoded surface

OViTV

OV/BV

OS/BS

ES/BS

7.3.4 Semi-quantitative RT-PCR of total RNA isolated from human

trabecular bone

Total RNA was isolated from intertrochanteric trabecular bone tissue (Chapter 2.2.2.1)

sampled from the autopsy control and surgical OA cases listed in Tables 5.1 and 6.1' Semi-

quantitative RT-pCR (Chapter 2.2.2.3), using the human-specific oligonucleotide primer

pairs listed in Table 2.1 andprimer conditions described in Chapter 2.2.2.3.2, was used to

determine the relative levels of IL-6, IL-11, CTR, OCN, RANKL, OPG, and RANK

mRNA in these bone RNA samples. Amplified PCR product corresponding to IL-6, IL-l1'

CTR, OCN, RANKL, OPG, and RANK mRNA are represented as a ratio of the respective

pCR product/GApDH pCR product (mRNA expression data for controls is independently

described in Chapter 5; mRNA expression data for the OA cases is independently

described, as a comparison to controls, in Chapter 6). RT-PCR data for RANKL, OPG, and

RANK mRNA could not be obtained for cases ClO (65-year-old male), CI3 (73-year-old

male), 0A6 (7S-year-old female), OA14 (77-year-old male), and OA15 (79-yeat-old male)

due to small quantities of total RNA recovered. In addition, RT-PCR data for RANK

mRNA was not available for case OAl2 (69-year-old male)'
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7.3.5 Statistical analysis of histomorphometric data

The Shapiro-Wilk statistic was used to test the bone histomorphometric data for normality

(pC-SAS software; SAS Institute). The histomorphometric data for bone structural

parameters and static indices of bone turnover were found to be normally distributed'

Therefore, parametric statistical methods were used to analyse the data (Excel; Microsoft

Corp.). The statistical signif,rcance of differences in the histomorphometric variables

between females and males, and between the autopsy control and oA groups, v/ere

determined by Student's /-test. The F-test was used to analyse differences in the variance

of the histomorphometric parameters between females and males. Linear regression

analysis was used to describe age-related changes. Regression analysis was used to

examine the relationship between histomorphometric parameters. Regression analysis was

used to examine the relationship between PCR products representing specific mRNA

species (section 7.3.4) and bone histomorphometric variables (section 7.3.3), measured in

contiguous trabecular bone tissue samples. Student's /-test was used to compare the slopes

and intercepts of signif,rcant linear regressions between the OA and control groups. If there

rù/as more than one significant independent factor associated with a specific

histomorphometric variable, multiple regression was performed to determine the

contribution of each independent factor. The histomorphometric data is quoted as mean *

standard deviation. The critical value for significance was chosen asp:0.05'

7.4 RESULTS

i.4.1 Comparison of mean trabecular bone structure and bone turnover

indices between females and males in the control group

The student's l-test was used to assess whether there were any gender differences in the

histomorphometric parameters describing trabecular bone structure and bone turnover in
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non-diseased (control) human trabecular bone, sampled from the intertrochanteric region of

the proximal femur. Mean trabecular separation (Tb.Sp) was significantly increased in

females compared to males Ø < 0.05; Table 7.2). In addition, although not statistically

signihcant, the mean values for trabecular thickness (Tb.Th) and trabecular number (Tb.N)

were lower in females than in males (Table 7.2). The increased Tb.Sp in females is

consistent with what has been reported in the literature for postmenopausal bone loss in

v/omen (Weinstein and Hutson, 1987). No significant differences were observed between

females and males for any of the other histomorphometric parameters (Table 7.2)' Based

on these comparisons between females and males, and the small number of samples for the

control cohort (n : l2), further analyses of the histomorphometric data were made

independent of gender. In addition, the control group data is compared to the OA group

data with and without inclusion of the two younger cases in this control cohort, cases Cl

(2g-year-old female) and C8 (24-year-old male), which are specif,tcally indicated in

Figures 7.5-7.16.

7.4.2 Age-related changes in trabecular bone structure and bone turnover

indices in control individuals

To investigate age-related changes in the histomorphometric parameters describing

trabecular bone structure and bone turnover in control human trabecular bone, sampled

from the intertrochanteric region of the proximal femur, each histomorphometric parameter

was plotted as a function of increasing age in years, and analysed by linear regression

analysis. A significant decrease in BV/TV with age was observed (r : -0'70, p < 0'008;

Figure 7.1), which is consistent with a previous report of an age-related decline in

trabecular bone volume measured from a comparable region of the human proximal femur

(Crane et a1.,1990). This age-related decline in BV/TV was dependent on inclusion of the

Molecular histomorphometry of control and OA trabecular bone



Table i.2 Trabecr¡lar bone structure and bone turnover indices in female and male control

intertrochanteric trabecular bone samples'

Values are mean * standard deviation.
up < 0.05.

Histomorphometric
parameter Male (n= 5)Female (n = 7)

BV/rv (%)

BS/TV 1mm2/mm3¡

BS/BV 1mm2/mm3¡

Tb.Th (pm)

Tb.Sp (¡rm)

Tb.N (number/mm)

ov/rv (%)

OY/BV (%)

os/BS (%)

ES/BS (%)

10.8 + 3.29.9 ! 6.5

2.3 !0.51.7 r 0.5

20.9 r 4.728.4 x8.7

100 t 1971 !24

gl4 + 209^tr6t !302

t.t4 !0.250.86 x0.24

0.06 t 0.030.08 r 0.05

0.62 + 0.441.35 r 0.91

5.5 + 1.99.2 X 4.5

7.4 !2.81l.l r 4.8
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Figure 7.1: There was a significant decline in BViTV with age in intertrochanteric

trabecular bone from controls individuals (n: 12; BV/TV : -0.17*AGE + 20.25; r: -

0.70 andp < 0.008).
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two younger cases, cases Cl (2O-year-old female) and C8 (24-yeat-old male). When Tb.Sp

was plotted against age, variability increased for cases aged greater than 60 years, but

nonetheless a positive association was seen (r : 0.54, p < 0.05; Figure 7'2). This age-

related increase in Tb.Sp was dependent on inclusion of the two younger cases. This

f,rnding is consistent with a reported age-related increase in Tb.Sp, measured from the iliac

crest, in a cohort of non-diseased autopsy cases with an agerunge of 20 to 80 years (49.5 I

18.3 years; Weinstein and Hutson, 1987). There were no relationships with age for any of

the other histomorphometric parameters describing trabecular bone structure' BS/TV,

BS/BV, Tb.Th, and Tb.N, in control human trabecular bone sampled from the

intertrochanteric region of the proximal femur (results not shown).

There was a significant increase in eroded bone surface (ES/BS) with age (r : 0.65, p <

0.02; Figure 7.3), indicating an increased extent of bone resorption with age in control

human trabecular bone. This age-related increase in ES/BS was dependent on inclusion of

the two younger cases. Croucher et at. (1991) have shown that ES/BS measured in iliac

crest bone biopsies positively correlated with age in normal healthy individuals. In that

study, the age-related increase in ES/BS was accompanied by an increase with age in the

number of resorption cavities per mm of trabecular bone surface (Croucher et a1.,1991).

When osteoicl surface (OS/BS) was plotted against age, there was a positive association (r

:0.61, p <0.03; Figure 7.4),indicating an increased extent of bone formation with age.

The relationship between OS/BS and age was strengthened after exclusion of the two

younger control individuals (n: l0; r:0.72, p < 0'01). This, together with an age-

dependent increase in ES/BS, indicates an increase in the rate of bone turnover with aging

in control individuals, which is consistent with biochemical markers of bone turnover in

healthy men and women (Khosla et a1.,1997;Krall et al.,1997).Intriguingly, there was a

Molecular histomorphometry of control and OA trabecular bone
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Figure 7.22 Therc was a significant increase in Tb.Sp with age in intertrochanteric

trabecular bone from controls individuals (n: 12; Tb'Sp :7.66*AGE + 556.93; r:
0.54 andp < 0.05).
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Figure 7.3: There was a significant increase in ES/BS with age in intertrochanteric

trabecular bone from controls individuals (n: 12; ES/BS : 0.13*AGE + 1.83; r:0.65

andp < 0.02).
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Figure 7.42 There was a significant increase in OS/BS with age in intertrochanteric

trabecularbone from controls individuals (n: 12; OS/BS:0.11*AGE + 1.03; r:0.61

andp < 0.03).
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significant positive correlation between ES/BS and OS/BS (r : 0'79, p < 0'001; Figure

7.5). This relationship was maintained even after exclusion of the two younger control

individuals (n: l0; r:0.g2, p < 0.002). This finding indicates that the processes of bone

resorption and bone formation are tightly coupled in control human trabecular bone

sampled from the intertrochanteric region of the proximal femur.

The histomorphometric parameters describing the proportion of osteoid volume per total

tissue volume and per mineralised bone tissue volume, OV/TV and OV/BV, respectively,

were not age-dependent in control human trabecular bone (results not shown)'

Interestingly, a significant positive association was observed between two

histomorphometric parameters representative of bone formation, OV/BV and OSiBS (r :

0.64, p < 0.02; Figure 7.6), which was maintained after exclusion of the two younger

control cases (n : l0; r: 0.62, p < 0.04). No statistical association was observed between

OV/TV and OS/BS (Figure 7.7). However, when the outlier, case C7 (83-year-old female)

with low OV/TV and high OS/BS values (Figure 7.7), was removed, there was a

significant positive association between OV/TV and OS/BS (r:0'70, p < 0'01)' The

positive associations between OV/BV and OS/BS, and OV/TV and OS/BS, are not

unexpected as osteoid volume and the extent of osteoid surface are linked by the temporal

aspect of bone formation. That is, changes in osteoid volume and in the extent of osteoid

surface may reflect variations in the rate of osteoid formation and/or variations in the rate

of mineralisation. Furthermore, an increase in the birth-rate of new basic multicellular units

(BMUs) may reflect greater osteoid volume and surface'

Molecular histomorphometry of control and OA trabecular bone
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Figure 7.72 No association was observed between OV/TV and OS/BS in

intertrochanteric trabecular bone from control individuals (n : 12; ov/TV =
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7.4.3 Associations between bone histomorphometric parameters and mRNA

levels of skeletally active molecules in control trabecular bone from the human

proximal femur

Histomorphometric parameters describing trabecular bone structure and bone turnover, and

the levels of mRNA corresponding to factors known to have important regulatory roles in

bone remodelling, were measured in contiguous bone samples from the intertrochanteric

region of the proximal femur for control individuals. Linear regression analysis was used

to investigate whether there are any relationships between the histomorphometric

parameters and mRNA levels of skeletally active molecules. RANKL and OPG are

important downstream signals of osteoclast biology, onto which many hormonal, chemical,

and biochemical signals converge (Hofbauer and Heufelder, 2001; detailed in Chapter 5'1).

Hofbauer et al. (2000) hypothesised that the ratio of RANKL to OPG is the main

determinant of the pool size of active osteoclasts in the local bone microenvironment,

acting as a final effector system to modulate differentiation, activation, and apoptosis of

osteoclasts. Thus, the relationship between the ratio of RANKL/OPG mRNA, as

determined by semi-quantitative RT-PCR (section 7.3.4), and histomorphometric

parameters describing trabecular bone structure and bone turnover (particularly eroded

bone surface) was explored. There were 11 control cases, for which both semi-quantitative

RT-PCR and histomorphometric data were available for analysis (refer to sections 7'3.1

and7.3.4).

When eroded bone surface (ES/BS) and the ratio of RANKI/OPG mRNA, measured in

contiguous bone samples from the human proximal femur, were co-plotted, a strong

positive association was observed (r: 0.93, p < 0.001; Figure 7.8). This strong association

was maintained even after exclusion of the two younger control individuals (n : 9; r :

Molecular histomorphometry of control and OA trabecular bone
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0.93, p < 0.001). Additionally, a significant positive association was found between ES/BS

and RANKL/GAPDH mRNA expression in these control bone samples (r : 0.83, p <

0.001; Figure 7.9), which was maintained after exclusion of the two younger control cases

(n:9; r:0.'77, p < 0.007).No association was observed between ES/BS and

OpG/GAPDH 6RNA (Figure 7.10). Taken together, these observations suggest that the

relationship between ES/BS and the ratio of RANKL/OPG mRNA (Figure 7.8) is

determined by changes in the mRNA level of RANKL, independent of OPG mRNA levels

(Figure 7.9).

When ES/BS and RANIIGAPDH mRNA expression \ryere co-plotted, a positive

association was observed (r:0.61, p < 0.04; Figure 7.ll), which was maintained after

exclusion of the two younger control cases (ru :9; r:0.67, p < 0'03). However, this

positive association between ES/BS and RANK mRNA is statistically reliant on two

outliers, cases C7 (83-year-old female) and CI2 (73-year-old male). RANK is the cognate

receptor for RANKL (Anderson et al., 1997; Hsu e/ al., 1999) and is expressed on the

surface of osteoclasts and their precursors (Hsu et al., 1999). Since age, the RANKL/OPG

mRNA ratio, the relative level of RANKL/GAPDH mRNA, and the expression of

RANIIGAPDH mRNA, were all significantly associated with ES/BS in control human

trabecular bone (Figurcs 7.3,7.8,7.9, and 7.11, respectively), a multiple regression

analysis was performed to determine the contribution of age, the RANKL/OPG mRNA

ratio, RANKI mRNA, and RANK mRNA expression to ES/BS. ESiBS was found to be

only dependent on the ratio of RANKL/OPG mRNA expression in control bone þ < 0'02),

supporting the concept that the relative levels of RANKL and OPG mRNA measured in

these human bone tissues relate directly to levels of expression of the corresponding

proteins in the bone tissue. Moreover, these data suggest that the ratio of RANKL to OPG,

Molecular histomorphometry of control and OA trabecular bone
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which is likely to represent the actual local osteoclastic influence in bone, plays a central

role in controlling the extent of bone resorption in human trabecular bone.

Analogous to the observations for ES/BS, there ì,vas a strong positive association between

OS/BS and the ratio of RANKL/OPG mRNA in control human trabecular bone (r: 0.80,p

< 0.001;Figure 7.12). Furthermore, this association was maintained after exclusion of the

two younger control individuals (n : 9; r : 0.80, p < 0.004). A significant positive

association was found between OS/BS and RANKL/GAPDH mRNA expression (r: 0.84,

p < 0.001; results not shown). There was no significant association between OS/BS and

OpG/GAPDH mRNA (results not shown). Thus, as for ES/BS, these observations suggest

that the relationship between OS/BS and the ratio of RANKL/OPG mRNA (Figure 7.12) is

determined by changes in the mRNA expression level of RANKL. The strong positive

associations observed between both ES/BS and OS/BS with the ratio of RANKL/OPG

mRNA in control human trabecular bone (Figures 7.8 and7.l2, respectively), suggest that

the local ratio of RANKL/OPG may well be of central importance in bone remodelling.No

associations were observed between the osteoid volume parameters, OV/TV and OV/BV,

and the RANKL/OPG mRNA ratio (results not shown).

The only significant relationship that was observed between the ratio of RANKL/OPG

6RNA and a histomorphometric parameter describing trabecular bone structure was a

negative association between BV/TV and the ratio of RANKL/OPG mRNA (r: -0'67 
' 
p <

0.05; Figurc 7.13). However, this association was dependent on inclusion of the two

younger cases. A negative association was also found between BV/TV and

RANKL/GAPDH mRNA expression (r : -0'63, P 1 0'03; results not shown)' No

significant association was observed between BV/TV and OPG/GAPDH mRNA (results

Molecular histomorphometry of conhol and OA trabecular bone
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Figure 7.132 A negative association was observed between BV/TV and the

RANKI/OpG mRNA ratio, measured in contiguous intertrochanteric trabecular bone

samples, from control individuals (n : I l; BV/TV : -1.90*RANKL/OPG + 17 '17; r : -

0.67 andp< 0.05). Two cases, <40 years old, are indicated (O)'
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not shown). Thus, the negative association between BV/TV and the ratio of RANKL/OPG

pRNA (Figure 7.13) is likely to be determined by changes in the mRNA expression level

of RANKL, as observed for ES/BS and OS/BS. The processes of bone resorption and bone

formation, represented by ES/BS and OS/BS, respectively, were shown to be tightly

coupled in these control trabecular bone samples (Figure 7.5; section 7.4.2). However, the

negative association between BV/TV and the ratio of RANKL/OPG mRNA (Figure 7.13)

suggests that the coupled remodelling process may be in favour of net bone resorption in

control human trabecular bone sampled from the intertrochanteric region of the proximal

femur

The cytokines IL-6 and IL-II have both been shown to stimulate the development of

osteoclasts from their haematopoietic precursors (Martin et al., 1998). The stimulatory

effects of IL-l1 on osteoclast differentiation appear to be mediated by inducing RANKL

expression on marïow stromal/osteoblastic cells (Nakashima et a1.,2000; Yasuda et al.,

199Sb). However, the reported effects of IL-6 on RANKT-RANK-promoted osteoclast

development are conflicting (Brandstrom et a1.,1998; Hofbauer et a1.,1998; Hofbauer e/

al., 1999b;Nakashima et a1.,2000; O'Brien et a1.,1999; Vidal et a1.,1998). Thus, linear

regression analysis was used to investigate potential relationships between the expression

of IL-6 and IL-11 mRNA, as determined by semi-quantitative RT-PCR (section 7 .3.4), and

histomorphometric parameters describing trabecular bone structure and bone turnover in

control human bone samples. There were 12 control cases, for which both semi-

quantitative RT-PCR and histomorphometric data were available for analysis (refer to

sections 7 .3.I and 7 .3.4).

Molecular histomorphometry of control and OA trabecular bone
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when ES/BS and IL-lI/GAPDH mRNA expression, measured in contiguous bone samples

from the human proximal femur, were co-plotted, a negative association was observed (r :

-0.54,p < 0.05; Figure 7.! ),which was dependent on inclusion of one younger case {case

Cl (2¡-year-old female)). Since IL-l1 appears to stimulate osteoclast differentiationvia

induction of RANKL expression on marrow stromal/osteoblastic cells, albeit in murine cell

lines (Nakashima et a1.,2000; Yasuda et aI., 1998b), the negative association between

ES/BS and IL-ll mRNA in human bone is not consistent with the strong positive

relationships shown between ES/BS and the ratio of RANKL/OPG mRNA (Figure 7.8)

and RANKL mRNA expression (Figure 7.9). Moreover, IL-l1 mRNA expression did not

correlate with RANKL, OpG, or RANK mRNA expression in these control bone samples

(Chapter 5.4.3). IL-l1 has also been implicated as a suppressor of osteoblastic synthetic

activity. For example, IL-ll dose-dependently inhibited nodule formation and reduced

alkaline phosphatase expression in rat calvarial cell cultures (Hughes and Howells, 1993b)'

However, no association was observed between os/BS and IL-II/GAPDH mRNA

expression (Figure 7.15). Further, a positive association was observed between BV/TV and

IL-II/GAPDH pRNA expression in these control bone samples (r:0'73, p < 0'005,

Figure 7.t6),which was dependent on inclusion of one younger case {case C1 (20-year-old

female)). Interestingly, this finding is consistent with a recent report showing over-

expression of IL-11 in transgenic mice resulted in an increase in bone mass, which was due

to increased bone formation and increased numbers of osteoblasts, with no change in bone

resorption or osteoclast number (Takeuchi et al., 2002). Taken together, the negative

association between ES/BS and IL-l1 mRNA (Figure 7.14), and the positive association

between BV/TV and IL-l1 mRNA (Figure 7.16), suggest that local expression levels of

1¡-l1 *RNA may be involved in inhibition of bone resorption in these intertrochanteric

human trabecular bone samples. Although the evidence to date suggests that one major role

Molecular histomorphometry of control and OA trabecular bone
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Figure 7.142 Anegative association was observed between ES/BS and the relative ratio

of IL-II/GAPDH mRNA, measured in contiguous intertrochanteric trabecular bone

samples, from control individuals (n : 12; ES/BS: -23.79*IL-1I/GAPDH * 15.51; r:

-0.54 andp < 0.05). Two cases, <40 years old, are indicated (O)'



a
a

8

s
U)o
U)o

16

12

0

OS/BS vs lL-11

a
a

a

a

a
a

O
a

0 0.1 0.2 0.3 0.4 0.5

4 a
a

IL-11/GAPDH RATIO

lr.igure 7.15: No association was observed between OSiBS and the relative ratio of IL-

lllGApDH mRNA, measured in contiguous intertrochanteric trabecular bone samples,

from control individu aLs (n: 12; OS/BS : -14'79*IL-1I/GAPDH + 11.37; r: -0'37 and

p: NS). Two cases, <40 years old, are indicated (O). NS : not significant'
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Figure 7.16: Apositive association was observed between BV/TV and the relative ratio

of IL-II/GAPDH mRNA, measured in contiguous intertrochanteric trabecular bone

samples, from control individuals (n : 12;BYITY :37.99*IL-l1iGAPDH + 0.76; r:

0.73 andp < 0.005). Two cases, <40 years old, are indicated (O).



Chapter 7 2ll

for IL-11 in bone is to act as an upstream stimulatory signal for osteoclast differentiation

(Martin et al., 1998), the full role of this pleiotropic cytokine in the bone

microenvironment is not yet understood. For this reason, and as the temporal relationship

between local IL-11 6RNA expression and initiation of bone resorption in these bone

samples is not known, interpretation of the findings described here is speculative.

Furthermore, it is acknowledged that the associations between ES/BS and BV/TV with IL-

11 pRNA may be effect rather than cause (i.e., bone resorption may somehow negatively

influence IL-1l mRNA expression). Additionally, it is important to note that the cellular

origin(s) of the measured IL-l1 mRNA expression in these human trabecular bone samples

are not known.

No significant associations were observed between ES/BS, OS/BS, or BV/TV and IL-

6/GAPDH mRNA expression (results not shown). However, when an outlier result, case

C5 (72-year-old female) with a high relative expression level of IL-6IGAPDH mRNA

(described in Chapter 5), was removed, a negative association was observed between

ES/BS and IL-6IGAPDH mRNA expression in these control bone samples (n : lI; r: -

0.60, p < 0.04; results not shown). In addition, a positive association rwas observed between

BV/TV and IL-6IGAPDH mRNA expression when the outlier, case C5, v/as removed (n:

ll; r:0.81, p < 0.001; results not shown). As a positive association was found between

IL-6¡GApDH and IL-lI/GAPDH mRNA expression in these control bone samples (Figure

5.4; Chapter 5.4.3), the similar relationships between ES/BS and BV/TV with either IL-6

or IL-II mRNA expression are not unexpected. However, as for the IL-l I data, an

explanation of these results remains elusive'

Molecular histomorphometry of control and OA trabecular bone
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Linear regression analysis was used to investigate potential associations between the

mRNA expression of the osteoblastic cell marker, osteocalcin (OCN), and a bone

osteoclastic cell marker, the calcitonin receptor (CTR), as determined by semi-quantitative

RT-PCR (section 7.3.4), and histomorphometric parameters describing trabecular bone

structure and bone turnover in control human bone samples. There were 12 control cases,

for which both semi-quantitative RT-PCR and histomorphometric data were available for

analysis (refer to sections 7.3.1 and7.3.4). No associations were observed between any of

the histomorphometric parameters and either OCN/GAPDH mRNA or CTR/GAPDH

mRNA expression, measured in contiguous bone samples from the human proximal femur

(results not shown).

7.4.4 Comparison of mean trabecular bone structure and bone turnover

indices between females and males in the OA group

Gender differences in the histomorphometric parameters describing trabecular bone

structure and bone turnover in OA human trabecular bone, sampled from the

intertrochanteric region of the proximal femur, were assessed using the student's /-test. The

only significant difference between OA females and OA males for aîy of the

histomorphometric parameters was an increase in mean osteoid surface (OS/BS) in females

compared to males (p < 0.02; Table 7.3). In addition, the variance in OS/BS was

significantly higher in females compared to males (F-statistic : 5.2, representing the ratio

of the female variance to male variance, p <0.002; Table 7.3), suggesting that in the study

population the females are a more heterogeneous group with respect to OS/BS.

Furthermore, the increased OS/BS in females is consistent with the postmenopausal

skeletal changes in women. Based on these comparisons between OA females and OA

Molecular histomorphometry of control and OA trabecular bone
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males, further analyses of the histomorphometric data were made, independent of gender

for the OA group, as was described for the control group (section 1.4.1).

Table 7.3 Trabecular bone structure and bone turnover indices in female and male OA

intertrochanteric trabecular bone samples.

Values are mean + standard deviation
u p < 0.02.

7.4.5 Comparison of mean trabecular bone structure and bone turnover

indices between OA and control individuals

Histomorphometric parameters describing trabecular bone structure and bone turnover

were measured in OA human trabecular bone, sampled from the intertrochanteric region of

Histomorphometric
parameter Male (n = 15)Female (z: 18)

BV/rV (%)

BS/TV 1mm2/mm3¡

BS/BV 1mm2/mm3¡

Tb.Th (pm)

Tb.Sp (pm)

Tb.N (number/mm)

ov/rv (%)

ov/Bv (%)

os/BS (%)

ES/BS (%)

10.0 r 3.08.9 t2.9

2.1+ 0.52.3 + 0.4

22.4 !7.626.0 ! 6.5

98 12683 t22

895 + 231834 ! 179

1.06 t 0.251.13 t 0.21

0.10 r 0.050.14 r 0.09

1.15 r 0.761.53 r 1.00

7.0 + 2.8utr.4 ! 6.4

5.5 + 1.96.6 + 2.9

Molecular histomorphometry of control and OA trabecular bone
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the proximal femur, a skeletal site distal to the degenerative joint changes in OA, and in

skeletal site-matched non-OA (control) trabecular bone. The student's /-test was used to

assess whether there were any differences in the histomorphometric parameters between

the OA and control groups. To enable comparison of age-matched control and OA groups'

analysis was also performed after exclusion of the two younger control individuals, cases

C1 (2g-year-old female) and C8 (2[-year-old male), and one younger OA individual, case

OA27 (37-year-old male; Table 7.5). The mean values for the structural parameters of

trabecular bone at the intertrochanteric region were similar for the OA and control groups

(Table 7.4). When the age-matched control and OA groups were compared, OA bone had

significantly increased mean surface density of bone (BS/TV; p < 0'05), decreased mean

trabecular separation (Tb.Sp; p < 0.04), and increased mean trabecular number (Tb.N; p <

0.05; Table 7.5). The observed increase in BS/TV and decrease in Tb.Sp in OA trabecular

bone, sampled from the intertrochanteric region, is consistent with a previous report' which

compared oA trabecular bone with control bone sampled from the subchondral principal

compressive region of the femoral head, a skeletal site adjacent to the degenerative joint

changes in OA (Fazzalari et al., 1992). Fazzalari et al. (1992) did not provide data for

Tb.N for OA and control trabecular bone sampled from this skeletal site'

The mean values for the static indices of bone turnover, OV/TV, OV/BV' OS/BS, and

ES/BS, showed the same overall relationships between the OA and control groups, whether

all samples were included in the analysis (Table 7.4), or only those from individuals aged

greater than 40 years (Table 7.5). In both analyses, mean eroded bone surface (ES/BS) was

significantly decreased in the oA group (p . 0.03' Table 7.4; p < 0.01, Table 7.5),

indicating reduced bone resorption at the intertrochanteric region in OA. This reduction in

ES/BS in OA bone is consistent with a previous report of OA trabecular bone sampled

Molecular histomorphometry of control and OA trabecular bone
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from the subchondral principal tensile region of the femoral head and the iliac crest

(Fazzalari et al., rgg2). Additionally, oA bone had signif,rcantly increased mean OV/TV'

in both analyses ú? < 0.01, Table 7 .4; p < 0.03, Table 7.5). Although the mean values for

the other parameters corresponding to bone formation, OV/BV and OS/BS, were higher in

OA bone than in the controls, this difference did not reach statistical significance (Tables

7.4 and7.5).

Table 7.4 Trabecr¡lar bone structure and bone turnover indices in OA and control

intertrochanteric trabecular bone samples'

Values are mean + standard deviation.
up < 0.01, bp < 0.03 vs. OA group.

OA
(n:33)

(aged 37-85 years)

Control
(n: 12)

(aged 20-85 years)
Histomorphometric
parameter

BV/rv (%)

BS/TV 1mm2/mm3¡

BS/BV 1mm2imm3¡

Tb.Th (pm)

Tb.Sp (pm)

Tb.N (number/mm)

ov/rv (%)

ov/BV (%)

os/BS (%)

ES/BS (%)

10.2 x 5.29.4 t3.0

1.9 r 0.52.2 !0.5

25.3 r 8.024.4 + 7.l

87 r2499+25

1916 + 313862 + 203

0.97 x0.271.10 r 0.23

0.07 + 0.04 u
0.t2 !0.07

1.05 r 0.811.36 + 0.90

7.7 ! 4.09.4 ! 5.4

6.t !2.5 9.6 + 4.4b
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Table 7.5 Trabecular bone structure and bone turnover indices in intertrochanteric

trabecular bone sampled from OA and control individuals aged over 40 years'

Values are mean * standard deviation.
u p < 0.05,b p < 0.04," p < 0'03,dp < 0'01 vs. OA group

7.4.6 Age-related changes in trabecular bone structure and bone turnover

indices in OA and control individuals

To investigate whether there are any age-related changes in the histomorphometric

parameters describing trabecular bone structure and bone turnover in OA human trabecular

bone, sampled from the intertrochanteric region o the proximal femur, each

histomorphometric parameter was plotted as a function of increasing age in years' and

analysed by linear regression analysis, as for the controls in section 7.4.2.In contrast to the

OA >40 years
(n:32)

(aged 45-85 years)

Control >40 years
(n:10)

(aged 43-85 years)
Histomorphometric
parameter

BV/rV (%)

BS/TV 1mm2/mm3¡

BS/BV 1mm2/mm3¡

Tb.Th (¡rm)

Tb.Sp (pm)

Tb.N (number/mm)

ov/rv (%)

ov/Bv (%)

os/BS (%)

ES/BS (%)

8.6 !3.49.4 !3.0

1.9 + 0.5 
u2.2!0.5

26.4 t8.424.3 X7.3

84 !2590 !25

1089 r 291 
b

861 + 206

0.90 + 0.24ut.t0 !0.24

0.07 r 0.04'0.12 r 0.08

1.16 + 0.84t.37 t0.92

8.1 r 4.39.4 ! 5.5

10.5 + 4.1d6.t !2.5
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age-related decline in BV/TV in controls, BV/TV was not dependent on age in the OA

group (Figure l.l7). This finding of no age-dependence for trabecular bone volume at the

intertrochanteric region for the OA group is consistent with previous reports from a

comparable region of the proximal femur and from the medial principal compressive

region of the femoral head (Crane et a\.,1990; Fazzalari and Parkinson, 1998). Tb.Sp was

not dependent on age in the OA group, in contrast to the age-related increase in Tb.Sp for

controls (Figure 7.18). In addition, the plot of Tb.Sp versus age showed a segregation of

values between control and OA individuals, such that the values for OA were, in general,

lower than for the controls greater than 40 years of age (Figure 7.18; Table 7.5)' There

were no relationships with age for any of the other histomorphometric parameters

describing trabecular bone structure, BS/TV, BS/BV, Tb.Th, and Tb'N' in OA human

trabecular bone (results not shown), consistent with the control data (section7.4.2).

The histomorphometric parameter describing eroded bone surface, ES/BS, was not

dependent on age for the OA group, in contrast to the age-related increase in ES/BS for the

controls (Figure i.Ig). The OA values for ES/BS segregated such that they were, almost

entirely, lower than the control values in each corresponding age range, which was

consistent with the difference in mean values of ES/BS between the OA and control groups

(Tables 7.4 and7.5). Osteoid surface (OS/BS) showed no statistical dependence on age for

the OA group (Figure 7.20).In contrast, there was a significant increase in OS/BS with age

for controls (Figure 7 .20). Despite the lack of correlation with age in OA for either ES/BS

or OS/BS, there was a statistically significant positive correlation between ES/BS and

OS/BS in OA (r : 0.42, p < 0.02; Figure 7.21), which was also observed for the control

group data (Figur e 7 .2I). However, both the slope and the intercept of the linear regression

line for the OA samples was greater than for the control samples (p < 0.05 and p < 0.001,

Molecular histomorphometry of control and OA trabecular bone
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Figure 7,172 Changes in BV/TV with age in intertrochanteric trabecular bone from OA

(n:33) and control (n: 12) individuals. There was no significant change in BV/TV

with age in OA (BV/TV : 0.009*AGE + 8.80; r : 0.03 and p: NS). There was a

significant decline in BV/TV with age in controls (BV/TV : -0.17*AGE 1- 20'25; r: -

0.70 andp < 0.008 {broken line}). NS : not significant'
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Figure 7.18: Changes in Tb.Sp with age in intertrochanteric trabecular bone from OA

(n:33) and control (n:12) individuals. There was no significant change in Tb.Sp with

age in oA (Tb.sp : -1.88*AGE + 991.46; r : -0.11 and p : NS). There was a

signif,rcant increase in Tb.Sp with age in controls (Tb.Sp : 7 '66*AGE + 556'93:. r :

0.54 andp < 0.05 {broken line}). NS : not significant'
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Figure 7.192 Changes in ES/BS with age in intertrochanteric trabecular bone from OA

(n : 33) and control (n : 12) individuals. There was no significant change in ES/BS

with age in OA (ES/BS : 0.02*AGE + 4.87; r : 0.08 and p : NS). There was a

significant increase in ES/BS with age in controls (ES/BS :0.13*AGE + 1 .83i' r:0'65

andp < 0.02 {broken line}). NS : not significant.
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Figure 7.202 Chartges in OS/BS with age in intertrochanteric trabecular bone from OA

(n : 33) and control (n : 12) individuals. There was no significant change in OS/BS

with age in oA (osiBs :0.11*AGE + 1.77; r:0.24 and p: NS). There was a

significant increase in OS/BS with age in controls (OS/BS : 0.11*AGE + 1.03; r: 0'61

andp < 0.03 {broken line}). NS: not significant.
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Figure 7.2L: Associations between OS/BS and ES/BS in intertrochanteric trabecular

bone from OA (n : 33) and control (n : 12) individuals. A signif,rcant positive

correlation was observed between the two parameters in OA patients (OS/BS :

O.92*ES/BS + 3.71; r : 0.42 and p < 0.02 {solid line}) and controls (OS/BS :

0.73*ES/BS + 0.71; r:0.79 andp < 0.001 {broken line}).
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respectively), indicating that for a given amount of resorption there is more bone-forming

surface in the OA group than for the controls (Figure 7.21). These results have important

implications for bone remodelling in OA, at least at the intertrochanteric region of the

proximal femur, a skeletal site distal to the degenerative joint changes in OA'

The histomorphometric parameters describing osteoid volume, OV/TV and OV/BV, rùrere

not age-dependent in OA trabecular bone (results not shown), consistent with the control

data (secti on 7.4.2). A significant positive association was observed between two bone

formation parameters, OV/BV and OS/BS, in OA bone (r : 0.59, p < 0'001; Figure 7 '22),

and in control bone (Figure7.22).In addition, there was a significantpositive association

between OV/TV and OS/BS in the OA trabecular bone samples (r : 0'65, p < 0'001;

Figure 7.23). A statistical association between OV/TV and OS/BS in the controls was only

observed when the outlier, case C7 (83-year-old female) with low OV/TV and high OS/BS

values, was removed (Figure 7.7; section 7 .4.2). As detailed in section 7 .4'2, the positive

associations between OV/BV and OS/BS, and OV/TV and OS/BS, are not unexpected as

osteoid volume and the extent of osteoid surface are linked by the temporal aspect of bone

formation (i.e., changes in osteoid volume and in the extent of osteoid surface may reflect

variations in the rate of osteoid formation and/or variations in the rate of mineralisation).

Furthermore, an increase in the birth-rate of new BMUs may reflect greater osteoid volume

and surface.

Molecular histomorphometry of control and OA trabecular bone
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Figure 7.22: Associations between OV/BV and OS/BS in intertrochanteric trabecular

bone from OA (n : 33) and control (n : 12) individuals. A significant positive

correlation was observed between the two parameters in OA patients (OV/BV :

0.10*os/BS + 0.44; r : 0.59 and p < 0.001 {solid line}) and controls (ov/BV :

0.13*OS/BS + 0.04; r:0.64 andp < 0.02 {broken line}).
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Figure 7.23: Associations between OV/TV and OS/BS in intertrochanteric trabecular

bone from OA (ru : 33) and control (n : 12) individuals. A significant positive

correlation was observed between the two parameters in OA patients (OV/TV :
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: NS).NS : not significant.
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7.4.7 Associations between bone histomorphometric parameters and mRNA

levels of skeletally active molecules in OA and control trabecular bone from

the human proximal femur

Histomorphometric parameters describing trabecular bone structure and bone turnover, and

the levels of mRNA corresponding to factors known to have important regulatory roles in

bone remodelling, were measured in contiguous bone samples from the intertrochanteric

region of the proximal femur for OA individuals. To investigate potential relationships

between the histomorphometric parameters and mRNA levels of skeletally active

molecules, the data were co-plotted, as for the controls in section 7.4.3, and analysed by

linear regression analysis. Because of much evidence that the ratio of RANKL to OPG is

the main determinant of the pool size of active osteoclasts in the local bone

microenvironment (Hofbauer et al., 2000), the relationship between the ratio of

RANKL/OpG 6RNA, as determined by semi-quantitative RT-PCR (section 7'3.4), and

histomorphometric parameters describing trabecular bone structure and bone turnover

(particularly eroded bone surface), was explored in OA bone. There wete 12 OA cases, for

which both semi-quantitative RT-PCR and histomorphometric data were available for

analysis (refer to sections 7 .3 .L and 7 .3 '4) '

In contrast to the strong positive association between ES/BS and the ratio of RANKL/OPG

mRNA in control trabecular bone (Figure 7.8; section 7.4.3), no statistical association was

observed between ES/BS and the RANKL/OPG mRNA ratio in OA trabecular bone

(Figure 7.24).Interestingly, the OA data points clustered at the lower end of the positive

linear regression line for controls (Figure 1.24), which was consistent with the reduced

mean ES/BS and reduced RANKL/OPG mRNA expression in the OA group, compared to

the controls (Tables 7.4 and 7.5; Figure 6.16; Table 6.5; Chapter 6.4.4; respectively)'

Molecular histomorphometry of control and OA trabecular bone



ES/BS VS RANKL/OPG

. OA O CONTROL

15
,0

10 a
, ..o ..b

a.'' o
a oo a

0

0 2 6

RANKL/OPG RATIO

Figure 7.242 Associations between ESiBS and the RANKL/OPG mRNA ratio'

measured in contiguous intertrochanteric trabecular bone samples, from OA (n : 12)

and control (n:11) individuals. No significant relationship was found for the OA group

(ES/BS : 1.06*RANKI/OPG + 4.45; r -- 0.34 and p: NS). A positive association was

observed between the two parameters in controls (ES/BS : 2.20*RANKL/OPG + 1.86;

r:0.93 andp < 0.001 {broken line}). NS : not significant'

20

o

o
a

o

o
oq

s
U)
m
U)
LU

5

I4



Chapter 7 220

Further, no associations were observed between ES/BS and RANKL/GAPDH mRNA,

OPG/GAPDH mRNA, or RANIIGAPDH mRNA expression in the OA bone samples

(results not shown). There was no significant association between OS/BS and the

RANKL/OpG mRNA ratio in OA bone (Figure 7.25), which is in contrast to the positive

association between OS/BS and RANKL/OPG mRNA in the control bone samples (Figure

7.25; section 7.4.3).In addition, as for ES/BS, no associations were observed between

OS/BS and RANKL/GAPDH mRNA or OPG/GAPDH mRNA expression, in OA bone

(results not shown). When BV/TV values versus the RANKL/OPG mRNA ratio were

plotted for the OA bone samples, no association was observed (Figure 7.26).In contrast,

there was a negative association between BV/TV and RANKL/OPG mRNA expression in

the controls (Figure 7.26; section7.4.3). Further, no association was observed between the

osteoid volume parameters, OV/TV and OV/BV, or any of the other bone structural

parameters, BS/TV, BS/BV, Tb.Th, Tb.Sp, and Tb.N, with the RANKL/OPG mRNA ratio

in the OA bone samples (results not shown), consistent with the control group data (section

7.4.3).

Current evidence suggests that one major role for IL-6 and IL-ll in bone is to act as an

upstream stimulatory signal for osteoclast differentiation (Martin et a|.,1998; as detailed in

Chapter 5.1). In addition, IL-6 and IL-ll have both been implicated as suppressors of

osteoblastic synthetic activity (Hughes and Howells, 1993a; Hughes and Howells, 1993b).

However, a recent report of over-expression of IL-11 in transgenic mice suggests that this

cytokine functions as an anabolic factor for bone in vivo (Takeuchi et a1.,2002). The full

role of these pleiotropic cytokines in the bone microenvironment is not completely

understood. Linear regression analysis was used to investigate whether there arc any

associations between expression of IL-6 and IL-II mRNA, as determined by semi-

Molecular histomorphometry of control and OA trabecular bone



OS/BS vs RANKL/OPG

. OA O CONTROL

a

a

-a

0
2 6

RANKL/OPG RATIO

Figure 7.252 Associations between OS/BS and the RANKL/OPG mRNA ratio'

measured in contiguous intertrochanteric trabecular bone samples, from OA (r : 12)

and control (n:11) individuals. No signiflrcant relationship was found for the OA group

(OS/BS :2.06*RANKL/OPG + 5.58; r:0.34 andp: NS). A positive association was

observed between the two parameters in controls (OS/BS : 1.69*RANKL/OPG + 1.94;

r: 0.80 andp < 0.001 {broken line}). NS : not significant'
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Figure 7.262 Associations between BV/TV and the RANKL/OPG mRNA ratio,

measured in contiguous intertrochanteric trabecular bone samples, from OA (n : 12)

and control (n:11) individuals. No significant relationship was found for the OA group

(BV/TV: 0.59*RANKL/OPG + 8.80; r:0.16 andp: NS). A negative association was

observed between the two parameters in controls (BV/TV : -1.90*RANKL/OPG +

17 .17; r: -0.67 and p < 0.05 {broken line})' NS : not significant.
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quantitative RT-pCR (section 7.3.4), and histomorphometric parameters describing

trabecular bone structure and bone turnover in OA bone samples. There were 15 OA cases,

for which both semi-quantitative RT-PCR and histomorphometric data were available for

analysis (refer to sections 7 .3.1 and 7 .3.4).In contrast to the negative association between

ES/BS and IL-II/GAPDH mRNA expression in control trabecular bone (Figurc 7.14;

section 7.4.3), no association was observed between ES/BS and IL-lI/GAPDH mRNA,

measured in contiguous bone samples from the intertrochanteric region, for the OA group

(Figure 7 .2i). The OA data points were segregated from the controls on the plot of ES/BS

versus IL-lI/GAPDH mRNA, with lower ES/BS and lower IL-l1 mRNA levels, which

was consistent with the difference in mean values of ES/BS and IL-lI/GAPDH mRNA

expression between the OA and control groups (Tables 7.4 and 7.5; Figure 6.3; Table 6'3;

chapter 6.4.3; respectively). No association was observed between oS/BS and IL-

1llGApDH mRNA expression in the OA bone samples (Figure 7 .28), consistent with the

control group data (Figure 7.28; section 7.4.3). In addition, there was no association

between BV/TV and IL-II/GAPDH mRNA expression in OA trabecular bone (Figure

7.2g), which is in contrast to the positive association between BV/TV and IL-1I/GAPDH

mRNA expression observed in control bone samples (Figure 7.29; section 7.4.3). No

significant associations were observed between ES/BS, OS/BS, or BV/TV and IL-

6/GAPDH mRNA expression in these OA bone samples (results not shown)'

Linear regression analysis was used to investigate associations between mRNA expression

of the osteoblastic cell marker, OCN, and a bone osteoclastic cell marker, the CTR, as

determined by semi-quantitative RT-PCR (section 7'3.4), and histomorphometric

parameters describing trabecular bone structure and bone turnover, in contiguous bone

samples from the intertrochanteric region, for OA individuals. There were 15 OA cases' for

Molecular histomorphometry of control and OA trabecular bone
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Figure 7.27: Associations between ES/BS and the relative ratio of IL-lI/GAPDH

mRNA, measured in contiguous intertrochanteric trabecular bone samples, from OA (n

: 15) and control (n: l2) individuals. No significant relationship was found for the OA

group (ES/BS : 15.36*IL-11/GAPDH + 4.78; r: 0.18 and p : NS). A negative

association was observed between the two parameters in controls (ES/BS : -23.79*IL-

1I/GAPDH + 15.5l: r: -0.54 andp < 0.05 {broken line}). NS : not significant.
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Figure 7.28: Associations between OS/BS and the relative ratio of IL-II/GAPDH

mRNA, measured in contiguous intertrochanteric trabecular bone samples, from OA (n

: 15) and control (n : 12) individuals. No significant relationship was observed

between the two parameters in either the OA group (OS/BS : -I6.44*IL-1I/GAPDH +

11.39; r: -0'1r| andp: NS) or controls (OS/BS : -|4.79*IL-1\/GAPDH + I|,37; r: -

0.37 andP: NS).NS : not significant'
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Figure 7.29: Associations between BV/TV and the relative ratio of IL-lI/GAPDH

mRNA, measured in contiguous intertrochanteric trabecular bone samples, from OA (zl

: 15) and control (n:12) individuals. No significant relationship was found for the OA

group (BV/TV : -12.60*IL-11/GAPDH + 11.30; r: -0.14 and p : NS). A positive

association was observed between the two parameters in controls (BV/TV : 37.99*IL-

1I/GAPDH + 0.76; r: 0.73 and p < 0.005 {broken line}). NS : not significant.
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which both semi-quantitative RT-PCR and histomorphometric data were available for

analysis (refer to sections 7 .3.1 and 7 .3.4). A significant positive association was observed

between the bone formation parameter, OS/BS, and expression of OCN/GAPDH mRNA in

OA trabecular bone (r:0.6I, p < 0.01; Figure 7.30). This association between OS/BS and

OCN pRNA expression v/as not observed in the controls (Figure 7.30). The correlation

between OCN mRNA, which is regarded as an indicator of bone formation and a

molecular marker for osteoblasts (Stein and Lian, 1993), and OS/BS in OA bone, suggests

that the OCN mRNA expression level measured in each OA bone sample is likely to

reflect the extent of bone formation in the tissue. Positive associations were found between

the histomo¡phometric parameters describing osteoid volume, OV/BV and OV/TV, with

OS/BS in the OA bone samples (Figures 7.22 and 7.23, respectively). However, no

associations were observed between OV/BV or OV/TV and OCN/GAPDH mRNA

expression in OA bone (results not shown). Further, no associations were observed

between any of the histomorphometric structural parameters and OCN/GAPDH mRNA in

the OA bone samples (results not shown). CTR/GAPDH mRNA expression was not

associated with any of the histomorphometric parameters (results not shown), consistent

with the control group data (section7.4.3).

7.5 DISCUSSION

The mRNA expression of a select group of skeletally active molecules has been

investigated in non-diseased/control and OA trabecular bone sampled from the human

proximal femur. These data are described in Chapters 5 and 6 of this thesis. However, the

way in which the expression of these skeletally active molecules relates to trabecular bone

structure and bone turnover in the control and OA human bone microenvironment needs to

be established. Thus, the aim of the work described in this chapter was to investigate the

Molecular histomorphometry of control and OA trabecular bone
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relationships between histomorphometric parameters, describing trabecular bone structure

and bone turnover, and mRNA expression levels of skeletally active molecules, measured

in contiguous intertrochanteric trabecular bone samples from control and OA individuals.

In addition, histomorphometric parameters of trabecular bone structure and bone turnover,

measured in intertrochanteric bone samples, were compared between control and primary

hip OA individuals. The intertrochanteric region of the proximal femur was chosen for

sampling of trabecular bone because this region is remote from the subchondral bone that

undergoes well-characterised secondary changes in severe OA (Fazzalari et al.,1992).The

skeletally active molecules in this investigation included the key regulators of osteoclast

biology and bone metabolism, RANKL, OPG, and RANK, two cytokines capable of

promoting osteoclast formation, IL-6 and IL-l1, andthe CTR and OCN, as cell specific

markers of osteoclasts and osteoblasts, respectively'

7.5.1 The ratio of mRNA levels of RANKL to OPG correlates with bone

remodelling indices in control trabecular bone from the human proximal

femur

RANKL and OPG are important downstream signals of osteoclast biology, onto which

many hormonal, chemical, and biochemical signals converge (Hofbauer and Heufelder,

200I; detailed in Chapter 5.1).RANKL is expressed on the cell surface of

stromal/osteoblastic cells and promotes osteoclast development by binding to its cognate

receptor, RANK, which is expressed on the surface of osteoclasts and their precursors,

with the required presence of macrophage colony stimulating factor (M-CSF) (Anderson e/

al., 1997; Hsu el al., 1999;Lacey et a1.,1998; Nakagawa et a1.,1998; 
'Wong et al.,1997;

yasuda et al., 199Sb). OPG is a natural antagonist for RANKL and inhibits osteoclast

formation and bone resorption (Simonet et al., 1997). Hofbauer et al' (2000) hypothesised

Molecular histomorphometry of control and OA trabecular bone
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that the ratio of RANKL to OPG is the main determinant of the pool size of active

osteoclasts in the local bone microenvironment, acting as a final effector system to

modulate differentiation, activation, and apoptosis of osteoclasts. Co-plots of the molecular

measures of RANKL, OPG, and RANK mRNA and indices of trabecular bone structure

and bone turnover revealed strong associations in contiguous intertrochanteric bone

samples from control individuals (Figures 7.8-7.13). The bone resorption index, eroded

bone surface (ES/BS), was strongly positively associated with RANKL/OPG mRNA levels

(Figure 7.8) and this was found to be almost entirely because of the RANKL component

(compare Figures 1.9 and,7.10). Furthermore, a multiple regression analysis found that

ES/BS was statistically dependent on RANKL/OPG mRNA levels and not on the age of

the control individuals (section 7.4.3). Given that the ratio of RANKL/OPG is likely to

represent the actual local osteoclastogenic influence (Hofbauer et al., 2000)' the

relationship between ES/BS and RANKL/OPG mRNA levels strongly supports the concept

that these surrogate measures of RANKL and OPG relate directly to levels of expression of

the corresponding proteins in the bone tissue. Moreover, the relationship between ES/BS

and RANKL/OPG mRNA levels suggests that the effective concentration of RANKL is

dominant in controlling the extent of bone resorption in non-diseased/control human

trabecular bone.

The relationship between ES/BS and RANKL/OPG mRNA levels in human trabecular

bone tissue is consistent with a number of in vitro and in vivo studies in rodents. For

instance, soluble RANKL has been shown to concentration-dependently induce bone

resorption in a fetal mouse long bone culture system (Tsukii et a1.,1998). Furthermore, this

bone resorption was abolished when OPG was added concomitantly with soluble RANKL

(Tsukii et al., 1993). Mice subcutaneously injected with recombinant RANKL show a
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reduction in trabecular bone volume at the proximal tibia (Lacey et al., 1998)'

Interestingly, this reduction in bone volume was due to an increase in the osteoclast cell

size, rather than a change in osteoclast number (Lacey et al', 1998)' Conversely' bone

mineral density and trabecular bone volume increased in the distal femur from rats treated

with recombinant human opc, which was associated with a dose-dependent decrease in

active osteoclast number (Yasuda et al.,l998a)'

Interestingly, the index of bone formation, osteoid surface (os/BS), was also strongly

positively associated with the RANKL/OPG mRNA ratio (Figure 7.12). This finding is

consistent with the notion that bone resorption and bone formation are tightly coupled in

the human bone microenvironment (Figure 7.5, section 7.4.2) and that bone turnover is

initiated by bone resorption, which is in turn dependent on the effective levels of RANKL.

It is important to note that the molecular indices (RANKL/OPG mRNA levels) are

completely consistent with the histomorphometric parameters, a highly signif,rcant finding

given the totally different means of assessing these two types of data'

OpG has been shown to play an important role as a regulator of postnatal bone mass in

studies of OPG-deflrcient mice (Bucay et a1.,1998; Mizuno et al.,l99S). Mice, in which

the OpG gene is deleted, develop extensive osteoporosis, associated with increased

numbers of osteoclasts (Bucay et a1.,1998; Mizuno et a1.,1993). Furthermore, the OPG-

deficient mice have increased bone turnover, associated with an increase in both osteoclast

and osteoblast numbers, which is likely to reflect the coupling between osteoclast-mediated

resorption and osteoblast-mediated bone formation (Bucay et al., 1998). Interestingly, in

patients with low bone turnover renal osteodystrophy, serum oPG levels, which were

above the normal range, negatively correlated with the histomorphometric parameters of
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bone resorption, ES/BS, and bone formation, osteoblast surface (Ob.S/BS), measured in

iliac crest biopsies (Coen et al',2002)'

As detailed in section j.4.3, the evidence to date suggests that one major role for IL-6 and

[-11 in bone is to act as an upstream stimulatory signal for osteoclast differentiation

(Martin et a1.,1998; as detailed in Chapter 5.1). In addition, IL-6 and IL-11 have both been

implicated as suppressors of osteoblastic synthetic activity (Hughes and Howells' 1993a;

Hughes and Howells, 1993b). However, a recent report of over-expression of IL-l1 in

transgenic mice suggests that this cytokine functions as an anabolic factor for bone in vivo

(Takeuchi et al., 2002). Thus, the full role of these pleiotropic cytokines in the bone

microenvironment is not completely understood. Intriguingly, a negative association was

observed between the bone resorption index, ES/BS, and IL-ll mRNA levels in

contiguous intertrochanteric trabecular bone samples from control individuals (Figure

7.14). Further, trabecular bone volume, BV/TV, was positively associated with IL-ll

mRNA levels (Figure 7.16), This latter finding is consistent with a recent report showing

that over-expression of IL-ll in transgenic mice resulted in an increase in bone mass,

which was due to increased bone formation and increased numbers of osteoblasts, with no

change in bone resorption or osteoclast number (Takeuchi et al., 2002). However, no

association was observed between the index of bone formation, OS/BS, and IL-11 mRNA

levels in these control human bone samples (Figure 7.15). Taken together, the negative

association between ES/BS and IL-ll mRNA, and the positive association between

BV/TV and IL-ll 6RNA, suggest that local expression levels of IL-II mRNA may be

involved in inhibition of bone resorption in these intertrochanteric human trabecular bone

samples. However, interpretation of these findings is speculative given that the cellular

origin(s) of the measured IL-l1 mRNA expression are not known, and that the temporal
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relationship between local IL-ll mRNA expression and initiation of bone resorption in

these human trabecular bone samples is not known. Interestingly, similar associations

between ES/BS and BV/TV with IL-6 mRNA levels were observed in the human bone

samples when an outlier result was removed (section 7.4.3). Collectively, these data draw

attention to the fact that the full role of IL-6 and IL-ll in the bone microenvironment,

under normal physiological conditions, is not completely understood, and may be different

from that deduced from bone loss pathologies, as discussed below.

IL-6 has been implicated as playing a pathogenetic role in several conditions characterised

by excessive osteoclastic bone resorption (including hyperparathyroidism, multiple

myeloma, and rheumatoid arthritis), rather than a major involvement in normal

physiological osteoclast development (Grey et al., 1996; Kotake et al., 1996; Manolagas

and Jilka, 1995; Roodman et al., 1992; Roodman, 1995). Histomorphometric indices of

bone resorption, in iliac crest biopsies from multiple myeloma patients, have been shown

to positively correlate with protein levels of IL-6, in marrow plasma aspirated from the

bone biopsy area(Abildgaard et a\.,2000). Furthermore, Langub et al. (1996) have shown

increased osteoclastic expression of IL-6 mRNA, detected by in situ hybridisation,

associated with increased histomorphometric indices of bone resorption in the same iliac

crest biopsies from seven patients with high bone turnover renal osteodystrophy.

7.5.2 Reduced eroded bone surface in OA human trabecular bone from the

intertrochanteric region of the proximal femur

Previous studies have described the relative maintenance with age of trabecular bone

volume in OA, compared with the well-known decrease in trabecular bone volume with

age in non-OA controls (Crane et at. 1990). Although the relationship between BV/TV
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with age for control subjects without progressive OA has been confirmed (Figute 7.1),

comparison with oA subjects will require a greater sample size than for the data described

in this chapter (Figure l.li).In addition to the conservation of trabecular bone volume in

OA, the femoral trabecular bone adjacent to the intertrochanteric region in OA is reported

to have less well-mineralised bone than non-OA bone (Li and Aspden,1997b; Mansell and

Bailey, 1993). However, bone in OA with increased BV/TV is structurally more rigid

(Crane et al. 1990; Li and Aspden 1997b; Martens et a1.,1983). The data presented in this

chapter suggest that the principal reason for these differences in trabecular bone in OA

may be an altered bone turnover balance, where a decrease in eroded surface (ES/BS),

relative to bone formation (OS/BS; Figure 7.21; Tables 7.4 and 7.5), could result in

maintenance of BV/TV. This suggestion would be consistent with other studies of the hip,

iliac crest, and spine, which provided evidence that bone volume in OA is increased or

maintained as a result of reduced bone turnover (FazzalaÅ et al., 1992; Nevitt et al. 1995;

peel et a1.,1995). Given that those observations were made at sites distant from the joint,

they were thought not to be subject to loading abnormalities or simply reactive to the joint

pathology.

The decrease in the bone resotption index, ES/BS, relative to OS/BS, in OA

intertrochanteric trabecular bone (Figure 7.21;Tables 7.4 and 7.5), is consistent with lower

RANKL/OPG mRNA levels in intertrochanteric trabecular bone tissues from OA

individuals (Figure 6.16; Table 6.5; Chapter 6.4.4). Furthermore, OA intertrochanteric

bone has lower levels than control of mRNA for IL-6 and IL-II (Figures 6.2 and6'3,

respectively; Table 6.3; Chapter 6.4.3), both of which can act on cells of the osteoblast

lineage to promote osteoclast formation (Martin et al',1998)'
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The mean value for the bone formation parameter, osteoid volume (OV/TV)' was

signif,rcantly increased in OA intertrochanteric bone compared to control bone (Tables 7.4

and 7.5). Interestingly, there were positive associations between the bone formation

parameters OV/BV and OS/BS, and OV/TV and OS/BS, in both OA and control bone

samples (Figures 7.22 and 7.23, respectively). However, the mean values for OV/BV and

OS/BS, although higher in OA bone, were not statistically different from controls (Tables

7.4 and,7.5). It is difficult to interpret the increased OV/TV in OA bone as it is not known

whether this increase is a reflection of an increase in the birlh-rate of new basic

multicellular units (BMUs) and/or an increase in mineralisation lag time. Dynamic

histomorphometry, using tetracycline double labelling (Frost, 1969), is needed to resolve

whether there is a difference in the mineral apposition rate and/or the mineralisation lag

time between OA and control bone. However, these studies would have to be performed

with iliac crest bone biopsies to enable the comparison of primary OA hip patients to non-

OA control individuals.

7.5.3 The relationships between the ratio of mRNA levels of RANKL to OPG

with bone remodelling indices in controls are not evident for OA trabecular

bone from the human Proximal femur

Strong positive associations between both eroded bone surface (ES/BS) and osteoid

surface (os/BS) with RANKL/OPG mRNA levels were observed in contiguous

intertrochanteric bone samples from control individuals (Figures 7.8 and 7.12). Given that

the mean values for ES/BS and RANKL/OPG mRNA levels were both significantly lower

in OA intertrochanteric bone (Tables 7.4 and 7.5; Figure 6.16; Table 6.5; Chapter 6"4.4;

respectively), it was surprising that no relationship between ES/BS and RANKL/OPG

pRNA levels was evident for OA bone (Figure 7.24).Interestingly, on the plot of ES/BS
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versus RANKL/OPG mRNA, the oA data points clustered at the lower end of the positive

linear regression line for controls (Figure 7.24). It is acknowledged that the number of

cases in the oA and control groups for the molecular histomorphometric data is small. A

greater sample size is required to explore whether there is any relationship between ES/BS

and RANKL/OPG mRNA levels in oA intertrochanteric bone. In contrast to the control

data, no relationship between OS/BS and RANKL/OPG mRNA levels was evident for oA

bone (Figure 7.25). Given that the relationships between RANKL/OPG and bone turnover

were not evident for the OA bone samples, at a skeletal site distal to the degenerative joint

changes in oA, it can be hypothesised that the molecular mechanisms of bone turnover are

fundamentally different in OA. Further, it can be speculated that the trabecular bone

structures in oA arise by subversion of the physiological RANKl-controlled mechanisms'

OCN is utilised as an indicator of bone formation as it is one of the marker genes for the

progression of osteoblastic differentiation (Stein and Lian, 1993). A significant positive

association was observed between the index of bone formation, OS/BS, and OCN mRNA

levels in contiguous intertrochanteric trabecular bone samples from OA individuals (Figure

7.3¡).This finding suggests that the OCN mRNA level measured in each OA bone sample

is likely to reflect the extent of bone formation in the tissue. However, no relationship

between OS/BS and OCN mRNA levels was evident for the control bone samples (Figure

7.30). Given that osteocytes have been shown to constitutively express OCN mRNA

(Mason et al.,lgg6),it is important that the cellular origin(s) of the measured OCN mRNA

in these OA and control bone samples are elucidated. This can be resolved by the use of ir

situ hybridisation in combination with immunohistochemistry for the bone tissue

localisation of ocN at the mRNA and protein level, respectively.
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7.5.4 The potential use of molecular histomorphometric analysis of

trabecular bone biopsies for predicting development of oA

The aetiology of OA is poorly understood, although it has both heritable and

environmental components (Chitnavis et al., 1997; Felson et al., 1998 Spector et al',

1996a). As detailed in section 7.1, numerous reports of an altered trabecular bone structure

and bone matrix in individuals with OA (reviewed in Dequeker and Luyten, 2000) suggest

that the bone changes may precede the joint degeneration of OA, or may arise secondarily

to the joint pathology, or indeed may occur in parallel with the cartilage damage, driven by

the same causative agent(s) that lead to cartilage disease. Interestingly, recent reports have

shown that bone changes may precede cartilage changes in the onset and progression of

primary OA (Bruno et a1.,1999; Goker et a1.,2000). This chapter describes an innovative

experimental approach, involving the analysis of the mRNA expression of a select group of

skeletally active molecules, in combination with histomorphometric assessment of

trabecular bone structure and bone turnover, in contiguous human bone tissues sampled

from the proximal femur. This experimental approach, termed "molecular

histomorphometry", has provided strong evidence that effective levels of RANKL may be

of central importance in determining the trabecular bone volume and bone turnover at the

intertrochanteric region of the non-diseased/control human proximal femur (as detailed in

sections 7.4.3 and 7.5.D. Furthermore, strikingly different results were obtained with

intertrochanteric bone from individuals with severe primary hip OA (as detailed in sections

7.4.7 and7.5.3). Given that the intertrochanteric region is remote from the subchondral

bone that undergoes well-characterised secondary changes in severe OA (Fazzalari et al.,

lgg2), the data described in this chapter suggest that the use of molecular

histomorphometry has great potential to elucidate mechanisms that lead to the altered bone

structures found in OA. If the altered bone structure and composition is an early event in
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the pathogenesis of OA, causing or exacerbating the condition, an understanding of the

mechanisms, together with early recognition of potential OA sufferers, may enable

preventative treatment of these individuals in the future'

A more complete gene profile, mapped to bone tissue morphology (i'e', molecular

histomorphometry), in skeletal regions distal to the degenerative joint changes in patients

with primary OA needs to be established. Specifically, a profile of gene expression

mapped to bone tissue morphology in the iliac crest that is consistent with that in the

proximal femur, such as at the intertrochanteric region, in the same OA individuals would

be supportive of the hypothesis of a generalised skeletal involvement in OA. The use of the

iliac crest for these studies is important for a number of reasons. Firstly, the iliac crest is a

skeletal site accessible for bone biopsy and is the accepted bone biopsy site for

histomorphometric assessment of skeletal change (Parfitt, 1983). Secondly, the iliac crest

is not subject to loading abnormalities or joint pathological changes. Finally, the trabecular

bone structure and bone matrix biochemistry of the iliac crest have been described in OA

(Crane et al., 1990; Dequeker et al., 1993b; Fazzalari et al., 1992; Gevers and Dequeker,

lggT). For instance, the bone matrix from the iliac crest of OA subjects has been found to

contain a higher content of the growth factors IGF-I, IGF-II, and TGF-B, and an increased

concentration of OCN, compared with that in control subjects (Dequeker et al., 1993b;

Gevers and Dequeker, 1987). If the profile of gene expression mapped to bone tissue

morphology in the iliac crest of severe primary hip OA individuals is consistently different

to that of non-OA control subjects, the potential use of this molecular histomorphometric

approach to identify individuals at risk of developing OA, before development of

symptoms, could be explored. Other skeletally active factors that would be of specific
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interest in these analyses, in addition to those described in this chapter, are detailed in

Chapter 6.5.4.

7.5.5 Conclusions

The molecular determinants of trabecular bone structure and bone turnover are not

understood in normal human bone or skeletal disease. However, a molecular

histomorphometric experimental approach has provided strong evidence that effective

levels of RANKL may be of central importance in determining the trabecular bone volume

and bone turnover at the intertrochanteric region of the non-diseased/control human

proximal femur. Strikingly different results were obtained with intertrochanteric bone from

individuals with severe primary hip OA. Given that the intertrochanteric region is remote

from the subchondral bone that undergoes well-characterised secondary changes in severe

OA, the data described in this chapter suggest that the use of molecular histomorphometry

has great potential to elucidate mechanisms that lead to the altered bone structures found in

OA. If the altered bone structure and composition is an early event in the pathogenesis of

OA, causing or exacerbating the condition, an understanding of the mechanisms' together

with early recognition of potential OA sufferers, may enable preventative treatment of

these individuals in the future.
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8.1 INTRODUCTION

Mechanical strain is an important stimulus for the maintenance of normal bone metabolism

(Frost, 2000). However, repetitive loading causes skeletal fatigue or microdamage,

resulting in the microscopic cracking of the ultra-structural bone matrix (Burr et al.,1997).

The accumulation of microdamage in bone has been shown to contribute to the loss of

bone quality or biomechanical properties (Burr et a1.,1997; Carter et a1.,1981; Carter and

Hayes, 1977; Forwood and Parker, 1989; Mashiba et al., 2000; Pattin et al., 1996;

Schaffler et al., 1989). However, the role of microdamage in the aetiology of fatigue

fractures and bone adaptation is unknown. Microdamage created during testing, ex vivo,

can increase the fragility of bone by decreasing the load necessary to cause fracture (Bun

et a1.,1998; Carter and Hayes,1977). In vivo, microdamage may accumulate in a bone

faster than the bone's capacity to repair that damage. The effect of this residual

microdamage on bone strength is unknown. However, microdamage is thought to play an

important role in fractures attributed to aging or osteoporosis (Burr et al., 1997).

Microcrack accumulation is influenced by an individual's age (Fazzalari et al., 1998b;

¡i¿ori et al., L997; Schaffler et a1.,1995), cyclic loading (Schaffler et a1.,1989), and can

influence bone remodelling (Mori and Burr, 1993).

Recently, bone microdamage has been described morphologically using laser scanning

confocal microscopy and, in general, refers to discrete microcracks, cross-hatch staining,

and diffuse staining (Fazzalari et a1.,1998a; O'Brien et a1.,2000). In vivo, microdamage is

found in both cortical and trabecular human bone (Fazzalari et al.,1998b; Schaffler et al',

1995; Wenzel et al., 1996). The distribution of microdamage in the human skeleton is

unknown. The in vivo miqodamage in human trabecular bone has been reported for the

femoral head (Mori et al., 1997), the intertrochanteric region of the proximal femur

234
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(Fazzalari et al., 1998b), vertebrae (V/enzel et al., 1996), and in cortical bone of the

femoral shaft (Schaffler et al.,1995). There have been no reports of any difference in the

morphology of microdamage (microcracks or cross-hatch staining or diffuse staining)

found in cortical bone compared to trabecular bone. However, the distribution of

microdamage in trabecular bone from different regions of the proximal femur from the

same individual is unknown.

Microdamage repair is often confused with microfracture healing that involves microcallus

formation (Fazzalari, 1993). These are quite distinct types of damage involving the

initiation and progression of microscopic and ultra-structural damage on the one hand

(Bun et al., lggT), and trabecular fracture on the other (Fazzalari, 1993). Microdamage

repair is not well understood but depends on targeted remodelling, which is distinct from

fracture healing (Bentolila et al., 1998; Bw et al., 1997; Mori and Burr, 1993). Bone

remodelling is achieved by initial activity of osteoclasts to resorb bone, followed by the

formation of new bone by osteoblasts (Chapter 1.3.2). Bone remodelling fulfils metabolic

functions, replacing bone matrix in a stochastic fashion throughout the skeleton.

Superimposed on this is targeted remodelling of bone as a response to microdamage (Burr,

2002). These processes are regulated by factors that are produced and act locally in the

bone microenvironment (Chapter 1.3.4). Thus, some basic multicellular units (BMUs) may

be "targeted" to (i.e., initiated by, and in proximity to) microdamage, while others are

involved in "stochastic" or "random" remodelling (Burr, 2002; Martin, 2000; PatfÍt,

2002). Recently, microdamage has been shown to induce osteocyte apoptosis, which may

provide an important local signal to remodel a damaged area of bone (Verborgt et al.,

2000). However, at this time, the nature and mechanism of the stimulus to recruit

Trabecular bone microdamage in the human proximal femur



Chapter 8 236

osteoclasts to begin the targeted bone remodelling process, to remove the bone

microdamage, is unknown.

As detailed in Chapter 6.1, osteoarthritis (OA) is characterised by progressive degenerative

damage to the articular joint cartilage, and is associated with a conservation of bone mass

and a different, more rigid structure of the subchondral bone (reviewed in Dequeker and

Luyten, 2000). Although the major focus of research into the aetiology of OA has been on

the articular cartilage, the disease is also associated with marked changes in the structure

of subchondral trabecular bone (Fazzalañ et al., 1992), and changes in the structure of

trabecular bone at sites distal to the joint articular surface, including the proximal femur

and iliac crest (Crane et a1.,1990; Fazzalari et a1.,1992). Typically, the subchondral bone

is sclerotic, with increased trabecular bone volume, and altered trabecular size and spacing,

compared to age-matched controls (Crane et al., 1990; Fazzalari et al., 1992). These

changes in trabecular bone structure in OA may develop to compensate for an altered bone

matrix structure and composition in OA. For instance, OA subchondral femoral head and

femoral neck trabecular bone have been shown to be hypomineralised (Brown et a1.,2002;

Grynpas et al.,l99l;Helliwell et a\.,1996;Li and Aspden,1997a; Li and Aspden, I997b;

Mansell and Bailey, 1998), and a recent study has shown that subchondral bone

osteoblasts, from individuals with hip OA, produce a molecularly distinct collagen, type I

collagen homotrimer (Bailey et al., 2002). The different bone structure and bone matrix

composition in OA is accompanied by altered biomechanical properties, with a more rigid

trabecular bone in the subchondral and femoral neck regions (Li and Aspden, 1997a; Li

and Aspden, 1997b; Martens et al., 1933). Since this more rigid bone would have a

reduced ability to absorb shock, it has been postulated that the bone changes in OA might

exacerbate the disease or could even precede and be causative of the cartllage degeneration
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(Radin et al.,|9z2;Dequeker et al.,1996). Given that the accumulation of microdamage in

bone contributes to the loss of bone biomechanical properties (Burr et a1.,1997; Cartet et

al.,l98l; carter and Hayes, 1977; Forwood and Parker, 1989; Mashiba et a1.,2000; Pattin

et al., 1996; Schaffler et aI., 1989), it is clearly important to describe the amount and

morphological type of trabecular bone microdamage in OA'

It was hypothesised that the microdamage burden at specific skeletal regions of the human

proximal femur, the subchondral principal compressive region, the medial principal

compressive region, and the intertrochanteric region (Figure 2.3), would be similar,

because these regions are loaded primarily in compression due to a combination of

gravitational and muscle forces (Ling et al.,1996). This chapter describes investigation of

the in vivo distribution of trabecular bone microdamage in the proximal femur at autopsy

for a cohort of individuals who show no macroscopic evidence of OA and have no medical

record of disease affecting their bone turnover status. In addition, this chapter describes

investigation of the amount and morphological type of in vivo trabecular bone

microdamage at the intertrochanteric region of the proximal femur for individuals suffering

from primary hip OA, compared to skeletal-site matched non-Odcontrol individuals' The

intertrochanteric region of the proximal femur was chosen for investigation as the

trabecular bone at this region has previously been shown to be structurally different

between OA and controls (Crane et al., 1990). F'urther, the intertrochanteric region is

remote from the subchondral bone that undergoes well-characterised secondary changes in

severe OA (Fazzalari et al., 1992).In addition, striking differences in the pattern of mRNA

expression, coffesponding to a number of skeletally active molecules, were observed at the

intertrochanteric region between patients with severe primary hip OA and non-OA/control

individuals (described in Chapter 6). The nature and mechanism of the stimulus to recruit
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osteoclasts to begin the targeted bone remodelling process, to repair bone microdamage, is

unknown. Thus, relationships were examined between mRNA expression levels of

skeletally active molecules, with known regulatory roles in osteoclastogenesis (IL-6' IL-

ll, RANKL, and OPG; independently described in Chapters 5 and 6), and microdamage

morphometric parameters, measured in contiguous intertrochanteric trabecular bone

samples from both OA and control individuals.

8.2 CHAPTER AIMS

To investigate whether there are regional differences in the morphometric parameters

describing the extent of microdamage in trabecular bone sampled from the subchondral

principal compressive, medial principal compressive, and intertrochanteric regions of

the non-diseased/control human proximal femur'

To investigate whether there are gender differences and age-related changes in the

morphometric parameters describing the extent of microdamage, in trabecular bone

tissue sampled from the intertrochanteric region of the proximal femur, in individuals

with primary hip OA and an autopsy control group'

a

a To compare the morphometric parameters describing the extent of microdamage, in

trabecular bone from the intertrochanteric region of the proximal femur, a skeletal site

distal to the degenerative joint changes in OA, between individuals with primary hip

OA and an autopsy control group.
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To examine the relationship between the levels of expression of mRNA corresponding

to factors known to have important regulatory roles in bone remodelling, and the

morphometric parameters describing the extent of microdamage, measured in

contiguous bone samples from the intertrochanteric region of the proximal femur for

control and OA individuals (mRNA expression data for control and OA cases is

independently described in Chapters 5 and 6).

8.3 METHODS

8.3.1 Case selection

proximal femurs were obtained from 12 routine autopsies performed at the Royal Adelaide

Hospital. Samples from the 12 postmortem cases were also used for undecalcified bone

histomorphometric analysis (described in Chapter 7). The postmortem case details,

including age, gender, anatomical side, postmortem interval, and cause of death, are listed

in Table 5.1 (trabecular bone tissue was not available for microdamage assessment from

cases Cll and C13; refer to Chapter 7.3.1). The age of the 12 postmortem cases for

microdamage assessment, comprising 7 women (aged 20-83 years; mean t SD [standard

deviationl age,6I.3 + 22.0 years) and 5 men (aged 24-85 years; 58.2 t 24.3 yeats), varied

between 20 and 85 years (60.0 t 21.9 years). There was no difference in the mean age

between females and males. These postmortem cases, which are categorized as control

cases in this thesis, were selected from routine autopsies not known to have suffered fiom

any disease affecting the skeleton and on macroscopic and radiological assessment of the

proximal femur showed no significant sign of joint degeneration, according to the criteria

of Collins (1949; described in Chapter 5'2'l and Table 5'1)'
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Surgical specimens from the proximal femur were obtained from 33 patients undergoing

total hip arthroplasty surgery for advanced primary OA at the Royal Adelaide Hospital.

The 33 surgical OA cases were also used for undecalcified bone histomorphometric

analysis (described in chapter 7). The oA case details, including age, gender, and for a

subset of cases, anatomical side, and macroscopic grade of the femoral head and

acetabulum, are listed in Tables 6.1 and 7.1 (trabecular bone tissue for microdamage

assessment was not available from case OA10; refer to Chapter 7.3.1). These surgical OA

cases \Mere selected using the same criteria as described in Chapter 6.3'1. In brief, the

selection of primary OA cases excluded patients suspected of having secondary OA,

inflammatory joint disease, Paget's disease, drug-induced disease or other conditions,

which may have affected the trabecular bone architecture and quality. The age of the 33

OA cases, comprising 18 women (aged 49-84 years; 11.5 + 9.0 years) and 15 men (aged

37-85 years; 66.0 t 14.2 years), varied between 37 and 85 years (69.0 t 11'8 years). There

was no difference in the mean age between OA females and OA males. The mean age of

the OA group did not differ signifîcantly from the control group.

8.3.2 Sampling of trabecular bone from the human proximal femur

Trabecular bone was sampled from the subchondral principal compressive (SPC), medial

principal compressive (MPC), and intertrochanteric (IT) regions of the proximal femur for

each postmortem case (Figure 2.3).Initially, as detailed in Chapter 7.3'2, each proximal

femur was sectioned in the coronal plane using a band saw, which had been cleaned with

DEpC-treated water, to allow access to trabecular bone for sampling from the IT site,

which is enclosed within the femoral cortex (Figure 2.1). Trabecular bone tissue for RNA

isolation, taken from the IT region, was sampled from an approximate 1.5 x 1.0 c ' atea,

to a specimen depth of 0.5 cm (described in Chapter 5.3.2). The remaining coronal half of

a
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each proximal femur was stored frozen until required for undecalcified microdamage

assessment and histological analysis. Two 5 mm-thick coronal slices were cut from the

remaining frozencoronal half of each proximal femur, using a diamond blade on the Exakt

saw (Exakt Apparatebau GmbH & Co. KG). One coronal slice was used for microdamage

assessment, and the other coronal slice for histomorphometric analysis (Chapter 7). A

contact X-ray image of the 5 mm-thick coronal slice for microdamage assessment was

taken using a Faxitron X-ray cabinet (Hewlett-Packard). The X-ray image was used to

enable reproducible sampling of trabecular bone from the SPC, MPC, and IT regions

(Figure 2.3), as a 1.0 x 1.0 cm2 block of tissue, using an Isomet 11-1180 low-speed

diamond saw (Buehler Ltd.). The SPC, MPC, and IT trabecular bone tissue blocks (1.0 x

I .0 x 0.5 cm3; were immediately fixed in 70%o ethanol for 24 hours at room temperature'

As detailed in Chapter 7.3.2, at total hip arthroplasty surgery in OA patients, a 10 mm

internal diameter tube saw was used to take a trabecular bone core biopsy of the IT region

(Figure 2.1), taken in line with the femoral medullary canal (Fazzalati et a1.,1998b). The

bone core biopsies, l0 mm in diameter and 3-5 cm in length, were placed in cold (4"C)

sterile RNase-free 0.85% saline and transported directly to the laboratory. Trabecular bone

tissue was sampled from an approximate tube saw length of I-2 cm for RNA isolation

(described in Chapter 6.3.2). The remainder of each IT bone core biopsy, 10 mm in

diameter and 2-3 cm in length, was stored frozen until required for undecalcified

microdamage assessment and histological analysis. These trabecular bone samples were X-

rayed (Faxitron X-ray cabinet; Hewlett-Packard) before sampling for microdamage

assessment, to ensure the exclusion of any damaged tissue (particularly the ends of the

biopsy). Each undamaged tube saw biopsy, approximately 1-1.5 cm in length, was bisected

lengthwise using an Isomet low-speed diamond saw (Buehler Ltd.). One half of the tube
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saw was processed for microdamage assessment and the other half processed for

undecalcified bone histomorphometric analysis (Chapter 7). The trabecular bone tissue

samples were immediately fixed in 70o/o ethanol for 24 hours at room temperature.

g.3.3 Morphometric analysis of microdamage in undecalcified basic fuchsin

bulk-stained trabecular bone tissue

Trabecular bone samples for microdamage assessment, from the SPC, MPC, and IT

regions for autopsy control cases, and from the IT region for surgical OA cases (section

g.3.2),fixed in 70o/o ethanol, were bulk-stained in basic fuchsin according to the protocols

of Burr and Hooser (1995) andEazzalari et al. (1998b; Chapter 2.2.3.2). The bulk-stained

trabecular bone samples were then embedded undecalcified in methyl methacrylate

(MMA; Chapter 2.2.3.3). A diamond wire saw (Ahlburg Technical Equipment) was used

to cut 70 ¡rm-thick sections from each MMA embedded bone sample (chaptet 2'2'3'4'2)'

for quantitation of morphometric parameters describing the extent of microdamage'

Microdamage is identihed histologically by discrete microcracks, cross-hatch staining, and

diffuse staining (Burr and Stafford, 1990; Fazzalari et a1.,1998b; Figures 2'7A and2.7B:

Chapter 2.2.3.6.2). To avoid edge artifacts, only microdamage further than I mm from the

edge of the sample was measured (Fyhrie and Schaffler, 1994). Morphometric analysis

was performed by point counting and by using a semi-automated digitizing system

(Bioquant, R & M Biometricsi), at a magnification of X250, on a Nikon Optiphot II

microscope (Nikon; Chapter 2.2.3.6.2). The following morphometric parameters were

measured:

Microdamage parameters'.

a

(l) Trabecular bone area in mm'

Trabecular bone microdamage in the human proximal femur
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(2) Total tissue aÍeain mm2

(3) Number of microcracks

(4) Mean microcrack length in Pm

(5) Area of trabecular bone damage in mm2

TT.Ar

Cr.N

Cr.Le

Dx.Ar

The above measurements were used to calculate the following morphometric parameters

describing the extent of bone microdamage:

Morphometric parameters describing the extent of microdamage:

(1) Percentage of mineralised bone tissue volume BV/TV

BV/TV: B.ArlTT.Ar

(2) Numerical microcrack density in number/mm2 Cr'Dn

Cr.Dn: Cr.N/B.Ar

(3) Microcrack surface density in pm/mm2 Cr'S'Dn

Cr.S.Dn: Cr.Le*Cr'Dn

(4) Percentage of damaged bone volume DxV/BV

DxV/BV: Dx.Ar/B'Ar

(5) Percentage of damaged bone volume DxV/TV

DxV/TV: Dx.Ar/TT.Ar

8.3.4 Semi-quantitative RT-PCR of total RNA isolated from human

trabecular bone

Total RNA was isolated from trabecular bone tissue (Chapter 2.2.2.1) sampled from the IT

region for the autopsy control and surgical OA cases listed in Tables 5.1 and 6.1. Semi-

quantitative RT-PCR (Chapter 2.2.2.3), using the human-specific oligonucleotide primer
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pairs listed in Table 2.1 andprimer conditions described in Chapter 2.2.2.3'2, was used to

determine the relative levels of IL-6, IL-11, RANKL, and OPG mRNA in these bone RNA

samples. Amplified PcR product corresponding to IL-6, IL-l1, RANKL, and OPG mRNA

are represented as a ratio of the respective PCR product/GAPDH PCR product (mRNA

expression data for controls is independently described in Chapter 5; mRNA expression

data for the oA cases is independently described, as a comparison to controls, in chapter

6).

8.3.5 Statistical analysis of microdamage morphometric data

The Shapiro-Wilk statistic was used to test the bone microdamage morphometric data for

normality (pC-SAS software; SAS Institute). The morphometric parameters describing the

extent of bone microdamage were found to be both normally and non-normally distributed.

Therefore, both parametric and non-parametric statistical methods were used to analyse the

data (Excel; Microsoft Corp.; PC-SAS software; SAS Institute). Differences in the

microdamage morphometric parameters between the proximal femur regions, SPC, MPC,

and IT, were tested by one-way analysis of variance (ANOVA) for the means (parametric)

or by the Kruskal-Wallis one-way ANOVA by ranks for the medians (non-parametric)' If

significant differences were indicated, comparison between proximal femur region means

or medians was tested by Student's /-test (parametric) or the Mann-Whitney [./-test (non-

parametric), respectively. The statistical significance of differences in the microdamage

parameters between females and males, and between the autopsy control and OA groups'

were determined by Student's /-test or the Mann-Whitney U-test. Linear regression

analysis was used to describe age-related changes. The F-test was used to analyse

differences in the variance of the microdamage morphometric parameters between

individuals (OA or control) less than 60 years of age and greater or equal to 60 years of
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age. Regression analysis was used to examine the relationship between bone microdamage

morphometric parameters. The Spearman rank correlation (r.) was used to test for an

association between two non-normally distributed microdamage parameters' Regression

analysis was used to examine the relationship between PCR products representing specific

mRNA species (section 8.3.4) and bone microdamage morphometric parameters (section

g.3.3), measured in contiguous trabecular bone tissue samples. Parametric data is quoted as

mean + standard deviation and non-parametric data quoted as the median (quartiles)' The

critical value for significance was chosen asp:0'05'

8.4 RESULTS

8.4.1 Comparison of bone microdamage morphometric parameters between

females and males at each proximal femur skeletal site in control individuals

The morphometric parameters describing the extent of bone microdamage, at each site in

the proximal femur in control individuals, were found to be both normally (BV/TV and

Cr.Le) and non-normally (Cr.Dn, Cr.S.Dn, DxV/BV, and DxV/TV) distributed (the

Shapiro-Wilk statistic; pC-SAS software; SAS Institute). The non-norrnal distribution of

microdamage morphometric data from human trabecular bone tissues has been reported

previously for the femoral head (Mori et al., 1997) and vertebral bone (Vashishth et al',

2000a). Therefore, the student's /-test or the Mann-Whitney U-test was used to assess

whether there were any gender differences in the morphometric parameters describing the

extent of bone microdamage in non-diseased (control) human trabecular bone sampled

from the subchondral principal compressive (SPC), medial principal compressive (MPC),

and intertrochanteric (IT) regions of the proximal femur. Mean trabecular bone volume

(BV/TV) was significantly reduced in females compared to males at the SPC region (p <

0.04; Table 8.1). In addition, the variance in BV/TV was significantly higher in females
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Bv/rv (%)

Cr.Dn (numberimm2)

Cr.Le (pm)

Cr.S.Dn (pm/mm2)

DxV/BV (%)

DxV/TV (%)

18.4 t 8.5

0.4e (0.30-1.40)

56!12

26.3 (1e.8-88.0)

r.26 (0.07-r.93)

0.09 (0.02-0.28)

21.3 + 2.9"

0.51 (0.31-0.54)

62!15

2s.0 (23.3-2e.s)

1.05 (0.43-1.18)

0.29 (0.10-0.31)

23.2+ 8.2

o.s4 (0.30-0.87)

86 !37

41.9 (26.5-s0.6)

1.03 (0.09-2.30)

0.25 (0.02-0.36)

25.5 + 4.7

0.26 (0.23-0.38)

68 r 11

16.8 (14.6-2r.9)

0 (0-0.40)

0 (0-0.07)

r2.9 x l0.l

0.46 (0.20-1.33)

68r13

32.9 (r3.7-e2.2)

0.47 (0.08-2.1l)

0.08 (0.01-0.14)

23.e (16.6-37.r)

0.s1 (0.27-0.71)

11.0 + 5.4

55 19

o (0-1.73)

o (o-0.27)

Female (n:7) Male (z : 5) Female (n:7) Male (n: 5\ Female (n:7) Male (n:5)

ITMPCSPC

Microdamage
parameter

proximal femur skeletal regions: SPC, subchondral principal compressive; MPC, medial principal compressive; IT, intertrochanteric region'

parametric data reported as mean t standard deviation, and non-parametric data as median (quartiles).

^ p < 0.04.

Table g.1 Microdamage morphometric parameters in female and male control trabecular bone sampled from the subchondral principal compressive,

medial principal compressive, and intertrochanteric regions of the human proximal femur.
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compared to males (F-statistic : 8.4, representing the ratio of the female variance to male

variance, p < 0.03;Table 8.1), suggesting that the females are a more heterogeneous group

with respect to BV/TV at the SPC region. In comparison, crane et al. (1990) andFazzalati

et at. (1989) reported no gender difference for BV/TV at the sPc region in autopsy control

cases. No significant differences in BV/TV were observed between females and males at

the MPC or IT regions (Table s.1). There were no significant differences in the

microdamage parameters cr.Dn, cr.Le, cr.S.Dn, DxV/BV, and Dxv/TV between females

and males at the sPC, MPC, and IT regions (Table 8.1). Based on these comparisons

between females and males at each skeletal region, and the small number of samples for

the control cohort (n: I2), further analyses of the microdamage morphometric data were

made independent of gender. In addition, the control group data is analysed between the

three skeletal regions and in comparison to the oA group data with and without inclusion

of the two younger cases in this control cohort, cases cl (2O-year-old female) and c8 (24-

year-old male), which are specifically indicated in Figures 8.2 and 8.3.

8.4.2 Comparison of bone microdamage morphometric parameters between

proximal femur skeletal sites in control individuals

Morphometric parameters describing the extent of microdamage were measured in non-

diseased (control) human trabecular bone sampled from the SPC, MPC, and IT regions of

the proximal femur (Figure 2.3). These three skeletal regions are loaded primarily in

compression due to a combination of gravitational and muscles forces (Ling et al', 1996)'

Thus, it was hypothesised that the microd amage burden at these regions would be similar'

one-way analysis of variance (ANOVA) for the means or Kruskal-wallis one-way

ANOVA by ranks for the medians was used to assess whether there were any differences

in the microdamage morphometric parameters between the three skeletal regions. Further'
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if significant differences ,were indicated, comparison between proximal femur region

means or medians was assessed by student's /-test or the Mann-Whitney U-test. Analysis

was also performed after exclusion of the two younger control individuals' cases Cl (20-

year-old female) and c8 (24-year-old male; results not shown).

Mean trabecular bone volume (BV/TV) was significantly lower at the IT region (p <

0.002) in comparison to both the SPC and MPC regions (p < 0'007 and p < 0'001,

respectively; Table 8.2). This observation of reduced BV/TV at the IT region was

maintained after exclusion of the two younger control cases (n: 101 SPC' 20'7 + 8'1 vs'

MPC, 22.5 t 6.0 vs. IT, 9.8 t 5.9, p < 0.0005)' Moreover, when the two younger cases

were excluded, BV/TV at the IT region was significantly reduced in comparison to both

the SPC and MPC regions (n : I};p < 0.004 and p < 0.0002, respectively)' BV/TV was

similar between the SPC and MPC regions, whether all samples were included in the

analysis (Table 8.2), or only those from individuals aged greater than 40 years (results not

shown). The similar magnitude of mean BV/TV between the SPC and MPC regions,

together with the decreased mean BV/TV at the IT region, is consistent with two previous

reports of normal human proximal femur histomorphometry (Crane et a1.,1990;Fazzalati

et a1.,19g9). The higher mean BV/TV at the SPC and MPC regions is consistent with the

trabecular bone network being subjected to higher compressive stress at these regions

(carter et a1.,1939). This is in comparison to the lower mean BV/TV at the IT region,

where finite element modelling of stress distributions in the human femur demonstrated

that trabecular bone only supports 20o/o of the compressive load during gait, at this region

(Lotz et al.,1995).
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Table g.2 Microdamage morphometric parameters in subchondral principal compressive,

medial principal compressive, and intertrochanteric trabecular bone sampled from the

proximal femur of 12 control individuals aged 20-85 years'

proximal femur skeletal regions: SPC, subchondral principal compressive; MPC, medial

principal compressive; IT, intertrochanteric region'

Þarametric data reported as mean t standard deviation, and non-parametric data as median

(quartiles).
àp. 

O.OOZ vs. SPC region,0p.0.001 vs. MPC region, "p < 0'05 vs' SPC region'

ITMPCSPC
Microdamage
parameter

BV/TV (%)

Cr.Dn (number/mm2)

Cr.Le (pm)

Cr.S.Dn (pm/mm2)

DxV/BV (%)

DxV/TV (%)

22.1t8.0

0.s0 (0.30-0.73)

59r13

2s.6 (21.9-48.4)

1.11(0.10-2.02)

0.14 (0.03-0.36)

24.2 x 6.8

0.36 (0.2s-0.77)

7g + 29"

26.s (18.0-s1.1)

0.2e (0-1.61)

0.0s (0-0.3s)

l2.l t8.2u'b

0.4e (0.23-0.96)

63 !13

28.4 (rs.3-6s.7)

0.32 (0-2.28)

0.os (0-0.24)
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As hypothesised, microdamage (cr.Dn, Cr.S.Dn, DxV/BV, and Dxv/TV) was observed to

be quantitatively similar in all proximal femoral skeletal regions, with the exception of

reduced mean microcrack length (Cr.Le) in the SPC region (p < 0.05; Table 8.2)' However,

mean Cr.Le in the SPC region was only significantly reduced in comparison to the MPC

region (p < 0.05), but not when compared to the IT region (Table 8'2)' This reduction in

mean Cr.Le in the SPC region was dependent on inclusion of the two younger cases

(results not shown). Interestingly, this difference in mean cr.Le between the sPC and

MPC regions was apparent even though there was no difference in BV/TV between the

regions (Table 8.2). The significantly reduced Cr.Le in the subchondral bone, compared

with a region (MpC) distal to the articular surface, may be indicative of different bone

material properties, such as bone tissue mineralisation, andlor differential bone

remodelling rates between these regions (Ampe et a1.,1986; Fazzalati et a1.,1989; Li and

Aspden, 1997a).

g.4.3 Age-related changes in bone microdamage morphometric parameters at

each proximal femur skeletal site in control individuals

To investigate whether there are any age-related changes in the morphometric parameters

describing the extent of bone microdamage in the SPC, MPC, and IT regions of the non-

diseased (control) human proximal femur, each microdamage parameter, for each skeletal

region, was plotted as a function of increasing age in years, and analysed by linear

regression analysis. Trabecular bone volume (BV/TV) declined with age at all three

skeletal regions (SPC, p < 0.05; MPC, p < 0'001; IT, p < 0'01; Figures 8'1A-8'1C)' The

age-related decline in BV/TV at the SPC and IT regions was dependent on inclusion of the

two younger cases. However, the significant decrease in BV/TV with age at the MPC

region was maintained when the-two younger cases \¡/ere excluded from the analysis (z :
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Figure 8.1: Changes in BV/TV with age in subchondral principal compressive (SPC; A),

medial principal compressive (MPC; B), and intertrochanteric (IT; C) trabecular bone

from control individuals (n : 12). There was a significant decline in BV/TV with age at

the SPC (BV/TV: -0.20*AGB + 33.89; r: -0.54 andp < 0.05), MPC (BV/TV: -

0.26*AGE + 39.84; r: -0.84 andp < 0.001), and IT (BV/TV : -0.25*AGE + 27.35; r:
-0.68 andp < 0.01) regions of the proximal femur.
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l0; r: -0.81, p < 0.002). The age-related decline in BV/TV at the sPC' MPC, and IT

regions of the human proximal femur is consistent with the results shown in Figure 7'1 for

the IT region from control individuals (Chapter 7.4.2) and with a previous report, which

described these changes for a larger autopsy control cohort (n : 69; Crane et al'' 1990)'

The microdamage morphometric parameters, cr.Dn' cr.Le, cr.s.Dn, DxvlBV, and

DxV/TV, did not show any age-dependence at the sPC, MPC, or IT regions of the

proximal femur (results not shown).

8.4.4 Associations between bone microdamage morphometric parameters at

each proximal femur skeletal site in control individuals

Linear regression analysis was used to investigate whether there are any relationships

between the morphometric parameters describing the extent of bone microdamage in the

spc, MPC, and IT regions of the non-diseased (control) human proximal femur. In

addition, the Spearman rank correlation (r.) was used to test for an association between

two non-normally distributed microdamage parameters. When microcrack density (Cr.Dn)

and BV/TV were co-plotted, a significant negative association was observed at the SPC

and MPC regions (p < 0.001 and p < 0.02; Figures 8.24 and 8.2B, respectively). These

associations between cr.Dn and BV/TV were maintained when the two younger cases

were excluded from the analysis (r : 10; SPC, r : -0.81, p < 0.002;MPC, r : -0'67, p <

0.02). However, the negative association between Cr.Dn and BV/TV at the SPC region is

statistically reliant on the two outliers, cases C3 (68-year-old female) and C7 (83-year-old

female), with high Cr.Dn and low BV/TV values (Figure 8.24). No association was

observed between cr.Dn and BV/TV at the IT region (Figure s.2c). Similarly, a

significant negative association \Mas observed between microcrack surface density

(Cr.S.Dn) and BViTV at the SPC and MPC regions (p < 0.001 andp < 0.05; Figures 8'34

Trabecular bone microdamage in the human proximal femur



Figure 8.22 Associations between Cr.Dn and BV/TV in subchondral principal

compressive (SPC; A), medial principal compressive (MPC; B), and intertrochanteric

(IT; C) trabecular bone from control individuals (n : l2). A significant negative

association was observed between the tùo parameters at the SPC (Cr.Dn :

0.08*BV/TY + 2.56; r: -0.81 andp < 0.001) and MPC (Cr.Dn: -0.03*BV/TV + l.l5;

r : -0.64 and p < 0.02) regions of the proximal femur. No association was observed

between the two parameters at the IT region (Cr.Dn : -0.02*BV/TV + 1.20; r: -0.14

and p: NS). Two cases, <40 years old, are indicated (O). NS : not significant.
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Figure 8.3: Associations between Cr.S.Dn and BV/TV in subchondral principal

compressive (SPC; A), medial principal compressive (MPC; B), and intertrochanteric

(IT; C) trabecular bone from control individuals (n : I2). A significant negative

association was observed between the two parameters at the SPC (Cr.S'Dn : -

4.03*BV/TV + 130.83; r: -0.80 and p < 0.001) and MPC (Cr.S.Dn : -1.50*BV/TV +

69.33; r : -0.56 and p < 0.05) regions of the proximal femur. No association was

observed between the two parameters at the IT region (Cr.S.Dn: -0.96*BV/TV + 68.97;

r: -0.10 andp: NS). Two cases, <40 years old, are indicated (O). NS : not significant.
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and g.3B, respectively), which was maintained after exclusion of the two younger cases (n

: 10; SPC, r: -0.79,p < 0.003; MPC, r: -0.59,p < 0.05). At the sPC region, as observed

for Cr.Dn vs. BV/TV (Figure 8.24), the negative association between Cr.S.Dn and BV/TV

is statistically reliant on the two outliers, cases C3 (68-year-old female) and C7 (83-year-

old female), with high Cr.S.Dn and low BV/TV values (Figure 8.34). No association was

observed between Cr.S.Dn and BV/TV at the IT region (Figure 8.3C). Taken together,

these observations suggest that in some circumstances changes in the magnitude of Cr'Dn

and Cr.S.Dn are dependent upon the amount of trabecular bone at the SPC and MPC

regions of the human proximal femur. Interestingly, the negative association between

either Cr.Dn or Cr.S.Dn and BV/TV was not evident at the IT region. This non-uniformity

between the proximal femoral regions is consistent with the difference in mean BV/TV

between the IT region and the SPC and MPC regions (Table 8.2), and with the higher

compressive loads supported by the trabecular bone at the SPC and MPC regions in

comparison to the IT region, where the femoral cortices support most of the load (Carfer et

al.,1989;Lotz et al.,1995). A negative power-law relationship between bone volume and

microcrack density has been found in human femoral head subchondral bone and vertebral

bone (Mori et al.,1997;Wenzel et al.,1996). The morphometric parameters describing the

volume fraction of bone microdamage, DxV/BV and DxV/TV, did not associate with

changes in BV/TV at the SPC, MPC, or IT regions of the proximal femur (results not

shown).

positive associations were observed between Cr.Dn with both DxV/BV and DxV/TV at the

IT region (r" : 0.80, p < 0.002; r,: 013, p < 0.007; respectively; Table 8.3). In addition,

Cr.Dn and DxV/BV were positively associated at the MPC regiofl (r" : 0'59, p < 0'05;

Table 8.3). However, the association between Cr.Dn and DxV/TV at the MPC region did

Trabecular bone microdamage in the human proximal femur



Table 8.3 Associations between the microdamage morphometric parameters Cr.Dn and

Cr.S.Dn with DxV/BV and DxV/TV in subchondral principal compressive, medial

principal compressive, and intertrochanteric trabecular bone sampled from the proximal

femur of 12 control individuals aged 20-85 years'

proximal femur skeletal regions: SPC, subchondral principal compressive; MPC, medial

principal compressive; IT, intertrochanteric region'

r., Spearman rank correlation; NS, not significant'

Association ITMPCSPC

Cr.Dn vs DxV/BV

Cr.Dn vs DxV/TV

Cr.S.Dn vs DxV/BV

Cr.S.Dn vs DxV/TV

r.: 0.59
p < 0.05

r, : 0'51

P: NS

r.:0.82
p <0.002

r.: 0.80
p <0.002

rr:0.73
p <0.007

rr: 0.88
p < 0.0003

r":0.37
P: NS

r.:0.11
P:NS

r":0.29
P:NS

,'.: -0.01

P:NS

rr: 0.65
p < 0.03

rr: 0.59
p < 0.05
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not reach statistical significance (Table 8.3). Similarly, positive associations were observed

between Cr.S.Dn with both DxV/BV and DxV/TV at the IT and MPC regions (IT: r" :

0.88,p<0.0003; r,:0.82,p<0.002;respectively;MPC:r":0'65,p<0'03; r':0'59'p<

0.05; respectively; Table 8.3). No associations between Cr.Dn and Cr.S.Dn with DxV/BV

and DxV/TV were observed at the SPC region (Table 8.3). Collectively, these positive

associations between the morphometric parameters describing microcracks, Cr'Dn and

Cr.S.Dn, with the damaged bone volume parameters, DxV/BV and DxV/TV, which

predominantly represent the volume fraction of diffuse staining, for the first time suggest

that linear microcracks and diffuse microdamage are linked at the MPC and IT regions of

the human proximal femur. In contrast, no correlation between microcrack density and

diffuse microdamage was observed in human vertebral bone (Vashishth et al., 2000a).

Interestingly, the positive associations between Cr.Dn and Cr.S.Dn with DxV/BV and

DxV/TV at the MPC and IT regions were not evident at the SPC region, which may relate

to reported differences in bone material properties, such as bone tissue mineralisation,

and/or differential bone remodelling rates between these regions (Ampe et al., 1986i

Fazzalari et a1.,1989; Li and Aspden, I997a). No association was observed between Cr.Le

and DxV/BV or DxV/TV at the SPC, MPC, and IT regions of the proximal femur (results

not shown).

8.4.5 Comparison of bone microdamage morphometric parameters between

females and males in the OA grouP

The morphometric parameters describing the extent of bone microdamage in OA human

trabecular bone, sampled from the intertrochanteric (IT) region of the proximal femur,

were found to be both normally (BV/TV and Cr.Le) and non-normally (Cr.Dn, Cr.S.Dn,

DxV/BV, and DxV/TV) distributed (the Shapiro-Wilk statistic; PC-SAS software; SAS

Trabecular bone microdamage in the human proximal femur
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Institute). Therefore, gender differences in the microdamage morphometric parameters in

oA human trabecular bone, sampled from the IT region of the proximal femur' were

assessed using the student's /-test or the Mann-whitney u-test' There were no significant

differences between OA females and OA males for any of the microdamage morphometric

parameters; BV/TV, Cr.Dn, cr.Le, cr.S.Dn, DxV/BV, and Dxv/TV (Table 8'4)' Based on

these comparisons between OA females and OA males, furthe-r analyses of the

microdamage morphometric data were made, independent of gender for the oA group, as

was described for the control group (section 8'4'1)'

Table 8.4 Microdamage morphometric parameters in female and male OA

intertrochanteric trabecular bone samples'

Parametric data reported as mean t standard deviation, and non-parametric data as median

(quartiles).

Male (n:15)Female (n = 18)
Microdamage
parameter

BV/TV (%)

Cr.Dn (number/mm2)

Cr.Le (pm)

Cr.S.Dn (pm/mm2)

Dxv/BV (%)

DxV/TV (%)

9.3 t2.8

0.50 (0.46-1.36)

48r16

29.r (22.4-61.8)

r.9 (t.2-3.9)

o.r4 (0.0e-0.40)

8.3 r 3.3

1.24 (0.s0-1.86)

53r19

se.e (27.e-r23.1)

5.3 (2.1-7.8)

0.3e (0.1e-0.58)

Trabecular bone microdamage in the human proximal femur
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8.4.6 Comparison of bone microdamage morphometric parameters between

OA and control individuals

Morphometric parameters describing the extent of microdamage were measured in OA

human trabecular bone, sampled from the IT region of the proximal femur, a skeletal site

distal to the degenerative joint changes in OA, and in skeletal site-matched non-OA

(control) trabecular bone. The student's /-test or the Mann-'Whitney U-test was used to

assess whether there were any differences in the microdamage morphometric parameters

between the OA and control groups. To enable comparison of age-matched control and OA

groups, analysis was also performed after exclusion of the two younger control individuals,

cases Cl (2Q-year-old female) and C8 (24,-year-old male), and one younger OA individual,

case OA27 (37-year-old male; Table 8.6). The mean values for trabecular bone volume

(BV/TV) at the IT region were similar for the OA and control groups (Table 8.5), and for

the age-matched control and OA groups (Table 8.6). Microcrack density (Cr.Dn) and

microcrack surface density (Cr.S.Dn) were not signif,rcantly different between the OA and

control groups (Tables 8.5 and 8.6). The average microcrack length (Cr.Le) was

significantly less in OA bone compared to the controls (p < 0.03; Table 8.5). However,

when the age-matched control and OA groups were compared, Cr.Le was not significantly

different (Table 8.6). The median values for the morphometric parameters describing the

volume fraction of bone microdamage (representing discrete microcracks, cross-hatch

staining, and diffuse staining), DxV/BV and DxV/TV, were significantly increased in the

OA group compared to the control group (p < 0.003 and p < 0.008, respectively; Table

8.5). In addition, when the age-matched control and OA groups were compared, the

observed increase in DxV/BV and DxV/TV in the OA group remained significant (p <

0.004; Table 8.6). The decreased Cr.Le and increased DxV/BV and DxV/TV in the OA

proximal femur compared with the controls may be indicative of a more effective

Trabecular bone microdamage in the human proximal femur
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inhibition of microcrack propagation in OA. Further, these differences in bone

microdamage morphometric parameters between the OA and control groups may be

related to reports of a different bone matrix structure and composition in OA, given that

mean BV/TV was not different between the groups. Reported differences include

hypomineralisation and loosely packed collagen fibres in OA bone (Bailey et a1.,2002;Li

and Aspden,l997a;Li and Aspden, 1997b; Mansell and Bailey, 1998).

Table g.5 Microdamage morphometric parameters in OA and control intertrochanteric

trabecular bone samPles.

Parametric data reported as mean + standard deviation, and non-parametric data as median

(quartiles).
u p < 0.03, bp < 0.003 ," p 10.008 vs. OA group.

OA
(z :33)

(aged 37-85 years)

Control
(n = 12)

(aged 20-85 years)
Microdamage
parameter

Cr.Le (pm)

Cr.S.Dn (pm/mm2)

DxV/BV (%)

DxV/TV (%)

8.7 r 3.1

0.61 (0.46-1.70)

51t18

34.r (22.7-111.8)

3.63 (1 .s6-7.34)

0.2s (0.12-0.s3)

tz.l + 8.2

0.4e (0.23-0.e6)

63+13"

28.4 (rs.3-6s.7)

0.32 (o-2.2Ðb

0.05 (0-0.24)'

BV/TV (%)

Cr.Dn (number/mm2)

Trabecular bone microdamage in the human proximal femur
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Table g.6 Microd amage morphometric parameters in intertrochanteric trabecular bone

sampled from oA and control individuals aged over 40 years.

parametric data reported as mean t standard deviation, and non-parametric data as median

(quartiles).
^ p <0.004 vs. OA group'

g.4.7 Age-related changes in bone microdamage morphometric parameters in

OA and control individuals

To investigate whether there are arly age-related changes in the morphometric parameters

describing the extent of bone microdamage in OA human trabecular bone, sampled from

the IT region of the proximal femur, and in skeletal site-matched non-OA (control)

trabecular bone, each microdamage parameter was plotted as a function of increasing age

in years, and analysed by linear regression analysis. In contrast to the age-related decline

in BV/TV in controls (p < 0.01; Figure 8.1C), BV/TV was not dependent on age in the OA

group (results not shown; as described in Chapter 7.4.6). The relationships between Cr.Dn,

Cr.S.Dn, DxV/BV, and DxV/TV with age could not be described by linear regression

OA >40 years
(n =32)

(aged 45-85 years)

Control >40 years
(n : 10)

(aged 43-85 years)
Microdamage
parameter

BV/rv (%)

Cr.Dn (number/mm2)

Cr.Le (pm)

Cr.S.Dn (¡rm/mm2)

DxY/BV (%)

DxV/TV (%)

8.8 t 3.1

0.6s (0.46-1.79)

51r18

35.0 (22.5-117.1)

3.67 (1.66-7.46)

0.26 (0.r2-0.s4)

9.8 r 5.9

0.3e (0.21-0.7s)

6¡+t4

20.e (12.8-43.6)

o.o8 (o-1.94)'

0.01 (0-0.09) "
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analysis (Figures 8.4-8.7). A non-linear increase with age was observed for Cr'Dn and

cr.S.Dn in the oA group, and the control group, although limited by sample size, appeared

to also follow this pattern of a non-linear increase with age (Figures 8'4 and 8'5'

respectively). Before the age of 60 years the variance in cr.Dn and cr'S'Dn (for oA and

controls) was relatively constant for each age decade, after the age of 60 years there was a

significant increase in the variance (Cr.Dn: OA, F-statistic : 7'0, representing the ratio of

the variance in cases aged ) 60 years to the variance in cases aged < 60 years' p < 0'02;

controls, F-statistic : I7 .2, p < 0'02; Cr.S'Dn: OA, F-statistic : 6'9, p < 0'02; controls' F-

statistic: 11.9, p <0.04). Beyond 60 years of age some cases had Cr'Dn and Cr'S'Dn

values that are within the range of those cases aged less than 60 years, but many cases

showed considerably increased Cr.Dn and Cr.S.Dn (Figures 8.4 and 8.5, respectively)' The

non-linear age-related increase in Cr.Dn and Cr.S.Dn is consistent with a previous report

of an exponential increase with age in cr.Dn and cr'S.Dn in trabecular bone sampled from

the IT region for severe OA hip cases (Fazzalari et at.,l998b)' Furthermore, microcracks

have been shown to accumulate exponentially with age in femoral head subchondral bone,

from women with and without femoral neck fracture (Mori et al., 1997), and in femoral

diaphyseal bone (Schaffl'et et a\.,1'995)'

As for Cr.Dn and Cr.S.Dn, a similar non-linear increase with age was observed for

DxV/BV in the oA group, but this was not evident in the control group (Figure 8'6)' As

for cr.Dn and cr.S.Dn, before the age of 60 years the variance in Dxv/BV for the oA

group was relatively constant for each age decade; after the age of 60 years there rù/as a

significant increase in the variance (F-statistic : 8.0, p < 0.008; Figure 8'6)' There was no

relationship between DxV/TV with age in either the OA or control group' nor any

significant difference in the variance of DxV/TV between individuals (OA or control) less

Trabecular bone microdamage in the human proximal femur
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Figure 8.4: Changes in Cr.Dn with age in intertrochanteric trabecular bone from OA (n

: 33) and control (n:12) individuals. There was a non-linear increase in Cr.Dn with

age for the OA and control grouPs.
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than 60 years ofage and greater or equal to 60 years ofage (Figure 8'7)' The control data

was clearly embedded in the distribution of OA data for the DxV/BV and DxV/TV versus

age plots (Figures 8.6 and 8.7, respectively). However, as described in section 8.4.6, it was

apparent that the OA group had significantly greater DxV/BV and DxV/TV than the

controls (Tables 8.4 and 8.5). The observation that Dxv/BV and Dxv/TV, which

predominantly represent the volume fraction of diffi¡se staining, were not age-dependent in

the control trabecular bone samples is consistent with a previous report of diffuse

microdamage in human vertebral bone (Vashishth et al., 2000a). Cr.Le was not age-

dependent in OA or control trabecular bone, sampled from the IT region of the proximal

femur (results not shown).

g.4.8 Associations between bone microdamage morphometric parameters in

OA and control individuals

Linear regression analysis was used to investigate whether there arc any relationships

between the morphometric parameters describing the extent of bone microdamage in OA

human trabecular bone, sampled from the IT region of the proximal femur, and in skeletal

site-matched non-OA (control) trabecular bone. In addition, the Spearman rank correlation

(r.) was used to test for an association between two non-noffnally distributed microdamage

parameters. No associations were observed between any of the morphometric parameters

describing microcracks, Cr.Dn, Cr.Le, and Cr.S.Dn, or the damaged bone volume

parameters, DxV/BV and DxV/TV, with BV/TV in the OA and control groups (Cr.Dn,

Figure 8.8; DxV/BV, Figure 8.9; results not shown). The co-plot of DxV/BV versus

BV/TV (Figure 8.9) showed that for the controls DxV/BV was relatively constant and

independent of BV/TV, while for the oA group the amount of Dxv/BV was very

heterogeneous but still independent of BV/TV. These observations suggest that the

Trabecular bone microdamage in the human proximal femur
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differences in Cr.Le, DxV/BV, and DxV/TV, between the OA and control groups (Tables

8.4 and 8.5; section 8.4.6) are not dependent on changes in trabecular bone volume' but

may be related to differences in the material property of trabecular bone in oA individuals

(Li and Aspden, 1997a;Li and Aspden, L997b;Mansell and Bailey, 1998)'

positive associations,were observed between cr.Dn with both Dxv/BV and Dxv/TV in the

oA and control bone samples (oA: r" : 0'56' p < 0'0007; r" : 0'55' p < 0'002;

respectively; controls: r" : 0'80, p < 0'002; r': 0"73' p < 0'007; respectively; Table 8'7)'

Similarly, positive associations were observed between Cr'S'Dn with both DxV/BV and

DxV/TV in the OA and control bone samples (OA: r, : 0.61, p < 0'0003; r, : 0'62, p <

0.0002;respectively;controlstt,s:0.88,p<0.0003;r,:0.82,p<0.002;respectively;

Table 8.7). Collectively, these positive associations between the morphometric parameters

describing microcracks, Cr.Dn and Cr.S'Dn, with the damaged bone volume parameters'

DxV/BV and DxV/TV, which predominantly represent the volume fraction of diffuse

staining, for the first time suggest that linear microcracks and diffirse microdamage are

linked, for both OA and controls, at the IT region of the proximal femur' In contrast' no

correlation between microcrack density and diffuse microdamage was observed in

trabecular bone sampled from the IT region for 18 severe oA hip cases (Fazzalari et al"

199Sb) and in human vertebral bone (vashishth et al., 2000a)' No association was

observed between cr.Le and Dxv/BV or DxV/TV in the oA and control groups (results

not shown).

Trabecular bone microdamage in the human proximal femur



Table 8.7 Associations between the microdamage morphometric parameters Cr.Dn and

cr.S.Dn with Dxv/BV and Dxv/TV in oA and control intertrochanteric trabecular bone

samples.

r., Spearman rank correlation.

OA
(z :33)

(aged 37-85 years)

Control
(n: 12)

(aged 20-85 years)Association

Cr.Dn vs DxV/BV

Cr.Dn vs DxV/TV

Cr.S.Dn vs DxV/BV

Cr.S.Dn vs DxV/TV

rr: 0.80
p <0.002

r":0.73
p <0.007

r":0.62
p <0.0002

r.: 0.56
p < 0.0007

rr: 0.55
p <0.002

rr:0.61
p < 0.0003

rr: 0.88
p < 0.0003

r":0.82
p <0.002
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g.4.9 Associations between mRNA levels of skeletally active molecules and

microdamage morphometric parameters in oA and control trabecular bone

from the human Proximal femur

Microdamage is repaired by stimulating a local bone remodelling response (Bentolila e/

a1.,I998;Mori and Burr, 1993), and has been shown to induce osteocyte apoptosis' which

may provide an important local signal to remodel a damaged area of bone (verborgt et al',

2000). However, at this time, the nature and mechanism of the stimulus to recruit

osteoclasts to begin the bone remodelling process, to remove the bone microdamage, is

unknown. Morphometric parameters describing the extent of bone microdamage, and the

levels of mRNA corresponding to factors known to have important regulatory roles in bone

remodelling, were measured in contiguous bone samples from the IT region of the human

proximal femur for control and OA individuals. Current evidence suggests that one major

role for the cytokines IL-6 and IL-l1 in bone is to act as an upstream stimulatory signal for

osteoclasts to differentiate from their haematopoietic precursors (Martin et al., 1998; as

detailed in chapter 5.1). Thus, linear regression analysis was used to investigate whether

there are any associations between the expression of IL-6 and IL-I1 mRNA, as determined

by semi-quantitative RT-PCR (section 8.3.4), and morphometric parameters describing the

extent of bone microdamage in control and OAbone samples' There were 12 control and

15 OA cases, for which both semi-quantitative RT-PCR and microdamage morphometric

data were available for analysis (refer to section 8.3.1, and chaptet 7.3.1 andT '3'4)' When

the control and oA data were pooled, a significant positive association was observed

between IL-lI/GAPDH mRNA expression and average microcrack length (Cr.Le; n:27;

r: 0.44, p < 0.)2;Figure g.10). This positive association between mRNA expression of a

pro-resorptive cytokine, IL-11, and Ct.Le, is consistent with microdamage (represented by
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Figure 8.10: A positive association was observed between the relative ratio of IL-

1llGApDH mRNA and cr.Le, measured in contiguous intertrochanteric trabecular bone

samples, from the pooled data set of oA and control individuals (z : 27;IL-LI/GAPDH

: 0.003*Cr.Le - 0.02; r : 0.44 and p < 0'02)'
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changes in average microcrack length) providing a stimulus for osteoclastic bone

resorption. However, when the OA and control data were analysed independently, no

significant association between IL-lI/GAPDH mRNA expression and cr'Le was observed

(Figure s.l1). Interestingly, the oA data points were segregated from the controls on the

plot of IL-lI/GAPDH mRNA versus ct.Le, with lower IL-l1 mRNA levels for the oA

samples, which was consistent with the lower mean value of IL-II/GAPDH mRNA

expression in oA compared with controls (Figure 6.3 and Table 6.3; Chaptet 6'4'3)' There

v/as no signif,rcant association between IL-6IGAPDH mRNA expression and cr'Le in the

pooled data set of oA and control individuals (Figure 8.12). However, when the outlier,

control case C5 (12-year-old female) with a high relative expression level of IL-6IGAPDH

mRNA (described in chapter 5), was removed, a positive association was observed

between IL-6IGAPDH mRNA expression and cr.Le in the pooled oA and control data (n

:26; r:0.40,p < 0.05; Figure s.12). As for IL-ll mRNA' this positive association

between mRNA expression of a pro-resorptive cytokine, IL-6, and cr'Le, is consistent

with microdamage providing a stimulus for osteoclastic bone resorption. No significant

association was observed between IL-6IGAPDH mRNA expression and Cr.Le when the

oA and control data were analysed independently (Figure 8.13). However, the plot of IL-

6iGAPDH mRNA versus Cr.Le suggests a segregation of the data points such that the OA

values for IL-6 mRNA are lower than the controls, which was consistent with the

difference in the mean value of IL-6IGAPDH mRNA expression between the oA and

control groups (Figure 6.2; Chapter 6.4.3). No associations were observed between IL-

6/GAPDH or IL-II/GAPDH mRNA expression and any of the other morphometric

parameters describing microcracks, Cr.Dn, and Cr'S.Dn' or the damaged bone volume

parameters, DxV/BV and DxV/TV, in the pooled or independent control and OA data sets

(results not shown).
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Figure 8.12: No association was observed between the relative ratio of IL-6IGAPDH

mRNA and Cr.Le, measured in contiguous intertrochanteric trabecular bone samples,

from the pooled data set of oA and control individuals (n : 27; IL-'IGAPDH :

0.0009*Cr.Le * 0.10; r : 0.12 and, p: NSi n : 26 (without outlier); IL-6IGAPDH :

0.002*Cr.Le + 0.02; r:0.40 andp < 0.05). NS : not significant'
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Figure 8.1.3: Associations between the relative ratio of IL-6IGAPDH mRNA and Cr.Le,

measured in contiguous intertrochanteric trabecular bone samples, from oA (n : 15)

and control (n : 12) individuals. No association was observed between the two

parameters in either the OA group (IL-6IGAPDH : 0.002*Cr'Le + 0.02; r : 0.38 and p

: NS) or controls (IL-6IGAPDH : -0.003*Cr.Le + 0.38; r -- -0'29 and p: NS)' NS :

not significant.
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RANKL and oPG are important downstream signals of osteoclast biology, onto which

many hormonal, chemical, and biochemical signals converge (Hofbauer and Heufelder'

2001; detailed in chapter 5.1). Hofbauer et al. (2000) hypothesised that the ratio of

RANKL to opG is the main determinant of the pool size of active osteoclasts in the local

bone environment. Furthermore, a strong positive association was observed between

eroded bone surface, ESiBS, and the ratio of RANKL/OPG mRNA, measured in

contiguous trabecular bone samples from the IT region of the proximal femur' for non-

diseased/control individuals (Figure 7.8; Chapter 7.4'3). Thus' linear regression analysis

was used to investigate whether there are any associations between the expression of the

RANKL/OPG 'RNA 
ratio, as determined by semi-quantitative RT-pcR (section 8.3.4)'

and morphometric parameters describing the extent of bone microdamage in control and

oA bone samples. There were 11 control and 12 OA cases, for which both semi

quantitative RT-pcR and microd amage morphometric data were available for analysis

(refer to section 8.3.1, and Chapter 7.3.1 andT'3'4)' When the control and OA data were

pooled or analysed independently, no significant association between the ratio of

RANKL/OPG mRNA and any of the morphometric parameters describing microcracks'

cr.Dn, Cr.Le, and cr.S.Dn, or the damaged bone volume parameters, DxV/BV and

DxV/TV, was observed (results not shown). Further, no associations were observed

between RANKL/GAPDH or OPG/GAPDH mRNA expression and any of the

microdamage morphometric parameters, in the pooled or independent control and oA data

sets (results not shown).
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8.5 DISCUSSION

Repetitive loading causes skeletal fatigue or microdamage) resulting in the microscopic

cracking of the ultra-structural bone matrix (Bun et al., 1997). Microdamage has been

identified as discrete microcracks and ultra-microcracking that is described as cross-hatch

or diffuse microdamage (Figures 2.7 A and 2]8;P,ufÏ et al., L997;Fazzalati et al', 1998a)'

The distribution of microdamage in trabecular bone from different regions of the proximal

femur from the same individual is unknown. OA is characterised by progressive

degenerative damage to the articular joint cartilage and changes in the subchondral bone

trabecular architecture, which may develop to compensate for an altered bone matrix

structure (loosely packed collagen fibres) and composition (hypomineralisation) in oA

(Bailey et a1.,2002; Li and Aspden, 1997a; Li and Aspden, 1997b; Mansell and Bailey'

1998). The different bone structure and bone matrix composition in OA is accompanied by

altered biomechanical properties, with a more rigid trabecular bone in the subchondral and

femoral neck regions (Li and Aspden,1997a; Li and Aspden, 1997b Martens et al'' 1983)'

The accumulation of microdamage in bone contributes to the loss of bone quality (i.e.,

bone biomechanical properties; Bun et al', 1997; Cartet et al', 1981; Carter and Hayes'

1977;Forwood and Parker, 1989; Mashiba et a1.,2000; Pattin et a1.,1996; Schaffler et al"

1989). Thus, it is important to describe the amount and morphological type of trabecular

bone microdamage in OA.

The aim of the work described in this chapter \ /as threefold. First, to investigate the in vivo

distribution of trabecular bone microdamage in the human proximal femur, for a cohort of

autopsy individuals, without any joint disease or any medical condition predicted to affect

the skeletal status. Second, to investigate the amount and morphological type of in vivo

trabecular bone microdamage at the intertrochanteric region of the proximal femur, for
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individuals suffering from primary hip OA, compared to skeletal-site matched non-

OA-/control individuals. The intertrochanteric region of the proximal femur was chosen for

sampling of trabecular bone because characteristic architectural changes at this site in OA

have been described previously (Crane et al., 1990), while it is remote from the

subchondral bone that undergoes well-characterised secondary changes in severe oA

(Fazzalari et al., Igg2). Third, to investigate the relationship between mRNA expression

levels of skeletally active molecules, with known regulatory roles in osteoclastogenesis

(IL-6, IL-11, RANKL, and OPG), and microdamage morphometric parameters' measured

in contiguous intertrochanteric trabecular bone samples from both OA and control

individuals. These final data were of particular interest as the nature and mechanism of the

stimulus to recruit osteoclasts to begin the targeted bone remodelling process' to repair

bone microdamage, is unknown.

8.5.1 Regional distribution of trabecular bone microdamage in the human

proximal femur

In vivo bone microdamage in the human proximal femur was similar in magnitude at the

subchondral principal compressive region, the medial principal compressive region, and

the intertrochanteric region (Table 8.2). These skeletal sites are regions of principal

compressive loading due to muscular forces and involvement in the transfer of upper body

weight to the cortex of the femur (Ling et al.,1996). This relatively uniform distribution of

microdamage suggests that the principal components of the femoral trabecular bone

network are equally exposed to deformations resulting in microdamage independent of

bone volume (BV/TV). These findings support the hypothesis that normal trabecular bone

architecture acquires a structure able to sustain a level of deformation and associated

microdamage that can be repaired by bone remodelling. There must be a balance between
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the repair of microdam age by bone remodelling to ensure that microdamage does not

accumulate and put the bone at risk of fatigue failure' However, the significantly reduced

microcrack length (cr.Le) in the subchondral bone, compared to a site distal to the

articular surface, the medial principal compressive region (Table 8'2), may be indicative of

different bone material properties, such as bone tissue mineralisation, and/or differential

bone remodelling rates between these regions (Ampe et a1.,1986; Fazzalati et al',1989; Li

and Aspde n, 1997a). In addition, the subchondral region's proximity to the spherical

articular surface may influence the local deformation characteristics of the trabecular bone

(Harrison et al., 1953).

g.5.2 Influence of age and osteoarthritis on trabecular bone microdamage

morphology at the intertrochanteric region of the human proximal femur

Few computational algorithms for adaptive skeletal changes have been developed for

microdamage because methods have not been available to recognise the different

morphological manifestations of microdamage and to quantify the magnitude of local

damage in the bone (Huiskes et a1.,2000; Prendergast and Taylor, 1994)' To the present'

stained microcracks are the only criteria to have been correlated with bone biomechanics

(Bun et a|.,1998; Forwood and Parker, 1989; Schaffler et a1.,1989)' leaving the influence

of in vivoultra-structural damage (cross-hatch and diffuse microdamage) on bone fragility

open for scrutiny. Few attempts have been made to investigate diffuse microdamage and

its influence on bone biomechanics. In the vertebral body, Fyhrie and Schaffler (1994)

showed that the failure mechanism of horizontal and vertical trabeculae is different. The

horizontal trabeculae fail as a result of microcrack propagation, whereas vertical trabeculae

remained grossly intact but show diffuse microdamage within the bone matrix'

Subsequently, those investigators reported that in vivo diffuse staining was located
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primarily in vertically oriented trabeculae of the vertebral body (Wenzel et al'' 1996)'

schaffler et at. (1994) described diffuse microdamage associated with microcracks as the

"damage process zoîe", a zoîe wherein the features of the bone matrix ultra-structure'

such as the collagen fibre-bone mineral inter-relationship may minimise the formation of

larget cracks and encourage the formation of numerous smaller cracks (Fazzala,fj et al''

1998a)

In the OA proximal femur, decreased microcrack length (Cr'Le) and an increased volume

fraction of bone microdamage (predominantly representing cross-hatch and diffuse

staining), Dxv/BV and Dxv/TV, may be indicative of a more effective inhibition of

microcrack propagation (Tables 8.5 and 8.6). Further, these differences in cr'Le, DxV/BV,

and Dxv/TV between the oA and control proximal femur, given that mean BV/TV was

not different between OA and controls (Tables 8.5 and 8.6), may be related to reports of a

different bone matrix structure and composition in OA, such as hypomineralisation and

loosely packed collagen fibres (Bailey et al', 2002; Brown et al', 2002; Grynpas et al''

l99l;Helliwell et al., 1996; Li and Aspden, 1997a; Li and Aspden, I997b; Mansell and

Bailey, 1993). lnterestingly, a recent study by Bailey et al. (2002) has shown that

subchondral bone osteoblasts, from individuals with hip OA, produce a molecularly

distinct collagen, type I collagen homotrimer (i.e., three ü1 chains of type I collagen)' A

decreased enthalpy (i.e., the energy required to denature the triple helix) of the type I

collagen homotrimer fibre indicated that the homotrimer molecules are more loosely

packed in the fibre (Bailey et a1.,2002). Furthermore, the collagen fîbres appeared to be

naffower and aligned in a disorganised manner in OA subchondral bone (Bailey et al''

2002). The type I collagen homotrimer is suggested to be mechanically weaker and less

mineralised in bone (McBride et a1.,1998; Misof et al., 1997). Subchondral and femoral
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neck trabecular bone from hip oA subjects has been reported to be materially weaker (i.e.,

less stiff and dense) compared with age-matched controls (Li and Aspden, I997a)'

However, biomechanical studies of OA subchondral and femoral neck trabecular bone

cores have shown the bone to be stiffer or more rigid (Li and Aspden, I997a; Li and

Aspden, 1997b; Martens et a1.,1933). The biomechanical properties of a trabecular bone

core are influenced by the bone matrix composition and trabecular bone architecture' The

more rigid subchondral trabecular bone in OA is associated with trabecular bone

architectural changes, such as increased trabecular bone volume, and altered trabecular

size and spacing (Crane et a1.,1990; Fazzalari et al', 1992)'

Microdamage repair is not well understood but depends on targeted remodelling (Bentolila

et al., 1998; Bun et al., 1997; Mori and Burr, 1993). Therefore, the accumulation of

microdamage in bone may depend upon the rate at which the bone is remodelled'

However, the bone remodellin g rate is representative of both stochastic remodelling,

essential for maintaining mineral homeostasis, and targeted remodelling as a response to

microdamage (Burr, 2002). The increased volume fraction of bone microdamage

(predominantly representing cross-hatch and diffuse staining), Dxv/BV and Dxv/TV, at

the intertrochanteric region of the OA proximal femur (Tables 8'5 and 8.6), may be related

to a reduction in bone turnover at this skeletal site. Interestingly, a decrease in eroded bone

surface, ES/BS, was observed in OA intertrochanteric trabecular bone in comparison to

age-matched controls (Table 7.5; Chapter 7.4.5). However, the repair of diffuse

microdamage has not been elucidated. Bentolila et al. (1998) reported only a trend

between diffuse microdamage and intracortical remodelling resorption spaces in adult rat

long bone after fatigue loading.
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The increased volume fraction of bone microdamage' DxV/BV and Dxv/TV, at the

inteftrochanteric region of the oA proximal femur (Tables 8.5 and 8.6), may relate to an

increase in load amplitude, the number of load cycles, or the direction of the load on the

trabecular bone. Fazzalari et at. (1998b) reported a trend for microcrack density (cr.Dn)

and DxV/BV to increase as the trabecular bone anisotropy decreases with respect to the

bone specimen loading axis. The authors suggested that loading trabecular bone on an axis

not aligned to the principal trabecular alignment may lead to increased microdamage

(Fazzalari et a1.,1998b). Alterations in the mechanical environment of the hip joint can

adversely affect the direction and distribution of bone loading. Severe OA hip patients tend

to have altered gait patterns due to joint pain and anatomical differences, which would

result in abnormal directions of bone loading (Moore et al',1994)'

Although the age-distribution of microcrack density (cr.Dn) in oA, as described in section

8.4.7 (Figure 8.4), is similar to the age-distribution of Cr.Dn reported in women with and

without subcapital osteoporotic fracture (Mori et al.,lgg7), the epidemiological evidence

indicates that patients with OA have a very low incidence of osteoporotic fracture

(Dequeker et al.,I993a;Verstraeten et a1.,1991; Chaptet 1.2.2). Furthermore, it has been

suggested that OA and osteoporotic fracture are mutually exclusive (Dequeket et al',

lg96).The DxV/BV age-distribution in OA is non-linear and similar to Cr.Dn (Figure 8'6)'

Beyond the age of 60 years, the DxV/BV distribution is heterogeneous, with some patients

having Dxv/BV data comparable to those patients less than 60 years of age, but with other

patients having significantly increased DxV/BV (Figure 3'6)' It is hypothesised that

increased Dxv/BV is related to increased bone toughness; i.e., increased energy input is

required for bone failure. Diffuse damage may be a more effective energy-absorbing

mechanism than microcracking (FazzalaÅ et a\.,1998a). Zioupos (2001) recently reported
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that it was necess ary to re-evaluate the fragility of aging human bone. It is possible that

more emphasis should be placed on bone's energy-related resistance to fracture than on its

stiffness or strength (Zioupos, 2001). A recent animal study using high-dose

bisphosphonates has indicated the need to understand more fully the causal relationship

and interaction between microcracks and bone tissue toughness (Mashiba et a|.,2000)'

The average microcrack length (cr.Le) for the oA and control groups was not age-

dependent, being constant with age and less than about 100 pm' In addition, cr'Le was not

dependent on DxV/BV. These results highlight that cr.Le appears to have an upper limit

that may be characteristic of bone material structure. In the case of bisphosphonate

treatment, the mean degree of bone mineralisation was shown to increase over time

(Boivin et a1.,2000), and this was associated with increases in microcrack length in

cortical bone (Mashiba et al., 2000).In the oA proximal femur, numerical microcrack

density (cr.Dn) and microcrack surface density (cr.s.Dn) were not dependent on BV/TV

(Figure 8.8; section 8.4.8), a measure linked to bone architecture, but may be closely

associated with reported changes in the material properties of bone in OA (Brown et al''

2002;Grynpas et a1.,1991; Helliwell et a1.,1996; Li and Aspden, 1997a; Li and Aspden'

I997b;Mansell and Bailey, 1998). In addition, there was no evidence for any dependence

of DxV/BV or DxV/TV on BV/TV for either the OA or control group data (Figure 8.9;

seotion s.4.8). Nevertheless, the co-plot of Dxv/BV versus BV/TV (Figure 8'9) showed

that the control group had similar Dxv/BV independent of BV/TV, even though the oA

group had a heterogeneous distribution of DxV/BV, which was still independent of

BV/TV. Again, these results may be indicative of a differing bone material structure

between oA and control cases. Interestingly, the microcrack parameters, cr'Dn and

cr.s.Dn, positively correlated with the damaged bone volume parameters, DxV/BV and
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DxV/TV, which predominantly represent the volume fraction of diffuse staining, in both

the OA and control groups (Table 8.7). These data suggest, for the first time' that linear

microcracks and diffuse microdamage are linked in both oA and normal individuals' at the

intertrochanteric region of the proximal femur'

8.5.3 Association between cytokine mRNA expression and microcrack length

in human trabecular bone from the proximal femur: potential role of IL-l1 in

the initiation of microdamage repair

As detailed in chapter 1.3.3.1, Mori and Burr (1gg3) first demonstrated that microdamage

initiates its repair by targeted bone remodelling, by fatigue loading dog long bones and

observing a subsequent increase in osteoclastic resorption. Bentollla et al. (1998) tested the

hypothesis that bone fatigue loading in vivo, which induces in vivo microdamage' can

activate the remodelling process in adult rat long bones, in which haversian remodelling

characteristically does not occur. Ten days after fatigue loading of adult rat ulnae'

intracortical resorption was activated (Bentolila et al' 1998)' Moreover' numerical

microcrack density was reduced by almost 40% by ten days after fatigue loading'

Intriguingly, intracortical resorption was associated with both bone microdamage and

regions of altered osteocyte and canalicular integrity (Bentollla et al' 1998)' Subsequently'

those investigators reported that microdamage induced osteocyte apoptosis, which may

provide an important local signal to remodel a damaged area of bone (Verborgt et al''

2000; verborgt et a1.,2002). osteocyte apoptosis has been implicated in the local control

of bone resorption (Noble et al., 1991; Tomkinson et al., 1991 Tomkinson et al'' 1998)'

verborgt et al. (2000) have suggested that osteocyte apoptosis induced by bone

microdamage may occur by direct injury to osteocytes or disruption of canaliculi, which

would result in an alteration of canalicular flow and impairment of the nutrition and
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metabolic activities of osteocytes. A number of mechanisms by which apoptotic osteocytes

could provide a targeting signal for bone resorption have been proposed' These include

apoptotic osteocytes exposing specific cell surface markers that are preferentially targeted

by osteoclast precursor cells, apoptotic cell fragmentation products moving through bone

canaliculi to provide a potential transmissible signal(s) to bone lining surface cells' and the

release of proteases and cytokines with pro-resorptive roles, such as IL-l, by apoptotic

osteocytes (Bronckers et a1.,1996;Hogquist et al.,l99I; Verborgt et al',2000)' However'

at this time, the nature and mechanism of the stimulus to recruit osteoclasts to begin the

targeted bone remodelling process, to remove the bone microdamage, is unknown'

There is a lack of information regarding the repair of microdamage in trabecular bone and

in human bone tissues. osteocytes are located in lacunae (cavities) and are extensively

connected to one another as well as to the bone lining surface cells by cytoplasmic

processes inside the canaliculi. Osteocytes are suggested to be the mechanosensing cells of

the bone matrix (Chapter 1.3.1.3; Burger and Klein-Nulend, 1999)' A decline in osteocyte

lacunar density in human cortical and trabecular bone has been shown to associate with an

accumulation of microcracks with age (Mori et a1.,1997; Vashishth et al',2000b)' These

studies suggest that an impaired osteocyte network is associated with the failure of

microdamage repair. Interestingly, sites of bone microdamage were often seen in close

association to an eroded bone surface in intertrochanteric trabecular bone sampled from the

oA and control proximal femur, for the cases described in this chapter (Figure 8.14).

Current evidence suggests that one major role for the cytokines IL-6 and IL-l1 in bone is

to act as an upstream stimulatory signal for osteoclasts to differentiate from their

haematopoietic precursors (Martin et a1.,1998; as detailed in chapter 5.1). A significant
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Figure 8.L4: Photomicrograph of human femoral 70 pm-thick section of trabecular

bone bulk-stained with basic fuchsin which shows microdamage in association with an

eroded bone surface. Arrows identify diffuse patches of basic fuchsin staining. Arrow

heads identify an eroded trabecular bone surface (objective magnification: X20).
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positive association was observed between IL-II/GAPDH mRNA expression and

microcrack length (Cr.Le), measured in contiguous trabecular bone samples from the

intertrochanteric region, for the pooled OA and control data (Figure 8.10). In addition, IL-

6/GApDH mRNA expression positively associated with Cr.Le in the pooled OA and

control data, when an outlier data point was removed (Figure 8'12; Chapter 8'4'9)' This

positive association between mRNA expression of a pro-resorptive cytokine, IL-11 more

so than IL-6, with cr.Le, is consistent with microdamage providing a stimulus for

osteoclastic bone resorption. Increased microcrack length has the potential to cause

increased disruption of the osteocytic canalicular network, which may provide an increased

stimulus for the initiation of bone remodelling. When the OA and control data were

analysed independently, no significant associations between IL-ll and IL-6 mRNA

expression with Cr.Le were observed (Figures 8.11 and 8.13, respectively). Even though

the sample sizes are small (OA, fl : 15; controls, n = l2), the OA data points are

segregated from the controls on the plots of IL-II/GAPDH and IL-6IGAPDH mRNA

versus Cr.Le, with lower IL-l1 and IL-6 mRNA levels for the OA samples (Figures 8.11

and 8.13, respectively). These data suggest that the reparative response to microcracks,

hypothesised to be represented by bone tissue levels of IL-l1 mRNA, is reduced in OA

trabecular bone. However, as the full role of the pleiotropic cytokine IL-ll in the bone

microenvironment is not understood, the cellular origin(s) of the measured IL-ll mRNA

expression in these human bone samples are not known, and as the temporal relationship

between the appearance of in vivo microdamage and IL-ll mRNA expression is not

known, interpretation of these findings is speculative. Furthermore, it is recognised that

there are many other candidate molecules that may have roles in the molecular regulation

of the microdamage repair process'

Trabecular bone microdamage in the human proximal femur
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A hypothesis of how microdamage is repaired by stimulating a targeted bone remodelling

response in trabecular bone is presented in Figures 8.154 and 8.158. A microcrack in the

trabecular bone matrix damages osteocytic canalicular processes and induces local

osteocyte apoptosis. This disruption of the osteocytic network triggers a signalling cascade

of molecular factors, postulated to be inflammatory cytokines with pro-resorptive roles in

the bone microenvironment, such as TNF-cr, IL-l , lL-6, and IL- I 1 , and/or growth factors,

resulting in the recruitment of osteoclast and osteoblast precursor cells from the bone

maffow to the site of microdamage (Figure 8.154). The osteoclast and osteoblast precursor

cells differentiate into mature bone resorbing osteoclasts and bone forming osteoblasts'

respectively. This local bone remodelling response results in the removal of the bone

microdamage and a subsequent restoration of the osteocytic network (Figure 8'158)'

Further studies are needed in the adult rat model of microdamage creation (Bentolila et al.,

1998) to elucidate the temporal relationship between the appearance of microdamage' gene

expression, and subsequent activation of targeted osteoclastic resorption'

8.5.4 Conclusions

The accumulation of microdamage in bone contributes to the loss of bone quality. The

work described in this chapter has identified a relatively uniform distribution of

microdamage in the proximal femur for an autopsy control group' which suggests that the

principal components of the femoral trabecular bone network are equally exposed to

deformations resulting in microdamage independent of bone volume (BV/TV)'

Furthermore, these findings support the hypothesis that trabecular bone architecture adapts

to sustain normal physiological deformations that result in a uniform distribution of

microdamage; this microdamage does not usually accumulate and is able to be repaired by

bone remodelling. Differences were found in the amount and morphological type of in vivo

Trabecular bone microdamage in the human proximal femur



Figure 8.15: A hypothesis of how microdamage is repaired by stimulating a targeted

bone remodelling response. (A) A microcrack in the trabecular bone matrix damages

osteocytic canalicular processes and induces local osteocyte apoptosis. This disruption

of the osteocytic network triggers a signalling cascade of molecular factors, postulated

to be inflammatory cytokines such as TNF-cx,, IL-l, IL-6, and IL-11, and/or growth

factors, resulting in the recruitment of osteoclast and osteoblast precursor cells from the

bone marrow to the site of microdamage. (B) The osteoclast and osteoblast precursor

cells differentiate into mature bone resorbing osteoclasts and bone forming osteoblasts,

respectively. This local bone remodelling response results in the removal of the bone

microdamage and a subsequent restoration of the osteocytic network.
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trabecular bone microdamage between individuals suffering from primary hip oA and

non-oA,/control cases, at the intertrochanteric region of the proximal femur' The

intertrochanteric region is remote from the subchondral bone that undergoes well-

characterised secondary changes in severe oA. The microdamage characteristics of

intertrochanteric oA bone include the non-linear increase in the volume fraction of bone

microdamage (DxV/BV) with increasing age and a heterogeneous distribution of Dxv/BV

when compared with controls. In addition, microcrack length (cr'Le) was significantly

reduced in the OA group. These findings are consistent with the reported bone material

property differences for oA, such as hypomineralisation and loosely packed collagen

flrbres. Microdamage is repaired by stimulating a local (targeted) bone remodelling

response. However, at this time, the nature and mechanism of the stimulus to recruit

osteoclasts to begin the targeted bone remodelling process, to remove bone microdamage,

is unknown. Intriguin gly, apositive association was observed between mRNA expression

of a pro-resorptive cytokine, IL-11, and cr.Le, measured in contiguous trabecular bone

samples from the intertrochanteric region, for the pooled OA and control data' This

observation is consistent with microdamage providing a stimulus for osteoclastic bone

resorption. However, further studies are needed in the adult rat model of microdamage

creation to elucidate the temporal relationship between the appearance of microdamage'

gene expression, and subsequent activation of targeted osteoclastic resorption' Further

study into the factors that influence the accumulation and skeletal distribution of

microdamage is fundamental to understanding skeletal health.

Trabecular bone microdamage in the human proximal femur
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9.I SUMMARY

Research into the aetiology of osteoarthritis (oA) has predominantly focussed on

understanding the mechanism of breakdown and loss of articular cafülage. However, there

is now substantial evidence from spontaneous OA animal models that there is a change in

the density and metabolism of subchondral bone before any signs of cartilage fibrillation'

Furthermore, in primary human OA, alterations in bone density, trabecular bone structure'

bone mineralisation, bone growth factor content, and osteoblast cell activity have been

observed in subchondral bone and at skeletal sites distal to the joint articular surface.

collectively, these studies suggest that the bone changes may precede the joint

degeneration of OA, or may arise secondarily to the joint pathology, or indeed may occur

in parallel with the cartilage damage, driven by the same causative agent(s) that lead to

cafülagedisease. whichever of these is the case, in order to devise effective treatments for

OA, it is clearly important to consider the bony component of this disease and to develop

an understanding of the cellular and molecular processes that lead to the bony changes'

The principal aim of this thesis was to describe trabecular bone remodelling, from both a

molecular and histomorphometric perspective, at a skeletal site distal to the subchondral

bone, the intertrochanteric region of the proximal femur, from OA patients undergoing

joint replacement surgery for primary OA of the hip, and age-matched adults, at autopsy'

without any overt/known joint disease or any medical condition predicted to affect their

bone turnover status

Contiguous trabecular bone samples were analysed for mRNA expression of a selection of

molecular factors involved in the regulation of bone remodelling, together with the

histomorphometric quantitation of static indices of bone turnover' bone structural

Summary and future directions
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parameters, and microdamage parameters. High quality undegraded RNA was extracted

from trabecular bone retrieved surgically (oA) and at autopsy (control), and semi-

quantitative RT-PCR analysis was performed using a panel of oligonucleotides designed to

amplify mRNA encoding a number of skeletally active molecules.

At first, it was established that total RNA and specific mRNA transcripts were relatively

stable in bone tissues stored at 4oC up to 3.5 days postmortem. Secondly, the mRNA

expression pattern of a number of bone cell markers and regulatory molecules of bone

remodelling was not different between the proximal femur (intertrochanteric and femoral

neck regions) and iliac crest, for a cohort of postmortem individuals' This finding was

unexpected, given the known heterogeneity of bone turnover and architecture in the human

skeleton.

striking differences were observed in gene expression between oA and control trabecular

bone at the intertrochanteric region of the proximal femur. Specifically, the expression of

factors associated with the development of the osteoclast, the RANKL/OPG mRNA ratio'

IL-6 mRNA, and IL-ll mRNA, were all significantly reduced in oA bone compared to

control bone. There is extensive evidence from cell culture experiments that the local ratio

of RANKL to OpG determines the effective activity of RANKL to promote osteoclast

formation. Thus, the lower expression level of RANKL/OPG mRNA in oA bone suggests

that osteoclast formation may be reduced at the intertrochanteric region in oA.

Furthermore, the bone resorption index, eroded surface (ES/BS)' relative to the bone

formation index, osteoid surface (os/Bs), was significantly reduced in oA bone compared

to controls, consistent with reports of lower bone turnover in OA' In contrast' an age-

dependent elevation in the mRNA expression of an osteoblastic cell marker, osteocalcin
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(ocN), was observed in oA bone compared with control bone. This finding is consistent

with a reported increase in ocN protein in oA iliac crest bone, and also that at the

interlrochanteric region there is maintenance of trabecular bone volume in oA'

Intriguingly, when the histomorphometric and molecular analyses on contiguous bone

samples were combined, there was a strong positive correlation between ES/BS and the

RANKL/OPG mRNA ratio, independent of age, in controls. This fînding suggests that, as

more RANKL becomes available to promote osteoclast formation, there is an increase in

bone resorption. Further, trabecular bone volume (BV/TV) was inversely correlated to the

ratio of RANKL/OpG mRNA. In addition, a strong positive association was found

between os/BS and the ratio of RANKL/OpG 'RNA 
in the controls. This is the first

direct evidence that RANKL and opG are involved in human bone remodelling, consistent

with the roles of RANKL and opG in osteoclast development established from in vitro

murine and human cell systems and in vivo murine gene deletion studies' Moreover'

RANKL has been shown to be of central importance in determining the trabecular bone

volume and turnover in the human bone microenvironment of the proximal femur' These

relationships between the RANKL/OPG mRNA ratio and ES/BS, BV/TV' and OS/BS'

observed in controls, were not evident in trabecular bone from severe primary OA,

suggesting that bone turnover in the proximal femur may be regulated differently in this

disease. Further, it can be speculated that the trabecular bone structures in OA arise by

subversion of the physiological RANKl-controlled mechanisms'

Recent reports have shown that oA bone is less mineralised and the matrix collagen is

disorganised, which could potentially significantly weaken the biomechanical properties of

the bone matrix, resulting in collagen ove{production and thickening of the bone'
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Interestingly, the length and type of microscopic cracks in the bone matrix' specifically

bone microdamage, differed between oA and control bone sampled from the

intertrochanteric region of the proximal femur' Intriguingly, the proportion of bone matrix

containing diffuse microdamage, focal collections of very fine microcracks, was higher in

OA bone. Bone microdamage is targeted for repair, and thus subsequent removal' by

stimulating a local bone remodelling response, via anunknown molecular mechanism' As

the length of the microcracks increased, for the pooled oA and control data, there was an

associated elevation in the mRNA expression of the pro-reso{ptive cytokine IL-11,

measured in contiguous bone samples. This finding is consistent with an increased

stimulus for bone resorption in response to microdamage'

The experimental approach of molecular histomorphometry, to compare gene expresslon

with trabecular bone structure and bone turnover, has provided the first description of the

molecular events in the local bone microenvironment in OA. The data presented in this

thesis support, but do not prove, the hypothesis that altered bone architecture may be the

cause of primary OA. Furthefïnore, the experimental approach has great potential to

uncover the mechanisms of normal bone turnover and of those that lead to the altered bone

structures found in oA. If oA is caused or exacerbated by altered bone structure, it may be

possible to f,rnd ways to modify or prevent the bone changes and thus delay joint

degeneration. Such a finding would have important implications for the current treatment

of oA, which is the surgical replacement of diseased joints.
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9.2 LIMITATIONS

The sample sizes of the surgical oA and autopsy control groups' particularly for the semi-

quantitative RT-PCR data, ate small' A greater sample size is required for each study

group to strengthen the observed age relationships, associations between expression of

specific mRNA transcripts, associations between histomorphometric parameters and

mRNA expression, and the differential mRNA expression between the oA and control

bone samples. Bone tissues from advanced or end-stage oA patients are readily available

from joint replacement surgery. It is difficult, or rarely possible, to obtain suitable non-

diseased/control bone tissues at surgery. A valuable resource of skeletal site-matched

control tissue is postmortem bone tissue. However, it is becoming more difficult to obtain

bone tissues for research from postmortem cases primarily due to declining autopsy rates at

most hospitals/institutions and restrictive government legislation.

A limitation of the data presented in this thesis is the extent of linear regression analysis

performed on sample sizes that are small. It is a well-established fact that the more

analyses performed on a data set, the more results will meet "by chance" the significance

level of p < 0.05. However, the associations between expression of specific mRNA

transcripts, and the associations between histomorphometric parameters and mRNA

expression have been presented and interpreted based upon the existing knowledge of the

role(s) of these molecular factors in the regulation of bone remodelling' Furthermore' the

degree of scatter of the observations around the regression line was generally not latge,

which indicated a close relationship between the variables. It is acknowledged that these

associations, for example the strong positive association between ES/BS and

RANKL/OPG mRNA levels in control bone (which suggests that the effective
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concentration of RANKL is related causally to bone resorption), do not establish cause and

effect relationships in the human bone microenvironment.

one limitation of semi-quantitative RT-PCR analysis of mRNA expresslon m

homogenised bone tissue samples is that the data provide no information about the cellular

origin(s) of each mRNA transcript. Another limitation is that it is not known whether the

gene expression patterns afe representative of the corresponding protein levels in the bone

tissue. This can be resolved by the use of in situ hybridisation in combination with

immunohistochemistry for the bone tissue localisation of each molecular factor of interest

at the mRNA and protein level, respectively. The advantage of semi-quantitative RT-PCR

analysis of mRNA expression in bone tissue over cell culture techniques is that no a priori

assumptions about participation of various cell types are required and thus'

factors/mediators of bone turnover can be analysed with their local regulatory mechanisms

intact. Furthermore, there remains much to be learnt about the roles of various cell types in

physiological and pathological bone turnover in the actual local bone microenvironment'
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9.3 FUTURE RE,SEARCH DIRECTIONS

An innovative experimental approach, termed "molecular histomorphometry", has been

described in this thesis, involving the analysis of the mRNA expression of a select group of

skeletally active molecules, in combination with histomorphometric assessment of

trabecular bone structure and bone turnover, in contiguous human bone tissues sampled

from the oA and non-diseased/control proximal femur. A more complete gene profile,

mapped to bone tissue morphology (i.e., molecular histomorphometry), in skeletal regions

distal to the degenerative joint changes in patients with primary OA needs to be

established. Specifically, a profile of gene expression mapped to bone tissue morphology

in the iliac crest that is consistent with that in the proximal femur, such as at the

intertrochanteric region, in the same OA individuals would be supportive of the hypothesis

of a generalised skeletal involvement in oA. The use of the iliac crest for these studies is

important for a number of reasons. Firstly, the iliac crest is a skeletal site accessible for

bone biopsy and is the accepted bone biopsy site for histomorphometric assessment of

skeletal change. Secondly, the iliac crest is not subject to loading abnormalities or joint

pathological changes. Finally, the trabecular bone structure and bone matrix biochemistry

of the iliac crest have been described in oA. If the profile of gene expression mapped to

bone tissue morphology in the iliac crest of severe primary hip OA individuals is

consistently different to that of non-oA control subjects, the potential use of this molecular

histomorphometric approach to identify individuals at risk of developing OA, before

development of symptoms, could be explored. Other skeletally active factors that would be

of specific interest in these analyses, in addition to those described in this thesis' are

detailed in ChaPter 6.5.4'
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In more general terms, the experimental approach of molecular histomorphometry

described in this thesis can be applied to study pathogenetic mechanisms of other

musculoskeletal diseases, such as osteoporosis (which is characterised by atrophied

trabecular bone architecture). In addition, molecular histomorphometry has clear

advantages over other methods to investigate genetic causes of musculoskeletal diseases'

For example, linkage analysis cannot discern levels of gene products in tissues' which

could arise by mutations in the promoter region of the gene and/or the effects of other gene

products. The use of gene expression profiles mapped to tissue morphology have the

potential to bridge the gap between cell culture studies and human pathophysiology' and

may thus provide important new information in the rational design of treatments for a

variety of musculoskeletal diseases'

Summary and future directions
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