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Abstract 

Excessive bone loss and risk of fracture occurs in several common diseases 
including osteoporosis, rheumatoid arthritis, hypercalcaemia of malignancy and 
hyperparathyroidism. The purpose of this project was to shed light on the 
mechanism whereby bone loss occurs. 

The non-steroidal anti-inflammatory drug, indomethacin inhibits bone 
resorption in vivo and in the mouse parietal bone in vitro by blocking prostaglandin 
production. This drug had the effect of reducing the number of tartrate-resistant acid 
phosphatase-positive osteoclasts (TRAP+OC) on the surface of the bone and 
increasing those on the adjacent endocranial membrane. This observation was made 
by peeling back the membrane from the bone so that the respective numbers could 
be counted. The stimulators of bone resorption, prostaglandin E2 (PGE2) and 1,25-
dihydroxyvitamin D3 (1,25D3) and parathyroid hormone (PTH) reversed this effect, 
producing large numbers of TRAP+OC on bone at the expense of those on the 
membrane. 

When freshly isolated bones were stained for the ~3 subunit of the integrin 
avJB, (33-positive osteoclasts «(33+0C) were only seen on the bone surface. When 
bones were incubated with indomethacin very few (33+0C were seen on the 
membrane and none on the bone. The stimulators of bone resorption caused the re
appearance of (33+0C on the bone surface. This process could be blocked with the 
disintegrin, echistatin and by function-blocking antibody to (33. The conclusion was 
drawn that cx.v~3 integrin was necessary for osteoclasts to trans locate to the bone 
surface from the membrane. 

PGE2, PTH and 1,25D3 are known to act through osteoblast-like cells to 
activate osteoclasts. One candidate for the intermediary produced by osteoblasts 
that stimulates osteoclasts is osteoprotegerin ligand (OPGL). OPGL has been shown 
to stimulate osteoclast differentiation and activation. Soluble recombinant human 
OPGL brought about the translocation of osteoclasts from the endocranial 
membrane to the parietal bone surface. PGE2, 1,25D3 and PTH all increased the 
expression ofmRNA for OPGL in parietal bones compared with indomethacin
treated controls, after 6 h exposure. 

Recombinant human OPG (rhOPG) was found to cause osteoclasts to detach 
from the bone surface and attach to the membrane. rhOPG binds strongly to OPGL 
and inhibited the stimulatory effects of PGE2 and 1,25D3 on osteoclast adhesion to 
the bone. OPGL and a function blocking antibody to OPG both inhibited the effect 
of indomethacin, leaving active osteoclasts on the bone. Messenger RNA for OPG 
was not down-regulated by stimulators of bone resorption in mouse calvaria, 
contrary to reports with some bone cell lines. However, secretion of OPG was 
inhibited. OPG activity was detected by an enzyme-linked immunoassay in the 
culture medium from indomethacin-treated bones. PTH, PGE2, 1,25D3 and 
dexamethasone all inhibited the production of OPG activity. 

In conclusion, PTH, PGE2 and 1,25D3, act to induce OPGL production 
which brings about a change in adhesion of osteoclasts from the membrane to the 
bone surface mediated by the integrin cx.v~3. OPG is produced by bone lining cells 
in the absence of specific stimulators of bone resorption, for instance when 
prostaglandin production is inhibited by indomethacin. Thus, OPG inhibits bone 
resorption by blocking OPGL and causes osteoclasts to detach from the bone 
surface. 
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Introduction 

1. Disorders of bone 

The purpose of investigating the regulation of bone resorption is to 

shed light on the mechanisms of bone disorders and to indicate possible therapeutic 

targets for their treatment. There are a variety of disorders which may affect bone 

and they may be congenital or acquired, primary or secondary. Those which involve 

an increase in the number or an increase in the activity of the osteoclast include 

osteoporosis, Paget's disease, primary hyperparathyroidism and osteolytic 

metastases. 

1.1 Osteoporosis 

Osteoporosis has been defined as "a progressive systemic skeletal disease 

characterized by low bone mass and microarchitectural deterioration of bone tissue, 

with a consequent increase in bone fragility and susceptibility to fracture" (World 

Health Organization, 1994). In this country osteoporosis affects one in three women 

and one in twelve men and costs the UK National Health Service approximately 

£ 1.5 billion per year (National Osteoporosis Sooiety 2000). A major risk factor for 

women is the decline in oestrogen levels following the menopause and currently the 

most effective way to decrease the risk of fracture is hormone replacement therapy. 

The cause of the bone loss in osteoporosis is an imbalance between the amount of 

bone removed by the osteoclast and the amount of bone replaced by the osteoblast 

during remodelling. 

1.2 Paget's disease 

Paget's disease is a highly localized disorder of bone remodelling. It is 

thought to begin with an increase in bone resorption by osteoclasts which leads to an 

increase in the amount of new bone laid down by osteoblasts. This results in a 

disorganized structure of immature and mature bone at the affected site. The result 

is that the bone enlarges in size and is more prone to deformity and fracture (Rodan 
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& Martin, 2000). The cause is unknown and it is more commonly diagnosed in 

older people as an incidental finding during other investigations. 

1.3 Primary hyperparathyroidism 

Primary hyperparathyroidism is a common cause of hypercalcaemia and is a 

relatively frequent endocrine disorder with an incidence of 1 in 500 to 1 in 1000 in 

the United States (Silverberg et aI, 1995). It results from an excessive secretion of 

parathyroid hormone (PTH) from one or more parathyroid glands most commonly 

caused by a benign tumour. The PTH causes an increase in both the differentiation 

and activation of the osteoclast leading to increased bone resorption and a 

subsequent rise in serum calcium. The cause is unknown and it may be managed 

surgically or medically. 

1.4 Osteolytic metastases 

Osteolytic metastases are a common complication arising from a malignant 

tumour. In some cases the tumour will secrete a PTH related protein (PTHrP) which 

indirectly activates osteoclasts to resorb bone to make room for the growing tumour. 

Alternatively the tumour itself may directly activate the osteoclast to make space in 

the bone for the tunour. Both cases can result in humoral hypercalcaemia of 

malignancy, a syndrome characterized by an increase in serum calcium and often 

occurs during the final stages of the disease (Stewart, 1996). 

2. Bone : function and structure 

Bone is a dynamic tissue, which is continually being replaced as it becomes aged 

or damaged, by a process known as remodelling. The skeleton performs several 

important functions in the body: 

• Provides protection for vital organs such as the lungs and brain. 

• Allows for attachment of muscle for movement, support and locomotion. 

• Houses the bone marrow, which in the adult is the major site ofhaematopoiesis. 
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• Acts as a reservoir for minerals such as calcium, magnesium, and phosphate, 

which is important in maintaining mineral homeostasis. 

Two types of bone may be found in the skeleton, dense or cortical bone, which 

covers the surface shell of bone, and spongy cancellous or trabecular bone, which is 

enclosed by the cortical bone (Fig 1.1). The general features of both 

types of bone are similar. Both may consist of woven (primary) or lamellar 

(secondary) bone. The embryonic skeleton consists of woven bone, which is 

gradually resorbed and replaced with mature bone. Woven bone is rarely seen in the 

human skeleton after the age of five years though it may reappear in certain 

circumstances. These include soft tissue injury, treatment which stimulates the 

formation of bone, metabolic and neoplastic disease or inflammation. Collagen 

fibrils of woven bone are randomly arranged with irregular mineralization whereas 

in lamellar bone the collagen lies in parallel sheets with regular mineralization 

(Buckwalter et ai, 1995). Both compact and trabecular bone consists of a 

mineralized matrix. In trabecular bone the matrix is organized in the form of thin 

spicules whereas in cortical bone it is organized in Haversian systems or osteons. 

These osteons consist of a canal containing a blood vessel surrounded by a ring of 

lamellae. As well as describing bones according to their architecture, they may also 

be described according to their method of formation during development. The 

majority of bones develop via a mechanism of cartilage replacement called 

endochondral ossification. These may be distinguished from bones which form 

directly in a process called intramembranous ossification. 

The periosteum is the membrane that covers the external surfaces of bone 

and is of biological importance. It constitutes an important part of the blood supply 

to the bone and periosteal cells can resorb and form bone in response to local and 

systemic stimuli. The periosteum consists of two layers, the outer layer being more 

dense and fibrous and the inner layer less dense and more vascular and cellular. The 

inner layer consists of cells that are capable of becoming osteoblasts and so this may 

be referred to as the osteogenic layer. These cells are also able to form cartilage and 

they help to form the fracture callus during fracture healing. As the bone grows they 

secrete organic matrix which enlarges the diameter of the bone. The outer layer has 

fewer cells and more collagen. The periosteum undergoes changes as it ages. In 
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children the inner layer readily forms new bone which can be seen following injury 

or disease to the diaphysis when a new diaphysis may be formed. In later life the 

periosteum thins and loses to some extent its capacity to form new bone. However, 

the periosteum continues to form new bone throughout life. 

3. Bone matrix 

Bone matrix is extremely durable such that it can retain much of its strength 

for many years after death. Matrix usually makes up more than 90% of the volume 

of bone with the remaining being cells, cell processes and blood vessels canals and 

canaliculae. Matrix consists of an organic and inorganic component and is a 

composite material. The inorganic component makes up approximately 65% of the 

wet weight of bone, the organic component 25% of the wet weight and water makes 

up approximately 10%. The organic content of the bone is mainly collagen which 

gives the bone its form and allows it to resist tension whereas the inorganic content 

allows it to resist compression. A demineralized bone becomes extremely pliable 

and resistant to fracture whereas a bone which has had its organic content removed 

becomes extremely brittle and easily fractured. 

Collagen makes up approximately 90% of the organic matrix being 

predominantly type I along with small amounts of types V and XII. The collagen 

fibres are organized in sheets or around an osteon and all lie in the same direction in 

a single lamellae. However, in adjacent lamellae they lie in different directions. In 

mineralized tissues, the long edge of the apatite crystals lie parallel to the axis of the 

collagen fibres which allows the crystals to add to the strength of the bone. Type I 

collagen has a unique amino acid sequence and inherited abnormalities of collagen 

type I occur due to amino acid substitutions. These patients suffer from fragile 

bones due to either a decreased amount of normal type I collagen or an abnormality 

of the structure of type I collagen. Bone also contains several non-collagenous 

proteins involved in the mineralization of bone. These proteins include osteocalcin, 

osteonectin, bone sialoprotein, bone phosphoproteins and small proteoglycans. 

Water makes up a further 5 to 10% of the weight of bone tissue and is needed for 

both nutrition and function of cells. 
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The mineral content of bone performs two essential functions in that it serves 

as a reservoir of ions and it gives bone most of its strength. Roughly 90% of body 

calcium, 85% of phosphorous and 40 to 60% or sodium and magnesium are 

associated with bone mineral crystals. This pool is the major source of ions for 

exchange with the extracellular fluid and helps to maintain the concentrations of 

these ions within the narrow ranges needed for vital functions in the body such as 

nerve conduction and biochemical reactions. Bone mineral or apatite crystals are 

relatively small in size which allows the incorporation and adsorption of ions such 

as carbonate and acid phosphate groups as well as enabling the mineral to dissolve 

in the acid environment created by the osteoclast during bone resorption. 

4. The cells of bone 

The cells that form bone (osteoblasts) are derived from mesenchymal stem 

cells found in the bone marrow (Friedenstein, 1973). These stem cells are capable 

of differentiating into osteoblasts and may also form cells which give rise to 

cartilage, adipose tissue and muscle. Undifferentiated mesenchymal cells which 

have the potential to become osteoblasts may also be found in the bone canals, 

endosteum, and the periosteum (Buckwalter et ai, 1995). Early work by 

Friedenstein et al (1967) showed that cells of marrow origin found in peritoneal 

exudates formed bone in diffusion chambers under the influence of bladder mucosa. 

However, the cells were not self-sustaining. Further work by Friedenstein et al 

(1968) showed that in a similar experiment bone was not formed from cells from 

different connective tissues. Further, bone marrow placed in diffusion chambers 

was capable of forming bone without the presence of bladder mucosa or any other 

inducing agent and that this bone was self-sustaining (Friedenstein et a/1966). The 

conclusion from these and other experiments was the existence of "a determined 

osteogenic precursor cell" which is able to form bone without any inducer 

substances, and an "inducible osteogenic precursor cell". Mesenchymal cells remain 

undifferentiated until they are stimulated to proliferate and differentiate into 

osteoblasts. Following a fracture growth factors such as bone morphogenetic 

proteins (BMPs) are released which stimulate these mesenchymal cells to 

differentiate into fibroblasts and osteoblasts which heal the fracture. 
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4.10steoblasts 

The osteoblast is the cell type that fonns bone and is required, along with the 

chondrocyte of the growth plate, for longitudinal bone growth (Warshawsky 1982; 

cited in Karsenty, 1999). Osteoblasts line the surface of bone and pack tightly 

together against adjacent osteoblasts. Osteoblasts secrete type I collagen and bone 

matrix proteins towards the mineralizing front of the tissue (Buckwalter et ai, 1995). 

Osteoblastic differentiation and function is regulated by the interaction of the cell 

with matrix proteins. Cytoplasmic processes of the osteoblast pass through the 

osteoid matrix in order to contact osteocytes that are found within the mineralized 

matrix. So far only two genes have been found which control osteoblastic 

differentiation directly or indirectly and these are Cbfa 1 (Speck & Stacy, 1995) and 

Indian hedgehog (lhh) (Bitgood & McMahon, 1995). Cbfa 1 is the earliest and most 

specific marker of osteoblastic differentiation found thus far (Karsenty, 1999). The 

genetic deletion of Cbfa 1 in mice leads to animals in which the skeleton is 

comprised entirely of cartilage with no sign of calcified bone (Komori et ai, 1997). 

Mutations of the Cbfa 1 gene in humans have been found in patients affected with 

cleidocranial dysplasia (Lee et ai, 1997). 

Active osteoblasts may follow one of three fates. They may remain on the 

surface of bone where they cease activity and become flattened bone lining cells or 

they may be surrounded by matrix and become osteocytes or they may undergo 

apoptosis (Buckwalter et 01, 1995). 

Mineralization of the bone collagen fibrils takes place in an organized 

fashion. Mineral first appears in specific regions of the collagen fibrils separated by 

unmineralized regions. As mineralization progresses, mineral appears in an 

increasing number of regions of the collagen matrix and ultimately mineral fills all 

the available space within the collagen fibrils. Once it has begun mineralization 

proceeds fairly rapidly with approximately 60% of the total mineral fonned within 

hours. As mineralization proceeds the water and non-collagenous protein 

concentrations decrease but the collagen concentration remains unchanged. 

Increased mineralization and organization of the matrix, maturation of the bone 

crystals and the replacement of woven bone with lamellar bone leads to increasing 

stiffness of the bone (Buckwalter et ai, 1995). Mineralization is impaired in vitamin 
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D deficient rickets and osteomalacia. Both conditions illustrate the importance of 

mineralization for normal skeletal function. In such cases the osteoblasts secrete 

osteoid but the osteoid does not mineralize. As the amount of unmineralized matrix 

increases as a proportion of the mineralized matrix, the bone progressively weakens 

and may deform or fracture. 

4.2 Osteocytes 

Osteocytes make up more than 90% of the bone cells in the mature human 

skeleton (Cooper et ai, 1966). As mineralized matrix envelops the osteoblast, 

morphological changes occur and the osteoblast progresses towards its terminally 

differentiated stage, the osteocyte. Osteocytes have long branching cytoplasmic 

processes that extend through canaliculae in the matrix and come into contact with 

cytoplasmic processes from other cells. It has been suggested that the 

interconnecting network between the osteocytes may allow the osteocytes to detect 

mechanical loading in the bone (Turner et ai, 1994). Osteocytes may also be able to 

control the movement of ions between the mineralized matrix and the extracellular 

fluid spaces of the bone (Buckwalter et ai, 1995). 

4.3 Bone lining cells 

Bone lining cells are flattened cells which lie directly against the bone 

matrix. They have extensions which penetrate the bone matrix and contact other 

extensions of the osteocytes (Buckwalter et ai, 1995). They may be referred to as 

resting osteoblasts or surface osteocytes. Lining cells and osteocytes have fewer 

organelles and less cytoplasm than active osteoblasts (Buckwalter et ai, 1995). Bone 

lining cells may function like osteocytes as a means of detecting mechanical stress 

and thereafter stimulating new bone formation or resorption. 

4.4. Osteoclasts 

In the mid nineteenth century Robin (cited in Hancox, 1972) was the first to 

describe multinucleate giant cells in bone and to distinguish them from 
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megakaryocytes. However, it was Kolliker (1873~ cited in Gothlin and Ericsson, 

1976) who called them osteoclasts and proposed that they may resorb bone. It is 

now known that osteoclasts carry out bone resorption and it seems to be their only 

function (Vaananen, 1996). Work by Bromley & Woolley (1984) showed the 

presence of multinucleate tartrate-resistant acid phosphatase (TRAP) positive cells 

adjacent to the calcified cartilage matrix in the large joints of patients with 

rheumatoid arthritis. These cells were termed "chondroclasts" and were thought to 

contribute largely to subchondral bone loss. During evolution osteoclasts first 

appear in bony fish but not in sharks (Glowacki et ai, 1986). The function of these 

osteoclasts in bony fish appears to be fracture repair and mineral homeostasis. 

The osteoclast shows characteristic specializations that distinguishes it from 

other cells including monocytes and macrophages (Chambers, 1985). With 

transmitted electron microscopy osteoclasts can be seen on bone surfaces associated 

with a resorption pits or Howship's lacunae (Miller, 1981). The osteoclast shows a 

prominent ruffled or brush border made up of microvilli juxtaposed to the lacunae 

and a so-called clear zone that runs around the perimeter of the osteoclast. The clear 

zone is devoid of organelles such as the mitochondria, lysosomes and the Golgi 

complexes that typify osteoclasts. The clear zone is also called the sealing zone 

because it is thought to act to limit the diffusion of the acid and proteolytic enzymes 

secreted by the ruffled border (Baron et ai, 1985). Osteoclasts are capable of great 

motility (Hancox & Boothroyd, 1961) which can be rapidly inhibited by calcitonin 

(Chambers, 1982). Using scanning electron microscopy, Jones & Boyde (1977) 

demonstrated that not all osteoclasts were associated with resorption lacunae and 

some of these were not in contact with bone. In this case osteoclasts were not flat 

and ovoid in shape as when on bone but elongated and extensively branched. These 

latter osteoclasts were thought to be inactive osteoclasts. Resting osteoclasts were 

also described by Lasfargues & Saffar (1983) in a study of the effects of 

indomethacin on remodelling of alveolar bone in hamster. 

The nuclear morphology of the osteoclast is attributed to fusion of 

mononuclear cells rather than to endomitosis. There are no reports of mitosis in 

osteoclasts (Loutit & Nisbet, 1982) and tritiated thymidine (Young, 1962) and 

bromodeoxyuridine (Marshall & Davie, 1991) labelling studies have described 

instances of the presence of single labelled nuclei amongst other unlabelled nuclei 

23 



within an osteoclast, suggesting fusion of mononuclear precursors occurs and not 

mitosis. Evidence that osteoclasts derive from circulating monocytes was obtained 

by injecting tritiated thymidine labelled monocytes isolated from blood into mice in 

which osteoclast formation had been stimulated by l-a.-hydroxycholecalciferol 

(Tinkler et ai, 1981). Labelled osteoclasts were seen in autoradiographs of sections 

of femur. The formation of osteoclasts by fusion of monocytes from circulating 

blood was directly observed in primary culture (Zambonin Zallone et ai, 1984). 

5. Bone remodelling 

The replacement of bone in the adult skeleton is carried out by a process 

known as remodelling. Old and damaged bone is removed by the osteoclast and 

new bone is deposited by the osteoblast in the same place (Fig 1.2). The concept of 

the BMU or basic multicellular unit has been put forward to try to explain the 

integration in time and space of the remodelling process (Parfitt, 1994). The BMU 

is a temporary structure consisting of several different types of cells. In the healthy 

adult skeleton, whether normal or osteoporotic, all osteoc1asts and osteoblasts 

belong to a BMU and isolated cells are not considered to exist (Parfitt, 2000). New 

osteoblasts only appear at sites which have recently undergone resorption and the 

link between resorption and new bone formation is generally referred to as coupling. 

The reasons for remodelling may be, as already stated, to remove damaged bone but 

it is also a means by which demands for calcium can be met in order to maintain 

calcium homeostasis. Most important perhaps is the adaptation to changes in stress 

so that bone is put on where needed and taken off where it is not needed. In addition 

bone remodelling is required for growth. Cortical bone remodelling is more likely to 

be due to the need for damage repair whereas cancellous remodelling is more 

concerned with calcium homeostasis. In cortical bone the process is known as 

osteonal remodelling and the BMU is an elongated cylindrical structure which 

burrows through the bone and is approximately 2 mm long and 0.2 mm wide. In 

humans it moves at a rate of about 20 - 40 J...lIll per day. The front end of the BMU is 

the cutting cone which consists of about nine osteoc1asts each with about nine nuclei 

which resorb the bone in front of them (Jaworski et ai, 1981). Following on from 

the cutting cone is the transitional zone which is lined with 
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Figure 1.2 Mechanism for coupling bone resorption to bone deposition. Active 

osteoblasts lay down new bone and then become inactive and form lining cells. 

These cells are capable of responding to stimulators of bone resorption and express 

the cytokine OPGL which causes differentiation and activation of osteoclasts to 

resorb bone. Signal released by resorption including TGF-p and IGF's may recruit 

pre-osteoblasts to lay down new bone and fill the resorption pit. 
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spindle-shaped cells which lay down cement onto the cavity wall. Behind the 

transitional zone is the closing cone, which contains about 2,000 osteoblasts that 

form bone within the cavity. In the centre of the cavity is a blood capillary loop 

from which new osteoclast mononuclear cells are recruited. An osteoclast at the 

cutting cone may remain the same for as long as the BMU exists but it would change 

its nuclei many times over by the fusion of new pre-osteoclasts (Parfitt, 1994). The 

turnover of nuclei is approximately 8% measured by tritiated thymidine labelling 

(Jaworski et aI, 1981). The nuclei undergo apoptosis (Boyce et a/1993). Thus the 

osteoclasts at the cutting cone would be made up of cells of different ages. In 

contrast the osteoblasts at the closing cone will all be of the same age. A group of 

new osteoblasts is recruited at the speed required to ensure that the closing cone 

remains the same distance from the cutting cone. These osteoblasts come from the 

spindle-shaped precursor cells that line the BMU behind the cutting cone. They 

undergo cell division before becoming osteoblasts (Jaworski et aI, 1980). Once the 

osteoblast had finished secreting bone matrix it may either become a lining cell 

within the canal, it may become embedded in the new bone as an osteocyte or it may 

undergo apoptosis. 

In cancellous bone remodelling is known as hemi-osteonal remodelling and 

the process is very similar to what occurs in cortical bone. The osteoclasts move 

across the surface of the bone rather than burrowing through the bone and the cavity 

created is filled by osteoblasts following behind. Again the osteoclast nuclei are 

renewed throughout the cycle and successive teams of osteoblasts arrive at the 

junction of the transitional zone and the osteoid seam to fill in the cavity with new 

bone, although this has not been as well studied as in cortical bone. The osteoblasts 

are derived from preosteoblasts that line the transitional zone. The osteoblasts may 

undergo one of the same three fates as those involved in osteonal remodelling. It is 

still not fully understood how there is an increased availability of osteoblasts at the 

site of previous bone resorption. It may be due to the release of growth factors 

embedded in the matrix as resorption takes place, such as insulin-like growth factor 

II (IGF-II) (Mohan et aI, 1988) or transforming growth factor-beta (TGF-j3) 

(Bonewald & Mundy, 1990). Other theories include a response to mechanical strain 

on the bone or changes in local cytokine concentration which lead to an increase in 

formation of pre-osteoclasts thus leading to an increase in osteoblast production. A 
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more recent theory put forward by Parfitt (2000) suggests that the blood vessel 

found in every BMU may act as a source of osteoblasts as well as a source of 

signaling factors for osteoblast recruitment. It may be that this "parallel pathway" 

acts in concert with other events previously described. 

6. Origin of the osteoclast. 

The earliest suggestion that osteoclasts were derived from blood leucocytes 

was seen in the model system of regenerating newt limb. When animals were 

injected with tritiated thymidine one day prior to amputation of a limb, labelled 

osteoclasts were seen in the limb stumps between ten and twenty days later 

(Fischman & Hay, 1962). Prior to this, the only other labelled cells seen in the limb 

tissue were extra vascular blood leucocytes. These authors concluded that 

osteoclasts in this model were derived by fusion of mononuc1eated leucocytes, 

probably monocytes. A similar conclusion was obtained in rats that had been 

surgically joined so that they shared circulating cells (parabiosis) (Gothlin & 

Ericsson, 1972). One of the parabiotic rats was lethally irradiated to ablate 

haematopoiesis and then both animals given a fracture of the femur. The cross

circulation was arrested by a clamp and tritiated thymidine injected into the shielded 

rat. The clamp was removed twenty minutes later. Labelled monocytes and 

osteoclasts were seen in both fracture sites but labelled fibroblasts, chondroblasts 

and osteoblasts were seen only in the fracture site of the shielded rat. The 

conclusion was drawn that osteoclasts were derived from the circulating precursors 

from the shielded rat whereas the connective tissue cells were locally derived. 

The study of congenital defects in mice has led to a better understanding of 

the origin of the osteoclast. There are at least four naturally occurring recessive 

mutations in mice of which two, mi and op, have been particularly informative. The 

microphthalmic (milmi) mouse, amongst other symptoms, shows impaired bone 

resorption leading to the obliteration of the marrow cavities with primitive bone 

(osteopetrosis). The first report of therapeutic resolution of this defect came from 

Walker (1972). He joined in parabiosis milmi mice with their unaffected siblings 

(mil+) which led to resorption of the marrow cavities in about two weeks. That this 

was brought about by the transfer of cells rather than a humoral effect was shown by 

27 



injecting bone marrow from a nonnallittennate into lethally irradiated milmi mice 

(Walker, 1975) which also resolved the osteopetrosis. The irradiation was necessary 

because the strain of mice was not sufficiently inbred, leading to rejection of the 

grafted cells (Loutit & Nisbet, 1982). However, this work did not prove that the 

osteoclast population in the mi/mi was being replaced by a donated normal 

population. For this a cytoplasmic marker of donor cells was used which could be 

seen in the osteoclast population. The beige mouse (bg) shows giant lysosomes in 

cells of the myeloid series and when bone marrow from this mouse was injected into 

lethally irradiated osteopetrotic mice then the osteopetrosis was cured and giant 

lysosomes were seen in the resulting osteoclast population (Ash et ai, 1981). The mi 

gene has been shown to code for a basic helix-Ioop-helix-zip type of transcription 

factor (Steingrimsson et ai, 1994) but the exact mechanism for the failure of bone 

resorption in the mi mouse remains to be elucidated. 

The op mouse shows a similar osteopetrosis to the mi but this is not resolved 

by a graft ofnonnal compatible bone marrow (Marks et ai, 1984). The op mouse 

showed drastically reduced numbers of mature macrophages and unlike the mi 

mouse, the defect could not be transferred to lethally irradiated normal mice by the 

injection of spleen cells (Wiktor-Jedrzejczak et ai, 1982). Cultured osteoblasts and 

fibroblasts from the op mouse did not secrete macrophage colony stimulating factor 

(mCSF), unlike normal mice. When this growth factor was administered to the op 

mouse resorbing osteoclasts were induced and the marrow cavity was restored (Felix 

et ai, 1990). The op gene was shown to code for mCSF and the mutant had a single 

base pair insertion which prevented the formation of functional protein (Yoshida et 

ai, 1990). The mi/mi mice had normal numbers of osteoclasts but were unable to 

resorb bone whereas the op/op mice had low numbers of osteoclasts due to a lack of 

mCSF leading to reduced recruitment and differentiation of osteoclasts. Thus, there 

were two requirements for functioning osteoclasts, the intrinsic machinery of the 

osteoclast and the appropriate mechanisms for their recruitment and differentiation. 

7. Differentiation of the osteoclast 

Osteoclasts are derived from circulating monocytes which in turn are derived 

from the haematopoietic stem cell (Fig 1.3) as described in the previous section. 
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Figure 1.3 Osteoclast differentiation. Pluripotent stem cell in bone marrow give rise 

to granulocyte/erythrocyte/macrophage/megakaryocyte colony forming units (CFU

GEMM) which in turn lead to the formation of granulocyte/macrophage colony 

forming units (CFU-GM). These latter cells give rise to macrophage colony 

forming units (CFU-M) which form monocytes that circulate in the blood. Final 

differentiation and activation of the osteoclast takes place under the influence ofm

CSF and OPGL. 
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Th6 intermediate proliferative cell types between the haematopoietic stem cell and 

the monocyte become progressively restricted in their potential to differentiate. 

They include the colony forming units for the granulocyte, erythrocyte, monocyte 

and megakaryocyte. Their differentiation and proliferation is determined by specific 

growth factors and cytokine combinations (Hoftbrand & Pettit, 1995). The factors 

controlling the process of commitment and differentiation of the osteoclast have 

only recently started to be elucidated. One of the earliest demonstrations that 

osteoclasts could be formed in vitro (Marshall et ai, 1986 ) demonstrated a 

requirement for osteoblastic stromal cells. This need for monocytes to come into 

contact with osteoblastic cells before osteoclast differentiation could take place was 

confirmed in cell culture studies by Takahashi et al (1988). Stimulators of bone 

resorption such as 1,25D3, PTH and PGE2 were found to act on the osteoblastic 

cells, not directly on the osteoclast precursors (Suda et ai, 1995). Thus, a mediator 

appeared to be produced by osteoblastic cells in response to stimulators of bone 

resorption that when in contact with monocytes brought about osteoclast 

differentiation. Macrophage colony stimulating factor (mCSF), although necessary 

for osteoclast differentiation as demonstrated in the op/op mouse (Takahashi et ai, 

1991), was insufficient in this regard. The long sought after growth factor was 

discovered by two independent groups of workers (Lacey et ai, 1998, Yasuda et ai, 

1998a) and termed osteoprotegerin ligand (OPGL) and osteoclast differentiation 

factor (ODF) respectively. The structure and properties of this cytokine will be 

discussed in detail in a later section (10.14). A soluble form of this membrane 

bound protein was found to stimulate bone resorption by isolated osteoclasts and, in 

the presence ofmCSF, could induce the differentiation of circulating- (Quinn et aI, 

1998) or bone marrow derived- (Wani et ai, 1999) monocytes into multinucleate 

osteoclasts which could resorb bone. Some of the phenotypic changes that the 

monocyte undergoes when differentiating into an osteoclast have recently been 

described (Takeshita et aI, 2000). A cell population that was mCSF dependent was 

isolated from mouse bone marrow which in the presence of OPGL produced 

osteoclasts with high efficiency, in particular, all the cells were TRAP positive. This 

mCSF-dependent population of cells had many of the features of the 

monocyte/macrophage, they phagocytosed particles and they were positive for 

macrophage antigens, Mac-l and 2, F4/80 and Fc receptor. In the presence of 
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OPGL and high levels ofmCSF these surface antigens declined and proteins 

characteristic of the osteoclast were expressed, including calcitonin receptor, 

carbonic anhydrase II, cathepsin K, matrix metalloproteinase 9, TRAP and the 

integrin Clvj33. The multinucleate cells that formed were capable of resorbing bone. 

Several transcription factors and protein kinases have been found to be 

important in osteoclast differentiation. Tondravi et ai, (1997) reported that the 

transcription factor PU.l was critical for osteoclast differentiation. They showed in 

vitro that PU.l expression increased as marrow macrophages became phenotypically 

osteoclastic. They also found that PU.l deficient mice are osteopetrotic and that 

marrow transplanted from normal mice restored normal osteoclastic and macrophage 

differentiation. c-fos is a proto-oncogene which is normally associated with 

osteosarcomas. Grigoriadis et al (1994) showed that mice lacking c-fos develop 

osteopetrosis but have normal macrophage differentiation. Udagawa et al (1996) 

reported that when co-cultures of mice bone marrow with primary osteoblastic cells 

were treated with c-fos antisense oligomers during the first four days of culture, 

osteoclast formation was inhibited. However, if the antisense oligomers were added 

during the second four day culture period osteoclast formation was unaffected. 

Together these findings suggest that c-fos is critical in the differentiation of 

osteoclast precursors at the point where the osteoclast lineage diverges from the 

macrophage. 

Nf-KB is another transcription factor important in the differentiation of 

osteoclasts. It is in fact a family of transcription factors and mice deficient in two of 

the subunits, p50 and p52 develop osteopetrosis. Xing et al (1997) showed that the 

animals lack normal osteoclastic development. Nf-KB is also important in the 

expression of several cytokines involved in osteoclast differentiation including IL-l, 

TNFa, IL-6 and GM-CSF. 

c-src is another proto-oncogene and plays an important role in the ability of 

osteoclasts to resorb bone. In mice lacking the c-src gene osteoclast formation is 

normal but they develop osteopetrosis as they are unable to resorb bone (Soriano et 

al,1991). The osteoclasts do not form ruilled borders (Boyce et ai, 1992). The 

osteopetrosis can be reversed by transplantation of bone marrow from normal mice 

expressing c-src (Lowe et ai, 1993). 
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8. Mechanism of bone resorption. 

The development of an in vitro model to study bone resorption using isolated 

osteoclasts and mineralized bone or dentine slices as a matrix allowed detailed 

studies of bone resorption to take place (Boyde et ai, 1984; Chambers et ai, 1984). 

The sequence of events which takes place during bone resorption is called the 

"resorption cycle." It covers the events which occur from when the osteoclast 

migrates to the site of resorption, attaches to the bone, becomes polarized and forms 

new membranes, dissolves the apatite and degrades the organic matrix, removes the 

products of resorption and finally either undergoes apoptosis or reverts to a non

resorbing state Fig 1.4). Following migration of the osteoclast to the site for 

resorption a membrane domain called the sealing zone forms underneath the 

osteoclast. The exact details of the interaction between the osteoclast plasma 

membrane and the bone matrix are unknown. However it has been shown that 

integrins play an important role at this early stage of the resorption cycle. There are 

at least four different integrins expressed on the osteoclast: avp3, avp5, avpl, and 

a2pl (Nesbitt et ai, 1993). One of these integrins avp3 has received much attention 

as it has been found that antibodies against avp3 as well as peptides which contain 

the arginine/glycine/aspartic acid (RGD) amino acid motif such as echistatin and 

kistrin, are potent inhibitors of bone resorption both in vivo and in vitro (Horton et 

ai, 1991; King et a/1994; Fisher et ai, 1993). The avp3 integrin is highly expressed 

in mature osteoclasts but the exact part that the integrin plays in the resorption cycle 

is unknown. Some workers have found that the integrin mediates the attachment of 

the sealing zone to the bone surface (Nakamura et ai, 1996). However, others have 

failed to show the presence of the integrin at the sealing zone although it was present 

in the focal adhesions of migrating osteoclasts (Lakkakorpi et ai, 1991). Other 

workers have also failed to show the presence of the integrin at the sealing zone 

using labelled echistatin (Masarachia et ai, 1998). The precise molecules involved 

in the attachment of the sealing zone to the bone matrix have yet to be fully 

described. 

Following attachment of the osteoclast to the bone matrix via the sealing 

zone another membrane domain, the ruffled border is formed. It is formed by the 

fusion of intracellular acidic vesicles together with the part of the plasma membrane 
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Figure 1.4 Diagrammatic representation of a resorbing osteoclast. The energy 

required to drive acid secretion by the osteocJast is derived from the oxidative 

phosphorylation of glucose, taken up by a GLUT2 transporter, in mitochondria. 

The source of protons for acid secretion is carbonic acid derived from carbon 

dioxide and water catalysed by carbonic anhydrase. In order to maintain 

intracellular pH within physiological limits, a passive chloridelbicarbonate 

exchange occurs at the basolateral membrane. 
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facing the bone. The membrane then forms long projections which enter the bone 

matrix. At this stage of the resorption cycle the osteoclast is highly polarized. The 

osteoclast can then begin to resorb bone. This involves the dissolution of the 

crystalline apatite as well as proteolytic cleavage of the organic matrix which is rich 

in collagen. The first process which must occur is the dissolution of the apatite 

crystals and this occurs through secretion of hydrochloric acid through the ruffled 

border into the lacuna below. The lacuna is the space between the ruffled border 

and the bone matrix and is kept separate from the extracellular fluid by, it was 

thought, the tight attachment of the sealing zone in order to prevent leakage of acid 

(Vaananen & Horton, 1995). However, a recent paper has challenged this view of 

the tight sealing zone and has suggested that it is not as tight as predicted (Stenbeck 

& Horton, 2000). They propose that the protons secreted through the ruffled border 

to dissolve the mineral phase become tethered to inorganic content of the bone 

matrix by ion exchange. In this situation there would be no need to prevent the 

leakage of acid with a tight sealing zone. In addition any products of degradation 

could diffuse out of the sealing zone. This system would allow bone resorption and 

cell movement to take place at the same time. The acidification of the resorption 

lacunae is achieved with a vacuolar proton pump which utilizes ATP and is found 

both at the ruffled border and in intracellular vacuoles (Vaananen et aI, 2000). If the 

action of the proton pump is disrupted with bafilomycin AI, bone resorption is 

inhibited both in vivo (Sundquist & Marks, 1994) and in vitro (Sundquist et aI, 

1990). The protons for the pump are produced by cytoplasmic carbonic anhydrase II 

which is synthesized in large amounts in the osteoclast (Gay & Mueller, 1974). 

Excess bicarbonate which accumulates in the cell is removed by a 

chloridelbicarbonate exchanger which is found in the basolateral membrane located 

at the opposite end of the osteoclast to the ruffled border (Hall & Chambers, 1989). 

Chloride channels in the ruffled border allow chloride ions to flow from the cell into 

the resorption lacunae in order to maintain electrical neutrality. 

Following dissolution of the mineral phase, the organic bone matrix is 

degraded by the action of several proteolytic enzymes. Cysteine proteinases play an 

important role in bone resorption demonstrated by the fact that E-64, a fungal 

inhibitor of cysteine proteinases, acts as an inhibitor of bone resorption both in vitro 

and in vivo (Vaes, 1988). Other workers also found that cystatin C, a mammalian 
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inhibitor of cysteine proteinases, also inhibited bone resorption (Lerner & Grubb, 

1992). Lerner (2000) concludes that these and other studies show that these 

inhibitors work by inhibiting the activity of cysteine proteinases released into the 

resorption lacunae and that demineralization is unaffected. However, when bone 

mineral dissolution takes place without proteolytic breakdown of bone matrix, it is 

limited and so bone mineral release is eventually inhibited (Lerner, 2000). Several 

cathepsins which belong to the cysteine proteinase family have been found in 

osteoclasts and it is not known which are important to bone resorption. One of these 

cathepsin K has recently been cloned and is selectively expressed in osteoclasts 

(Inaoka et aI, 1995). It has a pH optimum of 6-6.5 but does have activity over a 

broader range and is active at neutral pH (Clark & Murphy, 1999). Several authors 

have shown that cathepsin K plays a crucial role in bone resorption. For example 

Votta et al (1997) have shown that specific inhibitors of cathepsin K inhibit bone 

resorption both in vivo and in vitro. In addition Inui et al (1997) showed that 

treatment of isolated rabbit osteoclasts with antisense specific for cathepsin K 

resulted in decreased bone resorption. 

Other enzymes which playa part in bone resorption are the matrix 

metalloproteinases or MMPs. These enzymes are maximally active at physiological 

pH. Stimulators of bone resorption increase levels of collagenase (MMP-l) (Vaes, 

1988) and the response is seen mainly in the osteoblast. This suggests that 

collagenase is involved in the early stage of bone resorption, when the osteoid layer 

is removed by the osteoblasts to allow attachment of the osteoclast (Lerner et ai, 

2000). Several MMPs are thought to be present in osteoclasts and a tissue inhibitor 

ofMMPs, TIMP-l, has been found in osteoclasts (Bord et ai, 1999). Everts et al 

(1992) reported that in mouse calvaria treated with inhibitors ofMMP's there was 

an accumulation of demineralized non-degraded bone matrix in the lacunae. These 

results suggest that MMPs are involved bone resorption. However, other workers 

have shown that inhibitors of MMPs do not inhibit resorption of dentine or bone 

slices by isolated osteoclasts (Deiaisse et ai, 1987). A recent study by Everts et al 

(1999) suggested that MMPs are important in bone resorption in calvaria but not in 

long bones, which may account for the differing results obtained by other people. In 

addition, there is no osteoid on bone or dentine slices, as there is on bone. 
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The manner in which the degradation products of osteoclastic bone 

resorption are removed is not well established. It may be that the osteoclast 

detaches from the bone surface before reattaching in order to allow degraded 

products to be removed. On the other hand following degradation of the bone 

matrix by cathepsins and MMPs, the resulting products may be removed by a 

process known as transcytosis. Vesicles pass from the ruftled border to the 

basolateral membrane where they are freed into the extracellular space (Nesbitt & 

Horton,1997). Large amounts of bone matrix are removed by this method as the 

size of the resorption lacunae is often larger than the cell itself. It is not known to 

what extent the degradation of bone matrix takes place inside the vesicles or how 

much takes place in the extracellular compartment. It has been suggested recently 

that the enzyme TRAP is found in the transcytotic vesicles and can generate reactive 

oxygen species which are able to degrade collagen (Halleen et ai, 1999). 

9. Integrins and bone resorption 

Integrins are a family of heterodimeric adhesion molecules which are 

involved in cell-matrix and cell-cell interactions and they regulate a variety of cell 

functions including leucocyte homing and activation, clot retraction, tumour 

metastases as well as bone resorption. They are composed of two subunits, a and J3, 

and each combination has its own binding specificity and signalling properties. 

Each subunit has a large extracellular domain, a membrane spanning domain and a 

short cytoplasmic domain. It is thought that the short cytoplasmic domains of the a 

and J3 integrin subunits do not have enzyme activity but are able to interact with 

cytoplasmic proteins including cytoskeletal and signaling molecules (Yamada & 

Miyamoto, 1995). Members of the family are made of combinations of the 16 

different a and 8 different J3 subunits which have so far been identified (Duong & 

Rodan, 1999). Osteoclasts express high levels of the integrin avJ33 as well as lower 

levels of other integrins a2 J31, a collagen/laminin receptor and avJ31, a fibronectin 

receptor (Duong & Rodan, 1999). When osteoclasts adhere to the bone surface there 

is an interaction between the cell and the extracellular matrix proteins within the 

bone matrix such as vitronectin, osteopontin and bone sialoprotein. These proteins 

have in common an RGD amino acid motif to which the avJ33 and other integrins 

36 



can bind. The importance of the avJ33 integrin in bone resorption has been 

illustrated by the fact that blocking antibodies to avJ33 block bone resorption in vitro 

(Horton et ai, 1991). Blocking of bone resorption in vivo has also been shown using 

the disintegrin echistatin which blocked a PTH-induced increase in serum calcium 

(Fisher et ai, 1993). Echistatin is a snake venom peptide which contains the amino 

acid motifRGD and is able to bind to integrins and block their action. The work of 

Fisher et at (1993) was later confinned using another disintegrin, kistrin (King et ai, 

1994). Although the avJ33 has been found to be critical in bone resorption, its exact 

mechanism of action in the osteoclast is not fully known. Nakamura et al (1998) 

showed that avJ33 was important in the migration of osteoclast precursors prior to 

their fusion during osteoclast differentiation in culture. Some studies have found the 

avJ33 in the clear zone of resorbing osteoclasts suggesting that the integrin may 

mediate the attachment of the sealing zone (Zambonin Zallone et ai, 1989). 

However, other workers have been unable to locate the integrin in the sealing zone 

(Lakkakorpi et ai, 1991). Instead the integrin was found to accumulate at the 

basolateral membrane, in intracellular vesicles and at the ruffied border of the 

resorbing osteoclasts. It is now thought that the fonnation of a seal between the 

osteoclast and the bone surface is not the most important function of the avJ33 

integrin (Tietelbaum, 2000). It is more likely that the transmission of signals from 

the bone matrix leading to the rearrangement of the cytoskeleton and fonnation of 

the rumed border is of most importance (McHugh et aI, 2000). In addition, the 

structural features of the integrin do not suggest that it fonns the tight seal between 

the osteoclast and the bone surface (Horton, 1997). In agreement with these 

findings Masarachia et al (1998) found that the number of osteoclasts on the bone 

surface was not decreased in mice treated with echistatin suggesting that the 

blocking of bone resorption did not occur due to osteoclasts detaching from the bone 

surface. The avJ33 integrin has been shown to playa role in the regulation of 

osteoclast activity in mouse parietal bones (Holt & Marshall, 1998). When bone 

resorption was inhibited in vitro with the non-steroidal anti-inflammatory drug 

indomethacin, osteoclasts were shown to detach from the bone surface and attach to 

the adjacent periosteum. When stimulators of bone resorption (PGE2, PTH and 

1 ,25D3) were then added, osteoclasts re-attached to the bone surface and resorption 

commenced. Immunostaining of the 133 integrin subunit showed an increase from 
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the low level seen while osteoclasts were on the periosteum. Also this re-attachment 

was inhibited by echistatin and antibodies to the ~3 subunit leaving ~3 positive 

osteoclasts on the periosteum. Thus, it appears that this integrin can be modulated 

under the control of stimulators and inhibitors of bone resorption so that osteoclasts 

can attach to and detach from the bone surface (Holt & Marshall, 1998). 

Several changes take place in the osteoclast once it has recognized and 

adhered to an RGD containing peptide or protein on the bone surface. These include 

alterations in intracellular calcium, protein tyrosine phosphorylation and cytoskeletal 

reorganization (Duong & Rodan, 1999). Duong et ai, (2000) have proposed the 

following sequence of events based on current knowledge. Osteoclasts make 

contact with mineralized extracellular matrix which induces the avJ33 integrins to 

cluster together. This in turn leads to phosphorylation of the adhesion kinase PYK2 

by the proto-oncogene c-src (Duong et ai, 1998). This signalling leads to actin 

reorganization and the association of several proteins with the cytoskeleton. These 

proteins include vinculin, paxillin (Duong et ai, 1998) and Rho (Zhang et ai, 1995) 

plus other kinases and phosphatases. This activity leads to the formation of the 

sealing zone which contains many of these proteins but not avJ33 (Horton, 1997) or 

c-src (Tanaka et ai, 1996). At the same time the ruffled border is formed followed 

by the pumping out of protons in order to dissolve the inorganic matrix and the 

release of enzymes to digest the organic matrix. The mechanism by which bone 

resorption is brought to an end has not yet been fully elucidated. In conclusion, the 

av~3 integrin is a natural target for the development of therapies which may help to 

block the excess bone resorption of osteoporosis. 

10. Regulation of bone resorption 

Adaptation of the skeleton to mechanical stresses placed upon it depends on 

bone remodelling. This is the controlled removal of bone by resorption followed by 

deposition of new bone by osteoblasts. Ifbone resorption exceeds bone deposition 

then osteoporosis will result and ifbone deposition exceeds bone resorption then 

osteopetrosis will result. There are a variety of local growth factors and cytokines as 

well as systemic peptide and steroid hormones which regulate both the 

differentiation of precursor cells and the activity of mature cells in both the 
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osteoclastic and osteoblastic lineage. The majority of these factors act indirectly on 

the osteoclast via the osteoblast. A recently discovered cytokine, osteoprotegerin 

ligand (OPGL -see later section), has been found to be a potential link between the 

osteoblast and the osteoclast 

10.1 Systemic hormones - PTH, 1,25D3 and oestrogen 

Parathyroid hormone (PTH) is synthesized in the parathyroid gland as a 115-

amino acid single chain polypeptide and is called preproparathyroid hormone. The 

pre sequence is cleaved by a signal peptidase on the endoplasmic reticulum and the 

pro sequence is removed in the Golgi body. The resultant parathyroid hormone is 

84- amino acids. It is important in the maintenance of normal calcium homeostasis 

and achieves this by stimulating osteoclastic bone resorption and increasing renal 

reabsorption of calcium. The first 34 amino acids are necessary and sufficient for 

the stimulation of resorption. The stimulation of bone resorption by PTH was first 

demonstrated by Barnicot, 1948. Later studies showed a similar effect of PTH in an 

organ culture system (Raisz & Nieman, 1967; Reynolds & Dingle, 1969). The 

primary target for PTH seems to be the osteoblast (Rodan & Martin, 1981). Isolated 

osteoclasts do not resorb bone when incubated with PTH and only did so when 

osteoblasts or osteoblastic cell lines were added to the cultures (McSheehy & 

Chambers, 1986). An in vivo study carried out by Uy et al (1995) showed that PTH 

had no effect on early osteoclast precursors but did increase the number of 

mononuclear osteoclast progenitors as well as mature osteoclasts. It is thought that 

PTH may activate via the cyclic 3' -5' -adenosine monophosphate (cAMP) pathway 

and increase secretion ofIL-6 by osteoblasts (Greenfield et ai, 1996). However, it 

has also been reported that PTH is a mitogen for highly purified human osteoclast 

precursors (Kurihara et ai, 1991). PTH-rP is a major mediator of humoral 

hypercalcaemia of malignancy and is produced by several different types of cells. It 

has 70% homology for the first thirteen amino acids of PTH and it binds to the PTH 

receptor and activates cAMP (Reddy & Roodman, 1998). Although PTHrP was 

discovered to cause hypercalcaemia of malignancy it is also expressed by a large 

number of normal foetal and adult tissues. 

39 



Osteoblasts are known to express PTH receptors (Pilam et ai, 1982) and 

recently Fuller et al (1998) showed that tumour necrosis factor receptor activation 

induced cytokine (TRANCE). TRANCE, a member of the TNF family and identical 

to OPGL, is expressed on the surface of osteoblastic cells and can account for the 

stimulation of bone resorption brought about by PTH. Lee & Lorenzo (1999) have 

shown that expression of mRNA for TRANCE was increased by the addition of 

PTH to murine bone marrow cultures. It was previously thought that osteoclasts did 

not possess PTH receptors but it has been reported that murine or avian osteoclasts 

express PTH receptors (Agarwala & Gay, 1992 ~ Teti et ai, 1991). It has also been 

shown that radio-labelled PTH binds to osteoclasts in vitro (Teti et ai, 1991). Others 

workers have demonstrated the presence of mRNA for the PTHlPTHrP receptor in 

isolated rat and mouse osteoclasts (Tong et ai, 1995). 

10.2 la.,25 dihydroxyvitamin D3 (1,25D3) 

The active metabolite of vitamin D, la25dihydroxyvitamin D3 (1,25D3), has 

many actions but its main role is related to bone metabolism and mineral 

homeostasis. The actions of I ,25D3 are mediated by a nuclear vitamin D receptor 

(VDR) which is a member of the family of steroid/thyroid hormone receptors. It 

had not been shown conclusively whether 1,25D3 acts directly on mature osteoclasts 

or indirectly through osteoblasts. However, mature osteoclasts have been shown to 

express vitamin D receptors (Meena et ai, 1997). It is known to promote fusion of 

mononuclear osteoclast precursors (Kurihara et ai, 1990a). The formation of 

osteoclast-like cells in co-cultures of bone marrow or spleen together with 

osteoblastic stromal cells is dependent on the presence of 1,25D3 (Carmeliet et ai, 

1999). The critical factor in this process is the presence of the stromal cells of the 

osteoblastic lineage. McSheehy & Chambers (1987) have shown that when calvarial 

osteoblasts were stimulated with 1,25D3 a soluble factor was released which was 

able to increase osteoclastic bone resorption in vitro. Further support for this 

mechanism was seen in co-culture experiments with VDR-deficient mice. When 

VDR -deficient osteoblastic cells were cultured with normal spleen cells in the 

presence of 1,25D3 no osteoclasts were formed. However, when normal osteoblastic 

cells were cultured with VDR-negative spleen cells normal osteoclasts were seen 
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(Takeda et aI, 1997). The treatment of osteoclasts in culture with 1,25D3 is only 

required during the last two days of a six day culture period in order to produce 

significant numbers of osteoclasts (Takahashi et aI, 1994). This suggests that 

1,25D3 acts at the later stages of osteoclast differentiation. It is interesting to note 

that 1,25D3 is not needed in vivo for osteoclast formation as VDR-deficient mice 

have normal numbers of osteoclasts. Yasuda et al (1998a) have shown that 1,25D3 

along with PTH and PGE2 can increase expression of mRNA for OPGL in mouse 

primary osteoblasts which in turn stimulates osteoclastic activity. Presumably these 

other stimulators of bone resorption can compensate for the lack ofVDR in 

VDR-deficient mice. 

10.3 Oestrogen 

The sex steroids have major effects on bone and calcium metabolism 

(Khosla et aI, 1999). Many studies have been carried out into the effects of sex 

steroids, especially oestrogen, on osteoblasts and osteoclasts. It is not clear what the 

relative contributions of androgens and oestrogens to bone metabolism are but this 

section will concentrate on the effects of oestrogen. The low levels of oestrogen 

which occur in women following the menopause are a major cause of osteoporosis 

and so the mechanism of action of oestrogen in preventing bone loss has been the 

subject of much investigation. Oestrogen replacement therapy had been shown to be 

effective in the treatment and prevention of osteoporosis (Riggs & Melton, 1992). 

Oestrogen receptors have been identified on osteoblasts (Eriksen et ai, 1988) and 

this led to the suggestion that oestrogen had direct effects on bone rather than 

working indirectly through a mediator such as another hormone. Oestrogen 

receptors have also been identified on osteoclasts (Oursler et aI, 1994). As well as 

potentially having a direct effect on the osteoclast, oestrogen has been shown to 

increase the production ofTGF-p by both osteoblasts (Oursler et aI, 1991) and 

osteoclasts (Robinson et aI, 1996), which may then inhibit osteoclastic bone 

resorption. In addition, it has been shown that oestrogen induces apoptosis in 

osteoclasts and this may be mediated by TGF-p (Hughes et aI, 1996). 

As well as the possible direct effects of oestrogen on osteoclasts, oestrogen 

may also regulate the production of cytokines, either by osteoblasts or bone marrow 
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cells, which in turn have an effect on osteoclasts (Manolagas & Jilka, 1995). It was 

reported by Pacifici et al (1991) that the production of IL-l by peripheral blood 

monocytes was increased in women who had undergone ovariectomy and that this 

could be corrected by the administration of oestrogen. Another study showed that 

an antagonist to IL-l receptor, which blocks the action of IL-l when given to 

ovariectomized ruts, could inhibit bone resorption (Kimble et aI, 1994). In another 

study investigating the effects ofTNF-a, when a soluble type 1 receptor which 

inhibits the action ofTNF-a was given to ovariectomized rats, bone loss was 

inhibited (Kitazawa et aI, 1994). All this data suggests that both IL-l and TNF-a 

playa part in the bone loss which follows oestrogen deficiency. 

Another cytokine which has been investigated as a candidate for mediating 

the effects of oestrogen on bone resorption is macrophage colony stimulating factor 

(m-CSF) which stimulates the proliferation and differentiation of osteoclast 

precursors (Tanaka et ai, 1993). Stromal cells taken from mice following 

ovariectomy produce larger amounts of m-CSF than normal controls (Romas & 

Martin, 1997). In addition in vivo treatment with either oestrogen or a combination 

of antagonist to IL-l receptor and TNF-a binding protein stopped the increase in m

CSF by the stromal cells in vitro from the ovariectomized mice (Kimble et aI, 1996). 

The above results suggest that the increase in production of both IL-l and TNF-a 

following ovariectomy led to an increase in m-CSF which in turn led to an increase 

in the number of osteoclast precursors. 

Other investigators have found that 11-6 may also play an important role in 

mediating bone loss following oestrogen deficiency. It has been reported that 

oestrogen can suppress the 11-6 production induced by IL-l or TNF-a in mouse 

bone marrow and osteoblastic cells (Girasole et aI, 1992). Later Jilka et aI, (1992) 

showed that a neutralizing antibody to IL-6 could block the increase in 

osteoclastogenesis seen in ovariectomized rats. Another study showed that 

oestrogen inhibited the production of mRNA for IL-6 as well as the protein induced 

by IL-l and TNF-a in human osteoblastic cells (Kassem et aI, 1996). It has also 

been shown that IL-6 gene knockout mice do not suffer from ovariectomy induced 

bone loss (Poli et ai, 1994). 

Thus it seems that several cytokines may mediate the effects of loss of 

oestrogen on bone and that they may act in concert rather than one cytokine 
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accounting for all the effects of oestrogen deficiency on bone. It has been shown 

that neutralizing antibodies to IL-6 may only partly inhibit bone resorption in vivo 

and in addition the bone resorption was inhibited by indomethacin which may 

indicate the involvement of prostaglandins in bone loss following ovariectomy 

(Miyaura et ai, 1995). More recent work has shown that oestrogen can stimulate 

mRNA for osteoprotegerin, a member of the TNF receptor family, as well as protein 

production in human osteoblastic cells (Hofbauer et ai, 1999a). Osteoprotegerin 

blocks the action of osteoprotegerin ligand which in tum induces the differentiation 

and activation of osteoclasts (see later section). The effects of oestrogen on bone 

formation are less clear. 

10.4 Local factors - Prostaglandins 

Prostaglandins act as local regulators of bone metabolism and may influence 

local bone cell activity (Buckwalter et ai, 1995). Prostaglandins are a product of 

cyc1o-oxygenases (COX-l&2) action on arachidonic acid. Prostaglandin E2 was 

first found to stimulate bone resorption in foetal rat long bones thirty years ago 

(Klein et ai, 1970) and further work has shown that prostaglandins play an important 

role in the regulation of bone metabolism. Prostaglandins are primarily made by 

osteoblastic cells but can also be produced by the bone marrow, vascular and 

connective tissue, and cells involved in the inflammatory process and this may also 

influence skeletal tissues. Results of early work showed that PGE2 was the most 

abundant eicosanoid in bone (Raisz et ai, 1979) and that prostaglandins of the E 

group are the most potent stimulators of bone resorption (Raisz et ai, 1989). In vivo 

studies in animals and humans have shown that prostaglandins may be responsible 

for hypercalcaemia of malignancy (Minkin et ai, 1981), bone loss in periodontal 

disease (Harris et ai, 1973) and rheumatoid arthritis (Robinson et ai, 1975). 

Studies of the effects of prostaglandins on isolated osteoclasts showed an 

initial inhibitory effect (Fuller & Chambers, 1989), but this was found to be 

transitory and its importance is unknown. This rapid inhibition is in contrast to the 

slower stimulation of bone resorption which requires the differentiation of 

preosteoclasts (Collins & Chambers, 1992). In marrow cultures the addition of 

prostaglandin can increase the number of osteoclast-like cells (Akatsu et ai, 1989). 
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Non-steroidal anti-inflammatory drugs (NSAIDS) such as indomethacin,which 

suppress prostaglandin production, can inhibit the activation of osteoclast formation 

by stimuli which suggests a role for endogenous prostaglandin production (Akatsu et 

al,1989). 

When endogenous prostaglandin synthesis is inhibited by indomethacin in 

mouse calvaria in vitro, bone resorption is inhibited (Lerner, 1987) and there is a 

decrease in the number of osteoclasts on the bone surface (Marshall et ai, 1995 ~ 

Garrett & Mundy, 1989). This was shown to be due to a detachment of osteoclasts 

from the bone and adhesion to the adjacent endocranial membrane (Marshall et ai, 

1996). This change in adhesion was reversed ifPGE2 was added to the culture 

medium (Marshall et ai, 1995). Adhesion of the osteoclasts to the bone surface was 

accompanied by the appearance of the integrin subunit 133 on the osteoclast (Holt & 

Marshall, 1998). 

Most factors which stimulate bone resorption also stimulate prostaglandin 

production and appear to act through the induction of COX-2, an enzyme involved 

in the synthesis of prostaglandins (Lorenzo & Raisz, 1999). One exception is TGF

J3 which inhibits osteoclasts directly but stimulates prostaglandin production 

(Bonewald & Mundy, 1990). 

In bone organ culture prostaglandins have been found to have both inhibitory 

and stimulatory effects on collagen synthesis (Blumenkrantz & Sondergaard, 1972~ 

Raisz and Koolemans-Beynon, 1974). At low concentrations or in the presence of 

glucocorticoids, PGE2 increased collagen synthesis but at high concentration or in 

the presence ofIGF-l, collagen synthesis was decreased (Chyun et ai, 1984~ Raisz 

and Fall, 1990). The major effect of administered prostaglandins in humans and 

animals seems to be the stimulation of bone formation (Akamine et ai, 1992; 

Jorgensen et ai, 1988). 

The response of bone cells to mechanical forces may be prostaglandin 

dependent. Both stretching of bone cells (Harell et ai, 1977) and fluid shear stress 

(Reich & Fangos, 1991) result in an increase in prostaglandin production. The 

increase in bone formation in response to impact loading has been shown to be 

prostaglandin dependent in avian and rodent models (EI Haj et al. 1990~ Pead and 

Lanyon, 1989). Immobilization rapidly leads to bone loss and may be prostaglandin 

dependent. Indomethacin inhibited tenotomy-induced bone loss in rats (Thompson 
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& Rodan, 1988) and NSAIDS can reduce urinary calcium excretion in immobilized 

patients (Filipponi et ai, 1988). 

10.5 Leukotrienes 

Arachidonic acid may also be metabolized into leukotrienes. There has been 

much less investigation into the effects of leukotrienes on bone compared to 

prostaglandins but there is evidence to show that leukotriene B4 (LB4) can stimulate 

bone resorption and that other leukotrienes may have similar but less potent effects 

(Garcia et ai, 1996). Other workers have examined the role ofleukotrienes in bone 

resorption by inhibiting their synthesis with BWA4C, an inhibitor of 5-

lipoxygenase. Rats treated with this compound showed few TRAP+ preosteoclasts 

compared with a the control group (Franchi-Miller & Saffar, 1995). They also 

found reduced numbers of mature osteoclasts which may illustrate the importance of 

leukotrienes in the recruitment and differentiation of osteoclast precursors. 

10.6 Cytokines 

Numerous cytokines have been found to be involved in osteoclastogenesis 

and osteoclast activity. Cytokines are commonly produced following leucocyte cell 

activation and they act on target cells through interaction with specific receptors on 

the surface of the target cells. Cytokines and their receptors can occur in soluble, 

membrane bound, or intra-cytoplasmic forms or they may be associated with the 

extracellular matrix (Muller-Newen et ai, 1996). Soluble receptors may be 

generated either by proteolytic cleavage of the membrane bound form or by 

alternative splicing of the gene which codes for the membrane bound form. These 

receptors can modulate the activities of cytokines either by binding to their ligands 

(cytokines) and so blocking binding of the cytokine to a membrane bound receptor, 

or by enhancing ligand binding to the membrane bound receptor and stimulating the 

activity of the cytokine. These receptor proteins are critical to the activity of 

cytokines. Two of the most important cytokines to act upon the osteoclast are 

OPGL and m-CSF. 
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10.7 Macrophage colony stimulating factor (m-CSF) 

Macrophage colony stimulating factor, sometimes referred to as CSF-l, is 

produced by osteoblastic/stromal cells and is vital, in combination with OPGL, for 

the enhancement by stromal cells of osteoclast development in co-cultures. The 

important role of m-CSF in the production of osteoclasts had been illustrated in 

work done on the op/op (osteopetrotic) mouse. These mice lack functionally active 

m-CSF due to a genetic mutation (Yoshida et ai, 1990) which results in the 

osteopetrotic phenotype. In vivo administration of m-CSF restores the normal 

phenotype. In vitro work has also shown the vital role of m-CSF in 

osteoclastogenesis. When osteoblastic cells from normal mice were co-cultured with 

spleen cells from the osteopetrotic op/op mouse, normal osteoclast formation 

occurred. However, when normal spleen cells were co-cultured with osteoblastic 

cells from op/op mice no osteoclasts were formed. The treatment of co-cultures of 

op/op osteoblastic cells and normal spleen cells with m-CSF was essential for 

osteoclast formation (Tanaka et ai, 1993). It was also found that absence ofm-CSF 

during either the first four days of culture (proliferative phase) or the last two days 

(differentiation phase) prevented osteoclast formation. These results show that the 

defect in the op/op mouse is due to a fault in m-CSF production by the osteoblastic 

cells not the spleen cells (Takahashi et ai, 1991). 

It has been reported that the treatment of embryonic stem cells with an 

antibody to the m-CSF receptor, c-fms, resulted in a large decrease in the number of 

osteoclasts produced. The antibody did not affect the formation of any other 

haematopoietic cell types from the embryonic stem cells (Yamane et ai, 1997). 

Others have reported that m-CSF itself can down regulate the expression of c-fms on 

osteoclast progenitors in mouse bone marrow cultures (Fan et ai, 1997). 

Mbalaviele et al (1995) showed that when human cord monocytes were 

cultured in the presence of rh m-CSF and stripped metatarsals, they became mature 

osteoclasts. In similar work macrophages were isolated from the synovium and 

monocytes were isolated from the peripheral blood of rhematoid arthritis patients. 

When cultured with rat osteoblast-like cells, m-CSF and 1,25D3, they differentiated 

into mature osteoclasts (Fujikawa et ai, 1996). Sarma & Flanagan, (1996) have 

examined the effects ofm-CSF on the formation of human osteoclasts in vitro. 
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They found that the basal levels of m-CSF in the marrow cultures were insufficient 

for large numbers of osteoclasts to form. The addition of m-CSF was needed to 

induce osteoclast formation and bone resorption above that was induced by 1,25D3. 

10.8 Tumour necrosis factor (TNF) 

Tumour necrosis factor (TNF) is the most potent stimulator of bone 

resorption yet identified (Thomson et ai, 1987). TNF alpha and beta both stimulate 

osteoclast formation in mouse and human marrow cultures (Pfeilschifter et ai, 

1989). It seems to stimulate both the proliferation and differentiation of osteoclast 

precursors in addition to activating mature osteoclasts to resorb bone (Thomson et 

ai, 1987). TNF binds to two cell surface receptors, TNF receptor 1 (p55) and TNF 

receptor 2 (p75) and both are capable of transmitting responses (Fiers, 1993). TNF 

may mediate the effects of oestrogen on bone. Rickard et al (1992) found that 

oestrogen could modulate TNF production in human osteoblastic cultures. 

However, others did not find any effects of oestrogen on TNF protein production in 

human osteoblast-like cell cultures (Chaudhary et ai, 1992). TNF production in 

peripheral monocytes from women who had recently undergone ovariectomy was 

increased compared to those levels pre-ovariectomy (Pacifici et ai, 1991). Kimble et 

al (1995) found that mice treated with soluble recombinant TNF receptor, an 

inhibitor ofTNF, did not suffer from bone loss following ovariectomy. Similar 

results were obtained with mice which over-expressed a soluble form ofTNF 

receptor 1 in that they did not lose bone following ovariectomy (Ammann et ai, 

1997). 

10.9 Interleukin 1 (IL-l) 

Interleukin-l is produced by a variety of cells including monocytes, 

macrophages, and stromal cells (Reddy & Roodman, 1998). It may also be 

produced by osteoblasts (Keeting et ai, 1991) and osteoclasts (O'Keefe et ai, 1997). 

IL-I is an extremely potent stimulator of bone resorption in vitro (Lorenzo et ai, 

1987) and can also stimulate bone resorption in vivo (Sabatini et ai, 1988). 11-1 can 

also cause an increase in prostaglandin production in bone (Sato et ai, 1986). 
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However, indomethacin does not block the effects oflL-1 in vivo which suggests 

that the effects of IL-1 are not entirely mediated by prostaglandins (Boyce et ai, 

1989). IL-1 may be involved in the development of post menopausal osteoporosis 

as one group had found that in vivo treatment with oestrogen reduced the amount of 

IL-1 released from cultured peripheral blood monocytes (Pacifici et ai, 1989). 

Others have shown that the activity of IL-1 a. was increased in the marrow of 

ovariectomized mice compared to control mice or ovariectomized mice treated with 

oestrogen (Miyaura et ai, 1995). This did not involve a change in the levels ofIL-

1 a. detected in the serum. 

A natural inhibitor ofIL-l is known as IL-l receptor antagonist (IL-1ra). It 

binds tp but does not activate the IL-l receptor (Arend et ai, 1990). IL-lra can 

block lL-l stimulation of bone resorption and increased synthesis PGE2 in organ 

cultures (Seckinger et ai, 1990). 

Studies have been done on the effects of oestrogen on IL-1 in humans. One 

group has shown that the levels of IL-l were increased in serum four weeks after 

ovariectomy (Fiore et ai, 1994). The administration of IL-l ra to ovariectomized rats 

inhibited bone loss with the greatest effect seen four weeks following surgery 

(Kimble et ai, 1994). Additional evidence of the role oflL-1 in bone loss following 

oestrogen deficiency came from studies on mice which lack the IL-l receptor type 1. 

They do not lose bone following ovariectomy unlike normal mice (Lorenzo et ai, 

1998). The finding that oestrogen treatment upregulates the production of IL-l type 

2 receptor (Sunyer et ai, 1997) has been put forward as a theory as to how oestrogen 

might influence the IL-l system. If IL-l receptor type 2, which acts as a decoy 

receptor for IL-l, is increased by oestrogen without any effects on IL-l production, 

it may decrease the response of bone to IL-l and so reduce the bone resorption 

caused by lL-l (Lorenzo & Raisz, 1999). 

10.10 Interleukin 6 (IL-6) 

Interleukin 6 is produced by many cells in the bone environment including 

marrow stromal cells, monocytes, macro phages, osteoclasts, and osteoblasts 

(Roodman, 1999). The receptor for IL-6 is composed of two parts, a binding protein 

which can be either soluble or membrane bound, and gp-130, a protein which is used 
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by many cytokines as a receptor. The soluble receptor binds IL-6 and together they 

can activate the target cell via the gp-130 receptor. The role of IL-6 in osteoclast 

activity has not been fully elucidated. In mice it does not appear to cause osteoclast 

differentiation or bone resorption in calvarial organ cultures although levels were 

increased in response to PGE2 and PTH (Holt et aI, 1994). However, it does cause 

osteoclast fonnation in vitro in murine marrow cultures if soluble IL-6 receptor is 

added to the cultures (Tamura et aI, 1993). IL-6 receptors have been found on 

human osteoclasts (Ohsaki et aI, 1992) and IL-6 can induce osteoclast-like cell 

fonnation in human marrow cultures without added IL-6 receptors (Kurihara et aI, 

1990b). 

The role ofIL-6 in post menopausal bone loss had been investigated. The 

administration of a monoclonal antibody to IL-6 into ovariectomized mice for four 

weeks blocked both the bone loss and the increase in osteoclast fonnation (Jilka et 

aI, 1992). They also found that the levels ofIL-6 in bone marrow cultures were 

increased in ovariectomized mice compared to intact mice. However, other workers 

were unable to repeat either of these findings (Kitazawa et aI, 1994~ Kimble et aI, 

1997). 

10.11 Interleukin 11 (IL-ll) 

Interleukin-l1 can be produced by stromal cells of the bone marrow (Paul et 

aI, 1990). Girasole et al (1994) reported that IL-ll could induce the fonnation of 

osteoclasts in co-cultures of murine bone marrow and calvarial cells. Resorption 

lacunae were visible on calcified matrices suggesting that these were active 

osteoclasts. The study also showed that an antibody against IL-l1 could suppress 

osteoclast development induced by 1,25D3, PTH, IL-l or TNF. The effects ofIL-ll 

appeared to be mediated through the induction of prostaglandin synthesis as 

indomethacin blocked the effects of IL-ll on osteoclast development. Others have 

also shown that osteoclast differentiation can be stimulated in porcine marrow 

cultures by recombinant human IL-ll (rhIL-Il) and PGE2 (Galvin et aI, 1996). 
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10.12 Direct effectors of bone resorption 

It was known for many years that many if not all the local cytokines and 

systemic honnones described above acted indirectly on the osteoblast or stromal cell 

to produce a factor which acts directly on the osteoclast or its precursor to bring 

about differentiation and activation. Recently, this factor named OPGL, TRANCE, 

ODF, or RANKL by different authors, has been discovered and has been the subject 

of intensive investigation (Fig. 1.6). In addition a second factor has been found 

OPG or OCIF (Fig. 1.5) which blocks the effects of the stimulating factor and has 

itself become a focus for attention as a possible therapy for the treatment and 

prevention of osteoporosis. Both factors have been independently discovered by 

several different groups and so several names are in general use for what are the 

same molecules. 

10.13 Osteoprotegerin (OPG) and osteoclastogenesis inhibitory factor (OCIF) 

OPG (Fig 1.5) was independently identified by two different groups. 

Simonet et al (1997) identified OPG as a possible member of the TNF receptor 

family whilst sequencing foetal rat intestine cDNA. It was found to encode a 401 

amino acid polypeptide which had several features of a secreted glycoprotein. They 

were unable to find any matches in the database but it showed sequence homology 

with members of the TNF receptor family. However, it did not contain a membrane

spanning sequence suggesting that it was a secreted protein. In further work, mouse 

and human cDNA for OPG was also found to encode 401 amino acid proteins. The 

mouse and human proteins are 85% and 94% identical to the predicted rat protein so 

the OPG gene has been highly conserved. It was found to be synthesized as a 55 

kDa monomer which then becomes linked via a disulfide bridge to another monomer 

to fonn a homodimer of approximately 110 kDa. Another group independently 

identified a factor in the conditioned media of human embryonic lung fibroblasts, 

IMR-90, which could inhibit osteoclast-like cell development (Tsuda et ai, 1997). It 

was termed osteoclastogenesis inhibitory factor (OCIF). It was found to be a 

heparin-binding basic glycoprotein and existed as a monomer and a homodimer. 
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Figure 1.5 Diagrammatic representation of the structure of mouse OPG. It is 

composed of 401 amino acids. Four cysteine rich domains exist between residues 

22 and 186 (D I-D4). Two death domain homologous regions exist between 

residues 209-361 (D5-D6). A cysteine residue at 400 is essential for dimer 

formation. D7 is a heparin binding domain. 

51 



TNF ligand 
family 
homologous 
domain 

Intracellular 
domain 

Nomenclature 

OPGL 
Osteoprotegerin ligand 

C-terminal 

316 

262-264 

> ~-glycosylation 
197-199 sites 

152 

1 

N-terminal 

Plasma membrane 

Alternative 
nomenclature 

RANKL 
Receptor activator of 
NF-KB ligand 

ODF 
Osteoclast 
differentiation factor 

TRANCE 
TNF -related activation 
induced cytokine 

Figure 1.6 Diagrammatic representation of the structure of mouse OPGL. It is 

composed of 316 amino acids. The predicted transmembranous region is between 

residues 48 and 71. The TNF homologous region is between residues 152 and 316. 

Two possible N-glycosylation sites exist at residues 197-198-199 and residues 262-

263-264. 
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K won et al (1998) identified a factor from a search of an expressed sequence tag 

database which encoded a 401 amino acid secreted glycoprotein with a molecular 

weight of 62 kDa. It was called TNF receptor-like molecule 1 (TR 1). Tan et al 

(1997) also identified TRI following a search ofa cDNA database. This protein is 

identical to OPG and will be referred to as OPG throughout. 

Following translation of the gene, the 21 amino acid signal peptide which 

indicates that the protein is to be secreted, is cleaved leaving the OPG protein with 

380 amino acids (Simonet et al,1997). The mature human protein has been found to 

consist of seven separate domains. The N-terminal portion contains four cysteine

rich domains which are then followed by two death domain homologous regions. 

The final domain contains the heparin binding site and amino acid 400 is always a 

cysteine which is essential for dimer formation (Suda et ai, 1999). The formation of 

a dimer is not critical for the activity of OPG as the substitution of the cysteine 

residue with serine did not affect the inhibitory action ofOPG (Suda et al,1999). 

OPG is expressed in many different tissues and cell lines and is not restricted 

to bone (Simonet et ai, 1997). In human foetal tissue mRNA for OPG is most highly 

expressed in the lung, kidney, liver, and brain (Yasuda et ai, 1998b). In adult human 

high levels of mRNA for OPG have been found in the heart, lung, kidneys and bone 

(Simonet et ai, 1997). Other tissues which express mRNA for OPG are the placenta, 

liver, thyroid, spinal cord, and the brain (Yasuda et al,1998b). In mice the highest 

levels of mRNA for OPG were detected in the heart, lung, kidney, liver, brain, 

placenta, stomach, intestine, skin, and calvaria (Simonet et ai, I 997). Various human 

and mouse primary cells and cell lines express mRNA for OPG such as mouse 

stromal cell line ST2 (Yasuda et al,1998b), mouse osteoblastic Me3T3 (Yasuda et 

ai, 1998b), human osteoblastic TF274 (Tan et ai, 1997) and the human marrow 

stromal preosteoblastic cell line hMS (Hofbauer et ai, 1998). The osteosarcoma cell 

line MG-63 produces the largest amounts of OPG among the osteoblastic cell lines 

(Vidal et ai, 1998b). 

Two model systems have been used to investigate the role of OPG in the 

skeleton, the OPG knockout mouse and the transgenic mouse overexpressing OPG. 

Bucay et al (1998) and Mizuno et at (1998) have both generated OPG knockout 

mice. They found increased postnatal mortality which was associated with an 

increased incidence of vertebral and endochondral bone fractures. The mice were 
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normal at birth suggesting that OPG deficiency did not affect embryogenesis or 

organogenesis but they did show decreased bone mineral density with thin cortical 

bone at the femur and the pelvis. They also suffered from multiple fractures 

especially of the long bones. Older mice suffered from compression fractures of the 

vertebrae leading to severe deformities (Bucay et ai, 1998). At two months of age 

the trabecular bone mineral density of the OPG deficient mice was decreased by 

45% and the cortical bone density by 19% compared to normallittermates (Bucay et 

ai, 1998). It was also found that the OPG deficient mice had arterial calcification at 

two weeks of age which became much more pronounced by two months of age in up 

to 60% of the mice (Bucay et ai, 1998). The overexpression ofOPG in transgenic 

mice results in early osteopetrosis at various sites including the long bones, 

vertebrae, and the pelvis (Simonet et ai, 1997). They showed no other abnormality 

other than splenomegaly which was due to extramedullary haematopoiesis. There 

was an increase in mineralized trabecular bone including the spaces normally 

occupied by active marrow. 

Many studies have been carried out investigating the effects of OPG in vitro. 

Simonet et al (1997) showed that an OPG-Fc fusion protein could inhibit the 

development of TRAP+OC and TRAP activity in a spleen cell and bone marrow co

culture system. The OPG fusion protein at a concentration of 10 to 100 ng cm-3 

could completely prevent the formation of osteoclasts whereas 50% could be 

inhibited by a concentration of 1 ng cm-3 (Simonet et ai, 1997). Another group 

using OPG purified from medium used to culture foetal lung fibroblasts, found that 

osteoclastogenesis could be inhibited at concentrations of 1 to 40 ng cm-3 (Tsuda el 

ai, 1997). Over an eleven day culture period the sensitive period for the action of 

OPG in vitro was shown to be between days five and eleven as addition of OPG 

between days zero and three or on day seven or eight had no effect on 

osteoclastogenesis (Akatsu et ai, 1998). Yasuda et al (I 998b) reported that 

osteoclast development was inhibited when OPG was added for days three and four 

of a six day culture. A recent study has also shown that OPG could decrease 

osteoclast survival by inducing apoptosis (Akatsu et ai, 1998). OPG has also been 

shown to inhibit osteoclastogenesis induced by 1 ,25D3, PGE2, PTH, IL-II, and IL-l 

(Kwon et ai, 1998). 
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In addition to inhibiting osteoclastogenesis, OPG was also found to inhibit 

the activity of mature osteoclasts. K won et al (1998) found that OPG inhibited the 

ability of osteoclasts to form pits and Tsukii et af (1998) found that OPG inhibited 

calcium release from mouse foetal long bones in culture when stimulated by 1,25D3, 

PGE2, PTH, and IL-l a. Further evidence that OPG inhibits both osteoclastogenesis 

and the activity of mature osteoclasts came from Fuller et al (1998) who showed that 

OPG inhibited both bone resorption and the stimulation of osteoclasts by 

osteoprotegerin ligand (OPGL). Hakeda et af (1998) reported that the effects of 

OPG on isolated rabbit osteoclasts were independent of the OPGL mechanism in 

that OPG could directly affect the formation of the F -actin ring, a cytoskeletal 

structure necessary for bone resorption, and so inhibit the activity of mature 

osteoclasts. 

Work has also been carried out to investigate the effects of administered 

OPG in vivo. Four week old mice were treated with daily injections of recombinant 

mouse OPG for seven days which resulted in an increase in trabecular bone mass at 

the proximal tibial metaphysis (Simonet et ai, 1997). Similar results were obtained 

by Yasuda et af (1998b) using rats. Simonet et af (1997) also showed that OPG 

could prevent the bone loss associated with oestrogen deficiency. When OPG was 

administered to mice for two weeks following ovariectomy there was an increase in 

bone volume and a decrease in the number of osteoclasts compared to untreated 

ovariectomized controls. 

As previously described, various cytokines and hormones have the effect of 

either stimulating or inhibiting osteoclastogenesis. Since the discovery ofOPG 

many studies have been carried out to see whether OPG acts a mediator for any of 

these cytokines or hormones. It has been shown in various human osteoblastic cell 

systems that OPG mRNA and protein can be stimulated. Hotbauer et al (1998) 

showed an increase of90% and 50% in OPG mRNA expression following treatment 

with 1,25D3 in a foetal osteoblastic cell line (hFOB) and normal trabecular 

osteoblastic cells, respectively. However, they found no effect in marrow stromal 

preosteoblastic cell line. They also found that BMP-2, IL-IP, and TNF-a 

increased OPG mRNA levels in hFOB by 4, 6 and 4 fold, respectively. Treatment 

with 1,25D3, BMP-2, IL-IP, and TNF-a increased OPG protein production in hFOB 

cells by 60, 390, 300, and 80%, respectively. Vidal et al (1998b) have shown that 
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IL-la caused an increase in OPG mRNA in MG-63 cells. Brandstrom et al (l998a) 

showed that TNF-J3 could also increase levels ofOPG mRNA in MG-63 cells. 

Studies using primary mouse osteoblasts have shown that mRNA levels for OPG 

can be down-regulated with 1,25D3, IL-Ia, and PTH (Murakami et ai, 1998). Other 

studies using mouse osteoblastic/stromal cells showed a decrease in OPG mRNA in 

marrow stromal cell lines ST-2 and tsJ2 by 1,25D3 (Yasuda et ai, 1998b; Horwood 

et ai, 1998) but not in primary osteoblasts (Horwood et ai, 1998). Some of these 

differences may be due to species differences or may be a result of differences in the 

cell systems with regard to their stage of differentiation. The inhibitor of 

osteoclastic bone resorption TGF-J3 (Pfeilshifter et ai, 1988) is also able to stimulate 

the production of mRNA for OPG in bone marrow stromal cell lines as well as 

primary osteoblasts and to inhibit osteoclastogenesis (Murakami et ai, 1998; Takai 

et ai, 1998). Both groups of workers also showed that an antibody to OPG could 

prevent the inhibitory effects ofTGF-J3 on osteoclastogenesis suggesting that OPG 

could directly mediate the effects ofTGF-J3. It has been thought by some that OPG 

may playa role in bone loss which occurs following the menopause and decreased 

levels of oestrogen. A recent study has shown that 17J3-oestradiol can stimulate an 

increase in the concentrations of both mRNA and OPG protein in human foetal 

osteoblastic cell line in a dose and time dependent manner (Hofbauer et ai, I 999a). 

Treatment with an oestrogen antagonist could block these effects. 

The effects of glucocorticoids on levels of OPG have been investigated as 

long term use of these agents can lead to osteoporosis (Canalis, 1996). The exact 

mechanism by which glucocorticoids induce osteoporosis has not been fully 

elucidated and as OPG has been shown to inhibit bone resorption, recent work has 

been carried out to investigate whether OPG has a role in bone loss following 

prolonged use of glucocorticoids. Vidal et al (1998a) showed that mRNA for OPG 

could be down-regulated by glucocorticoids in primary human osteoblast-like cells. 

Other workers using mouse cell systems showed that the glucocorticoid 

dexamethasone decreased OPG mRNA levels in the stromal cell line ST -2 whereas 

in primary osteoblasts they saw an initial decrease in OPG levels followed by an 

increase (Murakami et ai, 1998). Thus, the newly discovered protein, OPG, has the 

unexpected property of inhibiting osteoclast differentiation and is itself negatively 

regulated by bone resorptive agents. 
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10.14 Osteoprotegerin ligand (OPGL) 

Following the discovery ofOPG the search was on for its ligand. Using an 

OPG-Fc fusion protein as a probe Lacey et al (1998) found a binding site for the 

protein on the surface of a murine myelomonocytic cell line 32D. They then were 

able to clone a 316 amino acid gene product in mammalian cells termed OPGL (Fig. 

1.6). This was closely followed by cloning of human OPGL from a lymph node 

cDNA library. At about the same time Yasuda et al (1998a) cloned osteoclast 

differentiation factor (ODF) from a library of the mouse marrow stromal cell line 

8T -2 after treatment with 1,25D3 and dexamethasone. Both groups concluded that 

OPGL and ODF were identical to two other members of the TNF family which had 

been independently cloned, namely TNF related activation-induced cytokine 

(TRANCE) and receptor activator of nuclear factor NF -lCB ligand (RANKL) (Wong 

et ai, 1997~ Anderson et ai, 1997). 

The human and mouse OPGL are 317 and 346 amino acids respectively with 

the human OPGL having an 87% homology with the mouse OPGL indicating 

conservation throughout evolution (Lacey et ai, 1998). Analysis of OPGL showed a 

transmembranous region (Lacey et ai, 1998). Human OPGL has a cytoplasmic 

domain, a transmembrane domain and an extracellular region consisting of two 

domains, a stalk region and the active ligand site (Lacey et ai, 1998). OPGL may be 

found in the cell-bound form and also in a soluble form (Lacey et ai, 1998). The 

soluble form is derived from the cell-bound form by post-translational processing at 

amino acid position 139 (murine OPGL) and 140 or 145 (human OPGL) (Lacey et 

ai, 1998). It is not known whether the cleavage occurs by the action of an enzyme 

and what the distribution of this enzyme might be. 

Expression of OPGL is abundant in the skeleton and in the lymphoid tissues 

(Lacey et ai, 1998). Other sites ofmRNA for OPGL include heart, placenta, skeletal 

muscle, stomach, thyroid, and peripheral blood leucocytes (Anderson et ai, 1997). 

In rats mRNA for OPGL is highly expressed in lymph nodes, spleen, thymus, and 

the cerebellum (Lacey et ai, 1998). In addition message has also been detected in 

murine marrow cell lines 8T-2 and MC3T3-El, the rat osteosarcoma cell line R08 

(Lacey et ai, 1998), primary murine calvarial osteoblasts (Yasuda et ai, 1998a) as 

well as several murine lymphoid cell lines. 
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To help study the role ofOPGL in the skeleton, OPGL knockout mice have 

been generated. They appear normal at birth but there is an increase in bone mineral 

density throughout life and the long bones lack a normal marrow space leading to 

extramedullary haematopoiesis in the spleen (Kong et ai, 1999). They lack mature 

osteoclasts and have shorter broad and flat bones (Kong et ai, 1999). These mice 

also have abnormalities of the immune system including a defect of T and B cell 

maturation (Kong et ai, 1999). Administration of OPGL can reverse the bone 

abnormalities and causes the differentiation of osteoclasts indicating that the 

precursor cells are present but in the absence of OPGL they are unable to 

differentiate (Kong et al. 1999). 

Many studies have looked at the in vitro effects of OPGL the major ones 

being the promotion of differentiation, fusion, activation and survival of osteoclasts 

(Lacey et al. 1998~ Jimi et ai, 1999). It has been shown that the addition ofOPGL 

and m-CSF to bone marrow monocytes in vitro without any additional hormones, 

cytokines or stromal cells being present, is able to induce the differentiation of 

mature osteoclasts (Lacey et ai, 1998). OPGL is also able to increase TRAP activity 

and the number ofTRAP+OC (Lacey et ai, 1998). During differentiation of 

osteoclasts. OPGL increases the levels of mRNA for some proteins which are used 

to characterize cells of the osteoclastic lineage namely TRAP, (33 integrin. cathepsin 

K. c-src. and the calcitonin receptor (Lacey et al. 1998). OPGL has more recently 

been shown to be able to stimulate the differentiation of osteoclasts from human 

monocytes derived from peripheral blood and these osteoclasts were capable of bone 

resorption (Quinn et al. 1998). As well as promoting the differentiation of 

osteoclasts, OPGL has been shown to be capable of activating mature osteoclasts to 

resorb bone. Lacey et al. (1998) showed that OPGL was able to activate mature rat 

osteoclasts to form resorption lacunae on bovine bone slices. OPGL was also able 

to increase calcium release in an organ culture system indicating bone resorption 

was occurring and when OPG was added to the system the calcium release 

stimulated by the OPGL was abolished (Tsukii et ai, 1998). 

The in vivo effects of administered OPGL have been studied and in mice are 

manifested as severe hypercalcaemia within one day indicating the activation of 

mature osteoclasts (Lacey et ai, 1998). Radiographs of these mice showed a marked 

bone loss which was associated with the presence of larger than normal osteoclasts 
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with an increased number of nuclei which covered a larger than normal area of bone. 

There was no increase in the total number of osteoc1asts (Lacey et ai, 1998). 

In general hormones and cytokines which stimulate bone resorption have 

been found to increase the production of OPGL. The up-regulation of mRNA for 

OPGL has been shown to occur in the presence of dexamethasone in the mouse bone 

marrow derived stromal cell line ST2 (Yasuda et ai, 1998a). 1,25D3 also produced 

an increase in mRNA for OPGL in ST2 cells and mouse primary osteoblasts 

(Yasuda et ai, 1998b~ Horwood et ai, 1998). In addition, IL-lland PTH brought 

about an increase in mRNA for OPGL in mouse primary osteoblasts (Horwood et aI, 

1998; Yasuda et ai, 1998b). PGE2 also increased mRNA for OPGL in mouse 

primary osteoblasts (Yasuda et ai, 1998b). More recently the pro-inflammatory 

cytokines IL-IJ3 and TNF-a have been shown to increase the production ofmRNA 

for OPGL in normal and immortalized marrow stromal cell lines and in the 

osteosarcoma cell line MG-63 (Hofbauer et ai, 1999b). Another study adds to the 

evidence that some hormones and cytokines indirectly regulate bone resorption by 

the production of OPGL. When bone resorption was stimulated by 1,25D3, PTH, 

PGE2, and IL-la, the addition ofOPG or neutralizing antibodies to OPGL, blocked 

the bone resorption (Tsukii et ai, 1998). However, the effects ofIL-a were not as 

marked as those of the other effectors. Takai et al (1998) found that TGF -131 

suppressed the expression ofmRNA for OPGL whilst at the same time increasing 

levels of mRNA for OPG in mouse cell lines. Formation of osteoclasts was 

inhibited by TGF-J31 and this could be reversed by the addition of neutralizing 

antibodies to OPG. Thus, OPG production is stimulated by a variety of bone 

resorbing factors and it acts directly on the osteoclast precursor to bring about 

differentiation and activation of the osteoclast. 

10.15 Receptor activator of NFlCB (RANK) 

RANK. is the receptor for RANKL or OPGL and is found on the osteoclast 

(Fig 1.7). It was first characterized in dendritic cells by Anderson et aI, (1997). It is 

a transmembranous protein consisting of616 amino acids which form a signal 

peptide, an extracellular domain, a transmembrane domain and a cytoplasmic 

domain (Anderson et aI, 1997). A signal peptide is a short amino acid sequence that 
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Figure 1.7 Diagrammatic representation of the structure of mouse RANK. It is a 

tumour necrosis receptor family member and is composed of 625 amino acid 

residues. Like OPG it has four extracellular cysteine rich domains. Human RANK 

is 70% homologous to mouse RANK. Of the C-terminal domain, 93 amino acids 

which bind TRAF 2, TRAF 5 and TRAF 6 are essential for NF-KB activation. 
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directs a protein to a specific site within the cell. The human RANK amino acid 

sequence is 70% homologous to the mouse form (Anderson et ai, 1997). The 

receptor was more recently identified and characterized in normal mouse osteoclast 

progenitors by Hsu et af, (1999) and called osteoclast differentiation and activation 

factor (ODAR). 

RANK mRNA is expressed in many tissues including skeletal muscle, liver, 

small intestine, colon, thymus and adrenal gland (Anderson et ai, 1997). It is also 

expressed in lymphocytic cell lines (B lymphoblastoid cell line) and non

lymphocytic cell lines (K-562 chronic myeloid leukaemia cell line, A-172 

glioblastoma, HFF human foreskin fibroblasts, and WI-26 (SV40-transformed lung 

fibroblasts) as well as in osteoclasts (Anderson et ai, 1997~ Hsu et ai, 1999). 

Although the message for RANK is found in many tissues the expression of protein 

is found only in osteoclasts, dendritic cells, B and T cell lines, and fibroblasts 

(Anderson et ai, 1997). It has been established by at least two groups that OPGL 

binds to RANK and that it does so with a high affinity (Nakagawa et ai, 1998~ Hsu 

et ai, 1999). Both groups also showed that OPGL binding to RANK is both 

necessary and sufficient for osteoclastogenesis. Strong evidence that RANK is the 

only receptor for OPGL was provided by Nakagawa et af (1998) who used a 

genetically engineered soluble form of RANK, a polyclonal antibody to RANK, and 

a fragment of the antibody (Fab) to investigate whether any of them would induce 

osteoclast formation in mouse spleen cells. They showed that the antibody to 

RANK was able to induce osteoclast formation whereas both the soluble form of 

RANK and the antibody fragment blocked the binding of OPGL to RANK and so 

suppressed osteoclast formation normally induced by OPGL. The study also 

suggested that the clustering of RANK is needed for activation of osteoclasts as the 

Fab fragment was unable to cross-link and cluster antigens and did not result in 

osteoclastogenesis. 

When OPGL binds to RANK intracellular signals are passed via the receptor 

which lead to the activation of the osteoclast (Anderson et ai, 1997). RANK 

interacts with members ofa family of proteins called TNFR-associated factor 

(TRAP) in order to activate the nuclear transcription factor NF-KB and the protein 

kinase c-Jun N-terminal kinase (JNK) (Wong et ai, 1998). NF-KB is a member ofa 

family of transcription factors that regulate the expression of a series of target genes 
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involved in development and immunity (Abu-Amer & Tondravi, 1997). The TRAF 

family consists of six members and they are known to regulate cell survival, 

proliferation, and apoptosis via activation of NF -KB and other transcription factors 

(Arch et ai, 1998). The intracellular domain of RANK is thought to interact with 

TRAFl, TRAF2, TRAF3, TRAF5, and TRAF6 (Wong et ai, 1998). A recent study 

has shown that when OPGL binds to RANK. which itself is bound to TRAF6, NF

KB becomes dissociated from I KB to which it is bound in the cytoplasm (Wong et 

ai, 1999). NF-KB then translocates to the nucleus. Together with other transcription 

factors NF-KB promotes osteoclast differentiation by activating specific genes Abu

Amer & Tondravi, 1997). A recent study showed that TRAF6 deficient mice had 

osteopetrosis and abnormal tooth eruption (Lomaga et ai, 1999). The osteoclasts did 

not form ruflled borders suggesting an important role for TRAF6 in osteoclast 

activation. In conclusion, RANK is the receptor of OPGL on the osteoclast 

precursor and brings about differentiation via activation ofNF-KB. 

11. Aims of the study 

The purpose of the study was to elucidate the mechanisms controlling bone 

resorption with a view to identifying potential targets for therapeutic intervention in 

diseases where excessive bone loss occurs. 

The aim was to understand the mechanism whereby osteoclasts differentiate 

from monocytes and then become activated to resorb bone. The model chosen to 

investigate these processes was the mouse calvarial culture system. Previous work 

with this system (Marshall et a/1995, 1996) had shown that when spontaneous 

production of prostaglandins was inhibited by indomethacin osteoclasts detached 

from the surface of the bone and attached to the adjacent periosteum. This process 

could be reversed by the addition of prostaglandin E2 which caused osteoclasts to 

re-attach to bone and start to resorb. PTH and 1,25D3 could also reverse the 

inhibition by indomethacin and stimulate bone resorption. It was known that these 

stimulators did not act directly on the osteoclast or its precursor but on osteoblastic 

cells. 

62 



Objectives: 

• to identify the intermediary that passes on the signal from the osteoblast 

to the osteoclast or its precursor that causes adhesion to and resorption of 

bone by the osteoblast 

• to identify the mechanism that causes osteoclasts to detach from the bone 

surface 

• to identify the adhesion molecules whereby osteoclasts attach to the 

surface of bone 

• to identify the adhesion molecules whereby the osteoclast attaches to the 

adjacent periosteum 
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Materials and Methods 

2.1 Materials 

Antibiotics 

Benzylpenicillin. Glaxo, Greenford, UK. 

Streptomycin. Evans Medical Ltd., Greenford, UK. 

Antibodies 

Biotin conjugated hamster anti-mouse CD61 (Integrin J33 chain) monoclonal 

antibody product number 01862D. Cambridge Bioscience, Cambridge, UK 

Biotin conjugated hamster IgG monoclonal immunoglobulin isotype standard 

anti-trinitrophenol product number 11122C. Cambridge Bioscience. 

Polyc1onal IgG anti-human osteoprotegerin antibody product number AF805. 

R&D Systems, Abingdon, Oxon, UK. 

Biotinylated IgG anti-human osteoprotegerin antibody product number 

BAF805. R&D Systems, Abingdon, Oxon, UK. 

Apoptosis detection 

ApoAlert™ Annexin V apoptosis detection kit. Clontech, Palo Alto, 

California. 

Culture media 

BGJ (Fitton-Jackson modified) medium, foetal bovine serum, HEPES 

buffered 199 medium. Imperial Laboratories, Andover, UK. 

MEM alpha medium with ribonuc1eotides and deoxyribonucleotides. 

GIBCOBRL Life Technologies, Paisley, Scotland. 

Culture vessels 

96 well plates. Sterile 6-well plates 9 cm2
. Sterile culture flasks 25 cm2 

Appleton Woods, Birmingham, UK. 

Sterile 24 well plates 2 cm2
. ICN Biomedicals, High Wycombe, UK. 

64 



Cytokines 

Recombinant human sRANKL, Insight Biotechnology, Middlesex, UK. 

Recombinant human osteoprotegerin rhOPG:Fc, Alexis Corporation, 

Nottingham, UK) 

Echistatin 

Sigma, Poole, UK. 

Electrophoresis 

NuPage 4-12% Bis-Tris gels, sample buffer, 2-(N-morpholino) ethane 

sulphonic acid (MES) running buffer, transfer buffer, Polyvinylidene 

difluoride (PVDF) membrane, Novex, San Diego, California. 

ELISA plates 

96-well plates Appleton Woods, Birmingham, UK. 

Heparin 

CP Pharmaceuticals, Wrexham, UK. 

Hormones 

Vitamin D(1a.,25(OH)2D3) Leo Pharmaceutical Products, Denmark. 

Prostaglandin E2, Parathyroid hormone, Sigma, Dorset, UK. 

Industrial Methylated Spirits 

De Puy Healthcare, Leeds, UK. 

Leitz Dialux 20 microscope 

Leitz Wetzlar, Germany. 

Mounting media 

Apathy's mountant, Aquamount mountant, BDH Laboratory Supplies, Poole 

England. 
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Phosphate buffered saline 

Phannacy department, Orthopaedic Hospital, Oswestry, UK 

Polaroid 667 black and white film. 

Appleton Woods, Binningham, UK. 

RNA analysis 

SV Total RNA Isolation kit, reverse transcription system, Taq polymerase, 

dNTP's, MgCh, 10 x Thenno buffer. Promega, Southampton, UK. 

Restriction enzymes: Eco Rl, Pst 1, Pvu II and Stu 1 all from Promega, 

Southampton, U.K. 

Steroids 

Dexamethasone, Sigma. 

TrypsinlEDTA 

0.5 g porcine trypsin, 0.2 g EDTA 4Na made up to 1 dm3 in Hepes buffered 

saline solution. 

Skimmed milk powder 

J Sainsbury Ltd. UK. 

SYBR Green II nucleic acid stain. 

TMB 

Molecular Probes, Leiden, Netherlands. 

3,3' 5 ,5' Tetramethylbenzidine substrate, Pierce Chemical Company, Ilinois, 

USA. 

All other chemicals were of analytical grade and were purchased from either Sigma, 

Poole, UK., BDH Poole, UK or Fisher Scientific, Loughborough, UK. 
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2.2 Methods 

2.2.1 Animals 

The mice used in this study were inbred BALB/c. They were housed as set 

down by the Home Office, Animals (Scientific Procedures) Act 1986. The ambient 

temperature was maintained at 18-21°C and the air was changed twenty times an 

hour. There was a daily cycle of 12 h light and 12 h dark. Food and water were 

freely available. 

2.2.2 Removal of mouse parietal bones. 

All dissection was carried out in a laminar flow cabinet using equipment 

which had been boiled for 5 min to ensure sterility. Seven-day old mice were taken 

and killed by decapitation. Skin on the mouse head was sterilized by spraying with 

70% industrial methylated spirit (lMS) which was allowed to dry prior to 

immobilizing the head with a knob pin through the nasal region. The skin was lifted 

at the back of the head using fine forceps and cut centrally to the front of the head. 

The two skin flaps were pulled to the side to expose the top of the skull and secured 

with knob pins. (Fig.2.1). The skull was bathed in 200 J..lI of 10 U cm-3 heparin, 5 

mM diaminoethanetetra-acetic acid diammonium salt (EDT A) in phosphate 

buffered saline (PBS, 137 mM sodium chloride, 10 mM potassium phosphate pH 

7.4) in order to prevent platelet aggregation which may interfere with the organ 

culture. The sagittal suture was cut from the back of the head to the front using 

small dissecting scissors followed by further cuts along the lamboid and coronal 

sutures (Fig 2.1). The bone was lifted away from the underlying soft tissue using 

watch makers forceps and final cuts were made along the masto-parietal, squamous 

and spheno-parietal sutures to free the parietal bone from the remainder of the skull. 

Parietal bones were dissected out in pairs and washed in 0.5 cm3 HEPES buffered 

199 medium containing 10% foetal bovine serum in 2 cm2 wells in sterile 24-well 

plates. Where whole calvaria were taken, cuts were made to include the 

interparietal bone and part of the frontal bone as shown in Fig 2.1. 
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Figure 2.1 Dorsal aspect of the mouse skull 
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2.2.3 Culture conditions for whole calvaria and parietal bones 

Prostaglandins have been found to stimulate bone resorption in organ 

culture. Lerner and Fredholm (1985) found maximal calcium release in mouse 

calvaria in culture, in the presence of PGE2 at a concentration of 1 J,.LM. 

Concentrations at or above 10 nM and maximally at 1 )J.M. caused a significant 

increase in the number of TRAP+OC on bone compared to control bones (Holt et al 

1994). Indomethacin, an inhibitor of cyclo-oxygenase, suppressed the production of 

prostaglandins. Lerner and Fredholm (1985) showed that at a concentration of 1 

)J.M, indomethacin inhibited prostaglandin synthesis to undetectable levels in mouse 

calvarial cultures. Parietal bones or whole calvaria were removed and placed in 

culture wells as previously described (Section 2.2.2). The 199 medium was 

removed from each well and replaced with 0.5 cm3 ofBGJ (Fitton-Jackson 

modified) medium containing 10% decomplemented foetal bovine serum, 100 U 

cm-3 benxylpenicillin and 100 )J.g cm-3 streptomycin. In some experiments, as 

indicated in the results, bones were incubated in the presence of 1 J,.LM indomethacin 

for 24 h and then put into fresh media containing factors to be tested. Cultures were 

incubated in a humidified atmosphere of 5% carbon dioxide (C02) in air at 37°C. 

Test factors used in individual experiments are explained at the beginning of each 

method. In order to minimize the variation in osteoclast number, where possible 

each experiment used mice only from one litter. Where this was not possible, bones 

from different litters were included in each treatment so as to gain a representative 

sample. 

2.2.4 Determination of Tartrate-resistant acid phosphatase-positive osteoclasts 

(TRAP+OC) 

Following the culture period in indomethacin, one bone was incubated in 

indomethacin and the other half in prostaglandin E2 (PGE2) for 24 h. Bones were 

fixed for 5 min in 95% IMS, 5% glacial acetic acid in a 96-well plate. Unless 

otherwise stated, the ectocranial membranes were removed and discarded and the 

endocranial membranes were peeled back to the sagittal suture. It was important to 
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ensure that the endocranial surface of a bone could be identified and mounted 

towards the microscope objective. To achieve this a small triangle of bone was cut 

away using a scalpel from the top left hand comer opposite the sagittal suture with 

the endocranial side uppermost, leaving a diagonal cut edge. Following fixation, the 

bones were washed in two changes of phosphate buffered saline (PBS 137 mM 

sodium chloride 10 mM potassium phosphate pH 7.4) and stained for TRAP 

activity. The TRAP reagent consisted of 1 mM Naphthol AS-BI phosphoric acid, 

100 mM acetic acid, 26.8 mM L(+) tartaric acid and 0.15 mg cm-3 Fast Gamet OBC 

salt pH 5.2. Bones were incubated in this reagent for 30 min at 37°C and were then 

washed in PBS. Bones were then decalcified in 1 M hydrochloric acid (HCI) with 

12.5% glutaraldehyde for 5 min followed by washing in three changes of PBS. 

Bones were orientated using the dissecting microscope and fine forceps with the 

endocranial surface uppermost and the membrane flattened out away from the bone. 

They were mounted using Aquamount mountant. Each parietal bone was scanned 

completely in a rasta fashion using a Leitz Dialux 20 transmitted light microscope 

with a total magnification of x 200. TRAP+OC were counted as the number of cells 

which were stained red. 

2.2.5 Immunocytochemical identification of 133 positive osteoclasts (J33+OC) 

Following an initial culture period and further incubation in either 

indomethacin or PGE2 as previously described, (Section 2.2.4) bones were fixed in 

95% IMS, 5% glacial acetic acid for 5 min in a 96-well plate. The ectocranial 

membrane was stripped and the endocranial membrane peeled back. The bones 

were washed in PBS and decalcified in 10% EDTA pH 6.6 with mixing for 30 min. 

The EDT A was then removed and replaced with fresh EDT A for another 30 min of 

gentle mixing. Bones were then washed in three changes of skimmed milk blocking 

buffer, each 15 min, in order to block non-specific binding of the antibody. The 

skimmed milk blocking buffer consisted of 154 mM NaCl, 10 mM Tris HCI. pH 7.6, 

0.2 mg cm-3 thiomersal and 2.5% skimmed milk. Individual bones were then placed 

in 25 III of the primary antibody diluted 1 in 100 in blocking buffer to give a 

concentration of 5 f..lg cm-3 and then incubated in a humidified atmosphere at 37°C 
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for 1 h. The primary antibody was a biotin-conjugated hamster anti mouse CD61 

(lntegrin ~3 chain) monoclonal antibody. A biotin-conjugated hamster IgG 

monoclonal immunoglobulin isotype standard, anti-trinitrophenol product number 

11122C was used as a negative control. This antibody was an isotype control 

IgG2K. Bones were washed for 15 min in three changes of blocking buffer. After 

washing, each bone was placed in 25 J,ll ofExtrAvidin peroxidase conjugate (Sigma) 

diluted 1 in 100 in blocking buffer to give 20 J,lg cm-3 and incubated at 37°C for 1 h. 

Following further washing in three changes of blocking buffer as above, the 

peroxidase activity was detected by incubating in a solution of 0.5 mg cm-3 3,4,3,4 

tetra-aminophenyl hydrochloride, 1 mM nickel chloride, 1 mM cobaltous chloride 

and 0.012% hydrogen peroxide in 25 mM citric acid 16 mM di-sodium hydrogen 

orthophosphate pH 6.4 for 20 min at 37°C. Finally, bones were briefly washed in 

three changes of PBS and mounted, endocranial surface uppermost with the 

membrane flattened out, in Apathy's mountant. ~3+0C stained black and were 

counted as described previously for TRAP+OC. 

2.2.6 Effect of Echistatin on osteoclast adhesion. 

In order to further investigate the role of ~3 in the translocation process, the 

disintegrin echistatin was utilized in the calvarial culture system. Echistatin is a 

snake venom disintegrin which contains the amino acid motif 

arginine/glycine/aspartic acid (RGD). A disintegrin is a molecule which interferes 

with integrin ligand interactions and echistatin blocks the binding of the <xv~3 and 

other integrins to the RGD sequence which is found in several plasma and matrix 

proteins. The disintegrin echistatin is not specific for (lv~3 but it does bind with a 

high affinity. The integrin <xv ~3 appears to be important in the translocation of 

osteoclasts from the endocranial membrane to the bone surface seen the presence of 

PGE2. Following the initial culture period in indomethacin, half the bones were 

incubated in I J,JM PGE2 alone to act as a control, and the other half in PGE2 plus 

10 nM echistatin. Cultures were incubated at 37°C, 5% CO2 for a further 24 h. In 

another experiment following the initial culture period, bones were incubated for a 

further day in the presence of 1 J,JM indomethacin alone or with sOPGL 
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(100 ng cm-3
) with or without 10 nM echistatin. Bones were then stained for the 

presence of the integrin subunit ~3 as previously described (Section 2.2.5). 

2.2.7 Effect of osteoprotegerin ligand. 

Freshly isolated parietal bones were cultured in the presence of 1 ,.aM 

indomethacin and varying concentrations of the soluble extracellular domain of 

osteoprotegerin ligand (sOPGL, recombinant human sRANKL, Insight 

Biotechnology, Middlesex, UK). Also, after a one day incubation with 

indomethacin, PGE2 (1 J.lM) or sOPGL (100 ng cm -3), in the presence of 1 J.lM 

indomethacin, was added for one day. In a similar experiment, bones were 

incubated first with indomethacin, then the endocranial membranes of the bones 

were peeled back to the sagittal suture prior to incubation with sOPGL for 6 h. 

Control bones were left intact. 

2.2.8 Effect of osteoprotegerin 

OPG, the decoy receptor for OPGL has been found to block bone resorption 

both in vivo (Simonet er ai, 1997) and in vitro (Fuller er ai, 1998). Bones were 

cultured in the presence of 1 J-LM indomethacin for one day followed by incubation 

for a further day in the presence of 1 ,.aM PGE2 or 10 nM 1,25(OH2)D3 or 4 nM PTH 

each with or without 100 ng mr! osteoprotegerin (OPG, recombinant human 

rhOPG:Alexis Corporation, Nottingham,UK.) 

2.2.9 Extraction of total RNA 

Following one day in indomethacin, half the bones were placed in media 

containing indomethacin 1 ,.aM and the other half in PGE2 (1 J-LM) or 1 ,25D3 (10 nM) 

Both sets were incubated at 37°C, 5% CO2 for 4 h. Total RNA was extracted using 

the SV Total RNA isolation kit from Promega following the manufacturer's 

instructions. With the use of a dissecting microscope, the ectocranial membranes 

were removed and discarded, the endocranial membranes being left intact. Four 
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bones from each treatment were placed in a sterile microcentrifuge and 175 IJ.I of 

RNA lysis buffer was added to solubilize the RNA. This was left for 5 min at room 

temperature. Following the addition of 350 J.lI of dilution buffer and thorough 

mixing, the samples were incubated at 70°C for 3 min. To remove the bones and 

cellular debris, the tubes were centrifuged at 8,000 g for 10 min. Part of the 

supernatant (350 J.lI) was removed and placed into a clean microcentrifuge tube. 

The RNA was precipitated by the addition of 200 J.lI of 95% ethanol with gentle 

mixing and the lysate transferred to a spin basket. The spin basket consisted of a 

sterile plastic tube into which a second plastic tube was inserted. The second tube 

contained a porous membrane to which the RNA became bound. The spin basket 

was centrifuged at 8,000 g for 1 min to allow the RNA to bind to the membrane 

incorporated in the spin basket. The membrane was then washed with 600 J.lI of 

wash solution. A 15 min incubation at room temperature with DNase mixture, 50 J.lI 

per basket, removed any contaminating DNA. Following removal of the DNase 

with a stop solution, the membrane was washed with 600 J.lI of wash solution and 

then a further 250 J.lI of wash solution. The RNA was eluted with two volumes of 

50 J.lI of nuclease- free water giving a total volume of 100 J.ll. Great care was taken 

at each step to avoid contamination with RNases by working in a class 2 flow 

cabinet and the use of gloves at all times. All plastic tubes and pipette tips were 

guaranteed RNase free by the manufacturers. The RNA solution was stored at -

20°C 

2.2.10 Assay of RNA with SYBR Green n stain. 

SYBR Green II was diluted 1 in 100 in nuclease free water and then 1 in 100 

in 10 mM Tris HCI, 1 mM EDTA pH 8.0. Test RNA was added (10 J.ll) and the 

fluorescence measured in a Locarte fluorimeter with a zinc lamp. It was fitted with 

cut-off filters BG 12 and PY to give the excitation wavelength of SYBR Green II 

(468 nm). An interference filter with a 4 nm band pass of 525 nm was used to 

detect emitted light. A standard curve was constructed using a total RNA 

preparation from bone marrow. The concentration of RNA in this preparation was 

determined by measuring the OD at 260 and 280 nm. in a spectrophotometer. RNA 
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has an 00260 of 1 at a concentration of 40 J.lg cm-3 and high purity RNA will give a 

260/280 ratio of 2. RNA concentrations in test solutions were calculated by 

reference to this standard. 

2.2.11 Reverse transcription. 

The reverse transcription of RNA into cDNA was performed using the 

Promega reverse transcription kit, as per the manufacturer's instructions, the only 

difference being the substitution of random hexa deoxyribonucleotides (p( dN)6) for 

the supplied oligo (dT) primers. This allows for superior priming along the length 

of the RNA strand. The kit uses avian myeloblastosis virus (AMV) reverse 

transcriptase. The total volume of the reaction mixture was 40 J.ll. This consisted of 

2.5 mM MgC12, 0.5 mM final concentration of each dNTP, 12.5 J.lg cm-3 p(dN)6 

primers, 0.5 U J.lffi-3 rRNasin (ribonuclease inhibitor), 13.8 U reverse transcriptase 

and 200 ng RNA in times five reverse transcription buffer. Equal volumes of test 

RNA were added to each reaction mixture so that 400 ng of RNA were included in 

each reaction. The mixture was left at room temperature for 10 min to allow the 

primers to anneal to the RNA and was further incubated at 42°C for 1 h to allow 

transcription to proceed to completion. The cDNA was stored at -20°C" 

2.2.12 Polymerase chain reaction 

The process ofPCR amplification of a target sequence of DNA entails the 

denaturation of the double stranded DNA at 94°C, the annealing of DNA primers at 

a lower temperature (Ta) usually about 60°C, followed by elongation of the primers 

by the enzyme Taq polymerase at 72°C, the optimum temperature for the enzyme 

reaction. The final volume per tube was 20 I.d containing 2 mM MgCh, 0.2 mM 

each dNTP's, Thermo buffer, IJ.1M final concentration each primer and 2 J.lI cDNA. 

The whole mixture was covered with 10 J.lI mineral oil to minimise evaporation. 

The PCR reaction was carried out with a Techne Progene thermocycler. The 

machine was heated to 94°C for 1 min in order to heat the lid to prevent 

condensation on the inside of the reaction tubes. The tubes were placed in the 
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cycler and heated to 94°C for 3 min at the end of which 0.5 U of Taq were added 

through the oil. The programe continued for a total of 25 cycles which consisted of 

heating to 94°C for 1 min, cooling to the annealing temperature appropriate to the 

primers used for one min and heating to 72°C for 1 min to allow extension of the 

DNA strand. Negative controls included all but cDNA.· 
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Primers used are shown below, they were dissolved in sterile 10 mM Tris HCI, 1 

mM EDTA pH 8.0 

Primer Sequence Conc. J.lM Annealing Product 
5' - 3' Temp (Ta) Length 

5'muJ3Actin TGTGATGGTGGGAATGGGTCAG 

1.0 60°C 514bp 
3 'muJ3Actin TTTGATGTCACGCACGATTTCC 

5' muOPG GGAACCCCAGAGCGAAACACAGT 

1.0 58°C 515bp 
3' muOPG TTCCCAGGCAGGCTCTCCATCAAG 

5' muOPGL CCATCGGGTTCCCATAAAGTCAC 
1.0 57°C 407bp 

3' muOPGL AAAGCCCCAAAGTACGTCGCATCT 

5' huOPG GTGCGCCCCTTGCCCTGACC 
1.0 58°C 556bp 

3' huOPG TGAGCTGTGTTGCCGTTTTATCCT 

RNA sequences for 13 Actin and 133 were obtained from the National Centre for 

Biotechnology Information site (NCB I @www.ncbi.nlm.nih.gov/) using ENTREZ 

software. The PCR primers for mouse 133 were designed with PrimerSelect 

DNAST AR Inc. Primers for mouse 13 Actin were designed by Stratagene UK Ltd. 

Other primers were synthesized by Genosys, Biotechnologies Inc. Cambridge, UK. 

The housekeeping gene 13 Actin was used to demonstrate, after electrophoresis of 

the 13 Actin PCR products, that equal amounts of RNA were included in the reverse 

transcription reaction. Equal band intensities should be obtained if equal amounts 

of cDNA were present in the PCR reaction. This assumes that the amount ofPCR 

product was proportional to the amount of starting cDNA. This was established by 

determining the range of cDNA concentrations which gave a directly proportional 

amount of product. If a band intensity exceeded the maximum limit of linearity, this 

PCR reaction was repeated with less cDNA present. 
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2.2.13 Electrophoresis of peR products 

A 2% agarose gel was made using 89 mM Tris Borate, 2.5 mM EDTA 

pH 8.3. The agarose was dissolved in the buffer by placing a conical flask 

containing the agarose and buffer into a glass beaker containing water. The water 

was brought to the boil on a heated metal plate and allowed to continue boiling until 

the agarose had dissolved. After cooling, the agarose was poured into a gel tray lOx 

7.5 cm with a comb and allowed to set for 30 min. PCR product (10 J.d) was mixed 

with 2 f.ll of loading buffer and 10 III of that solution was loaded on to the gel. The 

loading buffer consisted of 89 mM Tris HCI, 2.5 mM EDT A and 89 mM Boric acid 

pH 8.3 with 0.1 % bromophenol blue and 50% glycerol. In addition, 2 III of DNA 

ladder was mixed with 1.5 f.ll ofloading buffer and 3 f.ll ofthat solution loaded onto 

the gel. The gel was placed in the electrophoresis tank with 200 cm3 of running 

buffer which was the same as that used to make the agarose gel. The gel was run at 

8 Vlcm for 1 h. The gel was post-stained for 30 min in ethidium bromide 10 ng cm-3 

in running buffer. The gel was de stained in running buffer for 30 min and visualized 

under UV light and photographed with a Polaroid DS-34 camera with 667 black and 

white film. The band intensities were measured by image analysis using the Sight 

System (Foster Finlay Associates Ltd) Freelance Version 5.2. with an Hitachi CCTV 

analogue camera. This involved thresholding the digitized image and using this as a 

mask, the area and the mean Grey level were determined. The band intensity was 

the product of these two measurements. 

2.2.14 Restriction enzyme digest 

Restriction enzyme digests were carried out in order to verify that the PCR 

product was likely to be that which was expected. Restriction enzymes were 

identified using PrimerSelect DNAST AR Inc. Enzymes were chosen which cut the 

PCR product at a unique site and approximately 100bp from either end of the 

product so that the two cut products were easily identifiable on the electrophoresis 

gel. The appropriate enzyme (1 J.d) was placed in a tube together with 1 f.1lof 

buffer, 5 f.ll of cDNA and 3 III of nuclease free water to make the total volume up to 
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10 J.11. The buffer used with Pvu II consisted of 6 mM Tris, 6 mM Mg C12, 50 mM 

Na CI and 1 nM DTT pH 7.5. The buffer used with enzyme Pst I consisted of90 

mM Tris, 10 mM MgCh, 50 mM NaCI pH 7.5 .. Controls consisted of one tube with 

no enzyme and one tube with an enzyme which did not cut the product. All three 

tubes were then incubated at 37°C for 1 h. At the end of the incubation, 2 J.1lof 

electrophoresis buffer was added to each tube and the products underwent 

electrophoresis as described above. 

The enzymes used and where they cut are shown below. 

Enzyme and PCR product Recognition site Product lengths 

concentration verified 

PvuII OPGL CAG/CTG 190 bp plus 

(Proteus vulgaris) 407bp GTC/GAC 217bp 

8-12 u/J.11 

PstI OPG CTGNG 100 bpplus 

(Recombinant E. 515 bp G/ACGTC 415 bp 

coli strain) 

10 u/J.11 

2.2.15 Assay of osteoprotegerin 

Freshly isolated parietal bones were put into culture media containing either 

1 J.LM indomethacin or 1 J.LM PGE2 and after 3,6 and 9 h of culture a sample of the 

medium was removed, frozen, and replaced with fresh medium containing the 

relevant effector of bone resorption. After 24 h in culture, the media was removed 

and frozen. In a further experiment calvaria were cultured in 1 cm3 of media 

containing either 1 J.1M indomethacin or 1 J.1M PGE2 or 4 nM PTH or 10 nM 1,25D3 

or 100 nM dexamethasone for 20 h. The media was then frozen until required. A 

96-well ELISA plate was twice washed in distilled water followed by thorough 

shaking to remove any remaining water. The plates were incubated overnight at 4°C 
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following the addition of 100 J.lI of 200 ng cm-3 goat anti-human OPG antibody 

(R&D Systems, Abingdon, UK) in 0.1 M sodium bicarbonate buffer pH 8.6 to each 

well (O'Brien et ai, 2001). Following removal of the antibody, each well was 

blocked with 200 J.lI of 0.25% skimmed milk in 0.1 M Tris HCI pH 7.6 (skimmed 

milk) and incubated at 4°C for one hour. After two brief washes in skimmed milk, 

100 J.l.1 of standards, unknowns and controls were added to the plate. The standards 

consisted of dilutions of recombinant mouse OPG in BGJ culture media to give 

0,1,2 and 4 ng cm -3 of OPG. Controls consisted of goat IgG (20 ng per well) coating 

the well, no secondary antibody and no avidin peroxidase. All samples were 

assayed in triplicate. The plate was incubated at 4°C for 1 h. After three washes in 

skimmed milk, 100 J.l.1 of a biotinylated goat anti-human OPG antibody (R&D 

Systems, Abingdon, UK) in skimmed milk was added to the wells at a concentration 

of200 ng cm-3 and incubated at 4°C for 1 h. Following three washes in skimmed 

milk, 100 J.l.1 of 2 ug cm -3 Extravidin Peroxidase was added to the wells and 

incubated at 4°C for 1 h. After four washes in skimmed milk, 100 ,.d of3,3'5,5' 

Tetramethylbenzidine (TMB) substrate was added and incubated at room 

temperature for 60 min. The reaction was stopped with 100 J.lI of 10% sulphuric 

acid and the optical densities were determined using a microtitre plate reader 

(Dynatech Laboratories) at 450 nm. 

2.2.16 Staining for apoptotic cells with annexin V 

Freshly isolated parietal bones were cultured for 24 hours in the presence of 

1 J.I.M indomethacin. Following culture the membranes were treated as previously 

described and the bones were incubated for 30 min at 37°C in annexin V reagent 

(Clontech) as per the manufacturer's instructions. All apoptotic cells were counted 

on both the bone and the endocranial membrane using a fluorescent microscope. 

After counting, the bones were stained for TRAP as previously described and 

TRAP+OC on the bone and membrane were also counted. 
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2.2.17 Cell culture. 

The cell lines used in this project were MG63, human osteosarcoma cells 

and MC3T3-El. The latter were spontaneously immortalized cells derived from 

neonatal mouse calvarial bones. Cells were cultured in a. MEM with 10% 

decomplemented foetal bovine serum (FBS), 100 U cm-3 benxylpenicillin, 100 Ilg 

cm-3 streptomycin and 1 % L-Glutamine in 25 cm3 flasks. The foetal bovine serum 

was decomplemented by heating the serum to 56°C for 1 h. Cultures were 

incubated in a humidified atmosphere of 5% CO2 in air at 37°C. Culture media was 

changed every four days until the cells were confluent. When cells became 

confluent different effectors were added to the media depending on the experiment 

being carried out. These included 1 J.LM indomethacin, 1 J.LM PGE2, 4 nM PTH, 10 

nM 1,2503 or 100 nM dexamethasone. Culture times varied and will be described 

at the beginning of each result. In some experiments the culture media was removed 

from the cells and frozen for future assay of osteoprotegerin levels as previously 

described (Section 2.2.14). In other experiments the total RNA was extracted in 

order to look for levels of messenger RNA using RT-PCR. In order to extract the 

RNA the cells were washed with 2 cm3 of sterile PBS followed by the addition of 2 

cm3 0fTrypsinlEOTA. The cells were then left at 37°C for approximately 5 min 

until all the cells became detached from the bottom of the flask. The cells were then 

transferred to sterile centrifuge tubes and centrifuged at 4,000 g for 5 min after 

which the supernatent was removed and replaced with 175 III of RNA lysis buffer. 

The samples were thoroughly mixed to resuspend the cells and following the 

addition of350 III of RNA dilution buffer, heated to 70°C for exactly 3 min. The 

cells were then processed as previously described (Section 2.2.9). 

Other cells used in this project were calvarial cells removed from whole 

mouse calvaria. Eight whole calvaria were dissected out as previously described 

(Section 2.2.2) and placed in 5 cm3 of 199 media, 10% FBS, 100 U cm-3 

benxylpenicillin and 100 Ilg cm-3 streptomycin. Following completion of dissection 

the media was removed and replaced with 5 cm3 of 199 media without FBS. This 

was in order to remove the FBS and reduce any excess protein which may interfere 

with the action of the collagenase. Following two further washes the media was 
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replaced with 4 cm3 of 199 media and 1 cm3 of collagenase 1 mg cm -3 in sterile 

PBS. The calvaria were then incubated at 37°C for 1 h. Following incubation the 

media was removed from the bones and placed in a sterile centrifuge tube and using 

a pasteur pipette the cells were released by repeatedly drawing up and expelling the 

media into the tube. The cells were then centrifuged at 2,000 g for 5 min and the 

supernatant removed. The cells were then resuspended in 5 cm3 of 199 media with 

FBS and were again centrifuged in order to wash away the collagenase. The 

supernatent was removed and replaced with 8 cm3 ofBGJ (Fitton-Jackson modified) 

media. The cells were mixed carefully and I cm3 of the cell suspension placed in 

each well of a 12-well plate. The cells were then placed in a humidified atmosphere 

of 5% CO2 in air at 3rC. The following day the plate was swirled in order to 

remove any non-adherent cells and the media removed and replaced with fresh 

media. The cells were returned to the incubator and grown to confluency. Various 

effectors were then incubated with the cells and will be described at the beginning 

of each experiment. 

Mouse bone marrow was used to try to suppress mRNA for OPG with PTH. 

One five to eight week old mouse was killed with diethyl ether inhalation and the 

femora and tibia aseptically removed. Bones were washed in 199 medium 

containing 10% FBS, 100 U cm-3 benxylpenicillin and 100 J,.lg cm-3 streptomycin. 

The marrow cavities were then flushed into a sterile centrifuge tube by slowly 

injecting 199 medium at one end of the bone using a sterile 15-gauge needle. Any 

cell clumps were disaggregated into a single .cell suspension using a fine tipped 

plastic transfer pipette. The cells were centrifuged at 150 g for 5 min. The 

supernatent was decanted and the cells resuspended in 4 cm3 a MEM with 10% 

FBS, 100 U cm-3 benxylpenicillin, 100 Ilg cm-3 streptomycin and 1% L-Glutamine. 

A cell count was determined using a Neubauer counting chamber at a 1110 dilution 

in white cell counting fluid (2% acetic acid, 50 J,.lg cm-3 gentian violet). Six million 

cells were added to each of four wells of a 9 cm2 well sterile plate. Wells were 

topped up to give a total volume of 3 cm3 with a MEM medium. The plate was then 

incubated for 24 hat 37°C in 5% CO2 in air. The plate was then shaken to remove 

any non-adherent cells and the medium replaced with a MEM containing 4 nM 

PTH. The medium was replaced with a MEM containing 4 nM PTH every three 
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days up to twelve days. At the end of this period the RNA was extracted from the 

cells as previously described. 

2.2.18 Electrophoresis 

Electrophoresis and Western blotting were carried out in order to illustrate 

the presence of osteoprotegerin protein in the media of cultured cells following 

incubation with various effectors and inhibitors of bone resorption described at the 

beginning of each experiment. Each sample was mixed with sample buffer in a 

ratio of 20 IJ.I of sample with 5 IJ.I of sample buffer. The sample buffer consisted of 

4 g glycerol, 0.682 g Tris base, 0.666 g Tris HCL, 0.8 g sodium dodecyl sulphate 

(SDS), 0.006 g EDTA, 0.75 cm3 ofa 1% solution ofServa Blue G250, 0.25 cm3 of 

phenol red made up to 10 cm3 with distilled water. The buffer was adjusted to pH 

8.5. After thorough mixing the final sample solution was heated to 70°C for 10 min. 

followed by brief vortex prior to loading 20 IJ.I onto the gel. With each run a 7 IJ.I 

sample of molecular weight standard was loaded in two separate positions so that 

following blotting the membrane could be cut in half with both halves containing a 

standard. The standard used was a multi-coloured standard with loading buffer of 

Tris HCL, formamide, SDS and phenol red. The gel used was a NuPAGE 4-12% 

Bis-Tris-Hel buffered (pH 6.4) polyacrylamide gel and was placed in the XCell lITM 

Mini-Cell (EI9001) according to the manufacturer's instructions (Novex, San 

Diego, California). The running buffer used was NuPAGE MES (2-(N-morpholino) 

ethane sulfonic acid) times twenty stock made up to 1 dm3
. The inner chamber of 

the electrophoresis tank was filled with running buffer prior to loading the samples. 

The outer chamber of the tank was then filled with running buffer and 

electrophoresis was carried out at 200 V, 110-125 rnA for 35 min. When the run 

was complete the power was disconnected and the gel removed from the mini-cell. 

2.2.19 Western blotting. 

The gel was processed according to the Western Transfer Protocol from 

Novex. The running buffer used consisted of 850 cm3 distilled water, 50 cm3 
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NOVEX NuP AGE transfer buffer undiluted at times twenty concentration and 100 

cm3 methanol. The blotting membrane used was PVDF from Novex. The blotting 

was carried out at 30 V for 1 h. After blotting the membrane was removed from the 

blotting apparatus and cut in half with one half used as a test membrane and the 

other half as a control membrane for staining purposes. 

2.2.20 Immunochemical staining for osteoprotegerin. 

Following Western blotting of the gel, the two halves of the membrane were 

placed in 5 cm3 of 0.25% skimmed milk blocking buffer as previously described 

(Section 2.2.14). These were incubated with mixing for 1 h at room temperature. 

After blocking the skimmed milk buffer was removed and replaced with 5 cm3 of 

skimmed milk containing 0.1 J,.I.g cm-3 biotinylated goat anti-human osteoprotegerin 

with one half of the membrane or 0.1 J,.I.g cm-3 goat IgG with the other half to act as a 

control. These were incubated with mixing for 1 h at room temperature followed 

with washing in three changes of skimmed milk for 5 min each. Both membranes 

were then placed in 5 cm3 skimmed milk containing 2 J,.I.g cm-3 ExtrAvidin 

Peroxidase and incubated with mixing for 1 h at room temperature. Both 

membranes were then washed as previously described and the peroxidase activity 

was detected by incubating in a solution of 0.5 mg cm-3 3,4,3,4 tetra-aminophenyl 

hydrochloride, 1 mM nickel chloride, 1 mM cobaltous chloride and 0.012% 

hydrogen peroxide in 25 mM citric acid 16 mM di-sodium hydrogen orthophosphate 

pH 6.4 for 20 min at room temperature. The membranes were then washed in two 

changes of PBS to remove the excess stain and allowed to dry at room temperature 

overnight. 

2.2.21 Statistics 

All data is presented as the mean ± standard error of the mean (s.e.m) of at 

least four replicates. The statistical significance of results was determined by 

Student's two-tailed t-test. Probability (p) values ofless than 0.05 were considered 

si gnifi cant. 
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3. Results: Effects of PGE2 and indomethacin on osteoclasts. 

3.1 Effect of indomethacin and PGE1 on TRAP+OC on freshly isolated parietal 

bones. 

When mouse parietal bones were incubated with 1 J.!M indomethacin for one 

day there was a significant decrease in the number of TRAP+OC seen on the bone 

surface (p<O.05) compared to the media control (Fig 3.1). In contrast there was a 

significant increase in the number of TRAP+OC seen on the endocranial membrane 

(p<O.005) compared to the control (Fig 3.1). When parietal bones were incubated 

with 1 J.!M PGE2 there was a significant increase in the number ofTRAP+OC seen 

on the bone surface (p<O.OOI) compared to the control (Fig 3.1). At the same time 

there was a decrease in the number of TRAP+OC seen on the endocranial membrane 

but this was not statistically significant. 

There was no significant difference between the total numbers of osteoclasts 

seen with any of the treatments. Indomethacin seems to cause osteoclasts to detach 

from the bone surface and to adhere to the endocranial membrane where they are 

non-resorbing and further experiments were carried out to determine whether these 

osteoclasts could return to the bone surface and commence bone resorption. 
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Figure 3.1: The effect of 1 J.lM indomethacin and 1 J.1M PGE2 on the numbers of 

TRAP+OC seen on the bone surface (_) and the endocranial membrane ( 0). 

Freshly isolated mouse parietal bones were incubated for 24 h in either a BGJ 

(Fitton-Jackson modified) medium control, medium containing 1 J.lM indomethacin 

(lnd) or 1 J.1M PGE2. The numbers of histochemically stained TRAP+OC were 

determined as described in the materials and methods and are shown as the mean 

and the SEM. For each culture condition n = 6. 

a, p<O.05 compared to the control 

b, p<O.OOI compared to indomethacin 

This experiment was performed on three separate occasions and these are 

representative results. 
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3.2 Effect of indomethacin and PGE2 on TRAP+OC previously incubated with 

indomethacin. 

When parietal bones were incubated in the presence of 1 /J.M indomethacin 

for one day followed by a further day in media containing either 1 !J.M indomethacin 

(control) or 1 !J.M PGEz, there was a significant recovery in the number of 

TRAP+OC on the bone surface with PGEz (p<O.OOI) compared to the indomethacin 

control (Fig 3.2). At the same time there was a significant decrease in the number of 

TRAP+OC on the endocranial membrane with PGE2 (p<O.OOI) compared to the 

control (Fig 3.2). There was a significant difference between the total number of 

osteoclasts with indomethacin compared to PGEz. The variability in the numbers of 

osteoclasts counted is a result of biological variation and/or variation in counting 

efficiency. The osteoclasts were counted over the whole surface of the bone and 

endocranial membrane including the edges of the bone where the membrane may 

have become detached during the dissection procedure. This may account for the 

failure of some osteoclasts to trans locate from the membrane to the bone in the 

presence of PGEz. In addition, only those osteoclasts which are TRAP+ were 

counted. Unstained (TRAP negative) osteoclasts were sometimes seen on the 

endocranial membrane but were not counted. 

Following incubation with PGEz, the TRAP+OC on the bone surface were 

stained red throughout the cell although the apparently leading edge of the cell is 

more intensely stained. The leading edge of the cell was probably the direction in 

which the cell was moving indicated by the resorption site left behind at the rear of 

the cell. The osteoclasts appear to be in resorption lacunae and TRAP stain may be 

seen more intensely at the periphery of the lacunae (Fig 3.3a). In contrast, following 

incubation with indomethacin, osteoclasts on the endocranial membrane appear 

stellate in shape presumably due to cytoplasmic retraction. They are stained evenly 

throughout the cell with no leading edge and as they are not on bone, they are not 

associated with resorption lacunae (Fig 3.3b). 
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Figure 3.2: The effect of 1 J.lM indomethacin and 1 J,JM PGE2 on the numbers of 

TRAP+OC on the bone surface (II) and the endocranial membrane (D). Bones 

were cultured for 24 h in medium containing 1 J,JM indomethacin and then a further 

24 h in 1 J.lM indomethacin (Ind, control) or 1 J.lM PGE2. The numbers of 

TRAP+OC are shown as the mean and the SEM. For each culture condition n = 5. 

a, p<O.OOl compared to indomethacin 
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Figure 3.3: The effect of indomethacin and PGE2 on TRAP+OC on the endocranial 

surface of bone and the endocranial membrane. a) Bones were incubated in medium 

containing 1 ~M indomethacin for 24 h and a further 24 h in 1 ~M PGE2 and then 

stained for TRAP following removal of the endocranial membrane. Osteoclasts 

appear rounded in shape, stained red and are often associated with resorption 

lacunae. b) Bones were incubated in medium containing 1 ~M indomethacin for 

24 h and the endocranial membrane peeled back to the sagittal suture before staining 

for TRAP. The osteoclasts stain red and are stellate in shape. Total magnification x 

283 . 
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3.3 Effect ofPTH and 1,25D3 on TRAP+OC 

In addition to PGE2, other stimulators of bone resorption include PTH and 

1,25D3. Parietal bones were incubated in the presence of 1 J.LM indomethacin for 

one day followed by a further day in either indomethacin (control) or indomethacin 

together with 1 J.LM PGE2, 10 nM 1,25D3, or 4 nM PTH. There was a significant 

increase in the number ofTRAP+OC seen on the bone surface (p<O.005) with all 

three effectors compared to the indomethacin control (Fig 3.4). At the same time 

there was a significant decrease in the number of TRAP+OC in the endocranial 

membrane (p<O.05) compared with indomethacin (Fig 3.4). There was no 

significant difference between the total numbers of osteoclasts (bone + endocranial 

membrane) seen with indomethacin compared to PTH, however there was a 

significant increase (p<O.05) with PGE2 and 1,25D3 (Fig 3.4). There was no 

significant difference between the total numbers of osteoclasts seen with any of the 

three effectors of bone resorption 

3.4. Effect of indomethacin and PGE1 on J33+0C 

In a similar experiment, following incubation in either indomethacin or PGE2 

after an initial one day in indomethacin, the parietal bones were stained for the 

presence of the integrin subunit J33 (Fig 3.5). Osteoclasts were the only cells 

staining intensely for J33 in line with the obs~rvations of other workers (Holt and 

Marshall, 1998). There were significantly more J33+ osteoclasts on the bone 

(p<O.OOI) compared with the indomethacin control (Fig 3.5). There were very few 

133+ osteociasts seen on the endocranial membrane. The osteoclasts stained black 

and appeared to be resorbing as they were associated with resorption lacunae (Fig 

3.6a). 
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Figure 3.4: The effect of 4 nM PTH and 10 nM 1,25D3 on the numbers of 

TRAP+OC on the bone surface C-) and the endocranial membrane (0). Bones 

were cultured for 24 h in medium containing 1 J.1M indomethacin (lnd) and then a 

further 24 h in 1 J.1M indomethacin (control) or indomethacin together with 1 J.1M 

PGE2, 4 nM PTH, or 10 nM 1,25D3. The numbers ofTRAP+OC are shown as the 

mean and SEM. For each culture condition n = 5 or 6. 

a, p<0.005 compared to indomethacin 

b, p<0.05 compared to indomethacin 
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Figure 3.5: The effect of 1 JJM indomethacin and 1 JJM PGE2 on (33+0C on the 

endocranial surface of bone <-) and the endocranial membrane. Bones were 

cultured for 24 h in medium containing 1 J.1M indomethacin and then for a further 24 

h in 1 J.1M indomethacin (Ind, control) or 1 J.1M PGE2. The numbers of J33+0C are 

shown as the mean number of osteoclasts and the SEM. For each culture condition 

n=5. 

a, p<O.OOI compared to indomethacin 
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Figure 3.6: The effect ofPGE2 on P3+0C on the endocranial surface of bone. 

Bones were incubated in medium containing 1 ~M indomethacin for 24 h and a 

further 24 h in 1 ~M PGE2. They were then immunostained using either 

monoclonal anti-p3 antibody or a control antibody. a) Osteoclasts stain a pale 

diffuse black throughout the nuclei and most of the cytoplasm but with a much 

darker leading edge away from the resorption lacunae. They are multinucleate and 

are often seen in resorption lacunae. b) Control antibody showing no p3 staining. 

Total magni fication x 283 . 
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A control bone is shown which was stained in a similar fashion but using an isotype 

control shows no evidence of stained osteoclasts (Fig 3.6b). The control antibody 

was a monoclonalbiotin-conjugated hamster antibody to trinitrophenol. 

3.S. Effect of echistatin on (33+OC 

Bones were incubated in indomethacin for one day followed by a further day 

in PGE2 alone or PGE2 plus 10 nM echistatin. Echistatin blocks the translocation of 

f33+OC osteoclasts to the bone surface which normally happens in the presence of 

PGEz and sjgnificant1y fewer osteoclasts were seen on the bone (p<O.05) in the 

presence of echistatin (Fig 3.7). Conversely, significantly more (33+0C osteoclasts 

(p<O.05) were seen on the membrane p<O.05 (Fig 3.7). The osteoclasts on the 

-surface of the bone were of irregular shape and stained black throughout the cell but 

with more intense staining of the membrane (Fig 3.8a). The osteoclasts on the 

membrane also stained black throughout the cell again with more intense staining of 

the membrane. They showed greater irregularity of shape (Fig 3. 8b). 

3.6. The endocranial membrane is the source of osteoclasts on mouse parietal 

bones. 

The previous experiments suggest that the endocranial membrane is the 

source of the osteoclasts seen on the bone surface and that in the presence of PGE2 

osteoclasts translocate from the membrane to the bone surface. Earlier work has 

shown that when the endocranial membrane is not in contact with the bone surface, 

the increase in the number of osteoclasts seen on the bone following incubation with 

PGE2 does not occur. In order to obtain further evidence that this was the case, 

bones were incubated with indomethacin for one day after which the endocranial 

membranes of some bones were peeled back to the sagittal suture. Other bones were 

left intact. All bones were incubated for a further one day in the presence of PGE2 

and were stained for the presence of TRAP+OC. 
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Figure 3.7: The effect of 10 nM echistatin on 133+0C on the bone surface (_) and 

endocranial membrane (0). Bones were cultured for 24 h in medium containing 1 

J.1M indomethacin and then a further 24 h in 1 J.1M PGE2 (control) or 1 J.1M PGE2 

together with 10 nM echistatin. The numbers of 133+0C are shown as the mean 

number of osteoclasts and the SEM. For each culture condition n = 5. 

a, p<O.05 compared to PGE2 
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Figure 3.8. The effect of echistatin on P3+0C on the endocranial surface of bone 

and the endocranial membrane. Bones were cultured in medium containing 1 J...lM 

indomethacin for 20 h and a further 20 h in 1 J...lM PGE2 plus 10 nM echistatin. They 

were then immunostained for p3 . a) P3+0C on the endocranial surface of bone. 

They show black staining of the cytoplasm with more intense staining of the 

membrane. They are irregular in appearance. b) P3+0C on the endocranial 

membrane. They also show intense black staining more especially at the cell 

membrane and greater irregularity in appearance. Total magnification x 884 . 

95 



There was an increase in the number ofTRAP+OC on the intact bone following 

incubation with PGE2 (Fig 3.9). This is consistent with previous results. However, 

this increase did not occur on bones which had the endocranial membranes peeled 

back and there were significantly fewer on the bone (P<O. 00 I ) compared to the 

intact bone (Fig 3.9). Significantly more TRAP+OC were seen on the endocranial 

membrane of peeled bones (p<0.05) cultured with PGE2 compared to indomethacin 

(Fig 3.9). There was however a significant increase in the number ofTRAP+OC 

seen on the peeled surface of the bones (p<0. 00 I) cultured with PGE2 compared to 

indomethacin (Fig 3.9). This increase presumably reflects the finding that not all 

osteoclasts adhere to the endocranial membrane during the indomethacin culture 

period. These osteoclasts which remain on the bone during the culture period with 

indomethacin appear to be capable of being re-activated by PGE2• 133+OC were 

seen on the surface of bones which had half the membrane peeled back where the 

membrane had remained in contact with the bone (Fig 3. lOa). Where there had been 

no contact between the membrane and the bone very few 133+OC were seen (Fig 

3.10a). On bones which had remained intact throughout the culture period i.e. had 

not had their membranes removed, large numbers of 133+0C were seen covering the 

entire bone surface (Fig 3.1 Ob). 
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Figure 3.9: The effect of peeling the endocranial membmne on the number of 

TRAP+OC on the bone surface (II) and the endocranial membrane ( D). Bones 

were cultured for 20 h in medium containing 1 J.lM indomethacin (Ind) following 

which some had their endocranial membmnes peeled back to the sagittal suture, 

others were left intact. Peeled bones were then incubated for a further 20 h in either 

1 J.lM indomethacin or 1 fJM PGE2 whilst intact bones were incubated in 1 fJM PGE2 

alone. The numbers ofTRAP+OC are shown as the mean and SEM. For all 

conditions n = 5. 

a, p<O.OOl compared to the peeled bone cultured with PGE2 

b, p<O.05 compared to indomethacin 

c, p<O.OOl compared to indomethacin 
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Figure 3.10: The effect of peeling back the endocranial membrane on ~3+0C on the 

endocranial surface of bone and the endocranial membrane. Bones were cultured in 

medium containing 1 11M indomethacin for 20 h after which some of the endocranial 

membranes were peeled back to halfway across the bone keeping the membrane in 

contact with half the bone. Both intact and peeled bones were then incubated for a 

further 20 h in medium containing 1 11M PGE2 . They were then stained for ~3+0C . 

a) A peeled bone showing ~3+0C on half of the bone where the membrane 

remained in contact with the bone. The other half of the bone which did not have 

contact with the endocranial membrane shows very few ~3+0C . b) A bone which 

remained intact throughout the culture period showing large numbers of ~3+0C 

over the entire surface of the bone. Total magnification x 28 . 
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4. Effect of osteoprotegerin ligand on osteoclasts. 

4.1 Effect of sOPGL on TRAP+OC on freshly isolated parietal bones. 

Previous results have shown a large decrease in the number of TRAP+OC 

counted on the bone surface when mouse parietal bones are incubated in the 

presence of indomethacin for one day (Fig 3.1). Concurrently, there was an increase 

in the number of TRAP+OC seen on the adjacent endocranial membrane. When 

parietal bones were incubated together with the soluble form of recombinant human 

osteoprotegerin ligand, (sOPGL) in the presence of indomethacin, there was an 

inhibition of this translocation of osteoclasts from the bone surface. There were 

significantly more TRAP+OC on the bone (p<0.05) after a one day culture with all 

concentrations from 10 ng cm-3 up to 100 ng cm-3 sOPGL compared to the 

indomethacin control (Fig 4.1). There appeared to be a dose-response effect up to 

50 ng cm-3
. No significant trend was seen for the number ofTRAP+OC seen on the 

endocranial membrane. The morphology of the TRAP stained osteoclasts in the 

presence of sOPGL is very similar to that seen with PGE2, the osteoclasts stained 

red throughout the cell, appeared rounded and were seen in resorption lacunae (Fig 

4.2) 

4.2. Effect of sOPGL on the number of TRAP+OC on the surface of bone 

following a one day incubation in indomethacin. 

Previous results showed that following a one day incubation with 

indomethacin and a further one day incubation in PGE2 the numbers of TRAP+OC 

on the bone surface are significantly increased (Fig 3.5). A similar experiment was 

carried out to investigate whether sOPGL would have the same effect on osteoclasts 

adhered to the endocranial membrane after a one day incubation with indomethacin. 

Following a one day incubation with 1 !-lM indomethacin and a further one day 
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Figure 4.1: The effect of sOPGL on the number ofTRAP+OC on the bone surface 

Freshly isolated parietal bones were cultured for 24 h in medium containing1 J.1M 
indomethacin together with varying concentrations of sOPGL. Values are shown as 

the mean and SEM of the number ofTRAP+OC on the bone surface. For each 

culture condition n = 4 to 8. 

*, p<O.05 compared to the zero sOPGL control 
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Figure 4,2: The effect of sOPGL on TRAP+OC on the endocranial surface of bone 

Freshly isolated parietal bones were incubated in medium containing varying 

concentrations of sOPGL together with 1 ~M indomethacin for 24 h, The bones 

were stained for TRAP following removal of the endocranial membrane. 

Osteoclasts are stained red, appear rounded in shape and can be seen associated with 

resorption lacunae, Total magnification x 884. 
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Figure 4.3: The effect ofsOPGL on the number ofTRAP+OC in the presence of 

indomethacin seen on the bone surface C-) and the endocranial membrane CO). 

Bones were cultured for 24 h in medium containing 1 ~ indomethacin Clnd) 

followed by a further 24 h in the presence of either indomethacin alone, 

indomethacin plus 100 ng cm-3 sOPGL or indomethacin plus 1 ).lM PGE2. The 

numbers of TRAP+OC are shown as the mean and the SEM. For each culture 

condition n = 5 to 6. 

a, p<0.05 compared to indomethacin alone 

b, p<O.005 compared to indomethacin alone· 
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incubation with indomethacin together with 1 J..lM PGE2 there was a recovery of 

TRAP+OC on the bone surface (p<O.005) confirming previous results (Fig 4.3). 

There was a significant decrease in the number of TRAP+OC on the endocranial 

membrane in the presence ofPGE2 (p<O.05) compared with indomethacin alone. 

sOPGL in the presence of indomethacin also stimulated this translocation of 

osteoclasts from the endocranial membrane to the bone surface and there was a 

significant increase in TRAP+OC on the bone (p<O.05) compared with 

indomethacin alone (Fig 4.3). However there was no significant decrease in the 

number of TRAP+OC seen on the endocranial membrane compared to indomethacin 

alone. 

4.3 The endocranial membrane is the source of osteoclasts when mouse parietal 

bones are incubated with sOPGL. 

The previous experiments have shown that sOPGL causes an increase in the 

number of osteoclasts on the bone surface. sOPGL is known to cause differentiation 

of osteoclasts so in order to provide evidence that the increase in the number of 

TRAP+OC was due to translocation from the endocranial membrane to the bone, 

following incubation for one day in indomethacin, the membranes of some bones 

were peeled back to the sagittal suture. Bones were then incubated for a further 6 h 

in the presence of sOPG L. The osteoclasts were then stained for the presence of the 

integrin 133 subunit. As expected from previous results there were large numbers of 

J33+0C in intact bone and few on the endocranial membrane. Significantly more 

J33+0C were seen on the intact bone compared to the peeled bone p<O.OOl (Fig 4.4). 

Conversely there were significantly fewer J33+0C on the endocranial membranes of 

the intact bones compared to the peeled bones p<O.OOl (Fig 4.4). Those J33+0C 

which were seen on the endocranial membrane of the intact bones after 6 h with 

sOPGL, disappeared by 24 h in culture and may be increasing their expression of 133 

prior to adhering to the bone surface. The osteoclasts on the endocranial membrane 

of the peeled bones were rounded with the cytoplasm retracting as if detaching from 

the membrane (Fig 4.5). 
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Figure 4.4: The effect ofpeeJing on J33+0C on the bone surface C-) and the 

endocranial membrane CD) in the presence of sOPGL. Bones were incubated in 

medium containing 1 J.1M indomethacin for 24 h after which the endocranial 

membranes of some of the bones were peeled back to the sagittal suture. All bones 

were then incubated in the presence of 100 ng em-3 sOPGL for a further 6 h. The 

numbers of J33+0C are shown as the mean and the SEM. For all culture conditions 

n = 5 to 6. 

a, p<O.OOl compared to the peeled bones 
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Figure 4.5 : The effect of sOPGL on P3+0C on the peeled surface of the endocranial 

membrane. Bones were cultured in medium containing 1 ~lM indomethacin for 24 h 

following which the endocranial membrane was peeled back to the sagittal suture 

and bones were then cultured in medium containing 100 ng crr? sOPGL for a further 

6 h. They were then immunostained for p3 . Osteoclasts appear rounded and loosely 

attached. 
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4.4 Effect of sOPGL on P3+OC. 

Previous experiments have shown that the 133 integrin subunit is important in 

the translocation process that occurs in the presence of PGE2. In order to ascertain 

whether it is involved in the apparently similar process that occurs in the presence of 

sOPGL, bones were cultured for one day in I /J.M indomethacin followed by a 

further day in either indomethacin alone or indomethacin plus 100 ng cm-3 sOPGL 

or indomethacin plus I /J.M PGE2. Osteoc1asts were then immunostained for the 133 

subunit. There was a significant increase in the number of 133+0C seen on the bone 

with sOPGL p<0.001 (Fig 4.6) as well as with PGE2 p<O.OOI (Fig 4.6) compared 

with indomethacin alone. No 133+0C were seen on the endocranial membrane 

which is in agreement with earlier results. The morphology of the osteoclasts after 

incubation with sOPGL may be seen in Fig 4.7. The osteoclasts appeared to be in 

resorption lacunae suggesting that bone resorption was taking place. 

4.5 Time course of the appearance of 133+0C on the bone surface in response to 

PGE2 and OPGL. 

In order to investigate the time needed for 133+0C to be appear on the bone 

surface parietal bones were incubated with 1 JJM indomethacin for one day followed 

by 0 to 4 h, at hourly intervals, in 100 ng cm-3 sOPGL. There was a significant 

increase in the number of133+0C seen on the bone surface (p<0.05) after 3 h (Fig 

4.8). 

Previous results have shown that PGE2 significantly increases the number of 

133+0C seen on the bone (Fig 4.6) as does sOPGL (Fig 4.6). The time course for the 

appearance ofj33+0C on the bone in response to sOPGL may be seen in Fig 4.8 and 

an experiment was carried out to compare the amount of time taken for f33+0C to be 

seen on the bone in response to PGE2. Parietal bones were incubated with 1 !J.M 
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Figure 4.6: The effect ofsOPGL on the number ofJ33+0C seen on the bone surface 

(.). Bones were cultured for 24 h in medium containing 1 !-lM indomethacin Clnd) 

followed by 24 h in either indomethacin alone or indomethacin plus 100 ng cm-3 

sOPGL or indomethacin plus 1 JlM PGE2. The numbers of J33+0C are shown as the 

mean and the SEM. For each culture condition n = 4. 

a, p<O. 00 1 compared to indomethacin alone 
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Figure 4.7: The effect ofsOPGL on P3+0C on the endocranial surface of bone 

Bones were cultured in the presence of 1 ~lM indomethacin for 24 h followed by 

24 h in 100 ng cm -3 sOPGL. They were then immunostained for p3 . The 

osteoclasts appear to be in resorption lacunae suggesting that bone resorption is 

taking place. 
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Figure 4.8: Time course for the appearance of J33+0C on the bone surface(+) and 

the endocranial membrane (.). Bones were cultured for 24 h in medium containing 

1 ~ indomethacin followed by the numbers of hours shown in 100 ng cm-3 

sOPGL. The numbers of J33+0C are shown as the mean and the SEM. For each 

culture condition n = 3. 

*, p<0.05 compared to zero time 
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indomethacin for one day followed by 0 to 24 h at the time intervals shown with 1 

~ PGE2• There was a significant increase in the number of J33+0C seen on the 

bone surface (p<O.OOl) after 6 h (Fig 4.9). Thus, J33+0C appeared earlier in 

response to sOPGL than to PGE2. 

4.6 Effect of echistatin on TRAP+OC in the presence of sOPGL. 

Previous results have shown that the ~3 integrin subunit is important in the 

translocation of osteoclasts from the membrane to the bone surface with both PGE2 

and sOPGL. In order to assess the role of integrins in the adhesion of osteoclasts to 

the bone surface under the influence of sOPGL bones were incubated in 

indomethacin for one day followed by one day in sOPGL together with echistatin. 

There were significantly more TRAP+OC seen on the bone surface with sOPGL 

compared to either sOPGL plus echistatin p<0.001, or indomethacin alone p<O.OOI 

(Fig 4.10). At the same time there were significantly fewer TRAP+OC seen on the 

endocranial membrane with sOPGL compared with either sOPGL plus echistatin 

p<O.OOlor indomethacin alone p<O.OOI (Fig 4.10). In addition there were 

significantly more TRAP+OC on the bone surface with sOPGL plus echistatin 

compared with indomethacin alone p<0.05 (Fig 4.10). Some osteoclasts are able to 

translocate to the bone surface in the presence of echistatin but in much reduced 

numbers. The stained osteoclasts appear very similar to those cultured in the 

presence ofPGE2 plus echistatin. They were not spread out as osteoclasts do in the 

absence of echistatin and they were not associated with lacunae (Fig 3.8). 

4.7 Assay of mRNA for OPGL. 

In order to ensure that the amount of PCR product properly reflected the 

amount of cDNA in the initial reaction tube a dose-response curve was constructed 

to show the relationship between the amounts of cDNA added to the PCR reaction 

and the intensity of the ethidium bromide stained product. It established a linear 

range for the assay. A sample known to contain OPGL cDNA was diluted 1 in 10 in 

nuclease- free water and varying amounts were added to the PCR reaction ranging 

from 0 to 9 ,.tI. The product bands were made visible following staining with 
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Figure 4.9: Time course for the appearance of ~3+0C on the bone surface. Bones 

were cultured in medium containing 1 J.1M indomethacin for 24h followed by the 

number of hours shown in 1 J..lM PGE2. The numbers of 133+0C are shown as the 

mean and the SEM. For each culture condition n = 4. 

*, p<O.05 compared to zero time 
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Fjgure 4.]0: Effect of 10 nM echistatin on TRAP+OC on the hone surface (_) ood 

endocranial membrane ( 0). Bones were cultured for 24 h in the medium containing 

1 /J.M indomethacin (Ind) and then for a further 24 h in either indomethacin alone or 

100 ng cm-3 sOPGL or sOPGL plus 10 nM echistatin (Echi). The numbers of 

TRAP+OC are shown as the mean and SEM. For each culture condition n = 6 to 7. 

a, p<O.OOI compared with both sOPGL plus echistatin and indomethacin alone 

b, p<0.05 compared with indomethacin alone. 
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ethidium bromide with UV light. The bands were quantitated using an image 

analysis system and if a band intensity exceeded the upper limit of linearity the 

entire PCR comparison was repeated with diluted samples of cDNA. The results 

show that the upper limit of linearity is 1.5 (Fig 4.11). 

4.8 Restriction enzyme analysis of the OPGL product. 

The size of the OPGL product was determined by agarose electrophoresis 

and comparison to a known standard. The size corresponded to that predicted from 

the sequence obtained from the NCBI internet site described in the materials and 

methods (Fig 4.12). An NCBI BLAST search revealed that the primers selected 

were specific to mOPGL. In order to provide further evidence that the product 

obtained with primers for OPGL is in fact OPGL message, a restriction enzyme 

digest was carried out on the OPGL product. The product was incubated together 

with the restriction enzyme PVUII at 37°C for 1 h. One control consisted of one 

sample with no restriction enzyme present. Another control consisted of an 

incubation of the OPGL product with an enzyme (Stul) which should not cut 

authentic OPGL on the basis of the published sequence. The enzyme PVUII cuts 

after base number 190 of the 407 base pairs of the OPGL product at CAG/CTG on 

the upper strand and GTC/GAC on the lower strand. The two bands appear on the 

electrophoresis gel at 190 base pairs and 217 base pairs (Fig 4.13). 

4.9 Expression of OPGL mRNA in response to indomethacin and PGEz• 

This experiment was carried out in order to look at the effect of PGE2 on the 

expression ofmRNA for OPGL. Whole calvaria from mice were cultured with 

1 f..lM indomethacin for one day followed by 4 h in either 1 f.,lM indomethacin or 

1 f.,lM PGE2. RNA was extracted and transcribed into cDNA and amplified with 

PCR as previously described. Results are shown in Fig. 4.14a and each lane 

represents RNA extracted from two calvaria. PGE2 consistently resulted in high 

levels of product having the correct number of base pairs for the OPGL product. 
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Figure 4.11: Differing volumes of a single cDNA preparation were added to the 

standard peR reaction for the OPGL gene product. The products were subjected to 

electrophoresis, were stained and quantified using the Sight System image analysis 

method (see Materials and Methods). Band intensities of the OPGL products were 

expressed relative to that of one of the ladder bands in order to control variations 

between electrophoresis runs. The line represents the least squares fit. The upper 

limit for linearity of this dose response curve was taken as 1.5. Any results falling 

outside this linear range would need to be repeated following dilution. 
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Figure 4.12: The relationship between the volume of cDNA added and product band 

intensity . 

Differing volumes of a single cDNA preparation were added to the standard PCR 

reaction for the OPGL gene product. The products were subjected to 

electrophoresis, stained with ethidium bromide and band intensities were quantified 

using Sight System image analysis. The OPGL product should be 407 bp. 

Lane 1 = DNA 100 bp ladder 

Lanes 2-11 = Differing volumes of cDNA added to the PCR reaction ranged from 0 

to 9 1J.1. 
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Figure 4.13: Restriction enzyme digest of the OPGL product. 

OPGL product was digested with the restriction enzyme PVUlI for 1 h. The product 

was subjected to electrophoresis and stained with ethidium bromide. The enzyme 

cuts after base number 190 of the 407 base pairs of the OPGL product giving two 

bands at 190 bp and 217 bp. 

Lane 1 = 100 bp ladder. 

Lane 2 = no enzyme control 

Lane 3 = 217 and 190 bp band products of digestion with PVUII restriction enzyme. 

Lane 4 = control incubation with restriction enzyme Stu I which does not cut 

authentic OPGL gene product. 
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a 

Figure 4.14a: Expression ofOPGL mRNA in response to PGEz and indomethacin. 

Total RNA was extracted form whole calvaria cultured in the presence of 1 ~ 

indomethacin for 24 h followed by a further 4 h in the presence of either 1 IlM 

indomethacin or IIlM PGEz. Following reverse transcription the samples underwent 

peR and were subjected to electrophoresis and staining with ethidium bromide. The 

presence ofPGEz resulted in consistently higher levels of the OPGL gene product. 

The OPGL product should be 407 bp. 

Lane 1 = 100 bp DNA ladder. 

Lanes 2,4,and 6 = RNA from calvaria cultured with indomethacin alone. 

Lanes 3,5 and 7 = RNA from calvaria cultured with PGEz for 4 h. 

Lane 8 = no cDNA negative control. 

b 

Figure 4.14b: These samples are the same as those shown in figure 4.14a but 

amplified for the p actin gene product to ensure that the original extraction contained 

about the same amounts of mRN A for p actin. The p actin product should be 

514 bp. 
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Very little or no OPGL product was detected following incubation with 

indomethacin. The negative control consisted of a sample of nuclease-free water 

instead of RNA which had undergone reverse transcription and so should not 

contain any cDNA. The sample then underwent peR and electrophoresis and 

showed that no contamination of the samples with either extraneous RNA or DNA 

had occurred. 

The peR product for f3 Actin was similar in all samples and this 

demonstrated similar amounts of mRNA were included in the reverse transcription 

step (fig 4.14b). 

4.10 Time course of the production ofmRNA for OPGL in response to PGE2. 

In order to see how quickly mRNA for OPGL is produced in response to 

PGE2 whole calvaria were put into media containing 1 J,lM indomethacin for 24 h. 

The following day two calvaria were briefly rinsed in sterile PBS and placed in a 

microcentrifuge tube and frozen in liquid nitrogen. The other bones had fresh 

medium containing 1 J.lM PGE2 added to them and were incubated for 3,6,12, and 

24 h. At the allotted time the bones were removed from the media and were frozen 

in liquid nitrogen. The following day the bones incubated for 24 h were briefly 

frozen in liquid nitrogen and then all samples were processed for RNA extraction, 

reverse transcription, and peR amplification. The results are shown in Fig. 4.15 

with incubation time plotted against band intensity. There appears to be peak levels 

of RNA for OPGL at between 3 and 6 h. f3 actin levels were similar in all samples 

and show that similar levels of mRNA were included in the reverse transcription 

step (Fig 4.16). 

4.11 Induction of mRNA for OPGL with 1,25D3 and PTB. 

In order to investigate whether other stimulators of bone resorption increase 

the amount of mRNA for OPGL in mouse calvaria, whole calvaria were put into 

media containing 1 J.lM indomethacin for one day followed by a further day in either 

indomethacin or indomethacin plus 10 nM 1,25D3 or indomethacin plus 4 nM PTH. 
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Figure 4.15: Time course for the production ofmRNA for OPGL in response to 

PGE2 

Whole calvaria were incubated in the presence of 1 IlM indomethacin for 24 h 

followed by incubation for varying amounts of time shown in the presence of 1 ).1M 

PGE2. The products were subjected to electrophoresis, then stained and quantified 

using the Sight System image analysis method. Band intensities of the OPGL 

products were expressed relative to that of one of the ladder bands in order to control 

variations between electrophoresis runs. 
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Figure 4.16: ~ actin levels in total RNA extractions from fig 4.15 . 

These samples are the same as those shown in fig 4.15 but amplified for the ~ actin 

gene product to ensure that the original extractions contained about the same 

amounts ofmRNA for ~ actin. 

Lane 1 = 100 bp DNA ladder. 

Lanes 2-6 samples corresponding to time course in figure 4.15 . 

Lane 7 = no cDNA negative control. 
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a 

Figure 4.17a: Effect of 1,25D3 and PTH on mRNA levels for OPGL in mouse 

calvaria. 

Whole calvaria were cultured for 24 h in 1 IlM indomethacin followed by 24 h in 

1 IlM indomethacin alone or 1 IlM indomethacin plus 10 nM 1,25D3 or 1 IlM 

indomethacin plus 4 nM PTH. Total RNA was extracted and samples underwent 

peR followed by electrophoresis and staining with ethidium bromide. 

Lane 1 = 100 bp DNA ladder. 

Lanes 6 and 7 = RNA from calvaria cultured with indomethacin. 

Lanes 8 and 9 = RNA from calvaria cultured with 1,2SD3. 

Lanes 10 and 11 = RNA from calvaria cultured with PTH. 

Lane 12 = no cDNA control. 

b 

Figure 4.17b: These samples are the same as those shown in fig 4.17a but amplified 

for the /3 actin gene product to ensure that the original extractions contained about 

the same amounts of rnRN A. 
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All samples were then processed for RNA extraction, reverse transcription and PCR 

amplification. Results are shown in fig 4.17a and each lane represents PCR product 

from RNA extracted from two calvaria. Both 1,25D3 and PTH increased the 

expression of mRNA for OPGL in mouse calvaria relative to those incubated with 

indomethacin (Fig 4. 17a). 

f3 actin levels were similar in all samples and show that similar levels of 

mRNA as opposed to total RNA were included in the reverse transcription step (Fig 

4.17b). 
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5. Effect of osteoprotegerin on osteoclasts. 

5.1 Effect of rhOPG on TRAP+OC on freshly isolated parietal bones. 

When mouse parietal bones were incubated in the presence of recombinant 

human OPG (rhOPG) for one day there was a significant reduction in the number of 

TRAP+OC seen on the bone surface (p<0.05) for all concentrations compared to the 

no addition control (Fig 5.1). An increase in the number of TRAP+OC seen on the 

endocranial membrane (p<0. 001) was only seen at a concentration of 25 ng cm -3 and 

above compared to the no addition control. However, lOng cm-3 rhOPG was 

sufficient to cause osteoclasts to detach from the bone, although larger numbers of 

osteoclasts were seen on the membrane with higher levels ofrhOPG (Fig 5.1). 

However there was no significant difference between the total number of osteoclasts 

(bone plus endocranial membrane) with any of the treatments. 

5.2 Effect ofrhOPG on the number ofTRAP+OC on PGE2 stimulated bones. 

Freshly isolated parietal bones were cultured for one day in the presence or 

absence of 100 ng cm -3 rhOPG or in the presence of 1 J.1M PGE2 with or without 

rhOPG. There was a significant decrease in the number ofTRAP+OC seen on the 

bone surface with rhOPG compared to the no addition control p<0.01 (Fig 5.2). At 

the same time there was a significant increase in the number of TRAP+OC seen on 

the endocranial membrane with rhOPG compared to the control p<0.005 (Fig 5.2). 

Similarly there was a significant decrease in the number of TRAP+OC seen on the 

bone surface with PGE2 plus rhOPG compared to the PGE2 control p<O.OOl (Fig 

5.2). rhOPG caused an indomethacin-like result with TRAP+OC, stellate in 

appearance, seen mainly on the endocranial membrane (Fig 5.3). The addition of 

rhOPG with PGE2 blocked the effect ofPGE2 causing TRAP+OC to accumulate on 

the endocranial membrane rather than the bone surface (Fig 5.2). 
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Figure 5.1: Effect of rhOPG on TRAP+OC on the bone surface C-) and the 

endocranial membrane CO) with freshly isolated parietal bones. Freshly isolated 

parietal bones were cultured for 24 h in medium containing varying concentrations 

ofrhOPG. Values are shown as the mean and SEM of the number ofTRAP+OC. 

For all culture conditions n = 6 to 10. 

a, p<0.05 compared to the no addition control 

b, p<O.OOI compared to the no addition control 
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Figure 5.2: Effect ofrhOPG on the number ofTRAP+OC on the bone surface C-) 
and the endocranial membrane CD) with PGE2 stimulated bones. Freshly isolated 

parietal bones were cultured for 24 h in the presence or absence of 100 ng cm-3 

rhOPG or in 1 J.1M PGE2 with or without rhOPG. Values are shown as the mean and 

SEM of the number ofTRAP+OC. For each culture condition n = 5 or 6. 

a, p<O.Ol compared to the no addition control 

b, p<0.005 compared to the no addition control 

c, p<O.OOl compared to the PGE2 control 

125 



Figure 5.3 : The effect ofrhOPG on TRAP+OC on the endocranial membrane. 

Bones were incubated in medium containing 1 ~M indomethacin for 24 h followed 

by 24 h in medium containing 1 ~M PGE2 plus 100 ng cm-) rhOPG. The osteoclasts 

have taken on a stellate appearance presumably due to a change in adhesive 

properties causing cytoplasmic retraction. Total magnification x 490 . 
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5.3 Effect of rhOPG on the number of TRAP+OC on 1,25D3 stimulated bones. 

Parietal bones were cultured in the presence of 1 J.tM indomethacin for one 

day followed by one day in either 1 J.tM indomethacin or 10 nM 1,2503 plus 

100 ng cm-3 rhOPG or 10 nM 1,2503 alone. There was a significant recovery in the 

number of osteoclasts seen on the bone (p<O. 001) with 1,2503 compared to 

indomethacin (Fig 5.4). At the same time there was a significant decrease in the 

number ofTRAP+OC seen on the endocranial membrane (p<0.005) with 1,2503 

compared to indomethacin (Fig 5.4). rhOPG inhibited the appearance ofTRAP+OC 

on the bone surface (p<0.001) when stimulated with 1,2503 when compared with 

the 1,2503 control (Fig 5.4). In addition there were significantly more TRAP+OC 

seen on the endocranial membrane (p<0.05) with rhOPG present than with 1,2503 

alone (Fig 5.4). 

5.4 Effect ofrhOPG on the number ofTRAP+OC on PTH stimulated bones. 

Parietal bones were cultured in the presence of 1 J.tM indomethacin for one 

day followed by one day in the presence of indomethacin alone or 4 nM PTH plus 

100 ng cm-3 rhOPG or 4 nM PTH alone. There was a significant increase in the 

number ofTRAP+OC seen on the bone surface (p<0.001) with PTH compared to 

indomethacin (Fig 5.5). At the same time there was a significant decrease in the 

number ofTRAP+OC seen on the endocranial membrane (p<0.005) with PTH 

compared to indomethacin (Fig 5.5). However, there was no significant difference 

between the number of TRAP+OC seen on either the bone surface or the 

endocranial membrane with PTH compared to PTH plus rhOPG. In this case rhOPG 

does not significantly inhibit the translocation of osteoclasts brought about by PTH 

from the membrane to the bone unlike PGE2 and 1,2503 
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Figure 5.4: Effect ofrhOPG on the number ofTRAP+OC on the bone surface (_) 

and the endocranial membrane (D) when stimulated with 1,25D3. Parietal bones 

were incubated in medium containing I J.lM indomethacin (lnd) for 24 h followed by 

24 h in either 1 JlM indomethacin or 10 nM 1,25D3 plus 100 ng cm-3 rhOPG or 10 

nM 1,25D3 alone. The numbers ofTRAP+OC are shown as the mean and the SEM. 

For each culture condition n = 5 or 6. 

a, p<O.OOI compared to the indomethacin control 

b, p<0.005 compared to the indomethacin control 

c, p<O.OOl compared to the 1,25D3 control 

d, p<0.05 compared to the 1,25D3 control 
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Figure 5.5: Effect ofrhOPG on the number ofTRAP+OC on the bone surface (_) 

and the endocranial membrane (D) stimulated with PTH. Parietal bones were 

cultured in medium containing 1 J,lM indomethacin (Ind) for 24 h followed by 24 h 

in the presence of either indomethacin or 4 nM PTH plus 100 ng cm-3 rhOPG or 

PTH alone. The numbers of TRAP+OC are shown as the mean and SEM. For each 

culture condition n = 6. 

a, p<0.001 compared to the indomethacin control 

b, p<0.005 compared to the indomethacin control 
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5.5 An antibody to OPG blocks the translocation of osteoclasts seen with 

indomethacin. 

Freshly isolated parietal bones were incubated in the presence of 1 J.LM 

indomethacin alone or indomethacin together with 10 J.1g cm -3 goat anti-OPG 

function-blocking IgG antibody, 10 J.1g cm-3 goat IgG, or 1 J.LM PGE2. The function

blocking antibody to rhOPG prevented the translocation of osteoclasts from the bone 

to the endocranial membrane (p<O.OOI) that took place in the presence of 

indomethacin (Fig 5.6). There was no significant difference between the number of 

TRAP+OC seen on the bone with indomethacin plus anti-OPG compared with those 

seen with indomethacin plus PGE2. (Fig 5.6). Goat IgG at the same concentration 

had no effect on the number or distribution of TRAP+OC in the presence of 

indomethacin (Fig 5.6). In addition there were significantly fewer TRAP+OC seen 

on the endocranial membrane (p<O.OOI) in the presence ofanti-OPG plus 

indomethacin than with indomethacin alone (Fig 5.6) and they did not differ 

significantly from the number seen with PGE2• 

5.6 Disappearance of 133+0C from bone following treatment with OPG. 

Parietal bones were incubated in the presence ofPGE2 for one day and were 

then placed in fresh medium containing 100 ng cm-3 rhOPG for varying times 

between 0 and 8 h. There was a significant decrease in the number of ~3+0C seen 

on the bone surface (p<0.05) at 4 h (Fig 5.7). There were no significant differences 

between the numbers of osteoclasts on the endocranial membrane at any of the time 

points. This is in line with previous results when ~3+0C were not seen on the 

endocranial membrane. Staining with annexin V to look for apoptotic cells showed 

very few on the membrane following 24 h treatment with 100 ng cm -3 rhOPG. It 

appears that the osteoclasts lose their surface 133 expression in the presence of 

rhOPG. 
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Figure 5.6: Effect ofa function-blocking antibody to rhOPG on the number of 

TRAP+OC on the bone surface (II) and the endocranial membrane (D). Bones 

were cultured for 24 h in medium containing 1 J.LM indomethacin (Ind) alone or 

together with 10 J.lg cm-3 anti-OPG antibody or 1 J.lM PGE2. The antibody control 

consisted of 1 J.1M indomethacin plus 10 J.lg em -3 goat IgG. The numbers of 

TRAP+OC are shown as the mean and SEM. For each culture condition n = 5 or 6. 

a, p<O.OOI compared to the indomethacin control 

b, p<O.OI compared to the indomethacin control 
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Figure 5.7: Disappearance of~3+0C from the bone surface (+) and the endocranial 

membrane (_) following treatment with rhOPG. Parietal bones were incubated for 

24 h in mediwn containing 1 ~ PGE2 followed by incubation for varying times in 

media containing 100 ng cm-3 rhOPG. The numbers of ~3+0C are shown as the 

mean and the SEM. For all culture conditions n = 3. 

*, p<O.05 compared to zero time 
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5.7 Assay ofmRNA for OPG. 

A dose-response curve was constructed as previously described to show the 

relationship between the amounts of cDNA added to the PCR reaction and the 

intensity of the ethidiwn bromide stained product. It established a linear range for 

the assay. A sample known to contain OPG cDNA was diluted 1 in 10 in nuclease 

free water and varying amounts were added to the PCR reaction ranging from 0 to 9 

Ill. The product bands were made visible following staining with ethidiwn bromide 

with UV light (Fig 5.8). The bands were quantified using an image analysis system 

and if a band intensity exceeded the upper limit oflinearity the entire PCR 

comparison was repeated with diluted samples of cDNA. The results show that the 

upper limit of linearity is 0.8 (Fig 5.9) 

5.8 Restriction enzyme analysis of the OPG product. 

The size of the OPG product was determined by agarose electrophoresis and 

comparison to a known standard. The product size corresponded to that predicted 

from the sequence obtained from NCBI described in the Materials and Methods. An 

NCBI BLAST search revealed the primers selected were specific to mOPG. A 

restriction enzyme digest was carried out on the OPG product to provide further 

evidence that it is in fact OPG. The product was incubated together with the 

restriction enzyme Pst 1 at 37°C for 1 h. Controls consisted of one sample with no 

restriction enzyme present and another an incubation of OPG product with the 

enzyme Eco R 1 which should not cut true OPG in the basis of the published 

sequence. The restriction enzyme Eco R 1 appeared to form a complex with the 

cDNA product as judged by the apparent molecular mass after electrophoresis. It 

did not however result in a cleavage product. Another restriction enzyme Stu 1 was 

also used as a control enzyme and this did not result in low molecular mass products 

(results not shown). The enzyme Pst 1 cuts after base number 100 of the 515 base 

pairs of the OPG product at CTGCAIG on the upper strand and G/ ACGTC on the 

lower strand. The two bands appear on the electrophoresis gel at 100 base pairs and 

415 base pairs (Fig 5.10). 
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Figure 5.8: The relationship between the volume of cDNA added and product band 

intensity. Differing volumes of a single cDNA preparation were added to the 

standard PCR reaction for the OPG gene product. The products were subjected to 

electrophoresis, stained with ethidium bromide and band intensities were quantified 

using Sight System image analysis. The OPG product should contain 515 bp. 

Lane 1 = DNA 500 bp ladder. 

Lanes 2-11 = Differing volumes of cDNA added to the PCR reaction ranged from 0 

to 9 Ill. 
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Figure 5.9: Differing volumes of a single cDNA preparation were added to the 

standard peR reaction for the OPG gene product. The products were subjected to 

electrophoresis, were stained and quantified using the Sight System image analysis 

method (see Materials and Methods). Band intensities of the OPG products were 

expressed relative to that of one of the ladder bands in order to control variations 

between electrophoresis runs. The upper limit for linearity of this dose response 

curve was taken as 0.8. Any results falling outside this linear range would need to 

be repeated following dilution. 
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Figure 5.10: Restriction enzyme digest of the OPG product. OPG product was 

digested with the restriction enzyme Pst 1 for 1 h. The product was subjected to 

electrophoresis and stained with ethidium bromide. The enzyme cuts after base 

number 100 ofthe 515 base pairs ofthe OPG product giving two bands at 100 bp 

and 415 bp. 

Lane 1 = 100 bp DNA ladder 

Lane 2 = no enzyme control 

Lane 3 = 415 and 100 bp band products of digestion with Pst 1 restriction enzyme. 

Lane 4 = control incubation with restriction enzyme Eco 1 which does not cut 

authentic OPG gene product. 
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5.9 Response of mRNA for OPG to stimulators of bone resoption in whole 

calvaria over 6 h. 

Previous results have shown that mRNA for OPGL can be stimulated in 

whole calvaria when cultured with PGE2 over a period of 6 h (Fig 4.13). It might be 

expected that this stimulator of bone resorption would at the same time suppress 

mRNA for OPO. Whole calvaria were cultured with 1 ~ indomethacin for one 

day followed by 6 h in either 1 J.1 M indomethacin or 1 ~ PGE2. RNA was 

extracted and transcribed into cDNA and amplified with PCR as previously 

described. Results are shown in Fig 5.11 and each lane represents RNA extracted 

from two calvaria. PGE2 appeared to have no effect on the levels of mRNA for OPG 

in these calvaria with similarly high levels seen with both indomethacin and PGE2. 

The bands had the correct number of base pairs for the OPG product. The peR 

product for P Actin was similar in all samples indicating that similar amounts of 

mRNA were included in the reverse transcription step (Fig 4. 14b). 

5.10 Response of mRNA for OPG to stimulators of bone resorption in calvarial 

cells over 6 h. 

It might be expected that stimulators of bone resorption which increase the 

mRNA for ODF would decrease the mRNA for OPG. Calvarial cells were removed 

from whole calvaria with collagenase as described in Materials and Methods. When 

the cells attained confluency the following stimulators of bone resorption were 

added to the culture media, 1 J.1M indomethacin (control), 1 J.1M PGE2, 4 nM PTH 

100 nM dexamethasone. The cells were then incubated for 6 h after which the RNA 

was extracted and transcribed into cDNA and amplified with PCR as previously 

described. Results are shown in Fig 5.12a and each lane represents RNA extracted 

from one 9 cm2 well. All treatments including indomethacin resulted in similar 

levels ofmRNA for OPG. p actin levels were similar in all samples and show that 

similar levels ofmRNA were included in the reverse transcription step (Fig 5.12b). 
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Fig 5.11 : Expression of OPG mRNA in response to PG~ and indomethacin. Total 

RNA was extracted from whole calvaria cultured in medium containing 1 IlM 

indomthacin for 24 h followed by a further 6 h in medium containing either 1 IlM 

indomethacin or 1 IlM PGE2. Following reverse transcription the samples 

underwent peR and were subjected to electrophoresis and staining with ethidium 

bromide. The presence of either PG~ or indomethacin resulted in similarly high 

levels of OPG gene product. The OPG gene product should be 515 bp. 

Lane 1 = 100 bp DNA ladder. 

Lanes 2, 4, and 6 = RNA from calvaria cultured with indomethacin alone 

Lanes 3,5, and 7 = RNA from calvaria cultured with PGE2 for 6 h. 

Lane 8 = no cDNA negative control 

13 actin levels for these samples can be seen in Fig 4.14b. 
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Figure 5.12a: Expression ofmRNA for OPG in response to indomethacin, PGEz, 

PTH and dexamethasone. Total RNA was extracted from calvarial cells cultured in 

medium containing 1 !lM indomethacin, 1 !lM PGEz 4 nM PTH or 100 nM 

dexamethasone for 6 h. Following reverse transcription the samples underwent 

peR and were subjected to electrophoresis and staining with ethidium bromide. All 

treatments resulted in similar levels of mRN A for OPG. The OPG product should 

be 515 bp. 

Lane 1 = 100 bp DNA ladder. 

Lanes 2 and 3 = RNA from calvarial cells cultured with indomethacin. 

Lanes 4 and 5 = RNA from calvarial cells cultured with PGEz. 

Lanes 6 and 7 = RNA from calvarial cells cultured with PTH. 

Lanes 8 and 9 = RNA from calvarial cells cultured with dexamethasone. 

Lane 10 = no cDNA negative control. 

b 

Figure 5.12b: These samples are the same as those shown in fig 5.12a but amplified 

for the p actin gene product to ensure that the original extractions contained about 

the same amounts ofmRNA. The p actin product should be 514 bp. 
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5.11 Response of mRNA for OPG to stimulators of bone resorption in calvarial 

cells over 24 h. 

There did not appear to be any suppression of mRNA for OPG during 6 h 

culture in the presence of various stimulators of bone resorption. It may be that the 

half-life of mRNA for OPG is longer than 6 h so the experiment was repeated over 

24 h. Calvarial cells were removed as previously described and once they had 

grown to confluency they were incubated with the following stimulators of bone 

resorption, I ~ indomethacin (control), 10 nM 1,25D3, 4 nM PTH and 100 nM 

dexamethasone for 24 h. The RNA was extracted and reverse transcribed into 

cDNA and amplified with PCR as previously described. The results are shown in 

Fig 5 .13a and each lane represents RNA extracted from -one 9 cm2 well. Again all 

treatments including indomethacin resulted in similar amounts ofmRNA for OPG. 

J3 actin levels were similar in all samples and show that similar levels of RNA were 

included in the reverse transcription step (Figure 5.13b). 

5.12 Effect ofPTH on mRNA for OPG in mouse bone marrow. 

Mouse bone marrow was removed from long bones and the stromal cells 

established and cultured in the presence or absence of 4 nM PTH for 12 days (see 

Materials and Methods). Following the culture period the total RNA was extracted 

and underwent reverse transcription and PCR amplification. The results are shown 

in Figure 5 .14a and each lane represents RNA extracted from -one 9 cm2 well. There 

did not appear to be any suppression of mRNA for OPG in the presence of PTH. J3 

actin levels were similar in all samples which shows that similar amounts of RNA 

were included in the reverse transcription step (Figure 5 .14b). 

5.13 Effect of various stimulators of bone resorption on mRNA levels for OPG 

in MC3T3-E1 cells. 

The mouse derived osteoblastic cell line MC3T3-EI cells were cultured until 

confluent following which they were incubated in the presence of 1 ~ 

indomethacin, 1 ~ PGE2, 100 nM dexamethasone, or 4 nM PTH for 6 h in order to 
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Figure 5.13a: Expression ofmRNA for OPG in response to indomethacin, 1,2503, 

PTH or dexamethasone. Calvarial cells were cultured in medium containing 1 ~ 

indomethacin, 10 nM 1,2503, 4 nM PTH or 100 nM dexamethasone for 24 h. Total 

RNA was extracted followed by reverse transcription. The samples underwent PCR 

and were subjected to electrophoresis and staining with ethidium bromide. All 

treatments resulted in similar levels of RNA for OPG. The OPG product should be 

515 bp. 

Lane 1 = 100 bp DNA ladder. 

Lane 2 and 3 = calvarial cells cultured with indomethacin. 

Lane 4 and 5 = calvarial cells cultured with 1,2503. 

Lane 6 and 7 = calvarial cells cultured with PTH. 

Lane 8 and 9 = calvarial cells culture with dexamethasone. 

Lane 10 = no cDNA control. 

b 

Figure 5.13b: ~ actin levels in total RNA extractions from figure 5.13 . These 

samples are the same as those shown in fig 5.13 but amplified for the ~ actin gene 

product to ensure that the original extractions contained about the same amounts of 

mRNA. The ~ actin product should be 514 bp. 
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Figure 5.14a: Effect ofPTH on levels ofmRNA for OPG in mouse bone marrow. 

Mouse bone marrow was cultured for 12 d in the presence and absence of 4 nM 

PTR. Total RNA was extracted and following reverse transcription the samples 

underwent peR and were subjected to electrophoresis and staining with ethidium 

bromide. The presence or absence ofPTH did not appear to change the expression 

levels of the OPG gene product. The OPG product should be 515 bp. 

Lane 1 = 100 bp DNA ladder. 

Lanes 2 and 3 = RNA extracted from bone marrow cultured in the presence ofPTH. 

Lanes 4 and 5 = RNA extracted from bone marrow cultured in the absence of PTH. 

Lane 6 = no eDNA negative control. 

b 

Figure 5.14b: These samples are the same as those shown in figure 5.14a but 

amplified for the P actin gene product to ensure that the original extraction contained 

about the same amounts ofmRNA. The p actin gene product should be 514 bp. 
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see whether mRNA levels for OPG could be suppressed. Following the culture 

period total RNA was extracted which underwent reverse transcription and PCR 

amplification. The results are shown in Figure 5.15 and each lane represents RNA 

extracted from one 9 cm2 well. There did not appear to be any suppression of 

mRNA levels for OPG with any of the treatments. 

5.14 Suppression of mRNA for OPG with dexamethasone. 

Previous reports have shown that mRNA for OPG can be suppressed in the 

human osteosarcoma cell line MG63 cells following 24 h incubation in the presence 

of dexamethasone (Hofbauer et al. 1999). MG63 cells were grown to confluency 

and incubated in the presence of 1 JiM indomethacin or 100 nM dexamethasone for 

24 h. Following the culture period the total RNA was extracted prior to reverse 

transcription and PCR amplification. The size of the huOPG product corresponded 

to that predicted from the sequence obtained from NCBI and a BLAST search 

revealed that the primers were specific for huOPG. The results are shown in figure 

5. 16a. There appeared to be decreased levels ofmRNA for OPG in the samples 

treated with dexamethasone. ~ actin levels were similar in all the samples which 

shows that similar amounts of RNA were included in the reverse transcription step 

(Fig. 5.16b). 

5.15 Immunoassay ofOPG. 

Following on from investigating mRNA levels for OPG, an enzyme-linked 

immuno sorbent assay (ELISA) was developed to look at the levels of OPG protein 

in response to stimulators of bone resorption. In order to establish whether the assay 

would detect OPG. various concentrations ofrhOPG-Fc were incubated on a plate 

which had been coated with an antibody to human OPG (see Materials and 

Methods). According to the supplier the human antibody showed 50% reactivity 

with mouse OPG. The ELISA assay consisted of a plate coated with the primary 

goat anti-human OPG antibody to which the samples and controls were added. Any 

bound OPG was detected with a biotinylated goat anti-human OPG antibody which 

in turn was detected with avidin peroxidase. At the end of the assay the plate was 
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Figure 5.15: Effect of various stimulators of bone resorption on mRNA levels for 

OPG in MC3T3-E1 cells. Cells were cultured in medium containing 1 !J.M 

indomethacin, 1 !J.M PG~, 100 nM dexamethasone, or 4 nM PTH for 6 h. Total 

RNA was extracted and samples underwent PCR followed by electrophoresis and 

staining with ethidium bromide. The OPG product should be 515 bp. 

Lane 1 = 100 bp ladder. 

Lanes 2 and 3 = RNA from cells cultured with indomethacin. 

Lanes 4 and 5 = RNA form cells cultured with PGE2. 

Lanes 6 and 7 = RNA from cells cultured with dexamethasone. 

Lanes 8 and 9 = RNA from cells cultured with PTH. 

Lane 10 = no cDNA negative control. 
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Figure 5.16a: Effect of dexamethasone on mRNA levels for OPG in MG63 cells. 

MG63 cells were cultured in medium containing 1 lJM indomethacin or 100 nM 

dexamethasone for 24 h. Following reverse transcription the samples underwent 

peR and were subjected to electrophoresis and staining with ethidium bromide. The 

presence of dexamethasone resulted in lower levels of the OPG gene product. The 

OPG product should be SIS bp. 

Lane 1 = 100 bp ladder. 

Lanes 2-4 = RNA extracted from cells incubated with indomethacin. 

Lanes 5-7 = RNA extracted from cells incubated with dexamethasone. 

Lane 8 = no cDNA control. 

b 

Figure S.16b: These samples are the same as those shown in figure S.16b but 

amplified for the ~ actin gene product to ensure that the original extraction contained 

about the same amounts ofmRNA. The ~ actin product should be 514 bp. 
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read in a plate reader and the optical densities were plotted against the concentration 

ofrhOPG-Fc (Fig 5.17). The assay detected the rhOPG-Fc as the optical density 

increased linearly with increasing concentrations ofrhOPG-Fc. The signal appears 

to be specific for rhOPG as there is very little signal when a goat IgG is used in 

place of the anti-human OPG, when no biotinylated anti-human OPG is added 

instead of the second antibody, or when no avidin peroxidase is added (Fig 5.17). 

5.16 Production ofOPG over time. 

Whole calvaria were cultured in either 1 J..lM indomethacin or 1 J.1M PGE2 for 

varying amounts of time described in Materials and Methods. The OPG activity of 

the culture media removed at different times was assayed using the plate method and 

the results are shown in figure 5.18. OPG activity was greater in media from 

calvaria incubated for 24 h with indomethacin compared with PGE2. There 

appeared to be a short lag of about 2 h followed by a linear increase of OPG activity 

with time (Fig 5.18). Interestingly, significant amounts ofOPG activity were 

produced even in the presence ofPGE2. 

5.17 Suppression of OPG production with different stimulators of bone 

resorption. 

Whole calvaria were incubated in either 1 J..LM indomethacin, or 1 J..LM PGE2, 

or 4 nM PTH, or 100 nM dexamethasone, or 10 nM 1,25D3 for one day. The OPG 

activity in the media was then assayed and the results can be seen in Table 4.1. 

PTH, PGE2 and 1 ,25D3 all resulted in significantly less OPG activity in media 

compared with indomethacin as shown in Table 4.1 (p<0.01. However only 

dexamethasone resulted in OPG activity that was not significantly different from the 

culture media control p<0.05 (Table 4.1). 
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Figure 5.17: Dose response curve for rhOPG-Fc. Various concentrations of rhOPG

Fc were assayed using an enzyme-linked immunoassay. Controls included wells 

coated with goat IgG in place of goat anti-human OPG (goat IgG). no addition of 

biotinylated anti OPG (No bOPG) and no addition of avidin peroxidase (No AvPx). 

All tests were carried out in triplicate. 
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Figure 5.18: The effect of indomethacin and PGE2 on the production ofOPG with 

time. Whole calvaria were cultured with either 1 JlM indomethacin or 1 J..!.M PGE2 

for varying times and the culture medium was removed and assayed for OPG 

activity. The results shown are the mean and SD of four bones. 

*, p<O.05 compared to PGE2 
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Treatment Mean SEM p< 

nglml 

Indomethacin 1.50 0.15 b 

PTH 0.43 0.062 a,b 

PGE2 0.73 0.007 a,b 

1,25D3 0.37 0.066 a, b 

Dexamethasone 0.14 0.02 a 

Controls 0.09 0.03 a 

Table 4.1: Effect of modulators of bone resorption on OPG production. Whole 

calvaria were cultured in medium containing either 1 J..1M indomethacin, or 4 nM 

PTH, or 1 f,1M PGE2, or 10 nM 1 ,2SD3, or 100 nM dexamethasone for 24 h. The 

media was then assayed for OPG activity. Data represent the mean and SEM. For 

each culture condition n = 4. 

a, significantly different from the indomethacin control p<0.01. 

b, significantly greater than the control culture medium i.e. in the absence of bones 

p<O.OS. 
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5.18 Western blotting for the detection ofOPG. 

In order to provide further evidence that OPG is produced in the presence of 

indomethacin, culture media which had been incubated with MG-63 cells was used 

to detect OPG using Western blotting. The culture media was incubated with 

confluent MG-63 cells for 24 h in the presence of either indomethacin or 

dexamethasone. The cells had been previously used for the extraction of RNA, 

reverse transcription and peR, fig, 5.16a. The conditioned media samples were 

heated to 70°C for 10 min in SDS sample buffer before undergoing SDS 

electrophoresis and Western blotting followed by immunostaining for OPG. The 

conditioned media from the cells incubated in the presence of indomethacin showed 

a band in a similar place to the rhOPG control which migrates with a molecular 

weight of 122 kDa in SDS-PAGE under non-reducing conditions (Fig 5.19a). 

Authentic human OPG is reported to have a molecular weight of 120 kDa in the 

dimeric form. OPG was not detected in the media containing dexamethasone which 

had been incubated with the cells. The control blot immunostained with goat IgG 

instead of the biotinylated anti-human OPG did not show any bands (Fig 5.19b). 

150 



a b 

Figure 5. 19a: Effect of indomethacin and dexamethasone on levels of OPG in MG-

63 cells detected with Western blotting. MG-63 cells were cultured in medium 

containing 1 IlM indomethacin or 100 nM dexamethasone for 24 h. The culture 

medium was removed and underwent SDS-PAGE and Western blotting followed by 

immunostaining for OPG. 

Lane 1 = culture media from cells incubated in the presence of indomethacin . 

Lane 2 = culture media from cells incubated in the presence of indomethacin. 

Lane 3 = culture media from cells incubated in the presence of dexamethasone. 

Lane 4 = culture media from cells incubated in the presence of dexamethasone 

Lane 5 = rhOPG-Fc control. 

Lane 6 = molecular mass ladder 

Figure 5.19b: Control blot immunostained with goat IgG instead of the biotinylated 

anti-human OPG antibody. Lanes 7-12 = correspond to lanes 1-6 above. 
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Discussion 

The purpose of this study was to investigate the regulation of bone resorption 

in order to elucidate the mechanism of bone loss in disease. This may then help to 

identifY therapeutic targets for the treatment of these diseases. Previous work 

carried out in this department indicated that osteoclasts disappeared from the 

endocranial surface of mouse parietal bones when prostaglandin synthesis was 

inhibited with indomethacin and reappeared attached to the adjacent endocranial 

membrane (Marshall et ai, 1996, Marshall et ai, 1995, Holt & Marshall, 1998). It 

seemed likely that there was an intermediary in this process. Also it was known that 

stimulators of bone resorption such as PTH did not act directly on the osteoclast but 

via the osteoblast suggesting the existence of another intermediary. The initial aim 

of this study was to investigate the mechanisms of these effects. While this work 

was in progress two cytokines (OPGL and OPG) with opposing effects on osteoclast 

differentiation in vitro were discovered (Lacey et ai, 1998; Simonet et ai, 1997). 

The hypothesis was tested that these two cytokines were involved in the mechanism 

of the translocation of osteoclasts between the bone surface and the endocranial 

membrane. 

In neonatal mouse parietal bones vigorous bone resorption occurs on the 

endocranial surface at 6 days old to accommodate the rapidly growing brain. The 

ectocranial surface is, on the other hand, engaged in bone apposition and TRAP+OC 

are rarely seen on this surface. When bones are excised and placed into culture 

medium bone resorption occurs spontaneously. This is due to secretion of 

prostaglandins, which stimulate bone resorption in organ culture (Klein & Raisz, 

1970). Indomethacin, a non-steroidal anti-inflammatory drug which blocks 

prostaglandin synthesis (Vane, 1971), has been shown to inhibit bone resorption 

both in vitro (Lerner, 1987) and in vivo (Saffar & Leroux, 1988). In the work 

presented here indomethacin caused a reduction in the number of TRAP+OC and 

IB+OC on the bone surface of mouse parietal bones and an increase in the number 

ofTRAP+OC but not p3+0C in the adjacent endocranial membrane (Fig 3.1,3.5). 

The osteoclasts appeared stellate in shape presumably due to a change in adhesive 

properties resulting in cytoplasmic retraction (Fig 3.3b). This phenomena has been 

previously described by other workers (Marshall et a11996~ Holt & Marshall, 1998) 

who saw a reduction in the number of osteoclasts whether stained for the enzyme 
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TRAP or the integrin subunit JB on the bone surface in the presence of 

indomethacin in murine calvarial cultures. 

Earlier studies using a synchronized model of bone remodeling in rat 

following tooth extraction showed that treatment with indomethacin inhibited 

osteoclastic bone resorption (Saffar & Leroux, 1988). Histological examination of 

sections of the rat mandibles showed both actively resorbing osteoclasts, or "on

bone" osteoclasts as well as inactive "off-bone" osteoclasts. The off-bone 

osteoclasts did not have contact with the bone and were therefore not resorbing. 

They showed that the ratio of otT-bone cells to on-bone cells was as high as 1.87 

when animals were treated with indomethacin for the final two days of the four day 

experiment compared to the controls. Bone resorption was reduced compared to 

controls as was the mean resorption lacunar surface. These otT-bone osteoclasts 

seen in response to treatment with indomethacin appear to correspond to the 

osteoclasts seen on the endocranial membrane in this study. This is evidence that 

this phenomenon is not an artifact of the culture system and occurs in vivo. 

A study by Garrett and Mundy, (1989) looked at the etTects of indomethacin 

and interleukin-l on mouse calvarial cultures. They saw fewer osteoclasts in 

calvaria treated with indomethacin after one day and concluded that this was due to 

an inhibition of osteoclast formation. However, in the work reported here it appears 

that the osteoclasts actively leave the bone surface and become attached to the 

endocranial membrane (Fig 3.1). Important ditTerences exist between these two 

studies. Garrett and Mundy stained histological sections with haematoxylin and 

eosin (H&E) which is not specific for osteoclasts and the counted cells may have 

been either TRAP+OC or TRAP negative Oc. In addition the authors did not state 

whether the osteoclasts were attached to the bone or whether they were detached 

from the bone. Osteoclasts in histological sections and which have not been stained 

for TRAP are difficult to identify and may result in a lower estimation of the 

numbers of osteoclasts present. In the work reported here, osteoclasts were stained 

for TRAP activity, a specific stain for osteoclasts, on the whole bone rather than 

sections, allowing easy identification of the osteoclasts. In addition, the endocranial 

membranes of the bones in the study were physically peeled back to the sagittal 

suture showing whether the osteoclasts were attached to the bone surface or the 

endocranial membrane (Fig 3.1). Thus the work of Garrett and Mundy supports the 
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observation of the depletion of osteoclasts from bone in response to indomethacin 

treatment. 

Several studies have described the in vivo effects of indomethacin blocking 

bone resorption. Adachi et al (1991) showed an inhibition of bone resorption with 

indomethacin in a model of hearing loss in gerbil and Arita et al (1989) showed a 

similar inhibition in maxillary deciduous incisors of neonatal rabbits. Similarly, 

indomethacin inhibited tenotomy-induced bone resorption in rats (Thompson & 

Rodan, 1988). Indomethacin was also found to reduce the number of osteoclasts 

and inhibit bone loss in hamster periodontitis (Lasfargues & Saffar, 1983). Another 

nonsteroidal anti-inflammatory drug, diclofenac sodium was found to be almost as 

effective as conjugated oestrogens for decreasing bone loss in post menopausal 

women (Bell et ai, 1994). 

The work described here showed an increase in the number of TRAP+OC on 

the endocranial membrane of mouse parietal bones following one day of treatment 

with indomethacin (Fig 3.2) but those osteoclasts did not stain positively for r33 in 

the same circumstances (Fig 3.5). This confirms the work of Holt and Marshall 

(1998). The osteoclasts appear to detach from the bone and attach to the adjacent 

endocranial membrane. A recent study examining the disappearance of osteoclasts 

from the distal alveolar bone surface in force-induced remodelling in rat in vivo 

described an increase in "intact non-bone associated osteoclasts" one day into the 

experiment (Kobayashi et aI2000a). There was a simultaneous decrease in the 

number of "intact bone-associated osteoclasts". The authors presented evidence that 

this was partly due to increased apoptosis of osteoclasts. However, only 23% of 

osteoclasts were apoptotic after day one suggesting that the remaining osteoclasts 

were viable. The fate of TRAP+OC in my study that were incubated with 

indomethacin is not clear. Some TRAP negative OC were seen on the membrane 

but they are difficult to identify (Fig 3.3b). In a study of osteoclasts on parietal 

bones from mice of different ages, three different osteoclast morphologies were 

described with varying levels of acid phosphatase activity (Abe et ai, 1990). It is 

likely that the type III osteoclasts described by these authors which were non

resorbing, low in acid phosphatase and of a stellate morphology, correspond to the 

TRAP negative osteoclasts seen following indomethacin treatment. No significant 

apoptosis could be detected in osteoclasts in response to OPG in the study reported 
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here. In support of this finding OPGdid not cause apoptosis in isolated rabbit 

osteoclasts (Hakeda et ai, 1998). However, in cultured stromal cells OPG had been 

reported to reduce mouse osteoclast survival and cause apoptosis (Akatsu et ai, 

1998). Apoptosis is known to occur in isolated cells but in indomethacin treated 

bones osteoclasts are not isolated from other cells but are in intimate contact with 

cells of the endocranial membrane. This may account for the discrepencies between 

these results. 

Osteoclasts were able to re-adhere to the bone surface following culture with 

PTH, PGE2, or 1,25D3, (Fig 3.4) which suggests that the effects of indomethacin are 

reversible. In support of this conclusion Marshall et al (1995) showed that when 

parietal bones had been pre-incubated with indomethacin, the addition ofPGE2, 

PTH or 1,25D3 together with indomethacin for 20 hours, the number ofTRAP+OC 

recovered to about their level in the absence of a pre-incubation (with 

indomethacin). Further support for the conclusion that the osteoclasts on the 

membrane could migrate to the bone surface came from the inclusion of 5-bromo-

2' -deoxyuridine (BDU) in the culture media. This compound labels cells 

synthesizing DNA and can be detected with a specific antibody. Very few 

TRAP+OC nuclei were labelled in response to PTH-stimulated recovery of 

osteoclast numbers after indomethacin treatment in vitro. Thus, the TRAP+OC 

which form in response to PTH following incubation with indomethacin were not 

the result of cell proliferation in vitro but had been formed from pre-existing cells 

without DNA synthesis. As a positive control, many TRAP+OC became labelled 

when BDU was given to mice one day before excision of bones. 

When parietal bones, which had been incubated with indomethacin for one 

day, had their endocranial membranes peeled back to the sagittal suture prior to 

culture in the presence ofPGE2, there was no subsequent increase in the number of 

TRAP+OC as was seen with intact bones (Fig 3.9). The osteoclasts seen on the 

bone following incubation with PGE2 most probably have come from the 

endocranial membrane. Hence, intimate contact between the bone and the 

membrane is necessary for the osteoclasts to adhere to the bone surface. When the 

endocranial membrane was peeled back halfway to the sagittal suture prior to 

incubation with PGE2• ~3+0C were only seen on the unpeeled half of the bone 

surface (Fig 3.10). This also suggests that close cell to cell contact is needed 
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between the osteoblastic lining cells on bone and the osteoclasts on the endocranial 

membrane for the osteoclasts to become activated to adhere to the bone and begin 

resorption. 

Although the osteoclast possesses several different integrins including a2~ 1, 

av~ 1 and avJ33, the most important integrin involved in bone resorption is avJ33. It 

is important in substrate recognition by the osteoclast but opinions differ as to 

whether it is involved in osteoclast adhesion to the bone surface and clear zone 

formation. This study looked at the role of the integrin subunit 133 in the 
I 

translocation of osteoclasts between the membrane and the bone in response to 

stimulators of bone resorption. When parietal bones which had been pre-treated for 

one day with indomethacin were incubated in the presence ofPGE2 (Fig 3.5) or 

sOPGL (Fig 4.6) followed by staining for the 133 subunit. there was an increase in 

~3+0C seen on the bone compared to the indomethacin control. This was a similar 

result to that seen when bones were stained for TRAP activity. However, in contrast 

to the expression of TRAP activity, when bones were incubated in the presence of 

indomethacin almost no J33+0C were seen on the endocranial membrane. The 

J33+0C phenotype was only associated with adhesion to the bone surface. This was 

in line with the observations of Holt et al (1998). 

Osteoclasts on the parietal bone surface were strongly positive for 133. When 

osteoclasts were seen in resorption lacunae, the distribution of the staining appeared 

to be more intense at the periphery of one end of the cell (Fig 4.7). It may be that 

this illustrates the direction in which the osteoclast is moving across the bone as the 

resorption lacuna was seen at the opposite end of the cell. Other workers have 

described the distribution of the integrin subunits as covering the surface of the rat 

osteoclast including the clear zone (Hultenby et ai, 1993). Lakkakorpi et al (1991, 

1993) saw a similar distribution of av~3 but they did not observe the integrin in the 

clear zone of the rat osteoclast. 

In order to elucidate the role of the avJ33 integrin in the translocation process 

of osteoclasts moving from the endocranial membrane to the bone surface, the RGD 

containing peptide echistatin was used in the culture system. Echistatin has a high 

affinity for integrins, in particular the avJ33 integrin and has been shown to inhibit 

bone resorption. Bones, pre-treated for one day with indomethacin, were cultured in 

the presence of PGE2 together with echistatin and showed an increase in the number 
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of ~3+0C seen on the endocranial membrane compared to the PGE2 control (Fig 

3.7). In contrast, few J33+0C were seen on the bone surface compared to the control 

(Fig 3.7). Thus echistatin blocked the translocation process of osteoclasts from the 

membrane to the bone surface. The presence ofPGE2 and echistatin allowed 

expression of the ~3 subunit but the osteoclasts were unable to adhere to the bone 

surface presumably because the integrin binding site was blocked by echistatin. It 

may be that the echistatin causes the a.vJ33 integrin to cluster at the surface of the 

osteoclast so that it becomes detectable when immunostained with an antibody, but 

does not allow the osteoclast to make contact with its natural substrate on the bone 

surface. Trusolino et al (1998) described the clustering of the a.vJ33 integrin at focal 

contacts, which mediated attachment and spreading of human thyroid clones of 

papillary carcinoma cells. Conversely, in those cells in which the a.vJ33 integrin was 

diffusely spread over the membrane and not connected to the cytoskeleton, there was 

no attachment. The binding of echistatin to the a.vJ33 integrin on the osteoclast may 

mimic the attachment of the osteoclast to bone and so cause the integrin to cluster. 

Echistatin is not only able to block the adhesion of osteoclasts to bone but is 

also able to block osteoclastic bone resorption both in vivo (Fisher et aI, 1993) and 

in vitro (Sato et ai, 1994). It has been shown to be the most potent of the RGD

containing peptides that inhibit isolated rat osteoclasts (Sato et ai, 1990). Sato et al 

(1994) found that at a concentration of 10 nM echistatin could prevent the 

attachment of rat osteoclasts to bone slices. This was the same concentration of 

echistatin used in the study reported here to prevent the translocation of osteoclasts 

from the membrane to the bone. However, in order to stop the activity of resorbing 

osteoclasts, much higher concentrations (3000 fold) of echistatin were required 

(Sato et al 1994). Sato et al (1994) did not pre-incubate the cultures in the presence 

of indomethacin so there were probably already actively resorbing osteoclasts 

present on the bone. In the study reported here the bones were pre-incubated in 

indomethacin leaving very few osteoclasts on the bone surface. The few osteoclasts 

that remained on the bone were irregular in shape but did not become detached from 

the bone. Echistatin had the same effect when bones were incubated in the presence 

of sOPGL in that it blocked the translocation of osteoclasts from the membrane to 

the bone leaving TRAP+OC on the endocranial membrane. 
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Another study looked at the effects of a function-blocking antHB antibody 

on the translocation of TRAP+OC from the endocranial membrane to the bone 

surface in mouse parietal bones. Holt and Marshall (1998) found that an anti-J33 

antibody almost completely blocked the movement of TRAP+OC from the 

membrane to the bone surface. This was similar to the result seen with echistatin 

and these results imply that the 133 integrin subunit is needed for the translocation of 

osteoclasts from the membrane to the bone surface. 

Evidence shows that the avJ33 may not merely be involved in the recognition 

of the bone surface and attachment of the osteoclast to the bone, but may also act as 

a signal-transducing receptor. It has been suggested that when osteoclasts are 

exposed to RGD-containing peptides and proteins, there is a transient change in 

intracellular calcium (Zimolo et ai, 1994). In addition when isolated osteoclasts are 

exposed to RGD-containing peptides, a wave of tyrosine phosphorylation occurs 

(Home et ai, 1992). Other workers have shown as association between avp3 and 

the signalling element pp60c-src in chicken osteoclasts (Rolnick et ai, 1992). Src 

knockout mice have defective bone resorption and suffer from osteopetrosis. They 

do not form osteoclastic ruffled borders (Soriano et ai, 1991) which suggests that the 

avJ33 integrin acts as a signal transducer which when triggered by its cognate ligand 

on the bone surface leads to the formation of the sealing zone and ruffled border. 

Peptides which contain an RGD sequence are able to block the formation of both 

structures (Nakamura et ai, 1996). Figure 6.1 depicts the hypothetical mechanism 

based on the evidence presented so far whereby indomethacin inhibits and PGE2, 

PTH and 1,25D3 stimulate bone resorption in mouse parietal bones. 

Soluble recombinant OPGL caused a dose-dependent increase in the number 

ofTRAP+OC on the bone surface of freshly isolated parietal bones, that is without 

any pre-incubation in the presence of indomethacin (Fig 4.1). Following a one day 

incubation in the presence of indomethacin, sOPGL again brought about an increase 

in the number of TRAP+OC seen on the bone surface compared to the indomethacin 

control (Fig 4.3). A similar result was obtained to that seen following incubation in 

the presence ofPGE2. However, there was no significant decrease in the number of 

TRAP+OC seen on the membrane. This apparent difference between OPGL and 

PGE2 may due to soluble OPGL acting on pre-osteoclasts on the endocranial 

membrane that are not accessible to cell bound OPGL produced in response to 
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Figure 6.1 Diagrammatic representation of the possible mechanism of inhibition of 

bone resorption in the presence of indomethacin and the stimulation of bone 

resorption in the presence ofPGE2, PTH and 1,25D3. Two intennediaries, X and Y, 

are postulated to account for the actions of the effectors shown on osteoclast 

translocation between the bone and the endocranial membrane. 
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PGE2. Soluble OPGL may result in an increase in TRAP+ cells on the membrane 

formed from a pool of recently arrived monocytes. This may account for the variable 

data (Fig. 4.1) and the fact that no significant differences were seen in the number of 

TRAP+OC on the membrane. A recent report has shown that PGE2 synergizes with 

OPGL to increase osteoclast formation and subsequent bone resorption in non

adherent mouse bone marrow cultures (Wani et ai, 1999). In the study reported here 

sOPGL, in the presence of indomethacin, was sufficient for the translocation of 

osteoclasts from the membrane to the bone. However, this does not exclude the 

possibility of this synergism. 

When parietal bones were pre-incubated in indomethacin for one day, the 

endocranial membranes peeled back to the sagittal suture and then incubated with 

sOPGL for a further 6 hours, there were significantly fewer ~3+0C seen on the 

surface of the peeled bone compared to the intact bone (Fig. 4.4). At the same time 

there were significantly more ~3+0C on the endocranial membrane of the peeled 

bone compare to the intact bone. This result shows that sOPGL is not simply 

causing the differentiation of pre-osteoclasts on the bone surface but that the 

increase in ~3+0C on the bone is due to translocation of osteoclasts from the 

membrane. When the physical relationship between the bone and the membrane is 

disrupted by peeling back the membrane to the sagittal suture, few osteoclasts 

appear on the bone in response to sOPGL. This suggests that there is not a pool of 

osteoclast precursors on the bone surface and that osteoclasts seen on the bone 

surface of intact bones do indeed come from the endocranial membrane. This may 

either be by de novo differentiation from monocytes that arrived in the capillaries 

before excision of the bones or by re-activation of down-regulated osteoclasts, 

which are formed in the absence of bone resorptive stimuli. 

When whole calvaria were cultured in the presence of PGE2, PTH and 

1,25D3, an increase in OPGL mRNA was seen (Fig 4.17. This increase occurred 

over a period of3 to 6 hours. Yasuda et al (1998) showed an increase in mRNA in 

the presence of 1,25D3• PTH and PGE2 in mouse primary osteoblasts in vitro. What 

appears to be happening in this system is that the addition of 1 ,25D3• PTH or PGE2 

brings about an increase in mRNA for OPGL which in turn causes the OPGL protein 

to be expressed on the surface of the osteoblastic bone lining cells. The cell-bound 

OPGL then makes contact with the receptor RANK on the osteoclasts on the 
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membrane. This brings about the transfer of signals to the inside of the cell, which 

causes the activation of the osteoclast and it becomes adhered to the bone surface 

where it commences bone resorption. 

The signal transduction pathway via which osteoclasts are activated when 

OPOL binds to RANK is currently being elucidated. When OPOL binds to RANK 

the intracellular domain of RANK has been shown to interact with TRAF'S 1,2,3, 

5 and 6 (Wong et al. 1998). A recent study had shown that this pathway can be used 

by other cytokines to induce activation and differentiation of osteoclasts independent 

of the OPOLIRANK pathway. Kobayashi et al (2000) have shown that TNF-<X. can 

cause osteoclast differentiation via TNFRI and TNFR2 which are expressed by 

osteoclast precursors. This leads to the activation of NFKB and JNK, a common 

signalling pathway used by the OPGLIRANK interaction. It has previously been 

shown that IL-l<X. can activate NFKB in purified osteoclasts (Jimi et ai, 1998). 

However, they were unable to induce osteoclast differentiation in mCSF-dependent 

bone marrow macrophages with IL-l <X.. It has also been shown that IL-l <X. receptors 

use TRAF6 as a signal transducing molecule (Cao et ai, 1996). Kobayashi et al 

(2000) conclude that TRAF6 is a common signalling molecule used by both 

OPOLIRANKL and IL-l (l in the activation of osteoclasts. They also state that both 

IL-l<X. and TNF-<X. can up-regulate the expression ofmRNA for OPOL in 

osteoblast/stromal cells. However, OPO was only able partially to block the bone 

resorption induced by IL-l <X.. They suggest that the inflammatory cytokines TNF-<X. 

and IL-l (l are involved in the bone resorption which occurs in bone diseases such as 

rheumatoid arthritis, periodontitis and post menopausal bone loss and that some of 

this could occur independently of the OPGLIRANK interaction. 

When freshly isolated parietal bones were incubated in the presence of 

recombinant human OPO there was a reduction ofTRAP+OC seen on the bone 

compared to the control (Fig 5.1). At the same time there was an increase in the 

number of TRAP+OC seen on the endocranial membrane compared to the control. 

This is the same result as was seen when bones were incubated in the presence of 

indomethacin. 

A function-blocking antibody to OPO was found to block the translocation 

of osteoclasts from the bone surface to the endocranial membrane normally seen in 

the presence of indomethacin (Fig 5.6). Active osteoclasts were left on the bone 
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surface. A control antibody showed no effect. This implies that OPG is the 

mediator of the effects of indomethacin. The previous finding that sOPGL blocks 

the effects of indomethacin also suggests that OPG is involved in the adhesion of 

osteoclasts to the endocranial membrane. 

OPG has been shown to inhibit osteoclastic bone resorption (Tsuda et al 

1997) as well as osteoclastogenesis (Yasuda et al 1998). rhOPG was able to block 

the translocation of osteoclasts from endocranial membrane to bone that occurs in 

the presence of 1,25D3 (Fig 5.4) and PGE2 (Fig 5.2). The osteoclasts on the 

endocranial membrane appear stellate in shape presumably due to a change in 

adhesive properties causing cytoplasmic retraction. OPG has been reported to affect 

osteoclast morphology, reducing the number of osteoclasts showing F-actin ring 

formation in untreated isolated rabbit osteoclasts (Hakeda et ai, 1998) and in rat 

osteoclasts when treated with OPGL (Burgess et ai, 1999). In mouse parietal bone 

cultures rhOPG caused a retraction of the cytoplasm of osteoclasts (Fig 5.3). 

Osteoclasts were rapidly able to re-adhere to the bone surface following pre

incubation with indomethacin, in the presence ofPTH, PGE2, 1,25D3 or sOPGL (Fig 

3.4 and Fig 4.6) which suggests that the effects ofOPG are reversible. A possible 

mechanism for this has been suggested by studies of the effects of OPG on isolated 

osteoclasts on collagen gels (Hakeda et ai, 1998) and bone slices (Burgess et ai, 

1999). They describe a reorganization of the cytoskeleton and a loss of the F-actin 

ring that is seen in resorbing osteoclasts. Other workers have illustrated the 

importance of the cytoskeleton in integrin avidity in a range of cell types (Trusolino 

et ai, 1998). It has also been shown that when osteoclasts adhere to the endocranial 

membrane there is a reduction in the surface expression of the integrin r33 subunit 

whereas when osteoclasts adhere to bone there is an increase (Holt & Marshall, 

1998). We may speculate that OPG, by neutralizing OPGL, may cause the 

osteoclast to default to a disruption of the cytoskeleton and the F -actin ring structure 

which in turn causes the clustered avr33 integrin to become dispersed throughout the 

membrane. As a result the osteoclast becomes detached from the bone surface and 

attaches to the adjacent endocranial membrane. 

An enzyme-linked immunoassay was used to assay levels of OPG protein in 

culture media. Following 8 hours in culture, media from mouse parietal bones 

incubated in the presence of indomethacin contained significantly more OPG 
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activity than that incubated in the presence ofPGE2 (Fig 5.18). In another 

experiment over a culture period of 20 hours, lower levels of OPG activity were 

detected with PTH, PGE2 and 1 ,25D3 and dexamethasone compared to indomethacin 

(Table 5.1). Only with dexamethasone were levels ofOPG suppressed to that seen 

in the control medium. The assay will only detect free OPG and not that bound to 

OPGL which may be on the surface of the bone lining cells in response to the 

stimulators of bone resorption. It is not possible from these results to distinguish 

between two possible mechanisms of action of stimulators of bone resorption. 

These are: the down-regulation of OPG production together with the up-regulation 

ofOPGL production, or the up-regulation ofOPGL production coupled with a 

constant production of OPG. The continued production of some OPG even in the 

presence of some stimulators of bone resorption suggests incomplete suppression of 

OPG production. These results emphasize that it is the local balance between 

soluble OPG and cell-bound OPGL, which dictates whether an individual osteoclast 

will be actively resorbing. 

Western blotting of the MG63 cell culture supernatents following incubation 

in the presence of indomethacin or dexamethasone showed OPG protein to be 

present in the medium from the cells incubated with indomethacin but not with 

dexamethasone (Fig 5.19). These results confirm those from the ELISA and imply 

that the secretion of OPG in mouse calvaria is regulated by effectors of bone 

resorption even though mRNA is not (vide infra). 

In the results reported here no suppression of mRNA for OPG was found 

using either whole calvaria or calvarial cells cultured in the presence of PGE2, PTH, 

1,25D3 or dexamethasone (Fig 5.12, 5.13). Levels of mRNA for OPG could only be 

suppressed by the dexamethasone treatment ofMG-63 cells (Fig 5.16). Many 

stimulators of bone resorption have been found by other workers to suppress mRNA 

for OPG. Murakami et al (1998) showed a down-regulation ofmRNA for OPG 

with 1,25D3, PTH and IL-ln in mouse osteoblasts. Other studies have shown a 

decrease in mRNA for OPG in mouse stromal cell lines treated with 1,2SD3 (Yasuda 

et al 1998~ Horwood et a11998) but not in primary osteoblasts (Horwood et al 1998). 

Vidal et al (1998) showed that glucocorticoids could down-regulate mRNA for OPG 

in primary human osteoblast-like cells. However, dexamethasone treatment of 

primary osteoblasts showed an initial decrease in mRNA for OPG followed by an 
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increase (Murakami et al 1998). Hofbauer et al (1998) found an increase in mRNA 

levels for OPG in human foetal osteoblasts and normal trabecular osteoblasts in 

response to 1,25D3. It may be that the results reported here reflect the fact that this 

study used whole bone or bone cells from which mRNA was extracted, rather than 

cell lines or primary osteoblasts. Using whole bone in an organ culture system 

should give a picture closer to what occurs in vivo rather than cell lines which may 

be transformed or immortalized or at different stages of differentiation. 

OPG appears to act by binding to OPGL with a high affinity and neutralizing 

its stimulatory action on the osteoclast (Lacey et ai, 1998~ Yasuda et al. 1998a~ 

Yasuda et aI, 1998b). However, a recent report has suggested that OPG may act 

directly on the osteoclast by binding to a receptor on the osteoclast to inhibit its 

activity (Hakeda et aI, 1998). It has also been found to block bone resorption both 

in vivo (Simonet et ai, 1997) and in vitro (Kwon et aI, 1998). Akatsu et al (1998) 

reported that OPG inhibited osteoclast survival by interfering in the interaction 

between stromal cells and osteoclasts in mouse marrow cultures. It seems likely that 

an OPGL-like molecule brings about the translocation of osteoclasts which occurs in 

the presence of these stimulators of bone resorption. However, in our studies, OPG 

did not significantly affect the translocation of osteoclasts from the membrane to the 

bone surface stimulated by PTH. This may be due to either direct effects ofPTH on 

the osteoclast or the induction of a cytokine which may itself act directly on the 

osteoclast. It had been reported that osteoclasts in a model of regenerating deer 

antler cartilage express PTHlPTHrP receptors so that PTH may have a direct effect 

on cells of the osteoclast lineage (Faucheux et a12000). 

In the mouse calvarial organ culture system prostaglandins, particularly 

PGE2, brings about the translocation of osteoclasts from the endocranial membrane 

to the bone surface where they become activated to resorb bone. PGE2 achieves this 

by inducing the expression ofmRNA for OPGL, which acts directly on the 

osteoclast via the receptor RANK. OPGL provides the link between PGE2 and other 

stimulators of bone resorption and the osteoclast. In this system mRNA for OPG is 

not down-regulated by stimulators of bone resorption but, OPG protein secretion is 

inhibited. When OPGL on the bone lining cell surface makes contact with RANK, 

several TRAF proteins act as signal transducers to activate NFlCB and JNK (Wong et 

ai, 1998~ Dadgostar and Cheung, 1998). NFKB is then translocated to the cell 

164 



nucleus where it brings about the transcription of genes which allow the activation 

of osteoclasts and their movement from the endocranial membrane to the bone 

surface. The movement of the osteoclasts from the membrane to the bone is 

dependent on functioning <lvJ33 integrin. Signalling via the <lvJ33 integrin seems to 

bring about cytoskeletal rearrangement and the appearance of the F -actin ring 

associated with the resorbing osteoclast. During this cytoskeletal rearrangement, the 

<lvJ33 integrin molecules probably become clustered allowing the osteoclast to 

recognize the bone surface. It is clear from these results with echistatin and 

function-blocking antibody to 133 that the <lvJ33 integrin is involved in the adhesion 

of the osteoclast to the bone surface. When prostaglandin synthesis is blocked by 

indomethacin OPG protein is produced which causes the osteoclast to cease bone 

resorption and return to the endocranial membrane. OPG neutralizes OPGL and by 

default seems to cause disruption to the cytoskeleton and loss of the actin ring, 

which may cause the dispersal of the <lvJ33 integrin throughout the membrane and 

the loss of recognition of the bone surface by the integrin (Hakeda et ai, 1998). The 

osteoclast then adheres to the endocranial membrane by some unknown mechanism. 

The osteoclast can then be reactivated by OPGL if prostaglandin synthesis is 

allowed to recommence or if other stimulators of bone resorption are produced. 

This mechanism is summarized in Fig 6.2. 

Conclusion 

A mechanism is described whereby bone resorption is acutely controlled by 

rapidly modulating the adhesion of osteoclasts to the bone surface. This mechanism 

is controlled by the bone lining cells which integrate a range of local and systemic 

influences and convert them to an appropriate level ofOPGL on the cell surface. 

When the osteoclast or its precursor is in contact with this OPGL final 

differentiation and activation of the osteoclast occurs. At least part of this activation 

involves the production of adhesive molecules including the integrin CLvJ33 on the 

surface of the osteoclast. When these make contact with their ligands on the bone 

surface the enzymes and structures necessary for bone resorption are produced. The 

process is reversible. When the resorptive stimulus disappears OPG is secreted 
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Figure 6.2 Diagrammatic representation of the possible mechanism of the inhibition 

of bone resorption in the presence ofOPG and the stimulation of bone resorption in 

the presence ofOPGL. PGE2, PTH and 1,25D3 stimulate the bone lining cells to 

produce OPGL and indomethacin causes them to produce OPG. These 

intermediaries stimulate or inhibit osteoclast adhesion to bone and they control bone 

resorption. 
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which blocks OPGL and the osteoclast returns to its quiescent state. Apart from 

ensuring that bone resorption is exquisitely sensitive, for instance, to the 

calcium status of the host and to mechanical demands, this mechanism is fail-safe. 

Osteoclasts cannot differentiate in the absence ofmCSF, OPGL and bone, and revert 

to a non-resorptive state without OPGL so that aberrant bone resorption is less 

likely. The importance of this mechanism can be seen from the reports of the use of 

OPG in the control of bone resorption in vivo. OPG has been found to block bone 

loss due to estrogen deficiency in mice (Simonet et ai, 1997). The first human 

clinical trials of OPG involving 52 postmenopausal women showed a dose

dependent decrease in the bone turnover marker N-telopeptide/creatinine. Levels 

were reduced by 80% following a single injection of the highest dose tested (Bekker 

et ai, 1999). OPG has been found to block osteolysis in transplantable tumours in 

mice (Honore et ai, 2000). They found an almost total elimination of tumour 

induced bone destruction and osteoclasts at sites of tumour. It was also found by the 

same group that OPG could ameliorate the pain associated with osteolysis in mice 

(Honore et ai, 2000). The mice with bone cancer showed a significant reduction in 

pain score when treated with OPG compared to control mice. It remains to be 

determined whether OPG can inhibit osteolysis and reduce bone cancer pain in 

humans but it may lead to improved quality of life for patients suffering from 

primary or metastatic bone cancer. 
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