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ABSTRACT

Paget’s disease of bone is a focal condition in which the localised constraints on bone
remodelling are lost. This results in the formation of bone which is thicker but much
more structurally weaker than normal.

The primary aim of the work presented here was to investigate the involvement of
paramyxoviruses in Paget’s disease of bone. Biopsies of bone, from sites radiographi-
cally diagnosed as being affected by Paget’s disease were studied by immunocytochem-
istry with antisera against measles and CDV. Samples of bone were also used as a source
of RNA for the detection of paramyxovirus nucleic acid by the technique of reverse
transcriptase PCR, which allowed the detection of very few copies of a target template.
In addition the unique restriction endonuclease sites within the PCR product enables the
identification of the original template. Investigation of cDNA from eleven biopsies of
pagetic bone by PCR failed to reveal evidence of paramyxovirus infection.

Pagetic bone was also used as a source of cells for tissue culture allowing the study
of two distinct populations: one marrow derived, including multinucleate cells with many
of the characteristics of osteoclasts and the other from the bone itself which is considered
osteoblastic. These pagetic cells were unsuccessfully co-cultured with cells permissive
for paramyxoviruses in order to try and "rescue” the virus. Further analysis of these cells
using immunocytochemistry and PCR failed to gain evidence of paramyxovirus infec-
tion. Additionally these populations of cells from normal patients were cultured with
measles virus to try and mimic the proposed disease pathogenisis in vitro. However no
change in bone cell biology was observed.

The other aim of this study was to further the understanding of the mechanisms which

underlie the localised accelerated bone remodelling in Paget’s disease. Looking at the



osteoblast-like cells generated in vitro it was possible to use PCR to characterise the
cytokine transcripts and hence form a profile of the potential bone remodelling modula-
tors that are produced by pagetic and normal cells. Transcripts coding for IL-1B, IL-3,
IL-6, IL-8, TGFB1, TGFp2 and TGFB3 were detected whereas signals for IL-1a,, IL-2,
IL-4, IL-5, IL-7, TNFp and Y-interferon could not. TNFa: transcripts were detected in
two pagetic osteoblast-like cultures and this could reflect higher levels of cytokines in
these cultures. It was not possible to demonstrate a consistent altered pattern of cytokine

transcripts in pagetic osteoblast-like cells.



Chapter One

General Introduction



Bone is the most enduring of tissues, remaining long after others have ceased to fulfill
their function. This durability and hence apparent inertness, mask the complex cellular
events which during life allow this specialised form of connective tissue to execute its

roles.

1.1 THE STRUCTURE OF BONE

The extracellular matrices of bone (and other calcified connective tissue i.e. miner-
alised cartilage and tooth constituents) consist of 60-70% hydroxyapatite (mineral),
protein (collagenous and non-collagenous), lipids and water. It is fundamentally the
same as other connective tissue, containing collagen fibres and ground-substance (gly-

cosaminoglycans (GAGs) and proteoglycans), but this tissue can become calcified.

1.1.1 The mineral phase

The unit cell content of hydroxyapatite is Ca10(PO4)6(OH)2 although isomorphous
substitutions can occur. The usual crystal shape is spindular but this can be altered by
such agents as fluoride and diphosphonates. Bone apatite therefore lacks crystal and

chemical perfection (Posner 1985).

1.1.2 Collagen

Fibres of type I collagen constitute some 85-90% of protein in bone . The basic
structure is a triple-helical supercoil (coiled coil) consisting of two o1[1] chains and a
single o2[I] chain. Each type of chain is coded for by separate genes located on distinct
chromosomes. The coded peptide is termed procollagen which have N and C terminal

extensions, that are cleaved outside the cell as fibre formation occurs. Individual chains



are twisted into a left-handed helix with about three amino-acids per turn anq three of
these chains are coiled into a right-handed super triple helix. Every third amino acid in
the helical domain is glycine, and it is due to the lack of steric presence of this moleculé,
that the protein folds into a helix. Hence, the primary structure can be assigned triplets,
glycine-x-y, where x is often proline. It is the multitude of covalent intra and inter-mo-

lecular crosslinks which makes the fibres so highly insoluble (Termine 1990).

1.1.3 Non-collagenous proteins
Approximately one quarter of the bone non-collagenous proteins are absorbed or
entrapped in the matrix space. The majority are serum derived proteins which could be
advantageous in fracture healing and remodelling. The remainder of the proteins are
bone cell derived, which include:
(1) cell attatchment proteins, €.g. Thrombospondin, Fibronectin and Osteopontin.
(2) Proteoglycans, e.g. Biglycan (Proteoglycan I) and Decorin (Proteoglycan II)
(3) gamma-carboxylated (gla) proteins, e.g. Matrix Gla protein and Osteocalcin,
(4) growth-related proteins, e.g. Tranforming Growth Factor-beta.

(Boskey 1989)

1.1.4 Mineralization

In calcified cartilage and primitive woven bone mineralization proceeds via matrix
vesicles. These membrane coated bodies are exocytosed from the cell to the extracellular
matrix space, where they form the centre for the hydroxyapitite crystalization process.

The rate of mineralization can be governed by other molecules, e.g. pyrophosphate and



acidic glycoproteins, which can be produced by the same cell that released the matrix
vesicle.

Because of the tightness with which the collagen fibres are aligned in lamellar bone,
mineralization occurs within the fibre complexes themselves. This process is little
understood, but must support the local supersaturation of calcium phosphate, removing
barriers to nucleating sites and the removal or neutralisation of bone mineral inhibitors

(Boskey 1989).

1.1.5 Organization of the mineralised matrix

Formation of bone can occur by intramembranous ossification (within a single layer),
giving rise to the flat bones (skull bones, scapula, mandible and ileum). Or, alternatively
ossification is endochondral (where bone is layed down on a cartilaginous model),
forming the long bones (tibia, femur and humerus).

In generating the flat bones the mesenchymal cells differentiate directly into
osteoblasts (the bone making cells) and ossify the fibro-cellular matrix. This woven
bone is then gradually replaced by lamellar bone, which takes about two years in man.

The initial event in long bone formation is the creation of the primary site of
ossification within the centre of the shaft (diaphysis) of the cartilage model. Calcification
then proceeds bilaterally towards the ends (epiphysises) of the bone and is met by
secondary centres of ossification within the epiphysises. The junction of these advancing
sites is the cartilage epiphyseal (growth) plate, which during growth contains continually
dividing chondrocytes. Upon maturity hormonal changes inhibit further cartilage pro-

liferation and it is replaced by bone, fusing the epiphysises with the diaphysis.
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In response to functional stresses remenants of calcified cartilage and irregular woven
bone are replaced yielding a bone that consists of a solid, dense outer layer (compact
bone) and a medulla of thin, calcified trabeculae, the cancellous bone. It is compact
bone which mainly supports the mechanical and protective function. Whereas the
space enclosed by trabecular bone provides a suitable microenvironment for

haematopoesis and allows bone to fulfill its metabolic role.

1.2 THE CELLS OF BONE
Although making up only 2% of the total volume of bone, it is the cells which

dictate the development and turnover of the skeleton throughout life.

1.2.1 The Osteoblast

The function of the osteoblast is to produce authentic bone. Characteristically, these
cells line bone matrix surfaces, where they can be subdivided morphologically: At
sites of active matrix production the osteoblasts are cuboidal, polar and strongly
basophillic, however the majority of bone surface is inactive or resting, and here the
osteoblast is seen as a lining cell, flattened, containg few organelles and incapable of
matrix production.

Phenotpyic markers

The differentiated, non-proliferating osteoblast expresses a substantial amount of the
cell surface enzyme, alkaline phosphatase (Wergedal & Baylink 1969), the plasma
levels of which correlate with bone formation (Nishimoto 1985). Osteoblasts also
secrete a number of molecules such as osteocalcin (Price 1983), type I collagen and

proteoglycans (Mark et al 1987).



Origin of 1 bl

It was originally thought that both osteoclasts and osteoblasts arose from the same
progenitor. More recently it has generally become accepted that osteoclasts stem from
a haematopoetic lineage, whereas osteogenic cells differentiate along their own specific
pathway (Owen 1985). The osteogenic precursor cells are undifferentiated mesenchy-
mal cells which give rise to the more identifiable cell types, the preosteoblast and the
osteoblast. The preosteoblast is a committed progenitor destined to become an
osteoblast. It appears as an elongated cell, beyond the line of osteoblasts, which retains
to a limited extent mitotic activity. The differentiation to an osteoblast is not considered
a quantal event, but rather a series of smaller steps which the preosteoblast takes to
achieve maturity. At the bone surface the osteoblast begins to synthesise type I collagen
and creates the microenvironment necessary for mineralization. There is a lag between
matrix formation and calcification which creates the "osteoid seam", a region 5-50pm

away from the osteoblast, consisting of unmineralised matrix.

Reenlat [ iast fincti

The action of Parathyroid hormone (PTH) in raising serum calcium is achieved by
bone resorption. Osteoclasts were originally conceived as the site of PTH action,
however due to its absence of receptors Rodan & Martin (1981), postulated a commu-
nication link between PTH-activated osteoblasts which display the receptor (Silve et al
1982) and PTH-insensitive osteoclasts. Cell and tissue culture studies have shown that
generally the hormone has a dedifferentiating effect on osteoblasts. Changes include:
morphology (Jones & Boyde 1976), mediation of ion and amino-acid transport, stimu-

latation cAMP (and hence intracellular free calcium), synthesis of DNA, regulation of
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collagen (Dietrich et al 1976) and alkaline phosphatase synthesis (Thomas & Ramp 1978,
Nakatani et al 1984), production of collagenase (Otsuka et al 1984) and secretion of
plasminogen activator (Hamilton et al 1985).

More recently parathyroid hormone-related peptide (PTHIP) has been isolated and
cloned, showing predicted sizes of 139, 141 or 173 amino-acid residues (depending on
alternate mRNA splicing, Thiede et al 1988). PTHrP has significant homology to PTH,
with 8 of the first 13 residues identical and has at least equipotent biological effect on
osteoblasts (Kemp et al 1987).

Another hormone, 1,25-dihydroxyvitamin D3, again responsible for raising serum
calcium levels has paradoxically, profound effects on osteoblasts. Binding to specific
receptors (Kream et al 1977), this time in the cytoplasm and nucleus, 1,25-dihydroxyvi-
tamin D3 regulates collagen (Kurihara et al 1984) and alkaline phosphatase synthesis
(Manolagas et al 1981).

Prostaglandins (especially PGE2 and PGE1) induce bone formation (Ringel et al
1982) and it has been speculated that local production of these molecules may well
provide a vital communication link between bone cells (MacDonald et al 1984).

Many proteins found in bone matrix have been shown to have significant effects on
osteoblasts and their precursors:

Transforming growth factor-B (TGFP) - in picogram ammounts, this protein dramati-
cally reduces typical phenotypic expression of the osteoblast (Elford et al 1987).

Bone morphogenetic protein (BMP) - irreversibly induces the differentiation of

osteoprogenitor cells (Canalis et al 1985).
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Bone derived growth factor (B-2 microglobulin) - made by osteoblasts and acts
similarily to somatomedin, elevating DNA and collagen synthesis (Canalis & Centrella
1984).

Insulin-like growth factor 1 and 2 - the somatomedins again elevate DNA and
glycogen synthesis (Schmid et al 1983).

Platelet derived growth factor (PDGF) - synthesised by bone cells and stimulates
their proliferation (Canalis 1981).

Acidic and basic fibroblast growth factor - both stimulate bone cell replication, but

are not a secretory product, so may be important in injury and repair (Jingu shi etal 1989).

1.2.2 The Osteocyte

Approximately 10-20% of osteoblasts, during bone formation, manage to completely
encase themselves in an apparently isolated lacunae (Tran et al 1982). During incarcera-
tion the osteocyte begins to lose its organelles and alkaline phosphatase activity as it
shrinks into its matrix tomb. The formation of an osteocyte is an asynchronous and
asymmetrical phenomenon, which gives a cell that has long processes to the vascular
surface and shorter processes to the other side (Palumbo et al 1986). This occurs before
the surrounding matrix is mineralised. Following calcification, the osteocyte is able to
remain in contact with surrounding cells via long cell processes running through tiny
canniculi (Weinger & Holtrop 1974). It is through these junctions that it is thought that
the cell receives nutrients and is able to integrate with its environment. In this way the
osteocyte is conceived to act as a stress/strain gauge, relating bone remodelling to

everyday usage.
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The question remains as to how the choice is made of which osteoblast becomes an
osteocyte. Basically there are two possibilities, either the selection of the osteoblast is
positive or it happens purely randomly. Workers believe it is the former because of the
adherence of junctional complexes between "preosteocyte” and its adjacent osteocyte
and osteoblast during differentiation. During maturation cell contact may provide
signals which would stop the further extension of cellular processes or alternatively
reduced vascular supply to the osteocyte would result in insuffucient energy in the cell
to push protoplasm out to extend the process (Palumbo et al 1990).

The junctional complexes are considered pivitol in remodelling as it has been
postulated that the osteocytes linked in concert with the osteoblasts and bone-lining cells
could form some sort of functional syncytium. The suggestion is that there may be
electrically or metabolically coupled, thus forming a cellular system able to fulfill
skeletal homeostasis. These cellular junctions are certainly present in foetal and woven
bone, but what happens during bone aging, not only in areas where the osteocytes remain
viable but where they die (e.g. auditory ossicles) is less clear.

At one time the osteocyte was cited as one of the cells that was able to resorb bone.
It is now generally accepted that so-called "osteocytic osteolysis", seen in light-micro-
scope sections, is an artifact as proved by scanning electron microscopy (Jones et al

1985).

1.2.3 The Osteoclast
The most essential requirement of bone remodelling is the ability to remove bone,

and in vivo this is achieved by the osteoclast.
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Morphology

Using light microscopy osteoclasts are easily distinguishable from the other cells of
bone as they are large multinucleates immediately apposed to the bone surface. Studies
with electron microscopy have revealed the abundance of lysosomes and pleomorphic
mitochondria in a region of the cell which is highly invaginated and next to the bone
surface (Holtrop & King 1977). This area is termed the ruffled border and its many
infolding allow greater cell surface contact with bone. It is here that the actual process
of resorption takes place and it is envisaged that the sealed ruffled border on bone
functions as an equivalent to a secondary lysosome excavating the Howship’s lacuna.
Above the border is a region of the cell apparently devoid of organelles, the clear-zone
(Holtrop et al 1974). Actually, it contains abundant actin molecules and appears to
anchor the ruffled border region to the bone which is undergoing resorption (King &
Holtrop 1975).

In attempts to distinguish osteoclasts from other polykaryons researchers have
looked intensively at this relatively inaccessible cell. The primary criteria for identifi-
cation of these cells in vitro, was their unique response to calcitonin (Chambers &
Magnus 1982), which causes them to contract. However this is species specific, human
foetal and neonatal avian osteoclasts are unresponsive whereas neonatal rat are pro-
foundly affected (Murrills et al 1989). A barrage of so-called osteoclast specific
monoclonal antibodies have been developed but their absolute specificity remains
unconvincing (Horton et al 1985). The enzyme Tartrate resistant acid phosphatase
(TRAP) has been used as a marker (Hammarstrom et al 1971) but its ability to distinguish

between osteoclast and the macrophage polykaryon is questionable (Hattersley &
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Chambers 1989). The absence of Fc receptors on the bone resorbing cell is a further aid

to identification (Shapiro et al 1979).

i dr et b :

Until the 1970s it was postulated that osteoblasts and osteoclasts were derived from
the same lineage. Indeed it was considered that osteoblasts fused to form osteoclasts
which could subsequently dissociate to give osteogenic precursor cells. Transplantation
studies on the chorioallantoic membrane of fertilised avian eggs (Kahn & Simons 1975)
and the cure of rodent models of osteopetrosis by the infusion of marrow or spleen cells
from healthy littermates (Walker 1975) changed this dogma. The essential finding of
these experiments was that the precursors of the osteoclast could travel via blood to an
area where needed, whereas the osteoblast arose from local precursors.

Much intensive study has followed to try and pin-point the exact origin of the
osteoclast. Accepting the precursor to be a mononuclear cell that originates in the bone
marrow or other haematopoetic organ and migrates to bone via vascualar routes, many
workers consider it to derive from the monocyte/macrophage lineage, the most likely
stem cell being the CFU-GM (colony forming unit of the granulocyte-macrophage
lineage). Others have argued that the inability of the osteoclast to express leukocyte
antigens, indicative of a separate cell lineage (Horton et al 1985). Following the
generally accepted view, the CFU-GM progenitor arises from the multipotential hae-
matopoietic stem cell (CFU-S) (Ibbotson et al 1984). The next step along the differen-
tiation pathway is the formation of the non-committed early progenitor which has been
defined as a proliferating poorly adherent, non-specific esterase positive, immature

mononuclear phagocyte (Burger et al 1982). These cells then follow a committed
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osteoclast-specific differentiation pathway and are seeded to bone via blood (Kahn et al
1981). Once within the vicinity of bone there is the further differentiation of the
precursor cell to the "preosteoclast” (Burger et al 1982). This cell is still mononuclear
and shows the organelles necessary for intense protein synthesis and storage. Enzymati-
cally, the cell does not express the osteoblast marker, alkaline phosphatase or the
monocyte/macrophage product, peroxidase, but it does contain TRAP (Ejiri 1983).
Osteoclasts also share an enzyme marker: non-specific esterase, with the mono-
cyte/macrohage lineage, again aquired at the preosteoclast stage (Ries 1984). Approach-
ing maturity, the plasma membrane of the preosteoblast ruffles, as the cell migrates to
near the bone surface. It is as the osteoclast attatches to bone that workers think that the
mononuclear precursors fuse to give the polykaryon, mature osteoclast (Baron et al
1986).

In vivo and in vitro studies have produced a range of compounds which affect this
differentiation pathway. Early cell development through CFU-GM to the non-commit-
ted early progenitor is stimulated by several colony stimulating factors (MacDonald et
al 1986) and IL-3 (Scheven et al 1986); and antagonised by Y-interferon (Takahashi et
al 1986a). Cytokines also help to control differentiation to the osteoclast progenitor:
Transforming growth factor-o (TGF) (Takahashi et al 1986b) and Epidermal growth
factor (EGF) (Lorenzo et al 1986) enhance proliferation of the non-committed progenitor
precursors, whereas TGFp inhibits osteoclast formation in vitro and completely counter-
acts the effects of TGFow (Chenu et al 1987). PTH and the other major calciotropic
hormone, 1,25 (OH)2vitamin D3, appear to promote the preosteoclast to the osteoclast
(MacDonald et al 1987). The prostaglandin, PGE2, acts similarily (Rifkin 1980), as does

the cytokine IL-1 (Gowen & Mundy 1986), Tumour necrosis factor-o. (TNFa) and TNFb
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(Takahashi et al 1986b). The further differentiation of the committed osteoclast precur-
sor is inhibitted by calcitonin (Ibbotson et al 1984), a-interferon (Gowen & Mundy
1986), hydrocortisone (Ibbotson et al 1984) and bisphosphonates (Hughes et al 1989).
Much of this work has been done in the human marrow system in which cells with
many of the characteristics of osteoclasts form in long-term culture (MacDonald et al
1987). There is however uncertainty as to the osteoclastic nature of these cells and some
workers considering them to be macrophage polykaryons (Hattersley & Chambers

1989).

Osteoclast function

The mature osteoclast is in contact with the bone in the region of the ruffled border,
sealed by the area termed the "clear zone" (Holtrop et al 1974). To reach bone the
osteoclast must first overcome the barrier of the bone-lining cells, which have been
resting there since the last deposition of calcified matrix. Thus the primary requirement
of the osteoclast is the exposed bone surface and this is realised by the bone-lining cells
peeling away. The trigger for this is presumably passed to the osteoclast which stretches
out a specialised arm of the plasma membrane called a "podosome", down between the
cells to the bone drawing the rest of the cell with it (Zambonin-Zallone et al 1984). The
osteoclast binding must be under some sort of induction because the exposed area is
covered by unmineralised matrix, the osteoid, which the osteoclast is thought not to fully
recognise. This role as a second barrier is hypothetical, as the osteoid layer, as seen by
S.E.M. has only been identified in foetal and actively remodelling woven bone and
cannot be identified in adult lamellar bone. The osteoclast once engaged to the miner-

alized matrix can begin to resorb bone.
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Meehati | :

The resorption of bone is achieved by the dissolution of the ionic component and the
breakdo@n of the protein. The compartment formed by the sealed ruffled border is
acidified to pH 4-5 (Baron et al 1985). The hydrogen ions are generated in the cell by
the enzyme, carbonic hydrase Type II, and then moved to the specialised extracellular
space by proton pumps. Disease states, such as an inherited osteopetrosis, in which there
is a deficiency of the carbonic-anhydrase Type Il isoenzyme, show the neccessity for
competent osteoclasts in bone remodelling (Sly et al 1983). It is in this way that the
demineralization of the matrix is achieved although it is possible that other mechanisms
may be employed.

This extracellular acidic space provides an environment that is optimal for the
lysosomal enzymes responsible for proteolytic digestion of the bone matrix. Many
workers now consider the endocytosis of matrix for further digestion inside osteoclast
phagolysosomes not necessary for the resorption of organic matrix. The major lysoso-
mal enzymes responsible for the breakdown of the collagenous part of the matrix are the
cysteine-proteinases, including cathepsin L, B and N. The importance of these enzymes
has been underlined by experiments both in vitro (Delaisse et al 1980) and in vivo
(Delaisse et al 1984), which have demonstrated a reduction of bone resorption using
inhibitors of cysteine-proteases.

The role for a specific neutral collagenase is less clear. It is released from explanted
bone in culture but is not stock-piled like the lysosomal enzymes. It is secreted in the
zymogen form, procollagenase, soon after its synthesis within the cell, and activated by
limited proteolysis (Vaes 1972). Procollagenase production is enhanced under the action

of bone-resorbing agents yet remains unaffected by inhibitors of resorption. This and
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the failure to demonstrate immuncytochemically, collagenase production by osteoclasts
in situ (Sakamoto S. & Sakamoto M. 1982), led to other candidates for its synthesis to
be considered. This was supported by the fact that specific inhibitors of the collagenases
had no effect on resorption by isolated osteoclasts (Delaisse et al 1987). Osteoblasts
now seem to be the site of active synthesis (Sakamoto s. & Sakamoto, M. 1982) and are
hence producing a polypeptide, pivotal in resorption and again illustrates their central
role in the control of bone remodelling.

During resorption significant amounts of calcium are released into the sealed zone,
which then enters the osteoclast via specific channels. Elevated intracellular levels of
calcium have been shown to inhibit podosome formation and hence loosen the osteoclasts

"grip" on the bone surface (Teti et al 1989).

TR L e

There are many factors which affect the action of osteoclasts. Some act directly on
the osteoclast or its precursors, others on the osteoblast and its progenitors.

(a) Systemic hormones:

1,25-dihydroxyvitamin D3 - It is the osteoblasts that are the target for this hormone.
The nature of the stimulatory effect on mature osteoclasts is thought to be via osteoblasts
which produce a soluble factor which has been termed, osteoclast resorption stimulatory
activity (O.R.S.A.) (McSheehy & Chambers 1987). Others facets of 1,25-vitamin D3
action include 2 immunoregulatory function which may indirectly affect bone resorption
(Vaes 1988).

Parathyroid hormone (PTH) - A polypeptide hormone known to stimulate bone

resorption yet, PTH receptors have not been demonstrated on mature osteoclasts and so
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the action of this hormone is again considered to be mediated by the osteoblast (which
do show receptors)(McSheehy & Chambers 1986). The activity of PTH is mimicked by
the N-terminal fragment (1-34) of the PTHrP molecule. More recently however, residues
107-139 of PTHrP (a possible proteolytic cleavage product) have been shown to act
directly on osteoclasts inhibiting resorption in vitro and reducing rat osteoclast spreading
(Fenton et al 1991).

Calcitonin - a peptide hormone that is a potent, but transient, inhibitor of osteoclast
activity. It is for this reason that its beneficial effects in relieving the symptoms of
hypercalcaemia and Pagets disease are often short-lived. Calcitonin acts directly on the
osteoclast itself and has a striking morphologicél effect causing a charateristic contrac-
tion of the plasma membrane, which is thought to be mediated by cAMP (Chambers &
Magnus 1982).

(b) Local factors:

As resorption of bone occurs in distinct "packets” within bone, itis considered that
the action of systemic hormones is in concert with factors generated and acting within
this unique microenvironment.

Interleukin-1 - Both interleukin 1 o and B have similar positive effects on mature
osteoclasts. Their action mediated through the same receptor, is again thought to be
indirect, channeled through another cell-type, possibly bone-lining (Thomson et al
1986).

Tumour Necrosis Factors o (cachectin) and B (lymphotoxin) - Both molecules are
functionally similar to IL-1 and hence have analogous effects on bone. Lymphotoxin is
released by activated T-lymphocytes and TNF by activated macrophages (Bertolini et al

1986).
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y-interferon - Again produced by activated T-lymphocytes, this multi-functional
lymphokine inhibits bone resorption by osteoclasts. It appears to prevent differentiation
of the committed precursors to the mature cells (Gowen & Mundy 1986).

TGEP - Another multifunctional peptide, which can be sequestered into the bone-
matrix and hence liberated during resorption. Its action on mature osteoclasts is
inhibitory, which it appears to achieve by decreasing superoxide production and reducing
TRAP levels in the cells (Oreffo et al 1989).

Vitamin A - This fat soluble vitamin is thought to act directly on the osteoclast and
stimulates its resorptive activity. The condition known as hypervitaminosis A leads to
severe hypercalcaemia (Fell & Mellanby 1952), yet its physiological significance is still
little understood.

TGFa, and EGF - are both powerful stimulators of resorption, acting not only on
pre-osteoclasts (Takahashi et al 1986) but also on the osteoclasts themselves (Stern et al
1985). The actions of these factors are closely linked because their signal transduction
is through the same EGF receptor, though TGF is more potent. TGFo is produced by
many tumours and is likely involved in increased bone resorption associated with some
types of cancer.

Neutral phosphate - This is a useful form of treatment in cases such as cancer or
primary hyperparathyroidism, reducing serum calcium. It acts directly on osteoclasts
inhibiting their function but its exact action is unclear (Raisz & Niemann 1969).

Prostaglandins - These have complex actions on bone resorption which appears very
species dependent. Prostaglandins of the E series stimulate resorption in organ culture,
an action which in mouse gives it a role as mediator for other bone resorbing agents and

growth factors (Fuller & Chambers 1990, Mundy 1991).
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Thyroid hormones - Thyroxine and triiodothyronine enhance organ culture bone
resorption, but again their precise mode of action is unknown (Mundy et al 1976).

Glucocorticoids - They inhibit bone resorption in organ culture, their efficacy
depenedent upon the resorption stimulator. PTH induced resorption is less well acted
upon than cytokine (IL-1) enhanced activity. Using disaggregated osteoclasts glucocor-
ticoids have been found to impair both bone resorption and osteoclast viability, leading
to the conclusion that the effect is directly on the cell. The in vivo action of glucocorti-
coids on bone is indirect. Preventing calcium absorption from the gut activates the
parathyroid gland, leading to secondary hyperparathroidism and a generalised increase
in osteoclastic bone resorption (Vaes 1988). |

Oestrogens - In the 10 years following menopause it is apparent that a lack of
oestrogen is one of the facors which can lead to osteoporosis (Lindsay et al 1980).

Pharmacological agents - Plicamycin (formerly Mithramycin), Gallium nitrate and
the bisphosphonates are all potent inhibitors of bone resorption, however the exact

mechanism of action is not known (Vaes 1988).

1.3 BONE REMODELLING

It is the concerted action of the cells of bone which allows the physically rigid mass
of calcified extracellular matrix to interact with its environment. When viewed as a
histological section, an electron-dense, collagen-free boundary, termed the "cement line"
can be seen bounding a distinct area of bone. This represents a discrete "packet” of bone
which has been made at a different time from those surrounding it. The average lifespan,
dependent upon the ammount of local remodelling, of an individual unit is about 2-3

years in adult man.
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1.3.1 The remodelling unit

In man, the characteristic remodelling unit is the secondary osteon or the Haversian
system which is a cylinder of bone about 200pum in diameter. It has at its centre a canal
40pum wide containing blood vessels, lymphatics, nerves and connective tissue all in
continuum with those of the marrow and periosteum. The cylinder follows the long axis
of bone for approximately 2.5mm and is inter-connected to other osteons by transverse
Volkmans canals. The unit consists of concentric lamellae of bone about 7um thick,
between which are the osteocytes arranged such that their radial projections allow them
to communicate with other osteocytes two or three lamellae distant. The Haversian
system consitutes about two-thirds of the mass of cortical-bone volume, a proportion
which decreases with increasing age.

In trabecular bone, the remodelling unit is considered to be an area of matrix
coin-shaped, 600um in radius and about 50pm deep. As in cortical bone there is a

lamellar structure with a similar distribution of osteocytes and their cannaliculi.

1.3.2 The cellular aspect of remodelling

The primary event must be an activation step where the osteoclast precursors are
presumably recruited, allowed to maturate and fulfill their potential by resorbing a
quantum of bone. Following the excavation of lacunae there is osteoblastic differentia-
tion and subsequent deposition of an amount of bone equal to that resorbed. This path
of cellular events is highly ordered and preserved throughout the adult skeleton at
endosteal surfaces of trabecular and cortical bone, and within Haversian systems. Baron
(1983) subdivided the sequence of events to include a "reversal phase" between resorp-

tion and formation. He postulates that during this period, the Howships lacunae becomes
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populated with mononucleate cells which may be responsible for the modifications to
the bone surface associated with the cement line. It could indeed be these events which
link resorption to the subsequent formation of bone (Baron et al 1983)

The length of time of these remodelling events varies from approximately three
months at Haversian surfaces to two months at trabecular-endosteal surfaces.

Even though each site or remodelling is physically distinct there is at any one point
in time of the normal adult life a net balance between resorpion and deposition of bone.

Consequently the skeletal mass remains constant.

1.3.3 Coupling

The way in which the cells of bone contrive to remodel throughout the skeleton is
termed "coupling". When there is bone balance over a period of time this means that at
geographically distinct sites throughout the skeleton the balance of resorption is equi\}a-
lent to deposition of bone. The centre of this concept is that soluble factors mediate
cellular interaction.

Systemic hormones undoubtedly have a role in skeletal homeostasis but it is
impossible to conceive how these molecules could coordinate the events at individual
remodelling units each at a different point in the remodelling cycle. Theirrole is thought
to be to control the frequency of initiation of new sites of remodelling throughout the
skeleton. More likely candidates for controlling the remodelling unit are the cytokines.

The generation site of these regulatory compounds could be any of the many cell
types in the vicinity, including the osteoclast itself, or alternatively the resorbed matrix.

The exact identity of the coupling agents are unknown, but in all probability, as
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successful remodelling is dependant on complex interactions of many factors, it will not
be one single molecule.

It has been tempting to speculate a role for interleukin-1 as it is a potent stimulator
of bone resorption and known to promote recruitment of osteoblast precursors. TGFB
is sequestered to bone during mineralization and released in an active form following
resorption (Oreffo et al 1989). It has powerful effects on osteoblasts, inhibits bone
resorption in cultures of fetal rat long bones and inhibits the formation of cells with
osteoclast characteristics.

Many workers however, consider that the time lag between resorption and minerali-
zation indicative of the signal not being gcncratcd by the osteoclast or solubilised matrix
factors but by some change occuring during reversal at the cememt line. Alternatively,
osteoblasts under the control of bone resorbing agents, could produce proteolytic
enzymes, like plasminogen activator (PA). Their action on the bone surface could
"prime" it for successful resorption by osteoclasts. Retinoids, PTH, 1,25-dihydroxyvi-
tamin D3 and IL-1 have all been shown to stimulate PA production by osteoblast-like
cells (Hamilton et al 1985). This could include the binding of growth-factors to exposed
matix, hence limiting the site of local involvement.

It is thought that the breakdown of coupling is the primary event in pathogenesis of

many disease states, such as post-menopausal and senile 0Steoporosis.

1.4 PAGET’S DISEASE OF BONE
Paget’s disease of bone is a remodelling disorder which is characterised by height-
ened localised osteoclast activity accompanied by associated osteoblast function. This

causes the deposition of woven bone which is much expanded, highly vascular and much




















































































































































































































































































































































































































































































































































































