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ABSTRACT

This thesis encompasses two separate aspects of the biology of 
osteoclasts. Firstly, proteins were purified from bone matrix that modulate 

osteoclast formation and function. The effects of two of the most abundant growth 

factors insulin-like growth factors-l (IGF-I) and -II (IGF-II) on osteoclast 
differentiation and function were also studied. The aim of the second area of 
research was to determine the roles of individual members of the cysteine 

proteinase (CP) and matrix metalloproteinase (MMP) family on bone resorption 

using selective enzyme inhibitors.
Bone matrix is a rich source of polypeptide growth factors and evidence 

suggests that osteoclasts do not mature functionally until they reach bone. Since 

bone resorption occurs at discrete sites throughout the skeleton, it is likely that an 

osteoclast activating factor(s) could be sequestrated in bone matrix where it may 

regulate osteoclast formation from haemopoietic precursors.
Matrix proteins were extracted from bovine cortical bone with EDTA/Tris- 

HGI under non-dissociative conditions at neutral pH. Four distinct bone resorptive 

proteins of 14, 25, 29, and 40 kDa were purified and partially characterized using 

an in vitro neonatal calvarial assay. The 14 and 25 kDa proteins possessed 

insulin-like growth factor (IGF) and transforming growth factor-6 activity 

respectively, whilst the 40 kDa protein enhanced the formation of osteoclast-like 

cells in a mouse bone marrow àssay. The 29 kDa protein stimulated bone 

resorption in an isolated osteoclast assay, suggesting a direct action on 

osteoclasts. This is the first report of (i) a protein isolated from bone matrix that 
stimulates osteoclast differentiation and (ii) a protein that directly stimulates 

osteoclast function.
IGF-I and -II were found to enhance both osteoclast differentiation and 

function but they were less effective than 1,25 Dihydroxyvitamin D3. The 

stimulatory effects of IGFs on osteoclast activity were mediated via an interaction 

with the type I IGF receptor present on osteoblastic cells.
Osteoclasts solubilize mineralized bone by means of acid pH generation 

and proteinase action, notably enzymes of the métallo and cysteine classes. To 

determine the roles and sites of action of the individual proteinases in bone 

resorption both natural and synthetic enzyme inhibitors were utilized.
Four CP inactivators were tested: Ep475, a compound with low membrane 

permeabilty that selectively inhibits cathepsins B,L,S and calpain; Ep453, the 

membrane permeant prodrug of Ep475; CA074, a compound with low membrane 

permeability that selectively inactivates cathepsin B; and CA074Me, the 

membrane permeant prodrug of CA074. Ep475, Ep453 and CA074Me inhibited



both calvarial and osteoclast lacunar resorption, whilst CA074 was without effect. 
These results suggest that cathepsin L and/or S act extracellularly and possibly 

intracellularly whilst cathepsin B acts intracellularly perhaps through the activation 

of other proteinases involved in bone collagen degradation.
Six MMP inhibitors were used: initially the tissue inhibitors of metalloproteinases 

(TIMP) -1 and -2 were tested followed by four synthetic inhibitors. These were 

CT435, a general MMP inhibitor; CT543 and CT1166, compounds that are 

concentration dependent selective inhibitors of gelatinases-A and -B; and Ro 31- 
7467, a concentration-dependent selective inhibitor of collagenase. All the 

compounds produced a dose-dependent inhibition in calvarial bone resorption. 
However, CT1166 and CT543 only produced a 40% inhibition and Ro 31-7467 a 

50% inhibition at concentration selective for the inhibition of gelatinase and 

collagenase respectively. The compounds also produced a partial reduction in the 

resorptive activity of interleukin-1 -stimulated osteoclast cultures.
Immunofluoresence studies demonstrated that rabbit osteoclasts 

synthesize gelatinases-A and -B, collagenase, stromelysin and tissue inhibitor of 
metalloproteinases-1. Human recombinant TIMP-1 and TIMP-2 were as effective 

at preventing calvarial bone reorption as the synthetic MMP inhibitors. It is 

suggested that the MMPs are produced by osteoclasts and participate with the 

CPs in osteoclast lacunar resorption.
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Chapter 1 : Introduction

CHAPTER 1.

GENERAL INTRODUCTION

Bone is a highly specialized form of connective tissue the functions of which are 

(a) structural, providing a rigid internal skeleton due to the tensile strength of collagen 

and the compressive strength of hydroxyapatite and (b) physiological, playing a 

role in calcium and phosphate homeostasis.
At the macroscopic level there are two major forms of bone; compact or 

cortical bone, and trabecular, or cancellous bone. The former is found in the 

diaphyses of the long bones, which surround the marrow cavities whilst spongy 

bone is limited to the metaphyseal region of long bones and within the confines of 
the flat bones and vertebrae. Cortical bone appears dense with smooth periosteal 
and endosteal surfaces. The cancellous bone comprises networks of fine 

interlacing bone spicules, known as trabeculae giving it a spongy appearance. The 

trabeculae follow a definite pattern dictated by the mechanical stresses placed 

upon the bone in situ.
At the microscopic level two bone types can be distinguished: woven and 

lamellar. Woven bone is the first to appear in embryonic development or in the 

repair of fractures, it is composed of loosely and randomly arranged coarse 

collagen bundles. It is usually more cellular, and the osteocytes which lie in 

lacunae are large and irregular in shape and size. Immature bone is usually 

replaced by lamellar bone. The latter bone is characterized by a highly ordered 

arrangement of both its collagen bundles and cells. Lamellar bone is laid down in 

concentric layers on the periosteal and endosteal surfaces. Internal to the lamellar 
bone, Haversian systems predominate. The blood vessels that nourish bone run in 

the canals of the Haversian systems and these are surrounded by a number of 
osteocytes which communicate with each other through cytoplasmic processes 

within canaliculi. The surfaces of bone are covered with non-mineralized layers of 
connective tissue called periosteum on the external surface and endosteum on the 

internal surface i.e. lining both the marrow cavities and Haversian canals.
Bone consists of cells and extracellular matrix, the latter comprising a 

mineral phase (65%) lying in juxtaposition to organic matrix (35%; Le Gros Clark, 
1975). The inorganic components are mainly calcium and phosphate in the form of 
hydroxyapatite crystals. The organic matrix consists almost entirely of type I 
collagen although several other collagen types are associated with the type I fibrils 

i.e. types V,VI, VI I,VI11 and XII (Sandberg, 1991). Minor constituents of the organic 

matrix of bone include small proteoglycans, osteonectin, osteocalcin, phosphopro- 
-teins and thrombospondin (Heinegard and Oldberg, 1989). Osteonectin a protein

11



Chapter 1 : Introduction

of 33 KDa is the most abundant non-collagenous organic component of bone. It 
may have a role to play in the mineralization process since it binds calcium 

(Bolander et al., 1988). Osteocalcin a 5.8 KDa protein is secreted by osteoblasts, 
odontoblasts and chondrocytes (Owen et al., 1990; Li an et a!., 1993). Osteocalcin 

binds tightly to hydoxyapatite via carboxy g I utam i c acid residues and may 

regulate crystal growth. Osteopontin and bone sialoprotein are phosphorylated 

calcium binding proteins of 32 and 33 KDa respectively. They contain the 

tripeptide sequences Arg-Gly-Asp (ROD) typically found in proteins with cell 
binding properties via a class of receptors known as integrins (Hynes, 1992). 
Osteopontin synthesis is stimulated by the bone resorptive hormone 1,25 

dihydroxyvitamin D3 (Oldeberg et al., 1989) and osteopontin may assist in the 

resorptive process by anchoring osteoclasts to bone via vitronectin receptors 

(Reinholt ef a/., 1990).
There are four different types of cells in bone. Osteoblasts, lining cells and 

osteoclasts are present on bone surfaces and osteocytes in the interior. 
Osteoclast progenitors are mononuclear cells which arise in haemopoietic tissue 

and travel to the bone microenvironment via the circulation, where they 

differentiate and fuse to form osteoclasts. Osteoblasts, lining cells and osteocytes 

are derived from local mesenchymal cells called osteoprogenitor cells (Marks and 

Popoff, 1988).
Osteoblasts are plump lining cells characteristically found in a layer one cell 

thick closely applied to the surface of developing bone, or in Haversian systems, 
the site of bone remodelling. The active osteoblast is columnar in shape (20-30 

/L/m) with the nucleus at the opposing end of the cell to the bone surface. 
Osteoblasts are characterized by extensive rough endoplasmic reticulum (RER) 
and mitochondria whilst the Golgi apparatus is poorly developed (Scott, 1967).
The cell displays an irregular contour due to the large number of cytoplasmic 

processes that terminate on the bone surface (Scott, 1967) or penetrate the 

osteoid layer (Dudley and Spiro, 1961). Osteoblasts synthesize and secrete type I 
collagen, proteoglycan, cytokines such as transforming growth factor and 

glycoproteins into a region of unmineralized matrix (osteoid) between the cell body 

and mineralized matrix. Some active osteoblasts become surrounded by matrix 
and are then transformed into osteoid osteocytes.

The osteocyte is the most numerous cell type of bone. Baud (1966) 
estimated that there are approximately 26,000 osteocytes per mm^ of bone. 
Osteocytes are almost indistinguishable from osteoblasts from which they are 

derived. In mature lamellar bone the osteocytes are flattened, ovoid and evenly 

spaced. Osteocytes embedded deep within bone are less active than the more 

superficial ones as evidenced by a reduction in mitochondria, RER and Golgi

12



Chapter 1 : Introduction

apparatus. The osteocytes lie within separate lacunae within the bone and their 
network of interlacing processes pass through the bone in small canaliculi. This 

extensive syncytium facilitates communication between the osteocytes and cells 

lining the bone surface.
Osteoclasts are the principal resorptive cells of the skeleton being typically 

large (up to 200,000 ^m^) and multinucleate (2-100 nuclei). Transmission electron 

micrographs show osteoclasts to possess several distinctive features (Holtrop and 

King, 1977). They have an extensive Golgi apparatus but little endoplasmic 

reticulum. There are many mitochondria and lysosomes but few ribosomes. 
Osteoclasts are usually found closely apposed to bone surfaces. The cell creates 

an acidic environment adjacent to the bone surface by which mineral dissolution 

occurs. This results in the formation of small areas of resorption called Howship's 

lacunae. The cell surface associated with bone has several distinctive features; 
the plasma membrane is apposed tightly onto the bone surface and adjacent to it 
the cytoplasm is seen to be free of organelles but rich in actin filaments; this is 

termed the clear zone. Immunofluorescent microscopy has shown the presence of 
microfilament-associated proteins such as vinculin, actinin and fimbrin protruding 

from the cell onto its substratum (Marchisio et al., 1984). Between clear zones the 

cell membrane is highly invaginated and many cytoplasmic projections are formed 

with narrow channels passing between them. This is the so-called ruffled border, 
the resorbing apparatus of the cell. It represents an extensive area of cell surface 

where secretion of enzymes and uptake of matrix components occcurs. The clear 
zone encircles the ruffled border completely so that the site of resorption is 

isolated and localized. Osteoclasts are highly motile cells, with their cytoplasm 

advancing behind broad pseudopodial processes (Chambers and Magnus, 1982).
Bone lining cells are flat, thin, elongated cells covering most bone surfaces 

in the adult skeleton. They have few organelles, are inactive and joined to each 

other and neighbouring osteocytes by gap junctions. Little is known of their 
function although they may be a source of osteoblast progenitors, serve as a 

selective barrier between bone and osteoclasts, and/or regulate crystal growth in 

bone. Periosteal osteoblasts are responsible for appositional growth of bone. In 

mature bone they are called osteoprogenitor cells and are normally inactive 

although they can become active for instance during fracture callus formation.

The aims of the current study are to determine (a) the effects of bone matrix 

derived polypeptides on osteoclast differentiation and function and (b) assess the 

roles of the matrix métallo- and cysteine proteinases in bone reorption. Therefore 

the remainder of this review provides the pertinent background information on the 

modulation of bone resorption.
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Chapter 1 : Introduction

Osteoclast Formation
It is now generally accepted that osteoclasts originate from haemopoietic 

precursors. Firstly, experiments with parabiotic rodents have demonstrated 

osteoclast formation from circulating cells in fracture callus (Gothlin and Erickson, 
1973) and reversal of osteopetrosis in mice by parabiotic union with normal 
siblings (Walker, 1973). Secondly, transplantation of haemopoietic tissue into 

lethally irradiated recipients (Walker, 1975a and b) and ia osteopetrotic rats 

(Marks, 1976) cured their resorptive defects. Thirdly, quail-chick chimera studies, 
where embryonic bone rudiments were grafted onto the chorioallantoic membrane 

demonstrated recruitment of host-derived cells (Kahn and Simmons, 1975; 
Jotereau and Le Dourain, 1978; Simmons and Kahn, 1979). Fourthly, transplanta- 
-tion of cells containing markers showed that osteopetrosis was cured by 

formation of donor derived osteoclasts rather than the transplanted cells releasing 

a factor which permitted normal differentiation of osteopetrotic osteoclasts (Coccia 

et al., 1980; Sorell et a!., 1981).Finally, the formation of osteoclasts from 

haemopoietic stem cell populations confirmed their haemopoietic origin (Scheven 

eta!., 1986; Hagenaars eta!., 1989).
There is strong evidence to suggest that osteoclasts form by fusion of 

mononuclear precursors rather than mitotic division of nuclei (Young, 1962; 
Feldman et a!., 1980; Baron and Vignery, 1981 ; Ibbotson et a!., 1984; MacDonald 
et a/., 1986a). The precise identity of the mononuclear progenitor has not been 

established. Based upon the following evidence it is believed that the initial 
pathway of differentiation for osteoclasts is identical to the mononuclear 
phagocyte (MNP; monocyte/macrophage) lineage but diverges from it during the 

latter stages of differentiation. The classic experiments of Fischman and Hay 

(1962) showed the formation of osteoclasts from labelled leucocytes in 

regenerating newt limbs and Jee and Nolan (1963) found that osteoclasts 

contained charcoal particles once they had been ingested by macrophages. The 

infusion of ^H-thymidine labelled peripheral blood monocytes into syngeneic 

recipients resulted in the formation of osteoclasts with the same label (Tinkler et 
a!., 1981a) and monocytes have been shown to fuse with purified osteoclasts in 

vitro (Zambonin-Zallone, 1984). More recently Burger et a!., (1984) reported that 
immature monocytes cultured with fetal bone rudiments formed osteoclasts in 

vitro.

There are certain functional and morphological similarities between 

osteoclasts and MNPs. Firstly, MNPs can digest devitalized bone powder in vitro 

(Teitelbaum et a!., 1979) and osteoclasts are capable of phagocytosis (Chambers,
1979). Secondly, several monoclonal antibodies have been found to cross-react 
with both monocytes and osteoclasts suggesting a common progenitor for these

14
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cells {Burmester ef a/., 1983; Oursler ef a/., 1985; Nijweide ef a/., 1985; Athanasou 

etal., 1986).
However several lines of evidence also suggest that osteoclasts are not 

derived from the MNP lineage. Firstly, monoclonal antibodies prepared against 
human osteoclastomas do not cross-react with monocytes/macrophages (Horton 

et al., 1985a). Secondly, osteoclasts fail to express many markers of mature 

monocytes/macrophages including Fc and C3b rceptors (Shapiro et a/., 1979; 
Boyde and Jones, 1987) and MHC class II determinants (HLA-DR), CD 11, CD 14, 
F4/80 (mouse), Mac-1 (Horton et a!., 1985b, 1985c). Thirdly, macrophages are 

incapable of restoring the reduction in osteoclast numbers induced by radiation 

(Anderson et a!., 1979) and although isolated osteoclasts form resorption lacunae 

on bone slices within a few hours (Chambers et a!., 1984c) macrophages 

/monocytes are without effect (Chambers and Horton, 1984a; Ali et a!., 1984). In 

addition calcitonin (CT)-receptors expressed in mammalian osteoclasts (Nicholson 

et a!., 1986) correlate with their resorptive activity (Hattersley and Chambers; 
1989a). CT receptors are also expressed by umbilical cord monocytes (Mbalaviele 

and de Vernejout, 1989) but CT is without effect on macrophage polykaryons 

(Chambers and Magnus, 1982; Takahashi etal., 1989).
Overall this evidence suggests that osteoclasts and monocytes/ 

macrophages may be derived from a common progenitor (Burger et al., 1982; 
Nijweide et al., 1986). The precise nature of the osteoclast stem cell in relation to 

the piuripotential haemopoietic stem cell (CFU-S) and osteoclast progenitor cells 

in relation to MNP progenitor cells remains unknown. It has been suggested that 
the osteoclast might derive from a lineage unrelated to the MNP lineage (Loutit 
and Nisbett, 1982; Chambers, 1989).

Mechanism of Bone Resorption
Although it has been suggested that osteoclastic bone resorption may be 

limited to mineral dissolution, activated osteoclasts are also capable of resorbing 

the organic matrix of bone, even if other cells co-operate in its removal (reviewed 

by Vaes, 1988). Bone resorption is accomplished through the formation by the 

osteoclast of a sealing zone of close adhesion between the osteoclast ruffled 

border and bone matrix. Special adhesive structures involving the vitronectin 

receptor (see later) on osteoclasts and RGD peptide sequence-containing bone 

matrix proteins are probably involved in this process (Zambonin-Zallone et al., 
1989). The resultant subosteoclastic resorption zone (SORZ) constitutes a 

microenvironment favourable for the local concentration of factors secreted by the 

osteoclast. These factors are responsible for resorbing the bone matrix within this 

microenvironment (Holtrop and King, 1977; Jones and Boyde, 1977).
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Mineral Dissolution
Vaes (1968) suggested that osteoclasts resorb the mineral phase of bone by 

acidifying an extracellular compartment, however, only recently has this been confirmed 

with the use of acridine orange (Baron at al., 1985; Green at a!., 1986; Anderson 

at a!., 1986). This fluorescent dye is a weak base, and its unprotonated form 

crosses biological membranes whilst the charged form accumulates in acidic 

compartments. Thus in organ cultures of bone, acridine orange is concentrated 

within the SORZ, suggesting that the osteoclast actively acidifies this 

compartment. Since osteoclasts detached from bone fail to stain with the dye, this 

supports an extracellular rather than intracellular accumulation (Baron at a/.,
1985). Furthermore osteoclast acidification is altered by agents influencing bone 

resorption, such as parathyroid hormone, PGEg, and CT (Anderson at a!., 1986). 
These studies have been supported by direct pH measurement within the SORZ 

indicating values of 4.5 to 4.8 (Silver at al., 1988) which returned toward neutrality 

under the action of calcitonin (Fallon, 1984). The mechanism of acidification of this 

extracellular compartment is currently under investigation. Baron at al. (1986) 
have indicated that the apical membrane at the 'ruffled border' shares common 

antigenic determinants with lysosomal membranes, including proton pumps that 
may result in the acidification of the SORZ. Whilst 3 separate proton pumps have 

been implicated in the acidification process, evidence suggests that a Na+-H+ 

exchange mechanism may also be involved (Hall and Chambers, 1990).
Regarding the proton pump, evidence suggests that a H+-ATPase is 

involved (Akiska and Gay, 1986) but the distinction between a plasma membrane 

(P-type) and vacuolar (V-type) type remains uncertain. Immunocytochemical 
studies have noted similarities between osteoclast pump(s) and gastric mucosal 
and kidney H+-K+-ATPase (Baron at al., 1986), but provided no distinction 

between a P or V-type pump. Although Parvinen at al. (1987) provided evidence 

for a membrane type H+-K+-ATPase, more recent immunocytochemical data 

suggests that a vacuolar K+-ATPase is involved (Ghiselli at al., 1987; Blair at al., 
1989). It has also been proposed that Na+-K+-ATPase is involved in the transport 
of protons against concentration gradients (Paradiso at a t, 1981). This hypothesis 

was supported by the finding that amiloride, which blocks Na+-K+-ATPase also 

prevents PTH-induced acidification in organ cultures (Anderson at al., 1986) and 

bone resorption by isolated osteoclasts (Hall and Chambers, 1989; 1990).
Whilst immunocytochemical data indicates the presence of a Na+-K+- 

ATPase in osteoclasts (Baron at al., 1986), the basolateral membrane contains a 

greater concentration of these pumps than the 'ruffled border' (Akisaka and Gay, 
1986; Baron, 1989). It's possible that the Na+-K+-ATPase may be involved in the 

transport of amino acids as well as degradation products in the basolateral
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membrane.
Finally, immunocytochemical studies have also demonstrated the presence 

of carbonic anhydrase in osteoclasts (Anderson et al., 1982; Karkukorpi, 1991) but 
not in osteoblasts (Vaananen, 1984). This enzyme has been localized to the 

plasma membrane of the 'ruffled border' (Anderson et a!., 1982) and it supplies 

H+ ions to the proton pump by catalyzing the conversion of CO2 to HCO3' and 

H+. The role of carbonic anhydrase in bone resorption has been confirmed by the 

use of inhibitors of the enzyme such as acetazolamide both in vivo (Kenny, 1985) 
and in vitro (Hall and Kenny, 1985; 1986).

Organic Matrix Degradation by Proteinase Activity
The degradation of the organic matrix follows the removal of mineral from 

bone. Proteolytic enzymes are released which are responsible for degrading the 

organic matrix which consists mainly of type I collagen. These enzymes are 

believed to belong to two major classes: cysteine endopeptidases (CPs) and 

matrix metalloproteinases (MMPs).

Lysosomal Cysteine Proteinases: These enzymes exhibit optimal activity at the 

pH that exists at the level of the subosteoclastic resorption zone and lysosomal 
enzymes are secreted at that level by osteoclasts (Baron et a/., 1985; 1988). 
Evidence supports the view that these osteoclast-derived lysosomal enzymes are 

involved in degrading the organic matrix of bone (Délaissé et a!., 1980, 1984) and 

this occurs at the level of the subosteoclastic resorption zone (Everts et al., 1988; 
1992). There are five distinct lysosomal CPs: cathepsin B,L,S,H, and N that are 

irreversibly denatured at pH values above 7.
Cathepsin B- This is the most abundant of the lysosomal CPs. It is capable of 
degrading collagen types I (Burleigh et al., 1974) II,IX and XI (Maciewicz et al., 
1991). The enzyme initially attacks the non-helical region of the type I collagen 

molecules, thus removing the cross-link. The helical portion of the molecule then 

becomes susceptible and is degraded to small peptides. The pH optimum for the 

degradation of soluble collagen is 4.5.
The biosynthesis of cathepsin B involves the conversion of the proenzyme 

(Chan et al., 1986) of Mr 36,000 to the mature 27,000 Mr form found in 

lysosomes. About 5% of the newly synthesized protein is secreted by fibroblasts in 

culture as the proenzyme (Hanewinkel etal., 1987). In contrast to the mature form 

of cathepsin B the proenzyme is stable at alkaline pH (Barrett, 1973).
Cathepsin L- This enzyme solubilizes insoluble type I collagen about 20 times 

more efficiently than does cathepsin B (Maciewicz et al., 1987). Although the pH 

optimum for this activity is 3.5, significant activity is still observed at pH 6. The
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action on collagen is qualitatively similar to that of cathepsin B, with the main 

effect being cleavage of the non-helical regions resulting in removal of the cross
links (Kirschke et al., 1982)

Cathepsin L is synthesized as a proenzyme, processed and delivered to the 

lysosome (Portnoy et a!., 1986). A proportion of the proenzyme may be secreted 

and is activated at pH 3.0. Similar to pro-cathepsin B, the presence of the 

propeptide confers stability on the protein at alkaline pH (Mason et a!., 1987) 
whilst the mature form of the enzyme is unstable at pH 7.0.
Cathepsin 8 - Cathepsin 3  was recently shown to be distinct from cathepsin L 

(Kirschke et a!., 1986). Until now it has only been detected in lymphoid tissue, 
kidney and lung (Kirschke et a/., 1989), but wider distribution for this enzyme 

seems likely. The specificity of cathepsin S is similar to but not identical with that 
of cathepsin L. Against insoluble type I collagen, however, it is only about one- 
third as active at pH 3.5 (Kirschke et a!., 1989), which is similar to cathepsin B. 
Cathepsin 8 differs from other lysosomal CPs in being much more stable at mildly 

alkaline pH. Only 10 percent of activity is lost following preincubation for 1 h at pH 

7.5 (Kirschke etal., 1989).
Cathepsin H- The human enzyme appears to have weak endopeptidase activity, 
with no action on collagen (Kirschke et al., 1980). The mature lysosomal form of 
cathepsin H may be more tolerant of alkaline pH than either cathepsin L or B 

(Schwartz and Barrett, 1980) with the enzyme retaining 20 percent of its activity at 
pH 7.5 for 60 min. Cathepsin H is synthesized as a proenzyme (Ishido etal., 1987) 
and is processed in the normal manner (Nishimura and Kato, 1987).
Cathepsin N- Less information is available on cathepsin N (Kirschke and Barrett, 
1987), however, the enzyme is active aginst type I collagen and gelatin 

(Maciewicz and Etherington, 1988).

Endogenous inhibitors of lysosomal CPs: The endogenous inhibitors of the 

lysosomal CPs are a2-macroglobulin (02-M) and members of the cystatin family.
Q2-M provides protection against inappropriate proteolysis in the bloodstream by 

irreversibly binding to CPs (Mason, 1989). The cystatin family consists of a large 

number of tight binding reversible inhibitors of lysosomal CPs. One of these 

cystatin C, which has been sequenced and cloned (Abrahamson et al., 1987) is a 

potent inhibitor of bone resorption in vitro (Lerner and Grubb, 1992).

Matrix Metalloproteinases: The matrix metalloproteinases (MMPs) are a
multigene family of enzymes that degrade the organic components of the 

extracellular matrix in a pericellular environment (Murphy and Reynolds, 1993). 
These enzymes are characterized by a zinc-binding catalytic motif HEXXH
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(Swann et al., 1981; Whitham et al., 1986). The best studied examples of MMPs 

are the collagenases, stromelysins, and gelatinases. These MMPs are secreted by 

cells as proenzymes that must be activated by proteolytic cleavage. Their activities 

are controlled, in part, by the tissue inhibitors of metalloproteinases (TIMPs). This 

is multigene family of which TIMP-1 (Docherty et al., 1985) and TIMP-2 (Stetler- 
Stevenson, 1990) are well characterized.
Collagenases- There are two members of the collagenase subclass that cleave 

fibrillar collagens: interstitial collagenase (MMP-1) and neutrophil collagenase 

(MMP-8). The protein cores of the two enzymes are of similar size, but neutrophil 
collagenase is more heavily glycosylated and has a larger Mr than interstitial 
collagenase (Mr 75,000 vs. 57,000).

The two collagenases differ markedly in terms of transcriptional regulation. 
Neutrophil collagenase is released instantly from granule storage sites of triggered 

neutrophils, in contrast interstitial collagenase is not stored in cells but produced 

on demand by initiating transcription of the gene (for instance by the action of 
growth factors or cytokines). The accumulation of the enzyme at the local site is 

delayed by 6 to 12 h.
Both enzymes have the distinctive ability to cleave a-chains of type I, II and 

III collagens at a single site, the Glyyys-lleyye or Glyyyg-Leuyyy bonds (Gross et 
al., 1974; Miller ef a/., 1976). This cleavage results in fragments of approximately 

three-quarters and one-quarter the length of the original molecule. Although these 

enzymes hydrolyze other substrates in addition to fibrillar collagens, the cleavage 

of intact, fibrillar collagens is specifically limited to these enzymes. Once the 

higher order structure is destroyed, however, many proteases, including other 
MMPs, can degrade the denatured collagen/gelatin substrate (reviewed by 

Birkedal-Hansen et ai., 1993). The two enzymes differ slightly in their specificity 

for fibrillar collagens; neutrophil collagenase has preference for type I collagen; 
while type III collagen is preferentially digested by interstitial collagenase (Mallya 

et a!., 1990). The expression of neutrophil collagenase is restricted to cells of the 

neutrophil lineage (Murphy ef a/., 1980; Hasty ef a/., 1990).
Interstitial collagenase is produced by a wider variety of cells that includes 

fibroblasts, kératinocytes (Lin et a/., 1987), endothelial cells (Moscatelli et a/.,
1980), monocytes and macrophages (Welgus et a/., 1985a), chondrocytes 

(Lefebvre et a!., 1990) and osteoblasts (Heath etal., 1984)
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TABLE 1

Main Subgroups of the Matrix Metalloproteinases

ENZYME Mr(kDa) 
Latent Active

SUBSTRATES

Interstitial collagenase 55 

MMP-1
45 Collagen types: 1,11,111, 

VII,X.
Gelatin (limited). 
Proteoglcan core 

protein (limited).

PMN collagenase 

MMP-8
75 58 Collagen types:!,II,III. 

Gelatin (limited). 
Proteoglycan core 

protein (limited).

Gelatinase A 

MMP-2
72 66 Collagen types: IV,V, 

VII,XI.
Gelatin,elastin and 

fibronectin.

Gelatinase B 

MMP-9
95 88 as for gelatinase A

Stromelysin 1 
MMP-3

57 48 Aggrecan, laminin, 
fibronectin, collagen 

types:lll,IV,V,IX. 
Gelatin (poor).

Stromelysin 2 

MMP-10
57 48 Collagen types:lll,IV,V. 

Fibronectin, gelatins.

Stromelysin 3 

MMP-11
51 44 Unknown

PUMP 28 19 Proteoglycan,gelatin, 
type IV collagen,elastin
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Gelatinases- Two gelatinases (type IV collagenases) have been identified, an Mr 
72,000 form, gelatinase-A (MMP-2), derived from mesenchymal cells (Murphy et 
a/., 1985; Collier at al., 1988; Murphy at a!., 1989a) and an Mr 95,000 form, 
gelatinase-B (MMP-9), associated with macrophages (Hibbs at a!., 1987; Wilhelm 

at a!., 1989) and neutrophils as well as some stimulated connective tissue cells, 
including osteoblasts and tumour cells (Murphy at a!., 1982; 1989b; Hibbs at a!., 
1985; Goldberg at a!., 1989; Meikle at a!., 1992).

The gelatinases are generally thought of as having substrate specificity for 
denatured collagens (gelatin) and intact, type IV collagen of basement 
membranes. Some reports suggest, however, that native type IV collagen is a 

poor substrate for these enzymes (Nagase at al., 1991). Type V collagen and 

elastin are also reported to be good substrates for these enzymes (Nagase at al., 
1991).
Stromelysins- The stromelysin group of MMPs includes two highly homologous 

enzymes, stromelysin-1 (MMP-3) and stomelysin-2 (MMP-10). A third smaller 
enzyme known as PUMP-1 (putative metalloproteinase-1) has been extracted 

from rat uterus (Woessner and Taplin, 1988) and is possible member of the 

stromelysin group with a truncated C-terminal (Quantin at al., 1989). Stromelysin-1 
is not widely expressed normally but can be readily induced by growth factors, 
cytokines, tumour promoters and oncogenes in cultured mesenchymal cells, such 

as fibroblasts, chondrocytes and osteoblasts (Chin at al,, 1985; Herron at al., 
1986; Meikle atal., 1992). Stromelysin-2 was originally cloned from human tumour 
samples (Muller at al., 1988) and is also expressed in macrophages (Welgus at 
al., 1990). The natural substrates of these enzymes appear to be proteoglycans 

and glycoproteins such as fibronectin and laminin. Type IV collagen is cleaved by 

the stromelysins in the globular, but not the helical domain (Nguyen at al., 1989; 
Fosang atal., 1991).

In vitro, stromelysin is required for efficient activation of trypsin- and 

plasmin-clipped collagenase (Murphy at al., 1987; Ito and Nagase, 1988) and can 

elicit a ten-fold increase in collagenase activity at a molar ratio of 1:100 (Murphy at 
al., 1992). Studies with cells that produce collagenase, but not stromelysin, in 

culture show that they are unable to degrade type I collagen films unless 

exogenous stromelysin is present (Murphy atal., 1992).
TIMPs- The MMPs can be inhibited by the broad spectrum serum inhibitor 02- 
macroglobulin and the TIMPs. TIMP-1 is an Mr 30,000 glycoprotein which is 

synthesized and secreted by most connective tissue cells (reviewed in Cawston,
1986) as well as macrophages (Welgus at al., 1985a). TIMP-2 is an Mr 22,000 

unglycosylated protein secreted by human melanoma and endothelial cells 

(Stetler-Stevenson, 1989a; DeClerck at al., 1989). The two proteins share a 40
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percent sequence identity and complete conservation of 6 disulphide bonds 

(Williamson et al., 1990). Both form a 1:1, high affinity (Kds ranging from 10'®M to 

1.4 X 10'''°}, essentially irreversible, non-covalent complexes with the activated 

forms of MMPs, such as collagenase and stromelysin (Welgus et a/., 1985b; 
Cawston, 1986). The TIMPs also appear to block precursor activation (DeClerck et 
a/., 1991; Howard et a!., 1991). TIMP-2 can also inhibit autoactivation of interstitial 
procollagenase whereas TIMP-1 cannot (DeCerck etal., 1991; Ward et al., 1991). 
TIMP-2 can found in a complex with progelatinase-A and prevents the 

autocatalysis of this enzyme also (Goldberg et al., 1989; Stetler-Stevenson et al.,
1989b) whilst TIMP-1 can bind to progelatinase-B.

The participation of the MMPs and in particular collagenase in bone 

resorption was initially suggested based on its specificity for type I collagen and its 

release from bones in culture (Vaes, 1980), Further support was provided by the 

findings that osteoblast-like cells produce collagenase, gelatinase and stromelysin 

in response to various agents that stimulate bone resorption (Heath et al., 1984; 
Sakamoto and Sakamoto, 1984; Rifas etal., 1989; Meikle etal., 1992). In addition 

synthetic inhibitors of MMPs prevent resorption (Délaissé etal., 1985).
Bone collagenase is secreted as a latent zymogen form, procollagenase (Vaes, 
1972a) and can be activated in vitro by a variety of proteinases including trypsin, 
plasmin, kallikrein and cathepsin B (Vaes, 1972b; Eeckhout and Vaes, 1977; 
Murphy et al., 1992). The mechanism of collagenase activation in vitro appears to 

involve the preliminary activation of another MMP prostromelysin (Murphy et al.,
1987), but the mechanism in vivo remains uncertain. Procollagenase entrapped in 

bone matrix may be activated during resorption by osteoclast-derived lysosomal 
enzymes such as cathepsin B or by plasmin generated from plasminogen by 

osteoblast-derived plasminogen activator (Eeckhout and Vaes, 1977).
Although collagenase is active at pH 6 its optimum action is exerted around pH 

7.5. Extracellularly the activity of the MMPs is regulated by TIMPs which are 

produced by many cell types including osteoblasts (Meikle et a /.,1992). TIMP-1 

has been shown to inhibit type I collagenolysis (Thomson et al., 1987a; 1989) and 

bone resorption by isolated rabbit osteoclasts (Shimizu etal., 1990).

Systemic Factors Influencing Osteoclast Activity

Parathyroid Hormone
The most extensively studied bone-resorbing hormone, parathyroid 

hormone (PTH) was shown to stimulate resorption in vivo (Barnicot, 1948) and in 

vitro (Raisz, 1965). Its resorbing effect requires the activation of existing
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osteoclasts (Holtrop et al., 1974) and the generation of new osteoclasts from 

precursors (Feldman et a!., 1980). It was originally suggested that PTH caused 

retraction of osteoblast lining cells allowing osteoclasts to gain access to the bone 

surface (Jones and Boyde, 1977). Subsequently, Rodan and Martin (1981) 
proposed that PTH may stimulate bone resorption by interacting with a receptor on 

osteoblasts rather than osteoclasts. This concept was supported by investigations 

with isolated osteoclasts (McSheehy and Chambers, 1986) and by the finding that 
osteoblast-like cells cultured with PTH release a macromolecular stimulator of 
bone resorption (Perry et al., 1987). More recently it has been shown that ^̂ 1̂- 
PTH binds preferentially to rat osteoblasts and not_to osteoclasts confirming the 

target cell for this hormone (Rouleau et a!., 1988). However, Agarwala and Gay 

(1992) have found specific binding of PTH to chick osteoclasts albeit at a 

concentration of 10’® M. The latter observation may be unique to avian osteo- 
-clasts reflecting differences in calcium homeostasis between mammals and birds.

PTH plays a role in calcium homeostasis by regulating the reabsorption of 
calcium by the kidney. Stimulation of bone resorption by PTH may be a longer- 
acting mechanism for maintaining extracellular fluid calcium.

1,25 Dihydoxyvitamin D3
1,25 dihydroxyvitamin D3 (1,25(OH)2D3) was shown to be a potent bone 

resorbing agent in vitro (Raisz et ai., 1972; Reynolds et ai., 1973) and in vivo 

(Reynolds et ai., 1976) . It was hypothesized from subsequent investigations that 
1 ,25(0H)2Ü3 induced bone resorption by stimulating the differentiation and fusion 

of osteoclast progenitors into mature osteoclasts (Abe et ai., 1983; 1984). This 

was confirmed when bone marrow cells cultured with 1,25(OH)2 D3 formed 

tartrate resistant acid phosphatase positive (TRAP+ve) osteoclast-like cells 

(Takahashi et ai., 1988a). These cells satisfied the major criteria of osteoclasts 

such as the possession of calcitonin (CT) receptors (Takahashi et ai., 1988b) and 

the ability to form numerous resorption lacunae on dentine slices (Sasaki et 
a/.,1989). Osteoblast-like cells within the bone marrow stromal cell population 

were shown to be responsible for inducing osteoclast differentiation. This evidence 

was provided from co-culture experiments involving haemopoietic spleen and 

osteoblast cells in the presence of 1,25(OH)2D3 (Takahashi et ai., 1988c; 
Udagawa et ai., 1989; Yamashita er ai., 1990). Subsequent co-culture studies 

demonstrated that cell-to-cell contact was required for osteoclast differentiation in 

response to 1,25(OH)2D3 (Sudaefa/., 1992).
1 ,25(0H)2D3 acts on cells of the osteoblast phenotype to produce several 

non-collagenous proteins, in particular bone G LA protein (BGP, osteocalcin; Price 

and Baukol, 1980) and matrix G LA protein (MGP; Fraser et ai., 1988). These are
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vitamin K-dependent proteins that are bound to the mineral phase of bone matrix 

(Heinegard and Oldberg, 1989). Osteocalcin may stimulate osteoclast 
development by chemotaxis of osteoclast progenitors (Lian et a/., 1984). 
Osteopontin (bone sialoprotein), a 44 KDa glycoprotein that contains the residues 

Arg(R)-Gly(G)-Asp(D) is released by osteoblasts in response to 1,25(OH)2D3 and 

is sequestered in bone matrix (Reinholt et a/.,1990). The vitronectin receptor 
expressed on the plasma membrane of osteoclasts recognises RGD sequences. 
Osteopontin may serve as an adhesion molecule between osteoclasts and bone, 
thereby facilitating the initiation of osteoclastic bone resorption.

Calcitonin
Calcitonin (CT) a 32 amino acid peptide is produced by the C-cells of the 

thyroid gland although neurons and cells of the immune system are capable of CT 

production. Calcitonin gene related peptide (CGRP), a 37 amino acid peptide is 

also produced by the thyroid C-cells and neurons (Deftos and Roos, 1989).
CT inhibits bone resorption in vitro (Reynolds et al., 1970; Friedman et al., 1968) 
and in vivo (Lucht, 1973) preventing both basal osteoclast activity and the bone 
resorbing effect of all known osteotropic factors. CT receptors have been 

demonstrated by autoradiography in osteoclasts in situ (Warshawsky et al., 1980) 
and in culture (Nicholson et al., 1986a) although avian cells fail to express the 

receptor (Nicholson etal., 1987).
The inhibitory effects of CT on bone resorption are transient (<24 h), a 

phenomenon called "escape" (Werner et al., 1972). The basis for this escape 

phenomenon may involve CT-receptor down regulation (Tashjian et al., 1978) or 
enhanced recruitment of osteoclast precursors (Klaushofer et al., 1989). In vitro,
CT exerts pronounced effects on osteoclasts such as retraction of cytoplasmic 

extensions, reduction of the ruffled border and reduced motility (Chambers and 

Magnus, 1982; Chambers and Moore, 1983; Ali et al., 1984; Chambers et al., 
1984a). Similar effects are found in organ culture (Holtrop et a/.,1974) and in vivo 

(Lucht, 1973) where CT also causes detachment of osteoclasts from bone 

surfaces (Kallio etal., 1972) and a reduction in their numbers (Baron and Vignery, 
1981 ; Hedlund et al., 1983). CT receptor binding activates cyclic adenosine 

monophosphate (cAMP) in osteoclasts, as demonstrated by immunocytochemistry 

(Nicholson et al., 1986b). This cyclic nucleotide seems to be involved in the 

inhibtion of osteoclast motility (Chambers and Ali, 1983) which may be due to 

cAMP induced phosphorylation of cytoskeletal elements since CT has been shown 

to alter the cytoskeleton of osteoclasts (Warshafsky et al., 1985).
Studies suggesting that CT may have an anabolic effect on bone formation 

(Baron and Saffar, 1977; Weiss et al., 1981) led to the demonstration of CT
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receptors on cells with the osteoblastic phenotype (Gutierrez et al., 1984; Forrest 
at a i,  1985). CT induces the replication of osteoblast-like cells with a concomittant 
increase in collagen synthesis (Morel at al., 1985; Farley at al., 1989). However 
the long term effects on bone formation may be due primarily to osteoclast 
inhibition.

Local Factors Influencing Osteoclast Activitv

Prostaglandins (PGs)
These are 20-carbon unsaturated fatty acids that are synthesized da novo 

from arachidonic acid present in cell membrane phospholipids. They are locally 

acting substances released through enzyme cascades that are likely sites for 
hormone action. Prostaglandins (PGs) were found to stimulate bone resorption in 

organ culture with PGE2 being the most potent (Tashjian at al., 1972; Dietrich at 
al., 1975; Raiszef a/., 1977; Tashjian, 1977). PGs increase osteoclast numbers in 

bone organ culture (Schelling at al., 1980) and enhance fusion of osteoclast 
precursors in bone marrow cultures (Ibbotson at al., 1984). PGs also increase 

osteoclast carbonic anhydrase levels (Hall and Kenny, 1985) and subosteoclastic 

acidity (Anderson atal., 1986).
PGs seem to have two effects on osteoclasts. Firstly, an initial transient 

inhibition of osteoclast activity (Ali and Chambers, 1983; Chambers and Ali, 1983; 
Chambers at al., 1984b; 1985c). Secondly, a more sustained enhancement of 
osteoclast bone resorption mediated indirectly by osteoblasts (Chambers at al., 
1984) and by increasing the fusion of osteoclast precursors (Fuller and Chambers, 
1989a). Prostaglandins also stimulate osteoclast formation in mouse marrow 

cultures by a mechanism involving cAMP (Akatsu atal., 1989a).

Interleukin-1
Interleukin-1 (IL-1) exists as two related proteins, IL-1a and IL-18 with Mrs 

of 17,500 and 17,300 respectively and with virtually identical actions on a wide 

range of tissues (March at al., 1985). IL-1 purified from monocytes was shown to 

stimulate bone resorption in organ culture (Gowen at al., 1983a and b) with 

endogenous prostaglandin production being partially responsible for mediating the 

effect of IL-1 (Heath at al., 1985). Amino-terminal sequencing of the OAF from 

monocytes showed identity with IL-18 and the recombinant cytokine was found to 

be the most potent resorbing agent so far described (Dewhirst at al., 1985). The 

effects of IL-1 on bone resorption were completely inhibited by CT (Gowen at al., 
1983b) and interferon gamma (IFNt; Gowen and Mundy, 1986). Studies with 

mature osteoclasts have shown that IL-1 only stimulates bone resorption in the
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presence of other cells, some of which are of the osteoblastic lineage (Thomson et 
a/., 1986). However IL-1 seems to have a more direct effect on osteoclasts by 

increasing their numbers as suggested initially from kinetic studies (Gowen and 

Mundy, 1986) and supported using a bone marrow culture system for osteoclast 
formation (Pfeilschifter et aL, 1989). In vivo studies have confirmed the resorptive 

effects of IL-1 and this is followed by a reparative phase of bone formation (Konig 

eta!., 1988; Boyce eta!., 1989).
Recently several classes of IL-1 receptors have been characterized. These 

include an 80 kDa receptor that is present in athymic lymphocytes, fibroblasts and 

cells of the stromal system (Hannum et a/., 1990; Eisenberg et a/., 1990). 
However, there is also a 60 kDa receptor class that is present in cells of the white 

blood series (Chizzonite et a!., 1989). A novel cytokine that competes with IL-1 for 
binding to both 80 and 60 kDa receptors has recently been cloned and expressed 

(Hannum et al., 1990; Carter et al., 1990). This cytokine inhibits many of the 

effects of IL-1 including bone resorption (Seckinger et al., 1990). Using a 

neutralizing antibody to the 80 kDa receptor Garrett et al. (1993) have shown that 
this receptor is responsible for mediating IL-1 induced bone resorption.

Tumour Necrosis Factor
Tumour necrosis factor (TNF) also exists as two forms TNFa and TN F8 

(lymphotoxin). Following their cloning and expression, both these cytokines were 

shown to stimulate bone resorption in organ culture systems (Bertolini etal., 1986) 
but were less potent than IL-1 (Stashenko et al., 1987). Like IL-1, TNF stimulates 

osteoclast formation in marrow cultures (Pfeilschifter et al, 1989) and requires 

other cells to mediate its resorptive effects on isolated osteoclasts (Thomson et 
al., 1987b).

lnter1eukin-6
Interleukin-6 (IL-6) is a glycoprotein of 23-38 KDa with heterogeneity of 

molecular weight due to post translational glycosylation. Cellular sources include 

osteoblasts, monocytes and several fibroblast derived cell lines (Van Damme et 
a/.,1987; Aarden et al., 1987). IL-6 is produced by osteoblasts, preferentially in 

response to local bone resorbing agents such as IL-1 and TNFa (Ishimi et al., 
1990; Littlewood et al., 1991). The role of IL-6 in bone resorption remains 

equivocal. Whilst Ishimi et al. (1990) reported a stimulation in neonatal mouse 

calvariae both alone and in concert with other bone resorbing agents , Al-Humidan 

et al. (1991) observed an inhibitory effect of IL-6 on osteotropic hormone- 
stimulated resorption. The later investigators suggested that IL-6 released during 

bone resorption may act as a negative feedback control to prevent excessive
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resorption.

I nterferon-Gam ma
Interferon-gamma (IFN-t) is one of a family of interferons which were 

originally described by their ability to inhibit viral replication. IFN-t inhibits both 

osteotropic (PTH and 1,25(OH)2D3 ) and cytokine (IL-1 and TNF) induced bone 

resorption (Gowen et al., 1986). The inhibition of bone resorption may include an 

effect to impair osteoclast formation (Takahashi etal., 1986a).

Leukemia inhibitory Factor
Leukemia inhibitory factor (LIF) is a single chain glycoprotein which has 

been isolated from medium conditioned by murine Krebs ascites tumour cells on 

the basis of its ability to promote differentiation and suppress proliferation of the 

murine myeloid leukemia cell line, H I (Gearing et al., 1987). Amino acid sequence 

analysis has revealed that LIF represents the same protein as differentiation- 
inducing factor (DIF; Abe et al., 1988), differentiation inhibitory activity (Smith et 
al., 1988) and cholinergic neuronal differentiation factor (Yamamori etal., 1989).

LIF has been shown to regulate cell growth and differentiation in a variety 

of tissues. Metcalf and Gearing (1989) have demonstrated marked changes in 

bone and calcium metabolism in mice bearing tumour cells which produce high 

circulating levels of LIF. These mice developed a dramatic increase in bone 

formation with some evidence of cortical bone resorption. LIF also increases 

osteoclast numbers and stimulates bone resorption in neonatal mouse calvaria by 

a mechanism involving PG production (Reid etal., 1990; Lowe etal., 1991).

Transforming Growth Factors
These are a family of polypeptide stimulators of cell growth and replication 

of which there are two types, transforming growth factor a and 8 (TGFa and 

TG F8). They are nonhomologous, encoded by different genes and have separate 

receptors. TGFa is a polypeptide of 5-7 KDa that binds to the receptor for 
epidermal growth factor (EGF; Carpenter et al., 1983). TGFa shares extensive 

sequence homology and biological properties with EGF (Marquardt et al., 1984). 
TGFa and EGF have not been isolated from skeletal tissue although they 

stimulate osteoclastic bone resorption and bone cell replication (Stern et al., 1985; 
Ibbotson et al., 1985). The effect of EGF and TGFa on bone resorption in neonatal 
mouse calvaria appear to be mediated via prostaglandin synthesis (Tashjian etal., 
1978; 1985). In addition, TGFa and EGF stimulate proliferation of osteoclast 
progenitors in marrow cultures in the presence of 1,25(OH)2D3 (Takahashi et al.,
1986).
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TG F6 is a polypeptide of 25 KDa which is produced by a number of normal 
tissues in addition to tumour cells. TGF3 activity was initially purified from blood 

platelets (Childs et al., 1982; Assoian et a!., 1983) but is secreted by many other 
cells including osteoblasts (D'Souza et a!., 1983). Bone has been shown to be a 

major reservoir of TG F8 (Seyedin et ai., 1985). TG F8 is secreted as a high 

molecular weight complex composed of TG F8 , a precursor polypeptide and an 

uncharacterized component (Miyazono etal., 1988). The biological active form is a 

dimer composed of two identical disulphide-linked polypeptide chains. TGF3 

stimulates the replication of osteoprogenitor and osteoblast-like cells with a 

concomittant increase in collagen synthesis (Centrella etal., 1986).
The role of TGF3 in skeletal metabolism remains unclear as the cytokine 

has been shown to increase bone resorption in neonatal mouse calvaria via a 

prostaglandin mediated mechanism (Tashjian et al., 1985). In contrast a, recent 
studies indicate that TGF3 prevents osteoclast differentiation and the stimulatory 

influence of other factors on bone resorption (Chenu et al., 1988; Hattersley and 

Chambers, 1991). However, TGF3 may be important in linking bone formation to 

bone resorption since TGF3 is sequestrated in a latent form in bone matrix. This 

latent form may be activated during the process of resorption and consequently 

stimulate bone formation (Canalis etal., 1989a).

Fibroblast Growth Factors
Fibroblast growth factors (FGFs) are a family of at least two members, 

acidic FGF (aFGF) and basic FGF (bFGF). They were initially isolated from the 

central nervous system (Gimenez-Gallego et al., 1985) but subsequently found in 

a variety of tissues including bone (Hauschka et al., 1986).
Acidic FGF and basic FGF are polypeptides of 17 KDa and 16 KDa respectively, 
they have similar biological activity (Esch et al., 1985) and cross-react with 

respective cell receptors (Neufeld and Gospodarowicz, 1986). In bone cultures 

they stimulate cell replication and increase a bone cell population capable of 
synthesizing type I collagen (Canalis et al., 1987; 1988a). FGFs stimulate 

endothelial cell replication and angiogenesis which suggests that they may play a 

role in wound healing and fracture repair (Canalis etal., 1989a).

Platelet-Derived Growth Factor
Platelet-derived growth factor (PDGF) is a 30 KDa polypeptide initially 

isolated from human platelets (Deuel and Huang, 1984). PDGF was subsequently 

found in a variety of normal and malignant cells and is thought to act as an 

autocrine and paracrine regulator of cell growth (Betsholtz et al., 1986; Holding 

and Westermark, 1987). PDGF is synthesized by primary human osteoblasts, a
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variety of human osteosarcoma cell lines and is found in bone matrix (Heldin et al., 
1980; Hauschka et a!., 1986; Zhang et a!., 1991). PDGF present in bone matrix 

may be serum derived and act as a local or systemic regulator of bone cell 
function. PDGF has been found to stimulate bone cell replication resulting in a 

marked proliferative response in the periosteal tissue (Canalis, 1989b).
PDGF stimulates bone resorption in neonatal mouse calvaria via 

prostaglandin synthesis (Tashjian et a!., 1982) but is without effect in fetal long 

bones (Mundy and Roodman, 1987). This suggests that PDGF influences mature 

osteoclasts rather than stimulating osteoclastogenesis.

Insulin-like Growth Factors
Insulin-like growth factors-l (IGF-I) and II (IGF-II) are 7.5 KDa polypeptides 

that are synthesized by a variety of tissues including bone (Canalis et a!., 1988b; 
Mohan et a!., 1988). IGFs are the most abundant growth factors stored in bone 

and are produced by cells of the osteoblastic lineage (Mohan etal., 1993). Recent 
studies suggest that IGFs are fixed in bone by means of IGF binding proteins 

(IGFBPs) in particular, IGFBP-5 which binds with high affinity to both 

hydroxy apatite and IGFs (Bautista et al., 1991). IGFs and IGFBPs are thought to 

act in the coupling of bone formation to bone resorption in a delayed paracrine 

manner (Mohan and Baylink, 1991).The hormones PTH, growth hormone and 

178-oestradiol with known effects on the skeleton increase IGF-I synthesis by 

osteoblast-like cells (Ernst et al., 1988; McCarthy et al., 1989a). Consequently 

IGF-I appears to be a major mediator of hormonal action on skeletal cells. IGFs 

stimulate collagen synthesis in vitro, preosteoblast cell replication and prevent 
collagen degradation (Hock et al., 1988; McCarthy et al., 1989b). In addition to 

IGFs, bone cells secrete IGF-binding proteins which may modulate the availabilty 

of IGFs and their effects on bone formation.

Reactive Oxygen Species and Nitric Oxide
Oxygen-derived free radicals , in particular the superoxide anion (SO2') 

and hydrogen peroxide (H2O2) are both potent stimulators of bone resorption 

(Garrett et al., 1990; Bax et al., 1992). Further evidence for the involvement of the 

SO2' anion in bone resorption was provided by studies localizing this reactive 

oxygen species within osteoclasts using nitroblue tétrazolium and ferricytochrome 

c reduction (Key etal., 1990; Garrett etal., 1990). It was subsequently shown that 
a reduction in SO2' anion generation, induced by the enzyme superoxide 

dismutase (SOD) inhibited bone resorption (Reis et al., 1992) and SOD has 

recently been localized within osteoclasts (Oursler etal., 1991).
Nitric oxide (NO) was identified as the endothelial-derived relaxation factor
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which binds to guanyi cyclase leading to cyclic guanosine monophosphate 

formation and susequent smooth muscle relaxation (Palmer et al., 1987). NO acts 

directly on the osteoclast to produce a major shape change with strong inhibiton of 
bone resorption (MacIntyre et a!., 1991). The cytokines, TNFa, IFNt and 

lipopolysaccharide dose-dependently stimulate NO production by primary 

osteoblast cells and this is prevented by the specific NO-synthase inhibitor, N- 
monomethyl-L-arginine (Lowik et a/., 1993). it's possible that NO produced by 

osteoblasts and endotheial cells may play an important physiological role as a 

modulator of osteoclast activity.

Colony Stimulating Factors
The colony-stimulating factors (CSFs) promote and coordinate haemo- 

-poietic cell proliferation and differentiation (Metcalf, 1985). As osteoclasts are 

derived from haemopoietic stem cells the CSFs may play a role in the formation 

and/or activation of osteoclasts. The CSFs are glycoprotein molecules that 
stimulate the formation of characteristic colonies of cells in soft agar. There are 

currently six known CSFs, defined by their ability to stimulate the formation of 
specific cell types from progenitors. They are granulocyte-macrophage colony 

stimulating factor (GM-CSF), macrophage colony stimulating factor (M-CSF), 
granulocyte colony stimulating factor (G-CSF), interleukin-3 (IL-3), stem cell factor 
and erythropoietin (EPO).
GM-CSF: GM-CSF is a glycoprotein of 14-60 KDa depending on its state of glyco- 
-sylation (Burgess et a!., 1986). GM-CSF is produced by a wide variety of cell 
types including osteoblasts (Horowitz et a/., 1989) and bone marrow stromal cells 

(Schickwann et a!., 1986; Yang et al., 1988). GM-CSF stimulates granulocyte/ 
macrophage and eosinophil colony formation (CFU) In vitro. The initial target is the 

CFU-GM, the cell just distal to the stem cell pool (Fig.1). GM-CSF like other CSFs 

does not directly induce osteoclast bone resorption (Lorenzo et al., 1987) but it 
increases the development of osteoclasts from bone marrow cultures in the 

presence of 1,25(OH)2D3 (MacDonald et al., 1986b). Further evidence for a role 

of this CSF in osteoclastogenesis came from studies showing that CFU-GMs 

cured osteopetrosis in rats by inducing osteoclast formation from precursor cells 

(Schneider and Relfson, 1988a; 1988b). However, these findings conflicted with 

reports that GM-CSF reduced the formation of osteoclasts in foetal mouse long 

bone cultures (Lorenzo et al., 1987). In addtion, GM-CSF was without effect on 

osteoclast generation from haemopoietic stem cells cultured with bone rudiments 

(Schneider and Relfson, 1989) and inhibited osteoclast formation in mouse bone 

marrow cell cultures (Shinar ef a/., 1990; Hattersley and Chambers, 1990).

30



Chapter 1 : Introduction
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Fig.1 Hypothetical pathways of osteoclast formation.
In A  the osteoclast lineage originates as a separate derivative of the pluripotent 
haemopoietic stem cell unrelated to the MNP system. Although this hypothesis 

requires a stem cell restricted to osteoclasts there is no experimental evidence in 

support of this idea. In B osteoclasts and MNPs are related at the level of 
committed stem cells. In C the osteoclast precursors develop from early cells of 
the MNP lineage.
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M-CSF: Two forms exist, soluble and membrane bound. M-CSF is produced by a 

number of cell types including stromal cells. It exerts the majority of its activity on 

monocyte-macrophage precursors (CFU-M). The major function of M-CSF is to 

stimulate the proliferation and differentiation of mononuclear phagocytes (Stanley 

and Heard, 1977). The first cell capable of responding to M-CSF appears to be the 

promonoblast, the cell immediately distal to the CFU-GM. Like GM-CSF, 
conflicting data have been reported for the effects of M-CSF on osteoclast 
formation and function. Burger et al. (1982) demonstrated osteoclast formation in 

cultures of embryonic bone and bone marrow cells in the presence of M-CSF. This 

was supported by the fact that soluble M-CSF enhanced formation of osteoclasts 

in bone marrow cultures (MacDonald at al., 1986b). This was in contrast to the 

findings of Van de Wijngaert at al. (1987) and Shinar at al. (1990) who found that 
M-CSF failed to increase osteoclast formation in mouse marrow cultures. 
Moreover M-CSF inhibited bone resorption by isolated osteoclasts (Hattersley at 
al., 1988).

However, the most compelling evidence that M-CSF plays a role in 

osteoclast development comes from observations using op/op mice which are 

osteopetrotic due to a deficiency in osteoclasts and macrophages. Wiktor- 
Jedrzejczak at al. (1982) first reported the possibility that a defect in op/op mice is 

due to the failure of human stromal cells to releases M-CSF. Evidence for this was 

unequivocally proven by Yoshida at al. (1990), who demonstrated that the M-CSF 

gene of op/op mice fails to code the functional active M-CSF protein. At the same 

time Felix at al. (1990a) reported that osteoblast cells obtained from calvaria of 
op/op mice could not produce functional M-CSF activity. Subsequently it was 

reported that the administration of recombinant human M-CSF restored the 

impaired bone resorption of op/op mice in vivo (Felix at al., 1990b; Kodama at al., 
1991). When stimulated by bacterial endotoxin primary osteoblasts secrete M-CSF 

(Horowitz at al., 1990) whereas osteoblast-cell lines constitutively express M-CSF 

(Horowitz at al., 1989). Bone cells other than osteoblasts may be the source of M- 
CSF such as macrophages, fibroblasts and stromal cells.
G-CSF: These are glycoproteins with an Mr of 19,000-24,000. They are produced 

by a variety of cell types including osteoblasts, stromal cells, monocytes, 
fibroblasts and tumour cells (Sieff at al., 1988; Yang at al., 1988). Like M-CSF, G- 
CSF is lineage specific whilst IL-3 and GM-CSF are not. Addition of G-CSF to 

precursors results in their differentiation into neutrophils and their subsequent 
activation. There is little direct evidence linking G-CSF to bone cell function. Whilst 
osteoblast-cell lines secrete G-CSF, primary osteoblasts fail to express the protein 

(Felix ef a/.,, 1988).
Although granulocyte-colony forming cells (G-CFU) have been shown to be
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more effective at curing osteopetrosis in ia rats than either GM-CFU or M-CFU 

(Schneider and Relfson, 1988a) it is possible that the osteoclast precursor co
purified with G-CFU (Schneider and Relfson, 1988b).
IL-3: IL-3 is a glycoprotein with of 14-30 KDa (Fung et al., 1984; Yokota at a!., 
1984). The most likely source of IL-3 in bone marrow cultures capable of 
interacting with bone cell precursors are T-lymphocytes (Klein, 1982). The primary 

function of IL-3 is to induce the proliferation and differentiation of early pluripotent 
bone marrow and spleen stem cells and committed progenitors (Sonada at a/.,
1988). IL-3 is the most effective CSF in stimulating early multipotent progenitors 

giving rise to colonies of granulocytes, macrophages and erythroid cells (Sieff at 
a/., 1987; Bruno atal., 1989). IL-3's actions are proximal to other CSFs.

Evidence that IL-3 plays a role in osteoclastogenesis was provided from the 

following investigations. Firstly, purified haemopoietic stem cells cultured with fetal 
bone rudiments and IL-3, resulted in the formation of numerous osteoclasts 

(Scheven atal., 1986). This activity was enhanced by IL-1 and M-CSF suggesting 

that multiple factors are participating in osteoclastogenesis (Hagenaars at al.,
1989). Secondly, the addition of IL-3 to bone marrow cells increased the number 
of TRAP-positive MNCs even in the absence of 1,25(OH)2D3, although the MNCs 

were not tested for their resorptive activity (Barton and Mayer, 1989). Subsequent 
studies revealed that IL-3 only induced bone resorption in the presence of 
1 ,25(0H)2D3 and that their effects were synergistic (Hattersley and Chambers,
1990). Finally, pretreatment of mice with 5-fluorouracil (5-FU) which increases the 

number of stem cells in the spleen (Hodgson and Bradley, 1979) and the 

subsequent culture of these stem cells with IL-3 resulted in the formation of 
undifferentiated colonies. Further culture of these colonies with IL-3 and 

1,25(0H)2D3 resulted in the formation of bone resorbing cells (Kurihara at al.,
1989). These data indicate that IL-3 affects the proliferation and differentiation of 
stem cells and more mature progenitors but that additional factors such as 

1 ,25(0H)2D3 are required for final differentiation into functional osteoclasts. One 

exception to this general trend is the observation of Shinar at al. (1990) who found 

that IL-3 inhibited the increase in TRAP-positive cell formation induced by 

1 ,25(0H)2D3 in bone marrow cultures.
Stem Cell Factor : Stem cell factor (SCF) is a newly described haemopoietic 

growth factor that stimulates the growth of primitive haemopoietic progenitors and 

mast cells (Anderson at al., 1990). Studies have shown that SCF acts 

synergistically with other haemopoietic factors to stimulate the growth of 
haemopoietic progenitors (McNiece at al., 1991). Demulder at al. (1992) showed 

that SCF increased the formation of MNC that expressed the osteoclast 
phenotype in long-term human marrow cultures. SCF is a potent stimulator of the
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proliferation of early precursors for osteoclast formation in long-term marrow 

cultures.

Integrins
Integrins are a large family of transmembrane heterodimeric glycoproteins 

that serve as receptors for extracellular matrices and other cell-surface molecules. 
They are called integrins because of their postulated role as linkers between the 

cytoskeleton and extracellular environment (Hynes, 1987). Integrins are composed 

of an a and a 8 subunit that are non-covalently associated. At least fourteen a 

subunits and eight 8 subunits have been identified. They are all glycoproteins that 
contain a large globular extracellular domain, a transmembrane domain and a 

short carboxy -terminal cytoplasmic tail.
Many integrin receptors are extremely specific in their binding to ligands.

For example, the 0581 complex appears to bind only to fibronectin (Ruoslahti, 
1988) and the and 078-1 complexes bind only to laminin (Sonnenberg et al.,
1990). However, ligand binding of a number of other integrin complexes is less 

specific with a-|8i binding to multiple ligands including laminin (Ignatius and 

Reichardt, 1988; Clyman etal., 1990) and collagens (Kramer and Marks, 1989; 
Vandenberg et al., 1991). There is evidence to suggest that a-|8 i preferentially 

binds to type IV collagen in basement membranes and has less affinity for type I 
collagen (Kramer and Marks, 1989).

Ligand binding by integrins has many important biological consequences 

including cell proliferation, differentiation, gene expression, cell migration and 

phagocytosis. The precise mechanisms are not fully understood but may involve 

conformational changes with the integrin receptor, cytoskeletal binding, signal 
modulation by cAMP, anti porter activation and activation of genes by specific 

transcription factors.
When active, osteoclasts form a tightly sealed microenvironment at the 

osteoclast-matrix interface. Formation of this specialized compartment is believed 

to be mediated by interactions between specific matrix proteins and integrins 

which are heterodimeric membrane receptors (Ruoslahti and Pierschbacher, 
1986; Hynes, 1987) promoting cell adhesion. Many integrins express a binding 

site described by the tripeptide sequence Arg-Gly-Asp (RGD) which is present in 

many adhesive proteins. Studies on integrin expression in osteoclasts have shown 

that the dominant receptor is the 0^83 vitronectin receptor (VNR; Davies et al., 
1989; Horton and Davies, 1989). There is also evidence for the presence of 
,a collagen/laminin receptor and ICAM-1 (Horton and Helfrich, 1992; Nesbitt et al., 
1993). VNR has the RGD binding motif in its structure which recognizes a number 
of adhesive proteins including vitronectin, fibrinogen and thrombospondin
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(Cheresh and Spiro, 1987; Lawler et al., 1988). In addition the VNR mediates 

osteoclast attachment to bone matrix (Helfrich et a!., 1992a; Flores et ai., 1992) 
and an antibody to the receptor blocks formation of characteristic resorption pits 

(Ross et a!., 1993). The specific matrix proteins to which this or other integrins 

bind when initiating resorption are unknown. However immunoelectron 

microscopic studies of whole bone have shown that osteoclast VNR and the 

matrix protein osteopontin colocalize (Reinholt et a!., 1990) suggesting that their 
interaction may represent a mechanism by which the cells bind to bone. Other 
bone matrix proteins containing the RGD recognition sequence include 

sialoprotein, osteopontin, type I collagen and fibronectin (Lawler and Hynes, 1986; 
Heinegard and Oldberg, 1989; Horton and Davies, 1989; Ruoslahti, 1991). In 

addition to participating in cell-to-cell and cell-to-extracellular matrix interactions, 
integrin receptors transmit signals into cells following their interaction with specific 

ligands. For instance RGD containing peptides mediate mobilization of 
intranuclear calcium in rat osteoclasts via the 0^83 form of VNR (Shankar et al., 
1993).
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TABLE 2: Modulators of Bone Resorption
(A)STIMULATORS

OSTEOCLAST ACTIVATION
(1) Hormones

PTH, 1,25(0H)2D3
(2) Growth Factors

PDGF, TGF3, EGF, TGFa, IGF-I
(3) Cytokines

IL-1 a, IL-3, TNFa, TNF3, LIF
(4) CSFs

(5) Prostanoids 

PGEi, PGEs, PGIs
(6) Others

H2O2, PTHrP, Bradykinin, 
Bisphosphonates

OSTEOCLAST RECRUITMENT
(1) Hormones

PTH, 1,25 (0H)2D3
(2) Growth Factors 

TGFa, IGF-I
(3) Cytokines

IL Ia , IL3, TNFa, TNF3, IL-6
(4) CSFs

M-CSF, IL-3, GM-CSF, 0-C SF
(5) Prostanoids 

PGE2
(6) Others 

H 2 O 2

(B)INHIBITORS
(1) Hormones 

Calcitonin, Oestrogen
(2) Growth Factors

(3) Cytokines 

IFN%
(4) CSF 

M-CSF
(5) Prostanoids

PGEi, PGE2, PGI2 (Direct)
(6) Proteinase Inhibitors 

CP inhibitors e.g.E64 

MMP inhibitors e.g. CI-1 

Carbonic anhydrase inhibitors e.g. 
acetazol amide

(7) Peptides
Calcitonin gene related peptide 

Amylin, Endothelin-1
(8) Others

NO, Heparin, Ca ionophores (yerapamil), 
inhibitors of ATPases (duramycin,amiloride)

(2) Growth Factors
TGF3

(3) Cytokines 

IL-4
(4) CSF

(5) Prostanoids

(8) Others
Hydrocortisone
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6 . Methods for studying bone resorption in vitro

The development of techniques for the in vitro study of bone tissue and 

cells during the last three decades has significantly increased our understanding 

of the control of bone metabolism.

Bone organ cultures
To study bone resorption in organ culture, fetal long bones (Raisz, 1965), 

explants of rodent neonatal calvariae {Reynolds and Dingle, 1970) or vertebral 
bones (Stewart and Stern, 1987) have been used. These systems are particulary 

useful for evaluating the effects of osteotropic factors on bone resorption. 
Resorption is assessed by monitoring the release of either "̂ Ĉâ + (indicative of 
mineral mobilisation) or ^[H]-proline (indicative of organic matrix degradation) from 

prelabelled bones. Similar culture systems can be used to study bone formation 

where the cultured explants are allowed to incorporate isotopes from the medium 

that label matrix (Kream et a/., 1980). The neonatal calvarial bone resorption 

assay makes no distinction between activity influencing mature osteoclasts and 

their progenitors. However, radii/ulnae from 17-day-old mouse fetuses contain 

mature osteoclasts at the time of explantation. Stimulation of bone resorption 

reflects activation of mature osteoclasts and fusion of preosteoclasts independent 
of fusion of osteoclast progenitors (Lorenzo et a/., 1983; Boonekamp et a/., 1986). 
Conversely, in metacarpals and metatarsals from 17-day-old mouse fetuses no 

mature osteoclasts are present in the bone rudiments. Bone resorption in these 

cultures reflects the differentiation of osteoclast progenitors and precursor cells 

(Burger etal., 1982; 1984).

The "isolated osteoclast" assay
Mammalian: A method for isolating and culturing mammalian osteoclasts was 

introduced by Chambers and Magnus (1982). This method was developed so that 
the work performed by the individual specialized resorptive cell, the osteoclast 
could bedetermined. It is based on the removal of osteoclasts from the endosteal 
side of growing rat or rabbit long bones (femurs and tibias) by curetting the bone 

surface.
Although the osteoclasts can be viewed in isolation they are out numbered 

by other cells by a factor of 10:1 (McSheehy and Chambers, 1986). This culture 

system has enabled morphological studies of osteoclast behaviour to be carried 

out using scanning electron microscopy (SEM). Accurate methods for determining 

bone resorption have also been developed independently by Boyde and Jones 

(1979) and Chambers et al. (1984). This technique confirmed that various
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resorbing agents had no direct effect on osteoclast activity (Chambers et al., 
1985b; 1985c).

Unfortunately the number of viable osteoclasts obtained is low, many 

marrow cells (such as stromal cells) contaminate the osteoclast preparation and 

no purification can be carried out. Consequently it is not possible to carry out 
biochemical studies.
Avian: Osdoby at al. (1982) isolated osteoclasts from the endosteal surface of 
day 19 embryonic chick tibias. Osteoclast enrichment was achieved by passing 

cell suspensions through Nitex screens of selective sizes or by fractionation on 

Percoll gradients. The enrichment procedure produced an osteoclast population of 
50-70 percent purity and the cells could be maintained for upto 10 days in culture. 
However, far greater numbers of mature osteoclasts can be obtained from the 

medullary bone of laying hens. Zambonin-Zallone at al. (1982) isolated and 

purified osteoclasts from medullary bone of hens fed on a hypocalcaemic diet. The 

method can provide 10® -10^ osteoclasts per hen (70-90 percent pure and 50-90 

percent viability). Osteoclast enrichment is achieved by (1) sedimentation on 75 

percent fetal calf serum, (2) sequential filtration through 100 and 50 fjrr\ diameter 
nylon mesh (3) culture in a nucleotide free medium in the presence of cytosine 

-1-3-D-arabinofuranoside, an analogue of cytosine which blocks mitosis of 
proliferating cells; (4) washing of the cell culture after 24h to eliminate non
adherent bone marrow cells.

A modification of the method has been introduced independently by Blair at 
al. (1986) and Teti at al. (1989). Osteoclast enriched cell suspensions are plated 
on devitalized bone fragments which induce selective adhesion of osteoclasts to 

mineralized matrix. After 24 h bone particles (with attached cells) are removed and 

sedimented twice more prior to culture.
As an alternative to such standard cell fractionation procedures such as 

density gradient centrifugation (Hutchins and Steel, 1979) and fluorescence- 
activated cell sorting (Visser at al., 1984), more rapid, yet efficient physical 
separation of cells has been achieved using cell surface-directed antibodies and 

magnetic beads (Gaudernack at al., 1986) In general favourable yields and cell 
purities combined with the speed of isolation and mild conditions have made 

immunomagnetic sorting a popular choice for cell fractionation. Osdoby at al. 
(1991) have employed this method successfully for the isolation of avian 

osteoclasts with a 100-fold enrichment and 90 percent purification of osteoclasts. 
Although scanning electron microscopy revealed that immunomagnetic purified 

and cultured osteoclasts internalize large numbers of the antibody coated beads, 
such cells were unimpaired in their ability to produce resorption pits characteristic 

of osteoclasts.
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Monocyte-macrophages as osteoclast surrogates.
This was based on the findings that monocytes and macrophages were 

capable of degrading devitalized bone particles in vitro (Mundy et aL, 1977; Kahn 

et a!., 1978; Teitelbaum et a!., 1979) and the view that osteoclasts are derived 

from the same precursor as the MNP. Initial attempts to generate osteoclasts from 

peripheral blood monocytes were encouraging (Abe et a!., 1983; Bar-Shavit et a!., 
1983). However subsequent studies demonstrated antigenic (Horton et a!., 1985b 

and 1985c) and behavioural discrepancies (Chambers and Horton, 1984a) 
between MNP and osteoclasts.

Human osteoclasts
Giant cells derived from human osteoclastomas (Horton et a!., 1984) or 

normal human fetal bone have also been isolated. Unfortunately, the number of 
viable cells isolated are too few to allow investigations on their resorptive activity. 
However the cells have been used in preparing specific monoclonal antibodies 

capable of recognizing osteoclasts (Horton etal., 1986).

Assays for osteoclast formation
Osteoclast lineage and the control mechanisms for osteoclast recruitment 

have been studied either by investigating osteoclast formation in embryonic bone 

rudiments (Burger et a!., 1982; Lowick et a!., 1989) or by the use of bone marrow 

cultures (Testa et a/., 1981 ; Ibbotson et ai., 1984; Takahashi et al., 1988a and 

1988b).
Haemopoietic precurors and embryonic bone rudiments: Burger et ai. (1982) 
developed a coculture system to investigate osteoclast formation in vitro, in which 

murine marrow cells were cultured with stripped fetal bone rudiments devoid of 
osteoclast progenitors. This system provided important information on the 

ontogeny of osteoclasts and the differentiation of osteoclast precursors into bone- 
resorbing cells.

Scheven et ai. (1986) purified haemopoietic stem cells from mouse 

marrows by density gradient centrifugation and cell sorting. Some of the stem cells 

differentiated into osteoclasts when they were cocultured with fetal bone 

rudiments.
More recently, Hagenaars et ai. (1989; 1991) examined osteoclast 

formation using three FDCP-mix cell lines [interleukin-3 (IL-3) dependent 
haemopoietic stem cell lines]. When these cell lines were cultured with stripped 

bone rudiments, FDCP-mix-C2GM and FDCP-mix-4 differentiated into 

osteoclasts , whereas FDCP-mix-15-S cells differentiated into erythroid cells. This 

system is an excellent model with which to investigate the origin of osteoclasts, but
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osteoclast formation in this system has been evaluated mainly by microscopic 

observation of paraffin sections.
Bone marrow assays: These systems have several advantages in examining the 

process of osteoclast differentiation quantitatively. In view of evidence that 
osteoclasts are derived from haemopoietic stem cells, Testa et al. (1981) 
succeeded in forming osteoclasts in long-term cultures of feline bone marrow. 
Osteoclast formation in such cultures was enhanced by using 1,25(OH)2D3 and 

PTH (ibbotson et a!., 1984; Roodman et a!., 1985). The most decisive evidence 

that osteoclasts are generated in bone marrow cultures has come from studies 

with mouse marrow cultures.
Mouse bone marrow cells cultured in the presence of 1,25(OH)2D3 for 8 

days results in the formation of numerous osteoclast-like multi nucleated cells 

(Takahashi etal., 1988a and b). The cells have been characterized by their TRAP- 
positivity, ability to bind salmon calcitonin and the formation of resorption lacunae 

when cultured on dentine slices (Takahashi et al., 1988b; Hattersley and 

Chambers, 1989; Shinar etal., 1990).
Subsequently other bone resorbing agents such as PTH and PGs (Akatsu 

etal., 1989a), PTH-related protein (PTHrP; Akatsu, 1989b) and IL-1 (Akatsu etal., 
1991c) were similarly found to stimulate osteoclast-like cell formation in this 

marrow culture system.
Whilst several groups have reported the formation of MNC osteoclast-like 

cells from human bone marrow (MacDonald et al., 1986b; 1987; Kukita et al., 
1989; 1990; Takahashi et al., 1989; Kurihara et al., 1990a; 1990b) the results are 

far less convincing than with those obtained using murine cultures. Birch et al. 
(1990) and Flanagan et al. (1992) concluded that MNC osteoclast-like cells 

generated from human marrow could not be identified as authentic osteoclasts, 
since the vast majority of MNCs did not form resorption lacunae and failed to bind 

calcitonin, and the antigenic profile was characteristic of macrophage polykaryons. 
Leukemic cell lines to study osteoclast differentiation: Based on the premise 

that osteoclasts are derived from mononuclear phagocytes a number of 
investigors have used leukemic cell lines to study osteoclast differentiation. 
Phorbol ester induced differentiation of the human leukemic cell line (FLG 29.1) 
resulted in the formation of numerous non-dividing, TRAP-positive MNC which 

displayed antigenic determinants typical of fetal osteoclasts (Gattei et al., 1992). 
Although the differentiated cells resorbed devitalized bone particles they failed to 

produce resorption pits.
In contrast the human promelocytic cell line, HL-60 in combination with 

1 ,25(0H)2D3 and medium conditioned from a human tumour (MH-85) as a source 

of differentiation-inducing activity resulted in the formation of cells capable of
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forming resorption pits (Yoneda ef a/., 1991).
Enriched populations of osteoblasts: The isolation of bone cells from neonatal 
rodent calvaria was pioneered by Wong and Cohn (1974). The isolation of 
osteoblast cells was achieved by sequential enzymatic digestion of mouse 

calvariae (Heath et a/., 1984). Bone cell populations can be further separated on 

density gradients resulting in subclasses of osteoblasts that have different 
biochemical and morphological characteristics (Wong etal., 1991). The osteoblast 
phenotype in these cells was demonstrated by the increase in cyclic AMP, alkaline 

phosphatase levels and the enhanced secretion of type I collagen and osteocalcin.
It has been possible to study bone formation using osteoblast-enriched 

populations from various animal and human sources (Robey and Termine, 1985). 
Bone formation and mineralization can also be studied using osteoblast 
populations in diffusion chambers (Simmons etal., 1982).

Cloned or transformed cells: The use of cloned or transformed cells allow 

homogenous cell populations to be maintained although the cells cease to express 

the differentiated phenotype of interest as demonstrated by the cloning of primary 

rat calvarial cells (Aubin et al., 1982). The cells derived from osteogenic sarcomas 

such as UMR and ROS cells are osteoblast-like (Rodan and Rodan, 1983). The 
osteoblast-like cell line MC3T3-E1 (Kodama et al., 1981) has provided useful 
information on the action and synthesis of cytokines (Hanazawa et al., 1985; Sato 

et al., 1986 Elford et al., 1987). However the relevance of the transformed 

phenotype to that of normal cells must be considered. More recently rat calvarial 
cells have been immortalized with a retroviral vector containing cDNA for SV40 

large T antigen. Variant cells can be cloned out so that both osteoblast-like and 

osteoblast precursor like clones can be obtained.
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CHAPTER 2

THE PURIFICATION AND PARTIAL CHARACTER IZATION OF BONE 
RESORPTIVE POLYPEPTIDES FROM BOVINE BONE MATRIX

The extracellular matrix of bone sequesters growth factors from the 

local and systemic environments and has been shown to be an abundant 
source of several polypeptide factors, most notably transforming growth factor-B 

(TGF-B; Seyedin et al., 1985), platelet-derived growth factor (PDGF), acidic and 

basic fibroblast growth factors (FGFs; Hauschka et a!., 1985), insulin-like growth 

factors (IGF-I and II; Mohan et a!., 1986; 1988) and Bg microglobulin (BgM; 
Canalis et a!., 1987). When released and presented to responsive cells these 

growth factors influence bone remodelling in conjunction with systemic hormones, 
cytokines such as interleukin-1 (IL-1) and tumour necrosis factor-a (TNF-a), and 

bone matrix proteins.
Polypeptide factors with osteoinductive activity have also been 

isolated from demineralized extracts of bone matrix. These include the bone 

morphogenetic proteins (BMPs) which to date comprise seven members (Wozney 

et a/., 1990); six of the seven proteins are members of the TGF-B supergene 

family. Other osteoinductive proteins purified from bovine bone matrix and known 

by alternative nomenclatures include osteogenin (BMP-3; Sam path et a!., 1987) 
and osteogenic protein (BMP-7; Sam path etal., 1990). Many bone-derived growth 

factors have a mitogenic effect on differentiated osteoblasts (Hauschka et al., 
1986; Farley et al., 1982; Sam path et al., 1982; Pfeilschifter et al., 1987) but the 

only polypeptide factors isolated from bone matrix shown to exert an effect on 

bone resorption in vitro are PDGF, IGF-I and TGF-B. Bone resorption is
stimulated by PDGF (Tashjian et al., 1982) and IGF-I (Mochizuki et al., 1992) 
although the effects of TGF-B on resorption in vitro appear to depend on the 

relative prevalence of osteoclast progenitors and mature osteoclasts in the tissue 

under study (Dieudonné efa/., 1991).
The aims of the present study were firstly to purify and characterize 

proteins with resorptive activity from bovine bone matrix using a neonatal mouse 

calvarial assay which screens for factors stimulating osteoclast differentiation 

and/or function. Secondly, to assess whether growth factor activity is associated 

with bone resorptive activity during purification, using a BALB/c/3T3 growth factor 
assay. Thirdly, • to determine the effects of purified proteins on (i) 
osteoclastogenesis and (ii) mature osteoclasts using a murine bone marrow 

differentiation assay and an isolated osteoclast assay.
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MATERIALS AND METHODS

Materials

1,25-dihydroxyvitamin D3 (1,25-(OH)2D3) was a generous gift from Dr Ian 

Dickson, Brunei University, Uxbridge, UK. Concanavalin A-Sepharose and 

salmon DMA were purchased from Sigma Chemical Co. (Poole, Dorset, UK). 
Hydroxy apatite was purchased from BDH (Leicester, UK) and heparin-Sepharose 

from Pharmacia (Milton Keynes, UK). ["̂ ®Ca] CaCl2 and methyl-pH]-thymidine 

were supplied by Amersham International (Amersham, Buckinghamshire). Human 

recombinant TGF-3 and IGF-I were purchased from British Biotechnology 

(Cowley, Oxfordshire) and Bachem (Saffron Walden, Essex) respectively. 
Recombinant IL-1 and TNFa were generous gifts from Dr J. Saklatvala, 
Srangeways Research Laboratory, Cambridge.

Methods

1. Preparation of bone matrix extract (BMX)
Freshly obtained bovine metatarsal bones were cleaned of adherent soft tissue, 
the epiphyses and marrow removed and the bones sectioned into 1 cm cylinders 

at -20°C. The cylinders of bone were cooled in liquid N2 and fragmented prior to 

being reduced to a fine powder (particle size 75-250 ^m; manufacturer's 

specification) in a Spex freezer mill at -196°C (Glen Creston Instruments, 
Stanmore, Middlesex). 1 kg of bone powder was washed in 1 I of ethanol (15 min) 
and twice in diethyl ether (15 min) at -10°C and dried on a Buchner funnel. BMX 

was prepared as described previously (Hauschka et al., 1986). Briefly, dry bone 

powder (1 Kg) was suspended in 6 I of 0.02 M Tris-HCI, pH 7.5, at 4°C for 20 min 

and then centrifuged at 2000 x g for 10 min and the supernatant discarded. The 

residue was resuspended in 6 I of 0.5 M ammonium EDTA, 0.02 M Tris-HCI, pH 

7.5, with gentle stirring for 24 h at 4°C. The supernatant extract was centrifuged 

(10,000 X g) and filtered. Dialysis at 4°C in acetylated 70 mm dialysis tubing 

against water for 4 days (20 I x 8 changes) and 0.02 M NH4HCO3 for 2 days (20 I 
X 8 changes) was followed by concentration in a hollow fibre cartridge (cut-off,
3,000) to 600 mis which was lyophilized and stored at -20°C.

2. Neonatal calvarial bone resorption assay
The primary detection system used throughout purification was based on the 

mouse calvarial bone resorption assay (Reynolds and Dingle, 1970). Briefly, two- 
day-old mice were injected subcutaneously with 0.037 MBq [^®Ca]CaCl2. After 6
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days their calvariae were excised asepticaliy and divided into halves along the 

mid-sagittal suture, one bone acting as a control for its opposite half. The 

explanted calvariae were cultured 1.5 ml of modified BGJ medium (Flow) 
containing indomethacin (1 juM) for 24 h, and then cultured in fresh medium with 

and without test substances for 48 h. The bones were demineralized in formic acid 

(Sigma) and an aliquot of media from the 24 h preincubation, the 48 h test period, 
and the dissolved bone, was analysed for ["^^Ca]Ca^+ using liquid scintillation 

counting. To distinguish ["^^Ca]Ca^+ release due to passive exchange of isotope 

with cold Ca^+ in the culture medium, dead bones (devitalized by 3 cycles of 
freeze-thawing) were included in each experiment. Mobilization of ["^^Ca]Ca^+ 

was expressed as the percentage release to the medium during the 48 h culture 

period of the initial radioactivity in the bone (24 h and 48 h cultures plus bone after 
culture). The percentage release for the devitalized bone was subtracted from 

each control and test pair to give the amount of cell mediated resorption. The 

result was then expressed as a treated (T)/control (C) ratio.
To estimate percentage recovery of activity and the purification factor on 

the completion of each chromatographic step, a dose-response curve to 1,25- 
(0 H)2D3 at concentrations of 0.001 ng/ml to 10 ng/ml was constructed; 0.1 ng/ml 
was found to elicit resorptive activity of 50% of the maximum. 1 unit of bone 

resorptive activity (BRA) was defined as being equivalent to that produced by 0.1 

ng/ml 1,25-(OH)2D3.

3. Growth factor assay
The proliferation of BALB/c/3T3 fibroblasts was used to determine whether growth 

factor activity (Gospodarowicz, 1974) was associated with BRA at each stage of 
the purification scheme. BALB/c/3T3 cells were plated into 96-well microtitre 

plates (Cel-Gult; Sterilin, Feltham, Middlesex) at a density of 5 x 10^ cells/well in 

200 p\ Dulbecco's modified Eagle's medium (DMEM, Gibco) plus 2% (v/v) fetal calf 
serum (FCS), and grown to confluence at 37°G in a humidified atmosphere of 5% 

G02/95% air. Once confluent, the cells were washed twice in DMEM and 

challenged with serial dilutions of bovine BMX in 200 jul DMEM. On each plate 20 

wells were set up with dilutions ranging between 2 and 30 p\ FGS/200 1̂ DMEM to 

provide a serum stimulation curve. One unit of growth factor activity (GFA) was 

defined as half the maximal stimulation of proliferation in response to FGS 

(Hauschka et al., 1986). BALB/c/3T3 cells were incubated with the test factors for 
24 h, after which 0.1 pCi pH]-thymidine was added per well and incubated for a 

further 2 h. Acid insoluble pH]-thymidine in cellular DMA was measured as 

follows: after removing the medium, the cells were washed in DMEM, fixed with 

200 fj\ 5% ice-cold trichloroacetic acid (TOA) for 20 min and washed in phosphate-
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buffered saline (PBS). Cell layers were then dissolved in 100 jul 0.1 M NaOH for 
10 min and removed into a scintillation vial; 400 jul of 0.5 M acetic acid and 2 ml 
scintillant were added to each sample before counting for pH]-thymidine 

incorporation.

4. Purification of resorptive activity from BMX
115 9 of lyophilized BMX from 7 kg of bone was reconstituted in 240 ml of 

20 mM Tris/HGI buffer, pH 7.8, containing 0.04% sodium azide (TA buffer) and 

clarified by centrifuging at 20,000 x g for 30 min. The protein content of bone 

matrix extract was estimated at 103.4 mg protein/g of lyophilized BMX using a 

protein assay kit (Bio-Rad, Watford, Hertfordshire).

a. Anion-exchange chromatography: BMX protein was applied to a Mono Q HR 

10/10 column (Pharmacia FPLC; fast protein liquid chromatography system) in TA  

buffer and bound protein eluted at 0.5 ml/min with a linear NaCI gradient (0-1 M) in 

TA buffer. Fractions (1 ml) were collected,pooled with corresponding fractions 

from repetitive runs (80 times), and concentrated (10 times) by ultrafiltration using 

PM 10 membranes (Amicon). The BRA and GFA were assessed after a 12 h 

dialysis against TA buffer.

b. Gel filtration chromatography; Activity which eluted at 0.85 M NaCI (Fraction 

No.40) from the Mono Q column was concentrated to 1.2 ml with a centricon 10 

(Amicon) and a 200 1̂ sample was applied to a Superdex 75 HR 10/30 gel 
filtration FPLC column which had been equilibrated with 1 M NaCI in TA buffer.
The column was eluted with 1 M NaCI in TA buffer at a flow rate of 1 ml/min. This 

procedure was repeated 6 times and fractions (6 ml) were dialysed against TA  

buffer. Each fraction was concentrated to 1 ml with a centricon 10 and assayed for 
activity in both assays.

c. Heparin-Sepharose Chromatography: The remainder of the fractions with 

BRA (1520 ml) from the Mono Q anion-exchange column were pooled, 
concentrated to about 30 ml over a PM 10 membrane and adjusted to TA buffer. 
This sample was applied at 4°C to a column (3 cm x 15 cm) of heparin-Sepharose 

equilibrated in TA buffer. The column was washed with TA buffer until the Agao of 
the eluate returned to zero. Bound protein was then eluted from the column with a 

linear gradient of 0 -1  M NaCI in the TA buffer. Fractions (2 ml) were dialysed for 
6 h against TA buffer and assayed for activity in both assays.
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d. Hydroxyapatite chromatograpy: The fractions with activity in the bone 

resorption assay were pooled, concentrated over a PM 10 membrane to 30 ml, 
adjusted to pH 7.0 with NaOH and applied at 4°C to a column (2 cm x 15 cm) of 
hydroxy- -apatite equilibrated with distilled water. The column was washed with 

water containing 0.04% sodium azide until the A280 of the eluate returned to zero.
A linear gradient of 0 - 0.5 M potassium phosphate buffer, pH 7.0, was used to 

elute bound protein. Fractions (2 ml) were collected and the procedure was 

repeated three times, each fraction was dialysed for 6 h against TA buffer and 

assayed for activity in both assays.

e. Concanavalin A-Sepharose chromatography: Active fractions from hydroxy- 
-apatite chromatography were pooled, concentrated to about 15 ml over a PM 10 

membrane, adjusted to 1 M NaCI in TA buffer and applied at 4°C to a column (1 

cm X 6  cm) of concanavalin A-Sepharose, equilibrated with 1 M NaCI in TA buffer.
The column was washed until the A280 returned to zero. Bound material was 

eluted with a linear gradient of 0 - 1 M a-methyl mannopyranoside. Fractions (2 

ml) were collected and the procedure was repeated six times. The fractions were 

dialysed against TA buffer for 6 h and assayed for activity in both assays.

f. Hydrophobic interaction chromatography: This was performed with a phenyl 
Superose HR 5/5 column in a Pharmacia FPLC system. The column was 

equilibrated with 50 mM potassium phosphate buffer pH 7.0, 1.7 M ammonium 
sulphate. Fractions with bone resorptive activity from concanavalin A-Sepharose 

chromatography were pooled, dialysed against the equilibration buffer containing 

1.7 M ammonium sulphate for 12 h, and applied to the column. The column was 

washed until the A280 returned to zero and a linear gradient of 1.7 - 0 M 

ammonium sulphate at a flow rate of 0.5 ml/min in 80 min was used to elute the 

bound material. Fractions (1 ml) were dialysed against TA buffer for 6 h and 

assayed for activity.

g. Reverse-phase chromatography.: A ProRPC HR 5/10 column was used in a 

Pharmacia FPLC system fitted with two P500 pumps and a gradient controller.
The column was equilibrated with 0.1% TFA in water. The active fractions from 

the phenyl superose column were dialysed against the equilibration buffer and 

applied to the column. The column was eluted at a flow rate of 0.2 ml/min with a 

linear gradient of 0-100% acetonitrile. Eluted proteins were detected by ultraviolet 
absorption at 280 nm and 1 ml fractions collected, the procedure was repeated 

four times and the fractions were dialysed for 6 h against TA buffer and assayed 

for activity.
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h. Electrophoresis:
The progression of the purification was assessed on the completion of each 

chromatographic step by electrophoresis of fractions with BRA on reducing 

SDS/10% polyacrylamide gels (Laemmli, 1973) and proteins detected by silver 
staining (Merril et a/., 1981). Some gels were not stained, but were sliced and 

eluted to detect an active component. Slices (2 mm) were each placed in a 

dialysis bag, crushed and suspended in 1 ml of 20% (v/v) propanol in PBS. The 

bags were dialysed against two changes of the propanol-containing buffer, then 

against the buffer alone and finally against two changes of a-Minimum Essential 
Medium (a-MEM; Sigma). The contents of each bag were then retrieved and 

assayed for activity.

5. Bioassay for IGF activity
Growth stimulation of the human breast cancer cell line MCF-7 was 

determined as previously described (van der Burg etal., 1988). MCF-7 cells were 

plated into 24 well plates at a density of 1.5 x 10"̂  cells/well in 1 ml phenol red-free 

1:1 mixture of DMEM/Ham's F I2 medium (Sigma) supplemented with 30 nM 

NagSeOg, 10 jug/ml transferrin, 0.2% BSA and 5% dextran-coated charcoal- 
treated FCS. After 24 h the medium was exchanged for 1 ml of the above medium 

without serum and after another 24 h for 0.9 ml of this serum-free medium 
supplemented with 10% growth factor-inactivated serum. Dextran-coated 

charcoal growth factor-inactivated serum was prepared by chemical inactivation of 
FCS with 100 mM dithiothreitol and 5 mg/ml iodoacetamide as described (van 

Zoelen et a!., 1985) followed by two 45 min treatments at 45°C with dextran- 
coated charcoal as described (Horowitz and McGuire, 1978). At the same time 

factors to be tested for growth-stimulating activity were added in 0.1 ml phenol 
red-free binding buffer (DMEM containing 50 mM BES and 0.1% BSA, pH 6.8). 
After incubation for 4 days, the DMA content was determined by fluorescent 
staining with Hoechst 33258 (Sigma) as described (Labarca and Paigen, 1980). 
Salmon DMA was used as a standard and human recombinant IGF-I was used as 

a positive control.

6 . Bioassay for TGF-3 activity
TGF-3 was determined by a growth inhibition assay as described (van Zoelen et 
al., 1986). Mink lung Mv 1 Lu cells were plated in 24-well plates at a density of 5 x 

10^ cells/well in 1 ml DMEM supplemented with 7.5% FCS. Following attachment, 
TGF-B or test samples were added in 0.1 ml binding buffer (DMEM containing 50 

mM BES and 0.1% bovine serum albumin, pH 6.8). After 48 h of culture, 0.5 juCi 
pH]-thymidine was added for 6 h and then pH]-thymidine incorporation into DMA
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was determined. Human recombinant TGF-3 was used as a positive control.

7. Isolated osteoclast bone resorption assay and measurement of resorptive 
activity. Elephant ivory was obtained from HMCustoms

Elephant ivory was used as a mineralized substrate to assess osteoclast 
resorptive activity. The ivory was cut into 1 cm x 1 cm x 0.02 cm slices with an 

Isomet low-speed saw (Buehler). Slices were cleaned by ultrasonication for 20 

min, sterilized in 70% ethanol for 1 h and stored dessicated until use.
Osteoclasts were isolated from the long bones of 17-20-day old embryonic chicks 

as previously described (Boyde et al., 1984). Briefly, long bones were dissected 

and freed of adherent soft tissue, cut across their epiphyses, sectioned 

longitudinally and osteoclasts mechanically disaggregated by curetting the 

endosteal surface of the bones into a-MEM containing 10% FCS. The resulting 

osteoclast suspension from each chick was passed through a sterile 30 gauge 

needle and the final volume adjusted to 3 ml with a-MEM. 500 pi aliquots of the 

cell preparation were added to 6 wells of 24 well culture dishes, each containing a 

single ivory slice. Cells were allowed to settle for 15 min at 37°C and non
adherent cells were removed by washing. This results in cultures of osteoclasts 

which are relatively free from contamination by non-osteoclastic cells. Such 

cultures lack hormonal responsiveness to 1,25 (OH)2D3 (McSheehy and 

Chambers, 1987). The slices were then transferred to individual wells to which 500 

fj\ of either control or test medium were added. The cultures were carried out for 
20 h at 37°C and 5% C02/95% air. Due to the variability in the number of 
osteoclasts isolated from each chick a single experiment consisted of 6 ivory 

slices bearing the cells from one chick, with 3 slices for each control and test 
variable.

Similar experiments were performed using osteoclast suspensions obtained 

after a prolonged sedimentation period (1 h). This modification produces cultures 

containing increased numbers of osteoblastic cells (McSheehy and Chambers,
1987) and restores osteoclastic responsiveness to 1,25 (OH)2D3.
At the completion of the culture period, the ivory slices were freed of adherent 
cells and stained with toluidine blue in order to count the resorption lacunae 

(Boyde et a/., 1984). The method used for the precise quantitation of the 

resorptive capacity of the osteoclasts involved estimating the volume of each 

lacuna with a 3-D video rate reflection confocal laser scanning microscope 

(Lasertec Corporation, Japan) as previously described (Jones etal., 1992).
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8 . Osteoclast differentiation assay and identification of osteoclast-like cells
A bone marrow culture system was used to assess osteoclast differentiation 

(Takahashi et al., 1988a). In brief, tibiae were removed from 5-6-week-old mice, 
the epiphyses dissected free and the marrow cavity flushed with 1 ml a-MEM  

using a sterile 30 gauge needle. The marrow cells were plated in 24 well dishes, 
each well containing an ivory slice at a density of 7.5 x 10® cells/well in 0.5 ml a- 
MEM containing 10% FCS and 1,25(OH)2D3 (1 nM) for 8 d at 37°G in 5% 

0 0 2 /95% air. The cultures were incubated in the presence of either test 
substance (10 ng/ml) or vehicle. Cultures were fed every 3 d by replacing 250 jj\ 
culture medium containing test substance and fresh hormone or vehicle.

After being cultured for 8 d, cells were fixed and stained for tartrate- 
resistant acid phosphatase (TRAP) using a commercial assay kit (Sigma). TRAP- 
positive cells with three or more nuclei were counted as multinucleated cells 

(MNCs). Expression of calcitonin receptors was also assessed by autoradiography 

using [^^®l]-salmon calcitonin as described previously (Takahashi at a!., 1988b).
More than 90% of the TRAP-positive MNCs formed in the co-cultures treated with 

1,25(0H)2D3 showed specific binding of labelled calcitonin (data not shown). 
TRAP-positive MNCs are therefore referred to as osteoclast-like MNCs.

9. IL-1 assay
IL-1 activity in BMX was determined by assaying collagenase production by rabbit 
articular chondrocytes (Evequoz ef a/., 1984).

9. TNF assay
TNF activity in BMX was determined by assessing the cytotoxicity of the murine 

connective tissue cell line L929 to recombinant human TNF Flick and Gifford, 
(1984).

9. Endotoxin assay
The presence of endotoxin in BMX was determined by the Limulus Amebocyte 

Lysate assay (Sigma; kit 210)

RESULTS

Initial assays were made of the crude bone matrix extract to determine the 

presence of IL-1, TNF or endotoxin which might have accounted for the BRA. 
TNF was found at a concentration of 10'^® M which is insufficient to stimulate 

bone resorption in vitro] no IL-1 or endotoxin were detected (data not shown).
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Purification and characterization of a 14 kDa bone resorptive protein.
Figure 2A shows the purification scheme for a 14 kDa protein, the results of 
which are summarized in Tables 3A and 4A.

Fig. 2  Purification scheme

7 kg bone powder

i
11900 mg PROTEIN

i
Anion exchange (Mono Q)

B

Fraction 40

i
Gel filtration (Superdex)

i
14 kDa protein

Fractions 
22 and 23

Fractions 17-17  
and 32 - 39 I

Heparin-Sepharose

i
Hydroxyapatite

i
Concanavalin A-Sepharose 

1

Phenyl Superose

i
RVC (ProRPC)

/ \ Fractions 
13 and 14

25 kDa protein SDS-PAGEI
29 & 40 kDa protein
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The starting material consisted of 11900 mg of protein extracted from 7 kg 

of bovine cortical bone powder and contained 16,000 units of BRA (Table 3A) and 
724,500 units of GFA (Table 4 A). Mono Q anion exchange chromatography 

(Figure 3) demonstrated the presence of multiple peaks of BRA eluting between 0- 
1 M NaCI.
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Fig. 3. Mono Q anion-exchange chromatography of BMX
BMX was chromatographed on a Mono Q HR 10/10 column as described in the Methods

Section. --------------, /Â so,'. -------, N a d  gradient in the mixing chamber before the column as

computed by the gradient controller (this is not the salt concentration in the fractions),x \ \ \ j bone 

resorptive activity (BRA) expressed as a treated (T)/controi (C) ratio. Activity eluting with 0.85 M  

N a d  (fraction 40) was applied to a gel filtration column (see Fig. 2A) and the fractions indicated by 

the horizontal bars were pooled for heparin-Sepharose chromatography (Fig. 2B).

51



Chapter 2:Purification

The BRA eluting at 0.85 M NaCI (estimated by conductivity: Fraction 40), although 

impure, was found to consist of a reduced number of protein bands by SDS-PAGE 

(Figure 10, Lane 2). We therefore decided to purify this fraction independently of 
the remainder of the BRA from the Mono Q column. Gel filtration chromatography 

of the Mono Q fraction 40 showed a 14 kDa protein was responsible for the BRA 

(Figure 4), the being confirmed by SDS-PAGE (Figure 10, lane 3).
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Fig. 4. Gel filtration chromatography of fraction 40 from (Mono Q) anion- 
exchange chromatography
Fraction 40 from the Mono Q anion-exchange column was applied to a Superdex 75 HR 10/30 gel

filtration FPLC column as described in the Methods Section.

--------------, ^ 260! I \  \  \  I .fractions with BRA (T/C ratio). Fractions assayed at 3 pi/mi

for BRA. The horizontal bar indicates the fractions pooled for SDS-PAGE.

The 14 kDa had a specific activity of 840,000 BRA/mg indicating a purification 
factor of 626860-fold over the starting material (Table 3A). The amount of activity 

recovered was approximately 5% of the starting material. The 14 kDa protein was 

also active in the 3T3 fibroblast assay with a specific activity of 260,000 GFA/mg 
(Table 4A). Finally the 14 KDa protein significantly increased DMA synthesis MCF-
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7 cells compared to control cultures (control, 1.9±0.12; 14 KDa Ing/ml, 5.7±0.16;
14 KDa 10 ng/ml, 12.3±0.23; recombinant human IGF-I 1 ng/ml, 14.6±0.36; 
results are derived from triplicate cultures and are expressed as ^g DNA/well, 
mean SEM). This bioassay is specific for insulin and the insulin-like growth factors 
(van der Burg et al., 1988; van Zoelen et a!., 1989).

Purification and characterization of the 25, 29 and 40 kDa bone resorptive 

proteins.
The remainder of the protein with BRA from the Mono Q anion-exchange 

column was purified by sequential chromatography and SDS-PAGE as illustrated 
in Figure 2B, the results of which are summarized in Tables 3B (BRA) and 4B 
(GFA). Heparin-Sepharose was included as the next step in the purification 
protocol as several polypeptide growth factors with BRA bind to this affinity matrix 
(Hauschka et a!., 1986). This step did not result in a worthwhile enhancement of 
the purification of BRA since activity was associated with both the unbound and 
bound fractions (Fig. 5).
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Fig.5 Heparin-Sepharose chromatography of the remainder of BRA from 

Mono-Q column
BRA was applied to a heparin-Sepharose coiumn ( 3 x 1 5  cm) as described in the Methods section.

----------------- , ^ 2 8 0 ' ------- , N a d  gradient; R \ W fractions with BRA (T/C ratio). Fractions with BRA

indicated by horizontal bars were pooled for hydroxyapatite chromatography.
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As the mineralized phase of bone consists of hydroxyapatite and the 
demineralization agent EDTA was used in the extraction procedure, 
hydroxyapatite chromatography was included as the next step in the purification. 
About 80% of the BRA bound to this matrix and was eluted between 0 and 0.3 M 
potassium phosphate (Figure 6). This resulted in a 5-fold purification of BRA over 
the previous step (Table 3B).
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Fig. 6. Hydroxyapatite chromatography of BRA from heparin-Sepharose 

chromatography
The fractions containing BRA from heparin-Sepharose were passed through a column (2 cm x 15 

cm) of hydroxyapatite as described in the Methods section. The column was eluted with a linear 

gradient ofO - 0.5 M potassium phosphate buffer, pH 7.0.

--------------, Agsoi — . potassium phosphate gradient; 1 \  \  X l  fractions with BRA (T/C

ratio). Fractions assayed at 10 pi/mi for BRA. The fractions with BRA indicated by 

the horizontal bar were pooled for concanavalin-A-Sepharose chromatography.
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TABLE 3. Purification of bone resorptive activity from bone matrix

Purification step Total Total 
protein activity 

(mg) (BRA units)

Specific 

activity 

(BRA units/mg)

Purification
factor

Recovery 

of activity

(%)

4 kDa protein
Bone extract 11900 16000 1.34 1 100

Mono Q frac. 40 2.85 960 337 25 6

Superdex frac. 40 0.001 840 840000 626860 5

Î5, 29 and 40 kDa proteins 

Mono Q residual BRA 3600 

frac. 17-27 & 32-39
13100 3.6 2.7 82

Heparin Sepharose 2900 12600 4.3 3.2 79

Hydroxyapatite 480 9700 20.2 • 15 61

Con A-Sepharose 30 9200 306.6 288 57

Phenyl Superose 4.15 8700 2175 1623 54

Reverse-phase (RVC) 
Frac. 13 & 14 0.031 1200 38710 28888 7.5

25 kDa protein
(Frac. 22 and 23)

0.0005 110 220000 164170 0.7

SDS-PAGE of fractions 

13 and 14 from RPC 

29 kDa protein 0.0005 230 460000 343280 1.4

40 kDa protein 0.001 125 125000 93280 0.8

One unit of bone resorptive activity (BRA) was equivalent to that produced by 0.1 ng/ml 1,25(OH)2D3
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We then used lectin affinity chromatography with concanavalin A- 
Sepharose to determine if BRA was associated with glycoproteins. Only about 15% 
of the protein material loaded onto the column bound to the matrix but the bound 
fraction accounted for over 95% of the BRA and was eluted as three separate 
peaks of activity by methyl mannopyranoside (Figure 7). Although a significant 
number of contaminating proteins were removed after concanavalin A-sepharose, 
SDS-PAGE analysis of the three fractions containing BRA still showed a complex 
pattern of glycoproteins associated with each individual peak of activity (data not 
shown). We therefore decided to combine the three peaks of BRA activity for 
further purification (Figure 10, lane 6). Although GFA co-purified with BRA during 
the initial stages of purification, a substantial amount of GFA was lost following 
chromatography on concanavalin A-Sepharose (Table 4B).
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Fig. 7. Concanavalin A-Sepharose chromatography of BRA from hydroxy
apatite chromatography
The BRA protein from the hydroxyapatite column was loaded onto a pre-equilibrated column (1 cm

X 6 cm) of concanavalln-A-Sepharose as described In the Methods section. --------------, Agaoi ,

methyl-a-D-mannopyranoslde gradient; fractions with BRA (T/C ratio). Fractions assayed at

10 pi/mi for BFtA. The fractions Indicated by the horizontal bars were pooled for phenyl-Superose 

chromatography.
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TABUE 4. Purification of growth factor activity from bone matrix

Purification step Total
protein

(mg)

Total 
activity 

(GFA units)

Specific Purification 

activity factor 
(GFA units/mg)

Recovery 

of activity 

%

14 kDa Protein
Bone extract 11900 724500 61 1 100

Mono Q frac. 40 2.85 32010 11230 184 22

Superdex frac. 40 0.001 260 260000 4262 0.4

25,29 & 40 kDa proteins 

Mono Q frac. 3600 

17-27 & 32-39
443200 123 2 61

Heparin-Seph 2900 421600 145 2.4 58

Hydroxyapatite 480 336050 700 11 46

Con A-Sepharose 30 138000 4600 75 19

Phenyl Superose 4.15 54000 13012 213 7

Reverse-phase (RPC) 
Fractions 13 and 14 0.031 6000 193548 3173 0.8

25 kDa protein 0.0005 

(fractions 22 and 23)
0 0 0 0

SDS-PAGE of frac. 13 

& 14 from RPC
29 kDa protein 0.0005 0 0 0 0

40 kDa protein 0.001 2000 2000000 3279 0.3

One unit of growth factor activity (GFA) was defined as half the maximal stimulation of proliferation in 

response to FCS.
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Two separate peaks of BRA, accounting for 95% of the total activity bound 
to phenyl-Superose and eluted at 1 and 0.8 M ammonium sulphate (Figure 8). 
However, the each peak of BRA consisted of multiple protein bands when 
analyzed by SDS-Page (data not shown). We therefore decided to combine the 
two peaks of BRA for further purification (Figure 10, Iane7).
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Fig. 8. Phenyl-Superose chromatography of BRA from concanavalin-A- 
Sepharose chromatography
Fractions containing BRA from concanavalin-A-Sepharose column (indicated by the horizontal bars 

in Fig. 5) were pooled and loaded onto a pre-equilibrated phenyl-Superose HR 5/5 column as 

described in the Methods Section. ------------------------------  , ammonium sulphate gradient;

SXSS) fractions with BRA (T/C ratio). Fractions were assayed for BRA at 3 pi/mi. The horizontal 

bar indicates the BRA fractions pooled for reverse phase chromatography.
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With the final chromatographic step of reverse-phase chromatography,
BRA eluted at two separate acetonitrile concentrations (Figure 9).
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Fig. 9. Reverse phase chromatography.
Fractions containing BRA from phenyl-Superose column (indicated by the horizontal bars in Fig. 6) 

were pooled and loaded onto a pre-equilibrated ProRPC HR 5/10 column and protein was eluted

using a linear gradient of 0-100% acetonitrile + 0.01% TFA. ---------------------, /Â so/ ......  ,NaCI

gradient; , [ \ x \ n I  fractions with BRA (T/C ratio). Fractions 22 and 23 consisted of a single

25 kDa band whilst fractions 13 and 14 consisted of multiple proteins bands as assessed by SDS- 

PAGE (Fig. 8, lane 8). Fractions 13 and 14 were pooled and run under non-reducing conditions on 

SDS/PAGE and the individual bands were sliced and eluted In 20% propanol as described in the 

Methods section. Individual bands were then assessed for BRA and GFA.
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SDS-PAGE analysis of fractions 13 and 14 revealed the presence of a 
number of protein bands in the 22-68 kDa range (Figure 10, lane 8) whilst 
fractions 22 and 23 consisted of a single band of 25 kDa (Figure 10, lane 9).
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Fig. 10. Analysis of the purification of bone resorptive activity by SDS 
polyacrylamide gel electrophoresis
Samples from the purification steps for bone resorptive activity were loaded on to SDS/10%- 

poiyacryiamide gels under reducing conditions. Samples were: 1, crude EDTA/Tris-HCL BMX; 2, 

Mono Q fraction 40; 3, 14 kDa band from gel filtration; 4, active material from heparin-Sepharose; 

5, active material from hydroxyapatite chromatography; 6, active material from con-A Sepharose; 

7, active material from phenyl-Superose chromatography; 8, active material from RpC. (fractions 

13 and 14); 9, 25 kOa band from HPLC (fractions 22 and 23); 10, 40 kOa band following 

SDS/PAGE; 11, 29 kDa band following SDS/PAGE.
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The yield of the 25 kDa protein estimated by absorbance at 280 nm was about 0.5 

jug with a specific activity 220,000 BRA/mg (Table 38) but had no GFA in the 3T3 

fibroblast assay (Table 48). The 25 kDa protein inhibited DNA synthesis in 

Mv.I.Lu mink lung cells compared to control cultures ( 1 ng/ml 25 KDa, 23±1.2; 10 

ng/ml 25 KDa 46+2.3; Ing /ml recombinant human (rh) TGF-3, 41 ±1.4 lOng/ml rh 

TGF-13 63±2.6; results derived from triplicate cultures and expressed as % 

inhibition,,mean±SEM). TGF-B is a specific inhibitor of M V.I.Lu cell proliferation 

(van Zoelen et a/., 1986).
Fractions 13 and 14 with 8 RA from reverse phase chromatography were 

pooled and purified by SDS-PAGE under non-reducing conditions. Following 

elution of the individual bands from a parallel unstained gel, 8 RA was shown to be 

associated with two bands with of about 29 and 40 kDa using the mouse 

calvarial assay (Figure 10, lane 10 and 11 respectively).
The yield of the 29 kDa protein was about 0.5 /^g, estimated by absorbance 

at 280 nm, using a known concentration of bovine serum albumin as a standard.
In an isolated osteoclast assay where the cells were sedimented for 15 mins 

(which minimizes contamination by non-osteoclastic cells and consequent indirect 
hormonal responses) we demonstrated that the 29 kDa protein increased both the 

number of osteoclast pits and the volume of bone resorbed assessed by confocal 
laser microscopy (Table 5).

TABLE 5. Effect of the 29 kDa protein on isolated osteoclast resorption.

Treated/control ratio

Number of pits Volume of resorption (jum )̂

29 kDa ( 1 ng/ml) 1.43 ± 0 . 1 5 * 1.62 ±0.31 *
29 kDa (10 ng/ml) 2.30 ± 0.20 * 2.69 ± 0.22 *
1,25 (0 H)2D3 (10 nM) 1.05 ±0 .12 1.09 ± 0.21

Chicken osteoclasts (15 min sedimentation) were cultured in the presence or absence of the 29  

kDa protein for 20  h. Bone resorption was assessed as described in the Methods section. Data 

are expressed as a treated/control ratio of the number of resorption pits and volume of bone 

resorbed in triplicate cultures. 1,25 was used to determine the whether the cultures were

contaminated by an excess of nonosteociastic cells. Mean ± SEM  number of pits (30.2  ± 5.6) and 

volume of bone resorbed (578 ± 127 pm^) per ivory slice in control cultures.

* P  < 0.05 compared with 1,25(OH)2D3 (Student's unpaired t-test).
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The osteotropic hormone 1,25(OH)2D3 (10 nM) was without effect in this assay 

confirming the functional absence of osteoblast-like cells from our cultures. The 29 

kDa protein was found to have no GFA activity in the 3T3 fibroblast assay (Table 

4B).
Using a mouse bone marrow differentiation assay for assessing 

osteoclastogenesis, we demonstrated that the 40 kDa protein enhanced both the 

formation of TRAP-positive multi nucleated cells in the presence of 1,25(OH)2D3 

(1 nM) and the number of resorption pits on ivory slices (Table 6A).

TABLE 6. Effect of the 40 kDa protein on (A) the formation of TRAP-positive 
multinucleated cells and osteoclast resorption in the presence of 
1 ,25(0H)2D3 and (B) resorption in an isolated osteoclast assay during a 48 h 
culture period.
A

Treatment No. of TRAP+ve MNC Resorption volume {pm^)

Control 3.4 ± 1 .3  0
40 kDa + 1,25 (OH)2D3 67.5 ± 7.2 * 32,636 ± 502 *
1,25 (0H)2D3 36.3 ± 5.0 18,326 ± 321
40 kDa 5.2 ± 1 .7  0

In (A) 1,25 (OH)2D3 and the 40 kDa protein were added at final concentrations of 1 nM  and 10 

ng/mi respectively to murine bone marrow cultures. The results are the means ± S.E.M. of 

triplicate cultures. * Significantly different from 1,25 (OH)2D 3 alone (Student's unpaired t-test), p 

<0.05.

However the 40 kDa protein failed to increased bone resorption in an 

osteoclast assay even when hormonal responsiveness to 1,25(OH)2D3 was 

restored by employing a prolonged sedimentation time of 1 h (Table 68 ).
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TABLE 68

Treated/Control ratio

Treatment Number of pits Volume of bone resorbed (pm^)

40 kDa 0.93 ± 0.21 0.89 ± 0.23

1,25(0H)2D3 2.64 ± 0.64 ** 2.87 ± 0.45 **

In (B) 1,25 (0 H)2D3 and the 40 kDa protein were added at final concentrations of 10 nM  and 10 

ng/mi respectively. 1,25(OH)2D3 was used as a positive control to establish the presence of 

kjnotional osteoblasts in these cultures. Data are expressed as in Table 5. Mean ± S.E.M  

(triplicate cultures) number of pits (86.3 ± 9.2) and volume of bone resorbed (20,321 ± 369 pm^) 

per ivory slice in control cultures. ** P  < 0.01  compared with 1 ,25 (O H )^ 3  (Student's unpaired t- 

test).
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DISCUSSION

The purification reported here identified 4 separate proteins with BRA from 

bovine bone matrix. The 14 kDa protein is related to the IGF family of 
polypeptides due its stimulatory activity on DNA synthesis in MCF-7 cells, an 

effect which has been shown to be specific for the IGFs (van der burg et a/., 1988; 
van Zoelen eta!., 1989). In addition the 14 KDa protein stimulated DNA synthesis 

in Balb/c/3T3 fibroblasts a response also induced by the IGFs (Elgin at al., 1987). 
IGF-I I is the most abundant growth factor in human bone matrix (Mohan and 

Baylink, 1990) and is present at a 10-fold higher concentration than IGF-I (Frolik at 
al., 1988) However, the 14 kDa peptide is probably IGF-I since this growth factor 
has been shown to stimulate bone resorption in vitro whereas both insulin and 

IGF-II are without effect (Slootweg at ai., 1992; Mochizuki at ai., 1992). Although 

the molecular mass of the protein isolated in this study differs from the 7 kDa 

established for the IGFs (Sara and Hall, 1990), studies involving the extraction 

and purification of IGFs from bone matrix under non-dissociative conditions have 

revealed that biologically active forms of IGFs can exist as higher molecular mass 

complexes than the 7 kDa form (Farley and Baylink, 1982; Mohan at ai., 1986).
This has also been shown for IGFs produced by osteoblasts (Slootweg at ai.,
1990) which are believed to be the principal source of IGFs in bone matrix (Mohan 

at al., 1988). IGFs are complexed with binding proteins in the bone matrix in a 

biologically inactive form (Bautista at ai., 1991). As non-dissociative conditions 

were used during purification in this study, which would fail to release IGFs from 

their binding proteins, this may have accounted for our low yield of IGF-like 

bioactivity.
The 25 kDa protein was identified as TGF-8 due to its inhibitory activity on 

mink lung epithelial cells, an effect which is specific for the TG F-8 family of growth 

factors (van Zoelen at ai., 1986) and the lack of any mitogenic effect on 3T3 cells 

(Hauschka at ai., 1986). Although bone matrix is known to be a rich source of 
TG F-8 (Seyedin at ai., 1985), the polypeptide is predominantly in the latent form 

as a glycoprotein complex (Jennings and Mohan, 1990) rather than the biologically 

active 25 kDa form that stimulates bone resorption in vitro (Tashjian at ai., 1985; 
Hattersley and Chambers, 1991). The method of extraction used involved non- 
dissociative conditions at a neutral pH which has been shown to isolate TG F-8 in 

the latent form (Jennings and Mohan, 1990). However, latent TG F-8 which co
purified with the BRA would have been converted to the active 25 kDa polypeptide 

by the low pH during reverse phase chromatography, resulting in its identification 

at this stage of the purification. Unambiguous identification of the 14 and 25 kDa 

proteins by immunochemical methods was not undertaken due to the lack of
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available antibodies to bovine TGF-B and IGF.
A 40 kDa protein was isolated from bone matrix which increased 

osteoclast-like MNC formation in murine marrow cultures. It has been shown that 
both bone matrix and bone marrow extracellular matrix stimulate haemopoietic cell 
proliferation and osteoclast differentiation (Campbell et al., 1985; Fuller and 

Chambers, 1989). Since osteoclasts are derived from haemopoietic precursors 

(Scheven et ai., 1986) and cells demonstrating the osteoclast phenotype have 

never been identified outside bone, the 40 kDa protein may be responsible for the 

terminal maturation of osteoclast progenitors. The 40 kDa protein could be a 

colony stimulating factor (CSF) since these glycoproteins regulate the proliferation 

and differentiation of haemopoietic progenitors (Metcalf, 1985) and are 

compartmentalised within the bone marrow microenvironment (Gordon et al.,
1987). The role of CSFs, which have variable molecular masses (14-76 kDa) 
depending upon their state of glycosylation (Stanley and Heard, 1977; Fung et al., 
1984), in osteoclastogenesis is equivocal.

Whilst studies have shown that both macrophage-CSF and granulocyte- 
macrophage-CSF enhance osteoclast formation (MacDonald et al., 1986; 
Hattersley et al., 1991 ; Tanaka eta l., 1993) others have found an inhibitory effect 
(Shinar et al., 1990). The 40 kDa protein may be a specific CSF for the osteoclast 
lineage similar to a 17 kDa protein isolated from a murine mammary carcinoma cell 
line (Lee etal., 1991).

Although many cytokines stimulate osteoclastic bone resorption, none of 
the known agents stimulate osteoclasts directly but act through the intermediary of 
osteoblastic cells (Chambers, 1988; Hattersley and Chambers, 1991 ; Mochizuki et 
al., 1992). The isolation of a 29 kDa protein that was stimulatory in an 'isolated 

osteoclast assay' [minimal contamination by non-osteoclastic cells and no 

hormonal responsiveness to 1,25 (OH)2D3] suggests that the factor is a novel 
protein. Since osteoblasts produce a soluble factor that directly stimulates 

osteoclast resorptive activity (McSheehy and Chambers, 1987; Perry et al., 1989; 
Collin etal., 1992) the 29 kDa protein may be an osteoblast gene product that has 

become sequestrated within the bone matrix. Whilst estimates of the molecular 
mass of osteoblast-derived osteoclast activating factors have varied widely up to 

150 kDa, the consensus is that a protein is responsible for the activity (Morris et 
al., 1990; Fuller et al., 1991 ; Collin et al., 1992). However, the factor has 

remained elusive due to the low levels of release by osteoblastic cells (Thomson 

etal., 1986).
In conclusion, the procedure described here has enabled the identification 

(i) a 40 kDa protein which enhances osteoclast differentiation and (ii) a 29 kDa 

protein which stimulates the activity of osteoclasts. Their complete identification
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will require a larger scale of bone matrix extract as starting material, and an 

improved purification scheme with higher recovery in order to obtain the proteins 

in quantities sufficient for N-terminal amino acid sequencing.
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CHAPTER 3

INSULIN-UKE GROWTH FACTORS-! AND -II STIMULATE OSTEOCLAST 

FORMATION AND FUNCTION VIA THE TYPE I IGF RECEPTOR

Bone turnover is regulated by complex interactions between systemic 

hormones, locally-derived growth factors and bone cells (Mundy and Roodman,
1987; Mohan and Baylink, 1991). Among the local factors, insulin-like growth 

factors-1 and -II (IGF-I and -II) are secreted by osteoblasts and stimulate their 
target cells via both autocrine and paracrine mechanisms (McCarthy et al., 1989; 
Pfeilschifter et a!., 1990; Hakeda et al., 1991). The IGFs are also sequestered in 

bone matrix by means of IGF-binding proteins (IGFBPs; Bautista et al., 1991) and 

may be released in an active form during resorption to stimulate matrix production 
by osteoblasts (Farley etal., 1987; Spencer etal., 1989).

Compared to the comprehensive investi gâtons on the role of the IGFs in 

regulating osteoblast function, information regarding their effects on bone 

resorption is limited and conflicting. Mochizuki et al. (1992) reported that IGF-I 
induces the formation of osteoclast-like cells from haemopoietic precursors 

although the resorptive potential of the cells was not demonstrated. IGF-I was 

shown to activate mature osteoclasts in cultures of unfractionated bone cells 

(Mochizuki et al., 1992) but the mechanism underlying this effect remains unclear. 
Indirect stimulation of osteoclasts may have occurred through an interaction with 

other cells in the bone microenvironment as reported for other osteotropic agents 

(McSheehy and Chambers, 1986, 1987; Thomson et al., 1986, 1987). It has also 

been demonstrated that IGF-I stimulates bone resorption in fetal mouse long 

bones, but IGF-II is without effect (Slootweg et al., 1992).
The IGFs act on cells by binding to specific membrane receptors; two 

structurally and immunologically distinct receptors, type-1 and type-11 receptors, 
have been identified (Kasuga et al., 1981 ; Massagué & Czech, 1982). Affinity 

cross-linking and competitive binding studies using radiolabeled IGFs have 

demonstrated the presence of both types of IGF receptors in a wide variety of 
tissues and cultured cells, including human and rodent osteoblasts (Rosenfeld and 

Hintz, 1986; Mohan et al., 1989; Slootweg et al., 1990). The type-1 IGF receptor is 

closely related to the insulin receptor and binds both IGF-I and IGF-II with high 

affinity (Steele-Perkins et al., 1988). In contrast, the type-11 IGF receptor, which is 

identical to the cation-independent mannose-6-phosphate receptor (Morgan et al.,
1987; Lobel et al., 1987; Roth et al., 1987), preferentially binds IGF-II to IGF-I with 

an affinity ratio of 100:1 (Scott and Baxter, 1987). The use of antibodies to either

67



Chapter 3:IGF-I and -II

the type-1 or type-ll receptor has confirmed that the type-1 receptor is responsible 

for mediating many of the biological effects of both IGFs, such as cell replication 

and DNA synthesis (Mottola and Czech, 1984; Conover et al., 1986; Furlanetto et 
a!., 1987; Adashi et a!., 1989). The role of the type-ll receptor has proved to be 

enigmatic. Based upon its identity with the mannose-6-phosphate receptor and 

the fact that the lysosomal enzyme 3-galactosidase can inhibit the binding of IGF- 
II to the type-ll receptor (Kiess et a!., 1988) it has been suggested that this 

receptor might influence the targeting of lysosomal enzymes to lysosomes (Kiess 

eta l., 1989).
It was decided to compare the effects of IGF-II with those of IGF-I on bone 

resorption using (1) a neonatal murine calvarial assay, (2) an isolated rat 
osteoclast assay, and (3) a mouse bone marrow osteoclast differentiation assay. It 
was also determined whether the hormones acted directly on osteoclasts or 
through the intermediary of a separate cell type to stimulate their activity. Finally, 
the role of the type-1 or type-ll receptors in these responses was studied.

MATERIALS AND METHODS
Materials

Human recombinant IGFs-l and -II were purchased from Bachem Inc., 
Essex, UK. aIRa, a monoclonal antibody to the human type-1 IGF receptor (Kull et 
al., 1983) was obtained from Oncogene Sciences, Cambridge, UK. Salmon 

calcitonin (sCT), B-galactosidase, indomethacin and a- Minimal Essential Medium 
(a-MEM) were from Sigma Chemical Co., UK. 1,25-Dihydroxyvitamin D3 
[1 ,25(0H)2D3], modified Biggers (BGJ) medium, "^^CaCl2 and ^̂ 1̂ were 

purchased from sources mentioned in Chapter 2.

Methods

1. Neonatal calvarial assay: As described in Chapter 2.

2. Isolated osteoclast assay As described in Chapter 2.
Osteoclasts were prepared from either 2-3-day-old rats or mice.
Quantitation of the resorptive capacity of the osteoclasts involved estimating either 
the volume of the resorption lacunae by confocal laser microscopy (Jones et al., 
1992) or their surface area by image analysis (T.C. Image; Foster Finlay Ass. UK).

Similar experiments were performed using osteoclast suspensions obtained 

after a prolonged sedimentation period (1 h). This modification produces cultures
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containing increased numbers of osteoblastic cells (McSheehy and Chambers,
1986) and restores osteoclastic responsiveness to 1,25 (0 H)2 D3. To test further 
the indirect responsiveness of osteoclasts to IGF-I and IGF-II, osteoclasts 

obtained after a short sedimentation time (15 min) were cocultured with either 
neonatal mouse calvarial osteoblasts (1 x 10  ̂ cells/well) or human osteosarcoma 

MG63 cells (1 x 10^/well). Bone resorption was quantified as previously described.

3. Preparation of osteoblasts from neonatal mouse calvariae
Calvarial osteoblasts were prepared and characterized as described (Heath 

et al., 1984). Briefly, neonatal mouse calvaria (40-50) were dissected free from 

adherent soft tissue, washed in Ca^+- and Mg^+- free Tyrode's solution (10 min) 
and sequentially digested with 1 mg/ml trypsin (10 min), 2 mg/ml dispase (30 min) 
and 4 mg/ml collagenase (3 x 30 min). Cells released by the last two collagenase 

digestions were washed and grown in Dulbecco's modification of Eagle's medium 

(DMEM) containing 10% fetal calf serum (FCS; Globepharm, Esher, Surrey) and 

antibiotics for 2 days prior to use. All cultures were maintained at 37°C in a 

humidified atmosphere of 5% C0 2 :95% air.

4. Culture of MG-63 cells
Human osteosarcoma MG-63 cells were obtained from Dr Jonathan Sandy, Bristol 
Dental School, Bristol, England. The cells were maintained in MEM with non- 
essential amino acids, supplemented with 10% heat-inactivated FCS, 2 nM 

glutamine. Cultures were maintained as for mouse osteoblasts.

5. Bone marrow cell cultures: As described in Chapter 2.
The marrow cells were plated in 24 well dishes, each well containing either 

a Thermanox coverslip (Nunc. Inc. Naperville, Illinois) or a Icm^ ivory slice, at a 

density of 2 x 10® cells/well in 0.5 ml a-MEM containing 10% FCS and 10'®M 

hydrocortisone. The cultures were incubated in the presence of IGF-I, IGF-II, 
and/or 1,25(OH)2D3. After 8 days the cultures on the coverslips were stained with 

tartrate resistant acid phosphatase (TRAP) and the number of TRAP positive 

multinucleated cells (MNCs; 3 or more nuclei) were counted. TRAP is an 

enzymatic activity which is preferentially expressed at high levels in osteoclasts 

and is considered in the mouse to be an osteoclast marker (Takahashi et a/., 
1988a; Shinar et a!., 1990). The cells were removed from the ivory slices after 10 

days, the substrate was stained with toluidine blue and the surface area of the 

resorption lacunae quantified by image analysis.
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calcitonin autoradiography
Salmon calcitonin (sCT) was labelled with ’’^̂ l using the Bolton and Hunter 

method (1973). The labelled hormone was separated from unincorporated ^̂ 1̂ 
and unlabelled hormone on Sephadex G-15. The calculated specific activity was 

1.1 mCi/mmol. Mouse marrow cells were cultured on Labtek slides (Nunc Inc., 
Illinois, USA) and incubated in the presence of IGFs as described above. Before 

incubation with p^^l]-sCT, marrow cells grown on the coverslips were washed 

with a-MEM and cultured in the absence of IGFs for 12 h. Cells were then 

incubated with 0.2 nM p^^l]-sCT in a-MEM containing 0.1% BSA for 1 h at 22°C. 
Nonspecific binding was assessed in the presence of an excess amount (3 x 10'^
M) of unlabeled sOT. After labelling, cells were washed with cold a-MEM and 

fixed for 10 min in 0.1 M sodium cacodylate buffer (pH 7.4) oontaining 2% 

formaldehyde and 2% glutaraldehyde. The cells were stained for TRAP activity 

and the slides were dipped in NR-M2 emulsion (Ilford Scientific Products, Ilford, 
Essex, UK) and developed after 21 days at 4°C.

Statistical Analysis
Data are presented as the means ± SEM of three to six cultures per group.

Each experiment was repeated three or more times with similar results. 
Differences between control and treatment groups were determined by the Mann- 
Whitney U-test.
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RESULTS

Effects of IGF-I and IGF-II on calvarial bone resorption
A neonatal mouse calvarial assay that can screen for activity modulating 

osteoclast differentiation and function was initially used to assess the effects of 
IGFs on bone resorption. During a 96 h culture period both IGF-I and IGF-II dose- 
dependently increased the release of "̂ Ĉâ + from calvarial explants compared to 

control explants (Fig. 11) IGF-I produced a maximal treated/control (T/C) ratio of 
2.4 ± 0.3 at 5 X 10'® M and IGF-II a maximal T/C ratio of 2.0 ± 0.2 at 10'^ M. 
However, their effects were less than those of 1,25(OH)2D3 (10"® M) with a T/C 

ratio of 2.8 ± 0.2 .
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Fig. 11 Effects of IGF-I and IGF-II on ^̂ Câ + release from neonatal mouse 
calvariae. prelabelled mouse calvariae were cultured as described in Methods, in the

presence and absence of increasing concentrations of IGF-i or IGF-ii for 4 days. 1,25 /OH)2 ^ 3  

//O'® M) was added as a positive control. Values are expressed as treated/control ratios (T/C). 

Each point is the mean ± SEM  of 4 determinations. Significantly different from control 

(unstimuiated) bones; * P<0.05.
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Effects of IGFs on isolated osteoclast bone resorption

To ascertain whether the activation of mature osteoclasts was responsible 

for the IGF-stimulated bone resorption, the effects of the IGFs on rat osteoclast 
populations obtained after a short (20 min) sedimentation time (which minimizes 

contamination by non-osteoclastic cells and consequent indirect hormonal 
responses) were investigated. It was found that neither the IGFs nor 
1 ,25(0H)2D3 had any effect on osteoclast lacunar resorption (Table 7).

TABLE 7. Effect of IGF-I, IGF-II and 1,25(0H)2D3 on lacunar resorption by 
isolated osteoclasts.

Treatment No. of pits/ivory slice Volume of resorption/
ivory slice (jum )̂

o c 14.3 ±2.0 10,952 ± 1713

OC + 1 ,25(0H)2D3 15.3 ±2.1 12,131 ± 1932

OC + IGF-I 13.2 ±1.5 9,657 ± 1321

0 0  4- IGF-II 14.8 ±0.9 11,861 ± 972

Osteoclasts were sedimented onto ivory slices for 15 min and cultured alone or in the presence of 

either iGFi, IG F-ii or 1,25(OH)2D3, ail at a final concentration of M. After incubation for 20  h 

the bone resorption was quantified by confocal laser microscopy. Each mean ± SEM  represents 9  

ivory slices from 3 separate experiments.
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A more prolonged sedimentation of bone cells which is associated with the 

adhesion of a greater number of non-osteoclastic, alkaline phosphatase-positive 

bone cells onto the substrate (McSheehy and Chambers, 1986), restored the 

hormone responsiveness of the cultures to 1,25(OH)2D3.
Under these conditions, IGF-I and IGF-II dose-dependently (10'^° - 5 x 10'® M) 

increased both the number (Fig. 12A) and the total volume (Fig. 12B) of the 

resorption pits. Once again the stimulatory effects of IGF-I (maximum T/C ratio 2.8 

± 0.27) were greater than those of IGF-II (maximum T/C ratio 2.3 ± 0.24). Neither 
hormone was as effective as 1,25(OH)2D3 (1 O'® M) with a T/C ratio of 3.2 ± 0.38.
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Fig. 12. Effects of IGF-I and IGF-II on lacunar resorption by rat osteoclasts 
obtained after a prolonged sedimentation of bone cells onto ivory slices.
Unfractionated bone cells were cultured on Ivory slices with various concentrations of either IGFs 

or 1,25(OH)2D3 (lOr^ M) for 24 h. After culture the number of pits/lacunae (A) and volume of the 

pits were calculated (B). The values are expressed as treated/control ratios (T/C). Each point Is 

the mean ± S.E.M. of 4 determinations. Significantly different from controls; * P  < 0.05.
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Similar experiments were performed in which osteoclasts obtained after a shorter 
sedimentation (20 min) were incubated with or without primary mouse osteoblastic 

cells (Table 8). Without primary osteoblasts, bone resorption was unresponsive to 

1 ,25(0H)2D3 and either of the IGFs. In the presence of primary osteoblastic cells, 
1,25(0H)2D3, IGF-I and IGF-II stimulated bone resorption (Table 8). When 

Balb/c/3T3 cells, a non-osteoblastic cell line that possess type I and II IGF 

receptors (Nishimoto etal., 1987; Kojima etal., 1988) were substituted for primary 

osteoblast cells, there was no stimulation of bone resorption in the presence of 
either IGF-I or IGF-II (data not shown).

TABLE 8. Effect of IGF-I, IGF-II and 1 ,25(0H)2D3 on lacunar resorption by 
osteoclasts co-cultured with primary osteoblasts.

Treatment No. pits/ivory slice Volume of pits/slice(pm^)

OC 15.9 ± 2 .5 12,316 ± 1737
0 0  + OB 14.2 ± 2.2 10,764 ± 1961
OC + O B +  1,25(0H)2D3 49.3 ± 5.2 42,841 ± 5321
0 0  + OB + IGF-I 43.1 ± 4.7 39,781 ± 5011
0 0  + OB + IGF-II 36.9 ± 5.1 30,295 ± 3651

Osteoclasts were sedimented onto ivory siices and co-cuitured alone or with primary osteoblast 

ceils. 1,25(0H)2D3, IGF-i and IGF-ii were added at final concentrations of 10'^ M. Bone 

resorption was quantified by confocal laser microscopy. Each mean ± SEM  represents 9  slices 

from 3  separate experiments.

Effects of B-galactosidase andalR-3 on IGF-stimulated bone resorption in osteoclast- 
osteoblast cocultures

To determine which receptor was responsible for mediating the effects of 
the IGFs on osteoblast-like cells, osteociast-osteoblast cocultures were treated 

with the IGFs in the presence and absence of 8-galactosidase, a lysosomal 
enzyme that has been shown to compete with IGF-II for binding to the type II IGF 

receptor (Kiess et al., 1988, 1990). It was found that 3-galactosidase at 10'^ M , a 

concentration that has been shown to inhibit binding of IGF-II to the type II 
receptor (Keiss et ai. (1990), had no inhibitory effect on either IGF-I- or IGF-II- 
stimulated bone resorption (data not shown). These results suggested that the 

IGFs were not mediating their effects by interacting with the type II receptor.
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In order to provide a more definitive assignment of receptor function a 

murine monoclonal antibody, alR-3 produced against the type I IGF receptor was 

utilized (Kull etal., 1983). This antibody binds specifically to the human type I IGF 

receptor and does not cross-react with either the type II IGF or insulin receptor 
(Van Wyk et al., 1985; Jacobs et ai,, 1986). For these experiments mouse 

osteoclasts with co-cultured with MG-63 human osteosarcoma cells. This cell line 

resembles an osteoprogenitor cell (Franceschi et a!., 1985) and possesses both 

type I and II IGF receptors (Campbell and Novak, 1991).
As shown in Fig. 13, alR-3 (5 ^g/ml) was a potent competitive inhibitor of 

both IGF-I- and IGF-ll-stimulated bone resorption, indicating that in these co
cultures both hormones stimulate resorptive activity by interacting with the type I 
IGF receptor. That this inhibitory effect was specifically related to type I IGF 

receptor inhibition and was not due to a nonspecific or toxic effect of the antibody 

is supported by the observation that the antibody had no effect on 1,25(OH)2D3- 
stimulated resorption in these cultures (Fig. 13). alR-3 also had no significant 
effect on the control cultures.
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Fig. 13. Effect of alR-3 on IGF-I and -ll-stimulated lacunar resorption by 
osteoclast-osteoblast cocultures.
Mouse osteoclasts were cultured with MG-63 human osteosarcoma cells on ivory slices for 24 h in 

the presence of alR-3 (5pg/ml) and either IGF-I (10'^ M), IG F-I I (10r^ M) or 1,25 (OH) 2D 3 (10'^ 

M). The extent of osteoclast lacunar resorption was quantified by recording pit numbers. Data are  

the mean ± SEM  of 4 cultures. Significantly different from controls; * P  < 0.05.

75



Chapter 3:IGF-I and -II

Effects of IGF-I and IGF-II on osteoclast formation in mouse bone marrow 

cultures
To assess the relationship between the TRAP positive cells formed in mouse 

marrow cultures and osteoclasts the calcitonin-binding properties of these cells 

were examined. Cultures treated for 8 d with either IGF-I or IGF-II were incubated 

for 1 h with [^^^l]-calcitonin, and binding was analyzed by autoradiography (Fig.
14A and B). Binding of calcitonin was found only in TRAP positive cells.
No grains accumulated on osteoclasts, when excess amounts of unlabelled CT 

were added to the incubation mixture (Fig. 140 and D). Silver grains were present 
in both mononuclear and MNC TRAP positive cells (Fig. 14A and B). These 

observations are in agreement with other studies (Takahashi etal., 1988b; Shinar 
et a!., 1990), that suggest mononuclear precursor cells of osteoclasts express the 

calcitonin receptors. No labelling of CT was observed in TRAP negative cells or in 

control cultures in the absence of the IGFs (data not shown).

D

%

Fig. 14. Autoradiography of p^^l]-salmon CT binding to mouse marrow 
cultures.
Mouse marrow cells were cultured on Labtek slides with either 10'^ M  IGF-I {A and C) or 10'^ M  

IG F-II (B and D) for 8  days. Marrow cells were then Incubated with p^^lJ-sCT (1 nM) in the 

absence (A and B) or presence (C and D) o f an excess amount (3 x  10'^ M) of unlabelled sCT, 

stained for TRAP, and processed for autoradiography. Bar is 50 pM.
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Effects of IGFs on the formation of TRAP positive MNCs in bone marrow 
cultures
To determine the possible involvement of IGF-I and IGF-II in the regulation of 
TRAP positive IV1NC generation, the hormones were added to the cultures 

separately or in combination with 1,25(OH)2D3. In the absence of 1,25{OH)2D3, 
both IGFs dose-dependently increased the formation of TRAP positive MNCs (Fig.
15). Maximal TRAP positive MNC formation occurred at 10'® M with either IGF-I 
or IGF-II. The numbers of TRAP positive MNC formed in 16 independent cultures 

treated with either IGF-I (10 ® M) or IGF-II (10 ® M) was 26.6 ± 7.2 or 17.3 ± 5.7 

respectively. The IGFs were not as effective as 1,25(OH)2D3 (10'® M) in 

generating TRAP positive MNC (56.2 ± 8.9). Also neither of the IGFs had an 

additive effect on TRAP positive MNC formation when added in combination with 

1 ,25(0H)2D3 (data not shown).
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Fig. 15. Effects of IGF-I and IGF-II on the formation of TRAP positive MNC.
Mouse marrow cells were cultured with increasing concentrations of the IGFs or 1,25(OH)JD3 

(1Ct^ M). After 8  days the number of TRAP  + M N C  were counted. Data expressed as the mean ± 

SEM  of six cultures from 2  experiments. SIgniftcantly different from controls; *  P  < 0.05.
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Effects of IGFs on bone resorption in marrow cultures
The cultures in which TRAP positive MNCs were generated in the presence of 
IGFs had the ability to form resorption pits when cultured on ivory (Fig. 16). When 

marrow mononuclear cells were cultured on ivcry slices for 8 days, IGF-I (10'® M) 
produced 4.32 ± 0.45 mm^ of resorption whilst IGF-II (10‘® M) produced 3.76 ±
0.32 mm^ of resorption. However, neither of the IGFs were as effective as 

1 ,25(0H)2D3 (10'® M) which produced 11.4 ± 0.67 mm^ of resorption. No bone 

resorption vyas observed in control cultures (no hormone addition), confirming that 
mature osteoclasts were initially absent from the marrow cultures.

15KU UO 9MM s 00000'T  'eeeei

Fig. 16. Scanning electron micrograph of ivory slice on which mouse bone 
marrow cells were cultured.
Mouse marrow mononuclear cells were cultured with IGF-II (1Ct^ M) on ivory for 10 days. A 

number of resorption lacunae are seen. Bar measures 200 pm.

Effects of B-galactosidase on IGF-I and -II mediated osteoclast formation
To determine which receptor was involved in mediating the effects of the IGFs, 
bone marrow cultures were treated with the IGFs (10 ® M) in the presence and 

absence of 8-galactosidase (10'^ M) for 8 days. 8-galactosidase had no inhibitory 

effect on either IGF-I or IGF-II mediated osteoclast formation (data not shown). 
This suggests that the IGFs are stimulating osteoclast formation in by interacting 

with type I IGF receptors on cells in the mouse marrow cultures.
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DISCUSSION

It has been demonstrated that IGF-I and IGF-II stimulate bone resorption in 

vitro by enhancing both osteoclast formation and activity and that these effects are 

mediated via the type I IGF receptor. Whilst previous studies have shown effects 

with IGF-I (Mochizuki et a!., 1992; Slootweg et al., 1992) the data presented here 

are the first to indicate a role for IGF-II in the process and mediation by the type I 
IGF receptor. Although both IGFs stimulated calvarial bone resorption, it was 

found that osteoclasts isolated from rat long bones did not respond to the 

hormones if incubated alone. This indicated that the IGFs have no direct effect on 

osteoclasts, but stimulate resorption through the intermediary of another cell type.
This was supported by the experiment in which a larger number of non- 
-osteoclastic bone cells were allowed to adhere to the ivory slices in combination 

with the osteoclasts; both IGF-I and IGF-II then stimulated resorption in the range 

10’® - 5x10’®M. Similarly, osteoclastic cells responded to the IGFs if osteoblastic 

cells, derived either from mouse calvariae or cloned human osteosarcoma cells, 
were added to the cultures. In contrast, cells of the fibroblast lineage, that 
possess type I and type II IGF receptors (Nishimoto et al., 1987; Kojima et a/.,
1988), were unable to enhance IGF effects on osteoclast resorptive activity. 
These results suggests that IGF-I and IGF-II, like PTH (McSheehy and Chambers,
1986), 1,25(0H)2D3 (McSheehy and Chambers, 1987), IL-1 (Thomson et a!.,
1986) and TNF (Thomson et a!., 1987) stimulate resorption by interacting with 

cells of the osteoblastic lineage.
The effect of the IGFs on bone resorption in the osteoblast-osteoclast co

cultures was mediated primarily by increasing the number of resorption lacunae 

without altering their mean lacunar volume. This may be due to the IGFs 

enhancing the number of resorption events undertaken by a single osteoclast. 
Alternatively, the proportion of mononuclear and/or multinucleated osteoclasts 

activated may be increased in the presence of the hormones. The sensitivity of 
the osteoclast cultures to the IGFs exceeded that of the calvarial explants by a 

factor of approximately 50 and is similar to other agents that stimulate bone 

resorption (McSheehy and Chambers, 1986; 1987; Hattersley and Chambers,
1991). The difference between the two bioassays may be attributable to the 

presence of diffusion barriers limiting access of the IGFs to their sites of action in 

the calvarial explants compared to the osteoclast cultures. Alternatively IGF- 
binding proteins that are secreted by bone cells (Schmid et a!., 1989a,b; Mohan et 
a!., 1989; Ernst and Rodan, 1990; Andress and Birnbaum, 1991 ; Chen et a!., 
1991; Torring et a!., 1991) and that modulate IGF activity (Baxter and Martin,
1989) may vary in concentration between the two culture systems as suggested
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for other experimental systems (Blum et al., 1989; De Mellow and Baxter, 1988;
Ross e t a l 1989).

Although types I and II IGF receptors are present in osteoblasts (Mohan et 
al., 1989; Slootweg etal., 1990; Campbell and Novak, 1991) the role of the type II 
IGF receptor in mediating the metabolic and proliferative activities of IGF II are 

controversial (Roth, 1988). Several lines of evidence from this study indicate that 
the type I IGF receptor is responsible for mediating the effects of IGFs. Firstly, the 

dose-response studies in the murine calvariae explants, osteoblasts-osteoclasts 

co-cultures and mouse bone marrow cultures indicate that IGF-I was slightly more 

potent than IGF-II in stimulating bone resorption. Similar potencies have been 

reported in other cell types (Zapf et al., 1978; Jacobs et al., 1986; Furlanetto et al.,
1987). This order of potency is similar to the relative affinities of these hormones 

for binding to the type I IGF receptor (Rechler et al., 1980) and is consistent with a 

common mechanism involving this receptor type. Secondly, the lysosomal enzyme 

8-galactosidase that competes with IGF-II for the type II receptor (Kiess et al.,
1988) failed to prevent either the IGF-I or -ll-stimulated bone resorption in the 

osteoblast-osteoclast co-cultures or the formation of TRAP positive MNCs in the 

mouse marrow cultures. Thirdly, alR-3 a monoclonal antibody specific for the 

human type I IGF receptor inhibited both IGF-I and IGF-II stimulated bone 

resorption when osteoclasts were co-cultured with the human osteosarcoma cell 
line, MG-63. It was not possible to confirm the involvement of the type I receptor in 

osteoclast formation using mouse bone marrow cultures as the antibody, alR-3 is 

selective for human cells.
Treatment of mouse bone marrow cultures with either IGF-I or IGF-II 

enhanced the generation of TRAP positive osteoclast-like cells. The effects of the 

IGFs were observed at concentrations that also stimulated bone resorption in the 

osteoblast-osteoclast cocultures and are within the physiological range for these 

hormones (Canalis et al., 1993). The effects of IGF-I in this study are consistent 
with those of Scheven and Hamilton (1991), who described a stimulatory effect on 

the formation of TRAP positive cells in rat bone marrow cultures, although the 

ability of these cells to bind CT and resorb bone was not reported. Moreover, the 

stimulatory activity of the IGFs on osteoclastogenesis are in accordance with the 

effects of IGF-I (Claustres et al., 1987) and IGF-II on erythropoiesis (Congote and 

Esch, 1987) and IGF-I stimulated granulopoiesis (Merchav et al., 1988). More 

recently Mochizuki et al. (1992) found, using haemopoietic blast cells generated 

from mouse spleen cells, that IGF-I increased osteoclast-like cell formation and 

the effect was mediated by the hormone interacting with an IGF receptor on the 

blast cells; but the resorptive potential of the cells was not demonstrated. 
Although, TRAP activity is not exclusive to osteoclasts (Hattersley and Chambers,

80



Chapter 3: IGF-I and -II

1989), the relationship of the osteoclast-like cells formed in the present study to 

bona fide osteoclasts was demonstrated by the fact that sCT bound to almost all 
the TRAP positive mononuclear and MNCs formed in response to either IGF-I or 
IGF-II. Similar results were reported previously for this system using PTH, 
1,25(0H)2D3 (Takahashi at al., 1988; Shinar at a!., 1990) and PGEg (Akatsu at 
a!., 1989). The conclusion that both IGF-I and IGF-II induce osteoclast-formation 

was confirmed by the presence of resorption lacunae in marrow cultures devoid of 
pre-existent osteoclasts.

The stimulatory effects of IGF-II observed in this study are in contrast to 

previous reports showing that IGF-II was without effect on either osteoclast 
formation or activity (Slootweg at a/., 1992; Mochizuki at a!., 1992). These 

differences may be attributable to the IGFBPs that are secreted by bone cells into 

the pericellular environment (Schmid at a!., 1989; Campbell at a!., 1991), where 

they can both inhibit (Campbell and Novak, 1991) or potentiate (Andress & 

Birnbaum, 1991) IGF activity. Moreover, differences in experimental conditions 

resulting in differential IGFBP function have also been suggested (Blum at a/.,
1989; De Mellow and Baxter, 1988; Ross at al., 1989). Bautista at al. (1991 ) have 

also isolated a binding protein from bone that enhances the activity of IGF-II on 
bone cells. The exact role of IGFBPs in mechanisms of IGF action remains 

elusive.
Whilst both IGF-I and -II are present in the bloodstream (Rinderknecht at 

al., 1976) it is apparent that paracrine biosynthesis of IGFs is more important in 

the modulation of cellular activity (Holly and Wass, 1989). In bone, the IGFs are 

produced by osteoblasts (Canalis atal., 1989; McCarthy at al., 1990) and are two 

of the most abundant growth factors stored in bone matrix (Mohan and Baylink,
1990): they affect osteoblast proliferation and bone matrix synthesis (Hock at al.,
1988; Pfeilschifter at al., 1990; Hakeda at al., 1991). Furthermore osteoblast 
production of IGF-I and -II is stimulated by PTH, 1,25(OH)2D3, TG F8 and IL-1 

(Linkhart and Mohan, 1989; Chenu at al., 1990; Linkhart and Keffer, 1991 ; 
Linkhart and MacCharles 1992) agents that increase bone resorption in vitro 

(Raisz, 1988). Induction of IGF-I and -II secretion may, therefore, contribute to the 

osteolytic effects of these various agents.
It has been shown that PTH and 1,25(OH)2D3 stimulate osteoclastic bone 

resorption by interacting with osteoblastic cells (McSheehy and Chambers, 1986a;
1987), which they induce to release a soluble polypeptide factor that stimulates 

osteoclasts (McSheehy and Chambers 1986b; 1987). Since the IGF peptides act 
via a similar mechanism, it is possible that the same factor mediates the 

stimulation by these various bone resorptive agents. Also the regulation of 
osteoblast production of the osteoclast-activating factor may be a final common
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pathway through which diverse systemic and local hormones modulate 

osteoclastic resorption.
On the basis of this data it is concluded that both IGF-I and -II stimulate 

osteoclast formation and activity via an interaction with the type I IGF receptor.
Since the IGFs are produced by osteoblasts and may be released from bone 

matrix during resorption, these peptides in concert with other growth factors may 

play an important role in modulating osteoblast-osteoclast interactions and bone 

remodelling.
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CHAPTER 4

INHIBITION OF BONE RESORPTION BY SELECTIVE INACTIVATORS OF
CYSTEINE PROTEINASES

Bone resorption occurs beneath the osteoclast ruffled border In a 

segregated extracellular microenvironment which resembles a secondary 

lysosome (Baron, 1989). Solubilization of bone mineral is achieved by 

acidification (Baron et al., 1985), whereas the organic matrix (mainly type I 
collagen) is degraded by proteolytic enzymes, especially the lysosomal cysteine 

proteinases (CPs) such as cathepsins B, L and S and the matrix 

metalloproteinases (MMPs), including collagenase (Délaissé and Vaes; 1992).
The involvement of CPs in matrix resorption was originally suggested by 

their ability to degrade type I collagen at acid pH (Etherington, 1972; Burleigh et 
a!., 1974; Kirschke et a!., 1982). Direct evidence for their participation in bone 

resorption was subsequently provided by the finding that inhibitors of CPs 
prevented resorption of bone explants (Délaissé et a!., 1980, 1984; Lerner et a/., 
1992). Furthermore, ultrastructural studies have demonstrated that inhibitors of 
CPs prevent collagen degradation within the subosteoclastic resorption zone 

whilst allowing demineralization to proceed (Everts et a!., 1988, 1992). Although 

there is evidence for the involvement of cathepsin L in bone collagen degradation, 
recent findings have questioned the involvement of cathepsin B in this process 

(Rifkin et a/., 1991 ; Kakegawa et a/., 1993).
Three CPs have been isolated from mouse calvarial tissue; cathepsins B, L 

and a cathepsin L-like 70 kDa proteinase (Délaissé et al., 1991) and multiple 

forms of cathepsin B have been isolated from human osteoclastomas (Page et al.,
1992). While cathepsins B and L have been immunolocalized in both osteoclasts 

and the subosteoclastic resorption zone (Sasaki and Ueno-Matsuda, 1993; 
Ohsawa et al., 1993; Goto et al., 1993) a recent study has suggested that 
cathepsin L is the main CP responsible for bone collagen degradation since the 

epoxy-peptide inhibitor CA074, specific for the inactivation of cathepsin B (Murata 

et al., 1991 ; Buttle et al., 1992), failed to inhibit bone resorption (Kakegawa et al.,
1993). However, since CA074 is a negatively charged molecule, its ability to enter 
cells is limited, so the involvement of intracellular cathepsin B may not have been 

detected. The methyl ester of CA074 (CA074Me) is a proinhibitor of cathepsin B 

that is inactive, but can enter cells and inhibit cathepsin B presumably following 

de-esterification (Buttle etal., 1992). This is analogous to a similar epoxy-peptide, 
Ep475 which is capable of traversing membranes only as its ethyl ester (Ep453)
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and following de-esterification, binds to intracellular cysteine proteinases (Tamai et 
a i,  1986; Wilcox & Mason, 1992). Whereas CA074 and CA074Me are selective 

inhibitors of cathepsin B, Ep475 and Ep453 inhibit the collagenolytic cathepsins B,
L and S (Buttle and Saklatvala, 1992; Buttle etal., 1992).

The control of bone resorption by CP and/or MMP inhibitors could be 

valuable in the clinical management of pathological conditions associated with 

increased levels of bone loss such as osteoporosis, arthritis, Paget's disease, 
tumor osteolysis and periodontitis. A strategy has been therefore to use 

inactivators that are specific for one particular CP or MMP to determine which 

enzyme(s) is involved. The recent findings that the membrane permeant 
proinactivators, Ep453 and CA074Me are potent inhibitors of cartilage 

proteoglycan degradation (Buttle et a!., in press) prompted an assessment of the 

effects of Ep475, Ep453, CA074 and CA074Me on bone resorption in vitro and in 

vivo to determine the roles of cathepsin B, L and/or S in this process.

MATERIALS AND METHODS 

Materials
Synthetic human parathyroid hormone [PTH-(1 -84)] was a gift from the 

Division of Biological Standards, National Institute of Medical Research, Mill Hill, 
UK and 1,25-Dihydroxyvitamin D3 (1,25(OH)2D3) was a generous gift from Dr Ian 

Dickson, Brunei University, Uxbridge, UK. Actinomycin D, L-proline, thymidine, 
indomethacin and alpha minimum essential medium (a-MEM) were purchased 

from Sigma Chemical Co (Poole, Dorset, UK). "^^CaCIa, methyl-pH]-thymidine 

and L-[5-^H]-proline were purchased from Amersham International pic 

(Amersham, Buckinghamshire, UK). Modified BGJ medium was obtained from 

Flow Laboratories (Irvine, Scotland).
The LL-isomer of Ep453 (also known as EST, E64d and loxistatin) and 

Ep475 (also known as E64c) were synthesized as described (Tamai et ai., 1987). 
CA074 was synthesized as described (Murata et ai., 1991) and converted to 

CA074Me by treatment with diazomethane (Buttle et ai., 1992).
Ep475, frans-epoxysuccinyl-leucylamido-(3-methyl)butane; Ep453, frans-epoxysu- 
ccinyl- leucylamido-(3-methyl)butane ethyl ester; CA074, N-(L-3-frans-propylcarb- 
amoyloxirane-2-carbonyl)-L-isoleucyl-L-proline;CA074Me,N-(L-3-frans-propylcarb- 
amoyloxirane-2-carbonyl)-L-isoleucyl-L-proline methyl ester.
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Methods

(1) Murine calvarial expiants: Bone resorption was assessed either by analysing 

45ca2+ or pH]-proiine release from cultured neonatal mouse calvarial bones as 

described in Chapter 2 .

(a)Protein synthesis: Protein synthesis in cultured calvariae was assessed by 

preculturing calvarial halves for 24 h in 1 ml modified BGJ medium with and 

without the different CP inhibitors. One group of bones was incubated in medium 

containing actinomycin D (100 juM) as a control. The cultures were maintained at 
37°C in a humidified atmosphere of 5% C02/95% air. During the last 6 h, the 

explants were labelled with 2 [uC\ of pH]-proline in the presence of cold carrier 
proline (100^M). The bones were washed in 3% (w/v) ice-cold trichloroacetic acid 

(TOA; 3 x 1 5  min) and water ( 3 x 1 0  min). Each bone was dissolved in 200 jj\ 
formic acid for 45 min at 60°C. A scintillation cocktail was added and the mixture 

was counted for radioactivity.

(b) DMA synthesis: DNA synthesis in calvarial bones was estimated by 
incubating the explants in the presence of pH]-thymidine and isolating labelled 

DNA by a method described by Lerner and Granstrom (1984). Briefly, the 

calvarial halves were preincubated for 24 h in 1 ml of BGJ medium with and 

without the different CP inhibitors. The cultures were maintained at 37°C in a 

humidified atmosphere of 5% 0 0 2 /95% air. For the last 6 h the explants were 

labelled with 5 fjC\ of pH]-thymidine in the presence of cold carrier thymidine 

(10"  ̂ M). The explants were then homogenized in 1 ml of cold saline and 

precipitated with 10% TOA and centrifuged. The precipitate was suspended in 5% 

TCA and heated at 60°C for 20 min, cooled and recentrifuged. The radioactivity in 

the hot 5% TCA soluble pool (DNA fraction) was determined by liquid scintillation.

(c) Enzyme release: The release of the lysosomal enzymes, 3-glucuronidase and 

N-acetyl-3-glucosaminidase, and the cytosolic enzyme lactate dehydrogenase 

from the calvarial bones was measured. In these experiments calvarial bones 

were cultured in 2 ml medium containing the various CP inhibitors for 24 h. 3- 
Glucuronidase was analysed using phenophthalein glucuronic acid as the 

substrate (Fishman etal., 1967); 1 unit of 3-glucuronidase activity will liberate 1 pg 

of phenolphthalein in 20 h at 37°C. N-Acetyl-3-glucosaminidase was analysed 

using p-nitrophenyl-N-acetyl-3-D-glucosaminide as the substrate; 1 unit refers to 

the decomposition of 1 prc\o\ substrate/m in. The activity of lactate dehydrogenase 

(LDH) was assayed by monitoring the oxidation rate of reduced nicotinamide
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adenine dinucleotide at 340 nm (Cabaud and Wroblewski, 1958); 1 unit of LDH 

converts 1 pmo\ of pyruvate per minute at 25°C.

(2) Isolated osteoclast-bone resorption assay: As described in Chapter 2 

except that cortical bone slices were used instead of ivory.
At the completion of the culture period, the bone slices were either stained 

unfixed with neutral red so that live osteoclasts could be counted, or fixed with 

warm (37°C) formaldehyde-acetone-citrate (1:6.5:2.5) solution. Following fixation 

the specimens were stained for 30 min at 37°C in darkness for tartrate resistant 
acid phosphatase (TRAP) activity; osteoclasts were identified as large 

multinucleated (3 or more nuclei) strongly TRAP-positive cells. In those 

experiments where the maximum concentration of inhibitor was used, osteoclast 
counts were made over the entire surface of each slice. Cells were then dislodged 

from the bone slices by rubbing each slice with gloved fingers and the specimens 

restained with toluidine blue in order to count the resorption lacunae (Boyde et aL, 
1984). The method used for the precise quantitation of the resorptive capacity of 
the osteoclasts involved estimating the surface area and volume of each lacuna by 

confocal laser microscopy (Jones et al., 1992).

(3) In vivo/in vitro bone cultures: This method has been described in detail
(Reynolds, 1972). Briefly, 1 -day-old mice were injected subcutaneously (s.c) with 

1 fuC\ "^^CaCIa and after 6 days the mice were weight-paired with one mouse 

acting as control. The control was injected s.c. with 30 pi of 0.15 M NaCI (vehicle) 
while the other mouse was injected s.c. with vehicle supplemented with 60 pg/g 

bodyweight of either CA074, CA074Me, Ep475 or Ep453. The mice were 

sacrificed 3 h after injection and pairs of explants of half-calvariae were prepared 

from each mouse; one bone of each pair was devitalized by freeze-thawing to 

calculate CMR. The in vitro incubation lasted for 24 h and mobilization of 
radioactivity was expressed as a percentage inhibition of control cultures.

(4) Statistical analysis: Statistical evaluation of the data was done using the 

Mann- Whitney test.
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Fig. 17 Structures of CP inactivators
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Effects of CP inactivators on calvarial bone resorption in vitro.
Initially the effects of the CP inhibitors on both the basal and stimulated 

(either PTH or 1,25(OH)2D3) release of (A) ^^Ca^  ̂ and (B) pH]-proline from 

prelabelled mouse calvarial bones during a 24 h culture period were examined 

(Fig. 18). The inhibitory effects of Ep453 (10"7 M), Ep475 (10'® M) and 
CAO74M0 (5x10*® M) on stimulated bone resorption were complete; CA074 was 
without effect. Although Ep453, Ep475 and Ca074Me produced a significant 
inhibition of basal resorption at a 5 x 10'® M concentration, their effects were 
incomplete, although it is noteworthy that they prevented the basal release of pH]- 
proline to a greater extent than that of '̂ ^Câ +i CA074 was again without effect.

I I = n o  i n n i b i t o f

r~n =CA074
■ ■  = C A 0 7 4 M a

= E p A 75 

'S3 =£?A53

Control P T H 1.25(OH)̂ 0̂

0 50  50  50  50  0 50  5 1 0.1 0 50  5 1 0.1

I N H I B I T O R  C O N C E N T R A T I O N  ( ; i M )

C o n t r o l P T H 1 , 2 5 ( O H ) 2 0 3

0 50  50  50  50  0 50  5 1 0.1 0 50  5 1 0.1

I N H I B I T O R  C O N C E N T R A T I O N  ( / x M )

Fig. 18 Effects of CP inactivators on the basal and stimulated release of 
*̂̂ Ca and pH]-proline from calvarial explants.

Values are expressed as the mean percentage (± SEM) of radioisotope released from five pairs of 

cultured bones after 24 h of incubation. The stimulatory effect of PTH (2 x  10-  ̂ M) and 

1,25(0H)2D3 (10-^ M) was significantly different from the untreated controls (*** P < 0.01).
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The study was extended by testing a range of doses of the CP inhibitors of the 

PTH-stimulated release of pH]-proline from prelabelled mouse calvarial bones 

during a 48 h culture period (Fig. 19).
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Fig. 19 Effects of CP inactivators on PTH-stimulated pH]-proline release from 
calvarial explants.
The results are expressed as percentage inhibition of PTH (20 nM)-stimulated pH]-proline release, 

which was arbitrarily set to 100%. Each box is the mean ± SEM  of 5  pairs of bones. The 

inhibitory effects of CA074M e (1Cr^-5x10-^ M), Ep475 (lO'^-IOr^ M) and Ep453 (lO-^-IO-^ M) 

were statistically significant. * p < 0.05, **  p < 0.025, *** p < 0.01 compared with control. GAO74 

was again without effect even at a dose of 5  x  lOr^ M. During the 48 h culture period we found 

that a 10-fold higher concentration of the respective CP inactivators was required to completely 

prevent PTH-stimulated resorption compared to the 24 h cultures.
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A time-course experiment (Fig. 20) was then carried out in which PTH- 
stimulated calvarial explants were cultured for 96 h with CA074 (5 x 10'® M), 
CA074Me (5 x IO   ̂ M), Ep475 (5 x lO'^ M) or Ep453 (5 x 10'® M).
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Fig. 20 Effects of CP inactivators on PTH-stimulated release of ^Ca^+ from 
calvarial explants during a 96 h culture period.
The release of was determined after the removal of 50 fil of medium at each time point. 

Values are expressed as the mean percentage (± SEM) of radioisotope released from five bones. 

The stimulatory effect of PTH was significant at all time points (p < 0 .01 ). CA074Me, Ep475 and  

Ep453 produced a significant Inhibition (p < 0.01) of the PTH -(2 x  10'^ M)- stimulated release of 

"^Ca^* throughout the 96 h culture period although the effects of CA074Me were Incomplete 

during the latter 48 h of culture.

To exclude the possibility that cell death was contributing to the inhibition a 

recovery experiment was performed. Calvarial bones were treated with PTH and 

one of the inactivators for the first 48 h, and then cultured with PTH alone for a 

further 4 days. The inhibitory effects of CA074Me, Ep475 and Ep453 seen during 

the initial culture period were gradually lost, the amount of PTH-stimulated 

"*̂ Câ + release returning to normal by 96 - 144 h (Table 9).
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TABLE 9. Recovery from the inhibitory effects of CP inactivators on PTH- 
stimulated release of "^Ca from mouse calvarial bones.

Treatment % cell mediated "̂ Ĉâ + release

0-48 h 48-144 h 0-48 h 48-96 h 96-144 h

PTH PTH 19.9 ±2 .2 17.8± 1.1 14.3 ± 0 .8
PTH + Ep453 PTH 5.6 ± 0.4** 9.9 ± 0.7* 16.1 ± 0.6
PTH + Ep475 PTH 6.3 ± 0.7** 10.2 ± 0 .9 * 16.5 ±0 .8
PTH + CA074Me PTH 6.6 ± 0.7** 11.1 ± 0 .8* 17.1 ± 0.8

Values are mean ± SEM  for 5  calvarial bones prelabelled with 4 pCi PTH, Ep453, Ep475

and CA074Me were added at final concentrations of 2  x  10'^ M, 10r  ̂ M, 10'^ M  and 5  x  10'^ M  

respectively. ** and * significantly different from PTH alone at p < 0.025 and p < 0 .0 5  respectively.

Further evidence that inhibition was not due to toxic effects included the findings 
that none of the CP inhibitors at a concentration of 5 x 10'® M affected either 
protein or DNA synthesis in the expiants (Table 10).

TABLE 10. Effects of CP inactivators on pH]-thymidine uptake into DNA 
and pH]-proline incorporation into proteins in murine calvarial bones.

Addition Amount
(pM)

pH]-thymidine 

(dpm/half calvaria)
pH]-proline 

(dpm/half calvaria)

Control - 16556 ± 1873 27432 ±3101
Ep475 50 17321 ± 2103 33240 ± 4106
Ep453 50 19325 ± 1980 31144 ±3321
CA074 50 20036 ± 2501 27658 ± 3161
CA074Me 50 17639 ± 2031 30165 ± 2 9 7 6
Actinomycin D 100 1448 ± 214
Hydroxyurea 100 1307 ± 72 —

Values are means ± SEM  for 5 calvarial halves, labelled with either 2  pCi pH]-proline (protein 

synthesis) or 10 pCi pH]-thymidine (DNA synthesis) for the last 6 h of a 24 h culture period.
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As expected, actinomycin D (100 /l/M) and hydroxyurea (100 pM) completely 

blocked the uptake of pH]-proline and pH]-thymidine respectively. Finally, none 

of the CP inhibitors enhanced the release of the cytosolic enzyme, lactate 

dehydrogenase from calvarial explants (Table 11) and the CP inactivators did not 
affect the PTH-stimulated release of the lysosomal enzymes, 3-glucuronidase and 

N-acetyl-3-glucosaminidase.

TABLE 11. Effects of cysteine proteinase inactivators on the release of N- 
acetyl-B-glucosaminidase, B-glucuronidase and lactate dehydrogenase from 
mouse calvarial bones.

Addition NAGase
nM/ml

3-glucuronidase
Units/ml

LDH
Units/ml

Control 37 ± 3.0 24 ± 3 321 ± 23
PTH 70 ± 6.0** 44 ± 7 * * 342 ± 39
Devitalized bone - - 834 ± 75**
PTH + CA074 71 ± 5.0** 40 ± 5** 376 ± 41
PTH + CA074Me 63 ± 6.0** 38 ± 4 * * 321 ± 33
PTH + Ep475 66 ± 7.0** 45 ± 6** 296 ± 31
PTH + Ep453 79 ± 6.0** 43 ± 5 * * 359 ± 38

Unlabelled calvarial explants were cultured in the presence and absence of PTH (2 x 1 0 '^  M), with 

or without either CA074, CA074Me, Ep475 or Ep453 a t S x  10r  ̂ M. The results are the means ± 

SEM  of 5 calvarial halves. Devitalized bones were included as controls. ** Significantly different 

from control bones (p < 0.025).

Effects of CP inhibitors on isolated osteoclast lacunar resorption.
The direct effect of CP inhibitors on osteoclast function was then examined in an 

isolated osteoclast resorption pit assay. Devitalized cortical bone slices devoid of 
an osteoid layer were used as a mineralized substrate, as described in the 

Materials and Methods section.
At the end of a 20 h culture period the cells were inspected both after 

neutral red staining and following fixation and staining for TRAP. In the presence 

of CP inhibitors multinucleated cells took up neutral red just as well as the 

controls, again suggesting that the viability of the cells was not affected. 
Morphological examination also showed that the inhibitors did not appear to alter
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the peripheral ruffles of the cells indicating that the inhibitors did not interfere with 
the motility of the osteoclasts. Furthermore, at the maximal concentrations used 
none of the CP inhibitors altered the number of osteoclasts, as compared to 
controls. The mean number of TRAP-positive multinucleated cells per 1 cm^ slice 
(9 slices per treatment) was 32.3 ± 6.1 for the control, 27.3 ± 5.4 for CA074, 29.3 
± 4.2 for CA074Me, 36.1 ± 6.4 for Ep453 and 25.1 ± 3.1 for Ep475 all at a 5 x 
10'^ M concentration.

Three dimensional analysis of the resorption lacunae.
The analysis by confocal laser scanning microscopy of the bone surfaces 

on which osteoclasts had been cultured without any addition revealed typical 
resorption pits (Fig. 21).

Yi

Fig. 21 Scanning electron micrograph of (A) osteoclast resorption pits on bone 
and (B) a chicken osteoclast on bone.
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CA074Me, Ep475 and Ep453 dose-dependently inhibited the number of 
resorption lacunae; CA074 was again without effect (Fig. 22). At the maximum 

concentration (5 x 10'^ M), CA074Me caused a 62 ± 3.4% reduction, Ep475 a 73 

± 4 .6% reduction and Ep453 a 79.5 ± 6 .2% reduction in the number of lacunae 

compared to control cultures.
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Fig. 22 Effect of CP inactivators on number of osteoclast lacunae.
Each bar represents the mean ± S .E M . from 3  separate experiments. The number of pits on 

controi slices was 32±5. Significantly different from control a t *  p < 0.05,** p < 0.025, *** p < 0.01.
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When the extent of bone resorption was assessed by measuring the plan 

surface area of the lacunae it was found that CA074Me, Ep475 and Ep453 

produced a dose-dependent inhibition similar to that for the number of resorption 

lacunae. At the maximum concentration used (5 x 10’® M), CA074Me caused a
64.6 ± 5.1%, Ep475 a 75.9 ± 6 .1% and Ep453 a 80.5 ± 6 .2% reduction in the 

surface area of bone resorbed compared to control cultures. This effect on the 

area of bone resorbed was attributable to the reduction in pit numbers as the 

mean surface area of each pit was similar to the control cultures (Table 12).

TABLE 12. Effects of the CP inhibitors (1-50 pM) on the mean surface area 
and volume of individual resorption lacunae.

Treatment Surface area (pm^) Volume (pm®)

Control 342 ± 29 951 ± 21

CA074Me 352 ± 89 662 ± 6 5 * *

Ep475 326 ± 61 656 ±61  **

Ep453 360 ± 79 521 ± 8 6 **

Values are mean ± S .E M  for 914 (control) 134 (CA074Me), 104 (Ep475) and 9 2  (Ep453) 

resorption lacunae. **  Significantly different from control at p <0.01.

95



Chapter 4: CP Inactivators

When bone resorption was assessed volumetrically it was found that 
CA074Me, Ep475 and Ep453 produced a greater degree of inhibition in the 

volume of bone resorbed compared to the reduction in pit numbers (Fig. 23).
At the maximum concentration (5 x 10*® M), used CA074Me caused an

80.7 ± 5.8%, Ep475 an 87.1 ± 7.2% and Ep453 a 91.3 ± 6.4% reduction in the 

volume of bone resorbed compared to control cultures due to the significant 
reduction in the mean volume of each pit in the inactivator treated cultures (Table 

12).
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Fig. 23 Effect of CP inactivators on the volume of osteoclast lacunar resorption.
Each bar represents the mean ± S.E.M. from three individual experiments. Significantly different 
from control at*** p <0.01.
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Effect of the CP inhibitors on in vivo/in vitro bone resorption
To determine whether the CP inhibitors were able to inhibit bone resorption 

in vivo a simple and sensitive in vivo/in vitro method of assessing bone resorption 

was adopted (Reynolds, 1972). The subcutaneous injection of CA074Me, Ep475 

or Ep453 into mice 3 h prior to sacrifice resulted in an approximately 20% 

reduction in bone resorption during a subsequent 24 h culture period (Table 11): 
CA074 was without effect.

TABLE 13 Effects of the CP inhibitors on bone resorption as assessed by 

an in vivo/in vitro assay.

Pre-treatment of mice % CMR during % inhibition of
in vivo 24 h in vitro resorption

Control 9.7 ± 0.3
CA074 10.2 ±0 .4 -

Control 12.1 ± 0.2
CA074Me 9.7 ± 0.3 19 .8*

Control 11.6 ±0 .3
Ep475 8.9 ± 0.3 2 3 .2 *

Control 13.1 ± 0 .4
Ep453 9.9 ± 0.3 2 4 .4 *

Values are mean ± S.E.M. for five calvarial bones prelabelled with 1 pCi '^CaC/g. CA074, 

CA074Me, Ep475 or Ep453 were administered at 60 pg/g body weight. Each inhibitor was tested 

in a separate litter of mice. *  p < 0.05, compared to control group.
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DISCUSSION

The ability of CA074Me, but not CA074 to inhibit bone resorption is strongly 

suggestive of an intracellular role for cathepsin B. CA074 is a highly selective 

inhibitor of cathepsin B, inactivating the enzyme more than 3 orders of magnitude 

faster than it inactivates cathepsins H, L, S or m-calpain (Buttle et a/., 1992). 
CA074 is negatively charged and therefore not efficient at entering cells. 
Conversion to the methyl ester allows passive entry into cells and the rapid and 

selective inactivation of intracellular cathepsin B (Buttle et al., 1992). The 

implication is that cathepsin B may be responsible for the intracellular activation of 
a proteinase(s) which participates in the degradation of the organic matrix within 

the subosteoclastic resorption zone (see below).
Ep475, like CA074, is a negatively charged compound with limited 

membrane permeability. Unlike CA074, however, it proved to be an efficient 
inhibitor of bone resorption. Ep475 is a rapid inactivator of cathepsins L, S, H and 

calpain, as well as cathepsin B (Buttle and Saklatvala, 1992). Of these 

proteinases those with proven collagenolytic activity include cathepsin B, L. and 3  

(Buttle, 1994). The ability of Ep475 but not CA074 to inhibit bone resorption 

therefore implicates cathepsins L and/or S, but not cathepsin B, at an extracellular 
site. It is likely that Ep475 can gain access to the subosteoclastic resorption zone, 
probably through the bone matrix. This compartment is sealed off by the 

attachment of the osteoclast to the calcified matrix (Baron, 1988) and is the site of 
collagen degradation (Everts et a!., 1992). Cathepsins L and/or 8 are likely to be 

active in this compartment as both enzymes efficiently digest collagen at acidic pH 

(Kirschke et a!., 1982; 1989) and are rapidly inactivated by Ep475 (Buttle and 

Saklatvala, 1992). Further evidence for a role for cathepsin L has been provided 

by experiments showing that Z-Phe-Phe-CHNg, a selective inactivator of 
cathepsin L compared to cathepsin B, prevented the resorptive activity of isolated 

avian and rodent osteoclasts (Rifkin etal., 1991). While there is no direct evidence 

as yet demonstrating that cathepsin L is secreted by the osteoclast into the apical 
resorption zone, the enzyme has been recently immunolocalized in rodent 
osteoclasts (Ohsawa etal., 1993).

Ep453 was the most potent inhibitor examined. This may be because of its 

ability to inhibit intracellularly cathepsins B, L and S. Thus the intracellular action 

of cathepsin B would be controlled, and in addition cathepsin US  would be 

inactivated prior to release, totally precluding any resorptive activity.
The observation that the inhibitory effects of CA074Me gradually declined 

after 48 h suggests that CA074Me may be slowly metabolized by tissue explants, 
as previously reported (Buttle etal., in press).
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Ep453, Ep475 and CA074Me were capable of inhibiting bone resorption 

when administered in vivo, although the degree of inhibition was not as 

pronounced as that obtained in vitro. This may be attributable to their rapid 

clearance from the body in a similar manner to the related compound, E-64 

(Hashida et al., 1982). The degree of inhibition observed in the present study was 

similar to that found when serum calcium levels were used to monitor the extent of 
bone resorption in hypocalcaemic rats (Kakegawa etal., 1993).

The demonstration that Ep453, Ep475 and CA074Me induced a reduction 

in both the number and volume of the resorptive lacunae is in accordance with the 

effects of a related CP inactivator, E-64 (Délaissé et al., 1987). This suggests that 
the CP inactivators prevent the resorptive activity of some osteoclasts and partially 

inhibit that of others. Whilst time lapse video records showing osteoclast motility 

were not undertaken, treated cells spread on the bone slices and the surface 

areas of the resorption lacunae remained unaffected although the volume of 
individual lacunae was reduced. This suggests that osteoclasts commenced 

resorption in a similar manner to controls but that further cavitation was impeded.
Cathepsin B has been shown to be capable of activating the MMPs, 

procollagenase and prostromelysin (Eeckhout and Vaes, 1977; Murphy et al., 
1992) as well as the serine proteinase, pro-urokinase-type plasminogen activator 
(Kobayashi et al., 1991). Since these three enzymes have recently been detected 

within osteoclasts (Case eta l., 1989; Grills eta l., 1990; Délaissé et al., 1993) its 

possible that cathepsin B has a primary role in the activation of one or more of 
these enzymes which participate in collagen degradation. The finding that the CP 

inhibitors prevent the release of pH]-proline to a greater extent than "̂ Ĉâ + in 

basal resorption is in agreement with previous studies (Délaissé et al., 1980,
1984) and suggests that solubilization of the bone mineral by the acidic 

environment of the bone lacunae is allowed to proceed until collagenous matrix is 

encountered, the degradation of which is impeded. This view was supported since 

the individual resorption lacunae in the isolated osteoclast assay were reduced in 

volume but not in surface area when the drugs were present.
In conclusion, an intracellular role for cathepsin B and an extracellular role 

for cathepsins L and/or S in bone resorption in vivo and in vitro has been 

demonstrated. Cathepsin L and/or S are probably involved in the degradation of 
bone collagen in the subosteoclastic resorption zone. We suggest that cathepsin B 

is important in the activation of bone resorbing enzymes. These could be of the 

cysteine proteinase and/or matrix metalloproteinase (Délaissé et al., 1984; Everts 

et al., 1992, Hill et al., 1993). Further detailed studies using selective MMP 

inhibitors with CP inhibitors should clarify the respective roles of these enzymes in 

bone resorption.
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CHAPTER 5

INHIBITION OF STIMULATED BONE RESORPTION IN  VITRO  BY TIMP-1 AND
TIMP-2

Bone resorption involves the removal of both the mineral and organic 

constituents of bone matrix. Osteoclasts are the cells principally responsible for 
this process, which occurs in a specialised extracellular compartment bounded by 

the ruffled border of the cell and the mineralized bone. In the ruffled border area, 
the osteoclasts create an acidified environment resulting in dissolution of mineral. 
Proteolytic enzymes are released which are responsible for degrading the organic 

matrix which consists mainly of type I collagen. These enzymes are believed to 

belong to two major classes: cysteine endopeptidases (CPs) and matrix 

metalloproteinases (MMPs; Délaissé and Vaes, 1992). The gene family of MMPs 

includes collagenase, gelatinase and stromelysin, which are zinc-dependent 
endopeptidases with the combined ability to degrade the organic components of 
connective tissue matrices (Murphy and Reynolds, 1993). The MMPs are 

specifically inhibited by the tissue inhibitors of metalloproteinases (TIMPs), a 

family of at least two members, TIMP-1 (Docherty at a/., 1985), and TIMP-2 

(Stetler-Stevenson, 1990).
Several lines of evidence strongly suggest the involvement of TIMPs and 

MMPs in bone resorption. Firstly, collagenase, gelatinase and TIMP-1 are 

produced by osteoblast-like cells and their activity is regulated by factors that 
stimulate bone resorption (Heath at a/., 1984; Sakamoto and Sakamoto, 1984; 
Otsukaefa/. , 1984; Murphy at aL, 1985; Délaissé ef a/., 1988; Rifas a ta l., 1989). 
Secondly, synthetic inhibitors of collagenase prevent resorption (Délaissé at aL,
1985), and human recombinant TIMP-1 inhibits type I collagenolysis by mouse 

calvarial osteoblasts (Thomson atal., 1987). Although some evidence is available 

indicating that TIM P-1 inhibits bone resorption by isolated osteoclasts (Shimizu at 
a!., 1990), the effect of TIMP-1 and TIMP-2 have not been investigated in detail 
with organ cultures of bone. This study demonstrates that TIMP-1 and TIMP-2 

inhibit bone resorption stimulated by osteotropic hormones in dose-dependent 
manners in cultured neonatal mouse calvariae.
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MATERIALS AND METHODS
Materials

Bovine parathyroid hormone [PTH-(1-84)] and salmon calcitonin (CT) were gifts 

from the Division of Biological Standards, National Institute of Medical Research, 
Mill Hill. 1,25-Dihydroxyvitamin Dg, actinomycin D, L-proline, thymidine and 

indomethacin, modified BGJ medium, "^®CaCl2, methyl-pH]-thymidine and L-[5- 
^H]-proline were obtained from the sources described in Chapter 2 .

Recombinant human TIMP-1 and TIMP-2; Recombinant human TIMP-1 and TIMP-2 

were generous gifts from Dr A J P Docherty and Dr M Cockett (Celltech 

Ltd., Slough, U.K.). Rec-hTIMP-1 was purified using a monoclonal 
antibody linked to S-Sepharose (Williamson et al., 1990) and rec-hTIMP-2 

by the method of Willenbrock at a/. (1993). The TIMP concentrations were 

estimated from Agso measurements. For TIMP-1 the A^J^ = 10 (determined 

by total amino acid analysis and Aggo measurement, S. Angal, unpublished 

work) and for TIMP-2 the A^J^ = 18. The specific activities of TIMPs-1 

and 2 were 4800 units/mg, and 1200 units/mg respectively.

Methods

1. Neonatal calvarial assay: As described in Chapter 2 .

(a) Protein and DNA synthesis: As described in Chapter 4.

(b) B-Glucuronidase and lactate dehydrogenase: As described in Chapter 4.

2. Statistical Analysis: Differences between groups were analysed by means of 
the Student's unpaired t-test.

RESULTS

In 24 h cultures of mouse calvarial bones, 1,25(OH)2D3 (10 ng/ml) and 

PTH ( 20 nM) caused a 2.5 and 2.6 fold stimulation of cell mediated "̂ Ĉâ + 

release respectively. Both TIMP-1 (1 jug/ml) and TIMP-2 (1 jug/ml) inhibited the 

release of "̂ Ĉâ + from calvarial explants stimulated by either PTH or 
1,25(0H)2D3 (Fig. 24A). The degree of inhibition was similar to that 
caused by calcitonin (30 ng/ml; Fig. 24A). In calvarial bones
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prelabelled with pH]-proline, PTH (20 nM) and 1,25(OH)2D3 (10 ng/ml) 
caused a 1.8 and 2.1 stimulation of release respect-ively (Fig. 24B).
In these 24 h cultures both TIMP-1 (1 jug/ml) and TIMP-2 (1 pg/ml) 
inhibited PTH and 1,2 5 (OH)2 D3-stimulated release of pH]-proline to the 
same extent as calcitonin (30 ng/ml; Fig. 24B). Although TIMP-1, TIMP-2 
and calcitonin inhibited the release of pH]-proline from unstimulated 
bones they were without effect on unstimulated release (Fig. 24A).

A I I = Control
= + Calci tonin  
= 4- TIMP-1  
= + T I M P - 2

Co nt ro l PTH 1 , 2 5 ( 0 H ) _ D2̂ 3

B w 20

Co nt ro l PTH 1 , 2 5 ( 0 H ) - D2̂ 3

Fig. 24 Effects of TlMP-1 and TIMP-2 on basal, PTH and 1,25(OH)2D3-stimulated 

release of (A) "*̂ Câ + and (B) pH]-proline from calvarial explants.
Values are expressed as the mean percentage (± SEM) of radioisotope released from five pairs 

of cultured bones after 24 h of incubation. The stimulatory effect of PTH and 1,25(OH)2D3 was 

significantly different from untreated controls (P < 0.001). The inhibitory effects of Til\/JP-1, TiMP-2 

and calcitonin were significantly different from those of either PTH (2 x  10'  ̂ M) or 1,25(OH)2D3 

(10-^ M) alone and on the control release of [^H]-proiine (P <0.01  **j.
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The inhibitory effect of TIMP-1 and TiMP-2 on PTH (2 x 10'® M)-stimulated 
release of "̂ ®Câ + from calvarial bones during a 48 h culture period was dose- 
dependent (Fig. 25).
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% 1 2 0
o
®

* *
* *

(D
L.

1 0 0
o
O 90m

80
(D
0 70  

io
® 60  
E
1 50

Ü

*  ♦

* ♦

40
*  *

*  *o 30
c
o 20

1 10 100 1 0 0 01 10 100 1000

T I MP-1  ( n g / m l ) T I M P - 2 ( n g / m l )

Fig. 25 Effects of TIMP-1 and TiMP-2 at different concentrations on "^Ca^+ 

release from mouse calvarial bones.
The results are expressed as percentage inhibition of PTH stimulated which was

arbitrarily set to 100%. Each box is the mean ± SEM of 6 pairs of bones. The inhibitory effects of 

TiMP-1 and TiMP-2 (0.01 - 1 pg/mi) were statistically significant (p<0.01 = **). The percentage 

release of isotope from PTH-stimuiated bones was 17.9±1.5.
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Since the specific activity of TiMP-2 was about 4 times less than TIMP-1 the data 

in Fig. 25 indicate that TIMP-2 is a more potent inhibitor of resorption than TIMP-1.
In 96 h cultures TIMP-1 (1 fug/m\) and TIMP-2 (1 jug/ml) significantly inhibited the 

PTH-stimulated release of "̂ Ĉâ + for the first 72 h of culture, the effect being 

gradually lost during the subsequent 24 h (Fig. 26). However, the inhibitory effect 
of calcitonin (30 ng/ml) was completely lost after 24 h (Fig. 26).

35

PTH+CT30

25 PTH<D
O
<o

ao 20

■ao

P T H + T I M P - 2

o

P T H+ TI M P- 1

contro

0 24. 48 72 96

Hours in cul ture

Fig. 26 Time course study of the effects of TIMP-1, TIMP-2 and calcitonin on 
calvarial bones stimulated by PTH .
The release of was determined after removing 50 fii of medium at each time point. Values 

are expressed as the mean percentage (± SEM) of radioisotope released from five bones. The 

stimulatory effect of PTH (2 x  10r  ̂M) was significant at ail time points (p<0.001). The inhibitory 

effects of TIMP-1 and TiMP-2 were significant at 24 h, 48 h and 72 h and those of calcitonin at 24  

h (p<0.01).
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When bones were treated with PTH and either TIMP-1 (1 jug/mi) or TIMP-2 

(1 /ig/ml) for the first 48 h and then cultured with PTH, the inhibitory effects of both 

TIMP-1 and TIMP-2 seen during the initial 48 h culture period were subsequently 

lost (Table 14).

TABLE 14. Recovery from the inhibitory effects of TIMP-1 and TIM P-2 on PTH- 
stimulated release of "̂ Ĉâ + from mouse calvarial bones.

Treatment % cell mediated "̂ Ĉâ + release

0-48 h 48-144 h 0-48 h 48-96 h 96-144 h

PTH PTH 

PTH + TIMP-1 PTH 

PTH + TIMP-2 PTH

17.1 ±2.1 16.5±0.9 13.2±0.8 

6.5±0.8** 10.6±0.6 18.7±2.1 

6.9±0.9** 11.5±1.2 19.3±2.2

Values are means ± SEM  for five calvarial bones prelabelled with 4 pCi PTH, TIMP-1 

and TIM P-2 were added at final concentrations of 20 nM, 1 pg/ml and 1 pg/mi respectively. ** 

significantly different from PTH alone (P<0.01).

Neither TIMP-1 (0.01 - 1 jug/ml) nor TIMP-2 (0.01 - 1 )ug/ml) inhibited DNA 

or protein synthesis in calvarial bones (Table 15), whereas actinomycin D (100 

piM) blocked the uptake of pH]-proline.

TABLE 15. Effects of TIMP-1 and TIMP-2 on pH]-thymidine uptake into DNA and 

pH]-proline incorporation into proteins in murine calvarial bones.

Addition Amount pH]-thymidine pH]-proline 

(dpm/half cal varia) (dpm/half cal varia)

Control
TIMP-1 Ijug/ml 
TIMP-2 Ip/g/ml 
Devitalized bone 

Actinomycin D 10O^M

3157±375 3001±411 

2656±287 2756±354 

2885±290 4230±431 

294±263 332± 39
391± 54

Values are means ± SEM  for 5 calvarial halves, labelled with either 1 fjCi pH]-proline (protein 

synthesis) or 5  pCi ((^HJ-thymidine (DNA synthesis) for the last 2  h of a 24 h culture period.
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At the maximal dose tested, neither TiMP-1 (1 pg/m\) nor TIMP-2 (1 jL/g/ml) 
increased the release of the cytosolic enzyme LDH, nor influenced the stimulated 

release of the lysosomal enzyme B-glucuronidase (Table 14).

TABLE 16. Effects of TIMP-1 and TIMP-2 on the release of B-glucuronidase and 

lactate dehydrogenase from mouse calvarial bones.

Addition B-Glucuronidase
Units/ml

Lactate dehydrogenase 

Units/ml

Control 43.1 ±4.1 265±20.5
PTH 89.6±9.2** 279±31.6
Devitalized bone - 720±64.3**
PTH + TIMP-1 81.7±8.6** 259±20.7
PTH + TIMP-2 83.5±9.1** 289±25.4

Unlabelled calvarial explants were cultured in the presence and absence of PTH (2 nM), with or 

without either TIMP-1 (1 pg/ml) or TIMP-2 (1 pg/ml). The results are the means ± SEM  of 5  

calvarial halves. Devitalised bones were included as positive controls. ** significantly different from 

control bones (p<0.01).
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DISCUSSION

The data presented in this study demonstrate that both TIMP-1 and TIMP-2 

are potent inhibitors of both PTH and 1,25(OH)2D3 induced bone resorption in 

vitro. The finding that both TIMPs inhibited the release of pH]-proline to a greater 

extent than "*̂ Câ + is in agreement with biochemical (Délaissé et al., 1985) and 

morphometric data (Evert et al., 1992) using synthetic MMP inhibitors. The 

inhibitory effects cannot be ascribed to irreversible cytotoxic effects, nor to an 

impairment of the action of the osteotropic hormones on bone cells; neither 
inhibitor affected either mitosis or protein synthesis at concentrations inhibiting 

bone resorption. In addition, neither TIMPs had any effect on the release of 
lactate dehydrogenase, a cytoplasmic enzyme that leaks out of damaged cells, 
nor on the stimulated release of the lysosomal enzyme, 3-glucuronidase. 
Although the concentration of TIMP-1 is known to vary in different biological fluids, 
the concentrations used to inhibit bone resorption in this study were within the 

range found for TIMP-1 in biological fluids (0.5-4 pg/ml; Welgus et ai ., 1983; 
Cooper ef a/., 1985) and considerably less than the 100 jug/ml used to inhibit bone 

resorption by isolated osteoclasts (Shimizu etal., 1990).
Current evidence suggests that endogenous TIMPs within the bone 

microenvironment may act in two separate ways to inhibit degradation of the 

organic matrix of bone. Firstly, it has been demonstrated that the unmineralized 

osteoid layer which covers bone surfaces acts as a barrier to osteoclastic bone 

resorption and collagenase causes dissolution of this barrier exposing osteoclasts 

to mineralized bone which acts as a resorption stimulus (Chambers et a!., 1985). 
Secondly, although collagenase has not been demonstrated within osteoclasts in 

immunolocalization studies (Sakamoto and Sakamoto, 1984; Blair et a!., 1986), 
the enzyme has been shown to be produced by osteoblastic cells in response to 

agents which stimulate bone resorption such as PTH (Heath et al., 1984; 
Sakamoto and Sakamoto, 1984). Additionally, evidence suggests that latent 
collagenase is sequestered within the mineralized matrix (Eeckhout et a!., 1986) 
and may be released and activated during the mineral dissolution phase of bone 

resorption (Everts etal., 1992).
The involvement of TIMPs and MMPs in the degradation of the organic 

matrix has to be considered in light of the findings that lysosomal CPs are also 

necessary for bone resorption (Délaissé et al., 1980; 1984). Active MMPs are 

rapidly sequestered by TIMPs (Cawston et al., 1983), and enzyme-inhibitor 
complexes cannot usually be reactivated to any extent (Murphy et al., 1989). The 

observation that the inhibitory effects of TIMPs gradually declined after 72 h.
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suggests that either the enzyme-inhibitor balance was in favour of the MMPs 

and/or CPs were involved in the degradation of the organic matrix during this latter 
phase, especially since neither TIMPs affected the increase in lysosomal enzyme 

release induced by the osteotropic hormones. There is reason to believe that more 

efficient collagen degradation may occur when the two types of enzyme act in 

concert rather than independently (Danielsen, 1990). Finally, these findings 

suggest that TIMPs may play an important role in the physiological regulation of 
bone remodelling and an imbalance of active MMPs over TIMPs could be 

responsible for increased bone loss in pathological processes.
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CHAPTER 6

INHIBITION OF BONE RESORPTION IN  VITRO  BY SELECTIVE INHIBITORS
OF COLLAGENASE AND GELATINASE

Bone resorption involves the removal of both the mineral and organic 

constituents of bone matrix. Osteoclasts are the cells principally responsible for 
this process which occurs in the sub-osteoclastic resorption zone, a specialized 

extracellular compartment bounded by the ruffled border of the cell and the 

mineralized bone matrix (Baron, 1989). Osteoclasts acidify the sub-osteoclastic 

resorption zone leading to dissolution of mineral (Blair et al., 1989) whilst the 

organic matrix (mainly type I collagen) is degraded by proteolytic enzymes, 
especially the matrix metalloproteinases (MMPs) and cysteine proteinases (CPs). 
Osteoblastic cells play an accessory role in bone resorption by releasing MMPs 

that degrade the surface osteoid layer (principally type I collagen), facilitating 

access of osteoclasts to the mineralized bone (Chambers et al., 1985). The gene 

family of MMPs includes the collagenases, gelatinases and stromelysins, which 

are zinc-dependent endopeptidases with the combined ability to degrade the 

organic components of connective tissue matrices at physiological pH (Murphy 

and Reynolds, 1993). The MMPs are specifically inhibited by the tissue inhibitors 

of metalloproteinases (TIMPs) members of a multigene family of which TIMP-1 

(Docherty et al., 1985) and TIMP-2 (Stetler-Stevenson at a/., 1990) are well 
characterized.

Several lines of evidence strongly suggest the involvement of MMPs and 

TIMPs in bone resorption. Firstly, the MMPs and TIMP-1 are produced by 

osteoblast-like cells and their activities are regulated by factors that influence bone 

resorption (Heath at a!., 1984; Otsuka at al., 1984; Sakamoto and Sakamoto, 
1984; Murphy at al., 1985; Meikle at al., 1992). Secondly, both synthetic (CI-1 ; 
Délaissé et al., 1985) and natural (TIMPs-1 and -2; Hill et al.,1993) inhibitors of 
MMPs prevent resorption in bone explants. It has also been shown that TIMP-1 

inhibits type I collagenolysis by mouse calvarial osteoblasts (Thomson at al.,
1987). Since interstitial collagenase is the only enzyme capable of cleaving native 

type I collagen (Murphy and Reynolds, 1985), it is proposed that osteoblast- 
derived collagenase is responsible for degrading the non-mineralized osteoid layer 
covering bone surfaces, thereby exposing the underlying mineralized matrix to 

osteoclastic action (for review see Sakamoto and Sakamoto, 1986). Murine and 

human osteoblasts also produce gelatinases-A and -B (Rifas at al., 1989; Lorenzo 

et al., 1992; Meikle at al., 1992), enzymes that can degrade denatured type I
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collagen (Murphy et al., 1985; Wilhelm et al., 1989), but their contribution to bone 

collagen degradation has not been investigated.
Osteoclasts can degrade bone collagen independently of MMP secretion 

(Blair et al., 1986; Délaissé et a!., 1987), but recent morphological evidence using 

murine calvariae has suggested that MMPs participate in bone collagen 

degradation within the sub-osteoclastic resorption zone (Everts et a!., 1992). The 

cellular origin of the enzymes, however, was unclear reflecting the complexity of 
organ culture models. The presence of procollagenase within the bone matrix of 
such models (Eeckhout et al., 1986; Délaissé et al., 1988) has further added to the 

uncertainty.
In this study the effects of concentration-dependent collagenase (Ro 31- 

7467) and gelatinase (CT 1166) inhibitors on bone resorption in vitro were 

investigated using a neonatal mouse calvarial assay. The study was then 

extended to determine the contribution of the enzymes to the two separate stages 

of bone resorption. Firstly, osteoid degradation was examined by culturing primary 

mouse osteoblasts on prelabelled type I collagen films in the presence and 

absence of the inhibitors. Secondly, the effects of the compounds on osteoclast 
lacunar resorption were investigated by culturing rat osteoclasts on ivory slices. 
Finally, to assess whether the MMPs were being released by osteoclasts rather 
from the substrate during the resorption process, it was determined that ivory 

contained no collagenase activity and a very low content of progelatinase.

MATERIALS AND METHODS

Materials

The gelatinase inhibitor, CT 1166, Ni-[N-(Morpholinosulphonylamino-2- 
ethyl)-3-cyclohexyl-2-(S)-propanamidyl]-N4-hydroxy-2-(R)-[3-(4-methylphenyl) 
propyl] succinamide was synthesized by Celltech, Slough and the collagenase 

inhibitor, Ro 31-7467, 2(RorS) - [ (5-Bromo - 2,3-dihydro-6-hydroxy-1,3-dioxo-1 H- 
benz (de) isoquinol-2-yl)methyl](hydroxy)phosphinyl]methyl]-N(RorS)-(2-oxo-3-aza 

cycltridecanyl)-4-methylvaleramide by Roche, Welwyn Garden City, Herts. 1,25- 
Dihydroxyvitamin Dg (1 ,25(0H)2D3) and recombinant human interleukin-1 a (IL- 
1a) were generous gifts of Roche Products Ltd and Dr Jeremy Saklatvala, 
Strangeways Research Laboratory, Cambridge, UK, respectively. Actinomycin D, 
L-proline, thymidine, indomethacin and 4-methylumbelliferone, methyl-pH]- 
thymidine, -acetic anhydride and L-[5-^H]-proline, modified BGJ medium , 
trypsin, dispase and bacterial collagenase were purchased from the sources
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mentioned in Chapters 3,4, and 5.

MMP Inhibitors and their characterization: The inhibitory effects of 011166  

against the respective proteinases were assessed by use of the synthetic peptide 

substrate Mca-Pro-Leu-Gly-Leu-Dpa-Ala-Arg-NH2 as described (Knight et al., 
1992). The inhibitory effects of Ro 31-7467 against the respective proteinases 

were assessed by use of the synthetic hexapeptide, Acetyi-Pro-Gln-Gly-Leu-Leu- 
Gly-OEt by the method of Johnson et al. (1987). In addition, anti-collagenase 

activity was determined using type I collagen as the substrate according to 

Johnson-Wint (1980).

Methods

1. Neonatal mouse calvarial assay: As described in Chapter 2.

(a) Protein and DNA synthesis: As described in Chapters 4 and 5.

(b) B-Glucuronidase: The lysosomal enzyme 8-glucuronidase, which was released 

into the medium, was determined fluorimetrically using 4-methylumbelliferyl-B-D- 
glucuronide as the substrate (Achord et a/., 1978, NBS Biologicals, Hatfield, 
Hertfordshire, UK). One unit of activity represents the amount of enzyme 

catalyzing the release of 1 nmole of 4-methylumbelliferone per h.

2 .Preparation of osteoblasts from neonatal mouse calvariae: As in Chapter 3

3 .Preparation of collagen films: Radiolabelled collagen films were prepared as 

described (Gavrilovic at al., 1985). Aliquots of ^^C-acetylated collagen (rat skin 

type I; 150 /ig in 300 p\ of 10 mM phosphate buffer, pH 7.4, containing 300 mM 

NaCI and 0 .02% sodium azide) were dispensed into tissue culture wells (Linbro, 
16 mm diameter) and dried at 37°C. The collagen was then washed twice with 

sterile distilled water and once with DMEM.

4. Preparation of acid-treated serum: To destroy serum inhibitors of neutral 
proteinases, aliquots (20 ml) of heat-inactivated rabbit serum (Globepharm) were 

acidified to pH 3.2 with 1 M HCI and incubated for 35 min at 37°C. The pH was 

then returned to 7.4 with 1 M NaOH.

5. Culture of osteoblasts on collagen films: Osteoblasts (IxlO^/well) were 

settled onto type I collagen films in 1 ml DMEM plus 10% PCS, incubated for 16 h
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at 37°C and washed with serum-free DMEM. Cells were then cultured in DMEM (1 

ml) supplemented with 5% acid-treated rabbit serum as described above. Either 
1,25{0H)2D3 alone (final concentration 10'® M, added in 5 1̂ ethanol) or 
1,25(0H)2D3 plus either CT1166 or Ro 31-7467, or 5 fj\ ethanol alone, was then 

added to the wells and the cultures maintained at 37°C for 48 h. The basal release 

of ■''̂ 0 by unstimulated osteoblasts was subtracted from the 1,25 (OH)2D3- 
stimulated in the presence and absence of inhibitors to give the corrected values 

for stimulated lysis. At the end of the culture period the media were centrifuged 

(15 min, 12000 x g) to remove any collagen fibrils and radioactivity released during 

collagen degradation quantified by liquid scintillation counting. The lactate 

concentrations in the culture media were determined as before. Residual collagen 

was digested with bacterial collagenase (50 /ig/ml) and assayed for radioactivity. 
Collagenolysis was expressed as radioactivity released from the films as a 

percentage of the total ± S.E.M.

6 . Isolated osteoclast assay: As described in CHAPTER 2 and 3 except that 2-3- 
day-old Wistar rats were used as the source of osteoclasts instead of embryonic 

chicks. The extent of bone resorption was assessed by measuring the surface 

area of each lacuna using an image analyzer (T.C. Image, Foster Finlay Ass., UK)
At the completion of the culture period the lactate concentrations in the 

culture media were determined by the lactate oxidase/peroxidase method (Barhan 

and Trinder, 1972; Sigma Co. UK). The release of the lysosomal enzyme, 3- 
glucuronidase was determined as previously described.

7. Extraction of collagenase and gelatinase from ivory and bone: Ivory was 

reduced to a fine powder in a Spex freezer mill (Glen Creston Instruments, 
Stan mo re, Middlesex) at -196 °C and extracted as described (Eeckhout et al., 
1986). Briefly, 150 mg of ivory powder was suspended at 10 mg/ml in CNTN buffer 
[10 mM-cacodylate/HCI (pH 6.0)/ 1 M NaCI/Triton X-100 (0.1 mg/ml)/1 juM- 
ZnCl2/NaN3 (0.1 mg/ml)] and mixed at 4 °C for 24 h. The supernatant was 

removed and supplemented with 10 /il of 0.2 M CaCl2/ml. The procedure was 

repeated four times and the supernatant extracts were combined and dialysed 

against TCB buffer [50 mM Tris/HCI (pH 7.4)/10 mM-CaCl2/0.05% Brij] for 12 h. 
Neonatal mouse calvarial bones (150 mg wet weight) were subjected to a similar 
extraction protocol as they are known to contain measurable amounts of 
collagenase (Eeckhout et al., 1986).
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8 . Purification of gelatinases-A and -B: The calvarial bone and ivory extracts 

were applied separately to gelatin-Sepharose columns (2 cm x 0.5 cm) 
equilibrated in TCB buffer containing 200 mM NaCI. Gelatinase was eluted by the 

addition of 10% (v/v) dimethyl sulphoxide to TCB buffer.

9. Zymography analysis of gelatinases -A and -B: Gelatin degrading activity 

was assessed by electrophoresis on non-reducing SDS/8%-polyacrylamide gels 

(Laemmli and Favre, 1973) incorporating 0.5 mg/ml of denatured type I collagen 

(Heussen and Dowdle, 1980). Staining with Coomassie Brillant Blue revealed 

zones of lysis indicating gelatin degrading activity.

10. Collagenase assay: Collagenase activity in ivory and bone was assayed at 
35 °C for 18 h using ["^C]-acetylated type I collagen isolated from rat skin as 

described (Sellers and Reynolds, 1977). Under these conditions 1 unit of 
collagenase degrades 1 pg of substrate per min.

11. Statistical Analysis: Differences between groups were analyzed by means of 
the non-parametric Mann Whitney test, rather than the unpaired Student's t-test to 

avoid assumptions that the data are normally distributed.
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RESULTS

Inhibitor characteristics

CT1166 has the following Kj values against the MMPs: gelatinase-A, 0.01 

nM; gelatinase-B, 0.016 nM; stromelysin, 2.75 nM; collagenase, 385 nM; and 

matrilysin, 6400 nM. Ro 31-7467 has the following IC50 values against the MMPs: 
collagenase, 16.8 nM using the hexapeptide and type I collagen; gelatinase-A, 
208.8 nM using the hexapeptide; and stromelysin, 238.8 nM with the hexapeptide. 
The structures of CT1166 and Ro 31 -7467 are shown in Fig. 27 below.

HO NH NH
''N H NH
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CONHHO OH
Br

Ro 31 -7467
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Effects of MMP inhibitors on calvarial bone resorption in vitro.
As shown in Fig.28 CT1166 and Ro 31-7467 dose-dependently inhibited the 

release of pH]-proiine from calvarial explants stimulated by either 1,25{OH)2D3 

(10*® M) or IL-1a (10'^° M) during 24 h. CT1166 produced a statistically 

significant inhibition in the release of [®H]-proline at a 10'^° M concentration, and 

Ro 31-7467 at a 10 ® M concentration. However, Ro 31-7467 produced a 50% 

inhibition in the stimulated release of pH]-proline, and CT1166 a 40% inhibition at 
concentrations selective for inhibition of collagenase (10 ® M for Ro 31-7467) and 

gelatinase (10'® M for CT 1166) respectively. The inhibitory effects of CT1166 on 

stimulated bone resorption were only complete at a concentration (10'^ M) high 

enough to inhibit gelatinase and stromelysin but not collagenase. The inhibitory 

effects of Ro 31-7467 were only complete at a concentration (10'^ M), at which it 
acts as a general MMP inhibitor.
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Figure 28. Effect of CT 1166 and Ro 31 -7467 at different concentrations on 
the 1,25(0H)2D3 (1 O'® M)-stimulated (A) and IL-1a (10‘ °̂ M)-stimulated (B) 
release of pH]-proline from calvarial bones after a 24 h incubation period.
The results are expressed as % inhibition of stimulated release, which was arbitrarily set 

to 100%. Each point shows the mean ± SEM  of 5  pairs of bones. Statisticaiiy significant at * 

p<0.05, ** p<0.01 compared with control.
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In 96 h bone cultures the IL-1a-stimulated release of pH]-proline was 

partially prevented by both compounds at concentrations selective for the 

inhibition of collagenase and gelatinase respectively (Fig. 29).
Although the inhibitory activity of CT1166 was less than that of Ro 31-7467 

for the first 72 h their effects were similar over the last 24 h. Only CT1166 (1 O’® M) 
and Ro 31-7467 (10’® M) in combination completely abolished the IL-1a- 
stimulated release of pH]-proline throughout the 96 h.
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Fig. 29. Time course of the effects of CT1166 (10"® M) and Ro 31 -7467 (10"® M) 
on pH] - proline release from labelled mouse calvarial bones stimulated by IL-1 a 
(10-̂ 0 M).
The release of pH]-proline was determined after the removal of 100 pi of medium at each time 

point. Values are expressed as the mean percentage (± SEM) of radioisotope released from 5  

bones. The stimulatory effect of IL-1 a  was significant at ail time points (p<0.01). CT1166 and Ro 

31-7467  in combination produced a significant inhibition of the IL-1 a  sitmuiated release of pH]- 

proiine throughout the 96  h culture period, Ro 31-7467 for the first 72 h, and C T  1166 for the first 48  

h (p<0.05).

116



Chapter 6: CT1166 and Ro 31-7467

A recovery experiment was carried out involving treatment of bones with IL- 
1 a (10-10 M) and either CT1166 (10'̂  M) or Ro 31 -7467 (10'^ M) for the first 48 h 

and then cultured in the presence of IL-1 a only for a second period, the inhibitory 

effects of both compounds seen during the initial culture period were subsequently 

lost (Table 17).

Recovery from inhibitors

Treatment' % Cell-mediated pH]-proline release

0-48 h 48-144 h 0-48 h 48-96 h 96-144 h

IL-1 IL-1
IL -1 + C T 1 166 IL-1
IL-1 + Ro 31-7467 IL-1

14.2 ± 1.9 

7.3 ± 0.8** 

5.1 ± 0 .6 **

12.1 ± 1 .3  

11 .3±  1.1
10.2 ± 0.8

11.6 ± 1.5 

1 3 .6±  1.5 

12.4 ± 1.4

Values are means ± SEM  for five calvarial bones prelabelled with 0 .37  MBq pH]-proline. IL-1 a, 

CT1166 and Ro 31-7467  were added at final concentrations of 10'^° M, IQr^ M  and lOr^ M, 

respectively. ** significantly different from IL -1 a  alone at p <0 .01.

Neither CT1166 (10'^ M) nor Ro 31-7467 (10'^ M) inhibited DNA synthesis or 
proteins synthesis in calvarial bones, whereas actinomycin D (10"  ̂ M) blocked the 

uptake of pH]-proline and hydroxyurea (10"  ̂ M) the uptake of pH]-thymidine 

(Table 18).

Effects of inhibitors on protein and DNA synthesis

Addition Amount pH]-thymidine 

(dpm/half calvaria)
pH]-proline 

(dpm/half calvaria)

Control - 27662 ± 3456 10976± 1568
CT1166 10-7 M 29779 ± 3215 12121 ± 1694
Ro 31-7467 10-7 M 30759 ±4317 13104± 1789
Devitalized bone - 2577 ± 310 2823 ± 316
Actinomycin D 10-4 M - 3410 ±  420
Hydroxyurea 10-4 M 2210 ±  236

Values are means ± SEM  for five calvarial halves, labelled with either 0 .037 MBq pH]-proline 

(protein synthesis) or 0.18 MBq pH]-thymidine (DNA synthesis) for the last 6 h of a 24  h culture 

period.
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At the highest doses tested, neither CT1166 (10*  ̂ M) nor Ro 31-7467 (10’  ̂ M) 
influenced the stimulated release of the lysosomal enzyme 3-glucuronidase (data 

not shown).

Effects of the MMP inhibitors on the degradation of type I collagen by mouse 
osteoblasts stimulated with 1,25(0H)2D3.
CT1166 and Ro 31-7467 dose dependently inhibited 1,25(OH)2D3-stimulated 

collagen breakdown by mouse osteoblasts (Fig. 30). However, the concentrations 

of the respective MMP inhibitors required to produce a similar degree of inhibition 

to that demonstrated for bone resorption was about 10-fold greater, for both 

compounds. Ro 31-7467 and CT1166 produced about a 50% and 20% reduction 

in type I collagenolysis respectively, at concentrations selective for the inhibition of 
collagenase (10'® M for Ro 31-7467) and gelatinase (10"® M for CT1166). 
However, both compounds completely abolished type I collagenolysis only at 
concentrations in which they act as general inhibitors of MMPs.
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Figure 30. Effects of CT1166 and Ro 31-7467 at different concentrations on 
the degradation of ^^C-type I collagen films by mouse osteoblasts 
stimulated by 1,25(OH)2D3 (10"® M) after 72 h.
The results are expressed as % inhibition of 1,25(0H)2D3-stimuiated release which was 

arbitrarily set to 100%. Each point is the mean ± SEM of 6 wells. The inhibitory effects of CT1166  

(10'^-10'^M) and Ro 31-7467  (lO-^^-IO'^M) were statisticaiiy significant. * p < 0.05, ** p < 0.01 

compared with control. The % release of isotope by 1,25(0H)2D3-stimuiated mouse osteoblasts 

was 55.1 ±3.1, obtained after subtracting the unstlmuiated release of isotope (19.1 ±2.6).
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Effects of the MMP inhibitors on isolated osteoclast bone resorption
The direct effects of the MMP inhibitors on osteoclast function was examined in an 

isolated osteoclast resorption pit assay. In contrast to bone, ivory a mineralized 

bone-like material was chosen as the biological substrate as it presents a 

homogenous surface so that accurate determinations of lacunar resorption can be 

made. Image analysis of the ivory slices on which osteoclasts had been cultured 

without any addition revealed typical resorption pits. In unstimulated cultures, the 

resorptive activity of rat osteoclasts was unaffected by either inhibitor upto a 

concentration of 5 x 10'® M (data not shown). However, when the osteoclast 
cultures were stimulated by lL-1a (10"^° M), both compounds produced a dose- 
dependent reduction in the number of resorption lacunae (Fig. 31).

Their inhibitory effects were incomplete, however, with Ro 31-7467 

producing a maximum of 28.5 ± 1.9% at a 10'® M concentration and CT1166 a 

maximum of 26.2 ± 2.9% at a 5 x 10'^ M concentration.
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Figure 31. Effects of CT1166 and Ro 31-7467 on IL-1a-stimulated rat 
osteoclast lacunar pit number.
The results are expressed as the % inhibition of iL-1a-stimuiated osteoclast resorption lacunae 

which was arbitrarily set to 100%. Each point is the mean ± S.E.M. o f quadruplicate cultures. The 

inhibitory effects of C T1166 (10'^ - 5  x  lOr  ̂ M) and Ro 31-7467  (10'^ - 5  x  10'^ M) were 

statisticaiiy significant compared with the control at p<0.05.
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When the extent of the bone resorption was assessed by measuring the 

total surface area of the lacunae it was found that CT1166 and Ro 31-7467 

produced a degree of inhibition similar to that for the number of resorption lacunae 

(Fig. 32, legend as for figure 31). This was due to the fact that the mean surface 

area of the inhibitor treated cultures (CT1166, 547 ± 87 jum ;̂ Ro 31-7467, 602 ±
89 um^) was similar to the control cultures (573 ± 75
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Figure 32. Effects of CT1166 and Ro 31-7467 on the total surface area of IL-1 a 
stimulated rat osteoclast lacunae. Legend as for Figure 31.
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To determine if the inhibitors were exerting a toxic effect on the osteoclast 
cultures, the cells were inspected both after neutral red staining and following 

fixation and staining for TRAP. In the presence of the MMP inhibitors 

multinucleated cells took up neutral red just as well as controls, suggesting that 
the viability of the cells was not affected. Morphological examination also showed 

that the inhibitors did not appear to alter the peripheral ruffles of the cells 

indicating that the compounds did not interfere with the motility of the osteoclasts. 
Furthermore, at the maximum concentration used (5 x 10'® M) neither compound 

had an inhibitory effect on glycolysis, assessed by measuring the amount of 
lactate produced by the osteoclast and osteoblast cultures (Table 19).

TABLE 19.

Addition Amount
(M)

Rat osteoclasts Mouse osteoblasts 

Lactate concentration (jumol/L)

Control - 14.0 ± 0 . 5  14.6 ± 0 . 4
CT1166 5x10-5 13.6 ±0 . 9  13.8 ± 1 . 0
Ro 31 -7467 5x10-5 14.3 ± 0 . 8  24.8 ±1.1

Values are means ± SEM  for six five osteociast and five osteobiast cultures.

Finally, at the highest concentration used (5 x 10'^ M) neither of the inhibitors 

altered the number of osteoclasts, as compared to controls. The mean number of 
TRAP-positive multinucleated cells per 1 cm^ slice (15 slices per treatment) was
83.2 ± 4.9 for the control, 79.5 ± 3.2 for CT1166 and 87.2 ± 5.1 for Ro 31 -7467.
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Collagenase and gelatinase activity of ivory and calvarial bone
Calvarial bone contained 0.154 units of collagenase activity per 10 mg of tissue, 
but we detected no activity in ivory. Similarly calvarial bone contained both 

gelatinase-A and-B activity (Fig. 33) whilst ivory contained only a trace of material 
running as the pro form of gelatinase A.

M 
(kDa)

a b e d

Figure 27. Zymogen analysis of ivory and calvarial bone extracts.
Purified and concentrated extracts (10 ^1) of ivory and calvarial bone extracts fronn gelatin- 

Septiarose ctiromatography were run non-reduced on an 8% polyacrylamide gel with gelatin (0.5 

mg/ml) incorporated. Zones of lysis were revealed as described in the text. Lane a, 10 ng/ml 

gelatinase B standard; lane b, 10 ng/ml gelatinase A standard; lane c, calvarial extract; lane d, 

ivory extract. The relative mobilities (as molecular mass, M) of reduced standard proteins are 

indicated.
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DISCUSSION

The data presented in this study demonstrate for the first time that potent, 
selective inhibitors of collagenase and gelatinase prevent (a) bone resorption in 

vitro as assessed using rodent calvarial explants and isolated osteoclast cultures 

and (b) osteoblast-mediated type I collagenolysis in vitro.
The ability of Ro 31-7467 to inhibit calvarial bone resorption and osteoblast- 

mediated type I collagenolysis at concentrations selective for the inhibition of 
collagenase are attributable to the rate limiting role of this enzyme in type I 
collagen degradation (Murphy and Reynolds, 1985), and the fact that only a small 
proportion of latent collagenase secreted by osteoblasts is activated and therefore 

available for collagen degradation (Thomson et a /.,1987). Based upon the 

resistance of the native type I collagen triple helix to degradation by nonspecific 

proteinases and the specificity of collagenase for the substrate, collagenase has 

been considered to be the principal MMP involved in bone collagen digestion 

(Délaissé etal., 1985; 1988; Eeckhout ef a/., 1986; Eeckhout, 1990). However, the 

present data demonstrate that gelatinases-A and/or -B also participate in calvarial 
bone resorption and type I collagen degradation. This view is strengthened by the 

fact that human osteoblasts produce gelatinase-A to a greater extent, both 

constitutively and in response to osteotropic hormones, than collagenase (Meikle 

ef al., 1992). Whilst collagenase is responsible for the initial cleavage of native 

type I collagen, gelatinases-A and/or -B may play a significant role in the 

subsequent digestion of the denatured collagen fibrils. This conclusion was 

confirmed in the present study by the demonstration that a combination of Ro 31 - 
7467 and CT1166 were required to prevent completely calvarial bone resorption 

during the 96 h culture period.
This data has also shown that MMPs participate in collagen degradation within 

the sub-osteoclastic resorption zone, in agreement with morphological data 

(Everts et al., 1992). Because the present investigation has shown that ivory 

contains no detectable collagenase or gelatinase activity, we conclude that the 

osteoclast is a source of MMPs. This view is supported by the demonstration of 
both collagenase (Délaissé et ai., 1993) and stromelysin (Case et ai. 1989) within 

rodent osteoclasts. As well as being directly involved in collagen degradation, 
osteoclast-derived stromelysin may play an indirect role as an activator of 
procollagenase (Murphy et a!., 1987; Nagase et al., 1991). Because the MMP 

inhibitors were only effective in preventing stimulated rather than unstimulated 

osteoclast cultures, it is likely that the cells only produce the MMPs under certain 

states of activation. This may be similar to the situation in mononuclear 
phagocytes (MNPs), cells that are ontogenetically related to osteoclasts
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(Chambers, 1989). It has been shown that MNPs secrete greater quantities and a 

wider spectrum of MMPs in response to cytokine stimulation and according to their 
degree of cellular differentiation (Cury et al., 1988; Shapiro et al., 1990; Welgus et 
al., 1990). Studies with human osteoblasts have also shown (Meikle et a/., 1992) 
that apart from gelatinase-A, TIMP-1 and TIMP-2 which are constitutively 

synthesized that MMP synthesis is very low unless the cells are stimulated. 
Stromelysin retains activity at the acidic pHs encountered within the resorption 

lacunae (Galloway et a/., 1983) but there is a significant loss in the activity of 
collagenase (Vaes, 1972) and gelatinase (Seltzer et al ., 1983) below pH 6 . 
Therefore, one might envisage that the latter two enzymes do not participate in the 

subosteoclastic degradation of collagen. However, the pH within the resorption 

zone will depend upon the efficiency of osteoclast acid production and the 

buffering potential of the bone salts released during mineral dissolution.
Both compounds only affected isolated osteoclast resorptive activity at 
concentrations at which they act as general inhibitors of MMPs. This could be due 

to limited access of the compounds to the sub-osteoclastic resorption zone, or to 

unfavourable MMP: inhibitor ratios within the zone itself. A more likely explanation 

is that lysosomal cysteine proteinases play a more significant role at this stage of 
the resorptive cascade (Délaissé et a!., 1987; Everts et a!., 1988; 1992; Rif kin et 
al., 1991). Using selective inactivators of CPs, cathepsins B, L and/or S have 

recently been identified as the lysosomal CPs that participate in bone resorption in 

calvarial explants and osteoclast cultures (Hill et a/., in press). Whilst the current 
MMP inhibitors were found to be as effective as CP inactivators in calvarial explant 
cultures, the CP inactivators produced a more complete inhibition of lacunar 
resorption in the isolated osteoclast assay (Hill et a/., in press). Although this 

would indicate that CPs play a more prominent role than MMPs in osteoclastic 

bone resorption, it is proposed that both classes of enzyme act in concert resulting 

in a more efficient degradation of both collagenous and non-collagenous within the 

SORZ. Co-operation between the enzymes may also occur at the level of 
zymogen activation, as cathepsin B in the presence of stromelysin can activate 

procollagenase (Murphy et a/., 1992). There is also evidence to suggest that the 

collagenolytic activities of the MMPs and CPs are enhanced by high 

concentrations of Ca^+ generated within the bone-resorbing compartment during 

mineral dissolution (Etherington & Birkedal-Hansen; 1987; Eeckhout, 1990). The 

differences in pH optima of the lysosomal CPs (acidic) and MMPs (neutral) may 

extend the pH range over which osteoclast bone resorption can occur. 
Furthermore, these variations may result in spatial and temporal differences in the 

actions of the various enzymes within this region. The lysosomal CPs may be 

secreted concurrently with osteoclast release of H+ ions whilst the MMPs may be
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produced at a later stage in the resorption process once the acid has been 

neutralized by the released bone salts.
Since it has been demonstrated that gelatinases -A and -B in addition to 

collagenase are present in bone, in contrast to ivory, it is conceivable that the 

contribution of the MMPs to the subosteoclastic degradation of bone collagen has 

been underestimated in the present study. This will only be resolved once it is 

possible to quantitate accurately the extent of osteoclast lacunar resorption in 

living bone to a similar degree as that in a homogenous substrate such as ivory.
In conclusion, this study suggests that not only collagenase but also 

gelatinases A and/or B may play an important role in bone resorption. Furthermore 

in addition to their role in osteoblast-mediated osteoid degradation this data 

indicates that osteoclast-derived MMPs participate in the subosteoclastic 

degradation of bone collagen. Since collagenase and gelatinases A and B seem to 

play an important role in bone remodelling and an imbalance of either of these 

MMPs over their natural inhibitor, JIMP, could be responsible for the increased 

bone loss in pathological conditions.
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CHAPTER 7

THE EFFECTS OF SELECTIVE INHIBITORS OF MATRIX METALLO- 
-PROTEINASES (MMPs) ON BONE RESORPTION AND THE IDENTIFICATION  

OF MMPs AND TlMP-1 IN ISOLATED OSTEOCLASTS

Osteoclasts are the principal resorptive cells in the skeleton, degrading both 

the mineral and organic constituents of bone in a specialized extracellular 
compartment, the subosteoclastic resorption zone (Baron et al., 1985; Blair etaL, 
1986). Solubilization of the mineralized matrix is due to the secretion of acid into 

this region (Silver et a/., 1988), whilst degradation of the organic matrix (mainly 

type I collagen) is due primarily to the activities of proteolytic enzymes that are 

considered to belong to two major classes, the cysteine proteinases (CPs; 
reviewed by Délaissé & Vaes, 1992) and matrix metalloproteinases (MMPs; Everts 

et al., 1992). The MMP family consists of three major subgroups, the interstitial 
collagenases, the gelatinases and the stromelysins; these are zinc dependent 
endopeptidases with the combined ability to degrade the organic components of 
connective tissue matrices at physiological pH (Murphy and Reynolds, 1993). 
MMPs are secreted as proenzyme forms, require extracellular activation and are 

regulated by secreted inhibitors, the tissue inhibitor of metalloproteinases (TIMPs), 
a multigene family of which TIMP-1 (Docherty et al., 1985) and TIMP-2 (Stetler- 
Stevenson et al., 1990) are well characterized.

An association between collagenase (MMP-1) and bone resorption was 

initially suggested on the basis of its specificity for type I collagen and the release 

of the enzyme from bone explants during the resorption process (Sellers et al., 
1978; Lenaers-Claeys and Vaes, 1979; Francois-Gillet et al., 1981). This was 

supported by the demonstration that hormones and cytokines that stimulate bone 

resorption induce collagenase synthesis by cultured osteoblast-like cells (Heath et 
al., 1984; Sakamoto and Sakamoto, 1984; Otsuka et a!., 1984), and promote the 

accumulation of the enzyme within bone matrix (Eeckhout et al., 1986; Délaissé et 
al., 1988). Further evidence was provided when it was shown that both synthetic 

MMP inhibitors (CI-1; Délaissé et al., 1985; Everts et al., 1992) and natural 
inhibitors of MMPs (TIMPs -1 and -2; Hill et al., 1993) prevent bone resorption in 

vitro. Osteoblasts also produce gelatinases-A (MMP-2) and -B (MMP-9; Rifas et 
al., 1989; Meikle et al., 1992), enzymes that are capable of degrading denatured 

type I collagen (Murphy et al., 1985; Wilhelm et al., 1989) and could also 
participate in the resorption process.

Osteoblast-derived collagenase is thought to be primarily involved in 

degradation of the unmineralized surface osteoid layer of bone, thereby exposing
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the underlying mineralized matrix to osteoclastic action (Chambers et al., 1985; 
Délaissé et al., 1988). Recent morphological studies have suggested that MMPs 

may also contribute to osteoclast-mediated lacunar resorption (Shimizu et al., 
1990; Everts et al., 1992). However since bone matrix was used as a substrate in 

these studies it remains uncertain as to whether the MMPs were secreted by 

osteoclasts or released from the bone during osteociastic-dissolution of the 

mineralized matrix as suggested previously (Eeckhout et al., 1986; Délaissé et al.,
1988). Collagenase has recently been detected within rodent osteoclasts 

(Délaissé et al., 1993) but it has not been established whether this osteoclast- 
derived enzyme participates in the subosteoclastic degradation of collagen.

The aim of the present investigation was to determine the roles and sites of 
action of gelatinase and collagenase in bone resorption using a general MMP 

inhibitor (CT435) and a concentration-dependent specific gelatinase inhibitor 
(CT543). The culture systems consisted of (1) neonatal calvarial explants, (2) 
highly enriched populations of chicken osteoclasts cultured on osteoid-free 

calvarial explants and (3) isolated rat osteoclasts cultured on ivory slices. Finally, 
by means of indirect immunofluoresence, we investigated whether isolated rabbit 
osteoclasts produce interstitial collagenase, gelatinases-A and -B, stromelysin 

(MMP-3) and TIMP-1.
This study provides direct evidence for a role of gelatinases-A and -B in 

bone resorption and show that the MMPs are produced by isolated osteoclasts 

and participate in osteoclast lacunar resorption.

MATERIALS AND METHODS

Materials

The MMP inhibitors CT435 (Ni-[N-(2-Phenylethyl)-3-cyclohexyl-2-(S)- 
propanamidyl]-N4-hydroxy-2 -(R)-(2-methylpropyl) succinamide) and CT543 (Ni- 
[N-(2-Morpholinoethyl)-3-cyclohexyl-2-(S)-propanamidyl]-N4-hydroxy-2-(R)-(3- 
phenylpropyl) succinamide were synthesized by Celltech, Slough, U.K. Synthetic 

human parathyroid hormone [PTH-(1-84)], 1,25-dihydroxyvitamin Dg
(1 ,25(0H)2D3), recombinant human interleukin-1 a (IL-1a), actinomycin D, L- 
proline, thymidine, indomethacin, alpha-minimal essential medium (aMEM), 4- 
methylumbelliferone, "^^CaCl2, methyl-pH]-thymidine, L-[5-^H]-proline and 

modified BGJ medium were obtained from the sources as described in Chapter 5.
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Methcxis

1. MMP inhibitors and their characterization; The inhibitory effects of CT543 

and CT435 against the respective proteinases were assessed by use of the 

synthetic peptide substrate Mca-Pro-Leu-Gly-Leu-Dpa-Ala-Arg-NH2 as described 

(Knight ef a/., 1992).
The inhibitors were dissolved in methanol (vehicle).

2. Neonatal mouse calvarial assay: As described in Chapter 2.

Protein and DMA synthesis: As described in Chapter 4.

B-Glucuronidase: As described in Chapter 6 .

3. Preparation of radiolabelled osteoid-free calvarial bone: Calvariae were 

dissected from 8-day-old mice that had been injected subcutaneously 6 days 

previously with 0.18 MBq of "^̂ CaCIa- The periosteum, endosteum and lining cells 
were removed exposing the osteoid layer. The parietal bone was cut into two 

equal halves and the explants were incubated in a-MEM containing collagenase (1 

mg/ml) at 37°C in a humidified atmosphere of 5% Co2/95% air for 30 min to 

remove the osteoid layer as described (Chambers et al., 1985). The bones were 

then washed three times in a-MEM to remove exogenous collagenase.

4. Isolation and culture of chicken osteoclasts on osteoid-free bone: Chick 

long bones are rich in osteoclasts and frequently used as a source of the cells 

(Zambonin-Zallone et aL, 1982; Osbody at aL, 1982). Partially purified cultures of 
chicken osteoclasts were established using modifications of the method of Blair et 
al., (1986). The long bones from 17-20-day-old embryonic chicks were cleaned of 
adherent soft tissues and placed in ice-cold Ca^+ and Mg^^-free PBS, pH 7.2, 
containing 0.2% BSA; all subsequent steps using PBS were performed at 4°C.
The bones were split to expose the marrow, rinsed three times with PBS, and the 

endosteum scraped with a scalpel blade into 2.5 ml PBS. The cell suspension was 

passed in succession through calibrated dental needles of size 20 and 30. The 

resultant osteoclast suspension was layered onto a seven-step (2.5 ml each) 
Percoll (Pharmacia AB, Uppsala, Sweden) gradient (1.01 to 1.07 g/ml), 
centrifuged for 20 min at 400 g, and the fractions collected by aspiration. The 1.04 

g/ml fraction was washed twice with a-MEM supplemented with 10% fetal calf 
serum (PCS); upto 60% of the cells were multinucleated osteoclasts. Osteoclasts 

were plated in 24 well plates (Linbro, Flow Laboratories), each containing a piece
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of osteoid-free parietal bone at 50,000 cells/well. The bones were cultured
in pairs in 1 ml a-MEM containing 10% aci^treated rabbit serum at 37°C in a 

humidified atmosphere of 95% air/5% COg for 72 h with and without either CT435 

or CT543. To determine "̂ Ĉâ + release due to passive exchange of isotope with 

cold Ca^+ in the culture medium, four parietal bone quarters from each litter were 

cultured without osteoclasts. Mobilization of radioactivity was expressed as before.
The percentage release from the osteoclast-free bones was subtracted from each 

bone substrate with osteoclasts to give the amount of CMR.

5. Isolation and culture of rat osteoclasts on ivory slices: As described in 

Chapters 2, 4 and 6.

(a) Lactate concentrations: As described in Chapter 6 .

6. Isolation of osteoclasts from rabbit bone: Isolated rabbit osteoclasts were 

prepared as previously described (Chambers etal., 1984). Femora and tibiae from 

one-week-old rabbits were cleaned of adherent soft tissues and cut across their 
epiphyses. Each bone was curetted with a scalpel blade into 2 ml of a-MEM in a 

35 mm tissue culture dish (Sterilin, U.K.). The curetted fragments were vigorously 

agitated with a glass pipette. Larger fragments were allowed to sediment for 10 s 

and 200 fj\ of the osteoclast suspension was added to each well of an 8-well Lab- 
tek slide (Nunc, Inc., Naperville, USA), then removed and replaced with 200 /il of 
a-MEM supplemented with 10% PCS.

7. Immunoiocalization of matrix metalloproteinases and TIMP in rabbit osteoblasts: 
MMPs and TIMP were immunolocalized in osteoclasts by indirect immunofluore- 
-scence following two different culture procedures. Rabbit osteoclasts were used 

as we previously developed specific anti-sera to the rabbit MMPs and TIM P-1.
(i) Rabbit bone marrow cells containing osteoclasts were plated onto 8-well Labtek 

slides containing a-MEM plus 10% PCS as described above. After 2 h the medium 

was removed from the cells and replaced with fresh medium and the sodium 

ionophore monensin (5 juM; Sigma), which inhibits translocation and secretion of 
newly synthesized proteins, was added for the final 3 h of culture. This results in 

intracellular accumulation of antigen in the Golgi apparatus and secretory vesicles 

of cells.
(ii) Rabbit bone marrow cells containing osteoclasts were cultured as above but in 

the presence of IL-1a (10'^° M) for 24 h. Monensin was added for the final 3 h of 
culture. After removal of culture medium the cell layer was fixed for 5 min in 4%
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paraformaldehyde at room temperature. Cells were permeabilized (0.1% Triton X- 
100, 5 min) to enable IgG penetration, washed with PBS and incubated with 

specific polyclonal antibodies to either collagenase (Hembry et a/., 1986), 
gelatinase-A and -B (Murphy et al., 1989a), pig gelatinase-B which cross reacts 

with rabbit gelatinase-B (Murphy et a!., 1989b), stromelysin (Murphy et al., 1986), 
TIMP-1 (Gavrilovic etal., 1985), or normal sheep serum IgGs (50 jug/ml in PBS for 
30 min at room temperature). The characterization of these antisera, including 

species specificity, Western blots, inhibition curves and immunoabsorption 

experiments with purified antigen, are detailed in the above references. All the 

antisera have been used in previous immunoiocalization studies in the rabbit 
(Brown et al., 1989; Green et al., 1990; Hembry et al., 1993). The cells were 

washed (PBS, 3 x 5  min) and the second antibody (a pig Fab' preparation labelled 

with FITC; Hembry et al., 1985) was applied for 30 min. After exhaustive washing 

they were coverslipped with Citifluor (University of Kent, Canterbury) and 

observed by fluorescence microscopy on a Zeiss photomicroscope III with 

epifluorescence and standard FITC filters or a Biorad MRC 600 confocal 
microscope with a krypton/argon laser. Photographs were taken on Agfachrome 

RS 1000 film uprated to 2000 ASA, or from the colour monitor on Ektachrome 100 

film.
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RESULTS

Inhibitor characteristics
CT543 has the following Kj values against the MMPs: gelatinase-A, 0.14 nM; 
gelatinase-B, 0.85 nM; stromelysin, 24.8 nM; collagenase, 210 nM. CT435 is a 

general MMP inhibitor and has the following Kj values: gelatinase-A, 0.33 nM; 
gelatinase-B, 1.47 nM; stromelysin, 25.3 nM; collagenase, 7.8 nM. The structures 

of CT435 and CT543 are shown in Fig. 34 below.

HO NH
'"NH NH

CT435

HO NH
"̂ NH NH

O

CT543
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Effects of the MMP inhibitors on calvarial bone resorption
Initially the effects of a range of doses of the MMP inhibitors on 1,25(OH)2D3- 
stimulated release of "̂ Ĉâ + from prelabelled mouse calvarial bones during a 48 

h culture period was examined (Fig. 35). Both compounds inhibited the release of 
45Ca2+ dose-dependently, CT435 in the range M and CT543 in the
range 10* -̂1 O'® M. During the 48 h culture we found that CT543 produced about 
a 40% inhibition in stimulated resorption at a concentration (10'® M) selective for 
gelatinase inhibition, whilst CT435, a general MMP inhibitor, produced 100% 

inhibition at the same concentration. CT543 only abolished stimulated bone 

resorption completely at a concentration (10'® M) that would inhibit all MMPs.
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Figure 35. Effects of the MMP inhibitors at different concentrations on the 
1 ,25(0H)2D3 (10"® M)-stimulated release of ®̂Câ + from calvarial bones after 
a 48 h incubation period.
The results are expressed as % inhibition of 1,25(OH)2D3-stimuiated "^Ca^* release, which was 

set to 100%. Each value is the mean ± SEM  of 6  pairs of bones. The inhibitory effects o f C T435  

(10r^° - 10^ M), and CT543 (lOr^ - 10'^ M) were statistically significant (* p <0 .05 , ** p <0 .01 ).
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Then the doses of each MMP inhibitor that was 100% effective, on both the basal 
and stimulated (either PTH or 1,25(OH)2D3) release of "̂ ^Câ + and pH]-proline 
from prelabelled mouse calvarial bones during a 48 h culture period was examined 
(Fig. 36). Whilst the inhibitory effects of CT435 (10‘® M) and CT543 (10"® M) on 
stimulated bone resorption were complete, higher concentrations of the inhibitors 
failed to prevent the basal (unstimulated) release of (Fig. 36A). In
contrast, CT435 (10'^ M) and CT543 (10*  ̂ M) produced a statistically significant 
reduction in the release of pH]-proline from control bones (Fig. 36B). The MMP 
inhibitors were as effective as calcitonin (10‘® M) at inhibiting bone resorption.

A
C o n t r o l 1.25(OH)̂ 03

= Co nt r o l
■ ^ ///A  =  C a l c i t o n i n

= CT4.35 
=  C T 5 4 3

B 2 0  Co n t r o

I n t i l b l t o r  C o n c e n t r a t i o n  ( M)

PTH 1 , 2 5 ( 0 H ) j D3

I n t i l b l t o r  C o n c e n t r a t i o n  ( M)

Figure 36. Effects of the MMP inhibitors on basal, PTH (2 x 10"® M) and 

1,25(0H)2D3 (10'® M)-stimulated release of "̂ ®Câ + (A) and [®H]-proline (B) 
from calvarial bones.
Values are expressed as the mean % (± SEM) of radioisotope released from five pairs of cultured 

bones after 48 h of incubation. The stimulatory effect of PTH and 1,25(OH)2D3 was significantly 

different from the untreated controls (**,p < 0.01). The inhibitory effects of CT435, CT543 and 

calcitonin on ‘̂ Ca^^ and pH]-proiine release were significantly different from those of either PTH  

or 1,25(OH)2D3 alone and on the control release of [^H]-proline (*, p < 0.05; **, p < 0.01).
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To exclude the possibility that cell death was contributing to the inhibition a 

recovery experiment was performed. Calvarial bones were treated with PTH and 

one of the inhibitors for the first 48 h, and then cultured with PTH alone for a 

further 4 days. The inhibitory effects of CT435 and GT543 seen during the initial 
culture period were gradually lost, the amount of PTH-stimulated "*̂ Câ + release 

returning to levels without the inhibitors by 96 - 144 h (Table 20).

TABLE 20.

Treatment % Cell mediated "̂ Ĉâ + release

0-48 h 48-144 h 0-48 h 49-96 h 96-144 h

PTH PTH 16.7 ± 2 . 9 15.4± 1.8 13.9 ± 0 .6

PTH + CT435 PTH 5.6 ± 0.8 9.7 ± 1.2 18.7 ±2 .0

PTH + CT543 PTH 6.1 ± 0 . 7 8.9 ± 0.9 17.9 ±1 .6

Values are means 

CT435 and CT543

± SE M  for five calvarial bones prelabelled with 0.15 MBq PTH, 

were added at final concentrations of 10'^ M, ICt^ M  and 1Q-̂  M.

Further evidence that inhibition was not due to toxic effects included the findings 

that neither of the MMP inhibitors at a concentration of 10"® M affected either 
protein or DMA synthesis, as assessed by the incorporation of pH]-proline and 

pH]-thymidine into explants (Table 21). Actinomycin D (10'"̂  M) and hydroxyurea 

(10"  ̂ M) completely blocked the DMA and protein synthesis respectively.
Finally, neither of the compounds affected the PTH-stimulated release of 

the lysosomal enzyme, 8-glucuronidase (data not shown).
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TABLE 21.

Addition Amount
(M)

pH]-Thymidine 

(dpm/DNA fraction)
pH]-Proline

(dpm/halfcalvaria)

Control - 12394 ± 1564 24643 ± 2101
CT435 10-6 13465 ± 2183 25457 ± 2350
CT543 10'6 10786 ± 1436 23630 ±2 5 1 0
Actinomycin D 10-4 - 3401 ± 298
Hydroxyurea 10-4 906 ± 184 -

Values are means ± SEM  for five calvarial halves, labelled with either 0.18 MBq pH]-thymidlne 

(DNA synthesis) or 0.1 MBq pH]-proline (protein synthesis) for the last 4 h of a 24 h culture period.

These experiments illustrate that gelatinases-A and/or -B play a role in the 

degradation of the organic matrix during bone resorption. Furthermore, as CT543, 
like CT435, only abolished stimulated bone resorption at a concentration in which 

it acts as a general MMP inhibitor this indicates that other MMPs, presumably 

collagenase contribute to the process. Due to the complexity of the calvarial assay 

it was not possible to conclude whether the MMPs were active in osteoclast 
lacunar resorption or were only inhibiting osteoid degradation.

Hence the effects of the MMP inhibitors on chicken osteoclasts cultured on 

radiolabelled osteoid-free calvarial explants were studied. Chickens were chosen 

as the source of osteoclasts due to their rich supply of the cells. This enabled 

large numbers of partially purified osteoclasts to be obtained so that accurate 

determinations could be made of the effects of the inhibitors on the release of 
radioisotopes from prelabelled bone explants.

Effects of the MMP inhibitors on chick osteoclasts cultured on osteoid-free 
mouse calvarial explants.

In unstimulated cultures, the resorptive activity of chicken osteoclasts was 

dose-dependently inhibited by both CT435 and GT543 (Table 22).The inhibition 

was only partial with a maximum of 29.2 ± 4.9% for CT435 and 20.5 ± 2.4% for 
CT543 both at a 10‘® M concentration. In cultures stimulated by IL-1a (10'^° M), 
their inhibitory effects were greater with CT435 producing a 41.7 ± 4.2% inhibition 

and CT543 a 35.9 ± 4.6% inhibition both at 10'^ M concentrations (Table 22).
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These data indicate that MMPs participate in the osteoclastic degradation of the 

collagenous bone matrix but provide no conclusive information as to whether the 

enzymes are produced by osteoclasts or are stored and released by bone matrix 

during the resorptive process. Consequently the effects of the two MMP inhibitors 

on the resorptive activity of isolated rat osteoclasts cultured on ivory slices were 

assessed. Ivory, unlike bone contains no detectable collagenase activity and only 

trace amounts of progelatinase-A (Chapter 6) making it a suitable substrate for 
assessing the contribution of osteoclast-derived MMPs to collagen degradation.

TABLE 22. Effects of CT435 and CT543 on the release of *̂̂ Câ + from osteoid- 
free mouse calvarial bones by chicken osteoclasts.

Inhibitor Inhibitor
concentration

(M)

Stimulation of 
cultures

% Inhibition of 
release

CT435 10'®

10' ^

10'®

1 0 ®

3.9 ± 1 .6
15.6 ± 1 .7 *
25.6 ± 2.5 *  

29.2 ± 4.9 *

CT435 10'®
10'̂
10'®
10'®

IL-1 (10'i®M) 
IL-1 (10''’“ M) 
IL-1 (10'̂ ® M) 
IL-1 (10'''° M)

8.6 ± 1.1 
19.4 ± 2 .7 *  

37.2 ± 3.6 *  

41.7 ± 4.2 *

CT543 10' ^

1 0 ®
1 0 ®

2.7 ± 0.9 

14.9 ± 1 .5 *  

20.5 ± 2 .4 *

CT543 10'̂
1 0 ®
1 0 ®

IL-1 (10'''° M) 
IL-1 (10 ''°M ) 
IL-1 (10'^°M)

8.9 ± 2.3 *  

24.1 ± 2 .9 *  

35.9 ± 4.6 *

Prelabelled osteoid-free mouse calvarial bones were cultured with chicken osteoclasts for 72 h in 

the absence or presence of varying concentrations of either CT435 or CT543. The results are 

expressed as the percentage inhibition of either the unstimuiated or IL-1 a  stimulated 

release which was set to 100%. Each value is the mean ± SEM  of 3 pairs of bones. * significantly 

different from the control cultures at p < 0.05.
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Effects of MMP inhibitors on isolated rat osteoclast bone resorption.
Image analysis of ivory slices on which osteoclasts had been cultured without 

any addition revealed typical resorption pits. In unstimulated cultures, the 

resorptive activity of rat osteoclasts was unaffected by either inhibitor up to a 10'̂
M concentration. However, when the osteoclast cultures were stimulated by IL-1 a  

(10'^° M), both CT435 and CT543 dose-dependently inhibited the number of 
resorption, lacunae (Fig. 37A). The inhibition was only partial with a maximum of 
30.2 ± 3.6% for CT435 and 26.2 ± 3.1% for CT543 both at a 10'® M. When the 

extent of bone resorption was assessed by measuring the total plan surface area 

of the lacunae (Fig. 37B), it was found that the degree of inhibition was similar to 

that for the percentage reduction in the number of resorption lacunae. The reason 

for this was that the mean surface area of each lacunae in the inhibitor treated 

cultures (469 ± 78 (jm^ for CT435; 535 ± 65 jum  ̂for CT543) was similar to that 
in the control cultures (546 ± 89 um^).
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Figure 37. Effects of the CT435 and CT543 on the (A) the number and (B) 
total surface area of rat osteoclast lacunae.
Each value is the percentage inhibition in IL-1 a-stimuiated osteociast lacunar resorption arbitrarily 

set to 100%. The values represent the mean ± SEM  from five individual experiments. The number 

(A) and surface area (B) of pits on the inhibitor treated slices was significantly different from 

control ( * p < 0 .0 5  and * * p <0 .01).
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To determine whether the inhibitors were exerting a non-specific cytotoxic 

effect on the rat osteoclasts, the cultures were inspected both after neutral red 

staining and following fixation and staining for TRAP. In the presence of the MMP 

inhibitors multinucleated cells took up neutral red just as well as controls, 
suggesting that the viability of the cells was not affected. Morphological 
examination also showed that the inhibitors did not appear to alter the peripheral 
ruffles of the cells indicating that the compounds did not interfere with the motility 

of the osteoclasts. Furthermore, at the highest concentration used (10‘® M), 
neither CT435 nor CT543 had an inhibitory effect on glycolysis as assessed by 

measuring the amount of lactate produced by the osteoclast cultures (Table 23).

TABLE 23. Effects of CT435 and CT546 on lactate production by IL-1 a  
stimulated rat osteoclast cultures.

Addition Amount (M) Lactate concentration (/L/mol/L)

Control 17.1 ± 1 .9
CT435 10-5 18.4 ± 1.2
CT543 10-5 16.2 ± 1 .3

Values are the means ± SEM for six osteoclast cultures.

Finally, at the highest concentration used neither of the inhibitors altered 

the number of osteoclasts, as compared to controls. The mean number of TRAP- 
positive multinucleated cells per 1 cm^ slice (15 slices per treatment) was 76.3 ± 

5.3 for the control, 69.4 ± 5.9 for CT435 (10-5 M) and 81.6 ± 7.1 for CT543 (10-5 

M).
These experiments indicate that the MMPs are produced by osteoclasts at 

least under certain states of activation, in this case induced by IL-1 a. As the 

selective gelatinase inhibitor, CT543, only inhibited resorption at a concentration 

at which it acts as a general inhibitor, the data provided no insight into which 

particular members of the MMP family are produced by osteoclasts. This issue 

was addressed by undertaking immunofluorescence experiments with specific 

antisera to MMPs and TIMP-1 on rabbit osteoclasts.
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Immunoiocalization of MMPs and TIMP-1 in rabbit osteoclasts
In none of the unstimulated osteoclast cultures could collagenase, gelatinase-B, 

stromelysin or TIMP-1 be immunolocalized: only gelatinase-A could be detected 
within the perinuclear Golgi apparatus and secretory vesicles in unstimulated cells 
(Fig. 38A) . Since gelatinase-B could not be detected in unstimulated cells using 
the specific antibody for this enzyme, it was concluded that the positive staining 
observed with the gelatinase-A/B antibody is due to the presence of gelatinase-A.

Fig 38 Immunoiocalization of MMPs and TIMP-1 in isolated rabbit osteoclasts.
Rabbit osteoclasts cultures were either unstimulated (A) or stimulated with IL-1 a (10'''° M) for 24 h 

(B-G). The cells were cultured with monensin (5 \iM) for the final 3 h. Cells were fixed, 

permeabilized, stained by Indirect Immunofluorescence and observed by fluorescence microscopy. 

Bars, 10pm. Arrows Indicate multinucleated osteoclasts and arrowheads Indicate mononuclear 

haemopoletic/ stromal cells.

A. Unstimulated cells stained with antl-gelatinase-A/B IgG. Fluorescence of 

veslculated juxtanuclear Golgi apparatus Indicates gelatinase A and/or B 

synthesis. As no staining was observed with the gelatlnase-B antibody this 

Indicates that the osteoclasts are constltutlvely synthesizing gelatlnase-A.

Treatment with IL-1 a M) for 24 h had a dramatic effect, stimulating
gelatinases-A/B, gelatinase-B, collagenase, stromelysin and TIMP-1 production in 
osteoclasts (Fig. 38B-F). Cells stained with normal sheep serum were negative in 
both the stimulated (Fig. 38G) and unstimulated cultures (data not shown). The 
MMPs and TIMP-1 were distributed throughout the prominent Golgi complexes 
surrounding each nucleus and the many Golgi vesicles within osteoclasts. Hence 
the MMPs and TIMP-1 could be observed along the entire secretory pathway. In 
IL-la-stimulated cultures, more osteoclasts were positive for gelatinases-A and -B 
than the other enzymes and the intensity of the perinuclear staining was brighter.
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These data show that cultured rabbit osteoclasts can produce the full spectrum of 
MMPs and TIMP-1 and gelatinases-A and -B appear to be the predominant 
enzymes.

»

f - r

«

Figure 38 continued
B. IL-1a-stimulated cells stained with anti-gelatinase A/B IgG observed using the confocal 

microscope; optical sectioning clearly demonstrates the perinuclear distribution of gelatlnase-A/B 

associated with each nucleus.

C-G.IL-1 a-stlmulated cells stained with anti-gelatlnase-B Intracellular fluorescence of the 

veslculated Golgi apparatus and the secretory vesicles indicates the synthesis of gelatinase B (0), 

collagenase (D), stromelysin (E), with arrow-trinucleated osteoclast and arrowhead-mononuclear 

cell, and TIMP-1 (F), arrow-trinucleated osteoclast and arrowhead-mononuclear cells. Cells were 

stained with normal sheep serum IgG (G) where no Intracellular fluorescence Is visible.
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DISCUSSION

Using a concentration-dependent specific gelatinase inhibitor it has been 

shown for the first time that gelatinases-A and/or -B participate in bone resorption.
It has also been demonstrated, using sensitive immunocytochemical techniques 

that rabbit osteoclasts constltutlvely express gelatinase-A (MMP-2) and can 

synthesize gelatinase-B (MMP-9), stromelysin (MMP-3) and TIMP-1 in response 

to IL-1 a stimulation and confirm that they also synthesize collagenase (MMP-1; 
Délaissé et al., 1993). This data further indicate that osteoclast-derived MMPs 

participate in osteoclast lacunar resorption.
Because cleavage of the triple helices of the collagen molecule is the rate- 

limiting step in type I collagen degradation (Murphy & Reynolds, 1985), it has been 

assumed that collagenase is the principal MMP involved in bone resorption 

(Délaissé et a!., 1985; 1988; Eeckhout etal., 1986; Eeckhout, 1990). The ability, 
however, of CT543 to produce a 40% inhibition in calvarial bone resorption at a 

concentration in which it acts as a selective inhibitor of gelatinases-A and -B 

indicates that these MMPs play a significant role in the degradation of the organic 

matrix of bone. Presently an inhibitor that can distinguish between gelatinases-A 

and -B is not available. The finding that the MMP inhibitors prevented the basal 
release of pH]-proline in contrast to ^®Câ  ̂ suggests that the demineralization 

process was allowed to proceed until the collagenous matrix was encountered, the 

degradation of which was inhibited.
Although MMPs were not demonstrated within the subosteoclastic 

resorption zone, it is proposed that osteoclasts under certain states of activation 

secrete MMPs which then participate in lacunar bone resorption. First, the data 

shows that CT435 and CT543 partially prevented the resorptive activity of both 

isolated chicken and rat osteoclasts. Secondly, it has been demonstrated that 
rabbit osteoclasts synthesize gelatinase-A constitutively and produce collagenase, 
gelatinase-B, stromelysin and TIMP-1 in response to IL-1 a. Thirdly, the intra- 
-cellular localization of the MMPs to the perinuclear Golgi apparatus and 

cytoplasmic vesicles indicates that the enzymes are within the biosynthetic and 

secretory pathways of the cell.
MMPs that are produced constitutively by both stromal and haemopoletic 

cells that cannot be completely eliminated from osteoclast cultures probably do not 
participate in osteoclast resorption because the MMP inhibitors had no effect on 

the resorptive activity of unstimulated cultures. Moreover, access of non
osteoclast derived MMPs to the sealed environment of resorption lacunae will be 

limited by the large molecular mass of the enzymes.
One problem with trying to implicate a role for MMPs in osteoclast-mediated
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resorption is explaining how the enzymes retain biological activity at acid pHs 

encountered within the sub-osteoclastic resorption zone. However, temporospatial 
variations in pH may occur within the resorption zone depending upon the efficiency 

of osteoclast acid secretion and the buffering potential of the Ca^+ and PO^ '̂ 
released during mineral dissolution. Stromelysin retains significant activity at pH 5 
(Galloway et al., 1983).

The hypothesis that the MMPs are synthesized and secreted by osteoclasts is 

supported by the recent localization of (pro)collagenase within rodent osteoclasts 

and in the sub-osteoclastic resorption zone (Délaissé et a!., 1993). Stromelysin 

has also been localized in resorbing rat osteoclasts (Case et al., 1989) and 

gelatinase-B mRNA has been found in mouse osteoclasts during embryonic 
development (Reponen et al., 1994). Finally, mononuclear phagocytes that are 

ontogenetically related to osteoclasts have been found to synthesize and secrete 

the MMPs (Cury et al., 1988; Shapiro et al., 1990; Welgus et al., 1990). However, 
the demonstrating that the MMP inhibitors completely prevented stimulated 
calvarial resorption in contrast to osteoclast lacunar resorption supports the view 
that in bone, osteoblasts are the major source of MMPs whose are principal 
function is degradation of the osteoid layer as proposed by Chambers (1985).

The inability of both MMP inhibitors to prevent the resorptive activity of 
unstimulated rat osteoclasts in contrast to chicken osteoclasts is unlikely to be due 
to the higher basal level of resorptive activity exhibited by chicken osteoclasts 
(Arnett and Dempster, 1987), since Délaissé et al. (1987) found that the MMP 
inhibitor, CI-1 failed to inhibit the action of chicken osteoclasts cultured on dentine, 
a substrate similar to ivory. Perhaps it may be explained by differences in 

composition of the two substrates, bone and ivory, that were used in this study to 
assess osteoclastic resorption. Living bone is known to contain procollagenase 
(see introductory remarks) and it has been proposed by Délaissé et al. (1988) that 
the zymogen may be released and activated by osteoclasts during bone resorption 

to participate in the degradation of collagen within the osteoclast resorption 

lacuna. Since no (pro)collagenase was detected within ivory, this suggests that 
ivory is an ideal mineralized substrate for assessing the contribution of osteoclast- 
derived MMPs to the subosteoclastic degradation of collagen.

Although this study demonstrates a role for the MMPs in osteoclast lacunar 
resorption, substantial evidence indicates that lysosomal cysteine proteinases are 

involved in this process (Délaissé etal., 1987; Everts et al., 1988, 1992; Rifkin et 
al., 1991). Using selective inactivators of cysteine proteinases it has recently been 
shown that cathepsin B (EC 3.4.22.1) plays an intracellular role and cathepsins L 
(EC 3.4.22.15) and/or S (EC 3.4.22.27) an extracellular role in osteoclast lacunar 
resorption (Hill et al., in press). In addition to its collagenolytic activity, cathepsin B
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in conjunction with stromelysin can activate procollagenase (Murphy et al., 1992), 
and this might be the primary function of CPs within the osteoclast resoption zone. 
There are also reasons to believe that the collagenolytic activities of both classes 

of enzyme are enhanced by elevated Ca^+ concentrations that will be 

encountered within the resorption lacuna consequential to mineral dissolution 

(Etherington and Birkedal-Hansen, 1987; Eeckhout, 1990). Furthermore, it has 

been suggested that bone collagen degradation is more complete when the 

enzymes act in sequence rather than independently (Danielsen, 1990). We 

therefore conclude that both classes of enzyme co-operate in osteoclast bone 

collagen degradation.
Since the lysosomal CPs are active at acidic pHs within the osteoclast 

resorption zone (Maciewicz and Etherington, 1988; Délaissé et al., 1991) one 

could speculate that the osteoclast secretion of these enzymes coincides with the 

release of H+ ions. The MMPs may be secreted at a later stage in the resorptive 

process, once the bone matrix has been demineralized and the acid neutralized by 

the released bone salts. This sequence of events would probably lead to a more 

complete degradation of type I collagen as demonstrated by Danielsen (1990).
In conclusion, this study has demonstrated that gelatinases-A and -B 

contribute to bone resorption in addition to other members of the MMP family. 
Moreover the full spectrum of MMPs including their tissue inhibitor are synthesized 

by rabbit osteoclasts and the enzymes participate in osteoclast lacunar resorption.

143



Chapter 8

CHAPTER 8.

POSSIBLE AVENUES FOR FURTHER RESEARCH

In the discussions at the end of Chapters 2,3,4,5,6 , and 7 the results 

obtained were summarized and placed in context with the published literature. In 

this final chapter, a speculative view of areas of research that might prove fruitful 
are presented.

Assessment of synthetic inhibitors of cysteine proteinases and matrix metallo- 
-proteinases in animal models of (A) osteoporosis and (B) osteolytic tumour 
metastasis.

(A) Osteoporosis: The development of therapies for osteoporosis have been 

hampered by lack of a convenient animal model. Lewis et al. (1991) described the 

generation of transgenic mice in which IL-4 expression was augmented in 

developing T-lineage cells by coupling the IL-4 cDNA to the proximal promoter of 
the Ick gene. Mice expressing the /c/c-IL-4 construct displayed disturbed perturbed 

T-cell development (Lewis at a/., 1991). It was subsequently shown that /c/c-IL-4 

mice also developed severe osteoporosis primarily because of a profound 

decrease in osteoblast activity (Lewis at a!., 1993), without interfering with 

osteoclastogenesis as has been observed in vitro (Shioi at a/., 1991). The /c/c-IL-4 

mouse may facilitate the evaluation of potential therapies to prevent or ameliorate 

bone loss. Viewed in the context of the severe osteoporosis that develops in 

/c/c-IL-4 mice, this suggests that abnormalities in IL-4 production and/or IL-4- 
mediated signaling may alter osteoblast function and produce certain forms of 
human bone disease.

As an alternative to /c/c-IL-4 mice one could use ovarectomized mice as a 

model of osteoporosis. Jilka at al. (1992) reported that ovarectomy in mice 

resulted in osteoclastogenesis mediated via an increased production of IL-6 in the 

bone marrow microenvironment. Histomorphometric analysis of tibiae showed that 
there was a progressive loss in trabecular bone and this was associated with an 

increased in the number of osteoclasts in the secondary spongiosa of the 

metaphysis of the proximal tibia.
Furthermore a murine model for accelerated senescence has been 

developed by Takeda atal. (1981) in which mice develop early onset amyloidosis, 
degenerative joint disease, brain atrophy and senile osteoporosis (Takeda at al., 
1991).
This SAMP6 strain of mice has been proposed as a good model for senile
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osteoporosis characterized by low peak bone mass.

(B) Osteolytic metastasis: Bone is common site of metastasis in human cancer. 
During the process of cancer invasion and metastasis a number of natural barriers 

have to be degraded which includes basement membranes and interstitial 
connective tissue (Tryggvason et al., 1987). Evidence suggests that the 

production of métastasés appears to involve a variety of different enzymes 

including cysteine proteinases (Sloane at al., 1986) and matrix metalloproteinases 

(reviewed by Duffy, 1992). However, a major impediment to understanding the 

pathogenesis of bone metastasis has been the lack of an appropriate animal 
model. Previous studies in animal models have focused on pulmonary metastasis 

(Stackpole at al., 1985; Nicolson, 1987). Bone metastasis models have involved 

direct injection of tumour cells into the medullary cavities of bones (Ingall at al.,
1964; Galasko at al., 1982) or into the rat abdominal aorta (Powles at al., 1973). 
Recently, Arguello at al. (1998) described an experimental model of bone ^  

metastsis in mice which had received intracardiac injections of B-16 murine 

melanoma cells. These mice developed destructive osteolytic bone lesions whose 

distribution was similar to that in human patients with metastatic bone cancer This 

experimental model of metastasis to bone in combination with inhibitors of MMPs 

and CPs could be used to assess the contribution of these proteinases to the 

development of osteolytic lesions within bone. This model should also facilitate 

studies into the therapeutic, potential of such inhibitors in the treatment of bone 

and bone marrow metastasis.

Alternative models of assessing bone resorption.
The extent of bone resorption is often measured as the release of either 

"̂ Ĉâ + or pH]-proline from prelabelled mouse calvarial or fetal long bones. This 

is a time consuming procedure involving the prelabelling the bones in vivo and 

dissolving the bones in acid on completion of culture. An alternative means of 
assessing mineral mobilization to that of ^^Ca^+ release could be to use the the 

jelly-fish protein, aequorin. This luminescent protein interacts with ionic calcium 

resulting in the emission of light that is proportional to the calcium ion 

concentration.
Recently a new method to measure bone resorption has been developed 

based upon the release of the carboxyterminal telopeptide of type I collagen 

(IOTP; Risteli ata l., 1991). The use of IOTP as a marker of matrix degradation 

has been found to be a rapid and accurate method of measuring bone resorption 

in vitro (Ljunggren and Ljunghall, 1992). Using ICTP as a measure of matrix
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degradation and the aequohn-Ca^+ reaction to quantitate mineral release may 

provide suitable alternatives to assessing bone resorption in vitro. The ICTP 

method could also prove beneficial for the clinical monitoring of bone metabolism 

in pathological conditions such as osteoporosis and tumour osteolysis.

Identification of stromal osteoclast forming activity that regulates osteoclast 
function

Osteoclast formation has been shown to occur through a contact-dependent 
interaction between haemopoietic precursors and bone marrow stromal cells in the 

presence of 1,25(OH)2D3 (Udagawa et al., 1989; Hattersley and Chambers, 
1989). The nature of the osteoclast inductive activity associated with the 

membranes of the bone marrow stromal cells has proved elusive. One might 
consider applying the techniques of reverse genetics to identify the membrane 

associated activity. However, the laborious nature of the haemopoietic spleen cell- 
osteoclast differentiation bioassay coupled with the difficulties associated with the 

isolation of cell membrane activity in sufficient quantities to enable N-terminal 
sequencing indicates that this approach may prove unfruitful.

One could attempt to identify the membrane associated activity by isolating 

those genes that are differentially expressed in two similar cell lines only one of 
which supports osteoclast formation. This could be achieved by the differential 
display of their messenger RNA (mRNA) by means of the polymerase chain 

reaction (Liang and Pardee, 1992). Complementary DNA (cDNA) sequences, 
specific to the mRNA of interest could be cloned into a plasmid vector and 

sequenced. Identification of the cDNA sequences would be achieved by screening 

the DNA databases.
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