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ABSTRACT 

Osteoclasts are multinucleated cells that resorb bone. Their activity is required for 

nonnal bone remodeling, but excessive bone resorption is also caused by osteoclastic 

activity. The ultimate goal is to be able to interfiie in bone disease processes such as to 

maintain enough osteoclastic activity for nomal bone remodeling while eliminating the 

excessive resorption. The present study was undertaken to identie the most active 

osteoclasts and to determine how they differ, in order to lay the groundwork for fùture 

targeted inhibition of the most active osteoclasts. Since macrophage colony stimulating 

factor (MCSF) is abundantl y present in idammatory diseases associated with increased 

bone loss, we wished to determine what effect this cytokine had on osteoclasts. MCSF 

stimulateci osteoclastic bone resorption in osteoclast-containhg cultures obtained fkom rabbit 

long bones and cultured on bone slices. This effect was paralleled by an increase in the 

number of larger osteoclasts (as determined by the number of nuclei per cell) without 

changing the total number of cells. in addition, populations of large osteoclasts resorbed 

more per nucleus than populations of small osteoclasts, suggesting large osteoclasts are more 

effective resorbers than mal1 osteoclasts. Next, due to the importance of proton exîrusion in 

resorption and in order to determine how resorptive efficiency differs in osteoclasts, we 
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investigated whether the activity of the bafilomycin Ai-sensitive V-ATPase and amiloride- 

sensitive N~+/H' exchanger differed between large and small osteoclasts. The basal pHi of 

large (21 0 nuclei) osteoclasts cultured on glas coverslips was much higher than that of s m d  

(2-5 nuclei) osteoclasts. After acid-loading, a subpopdation of large osteoclasts (40%) 

recovered by V-ATPase activity alone, while ali small osteoclasts recovered by IVaCRI' 

exchanger activity. Interestingly, in 60% of the large osteoclasts, pHi recovery was mediated 

by both the ~ a + / H f  exchanger and V-ATPase activity. We postulateci that this heterogeneity 

in large osteoclasts may be a function of the state of activity of the cells (resorbing vs. non- 

resorbing) and showed this to be true by studying pH regulatory mechanisms in osteoclasts 

cultured on collagenhydroxyapatite-coated coverslips. The resorbing osteoclasts represented 

one category while nonresorbing represented the other. In addition, al1 resorbing osteoclasts 

(small and large) had higher basal pHi than their nonresorbing counterparts. We re-examined 

resorptive efficiency on a per ce11 basis and found that while resorption per nucleus did not 

differ between individual large and small osteoclasts, large osteoclasts did resorb more per 

ce11 and a much greater proportion of large cells were resorbing, thus resulting in greater 

overall resorption by populations of large osteoclasts. The fact that only 5% of srnall 

osteoclasts were active1 y resorbing versus 40% of large ones suggests different activation 

mechanisms of these cells, which could be essential in finding a means of selectively 

inhibiting the most active osteoclasts. 
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CHAPTER 1: GENERAL INTRODUCTION 

1.1 Bone and bone celis 

Bone is a highly specialized form of comective tissue that, together with cartilage, 

makes up the skeletal system. Its three primary fiinctions are: to provide mechanical support, 

to protect vital organs and bone marrow, and to serve as a metabolic reserve of ions, 

especially calcium and phosphate (Baron 1996). The bone matrix is composed of organic 

and inorganic components. The organic matrix primarily consists of type 1 collagen (95%), 

while the remaining 5% of total protein consists of proteoglycans and numerous 

noncollagenous proteins (Marks and Hermey 1996). The mineralized matrix is composed 

primarily of spindle- or plate-shaped crystals of hydroxyapatite [Caio(PO&(OH)z] found 

within and covering the organic component of the bone matrix. It is this hydroxyapatite 

which serves as a potential source of calcium and phosphate (F3Iair 1998). 

The extracellular matrix of bone is formed, remodeled and maintaineci by 3 different 

ceIl types: osteoblasts, osteocytes and osteoclasts. Osteoblasts are the fùlly differentiated 

cells responsible for the production of the extracellular bone matrix. The osteoblast is a 

mononuclear ce11 that originates fkom a local mesenchyrnd stem ce11 (Aubin and Liu 1996). 

It is a typical protein-producing ce11 with a prominent Golgi apparatus, a well-developed 

rough endoplasmic reticulum and a strongly basophilie cytoplasm. It secretes type 1 collagen 

and noncollagenous proteins of the bone matrix and regulates the mineralization of this 

matrix, although the mechanisms of this are not completely understood (Marks and Henney 

1996). 

Osteocytes derive fiom osteoblasts which have become trapped within the bone 

matrix that they have produced. The morphology of osteocytes varies according to their age 



and fiuictional activity; young osteocytes have most of the ultrastructural characteristics of 

osteob lasts, although a decreased ce11 volume, less rough endoplasmic reticulum and fewer 

Golgi while older osteocytes have p a t e r  d e m e s  in these parameters. Each osteocyte 

occupies a space or lacunae within the rnatrix and these cells have numerous and long ce11 

processes rich in rnicrofilaments, which are in contact with ce11 processes fiom other 

osteocytes and osteoblasts via canalicuii in the matrix. These filopodial comecîions permit 

communication between neighboring cells, interna1 and extemai surfaces of bone and with 

blood vessels traversing the matrix which is of great importance since diffiision of nutrients 

and metabolites through the mineralized matrix is limiteci (Puzas 1996). These cells may 

behave as mechanosensor cells and as a result play a role in local activation of bone turnover 

in response to mechanical dernands (Nijweide et al. 1996). 

Lady, osteoclasts are large, multinucleated, highly motile and specialized cells 

involved in bone resorption. They are usually found in contact with the bone surface and 

within a lacuna that is the result of their resorptive activity. When active, they are polarized 

cells with several distinct plasma membrane domains: an area of extensive membrane folding 

in apposition to the bone where bone resorption takes place (the ruffied border) (Holtrop and 

King 1977; Jones and Boyde 1977), a microfilament-rich, organelle-fiee area that surrounds 

the ruffled border and serves as the point of attachent of the osteoclast to the underlying 

bone matrix (clear zone) (Holtrop and King 1977; Teti et al. 1991), and a basolaterd 

membrane opposite the ruffled border with a centrai part where the degradeci bone matrix 

components are released extracellularly after being transcytosed through the ce11 (Nesbitt and 

Horton 1997; Salo et al. 1997). Characteristic ultrastructural features of this ce11 include 

varying numbers of nuclei that are centrally placed and usuaily contain 1-2 nucleoli, 

abundant Golgi complexes usually located around each nucleus, a high density of 



mitochondria, numerous lysosomal vesicles that arise fiom the Golgi and cluster near the 

ruffled border and a high content of tartrate-resistant acid phosphatase (TRAP) (Baron et al. 

1986; Mundy 1996). 

1.2 Osteoclast origin and differentiation 

Osteoclasts are temiinally differentiated cells which do not undergo mitosis 

(Fischman and Hay 1962). They are derived fiom hemopoietic stem cells (Ash et al. 1980) 

and possess some characteristics similar to macrophages and other cells of the mononuclear 

phagocyte (MNP) system such as motility, undulating membranes and affiNty for the vital 

dye neutral red. Although osteoclasts do not bear the Fc and C3 receptors or a number of 

0 t h  markers typical of macrophages and many MNP cells, Baron et al. (1986) showed that 

osteoclast precursors shared the marker enzyme non-specific esterase (NSE) with cells of the 

MNP system. They found that osteoclast precursors differentiated fiom a pool of 

mononudear NSE-positive cells which progressively acquired TRAP+ vesicles and later 

became predominantly positive for TRAP. In addition, osteoclast precursors were found to 

be rnembers of the MNP lineage and that during the differentiation process there was a 

progressive accumulation of cytoplasmic vacuoles and synthesis of lysosomal enzymes. It 

was suggested that the activation of lysosomal enzyme synthesis is the first characteristic 

step in the differentiation of MNP lineage ceils in the osteoclastic pathway. 

Much information regarding the differentiation pathway of osteoclasts has been 

obtained by examining the formation of osteoclast-like multinucleated cells fiom bone 

marrow or spleen cells cultured in the presence of l a , 2 5 - d y o x t  D3 and stroma1 

cells (Sasaki et al. 1989; Seed et al. 1988; Takahashi et al. 1988; Thavarajah et al. 1991). 

The postmitotic osteoclast precursor is committed to the osteoclast lineage and becomes a 



differentiating osteoclast precursor, which in turn differentiates into a mononuclear (or pre-) 

osteoclast which then fuses into a mature, multinucleated osteoclast (Suda et al. 1996). 

Terminal differentiation in this lineage is characterized by acquisition of mature phenotypic 

markers, such as calcitonin receptors, TRAP activity, integrin a& and the capacity to resorb 

bone. Marks and Seifert (1985) found that the proliferation, migration and differentiation of 

osteoclasts f?om precursors requires 1-2 weeks, based on their in vivo results of the 

replacement of one population of osteoclasts in mice by another of distinctive phenotype. 

1.2.1 Formation of multinuclear osteoclasts 

Since early studies on osteoclast origins showed that osteoclast nuclei do not 

synthesize DNA and osteoclasts do not undergo mitosis, it was concluded that osteoclasts do 

not become multinucleated as a result of division of nuclei within the cell (Fischman and Hay 

1962; Tonna 1960). Further studies on osteoclast formation have conclusively shown that 

multinucleated osteoclasts form and become larger by fùsion of mononuclear cells with other 

mononuclears, of mononuclears with multinuclear cells, or by fùsion between multinuclear 

cells (Feldman et al. 1980; Marshall et al. 1986; Zarnbonin Zallone et al. 1984). Parathyroid 

hormone (PTH) has a marked effect on this fùsion process (Addison 1980), as PTH 

stùnulated progressive incorporation of postmitotic cells into preexisthg osteoclasts and 

increased fusion of resident pre-osteoclasts in mouse calvaria in vitro (Feldman et al. 1980). 

When lefi in culture for several days, even control cultures showed a decrease in the total 

number of osteoclasts because of fusions between osteoclasts producing Iarger but fewer 

cells (Feldman et al. 1980). Conversely, cyclosporin A decreased the fusion and 

multinucleation of osteoclasts and macrophages, but had no effect on myoblasts, suggesting 

an antifiision eflect specific for ceils of the monocyte-macrophage iineage (Orcel et al. 



199 1). 

The fusion process consists of at least two steps: first the cells must meet for ce11 to 

ce11 contact and then, during the actual fusion process, the membranes must join and 

rearrange as the two cells unite. Although the high motility of osteoclasts increases the 

probability of ce11 to ce11 contact, very little is known of the actuai process of membrane 

fusion. Ce11 to cell contact alone is probably not sufficient for fusion to take place as 

Zambonin Zallone et al. (1984) showed, using osteoclasts isolated fiom medullary bones of 

laying hens CO-cultureci with monocytes of the same hem, that 3 monocytes out of 30 in the 

field fiised with the cytoplasm of an osteoclast after 2-3 hours of making contact and 

detaching while another 6 monocytes moved away after making contact without ce11 fusion 

occuming. This suggests that other processes, such as alteration of the membrane structure, 

may be required to prepare the cell for fbsion, although this has not been studied in detail in 

osteoclasts. Kurachi et al. (1994) found that D-mannose residues, the membrane 

carbohydrates involved in füsion of enveloped viruses with eukaryotic cells, were expressed 

on the outer membrane of osteoclast progenitors and that these were involved in the 

osteoclast fusion process. In addition, Mbalaviele et ai. (1995) showed that mononuclear 

osteoclast precursors and mature osteoclasts expressed E-cadherin, a ca2+-dependent 

adhesion molecule, on their ce11 surfaces and that antibodies to E-cadherin markedly 

decreased the formation of TRAP+ multinucleated cells and inhibited pit formation. 

Recentiy, Abe et al. (1999) found that meltrin-a (also known as ADAM-12) rnRNA was 

expressed on mononuclear and multinuclear TRAP-positive cells and multinuclear ce11 

formation was inhibited in cultures transfected with the antisense oligonucleotide to this ce11 

surface protein. tnterestingly, and in agreement with our fmdings reporteci in Chapter 2, a 

report by Amano et al. (1998) suggested that macrophage wlony stirnulating factor (MCSF) 



stimulates the fusion process in osteoclasts. They postulated that this may be due to an effect 

of MCSF on ce11 sunival a d o r  differentiation of precursor cells. Whether MCSF has a 

direct effeçt on the actual fiision process remains unknown and as a result, more 

comprehensive studies on membrane changes and the factors that regulate ce11 fusion in 

osteoclasts are required. 

1.2.2 Roie of macrophage colonv stimulatina factor in osteoclast differentiation 

MCSF (also known as colony stimulating factor- 1) is one of the hemopoietic growth 

factors required for proliferation, differentiation, activation and survival of M W  cells 

(Stanley et al. 1983). In homozygous osteopetrotic op/op mice, the synthesis of MCSF is 

impaireci due to a point mutation in the coding region of the gene (Felix et al. 1990b; 

Yoshida et al. 1990). The op phenotype is characterized by a low number of macrophages 

and an almost complete lack of osteoclasts (Marks and Lane 1976; Wiktor-Jednejczak et al. 

1982). Daily injections of MCSF into op/op mice reversed the osteopetrotic phenotype, 

providing conclusive evidence that the development of osteoclasts depends on this cytokine 

(Felix et al. 1990a). In addition, it was shown that MCSF is normally synthesized and 

secreted by cells of the osteoblast lineage (Shiina-Ishimi et al. 1986; Weir et al. 1993) and 

that the MCSF receptor, the proto-oncogene c-hs, is expressed by both osteoclast precursor 

cells and mature osteoclasts (Hofstetter et al- 1992; Weir et al. 1993). Although MCSF has 

been shown to bind to its receptor on mature osteoclasts (Yang et al. 1996), and to stimulate 

motility of these cells in short tenn culture (Fuller et al. 1993; Owens and Chambers 1993), 

its effects on the resorptive activity of these cells is not clear. Increased resorption, 

decreased resorption and no change in resorption have ail been reporteci, thus suggesting a 

need for fiirther studies (see Chapter 2). 



1.2.3 Other remlators of osteoclast formation and differentiation 

Although osteoclasts are dependent on MCSF for their ontogenesis, this c y t o b e  

alone is not sufficient for osteoclastogenesis. Recently a second essential stimulatory factor 

has been identified and named osteoprotegerin ligand (OPGL), also known as osteoclast 

differentiation factor (ODF) (Kong et al. 1999b; Lacey et (11. 1998; Matsuzaki et al- 1998). 

OPGL is a member of the tumow necrosis factor (TNF) family of cytokines and exists in 

trammembrane and soluble (cleaved) foms (Lacey et al. 1998). It is expressed by 

osteoblast/stromal cells, and dong with MCSF induces osteoclast differentiation without the 

need for any additional CO-factors (Filvaroff and Derynck 1998; Lacey et al. 1998; Matsuzaki 

et al. 1998; Quinn et al. 1998). The synergy of MCSF and OPGL may be explaineci by the 

abili ty of MCSF to induce OPGL receptor expression on osteoc fast precursors. Lnterestingl y, 

OPGL may also activate preexisting osteoclasts and stimulate bone resorption both in viîm 

and in vivo (Lacey et al. 1998). Although the nwnber of osteoclasts in control and OPGL- 

treated animals was similar, the size and nuclearity of the osteoclasts in the OPGL-treated 

group significantly exceeded the controls in a dose-dependent manner. The authors 

remarked that this effect on ce11 size was the most pronounced effect of OPGL as osteoclast 

area more than doubled in OPGL-treated animals. 

Another important player in this system is osteoprotegerin (OPG), a secreted 

glycosylated protein that acts as a soluble receptor for OPGL and as a result binds and 

neutrdizes OPGL, thus inhibiting osteoclastic differentiation and activity (Boyce et al. 1999; 

Filvaroff and Derynck 1998). It has been postulated that it i s  the balance between OPG and 

OPGL which determines the arnount of bone resorption (Kong et al. 1999a). 



1.3 Osteoclastic resorption of bone 

Bone resorption is a multi-stage process that includes degradation of both the mineral 

matrix and the organic matrix. in order for osteoclasts to resorb bone it is essential for them 

to first attach to the bone surface and fonn an isolated extracellular resorptive 

microenvironment. This attachment process involves, at least in part, membrane-bound 

proteins called integrins (Sato et al. 1990). Integins are heterodimeric transmembrane 

proteins with extracellular matrix binding domains and an intracellular component interacting 

with the cytoskeleton (Mundy 1999). The integrin a& is an essential component of the 

resorptive process as antibodies to this integrin block the capacity of osteoclasts to attach to 

and degrade bone (Teitelbaum 1996). Upon attachment, osteoclasts degrade bone mineral 

and coIlagen in a specific order as the inorganic phase must be removed from collagen 

bundles prior tu collagenol ysis (Teitelbaum et al. 1 997). Once degraded, ma& collagens 

and other bone resorption products are removed by transcytosis through the ce11 and released 

into the extracellular space via the basolateral membrane (Nesbitt and Horton 1997; Salo et 

al. 1997). 

1.3.1 Demadation of mineral matrix 

The demonstration many years ago of the accumulation of weak basic dyes at the 

sites of osteoclastic bone attachment suggested that an acid environment was present at the 

site of bone resorption (Baron et al. 1985). Silver et al. (1988) demonstrated with 

microelectrodes that osteoclasts fonn an isolated extracellular microenvironment acidified to 

a pH of 5-6. Since then many groups have shown that osteoclasts generate protons 

intracellularly fiom carbonic acid, a process facilitated by high expression of carbonic 

anhydrase II, and then pump massive amounts of these protons across the ruffled border 



membrane via vacuolar H + - ~ ~ ~ a s e s  (V-ATPases) (Blair et al. 1989; Laitala and Vaananen 

1994). The d e d  border is the resorptive organelle of the osteoclast and is the product of 

plasma membrane fusion with intraceilular vesicles which contain V-ATPases and other 

enzymes (Teitelbaum 1996). The V-ATPases extrude protons against a concentration 

gradient which is an energy-intensive process fixelled almost exclusively by glucose 

(Williams et al. 1997). hterestingly, osteoclast secretion of protons can be modulated by 

regulators of osteoclastic bone resorption, as stimulators of resorption (such as parathyroid 

hormone and prostaglandin E2) increase acid secretion, while the resorption inhibitor 

calcitonin decreases acid secretion (Roodman 1999). Thus, osteoclastic acid transport 

deposits acid ont0 the strongly basic hydroxyapatite mineral which results in dissolution of 

this mineral and liberation of calcium and phosphate ions (Blair 1 998). 

1 -3 -2 Degradation of organic matrix 

Although acidification is sufficient to dissolve bone mineral, organic matrix 

degradation requires proteolytic activity. Following demineralization, the organic phase of 

bone is degraded by lysosomal enzymes with a pH optimum approximating 4.5, reflecting 

that present in the resorptive microenvironment (Teitelbaum et al. 1997). These 

collagenolytic enzymes include the cysteine proteinases cathepsin B (Blair et al. 1993), 

cathepsin L (Goto et al. 1993), and the recently identified cathepsin K, which is the 

predominant proteinase in human osteoclasts (Bossard et al. 1996). They are delivered to the 

site of bone resorption by a specific carrier protein known as the mannose 6-phosphate 

receptor (Teitelbawn 1996). TRAP, an enzyme abundant in osteoclasts and used to identiw 

these cells, is also believed to be somehow related to bone resorption although its precise role 

has not been elucidated (Minkin 1982). 



A great deal of controversy h a  surrounded the fiinction of ma& metalloproteinases 

(MMP) in osteocIastic degradation of bone. The MMPs are a family of zinc metalloenqmes 

divided into collagenases, gelatinases and stromelysins with optimal activity at neutral pH 

(Kleiner and Stetler-Stevenson 1993). Several groups have identified MMPs in osteoclasts, 

particulariy the gelatinase MMP-9 (Okada et al. 1995; Reponen et al. 1994; Tezuka et al. 

1994; Wucherpfennig et al. 1994). However, the acidic pH of the resorption lacuna, the lack 

of type TV collagen in bone (the prefet-red substrate of MMP-9) and the lack of effect of 

collagenase inhibitors on bone resorption (Delaisse et al. 1987) argue against a role for 

MMPs in bone resorption. Blavier and Delaisse (1995) suggested MMPs may be involved 

instead in the migration of pre-osteoclasts to bone surfaces. Others have suggested that 

initially bone type I collagen may be solubilized by cysteine proteinases and then degraded 

by MMP-9 into small peptides by its gelatinase activity once the osteoclast has moved on, or 

that gelatinases may be important as potentiators of collagenase activity (Everts et al. 1998; 

Lorenzo et ai. 1992; Schepetkin 1997; Tenika et al. 1994). To further complicate matters, 

Everts et al. (1992) did find that osteociast MMPs were involved in bone degradation, but 

primarily in osteoclasts fiom calvarial bone and to a much lower degree in those fkom long 

bones (Everts et al. 1999). 

1.3.3 Role of extracellular DH 

It has long been known that bone degradation is influenced by systemic pH, as 

metabolic acidosis is associated with a negative calcium balance and increased bone 

resorption while metabolic alkalosis decreases calcium efflux by suppressing osteoclastic 

activity (Bushinsky 1996; Kraut et al. 1986). Several investigators have studied the effect of 

changing extracellular pH (by altering CO2, bicarbonate or using buffered media) on various 



types of in vitro osteoclast preparations (rat, rabbit, chicken). Invariably, they al1 have found 

that decreasing medium pH to 6.5-7.0 markedly increases bone resorption by these 

osteoclasts (Arnett et al. 1994; Arnett and Dempster 1986; Carano et al. 1993; Murrills et ai. 

1993; Shibutani and Heersche 1993). The mechanism by which low pH stimulates resorption 

by osteoclasts is not fidly understood and initially it was suggested that low extracellular pH 

may simply aid in the creation of the acidic microenvironment associated with the resorption 

lacuna (Arnett and Dernpster 1986). However, additional studies have shown that acidosis 

may stimulate osteoclast attachment to bone (Teti et al. L989a), reduce responses to 

extracellular caZC concentrations (Grano et al. 1994), reduce the outwardly recti=g ICC 

current (Arkett et al. 1994), stimulate clear zone formation (Murrills et al. 1993), and 

upregulate carbonic anhydrase II rnRNA expression (Asotra et al. 1994). Whettier d l  of 

these effects play a role in the stimulatory effect of low pH on osteoclast activity is not clear. 

It is clear, however, that larger pits are f o d  at low extracellular pH, suggesting an 

enhanced work output by each osteoclast. Analysis of resorption foci relative to the number 

of osteoclasts present also reveals that more osteoclasts are active at lower pH (Mumills et al. 

1993). In addition, Arnett and Spowage (Amett and Spowage 1996) found that the amount 

of resorption observed is closely related to time spent in low pH media, suggesting that 

extracellular proton concentration can modulate osteoclast activity in a continuous and 

reversible manner. The hding by Grano et al. (1994) and Nordstrom et al. (1997) that 

extracellular pH regulates human osteoclast-like ce11 basal intracellular pH, where low 

extracellular pH induces a rapid and sustained cell acidification, suggests that regulation of 

intracellular pH may be one of the determinants of osteoclastic activity. 



1.4 Regulation of intraceiiular pH 

The regdation and maintenance of intracellular pH (pHi) withïn a narrow 

physiological range of approximately 7 2  is imperative for survival and optimal activity of 

practically d l  mammalian cells (Fliegel and Dibrov 19%; Roos and Boron 198 1 ). Cellular 

pH is under precise control during a large number of processes including ce11 proliferation 

and differentiation as mail increases in pHi alter ce11 division and activate expression of 

specific genes (Busa 1986). As a result, cells have evolved several regdatory mechanisms to 

maintain this precise pH homeostasis including N~+/'H? exchange, CI-/HC03- exchange and 

proton pumping by V-ATPase, to name a few. 

1.4.1 ~a+/I i+ exchanger 

The ~ a + l H +  exchanger is an ubiquitous integral membrane protein present in low 

levels in the plasma membrane of many cells. It participates in a variety of cellular 

processes, including the control of pHi, maintenance of ce11 volume, transepithelid Na+ 

reabsorption, and facilitation of ce11 proliferation in response to growth factor stimulation 

(Orlowski and Shull 1996). Under physiological conditions, the exchanger catalyzes the net 

uptake of N$ ions coupled to efflux of cytoplasmic as the ~a gradient drives 

alkalinization of the ce11 interior with an electroneutral stoichiometry of 1 ~ a ' :  1 Hf. The 

exchanger is nomally nearly quiescent when pHi is at the physiological level, however, 

activation occurs rapidly in the presence of hormones, chemotactic factors, neurotninsmitters, 

cytokines and growth factors, the latter of which activate ~ a + R i f  exchange by increasing the 

exchanger's afflinity for protons (Shrode et al. 1996). 

An important feature of the mammalian N~'/H' exchanger is its sensitivity to the 

diuretic amiloride and related derivatives, al1 of which are cornpetitive inhibitors of Naf 



(Fliegel and Dibrov 1996). However, the ~ a + / w  exchanger has long been known to have 

different affinities for amiloride and its analogues depending on the tissue or ce11 type 

examined. This led to the discovery of multiple isoforms derived fiom multiple genes, which 

are expressed in i soh-speci f ic  patterns and at v-g levels in different tissues and cells 

(OrIowski and Shuill996). 

The first lmown mammalian ~ a + R i f  exchanger cDNA clone was found by Sardet et 

al. (1 989) and later called the NHE 1 isofom. The deduced protein contains 8 15 amino acids 

with a rnolecular weight of 1 10 kDa when glycosylated. Afthough little is known about the 

actual topology of the protein, the accepted mode1 consists of an N-terminal hydrophobic 

domain with 10- 12 putative transmembrane helices and a large hydrophilic C-terminal region 

with an intracellularly located cytoplasmic tail (Fliegel and Dibrov 1996). The hrst 

transmembrane region is suggested to fom a signal sequence while the fourth 

transmembrane domain confers amilonde sensitivity. Wakabayashi et ai. (1992) also firmly 

established that NHEl may be activated by growth factors through direct phosphorylation of 

the C-terminal cytoplasmic domain. 

Further screening using NHEl cDNA firigments as probes under low stringency 

hybridization conditions resulted in the identification and isolation of additional ~ a ' / J f  

exchanger isoforms (termed NKE2, NHE3, NHE4 and NHES). While NHEl is the 

ubiquitous form present in nearly al1 mammalian tissues and functions mainly in pHi and 

volume regulation, NHE2 and NHE3 are mainly f o n d  in the gastrointestinal tract and kidney 

where they participate in transepithelid NaCl transport, while NHE4 occurs predominantly in 

the stomach and MIE5 resides primarily in non-epithetial tissue such as brain and spleen. 

The NHEl and NHE2 isoforms are sensitive to amiloride with a Ki of around I pM while 

NHE3 is the least sensitive to amiloride inhibition with a Ki of 100 pM (Orlowski and Shull 



1996). 

Although the existence of additional isoforms bas not been studied in osteoclasts, 

Gupta et al. (1 996) did report the presence, distribution and regulation of the NHE 1 isoform 

in avian osteoclasts. They found that in osteoclasts cultured on bone, srnall compacted cells 

had a peripheral staining pattern of NHEl whiIe larger, spread out cells had a similar pattern 

as well as some diffiisely distributed intracellular staining NHEl was present at both the 

basolateral membrane and adhesion sites of the osteoclast, suggesting a role for Na'@ 

exchange in migration or attachment as well as pHi regulation. 

An earlier study by Hall et al. (1992) found that hIa'/H' exchange activity was 

essential during early activation of resorptive activity, perhaps in osteoclast attachment or 

spreading, but was not required for continual resorption, as addition of dimethylamilonde at 

the beginning of culture inhiiited resorption but at later tirne points had no such effect. 

Similarly, Lehenkari et al. (1997) found that osteoclasts cultured on glass exhibited more 

~ a + l H +  exchange activity in regulating pHi than their resorbing couterparts cultured on thin 

bone slices. They postulateci that the different behaviour on g las  could be due to aitered ce11 

motility or different mechanisms of spreading and attachment on this surface since the 

integrin-mediated attachment apparatus present on bone is missing. However, Ravesloot et 

al. (1995) found that although many rat osteoclasts cultureci on g las  regulated pHi by Nar/H? 

exchange activity, 20% of their cells had no or very little activity of this antiporter. They 

were not able to classi@ these ceIls according to shape or any other morphological critena 

and as a result could not explain these differences. Clearly heterogeneity in N~+/H+ exchange 

activity exists between osteoclasts although the reason for this is still unknown. 



1 -4.2 Cl-/HCO'q - exchanger 

The C1-/HCO3- anion exchanger is a large 95 kDa integral membrane protein that 

exchanges intraceuular bicarbonate for extracellular chloride. It was first discovered in red 

blood cells where it is essentiai for the transport of COz 6om tissues to lungs (Rothstein 

1984). Three anion exchanger isoforms are known, which are ail encoded by distinct genes 

and show differences in their tissue expression: AE1 is found in erythrocytes and kidney, 

AE2 in a nurnber of epithelial and nonepithelial cells, and AE3 primarily in excitable tissues 

(Kopito 1990). The CI-/HCO3- anion exchanger exists as a dimer with each subunit 

consisting of two distinct domains. The N-terminal 43 kDa is a water-soluble cytoplasmic 

domain that serves as an attachrnent site for the membrane skeleton. The remainder of the 

protein is hydrophobically associated with the membrane and fûnctions as a catalyst for 

anion exchange (Jennings 1989; Kopito 1990). The cument consensus is that this exchanger 

spans the erythrocyte membrane 14 times with b o t .  termini facing the cytosol (Casey and 

Reithmeier 1998; Fujinaga et al. 1999). Disulfonic stilbenes, such as 4,4'- 

diisothiocyanostiibene-2,2'-disulfonate (DIDS), inhibit the Cl-/HCO< anion exchanger by 

binding to a distinct site that interacts with the Cl- binding site (Casey and Reithmeier 1998). 

The binding of D D S  involves a rapid reversible interaction followed by a slower covalent 

reaction (Rothstein 1984) and it is inhibitory only when applied fiom the outside, suggesting 

its binding site is on the outer surface of the membrane. 

This anion exchanger constitutes a very efficient mechanism for disposing of alkaline 

equivalents, particuiarly for cells that actively secrete large quantities of protons, such as 

intercalated cells of the rend tubule and osteoclasts (Bastani et al- 1996; Jennings 1989). In 

osteoclasts, Bastani et ai. (1996) localized Cl-/HC03- anion exchanger immunoreactivity to 

only the basolateral membrane of chicken osteoclasts and showed that its presence, intensity 



of staining and distribution was not altered by a state of increased bone resorption. Earlier 

studies showed that osteoclasts have a ~akdependen t  Cl'/HC03- exchanger important in 

pHi regulation which can be inhibited by DIDS (Teti et al. l989b) and that DIDS uihibits 

bone resorption, presumably by inhibition of anionic exchange which in tum could inhibit the 

release of protons (Hall and Chambers 1989; Klein-Nulend and Raisz 1989). Based on this, 

Hall and Chambers (1989) suggested that optimal boue resorption by isolated osteoclasts 

requires Cl-HC03- exchange, although more recent reports also show a DIDS-inhibitable 

chloride channel on the ruffled border of osteoclasts which may also play a key role in 

regulating bone resorption (Blair and Schlesinger L990; Kelly et al. 1994; Schlesinger et al. 

1997). Recently, Weinreb and Halperh (1998), using an antibody to an AE2-specific 

sequence found that both mature multinuclear and mononuclea. osteoclast precursors 

expressed the Cl-/HC03- exchanger, indicatirtg that fiision of osteoclast precursors to 

multinucleated osteoclasts was not required for the induction of this molecule. 

1.4.3 Vacuolar H + - A T P ~ S ~  

The V-ATPases are a family of ATP-driven proton pumps present in a variety of 

intracellular compartments and on plasma membranes of eukaryotic cells that allow the 

rotational energy released on ATP hydrolysis to drive the fonnation of a Iinear proton 

gradient across the membrane (Forgac 1998). They are related structurdly and 

evolutionarily to the F-ATPases which are involved in ATP synthesis in mitochondria, 

chloroplasts and bacteria (Rastogi and Girvin 1999; Wilkens et al. 1999). However, V- and 

F-ATPases differ in many important respects, particularly in their fùnction and regulation. 

V-ATPases are crucial in a variety of physiological processes such as rend acidification, 

maintenance of neutral cytoplasmic pH in macrophages and neutrophils, and degradation of 



the bone matrix by osteoclasts (Blair 1998; Forgac 1998). 

The V-ATPases are composed of two hct ional  domains: the VI domain which is a 

570 kDa peripheral complex responsible for hydrolysis of ATP and the Vo domain which is a 

260 kDa integral complex that is responsible for proton translocation across the membrane 

(Keeling et al. 1997). The Vt domain is composed of eight different subunits (A-H), where 

both the A and B subunits participate in nucleotide binding but only the A subunit contains 

the catalytic site. The Vo domain contains five different subunits (a, c, c', c", d), where the 

"a" subunit is believed to forrn water-filled channels that allow protons to gain access to the 

buried carboxyl group of subunit "cm and to exit this site to the opposite aqueous 

compartment. The "a" subunit (aiso known as the 100 kDa subunit in yeast or the 116 kDa 

subunit in mammalian cells) is a transmembrane glycoprotein possessing an N-terminal 

hydrophilic domain and a C-terminal hydrophobic domain containing multiple putative 

transmernbrane helices. It has been suggested to be responsible for targeting the V-ATPase 

to different compartments in the ce11 (Forgac 1999). 

One property that distinguishes the V- and F-ATPases is their sensitivity to 

bafilomycin Al. This cornpound is a macrolide antibiotic produced by Streptomyces gnseus 

and is a potent and highly specific inhibitor of the V-ATPases (Gagliardi et al. 1998). It is 

believed to bind to the 100 kDa subunit, however, since it is not selective for any particular 

subclass of V-ATPase, it is toxic when administered to animals due to a generalized 

inhibition of d l  essential V-ATPases. 

Regulation of V-ATPase activity is essential for optimal functioning of cells and 

maintenance of pH. Several possible mechanisms have been suggested based on evidence 

found in different systems. These include rapidly reversible dissociation of the VI and Vo 

domains which is independent of new protein synthesis, covalent modification of the active 



site through disulfide bond formation, activator and inhiiitor proteins, uncoupling of proton 

transport and ATPase activity by mild proteolysis or high ATP concentrations, control of 

pump density through intracellular targeting of V-ATPases, and finally, regdation of 

counterion conductance which in most cases in vivo appears to occur through the action of a 

parallel chloride channel (Forgac 1998). Because of the diversity of functions of V-ATPases, 

it is likely that a nurnber of mechanisrns are employed in controlling their activity. 

A 100 kDa lysosomal membrane protein was first observed on the osteoclast ruffled 

border by Baron et ai. (1 985). Blair et al. (1989) and Vaananen et ai- (1 990) later showed 

this to be a subunit of the V-ATPase and dong with additional studies it has become evident 

that V-ATPases are polarized to the ruffled border membrane in actively resorbing 

osteoclasts and are responsible for the acidification of the extracellular resorption zone 

necessary for bone resorption (Bastani et al. 1996; Laitala and Vaananen 1993; Laitala- 

Leinonen et al. 1996; Mattsson et al. 1994). As in kidney cells, V-ATPase activity on the 

osteoclast ruffled border is charge coupled to passive chloride permeability (Blair et al. 

1991). Inhibitors of the V-ATPase, such as bafilomycin Ai and antisense RNA and DNA 

molecules targeted against V-ATPase also inhibit bone resorption (Laitala and Vaananen 

1994; Sundquist et al. 1990). Interestingly, the bisphosphonate tiludronate also inhibited 

osteoclast V-ATPase fûnction although this may not have been the major mechanism of 

osteoclast inhibition as the dose required was very high and other bisphosphonates had no 

effect (David et al. 1996). Other evidence suggests that bisphosphonates inhibit osteoclastic 

activity b y promoting apoptosis (Hughes et al. 1995). Chatterjee et al. (1 992) also found that 

vanadate, a classic inhibitor of P-ATPases, inhibited the osteoclast proton pump at a very 

hi& concentration, suggesting a unique pharmacologicaI profile for the osteoclast V- 

ATPase, but this observation has not been substantiated by any other group. 



Although early studies indicated that V-ATPases were only localized on the nrnled 

border, or diffùsely throughout the cytoplasm in non-resorbing osteoclasts, it has become 

apparent that V-ATPases are also located on the basolateral membrane (Gupta et al. 1997). 

This raises the question of the function of these non-ruffled border membrane proton pumps. 

Ravesloot et al. (1995) and Lehenkari et al. (1997) suggested that some osteoclasts regulated 

pHi by V-ATPase activïty. However, their classification of osteoclasts by ce11 shape or 

resorptive activity, respectively, did not entirely correlate with pHi regulation by V-ATPase 

activity. In addition, Nordstrom et ai. (1995; 1997) found that pHi regulation by V-ATPase 

activity was negligible in cells cuitured at normal pH but became apparent in 40% of the cells 

following prolonged acidosis. Although the importance of the V-ATPase in bone resorption 

is clear and transcxipts for V-ATPase subunits are abundantly expressed in osteoclasts (Sakai 

et al. 1995) the role of these proton pumps in pH; regulation is not clear. 

1.5 Diseases of bone loss 

1 S. 1 Osteoporosis 

A common disorder of bone loss is osteoporosis, a condition characterized by a 

decrease in bone mass and a deterioration in the bone microarchitecture. Osteoporosis occurs 

progressively in al1 aged individuals and may become evident as early as age 50 to 60, 

particularly in postrnenopausal women. The clinical manifestations include bone fractures, 

which may occur spontaneously or after minimal trauma. With the increase of life 

expectancy as a result of advanced health care, osteoporosis is increasingly a major medical 

and socioeconomic problem (Lin 1996). Postmenopausal osteoporosis occurs as a result of 

increased bone turnover, where the nwnber of bone remodeling units increases and the 

arnount of bone laid down by osteoblasts in each unit is less than the amount removed by 



osteoclasts. Estrogen deficiency is associated with postmenopausal osteoporosis, possibly 

because it leads to higher levels of the cytokines IL-6, IL-1 and TNF which in tum stimulate 

the generation and activity of osteoclasts (Boyce et al. L999; Pacifici 1996). As a result, the 

most effective means of preventing and treating postmenopausal osteoporosis is estrogen 

supplementation, although due to other health risks associated with estrogen treatment, recent 

efforts have been directed toward developïng nonestrogenic anti-osteoporotic agents 

(Teitelbaurn 1996). The most promishg of these are the bisphosphonates which are carbon- 

substituted pyrophosphate compounds with a high affinity for hydroxyapatite and which 

clearly inhibit osteoclastic bone resorption &anis et al. 1995; Lin 1996; Suda et al. 1997). 

Although their precise mechanism of action has been under investigation for some time and 

suggested to involve induction of osteoclast apoptosis (Hughes et al. 1995) and inhibition of 

protein-tyrosine phosphatase activity in osteoclasts (Schmidt et al. 19961, recent evidence bas 

clearly shown that bisphosphonates act directly on osteoclasts to induce caspase cleavage of 

Mst 1 kinase leading to the induction of apoptosis (Reszka et al. 1999). However, the long- 

term effects and usefülness of the bisphosphonates are not known yet. 

1 -5.2 Paget's disease 

Paget's disease of bone was first descnbed by Sir James Paget in 1876 and is a 

cornmon disorder of unknown etiology characterized by increased bone remodeling and 

abnorrnal bone architecture (Tiegs 1997). Rates of bone remodeling may be enhanced up to 

20-fold, and there is an increase in both osteoclastic bone resorption and new bone formation 

(Krane 1986). However, the coupling between bone formation and resorption is imperfect 

and the new bone that is formed is poorly organized and stnicturally unsound. The disease is 

more prevalent among men than women and prevalence increases progressively with age 



(Cooper et al. 1999). The pelvis, femw, spine, tibia, skuii and humerus are most commody 

involved and although most patients are asymptomatic, pain is the most common presenting 

symptom (Tiegs 1997). Increased resorption by osteoclasts is thought to be the primary 

abnormality in Paget's disease as pagetic osteoclasts are abnormal morphologically and the 

effects on bone remodeling are reversed by anti-osteoclastic dmgs (Mundy 1999). 

Interestingly, Pagetic osteoclasts are enormous in size, containing an average of 20 nuclei per 

ce11 as compared to 3-4 in normal osteoclasts, and they have increased levels of TRAP per 

cell, as measured by intensity of staining using spectrophotometry (Kukita et al. 1990; Rebel 

et al. 1976). These nuclei have increased numbers of nucleolar organizer regions (Chappard 

et al. 1998) and Pagetic nuclei cm contain inclusion bodies which may be of viral origin, but 

whose exact bc t ion  or effect is not known (Roodman 1996). The cytokine interleukin-6 

(IL-6) appears to play an important role in the enhanced osteoclast formation and bone 

resorption in patients with Paget's disease as IL-6 may act as an autocrhe/paracrine factor 

produced by these osteoclasts and responsible for activity at sites distant fiom disease 

activity (Roodrnan 1999). Bisphosphonates have been used extensively in the treatment of 

Paget's disease and cause a dose-dependent suppression of bone resorption although the 

long-term usefulness of these agents remains to be assessed (Kanis et al. 1995; Smith 1999). 

Although the therapeutic advances continue, the cause of Paget's disease remains unknown 

and the mechanisms responsible for the local formation of very large osteoclasts remains 

unclear. 

1.5.3 Rheumatoid arthritis 

Rheumatoid arthritis is a chronic multisystemic infiammatory disease with 

autoimrnune features that is of unknown etiology and results in progressive damage to joint 



tissues (Fujikawa et al. 1996; Odeh 1997). The pathogenesis of this serious disease seems to 

be multifactonal, where several cytokines, especially IL-1, TNF-a and MCSF are involveci in 

the induction and perpetuation of the intlammatory process (Arend and Dayer 1990; 

DiGiovine et al. 1988; Firestein et al. 1988; Lipsky et al. 1989; Seitz et al. 1 994). Although 

bone loss in rheumatoid arthritis is common and severe and has been widely recognized for 

decades, much attention has focused on the immunologie aspects of rheumatoid arthritis and 

to the pathophysiology of articular cartilage loss, while the state of the bone has received 

little attention (Bogoch and Moran 1998). Recently, this has changed as rheurnatoid arthritis 

is now understood to be a condition also characterized by a major increase in the rate of bone 

remodeling where a net bone loss results fiom an increase in bone resorption by osteoclasts 

(Bellingham et al. 1995; Bogoch et al. 1988; Gravallese et ai. 1998; Shimizu et al. 1985). 

The osteoclasts have been shown to increase both in number and size in rheumatoid joints 

(Aota et al. 1996; Takashima et al. 1989). In experimental inflammatory arthritis of the 

rabbit knee, an animal mode1 of human rheumatoid arthritis developed by Bogoch and 

colleagues (1988), there is a reduction in fracture toughness associated with arthritis which 

the authors suggest is due to osteoclastic bone resorption that increases trabecular porosity 

(Bellingham et al. 1995). In the sarne study it was also found that treatment with a high dose 

of a bisphosphonate (3 -amino- 1 -hydroxyprop ylidene- 1 , 1 -bisphosphonate, APD, 0.3 

mgkglday) resulted in normal fiacture toughness suggesting that bisphosphonates hold 

considerable promise for inhibithg bone loss associated with rheumatoid arthri tis. 

1 5 4  Periodontal disease 

Diseases of the peridontium cause loss of more teeth in the adult than any other 

disease. In nearly every case the condition begins as a minor localized disturbance, usualiy 



due to bacterial infections, which unless adequately treated, may grdually progress until the 

alveolar bone is resorbed and the tooth is exfoliated (Shah  et al- 1974; Socransky and 

HafTajee 1994). One of the major consequences of periodontitis and periodontal diseases is 

the loss of alveolar bone through osteoclastic bone resorption (Schroeder and Lindhe 1980). 

As in other inflammatory diseases mch as arthritis and osteomyelitis, the factors responsible 

for iorreasing the osteoclastic resorption of bone in periodontitis are most likely cytokines 

such as MCSF, IL- 1, and platelet activating factor (Schepeh  1997). Shibutani et al. (1 997) 

found in their mode1 of experïmentally induced periodontitis in dogs that inflammatory 

changes in the gingiva rapidly induced the appearance of multinucleated TRAP+ cells and 

fiom their figures it was apparent that the resorbing osteoclasts were quite large. When 

quantifjing the relationship between osteoclast size (number of nuclei) and the extent of the 

resorbing surface in hamster periodontal disease, Makris and Saffar (Makris and SafFar 1982) 

found that the differences between control and experimental animals were highly significant 

with regard to the number of osteoclast nuclei per unit of bone surface and that this value 

varied closely with the extent of resorbing surface. They found that osteoclastic activity was 

due to an increase in the number as well as activity of osteoclasts. With the exception of 

postrnenopausal ostmporosis, al1 other diseases of bone loss, including endstage rend 

disease and hyperparathyroidism (Kaye et al. 1985), are characterized by an increase in 

osteoclast size as determineci by number of nuclei per cell. 

1.6 Cell multinuclearity: functional implications 

The hct ional  significance of the multinucleated state of osteoclasts is not yet clear. 

Addison (1980) postulateci that the fusion of mononucleated osteoclasts or precursor cells 

may be the result of membrane changes necessary for other phenornena, such as calcium 



uptake and release, or the formation of the &ed border membrane and as such 

multinuclearity may be incidental to these more important changes. Altematively, he dso 

speculated that the larger cells may have advantages over small cells, such as a more efficient 

ruffled border or a tighter attachment or seaiing zone, even though the srnall ceUs could 

compensate by being more numerous. 

In several types of multinucleated cells, the gain or loss of certain characteristics has 

been associated with cells becoming multinucleated. For multinucleated giant cells (MNGs), 

Vignery et al. (1991) reported that gene expression changed with multinuclearity: 

mononuclear rat macrophages expressed the a4 isofom of the N~'/K' ATPase only, while 

the a-3 isofonn appeared when these cells fûsed to produce multinuclear cells- Enelow et al. 

(1992) found that, while microbicidal activity of human MNGs was enhanced in parallel with 

increased size and number of nuclei, the oxidative activity per unit cytoplasmic protein was 

significady increased in the larger ceus. As there was no difference in DNA content per 

unit cytoplasmic protein between MNGs and macrophages, larger MNGs appeared to have 

enhanced functionaI activity as compared to their smaller rnononuclear counterparts. 

Papadimitriou and Van Bruggen (1986) reported that sucànate dehydrogenase and NSE 

activities per nucleus were not different between rat MNGs and macrophages, but that acid 

phosphatase activity per nucleus was slightly higher in MNGs. The multinucleated cells also 

had significantly higher protein and RNA levels per nucleus as compared to the sirnilarly 

cultured mononuclear macrophages, suggesting potential differences in gene expression. 

With respect to enzyme content, Elleder (1986) found that there was considerable 

heterogeneity in enzyme "equipment" not only between categories of human MNGs 

(inflammatory, foreign body, osteoclasts) but also between these and their mononuclear 

counterparts. The most striking differences observed were that multinucleated osteoclasts 



had low NSE activity and high TRAP, aminopeptidase and dipeptidylpeptidase IV activities 

when compared to their mononuclear precursors. No distinction was made, however, 

between proliferative TRAP-negative osteoclast precursors, non-proliferative TRAP-negative 

osteoclast precursors, TRAP+ pre-osteoclasts or TRAP+ mononuclear osteoclasts (Scheven 

et al. 1986; Taylor et al. 1993). Also, with regard to osteoclast-like cells, Woods et al. 

(1995) reporteci that chick macrophages expressed high levels of mRNA for retinoic acid 

receptors alpha and gamma as well as the vitamin D receptor, while the osteoclast-like 

MNGs that fonned in long-tenn cultures of these same cells had lower expression of these 

transcripts. Previous obsenrations in our laboratory, using tirne-lapse video recordings of 

osteoclasts cultured on bone slices, indicated that mononuclear osteoclastic cells can actually 

dernineralize the bone surface, but do not degrade the organic matrix as do multinucleated 

cells (Kanehisa and Heersche, unpublished observations). In swnmary, the above 

observations suggest that multinucleation is likely to confer different characteristics on the 

ce11 type involved when compared with its mononuclear cornterpart. 

Another interesting facet of osteoclast physiology which pertains to the question of 

multinuclearity is the great variability in the number of nuclei in mature, active osteoclasts. 

However, the significance of this variability is not known (Addison 1979). As stated earlier, 

the increase in size of osteoclasts in many diseases of excessive bone resorption suggests that 

larger osteoclasts (i-e. those with more nuclei) may be more efficient on a per nucleus basis at 

resorbing bone. However, initial studies by Piper et al. (1992) found that while a positive 

correlation was found between the size of the osteoclast and the volume of the resorption pit 

made, the volume resorbed per nucleus tended to decrease with increasing nuclear number. 

This suggested that resorptive efficiency (expressed as resorption per nucleus) was lower in 

the very large cells. Additional studies will be requird to explain this discrepancy. 



1.7 Osteoclast heterogeneity 

It has been observed in vimially every assay system that a marked heterogeneity 

exists in the behaviour of osteoclasts and their responsiveness to stimulatory and inhibitory 

agents. One striking observation was made by Kanehisa (1989), who investigated calcitonin- 

induced inhibition of osteoclast fùnction, He found that, while the majority of cultured rabbit 

osteocIasts exposed to calcitonin stopped migrating and started contracting, others showed no 

discernible changes in cytoplasmic motility or general morphology. In addition, while 

osteoclasts at 9 of 23 separate resorption sites regained resorptive activity due to spontaneous 

escape fiom calcitonin-induced contraction, the remaining 14 did not. Another example 

indicating osteoclast heterogeneity was reported by Owens and Chambers (1993), who found 

that, while MCSF increased the percentage of migrating rat osteoclasts fiom 10% to 60%, the 

remaining 40% of osteoclasts did not respond to this cytokine. We have made similar 

observations in rabbit osteoclast cultures (Lees and Heersche 1996). Equally striking were 

the observations of Hall et al. (1993), who found that, while 75% of rat osteoclasts required 

continued rnRNA and protein synthesis to resorb bone when cultured in vitro, some cells still 

actively resorbed in the presence of the inhiiitors actinomycin D and cycloheximide. Yu and 

Ferrier (1993) also found heterogeneity in osteoclast responses to IL-la, as only 27% of 

osteoclasts in one-day cultures responded with an increase in intracellular ca2' concentration 

while 84% responded in three-day cdtures. In some of our own laboratory's previous 

investigations, we also observeci marked heterogeneity in the responsiveness of osteoclasts in 

terms of increased V-ATPase activity in response to a decrease in extracellular pH 

(Nordstrom et al. 1997). No attempts were made in any of these investigations to correlate 

the size of the osteoclasts with the phenornena observed. 

The evidence presented above led us to a senes of studies to systematically 



investigate differences between celis of different size. In the first of these, changes in ceU 

motility and contraction in response to changes in pH of the culture medium were evduated 

in view of the previously discussed finding that a decrease in extracellular pH increases 

osteoclast activity (see section 1.3.3). The differences in contractility fou& between large 

and small osteoclasts were clearly related to ce11 size (Goto and Heersche, unpublished 

observations). The rest of the size-related experiments form the basis of this thesis. 

1.8 Research Objective 

Diseases in which excessive b n e  loss lads to problems, such as rend 

osteodystrophy, rheumatoid arthritis, Paget's disease and periodontal disease are 

characterized by an increase in the number a d o r  size of osteoclasts, particular1y in areas of 

increased resorption. However, the relationship between osteoclast size and resorptive 

activity and machinery is not clear. Also, significaut heterogeneity has been observed in the 

behaviour of osteoclasts and it has been postdatecl that this heterogeneity may be due to 

differences in size or phase of activity of the osteoclasts. 

The hypothesis to be evaluated in this research project is that osteoclast size (as 

defined by the nurnber of nuclei per cell) is a major factor in determining the efficiency with 

which individual a d o r  popdations of osteoclasts can resorb bone and that resorptive 

efficiency is related to the activity of the pathways in osteoclasts involved in proton 

transport. 

1.8.1 OutIine of Chapter 2 

Since MCSF is abundantly present in inflammatory areas in diseases associated with 

increased bone loss, we wished to determine what effect this cytokine had on activity, 



number and size of osteoclasts. Upon addition of exogenous MCSF to osteoclast-containing 

cultures obtained fiom rabbit long bones, a striking increase in osteoclastic resorption of 

bone was found in terms of area, number, size and depth of resorption pits. This increase 

was not acwmpanied by a change in osteoclast number, however, it was paralleled by the 

formation of larger osteoclasts. Additionally, the stimulation of resorption occurred only 

upon long-term addition of MCSF when there were many more large (> 10 nuclei) osteoclasts 

formed. Calculations of resorption per nucleus on populations of large and small osteoclasts 

revealed that as a whole, populations of large osteoclasts resorbed considerably more per 

nucleus than populations of small osteoclasts, suggesting that large osteoclasts are more 

efficient at resorbing bone than s m d  osteoclasts. 

1.8.2 Outline of Chapter 3 

Due to the importance of proton extrusion and intracellular pH regulation in the 

normal fùnctioning and resorptive process of osteoclasts7 we wished to determine whether 

the increased resorptive activity of large osteoclasts relative to that of small osteoclasts seen 

in Chapter 2 was reflected in the activity of their proton transport pathways. When cultured 

on glass coverslips large osteoclasts (2 10 nuclei) did have a higher basal pHi than small 

osteoclasts (2-5 nuclei), which was maintained by greater V-ATPase activity in these large 

cells. Although differences in the activities of both the V-ATPase and Na'/H' exchangers 

were found between large and small osteoclasts, not al1 differences could be explained by 

ce11 size. There were two populations of large osteoclasts, detected by studying recovery 

fkom an acid load: a Na+-dependent group which recovered largely by ~a"Kl? exchange 

activity and a ~a+-independent group which recovered largely by V-ATPase activity. This 

suggested that while differences in pH regdatory mechanisms did exist between srnall and 



large osteoclasts that could underlie differences in resorptive efficiency, there were factors 

other than ce11 size alone important in detennining whether V-ATPase or ~ a + / H f  exchange 

were operating. 

1 -8.3 Outline of Chapter 4 

This led to the investigation of whether the above proton transport mechanisms 

differed in actively resorbing versus non-resorbing osteoclasts in vitro of both size categories 

and whether the two populations of large osteoclasts observed in Chapter 3 couid represent 

cells in différent States of activity (i.e. resorbing vs. non-resorbing). Rabbit osteoclasts were 

cultured on recently developed collaged hydroxyapatite (CHA)-coated coverslips and p& 

changes detennined. Ali resorbing osteoclasts had a high initial pHi and V-ATPase activity 

was much greater in these cells as compareci to their non-resorbing counterparts. Large 

resorbing and non-resorbing osteoclasts did recover fiom an acid load in the same manner as 

the two populations of large osteoclasts observeci in Chapter 3, suggesting that the diffaent 

populations observed on glass represented the resorbing and non-resorbing phenotypes. 

However, since small and large resorbing osteoclasts had similar V-ATPase activities and 

these cells differed only slightly in that small resorbing osteoclasts also had N~+/HC exchange 

activity, we re-examined the question of differences in resorptive efficiency observed in 

chapter 2 for populations of smdl and large osteoclasts. When studied on a per ce11 basis on 

CHA-coated coverslips as opposed to on a population basis on bone slices, large and small 

osteoclasts did not differ in resorptive efficiency, although large osteoclasts did resorb 

considerably more per cell. The most striking obsewation was that a much larger percentage 

of large osteoclasts (40%) was resorbing than of small osteoçlasts (5%), which explains why 

in the population study the resorption per nucleus of mal1 osteoclasts was underestimated, as 



very few of the nuclei counted were actually involved in resorption. Thus, although 

individual ce11 sue is not a major factor in determining resorptive efficiency as we onginally 

hypothesized, the considerable difference in the proportion of large and srna11 osteoclasts 

involved in resorption suggests differences in activation mechanïsms of these cells based on 

cell size, which may open up a new avenue of research for inhibiting the most active 

osteociasts. 
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2.1 INTRODUCTION 

Several cytokines (MCSF, IL-1, IL-6, TNF-a, transforming growth factor P, 

leukernia inhibitory factor), leukotrienes (LT-) and prostaglandins (PGE2) are known to be 

abundant in inflammatory areas in diseases such as rheumatoid arthritis, osteoarthritis and 

periodontal disease (Arend and Dayer 1990; DiGiovine et al. 1988; Firestein et al. 1988; 

Fontana et al, 1982; Lipsky et al. 1989; Moilanen 1994; Odeh 1997; Seitz et al. 1994; 

Shibutani et al. 1997; Smith et al. 1990; Smith et al. 1997). These diseases are also 

charactenzed by excessive bone loss and an increase in osteoclast size and nurnber in the 

areas where bone loss is most prominent (Aota et al. 1996; Bogoch et al. 1988; Shibutani et 

al. 1997; Shimizu et al. 1985; Takashima et al. 1989). Among the factors inducing the 

increased bone resorption associated with inflammatory diseases, MCSF has been identified 

as the major factor regulating osteoclast fonnation and differentiation. However, the effects 

of MCSF on mature osteoclasts and their resorptive activity are not clear. 

MCSF was first shown to be required for osteoclast formation in studies with the 

naturally occurring murine ophp mutants. These mice express an osteopetrotic phenotype 

due to an almost complete lack of osteoclasts (Felix et al, 1990a) as a result of a point 

mutation in the coding region of the MCSF gene (Yoshida et al. 1990). When daily injections 

of MCSF were administered to these mice, new and biologically active osteoclasts formed, 

resulting in the reversa1 of the osteopeîrotic phenotype (Felix et al. 1990a; Kodarna et al. 

1991). Further studies convincingly demonstrated that MCSF is essential for osteoclast 

proliferation, differentiation and sunrival and that MCSF is produced by osteoblasts as well 

as other mesenchymal cells in the marrow d o n m e n t  (Rubin et ai. 1996; Scheven et al. 

1997; Weir et al. 1993). 

Hofstetter et al. (1992), Weir et al. (1 993) and Yang et al. (1996) showed that mature 



osteoclasts also contain MCSF receptor transcripts (encoded by the proto-oncogene c-fins) 

and that they specifically bind MCSF, thus implying a role for this factor not only in 

osteoclast precursor proliferation but also in the regulation of osteociast activity. Some 

investigators have found an inhibition of osteoclastic resorptive activity upon short-term 

exposure of rat or rabbit osteoclasts to MCSF (Fuller et al. 1993; Hattersley et al. 1988; Teti 

et al. 1998), while others (Edwards et al. 1998; Sarma and Flanagan 1996) reported an 

increase in both osteoclast number and bone resorption when human bone marrow cells or 

mature human osteoclasts were cultured in the presence of MCSF. These same results were 

found with MCSF addition to metatarsal explants in culture or injection iato rats in vivo for 

several days (Antonioli-Corboz et al. 1992; Orcel et al. 1993) and the authors argued that the 

enhanced resorption was a result of increased osteoclast recruitment. Also, Weir et al. (1996) 

reported that MCSF inhibited resorptive activity in the absence of osteoclast recruitment, as 

anti-MCSF antibody added for 3 days to fetal rat long bones in culture significantly increased 

both basal and PTH-stimulated resorption. However, Yang et al. (1996) observeci a clear 

stimulation of resorption after MCSF addition to murine calvarial explants without a change 

in osteoclast number. Recently Amano et al. (1 998) reported that MCSF induces osteoclast 

fusion in cultured rat osteoclasts and suggested that tyrosine kinases are involved in this 

process. They also suggested that resorptive activity in MCSF-treated cultures was increased 

when compared to cells cultured under control conditions. 

Because of the existing controversy regarding the effects of MCSF on osteoclast 

resorptive activity, we decided to investigate the role of MCSF on osteoclast formation and 

activity in more detail. We demonstrate here that MCSF clearly increases both osteoclast 

size and arnount of bone resorbed in longer term rabbit bone marrow cultures containing 

stroma1 cells, osteoclast precursors and mature osteoclasts. Our results also suggest that the 



MCSF-induced enhanced resorption is the remit of an increase in the average sïze of the 

osteoclasts. 

2.2 MATERIALS AND METEODS 

2.2.1 Osteoclast Isolation 

Osteoclasts were isolated fkom rabbit long bones as descxibed previously (Asotra et 

al. 1994; Kanehisa and Heersche 1988). The femorae, tibiae, humeri and radii of one-day- 

old New Zealand white rabbits were dissecteci out. After removal of adherent soft tissues, 

the shah  were placed in a sterile petri dish containing medium 199, cut longitudinally and 

the interior surfaces curetted to release the bone cells. The medium contaùiing cells and bone 

fiagments was agitated by pipetting to release additional cells attached to the bone fiagments. 

These marrow ce11 suspensions containing osteoclasts were centrifuged at 200 g for 10 

minutes and the pellet of cells obtained f?om the bones of one rabbit resuspended in 8 ml of 

a-MEM (a-minimm essential medium, pH 7.4) with 10% fetal calf serum @CS) and 

antibiotics (100 pghl  Penicillin G, 0.5 pg/d Gentamych, 0.3 pglrnl Fungizone). 

2.2.2 Preparation of Bone Slices and Culture Methods 

Bovine cortical bone was cleaned of soft tissue and devitalized by fieeze-thawing in 

distilled water 3 times. After cutting the bone into blocks of 3 . 5 ~ 1  Sx3.5 cm, cross sectional 

slices of 120-150 p m  were cut using a Buehler Isomet low speed saw. Circular slices of 

approxirnately 5 mm in diameter were punched out fiom the slices, cleaned in a sonicating 

water bath and stored frozen in medium 199 containing 10x antibiotics. Pnor to the addition 

of osteoclasts bone slices were placed in wells of 96-well plates and washed 2x with 150 pl 

a-MEM to remove the excess antibiotics. Following this, the bone dices were incubated for 



24 hours in 150 pl a-MEM containing 10% FCS and antiiiotics at 37OC in humidifiecl air 

and 5% COz. Then 50 pl of the osteoclast-containing cell suspension was added to the 150 

pl of a-MEM on each bone slice and the cells were allowed to attach for 18 hours. 

2.2.3 Resorption Studies 

AAer 18 hours, the cultures were washed with a-MEM and recombinant human 

MCSF (1 .5~  10' U/pg, R&D Systems, Minnesota) was added at 4, 40 and 400 ndml for 12, 

24 or 48 hours. Assuming sirnilar unit activity and taking into account the tow stromai cell 

density in our osteoclast preparations, we have calculated from the information published 

(Kanzaki et al. 1995; Rubin et al. 1997; Rubin et al. 1996; Sarma et al. 1998; Sanna and 

Flanagan 1996; Weir et al. 1993), that control media of cells cultureci for 48 hours would 

probably contain no more than 0.03 ng MCSF per ml. At the end of the culture period, 

osteoclasts were identified by stauiing for TRAP, a marker for osteoclasts. The bones were 

fixed in 4% neutral buffered formalin for 10 min and washed with phosphate-buffered saline. 

A solution of Michaelis veronal acetate buffer (pH 5) containing naphthol AS-MX phosphate 

as substrate, hexazonium pararosanilin as coupler, and 20 mM L-(+)-tartaric acid was then 

added to the celk for 5 minutes at room temperature. TRAP-positive celIs stained red. The 

number of multinuclear TRAP+ cells and the number of nuclei per ce11 were counted using 

light microscopy. Most of the cells were then rernoved by washing with 0.25 N ammonium 

hydroxide. 

The resorption lacunae were identified by immunohistochemical staining as described 

previousiy (Shibutani and Heersche 1993). The bone slices were pre-incubateci with 3% 

sheep serum in PBS to minimize background staining and then incubated ovemight with 

sheep IgG anti type 1 collagen (l:lO, gift nom Dr. Jam Sodek, Faculty of Dentistry, 



University of Toronto). Mer washing, biotinylated donkey anti sheep IgG (1 : 100, Sigma) 

was added for 1 hour, followed by treatment with avidin-biotin-peroddase complex (ABC, 

Dimension Labs). Anti'body binding was visualized by incubation with 3,3'- 

diaminobenzidine tetrahydrochloride (DAB) as substrate. The bone slices were then washed 

and dried and plan area resorbed quantifiai with a Zeiss interactive digital analysis systern 

using light microscopy. Depth of lacunae was estimated by differential focusing of the edge 

and centre of the pits using a 40x objective. In order to avoid differences based on the 

variable size of pits, 90 lacunae of approximately the same shape and size (round, 60-80 p 

diameter) were selected per treatment group for the depth measurements. 

2.2.4 Statistics 

Data were analyzed statisticaily by one way analysis of variance and with an 

unpaired, double-sided Student's t-test with Bonferroni's correction to allow for multiple 

comparisons. Al1 results are expressed as the mean f standard error of the mean (SEM). 

2.3 RESULTS 

When osteoclast-containing cell suspensions were cultured for 48 hours on bone 

slices in media to which 4,40 or 400 ng/ml MCSF were added, MCSF caused an increase in 

total plan area resorbed per bone slice at al1 concentrations studied (figure 1A). For example, 

total area resorbed per osteoclast increased from 3000 pm2 in control cultures to 6500 pn2 in 

cultures treated with 40 ng/ml MCSF. Resorption expressed as area resorbed per 

multinuclear osteoclast was also increased and this inmease was dose-dependent (figure 1B). 

In addition, MCSF increased the number of pits excavated per multinuclear osteoclast (figure 

1 C) and dose-dependently increased average pit size (figure 1 D). This is illustrated by the 



photographs shown in figure 2. The numbers of mononuclear and multinucleated TRAP+ 

cells (approximately 250 cells each) in the different treatment groups were the same at the 

end of the 48 hour culture period. We also measured the average depth of approximately 

circular resorption lacunae (60-80 pn) in control and MCSF (400 ng/ml)-treated cultures. 

Average depth in MCSF-treated cultures was 21.0 f 0.6 p, significantly higher than the 

average depth of similarly sized pits in the control group (1 6.4 f 0.6 pm, P<O.OO 1 ). 

Since several reports ïndicated that MCSF decreased osteoclastic bone resorption or 

had no effect on resorption when rat osteoclasts were cultured for 6-24 hours in the presence 

of this factor (Fuller et al. 1993; Hattersley et al. 1988; Teti et al. 1 998), we also investigated 

the effect of a short-tenn treatment of MCSF on Our rabbit ce11 cultures. No e f k t  was seen 

on any of the resorptive parameters after a 12 hour incubation with 40 n g M  MCSF (table I). 

Next we compared the effects of a 24 hour and 48 hour incubation with MCSF, and 

also explored in this same experiment whether ce11 density might be a major factor 

determining resorptive activity of individual osteoclasts. At the high plating density, no 

signi ficant effects on resorbed area or area resorbed per multinuclear osteoclast were 

observed at the 24 hour t h e  point (figure 3A), while culture in the presence of MCSF for 48 

hours resulted in a 2-fold increase in total area resorbed (figure 3A) and in area resorbed per 

multinuclear osteoclast (figure 3B). The effect of ce11 density was determined by plating the 

sarne osteoclast preparation at high and low (1/5 of high) plating densities. Resorption per 

multinucleated ce11 was 8-foId less at the lower plating density than that at the higher plating 

density. However, the MCSF-induced fold increase in plan area resorbed and in area 

resorbed per osteoclast was not affected by ce11 density (approxirnately 2-fold increase, 

figures 3A and B). 

We then investigated whether the increase in resorptive activity per osteoclast 



induced by a 48 hour treatment with MCSF was related to an increase in size of the 

osteoclasts in MCSF-treated cultures (figure 4). At both high and low plating densities, a 48 

hour treatment with MCSF increased the number of large osteoclasts by a factor of 2 (figures 

4B, 4C). A 24 how treatment with MCSF also increased the number of large osteoclasts 

(figure 4A). In al1 experiments the total number of muitinucleated cells was the same in 

control and MCSF treated cultures. 

To determine whether large osteoclasts, as a population, are more efficient resorbers 

than smaller osteoclasts, Le. resorb more bone per nucleus, we calculated resorption per 

osteoclast nucleus. Resorptive activity per osteoclast nucleus, averaged over the whole 

osteoclast population, was not significantly different in control and MCSF-treated cultures 

(figure 5). However, when we calculated the resorption per nucleus for large osteoclasts and 

small osteoclasts separately, using the total number of nuclei per bone slice in osteoclasts of a 

given size (table a) and the total area resorbed (figure 3A), resorption per nucleus was 4 

times greater in osteoclasts with >10 nuclei than for osteoclasts with 110 nuclei (figure 6). A 

similar calculation for the categories of osteoclasts with >5 nuclei and 55 nuclei showed a 20 

times greater resorption per nucleus for osteoclasts with >5 nuclei than for smaller 

osteoclasts with 15 nuclei. The same caiculation for the low plating density experiment (data 

f50m table II and figure 3A) resulted in similar relative resorptive activities, although as 

expected, values for resorption/nucleus were considerably lower (figure 6). 



Figure 1: The effect on resorption of culturing osteoclasts on bone slices for 48 hours in the 

presence or absence of MCSF. The total nwnber of mononuclear and multinuclear TRAP+ 

cells per bone slice was 260 and 250 cells, respectively. Plan area resorbed per bone slice 

was significantly higher in al1 three MCSF treatment groups as compared to control (A), as 

were the plan area resorbed per multinuclear osteoclast (B), the number of pits fonned per 

multinuclear osteoclast (C), and the size of resorption pits (D). Error bars indicate SEM. 

[*P<O.OOI vs control, 'P<O.O I vs next highest dose, n = 91 



Figure 2: Osteoclasts cultureci on bone slices for 48 hours in the presence of MCSF (400 

ng/ml) formed large, compound resorption lacunae (A). Osteociasts cuitured under control 

conditions formed smaiier lacunae (B). [Original magnification 500x1 



TABLE 1: The effect on resorption of culturing osteoclasts on bone slices in the presaice 

or absence of MCSF (40 @ml) for 12 hours. 

Area resotbed/ 

Results represent mean i SEM of 10 bone slices per group. The average number of 

mononuclear and multinuclea. T'kW+ ceils per bone slice in each group was 70 and 45, 

respective1 y. 

Control 
MCSF 

Area resorbedl 1 Number of pitd 

5660 + 1100 
6660 + 2000 

bone slice 

145.4 + 30 
138.9 I 39 

Multinuclear osteoclast 

0.20 f 0.04 
0.15 f 0.04 

Muitinuclear osteoclast 
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Figure 3: Bone resorption by osteoclasts cultured on bone slices for 24 or 48 hours in the 

presence or absence of MCSF (40 ng/ml) at two different plating densities. The total number 

of mononuclear and multinuclear TRAP+ cells per bone slice in the hi& density groups 

averaged 1 10 and 100 cells respectively, while that in the low density groups averaged 25 

and 30 cells. Plan area resorbed per bone slice (A) and plan area resorbed per multinuclear 

osteoclast (B) was significantly higher only in those groups exposed to MCSF for 48 ~ O U ~ S .  

However, when starting with fewer cells the resorptive activity per ceil was considerably 

reduced in both control and MCSF treated cultures. Eiror bars indicate SEM. [*P4L00 1 vs 

control, n = 81 
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Figure 4: The number of osteoclasts in ce11 populations cultured on bone slices for 24 or 48 

hours in the presence or absence of MCSF (40 ng/ml). At 24 hours (A), there was a 

significant increase in the nurnber of large osteoclasts with p a t e r  than 10 nuclei in the 

MCSF-treated group as compared to control, which became even greater at 48 hours (B) 

while the number of smaller cells decreased at this time point When the original plating 

density was decreased to 115 the number of cells (C), very few large cells formed in either 

group although there was a significant increase after MCSF treatment in the number of ceils 

with 6-1 0 nuclei as compared to control. E m r  bars indicate SEM.[*P<0.001 vs control, n=8] 
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Figure 5: Bone resorption expressed as amount of bone resorbed per osteoclast nucleus in 

osteoclast-containing ce11 populations cultureci on bone slices for 24 or 48 hours in the 

presence or absence of MCSF (40 ng/ml) at two different plating densities. The total number 

of mononuclear and multinuclear TRAP+ cells per bone slice in the hi& density groups 

averaged 110 and 100 cells respectively, while that in the low density groups averaged 25 

and 30 cells. Plan area resorbed per nucleus was 8-fold lower in the control group at the 

lower plating density, while in the MCSF treated group it was 5-fold lower. There was a 

slight but not signifiant increase in area rewrbed pet nucleus in the MCSF treated groups as 

compared to control at both plating densities. Error bars indicate SEM. [# Pc0.00 L vs high 

plating density, n=8] 
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Figure 6: Calculateci vaIues for bone resorption per osteoçlast nucleus for osteoclast- 
containing ce11 populations cultured on bone slices for 48 hours in the presence or absence of 
MCSF (40 ng/ml) at high and low plating density. (A) High plating density: Bone resorption 
per nucleus in hrge osteoclasts (x) and in d l  osteoclasts (y) for the categories of 
osteoclasts with 110 nuclei and >10 nuclei was calculated using two equations. Equation 
one: 0.41mm2 = 347.63~ + 530.7Sy, where 0.41mmz is the total area resorbed per bone slice 
in MCSF-treated cultures fiom figure 3A, 347.63 is the average total number of nuclei in 
osteoclasts with > 10 nuclei in these cultures and 530.75 is the average total number of nuclei 
in osteoclasts with c l 0  nuclei in these cultures (table II). Equation two: 0.24mm2 = 134.25~ 
+ 541.88y, where 0.24mm2 is the total area resorbed per bone slice in control cultures from 
figure 3A, 134.25 is the average total nurnber of nuclei in osteoclasts with > 10 nuclei in these 
cultures and 541.88 is the average total number of nuclei in osteoclasts with 110 nuclei in 
these cultures (table 11). Combining these equations allows calculation of x and y. Similar 
calculations were perfonned for the categories of osteoclasts with >5 nuclei and 15 nuclei. 
(B) Low plating density conditions: the same calculations were performed as described 
above, but values were obtained fiom the low plating density expriment (figure 3A, table 
II). For al1 calcuIations we have assumeci that resorptive activity of osteoclasts of the same 
size in control and MCSF treated cultures does not differ. This seems likely, based on our 
results indicating that a 12-24 hour culture period in the presence of MCSF has no effect on 
osteoclast resorptive activity (see table 1). Published results of others (Antonioli-Corboz et 
al., 1992; Fuller et al., 1993; Hattersley et al., 1988; Teti et al., 1998) also support the fact 
that short tenn culture in MCSF-containing media has either no effect or is inhibitory in 
terms of resorptive activity. 



TABLE II: The total number of nuclei per bone slice in osteoclasts of specific sizes after 

48 hours of culture in control or MCSF (40nghi). 

1 control 
(high plating density) 
MCSF 

Total nunuber of naclei in: 

plating density) 
Control 

L (low plating density) 1 1 

osteoclasts with 
510 nuclei 

541.88 + 17 

530.75 t 34 

(low plating density) 
MCSF 

Results represent mean + SEM of 8 bone slices per group. 

osteocîasts with 
>10 nuclei 

134.25 f 17 

347.63 f 28 

78.6f 15 4.6 f 3 

97.8 f 15 2 2 I 1 1  



2.4 DISCUSSION 

MCSF stimulates osteoclast progenitor proliferation and differentiation (Jimi et al. 

1995; Takahashi et al. 1991; Tanaka et al. 1993), but the effects of MCSF on  resorptive 

activity of mature osteoclasts are not clear: increased activity (Edwards et al. 1998; Orcel et 

al. 1993; Sarma and Flanagan 1996; Yang et al. 1996), decfeased activity (Fuller et al- 1993; 

Hattersley et al. 1988; Sarma and Flanagan 1996; Teti et al. 1998; Weir et al. 1996) or no 

change in activity (Antonioli-Corboz et al. 1992; Fuller et al. 1993) have al1 been reported. 

Since the dispersed osteoclast preparations or the bone culture systems used in these 

experiments differ in many respects, for example ce11 density of the cultures, serurn content 

of the culture medium, time in culture and presence of stroma1 cells, we initiated the current 

study to try to understand and explain these different outcomes with respect to how 

osteoclastic resorption is affectai by MCSF. 

We found that MCSF causes a tirne-dependent stimulation of bone resorption when 

added to osteoclast-containing rabbit bone marrow cultures that also contain stroma1 cells 

and osteoclast precursors. Concomitant with the stimuiation of resorption, we also found that 

a 48 hour treatrnent with MCSF increased the nurnber of large (HO nuclei) osteoclasts and 

decreased the number of small(2-5 nuclei) osteoclasts in the cultures. Since the total number 

of nuclei pet culture present in osteoclasts was increased, and the number of TRAP+ 

osteoclast precursors in control and MCSF-treated cultures was similar in al1 experiments, 

these observations suggest that MCSF also increased proliferation and differentiation of 

mononuclear TRAP+ osteoclast precursors. in addition, the total nurnber of nuctei in 

osteoclasts may also have increased as a result of decreased osteoclast apoptosis or decreased 

cell death in MCSF-treated cultures. Fuller et al. (1993) reported previously that MCSF 

stimulated survival of rat osteoclasts cultwed in sem-fke  medium. Decreased apoptosis 



could contribute to the increase in the proportion of large osteoclasts if larger osteoclasts 

were selectivety undergohg apoptosis in the absence of MCSF. An increase in size of 

osteoclasts a h  MCSF administration was also reporteci by Arnano et al. (1998) for rat 

osteoclasts. Similar to our 24 hour results, they found that after 16 hours osteoclasts with 2-8 

nuclei were present in similar numbers in the control and MCSF treated groups while the 

nurnber of larger osteoclasts with >10 nuclei was increased by MCSF. In theu cultures, the 

maximum size increase was seen at 16 hours, although the number of nuclei per osteoclast 

remained higher in MCSF-treated cultures for up to 72 hours. This differed fkom our results 

as we found a greater number of large cells after 48 hours treatment with MCSF when 

compared to a 24 hour treatment. The difference may be explained by the fact that Arnano et 

al. (1998) cultured th& cells in the presence of hydroxyurea to inhibit ce11 proliferation, thus 

limiting the supply of osteoclast precursors and the number of cells available for fiision and 

formation of larger cells at later tirne points. 

Edwards et ai. (1998) showed that MCSF increased osteoclast survival and thereby 

increased resorption in senim-fiee cultures of fkeshiy isoiated hurnan osteoclasts cultured for 

18 hours. We calculated from their data that resorptive activity per osteoclast in MCSF- 

treated cultures was not increased in their experirnents. However, their culture conditions 

(i.e. no serum, low ce11 density, short culture tirne) were such that osteoclast fùsion did not 

occur, as shown by the fact that MCSF had no effect on number of nuclei per ce11 in their 

experiments. Previous experiments of these authors with long term human bone marrow 

cultures containing 10% s e m  had shown that MCSF increased the number of 23c6+ cells (a 

marker for osteoclasts) under those culture conditions and also increased resorptive activity. 

The proportion of 23c6+ cells with 3 or more nuclei was 1 1-fold greater in the MCSF-treated 

cultures. Thus, the increase in the number of larger cells may have been responsible for the 



increase in resorptive activity observed, which is entirely compatible with the conclusions 

reached from our own experiments. Yang et al. (1996) also observed that MCSF increased 

resorption in mouse calvaria cultured for 48 hours in the presence of MCSF without 

increasing osteoclast number, but they did not measure osteoclast size. Based on the 

observation that MCSF increased osteoclast size in our experiments and in those of Arnano et 

al. (1 9%), both using culture conditions in which the diversity of cells present is in many 

respects similar to that present in bone tissue, we suggest that in their experiments increased 

osteoclast size may have been responsible for the increased resorptive activity. 

That Weir et al. (1996) found an inhibition and Antonioli-Corboz et al. (1 992) found 

no change in resorption upon MCSF administration may be a result of the fact that the 

explanted fetal rat radii used by them may not have ailowed for the extensive osteoclast 

fusion that occmed in our cell culture system. Similady, although the disaggregated rat 

osteoclast culture systern used by Fuller et al. (1 993) and by Hattersley et al. (1 988) is 

comparable to our rabbit ce11 culture system, the low numbers of osteoclasts per bone slice 

reported in those experiments (les than IO osteoclasts per bone slice), and in particular the 

short incubation times of 6-24 hours may not have allowed for sufficient formation of the 

larger osteoclasts. This may account for the discrepancy between their conclusion that 

MCSF inhibited or did not affect resorptive activity of osteoclasts and our demonstration of a 

clear increase in resorption after 48 hours of culture in the presence of MCSF. 

The observation by us and others (Kaye et al. 1985; Makris and Saffar 1982; Piper et 

al. 1992) that large osteoclasts resorb more bone than smaller osteoclasts on a per ce11 basis 

raises the question of whether large osteoclasts are also more efficient resorbers using 

resorption per osteoclast nucleus as a parameter. Piper et al. (1992) fond  a trend for the 

volume resorbed per nucleus to decrease with increasing number of nuclei per osteoclast 



when observing the resorptive activity of individual large and small avian osteoclasts. Whai 

we calculated resorptive activity per osteoclast nucleus by averaging the total number of 

nuclei in al1 osteoclasts in control and MCSF-treated cultures, the increase in resorptive 

activity per nucleus in MCSF-treated cultures was not significant (figure 5). However, when 

we calcuIated the resorption per nucleus for larger osteoclasts and small osteoclasts 

separately, the resorption per nucleus was greater in larger osteoclasts than srnail osteoclasts 

(figure 6). As already referred to in the legend for figure 6, this calculation assumes that 

MCSF does not increase resorptive activity of existing osteoclasts. Since short tenn 

incubation of osteoclasts with MCSF has no stimulatory effect on osteoclastic resorptive 

activity (Fuller et al. 1993; Hattersley et al. 1988); and our 12 and 24 hour expe-ents), this 

assurnption seems justifieci. Our results indicating that the resorptive activity per nucleus of 

a popdation of large osteoclasts is greater than a population of smailer osteoclasts are not 

necessarily in codict  with the aforementioned obsewations of Piper et al. (1992): the 

explanation could be that the proportion of resorbing cells is greater in the population of 

large osteoclasts than in the population of smdler osteoclasts. 

Our results also dernonstrate that ce11 density is an important factor in regulating both 

osteoclast activity and osteoclast size. This is compatible with a previous study by Woods et 

al. (1995), who showed that ce11 density affected fonnation of osteoclast-like multinucleate 

giant cells which could resorb bone. It seems likely that part of the explanation is that the 

stroma1 and osteoblastic cells in our preparations produce factor@) that stimulate osteoclast 

fusion and activity in addition to MCSF (Le. OPGL, (Lacey et al. 1998; Yasuda et al. 1998)). 

The lower number of these cell types in the low density groups is likely one of the factors 

accounting for the smaller osteoclast size and decreased resorptive activity in our low density 

cultures. 



In conclusion, we have demonstrated that MCSF increases resorptive activity in long 

term cultures of osteoclast-containuig marrow cultures through an MCSF-induced increase in 

the proportion of larger osteocIasts in the population. Based on our calculations of resorptive 

activity per nucleus, we suggest that larger osteoclasts, as a population, are more effective 

resorbers than smaii osteoclasts, which raises the possibility that differences exist in the 

mechanisms or signaling pathways activating the resorptive process in large and mal1 

osteoctasts. 

2.5 S tatement of si-crince 

In this chapter we showed clearly, and for the b t  time, that long-term culture of 

osteoclasts with MCSF stimulates osteoclastic resorption of bone by increasing osteoclast 

size. Short-tenn culture resulted in no change in ce11 size or area resorbed. This result 

revealed the reasons for the existing controversy regarding the effects of MCSF on osteoclast 

resorptive activity. The importance of ce11 size in detennining resorptive activity was M e r  

emphasized by calcdations of resorption per nucleus (resorptive efficiency) of populations of 

osteoclasts, which demonstrated that large osteoclasts as a population resorbed more per 

nucleus than srnall osteoclasts. This suggested some inherent differences between srnall and 

large osteoclasts in their resorptive capabilities. 
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3.1 INTRODUCTION 

Osteoclasts are multinucleated cells respomible for bone resorpîion. Osteoclastic 

bone resorption is a complex process starting with migration and atîachment of osteoclasts to 

the bone surface. This is followed by the development of a sealing zone, the formation of a 

ruffled border and the subsequent extrusion of protons, chioride ions and proteolytic enzymes 

into the extracellular resorption zone between the mffled border and the bone suface 

(Vaananen 1996). Proton extrusion is accomplished by a vacuolar type I f - ~ ~ ~ a s e  (V- 

ATPase), localized on the ruffled border (Blair et al. 1989; Vaananen et al. 1990). 

Maintenance of intracellular pH (pHi) is believed to be controlled maully by N~+/'H.+ 

exchangers and Cl-/HC03- exchangers on the basolateral membrane (Hall and Chambers 

1990; Nordstrom et al. 1995; Teti et al. 1989b). 

Osteoclasts Corn humans, rats and rabbits can under normal circumstances contain 

anywhere f?om 2-30 nuclei, with an average of 3-10 nuclei. However, in diseases 

characterized by increased bone resorption such as Paget's disease, end stage rend disease, 

periodontal disease and rheumatoid arthritis, osteoclast size is generdly increased (Aota et al. 

1996; Kaye et al. 1985; Makris and Saffar 1982; Singer and Roodman 1996). In Paget's 

disease osteoclasts have been reported to reach a diameter of 100 pm and to contain up to 

100 nuclei (Singer and Roodman 1996). 

Osteoclasts become multinucleated as a result of ce11 ftsion, either with other multi- 

nuclear osteoclasts or with mononuclear osteoclast precursors (Fischman and Hay 1 962; 

Jaworski et al. 1981) and certain enzymes and receptors are up or down regulated upon 

formation of multinuclear osteoclasts fiom their mononuclear precursors (Elleder 1 986; 

Woods et al. 1995). However, it is not known whether increased multinuclearity in 

osteoclasts is associated with changes in gene expression as has been reported for other 



multinucleated cells (Enelow et al. 1992; Fais et al. 1994; Nishü et al. 199 1; Papadimitriou 

and Van Bruggen 1986; Vignery et al. 199 1). Piper et al. (1992) studied the relationship 

between osteoclast size (as determined by the number of nuclei) and resorptive ability of 

these cells and found a positive correlation between the size of an osteoclast and the volume 

of the resorption pit made. They also found that the volume resorbed per nucleus tended to 

decrease with increasing nuclear number. However, their observations included only 

osteociasts associated with a resorption pit and did not take into account the possibility that 

osteoclasts can form several pits within a given period of time (Kanehisa and Heersche 

1988). Thus they may have underestimated the activity of their osteoclasts. We found 

recently that in cultures with significantly greater numbers of large osteoclasts both pit size 

and pit number were uicreased, indicating that large osteoclasts were not only resorbing a 

larger surface area per pit but also formecl more pits than smaller osteoclasts (Lees and 

Heersche 1 999). 

One striking characteristic of osteoclasts is the marked heterogeneity observed in 

their responsiveness to inhibitory and stimulatory agents, such as calcitonin (Kanehisa 1989) 

and MCSF (Owens and Chambers 1993). Osteoclast responses to actinomycïn D and 

cycloheximide were not uniform either, as these inhibitors of mRNA transcription and 

protein translation, respectively, did not inhibit bone resorption by al1 osteoclasts in the 

studies reported by Hall et al. (1993). Heterogeneity was also observed with regard to 

cytoplasrnic pH regulation: under conditions of chronic extracellular acidosis and induced 

acid load, 40% of osteoclasts recovered by V-ATPase activity while the remaining 60% did 

not (Nordstrom et al. 1997; Ravesloot et al. 1995). While some investigators have associated 

the variable responses with osteoclast size or shape (Arkett et al. 1992; Ravesloot et al. 

1999, the reasons for the variable responses have not been elucidated. 



Proton extrusion and cytoplasmic pH regulation have a pivotal role in the resorptive 

process. Interestingly, heterogeneity of osteoclasts with regard to activity of proton pumps 

has also been noted (Nordstrom et al. 1997; Ravesloot et al. 1995). Therefore, we sought to 

determine in this study whether small(2-5 nuclei) and large (210 nuclei) osteoclasts differed 

with regard to V-ATPase and Naf/H' exchanger activities. We found that basal pHi in large 

and mal1 osteoclasts differed significantly as did the responses to ~ a +  removal and to the 

addition of the V-ATPase inhibitor b&lomycin Al. Upon acid loading, small osteoclasts 

recovered by a Na+-dependent and arnilonde-sensitive mechanism, while large osteoclasts 

consisted of two groups: a ~a+-dependent group which was maximally inhibiteci by the 

addition of both amiloride and bafilomycin Ai and a ~a+-independent group which was 

sensitive only to bafilomycin Al. These results clear1y show that large and small osteoclasts 

differ with regard to the activity of proton extrusion mechanisms. 

3.2 MATERLALS A N D  METHODS 

3.2.1 Osteoclast isolation and identification 

Osteoclasts were isolated fiom rabbit long bones as describeci previously in section 

2.2.1. The osteoclast-containing ce11 suspension was plated on g l a s  coverslips in 6-well 

tissue culture dishes (100 pl per coverslip) and allowed to attach overnïght in a-MEM 

containing 10% FCS and antibiotics in humidified air, 37OC and 5% COz. The cells were 

then cultured for 3-8 hours in 25 mM N-2-hydroxyethylpiperazine-N-ethanesulfoc acid 

(HEPES)-buffered, bicarbonate-free RPMI with 10% serurn at pH 7.4 and 37°C in an air 

incubator before measmement of pHi. In some cases, the cells were cultured for 24 hours 

under these conditions, but the results were pooled as no differences were found between 

short and long term culture in HEPES-buffered bicarbonate-fiee medium. 



Osteoclasts were identified as cells containing 2 or more nuclei (as seen by phase 

contrast microscopy). A few of the cells in the initial experiments were also fixed and 

stained for TR4P after completion of the experiments, as descriid in section 2.2.3. Since 

al1 of these cells were TRAP-positive,TRAP staining was omitted in subsequent experiments. 

3 -2.2 Intracellular DH measurements 

The intracellular pH was determind using the microfluorometric technique described 

previously for osteoclasts (Nordstrom et al. 1995). Coverslips with cells were placed into a 

Leiden coverslip dish and maintained at 37°C for the remainder of the experiment. The celis 

were loaded with the H'-sensitive fluorescent dye BCECF by incubation with 1 pM of the 

parent acetoxyrnethyl ester for 10 min, then washed with RPMI and incubated in Na+- 

containing medium (140 mM NaCl, 1 mM CaC12, 1 mM MgC12, 10 rnM glucose, and 20 mM 

HEPES, pH 7.4). For incubation in sodium-fiee conditions, ~ a +  was replaced with either K+ 

or NMG'. Test solutions were applied to the cells by pipetting 3 ml of the desired medium 

(with or without inhibitors) into the chamber. Previously used culture medium was removed 

by aspiration. in some experiments treatments were applied sequentially to the sarne cells 

(figures 2 and 3). Since the effects of amiloride are reversible, it was added first, then 

washed out with Na+-containing medium alone, after which bafilomycin Ai was added. in 

the experiments shown in figures 5 and 6, treatments with transport blockers were al1 

independent observations on different cells, however, a few cells in figure 6 (19 out of a total 

of 13 1) received sequential treatment as in the experiments shown in figures 2 and 3. No 

statistical difference was seen between the results of sequential and independent addition of 

inhibitors in the experiments shown in figure 6, thus the results were pooled. The rate of pHi 

recovery shown in figures 5 and 6 is the initial maximal rate of change. 



Fluorescence intensity in single cells was measured using a Nikon TMD-Diaphot 

microscope attached to a dual wavelength illumination system (490 nrn and 440 nm) fkom 

Photon Technologies Inc. Numination was on for 2 sec and off for 8 sec (to minllnize photo- 

bleaching), and the photometric data were recorded at a rate of 5 points/sec. The excitation 

light was directed to the cells via a 5 10-nm dichroic rnirror. Fluorescence ernission collected 

by a Nikon Fluor 40x oil-immersion objective traversed a 542 f 64 MI band-pass filter. 

3.2.3 Acid loading of osteoclasts 

For acid loading we used the N-+ 'prepulse' method (Swallow et al. 1990). The 

adherent cells were first exposed to 40 mM N&C1 for 5-8 minutes, & d g  which tirne there 

was a rapid rise in pHi as NH3 entered the ce11 and combined with Hf to forrn N-', followed 

by a slow decline in pHi due to influx of NI&+ which dissociated to fomi M I 3  and p. 

Osteoclasts were then transfmed to ~ G - f i e e  medium resulting in a rapid loss of NH3, 

subsequent dissociation of internal Nl&+ into Ml3 and H' and a decrease in pHi to a level 

much lower than the starting pHi. Recovery of osteoclast pHi was then monitored in the 

cells in the presence of different media and inhibitors of pHi regdatory mechanisms. 

3.2.4 pH; calibration 

Calibration of the fluorescence ratio versus pH of each individual osteoclast was 

performed using the ICf/H' ionophore nigericui. Upon completion of the pH experirnents, the 

cells were equilibrated in K' medium (140 mM) of varying pH in the presence of 5 p M  

nigericin and calibration c w e s  were constructed by plotting the extracellular pH (which is 

assumed to be identical to the internal pH; (Thomas et al. 1979)) against the corresponding 

fluorescence ratio. Additiondly, some cells were calibrated by the null-point method as 



origindly described by Eisner et al. (1989) to verïfy the values found with the nigericin 

technique. The principle of this method is to find the mixture of penneant acid (A) and base 

(B) which upon entering the ce11 produces no change in pHi. The pHi can then be calculated 

from the composition of this mixture, according to the following equation: pHi = pHo - 
O.Slog([A]/~]). Thus with pH, of 7.4 we prepared ~af-containiq solutions (designateci as 

pHnuiI) of pH 6.8-7.8 using butyric acid as the weak acid and tnmethylamine as the weak 

base. 

3.2.5 Statistics 

See section 2.2.4 for statistical analysis of data. 

3.3 RESULTS 

3 -3.1 Size distribution of osteoclasts 

The osteoclast-containing ce11 cultures obtained fiom newbom rabbit long bones were 

compnsed of a variety of stromal ce11 types as well as osteoclasts. Osteoclasts were defined 

as cells having 2 or more nuclei under phase-çontrast microscopy and staining positively for 

TRAP after fixation. We have reported previously that cells so identified bind calcitonin and 

resorb bone when plated on bone slices (Shibutani and Heersche 1993; Turksen et al. 1988). 

The size and nuclear number of the osteoclasts ranged fiom cells with a diarneter of 30 p 

and 2 nuclei to cells with a diameter of 90 pm and 23 nuclei. We studied 2 groups of 

osteoclasts: small osteoclasts which contained 2-5 nuclei (60% of the total nurnber of 

ostmclasts) and large osteoclasts that contained 10 or more nuclei (10% of the osteoclasts), 

and investigated the pHi changes in these cells. This choice was arbitrary, and made to 

decrease the likelihood of overlap for parameters which might increase or decrease in value 



3.3.2 Detemination of cvto~lasmic DH in osteoclasts by two independent methods of 

calibration 

BCECF was uniformly distributed in the cytoplasrnic cornpartment. Small 

osteoclasts maintained a steady resting pHi of 7.34s.02 (n=94) when cultureci on glass 

coverslips for 2-6 hows in bicarbonate-fee HEPES-buffered RPMI with 10% FCS, as 

detemined by the nigericia calibration technique. In contrast, large osteoclasts had a 

significantly higher pHi of 7 . 7 0 . 0 2  (n=I56) under the same conditions (P<0.001). This 

difference in steady-state pHi between large and srnail osteoclasts was confirmai when 

another calibration technique (the null-point method) was used (n=12, figure 1A). pHi 

tracings for a single small osteoclast and a single large osteoclast, calibrated by both the nul1 

point method (horizontal bars) and then the nigericin method (y-axis) are shown in figures 1 

B and C. The pHi of the representative small osteoclast in figure 1B decreased when a nul1 

solution of pH 7.05 was added (bar) but increased a k  addition of a nul1 solution of pH 7.45, 

indicating that this osteoclast had a resting pHi between these values, i.e. about 7.2. A 

similar procedure applied to the large osteoclast shown in figure IC indicates a resting pHi of 

approximately 7.7. Due to the excellent agreement between the two calibration methods, and 

the greater ease of perfonning nigencin calibration, ail fùture calibrations were performed 

with the nigericin technique. 

3 -3.3 Effect of amilonde and bafilomvcin Al on osteoclast resting DFI~ 

Upon addition of amiloride (an inhibitor of the ~ a + / H t  exchanger) to ~a+-containhg 

medium, the pHi of both small and large osteoclasts did not change significantly (figure 2A). 



Upon the rernoval of amiloride by washing and the addition of baîïlomycin Ai (the specific 

and widely-used inhibitor of the V-ATPase) in ~a+-containin~ medium to these same cells, 

the pHi of the large osteoclasts decreased significantly fiom 7.59 + 0.04 to 7.37 + 0.05 at a 

rapid initial rate of -0.16 + 0.01 pH unitdmin whïie the pHi of small osteoclasts did not 

change. When these same cells were treated with both amilonde and bafilomycin At there 

was a significant drop in pHi of small osteoclasts fiom 7.34 f 0.03 to 7.19 f 0.05 while that 

of large osteoclasts rernained at about the same level as seen with bafilomycin Ai alone- 

Representative traces of a small (figure 2B) and a large (figure 2C) osteoclast treated with 

amiloride and then with bdornycin Ai are shown. 

3 -3 -4 Chloride channels and V-ATPase activitv in mal1 and large osteoclasts 

Since V-ATPase-mediated proton transport is ofien charge-coupled to passive 

chloride permeability, we wished to ascertain whether the observed differences in V-ATPase 

activity between small and large osteoclasts were due to differences in Cl- channels in these 

cells. To evaluate this, the Cl- channel inhibitor diisothiocyanato-stilbene disulfonic açid 

(DIDS) was added to ~a+-containing medium in addition to bafilomycin Ai. Once again, the 

pHi of small osteoclasts did not change significantly as compared to control ~a+-containing 

medium (figure 3A). Under the sarne conditions, the pHi of large osteoclasts decreased 

signi ficantl y fiom 7.55M.05 to 7.3 Sf0.06. Interestingly, however, DIDS done raised the 

pHi of both large and small osteoclasts by 0.2 pH units. Representative traces of a small and 

a large osteoclast are shown in figures 3B and 3C, respectively. 

3 -3.5 The importance of extracellular ~ a +  in maintainhg hieh PH in large osteoclasts 

When ~ a k m t a i n i n g  medium was replaced by lCf- or N'MG+-containhg medium, the 



pHi of small osteoclasts was not affected (figure 4A,B). Similar treatment of large 

osteoclasts resulted in a decrease in pHi by 0.40 pH units. This drop in pHi of large 

osteoclasts occurred rapidly (withh 20 sec) and was maintained until ~ a +  was added back to 

the extemal medium (figure 4C). 

3.3.6 Effect of amiloride and bafilom~cui Ai on osteoclast oHi recovery 

In order to determine which pH regdatory mechanisms were involveci in the pH 

recovery of large osteoclasts d e r  re-addition of ~ a ' ,  the effects of various inhibitors were 

evaluated independently in different ceils (figure SA). Under Na'-fiee conditions, recovery 

was negligibie, averaging 0.01 pH unitshin. The addition of ~ a +  alone resulted in 

irnmediate and rapid recovery at a rate of 0.20 pH unitdrnin. Addition of amiloride resulted 

in a 25% inhibition in the initial maximal rate of ~a+-induced pHi recovery. Addition of 

bafiIomycin Al resulted in a 70% reduction in the rate of pHi recovery of large osteoclasts in 

the presence of Na'. Complete inhibition of pHi recovery was seen with addition of both 

amiloride and bafilomycin Ai, suggesting that both the N~+/H+ exchanger and the V-ATPase 

contribute to pHi recovery in the presence of Na+. Representative traces of three different 

large osteoclasts and their recovery in the presence of amiloride, bafilomycin Al, or 

miloride and bafilomycin AI are show in figures 58-D, respectively. 

3-3.7 Effect of amiloride and bafilomvcin Ai on osteoclast pHi recovery afier acid load 

Since the results shown above strongly suggested that both the Na+/H+ exchanger and 

V-ATPase activity operateci to different degrees in large and small osteoclasts at physiologic 

pHi, we decided to investigate whether under more acidic conditions similar differences 

would be detectable. We used the ammonium pre-pulse technique to decrease pHi. 



Small osteoclasts did not recover in the absence of ~ a + ,  but did recover in the 

presence of N a  (figure 6,7A). Recovery of pHi in small osteoclasts in the presence of ~ a '  

was completely inhibited by amiloride, indicating that the recovery was mediated by 

amilonde-sensitive N~+/H+ exchange. 

interestingly, 60% of the 80 large cells studied behaved like small osteoclasts in that 

they did not recover fkom an acid load in the absence of Naf, although in contrat to small 

osteoclasts, the ~a 'aependent  recovery of these large cells was not completely inhibited by 

amiloride (figure 6, 7B). These cells were categorized as large, ~ a ~ d e p e n d e n t  osteoclasts. 

However, in the remaining 40% of large osteoclasts, pHi increased at the same rate in the 

presence or absence of ~ a '  and was not inhibited by amiloride, suggestïng that recovery here 

was not mediated by the Na+/H' exchanger (figure 6, 7C). These were categonzed as large 

~a'-independent osteoclasts. 

We next evaluated the role of V-ATPase in the recovery fiom acid load in ~ a + -  

containing medium for the three different categories of cells. In smdl cells bafilomycin A1 

had no effect, suggesting that the proton pump was not responsible for the recovery in pHi 

(figure 6). in the large, Nat-dependent osteoclasts, addition of bafilomycin Ai alone reduced 

the recovery rate by approximately 25%, but this decrease was not significant with the 

number of osteoclasts measured (P<O. 17, n=23). However, in these large cells, the addition 

of both amiloride and bafilornycin Ai resulted in complete inhibition of pHi recovery. The 

degree of inhibition was significantly different fkom that by amiloride alone, suggesting that 

both the ~a'm exchanger and the proton pump were active in these cells. in the large, ~ a + -  

independent cells, pHi recovery was inhibited by bafilomycin Ai and addition of amiloride 

did not enhance this effect, suggesting that the proton pump was solely responsible for the 

pHi recovery in these cells. 
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Figure 1: Basal pHi of small (2-5 nuclei) and large (2 10 nuclei) osteoclasts. Osteoclasts 

were cul tured on g l a s  coverslips in ~a'-containing HEP ES-buffered medium and pHi 

recorded. Two independent methods of pHi calibration, the nigericin technique and the null- 

point calibration method gave almost identical results (A): large osteoclasts have a resting 

pHi of 0.4 pH units above that of small osteoclasts. Results represent mean k SEM of 12 

observations. (B) Representatïve trace of a small osteoclast and (C) a large osteoclast 

calibrated first with the null point technique and then the nigericin technique (calibration not 

shown). The ordinate axis represents the results of the nigericin method and the horizontal 

bars represent the addition of the indicated nul1 point solutions. 
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Figure 2: Effect of amiloride and bafilomycin Ai addition on osteoclast pHi. (A) Amiloride 

(1 mM, an inhibitor of the ~a*R1 '  exchanger) had no significant effect on pHi of small 

osteoclasts (n=ll)  or large osteoclasts (n=8) cultured in ~ a '  medium. There was no 

significant effect of bafilomycin Al (200 nM, an inhibitor of the V-ATPase) on pHi of mal1 

osteoclasts cultured in ~a medium (n=l 1), while the pHi of large osteoclasts decreased 

signi ficantl y (n=9). The addition of both amiloride and bafilomycin Ai together resulteâ in a 

significant decrease in pHi of both small (n=ll) and large (n=7) osteoclasts. Results 

represent mean + SEM, '~4.0 1, wP<0.05. (B) Representative trace of a small osteoclast and 

(C) of a large osteoclast treated first with amiloride and then with bafilomycin. 



Figure 3: Effect of DIDS on V-ATPase activity in small and large osteoclasts. (A) DtDS 

( 10- 1 00 PM, an inhibitor of Cl- channels) significantly alkalinized both srnail (n=6) and large 

(n=8) osteoclasts to the same extent. Simultaneous addition of DIDS and bafilomycin Ai 

(200 nM) resulted in a signifiant acidification of large osteoclasts (n=lO), but no effect on 

the pH; of small osteoclasts (n=8). Results represent mean f SEM, mP<0.05 and '~<0.01 as 

compared to ~ a +  medium. (B) Representative trace of a mal1 and (C) a large osteoclast 

treated fint with DlDS and then with both DIDS and bafilomycin Ai. 
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Figure 4: Effect of removal of extracellular ~ a '  on osteoclast pHi. Osteoclasts cultured on 

g l a s  coverslips in ~a'-containing medium were transferred to ~a'-fiee medium. (A) Smdl 

osteoclasts (n=20) had a very small drop in pHi while large osteoclasts (n45) had a 

significant decrease in pHi. Results represent mean f SEM, * P<O.001. (B) Representative 

trace of pHi changes in a small osteoclast and (C) a large osteoclast a h  removal and re- 

addition of ~ a '  medium. The pHi of large osteoclasts decreased immediately upon removal 

of ~a and remained low until ~ a '  was re-applied, at which time recovery was very fast to 

basal levels. 
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Figure 5: Rate of pHi recovery of large osteoclasts after ~ a '  removal in the presence of 

various inhibitors of pHi regulatory mechanisms. (A) Under Na'-fkee conditions, recovery 

was negligible (n=45). Addition of ~ a '  resulted in rapid recovery (n=27). The addition of 1 

mM amiloride to ~a medium had a slight inhibitory effect on pHi recovery (n=9) as 

compared to ~ a +  alone. Bafilomycin Ai (200 nM) significantly decreased the recovery in 

~ a '  medium (n=7) while the combination of bafilomycin Ai and amiloride completely 

inhibited pHi recovery (n=7). Results represent mean f SEM, "P4I.05 and *P<0.001 as 

compared to recovery in the presence of Na', 'P<0.05 as compared to bafilomycin only. 

Representative traces of 3 different large osteoclasts recovering in the presence of (B) 

amiloride, (C) bafilomycin, or (D) amiloride and bafilomycin. 
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Figure 6: Rate of pHi recovery of large and small osteoclasts after acid loading. Small 

osteoclasts recovered very slowly in the absence of ~a' (n=35) and very rapidly in the 

presence of ~ a ' .  Recovery in the presence of ~a was completely and reversibly inhibited 

by 1 m M  arnilonde (n=27), while 200 nM bafilomycin Ai had no effect (n=L 1). Large 

osteoclasts were divided into ~a'-dependent cells, where pHi recovery occurred only in the 

presence of ~ a '  (n=49), and ~a+-independent cells , where pHi recovery occurred regardless 

of the presence of ~ a '  (n=31). The pHi recovery of ~a'-dependent large osteoclasts was 

only partially sensitive to amilonde (n=20) or bafilomycin Ai (n=23), but inhibited to a much 

greater extent in the presence of both inhibitors (n=13). The pHi recovery of ~ a + -  

independent cells was significantly inhibited by bafilomycin Al (n=lS), but not by amiloride 

(n=17). The addition of both bafilomycin Ai and amiloride did not enhance the inhibitory 

effect of bafilomycin Ai alone (n=5). Results represent mean f SEM, *P<O.OI and 

*P<O.OOl as cornparrd to recovery in the presence of ~ a + ,  'PcO.05 as compared to amiloride 

on1 y. 



Figure 7: Representative pHi tracings of a mal1 osteoclast, a ~a+-dependent large osteoclast 

and a ~a'-independent large osteoclast upon acid loading. m C l  was added for 5-8 minutes 

to osteoclasts cultured on glas  coverslips. The isosmotic replacement of N H ~ '  with NMG' 

or K' resulted in a rapid and immediate drop in pHi in al1 osteoclasts. (A) The pHi recovery 

of the small osteoclast was completely inhibited by 1mM amiloride. (B) The pHi recovery of 

the Nacdependent large osteoclast was only partially inhibited by amiloride while that of the 

~a+-independent large osteoclast (C) was not affected by the addition of this inhibitor. 



3.4 DISCUSSION 

The production and extrusion of protons and the maintenance of intracellu1 ar pH are 

essential processes in the fünction and activity of osteoclasts. It is widely accepted that V- 

ATPases found in the ruffled border of osteoclasts pump protons into the extraceIldar 

resorption zone, thus acidi*g the bone m a c e  and dissolving the mineral component of 

bone (Blair et al. 1989; Sundquist et al. 1990; Vaananen et al. 1990). Proton extrusion into 

the extracellular resorption zone is accompanied by passive Cl- flux through a chloride 

channel. The driving force behind Cl- movement is the potential difference that arises fkom 

electrogenic pro ton transport across the ruffled membrane dwing bone resorption (Blair and 

Schlesinger 1990; Schlesinger et al. 1997; Sims et al. 199 1). With regard to maintenance of 

an appropriate pHi, Teti et al. (Teti et al. 1989b) demonstrated îhat during bone resorption 

one of the mechanisms of aikahe export was a ~a+-independent CI-/HCO< exchanger. 

Other reports indicate the presence and fùnction of an amilonde-sensitive N~'/H' exchanger 

(Gupta et al. 1996; Hall and Chambers 1990; Lehenkari et ai. 1997; Nordstrom et al. 1995) 

and a proton conductance (Nordstrom et al. 1995). However, in many cases, differences in 

pHi regdatory responses between osteoclasts of the same preparation have been reported, in 

particular with regard to ~af /Hf  exchange and V-ATPase activities for which the 

investigators have had no explanation, or attributed them to differences in substrate, stage of 

resorption cycle or ce11 shape (Gupta et al. 1996; Lehenkari et al. 1997; Nordstrom et al. 

1995; Ravesloot et al. 1995; Yu and Ferrier 1995; Zimolo et al. 1995). 

The first striking finding in the present investigation was the existence of a significant 

difference (0.4 pH units) in steady-state pHi of srnaIl and large osteoclasts maintained in 

HEPES-buffered ~a+-containhg medium at pH 7.4. The value obtained for small osteoclasts 

was in good agreement with that observed in a number of other ce11 types and with other 



reports on osteoclasts cultured on giass in norninally bicarbonate-fiee, HEPES-buffaed 

medium at pH 7.4 (Nordstrom et al. 1995; Nordstrom et al. 1997; Ravesloot et ai. 1995; Teti 

et al. 1989b; Zimolo et al. 1995). However, large osteoclasts had an unusually high pHi of 

7.70. Since Boyarsky and colleagues (1996) recentiy reported that the nigericin technique to 

calibrate BCECF in vascular smooth muscle cells could lead to errors of up to 0.2 pH units in 

estimating steady-state pH;, we verified Our results using the null-point method. This method 

has been reported to be more reliable than the nigericin method in some instances because it 

is independent of K' concentration, thus eliminating the error involved in estimating 

intracellular K' (Babcock 1 983 ; Bo yarsky et al. 1 996; Buckler et al. 1 99 1 ; Eisner et al. 1 989; 

Yamashiro and Maxfield 1987). The results of the two methods of calibration were in 

excellent agreement, indicating that the difference in pHi between large and small osteoclasts 

is not an artifact of the recording systern. Interestingly, Ravesloot et al. (1995) in their 

experiments with rat osteoclasts also found that a mal1 percentage of the cells tested had 

high initial pHi values, but did not atternpt to associate this with a specific population of 

osteoclasts. Other reports on osteoclast pHi regulation do not mention the size of osteoclasts 

studied, although Nordstrom et al. (1995) did specificdy state that the majority of their 

studies were performed on compact osteoclasts containing 3-5 nuclei. The great abundance 

of small osteoclasts as compared to large ones (60% vs 10%) in rabbit, rat and chick 

osteoclast preparations cultured on glass coverslips (our results and (Asotra et al. 1994; Piper 

et al. 1992)) as well as the greater ease of performing single-ce11 experiments with cells of a 

srnaller diarneter would suggest that other investigators may also have concentrated mainly 

on smaller osteoclasts, 

The cause of the high basal pH; in large osteoclasts was M e r  investigated. Firstly, 

we excluded the possibiIity that the high pHi in large osteoclasts was a result of maintaining 



the cells in HEPES-buffered medium. Buckler et al. (199 1) had shown that in type 1 carotid 

body cells of neonatal rats the remarkably alkaline pHi (7.8) was due to the transfer of these 

cells fiom CO2-containing to HEPES-buffered (CO2-fie) medium. They observeci that, 

when measuring pHi within one hour of transfer, the pH; was 7.8, but if the cells were 

cultured in HEPES-buffaed medium for 24 hours, the pHi was 7.3. However, this was not 

the case for osteoclasts in our study: large osteoclasts cultured for 24 hours in HEPES- 

containing medium had the same alkaline pH; as those cultured for 2 hours, while small 

osteoclasts had the same tow pHi (7.3) at the two tirne-points. It is also relevant in this 

regard that Teti et al. (1989b) found that avian osteoclasts attached to bone and transfmed to 

bicarbonate-fiee HEP ES-containhg medium became slightly acidifiai, not aikaline, within 2 

minutes of transfer and then recovered to resting pHi within 20 minutes. 

We next discovered that, while ~ a '  was requued for large osteoclasts to maintain 

their alkaline pHi, the N~'/H' exchanger was not the primary mechanism involved in this 

process as addition of amiloride did not lower the resting pHi of large cells. However, 

amiloride added after Na4 removal slightly inhibited the recovery of these cells (25% 

inhibition) to their starting pHi upon re-addition of Na+ to the extracellular medium, 

suggesting a smail role for the ~a'/J3+ exchanger. Interestingly, the specific V-ATPase 

inhibitor bafilomycin Ai inhibited the ~a'-dependent alkalinization by 70%, while the 

combination of baf5lomycin Ai and amiloride completely inhibited the rewvery. The fact 

that V-ATPase activity was ~a+-dependent in these cells was surprishg since V-ATPase 

activity is generally not linked to the presence of Naf in the extracellular medium. However, 

Mernissi et al. (1991) did report Na+-dependent ATPase activity in the rat nephron which 

was clearly not a N~+/K+-ATP~s~, K+-ATP~S~ or c~?+-ATP~s~, but they did not look at pH 

regulation or bafilomycin-sensitivity to determine if it was a V-ATPase. 



Another possible explanation for the apparent ~a+-dependence of the V-ATPase 

could involve ~ a +  loading of the cells. Nomally Naf is maintained at very low 

concentrations withui the cytosol by the ~ a ' / K ' - ~ ~ p a s e ,  as K+ is pumped into the cell and 

Na' is pumped out. However, the lack of K' in the extracellular medium could have resulted 

in Na' loading of the cells. The subsequent removal of ~a fiom the extracellular bathing 

solution would have caused a reversal of the Na'/HC exchanger resulting in the outward 

movement of ~ a +  coupled to inward movement of protons (Moolenaar et al. 1983). This 

would then acidify the cells. If V-ATPase is also active in these cells then inhibition of V- 

ATPase by bafilomycin Ai upon re-addition of ~ a '  would maintain the low pHi as seen in 

figure SC. In order to test this possibility, K+ could also be added to the basal medium to 

ensure normal ~ a '  concentrations within the ce11 and V-ATPase activity codd be re- 

examined. 

Taken together, our fïndings suggest that both mal1 and large osteoclasts cultured on 

glass contain active proton purnps, but that its role in pHi regulation is much more important 

in large osteoclasts than in small osteoclasts. This was fwther supporteci by our observation 

that the addition of bafilomycin Ai resulted in a signifiant drop in basal pHi in large but not 

small osteoclasts. 

One possible explanation for the difference in V-ATPase activities between large and 

srnall osteoclasts could be the variation in number or activities of chloride channels in these 

cells. Since V-ATPase activity is often charge coupled to passive chloride pmeability, a 

lack of anion conductance due to insufficient chloride channels may inhibit fllrther V- 

ATPase activity due to the electrogenic nature of this pump (Blair et ai. 199 1 ; Sims et al. 

199 1). Thus lower V-ATPase activity in small osteoclasts could be due to fewer chloride 

channels in these cells as compared to large osteoclasts, and not directly as a result of fewer 



or less active V-ATPases. Various reports have indeed demonstrated the presence of 

chloride chaonels in osteoclasts (Blair and Schlesinger 1990; Blair et al. 199 1 ; Kelly et al. 

1994; Schlesinger et al. 1997; Sims et al. 199 1). hterestingly, Sims et al. (1 99 1) and Kelly 

et al. (1994) reported that only 3040% of their osteoclasts had a basal chlonde current, 

however, they used very hi& concentrations of the chloride channel inhibitors DIDS and 

SITS (0.5-lmM). Such high concentrations may have inhibited other ion currents as well, 

including V-ATPases (Blair et al, 1991). In order to study Cl- channel activity in ow cells, 

we added 10- 100 pM DIDS (shown by Blair et al. (1 99 1 ) to reversibly inhibit Cl- channels in 

osteoclasts without af5ecting 0 t h  proton transport mechanisms) in addition to 200 nM 

bafilomycin Al. The pHi of smaii osteoclasts did not change significantly while that of large 

osteoclasts did decrease, thus indicating that the diffaences in small and large osteoclast 

responses to bafilomycin Ai were not caused by differences in Cl- channel activity. 

Surprisingly, DIDS addition alone resulted in a rise in pHi in both large and small osteoclasts, 

likely due to inhibition of Cl-/HC03- exchange activity in these cells. That this transporter 

continues to be active in our cells is possible since significant accumulation of HC03- by 

carbonic anhydrase activity may continue in osteoclasts maintained in nominally 

bicarbonate-free medium as a result of CO2 production in association with glycolysis and 

ATP generation in the mitochondria (Blair 1998). The fact that both large and small 

osteoclasts exhibiteci a similar increase is f ' e r  evidence that anion translocation is not 

different in these cells, only V-ATPase activity. 

To fùrther study the characteristics of the pHi regulatory mechanisms in large and 

small osteoclasts, we next examined the recovery of these cells from an acid load in the 

presence of various inhibitors. In agreement with previously reported data for osteoclasts 

(Nordstrom et al. 1995; Zimolo et al. 1999, the recovery of small osteoclasts fkom very low 



pHi was ~a+-dependent, amiloride-sensitive and bafilomycin Ai-resistant. Ail of these data 

suggest a classical ~ a + w  exchanger as the prïmary mechanism of re-alkalinization in these 

cells. The fact that this antiporter was very active in recovery fiom an acid load in small 

osteoclasts but was not very active at physiologie pH in these cells is consistent with other 

reports that N~+/K+ exchangers only become active below a set-point pH of about 6.8 (Bidani 

et al. 1 994; Grinstein and Funiya 1986; Hays and Alpern 1990; Wakabayashi et al. 1 992). 

The recovery fiom an acid load by large osteoclasts, however, was more cornplex. 

Surprisingly, 40% of the large osteoclasts recovered at a very fast rate fiom an acid load in 

the absence of ~ a +  (~a+-independent) while 60% of the large osteoclasts recovered from an 

acid load in a ~a+-dependent manner (Naf-dependent). The Na+-independent cells did not 

respond to amiloride but were sensitive to inhibition by bafilomycin Ai, indicating that V- 

ATPase was exclusively responsible for the re-alkalinization. Ravesloot et al- (1995) a l s ~  

described a subpopulation of cells with active proton pumps in rat osteoclasts cultured on 

glass. Sirnilar to our results, they found that these cells recovered fiom an acid load in the 

absence of ~ a '  and also had a higher mean initial pHi. They atternpted to correlate presence 

of high initial pHi and recovery fiom an acid load in the absence of ~ a +  with ceIl shape 

(round and weil spread vs. polygonal with cytoplasmic extensions) but concluded that 

osteoclast shape was not sufficient to explain the differences. They did not report on the 

number of nuclei seen in their cells. We also examined the shape of our rabbit osteocIasts, 

and found that the great majority of our cells were round and did not display irregularly 

shaped cytoplasmic extensions as described by Ravesloot et al. (1995). This may be due to 

the fact that rat osteoclasts take on a stellar appearance when transferred to sem-fiee 

medium (Fuller et al. 1993), while similarly treated rabbit osteocIasts do not (Lees and 

Heersche, unpublished observations). Ingber et al. (1990) and Schwartz et al. (1991) 



reported that spreading of bovine capiilary endothelid ceils and normal fibroblasts leads to 

rapid activation of the N~'RI' antiporter and elevation of pHi. They also found that M y  

spread cells had a higher pHi than round cells and that IocaI clusterhg of integrins led to 

activation of the ~a+/Hf  antiporter and, hence, the rise in pHi. The evidence available for 

osteoclasts suggests that this explmation for the ciifference in pHi of our cells is not likely as 

pHi did not seem to correlate with the degree of spreading but rather with nuclear number. 

In the ~a'-dependent category of large osteoclasts pHi recovery was only partially 

inhibited by amiloride and bafilomycin Al, but when amiloride and bafilomycin Al were 

added together, pHi recovery was completely inhibited. The presence and activity of both a 

V-ATPase and ~a'm-exchanger in the same ce11 has also been reported in other ce11 types 

Le. alveolar macrophages, rabbit outer meduI11ary collecting duct cells, rat papillary collecting 

duct cells and guinea pig pancreatic duct cells (Bidani et al. 1994; De Ondana and Hootman 

1997; Hays and Aipern 1990; Takeda et al. 1989). The findings of De Ondarza and Hootman 

(1997) in guinea pig pancreatic duct cells were sirnilar to ours in that neither amiloride nor 

bafilomycin Al done significantly inhibited pHi recovery fiom an acid load, while both 

inhibitors added together completefy abolished this reçovery. 

Osteoclasts cultured on bone slices cycle between an actively resorbing phase and a 

migratory phase (Kanehisa and Heersche 1988). Lehenkari et al. ( 1997) reported that active, 

bone-resorbing osteoclasts regulate theu pHi differently ftom osteoclasts cultured on glas  or 

non-resorbing cells cultured on bone. The active osteoclasts on bone had greater V-ATPase 

activity than N~'/H' exchange activity and had a slightly higher pHi than inactive cells. It is 

ternpting to hypothesize that in Our experiments the category of large ~a'-independent cells 

that rely on V-ATPase activity exclusively for regulating their pHi represent the actively 

resorbing population. If large resorbing osteoclasts rernain activated when transfmed into 



our culture systern, then this could account for our finding of two categories of large 

osteoclasts. This wuld imply that s m d  osteoclasts and large ~a+-dependent osteoclasts are 

in an inactive or non-resorbing state. In the next chapter we use a system in which we can 

di stinguish between active1 y resorbing and non-resorbing osteoclasts to test this hypothesis. 

3.5 Statement of signifcance 

This was the h t  demonstration of a clear difference in pHi and its regulatory 

mechanisms between smali and large osteoclasts. Large osteoclasts cultured on glas had a 

higher pHi than theu smaller counterparts and they regulated pHi primarily by V-ATPase 

activity while small osteoclasts used primarily N~+/HC exchange activity. However, under 

acid loaded conditions, 60% of large osteoclasts exhibited ~a+-dependence and some ~ a + l H '  

exchange activity as well, thus suggesting that ceIl size alone was not sufficient to explain al1 

the differences in pH regulatory mechanisms. 



CHAPTER 4: 

LARGE AND SMALL OSTEOCLASTS DLE"FER IN RESORPTIVE ACTMTY AND 

pH REGULATORY MECsGNISMS 

Rita L. Lees, Vageesh K. Sabharwal and Johan N.M. Heersche 

Submitted to: Bone, 2000 

Rita Lees wrote the manuscript and perfonned al1 of the experiments, except the 

quanti fication of area resorbed b y individual osteoclasts and percentages of cells resorbing, 

which was done by Vageesh Sabharwal under the direct supervision of Rita Lees. 



4.1 INTRODUCTION 

Osteoclasts are multinucleated cells that resorb bone. They resorb bone by first 

attaching to the bone surface, then fonning a sealing zone and ruffled border and then 

dissolving the bone matrix by extruding protons and secreting proteolytic enzymes into the 

extraceIIular resorption zone under the mflled border of the ce11 (Mundy 1996; Vaananen 

1996). Acidification of the extracellular resorption zone is accomplished by a vacuolar type 

V-ATPase localized on the ruffled border (Blair et al. 1989; Vaananen et al. 1990). 

Maintenance of pHi, on the other hand, is believed to be controlled mainly by ~ a + w  

exchangers and Cl-HCO3- exchangers on the basolateral membrane (Hall and Chambers 

1990; Nordstrom et al. 1995; Teti et al. 1989b). 

Under normal circumstances osteoclasts generally contain an average of 2- 10 nuclei, 

but in diseases characterized by increased bone resorption, such as end stage rend disease, 

periodontal disease and rheumatoid arthritis, osteoclast size is generally increased, 

particularly in areas of increased bone resorption (Aota et al. 1996; Kaye et al. 1985; Makris 

and Saffar 1982; Shibutani et al. 1997). in diseases associateci with excessive bone 

resorption such as Paget's disease osteoclasts have been reported to contain up to 100 nuclei 

(Singer and Roodman 1996). 

Osteoclasts acquire more nuclei and become larger by fbsing with other multinuclear 

osteoclasts or with mononuclear osteoclast precwsors (Fischman and Hay 1962). Although 

rnultinuclearity of osteoclasts appears to enhance resorptive activity of these cells, the 

advantage of having a few larger osteoclasts over several smaller ones is not ciear. Piper et 

al. (1992) studied the resorptive ability of individual osteoclasts and found a positive 

correlation between the size of an osteoclast and the volume of the resorption pit made. 

However, they also found that the volume resorbed per nucleus tended to decrease with 



increasing nuclear number, thus suggesting that smaller osteoclasts are more efficient at 

resorbing bone than their larger counterparts. In Chapta 2, however, we found that when 

looking at populations of osteoclasts, large osteoclasts resorbed more bone per nucleus than 

small ones (Lees and Heersche 1999). 

in Chapter 3 we demonstrateci that osteoclasts of different size (as detennined by the 

number of nuclei per cell) control their pHi using different pHi regulatory mechanisms (Lees 

and Heersche 2000): large osteoclasts (2 10 nuclei) had a significantly higher basal pHi than 

smail osteoclasts (2-5 nuclei) and this high pHi was maintained by considerable V-ATPase 

activity in these large cells. Recovery fiom an acid load aiso proved diffaent in these two 

types of cells as the pHi recovery of small osteoclasts was completely dependent on ~ a f / H '  

exchange activity, while in 40% of the large osteoclasts the pH; recovery was solely 

dependent on V-ATPase activity. in the remaining 60% of the large osteoclasts, pHi 

recovery was mainly dependent on N a + m  exchange activity, although V-ATPase activity 

also played a minor role. Since we did not know the resorptive activity of these cells, we 

postulated that the ~a'-independent cells represented the resorptive population while the 

~a'-dependent cells represented the non-resorptive population. 

To determine whether osteoclasts in different phases of activity (Le. resorbing and 

non-resorbing) regulate pHi differently, we examùled in this study the proton translocating 

pathways in actively resorbing and non-resorbing osteoclasts as well as the resorptive 

efficiency of large (210 nuclei) and small (2-5 nuclei) osteoclasts. This approach became 

possible through the recent development of apatite collagen complexes by Doi et al. (1996) 

and the modification of this process for covering glas  coverslips with a thin layer of 

transparent collagen/hydroxyapatite (CHA) complex by Shibutani et al. (2000). Osteoclasts 

cultured on this substratum resorb the CHA complex and cm thus be identified as resorbing 



or non-resorbing. We found that actively resorbing osteoclasts, both small and large, have a 

significantly higher basal pHi than their non-resorbing counterparts and that these resorbing 

osteoclasts have greater V-ATPase activity than non-resorbing osteoclasts. The recovery 

fi-om an acid load in large non-resorbing osteoclasts was ~at-dependent and regulated almost 

entirely by N~+/H+ exchangers while that of large resorbing osteoclasts was largely ~ a + -  

independent and regulated by V-ATPase acîivity. We could also c o n k n  the observations of 

Piper et ai. (1992) that large osteoclasts resorbed significantly more per ce11 than small 

osteoclasts, but that their resorptive activity as expresseci per nucleus was similar. 

Interestingly, however, we discovered that a much greater percentage of large osteoclasts 

were actively resorbing as compared to srnall osteoclasts, thus explaining our previous 

observation in Chapter 2 (Lees and Heersche 1999) that, as a population, larger osteoclasts 

are more effective resorbers than sxnall ones. 

4.2 MATERIALS AND METHODS 

Glass coverslips (round, 25 mm in diameter) were commercially coated with type 1 

collagen (Matsunami Glass Company, Japan). A hydroxyapatite-type coating was 

precipitated on these coverslips by a modification of the method used by Doi et ai. (1996) for 

the development of new bone substitutes (Shibutani et al. 2000). Bnefly, the coverslips were 

incubated for 1 week at 37OC in 200 mM Tris(hydroxymethy1)arninomethane (TRIS) buffer 

(pH 8.5) containing 0.04% alkaline phosphatase, 0.04% phosvitin and 0.3% of the cross- 

linking reagent dimethyl suberimidate dihydrochlonde. The coverslips were then gently 

washed in water, dried and placed in fresh 0.04% alkaline phosphatase and phosvitin 

solutions for 3 hours at room temperature. The coverslips were again washed and dned and 



then placed in a 6 mM solution of calcium fbglycerophosphate for 20 hours at 37OC. The 3- 

and 20 hour incubations were repeated daily for 7-10 days. 

4.2.2 Osteoclast isolation and ceil culture 

Osteoclasts were isolated fiom rabbit long bones as described previously in section 

2.2.1. The osteoclast-containing ce11 suspension (100 pl per coverslip) was plated on the 

CHA-coated coverslips which were placed in 6-well tissue culture dishes. The cells were 

allowed to attach overnight in a-MEM containing 10% FCS and antibiotics in humidifieci air, 

37°C and 5% C02. The cells were then cultureci for 48 hours under the sarne conditions for 

determination of resorbed area or for 3-8 hours in 25 mM HEPES-buflered, bicarbonate-fiee 

RPMI with 10% s e m  at pH 7.4 and 37OC in an air incubator for measurement of pHi. 

4.2.3 Identification of resorbing and non-resorbina osteoclasts 

Osteoclasts were identified as cells containing 2 or more nuclei (as seen by phase 

contrast microscopy) and classified either as small osteoclasts (those containing 2-5 nuclei) 

or large osteoclasts (those containing 2 1 0 nuclei). Those osteoclasts located on a resorption 

pit (as seen by phase contrast rnicroscopy) were identified as resorbing osteoclasts while 

osteoclasts located on intact mineral and not associated with a pit were classified as non- 

resorbing osteoclasts. After completion of the experiments, cells were also stained for 

TRAP, a marker for osteoclasts, as described in section 2.2.3. 

4.2 -4 Intracellular PH measurements 

Intracellular pH was detennined using the microfiuorometric technique described 

previously in section 3.2.2. Test solutions were applied in the same manner, except d l  



treatments were applied sequentially to the same cells in the experiments shown in figures 5 

and 6.  

4.2.5 Acid loading of osteoclasts 

Osteoclasts were loaded with acid by the M&' 'prepulse' method as described 

previously in section 3 -2.3. 

4.2.6 DH; cali%ration 

Calïbration of the fluorescence ratio versus pH of each individual osteoclast was 

pexfiormed using the KW ionophore nigericin described previously in section 3.2.4. 

4.2.7 Ouantification of area resorbed bv individual osteoclasts 

The number of small and large, resorbing and non-resorbing osteoclasts were counted 

afier TRAP staining. The plan area of each resorption pit associated with an osteoclast of 

known size was detennined by tracing the area of the pit using the Zidas image analysis 

system fiom Zeiss. Results were pooled fiom a total of 10 coverslips- 

4.2.8 Statistics 

See section 2.2.4 for statistical analysis of data. 

4.3 RESULTS 

4.3.1 Osteoclast culture 

Osteoclast-containing rabbit bone m m w  suspensions were plated on CHA-coated 

coverslips and cultured for periods up to 48 hours. The population of cells cultured consisted 



of osteoclasts of varying sizes (2-25 nuclei), stroma1 cells and monocyte-macrophage-like 

cells. Figure 1 shows a representaîive culture afkr staining for TRAP. Large and small 

resorbing and non-resorbing osteociasts can be distinguished. Of the total osteoclast 

population, approximately 70% of the cells contain tiom 2-5 nuclei. These were ciassifieci as 

srnaIl osteoclasts for the purpose of this study. Of the population of cells with more than 5 

nuclei, the category of cells classified as large osteoclasts (2 10 nuclei), comprised 

approxirnately 6% of the population. 

4.3 -2 Cvtoplasrnic pH 

Osteoclasts were cultured for 24-48 hours in a-MEM containing 10% FCS on CHA- 

coated coverslips and then transfmed to bicarbonate-tiee HEPES-buffd RPMI with 10% 

FCS. pHi measurements were conducted on cells maintained for 2-6 hours in HEPES- 

buffered media. Cells were loaded with BCECF for 10 min, at which time BCECF was 

uniformly distributed in the cytoplasmic compartment. Small non-resorbing osteoclasts 

maintained a steady state resting pHi of 7.3 1 + 0.03, while small resorbing osteoclasts 

cultured under the same conditions had a significantly higher steady state resting pH; of 7.59 

+ 0.02 (figure 2). Similarly, large resorbing osteoclasts had a significantly higher pHi of 7-60 

f 0.02 as compared to their non-resorbing counterparts (pHi of 7.46 f 0.04). 

4.3.3 Effect of bafilomycin Ai on osteoclast restina - - pHi 

Addition of bafilomycin Al, a specific and widely-used inhibitor of V-ATPase 

activity, to osteoclasts maintained in control medium (Na+-containing), had no effect on the 

pHi of s m d  non-resorbing osteoclasts (7.26 f 0.04 vs 7.19 + 0.06), while pHi of small 

resorbing osteoclasts decreased fiom 7.54 + 0.05 to 7.29 + 0.02 (figure 3). The effects of 



bafilomycin AI addition were similar for large osteoclasts: the pHi of large non-resorbing 

osteoclasts decreased slightly, but not significantly, fiom 7.46 + 0.04 to 7.33 t 0.06 while 

that of large resorbing osteoclasts dropped fiom 7.62 f 0.04 to 7.35 f 0.04. 

4.3 -4 The role of extracellular ~a in main tain in^ D H ~  

When ~a+-containing medium was replaced by NMG+-containing medium, the pHi of 

small non-resorbing osteoclasts did not change significantiy (7.35 + 0.04 vs 7.27 f 0.04), 

while that of small resorbing osteoclasts decreased fiom 7.60 f 0.04 to 7.33 + 0.04 (figure 4). 

For both large non-resorbing and large resorbing osteoclasts, pHi decreased by approximately 

0.25 pH units upon removai of extracellular ~ a + .  This drop in pHi occurred rapidly (within 

20 s) and was maintaineci until Naf was added back to the extemal medium. 

4.3.5 Effect of amiloride and bafilomvçin Al on osteoclast PH; recovery umn re-addition of 

~ a "  

Re-addition of Naf afier incubation in  cont conta in in^ Nat-6ree medium resulted in 

recovery of pHi at a rate of O. 15-0.17 pH unitslmin in al1 small resorbing and large resorbing 

and non-resorbing osteoclasts (figure 5). Under Nac-fiee conditions, recovery was negligible 

in al1 ce11 categories, averaging less than 0.02 pH unitdmin. For small resorbing osteoclasts, 

addition of amiloride, an inhibitor of the Na+/H' exchanger, resulted in a 30% inhibition of 

the ~a+-induced pHi recovery, while addition of the V-ATPase inhibitor, bafilomycin Ai, 

resulted in complete inhibition in the pHi recovery. For large non-resorbing osteoclasts, 

addition of amiloride or bafilomycin Ai alone did not result in significant inhibition of pHi 

recovery with the number of osteoclasts evaluated, while addition of both inhibitors together 

completely inhibited recovery, suggesting that both the Na'/HC exchanger and the V-ATPase 



contribute to pHi recovery upon re-addition of ~ a + .  In large resorbïng osteoclasts, amiloride 

alone had no effect, while bafilomycin Al significantly inhibited the pHi recovery (by 53%). 

However, when both amiloride and bafilomycin Al were added together, pHi recovery was 

completely abolished, thus suggesting again that both the Na+/H+ exchanger and the V- 

ATPase play a role in regulating pHi recovery upon re-addition of ~a ' .  

4.3.6 Effect of amiloride and bafilomycin Ai on osteoclast DH; recovery after acid load 

Since the results show above strongly suggested that the Na'/W exchanger and V- 

ATPase activities operated to different extents in large and small resorbing and non-resorbing 

osteoclasts at physiologic pH;, we decided to investigate whether under more acidic 

conditions similar ciifferences would be detectable. We used the ammonium pre-pulse 

technique to decrease pH;. 

Non-resorbing osteoclasts (both small and large) did not recover in the absence of 

~ a ' ,  but did recover in the presence of Na' (figure 6, 7A). Recovery of pHi (in the presence 

of ~ a ' )  was completely inhibited by amiloride, indicating that the recovery was mediated by 

amiloride-sensitive N~+/HC exchange. In both ce11 types, bafilomycin Ai inhibition was not 

significant. In small resorbing osteoclasts, recovery was completely inhibited by both 

amiloride and bafilomycin Ai, indicating that both V-ATPase and N~+/HC exchange involved 

in recovery fkom an acid load in these cells (figure 6). Compared to al1 other tells, large 

resorbing cells in the absence of ~ a + ,  recovered more rapidly eom an acid load. Recovery 

after re-addition of N a  was completely inhibited by bafilomycin Al (figure 6, 7B). N~+/HC 

exchange, however, also appears to play a role in these cells, although amiloride did not 

significantly inhibit reçovery a m  re-addition of Na'. 

Representative pHi tracings for a large non-resorbing osteoclast and a large resorbing 



osteoclast are shown in figures 7A and B, respectively. Upon addition of M&+-containing 

medium, the pH; nses immediately as a result of fast entry of NH3 and then decreases 

progressively during the followhg 5-8 minutes as a result of slow N&+ influx. When the 

ceLls are transfmed to ~ ~ t + - f r e e  K+- or NMG+-containing medium, they acidifjr virtually 

instantaneously as a result of rapid efflux of MI3, 

4.3.7 Proportion of osteoclasts resorbing 

Of the 700 small osteoclasts studied, only 39 (or 5.6%) were actively resorbing while 

of the 64 large osteoclasts studied, 25 (or 39.1%) were resorbing (figure 8A). Large 

osteoclasts resorbed a significantly greater total area per ce11 of 25.1 t 3.5 x 1o3 prd as 

compared to 10.3 k 1.7 x 10' pm2 resorbed per small osteoclast (figure 8B). There was no 

significant difference in the area resorbed per nucleus between large and small osteoclasts, as 

small osteoclasts resorbed a total of 2.4 + 0.3 x 10' pm2/nucleus, whereas large osteoclasts 

resorbed 2.0 + 0.3 x 1 o3 Ccm2/nucleus. 



Figure 1: Identification of resorbing and non-resorbing osteoclasts. Osteoclasts were 

cultured on CHA-coated glass coverslips, stained for TRAP and identified as resorbing 

(arro w head) or non-resorbing (arrow ). 
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Figure 2: Basal pHi of small (2-5 nuclei) and large (210 nuclei), resorbing and non- 

resorbing osteoclasts. Osteoclasts were cultured on CHA-coated glass coverslips in N& 

containing H EPES-buffered medium and pHi recorded, Both small (n=23) and large (n=28) 

resorbing osteoclasts had significantly higher basal pHi values than their non-resorbing 

counterparts (n=23 and n=22, for small and large respectively). Results represent mean t 

SEM, '~~0.0 1. *PcO.OO 1 .  
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Figure 3: Effect of bafilornycin Al addition on osteoclast pHi. Bafilomycin Ai (200 nM) 

had no significant effect on the pHi of small (n=12) or large (n=8) non-resorbing osteoclasts 

cultured in ~ a '  medium. However, the pHi of both small (n=8) and large (n=6) resorbing 

osteoclasts was significantly decreased in the presence of  this V-ATPase inhibitor. Results 

represent mean t SEM, *P<0.00 1 .  
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Figure 4: Effect of removal of extracellular ~a' on osteoclast pHi. Osteoclasts cultured on 

CH A-coated g l a s  coverslips in ~a+-containing medium were transferred to bJaf -fke 

medium and pHi recorded. Small non-resorbing osteoclasts (n=12) had a very small drop in 

pHi while their resorbing counterparts (n=10) had a significant decrease in pH;. Both large 

non-resorbing (n=9) and large resorbing (n= 13) osteoclasts had a significant decrease in pHi 

upon N$-removal. Results represent mean + SEM, "P~0.05. *PcO.OO 1. 
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Figure 5: Rate of pHi recovery of mal1 resorbing and large resorbing and non-resorbing 

osteoclasts afier ~a removal in the presence of various inhibitors of pHi regdatory 

mechanisms. Under ~a'-fkee conditions, recovery was negligible in al1 ce11 categones 

(n= 1 O, 9 and 13, respectively) while addition of ~ a +  resulted in rapid recovery in these same 

cells (n=8, 6 and 12, respectively). The addition of 1 mM amiloride (an inhibitor of the ~ a ' /  

H' exchanger) to ~ a '  medium had a significant although not complete inhibitory effect on 

pHi recovery in small resorbing osteoclasts (n=8) while the addition of bafilomycin Ai (an 

inhibitor of V-ATPase, 200 nM) cornpletely inhibited the recovery in these same cells (n=8). 

Although neither inhibitor alone sibmificantly affected the pHi recovery of large non- 

resorbing osteoclasts (n=6 arniloride, n=7 bafilomycin Ai), the addition of both inhibitors 

tor~ether completely inhibited the recovery in these cells (n=5). The recovery of Iarge 

resorbing osteoclasts was not affected by arniloride addition (n-1 1), atthough bafilornycin Ai 

addition resulted in significant inhibition (n=9) and a combination of amilonde and 

bafilomycin Al (n=7) resulted in complete inhibition of recovery in these cells. Results 

represent mean i SEM, "P<O.05, 'P<O.O 1, * P<O.OO 1. 
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Figure 6: Rate of pH; recovery of small and large resorbing and non-resorbing osteoclasts 

afier acid loading. Small non-resorbing osteoclasts (n=l 1) recovered very slowly in the 

absence of ~ a '  and very rapidly in the presence of ~ a ' .  Recovery in the presence of N a  was 

completely and reversibly inhibited by 1 mM amiloride, while 200 nM bafiIomycin Ai had 

no significant effect. The recovery of small resorbing osteoclasts (n=9) was similar to that of 

their non-resorbing counterparts, except their recovery was also inhibited by bafilomycin Ai. 

Large non-resorbing osteoclasts (n=7) recovered fiom an acid toad in the same manner as 

small non-resorbing osteoclasts while the recovery of large resorbing (n=12) osteoclasts was 

completely inhibited by bafilomycin A,, but not by amiloride. Results represent mean i 

SEM, "'PcO.05, *P<o.o~, *P<O.OOI. 
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Figure 7: Representative pHi tracings of a large non-resohing and a large resorbing 

osteoclast upon acid loading. NHjCl was added for 5-8 minutes to osteoclasts cultureci on 

CHA-coated g l a s  coverslips. The isosmotic replacement of N H ~ '  with NMG+ or K+ 

resulted in a rapid and immediate drop in pHi in both the large non-resorbing and resohing 

osteoclasts. While the pHi recovery of the large non-resorbing osteoclast was completely 

(and reversibly) inhibited by i mM amiloride (A), that of the large resorbing osteoclast wcis 

not affected by the addition of this N~'/H' exchange inhibitor (B). Bafilomycin Ai (ZOO 

nM), in contrast, had no effect on the pHi recovery of the large non-resorbing osteoclast but 

did completely inhibit recovery of the large resorbing osteoclast. 
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Figure 8: Resorptive capabihties of small and large osteoclasts. Osteoclasts were cdtured 

on CHA-coated glass coverslips in a-MEM, 10% FBS and antibiotics for 48 hours and 

proportion of resorbing cells as well as plan area of resorption pit associated with each 

individual osteoclast of known nuclear number determined. The percentage of large 

osteoclasts resorbing was 8-fold greater than that of small osteoclasts (A). The resorption per 

ceIl of large osteociasts (n=25) was significantly greater than that of small osteoclasts (n=39) 

while resorption per nucleus did not differ between the two size categories of osteoclasts (B). 

Results represent mean + SEM, *P<O.OO 1 



4.4 DISCUSSION 

Direct measurement of the activity of proton transporters in actively resorbing 

osteoclasts in vitro using fluorometric techniques has been very difficult due to the limited 

light-penneability of the bone substratum (bone slices) on which the osteoclasts have to be 

cultured for such assays. Direct measurements of these parameters in vivo are obviously not 

possible. However, several substrats mimicking bony substratta that c m  be resorbed by 

osteoclasts have been developed recently, mostly for use in surgical repair of osseous lesions. 

The most promising in this regard appear to be composites of hydroxyapatite and collagen 

(Iwano et al. 1988), in particular a recently developed apatite collagen complex @oi et a[. 

1996). Using the same methodology as describeci by Doi et ai- (1996), Shibutani and 

colleagues have recently succeeded in manufacturing g las  microscope coverslips covered 

with a thin layer of transparent CHA complex (Shibutani et al. 2000) and demonstrated that 

isolated rabbit osteoclasts resorb such complexes in a pattern very similar to that observed for 

osteoclas ts on bone slices. This development created the possibility of recording osteoclasts 

while resorbing or migrating over these surfaces using phase-contrast microscop y, and 

subsequently recording the activity of the proton transport systems in these sarne osteoclasts. 

Of particular advantage is the fact that this CHA coating is transparent enough to allow 

simultaneous determination of nuclear number and thus the size of the osteoclast. 

Using this substrate and distinguishing resorbing fiom non-resorbing osteoclasts we 

found that al1 resorbing osteoclasts (both s d l  and large) had significantly higher basal pHi 

than their non-resorbing counterparts. The high pHi of resorbing osteoclasts decreased upon 

addition of the V-ATPase inhibitor bafilomycin AI, while addition of bafilomycin A, had no 

significant effect on the pHi of non-resorbing osteoclasts. This suggests that the hi& basal 

pHi of resorbing osteoclasts is due, at l e s t  in part, to V-ATPase activity. Lehenkari et al. 



(1997) observed that bafilomycin Ai addition to osteoclast populations cultured on very thin 

bone slices resulted in a drop in pHi in most, but not all osteoclasts. Our results suggest that 

their non-responding cells may have been non-resorbing osteoclasts. 

When we removed extracellular ~ a +  fkom the medium, the pHi of al1 resorbing 

osteoclasts (small and large) and of large non-resorbing osteociasts decreased significantly 

indicating a dependence on ~ a +  for the maintenance of pHi. Only the mal1 non-resorbing 

osteoclasts did not respond to ~ a +  removal with a significant decrease in pHi, possibly 

related to the fact that their pHi was already at a lower level. Re-addition of ~a resulted in a 

rapid recovery of pHi in al1 three responding ce11 types (0.15-0.17 pH units/min). 

Interestingly, in al1 resorbing osteoclasts ( d l  and large) V-ATPase activity was 

responsible for most of the recovery. In small resorbing osteoclasts there was aiso significant 

~ a ' / H t  exchange activity. Interestingly, in both categones of large osteoclasts neither 

amiloride nor bafilomycin Ai aione completel y abolished pHi recovery, while addition of 

both inhibitors resulted in complete inhibition of pHi recovery. This synergistic inhibitory 

effect has been shown previously in rat papil lq collecting duct cells (Takeda et al. 1989) 

and in guinea pig pancreatic duct epithelial cells (De Ondarza and Hootman 1997). De 

Ondarza and Hootman (1997) suggested that one pHi regulatory mechanism may augment 

the activity of the other in the face of a large H' gradient. We interpret our results as 

indicating that the extent of V-ATPase and N~'/H' exchange participation d i f f a  between 

the ce11 types: in s m d  and large resorbing osteoclasts, V-ATPase is primarily responsible for 

pHi regulation, while in large non-resorbing osteoclasts, both V-ATPase and the N~'MC 

exchanger contribute equally. 

In order to fùrther study differences in pHi regulatory mechanisms in the various 

categories of osteoclasts afier more extreme changes in pHi, we acid loaded the cells and 



observed the recovery of pHi in the presence of V-ATPase and Naf/H* exchange inhi'bitoa. 

Under these conditions, N~+/HC exchange again predomioated in non-resorbing osteoclasts. 

In contrast, in large resorbing osteoclasts V-ATPase activity was greater than ~ a f / H f  

exchange activi ty, while in srnall resorbing osteoclasts equivaient V-ATPase and ~ a + / @  

exchange activities were observed. Thus srnail resorbing osteoclasts, while exhiiiting the 

strong bafilomycin Ai sensitivity of large resorbing osteoclasts, also maintain the amiloride 

sensitivity of their non-resorbing counterparts. These results may explain why Lehenkari et 

al. (1997) found, using a mixture of small and large resorbing and non-resorbing osteoclasts 

that osteoclast recovery fkom an acid load was most sensitive to bafilomycin Al inhibition, 

but also inhibitecl by amiloride. Zimolo et al. (1995), on the other hand, specifically iooked 

at the largest osteoclasts they couid h d  which were mauily on pits and found ~ a ' -  

independent recovery fiom an acid load (similar to our large resorbing osteoclasts). 

However, although a bafilomycin Ai sensitive V-ATPase was present in their cells, it did not 

appear to mediate most of the ~a+-independent acid extrusion, suggesting the existence of an 

additional and as of yet uncharacterized H+ extruder. 

Comparing the results presented here with those obtained with osteoclasts cultured on 

glass in Chapter 3 (Lees and Heersche 2000), it became apparent that recovery from an acid 

load in large resorbing and non-resorbing osteoclasts was clearly comparable to recovery of 

large ~a+-independent and ~a+-dependent osteoclasts, respectively, cultured on g las  

coverslips. This strongl y supports our hypothesis that the ~a+-independent cells represented 

cells in the resorbing state while the Na+-dependent cells represented non-resorbing cells. 

Moreover, the observation that 40% of al1 large osteoclasts are resorbing agrees with the 

observation in our previous investigation that 40% of the cells were Naf-dependent. This, 

however, also raises the question of why in cultures on glas  we only observed small 



osteoclasts sensitive to amiloride inhibition and unaffected by bafilornycin Ai (i.e. the non- 

resorbing phenotype in this study), and not those affecteci by both amiloride and bafilornycin 

(i.e. the resorbing phenotype in this study). We think the explanation is related to the fact 

ttiat 95% of small osteoclasts were not resorbing, while only 5% were resorbing. Thus only 

one in twenty of the small osteoclasts cultured on glass wouid likely be in the "resorbing 

phenotype" category. Thus, it is next to impossible to detect this phenotype in culture on 

glass. 

Although large osteoclasts resorbed considerably more per cell than mal1 osteoclasts, 

resorptive efficiency (expresseci as resorption per nucleus) of individual small and large 

osteodasts was the same. Both ceIl types, when resorbing, aiso had similar high pHi and V- 

ATPase activity. Srnall resorbing osteoclasts only differed from the large resorbing cells by 

their greater ~ a + / p  exchange activity, a process not believed to be as important in 

osteoclastic resorption of bone as in initial spreading and attachent to bone (Hall et ai. 

1992). Calculations in Chapter 2 indicated that resorptive efficiency of large osteoclasts was 

greater than that of small osteoclasts when calculated over the total populations of large and 

small cells present. This calculation underestimates the resorption per nucleus of resorbing 

small cells due to the large proportion of the small cells that are not actively resorbing (only 

5% of small cells are resorbing). Our present results conl5-m that, as a population, large 

osteoclasts resorb more actively than small osteoclasts. The fact that a greater percentage of 

large osteoclasts than of small osteoclasts is actively resorbing is likely an important 

contributhg factor to the increased resorption seen in diseases where osteoclast size is 

greatly increased. To discova why the percentage of resorbing large cells is greater thm that 

of small cells under the same culture conditions is a challenge for fiiture investigation. 

In summary, our results show that pHi regulation is associated with enhanced proton 



pump activity in actively resorbing osteoclasts, while N~+/HC exchange activity is the 

primary mechanism of pH; regulation in non-resorbing osteoclasts. We also found that 40% 

of Iarge osteoclasts are resorbing, while only 5% of the small osteoçlasts are active in 

resorption. That different proportions of large and mal1 osteoclasts are resorbing, despite 

being exposed to the same culture environment may indicate that differences exist between 

mechanisms responsible for activation of these cells. This hdicates that selective 

pharmacological inhi'bition of the most active osteoclasts is a potentially usefùl approach to 

inhibit pathological bone resorption. 

4.5 Statement of si-cance 

The significance of this study is that it explains the heterogeneity of large osteoclasts 

found in Chapter 3 to be a fùnction of state of activity. In addition it was apparent that while 

some differences in pH regdatory mechanisms still existed between small and large 

osteoclasts, V-ATPase activity was similar in al1 resorbing osteoclasts, suggesting a need to 

re-examine resorptive efficiency on a per ce11 basis. While there was no difference in 

resorption per nucleus of smalI and large osteoclasts when examined individually, we 

showed for the h t  time that a much larger percentage of large osteoclasts were resorbing 

compared to small osteoclasts, explaining the different activities of populations of large and 

small osteoclasts found in Chapter 2. Also the fact that only 5% of small osteoclasts were 

actively resorbing versus 40% of the large ones suggests different activation mechanisms in 

small and large osteoclasts. This could be of crucial importance in selectively inhibiting the 

most active osteoclasts. 



CHAPTER 5: SUMMARY AND GENERAL DISCUSSION 

Clearly in some disease states the total number of osteoclasts increases and as a result 

there is more overall resorption. However, increased bone resorption in several bone-related 

diseases, particularly those associated with local increases in resorption such as arthxitis, 

Paget's disease and periodontal disease, is also fiequently associated with an increase in the 

size of osteoclasts. This suggests that an increase in osteoclast size (number of nuclei per 

cell) may be related to increased resorptive activity. Because inflammatory processes are 

ofien associated with excessive bone loss, we chose to study the effects of MCSF on 

osteoclast activity, as it is an inflammatory cytokine present in large quantities in 

inflammatory diseases with associated bone loss. interestingly, we found that addition of 

MCSF only stimulateci resorption when there was a concomitant increase in size of the 

osteoclasts, with no change in osteoclast number (Chapter 2). Short terxn administration of 

MCSF resulted in no change in resorptive activity or size of osteoclasts while long temi 

culture with MCSF increased both size of osteoclasts and amount resorbed. Calculation of 

resorptive efficiency of populations of large and small osteoclasts also indicated that 

populations of large osteoclasts resorbed more per nucleus than did populations of small 

osteoclasts. 

Since resorptive efficiency differed between populations of large and srnall 

osteoclasts, we hypothesized that this might be a result of some inherent differences in the 

"resorptive machïnery" of these cells (Chapter 3). We chose to study pH regulatory 

mechanisms, in particular those involving proton extrusion (V-ATPase and N~'/H' 

exchanger), because of the pivotal role of proton extrusion and cytoplasrnic pH regulation in 

the resorptive process. When cultureci on glass, large osteoclasts had a significantly higher 

basal pHi than small osteoclasts and this hi& pHi was maintained by V-ATPase activity in 



these cells. The differences between large and small osteoclast pHi regulation were 

confimed in acid-loaded cells, where al l  smail osteoclasts recovered their pHi almost entirely 

by N~+/H' exchange activity while in 40% of large osteoclasts only V-ATPase activity was 

responsible for pHi regulation. However, in the remaining 60% of large osteoclasts both V- 

ATPase and N~'/H' exchange activities were involved in pHi regulation, suggesting that size 

alone could not explain differences between pHi regulatory mechanisms in these cells. As a 

result, we hypothesized that large osteoclasts with V-ATPase activity only may be those 

expressing the resorptive phenotype, even though they were cultureci on glass. 

In order to detemine whether resorbing osteoclasts regulate pHi mainly by V-ATPase 

activity and whether there are differences in resorptive machinery between mal1 and large 

osteoclasts associated with differences in their resorptive efficiencies, we examined pHi 

regulatory mechanisms in small and large resorbing and non-resorbing osteoclasts (Chapter 

4). This study was made possible by the availability of collagen and hydroxyapatite coated 

coverslips which were sufficiently light-permeable for pH studies and upon which resorbing 

and non-resorbing osteoclasts could be distinguished. Al1 resorbing osteoclasts had a high 

basal pHi which was maintained by high V-ATPase activity. The two populations of large 

osteoclasts which recovered fkom an acid load differently on g l a s  were very similar in their 

pHi regulatory mechanisms to Iarge resorbing and non-resorbing osteoclasts, respectively, 

suggesting that phase of activity correlated with the differences observed in these cells. 

hterestingly, al1 non-resorbing osteoclasts (both small and large) regulated pHi by ~ a + / H f  

exchange activity while al1 resorbing osteoclasts utilized V-ATPase (except that small 

resorbing osteoclasts also had N~'/H' exchange activity), suggesting no inherent differences 

in resorptive efficiency of small and large resorbing osteoclasts. As a result we re-examineci 

the issue of resorptive efficiency on an individual ce11 basis and found that while large 



osteoclasts do resorb considerably more per ce11 than small osteoclasts, there was no 

difference in resorption per nucleus of these two groups of cells. However, the percentage of 

large osteoclasts that were resorbing was 8-fold higher than the percentage of small resorbing 

osteoctasts, suggesting that activation mechanisms of these cells are very different. As a 

result, the calculation of resorptive efficiency in Chapter 2 underestimated resorptive activity 

per ce11 of srnall osteoclasts as many of the cells were not in a resorptive state. 

The central hypothesis of this research project was that osteoclast size (as defïned by 

the number of nuclei per cell) is a major factor in detemiining the efficiency with which 

osteoclasts can resorb bone and that resorptive efficiency is related to the activity of the 

pathways in osteoclasts involved in proton transport. With regard to the first part of the 

hypothesis, we have shown that actively resorbing large osteoclasts do not resorb more per 

nucleus on an individual ce11 basis as compareci to actively resorbing small osteoclasts. 

However, as a population, large osteoclasts clearly are more effective resorbers than small 

osteoclasts because the proportion of large osteoclasts that are resorbing is much greater than 

the proportion of small osteoclasts that are resorbing. Thus, many small osteoclasts are not 

as effective as a smaller number of large osteoclasts with the same total nurnber of nuclei as 

present in small osteoclasts. This explains why in disease States where there are more large 

osteoclasts, there is also much more bone resorbed. This finding demonstrates the need to 

look at more than just one parameter when cons ide~g resorptive efficiency of osteoclasts. 

Piper et al. (1992) investigated oniy resorption per nucleus of individual osteoclasts and as a 

result came to the conclusion that the larger the cell, the less they resorb, which was contrary 

to the observed situation in certain pathological conditions of bone loss. Here we show that 

while individual osteoclasts may have similar resorptive efficiencies (on a per nucleus basis), 

it is the population as a whole which is important in determining total resorption. 



With regard to the second part of the hypothesis, M e r  studies into the mechanisms 

of proton transport and pHi regulation as related to resorptive efficiency showed that cells 

with similar resorptive efficiencies also regulated pHi using essentiaily the same 

mechanisms. in particular, we demonstrated that al1 resorbing osteoclasts used V-ATPase to 

regulate pHi while non-resorbing osteoclasts used the N~'/H' exchanger alrnost exclusively, 

thus providing an additional indicator of state of activity (i-e. resorbing vs. non-resorbing) of 

osteoclasts. However, since a population of large osteoclasts resorbs more overall (on a pet 

nucleus basis) than a population of small osteoclasts, but both populations use the same 

proton transport pathway, additionai factors must differ betweea these cells. 

We suggest that one of these differences may be differential activation of large and 

small osteoclasts. Aithough exposed to the same culture environment, a greater percentage 

of large osteoclasts were resorbing as compared to small osteoclasts, suggesting that large 

osteoclasts resorb more as a population because a greater proportion of thern are %med on" 

to resorb. Whether this is due to differences in receptor numbers for certain activating 

ligands, such as MCSF or OPGL remains to be detexmined. Preliminary results in our 

laboratory show that resorptive activity of large osteoclasts (as measured by the percentage 

of cells resorbing) may be more sensitive to inhibition by calcitonin than that of small 

osteoclasts. No difference was seen in a preliminary experiment with MCSF addition, 

although this may have been due to an unusually high percentage of cells resorbing in the 

control in this particular experiment. Future studies will focus on quantifjnng differences in 

receptor levels of activating ligands in mal1 and large osteoclasts by in situ hybridization and 

immunofluorescence studies to detennine whether this could account for the differentid 

activation of large and small osteoclasts. 

A limitation of this study involves the use of only one inhibitor for each of the pHi 



regulatory mechanisms studied. Although bafilomycin Ai and amiloride are specific and 

classical inhibitors of V-ATPase and N~+/H'  exchange, respectively, and have been used 

exclusively in the literatture in pH studies to identiQ these pH regulatory mechanisms, other 

inhibitors could also be used to veri* these results. Extensive modifications of the structure 

of baflomycin Ai did not identi@ any new analogue more potent or significantly more 

selective for the osteoclast V-ATPase (Gagliardi et al. 1998). However, the stnicturally 

related macrolide antibiotic concanamycin A was more stable and showed greater potency 

and specificity for the V-ATPase as compared to bafilomycin Ai when tested in bacteria 

(Drose et al. 1993). Amilonde analogues such as 5-(N-ethyl-N-isopropy1)amiloride (EIPA) 

and 5-(N-methyl-N-isobutyl)amiloride (MIBA) were more potent than amiloride (Vigne et 

al. 1984) and gave a more complete suppression of N~'/IT exchange activity than amilonde 

(Maidom et al. 1993), however, a recent report dernonstrated that these analogues were not 

specific for the exchanger as they aiso inhibited the Naf/ca2+ exchanger and the ca2' 

pump with the same potency as that for the ~ a ' m  exchanger in cardiac myocytes (Murata et 

al. 1995). In addition, electrophysiological studies involving patch clamping would also 

ensure that other ion currents are not involved. Although Cl- channels were ruled out by ow 

experirnents using DiDS, a more potent Cl- channel inhibitor such as 5-nitro-2-(3- 

phenylpropy1amino)benzoic acid (NPPB) could also be used to verifjr these results, however, 

as with al1 Cl- channel inhibitors discovered to date, NPPB does not act on these channels 

alone as it also has non-specific effects on energy metabolism and fünctions as an effective 

protonophore (Keeling et al. 199 1 ; Lukacs et al. 199 1). The praence of protein and mRNA 

for V-ATPase and N ~ ~ / H C  exchanger in the various ceils could also be studied by 

immunohistochemistry and single ce11 RT-PCR, respectively, to determine whether the 

different activities of these pH regulatory mechanisms correlate with mRNA and protein 



levels. However, since V-ATPase activity is primarily a h c t i o n  of assembly andor 

targeting to the membrane rather than mRNA and protein levels (Brown et al. 1992; Kane et 

al. 1992), the information obtained by evaluating these parameters is of limited importance 

(Bastani et al. 1991). 

Another important issue is the question of the origin and history of the individual 

nuclei in small and large osteoclasts. Osteoclast lifespan may be longer than that of its nuclei 

as 1 nucleus can reside within an osteoclast for about 1 1.5 days (nuclear turnover average5 

8% per day) (Jaworski et al. 1981), while estimates of osteoclast lifespan range h m  1-4 

weeks (Anderson et al. 1979; Gungor et al. 1982; Marks and Seifert 1985). As a result, it 

should be noted that size may not necessarily relate to age or stage of differentiation of the 

osteoclast, as we do not know the history of the individual cell or its nuclei. Time-lapse 

microcinepho tography studies have shown that in vitro, multinuclear osteoclasts fùse with 

each other as well as with mononuclear cells to form Iarger osteoclasts (Marshall et al. 1 986; 

Zambonin Zallone et al. 1984; Kanehisa and Heersche, unpublished). This process is 

observed fiequently. Conversely, the splitting up of large osteoclasts in culture to form two 

smaller osteoclasts has also been observed, although much l a s  fiequently (Addison 1979; 

Kaneshisa and Heersche, unpublished). 

It is also possible that differences in pH regulatory mechanisms between ~ a ' -  

dependent and ~a+-independent large osteoclasts seen in Chapter 3 are due to differences in 

whether they were formed fiom fusions of several mononuclear or fewer multinuclear cells. 

Similarly, large non-resorbing ostmclasts in Chapter 4 could be those generated fiom fisions 

of small osteoclasts while the large resorbing osteoclasts could be those resulting fiom t'usion 

of larger cells. In addition, smail resorbing osteoclasts could be cells which have split fiom 

larger osteoclasts and as such are capable of resorption, wheres the non-resorbing ones 



could be cells that are at an early stage of diffêrentiation and have just fomed by fusion of 

mononuclear precwsors. 

To study these possibilities, the fate of individual nuclei and the cells which contain 

thern must be determineci. One possible approach to do this would be to use a technique 

similar to that used by Solari et al. (1995), who studied mononuclear ce11 generation fiom 

multinucleated giant cells. One osteoclast per CHA-coated coverslip would be microinjected 

with an impermeable fluorescent probe (such as Lucifer Yellow) which does not freely cross 

ce11 membranes. Its localization in only one ce11 can be detennined imrnediately a f k  

injection and then the fate of this ce11 observed at various time intervls over a period of at 

least 24 hours. If the ce11 divides or joins with another cell, distinct and separate fluorescent 

areas wiil be observeci which can be correlateci with individual cells as seen under phase- 

contrast microscopy. Alternatively, the frite of individual nuclei could be detennined by 

injecting a viable chromatin dye such as Hoechst 333342 into a ce11 and following those 

nuclei over time. Once the histories of the cells and/or nuclei are known, then amount 

resorbed and pH measurements can also be performed on these cells to determine whether 

ce11 fusion or splitting has any effect on these parameters. 

In addition to the potential importance of the history of individual osteoclasts and 

their nuclei is the question of age and differentiation of these cells. If a differentiation 

pathway exists once osteoclasts are formed, then their characteristics may change dong this 

pathway and as a result younger osteoclasts may differ f?om older ones. Although no such 

pathway has been shown to exist and osteoclasts are categorized as either mononuclear pre- 

osteoclasts or fùlly differentiated multinuclear osteoclasts (Suda et al. 1996), the question of 

age could be addressed by artificially inhibiting ce11 proliferation to stop the formation of 

new precursors and then examine the remaining osteoclasts over tirne without fear of 



contamination by younger cells. This could be done by adding 1 m M  hydroxyurea to the 

cultures (Lorenzo et al. 1983) or 3 pg/mi cytosine D-arab ino~os ide  (Teti et al. 1988; 

Woods et al. 1995) and then examuiing resorption and measuring pH over several days. 

Tntiated thymidine or 5-bromodeoxyuridine cm be added to detect any residual cells 

undergoing DNA synthesis to ensure complete block of proliferation (Gratzner 1982; 

Marshall and Davie 1991; Woods et al. 1995). Pitfàlls of this proposeci study include 

potential inhibition of RNA and protein synthesis by hydroxyurea (Yarbro 1968) and other 

unknown effects these compounds may have on osteoclast activity. In addition, although the 

recniitrnent of new cells is inhibited, the implied assumption with this approach is that al1 the 

remaining osteoclasts are of relatively similar age and level of differentiation, which may not 

be entirely true. 

Another possible explanation for the differences seen between certain osteoclasts with 

regard to pH regulatory mechanisms and resorptive activities, which is not dependent on the 

size or phase of activity of osteoclasts, could be due to dedifferentiation of some of these 

cells. Dedifferentiation refers to the loss of differentiated characteristics which results in loss 

of morphologie or functional properties of the ceil (Reischl et al. 1999). This leads to the 

ce11 adopting a less mature phemtype and ofhm results in the ce11 re-acquiring proliferative 

capability which is once again followed by a new round of differentiation (Kitamura et al. 

1986; Bar-Shavit et al. 1986). Thus dedifferentiation of small osteoclasts and/or ~ a + -  

dependent large osteoclasts could result in a loss of V-ATPase activity and resorptive 

potential in these cells which is completely independent of size of the cels. Several 

investigators have shown that dedifferentiation does occur in many different cell types, 

including rat adrenal glomerulosa cells (Engeland and Levay-Young 1999), mouse mast cells 

&tamura et al. l986), rabbit cortical collecting tubule cells (Jarnous et al. 1993), and bovine 



oviduct epithelial cells (Reischi et al. 1999). Common to al i  of these was the resultant 

proliferation of the dedifferentiated cells to produce new ceiis a d o r  to regenerate the 

organs. Of particular interest was the study by Kintner and Brockes (1984) who found that 

multinucleated myofibrils dedifférentiate to mononucleated blastemal cells in newt lirnb 

regeneration. However, when Fischman and Hay (1962) and Washabaugh and Tsonis (1994) 

investigated the possible role of osteoclasts in the regeneration of newt limbs in vivo and in 

vitro, respectively, they clearly showed that osteoclasts do not dedifférentiate f?om stump 

tissues but rather form by the fûsion of hemopoietic cells. In addition, Bar-Shavit et al. 

(1986) showed that mononuckar human leukemia cell line HL60 cells dedifferentiate to a 

less mature phenotype upon rernoval of 1,25-dihydroxyvitamin D3 fiom culture (as shown by 

a Ioss of 63D3 antigen, increased c-myc mRNA, increased cell volume and resumption of 

proliferation) whereas the osteoclast-like multinucleated giant cells also foxmed in these 

cultures did not dediffêrentiate, as they rernained viable, remained 63D3 antigen positive and 

did not proliferate. They hypothesized that the multinucleated cells stabilize their phenotype 

by achieving developmental corrunitment even before ce11 fùsion. Thus, since al1 of the 

osteoclasts we studied were already multinucleated and osteoclasts clearly do not proliferate, 

dediserentiation of some of the cells is not a likely reason for the differences in osteoclast 

activity we observed. 

Although the reasons for differences between the resorptive capacity and activation of 

small and large osteoclasts rernain unknown, it is clear fiom these studies that differences do 

exist. As a result large osteoclasts degrade more bone than smail osteoclasts and the 

presence of greater numbers of large osteoclasts in certain diseases is responsible for the 

greater amount of bone loss. 



CHAPTER 6: CONCLUSIONS 

Osteoclast resorption of bone is required for normal bone remodeling and the total 

inhibition of all osteoclastic activity, while treating diseases of bone los, would prevent bone 

renewal, and would thus be detrimental for bone quality- As a result, selective inhibition of 

the most active osteoclasts would be a valuable method of treatment, although not yet 

possible. The goals of this research project were to explain why iacreased resorptive activity 

appears to be associated with the presence of many large osteoclasts, to find the basis for 

heterogeneity among osteoclasts and to identi@ the most active osteoclasts such that in fbture 

it may be possible to target inhibitory dmgs to these osteoclasts alone. We have obtained, for 

the first time, a clear indication that multinucleanty affects osteoclast fiinction and 

regulation. Osteoclast size, as detennined by number of nuclei per cell, is important in 

determining how much bone is resorbed. Large osteoclasts are more effective bone resorbers 

than small osteoclasts, although not on a per nucleus basis as we had originally anticipated, 

but rather as a whole population because a much greater proportion of large osteoclasts are 

resorbing as compared to small osteoclasts. We suggest that these different proportions 

reflect differences in activation mechanisms, rather than pHi regulatory mechanisms (V- 

ATPase activity, ~ a + / H f  exchange activity), of these cells and hope that the results obtained 

here will form the grodwork that will make the selective pharmacological inhibition of the 

most active osteoclasts feasible. 



CHAPTER 7: REFERENCES 

Abe, H., Mocharla, H., Yamate, Y, and Manolagas, S. C. (1999). Meltrh-alpha, a fision 

protein involved in multinucleated giant ce11 and osteoclast formation. Calczy Tissue 

Int 64,508-5 15. 

Addison, W. C. (1979). The distribution of nuclei in imprints of feline osteoclasts. J Anat 

129,63068. 

Addison, W. C. (1980). The effect of parathyroid hormone on the numbers of nuclei in feline 

osteoclasts in vivo. JAnat 130,479486. 

Amano, H., Yamada, S. and Felix, R. (1 998). Colony-stimulating factor- 1 stimulates the 

fiision process in osteoclasts. JBone Miner Res 13,846-853. 

Anderson, N. D., Colyer, R. A. and Riley, L. H. J. (1979). Skeletal changes during prolonged 

extemal irradiation: alterations in marrow, growth plate and osteoclast populations. 

Johns Hopkins M d  J 145,7343. 

Antonioli-Corboz, V., Cecchini, M. G., Felix, R., Fleisch, H., van der Pluijm, G. and Lowik, 

C. W. G. M. (1992). Effect of macrophage coIony-stimulating factor on in vitro 

osteoclast generation and bone resorption. Endocrinology 130,437-442. 

Aota, S. ,  Nakamura, T., S~Izuki, K., Tanaka, Y., Okazaki, Y., Segawa, Y., Miura, M. and 

Kikuchi, S. (1 996). Effects of indomethacin administration on bone turnover and 

bone mass in adjuvant-induced arthritis in rats. Calcz~Tissue Int 59,385-39 1 .  

Arend, W. P. and Dayer, J. M. (1990). Cytokines and cytokine inhibitors or antagonists in 

rheurnatoid arthritis. Arthritis Rheurn 33,305-3 15. 

Arkett, S. A., Dixon, S. J. and Sims, S. M. (1992). Substrate influences rat osteoclast 

morphology and expression of potassium conductances. J Physid 458,633-653. 



Arkett, S. A., Dixon, S. J. and Sims, S. M. (1994). Effects of extracellular calcium and 

protons on osteoclast potassium currents, JMembrane Bi02 140, 163- 1 7 1. 

Aniett, T. R., Boyde, A., Jones, S. J. and Taylor, M. L. (1994). Effects of medium 

acidification by aiteration of carbon dioxide or bicarbonate concentrations on the 

resorptive activity of rat osteoclasts. JBone Miner Res 9,375-379. 

Amett, T. R. and Dempster, D. W. (1986). Effect of pH on bone resorption by rat osteoclasts 

in vitro. Endocrinology 1 19, 1 1 9- 1 24. 

Amett, T. R. and Spowage, M. (1996). Modulation of the resorptive activity of rat osteoclasts 

by small changes in extracellular pH near the physiological range. Bone 18,277-279. 

Ash, P., Loutit, J. F. and Townsend, K. M. S. (1980). Osteoclasts derived fiom 

haanatopoietic stem cells. Nature 283,669-670. 

Asotra, S., Gupta, A. K., Sodek, J., Aubin, J. E. and Heersche, J. N. M. (1994). Carbonic 

anhydrase II mRNA expression in individual osteoclasts under "resorbing" and 

"nonresorbing" conditions. JBone Min Res 9, 1 1 1 5- 1 122. 

Aubin, J. E. and Liu, F. (1996). The osteoblast Iineage. In PrincipZes of bone biology (ed. J. 

P. Bilezikian, L. G. Raisz and G. A. Rodan), pp. 51-68. San Diego: Academic Press. 

Babcock, D. F. (1983). Examination of the intracellular ionic environment and of ionophore 

action by nul1 point measurments employing the fluorescein chromophore. J Biol 

Chem 258,6380-6389. 

Baron, R., N e 6  L., Louvard, D. and Courtoy, P. J. (1985). Cell-mediated extracellular 

acidification and bone resorption: evidence for a low pH in resorbing lacunae and 

locaiization of a 100-kD lysosomal membrane protein at the osteoclast ruffled border. 

J Cell Biol101,22 10-2222. 

Baron, R., Neg L., Van, P. T., Nefussi, J. R. and Vignery, A. (1986). Kinetic and 



cytochemical identification of osteoclast precmors and their differentiation into 

multinucleated osteoclasts. Am J PathoZ122,363-378. 

Baron, R. E. (1996). Anatomy and ultrastructure of bone. In Primer on the metabolic bone 

diseases and disorders of mineral metabolism (ed. M.  J. Favus), pp. 3-10. 

Philadelphia: Lippincott-Raven. 

Bar-Shavit, Z., Kahn, A. J., Stone, K. R., Trial, J., Hilliard, T., Reitsma, P. H. and 

Teitelbaum, S. L. (1986). Reversibility of vitamin D-induced human Ieukemia cell- 

line maturation. Endocrïnology 118,679-686. 

Bastani, B., Pwceli, H., Hemken, P., Trigg, D. and Gluck, S. (1991). Expression and 

distribution of rend vacuolar proton-tanslocating adenosine triphosphatase in 

response to chronic acid and alkali loads in the rat. J Clin Invest 88, 126- 136. 

Bastani, B., Ross, F. P., Kopito, R. R. and Gluck, S. L. (1996). Immunocytochemical 

localization of vacuolar H+-ATPase and Cl-HC03 anion exchanger (erythrocyte 

band-3 protein) in avian osteoclasts: effect of calcium-deficient diet on polar 

expression of the H+-ATPase pump. Calcif Tissue Int 58,332-336. 

Bellingham, C. M., Lee, J. M., Moran, E. L. and Bogoch, E. R. (1995). Bisphosphonate 

(pamidronate/APD) prevents arthritis-hduced loss of fiacture toughness in the rabbit 

fernoral diaph ysis. J Orthop Res 13,876-880. 

Bidani, A., Brown, S. E. S. and Heming, T. A. (1994). pHi regulation in alveolar 

macrophages: relative roles of Na+-H+ antiport and H+-ATPase. Am J Physiol266, 

L68 1-L688. 

Blair, H. C. (1 998). How the osteoclast degrades bone. BioEssays 20,837-846. 

Blair, H .  C. and Schlesinger, P. H. (1990). Purification of a stilbene sensitive chloride 

channel and reconstitution of chlonde conductivity into phospholipid vesicles. 



Biochem Biophys Res Comm 171,920-5. 

Blair, H. C., Teitelbaum, S. L., Ghiselli, R. and Gluck, S. (1989). Osteoclastic bone 

resorption by a polarized vacuolar proton pump. Science 245,855-857. 

Blair, H. C., Teitelbaum, S. L., Grosso, L. E., Lacey, D. L., Tan, H--L., McCoW D. W. and 

Jefiey, J. J. (1 993). Extracellular-ma& degradation at acid pH. Avian osteoclast 

acid collagenase isolation and characterization. Biochem J290,873-884. 

Blair, H. C., Teitelbaum, S. L., Tan, H.-L., Koziol, C. M. and Schlesinger, P. H. (1 99 1). 

Passive chloride permeabiiity charge coupled to H+-ATPase of avian osteoclast 

ruffled membrane. Am J Physiol260, C 13 1 5-C 1 324. 

Blavier, L. and Delaisse, J. M. (1 995). Matrix metalloproteinases are obligatory for the 

migration of preosteoclasts to the developing m m w  cavity of primitive long bones. 

J Cell Sci 108,3649-3659. 

Bogoch, E., Gschwend, N., Bogoch, B., Rahn, B. and Perren, S. (1988). Jwrtaarticular bone 

l o s  in experimental inflammatory arthntis. J Orthop Res 6,648-656. 

Bogoch, E. R. and Moran, E. (1 998). Abnormal bone remodelling in inflarnmatory arthritis. 

Can J Surgery 41,264-27 1. 

Bossard, M. J., Tomasiek, T. A., Thompson, S. K., Amegadzie, B. Y., Hanning, C. R., Jones, 

C., K W l a ,  J. T., McNulty, D. E., Drake, F. H., Gowen, M. and Levy, M. A. (1996). 

Proteolytic activity of human osteoclast cathepsin K. Expression, purification, 

activation and substrate identification. J Biol Chern 271, 125 17- 12524. 

Boyarsky, G., Hanssen, C. and Clyne, L. (1996). Inadequacy of high K+/nigericin for 

calibrating BCECF. 1. Estimating steady-state intracellular pH. Am J Physiol 

271(Ceïi Physiol40), C 1 13 1-1 145. 

Boyce, B. F., Hughes, D. E., Wright, K. R., Xing, L. and Dai, A. (1999). Recent advances in 



bone biology provide insight into the paîhogenesis of bone diseases. Lab Invest 79, 

83-94. 

Brown, D., Sabolic, 1. and Gluck, S. (1 992). Polarïzed targeting of V-ATPase in kidney 

epithelial cells. JEjrp Bi02 172,23 1-243. 

Buckler, K. I., Vaughan-Jones, R. D., Peers, C. and Nye, P. C. G. (1991). Intracellular pH 

and its regulation in isolated type 1 carotid body cells of the neonatal rat. J Physiol 

436, 107- 129. 

Busa, W. B. (1986). Mechanisms and consequences of pH-mediated ce11 regulation. Ann Rev 

PhysioZ48,3 89-402. 

Bushinsky, D. A. (1996). Metabolic allcalosis decreases bone calcium efnux by suppressing 

osteoclasts and stimulating osteoblasts. Am JPhysiol271, F2 16-F222. 

Carano, A., Schtesinger, P. H e ,  Athanasou, N. A., Teitelbaum, S. L. and Blair, H. C. (1993). 

Acid and base effects on avian osteoclast activity. Am JPliysiol264, C694-C701. 

Casey, J. R. and Reithmeier, R. A. F. (1998). Anion exchangers in the red ce11 and beyond. 

Biochem Cell Biol 76,709-7 13. 

Chappard, D., RetailleadGaborit, N., Filmon, R., Audmn, M. and Basle, M.-F. (1998). 

increased nucleolar organizer regions in osteoclast nuclei of Pagetts bone disease. 

Bone 22,4549, 

Chatterjee, D., Chalcraborty, M., Leit, M., Neff, L., Jamsa-Kellokumpu, S., Fuchs, R., 

Bartkiewicz, M., Hernando, N. and Baron, R. (1992). The osteoclast proton pump 

differs in its pharmacology and catalytic subunits from other vacuolar H+-ATPses. J 

Exp Biol172, 193-204. 

Cooper, C., Dennison, E., Schanieutle, K., Kellingray, S., Guyer, P. and Barker, D. ( 1  999). 

Epidemiology of Paget's disease of bone. Bone 24,3S-5s. 



David, P., Nguyen, H., Barbier, A. and Baron, R. (1996). The bisphosphonate tiludronate is a 

potent inhibitor of the osteoclast vacuolar H+ATPase. J Bone Miner Res 11, 1498- 

1507. 

De Ondarza, J. and Hootman, S. R. (1997). Confocal microscopie andysis of intracellular pH 

regulation in isolated guinea pig pancreatic ducts. Am J Physiol272, G 124-G 134. 

Delaisse, J. M., Boyde, A., Macomachie, E., Ali, N. N., Sear, C. H. J., Eeckhout, Y., Vaes, 

G. and Jones, S. J. (1987). The effects of inhiiitors of cysteine proteinases and 

collagenase on the resorptive activity of isolated osteoclasts. Bone 8,305-3 13. 

DiGiovine, F. S., Nuki, G. and Duff, G. W. (1988). Tumor necrosis factor in synovial 

exudates. Ann Rheum Dis 47,768-772. 

Doi, Y., Horiguchi, T., Moriwaki, Y., Kitago, H., Kajirnoto, T. and Iwayama, Y. (1996). 

Formation of apatite-coilagen complexes. J Biomed Mater Res 31,4349. 

Drose, S., Bindseil, K. U., Bowman, E. J., Siebers, A., Zeeck, A. and Altendorf, K- (1993). 

Inhibitory efiect of modified bafilomycins and concanamycins on P- and V-type 

Adenosinetriphosphatases. Biochern 32,3902-3906. 

Edwards, M., Sarma, U. and Flanagan, A. M. (1998). Macrophage colony-stimulating factor 

increases bone resorption by osteoclasts disaggregated fiom human fetal long bones. 

Bone 22,325-329. 

Eisner, D. A., Kenning, N. A., O'Neill, S. C., Pocock, G., Richards, C. D. and Vaideolmillos, 

M. (1989). A novel method for absolute calibration of intracellular pH indicators. 

P'ugers Arch - Europ JPhysiol413,553-558. 

Elleder, M. (1986). Enzyme patterns in human endocytotic multinucleate giant cells-a 

histochemical study. Acta Histochemica 79, 1 - 10. 

Enelow, R. L, Sullivan, G. W., Carper, H. T. and Mandell, G. L. (1992). Cytokine-induced 



human multinucleated giant cells have enhanced candidacidal activity and oxidative 

capacity compared with macrophages. Jïnfect Dis 166,664-668. 

Engeland, W. C. and Levay-Young, B. K. (1999). Changes in the glomemlosa ce11 phenotype 

during adrenal regeneration in rats. Am J Physiol276, R 1 3 74-R 13 82. 

Everts, V., Delaisse, J.-M., Korper, W. and Beertsen, W. (1998). Cysteine proteinases and 

matrix metdoproteinases play distinct roles in the subosteoclastic resorption zone. J 

Bone Miner Res 13, 1420- 1430. 

Everts, V., Delaisse, J.-M., Korper, W., Niehof, A., Vaes, G. and Beertsen, W. (1992). 

Degradation of collagen in the bone-resorbing compartment underlying the osteoclast 

invo Ives both cysteine-proteinases and ma& met doproteinases. J Cellular Physiol 

150,221-231. 

Everts, V., Korper, W., Jansen, D. C., Steinfort, J., Lammerse, I., Heera, S., Docherty, A. J. 

P. and Beertsen, W. (1999). Functional heterogeneity of osteoclasts: matrix 

metalloproteinases participate in osteoclastic resorption of calvarial bone but not in 

resorption of long bone. FASEB J 13, 12 19-1 230. 

Fais, S., Burgio, V. L., Silvestri, M., Capobianchi, M. R., Pacchiarotti, A. and Pailone, F. 

( 1994). Multinucleated giant cells generation induced by interferon-gamma- Changes 

in the expression and distribution of the intercellular adhesion molecule-1 during 

macrophage fùsion and multinucleated giant ceIl formation. Lab Invest 71,737-744. 

Feldman, R. S. F., Krieger, N. S. and Tashjian, A. H. J. (1980). Effects of parathyroid 

hormone and calcitonin on osteoclast formation in vitro. Endocrinology 107, 1137- 

1143. 

Felix, R., Cecchini, M. G. and Fleisch, H. (1990a)- Macrophage colony stimulating factor 

restores in vivo bone resorption in the op/op osteopetrotic mouse. Endocrinology 127, 



2592-2594, 

Felix, R., Cecchini, M. G., Hofstetter, W., Elford, P, R., Stutzer, A, and Fleisch, H. (1990b). 

Impairment of macrophage colony-stimdating factor production and lack of resident 

bone marrow macrophages in the osteopetrotic op/op muse. J Bone Miner Res 5, 

78 1-789. 

Filvaroff, E. and Derynck, R. (1998). Bone remodelling: a signalhg system for osteoclast 

regulation. Current Biol8, R679-R682. 

Firestein, G. S., Xu, W.-D., Townsend, K-, Broide, D., Alvaro-Gracia, J., Glasebrook, A. and 

Zvaifler, N. (1988). Cytokines in chronic inflammatory arthritis. 1. Failure to detect T 

ce11 lymphokines (interleukùi 2 and Interleukin 3)  and presence of macrophage 

colony- stimulating factor (CSF- 1) and a novel mast ce11 growth factor in rheumatoid 

synovitis. J Exp Med 168,1573-1 586. 

Fischman, D. A. and Hay, E. D. (1 962). Origin of osteoclasts from mononuclear leucocytes 

in regenerating newt limbs. Anaf Rec 143,329-334. 

Fliegel, L. and Dibrov, P. (1996). Biochemistry and molecuiar biology of the Na+/H+ 

exchanger: an overview. in me Na+/H+ Exchanger (ed. L. Fliegel), pp. 1-20. New 

York: Chapman and Hall. 

Fontana, A., Hengartner, H., Weber, E., Fehr, K., Grob, P. J. and Cohen, G. (1982). 

interleukin-1 activity in the synovial fluid of patients with rheumatoid arthritis. 

Rheumatol Iitt 2 , 4943 .  

Forgac, M. (1 998). Structure, function and regulation of the vacuolar (H+)-ATPases. FEBS 

Lett 440,258-263. 

Forgac, M. (1 999). Structure and properties of the vacuolar OF+)-ATPases. J Biol Chem 274, 

1295 1-12954. 



Fujikawa, Y., Sabokbar, A., Neale, S. and Athanasou, N. A. (1996). Human osteoclast 

formation and bone resorption by monocytes and synovial macrophages in 

rheumatoid arthritis. Ann Rheum Dis 55,8 16-822. 

Fujinaga, S., Tang, X.-B. and Casey, J. R. (1999). Topology of the membrane domain of 

human erythrocyte anion exchange protein, AE 1. J Biof Chem 274,662606633. 

Fuller, K., Owens, J. M., Jagger, C. J., Wilson, A., Moss, R. and Chambers, T. J. (1993). 

Macrophage colony-stimdating factor stimulates survival and chernotactic behavior 

in isolated osteoclasts. J Exp Med 178, 1733- 1744. 

Gagliardi, S., Gatti, P. A., Belfiore, P., Zocchetti, A., Clarke, G. D. and Farina, C. (1998). 

Synthesis and structure-activity relationships of bafilomycin Al derivatives as 

inhibitors of vacuolar H+-ATPase. J Med Chem 41, 1 883- 1 893. 

Goto, T., Tsukuba, T., Kiyoshirna, T., Nishimura, Y., Kato, K., Yamamoto, K. and Tanaka, 

T. (1993). Immunohistochemical localization of cathepsins B,D,L in the rat 

osteoclast. H'tochem 99,411414. 

Grano, M., Faccio, R., Colucci, S., Paniccia, R., Baldini, N., Zambonïn Zallone, A. and Teti, 

A. (1994). Extracellular C S +  sensing is modulated by pH in human osteoclast-Iike 

cells in vitro. Am J Physiol267, C96 1 -C968. 

Gratzner, H. G. (1982). Monoclonal antibody to 5-bromo-and 5-iododeoxywidine: a new 

reagent for detection of DNA replication. Science 218,474-475. 

Gravallese, E. M., Harada, Y., Wang, J.-T., Gom, A. H., Thornhill, T. S. and Golàring, S. R. 

(1998). Identification of ce11 types responsible for bone resorption in rheumatoid 

arthritis and juvenile rheurnatoid arthritis. Am JPafhol152,943-95 1. 

Grinstein, S. and Funiya, W. (1 986). Characterization of the amiloride-sensitive Na+-H+ 

antiport of human neutmphils. Am JPhysiol250, C283-C29 1. 



Gungor, T., Hedlund, T., Hulth, A. and Johneli, 0. (1982). The effect of irradiation on 

osteoclasts with or without transplantation of hematopoietic cells. Acta Orthop Scand 

53,333-337. 

Gupta, A., Edwards, J. C. and Hruska, K. A. (1996). Cellular distribution and regdation of 

NHE-1 isoform of the Na-H exchanger in the avian osteoclast Bone 18,87-95. 

Gupta, A., Guo, X.-L., Alvarez, U. M. and Hmska, K. A. (1997). Regdation of sodium- 

dependent phosphate transport in osteoclasts- J Clin lnvest 100,53 8-549. 

Hall, T. J. and Chambers, T. J. (1989). Optimal bone resorption by isolated rat osteoclasts 

requires chloride/bicarbonate exchange. CalctjTÏssue lnr 45,3 78-3 80. 

Hall, T. J. and Chambers, T. J. (1990). Na+/H+ antiporter is the primary proton transport 

system used by osteoclasts during bone resorption. JCell Physiol142,420-424. 

Hall, T .  J. ,  Schaeublin, M. and Chambers, T. J. (1992). Na+/Ht-antiporter activity is 

essential for the induction, but not the maintenance of osteoclastic bone resorption 

and cytoplasmic spreading. Biochem Biophys Res Comm 188, 1097- 1 1 03. 

Hall, T. J., Schaeublin, M. and Chambers, T. J. (1993). The majority of osteoclasts require 

mRNA and protein synthesis for bone resorption in vitro. Biochem Biophys Res 

Comm 195,1245-1253. 

Hattersley, G., Dory, E., Horton, M. A. and Chambers, T. J. (1988). Hurnan macrophage 

colony-stimdating factor inhibits bone resorption by osteoclasts disaggregated fiom 

rat bone. J Cell Phys 137, 199-203. 

Hays, S .  R. and Alpern, R. J. (1990). Apical and basolateral membrane H+ extrusion 

mechanisms in inner stripe of rabbit outer medullary collecting duct. Am J Physiol 

259, F628-F635. 

Hofstetter, W., Wetterwald, A., Cecchini, M. C., Felix, H. and Mueller, C- (1992). Detection 



of transcxipts for the receptor for macrophage colony-stimulating factor, c-fms, in 

murine osteoclasts. Proc Natl Acad Sci USA 89,9637-964 1. 

Holtrop, M. E. and King, G. J. (1977). The ultrastmcture of the osteoclast and its fûnctional 

implications. C h  Orthop 123, 1 77- 1 96. 

Hughes, D. E., Wright, K. R., Uy, H. L., Sasaki, A., Yoneda, T., Roodman, G. D., Mundy, G. 

R. and Boyce, B. F. (1995). Bisphosphonates promote apoptosis in murine osteoclasts 

in vitro and in vivo. J Bone Miner Res 10, 1478- 1487. 

Ingber, D. E., Prusty, D., Frangioni, J. V., Cragoe, E. J. J., Lechene, C. and Schwartz, M. A. 

(1990). Control of intracellular pH and growth by fibronectin in capillary endothelid 

cells. JCell Biol110, 1803-181 1. 

Iwano, T., Kurosawa, H., Murase, K., Takeuchi, H. and Ohkubo, Y. (1988). Tissue reaction 

to collagen-coated porous hydroxyapatite. Clin Orthop 268,243 -252. 

Jamous, M., Koechlin, N., Tauc, M., PoujeoI, P. and Rambourg, A. (1993). Evolution of a 

cortical collecting tubule primary culture. Eur J Cefl Biol61,392-399. 

Jaworski, Z. F. G., Duck, B. and SekaIy, G. (198 1). Kinetics of osteoclasts and their nuclei in 

evolving secondary Haversian systerns. J Ana? 133,397-405. 

Jennings, M. L. (1989). Structure and h c t i o n  of the red blood ceIl anion exchange protein. 

Prog Clin Biol Res 292,327-338. 

Jimi, E., Shuto, T. and Koga, T. (1995). Macrophage colony-stimulating factor and 

interleukui- 1 -alpha maintain the survival of osteoclast-like cells. Endocrinology 136, 

808-8 1 1. 

Jones, S. J. and Boyde, A. (1977). Some morphological obsewations on osteoclasts. Ceii 

Tiss Res 185,3879397. 

Kane, P. M., Kuehn, M. C., Howald-Stevenson, 1. and Stevens, T. H. (1992). Assembly and 



t a r g e ~ g  of peripheral and integral membrane subunits of the yeast vauolar H+- 

ATPase. J Biol Chem 267,447454. 

Kanehisa, J. ( 1 989). Time course of "escape" fkom calcitonin-induced inhibition of motility 

and resorption of disaggregated osteoclasts. Bone 10, 125-129. 

Kanehisa, J. and Heersche, J. N. M. (1988). Osteoclastic bone resorption: in vitro analysis of 

the rate of resorption and migration of individual osteoclasts. Bone 9,73-79. 

Kanis, J. A., Gertz, B. J., Singer, F. and Ortolani, S. (1995). Rationale for the use of 

alendronate in osteoporosis. Osteoporosis Int 5, 1 - 1 3. 

Kanzaki, H., Hatayama, H., Nanikawa, S., Kariya, M., Fujita, J. and Mon, T. (1995). 

Hormonal regulation in the production of macrophage colony-stimulating factor and 

transfonning growth factor-beta by human endometrial stroma1 cells in culture. H o m  

Res 44(suppi2), 30-3 5. 

Kaye, M., Zucker, S. W., Leclerc, Y. G., Pnchard, S., Hodsman, A. B. and Barré, P.-E. 

(1 985). Osteoclast enlargement in endstage rend disease. Kidney Intl27,574-58 1. 

Keeling, D. J., Herslof, M., Ryberg, B., Sjogren, S. and Solveli, L. (1997). Vacuolar H+- 

ATPases. Targets for dmg discovery. Annals NY Acad Sci 834,600-608. 

Keeling, D. J., Taylor, A. G. and Smith, P. L. (1991). Effects of NPPB (5-nitro-2-(3- 

pheny1propylamino)benzoic acid) on chloride transport in intestinal tissues and the 

T84 ce11 Iine. Biochim Biophys Acta 1115,42-48. 

Kelly, M. E. M., Dixon, S. J. and Sims, S. M. (1994). Outwardly rectifjhg chloride current 

in rabbit osteoclasts is activated by hyposmotic stimulation. J Physiol475,377-389. 

Kintner, C. R. and Brockes, J. P. (1984). Monoclonal antibodies identiQ blastemal cells 

derived fiom dedifferentiating muscle in newt limb regeneration. Naiure 308,67-69. 

Kitamura, Y ., Sonoda, T. and Nakano, T. (1986). Probable dedifferentiation of mast cells in 



mouse comective tissues. Curr Top Dev Biol20,325-332. 

Kleiner, D. E. J. and Stetler-Stevenson, W. G. (1993). Structural biochdstry and activation 

of matrix metalloproteases. Curr Op CeZZ Biol S,89 1 -897. 

Klein-Nulend, J- and Raisz, L. G. (1989). Effects of two inhibitors of anion transport on bone 

resorption in organ culture. Endocinology 125,lO 19- 1024. 

Kodarna, H., Yamasaki, A., Nose, M., Niida, S., Ohgarne, Y., Abe, U., Kumegawa, M. and 

Suda, T. (1991). Congenitai osteocIast deficiency in osteopetrotic (op/op) mice is 

cured by injections of macrophage colony-stimulating factor. J Exp Med 173, 269- 

272. 

Kong, Y.-Y., Felge, U., Sarosi, L, Bolon, B., Tafùri, A., Morony, S., CappareIli, C., Li, J., 

EIliott, R., McCabe, S., Wong, T,, Campagnuolo, G., Moran, E., B o ~ o c ~ ,  E. R., Van, 

G., Nguyen, L. T., Ohashi, P. S., Lacey, D. L., Fish, E., Boyle, W. J. and Penninger, 

J. M. (1999a). Activated T cells regulate bone loss and joint destruction in adjuvant 

arthritis through osteoprotegerin ligand. Nature 402,304-309. 

Kong, Y.-Y., Yoshida, H., Sarosi, I., Tan, H.-L., Timms, E., Capparelii, C., Morony, S., 

Oliveira-dos-Santos, A. J., Va., G., Itie, A., Khoo, W., Wakeham, A., Dunstan, C. R., 

Lacey, D. L., Mak, T. W., Boyle, W. J. and Penninger, J. M. (1999b). OPGL is a key 

regulator of osteoclastogenesis, lymphocyte development and lymph-node 

organogenesis. Nature 397,3 15-323. 

Kopito, R. R. (1990). Molecular biology of the anion exchanger gene farnily. Inr Ra, Cytd 

123, 177-199. 

Krane, S. (1 986). Paget's disease of bone. Calcif Tissue Inf 38,309-3 1 7. 

Kraut, J. A., Mishler, D. R., Singer, F. R. and Goodman, W. G. (1986). The effects of 

metabolic acidosis on bone formation and bone resorption in the rat. Kid Int 30, 694- 



700. 

Kukita, A., Chenu, C., McMnus, L. M., Mundy, G. R, and Roodman, G. D. (1990). Atypical 

multinucleated ceils form in long-terni marrow cultures fkom patients with Paget's 

disease. J Clin invest 85, 1280- 1286. 

Kurachi, T., Morita, I., Oki, T., Ueki, T., Sakaguchi, K., Enomoto, S. and Murota, S. (1994). 

Expression on outer membranes of mannose residues, which are involved in 

os teoclast formation via cellular fbsion events, J Biol Chem 269, 1 7572- 1 7576. 

Lacey, D. L., Timms, E., Tan, H.-L., Kelley, M. J., Dunstan, C. R., Burgess, T., Elliott, R., 

Colombero, A., Elliott, G., Scully, S., Hsu, H., Sullivan, J., Hawkins, N., Davy, E., 

Capparelli, C., Eli, A., Qian, Y.-X., Kauhan, S., Sarosi, I., Shaihoub, V-, Senaldi, 

G., Guo, J., Delaney, J. and Boyle, W. J. (1998). Osteoprotegerin ligand is a cytokine 

that regulates osteoclast diffërentiation and activation. Cell93, 165- 1 76. 

Laitala, T. and Vaananen, H. K. (1994). Inhibition of bone resorption in vitro by antisense 

RNA and DNA molecules targeted against carbonic anhydrase II or two subunits of 

vacuolar H+ATPase. J Clin Invest 1994,23 1 1 -23 1 8. 

Laitala, T. and Vaananen, K. (1993). Proton channel part of vacuolar H+-ATPase and 

carbonic anhydrase II expression is stimulated in resorbuig osteoclasts. J Bone Miner 

Res 8, 119-126. 

Laitala-Leinonen, T., Howell, M. L., Dean, G. E. and Vaananen, H. K. (1996). Resorption- 

cycle-dependent polarization of mRNAs for different subunits of V-ATPase in bone- 

resorbing osteoclasts. Mol Biol Cell7, 12% 142. 

Lees, R. L. and Heersche, J. N. M. (1996)- Macrophage colony shulating factor increases 

motility and resorptive activity of rabbit osteoclasts. J Bone Min Res 1 l(suppl l), 

S287. 



Lees, R. L. and Heersche, J. N. M. (1999). Macrophage wlony stimulating factor increases 

osteoclastic bone resorption in long-term osteoclast-containing rabbit bone marrow 

cultures by increasing osteoclast size. J h n e  Miner Res 14,937-945. 

Lees, R. L. and Heersche, J. N. M. (2000). Differences in regulation of intracellular pH in 

large (>IO nuclei) and srnaIl (<5 nucIei) osteoclasts. Am JPhysiol in press. 

Lehenkari, P. P., Laitala-Leinonen, T., Linna, T--J- and Vaananen, H. K. (1997). The 

regulation of pHi in osteoclasts is dependent on the culture substrate and on the stage 

of the resorption cycle. Biochem Biophys Res Comm 235,838-844. 

Lin, J. H. (1996). Bisphosphonates: a review of their pharmacokinetic properties- Bone 18, 

75-85. 

Lipsky, P. E., Davis, L. S., Cush, J. J. and Oppenheimer-Marks, N. (1489). The role of 

cytokines in the pathogenesis of rheumatoid artbritis. Springer Semin Immunopathol 

11, 123-62. 

Lorenzo, J. A., Pilbeam, C. C., Kalinowski, J. F. and Hibbs, M. S. (1992). Production of both 

92- and 72-kDa gelatinases by bone cells. Matrix 12,282-290. 

Lorenzo, J. A., Raisz, L. G. and Hock, J. M. (1983). DNA synthesis is not necessary for 

osteoclastic responses to parathyroid hormone in cultwed fetal rat long bones. J Clin 

Invest 72, 1 924- 1 929. 

Lukacs, G. L., Nanda, A., Rotstein, O. D. and Grinstein, S. (1991). The chloride charnel 

blocker 5-nitro-2-(3-phenylpropyl-a~nino)benzoic acid (NPPB) uncouples 

mitochondria and increases the proton pemeability of the plasma membrane in 

phagocytic cells. FEBS Lett 288, 1 7-20. 

Maidorn, R. P., Cragoe, E. J. J. and Tannock, 1. F. (1 993). Therapeutic potential of analogues 

of amiloride: inhibition of the regulation of intracellular pH as a possible mechanism 



of tumour selective therapy. Br J Cancer 67,297-303. 

Makris, G. P. and Saffar, J. L. (1982). Quantitative relationship between osteoclasts, 

osteoclast nuclei and the extent of the resorbing surface in hamster periodontal 

disease. Arch Oral Biol27,965-969. 

Marks, S. C.  and Henney, D. C. (1996). The structure and development of bone. In Princples 

ofbone biology (ed. J. P. Bilezikian, L. G. Raisz and G. A. Rodan), pp. 3-14. San 

Diego: Academic Press. 

Marks, S. C. J. and Lane, P. W. (1976). Osteopetrosis, a new recessive skeletal mutation on 

chromosome 12 of the mouse. JHered 67, 1 1 - 18. 

Marks, S. C. J. and Seifert, M. F. (1 985). The lifespan of osteoclasts: experimental studies 

using the giant granule cytoplasmic marker characteristic of beige mice. Bone 6,45 1- 

455. 

Marshall, M. J. and Davie, M. W. J. (1991). An immunocytochemical method for studying 

the kinetics of osteoclast nuclei on intact mouse parietal bone. Histochem J23,402- 

408. 

Marshall, M. J., Nisbet, N. W. and Green, P. M. (1986). Evidence for osteoclast production 

in mixed bone cell culture. CalcifTissue Int 38,26-274. 

Matsuzaki, K., Udagawa, N., Talcahashi, N., Yamaguchi, K., Yasuda, H., Shima, N., 

Morinaga, T., Toyama, Y., Yabe, Y., Higashio, K. and Suda, T. (1998). Osteoclast 

di fferentiation factor (ODF) induces osteoclast-like ce11 formation in hurnan 

peripheral blood mononuclear ce11 cultures. Biochem Biophys Res Comm 246, 199- 

204. 

Mattsson, J. P., Schlesinger, P. H., Keeling, D. J., Teitelbaum, S. L., Stone, D. K. and Xie, 

X . 4 .  (1994). Isolation and reconstitution of a vacuolar-type proton pump of 



osteoclast membranes. JBiol Chem 269,24979-24982. 

Mbalaviele, G., Chen, H., Boyce, B. F., Mundy, G. R. and Yoneda, T. (1995)- The role of 

cadherin in the generation of multtinucleated osteoclasts fiom mononuclear precursors 

in murine marrow. J C h  imest 95,2757-2765. 

Mernissi, G. E., Barlet-Bas, C., Khadouri, C., Marsy, S., Cheval, L. and Doucet, A, (1991). 

Characterization and localization of ouabain-insensitive Na-dependent ATPase 

activities along the rat nephron. Biochim Biophys Acta 1064,205-2 1 1. 

Minkin, C. (1982). Bone acid phosphatase: tartrate-resistant acid phosphatase as a marker of 

osteoclast hct ion.  Calc Tiss In? 34,285-290. 

Moilanen, E. (1994). Prostauoids and leukoûienes in rheumatoid synovitis. Pharmacol 

Toxicol7S(suppI II), 4-8. 

Moolenaar, W.H., Tsien, R.Y., van der Saag, P.T. and de Laat, S.W. (1983). Na+/H+ 

exchange and cytoplasmic pH in the action of growth factors in hurnan fibroblasts. 

Nature 304,645-648. 

Mundy, G. R. (1996). Bone-Resorbing Cells. In Primer on the metabolic bone diseases and 

disorders of mineral metabolisrn (ed. M. J. Fans),  pp. 16-24. Philadelphia: 

Lippincott-Raven. 

Mundy, G. R. (1 999). Cellular and molecular regulation of bone turnover. Bone 24,35S-3 8s. 

Murata, Y., Harada, K., Nakajirna, F., Maruo, J. and Morita, T. (1995). Non-selective effects 

of amiloride and its analogues on ion transport systems and their cytotoxicities in 

cardiac myocytes. Jpn JPharmacol68,279-285. 

Murrills, R. J., Stein, L. S. and Dernpster, D. W. (1993). Stimulation of bone resorption and 

osteoclast clear zone formation by low pH: a tirne-course study. J Cellular Physiol 

154,511-518. 



Nesbitt, S. A. and Horion, M. A. (1997). Trafficking of matrix collagens through bone- 

resorbing osteocIasts~ Science 276,266-269, 

Nijweide, P. J., Burger, E. H., Nulend, J. K, and Van der PIas, A. (1996). The osteocyte. In 

Princ@les of bone biology (ed. J. P .  Bilezikian, L. G. Raisz and G. A- Rodan), pp. 

1 1 5- 1 26. San Diego: Academic Press. 

Nishii, H., Ashitaka, Y., Maruo, M. and Mochizuki, M. (1991). Studies on the effect of 

thyroid hormone and epidennal growth factor on the cultured human cytotrophoblast. 

Endocrin Japonica 38,279-286. 

Nordstrom, T., Rotstein, O- D., Rornanek, R., Asotra, S., Heersche, 3. N. M., Manolson, M. 

F., Brisseau, G. F. and Grinstein, S. (1995). Regulation of cytoplasmic pH in 

osteoclasts. Contribution of proton pumps and a proton-selective conductance. JBiol 

Chem 270,2203-22 12. 

Nordstrom, T., Shrode, L. D., Rotstein, O. D., Romanek, R., Goto, T., Heersche, f .  N. M., 

Manolson, M. F., Brisseau, G. F. and Grinstein, S. (1997). Chronic extracellular 

acidosis induces plasmalemmai vacuolar type H+ ATPase activity in osteoclasts. J 

Biol Chem 272,6354-6360. 

Odeh, M. (1997). New insights into the pathogenesis and treatment of rheurnatoid arthritis. 

Clin lmrnunol Immunopathol83,103- 1 16. 

Okada, Y., Naka K, Kawamura, K., Matsumato, T., Nakanishi, I., Fujimoto, N., Sato, H. and 

Seiki, M. (1 995). Localization of matrix metalloproteinase 9 (92-kDa gelatinase/type 

IV collagenase = gelatinase B) in osteoclasts: implications for bone resorption- Lab 

Invest 72,3 1 1-322. 

Orcel, P., Denne, M. A. and DeVernejouI, M. C. (1991). Cyclosponn-A in vitro decreases 

bone resorption, osteoclast formation, and the h i o n  of cells of the monocyte- 



macrophage lineage. Endocrinology 128, 1638- 1646. 

Orcel, P., Feuga, M., Bielakoff, J. and de Vernejoui, M. C. (1993). Local bone injections of 

LPS and M-CSF increase bone resorption by different pathways in vivo in rats. Am J 

Physiol264, E3 9 1 -E397. 

Orlowski, J. and Shull, G. (1996). Characteristics of the plasma membrane Na+/H+ 

exchanger gene family. In The Na+&?+ Exchanger (ed. L. Fliegel), pp. 123-148. 

New York: Chapman and Hall. 

Owens, J. and Chambers, T. J. ( 1 993). Macrophage colony-stimulating factor CM-CSF) 

induces migration in osteoclasts in vitro. Biochem Biophys Res Comm 195, 1401- 

1407. 

Pacifici, R. (1996). Estrogen, cytokines, and pathogenesis of postmenopausal osteoporosis. J 

Bone Miner Res 11,1043-1051. 

Papadimitriou, J. M. and Van Bruggen, 1. (1986). Evidence that multinucleate giant cells are 

examples of mononuclear phagocytic differentiation. JPatholt48, 149- 1 57. 

Piper, K., Boyde, A. and Jones, S. J. (1992). The relationship between the number of nuclei 

of an osteoclast and its resorptive capability in vitro. Anat Embryol186,29 1-299. 

Puzas, J. E. (1996). Osteoblast ce11 biology - Lineage and hctions. In Primer on the 

metabolie bone diseases and disorders of mineral metabolism (ed. M .  J .  Faws), pp. 

1 1 - 1 5. Philadelphïa: Lippincott-Raven. 

Quinn, J. M. W., Elliott, J., Gillespie, M. T. and Martin, T. J. (1998). A combination of 

osteoclast differentiation factor and macrophage-wlony stimulating factor is 

sufficient for both human and mouse osteoclast formation in vitro. Endocrinoiogy 

139,4424-4427. 

Rastogi, V. K. and Gwin, M. E. (1999). Structural changes linked to proton translocation by 



subunit c of the ATP synthase. Ncrntre 402,263-268. 

Ravwloot, J. H., Eisen, T., Baron, R. and Boron, W. F. (1995). Role of Na-H exchmgers and 

vacuolar H+ pumps in intracellular pH regdation in neonatal rat osteoclasts. J Gen 

P hysiol105, 1 77-208. 

Rebel, A., Malkani, K., Bade, M. and Bregeon, C. (1976). Osteoclast ultrastructure in Paget's 

disease. Calcif Tiss Res 20, 1 87- 199. 

Reischl, J., Prelle, K., Schol, H., Neumuller, C., Euispanier, R., Sinowatz, F. and Wolf, E. 

( 1  999). Factors affecting proliferation and dedifferentiation of primary bovine oviduct 

epithelial cells in vitro. Cell Tissue Res 296,3 7 I -3 83. 

Reponen, P., Sahlberg, C., Munaut, C., Thesleff, 1. and Tryggvason, K. (1994). High 

expression of 92-kD type iV collagenase (gelatinase B) in the osteoclast lineage 

during mouse development . J Cell Bioll24, 1 09 1 - 1 1 02. 

Reszka, A. A., Halasy-Nagy, J. M., Masarachia, P. J. and Rodan, G. A. (1999). 

Bisphosphonates act directly on the osteoclast to induce caspase cleavage of Mstl 

kinase during apoptosis. J Biol Chem 274,34967-34973. 

Roodman, G. D. (1996). Paget's disease and osteoclast biology. Bone 19,209-2 12. 

Roodman, G. D. (1999). Ce11 biology of the osteoclast. Exper Hemutol27, 122% 124 1. 

Roos, A. and Boron, W. F. (1 98 1). Intracellular pH. Physiol Ra, 61,296430. 

Rothstein, A. (1 984). The fûnctional architecture of band 3, the anion transport protein of the 

red ce11 membrane. Can JBiochem CeZf Biol62,1198- L 204. 

Rubin, J., Biskobing, D., Fan, X., Rubin, C., McLeod, K. and Taylor, W. R. (1997). Pressure 

regulates osteoclast formation and MCSF expression in mmow culture. J Cellular 

Physiol170,8 1-87, 

Rubin, J., Fan, X., Thomton, D., Bryant, R. and Biskobing, D. ( 1  996). Regulation of murine 



osteoblast macrophage colony-stimulating factor production by 1 ,2S(OH)2D3. Calcif 

Tissue hr 59,29 1 -296. 

Sakai, D., Tong, H. S. and Minkin, C. (1995). Osteoclast molecular phenotyping by random 

cDNA sequencing. Bone 17, 1 1 1 - 1 19. 

Salo, J., Lehenkari, P., Mulari, M., Metsikko, K. and Vaananen, H. K. (1997). Rernoval of 

osteoclast bone resorption products by transcytosis. Science 276,270-273. 

Sardet, C., Franchi, A. and Pouyssegur, J. (1 989). Molecular cloning, primary stnicture, and 

expression of the human growth factor-activatable Na+/H+ antiporter. Cell 56, 27 1- 

280. 

Sarma, U., Edwards, M., Motoyoshi, K. and Flanagan, A. M. (1998). Inhibition of bone 

resorption by 17beta-estradiol in human bone marrow cultures. J Cellular Physiol 

175,99-108. 

Sarma, U. and Flanagan, A. M. (1996). Macrophage colony-stimulating factor induces 

substantial osteoclast generation and bone resorption in human bone marrow cultures- 

Blood 88,253 1-2540. 

Sasaki, T., Takahashi, N., Higashi, S. and Suda, T. (1989). Multinucleated cells formed on 

calcified dentine fiom mouse bone marrow cells treated with 1 alpha, 25- 

dihydroxyvitamin D3 have niffled borders and resorb dentine. Anatom Rec 224, 379- 

391. 

Sato, M., Sardana, M. K., Grasser, W. A., Garsky, V. M., Murray, J. M. and Gould, R. J. 

(1990). Echistatin is a potent inhibitor of bone resorption in culture. J Cell Biol 111, 

1713-1723. 

Schepetkin, 1. (1 997). Osteoclastic bone resorption: normal and pathological. Annals NY 

Acad Sci 832, 1 70- 193. 



Scheven, B. A. A., Kawilarang-De Haas, E. W. M., Wassenaar, A.-M. and Nijweide, P. J. 

( 1986). Differentiation kinetics of osteoclasts in the periosteum of ernbryonic bones 

in vivo and in vitro. Anat Rec 2 l4,4 18423. 

Scheven, B. A. A., Milne, J. S. and Robins, S. P. (1997). A novel culture system to generate 

osteoclasts and bone resorption using porcine bone marrow cells: role of M-CSF. 

Biochem Biophys Res Comm 231,23 1-235. 

Schlesinger, P. H., Blair, H- C., Teitelbaum, S. L. and Edwards, J. C. (1997). 

Characterization of the osteoclast ruffled border chloride channel and its role in bone 

resorption. JBiol Chem 272, 1 8636-43. 

Schmidt, A., Rutledge, S. J., Endo, N., Opas, E. E., Tanaka, H., Wesolowski, G., Leu, C. T., 

Huang, Z., Ramachandaran, C., Rodan, S. B. and Rodan, G. A. (1996). Protein- 

tyrosine phosphatase activity regdates osteoclast formation and function: inhibition 

by alendrouate. Proc Natl Acad Sci USA 93,3068-3073. 

Schroeder, H. E. and Lindhe, J. (1980). Conditions and pathological features of rapidly 

destructive, experimental periodontitis in dogs. J Periodont 51,6- 1 9. 

Schwartz, M. A., Lechene, C. and Ingber, D. E. (1991). Insoluble fibronectin activates the 

Na/H antiporter by clustering and immobilizing integrin dB1 ,  independent of ce11 

shape. Proc Natl Acad Sci. USA 88,7849-7853. 

Seed, T. M., Kaspar, L. V., Domann, F., Niiro, G. K. and LeBuis, D. A. (1988). 

DeveIopmental and radiobiologie characteristics of canine multinucleated, osteoclast- 

like cells generated in vitro f?om canine bone marrow. Scanning Microscopy 2, 1599- 

161 1. 

Seitz, M., Loetscher, P., Fey, M. F. and Tobler, A. (1994). Constitutive mRNA and protein 

production of macrophage colony-stimulating factor but not of other cytokines by 



synovial fibroblasts fiom rheumatoid arthrit is and osteoarthritis patients. Br J 

Rheumatol33,6 13- 6 19. 

Shafer, W. G-, Hine, M. K. and Levy, B. M. (1974). Diseases of the periodontium. In A 

textbook of oralpathoiogy, pp. 704-753- Philadelphia: W. B. Saunders Co. 

Shibutani, T. and Heersche, J. N. M. (1993). Effect of medium pH on osteoclast activity and 

osteoclast formation in cultures of dispersed rabbit osteoclasts. J Bone Min Res 8, 

33 1 - 336. 

Shibutani, T., Iwanaga, H., bai ,  K., Kitago, M., Doi, Y. and Iwayama, Y. (2000). Use of 

glas  slides coated with apatite-collagen complexes for measurement of osteoclastic 

resorption activity. J Biomed Muter Res 50, 1 53- 1 59. 

Shibutani, T., Murahashi, Y., Tsukada, E., Iwayama, Y. and Heersche, J. N. M. (1997). 

Experimentally induced penodontitis in beagle dogs causes rapid increases in 

osteoclastic resorption of alveolar bone. J Periodont 68,385-39 1 .  

Shiina-Ishirni, Y., Abe, E., Tanaka, H. and Suda, T. (1986). Synthesis of colony-stimulating 

factor (CSF) and differentiation-inducing factor @-factor) by osteoblastic cells, clone 

MC3T3-E 1. Biochem Biophys Res Comm 134,400-406. 

Shimizu, S., Shiozawa, S., Shiozawa, K., Imura, S. and Fujita, T. (1985). Quantitative 

histologie studies on the pathogenesis of periarticular osteoporosis in rheumatoid 

arthritis. Arthritis Rheum 28,25-3 1. 

Shrode, L. De, Cabado, A. G., Goss, G. G. and Grinstein, S. (1996). Role of the Na+/H+ 

antiporter isoforms in ce11 volume regdation. In The Na+/H+ Exchanger (ed. L. 

Fliegel), pp. 101-122. New York: Chapman and Hall. 

Silver, 1. A., Mumlls, R. J. and Etherington, D. J. (1988). Microelectrode studies on the acid 

microenvironment beneath adherent macrophages and osteoclasts. Exp Celi Res 175, 



266-276. 

Sims, S. M., Kelly, M. E. and Dixon, S. J. (1991). K+ and Cl- currents in k h l y  isolated rat 

osteoclasts. PJrugers Archiv - Euro J Physiol419,3 58-70. 

Singer, F. R. and Roodman, G. D. (1996). Paget's disease of bone. in Principles of bone 

biology (ed. J. P. Bilezikian, L. G. Raisz and G. A. Rodan), pp. 969-977. San Diego: 

Academic Press. 

Smith, J. B., Bocchieri, M. H., Smith, J. B., Sherbin-Allen, L. and Abruzzo, J. L. (1990). 

Colony stimulating factor occurs in both infiammatory and noninflammatory 

synovial fluids. Rheumatolhzt 10, 13 1-134. 

Smith, M. D., Triantafillou, S., Parker, A., Youssef, P. P. and Coleman, M. (1997). Synovial 

membrane inflammation and cytokine production in patients with early osteoarthritis. 

J Rhmatol24,365-37 1. 

Smith, R. (1999). Paget's disease of bone: past and present. Bone 24, 1 S-2s. 

Socransky, S. S. and Haffajee, A. D. (1994). Evidence of bacterial etiology: a historical 

perspective. Periodontology 2000 5,7-25, 

Solari, F., Domenget, C., Gire, V., Woods, C., Lazarides, E., Rousset, B. and Jwdic, P. 

(1995). Multinucleated cell scan continuously generate mononucleated cells in the 

absence of rnitosis: a study of cells of the avian osteoclast lineage. J Cell Science 

108,3233-3241. 

Stanley, E. R., Guilbert, L. J., Tushinski, R. J. and Bartelmez, S. H. (1983). CSF-1 - a 

mononuclear phagocyte Lineage-specific hemopoietic growth factor. J Cellular 

Biochem 21, I5 1-159. 

Suda, T., Nakamura, I., Jimi, E. and Takahashi, N. (1997). Regulation of osteoclast function. 

JBone Miner Res 12,869-879. 



Suda, T., Udagawa, N. and Takahashi, N. (1996). CeLis of  bone: Osteoclast generation. In 

Principies of bone biology (ed. J .  P .  Bilezikian, L. G. Raisz and G. A. Rodan), pp. 87- 

102. San Diego: Academic Press. 

Sundquist, K., Lakkakorpi, P., Wallmark, b. and Vaananen, K. (1990). inhibition of 

osteoclast proton transport by bafilomycin Al abolishes bone resorption. Biochem 

Biophys Res Commun 168,309-3 13. 

Swallow, C. J., Grinstein, S. and Rotstein, O. D. (1990). Regulation of cytoplasmic pH in 

resident and activated peritoneal macrophages. Biochim Biophys Acta 1022,203-2 10. 

Takahashi, N., Udagawa, N., Akatsu, T., Tanaka, H., Shionome, M. and Suda, T. (1991). 

Role of colony-stirnulating factors in osteoclast development. JBone M n  Res 6,977- 

985. 

Takahashi, N., Yamana, H., Yoshiki, S., Roodman, G. D., Mundy, G. R., Jones, S. J., Boyde, 

A. and Suda, T. (1988). Osteoclast-like ceIl formation and its regulation by 

osteotropic hormones in mouse bone marrow cultures. Endocrinology 122, 1373- 

1382. 

Takashima, T., Kawai, K., Hirohata, K., Miki, A. and Mizoguti, H. (1989). inflammatory ce11 

changes in haversian canals: a possible cause of osteoporosis in rheumatoid arthritis. 

J Bone Joint Surg or) 71,67 1-676. 

Takeda, K., Oohara, T., Tabel, K. and Asano, Y. (1989). Dual regdatory mechanisrns of 

proton transport in rat papillary collecting duct cells in culture. Jap J Physiol39,397- 

4 1 O. 

Tanaka, S., Takahashi, N., Udagawa, N., Tamwa, T., Akatsu, T., Stanley, E. R., Kurokawa, 

T. and Suda, T. (1993). Macrophage colony-stimulating factor is indispensable for 

both proliferation and di fferentiation of osteoclast progenitors. J Clin Invest 91,257- 



263. 

Taylor, L. M., Tuksen, K., Aubin, J. E- and Heersche, J. N. M. (1993). Osteoclast 

differentiation in cocultures of a clonal chondrogenic ce11 lïne and mouse bone 

marrow cells. Endocrinology 133,2292-2300. 

Teitelbaum, S, L. ( 1 996). The osteoclast and osteoporosis. Mt Sinai J Med 63,399-402. 

Teitelbaum, S. L., Tondravi, M. M. and Ross, F. P. (1997). Osteoclasts, macrophages, and 

the molecula. mechanisms of bone resorption. JLeukoc BioZ61,38 1 -388. 

Teti, A., Blair, W. C., Schlesinger, P., Grano, M., Zambonin-ZaIlone, A., Kahn, A. J., 

Teitelbaum, S. L. and Hruska, K. A. (1989a). Extracellular protons acidie 

osteoclasts, reduce cytosolic calcium, and promote expression of cell-matrix 

attachent structures. J Clin Invest 84,773-780. 

Teti, A., Blair, H. C., Teitelbaum, S. L., Kahn, A. J., Koziol, C., Konsek, J., Zambonin- 

Zallone, A. and Schlesinger, P. H. (1989b). Cytoplasmic pH regulation and 

chloride/bicarbonate exchange in avian osteoclasts. J Clin Invest 83,227-233. 

Teti, A., Marchisio, P. C. and Zarnbonin Zallone, A. (199 1). Clear zone in osteoclast 

function: role of podosomes in regulation of bone-resorbing activity. Am J Physiol 

261, Cl -C7. 

Teti, A., Taranta, A., Migliaccio, S., Degiorgi, A., Santandrea, E., Villanova, I., Faraggiana, 

T., Chellaiah, M. and Hruska, K. A. (1998). Colony stimulating factor-1-induced 

osteoclast spreading depends on substrate and requires the vitronectin receptor and 

the c-src proto-oncogene. J Bone Miner Res 13,SO-58. 

Teti, A., Volleth, G., Carano, A. and Zambonin Zallone, A. (1988). The effects of 

parathyroid hormone or 1,25-Dihydroxyvitamin D3 on monocyte-osteclast fùsion. 

Calcg Tiss Int 42,302-308. 



Tezuka, K., Nemoto, K., Tezuka, Y., Sato, TI, Ikeda, Y., Kobori, M., Kawashima, H., 

Eguchi, H., Hakeda, Y. and Kumegawa, M. (1994). Identification of matri. 

metalloproteinase 9 in rabbit osteoclasts. J Biol Chem 269, 1 5006- 15009. 

Thavarajah, M., Evans, D. B. and Kanis, J. A. (1991). 1,25(OH)2D3 induces differentiation 

of osteoclast-like cells fiom human bone marrow cultures. Biochem Biophys Res 

Comm 176, 1189-1 195, 

Thomas, J. A., Buchsbaum, R. N., Zimniak, A. and Racker, E. (1979). Intracellular pH 

measurernents in ehrlich ascites tumor cells utilizing spectroscopie probes generated 

in situ. Biochem 18,22 10-22 18. 

Tiegs, R. D. (1997). Paget's disease of bone: indications for treatment and goals of therapy. 

Clin Ther 19, 1309-1329. 

Tonna, E. A. (1960). Osteoclasts and the aging skeleton: a cytological cytochemical and 

autoradiographic study. Anat Rec 137,25 1-269. 

Turksen, K., Kanehisa, J., Opas, M., Heersche, J. N. M. and Aubin, J. E. (1988). Adhesion 

patterns and cytoskeleton of rabbit osteoclasts on bone slices and glass. J Bone Min 

Res 3,389- 400. 

Vaananen, H. K., Karhukorpi, E. K., Sundquist, K., Wallmark, B., Roininen, L, Hentunen, 

T., Tuukkanen, J. and Lakkakorpi, P. (1990). Evidence for the presence of a proton 

pump of the vacuolar H+ -ATPase type in the ruffled borders of osteoclasts. J Cell 

Bi01 111,1305- 1311. 

Vaananen, K. (1 996). Osteoclast fiinction: Biology and mechankms. In Principles of Bone 

Biology (4. J. P. BiIezikian, L. G. Raisz and G. A. Rodan), pp. 103-1 13. San Diego: 

Academic Press. 

Vigne, P., Frelin, C., Cragoe, E. J. J. and Lazdunski, M. (1984). Structure-activity 



relationships of amilonde and certain of its analogues in relation to the blockade of 

the Na+/H+ exchange system. Mol P h a c o l 2 5 ,  13 1 - 136- 

Vignery, A., Wang, F., Qian, H. Y., Benz Jr, E. J. and Gilrnore-Hebert, M. (199 1 ). Detection 

of the Na+-Kt-ATPase a3-isoform in multinucleated macrophages. Am J Physiol 

260, F704- F709. 

Wakabayashi, S., Fafownoux, P., Sardet, C. and Pouyssegur, J. (1992). The Na+/H+ 

antiporter cytopIasmic domain mediated growth factor signals adn controls "H+ - 
sensing". Proc Nat1 Acad Sci USA 89,2424-2428. 

Washabaugh, C. H. and Tsonis, P. a. (1994). Mononuclear leukocytes in the newt limb 

blastema: in vitro behavior. Int JDev Biol38,745-749. 

Weinreb, M. and Halperin, D. (1998). Rat osteoclast precursors in vivo express a vitronectin 

receptor and a chloride-bicarbonate exchanger. Connective Tissue Res 37, 177- 182. 

Weir, E., Horowitz, M., Baron, R., Centrella, M., Kacinski, B. and Insogna, K. (1993). 

Macrophage colony stimulating factor release and receptor expression in bone cells. J 

Bone Miner Res 8, 1 507- 1 5 17. 

Weir, E. C., Lowik, C. W. G. M., Paliwal, 1. and Insogna, K. L. (1996). Colony stimulating 

factor-1 plays a role in osteodast formation and fimction in bone resorption induced 

by parathyroid hormone and parathyroid hormone-related protein. J Bone Min Res 

11, 147401481. 

Wiktor-Jedrzejczak, W., Ahmed, A., SzczyIik, C. and Skelly, R. R. (1982). Hematological 

characterization of congenital osteopetrosis in op/op mouse. J Exp Med 156, 15 16- 

1527. 

Wilkens, S., Vasilyeva, E. and Forgac, M. (1999). Structure of the vacuolar ATPase by 

electron rnicroscopy. JBiol Chem 274,3 1804-3 18 10. 



Williams, J. P., Blair, H. C., McDonald, J. M., McKenna, M. A., Jordan, S. E., Williford, J. 

and Hardy, R. W. (1997). Regulation of osteoclastic bone resorption by glucose. 

Biochem Biophys Res Comm 235,646-65 1.  

Woods, C., Domenget, C., Solari, F., Gandrillon, O., Lazarides, E. and Jurdic, P. (1995). 

Antagonistic role of vitamin D3 and retinoic acid on the differentiation of chicken 

hematopoietic macrophages into osteoclast precursor cells. end oc ri no log^ 136, 85- 

95. 

Wucherpfennig, A. L., Li, Y. P., Stetler-Stevenson, W. G., Rosenberg, A. E. and Stashenko, 

P. (1994). Expression of 92 kD type TV collagenaselgelatinase B in human 

osteoclasts. J Bone Min Res 9,549-556. 

Yarnashiro, D. J. and Maxfield, F. R. (1987). Kinetics of endosome acidification in mutant 

and wild-type chinese hamster ovary celts. J Cell Biol105,27 13-272 1. 

Yang, S., Zhang, Y., Rodriguiz, R. M., Ries, W. L. and Key, L. L. J. (1996). Functions o f  the 

M-CSF receptor on osteoclasts. Bone 18,355-360. 

Yarbro, J. W. (1968). Further studies on the mechanism of action of hydroxyurea. Cancer 

Res 28, 1082-1087. 

Yasuda, K., Shima, N., Nakagawa, N., Yamaguchi, K., Kinosaki, M., Mochiniki, S., 

Tornoyasu, A., Yano, K., Goto, M., Murakami, A., Tsuda, E., Morinaga, T., 

Higashio, K., Udagawa, N., Talcahashi, N. and Suda, T. (1998). Osteoclast 

differentiation factor is a ligand for osteoprotegerin.ostec1astogenesis-inhibitory 

factor and is identical to TRANCE/RANKL. Proc Natl Acad Sci USA 95,3597-602- 

Yoshida, H., Hayashi, S. I., Kunisada, T., Ogawa, M., Nishikawa, S., Okamura, H., Sudo, T., 

Shdtz, L. D. and Nishikawa, S. 1. (1 990). The murine mutation osteopetrosis is in the 

coding region of the macrophage colony stimulating factor gene. Naîure 345, 442- 



444. 

Yu, H. and Ferrier, J. (1993). Interleukin-1 alpha induces a sustained increase in cytosolic 

free calcium in cultured rabbit osteoclasts. Biochem Biophys Res Comm 191, 343- 

350. 

Yu, H. and Ferrier, J. (1995). Osteoclast ATP receptor activation leads to a transient decrease 

in intracellular pH. J Cell Science 108,305 1-3058. 

Zambonin Zallone, A., Teti, A. and Primavera, M. V. (1984). Monocytes fiom circulating 

blood fuse in vitro with purified osteoclasts in primary culture. J Cell Sci 66, 335- 

342. 

Zimolo, Z., Weslowski, G. and Rodan, G. A. (1995). Acid extrusion is induced by osteoclast 

attachent to bone. Inhibition by alendronate and calcitonin. J CIin h e s t  96, 2277- 

2283. 




