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ABSTRACT

Osteoclasts are multinucleated cells responsible for the resorption of both 

the organic and inorganic components of bone. The molecular mechanisms by 

which these cells are activated to resorb bone are still poorly understood. 

Previous work has shown that mature rat osteoclasts in short term cultures are 

extremely sensitive to small shifts in extracellular pH ([H'̂ om?]) and are strongly 

stimulated in acidified conditions (pH 6 . 8  - 7.0). The aim of the work 

presented in this thesis was to further investigate the actions of [H'̂ om/] on 

osteoclast function and to study the interactions of [Ĥ owd with other stimulators 

of resorption.

Experiments with mature rat osteoclasts indicated that the acid-activation 

effect does not abate over time but may become even more pronounced. 

Conversely, osteoclast formation in long-term mouse marrow cultures was 

inhibited at low pH and stimulated in more alkaline conditions; however, after 

formation in marrow cultures, the mature mouse osteoclasts exhibited the same 

acid-activation characteristics as freshly isolated mature rat osteoclasts. 

Experiments with cultured mouse calvarial bones showed similar effects: 

osteoclastic resorption was strongly activated below pH 7.0, but acidified 

conditions resulted in a reduction in the number of osteoclasts visible in bones. 

Acid-stimulated resorption in calvaria occurred with HCO3 rather than CO2 

acidosis and was blocked by inhibitors of prostaglandin and leukotriene



synthesis. In contrast, prostaglandin inhibitors stimulated pit formation by 

cultured rat osteoclasts. I also found that resorption pit formation by isolated 

chick osteoclasts was very sensitive to small changes in although

maximum pH sensitivity occurs over a more alkaline pH range than is the case 

for rodent osteoclasts. The data from these diverse systems provide strong 

support for the critical role of acid-base balance in modulating osteoclast 

function, despite apparent differences in the role of prostaglandins. The results 

show how pH can be manipulated to optimise resorption assays, and emphasise 

the importance of controlling this key variable.

I also discovered that extracellular ATP, now recognised as an important 

signalling molecule in many tissues, stimulated both the activation and formation 

of rodent osteoclasts. There was a marked synergy between the stimulatory 

effects of [H'̂ oud and low dose ATP on the resorptive activity of rat osteoclasts. 

Acid-activated resorption was blocked by apyrase (an ecto-ATPase) and by 

suramin (an ATP antagonist). Thus, extracellular ATP and low pH both appear 

to be necessary for osteoclast activation. The findings suggest an important 

new mechanism for the local control of osteoclast function which may be 

relevant to, for example, the bone loss associated with inflammation.
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Chapter 1

General Introduction

In this general introduction I will endeavour to give a brief overview of 

bone biology, with a description of the cell types involved, before focusing on the 

osteoclast and the role this cell plays in bone.

The skeletcd system includes the osseous tissues of the body and the 

connective tissues that stabilise or interconnect the individual bones (e.g. 

cartilage). The skeletal system has several functions, summarised as follows: 

(i) provides structural support for the entire body, with individual bones or 

groups of bones providing a framework for the attachment of soft tissues and 

organs; (ii) protects delicate tissues and organs (e.g. ribs protect the heart and 

lungs, skull encloses the brain); (iii) haemopoietic system within bone produces 

red blood cells and other blood elements; (iv) major reservoir of body calcium 

and phosphate.
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The high mechanical strength of the skeleton is determined by the 

complex mixture of mineral and organic components of bone. The predominant 

protein product in the organic matrix is type I collagen, with other non- 

collagenous products such as osteocalcin and bone sialoproteins also present. 

The major inorganic components of bone are hydroxyapatite (Caio(P0 4 )6(OH)2), 

brushite (CaHP0 4 ), and calcium carbonate (CaCOs). A number of osteotropic 

factors have been isolated from the mineralised bone matrix, including 

transforming growth factor p (TGF-P), insulin-like growth factors I and II, and 

fibroblast growth factors.

Bone remodelling is a coupled process between resorption and formation 

occurring at discrete locations, and consists of osteoclast-mediated resorption 

followed by osteoblast-mediated bone formation. During early life, bone 

formation exceeds bone resorption, with a net increase in bone mass, while later 

in life {e.g. postmenopausally) bone resorption exceeds bone formation, with net 

loss of bone, which may lead to osteoporosis. Remodelling not only maintains 

the mechanical integrity of bone, but also enables the regulation of body calcium 

homeostasis. Within bone three different cell types can be distinguished; 

osteoblasts, osteocytes and osteoclasts.
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Osteoblasts

Bone is formed by osteoblasts, which are mononuclear cells of 

mesenchymal origin. Osteoblasts produce and secrete the major part of the 

organic bone matrix, type I collagen, as well as other non-collagenous proteins 

such as osteocalcin, osteopontin, bone sialoproteins, and osteonectin (for reviews 

see Aubin et al., 1993 & Martin et al., 1993). Osteoblasts also secrete growth 

factors (e.g. insulin-like growth factors -I and II ), which stimulate the 

proliferation and differentiation of bone cells (Alsina et al., 1996). Some 

osteoblasts remain on the surface of the mineralising bone, while others remain 

behind the advancing mineralising bone surface and become entrapped in 

lacunae, where they are termed osteocytes.

Osteocytes

Osteocytes embedded in bone are able to communicate with each other, 

and possibly other cells such as osteoblasts, by means of gap junction-coupled 

cytoplasmic processes which extend through canaliculi in the mineralised matrix. 

The exact role of the osteocyte is unclear, however evidence suggests that the 

extensive cell network may facilitate the co-ordinated response of bone to 

mechanical stress and deformation (Skerry et al., 1989; Lanyon, 1993; Mullender 

and Huiskes, 1997). It has also recently been reported that osteocytes 

undergoing apoptosis in discrete areas of bone may attract or be permissive to 

osteoclastic bone resorption (Noble et al., 1997).
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Osteoclasts - Morphology and Phenotype

The role of the osteoclast in bone resorption was first described by 

Kolliker (1873), who also provided the cell’s descriptive name. Osteoclasts are 

large multinucleated cells that can range in size up to 1 0 0  pm in diameter. 

Osteoclasts are located on endosteal surfaces within the Haversian system and on 

the periosteal surface.

Contact with the bone surface induces a rapid reorganisation of the 

osteoclast cytoskeleton, causing cell polarisation and organisation of the 

resorbing apparatus, the most characteristic feature of which is the presence of 

the ruffled border and clear zone (Baron, 1989). The ruffled border is comprised 

of a number of finger-like projections of the plasma membrane adjacent to bone. 

The importance of the ruffled border in resorption is demonstrated by c-src gene 

“knockout” mice, which develop osteopetrosis, as the osteoclasts present lack 

ruffled borders and do not form resorption lacunae (Boyce et al., 1992). Recent 

work has suggested that phosphatidylinositol-3 (PI-3) plays an important role in 

ruffled border formation, probably in the fusion of membrane vacuoles with the 

plasma membrane (Nakamura et al., 1997a).

The ruffled border is surrounded by the clear zone, a region of cytoplasm 

which is devoid of cellular organelles but has a characteristic organisation of F- 

actin microfilaments into a ring-like structure, enclosed by a double circle of 

vinculin. Actin ring formation appears to be dependent on matrix substrates,
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proteins and integrins (Nakamura et al., 1996a). This type of microfilament 

organisation is seen only in resorbing osteoclasts, and can therefore be used as a 

marker for resorbing cells (Lakkakorpi and Vaananen, 1996). It is now generally 

accepted that the clear zone (or sealing zone) serves for the attachment of 

osteoclasts to the bone surface, and separates the resorption lacunae underneath 

the ruffled border from the extracellular fluid.

At this sealing zone area, the mechanism by which osteoclasts attach to 

bone is unknown. However, one way that cells can interact with the 

extracellular matrix is by a family of heterodimer transmembrane glycoproteins 

known as integrins. These are composed of noncovalently associated a  and P 

subunits. Osteoclasts express the integrins a 2 p l and a v p i, which are thought to 

be involved in the adhesion to native type I collagen (Helfrich et al., 1996), but 

the predominant osteoclast integrin is the vitronectin receptor, avp3 (Horton,

1997). The avpS integrin mediates a promiscuous recognition of many arg-gly- 

asp (RGD)-containing bone matrix proteins, such as osteopontin and bone 

sialoprotein. Peptides containing this motif have been shown to inhibit 

osteoclast attachment (Flanagan and Lader, 1997; Mercer et al., 1998) and 

resorption (Sato et al., 1990). The anti-vitronectin receptor antibody 23c6 also 

inhibits resorption and cell spreading by osteoclasts (Horton et al., 1991; 

Flanagan and Lader, 1997).
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However, the question as to whether integrins actually play a role in the 

sealing zone is still disputed (Lakkakorpi et al., 1991; Nakamura et al., 1996b). 

For example, Vaananen & Horton (1995) suggest that the distance between the 

osteoclast cell membrane and the bone matrix is simply too small to allow an 

integrin-mediated event. One essential role for integrins could be the podosomal 

attachment during migration, for example, the P3 integrin subunit is known to 

play a crucial role in the movement of osteoclasts from the periosteum to bone 

(Holt and Marshall, 1998). Recently, it has been shown that a peptidomimetic 

antagonist (SC56631) of the avP3 integrin is able to inhibit bone resorption in 

vitro, and prevent the rapid bone loss which accompanies oestrogen withdrawl in 

vivo (Engleman et al., 1997). This may represent a novel approach to treating 

bone diseases characterised by excessive osteoclastic resorption.

Monoclonal antibody 23c6 recognises the avp3 subunit of the vitronectin 

receptor, and thus preferentially stains osteoclasts (Horton et al., 1984; Davies et 

al., 1989). It is routinely used to identify human osteoclasts from a variety of 

sources, such as osteoclastoma (Horton et al., 1985) and osteoclast-rich tumours 

(Flanagan etal., 1988; Flanagan and Chambers, 1989), as well as freshly isolated 

human osteoclasts (Flanagan et al., 1992) and osteoclasts generated from human 

bone marrow (Sarma and Flanagan 1996; Lader and Flanagan 1998).

In addition to morphological markers and vitronectin expression, 

osteoclasts also express several phenotypic features that help to distinguish them
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from other multinucleated giant cells (e.g. macrophages). These include tartrate - 

resistant acid phosphatase (TRAP), matrix metalloproteinase 9 (MMP-9) and 

calcitonin receptors. TRAP is widely used as a specific histochemical marker of 

osteoclasts in bone tissue (Minkin, 1982; Asotra et al., 1994a). However its 

precise role in osteoclasts is not known. Various studies have suggested that 

TRAP may be important in osteoclastic resorption, since TRAP activity / 

secretion is increased by both parathyroid hormone (PTH) and 1,25- 

dihydroxyvitamin D3 (l,25(OH)2D3), (Minkin, 1982) and is inhibited by 

calcitonin (Chambers et al., 1987). TRAP may also be involved in the 

regulation of osteoclast attachment to bone via matrix protein dephosphorylation, 

generation of oxygen free radicals, or the normal mineralisation of cartilage in 

developing bone (Zaidi et al., 1989; Ek-Rylander et al., 1994; Hayman and Cox, 

1994; Hayman et al., 1996). However, TRAP is not an exclusive marker for 

osteoclasts, since in bone marrow cultures and pathological conditions 

macrophages can become TRAP-positive (Modderman et al., 1991). Therefore, 

care should be taken when assessing TRAP stained cultures, (e.g. the mouse 

marrow assay), where many non osteoclastic TRAP-positive multinucleate cells 

may be present (Hattersley and Chambers, 1989a).

MMP-9 (also known as gelatinase B) is a matrix metalloproteinase that 

cleaves denatured type I collagen and collagen types HI, IV, VU and XI. It is 

produced by osteoclasts during resorption and may also be important in 

osteoclast migration from the periosteum to bone (Blavier and Délaissé, 1995;
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Rice et al., 1997). MMP-9 is also released from osteoblasts, where it may act 

with other collagenases to remove the non-mineralised osteoid layer which 

covers the bone surface prior to osteoclastic resorption (Chambers et at., 1985a; 

Hill et al., 1995). Rice et al., (1997) suggest that MMP-9 expression can be 

used as a marker for osteoclasts, especially during early bone development, as 

MMP-9 is expressed during human osteoclast differentiation before TRAP 

(Roodman, 1996).

Another marker for osteoclasts is the calcitonin receptor (CTR), which is 

unique among bone and bone marrow cells (Hattersley and Chambers, 1989b). 

Results have shown a strong and specific correlation between the generation of 

bone-resorptive cells and CTR positive cells, and suggest that CTR expression 

may be a reliable marker for the identification of osteoclastic differentiation in 

vitro (Hattersley and Chambers, 1989b). CTRs are expressed at the protein and 

mRNA levels in late precursor cell differentiation (Lee et al., 1994; Massey et 

al., 1998). Numerous specific binding sites for calcitonin (as many as 10  ̂ per 

cell) have been demonstrated by autoradiographic studies on isolated rat 

osteoclasts (Nicholson et al., 1986), osteoclasts isolated from human foetal bone 

(Flanagan et al., 1992), osteoclasts generated from murine and human bone 

marrow (Hattersley and Chambers, 1989a; Sarma and Flanagan, 1996) and on 

osteoclasts generated in the peripheral blood UMR co-culture system (Massey et 

al., 1998). However, not all osteoclasts express CTRs. Avian osteoclasts do 

not respond to calcitonin (Amett and Dempster, 1987) and do not express CTRs
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(Nicholson et al., 1987). Consequently, CTR expression is not an absolute 

feature of resorbing osteoclasts, but does represent one of the best markers for 

distinguishing mammalian osteoclasts from macrophage polykaryons (Roodman, 

1996).

However, analysis of histochemistry and immunohistochemistry is 

subjective and interpretation is likely to differ between observers. Reports of 

large numbers of “osteoclast-like” cells in cultures in which there was virtually 

no bone resorption (Takahashi et at., 1989; Flanagan et al., 1992) suggest that the 

presence of stained multinucleate cells is not a reliable marker for osteoclasts 

generated in vitro. Therefore, only bone resorption provides unequivocal 

evidence that osteoclasts are present in vitro (Amett, 1990; Lader and Flanagan,

1998).

Osteoclasts - Resorption

Bone resorption is a multi step process which includes the proliferation and 

activation of osteoclastic mononuclear precursor cells, attachment of fully 

differentiated osteoclasts to mineralised bone surfaces and the actual resorption 

process itself. Although it is not known how resorption sites are determined, it 

is known that the first sign of a forthcoming resorption site on the endosteal 

surface is the retraction of bone lining cells (Jones and Boyde, 1976). This 

retraction uncovers non-mineralised osteoid, which Chambers et al., (1985a) 

have suggested is degraded by osteoblast-derived collagenase (MMP-1), after
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which osteoclasts can attach to the mineralised matrix and initiate bone 

resorption.

Osteoclasts have the capacity to resorb both the inorganic and organic 

components of bone (Blair et al., 1986), and are also able to resorb a wide variety 

of mineralised substrates, such as avian egg shell and enamel, which have a 

sparse organic matrix with no collagen content (Jones et al., 1984). Although it 

was suggested thirty years ago (Vaes, 1968) that osteoclasts resorb bone through 

the formation of an extracellular acid compartment, direct evidence of a low pH 

in the resorption lacuna has only been presented within the last few years. 

Baron et al., (1985) used the fluorescent weak base acridine orange, which 

accumulates in acidic compgirtments, to show that the osteoclast actively acidifies 

the zone beneath the ruffled border. Silver et al., (1988) placed pH electrodes 

beneath osteoclasts on plastic substrates and found that the pH in the contact 

zone fell to a value of pH 3 or less within a few minutes of attachment. Indeed, 

in order to solubilize bone mineral and facilitate degradation of the organic 

matrix of bone, osteoclasts must secrete 1 - 2  protons for every Ca^^ ion liberated 

(Schlesinger et al., 1994).

It is generally accepted that the organic constituents of bone are degraded 

by lysosomal enzymes secreted by osteoclasts into the resorption lacunae. An 

acidic pH may provide optimal conditions for the action of some of these 

enzymes secreted by the osteoclast (Blair et al., 1988). However, the roles of
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the different enzymes are controversial and are not fully understood. For 

example, there is a significant decrease in the activity of collagenases below pH 6  

(Vaes, 1972).

Lysosomal enzymes belong to two major families: the matrix 

metalloproteinases {e.g. MMP-9) and the cysteine proteinases. A number of 

studies have suggested a specific cysteine protease involved in bone resorption. 

Drake et al., (1996) demonstrated the abundant and selective expression of 

cathepsin K in osteoclasts, suggesting a specialised role in bone resorption, while 

cathepsins S, L and B, which have been proposed to be involved in resorption 

(Hill et al., 1994), were undetectable. Cathepsin K appears to undergo

autocatalytic activation in the low pH environment of the resorption lacunae 

(McQueney et al., 1997). Recently, it was demonstrated that in foetal mouse 

bone, cathepsin K expression by osteoclasts occurred at the onset of osteoclast 

differentiation, suggesting cathepsin K as an early marker for osteoclasts (Dodds 

etal., 1998).

Acidification of the resorption lacuna requires the active transport of 

protons (H^) across the ruffled border area of the cell membrane. This transport 

involves an H^-ATPase of the plasmalemmal vacuolar type (V-ATPase), which 

has been shown to be located within the ruffled border (Blair et al., 1989; 

Vaananen et al., 1990). PTH and acidosis can enhance the number or activity of 

V-ATPases present at the ruffled border of osteoclasts (Vaananen et al., 1990;
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Nordstrom et al., 1997), and may provide a mechanism for increased resorption. 

Bafilomycin Ai specifically inhibits vacuolar H^-ATPase, and can abolish the 

resorptive activity of osteoclasts in vitro, and trigger apoptosis (Sundquist et al., 

1990; Okahashi et al., 1997). The importance of V-ATPase in the resorptive 

process is illustrated by the osteosclerosis seen in oc/oc mice. Studies have 

shown this to be due to a lack of H^-ATPases in the ruffled border area, although 

H^-ATPases were present throughout the rest of the osteoclast cytoplasm 

(Nakamura et al., 1997b). Additionally, the gene encoding the vacuolar 

ATPase 16 kd subunit is one of the most abundantly expressed by the osteoclast, 

which is consistent with very active secretion (Sakai et al., 1995).

In osteoclasts the majority of protons are generated via the enzyme 

carbonic anhydrase H, which is found in abundance in the osteoclast cytoplasm 

(Vaananen and Parvinen, 1983). Carbonic anhydrase II (CA H) catalyses the 

hydration of CO2 to H2CO3, which dissociates to produce and HCO3 . CA II 

is known to play a critical role in osteoclastic resorption, since inhibitors, e.g. 

acetazolamide, inhibit resorption in vitro (Minkin and Jennings, 1972; Raisz et 

al., 1988) and in vivo (Kenny, 1985). Recent work has also demonstrated that 

acetazolamide can decrease the 1,25-dihydroxyvitamin D3-induced formation of 

multinucleated TRAP-positive osteoclasts in a dose-dependent manner in vitro 

(Lehenkari et al., 1998). This suggests that CA II is essential not only for 

osteoclastic bone resorption, but also osteoclast differentiation. Patients with 

congenital CA II deficiency form osteoclasts, but these osteoclasts are unable to
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produce protons, leading to osteopetrosis (Sly et al., 1985). During active 

resorption, secretion of ions by osteoclasts generates an equal amount of 

HCO3 , which may be exchanged for chloride to maintain intracellular pH (Teti et 

al., 1989a). Inhibition of this Cl / HCO3' exchanger abolishes bone resorption 

in vitro (Hall and Chambers, 1989).

Regulation of osteoclast intracellular pH

The ability to regulate intracellular pH (pHj) within a tight physiological 

range is crucial for normal cellular function. Along with the Cl / HCO3 

exchanger mentioned above, osteoclasts in vitro are able to maintain intracellular 

pH via a Na"̂  / H^ exchanger (Gupta et al., 1996). Nordstrom et al., (1995) also 

demonstrated the presence of a pH and membrane potential sensitive H^ 

conductance in osteoclast membranes, and suggested that this conductance 

contributes significantly to pHi regulation. In osteoclasts in vitro, the dominant 

current may be an inwardly rectifying current, which permits the rapid 

switching of membrane potential between two stable levels (Sims and Dixon, 

1989). It is possible that osteoclastic resorption and secretion can be modulated 

by these changes in membrane potential. It has also been reported that the 

osteoclast outward rectifying current can be altered by changes in 

extracellular cation concentrations. For example, lowering pH reduced the 

outward current at all voltages, suggesting a change in the surface charge. 

This may help to explain how H^ functions as an extracellular signal that 

regulates bone resorption (Arkett et al., 1994).
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Recent work by Lehenkari et al., (1997) using isolated rat osteoclasts 

cultured on bovine bone slices, glass, or plastic loaded with a pH-sensitive 

indicator demonstrated that osteoclasts have different mechanisms of pHi 

regulation depending on the phase of activity. During resorption, osteoclast pH, 

is mainly regulated by H^-ATPase activity, and while resting / migrating, pHi is 

regulated by the Na"̂  / exchanger. Osteoclast pHi also varies according to the 

substrate, with a much higher pH. {i.e. more alkaline) when cultured on bone 

compared to glass. The significant differences in osteoclast pHi regulation 

depending on the substrate (Lehenkari et at., 1997) cast some doubt on the 

relevance of work examining osteoclasts cultured on glass or plastic. 

Additionally, the majority of studies examining osteoclast ion flows are 

conducted using non-physiologically buffered media {i.e. HEPES), which may 

perturb intracellular pH regulation and therefore alter osteoclast function (Amett 

et al., 1994). These results therefore demonstrate the importance of an 

appropriate environment when studying the function of osteoclasts.

Elimination of degraded bone material

Nesbitt & Horton (1997) and Salo et al., (1997) recently demonstrated that 

during the resorptive process, while osteoclasts are tightly sealed to the bone 

matrix, the products of bone degradation {e.g. type I collagen) are endocytosed 

from the ruffled border membrane and transported in vesicles through the cell to 

the basolateral membrane, where they are released into the extracellular space.
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This helps to explain how resorbing osteoclasts can remove large amounts of 

degraded matrix products while simultaneously penetrating deeper into bone, and 

suggests a regulatory mechanism for the control of tissue degradation within 

osteoclasts. These products of bone resorption can be used as clinical markers 

of bone turnover, the most promising of which are all based on collagen 

degradation products, particularly cross-linking amino acids and cross-linked 

telopeptides (Calvo et aL, 1996). Recent work has demonstrated that resorbing 

osteoclasts cultured on human bone degrade bone collagen to release cross-linked 

collagen N-telopeptides (NTx), but not free pyridinolines into the culture 

medium. NTx concentration is highly correlated to the area of bone surface

resorbed. This suggests that by analysing the NTx content in urine, an accurate 

measure of bone resorption can be obtained (Apone et al., 1997).

Osteoclast formation

It is now generally accepted that osteoclasts are formed by the fusion of 

mononuclear precursors of haemopoietic origin (Figure 1.1). This was first 

established by parabiosis and transplantation experiments in vivo (Walker, 1973; 

Gothlin and Ericsson, 1976). Baron et a l, (1986) demonstrated that the 

formation of multinucleated osteoclasts in vivo is preceded first by mononuclear 

cells containing a non-specific esterase (an enzyme present in monocytes and not 

mature osteoclasts) and then by mononuclear cells which attach to bone and 

become TRAP-positive. These mononuclear cells eventually form 

multinucleated osteoclasts.
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Work with human cells has also demonstrated that the osteoclast precursor 

circulates in the monocyte fraction of blood. Culture of these precursor cells 

with the rat osteoblastic UMR106 cell line, l,25(OH)2D3 and Macrophage- 

Colony Stimulating Factor (M-CSF) resulted in numerous TRAP, calcitonin and 

vitronectin positive multinucleated cells, which were capable of resorbing bone 

(Fujikawa et al., 1996a; Massey et al., 1998). The UMR106 cell line 

synthesises murine M-CSF and supports osteoclast formation from murine 

peripheral blood in the absence of exogenous M-CSF (Quinn et al., 1994). 

However, as murine M-CSF has no effect on human cells, addition of human M- 

CSF is required in order to induce human osteoclast formation (Roussel et al., 

1988).

The majority of studies indicate that the osteoclast precursor is a cell in 

the monocyte-macrophage lineage, with the CFU-GM (Colony-Forming Unit- 

Granulocyte - Macrophage) proposed as the immature osteoclast progenitor cell 

(Roodman, 1995). This progenitor cell gives rise to an early cell in the 

monocytic lineage, which is at least bipotent, in that it can form monocytes 

capable of differentiating into tissue specific macrophages such as Kupffer cells 

and alveolar macrophages (Johnston, 1988), or it can differentiate to a more 

committed progenitor for the osteoclast (Roodman, 1995). Additionally, 

Athanasou et al., (1986) using immunocytochemical staining, demonstrated the
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presence of macrophage-associated antigens in human osteoclasts, indicating that 

they are phenotypically similar to macrophages.

Recently, it has been reported that mature monocytes and macrophages 

isolated from patients with rheumatoid arthritis have the ability to differentiate 

into functional osteoclasts, demonstrating the overlapping phenotypes of these 

cells (Fujikawa et al., 1996b). Indeed, Tondravi et al., (1997) demonstrated that 

“knocking out” the haematopoietic transcription factor PU. 1 in mice resulted not 

only in an absence of osteoclasts, causing osteopetrosis, but also a lack of 

macrophages, demonstrating their shared precursor origins. Similarly, mice 

lacking c-fos (a component of the AP I transcription factor complex) develop 

severe osteopetrosis due to a dearth of osteoclasts. However, this absence of 

osteoclasts in Fos “knock out” mice was accompanied by an increase in bone 

marrow macrophages (Grigoriadis et al., 1994), suggesting the lack of Fos causes 

a block in differentiation at the branch point between monocyte-macrophages and 

osteoclasts. Recently, the NF-kB proteins have also been suggested to be 

required for normal osteoclast-macrophage development in a similar manner to c- 

fos  (lotsova et al., 1997).
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Figure 1.1 Haematopoietic lineages showing principal factors involved. Adapted 

from Liebermann et al., (1998).

Several in vitro model systems have now been developed to study 

osteoclast proliferation and differentiation, the majority using spleen cells or 

bone marrow. Feline, primate, canine, murine, rabbit and human bone marrow 

have been used for osteoclast generation (Testa et al., 1981; Allen et al., 1981; 

Roodman et al., 1985; Ibbotson et al., 1987; Takahashi et al., 1988a; Fuller and 

Chambers, 1989a; Hattersley and Chambers, 1989a, and S arma and Flanagan.,

1996).

Bone marrow assay

The long term mouse bone marrow assay developed in 1988 by Takahashi 

et al provides a convenient method of in vitro osteoclast generation. Osteoclasts 

generated from marrow cells cultured for 7 to 10 days with l,25(OH)2D3,
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dexamethasone, and bone stromal cells produce multinucleated cells with typical 

osteoclast characteristics, such as TRAP-positivity, calcitonin receptors, 

multinuclearity and the presence of resorption pits. [^H]-thymidine 

incorporation studies have revealed that osteoclast progenitors proliferate 

primarily during the first 4 days, and then differentiate into multinucleated cells, 

predominantly during the final days of culture (Tanaka et aL, 1993).

The precise role of glucocorticoids {e.g. dexamethasone) in osteoclast 

development is unknown. Glucocorticoids may stimulate the differentiation of 

stromal cells into cells capable of promoting osteoclast differentiation (Kaji et a/.,

1997). However, results from other groups suggest that dexamethasone may 

directly affect bone marrow cells to stimulate osteoclast formation by inhibition 

of endogenous GM-CSF (Granulocyte - Macrophage-Colony Stimulating Factor) 

production, which may function as a negative regulator of osteoclast formation 

(Shuto et al., 1994). Osteolytic hormones {e.g. l,25(OH)2D] and PTH) induce 

the differentiation of immature precursors (TRAP and calcitonin receptor 

negative) into mature precursors (TRAP and calcitonin receptor positive), and 

hence increase the numbers of osteoclasts formed (Roodman et al., 1985).

The effect of prostaglandins on osteoclast differentiation, an important 

point of control for bone resorption, is poorly understood, and has proved to be 

controversial. Some groups maintain that prostaglandins stimulate bone 

resorption and calcitonin receptor-positive cell formation (Collins and Chambers,
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1991; 1992), as well as TRAP-positive cell formation in murine bone marrow 

cultures. (Akatsu et al., 1989). However, it has been suggested that PGE2 exerts 

the opposite effect on human osteoclast formation, having been found to be a 

potent inhibitor of 23c6-positive cell formation (Chenu et al., 1990). Flanagan 

et al., (1995) reported that PGE2 enhanced osteoclastic bone resorption in human 

bone marrow cultures, suggesting that PGE2 induces osteoclast formation in both 

human and murine species. Following on from these results, Lader and 

Flanagan, (1998) demonstrated that addition of indomethacin to M-CSF treated 

cultures virtually abolished osteoclast parameters {i.e. 23c6-positive cells and 

bone resorption), indicating that prostaglandins are essential for both human and 

murine osteoclast formation.

Addition of calcitonin to mouse marrow cultures markedly inhibits the 

formation of TRAP-positive multinucleated cells, but not the appearance of 

TRAP-positive mononuclear cells (Takahashi et al., 1988a), indicating that 

calcitonin selectively inhibits the fusion of preosteoclasts. Indeed, osteoclasts 

formed from cultures treated with calcitonin from the outset express only very 

low levels of CTR or CTR mRNA. This suggests that the “escape” phenomenon 

seen with prolonged CT administration may be due to a reduced synthesis of 

CTR, and to the appearance in bone of CTR-deficient functional osteoclasts 

(Ikegame et al., 1996).
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Bone marrow-derived osteoblastic stromal cells appear to play an 

important role in modulating the differentiation of osteoclast progenitors in two 

different ways: the production of soluble factors, and cell-to-cell recognition 

between osteoclast progenitors and osteoblastic stromal cells. M-CSF is 

probably the most important soluble factor, appearing to be necessary for not 

only the proliferation of osteoclast progenitors, but also differentiation into 

mature osteoclasts and their survival (Suda et al., 1995a). Identification of a 

mutation within the coding region of the M-CSF gene in the osteopetrotic op/op 

mouse (Yoshida et al., 1990), along with in vivo experiments which showed that 

op/op mice could be partially cured by administration of recombinant human M- 

CSF demonstrated the essential nature of this cytokine in osteoclast formation 

(Felix et al., 1990). M-CSF has also been shown to be essential in op/op murine 

osteoclast formation in vitro (Tanaka et al., 1993), but inhibits resorption and 

osteoclast formation in normal murine haemopoietic tissue (Hattersley et al., 

1991).

However, until recently, the formation of bone-resorbing human 

osteoclasts from human bone marrow had been difficult to achieve (Flanagan et 

al., 1992; Pacifici, 1995). The problem was solved by the finding that addition 

of recombinant human M-CSF to human bone marrow cultures caused substantial 

bone resorption and osteoclast formation in a dose and time dependent manner, 

above that induced by 1,25 dihydroxy D3 (Sarma and Flanagan, 1996). These 

results suggest a critical role for M-CSF in the formation of human osteoclasts.
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and are consistent with the report that M-CSF is essential for murine osteoclast 

formation (Yoshida et al., 1990). Interestingly, M-CSF mRNA expression is 

decreased in bone marrow cultures exposed to increased hydrostatic pressure, 

suggesting a mechanism by which load-bearing can affect osteoclast formation 

and therefore skeletal integrity (Rubin et al., 1997).

M-CSF is able to stimulate both motility and spreading of isolated rat 

osteoclasts, as well as support osteoclast survival by preventing apoptosis (Fuller 

et al., 1993). Paradoxically, M-CSF inhibits bone resorption by isolated rat 

osteoclasts. This suggests that apart from the established role of M-CSF in the 

provision of precursors for osteoclastic formation, a major role in bone resorption 

is the enhamcement of osteoclast survival, migration, and chemotaxis (Fuller et 

al., 1993). However, bone resorption by mature human foetal osteoclasts, 

including pit area, depth and volume was increased in the presence of M-CSF. 

Osteoclast numbers were maintained in the presence of M-CSF, whereas they 

were considerably reduced in its absence, suggesting that, as for isolated rat 

osteoclasts, M-CSF prolongs the life span of isolated human osteoclasts, rather 

than promoting the formation of new osteoclasts (Edwards et al., 1998).

The importance of cell-cell contact for osteoclastogenesis was 

demonstrated by Burger et al., (1984), who showed that live bone-forming cells 

were required for osteoclast formation. This finding was confirmed by later 

work culturing spleen and primary osteoblastic cells separated by a membrane.
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which inhibited osteoclastogenesis (Takahashi et al., 1988b). Adhesion 

molecules are likely to be important during the process of osteoclast formation, 

for example, l,25(OH)2D3 induces the expression of vascular adhesion molecule 

1 (VCAM-1), which may be involved in the interaction between stromal cells and 

osteoclastic precursors (Feuerbach and Feyen, 1997).

Additionally, the expression of osteopontin by osteoclast and osteoblast 

progenitors in murine bone marrow cultures suggest that its cell adhesion 

properties are required for osteoclastogenesis (Yamate et al., 1997). These 

findings indicate that osteoclast-inducing activity is tightly associated with 

osteoblasts, and may explain the dependence of osteoclast formation in the 

mouse marrow assay on a high cell density. Using this assay various workers, 

including myself, have found that TRAP-positive osteoclasts generally always 

form near colonies of osteoblasts / stromal cells, lending credence to the 

suggestion that osteoblastic cells are somehow involved in osteoclast formation 

(Suda et al., 1992). However, these results contrast with the work of Owens et 

al., (1996), who suggested that osteoblasts may not be essential for osteoclast 

formation, but rather are required to activate and regulate the resorptive function 

of mature osteoclasts.

Although the mouse marrow assay is a useful model of osteoclast 

formation, it does have several limitations. For example, the assay generally has
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a significant amount of variability within groups, meaning that only factors which 

produce very large effects will be identified.

Over the last two years, a novel secreted glycoprotein that regulates bone 

resorption has been identified by several laboratories, and named osteoprotegerin 

(OPG) (Simonet et al., 1997) and osteoclastogenesis-inhibitory factor (QCIF) 

(Yasuda et at., 1998). OPG / OCIF is a member of the tumour necrosis factor 

receptor (TNFR) superfamily, and is able to act in a soluble manner to regulate 

bone mass. In vitro, OPG / OCIF blocks osteoclastogenesis by inhibiting 

osteoclast differentiation. The ligand for OPG / OCIF is a TNF-related cytokine 

that can replace the in vitro requirement for stromal cells, l,25(OH)2D3 and 

glucocorticoids for osteoclast formation, and is termed osteoprotegerin ligand 

(OPGL) or osteoclast differentiation factor (ODF) (Lacey et al., 1998; Matsuzaki 

et al., 1998). OPGL / ODF binds to a unique haematopoietic progenitor cell 

which is committed to the osteoclast lineage, and stimulates the rapid induction 

of genes that typify osteoclast development. OPGL / ODF is also able to

directly activate isolated osteoclasts in vitro. OPGL / ODF was found to be 

identical to TRANCE / RANKL, which enhances T-cell growth and dendritic cell 

function (Yasuda et al., 1998). These findings suggest that OPG / OCIF and 

OPGL / ODF are likely to interact in the bone microenvironment to regulate 

osteoclastogenesis and indicate that OPGL / ODF may be a crucial coupling 

factor produced by osteoblasts (Lacey et al., 1998).
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Mature osteoclast isolation

Progress in the understanding of the events controlling osteoclast 

differentiation and resorption has been hampered for several reasons: osteoclasts 

are few in number relative to other cell types; are difficult to isolate because they 

are embedded in bone; and furthermore no osteoclast cell line exists, although 

several groups have produced cell lines in which a proportion of the cells formed 

are functional osteoclasts (Chambers et al., 1993; Miyamoto et al., 1998).

Before the marrow assays described above were in general use, techniques 

were developed for isolating mature osteoclasts from long bones. Boyde et al 

and Chambers et al simultaneously developed the bone slice assay in 1984, 

which was then adopted as an assay of bone resorption by isolated osteoclasts. 

By varying the time for which the bone cell population is allowed to adhere to 

the bone slice before rinsing off non-adherent cells, osteoclasts may be 

“functionally purified”, as demonstrated by McSheehy and Chamber (1986a) 

who showed that isolated osteoclasts did not respond to PTH. However, one of 

the most important factors in this assay system is the level of basal resorption. 

This may be achieved by using low pH, as first described by Arnett & Dempster

(1986), and is discussed in more detail in chapter 2.

Assessment of resorption is typically achieved by simply counting the 

number of resorption pits present using the technique of reflected light 

microscopy (Walsh et al., 1991). Reflected light microscopy can provide a high
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quality image and can be used on unstained specimens as well as stained. 

However, other groups have suggested that measuring the volume of each 

individual pit is a more accurate method of assessing resorption (Boyde and 

Jones, 1991).

Systemic factors affecting osteoclast formation and activation

Osteoclast differentiation and activation are regulated by many systemic 

factors. Among these, the principal calcium-regulating hormones, parathyroid 

hormone (PTH), 1,25-dihydroxyvitamin D3 (l,25(OH)2D3) and calcitonin are 

probably the best known.

PTH and l,25(OH)2D3 stimulate resorption in vivo, in organ culture and in 

the isolated osteoclast assay, as well as stimulating osteoclast formation from 

osteoclast progenitors in the murine and human marrow system (Raisz and 

Kream, 1983; McSheehy and Chambers, 1986a; Takahashi et a i,  1988a; 

Flanagan et al., 1995; Uy et al., 1995). PTH is an 84 amino acid polypeptide 

hormone which is synthesised and secreted by the chief cells of the parathyroid 

glands. The 1-34 amino-terminal fragment is the biologically active fragment 

(Segre et al., 1981). PTH is commonly considered to act on mature osteoclasts 

via receptors expressed by osteoblasts (McSheehy and Chambers, 1986a). It is 

also unlikely that l,25(OH)2D3 acts on mature osteoclasts directly, since mature 

osteoclasts do not express vitamin D receptors (Narbaitz et al., 1983).
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Calcitonin is able to act at multiple stages in the mammalian osteoclast 

lineage, including inhibiton of osteoclast formation (Takahashi et aL, 1988a), 

inhibition of mature osteoclast resorption (Chambers et al., 1985b; Amett and 

Dempster, 1987) and inhibition of apoptosis (Selander et al., 1996). Calcitonin 

receptors are expressed on committed osteoclast precursors and appear to be a 

differentiation marker for mature osteoclasts (Hattersley and Chambers, 1989b). 

Calcitonin inhibits mammalian osteoclasts by stimulating adenylcyclase activity 

and cAMP accumulation (Chambers and Dunn, 1983), which results in 

immobilisation and contraction of the osteoclast (Chambers and Magnus, 1982).

The deleterious effects of systemic acidosis on the skeleton have been 

recognised since the early part of this century (Goto, 1918). More recent in vivo 

studies suggested that the bone loss associated with acidosis was not due to 

passive physico-chemical processes, but involved enhanced osteoclastic 

resorption (Barzel and Jowsey, 1969).

Oestrogen is one of the major inhibitors of osteoclast formation and 

activation. In vivo, oestrogen appears to antagonise bone resorption and 

remodelling (Turner et al., 1994). In vitro, oestrogen inhibits bone resorption in 

murine marrow cultures by reducing the number of osteoclasts formed 

(Harganani, Morrison and Amett, unpublished). In human bone marrow 

cultures, 17|3-oestradiol reduces osteoclast number (as assessed by calcitonin 

receptor and 23c6-positive cells) and bone resorption in a dose-responsive
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manner, possibly via the down regulation of the membrane bound form of M- 

CSF (Sarma et al., 1998). However, controversy surrounds the presence of 

oestrogen receptors on osteoclasts. Oursler et al., (1994) demonstrated that 

osteoclastic cells purified from human giant cell tumours expressed the oestrogen 

receptor; however, other groups have failed to detect oestrogen receptors in avian 

or human osteoclasts (Colston et al., 1989). Oestrogen may also cause an 

increase in osteoclast apoptosis via a TGF-P mediated mechanism (Hughes et al., 

1996). This work contrasts with the findings of Amett et al., (1996) who found 

that IVP-oestradiol exerted no significant effects on osteoclast viability or 

resorptive function.

For a review of the actions of oestrogen, androgens, growth hormone and 

glucocorticoids on bone see Peck, (1984); Turner et al., (1994 & 1995), 

Vanderschueren and Bouillon, (1995) and Ohlsson et al., (1998).

Local factors affecting osteoclast formation and activation

Besides the systemic factors mentioned above, several locally released 

{i.e. paracrine and autocrine) factors such as prostaglandins, cytokines, growth 

factors and factors released from the bone matrix during resorption have been 

identified over the last few years which have powerful effects on both osteoclasts 

and osteoblasts.

37



Bone cells, particularly osteoblasts, are abundant producers of 

prostaglandins (Norrdin et al., 1990), which are potent, multifunctional regulators 

of bone cell metabolism. Their effects are complex: in vivo, regardless of the 

route of administration, PGEi or E2 stimulate bone resorption and formation 

(reviewed by Jee and Ma, 1997), in bone organ culture they stimulate resorption 

(Klein and Raisz, 1970), and when added to isolated osteoclasts they are 

inhibitory (Amett and Dempster, 1987; Fuller and Chambers, 1989b). 

Prostaglandins may also be responsible for the localised bone loss associated 

with inflammation in vivo (Robinson et at., 1975). The effects of prostaglandins 

on bone cells therefore appear to be dependent on the dose administered and the 

assay used.

The identification of a large number of growth factors and cytokines in 

skeletal tissue has opened a new approach to the understanding of bone formation 

and resorption. The cytokines important in bone metabolism include interleukin- 

1, tumour necrosis factor a  and (3 and TGF-(3. For general reviews on osteoclast 

regulation by local factors see Suda et al., (1995a); Manolagas, (1995); Alsina et 

al., (1996); Roodman, (1996) and Pacifici, (1998).

Local changes in extracellular pH are also known to alter osteoclast 

formation and activity (Shibutani and Heersche, 1993; Amett and Spowage, 

1996), indeed, the hydrogen ion is the only presently known direct stimulator of 

osteoclastic bone resorption (Amett and Dempster, 1990). Tissue injury and

38



inflammation often result in localised acidosis along with the release of 

adenosine 5' triphosphate (ATP) and other substances (Steen et aL, 1992). For 

example, the extracellular pH at sites of inflammation can be as low as pH 5.4, 

and may contribute to the pain and hyperalgesia in disease states, such as 

rheumatoid arthritis (Steen et al., 1995). Protons are unusual in that they are 

able to drive nociceptors continuously without apparent tachyphyllaxis or 

adaptation (Steen et al., 1992), a role they also play in stimulating mature rat 

osteoclasts. The role of extracellular pH is discussed in more detail in Chapter 2. 

Clearly, the effects of pH on osteoclasts could interact with those of other 

osteolytic agents. In areas of inflammation, local ATP release from damaged 

cells, mast cells or platelets (Gordon, 1986) could give a concentration as high as 

20pM (Bowler et al., 1995), which results have shown would be more than 

sufficient to stimulate both osteoclastic bone resorption and osteoclast formation. 

The role of extracellular ATP is discussed in more detail in Chapter 4.

Nitric oxide (NO) has recently been identified as a potent multifunctional 

signalling molecule with widespread actions within bone. It is produced in 

response to diverse stimuli such as pro-inflammatory cytokines, mechanical strain 

and sex hormones, and has biphasic effects on osteoclast function: (high doses 

inhibit and low doses stimulate resorption), as well as affecting the growth and 

differentiation of osteoblasts (Evans and Ralston, 1996). Results indicate that 

like ATP, NO may be involved in the pathogenesis of bone disease and tissue
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damage associated with inflammatory conditions such as rheumatoid arthritis 

(Ralston, 1997).

General aims of present work

The general aim of my work has been to examine the effects of various 

factors on osteoclast formation and mature osteoclast activity. Additionally, 

work performed in collaboration with Dr S Meghji at the Eastman Dental 

Institute, London, is included in this thesis.

40



Chapter 2

Modulation of osteoclast formation and activation by changes

in extracellular pH

*Life is a struggle, not against sin, not against the Money Power, not against 

malicious animal magnetism, but against the hydrogen ions ”

H.L. Mencken, (1919).

Introduction

Add-base balance - general considerations

Evolutionary selection has produced several systems in the body which 

serve to maintain the pH of the body fluids within a narrow range (pH 7.36 to 

7.44). This is important because enzyme catalysed reactions are usually strongly 

affected by changes in pH. For example, the activity of phosphofructose, the 

key enzyme regulating the rate of glycolysis, increases 20-fold with a pH 

increase of 0.1 unit (7.1 to 7.2) (Kitajima et al., 1983). Changes in pH also have 

important effects on the nervous system. In extreme acidosis, the activity of the

41



central nervous system can be depressed leading to unconsciousness (Rosner and 

Becker, 1984). There is also evidence that neuronal function (Saadoun et al., 

1998) and the development of neurofibrillary degeneration in Alzheimer’s 

disease (Kenessey et al., 1997) are pH-dependent.

Most chemical reactions in the body produce or absorb protons. Dietary 

fats and proteins are converted to fatty acids and amino acids which circulate in 

the blood, while glucose from dietary carbohydrate is converted into pyruvic acid 

by the glycolitic pathway. These are known as non-volatile acids, and are 

excreted from the body via the kidneys. Sulphuric acid and phosphoric acid are 

the most important of the so called “fixed” acids. They are generated in small 

amounts during the catabolism of amino groups and compounds containing 

phosphate groups, including phospholipids and nucleic acids. However, much 

larger amounts of H^ can be formed indirectly from the carbon dioxide (CO2) 

generated by metabolism, which reacts with water to give carbonic acid and 

ultimately H^ and HCO3 . CO2 is known as a volatile acid because it readily 

diffuses out of solution. Roughly 10-20 moles must be removed by the lungs 

each day. Extra acid loads in the form of lactic acid are added to the blood by 

strenuous exercise . Dietary alkali is found in fruits and vegetables, as the 

sodium and potassium salts of weak acids. On balance, people eating a typical 

western meat-containing diet generate a residue of about 100 mEq of daily 

(Barzel, 1995), which must be excreted to maintain a neutral acid-base balance. 

In the face of renal insufficiency, humans cannot excrete this normal daily
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endogenous acid production. In order to avoid a significant reduction in systemic 

pH the excess-retained hydrogen ions must be buffered.

Buffering

The excess CO2 and generated in the body are ultimately removed by 

the lungs and kidneys, but in the short term various buffering mechanisms in the 

blood (e.g. haemoglobin), extracellular fluid and intracellular fluid (e.g 

bicarbonate buffering), prevent any large fluxes in H^ concentration. In vivo and 

in physiologically buffered media in vitro, the following equilibrium exists:

H + HCO3 H2CO3 H2O + CO2

The Henderson-Hasselbalch equation (see below) can be used to assess 

different buffers in vivo or in vitro.

pH = pA' + log 10 [A]
[HA]

(HA = weak acid; A’ = weak acid salt)

In vitro, physiologically buffered tissue culture media formulated with 

Earle’s salts, containing 2.2g NaHC0 3  / 1 (DMEM contains 3.7g NaHC0 3  / 1), 

are normally used in combination with a 5% CO2 atmosphere to give an operating 

pH at equilibrium close to 7.25. Addition of protons (in the form of 

concentrated HCl) to the medium reduces the HCO3 concentration and the
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equilibrium operating pH at constant PCO2. reacts with HCO3 to form

H2CO3 (carbonic acid) and then CO2 This reduces pH, thus mimicking in vivo 

metabolic acidosis. Conversely, increasing PCO2 reduces pH, while the HCO3 

concentration remains more or less constant, a model of respiratory acidosis.

Acidosis and the skeleton

The skeleton has long been recognised as being important in the 

maintenance of acid-base balance in the body (Goto, 1918; Jaffe et at., 1932). 

The skeleton contains 80% of body carbonate and 35% of body sodium, (as well 

as being a reservoir of labile calcium), which is available to buffer protons if the 

kidneys and lungs are unable to maintain acid-base balance within narrow 

physiological limits (Sebastian and Morris, 1994; Barzel, 1995). The role of the 

skeleton in acid-base homeostasis in adults may contribute to the progressive 

decline in bone mass that occurs with age, and ultimately lead to osteoporosis 

(Wachman and Bernstein, 1968; Barzel, 1978).

Studies in vivo (Barzel and Jowsey, 1969; Kraut et al., 1984) and in vitro 

using bone organ cultures (Bushinsky et al., 1985; Bushinsky, 1989) have 

implicated enhanced osteoclastic resorption as the mediator of the bone loss 

associated with acidosis. Goldhaber & Rabadjija (1987) demonstrated that 

acidification of culture media with HCl produced large dose-dependent increases 

in stable calcium release from mouse calvaria over 7 days. The effect was
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blocked by calcitonin (an osteoclast inhibitor) and by indomethacin, suggesting 

prostaglandin release was involved (Goldhaber and Rabadjija, 1987).

Experiments by Bushinsky and colleagues have shown that in short term 

cultures (3 hours) of neonatal mouse calvaria, the net calcium efflux observed 

when the pH was decreased (either by reducing HCO3' or by increasing CO2) 

appeared to be due to physicochemical dissolution of bone calcium carbonate 

(Bushinsky and Lechleider, 1987).

However, in long-term calvaria cultures (96-99 hours) there was evidence 

for proton stimulation of osteoclast-mediated calcium release, and that metabolic 

acidosis {i.e. decreasing HCO3) was more potent at stimulating osteoclastic 

resorption than respiratory acidosis, suggesting that decreased medium 

bicarbonate, and not just a fall in pH, is necessary to enhance net calcium efflux 

from live calvaria (Bushinsky, 1989, 1994; Bushinsky et al., 1996). However, 

Amett et al., (1994) suggested that in the short term (24 hours), rat osteoclasts 

were more sensitive to stimulation by CO2 acidosis than by HCO3 acidosis. 

CO2 acidosis not only increased the number of resorption pits, but also their 

depth and width, whilst decreasing HCO3 increased the number of pits resorbed 

per osteoclast, but resulted in a progressive reduction in pit size. Paradoxically, 

Dominguez & Raisz (1979) reported that in bone organ culture, H^, CO2 and 

HCO3 concentrations had no influence over cell-mediated resorption, and non- 

cell-mediated mineral loss was linearly related to H^ concentration, but not to
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COi and HCO3’ concentrations. As with the effects of prostaglandins (see 

Chapter 3), these disparities could be accounted for to some extent by the 

differences of the various in vitro assay systems and their time courses. Thus, 

the potential different effects of metabolic and respiratory acidosis on 

osteoclastic resorption are unclear, and warrant further investigation.

Experiments using the disaggregated rat osteoclast assay have provided the 

most direct evidence for the stimulatory action of protons on bone resorbing 

cells. In culture media which is buffered non-physiologically (using HEPES 

only), resorption pit formation increased progressively as medium pH was 

reduced from 7.4 to 6 . 8  (Amett and Dempster, 1986). Subsequent work using 

media buffered physiologically with HCO3’ / CO2, demonstrated that osteoclasts 

are stimulated to resorb when the pH is changed within a more limited range, by 

either decreasing the concentration of HCO3 or by increasing CO2 (Amett et a/., 

1994). The remarkable sensitivity of rat osteoclasts to extracellular protons 

when cultured in HCO3 / C0 2 -buffered media was recently demonstrated (Amett 

and Spowage, 1996). Small shifts in extracellular pH (from 7.25 to 7.00) 

resulted in a steep sigmoidal response curve, suggesting that very slight 

alterations in ambient hydrogen ion concentration could “switch on” or “switch 

o f f ’ rat osteoclasts in vitro. Time course studies over 30 hours indicated that 

exposure to low pH conditions (7.06) did not activate rat osteoclasts to continue 

resorbing after transfer to more alkaline media (7.34), and that resorption pit 

formation is closely related to time spent at low pH (Spowage and Amett, 1995).
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This suggests that extracellular can act in a continuous and reversible manner. 

However, in longer term mature rat osteoclast cultures the effects of low pH are 

unclear (Murrills et al., 1993; Amett and Spowage, unpublished) The 

stimulatory effects of low pH have been observed in osteoclasts derived from 

numerous species, including mouse (Tamura et at., 1993), human (Matayoshi et 

al., 1996) and rabbit (Shibutani and Heersche, 1993). Amett and Dempster

(1987) and Walsh et al., (1990) observed that embryonic chick osteoclasts are pH 

sensitive, although differences were reported in the optimal pH for osteoclast 

activity.

During acidosis, along with osteoclasts being stimulated to resorb, 

osteoblasts are also affected. For example, osteoblastic collagen synthesis and 

alkaline phosphatase activity are decreased (Bushinsky, 1995). This suggests 

that the cell-mediated component of the calcium efflux during acidosis in the 

calvarial culture system in vitro results from a combination of inhibited 

osteoblastic and stimulated osteoclastic activity (Krieger et al., 1992). As with 

osteoclasts, osteoblasts were affected to a greater degree by metabolic acidosis 

than respiratory acidosis (Bushinsky, 1995). Using in vitro bone nodule 

formation as a model system, Sprague et al., (1994) demonstrated that both 

metabolic and respiratory acidosis inhibited nodule formation, with metabolic 

acidosis again causing a greater effect than respiratory acidosis. Supporting 

these results, Kaysinger and Ramp (1998) demonstrated that the activity of 

cultured human osteoblasts {e.g. collagen synthesis, alkaline phosphatase activity
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and mitosis) increased as pH increased from 7.0 to 7.6. Changes in external pH 

also alter the expression of genes critical to the function of mouse calvarial bone 

cells, predominantly osteoblasts. For example, decreasing pH to 6 . 8  led to a 

parallel reduction in egr- 1  stimulation (an immediate early response gene), and an 

increase in pH to 7.6 led to an increase in egr-1 stimulation. RNA for type 1 

collagen was also stimulated over a similar range (Frick et al., 1997). Therefore, 

in vivo, metabolic acidosis may be doubly destructive for bone: not only does it 

inhibit osteoblastic bone formation, it also stimulates the activation of 

osteoclasts.

In short-term experiments, the effects of extracellular pH on mammalian 

osteoclastic resorption are well documented. However, the effects of 

extracellular pH in short-term cultures of chick osteoclasts (which show 

important differences to mammalian osteoclasts) are less clear. Additionally, in 

long-term osteoclast cultures, the effects of extracellular pH are unknown. The 

aim of the present study was therefore to examine the effects of extracellular 

protons on both short term and long term osteoclast cultures, and to examine 

whether the effects of pH interact with those of other osteotropic agents (e.g. 

1,25(0H)2D3 and indomethacin).
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Methods

Disaggregated rat osteoclast resorption assay

The effects of various factors on resorption pit formation by mature rat 

osteoclasts were studied using modifications of an assay originally described by 

Chambers et al., (1984) and Boyde et at., (1984). Elephant ivory was prepared 

by cutting 200-300 pm thick transverse sections on a low speed saw with a 

diamond wafering blade (Buehler, Coventry, West Midlands) (see Figure 2.1). 

The ivory wafers so produced were soaked for 2 hours in distilled water to reduce 

brittleness and 5 mm diameter discs were then punched out using a standard, 

single paper hole punch (Rexel, Aylesbury, Buckinghamshire) These discs fit 

neatly into the wells of 96-multiwell plates. The discs were cleaned by 

sonication in multiple changes of distilled water and stored dry at room 

temperature. Before use, discs were sterilised by immersion in ethanol, allowed 

to air dry completely, and finally rinsed in sterile phosphate-buffered saline.

All experiments were performed using minimum essential medium (MEM) 

supplemented with Earle's salts, 10% foetal calf serum, L-glutamine and 

penicillin / streptomycin / amphotericin B. Culture medium was acidified by the 

direct addition of small amounts of concentrated hydrochloric acid (5-10 mEq/1 

H^), as described by Goldhaber and Rabadjija (1987). This has the effect of
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reducing HCO3' concentration and producing an operating pH close to 7.0 in a 

5% CO2 environment, which is optimal for resorption pit formation (Arnett and 

Spowage, 1996); further acidification in CO2 / HCO3 -buffered media does not 

enhance resorption greatly and may ultimately reduce cell survival (Murrills et 

al., 1998). Culture medium can also be acidified to give an operating pH close 

to 7.0 by increasing the concentration of CO2 to 1 0 % (equivalent to a partial 

pressure of 85mmHg), while HCO3 remains constant (see Figure 2.2). Clearly, 

it is difficult to monitor pH during the course of incubations, though PCO2 can be 

measured (± 0.5%) using a Pyrite combustion kit (Jencon Instruments Ltd., 

Leighton Buzzard, Bedfordshire).

Mixed cell populations containing osteoclasts were obtained by rapidly 

mincing the pooled long bones of five, two day old rat pups killed by cervical 

dislocation (Sprague-Dawley strain. Biological Services, UCL) in 5 ml MEM in a 

non-tissue culture-treated plastic dish, triturated 2 0  times through a wide mouth 

polyethylene transfer pipette, followed by brief vortexing (10-20 seconds) in a 7 

ml '"bijou" tube. The resulting cell suspension was allowed to sediment for 45- 

50 minutes onto sterile 5mm diameter ivory discs in 96-well plates (100 pi / 

disc). The discs were then removed, washed in two changes of PBS before 

transfer to the pre-equilibrated test culture media in a 6 -well plate. Each test or 

control well contained 4ml of MEM and 5 replicate ivory discs.
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The Radiometer ABL330 blood gas analyser (Copenhagen, Denmark, see 

Figure 2.1) enables accurate measurement of medium pH. The ABL330 blood 

gas analyser is an automated micro blood gas and acid-base balance analyser. It 

uses a three electrode system to measure quantitatively pH, PCO2 and PO2 in the 

injected sample. The ABL330 automatically equilibrates two buffer solutions 

(high and low pH) by means of air and pure CO2 . The equilibrated solutions are 

used for electrode calibration, which was set to occur every 2 hours. However, 

in order to maintain the high degree of accuracy of the blood gas analyser 

achieved via internal calibration, the regular use of known quality control 

standards is also necessary. Typically, the measured pH, PCO2 and PO2 values 

are within 0 .2 % of the expected values.

At the end of the culture period, culture plates were sealed in a 

polyethylene box to prevent CO2 loss before medium pH and PCO2 were 

measured. The first blood gas measurement taken immediately after opening the 

box was assumed to provide a PCO2 value valid for all test and control groups. 

Measured PCO2 typically falls by ~2-3 mmHg for each subsequent reading, with 

a corresponding increase in measured pH, due to the rapid diffusibility of CO2 

The pH values so determined were corrected downwards to the initially measured 

PCO2 value using pH - PCO2 calibration curves recorded for the appropriate 

media (see Figure 2.2). After 26 hours incubation, the discs were fixed in 2% 

glutaraldehyde, and stained for tartrate-resistant acid phosphatase (TRAP) using 

Sigma kit 387-A.
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The numbers of TRAP-positive multinucleated osteoclasts (two or more 

nuclei), were assessed ’blind' using transmitted light microscopy. Following 

staining with 1% toluidine blue in 1% sodium borate for 5 minutes, total cell 

numbers on each disc were estimated from three randomly selected 20X fields. 

Cells were then stripped from the discs by sonication in 0.25M ammonium 

hydroxide. Discrete resorption pits were counted by scanning the entire surface 

of each disc using reflected light microscopy (Nikon Labophot 2A, with lOOW 

epi-illumination and metallurgical objectives, Nikon, Kingston upon Thames, 

UK) after restaining in 1% toluidine blue in 1% sodium borate for 2 minutes.

Disaggregated chick osteoclast resorption assay

Ivory slices were prepared as described above. All experiments were 

performed using minimum essential medium (MEM) supplemented with Earle's 

salts, 10% foetal calf serum, L-glutamine and penicillin / streptomycin / 

amphotericin B. Culture medium was modified by the direct addition of small 

amounts of concentrated hydrochloric acid (5-10 mEq/1 H^), as described by 

Goldhaber and Rabadjija, (1987) or hydroxyl ions as NaOH (5-15 mEq/1 OH ). 

Mixed cell populations containing osteoclasts were obtained by rapidly mincing 

the pooled long bones of four day 17 embryonic White Leghorn chicks (Poyndon 

Farm, St Albans, Hertfordshire), killed by decapitation in 5 ml MEM in a non

tissue culture-treated plastic dish, titrated 2 0  times through a wide mouth 

polyethylene transfer pipette, followed by brief vortexing (10-20 s) in a 7 ml 

“bijou” tube. The resulting cell suspension was allowed to sediment for 30-40
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minutes onto sterile 5mm diameter ivory discs in 96-well plates (100 pi / disc). 

The discs were then removed, washed in two changes of PBS before transfer to 

the pre-equilibrated test culture media in a 6 -well plate. Each test or control 

well contained 4ml of MEM and 5 replicate ivory discs. At the end of the 

experiment, medium pH and PCO2 were measured using a blood gas analyser as 

above. Discs were fixed in 2% glutaraldehyde, and stained for TRAP. The 

numbers of TRAP-positive multinucleated osteoclasts (two or more nuclei), total 

cell number and discrete resorption pits were assessed ’blind’ using transmitted 

and reflected light microscopy as described above.

Osteoclast formation assay

The effects of various factors on osteoclast formation were studied using 

modifications of an assay described previously (Takahashi et al., 1988a). The 

long bones of two 6 - 8  week old mice, killed by cervical dislocation (ME 1-strain, 

Harlan Ltd., Bicester, Oxfordshire) were fragmented in 5ml unmodified MEM, 

followed by vortexing for 1 minute.

The resulting cell suspension was allowed to sediment for 24 hours onto 

sterile 5mm diameter ivory discs, pre-wetted with 50pl MEM, in 96-well plates. 

Total viable cell counts were calculated using trypan blue stain and a 

hemocytometer. Generally, for a density of 5 - 6  x 10  ̂ cells, lOOpl cell 

suspension / disc was used. Ivory discs were then removed and placed in test or
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control medium in a 6 -well plate. Each test or control well contained 4ml of 

MEM supplemented with Earle's salts, 10% foetal calf serum, L-glutamine, 

penicillin / streptomycin / amphotericin B, lOnM l,25(OH)2D3, lOnM 

dexamethasone, and 5 replicate ivory discs.

The cultures were incubated in a humidified atmosphere of 5% CO2 /  95% 

air, with medium changes every 2 to 3 days. Medium pH and PCO2 were 

monitored during and at the end of experiments using a blood gas analyser, as 

above. After 10 to 14 days incubation, the discs were fixed in 2% 

glutaraldehyde, and stained for TRAP. A control group of ivory discs was also 

removed, fixed and stained after 3 days incubation to check for the presence of 

any mature osteoclasts that might have been released during the initial cell 

preparation.

The total area occupied by TRAP-positive multinucleated osteoclasts and 

resorption pits was assessed ‘blind’ by transmitted and reflected light 

microscopy, via output from a colour video camera (DXC-151A; Sony 

Corporation, Tokyo, Japan), using standard ‘dot count’ morphometry (Lennox, 

1975). Area measurements, rather than discrete cell and pit counts, were 

necessary because this assay system requires high cell densities to function: large 

semi-contiguous groups of TRAP-positive osteoclasts are then generated, 

associated with extensive and often conjoined areas of resorption.
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Calvarial resorption assay

Bone resorption can be conveniently measured by the release of calcium 

from explants of neonatal mouse calvaria in culture. Calvaria were dissected 

from five day old mice (MF 1-strain, Harlan Ltd., Bicester, Oxfordshire) killed by 

cervical dislocation. The dissected calvaria were washed in Hanks Balanced Salt 

Solution (HBSS), before being divided along the sagittal suture and placed in 

fresh HBSS. Each half calvarium was cultured separately on a stainless steel 

grid (Icm^ Minimesh) in 1.5ml of Biggers, Gwatkin and Heyner medium (BGJ) 

medium with 5% heat inactivated PCS. The bones were incubated for 24 hours 

at 37°C in a humidified atmosphere of 5% CO2 / 95% air. The 24 hour pre

incubation is included to enable the pre-equilibration of bones with the medium, 

and to permit calcium exchange to reach an equilibrium. Bones killed by three 

freeze-thaw cycles in liquid nitrogen were used to indicate physicochemical Ca^^ 

release during the culture period.

Following the 24 hour pre-incubation, medium was removed and replaced 

with fresh medium containing the test substances. Media were acidified by 

adding 0-20 mEq/1 H^ as HCl. Cultures were incubated for a further 48 hours 

and resorption was measured as the release of calcium into the culture medium 

over this period. Resorption in test cultures was compared to that in control 

cultures containing BGJ alone. Each experimental group contained five separate 

calvarial cultures. Incubator CO2 was monitored during the experiment using a 

Fyrite combustion kit as previously mentioned. Culture medium pH and PCO2
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were measured in test and blank media at the end of experiments using a blood 

gas analyser, as above.

At the end of the incubation period, calcium concentrations in the culture 

medium were measured colorimetrically on an autoanalyser (Chem Lab 

Instruments, Hornchurch, Essex), by using the metal complexing dye 

cresolphthalein complexone. The absorbance of the resultant purple-coloured 

solution was measured at 570nm. Calcium concentrations were calculated from 

the absorbance peak heights measured against a standard curve. Calvaria were 

fixed for 10 minutes in 95% ethanol / 5% acetic acid before being stained for 

TRAP (Holt and Marshall, 1998), and mounted in melted glycerol jelly. The 

numbers of TRAP-positive multinucleated osteoclasts (two or more nuclei), were 

assessed blind' on coded samples using transmitted light microscopy. Dissection 

of calvaria and calcium measurements were performed by Dr S Meghji (Eastman 

Dental Institute, London, U.K.).

Solutions

Fresh stock solutions of ATP, bovine parathyroid hormone fragment 1-34 

(PTH) and salmon calcitonin (sCT) were prepared in phosphate buffered solution 

(PBS) for each experiment. Stock solutions of dexamethasone, l,25(OH)2D3, 

prostaglandin E2 (PGE2) and indomethacin were prepared in ethanol and stored 

for short periods at -20-C. The final concentration of ethanol in test and control 

culture medium was constant at 0.2%. ATP solutions were titrated to pH 7.0
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with NaOH immediately before use to avoid unwanted pH effects on osteoclast 

function (Arnett and Spowage, 1996).

Statistics

Statistical comparisons were made by one-way analysis of variance using 

the statistical computer package ‘Minitab’. Data are presented as mean ± SEM 

for 5 or 6 replicates.
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Figure 2.1 Photographic illustration o f (a) ABL330 blood gas 
analyser and (b) Isomet low speed saw with ivory discs shown 
at different stages o f  preparation.

Key : 1) High-low pH  calibrating solutions;
2) Carbon dioxide supply; 3) Sample injection point;
4) Ivory discs; 5) 5mm hole punch; 6) Low speed blade; 
7) Elephant ivory.
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Results

Relationship between pH, PCO2 and [HCO3 ] in tissue culture media

Figure 2.2 demonstrates the relationship between pH, PCO2 and [HCO3 ] 

in tissue culture media. Unmodified MEM with Earle’s salts and 10% foetal calf 

serum (ECS) results in an operating pH of about 7.2 in a 5% CO2 atmosphere. 

Increasing the concentration of CO2 to 10% (equivalent to a partial pressure of 

85mmHg), while HCO3 remains relatively constant, acidifies the medium to give 

an operating pH close to 7.0. However, for osteoclast culture a reduced 

operating pH is more conveniently achieved by adding concentrated HCl directly 

to media containing Earle’s salts and 10% ECS. Addition of 41 pi of 12 M HCl 

to 50 ml of culture medium provides 10 mEq/1 H^ / 1 and results in an operating 

pH of about 7.0 in a 5% CO2 atmosphere. Medium containing a very low 

bicarbonate concentration (Hanks’ salts) is intended for use with atmospheric air. 

Figure 2.2 demonstrates that when used in a tissue culture incubator containing 

5% CO2, this medium becomes strongly acidic.

Modulation of chick osteoclasts by changes in extracellular pH

Embryonic chick osteoclasts exhibit a similar sigmoidal pH response 

curve to mature rat osteoclasts (Figure 2.3 & Figure 2.4). However, chick 

osteoclasts differ from rat osteoclasts in that the response curve is shifted about

59



0.1 pH units upwards, and is slightly less steep (Arnett and Spowage, 1996). 

Addition of 10 mEq/1 to the culture medium reduced the final pH from 7.164 

to 6.984 (PCO2 = 41.4 mmHg), which increased the number of pits per disc from 

74 to 125 (p<0.01), addition of 5 mEq/1 H^ reduced the final pH to 7.075, and 

resulted in an increase in the number of pits per disc to 97. Addition of 5, 10 

and 15 mEq/1 OH (as NaOH) increased the final pH from 7.164 to 7.274, 7.355 

and 7.408 respectively. This resulted in a reduction in the number of pits per 

disc from 74 to 26, 16 and 12 respectively (p<0.01). The greatest change in the 

numbers of resorption pits formed was associated with a pH difference of only 

about 0.11 unit, between final pH values of 7.274 and 7.164. Over this range, 

the average number of resorption pits increased nearly 3-fold, and the average 

number of pits per osteoclast increased about 2.5-fold.

Long term effects of extracellular protons on mature rat osteoclasts

The stimulation of mature rat osteoclast resorption by extracellular protons 

does not diminish with time in culture (Figure 2.5). There was no indication of 

“tachyphyllaxis”, such that after 7 days a pH decrease of about 0.1 unit caused a 

15-fold increase in resorption pit formation (20.6 compared to 308.2; p<0.01). 

The results show clearly that small pH shifts were not associated with any long 

term changes in osteoclast number. At all time points resorption pit number was 

significantly greater in acidified medium compared to control (non-acidified) 

medium (p<0.01). PCO2 was 46.7 ±1.8 mmHg over the 7 day period.
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media.
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Figure 2.3 Modulation of chick osteoclast resorption pit formation by small 

changes in extracellular pH. Closed circle plots (left to right): effect of adding 

10, 5, 0 mEq/1 H^, and 5, 10 and 15 mEq/1 OH to culture medium on pit number 

per dentine disc; open square plots: effect on pits per osteoclast. HCO3 

concentrations were 9.5, 11.8, 14.3, 19.1, 23.6 and 27.1 mmol/1 respectively. 

Cells were cultured on 5mm dentine discs in for 26h. Values are means ± SEM 

(n = 5). PCO2 was 41.4 mmHg. For clarity, symbols denoting statistical 

significances are omitted.
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Figure 2.4 “O n-off’ switching of bone resorption by rat osteoclasts, associated 

with small extracellular pH differences, in low density 26h cultures, . Closed 

circle plots (left to right): effect of adding 10, 5, 2.5 and 0 mEq/1 to culture 

medium. Values are means ± SEM (n = 5). For clarity, symbols denoting 

statistical significances are omitted. Reproduced with the permission of Dr. T.R. 

Arnett, UCL.

63



400

■ MEM + 6.5 mEq/1 H 
e  œntrol MEM

pH 6.987350
-  5

300

-  4**
N 250

y
<D 200

_c

o  150 
"D

C/3 100

**

pH 7.021 -  3

-  2* *

pH 7.013 y
** ' yÛ_

pH 7.104-
pH 7.149

pH 7.147

1 2 3 4 65 7

Time (days)

5 -V  
c/T

5 .
COo
o

%

Figure 2.5 Long-term activation by small decreases in extracellular pH of 

mature rat osteoclasts cultured on 5mm dentine discs . PCO2 was 46.7 ±1 .8  

mmHg over the 7 day period. Cell numbers were not significantly altered over 

time. Values are means ± SEM (n = 5); ** p<0.01 vs. control MEM.
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Interaction of extracellular pH with l,25(OH)2D3

The interaction between the effects of pH and l,25(OH)2D3 were 

investigated using rat osteoclast cultures incubated for 26 hours with 10 nM 

1,25(0H)2D3 in either control (non-acidified) or acidified MEM (Figure 2.6). In 

the absence of l,25(OH)2D3, acidification (pH reduction from 7.215 to 6.922) 

produced a 4.5-fold stimulation of resorption pit formation (pcO.Ol). In non- 

acidified medium l,25(OH)2D3 caused a 2.5-fold stimulation of pit formation. 

However, in the presence of 10 nM l,25(OH)2D3 the acid effect was further 

enhanced, with a 12-fold stimulation compared with control (p<0.01). Thus, the 

stimulatory effect of l,25(OH)2D3 was much greater in the acid conditions than 

in non-acidified condition.

The interaction between the effects of extracellular protons and 

indomethacin, ATP, and l,25(OH)2D3 were investigated using rat osteoclast 

cultures incubated for 26 hours with 2 pM indomethacin, 2 pM ATP and 10 nM 

1,25(0H)2D3 in acidified MEM (Figure 2.7). Acidification (pH reduction from

7.214 to 6.983) produced a 2-fold stimulation of resorption pit formation 

compared to non-acidified control (p<0.01). With the addition of 2 pM 

indomethacin, 2 pM ATP or 10 nM l,25(OH)2D3 to acidified cultures, resorption 

was further stimulated. Indomethacin, ATP, and l,25(OH)2D3 gave similar 

levels of resorption pit formation (29.13 ± 1.47 V5 acid control 19.6), and had 

similar ratios of number of pits per osteoclast (1.83 ± 0.03 vs. acid control 1.18). 

Including 2 pM indomethacin, 2 pM ATP, and 10 nM l,25(OH)2D3 together in
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acidified cultures resulted in a 2.4-fold stimulation compared to acid control 

(p<0.01), and an average 1.6-fold stimulation of resorption pit formation 

compared to indomethacin, ATP, or l,25(OH)2D3 individually.

Effects of extracellular pH on osteoclast formation

To obtain reliable and consistent levels of osteoclast formation and bone 

resorption using the murine marrow assay, it has been necessary to alter certain 

aspects of the original method (Takahashi et al., 1988a). It was found that 

culturing the marrow cells for the first 24 hours in 96-well plates increased the 

number of cells adhered to the ivory discs. Cell density appears to be especially 

important in this assay as osteoclast formation only occurs in areas of high cell 

concentration. However, due to the small media volume (150pl) and large cell 

count, it was important to avoid excessive media acidification. This was 

achieved by transferring the ivory discs to 6-well plates which contained a large 

volume of media (e.g. approximately 1 ml / 5mm disc). Large volumes of media 

coupled with regular medium changes reduce the amount of cell-mediated 

acidification, and avoid medium exhaustion. As the murine marrow assay is 

“serum sensitive”, it is also suggested that several batches of serum are screened 

to determine that which provides the best results. Screening of six batches of 

serum gave a 5-fold variation in pit area (data not shown). As long bones were 

fragmented and not simply flushed as mentioned above, it was necessary to 

ascertain that mature osteoclasts had not been released. Therefore several discs 

were examined at day 3 of culture . No osteoclasts or resorption pits were ever
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observed at this 3 day stage, indicating that osteoclasts and resorption pits 

observed after 10 to 14 days in culture resulted entirely from the formation of 

new osteoclasts.

The following results demonstrate the overall inhibitory action of low pH 

on osteoclast formation in murine marrow cultures. Increasing the final 

extracellular pH from 7.107 to 7.150 (Figure 2.8) by the addition of 5 mEq/1 OH 

(as NaOH) resulted in a 2-fold increase (p<0.01) in the area covered by TRAP- 

positive multinucleate cells, but a 7-fold decrease (p<0.01) in resorption pit area 

(i.e. the ratio of pit area : TRAP-positive area decreased from 0.7 to 0.06), over 

the 10 day culture period (PCO2 was 45.7 mmHg). Addition of 5 and 10 mEq/1 

H^ (as HCl) increased the final pH from 7.107 to 7.000 and 6.893 respectively. 

This resulted in a reduction in the area covered by TRAP-positive multinucleate 

cells from 49.5 to 21 and 7.3 \iw? x 10’̂  respectively (p<0.01 for 10 mEq/1). 

However, although addition of 5 and 10 mEq/1 H^ resulted in a reduction in the 

area covered by TRAP-positive multinucleate cells, the ratio of pit area : TRAP- 

positive area remained relatively unchanged (0.68 ± 0.01).

To determine if the TRAP- positive cells formed in response to added OH 

were indeed functional osteoclasts, mouse marrow cultures were incubated at 

alkaline pH (7.41) for 10 days, before transferring the cells to an acidified 

medium (pH 7.03) for a further 4 days (Figure 2.9). Incubation for 14 days at 

pH 7.41 resulted in abundant TRAP-positive multinucleate cell formation (43.4
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|im^ X 10’̂ ), but almost no resorption (0.29 x 10’̂ ). However, in cultures 

maintained in alkaline medium for 10 days followed by 4 days in acidified 

medium, formation of TRAP-positive multinucleate cells was similar to 14 days 

at pH 7.41 (47.7 pm^ x 10’̂ ), but resorption pit formation was increased to 27.0 

pm^ X 10 ,̂ a 93-fold increase (p<0.01). As previously described (Figure 2.8), 

continuous incubation in acidified media (pH 7.01) for 14 days reduced TRAP- 

positive multinucleate cell formation (16.1 pm^ x 10’̂ ; p<0.01), but further 

increased the ratio of pit area : TRAP-positive area to 1.2.

Effects of extracellular pH on calvarial resorption

In the calvarial system, stimulation of calcium release by added protons 

closely paralleled the effect of extracellular protons on pit formation by isolated 

mature rat osteoclasts. Increasing the proton concentration from 0 to 15 mEq/1 

decreased extracellular pH from 7.21 to 6.94 and resulted in an 8.3-fold increase 

in calcium release from 0.62 to 5.12 mg/1 (Figure 2.10). Calcium release 

measurements from dead bones suggested that a relatively small physicochemical 

element may be involved at large acid levels. The largest effects observed with 

proton stimulation (15 mEq/1 H^) were comparable to the maximal calcium 

release evoked by 10 nM l,25(OH)2D3, 10 nM 1-34 PTH, or 1 pM PGE2 (Figure 

2 . 11).
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Effects of calcitonin and indomethacin on calcium release from calvaria

The increase in calcium release stimulated with 15 mEq/1 was reduced 

to control levels in the presence of 10 ng/ml salmon calcitonin (sCT), implying 

osteoclast-mediated resorption (Figure 2.12). Addition of indomethacin (a 

cyclooxygenase inhibitor) to acid-stimulated (12 mEq/1 H^) calvaria blocked 

calcium release (Figure 2.13). 0.01, 0.1 and 1 pM indomethacin resulted in a

1.9, 3, and 3.8-fold reduction in calcium release from acid-stimulated calvaria 

respectively. IpM  indomethacin inhibited acid-stimulated calcium release to a 

level equivalent with that seen in non-acidified control cultures.
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Figure 2.6 Interaction of the effects of l,25(OH)2D3 (1,25 D; 10 nM) on 

resorption pit formation by rat osteoclasts cultured in unmodified medium 

(Control) or in acidified medium (Acid) for 26 h, showing potentiation of 

1,25(OH)2D3-stimulated resorption at low pH. PCO2 was 42.3 mmHg. Values 

are means ± SEM (n = 5); * p<0.05; ** p<0.01 with respect to control.

70



pH

7.214 6.983 6.986 6.984 6.989 6.989
6 0  1 1 1 1 1 1 6

0) 30

CO

o
CO

CD
O
O
D)
CO

1,25 D Indo + ATP 
+ 1,25 D

Figure 2.7 Further stimulation of resorption pit formation by rat osteoclasts 

cultured for 26 h in acidified medium (# p<0.05; ## p<0.01 with respect to pH

7.214 control value (Ctl)) by indomethacin (Indo; 2pM), ATP (2p,M) and 

1,25(0H)2D3 (1,25 D; 10 nM). PCO2 was 36.6 mmHg Values are means ± SEM 

(n = 5); * p<0.05; ** p<0.01 with respect to Acid.
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Figure 2.8 Effect of extracellular pH on osteoclast formation and activation in 

10 day cultures of mouse marrow. -5 mEq/1 signifies the addition of 5 mEq/1 

OH as NaOH. Stromal cell numbers were unaffected. PCO2 was 45.7 mmHg. 

Values are means ± SEM (n = 5); * p<0.05 vs control; ** p<0.01 vs. Control.
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Figure 2.9 Effect o f switching from alkaline to acidified media on osteoclast 

formation in mouse marrow cultures. Cultures were incubated on 5mm dentine 

discs for (left to right) 10 days in alkaline medium (alk) (pH 7.41) before transfer 

to acid medium (acid) (pH 7.03) for 4 days; 14 days in alkaline medium (pH 

7.41); 14 days in acidified medium (pH 7.01). PCO2 was 41.6 ± 1.64 mmHg 

over the 14 day period. Values are means ± SEM (n = 5); ** p<0.01 vs 14d 

alkaline medium.
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Figure 2.10 Modulation o f calcium release from 3 day mouse calvarial cultures 

by small changes in extracellular pH. Decreasing extracellular pH from control 

value (7.208) by addition o f 3, 6 , 9 ,  12 and 15 mEq/1 H  ̂ to culture medium  

increased calcium release from 0.62 to 1.71, 1.95, 2.03, 3.14 and 5.12  

respectively. HCO3 ' concentrations were 13.2, 12.2, 10.9, 10.4, 8.5 and 7.1 

mmol/1 respectively. Over the same pH range, devitalised bones (hatched bars) 

decreased calcium adsorption from 1.13 to 1.08, 0.95, 0.82, 0.77 and 0.72  

respectively. PCO2 was 36.3 mmHg. Values are means ± SEM (n = 5).
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Figure 2.11 Comparison of the effects of HCO3' acidosis (acid; 15 mEq/1 H*) 

with maximal doses of PGE2 (IfxM), parathyroid hormone (PTH; 10 nM), and 

1,25(0H)2D3 (1,25 D; 10 nM) on calcium release from 3 day mouse calvarial 

cultures. PCO2 was 36.3 mmHg. Values are means ± SEM (n = 5).
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Figure 2.12 Inhibition of HCO3 -acidosis stimulated calcium release from 3 day 

mouse calvarial cultures back to control (non-acidified) levels by salmon 

calcitonin. PCO2 was 36.3 nunHg. Values are means ± SEM (n = 5).
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Figure 2.13 Inhibition of proton stimulated (12 mEq/l H^) calcium release from 

3 day mouse calvarial cultures back to control (non-acidified) levels by 

indomethacin. PCO2 was 64.0 mmHg. Values are means ± SEM (n = 5).
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Effects of respiratory and metabolic acidosis on calcium release from calvaria

To compare the effects of metabolic or respiratory acidosis on calcium 

release from calvaria (Figure 2.14), culture medium was acidified either by the 

addition of 4, 8, 12 and 16 mEq/l as HCl, which reduced the HCO3’ 

concentration of the media from 15.8 to 13.5, 11.3, 9.7 and 8.4 mM respectively 

(a model of metabolic acidosis), or by increasing incubator CO2 to a nominal 5, 

10 and 15% (actual PCO2 values: 54.5, 87.2 and 108.5 mmHg respectively) to 

produce a model of respiratory acidosis. Acidification of culture medium by 

increasing PCO2 values produced markedly lower calcium releases at comparable 

pH values to metabolic acidosis. For example, pH 6.85 (achieved by the 

addition of 16 mEq/l H^) resulted in a calcium release of 3.17 mg/1, while pH 

6.81 (achieved by increasing incubator PCO2 to 108.5 mmHg) resulted in a 

calcium release of only 1.49 mg/1, compared to a control value in non-acidified 

medium of 0.28 mg/1. Devitalised bones adsorbed 0.05 mg/1 calcium at pH 6.81.

TRAP-stained half calvaria from cultures treated with 12 to 16 mEq/l H^, 

lOnM 1,25(0H)3D3, lOnM 1-34 PTH or IpM  PGE2 (Figure 2.15) demonstrated 

large amounts of osteoclastic resorption, with firequent perforations. However, 

counts of the number of multinucleate cells present on each half calvaria (Figure 

2.16) demonstrated that whereas l,25(OH)2D3 increased cell number compared to 

control (-400 to -700; p<0.01), PGE2 had no effect, and 15 mEq/l HCl caused a 

decrease to -200 TRAP positive cells (p<0.01).
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Figure 2.14 Comparison of the effects of metabolic and respiratory acidosis on 

calcium release from 3 day mouse calvarial cultures. Culture medium was 

acidified (left to right) by increasing incubator CO2 to 54.5, 87.2 and 108.5 

nunHg to model respiratory acidosis; or by addition of 4 , 8 , 1 2  and 16 mEq/l 

as HCl to model metabolic acidosis (PCO2 = 54.5 nunHg). Devitalised bones are 

shown as hatched bars. Values are means ± SEM (n = 5).
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Figure 2.15 Transmitted light photographs o f  TRAP stained
whole- mount half calvaria after 3 days culture, (a) control, pH 7.208
(x20); (b) l,25(O H )2D 3, pH 7.095 (x20); (c) 12 mEq/l H+, pH 7.007 (x20).
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Figure 2.16 Comparison of the effects of l,25(OH)2D3, PGE2 and 15 mEq/l 

on the number of TRAP-positive multinucleate cells present on half calvaria after 

3d culture. Values are means ± SEM (n = 5); ** p<0.01 vs. control.
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Discussion

Recent work has demonstrated that mature osteoclasts disaggregated from 

neonatal rat bones are extremely sensitive to small changes in extracellular pH 

(Arnett and Spowage, 1996), such that a pH difference of as little as 0.10 unit 

(between pH 7.25 and 7.15) can effectively “switch on” or “switch off” rat 

osteoclasts. Mechanisms underlying this switching effect are unclear at present, 

although it has been reported that relatively brief exposure to low pH conditions 

(6 hours at pH 6.5) is associated with two fold increases in CA II and TRAP 

mRNA levels in rabbit osteoclasts (Asotra et al., 1994a, 1994b).

Experiments using the disaggregated osteoclast assay demonstrate that at 

particular pH levels there is less than one pit per osteoclast. Osteoclasts differ in 

their area and volume (Piper et al., 1995). There is also a positive correlation 

between the number of nuclei per osteoclast and the number and volume of 

resorption pits made (Piper et al., 1992). This suggests that osteoclasts are 

heterogeneous, and thus will differ in their response to a particular pH level (i.e 

some osteoclasts will be activated while others are not at the same pH). 

However, the benefit of studying a population of heterogeneous osteoclasts such 

as those found in the disaggregated osteoclast assay allows the response to be
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seen as an average for all the osteoclasts per slice, and can therefore give values 

of less than one pit per osteoclast.

Embryonic chick osteoclasts are also extremely pH-sensitive, and are able 

to form resorption pits in somewhat more alkaline conditions (pH 7.4) than 

mammalian osteoclasts. My results confirm the work of Arnett and Dempster 

(1987) and Murrills et aL, (1993), who demonstrated that chick osteoclastic bone 

resorption was consistently greater at low pH; but contradict the findings of 

Walsh et aL, (1990) who demonstrated that avian osteoclast activity was optimal 

at pH 7.20 - 7.40, and was inhibited below pH 7.10. The difference with the 

results from the latter laboratory may be due to the fact that osteoclasts were 

buffered with either HEPES or PIPES, which the authors acknowledge may have 

adverse effects on osteoclast metabolism. Perhaps because of the rapid 

remodelling that must accompany the high rates of bone growth seen in 

developing birds, and the lack of response to calcitonin, chick osteoclasts would 

appear to be “constitutively activated”. Chick osteoclasts have a basal rate of 

resorption in non acidified conditions which is generally much higher than that of 

the neonatal rat (Arnett and Dempster, 1987). Slightly larger changes in 

extracellular pH are needed to “switch on” or “switch o ff ’ chick osteoclasts. 

Osteoclast pH-sensitivity has been conserved in these two species, as well as in 

mouse, human and rabbit osteoclasts (Shibutani and Heersche, 1993; Tamura et 

al., 1993; Matayoshi et al., 1996). The phenomenon of osteoclast activation by 

extracellular protons may have evolved in vertebrates as a last line of defence to
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protect the body against the effects of systemic acidosis. Indeed, the fact that 

avian and mammalian osteoclasts differ in response to calcitonin (Arnett and 

Dempster, 1987) but respond similarly to low pH suggests that sensitivity is a 

more primitive characteristic conserved during evolution of higher vertebrates.

In relatively short-term experiments, the effects of extracellular pH on 

mammalian osteoclastic resorption seem clear cut. In longer term cultures, there 

have been conflicting data. Murrills et al., (1993) showed that the relative 

stimulatory effect of low pH on resorption by rat osteoclasts diminished over 

several days in culture; although these experiments studied the effects of severely 

acid media (<pH 6.7), which can reduce osteoclast survival. However, results 

presented in this chapter show that the powerful stimulatory effect of low pH on 

pit formation by mature rat osteoclasts does not diminish with time in culture, 

and may increase somewhat, provided the cytotoxic effects of very low pH (i.e. 

<6.9) are avoided. There was no indication of “tachyphyllaxis” (escape), such 

that with 7 days in culture a pH decrease of about 0.1 unit caused a 15-fold 

increase in resorption pit formation. The small pH shifts were not associated 

with any long term changes in osteoclast number. Long term stimulatory effects 

of low pH on osteoclastic resorption may be pertinent to in vivo situations, for 

example rheumatoid arthritis, where the local pH can be reduced (Steen et al., 

1992) and bone is lost.
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The effects of extracellular pH on mature osteoclasts are well documented, 

but little is known about the effects on osteoclast formation. Shibutani and 

Heersche (1993) demonstrated that rabbit osteoclast differentiation and 

proliferation were optimal at pH 7.0 to 7.5, but decreased at pH 6.5 over 48 

hours. However, osteoclast proliferation seen in the experiments described by 

Shibutani and Heersche contrast with results I have obtained, which show that 

over 7 days of culture (non-acidified or acidified medium) rat osteoclast number 

remained constant.

Results presented here show that osteoclast formation and activation in 10 

day mouse marrow cultures were extremely sensitive to changes in extracellular 

pH. Although acidification resulted in moderate inhibitions of TRAP-positive 

multinucleate cell formation, resorption pit formation was subject to large 

stimulations when the pH was reduced from 7.15 to 7.10 (“off-on switching”), in 

a manner similar to that described for mature rat osteoclasts (Arnett and 

Spowage, 1996). It is unclear from the data whether in fact it is low pH that is 

inducing osteoclast formation and resorption since HCO3 concentrations are also 

decreased in these cultures. It may be that in a similar manner to osteoclast- 

mediated calcium release from calvaria, decreased medium bicarbonate and not 

just a fall in pH is necessary to stimulate osteoclast formation. The results 

additionally indicate that the TRAP-positive multinucleate cells, whose formation 

was stimulated in alkaline conditions, were indeed functional osteoclasts which 

were activated simply by reducing pH. It is an interesting paradox that in the
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mouse marrow system, extracellular protons inhibit osteoclast formation, but 

stimulate the activity of these cells once formed. Additionally, osteoclasts are 

known to be formed by the fusion of circulating mononuclear precursor cells of 

haematopoietic origin (Fujikawa et al., 1996a). Results from other systems, 

have shown that the optimal pH for cell fusion is around pH 7.5 (Chang et al., 

1989), raising the possibility that extracellular protons could directly influence 

pre-osteoclast fusion.

Experiments with 3-day cultures of mouse calvaria have shown a similar 

response to extracellular pH. This was more sensitive than previously thought 

(Goldhaber and Rabadjija, 1987). Changes in pH of only 0.1 unit were 

associated with 2 to 3-fold alterations in osteoclast-mediated calcium release. 

Devitalised (dead) bones took up calcium from the medium over the same pH 

range which caused cell-mediated calcium release from live bones. This uptake 

decreased as the amount of protons added increased, suggesting a relatively small 

physicochemical component may be involved. Proton-mediated calcium release 

from dead bones appears to be a function of changes in solution equilibria that 

control bone mineral growth and dissolution (Bushinsky et al., 1983). The 

calcium efflux seen most likely represents dissolution of either hydroxyapatite 

(Caio(P0 4 )6(OH)2), brushite (CaHP0 4 ), or calcium carbonate (CaCOs) from bone 

(Bushinsky et al., 1986).
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From the stoichiometry of hydroxyapatite dissolution the importance of at 

physiological pH is obvious (Schlesinger et aL, 1994):

[Caio(P04)6(OH)2]soiid + 14 H+ = 10 + 6  H2PO4 + 2 H2O

Evidence that the addition of protons to the culture medium stimulated 

cell-mediated bone resorption was obtained by demonstrating that calcitonin (a 

specific inhibitor of osteoclastic bone resorption (Chambers and Moore, 1983; 

Arnett and Dempster, 1986, 1987)), was able to inhibit calcium release from 

calvaria exposed to 15 mEq/l of added protons. A preliminary report has 

suggested that calcitonin receptor mRNA expression in osteoclasts formed from 

mouse marrow cells can be modulated by changes in culture medium pH, with an 

increase in expression with decreasing pH (Weinstein et aL, 1998). These 

results may suggest that as osteoclasts become more active at low pH, calcitonin 

receptor mRNA expression is increased to allow for regulation of osteoclast 

function by increased calcitonin sensitivity.

The finding that indomethacin inhibits the bone resorption stimulated by 

added protons suggests that prostaglandin synthesis is involved in this 

phenomenon. It is possible that hydrogen ions act on cells in the calvaria, {e.g 

osteoblasts), to produce agents that lead to osteoclastic stimulation {e.g. 

prostaglandins) (Goldhaber and Rabadjija, 1987). Rabadjija and colleagues 

(1990) further demonstrated that the addition of protons to mouse calvaria
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cultures significantly increased the release of PGE2 and cAMP, and suggested 

that the bone resorption due to added protons was dependent on their production. 

Indomethacin (2.8 x lO'^M) inhibited the release of both PGE2 and cAMP from 

treated bones. Marshall et al., (1996) noted that when mouse calvaria were 

incubated with 1 pM indomethacin, the number of TRAP-positive osteoclasts 

counted on the bone surface were reduced, a reduction that did not occur with 

calcitonin. Seemingly, TRAP-positive osteoclasts become less adherent to bone 

and more adherent to the endocranial membrane with indomethacin treatment, 

and thus resorption is decreased (Marshall et al., 1995; 1996). On the other 

hand, in the isolated mature rat osteoclast assay, prostaglandins and cAMP 

analogs are inhibitory (Arnett and Dempster, 1987), and addition of indomethacin 

leads to a stimulation of resorption pit formation (see Chapter 3).

Although extracellular protons can stimulate resorption as powerfully as 

maximal doses of l,25(OH)2D3, PTH or PGE2, acidification is accompanied by 

reductions in the number of TRAP-positive osteoclasts visible in whole mount 

preparations of half calvaria. The data suggest that extracellular protons may 

stimulate bone resorption by “switching on” mature osteoclasts already present in 

calvarial bones, rather than by stimulating the recruitment of new osteoclasts. 

These results mirror my findings in 10 day mouse marrow cultures, where 

reducing extracellular pH results in a decrease in the number of TRAP-positive 

osteoclasts formed, but still causes a stimulation of resorption pit formation.
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Results presented in this chapter confirm the observation that metabolic 

acidosis (i.e. decreasing HCO3 ) is a more effective stimulator of osteoclastic 

resorption than respiratory acidosis (i.e. increasing PCO2) in calvaria (Bushinsky, 

1989). The results demonstrate that increasing PCO2 in calvaria cultures 

increases resorption, however the pH has to be lower to obtain an equivalent 

amount of calcium release compared to decreasing HCO3'. Varying the PCO2 

between 54.5 and 87.2 caused only a small amount of calcium release despite a 

large drop in pH (7.12 to 6.89). However, increasing the PCO2 from 87.2 to 

108.5 caused a large (3.3-fold) increase in calcium release, although the pH 

dropped by only 0.08 of a unit. This suggests that the “set point” for osteoclast 

activation is altered depending on whether the acidosis is related to alterations in 

PCO2 or HCO3 concentration. This contrasts with the work of Arnett et al., 

(1994) who demonstrated that isolated rat osteoclasts were more sensitive to 

stimulation by CO2 acidosis than HCO3 acidosis. However, my own 

preliminary work (unpublished) with 26 hour disaggregated rat osteoclast 

cultures showed no significant difference in pit number or size in CO2 or HCO3 

acidosis. This suggests that low pH stimulates osteoclasts to resorb, and in 

calvaria the resorption response is more sensitive HCO3.

The reasons why a reduction in bicarbonate concentration should have a 

greater effect on osteoclastic bone resorption in calvaria than an increase in the 

partial pressure of carbon dioxide are unclear. However, a low HCO3 

concentration (as in metabolic acidosis) might be expected to facilitate the
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exchange of intracellular HCO3 for C l , leading to enhanced availability for 

increased resorption. Increasing CO2 (as in respiratory acidosis) would not be 

expected to stimulate the HCO3' / Cl exchanger. It is also possible that 

increasing incubator CO2 levels could promote calcium carbonate accretion and 

the formation of carbonated apatite (Bushinsky, 1995). This may explain the 

apparent reduction in calcium efflux seen in calvaria cultures incubated in 

medium acidified by increased PCO2 . During metabolic acidosis however, the 

low HCO3 concentration would favour the dissolution of bone calcium carbonate 

and carbonated apatite.

Osteoblast mitogens such as ATP and IL-1 are known to enhance medium 

acidification, which could conceivably stimulate osteoclasts, along with any other 

mechanisms that may be involved (Aisa et al., 1995; Kaplan and Dixon, 1996). 

In the results presented in this chapter, PTH, and in some experiments 

1,25(0H)2D3 and PGE2 were associated with medium acidification which could 

in itself stimulate resorption to some extent. The data are in agreement with the 

work of Vaes (1968), who showed that PTH-treated mouse calvaria acidified 

their culture media at a faster rate and released more citrate and lactate than 

control bones. Recent work by Barrett et al., (1997) has demonstrated that one 

important consequence of PTH receptor activation in bone is enhanced local 

acidification of the extracellular space. Utilising the technique of 

microphysiometry, Barrett et al., showed that PTH could directly and dose- 

dependently enhance acid production by human osteoblast-like SaOS-2 cells.
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This may represent a mechanism by which PTH acting on osteoblasts stimulates 

osteoclasts.

Clearly, the effects of pH on osteoclasts can interact with those of other 

osteolytic agents. For example, resorption pit formation can be additionally 

stimulated by l,25(OH)2D3, cyclooxygenase inhibitors (see Chapter 3 for further 

discussion), or ATP (see Chapter 4 for further discussion). Similar effects have 

also been demonstrated with metabolic acidosis and PTH in mouse calvaria 

(Bushinsky and Nilsson, 1995). Anderson et al., (1986) demonstrated using 

mouse calvaria and acridine orange (a fluorescent weak base) that PTH could 

increase osteoclast intracellular acidity, and suggested an intimate link between 

acidification of osteoclasts and bone resorption. It is unclear to what extent the 

effects of these varying modes of stimulation are additive, or what the upper limit 

of resorptive efficiency for an osteoclast might be. However, these findings 

emphasise the critical importance of extracellular protons in modulating 

osteoclast function and reinforce the need for accurate monitoring of culture 

medium pH in all bone resorption experiments, a requirement that has been 

widely overlooked.

The availability of a clinical blood gas analyser has allowed the careful 

measurement and analysis of medium pH and PCO2 before, during, and at the end 

of experiments. Coupled with the use of calibration curves measured for culture 

medium with differing bicarbonate concentrations, the relationship between, and
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the significance of pH, PCO2, and [HCO3 ] in tissue culture media is apparent. In 

view of the extreme sensitivity of osteoclasts to changes in extracellular pH, it is 

important to note that the equilibrium pH of unmodified MEM can vary between 

batches (pH 7.2 ±0 .1). The equilibrium pH of unmodified DMEM is slightly 

higher (pH 7.35-7.4). This may help to explain some of the variability in 

resorption pit formation in the disaggregated osteoclast assay, since osteoclasts 

cultured in MEM which has a low equilibrium pH may be activated to resorb 

without the need for addition of H^ as HCl. Conversely, osteoclasts cultured in 

unmodified DMEM will not resorb.

The mechanism underlying the effects of extracellular protons on 

osteoclastic resorption is unknown. In view of the small changes in extracellular 

proton concentration involved, it seems unlikely that adding protons simply 

decreases the gradient against which osteoclasts must pump H^ to create and 

maintain an acid microcompartment necessary for resorption (Baron et al., 1985). 

Work with rat and chick osteoclasts has shown that extracellular acidification 

leads to an increase in the expression of actin-rich podosomes and formation of 

actin-rich “clear zones” within the osteoclast, indicating increased adhesion to 

substrate (Teti et at., 1989b; Murrills et al., 1993). However, along with effects 

on carbonic anhydrase expression (as mentioned above) acidosis can also induce 

plasmalenunal vacuolar type H^ ATPase (V-ATPase) activity. V-ATPases are 

localised to the ruffled border of osteoclasts and are the primary cellular 

mechanism responsible for acidification of the resorption lacunae (Blair et al.,
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1989; Vaananen et al., 1990). Therefore, induction of plasmalenunal V-ATPase 

activity by chronic acidosis, generated either systemically due to metabolic 

disease or locally at sites of inflammation, is likely to stimulate osteoclastic bone 

resorption and thus promote bone loss (Nordstrom et al., 1997). However, 

another possibility is that osteoclasts possess a specific pH sensing apparatus 

linked to an intracellular signalling pathway (Arnett and Spowage, 1996).

Additionally, results presented in chapter 4 suggest a link between ATP (a 

ubiquitous extracellular signalling molecule), and protons in receptor modulation. 

Although unproven, a tentative theory is that protons and ATP may interact to 

allow the opening of a cation / proton channel in the osteoclast cell membrane. 

This could conceivably increase the intracellular concentration of protons, which 

can then be actively pumped out of the cell via a V-ATPase into the resorption 

lacunae, and so increase resorption pit formation (Arnett and King, 1997).

Protons may be mediating their effects directly on osteoclasts (Arnett and 

Dempster, 1986). This is supported by studies from Wang et al (1997) using 

individually micro-isolated osteoclasts cultured on dentine slices has shown that 

lowering the pH from 7.35 to 6.9 resulted in a 50% increase in the number of 

actively resorbing micro-isolated osteoclasts. However, to a certain extent it 

may be irrelevant whether protons are acting directly on osteoclasts or acting on 

osteoclasts via osteoblasts, since within bone both cells will be in close proximity 

to each another. Most osteolytic agents act on osteoclasts via osteoblasts. It is
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also possible that protons may serve a physiological role as a local osteoblast- 

osteoclast coupling factor (Teti et al., 1989b; Arnett, 1990). Indeed, it has been 

shown in mouse calvaria cultures that lowering extracellular pH (or possibly 

intracellular pH) by addition of protons triggers prostaglandin biosynthesis, 

leading to activation of bone resorbing cells and bone resorption (Rabadjija et al., 

1990).

Although the normal pH range of the extracellular environment in bone is 

not known, it is possible that the results presented here may have relevance to the 

modulation of bone turnover in vivo. For example, it is known that from 

childhood to old age, humans eating a typical western diet develop a slight but 

progressive increase in blood acidity and decrease in plasma bicarbonate 

concentrations, (low-grade metabolic acidosis) (Barzel, 1995; Frassetto and 

Sebastian, 1996). Along with this general acidosis, decreased perfusion of bone 

with ageing may cause an accumulation of lactate and a further decrease in the 

pH of bone interstitial fluid. Even if this decrease were small, a slightly elevated 

rate of bone resorption and a slightly diminished rate of osteoblastic collagen 

synthesis over several years could contribute to the bone loss associated with 

osteoporosis (Ramp et al., 1994). Recent studies have shown that, in 

postmenopausal women, administration of potassium bicarbonate to neutralise 

endogenous acid increased blood pH by 0.02 unit and plasma bicarbonate by 

1.8mmol/l, which, it was suggested, led to a reduction in bone resorption and an 

increased rate of bone formation (Sebastian et al., 1994). The findings presented
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could also be pertinent to diseases that feature localised bone destruction, such as 

arthritis and periodontal disease. For example, Falchuk et al., (1970) 

demonstrated that the pH in inflammatory synovial fluid is lower than fluid from 

joints showing no signs of inflammation, suggesting the possibility that the 

appendicular bone loss commonly found in rheumatoid arthritis could be caused 

by local acidification enhancing osteoclastic bone resorption.

Low pH modulates both osteoclast formation and activation, and has the 

ability to interact with and enhance a wide range of other osteolytic agents. The 

results presented in this chapter demonstrate the important role of extracellular 

pH in bone physiology, and provide new clues to understanding the pathogenesis 

in metabolic bone disorders.
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Chapter 3

Cyclooxygenase inhibitors stimulate pit formation 

by mature rat osteoclasts

Introduction

Since the initial discovery that prostaglandin-E (PGE) was involved in 

bone resorption (Klein and Raisz, 1970), arachidonic acid metabolites, (e.g. 

PGE2), have been the focus of a large number of experimental bone studies. 

These studies have shown that prostaglandins are powerful, multifunctional local 

regulators of both the formation and resorption of bone. Prostaglandins are 

important in bone metabolism as they are produced in abundance not only by 

osteoblasts (Feyen et al., 1984), but also by cells adjacent to bone in the marrow 

and periosteal tissues (Raisz, 1995). Cells involved in the response to injury and 

inflammation may also have an important influence on skeletal tissues.
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Prostaglandin synthesis

Cyclo oxygenase (COX) is the key enzyme involved in the conversion of 

arachidonic acid from membrane phospholipids to form prostanoids, while 

leukotrienes are formed via the lipoxygenase pathway. COX converts 

arachidonic acid to prostaglandin G2 (PGG2) and then reduces PGG2 to 

prostaglandin H2 (PGH2) in a peroxidase reaction. PGH2 is then converted by 

intracellular isomerases and reductases to prostaglandin E2 (PGE2), prostaglandin 

D2 (PGD2), prostacyclin (PGI2), prostaglandin p 2a (PGp2a), and thromboxane A2 

(Smith, 1992). These products either simply diffuse across the cell membrane, 

or are transported from the cell via an organic anion transporter (Kanai et al., 

1995), to exert their effects in an autocrine or paracrine manner.

There are two distinct isoforms of the COX membrane protein (Kurumbail 

et al., 1996), representing independent biosynthetic pathways. COX-1 is 

constitutively expressed in most tissues, whereas COX-2 is induced by pro- 

inflammatory stimuli, such as mitogens and cytokines and is the more highly 

regulated of the two enzymes (Pilbeam et al., 1993; Kawaguchi et al., 1994,

1995). The two isoforms are approximately 60% identical at amino acid and 

nucleic acid levels, and both enzymes are about 70kDa in size (Kurumbail et al.,

1996). Regulation of prostaglandin production by mechanical forces, hormones 

{e.g. parathyroid hormone), cytokines {e.g. interleukin-1), and growth factors 

{e.g. TGP-a & TGP-P) appears to be due largely to the transcriptional regulation 

of COX-2 (Kawaguchi et al., 1994; Porwood, 1996; Pilbeam et al., 1997; Maciel
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et al., 1997). Prostaglandins have also been postulated to act in positive 

feedback loops amplifying their own production by stimulating cyclic adenosine 

monophosphate (cAMP) activity in cultured mouse calvaria and murine 

osteoblastic MC3T3-E1 cells (Kawaguchi et al., 1994; Pilbeam et al., 1995).

Effects of prostaglandins on osteoclast resorption and formation

In 1970, Klein and Raisz demonstrated that prostaglandins stimulated 

bone resorption in foetal rat long bones in 48 to 96 hour tissue culture, and later 

showed that PGE2 was the most potent stimulator of resorption in this system 

after a transient inhibition (Dietrich et al., 1975). Prostaglandins also have a 

similar stimulatory effect on osteoclastic resorption in neonatal mouse calvaria 

(Lemer, 1980). Paradoxically, early work on the effects of prostaglandins on 

isolated osteoclasts established that in vitro, they had a direct inhibitory effect 

(Chambers and Dunn, 1982; Chambers and Ali, 1983a; Chambers, 1985b; Arnett 

and Dempster 1987), similar to that observed with calcitonin. Prostaglandins 

were found to transiently inhibit osteoclast spreading and motility (Chambers and 

Ali, 1983b; Chambers et al., 1984a) and, like calcitonin, operate by increasing 

the cyclic AMP levels in osteoclasts. PGEi and PGE2 are known to inhibit bone 

resorption by isolated osteoclasts for at least 6 hours (Fuller and Chambers, 

1989b). A similar transient inhibition of bone resorption has also been observed 

in mouse calvarial bones in vitro (Lemer et al., 1987). Lakkakorpi & Vaananen 

(1990) reported that PGE2 rapidly dispersed the specific microfilament structure 

(e.g. F-actin, vinculin, and talin) in isolated resorbing osteoclasts, demonstrating
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a direct inhibitory effect. The fact that prostaglandins inhibit isolated 

osteoclasts, but stimulate resorption in bone organ culture, suggests that 

prostaglandins are acting on cell types other than mature osteoclasts in organ 

culture (Collins and Chambers, 1991).

The osteolytic action of several hormones and cytokines is dependent to 

some degree on endogenous prostaglandin synthesis. For example, interleukin-1 

(IL-1), a potent bone-resorbing cytokine, has both prostaglandin dependent and 

independent effects on bone resorption. Akatsu et al., (1991) and Lader and 

Flanagan (1998) demonstrated that recombinant human IL-1 a  increased both 

bone resorption and osteoclast number, and that this effect was suppressed by 

indomethacin, suggesting a role for endogenous prostaglandins. However, IL-1 

has also been reported to stimulate bone resorption independently of 

prostaglandin synthesis (Garrett and Mundy, 1989). PGE2 may also be a 

potential mediator of extracellular ATP action in osteoblast-like cells. Pre

treatment with indomethacin suppressed both ATP-induced PGE2 synthesis and 

DNA synthesis in these cells (Suzuki et al., 1993).

Proton-stimulated resorption in neonatal mouse calvaria may also have a 

prostaglandin dependent mechanism of action (Rabadjija et al., 1990), since 

indomethacin abolishes the stimulatory effect (see Chapter 2). Acid stimulated 

calcium release in mouse calvaria was also shown to be blocked by the 5- 

lipoxygenase inhibitors, MK 886 and BW IOC (Arnett et al., 1997).
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Prostaglandins also have a role in the movement of osteoclasts to bone or 

periosteum. When PGE2 is blocked by indomethacin, osteoclasts become less 

adherent to bone and more adherent to the endocranial membrane (Marshall et 

al., 1996), therefore resorption is reduced. The P3 integrin subunit seems to play 

an important role in the movement of osteoclasts from the periosteum to bone, 

but not in the reverse process induced by indomethacin (Holt and Marshall, 

1998).

In addition to the effects of prostaglandins on bone resorption, 

leukotrienes, (the products of the lipoxygenase pathway) increase both osteoclast 

formation and resorption in vitro and in vivo (Meghji et al., 1988; Gallwitz et al., 

1993; Garcia et aL, 1996), although other groups have reported that with isolated 

rat osteoclasts none of the lipoxygenase pathway products had a significant direct 

effect (Fuller and Chambers, 1989b). Prostaglandins and leukotrienes may 

therefore play an important role in the localised bone loss associated with 

inflammatory lesions, such as periodontal disease and rheumatoid arthritis 

(Kawaguchi et al., 1995).

Recent results using murine bone marrow cultures have indicated that 

prostaglandins may promote the differentiation of osteoclasts from 

haematopoietic precursors by a mechanism involving cyclic adenosine 3',5'- 

monophosphate (cAMP). It was demonstrated that PGBi and PGE2 (10^ to 10’̂  

M) significantly stimulated the formation of osteoclast-like cells (Akatsu et al..
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1989; Collins and Chambers, 1991), suggesting that prostaglandins promote 

osteoclast formation, but inhibit osteoclast activity once formed. The effects of 

prostaglandins may be to increase the conunitment of early precursors to the 

osteoclastic differentiation pathway, while at the same time acting on osteoblasts 

to increase their endogenous prostaglandin production. This combination leads 

to increased osteoclast formation (Suda et aL, 1995b). Indeed, Marshall et al., 

(1995) showed, using bromo-deoxyuridine labelling, that osteoclast formation 

stimulated by PGE2 was the result of differentiation and not proliferation of 

postmitotic precursors. Soekanto et al., (1994) demonstrated that the addition of 

indomethacin or sodium salicylate to murine marrow cultures dose dependently 

inhibited the formation of TRAP positive osteoclasts, suggesting that 

prostaglandins are necessary for osteoclast formation.

In the human bone marrow assay, prostaglandins appear to exert opposite 

effects on osteoclast formation compared to the murine bone marrow assay. For 

example. Chenu et al., (1990) reported that prostaglandins inhibited osteoclast

like cell formation and hence resorption, while Roux et al., (1997) recently 

demonstrated that the inhibitory effect of PGE2 on human osteoclast 

differentiation from cord blood monocytes resulted in an increase in the number 

of macrophages formed. However, neither of these two groups demonstrated 

resorption pit formation, an unequivocal marker of osteoclast formation in vitro.
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In contrast to the work mentioned above, Flanagan et al., (1995) showed 

that PGE2 increased bone resorption by human osteoclasts formed in vitro, an 

effect which was blocked by indomethacin. Recent work from the same group 

has demonstrated the critical importance of PGE2 for both human osteoclast 

formation and resorption. PGE2 dose responsively increased osteoclast numbers 

and bone resorption, while reducing macrophage CD 14-positive cells in culture. 

Addition of indomethacin, or NS-398 (the COX-2 inhibitor) abolished osteoclast 

parameters. These results provide strong evidence for PGE2 exerting a similar 

effect on osteoclast formation in both the human and murine species (Lader and 

Flanagan, 1998).

Prostaglandins and bone formation

The first reports on the effects of prostaglandins on osteoblastic collagen 

synthesis in vitro showed both inhibitory and stimulatory effects. Incorporation 

of proline into collagen was enhanced by PGE2 and PGF2a in cultures of 

embryonic chick frontal bone, while high PGE2 concentrations were inhibitory in 

cultures of foetal rat calvaria (Blumenkrantz and Sondergaard, 1972; Raisz and 

Koolemans-Beyen, 1974). More recent studies have demonstrated a biphasic 

effect of PGE2 on bone formation in cultured foetal rat calvaria: at low 

concentrations PGE2 increased osteoblastic collagen synthesis, whereas at high 

concentrations the major effect was inhibitory (Raisz and Fall, 1990). A similar 

dose-related biphasic effect has been reported in cultured human bone cells, with
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stimulation at 10^ M and inhibition at 10^ M (Baylink et al., 1995). 

Prostaglandins (PGEi and PGE2) have also been shown to stimulate the 

formation of mineralised nodules in vitro (Flanagan & Chambers, 1992)

Stimulation of bone formation can also be demonstrated in both humans 

and experimental animals in vivo (Jee et al., 1985; Jorgensen et al., 1988; for 

review see Jee and Ma, 1997). A role for endogenous prostaglandins in skeletal 

growth and repair is suggested by mechanical loading experiments, which show 

that PGE2 and PGI2 are involved in the initial transduction of strain information 

(Pead and Lanyon, 1989), and also increase the release of insulin-like growth 

factor n  (IGF-II) (Zaman et al., 1997).

When prostaglandin production is blocked by indomethacin in vivo, 

mechanically induced bone formation is markedly reduced (Pead and Lanyon, 

1989; Chow and Chambers, 1994). In adult rats, short-term indomethacin 

treatment inhibits fracture healing (Hogevold et al., 1992), while long-term 

treatment reduces trabecular bone mass and strength (Saino et al., 1997), again 

suggesting an important role for prostaglandins in bone formation. However, 

indomethacin is relatively non-specific, and blocks both the constitutive and 

inducible forms of COX. Recent work using the COX-2 specific inhibitor NS- 

398, has suggested that bone formation occurring in response to mechanical 

stimulation in vivo, is dependent on the production of inducible COX-2 

(Forwood, 1996).
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In contrast to the stimulatory effects of PGE2 on bone formation, 5- 

lipoxygenase metabolites {e.g. leukotrienes) impair the bone forming capacity of 

osteoblasts in both the nodule formation assay and the calvarial organ culture 

assay, indicating that metabolites of the 5-lipoxygenase pathway are negative 

regulators of bone formation (Traianedes et al., 1998).

The duality of response which prostaglandins show in bone probably 

involves differences in the receptors and signal transduction pathways in 

osteoblastic cells. There are data supporting the presence of multiple receptors in 

cells (Coleman et at., 1994), although bone cells and organ cultures appear to 

only express receptors of the E and F type (Raisz, 1995). Different receptor 

expression, ligand specificity, or transduction pathways may help to explain the 

confusing effects of prostaglandins in bone.

Non-steroidal-anti-inflamniatory drugs (NSAIDs)

In 1971 Vane discovered that aspirin and similar drugs inhibited the 

biosynthesis of prostaglandins, and proposed that this explained their mechanism 

of action. Many other aspirin-like drugs are now available, and are termed non

steroidal-anti-inflammatory drugs (NSAIDs). Indomethacin and ibuprofen 

belong to this class of drug, a group of structurally unrelated compounds, 

commonly prescribed to relieve inflammation, pain and fever. They act as 

relatively non-selective inhibitors of cyclooxygenase activity {i.e. COX-1 and 

COX-2) and thus, prostaglandin production (Mitchell et al., 1994). Recently,
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NS-398, a new NSAID with analgesic and antipyretic effects which selectively 

inhibits COX-2 activity has been described (Futaki et aL, 1993). Although 

NSAIDs have been widely used to study the role of prostaglandins in vivo, such 

studies may be difficult to interpret. For example, it has been shown in cultures 

of rat calvaria that the effects of NSAIDs are biphasic; low concentrations (10 

M) actually increase rather than decrease prostaglandin production (Raisz et al., 

1989).

As mentioned earlier (see Chapter 2), my findings and those of other 

groups (Goldhaber and Rabadjija, 1987; Rabadjija et al., 1990) demonstrate that 

indomethacin inhibits acid-stimulated calcium release from cultured calvarial 

bones, suggesting that prostaglandin synthesis is involved in this phenomenon.

Previous work has shown that resorption pit formation by cultured 

osteoclasts is strongly enhanced when extracellular pH is reduced (Arnett and 

Dempster, 1986, 1987; Arnett and Spowage, 1996). It was therefore of interest 

to determine whether acid-stimulated resorption pit formation in the isolated 

osteoclast assay was also prostaglandin-mediated, and to ascertain the possible 

involvement of the COX-1 and COX-2 enzymes.
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Methods

Stock solutions of indomethacin, aspirin, ibuprofen, NS-398 and MK-886 

were prepared in ethanol and stored for short periods at -20-C. The final 

concentration of ethanol in test and control culture medium was constant at 0.2%. 

Cell culture methods are described in Chapter 2, pages 49 to 58.

Results

Effects of aspirin, indomethacin and ibuprofen on resorption pit formation

5 pM aspirin was associated with a 3-fold stimulation of resorption pit 

formation by rat osteoclasts in low density 26 hour cultures in unmodified 

medium (Figure 3.1). However, aspirin caused a slight acidification of the 

culture media compared to control (pH reduction from 7.209 to 7.191). 

Indomethacin exerted a reproducible stimulatory effect on resorption pit 

formation by rat osteoclasts in low density, acid-activated 26 hour cultures (pH 

6.91 ± 0.019). Peak effects were seen at 2 pM, with up to a 2.9-fold increase in 

pit number (Figure 3.2). At higher concentrations, resorption was reduced. 

Osteoclast numbers were unaffected by indomethacin in the range 0.2 to 20 pM. 

Ibuprofen also stimulated pit formation by rat osteoclasts in low density, acid-

106



activated 26 hour cultures (pH 6.94 ± 0.013), but was considerably more potent 

than indomethacin, with a maximal effect at concentrations as low as 50nM 

(Figure 3.3).

The selective COX-2 inhibitor, NS-398, elicited a 4 to 5-fold increase in 

pit formation over the range 0.4 to 10 pM (Figure 3.4), when incubated with rat 

osteoclasts in low density, acid-activated 26 hour cultures (pH 7.05 ± 0.003). 

0.4 pM NS-398 elicited a similar level of resorption to 2 pM indomethacin. The 

stimulatory effects of indomethacin, ibuprofen and NS-398 were not associated 

with reductions in culture medium pH, or changes in osteoclast or stromal cell 

number at any dose level.

Effect of the 5-lipoxygenase inhibitor MK886

2 pM indomethacin elicited a 1.7-fold increase in pit formation. 2 pM 

NS-398 produced a 2-fold increase compared to control, in acid-activated 26 

hour cultures (pH 6.97 ± 0.011). MK886, a specific 5-lipoxygenase inhibitor

had no effect on resorption pit formation by rat osteoclasts when cultured alone, 

with 2 pM indomethacin, or with 2 pM indomethacin and 2 pM NS-398 (Figure 

3.5). Culturing 2 pM NS-398 with 2 pM indomethacin did not result in any 

further significant stimulation compared to 2 pM NS-398 or 2 pM indomethacin 

alone.
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Figure 3.1 Effect of aspirin (acetylsalicylic acid) on resorption pit formation 

by rat osteoclasts cultured on 5mm dentine discs for 26 hours. Values are means 

± SEM (n = 5); * p<0.05; ** p<0.01 with respect to control.
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Figure 3.2 Effect o f indomethacin on resorption pit formation by rat 

osteoclasts cultured on 5mm dentine discs for 26 hours. Final culture medium 

pH values were 6.887, 6.913, 6.923 and 6.933 for 0, 0.2, 2 and 20 pM  

indomethacin, respectively. Values are means ± SEM (n = 5); ** p<0.01 with 

respect to control.
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Figure 3.3 Effect of ibuprofen on resorption pit formation by rat osteoclasts 

cultured on 5mm dentine discs for 26 hours. Final culture medium pH values 

were 6.920, 6.940, 6.945, 6.921 and 6.948 for 0, 0.01, 0.05, 0.25 and 1.25 pM 

ibuprofen, respectively. Values are means ± SEM (n = 5); * p<0.05; ** p<0.01 

with respect to control.
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Figure 3.4 Effect of the selective COX-2 inhibitor, NS-398 on resorption pit 

formation by rat osteoclasts cultured on 5mm dentine discs for 26 hours. Final 

culture medium pH values were 7.049, 7.043, 7.048, 7.051, 7.050 and 7.049 for 

0, 0.4, 2, 10 and 50 pM NS-398, and 2 pM indomethacin (Indo), respectively. 

Values are means ± SEM (n = 5); * p<0.05; ** p<0.01 with respect to control.
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lnM  I ÎVI IVIK886 4-
MK886 2|iM  N S -398

Figure 3.5 Effect of the 5-lipoxygenase inhibitor MK886 on resorption pit 

formation by rat osteoclasts cultured on 5mm dentine discs for 26 hours, 

incubated alone, with 2 pM indomethacin (Indo) or 2 pM indo and 2 pM NS- 

398. Final culture medium pH values were 6.969 ± 0.011. Values are means ± 

SEM (n = 5); * p<0.05; ** p<0.01 with respect to control.
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Discussion

The results show that COX inhibitors markedly stimulate resorption pit 

formation by rat osteoclasts, at doses equivalent to those used by investigators in 

other bone systems (e.g. Raisz et al., 1989; Marshall et at., 1995). Inhibition of 

COX activity in osteoclast cultures leads to a reduction in endogenous 

prostaglandin production, and prostaglandins are known to inhibit isolated 

osteoclasts. The COX inhibitors studied vary in their reported selectivity; 

aspirin, indomethacin, and ibuprofen are respectively about 160, 60, and 15-fold 

more active on COX-1 than COX-2, whereas NS-398 is more than 1000 times 

more active on COX-2 than COX-1 (Frolich, 1997). The maximal stimulation of 

resorption elicited by indomethacin, ibuprofen, and NS-398 on resorption were 

roughly similar, suggesting that inhibition of the inducible enzyme, COX-2, was 

mainly responsible for the observed effects. Aspirin appeared to cause a slight 

acidification of the culture media compared to control (pH reduction from 7.209 

to 7.191), which could account for the increase in resorption pit formation.

It is unclear whether COX-2 induction occurred in response to cell 

isolation and the tissue culture environment, or reflects in vivo enzyme activity in 

growing rat bones. Recent reports suggest that COX-2 induction may play a key 

role in mediating the responses of bone cells to cytokines, hormones or
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mechanical loading (Forwood, 1996; Maciel et al., 1997; Tai et al., 1997). It 

has also been reported that interleukin 4 (IL-4) and interleukin 13 (IL-13) inhibit 

bone resorption by suppressing COX-2 dependent prostaglandin synthesis in 

osteoblasts (Onoe et al., 1996).

It has been reported that NSAIDs increase carbonic anhydrase activity 

(CA I and CA H) in red blood cells (Puscas et al., 1996). Osteoclasts utilise CA 

for the generation of protons during resorption (Asotra et al., 1994b), and 

inhibitors of CA also inhibit bone resorption (Minkin and Jennings, 1972). If 

NSAIDs produced a similar stimulatory effect on CA in osteoclasts, then they 

might be expected to facilitate resorption pit formation by increasing the 

intracellular availability of protons. Prostaglandins and leukotrienes exert 

opposite effects (inhibition and stimulation respectively) on red cell CA activity 

(Puscas and Coltau, 1995), this is consistent with the stimulatory action of 

leukotrienes on osteoclastic bone resorption (Garcia et al., 1996).

It has been suggested that by blocking the COX pathway with 

indomethacin, arachidonic acid may be shunted toward increased formation of 

leukotrienes (Vane and Dotting, 1987), {e.g. leukotriene B4), which stimulate 

resorption (Garcia et al., 1996). However, MK886, a specific 5-lipoxygenase 

inhibitor, had no effect on resorption pit formation by rat osteoclasts when 

cultured alone, with 2 pM indomethacin, or with 2 pM indomethacin and 2 pM

114



NS-398, suggesting that the stimulatory effect of NSAIDs on resorption pit 

formation is not mediated by an increase in leukotriene production.

Disaggregated rat osteoclast resorption assays must be performed in low 

pH conditions to facilitate pit formation. The finding that indomethacin (and 

other COX inhibitors) further stimulates resorption in this system contrasts with 

the observations of Goldhaber and colleagues, (Goldhaber and Rabadjija, 1987; 

Rabadjija et al., 1990) who showed that proton-stimulated osteoclastic bone 

resorption in cultured mouse calvaria was completely blocked by indomethacin. 

The reasons for this discrepancy and for the opposing actions of prostaglandins in 

these two systems are not clear, but emphasise the complex nature of 

prostaglandin action in bone cells.

In conclusion, the results demonstrate that acid-activated isolated rat 

osteoclasts can be further stimulated by COX-2 inhibitors, suggesting that in 

vitro, osteoclasts are subject to a tonic, prostaglandin-mediated inhibition.
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Chapter 4

ATP is a potent stimulator of the activation and 

formation of rodent osteoclasts

Introduction

ATP as an extracellular messenger molecule

The role of intracellular ATP (adenosine 5'-triphosphate) as an energy 

source has long been recognised. However, the idea that ATP could act as an 

extracellular signalling molecule was at first highly controversial. The first 

report of the potent actions of adenine compounds was published by Drury and 

Szent-Gyorgyi in 1929. The suggestion that ATP might be acting as an 

extracellular signalling molecule appeared three decades later when ATP was 

shown to be released from sensory nerves supplying the rabbit ear (Holton, 

1959). In the early 1960s several groups proposed the existence of nerves 

supplying the gastrointestinal tract that were neither adrenergic nor cholinergic 

(NANC nerves) (Bumstock et al., 1963; Martinson and Muren, 1963). Efforts 

were then made to identify the transmitter in NANC nerves, which was suggested
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to be ATP (Bumstock et al., 1970). In 1972 Bumstock proposed the concept of 

purinergic neurotransmission (Bumstock, 1972), and 25 years later ATP and 

other extracellular nucleotides are recognised as being important messenger 

molecules for cell-cell conununication (Bumstock, 1997).

Cell membrane receptors for extracellular ATP (P2 purinoceptors), which 

are entirely distinct from the adenosine receptors (Pi purinoceptors) were first 

divided pharmacologically into two major classes by Bumstock (Bumstock and 

Kennedy, 1985), and are known as P2X and P2Y receptors (see Diagram 4.1). 

The P2Y receptor family couples to G-proteins to stimulate phospholipases 

(PLA2, PLCb and PLD), activating a series of intracellular signalling pathways, 

including IPs-dependent mobilisation of intracellular Ca^^ (Bamard et at., 1994; 

Suzuki et al., 1995). The P2X receptors are functionally heterogeneous, but 

resemble acetylcholine and serotonin-gated cation channels (Brake et al., 1994), 

with permeability to calcium, sodium, potassium and, most likely, hydrogen ions. 

Seven main subtypes of P2X and eleven main subtypes of P2Y receptors have 

been identified to date (Bumstock and King, 1996). ATP is released into the 

extracellular space via synaptic vesicles from nerve cells, as the result of cell 

damage and also by active excretion via ‘ATP binding cassette’ transport proteins 

(ABC proteins), such as P-glycoproteins and sulphonylurea receptors (Bumstock, 

1997; Wagstaff et al., 1998).
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Figure 4.1 Classification of purine receptors.

P2Y
G-protein coupled 
->  phospholipases T 
IP3 -dependent Ca^+ T

11 subtypes (P2y,.„)

ATP and bone cells

There is now growing evidence that extracellular ATP may exert 

functional effects on bone cells. Early work demonstrated that addition of ATP 

and other purinoceptor agonists to the medium bathing cultured bone cells 

transiently increased their cytosolic free calcium concentration (Kimiagai et al., 

1989, 1991; Schofl et at., 1992). Evidence suggests that rat osteoblast-like UMR 

106 osteosarcoma cells express mixed populations of purinoceptors (probably 

P2Y with a proportion of receptor subtypes that varies between individual cells), 

and respond to extracellular ATP by increasing intracellular Ca^^ release (Yu and 

Ferrier, 1993a). Heterogeneity of receptor expression also exists within 

populations of human osteoblasts (Dixon et at., 1997a). Recent results have 

suggested that osteoblast-like cells (human bone-derived cells and SaOS
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osteosarcoma cells) not only express multiple P2Y receptor types (Bowler et al., 

1998a), but are also able to release ATP under sheer force (Bowler et al., 1998b).

Exogenous ATP (50pM) added to isolated rabbit osteoclasts induces an 

intracellular Ca^^ pulse via two pathways, one involving Ca^^ influx, the other 

involving G protein-coupled internal Ca^^ release (Yu and Ferrier, 1993b, 1994). 

There is also a transient intracellular pH decrease that is Ca^^-independent (Yu 

and Ferrier, 1995). These findings are consistent with the expression on 

osteoclasts of both P2Y receptors and P2X receptors. Recent experiments by 

Weidema et al., (1997; 1998) have provided the first electrophysiological 

evidence for the co-existence of both P2X and P2Y receptors on bone resorbing 

cells. Histochemical evidence also exists for the expression of the P2Y] (P2U) 

receptor on osteoclasts derived from human giant cell tumours (Bowler et al.,

1995), although the same group has also reported that the effects of ATP on 

resorption pit formation by giant cell tumour osteoclasts are not mediated via the 

P2Y2 receptor (Bowler et al., 1998c), suggesting that the effects are mediated by 

a P2 receptor other than the P2Yi subtype.

Osteoclasts and osteoblastic cells differ in their cytosolic calcium 

responses to purinergic receptor activation. For example, application of high 

dose extracellular ATP (50 or 100 pM) inhibited the calcium response to a 

subsequent application of ATP in UMR 106 cells, but not in rabbit osteoclasts, 

suggesting that osteoclasts can adapt to the extracellular ATP, whereas UMR 106
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cells cannot. This may represent a mechanism for the differential regulation of 

osteoblasts and osteoclasts in bone (Luo et al., 1997).

It has also been demonstrated that, following purinoceptor activation in 

SaOS-2 osteosarcoma cells, expression of the immediate early response gene c- 

fos  is induced. Induction probably occurs via elevated intracellular calcium 

interacting with the cAMP response element of c-fos (Bowler et al., 1996). 

Extracellular nucleotides can also synergise with parathyroid hormone (PTH) to 

further stimulate c-fos expression and bone resorption by avian osteoclasts in 

vitro, suggesting that extracellular nucleotides present in the bone 

microenvironment may be capable of modulating bone cells and controlling the 

remodelling process by interacting with other factors (Bowler and Gallagher,

1996). Although both ATP and adenosine are able to act as mitogens for 

cultured bone cells (Shimegi, 1996), extracellular ATP has also been shown to 

reduce the amount of bone formed by primary rat osteoblasts in an in vitro 

appositional bone formation model (Jones et al., 1997).

Interaction between ATP and extracellular pH

Recent evidence has shown that extracellular acidification is required for 

P2Xi receptors to show their full sensitivity to extracellular ATP (King et al.,

1996). Using recombinant P2Xi receptors expressed in defolliculated Xenopus 

oocytes, Wildman et al., (1997) noted that small acidic and alkaline shifts, (as 

little as 0.03 pH-units) were able to enhance or diminish the response to ATP,
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respectively. It was also found that the response of the recombinant P2 X2 

receptor to ATP at low pH was potentiated by neurotransmitters {e.g. 

noradrenaline) and related substances {e.g. histamine). The pH-activation 

profile of the recombinant P2Xi receptor is very similar to that for resorption pit 

formation by rat osteoclasts (Arnett and Spowage, 1996). No other P2 receptors 

appear to be so sensitive to extracellular pH, although it is known that the action 

of adenosine on the PI receptor is potentiated by extracellular acidification 

(Hiley etal., 1995).

The effects of extracellular ATP on mature osteoclast resorption pit 

formation and on osteoclast formation have not been investigated thus far. The 

aim of the present study was to examine the interaction between extracellular 

ATP and extracellular protons on osteoclast formation and activation.
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Methods

Fresh stock solutions of ATP, adenosine, apyrase and suramin were 

prepared in phosphate buffered solution (PBS) for each experiment. Stock 

solutions of dexamethasone and l,25(OH)2D3 were prepared in ethanol and 

stored for short periods at -20 ̂ C. The final concentration of ethanol in test and 

control culture medium was constant at 0.2%. ATP and adenosine solutions, 

both of which are acidic, were titrated to pH 7.0 with NaOH inunediately before 

use to avoid unwanted pH effects on osteoclast function (Arnett and Spowage,

1996). Cell culture methods are described in Chapter 2, pages 49 to 58.

Antisense experiments

To investigate the possible involvement of the pH sensitive P2X2 receptor 

for ATP in the acid activation effect of osteoclasts, a region of the P2%2 mRNA 

with low sequence identity compared to other P2X subunit mRNAs was selected 

(selected by Dr A Townsend-Nicholson, Autonomic Neuroscience Institute, 

London, U.K.) for the design of antisense oligonucleotides. This region 

encompasses the initiation codon and ranges from nucleotides 31-51 of the rat 

P2X2 cDNA sequence (Genbank accession number U14414). Phosphorothioate- 

modified antisense (5 -CAAGCGCCGGACCATGGCCGC-3') and mismatched 

control (5 -CAAGCCGCCGGCGTAGACGCC-3) oligodeoxynucleotides were 

synthesised (Genosys Biotechnologies Ltd, Pampisford, Cambridgeshire). As
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well as being specific for the mRNA sequence, functional antisense 

oligonucleotides must be stable to nucleases in order to reach the target. They 

must be soluble, but still be able to pass through the cell membrane (see Stein et 

al., 1991 for review). Normal oligonucleotides were found to be extremely 

sensitive to nucleases, and so modified oligonucleotides such as 

phosphorothioates (as used here) were devised which have been shown to have a 

prolonged half-life within the cell (Matsukura et al., 1987).

Fresh antisense solutions were prepared in PBS immediately before each 

experiment. Previous studies have shown that osteoclasts readily take up 

oligonucleotides in culture without need for cationic lipophilic agents (Reddy et 

al., 1994 & Tanaka et al., 1996). Osteoclast cultures were preincubated with the 

oligonucleotides for 24 hours at pH 7.3 (i.e. conditions in which osteoclasts are 

“switched o f f ’ (Arnett and Spowage, 1996)) before being transferred to low pH 

(around pH 7.0) for a further 24 hours to allow acid activation.

Time lapse video microscopy

Low density mixed cell populations containing osteoclasts were obtained 

by rapidly mincing the long bones of one two day old rat pup; killed by cervical 

dislocation, in 1ml MEM, followed by vortexing for 20 seconds. The resulting 

cell suspension was allowed to sediment for 1 hour in one well of a 6-well plate. 

During this hour, the culture was incubated in a humidified atmosphere of 5% 

CO2 / 95% air. The well was then rinsed twice with PBS to remove non
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adherent cells, before adding 2ml of PBS. The culture was transferred to a 37°C 

humidified chamber above an Olympus IMT-2 inverted microscope with phase 

contrast optics (Olympus Optical Company Ltd, Tokyo, Japan). One osteoclast 

was selected for time lapse recording using a Sony CCD colour video camera 

(DXC-151A; Sony Corporation, Tokyo, Japan) and a Panasonic time-lapse video 

cassette recorder (AG-6730; Matsushita Electric Industrial Company Ltd, Osaka, 

Japan) running at l/60th of normal speed. Ten minutes after the recording began 

ATP was added to the culture to give a final concentration of 2mM.
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Results

Effect of ATP on m ature ra t osteoclasts

Extracellular ATP exerted a reproducible, biphasic effect on resorption pit 

formation by rat osteoclasts in low density, acid-activated 26 hour cultures (pH 

6.94 ± 0.016). At low concentrations (0.2 and 2pM) striking stimulations were 

observed, with up to a 3.5-fold increase in pit number (Figure 4.2). At higher 

concentrations, resorption was progressively reduced, which was largely due to a 

selective cytotoxic effect of ATP on osteoclasts. Numbers of mononuclear cells 

(i.e. cells of osteoblastic / fibroblastic morphology) were unaltered by ATP (see 

Table 4.1 below).

Table 4.1
[ATP] (pM) Number of mononuclear 

cells /  disc
0 1230 ± 95

0.2 1323 ± 213
2 1200 ± 114

20 1228 ± 167
200 1390 ± 151

2000 1001 ± 143

Lack of effect of ATP on the number of mononuclear ceUs cultured on 5mm 

dentine discs in acidified medium (pH 6.937 ± 0.016) for 26h. Values are means ± 

SEM (n = 5).

125



CD 30

C/)

o
a
CD
O
O
CD
CO

20 200 2000

ATP (pIVI)

Figure 4.2 Biphasic effect of ATP on resorption pit formation by rat 

osteoclasts cultured on 5mm dentine discs in acidified medium (pH 6.937 ± 

0.016) for 26h, with stimulation effect evident at lower concentrations and a 

selective cytotoxic effect at the highest concentration. Values are means ± SEM 

(n = 5); * p<0.05; ** p<0.01 with respect to control.
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Time lapse video microscopy revealed that 60-90 minutes following 

addition of 2mM ATP to freshly isolated mature rat osteoclasts, the cell abruptly 

retracted and died in a manner reminiscent of apoptosis (Figure 4.3).

In contrast to ATP, adenosine (the PI receptor agonist) had no significant 

effect on either resorption pit formation or osteoclast numbers over a similar dose 

range, except at the highest dose (2mM), where a selective cytotoxicity was 

observed (Figure 4.4). Numbers of mononuclear cells were unaltered by 

adenosine (see Table 4.2 below).

Table 4.2
[Adenosine]

(UM)
Number of mononuclear 

cells /  disc
0 873 ± 45

0.2 665 ± 72
2 762 ± 54

20 813 ±91
200 909 ± 73

2000 583 ± 86

Lack of effect of adenosine on the number of mononuclear cells cultured on 

5mm dentine discs in acidified medium (pH 6.973 ± 0.026) for 26h. Values are 

means ± SEM (n = 5).
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Figure 4.3 Time lapse sequence illustrating relatively rapid cytotoxic 
effect o f  2mM ATP on rat osteoclasts cultured on plastic.

Approximately Ih after addition o f  ATP, the cell abruptly retracts 
and dies in a manner reminiscent o f  apoptosis. Numbers indicate 
time in minutes before (-) and after (+) addition o f  ATP.
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Figure 4.4 Lack o f effect o f adenosine on resorption pit formation by rat 

osteoclasts cultured on 5mm dentine discs in acidified medium (pH 6.973 ± 

0.026) for 26h, except for a selective cytotoxic effect at the highest 

concentration. Values are means ± SEM (n = 5); * p<0.05; with respect to 

control.

129



Interaction of ATP and low pH

The interaction between the effects of low pH and extracellular ATP were 

investigated using rat osteoclast cultures incubated for 26 hours with or without 2 

]iM ATP in either control (non-acidified) or acidified MEM (Figure 4.5). In the 

absence of ATP, acidification (pH reduction from 7.166 to 6.945) produced a 

modest effect, eliciting a 3-fold stimulation of resorption pit formation; and in 

non-acidified medium ATP caused a 2.5-fold stimulation of pit formation. 

However, in the presence of 2 pM ATP, the acid effect was enhanced greatly, 

with a 17-fold stimulation compared with control. Thus, the stimulatory effect 

of ATP was much greater in acid conditions than in non-acidified conditions and 

vice versa.

Effect of apyrase, suramin, and antisense oligonucleotides

To investigate whether the acid activation of resorption was dependent on 

the presence of traces of extracellular ATP, osteoclasts were cultured for 26 

hours with apyrase, the ecto-ATPase which hydrolyses extracellular ATP to 

AMP. In this experiment, acidification resulted in a 3.5-fold stimulation of 

resorption pit formation. Apyrase inhibited acid-activated resorption, with a 

near maximal effect at 0.1 units per ml (Figure 4.6). There was no evidence that 

apyrase affected cell viability or morphology at any dose.
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Resorption pit formation by acid-activated osteoclasts was also 

significantly inhibited by the general P2 receptor antagonist suramin (Figure 4.7). 

This effect was not due to cytotoxicity.

To investigate the possible involvement of the pH sensitive P2X2 receptor 

for ATP in the acid-activation effect, osteoclast cultures were pre-incubated for 

26 hours with an antisense oligonucleotide corresponding to the rat P2Xi receptor 

or a mismatched control sequence, before transfer to low pH for a further 26 

hours to allow acid-activation. Resorption pit formation by rat osteoclasts 

activated at pH 7.0 was significantly inhibited by the antisense oligonucleotide, 

and to a lesser degree by the mismatched control (Figure 4.8).
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Figure 4.5 Comparison of the effects of ATP on resorption pit formation by rat 

osteoclasts cultured in unmodified medium (Control) or in acidified medium 

(Acid) for 26 h, showing potentiation of ATP-stimulated resorption at low pH. 

Values are means ± SEM (n = 5); * p<0.05; ** p<0.01 with respect to control.
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Figure 4.6 Stimulation of resorption pit formation by rat osteoclasts cultured 

on 5mm dentine discs in acidified medium (#, p<0.01 with respect to pH 7.113 

control value) and inhibition of acid stimulated pit formation by apyrase (* 

p<0.05; ** p<0.01 with respect to pH 6.926 control value). Values are means ± 

SEM (n = 5).
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Figure 4.7 Stimulation of resorption pit formation by rat osteoclasts cultured 

on 5mm dentine discs in acidified medium (#, p<0.01 with respect to pH 7.216 

control value) and inhibition of acid stimulated pit formation by suramin (* 

p<0.05 with respect to pH 7.013 control value). Values are means ± SEM (n =

5).
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Figure 4.8 Stimulation of resorption pit formation by rat osteoclasts cultured 

on 5mm dentine discs in acidified medium (#, p<0.01 with respect to pH 7.299 

control value) and inhibition of acid stimulated pit formation by antisense 

oligonucleotide corresponding to initiation codon region of rat PZXi receptor (* 

p<0.05; ** p<0.01 with respect to pH 7.003 control value). Values are means ± 

SEM (n = 5).
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Effect of ATP and adenosine on chick osteoclasts

Low concentrations of extracellular ATP (0.1 and IjiM) had no effect on 

resorption pit formation by chick osteoclasts (Figure 4.9) in acid-activated 26 

hour cultures (pH 6.97 ± 0.019). These doses were similar to concentrations 

which caused a significant stimulation of resorption pit formation in rat osteoclast 

cultures (Figure 4.2). At higher concentrations (lOpM and above), resorption 

was significantly reduced compared to control due to a selective cytotoxic effect. 

Mononuclear cell numbers were unaltered by ATP (see Table 4.3 below). In 

common with ATP, adenosine (the PI receptor agonist) was without significant 

effect on either resorption pit formation or osteoclast numbers over a similar dose 

range, except at the highest dose (SOOpM), where some cytotoxicity was 

observed (Figure 4.10).

Table 4.3
[ATP] (pM) Number of mononuclear 

cells /  disc
0 5887 ± 367

0.1 5825 ± 153
1 5563 ± 380

10 5827 ± 181
100 5837 ± 332
500 5359 ± 200

Lack of effect of ATP on the number of mononuclear cells cultured on 5mm 

dentine discs in acidified medium (pH 6.972 ± 0.019) for 26h. Values are means ± 

SEM (n = 5).
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Figure 4.9 Inhibitory effect of ATP on resorption pit formation by chick 

osteoclasts cultured on 5mm dentine discs in acidified medium (pH 6.972 ± 

0.019) for 26h, with a selective cytotoxic effect at the highest concentration. 

Values are means ± SEM (n = 5); * p<0.05; ** p<0.01 with respect to control.
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F igure 4.10 Lack of effect of adenosine on resorption pit formation by chick 

osteoclasts cultured on 5mm dentine discs in acidified medium (pH 6.944 ± 

0.007) for 26h, except for a slight cytotoxic effect at the highest concentration. 

Values are means ± SEM (n = 5); * p<0.05; with respect to control.
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Effect of ATP on osteoclast formation in murine marrow cultures

In 10 day murine marrow cultures cultured in unmodified MEM at pH 7.2, 

extracellular ATP at low concentrations stimulated the formation of TRAP- 

positive osteoclasts and resorption pits. Peak effects were observed over a 

similar dose range (0.2 to 2 pM) to those seen in the mature rat osteoclast assay. 

In the presence of 2 pM ATP, osteoclast formation was stimulated 3.3-fold and 

resorption increased 4-fold compared to control. Higher concentrations either 

partially (20 pM) or completely inhibited (200 pM) osteoclast formation and 

resorption (Figure 4.11).

In contrast to ATP, adenosine was without effect on osteoclast recruitment 

or resorption pit formation over a similar dose range (see Table 4.4 below).

Table 4.4

[Adenosine]
(uM)

TRAP positive area
(pm^ X 10'^)

Pit area (pm^ x 10'^)

0 83 ± 7.0 43 ± 5.6
0.2 87 ± 7.7 47 ± 2.8
2 87 ± 3.1 41 ± 13.7

20 83 ± 14.1 24 ± 7.5

Effect of adenosine on osteoclast recruitment and resorption pit formation in 

murine marrow cultures maintained for 10 days on 5mm dentine discs in unmodified 

medium (pH 7.192 ± 0.016). Values are means ± SEM (n = 5).
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Figure 4.11 Biphasic effect of ATP on osteoclast recruitment and resorption pit 

formation in mouse marrow cultures maintained for 10 days on 5mm dentine 

discs in unmodified medium (pH 7.212 ± 0.010). Values are means ± SEM (n =

6); * p<0.05; ** p<0.01 with respect to control.
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Figure 4.12 demonstrates the interaction between ATP and extracellular 

pH on osteoclast formation over 10 days. Addition of small amounts of 

hydroxyl ions increased the operating pH by 0.1 of a unit compared with control 

media (pH increase from 7.168 to 7.277). This resulted in the stimulation of 

osteoclast formation, but was accompanied by a reduction in resorption pit 

formation. Addition of 2 pM ATP to the alkalinised cultures stimulated 

osteoclast formation further (1.6-fold increase), but had little effect on resorption 

pit formation. Culture of cells for 10 days in acidified conditions (around pH 

6.95) resulted in a reduction in osteoclast formation, but a relative increase in the 

resorptive efficiency. When ATP was added to acidified cultures, osteoclast 

formation was stimulated as shown in the alkalinised cultures, but this was 

accompanied by a large increase in resorption pit formation (4.4-fold increase 

compared to acidified control).

Figure 4.13 demonstrates the typical appearance of a murine marrow assay 

at day 10 of culture. Note TRAP positive osteoclasts adjacent to areas of 

resorption.
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Figure 4.12 Effects of extracellular pH on osteoclast recruitment and resorption 

pit formation in mouse marrow cultures maintained for 10 days in the absence or 

presence of 2pM ATP. Values are means ± SEM (n = 5); #, p<0.01 with respect 

to pH 7.168 control value; ** p<0.01 with respect to alkaline or acid without 

ATP.
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transmitted light photomicrograph o f  a 10 day mouse marrow assay 
showing the typical appearance o f  abundant TRAP-positive 
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Discussion

Osteoclast activity is under the control of both systemic hormones and 

cytokines generated in the bone microenvironment. These factors may act 

directly on osteoclasts or their precursors, or may act indirectly to control 

osteoclast formation, differentiation and function (Alsina et aL, 1996). The 

results presented in this chapter indicate that extracellular ATP, which causes 

striking stimulations of both rat osteoclast resorption pit formation and murine 

osteoclast recruitment at submicromolar concentrations, must be considered as a 

potentially important paracrine or autocrine agent for bone.

It is unclear from the present data whether ATP stimulates resorption pit 

formation via direct effects on mature osteoclasts, indirect effects on cells such as 

osteoblasts, or both. Electrophysiological evidence (Yu and Perrier, 1993b, 

1994, 1995; Weidema et al., 1997, 1998) and histochemical evidence (Bowler et 

al., 1995, 1998c) exists for the expression of P2X and P2Y receptors on normal 

or tumour-derived osteoclasts. P2Y receptors are also present on osteoblast-like 

cells (Bowler et al., 1995, 1998a). Pure populations of normal mammalian 

osteoclasts are not routinely available for study and multinucleate osteoclasts 

constitute only about 1-2% of the cells in the low density rat bone cell cultures 

used in these experiments. However, whether extracellular ATP is acting
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directly or indirectly on osteoclasts may be immaterial, since both cell types are 

present in the in vivo situation.

The rapid, selective, cytotoxic action of ATP at millimolar concentrations 

on osteoclasts may be mediated by the P2X? (P2Z) receptor for ATP^. The 

P2X? receptor is a bifunctional molecule through which ATP can open a small 

cationic channel, and also induce large cytolytic pores permeable to high 

molecular weight molecules (>600 Da) (Surprenant et al., 1996; Virgino et al.,

1997). The results are also in agreement with Nijweide et al., (1995), who 

found that high concentrations of ATP acting via the P2X? receptor, (which is 

found on all cells of haemopoietic origin {e.g. osteoclasts) but not on cells of a 

stromal origin {e.g. osteoblasts)) caused cell death. The ability of high 

concentrations of extracellular ATP to kill cells is well established, with a body 

of evidence showing the cytotoxicity of extracellular ATP, especially towards 

cells of the immune system (Di Virgilio et al., 1989, Zanovello et al., 1990 & 

Zheng et al., 1991). Cell death caused by ATP involves both necrosis and 

apoptosis, with two P2 purinoceptors implicated: P2X? (the receptor for ATP^ ), 

and possibly P2Xi which has sequence homology to genes expressed by 

thymocytes during the onset of apoptosis (Chow et al., 1997).

Adenosine had no effect on resorption pit formation by mature rat 

osteoclasts, suggesting that PI receptors are not involved in the modulation of 

osteoclast function. This result is in line with the findings of Yu and Perrier
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(1993b), who showed that adenosine had virtually no effect on the intracellular 

calcium concentration in isolated osteoclasts. Adenosine also had no effect on 

osteoclast formation in murine marrow cultures. Additionally, adenosine has 

been reported to have no effect on the amount of appositional bone formed in 

primary rat osteoblast cultures (Jones et al., 1997). Taken together, these results 

suggest that P2 receptors predominate in the bone microenvironment.

In contrast to the effect of extracellular ATP on mature rat osteoclasts, 

osteoclasts obtained from embryonic chicks were unresponsive to low dose ATP. 

However, chick osteoclast resorption pit formation was inhibited by ATP at 10 

p,M and above. When compared to rat osteoclast resorption pit formation, which 

was inhibited at 200 pM and above, this suggests that chick osteoclasts are more 

sensitive to the inhibitory effects of ATP than rat osteoclasts. Chick osteoclasts 

were also unaffected by adenosine, the PI receptor agonist, except for a slight 

cytotoxic effect at 500 pM . Osteoclasts obtained from chicks differ from 

mammalian osteoclasts in that they are ‘constitutively activated’ and therefore 

resorb more bone over time. Furthermore, chick osteoclasts do not show an 

inhibitory response to calcitonin (Arnett and Dempster, 1987). The results 

presented here therefore demonstrate additional differences between osteoclasts 

isolated from mammals and chicks.

As discussed in Chapter 2, an important feature of H^-stimulated 

resorption is that that it does not exhibit desensitisation, suggesting that over long
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periods of time osteoclasts will remain responsive to pH changes. Embryonic 

chick osteoclasts, mouse calvarial cultures, and osteoclasts formed from mouse 

marrow cultures exhibit similar responses to extracellular pH (see Chapter 2). 

Data presented here show that there is a powerful synergy between the 

stimulatory effects of low dose ATP and protons on the resorptive activity of 

mature rat osteoclasts, such that the full sensitivity of osteoclasts to activation by 

ATP is only evident at low pH (-6.9-7.0) and vice versa. In the case of the 

osteoclast formation experiments, ATP appeared to enhance resorptive efficiency 

only slightly; this was probably a consequence of the non-acidified medium (pH 

-7.2) used to maximise osteoclast recruitment in this assay (see chapter 2).

Apyrase, (an ecto-ATPase) incubated with acid activated rat osteoclasts, 

inhibited resorption pit formation without affecting cell viability or morphology, 

suggesting that the pH response of mature rat osteoclasts may be dependent on 

trace levels of free or bound extracellular ATP. The concentrations of ATP in 

question may be quite low, given the powerful stimulatory effect seen in the 

presence of 200 nM ATP.

There are two main possibilities for the origin of extracellular ATP in 

osteoclast-containing bone cell cultures. First, ATP could be released from cells 

damaged or stressed during the isolation process. In most cells cytoplasmic ATP 

is >5mM in concentration, and a significant proportion can be released without 

loss of cell viability (Gordon, 1986). The high intracellular concentration of
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ATP suggests that one ruptured cell could release enough ATP to influence 

resorption in a region corresponding to 25,000 times its own volume. Second, 

ATP can be exported from intact cells via transport proteins. Recent results 

from Wagstaff et al., (1998) have shown that osteoclasts express a novel member 

of the ATP binding cassette (ABC) superfamily. ABC proteins are a family of 

ATP-dependent transport proteins, capable of transporting a variety of species, 

such as small ions, sugars, and ATP itself across the cell plasma membrane. It 

has also been reported that the constitutive release of ATP from osteoblasts can 

be modulated by fluid shear forces, suggesting that ATP may have a role in bone 

mechanotransduction (Bowler et al., 1998b). Interestingly, McSheehy and 

Chambers, (1986b) reported that osteoblasts released an unknown soluble factor 

of relatively low molecular weight that stimulated osteoclasts. Given that 

osteoclastic resorption pit formation and osteoclast recruitment are stimulated by 

extracellular ATP in the sub-micromolar range, only nanomolar concentrations of 

ATP need to be present to exert a powerful stimulatory effect. This may 

represent an important variable in osteoclast assays.

Suramin (a polyanionic general antagonist of ATP action at P2Xi 3 & 5 

receptors (Alexander and Peters, 1998)) was also able to inhibit acid-activated 

resorption pit formation back to control levels, without affecting cell viability. 

This result again suggests that ATP and extracellular pH are interacting to 

stimulate osteoclastic bone resorption. However, care should be taken when 

interpreting data using suramin, as it is known to suppress bone resorption
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regardless of whether it is stimulated by prostaglandins, PTH, l,25(OH)2D3, or 

epidermal growth factor (Farsoudi et al., 1993), suggesting a broad and non

specific mechanism of action. The lack of specific P2X receptor antagonists is a 

recognised problem (Bumstock, 1996), and is an important area of future work.

As stated above, experiments have shown that extracellular acidification is 

required for the P2 X2 receptor subtype to show its full sensitivity to extracellular 

ATP. An unusual feature of the P2X2 receptor is the presence of 8 histidyl 

residues in the extracellular loop domain (Brake et al., 1994); histidine is alone 

among amino acids in having a side group pK value (6.5) close to neutrality. 

Extracellular pH shifts in the physiological range would be expected to cause 

changes in the protonation of histidyl residues, with possible alterations in 

conformation of this domain. No other ATP receptors of the P2X or P2Y 

families are known to exhibit such pH sensitivity. Although the data presented 

do not distinguish categorically between P2 receptor types which may be 

mediating the stimulatory effects of low concentrations of ATP on pit formation 

by mature rat osteoclasts or osteoclast formation from mouse marrow, suramin 

antagonism and acid-activation point to the possible involvement of the P2 X2 

receptor subtype. Therefore, to investigate the possible involvement of the P2X2 

receptor in the acid-activation effect, mature rat osteoclasts were incubated with 

antisense and sense oligonucleotides corresponding to the initiation codon region 

of the rat P2 X2 receptor.
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Resorption pit formation by rat osteoclasts activated at pH 7.0 was 

significantly inhibited by the antisense oligonucleotide corresponding to the rat 

P2Xi receptor, but not by the mismatched control. This suggests that the P2 X2 

receptor may be involved in the acid-activation effect. However, there are 

several problems with the use of antisense oligonucleotides, which should be 

taken into account when interpreting these results (Wagner, 1994). 

Oligonucleotides can exhibit non-specific effects. For example, some antisense 

oligonucleotides may be antiproliferative while others can stimulate cellular 

activity, or have pronounced cytotoxic effects (Stein and Krieg, 1994). It is also 

important to demonstrate a decrease in target protein (if possible) if an antisense 

mechanism is proposed. Quantitative analysis of the target protein by binding or 

immunoblot assays needs to be performed to assess the success of the knockout, 

while the specificity of the oligonucleotide can be measured by investigating the 

levels of related, or associated proteins. While analysing target protein levels, 

the turnover rate also needs to be taken into consideration as, although there may 

be a 1 0 0 % block to new protein formation, protein formed before the application 

of the oligonucleotide may still remain (Stein and Krieg, 1994). It is also 

important to demonstrate uptake of the antisense oligonucleotide into the 

osteoclast, for example via fluorescence microscopy, if an antisense method is 

proposed (Reddy et aL, 1994). Thus, although the antisense oligonucleotide 

corresponding to the rat P2 X2 receptor inhibited acid stimulated pit formation, it 

may not have occurred via an antisense effect on P2 X2 receptor expression.
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How are extracellular protons and ATP interacting with the osteoclast to 

stimulate resorption? A simple hypothesis may be that when the P2 X2 receptor 

is occupied by ATP, protons modulate the receptor to allow the opening of a non- 

selective cation / proton channel in the osteoclast (dorsal / basolateral) cell 

membrane. This could act to increase the intracellular concentration of protons 

when extracellular pH is reduced. These protons could then be actively pumped 

out of the cell via a vacuolar H^ ATPase into the resorption lacunae, so 

increasing resorption pit formation (Arnett and King, 1997). Such a process 

would enhance the intracellular proton supply formed via the cytoplasmic 

enzyme U in osteoclasts (Minkin and Jennings, 1972). However, an alternative 

possibility is that ATP and protons are operating at distinct receptor sites on the 

osteoclast cell membrane, or indeed on other cells (e.g. osteoblasts) which then 

act to stimulate osteoclastic bone resorption, possibly in an analogous manner to 

PTH (McSheehy and Chambers, 1986a).

In osteoclast formation experiments, low doses of ATP were able to 

stimulate the number of osteoclasts recruited irrespective of the extracellular pH. 

However, when medium was acidified (pH -6.9), there was a large stimulation of 

resorption pit formation, which is in line with previous observations for mature 

rat osteoclasts (Arnett and Spowage, 1996). This again demonstrates the 

dramatic interaction between the stimulatory effects of low dose ATP and low 

pH on the resorptive activity of rat and mouse osteoclasts. Neary and Bumstock

(1996) demonstrated that extracellular nucleotides, such as ATP, can have potent

151



long term trophic roles in cell proliferation and growth. However, the results do 

not distinguish the mode of action of ATP in increasing osteoclast formation in 

10 day murine marrow cultures. ATP could be acting either directly on 

osteoclast precursor cells, as well as indirectly on the stromal component of 

marrow cultures; it is also possible that the stimulatory effects of ATP in these 

long term cultures were due, in some degree, to enhanced osteoclast survival.

TRAP was used to identify osteoclasts in the osteoclast formation 

experiments, and is widely used as a specific histochemical marker of osteoclasts 

in bone tissue (Minkin, 1982; Asotra et al., 1994a). However, data on the 

reliability of TRAP positivity as a marker for osteoclast generation from 

haemopoietic tissue demonstrated that TRAP did not correlate with the 

differentiation of bone-resorbing cells in culture; macrophages also form in bone 

marrow cultures and become TRAP-positive and multinucleate, but remain 

nonresorptive (Hattersley and Chambers, 1989a). Therefore TRAP staining may 

not be an absolute marker for functional osteoclasts in these assays, and other 

identification techniques such as calcitonin receptor staining may have been more 

appropriate and specific.

Recent work has suggested that mouse and human macrophages express 

the P2X? (pore forming) receptor. This receptor has been implicated in the 

formation of macrophage multinucleated giant cells (MGCs), and may also be 

involved in intercellular communication, bridging between cytoplasms in a gap
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junction-like fashion, and contributing to the formation of MGCs (Chiozzi et al., 

1997). Macrophage giant cells and osteoclasts both originate from a common 

myeloid progenitor cell, demonstrated by recent results from Tondravi et al.,

(1997) who have shown that when the haematopoietic transcription factor PU.l 

is ‘knocked out’ in mice there is a lack of both macrophages and osteoclasts. As 

osteoclasts and macrophage giant cells both originate from a common myeloid 

progenitor cell, the formation of osteoclasts may prove to be comparable to the 

fusion of macrophage giant cells.

In addition to increasing resorption, ATP may exert negative effects on 

bone formation. Recent experiments have shown that ATP (albeit at 

concentrations somewhat higher than those optimal for bone resorption), inhibits 

appositional bone formation by cultured primary osteoblasts (Jones et al., 1997). 

ATP also induces cartilage resorption in vitro (Leong et al., 1994).

As mentioned earlier, tissue injury and inflammation often result in 

localised acidosis along with the release of adenosine 5' triphosphate (ATP) and 

other substances (Steen et al., 1992). In areas of inflammation, local ATP 

release from damaged cells, mast cells or platelets (Gordon, 1986) could result in 

concentrations as high as 20pM (Bowler et al., 1995). It is conceivable that 

ATP could also play a role in tumour osteolysis, given the propensity of 

transformed cells to release ATP (Bumstock, 1997) and cause local acidification. 

Additionally, ATP is also known to stimulate proliferation in MCF-7 breast
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cancer cells via P2 receptors, suggesting a role in tumour proliferation or 

progression (Dixon etaL, 1997b).

In conclusion, the present findings have shown that sub-micromolar 

concentrations of ATP coupled with low pH are more than sufficient to stimulate 

both osteoclastic bone resorption and osteoclast formation, and also suggest a 

new potential mechanism by which localised bone destruction could occur when 

ATP is released in acidified tissue.
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Chapter 5

General discussion

The present work has focused mainly on the actions of two potent 

stimulators of bone resorption and osteoclast function: extracellular pH and ATP.

The extreme sensitivity of mature osteoclasts to small changes in 

extracellular pH, demonstrated by “on-off’ switching, suggests that extracellular 

protons must play an important regulatory role in bone (patho)physiology. 

Coupled with this is the observation that the powerful stimulatory effect of 

extracellular protons on mature rat osteoclasts does not diminish with time, and 

indeed may increase somewhat. Additionally, pre-exposure to low pH does not 

activate rat osteoclasts to continue resorbing after transfer to non-acidified 

culture medium, and total resorption is closely related to time spent in low pH 

conditions, indicating that extracellular protons modulate osteoclastic activity in a 

continuous and reversible manner (Spowage and Amett, 1995).

Paradoxically however, I discovered that extracellular acidification 

decreases osteoclast formation in murine marrow cultures, but stimulates the
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activity of these cells once formed (Morrison and Amett, 1998). Thus, although 

osteoclasts may be activated to resorb at sites where pH is low, such conditions 

will inhibit osteoclast formation. However, over the critical range (pH ~7.0- 

7.25), a small drop in pH dramatically increases osteoclast resorptive activity, but 

causes only a small decrease in osteoclast formation. These results may be 

relevant to diseases such as rheumatoid arthritis, where the local pH can be 

reduced (Steen et al., 1992).

The results demonstrate that a slight reduction in extracellular pH (to ~pH 

7.0) is the key step in osteoclast activation. In the isolated osteoclast assay, 

without this slight acidification of the medium, other osteolytic factors {e.g. 

1,25(0H)2D3 and ATP) have little effect. However, the mechanism of action of 

protons on osteoclast formation and activation is unknown at present. In view of 

the small changes in extracellular proton concentration involved, it seems 

unlikely that the “on-off’ switching phenomenon is due simply to alteration of 

the gradient against which osteoclasts must effectively pump protons in order to 

resorb bone (Amett and Spowage, 1996). However, several other possibilities 

have been suggested. For example, it is known that the distribution of mRNAs 

for several V-ATPase subunits in osteoclasts is dependent on the stage of 

resorption, whereas mRNA for carbonic anhydrase II (CA H) is found diffusely 

located throughout the osteoclast during the whole resorption cycle (Laitala- 

Leinonen et al., 1996). Brief exposure to low pH conditions has been reported 

to cause a small increase in CA II mRNA levels in rabbit osteoclasts (Asotra et
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al., 1994b), suggesting that if this increase in mRNA levels results in an increase 

in enzyme expression, greater proton production and hence extrusion could cause 

the increase in resorption seen. Acidosis is also known to induce an 8 -fold 

increase in V-ATPase activity in osteoclasts (Nordstrom et al., 1997), which may 

act in conjunction with the increased proton output from CA II to increase 

resorption.

It is of interest to note that in common with calcitonin and PGE2 

treatment, increasing extracellular pH induces the rapid disappearance of actin 

rings in osteoclasts (Lakkakorpi and Vaananen, 1990; Murrills et al., 1993; 

Vaananen, 1996). Since the correct cytoskeletal organisation is obligatory for 

polarisation and resorption, and actin rings are generally only seen in resorbing 

osteoclasts (Lakkakorpi and Vaananen, 1996), the interaction with extracellular 

pH may represent an important point of control.

The steepness of the response of isolated rat and chick osteoclasts to 

extracellular pH is suggestive of “classical” co-operative activation curves in 

which several effector molecules must bind simultaneously to a target 

macromolecule for activation to occur. Therefore, it may be possible that 

osteoclasts possess a specific pH sensing apparatus linked to an intracellular 

pathway (Amett and Spowage, 1996). Indeed, recent work has indicated that 

both protein kinase A (PKA) and protein kinase C (PKC) signal transduction 

pathways are involved in osteoclast mediated calcium release from bone (Krieger
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et al., 1997). Low pH is also reported to increase calcitonin receptor mRNA 

expression, suggesting a mechanism whereby pH can modulate osteoclast 

function by an increased sensitivity to calcitonin (Weinstein et al., 1998).

As mentioned earlier, one theory suggests that the acid-activation of 

osteoclastic resorption may involve protons and ATP interacting at the P2 X2 

receptor to open a cation / proton channel in the osteoclast cell membrane. This 

would critically increase the intracellular availability of protons, which could be 

pumped out of the cell across the ruffled border, and so facilitate resorption pit 

formation (Amett and King, 1997). However, although osteoclasts are known to 

express P2X and P2Y receptors (Yu and Perrier, 1995; Bowler et al., 1995; 

Weidema et al., 1997, 1998; Bowler et al., 1998c), there is no evidence at this 

present time for P2 X2 receptor expression on osteoclasts.

Along with the pathological states producing either systemic or local 

acidosis, osteoblast mitogens such as ATP and IL-1 are known to enhance 

medium acidification, which could further stimulate osteoclasts, along with any 

other mechanism involved (Aisa et al., 1995; Kaplan and Dixon, 1996; Barrett et 

al., 1997; Pollington and Amett, 1998, unpublished). Indeed, results presented 

in chapter 2 illustrate the medium acidification caused by PTH, l,25(OH)2D3, 

and PGE2, which could in itself stimulate some of the resorption seen.
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Embryonic chick osteoclasts (Morrison and Amett, 1997a), neonatal rat 

osteoclasts (Amett and Spowage, 1996), mouse calvarial cultures (Meghji et al., 

1996, 1997), and osteoclasts formed from mouse marrow cultures (Morrison and 

Amett, 1998) exhibited similar responses to extracellular pH. However, in 

contrast to the effect of extracellular ATP on mature rat osteoclasts (Morrison 

and Amett, 1997b), osteoclasts obtained from embryonic chicks were 

umresponsive to low dose ATP. Indeed, the results suggest that chick osteoclasts 

are more sensitive to the inhibitory effects of ATP than rat osteoclasts. As 

mentioned previously, osteoclasts obtained from chicks differ from mammalian 

osteoclasts in several ways: they are ‘constitutively activated’ and therefore 

resorb more bone over time; and do not show an inhibitory response to calcitonin 

(Amett and Dempster, 1987). Indeed, the fact that avian and mammalian 

osteoclasts differ in response to calcitonin but respond similarly to low pH 

suggests that proton sensitivity is a more primitive characteristic conserved 

during evolution.

The finding that osteoclasts in calvaria respond to low pH resulting from 

reduced culture medium HCO3 concentrations in a similar manner to isolated 

osteoclasts adds further weight to the physiological significance of acid 

stimulated resorption. My work confirms the observation made by Bushinsky 

(1989) that metabolic acidosis {i.e. decreasing HCO3 ) is a more potent stimulator 

of osteoclastic resorption than respiratory acidosis {i.e. increasing PCO2) in 

calvaria, but contrasts with the work of Amett et al., (1994) who demonstrated
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that isolated rat osteoclasts were more sensitive to stimulation by CO2 acidosis 

than HCO3 acidosis. As discussed earlier, the reasons why a reduction in 

bicarbonate concentration should have a greater effect on osteoclastic bone 

resorption in calvaria than an increase in the partial pressure of carbon dioxide 

are unclear.

In the calvarial assay system, acid-stimulated resorption appears to be 

dependent on the production of prostaglandins, since results presented in chapter 

2  and from other groups demonstrate that indomethacin inhibits resorption 

(Rabadjija et al., 1990). Addition of indomethacin to calvarial cultures causes 

TRAP-positive osteoclasts to become less adherent to bone and more adherent to 

the endocranial membrane (Marshall et al., 1996), therefore the effects of 

indomethacin in the calvarial cultures may simply represent a lack of osteoclasts 

present capable of resorption rather than an actual inhibition of resorption per se. 

However, results such as these highlight the disparity between different in vitro 

bone assays. For example, the present work demonstrates that acid-activated 

isolated rat osteoclasts are further stimulated by indomethacin and other NSAlDs 

(Morrison and Amett, 1996a, 1996b, 1997c).

Clearly, the effects of extracellular pH on osteoclasts can interact with 

other osteolytic agents. The additive or even synergistic effect of low pH with 

1,25(0H)2D3 and ATP suggests that although these two factors produce their 

effects via different receptors and pathways, extracellular pH can modulate

160



osteoclast resorption to produce a similar response. However, it is unclear how 

extracellular protons interact with these osteolytic agents.

The interaction between extracellular ATP and low pH is further 

highlighted by the observation that apyrase (an enzyme which hydrolyses 

extracellular ATP to AMP), and suramin (a general ATP antagonist) are able to 

inhibit acid-activated resorption pit formation. This suggests that the pH 

response of mature rat osteoclasts may be dependent on traces of extracellular 

ATP, since removal or inhibition reduces resorption (Morrison et al., 1998). 

Since several bone diseases, such as osteoporosis and rheumatoid arthritis may 

result, in part, from systemic or local acidosis; the mechanism of proton 

stimulated bone resorption, and the possible interactions with inflammatory and 

other osteolytic factors will be an important area for future work.

The work of Suzuki et al., (1993) has shown that PGE2 is a potential 

mediator of extracellular ATP action in osteoblast-like MC3T3 cells. Pretreating 

cells with indomethacin suppressed both ATP-induced PGE2 synthesis and DNA 

synthesis. ATP is unlikely to be acting via a prostaglandin-mediated mechanism 

in isolated osteoclast cultures, since prostaglandins are known to be inhibitory in 

this system (Amett and Dempster, 1987). Furthermore, results in chapter 2 

demonstrate that when both ATP and indomethacin are added to isolated 

osteoclast cultures, resorption is further stimulated, suggesting that ATP is not 

acting via a prostaglandin-mediated mechanism in this assay system. However,
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in a similar manner to proton stimulation, ATP stimulation in calvarial cultures 

has been shown to be inhibited by indomethacin, suggesting that, in this assay at 

least, prostaglandins are acting as mediators of extracellular ATP action (Meghji 

etaL, 1998).

The large number of actions and interactions of all the known or suspected 

osteotropic agents may seem an impossible task to begin to understand. 

However, it is worth remembering that the majority of these factors may simply 

be acting as permissive rather than true regulatory agents of bone resorption in 

vivo. Thus, a significant problem of the in vitro study of the factors involved in 

bone resorption lies in the fact that many of these complex in vivo actions and 

interactions are disrupted.

During my Ph.D. studies I have chosen to look at the physiological 

function of osteoclasts, and have described potentially important new functional 

effects of extracellular pH and ATP on osteoclasts. The key discoveries are as 

follows: first, the effect of extracellular pH on osteoclast recruitment; second, the 

lack of tachyphyllaxis demonstrated by isolated osteoclasts when stimulated by 

low pH; third, the remarkable similarity between isolated osteoclasts and 

calvarial cultures in response to low pH; and finally, the action of extracellular 

ATP on osteoclast recruitment and activity. At the present time, it seems likely 

that extracellular protons are the only factor able to directly activate mature 

osteoclasts; whether ATP falls into this category remains to be determined.
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With such small changes in extracellular pH (often of the order of a few 

hundredths of one unit) modulating osteoclast activation and formation, the use 

of a blood gas analyser for measuring medium pH and PCO2 would appear to be 

essential for many resorption studies. The results show that proper control and 

measurement of extracellular pH in culture medium is a very important part of 

cell culture, one which is however often overlooked.

Future work

The work I have presented in this thesis leads on to a number of questions, 

which could form the basis of future work. For example, my results demonstrate 

the key importance of extracellular pH in modulating both the formation and 

resorptive activity of osteoclasts. However, the actual mechanism of action of 

protons on osteoclast activity is as yet unknown. It would be of interest 

therefore to establish whether a pH sensing receptor is present on osteoclasts, and 

the intracellular signalling pathway to which it may be linked. My work has also 

demonstrated that ATP is a potent stimulator of the activation and formation of 

rodent osteoclasts. However, it still remains unclear as to what P2 receptor 

subtypes are actually present on bone cells. It would be of interest therefore to 

use the newly developed technique of mico-isolated osteoclasts to ascertain 

whether ATP has a direct effect on osteoclast function. It should also be 

possible to employ immunocytochemistry and in situ hybridisation techniques to 

identify P2 receptors more fully. Given time it would also have been of interest 

to identify specific sequences using the technique of reverse transcriptase
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polymerase chain reaction (RT-PCR). The RT-PCR method is extremely 

sensitive, being able to detect trace amounts of RNA in a sample. However, 

although the RT-PCR technique demonstrates the expression of a particular 

mRNA sequence, this is not necessarily indicative of protein expression. It is 

also important to obtain a pure population of cells, since the origin of the cDNA 

would be unknown. Analysis of the degree of P2 receptor expression at the 

protein level would be possible using Western blotting techniques with the 

antibodies available. The use of enzyme-linked immunosorbent assays (ELISA) 

could also be very useful in determining the amount of receptor present in the 

cell population.

Considering the in vitro stimulation of osteoclast formation and activity by 

small changes in extracellular pH, and the fact that from childhood to old age 

humans eating a typical western diet develop a slight but progressive increase in 

blood acidity and decrease in plasma bicarbonate concentrations, (low-grade 

metabolic acidosis) (Barzel, 1995; Frassetto and Sebastian, 1996), it may be that 

future therapy for osteoporosis will involve correcting this slight systemic 

metabolic acidosis. Indeed, evidence already suggests that, in postmenopausal 

women, administration of potassium bicarbonate to neutralise endogenous acid 

leads to a reduction in bone resorption and an increased rate of bone formation 

(Sebastian et aL, 1994). It is widely accepted that premenopausal women should 

have a total daily calcium intake of 800 mg. For postmenopausal women, whose 

calcium absorption is poorer this should be increased to 1500 mg per day
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(Kaufman, 1995). In line with these recommendations, calcium carbonate (or a 

number of other calcium salts) is frequently prescribed to bring the total calcium 

ingested to that recommended level. However, it may be that it is not the cation, 

calcium, but rather the anion, carbonate, which is beneficial, buffering the excess 

acid present in a normal diet.
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Abbreviation /  common name Full /  systematic name

1,25-dihydroxy vitamin D3 

(1,25(0H)2D3)

Adenosine

Adenosine deaminase 

Antibiotic / antimycotic

Apyrase

Aspirin

ATP

BGJ

Dexamethasone

PCS

D-(+) glucose 

L-glutamine 

HBSS 

Ibuprofen

Indomethacin

MEM

1,25-dihydroxycholecalciferol

9- P-D-ribofuranosyladenine 

Adenosine aminohydrolase;

EC 3.S.4.4

Penicillin G sodium (lOOu/ml) 

Streptomycin sulphate 

(lOOpg/ml)

Amphotericin B (0.25pg/ml) 

Adenosine 5'-triphosphatase / 

adenosine 5'-diphosphatase; 

EC3.6.1.5 

Acetylsalicylic acid 

Adenosine 5'-triphosphate 

(disodium salt)

Biggers, Gwatkin and Heyner 

medium

9a-fluoro-16a-methyl- 

prednisolone 

Foetal calf serum,

Dextrose

L-2-aminoglutaramic acid 

Hanks’ balanced salt solution 

a-methyl-4- [2-methylpropyl] - 

benzeneacetic acid 

1 - [p-chlorobenzoy 1] - 5 -methoxy- 

2-methylindole-3-acetic acid 

Minimum essential medium with
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NS-398

PBS

Prostaglandin E2 (PGE2)

PTH

Suramin

TRAP

Earle’s salts, without L- 

glutamine

N- [2-cyclohexyloxy-4- 

nitrophenyl] 

methanesulfonamide) 

Phosphate buffered saline 

(Dulbecco’s), without sodium 

bicarbonate

[5Z ,lla,13E ,15S]-ll,15- 

dihydroxy-9-oxoprosta-5,13- 

dienoic acid 

Parathyroid hormone 

Germanin; 8,8'-[carbonyl- 

bis[imino-3,1-phenylcarbonyl- 

imino(4-methyl-3,1 -phenylene) 

carbony limino] ]bis-1,3,5- 

naphthalene trisulfonic acid 

hexasodium salt 

Tartrate-resistant acid 

phosphatase
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1,25-dihydroxyvitamin D3

Adenosine

Adenosine deaminase

Antibiotic / Antimycotic

Apyrase

Aspirin

ATP

Bacharach Fyrite kit 

BGJ

Dexamethasone

PCS

D-(+) glucose

L-glutamine

Glycerol jelly

Ibuprofen

Indomethacin

MEM

MK886

Minitab

NS-398

Oligonucleotides

Dr K.W. Colston 

St. George’s Hospital 

Medical School, London, U.K. 

Sigma, Poole, Dorset, U.K. 

Sigma, Poole, Dorset, U.K. 

GIBCO, Paisley, U.K.

Sigma, Poole, Dorset, U.K. 

Sigma, Poole, Dorset, U.K. 

Sigma, Poole, Dorset, U.K. 

Jencons (Scientific) Ltd 

Leighton Buzzard, U.K.

Flow Laboratories, Irvine, U.K. 

Sigma, Poole, Dorset, U.K. 

GIBCO, Paisley, U.K.

Sigma, Poole, Dorset, U.K. 

GIBCO, Paisley, U.K.

BDH, Poole, Dorset, U. K. 

Sigma, Poole, Dorset, U.K. 

Sigma, Poole, Dorset, U.K. 

GIBCO, Paisley, U.K.

Dr S. Meghji 

Eastman Dental Institute 

London, U.K.

Minitab Inc., State College 

Pennsylvania, USA.

ICN Biomedicals Ltd 

Thame, U.K.

Genosys Biotechnologies Ltd 

Pampisford, Cambridgeshire, 

U.K.
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Parathyroid hormone (bovine fragment 1-34) 

PBS

Prostaglandin E2 

Stainless steel grids

Suramin

TRAP stain

Untreated elephant ivory

Sigma, Poole, Dorset, U.K. 

GIBCO, Paisley, U.K.

Sigma, Poole, Dorset, U.K. 

Expanded Metal Co.,

West Hartlepool, U.K.

ICN Biomedicals Ltd 

Thame, U.K.

Sigma, Poole, Dorset, U.K.

HM Customs, London Heathrow 

Airport.
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1. There is increasing evidence that extracellular ATP acts directly on bone cells via P2 
receptors. In normal rat osteoclasts, ATP activates both non-selective cation channels and 
Ca' '̂'"-dependent K ’*’ channels. In this study we investigated the action of ATP on the 
formation of osteoclasts and on the ultimate function of these cells, namely resorption pit 
formation.

2. We found that ATP stimulated resorption pit formation up to 5-6-fold when osteoclast- 
containing bone cell populations from neonatal rats were cultured for 26 h on ivory discs, with 
a maximum effect occurring at relatively low concentrations (O'2 -2  fim). The stimulatory 
effect of ATP was amplified greatly when osteoclasts were activated by culture in acidified 
media (pH 6'9-7'G). Pit formation by acid-activated osteoclasts in the absence of ATP was 
inhibited by apyrase, an ecto-ATPase and by suramin, an antagonist of P2 receptors.

3. Over the same concentration range at which rat osteoclast activation occurred (0-2-2 / / m ), 

ATP also enhanced osteoclast formation in 10 day mouse marrow cultures, by up to 3'3-fold, 
with corresponding increases in resorption pit formation. Higher concentrations of ATP 
(20-200 iiM) reduced or blocked osteoclast formation. Adenosine, a PI receptor agonist, was 
without effect on either osteoclast activation or formation.

4. These results suggest that low levels o f extracellular ATP may play a fundamental role in 
modulating both the resorptive function and formation of mammalian osteoclasts.

ATP and other extracellular nucleotides are now recognized 
as important messenger molecules for cell-cell 
communication. Cell membrane receptors for ATP are 
classified into two main groups: the P2Y receptor family 
couples to G-proteins to stimulate phospholipases, activating 
a series of intracellular signalling pathways, including IP3- 
dependent mobilization of intracellular Câ "*"; the P2X  
receptor family gates cation channels permeable to calcium, 
sodium, potassium and, most probably, hydrogen ions. 
Seven main subtypes of each family have been identified to 
date (Burnstock & King, 1996). ATP is released into the 
extracellular space via synaptic vesicles from nerve cells, as 
the result of cell damage and also by active secretion via 
‘ATP binding cassette’ transport proteins such as P-glyco- 
proteins and sulphonylurea receptors (reviewed by 
Burnstock, 1997).

There is increasing evidence that ATP may play an 
important role in bone as a signalling agent. In osteoclasts.

the polarized multinucleate cells responsible for the 
resorption of bone and other mineralized tissues, exogenous 
ATP induces an intracellular Câ  ̂pulse (Yu & Ferrier, 1993, 
1994) and causes a transient intracellular pH decrease that 
is Câ '*’ independent (Yu & Ferrier, 1995). Recent electro- 
physiological experiments have provided indirect evidence 
for the co-expression on osteoclasts of both P2Y and P2X  
receptors for ATP (Weidema et al. 1997). Histochemical 
evidence exists for the expression of the P2Yg (P2U) 
receptor on osteoclasts derived from human giant cell 
tumours (Bowler et al. 1995, 1998a). Bowler and co-workers 
have also shown that ATP exerts a small stimulatory effect 
on resorption pit formation by giant cell tumour osteoclasts 
but that this effect is not mediated by P2Yg receptors 
(Bowler et al. 1998a). Following our initial reports in 
abstract form (Morrison & Arnett, 1997, 1998a), the present 
study provides the first description of the potent 
stimulatory effects of ATP on the formation and resorptive 
function of normal mammalian osteoclasts.
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METHODS
Materials
1,25-Dlhydroxyvitamin Dg (l,25(0H)2Dg) was provided by Dr K, W. 
Colston (St George’s Hospital Medical School, London). Culture 
media were purchased from Gibco. All other reagents were from 
Sigma. Fresh stock solutions o f ATP, adenosine, apyrase and 
suramin were prepared in phosphate-huffered saline (PBS) for each 
experiment; stock solutions o f dexamethasone and l,25(0H)2Dg 
were prepared in ethanol and stored for short periods at —20 °C. 
ATP and adenosine solutions, both o f which are acidic, were 
titrated to pH 7‘G with NaOH im m ediately before use to avoid 
unwanted pH effects on osteoclast function (Arnett & Spowage, 
1996). Untreated elephant ivory was kindly provided hy HM 
Customs and Excise (London Heathrow Airport).

Resorption pit formation assay
The effects o f extracellular ATP and adenosine on resorption pit 
formation by mature rat osteoclasts were studied using 
modifications o f an assay described previously (Arnett & Spowage, 
1996). All experiments were performed using standard minimum  
essential medium supplemented with Earle’s salts, 10% fetal calf 
serum, 2 m M  L-glutamine, 100 U  mU^ penicillin, lOO/^gmF^ 
streptomycin and 0-25 / ig ml~  ̂ amphotericin B (complete mixture 
abbreviated to ‘MEM’). In some experiments, MEM was acidified 
by the direct addition o f small amounts o f concentrated 
hydrochloric acid (10 mequiv H'*’, equivalent to 85 /d o f 11-5 M 
HCl per 100 ml medium). This has the effect o f  reducing HCOg” 
concentration and producing an operating pH close to 6 95 in a 5%  
COg environment, which is optimal for resorption pit formation 
(Murrills et al. 1998). Elephant ivory was prepared by cutting 
250 / im  thick transverse wafers using a low speed diamond saw 
(Buehler, Coventry, UK); 5 mm diameter discs were cut from wet 
ivory wafers using a standard paper punch, washed extensively by 
sonication in distilled water and stored dry at room temperature. 
Before use, ivory discs were sterilized by brief immersion in 
ethanol, allowed to dry and then rinsed in sterile PBS.

Mixed cell populations containing osteoclasts were obtained by 
mincing rapidly the pooled long bones o f 2-day-old rat pups, killed 
by cervical dislocation (n =  5), in 5 ml MEM, followed by vortexing 
for 20 s. The resulting cell suspension was allowed to sediment for 
45 min onto 5 mm ivory discs, pre-wetted with 50 /il MEM, in 96- 
well plates (100 /il cell suspension per disc). Discs were rinsed twice 
in PBS before transfer to the pre-equilibrated test culture media in 
a 6-well plate. Each test or control well contained 4 ml o f acidified 
MEM and five replicate ivory discs; cultures were incubated for 
26 h in a humidified atmosphere o f 5% C 0 g -9 5 %  air. A t the end 
of the experiment, medium pH and Pqoj were measured using a 
blood gas analyser (Radiometer, Copenhagen, Denmark), taking  
careful precautions to prevent COg loss. Ivory discs were removed 
and fixed in 2% glutaraldehyde, then stained for tartrate-resistant 
acid phosphatase (TRAP) using Sigma kit 387-A. The numbers of 
TRAP-positive multinucleated osteoclasts (two or more nuclei), and 
the number o f stromal cells were assessed ‘blind’ using transmitted  
light microscopy. Discrete resorption pits were counted ‘blind’ hy 
scanning the entire surface o f each disc using reflected light 
microscopy after restaining in 1 % Toluidine Blue in 1 % sodium  
borate for 2 min.

Osteoclast formation assay
Long bones o f 8-week-old mice {n =  2), killed by cervical 
dislocation, were fragmented in 5 ml unmodified MEM, followed by 
vortexing for 1 min. The resulting cell suspension was allowed to 
sediment for 24 h onto sterile 5 mm diameter ivory discs, pre
wetted with 50 /Â MEM, in 96-well plates (100 fi\ cell suspension

per disc). Ivory discs were then removed and placed in test or 
control medium in a 6 -well plate. Each test or control well 
contained 4 ml o f non-acidihed MEM with 10 niu l,25(0H)2Dg and 
10 nM  dexamethasone, and six replicate ivory discs; cultures were 
incubated in a humidified atmosphere of 5% 0 0 2 -9 5 %  air, with 
medium changes every 2 days. MEM was not acidified for these 
experiments because low pH conditions are inhibitory for osteoclast 
formation (Morrison & Arnett, 19986). Medium pH and Pcoj were 
monitored during and at the end o f  experiments using a blood gas 
analyser, as above. After 10 days incubation, the discs were fixed in 
2% glutaraldehyde, and stained for tartrate-resistant acid 
phosphatase (TRAP) using Sigma kit 387-A. A control group of 
ivory discs was also removed, fixed and stained after 3 days 
incubation to check for the presence o f any mature osteoclasts that 
might have been released during the initial cell preparation. The 
total area occupied hy TRAP-positive multinucleated osteoclasts 
and resorption pits was assessed ‘blind’ by transm itted and 
reflected light microscopy, via a colour video image output, using 
standard ‘dot count’ morphometry. Area measurements, rather 
than discrete cell and pit counts, were necessary because this assay 
system requires high cell densities to function, resulting in large, 
semi-contiguous groups o f TRAP-positive osteoclasts associated 
with extensive, often conjoined areas o f resorption.

Statistics
Statistical comparisons were made by one-way analysis o f  variance 
of log-transformed data, using Bonferroni’s correction for multiple 
comparisons; representative data are presented as means +  s .e .m . 

for five or six replicates. Significance was assumed at F  < 0 - 0 5 .  
Each experiment was repeated 3 or 4 times.

RESULTS
Effect of ATP on mature rat osteoclasts
Extracellular ATP exerted a reproducible, biphasic effect on 
resorption pit formation by rat osteoclasts in low density, 
acid-activated 26 h cultures (pH 6'94 +  0'016). At low 
concentrations (O'2 and 2 /im  ATP) striking stimulations 
were observed, with up to a 3'5-fold increase in pit number
(Fig. 1).

At higher concentrations, resorption was progressively 
reduced (Fig. 1); this was largely due to a selective cytotoxic 
effect of ATP (associated with cell vacuolation) on 
osteoclasts. However, numbers of mononuclear cells (i.e. cells 
of osteoblastic/fibroblastic morphology) were unaltered by 
ATP: treatment with 0, 0-2, 2, 20, 200 and 2000 /tM  ATP 
resulted in 1230 ±  95, 1323 ±  213, 1200 ±  114, 1228 ±  167, 
1390 ±  151 and 1001 ±  143 mononuclear cells per ivory 
disc. Time lapse video microscopy, using methods similar to 
those described by Arnett et al. (1996), revealed that 
60-90 min following addition of 2 m M  ATP to freshly 
isolated mature rat osteoclasts, the cell abruptly retracts 
and dies in a manner reminiscent of apoptosis (data not 
shown). Adenosine, over a similar concentration range, was 
without significant effect on either resorption pit formation 
or osteoclast numbers except at the highest dose (2 mn), 
where some cytotoxicity was observed (data not shown).

The interaction between the effects of pH and extracellular 
ATP was investigated using rat osteoclast cultures incubated 
for 26 h with 0 or 2 /im  ATP in either control (non-acidified)
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F ig u re  1. B iph asic  effect o f  A T P  on resorp tion  p it  
form ation  by  rat o steo cla sts  

Osteoclasts were cultured on 5 nun dentine discs in 
acidified medium (pH 6-9117 ±  0-016) for 26 In The 
stimulatory effect o f ATP was evident at lower 
concentrations and a selective cytotoxic effect at the 
highest concentration. Values are means. +  s .e .m . {n =  5); 
* F <  0-05; ** P <  0-01 ; *** P <  0-001 with respect to 
control.

D
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200 2000

ATP (pM)

or ac id ified  M EM  (F ig . 2). In  th e  absen ce o f  A T P , 
acid ification  (pH reduction from  7-166  to  6-945) e lic ited  a  
m o d est, 3 -fo ld  stim u la tio n  o f  resorp tion  p it  form ation; and  
in n on -acid ified  m ed iu m  A T P  caused  a  2-5-fo ld  stim u la tion  
o f  p it form ation . H ow ever, w hen  o ste o c la s ts  w ere cu ltured  
w ith  2 / iM A T P  in  acid ified  M EM , resorption  w as  
stim u la ted  17-fold  com pared w ith  control. T hu s, the  
stim u la to r y  effect o f  A T P  w as en h a n ced  g rea tly  at low  pH  
and v ice  versa .

To stu d y  fu rth er  th e  possilrle d ep en d en ce  o f  th e  acid  
activ a tio n  o f  resorp tion  on low levels o f  extracellu lar  A T P , 
o steo c la sts  w ere cu ltured  for 26 h w ith  a p y ra se , w hich  
h y d ro ly ses ex tra cellu lar  A T P  to  AM P. In  th is  e x p er im en t,  
acid ification  resu lted  in a  3-5-fo ld  stim u la tio n  o f  p it  
form ation ; apyi-ase in h ib ited  a c id -a ctiv a ted  resorp tion , w ith  
a  n ea r-m a x im a l e ffec t at 0-1 u n its  m F ‘ (F ig . 3). T here w as

no ev id en ce  th at a p y ra se  w as c y to to x ic  a t  an y  d ose. A  
sim ilar, n o n -to x ic , in h ib ito ry  e ffec t w a s a lso  o b served  
reproducib ly w h en  a c id -a ctiv a ted  o ste o c la s ts  w ere cu ltu red  
w ith  su ra m in , an  a n ta g o n is t  o f  P 2  recep tors (resorption  
levels at pH  7 -2 1 6 , pH  7 0 1 3  and  pH  7 -009  +  10 /^m 
su ram in  w ere 4 -40  +  0 -67 , 15-40 +  3 -3 9  and  6-20  +  1 -39*  
pits  per d en tin e  d isc , r esp ectiv e ly  ; * P <  0 -0 5  vs. pH  7-013  
group; o steoclast and  m ononuclear cell nu m bers w ere  
u n altered  by any  trea tm en t).

Effect o f ATP on osteoclast formation in mouse 
marrow cultures
In 10 d a y  m ouse m arrow  cu ltu res , ex tracellu lar  A T P  a t low  
concenti-ations stim u la ted  the form ation  o f  T R A P -p o sitiv e  
o steo c la sts  and resorp tion  p its  rep iod ucib ly . A s w a s th e  case  
in the m ature rat o steo c la st  assay, p ea k  e ffec ts  w ere  
observed  in  the range 0 - 2 - 2  piu  A T P . In  the p resen ce  o f

F ig u re  2. C om parison o f  th e  effects o f  A T P  on  
resorp tion  p it  form ation by rat o steo c la sts  cu ltured  
in  un m odified  m edium  (Control) or in  acid ified  
m ed iu m  (Acid) for 26 h

The figure shows potentiation o f ATP-stiinulated  
resoi-ption at low pH. Values are means +  s .e .m . (n =  5); 
** P <  0-01 ; *** P <  0-001 with respect to control.
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PH
7.113 6.926 6.927 6.929 6.931 6.902
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Tl F ig u re  3. S tim u la tio n  o f  resorp tion  p it  form ation  b y  
rat o steo c la sts  cu ltu red  for 26  h in  acid ified  m ed iu m  
and in h ib itio n  o f  a c id -stim u la ted  p it  form ation  b y  
a p yrase

Values are means +  s .e .m . [n =  5).  ̂P <  Q-Ql ; f  <  O'OOl 
with respect to pH 7d 13 control value. * P <  0'05;
** P <  O'Ol ; *** P <  O'OOl with respect to pH 6-926 
control value.

2 /^M A T P , o steo c la st form ation w as stim u la te d  3 -3-fo ld  and  
resorp tion  in crea sed  4-fold  com pared  w ith  control. H igh er  
concen trations either in h ib ited  (20 /tm ) or com plete ly  blocked  
( 2 0 0 / tm ) o steo c la st form ation and  resorp tion  (F ig . 4). 
A d en o sin e  over th e  sam e concen tra tion  range w as w ith o u t  
s ig n ifica n t effect.

In  th e  control groups that w ere fixed  and  s ta in e d  for T R A P  
a fter  3 d a y s  incub ation , o steo c la sts  and resorp tion  p its  were  
n ever ob serv ed , in d ica tin g  th at th e  o steo c la sts  and  
resorp tion  p its olrserved a fter  10 d a y s  in cu ltu re  resu lted  
e n tire ly  from  foi-m ation o f  new  o steo c la sts .

D ISC U SSIO N
T h e  m odu lation  o f  bone resorp tion  by local factors is  a 
com p lex  process th a t is still n o t w ell u n d ersto o d  (R o o d m a n , 
1996). O ur resu lts in d ica te  th a t ex tra ce llu la r  A T P , w hich  
ca u ses s tr ik in g  stim u la tion  o f  both  resorp tion  p it form ation  
a n d  o steo c la st recru itm en t a t subm icrom olar con cen tra tion s,

m u st be considered  a s a  p o te n tia lly  im p o rta n t p aracrire  or 
au tocrin e  a g en t for bone.

Tt is un clear from  th e  p resen t d a ta  w h eth er  ex o g en o u s a T P  
s t im u la te s  resorp tion  p it form ation  v ia  d irec t e ffec fi on  
m ature o ste o c la s ts , in d irec t e ffec ts  on cells such as  

o steo b la sts , or both . E lec tro p h y sio lo g ica l ev id en ce  (Ya & 
F errier, 1 9 9 3 , 1 9 94 , 1995; W eid em a et at. 1997) and  
h istoch em ica l ev id en ce  (B ow ler et nl. 1 9 9 5 , 1998u) exists? for 
th e  exp ressio n  o f  P 2 X  and P 2 Y  recep tors on nor mai or 
tu m ou r-d er iv ed  o steo c la sts . P 2 Y  recep tors are a lso  present 
on o steo b la st-lik e  cells  (B ow ler ef nl. 1 995 , 19986). Pure 
p o p u la tio n s o f  norm al m am m alian  o steo c la sts  are n ot 
ro u tin e ly  availab le for s tu d y  and  m u ltin u clea te  o steo cla sts  
c o n stitu te  o n ly  about 1 - 2 %  o f  th e  ce lls  in the low  d en sity  
rat bone cell cu ltu res u sed  in  our ex p er im en ts . A dditionally , 
our resu lts do not d is t in g u ish  the m ode o f  action  o f  A T ?  in  
in crea sin g  o ste o c la s t  form ation  in  10 d a y  m arrow  cultures. 
A T P  could  be a c t in g  d ir ec tly  on o steo c la st  precursor cells, 
as w ell as in d ir ec tly  on th e  strom al com p o n en t o f  mar.-ow

D

*  *

0.2 2 20 
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F ig u re  4. B ip h asic  effect o f  A T P  on o steo cla st  
form ation  and ex ca v a tio n  o f  resorp tion  p its  in  m ouse  
m arrow  cu ltu res m a in ta in ed  for 10 d a y s  on 5 m m  
d en tin e  d iscs in  u n m odified  m edium  
(pH  7-212 ± 0 - 0 1 0 )

Values are means ±  s . e .m . {n =  6); * P <  0-05; ** P <  0-01 ; 
*** P <  0-001 with respect to control.
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cultures; it is possible also that the stimulatory effects of 
ATP in these long term cultures were due, in some degree, 
to enhanced osteoclast survival.

The rapid, selective cytotoxic action of ATP at millimolar 
concentrations on osteoclasts is in agreement with the 
findings of Nijweide et al. (1995); this effect may be 
mediated by the P2Z (P2X^) receptor for ATP^~, activation 
of which results in the formation of cytolytic pores 
(reviewed by Burnstock, 1997). Interestingly, we found that 
resorption pit formation by osteoclasts derived from late 
chick embryos was not enhanced by ATP, although the high 
dose inhibitory effect was still evident (M. S. Morrison & 
T. B . Arnett, unpublished observations). Chick osteoclasts 
also differ from mammalian osteoclasts in that they resorb 
bone more avidly and fail to show an inhibitory response to 
calcitonin (Arnett & Dempster, 1987). The lack of effect of 
adenosine suggests that PI receptors are not involved in the 
modulation of osteoclastic function, in line with the earlier 
findings of Yu & Ferrier (1993), who demonstrated that 
adenosine exerted no significant effect on intracellular Câ  ̂
in osteoclasts.

Previous work has demonstrated the remarkable sensitivity 
of rat osteoclasts to stimulation by extracellular protons 
(Arnett & Dempster, 1986; Arnett & Spowage, 1996). The 
pH response occurs within a relatively limited range, such 
that shifts in the range pH 7’25-7'00 act as a reversible ‘off- 
on switch’ for resorptive activity, with the major change 
associated with a pH difference of as little as O' 1 unit (Arnett 
& Spowage, 1996). Embryonic chick osteoclasts exhibit 
similar responses (Arnett & Dempster, 1987), as do mouse 
calvarial cultures (Meghji et al. 1996) and osteoclasts formed 
from mouse marrow cultures (Morrison & Arnett, 19986). 
An important feature of H'^'-stimulated resorption is that it 
does not exhibit desensitization: indeed, the magnitude of 
the response of mature rat osteoclasts appears to increase 
with time in culture, such that after 7 days, pH drops of 
~0'1 unit are associated with 15- to 20-fold enhancements 
of pit formation (M. S. Morrison & T. R. Arnett, in 
preparation). The present work demonstrates that there is a 
powerful synergy between the stimulatory effects of low- 
dose ATP and protons on the resorptive activity of mature 
rat osteoclasts, i.e. the full sensitivity of osteoclasts to 
activation by ATP is only evident at low pH (~6'9-7'0), 
and vice versa. In the case of the osteoclast formation 
experiments, ATP appeared to enhance resorptive efficiency 
only slightly; this was probably a consequence of the non- 
acidified medium (pH ~7'2) used to maximize osteoclast 
recruitment in this assay (Morrison & Arnett, 19986).

The effect of apyrase (which hydrolyses ATP to AMP) on 
acid-stimulated pit formation was to inhibit resorption 
without affecting cell viability or morphology, suggesting 
that the ‘pH effect’ may be dependent on trace levels of 
either free or bound extracellular ATP. The concentrations 
of ATP in question may be quite low, given the powerful 
stimulatory effect seen in the presence of 200 n M  ATP. 
There are two main possibilities for the origin of extra

cellular ATP in osteoclast-containing bone cell cultures. 
First, ATP (intracellular concentration ~2 m M ) could be 
released from cells that were damaged during the relatively 
vigorous procedures used to isolate osteoclasts from bones. 
Second, ATP may be exported from intact cells via 
transport proteins; for example, osteoclasts have been 
reported to express a novel member of the ATP binding 
cassette superfamily (Wagstaff et al. 1998). There is also 
recent evidence for constitutive release of ATP by 
osteoblast-like cells, a process that appears to be stimulated 
by fluid shear forces (Bowler et al. 1998c). Interestingly, 
McSheehy & Chambers (1986) reported that osteoblasts 
released an unknown soluble factor of relatively low 
molecular weight that stimulated osteoclasts.

Striking recent experiments have shown that extracellular 
acidification is required for the P2Xg receptor subtype to 
show its full sensitivity to extracellular ATP (King et al. 
1996; Wildman et al. 1997). Indeed, the pH-activation 
profile of the recombinant P2Xg receptor expressed in 
X enopus  is remarkably similar to that for resorption pit 
formation by rat osteoclasts (Arnett & Spowage, 1996). No 
other ATP receptors of the P2X or P2Y families are known 
to exhibit such pH sensitivity. Although our data do not 
distinguish conclusively between P2 receptor type(s) which 
may be mediating the stimulatory effects of low 
concentrations of ATP on rodent osteoclasts, the apparent 
lack of desensitization to ATP, suramin antagonism and 
acid activation are consistent with the possible involvement 
of the P2Xg receptor subtype. When the recombinant P2Xg 
receptor is activated by ATP and extracellular H’*’, it opens 
a non-selective cation/proton channel. Opening such a 
channel in the osteoclast (dorsal/basolateral) cell membrane 
could increase critically the intracellular availability of H'*’ 
(which is then actively pumped out across the ruffled 
border), so as to facilitate resorption pit formation (Arnett & 
King, 1997). Such a mechanism would augment the intra
cellular proton supply thought to be derived via osteoclastic 
carbonic anhydrase. Alternatively, the putative ‘pH 
receptor’ on osteoclasts may be distinct from ATP receptors.

In addition to increasing resorption, ATP may additionally 
exert negative effects on bone formation. Recent 
experiments have shown that ATP, albeit at concentrations 
somewhat higher than those optimal for stimulation of 
resorption, inhibits appositional bone formation by cultured 
primary osteoblasts (Jones et al. 1997). ATP also induces 
cartilage resorption in vitro (Leong et al. 1994). In inflamed 
tissue, ATP may be released from damaged cells, mast cells 
or platelets (King et al. 1996); inflammation is also 
associated with local acidification (Burnstock, 1997), as is 
the case at sites of fracture and surgery (Brueton et al., 
1993). It is conceivable that ATP could also play in role in 
tumour osteolysis, given the propensity of transformed cells 
to release ATP (Burnstock, 1997) and cause local 
acidification. The present findings suggest a new mechanism 
by which localized bone destruction could occur when ATP 
is released in acidified tissues.
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(1996). Câ '*’ release from cultured mouse calvaria is very sensitive to 
ambient pH. Journal o f Bone and Mineral Research 11, 1824 
(abstract).

M o r r i s o n ,  M . S. & A r n e t t ,  T. R. (1997). ATP stimulates resorption 
pit formation by rat osteoclasts. Journal o f  Bone and Mineral 
Research 12, 1520 (abstract).

M o r r i s o n ,  M . S. & A r n e t t ,  T. R. (1998a). ATP stimulates osteoclast 
formation. Journal o f Bone and Mineral Research 13, 525 
(abstract).

M o r r is o n , M. S. & A r n e t t ,  T. R . (19986). pH effects on osteoclast 
formation and activation. Bone 22, 308 (abstract).

M u r r i l l s ,  R . M ., D e m p s te r ,  D. W. & A r n e t t ,  T. R. (1998). Isolation 
and culture of osteoclasts and osteoclast resorption assays. In 
Methods in Bone Biology, ed. A r n e t t ,  T. R . & H e n d e r s o n ,  B ., 
pp. 64-105. Chapman and Hall, London.

N ij w e id e ,  P. J., M o d d e r m a n , W . E. & H a g e n a a r s ,  C. E. (1995). 
Extracellular adenosine triphosphate: a shock to hemopoietic cells. 
Clinical Orthopaedics and Related Research 313, 92-102.

R o o d m a n , G. D. (1996). Advances in bone biology: the osteoclast. 
Endocrine Reviews 17, 308-332.

W a g s t a f f ,  S. C., B ir c h ,  M. A., B o w l e r ,  W . B ., W lo d a r s k i ,  B . W., 
D i l l o n ,  J. P., R o b e r t s ,  E. R ., C a r r o n ,  J. A., G a l l a g h e r ,  J. A. & 
B ilb e ,  G. (1998). Osteoclasts express a novel member of the ATP 
binding cassette superfamily. Bone 22, 358 (abstract).

W e id e m a , A. F ,  B a r b e r a ,  J., D ix o n , 8 . J. & 8im s, 8 . M. (1997). 
Extracellular nucleotides activate non-selective cation and Câ '*' 
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