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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",,]) 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',,] on
osteoclast function and to study the interactions of [H',..] 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 HCOs rather than CO,

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 [H,.], 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',.] 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 skeletal 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:
(1) 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 (Ca;o(PO4)s(OH),),
brushite (CaHPOs,), and calcium carbonate (CaCO;). A number of osteotropic
factors have been isolated from the mineralised bone matrix, including
transforming growth factor B (TGF-f), 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 100 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 ef 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 o and 3
subunits. Osteoclasts express the integrins a2p1 and avf 1, 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, av33 (Horton,
1997). The avB3 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 B3 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 avB3 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 av3 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 et al., 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 D; (1,25(OH),Ds3), (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 III, IV, VII and XI. It is
produced by osteoclasts during resorption and may also be important in

osteoclast migration from the periosteum to bone (Blavier and Delaissé, 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 al., 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 (Arnett 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 al., 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 (Arnett, 1990; Lader and Flanagan,

1998).

Osteoclasts - Resorption

Bone resorption is a multistep 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 compartments, 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 A, 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 H'-
ATPase 16 kd subunit is one of the most abundantly expressed by the osteoclast,

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

In osteoclasts the majority of protons are generated via the enzyme
carbonic anhydrase II, which is found in abundance in the osteoclast cytoplasm
(Vaananen and Parvinen, 1983). Carbonic anhydrase II (CA II) catalyses the
hydration of CO, to H,COs, which dissociates to produce H" and HCO;. 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 Ds-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 H' ions by osteoclasts generates an equal amount of
HCOs, which may be exchanged for chloride to maintain intracellular pH (Teti et
al., 1989a). Inhibition of this CI / HCO;3; exchanger abolishes bone resorption

in vitro (Hall and Chambers, 1989).

Regulation of osteoclast intracellular pH

The ability to regulate intracellular pH (pH;) within a tight physiological
range is crucial for normal cellular function. Along with the CI' / HCOs3
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 pH; regulation. In osteoclasts in vitro, the dominant
current may be an inwardly rectifying K* 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 K current can be altered by changes in
extracellular cation concentrations. For example, lowering pH reduced the
outward K" 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 pH;
regulation depending on the phase of activity. During resorption, osteoclast pH;
is mainly regulated by H'-ATPase activity, and while resting / migrating, pH; is
regulated by the Na* / H' exchanger. Osteoclast pH; 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 pH; regulation
depending on the substrate (Lehenkari et al., 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 (Arnett
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 al., (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, 1,25(OH),D3; 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 UMRI106 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-1 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-xB proteins have also been suggested to be
required for normal osteoclast-macrophage development in a similar manner to c-

fos (Iotsova et al., 1997).
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Osteoclast differentiation pathway
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:Z’g‘:’:r);‘::ms Pre-osteoclast Osteoclast Osteoclast
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@ @ G CSF IL-6 LIF
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B lymphocytes
T lymohocytes

Macrophage

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 Sarma 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 1,25(OH),Ds,
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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. [3H]—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 al.,
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. 1,25(OH),D; 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 ez 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 PGE; 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 PGE, enhanced osteoclastic bone resorption in human
bone marrow cultures, suggesting that PGE; 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 D; (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 enhancement 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, 1,25(OH),Ds 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 (OCIF)
(Yasuda et al., 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, 1,25(OH),D; 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 (1,25(OH),Ds) and calcitonin are

probably the best known.

PTH and 1,25(OH),Ds 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 al., 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 1,25(OH),Ds 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; Arnett 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 Arnett, unpublished). In human bone marrow
cultures, 17B-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-f3 mediated mechanism (Hughes et al.,
1996). This work contrasts with the findings of Amett et al., (1996) who found
that 17B-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); Tumner 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.
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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, PGE; or E; 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 (Arnett and Dempster, 1987; Fuller and Chambers, 1989b).
Prostaglandins may also be responsible for the localised bone loss associated
with inflammation in vivo (Robinson et al., 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 o and B and TGF-B. 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; Arnett and Spowage,
1996), indeed, the hydrogen ion is the only presently known direct stimulator of

osteoclastic bone resorption (Arnett and Dempster, 1990).  Tissue injury and
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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
20uM (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.
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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

Acid-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
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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 (CO,)
generated by metabolism, which reacts with water to give carbonic acid and
ultimately H" and HCO;. CO, 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 H' 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 CO; and H' 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; & H,CO; ¢« H,0 + CO,

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

different buffers in vivo or in vitro.

pH=pK+ 10g|0 [A]
[HA]

(HA = weak acid; A" = weak acid salt)

In vitro, physiologically buffered tissue culture media formulated with
Earle’s salts, containing 2.2g NaHCO3 / 1 (DMEM contains 3.7g NaHCOs / 1),
are normally used in combination with a 5% CO, 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 HCO; concentration and the
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equilibrium operating pH at constant PCO,. H" reacts with HCO;™ to form
H,COs (carbonic acid) and then CO,. This reduces pH, thus mimicking in vivo
metabolic acidosis. Conversely, increasing PCO, 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 al., 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 ez 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



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 HCO;™ or by increasing CO,)
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 HCO;) 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 ez al., 1996). However,
Arnett et al., (1994) suggested that in the short term (24 hours), rat osteoclasts
were more sensitive to stimulation by CO, acidosis than by HCO;™ acidosis.
CO; acidosis not only increased the number of resorption pits, but also their
depth and width, whilst decreasing HCOs' 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, CO, and
HCOs 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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CO; and HCOs 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 (Arnett and Dempster, 1986). Subsequent work using
media buffered physiologically with HCOs™ / CO,, 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 CO, (Amett et al.,
1994). The remarkable sensitivity of rat osteoclasts to extracellular protons
when cultured in HCO;3™ / CO,-buffered media was recently demonstrated (Arnett
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
off” 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 Arnett, 1995).
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This suggests that extracellular H' 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 al., 1993), human (Matayoshi et
al., 1996) and rabbit (Shibutani and Heersche, 1993). Armett 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(0OH),D; 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 al., (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) Thése 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/l

H"), as described by Goldhaber and Rabadjija (1987). This has the effect of
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reducing HCOj3 concentration and producing an operating pH close to 7.0 in a
5% CO, environment, which is optimal for resorption pit formation (Arnett and
Spowage, 1996); further acidification in CO, / HCOj3 -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 CO; to 10% (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 PCO; can be
measured (+ 0.5%) using a Fyrite 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 S ml MEM in a
non-tissue culture-treated plastic dish, triturated 20 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 Smm diameter ivory discs in 96-well plates (100 pl /
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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