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ABSTRACT

There is increasing evidence that ATP and other extracellular nucleotides, signalling 

through P2 receptors, play an important role in bone remodelling. I used 

immunohistochemistry and in situ hybridisation to study the expression of P2 receptors in 

rat bone sections and on cultured bone cells: osteoclasts, the multinucleated cells 

responsible for bone resorption, osteoblasts, the bone-forming cells, and chondrocytes 

were all shown to express a number of P2 receptors, both of the ionotropic P2X family 

and the metabotropic P2Y family.

ATP has previously been shown to be a potent stimulator of bone resorption, 

however, it was not known which receptor subtypes mediate this stimulatory effect. 

Three different models were used to study the effects of a wider range of P2 receptor 

agonists on osteoclast recruitment and resorption: the 26 hour disaggregated rat osteoclast 

assay, 72 hour whole organ mouse calvaria cultures, and 10 day mouse marrow cultures. 

My main discovery is that extracellular ADP, the first degradation product of ATP, is a 

powerful stimulator, at nanomolar concentrations, of osteoclast activation and 

recruitment. Furthermore, evidence is provided, using subtype-selective agonists and 

antagonists, that these ADP effects are probably mediated via the P2Yi receptor. It is 

suggested that in vivo, ADP could be involved in the mediation of inflammatory bone 

loss.

The effects of nucleotides on osteoblast function were studied using the bone nodule 

assay by culturing primary rat calvarial osteoblasts for 3 weeks and by analysing the 

formation of mineralised bone nodules. Both ATP and UTP, a P2Y2 and P2Y4 receptor 

agonist, significantly inhibited bone nodule number at concentrations > 1-10 pM, 

whereas ADP showed no effect. Taken together, these results suggest subtype-specific 

roles for P2 receptors present in bone cells: ADP is a powerful stimulator of bone 

resorption signalling via the P2Yi receptor, whereas UTP, signalling via the P2Y] 

receptor, could play a role as an inhibitor of bone formation.



In parallel, further functional experiments were carried out to assess the interactions 

of low pH and of osteolytic stimuli, and to investigate whether human osteoclasts are as 

acid-sensitive as rodent and avian osteoclasts. Interestingly, both nucleotides (ADP and 

ATP) and the cytokine RANKL require low pH to show their full stimulatory effect on 

bone resorption, suggesting that low pH is a key requirement for resorption to occur. In 

conclusion, this is one of the first studies linking specific P2 receptor subtypes to key 

functional actions of extracellular nucleotides on bone.



CONTENTS

ABSTRACT............................................................................................................................. 2

CONTENTS............................................................................................................................. 4

TABLES AND FIGURES......................................................................................................9

List of Tables........................................................................................................................9

List of figures.....................................................................................................................10

ACKNOWLEDGEMENTS................................................................................................. 13

PREFACE.............................................................................................................................. 14

CHAPTER 1: GENERAL INTRODUCTION................................................................ 17

BONE...................................................................................................................................17

Bone composition..............................................................................................................17

Osteoblasts........................................................................................................................ 18

Origin and differentiation...............................................................................................18

Bone deposition.............................................................................................................. 21

Control of osteoblastic function.................................................................................... 23

Osteocytes.......................................................................................................................... 24

Osteoclasts......................................................................................................................... 25

Origin and differentiation.............................................................................................. 25

How do osteoclasts resorb bone?...................................................................................29

Attachment...................................................................................................................... 29

Degradation of bone matrix............................................................................................. 32

Maintenance of intracellular pH ..................................................................................... 35

Regulation of resorption.................................................................................................. 35

Mature osteoclast isolation.............................................................................................37

Bone growth and remodelling..........................................................................................38

Regulation o f bone remodelling...................................................................................... 39

Systemic hormones......................................................................................................... 39

Vitamin D3 ....................................................................................................................... 40



Parathryoid hormone (PTH)............................................................................................ 40

Calcitonin........................................................................................................................ 41

Sex steroids..................................................................................................................... 41

Other systemic hormones................................................................................................. 42

Local regulators.............................................................................................................. 44

Pathophysiology o f hone remodelling /  Bone diseases................................................. 46

Cartilage............................................................................................................................ 47

Receptors for extracellular nucleotides.........................................................................49

History............................................................................................................................... 49

PI receptors.......................................................................................................................50

P2X receptors....................................................................................................................50

P2Xi receptor...................................................................................................................52

P2X2 receptor...................................................................................................................53

P2X] receptor...................................................................................................................53

P2X4 receptor...................................................................................................................54

P2X5 receptor...................................................................................................................54

P2Xô receptor...................................................................................................................54

P2Xy receptor...................................................................................................................55

P2Y receptors....................................................................................................................55

P2Yi receptor...................................................................................................................57

P2Y2 receptor...................................................................................................................57

P2Y4 receptor...................................................................................................................58

P2Yô receptor...................................................................................................................58

P2Yii receptor.................................................................................................................58

P2Y]2 receptor................................................................................................................ 59

Sources and fate o f nucleotides....................................................................................... 59

Physiological roles o f ATP ...............................................................................................61

Short-term purinergic signalling.................................................................................... 61

Long-term purinergic signalling.................................................................................... 62

P2 Receptors in Bone....................................................................................................... 64



CHAPTER 2: EXPRESSION OF P2 RECEPTORS IN BONE AND CULTURED

BONE CELLS.......................................................................................................................66

Introduction.......................................................................................................................66

Materials and Methods....................................................................................................68

Tissue Preparation........................................................................................................... 68

Cell Culture.......................................................................................................................68

Immunocytochemistry....................................................................................................... 69

Western blot.......................................................................................................................71

In situ hybridisation.......................................................................................................... 72

Results................................................................................................................................ 74

Immunocytochemical localisation o f P2X].? receptors..................................................74

In situ hybridisation.......................................................................................................... 75

Immunocytochemical localisation o f P2Y]  ̂2 , 4  receptors.............................................. 76

Discussion........................................................................................................................... 83

CHAPTER 3: EXTRACELLULAR ADP IS A POWERFUL OSTEOLYTIC 

AGENT: EVIDENCE FOR SIGNALLING THROUGH THE P2Yi RECEPTOR

ON BONE CELLS................................................................................................................88

Introduction.......................................................................................................................88

Materials and Methods....................................................................................................90

Materials and solutions....................................................................................................90

Resorption pit formation assay........................................................................................ 90

Mouse calvarial bone resorption assay...........................................................................92

Osteoclast formation assays.............................................................................................94

Statistics............................................................................................................................. 95

Results................................................................................................................................ 96

Relationship between pH, PCD2 and [HCO3 ]  in tissue culture media.......................96

Effect o f ADP on mature rat osteoclasts.........................................................................97

Effect o f ADP on Ca^^ release from mouse calvariae..................................................109

Effect o f ADP in mouse marrow cultures (mixed cell population)..............................113

Effect o f ADP in stromal cell-free mouse marrow cultures........................................ 116



Discussion..........................................................................................................................120

CHAPTER 4: EFFECTS OF NUCLEOTIDES ON OSTEOBLASTIC FUNCTION

.................................................................................................................................................127

Introduction..................................................................................................................... 127

P2 receptors and osteoblasts.......................................................................................... 127

Mineral formation in cell culture...................................................................................129

M ETHODS...................................................................................................................... 131

Bone nodule assay........................................................................................................... 131

Proliferation assays.........................................................................................................132

[^H]thymidine incorporation.........................................................................................132

DNA quantification using Hoechst 33258...................................................................133

RESULTS..........................................................................................................................135

Bone nodule assay...........................................................................................................135

Proliferation assays.........................................................................................................140

[^HJthymidine incorporation.........................................................................................140

DNA quantification using Hoechst 33258...................................................................140

Discussion......................................................................................................................... 143

CHAPTER 5; INTERACTION OF LOW PH AND OSTEOLYTIC AGENTS 151

Introduction..................................................................................................................... 151

Acid-base balance...........................................................................................................151

Acidosis and the skeleton................................................................................................ 153

M ETHODS...................................................................................................................... 157

Human osteoclastoma cultures.......................................................................................157

Disaggregated rat osteoclast assay............................................................................... 158

Immunocytochemistry fo r  ASIC......................................................................................159

Results...............................................................................................................................160

Acid activation o f osteoclasts derived from human osteoclastoma.............................160

Interaction between RANKL and low p H ......................................................................162

Expression o f ASIC in osteoclasts................................................................................. 165

Discussion......................................................................................................................... 167



CHAPTER 6 : GENERAL DISCUSSION AND FUTURE WORK........................... 174

REFERENCES....................................................................................................................185

APPENDIX I: ABBREVIATIONS.................................................................................. 226

APPENDIX II: PUBLISHED PAPERS..........................................................................230



TABLES AND FIGURES

LIST OF TABLES

1.1 Local factors affecting bone remodelling....................................................................45

2.1 Expression of P2X and P2Y receptors on bone cells.................................................76

3.1 Lack of effect of ADP on the number of mononuclear cells / disc...........................97

3.2 Lack of effect of ADP and/ or acid on the number of cells / disc.............................98

3.3 Lack of effect of ADP and 2-meSADP on the number of cells / disc.................... 101

3.4 Lack of effect of adenosine, AMP and ADP on the number of cells / disc............102

3.5 Lack of effect of ADP, a,p-meATP and p,y-meATP on the number of cells /

disc................................................................................................................................ 102

3.6 Lack of effect of ADP and MRS 2179 (MRS) on the number of cells / disc........ 106

3.7 Lack of effect of ADP and ATP on the number of mononuclear haematopoietic

cells / disc..................................................................................................................... 116

4.1 Effects of nucleotides on rat osteoblast proliferation 1............................................ 142

4.2 Effects of nucleotides on rat osteoblast proliferation U...........................................142



LIST OF FIGURES

1.1 Regulation of osteoblast growth and differentiation................................................... 19

1.2 Osteoclast differentiation pathway...............................................................................28

1.3 How does the osteoclast resorb bone?.........................................................................34

1.4 Structure of P2X receptors............................................................................................52

1.5 Structure of P2Y receptors............................................................................................ 56

2.1 Localisation of P2X] receptor subtype on bone sections and bone cells.................. 77

2.2 Western blotting of rat calvarial osteoblastic cell lysates...........................................78

2.3 Localisation of P2X4 receptor subtype on rat osteoclasts...........................................78

2.4 Localisation of P2Xs receptor subtype on rat bone sections and cultured rat 

osteoblasts...................................................................................................................... 79

2.5 Localisation of P2X? receptor subtype on cultured rat osteoclast, visualised with 

fluorescein...................................................................................................................... 80

2.6 Localisation of P2Yi receptor subtype in rat long bone sections and on cultured 

bone cells........................................................................................................................81

2.7 Localisation of P2Y] receptor subtype in rat long bone sections and on cultured 

bone cells........................................................................................................................82

3.1 Relationship between pH, PCO2 and HCO3' in tissue culture media........................96

3.2 Effect of ADP on resorption pit formation by rat osteoclasts.................................... 99

3.3 Comparison of the effects of ADP on resorption pit formation by rat osteoclasts 

cultured in unmodified MEM or in acidified MEM for 26 h ...................................100

3.4 Effect of the selective P2Yi agonist 2-methylthioADP (2-meSADP) on resorption 

pit formation by rat osteoclasts...................................................................................103

3.5 Lack of effect of further degradation products of ADP, namely AMP and 

adenosine, on resorption pit formation by rat osteoclasts........................................ 104

3.6 Failure of agonists for the P2Xi receptor subtype (a,p-meATP and p,y-meATP)

to mimic the stimulatory effect of ADP on resorption pit formation......................105

10



3.7 Inhibition of ADP-stimulated resorption pit formation by the P2Yi antagonist

MRS 2179................................................................................................................... 107

3.8 Typical appearance of a disaggregated rat osteoclast assay.................................... 108

3.9 Whole-mount histology of cultured mouse calvarial bones....................................109

3.10 Stimulatory effect of ADP, 2-meSADP and ATP on Ca^  ̂release from mouse 

half-calvaria................................................................................................................. I l l

3.11 Inhibition of the stimulatory action of ADP on Ca^  ̂release from mouse half- 

calvariae by MRS 2179 (MRS) and indomethacin (Ind).........................................112

3.12 Effect of ADP and ATP on osteoclast formation and excavation of resorption

pits in mouse marrow cultures maintained for 10 d on 5 mm dentine discs..........114

3.13 Typical appearance of a murine marrow assay cultured for 10 d on 5 mm dentine 

discs..............................................................................................................................115

3.14 Effect of ADP and ATP on osteoclast formation and resorption in stromal 

cell-free mouse marrow cultures maintained for 10 d on 5 mm dentine discs...... 117

3.15 Stimulatory effect of ADP and ATP on osteoclast formation in stromal cell-free 

mouse marrow cultures maintained for 10 d in 48-well culture plates...................118

3.16 Typical appearance of stromal cell-free marrow cultures.......................................119

4.1 Standard curve for DNA quantification using Hoechst 33258 dye........................ 134

4.2 Appearance of bone nodules in culture, and stained with alizarin red...................136

4.3 Inhibitory effect of ATP on bone nodule formation................................................ 137

4.4 Inhibitory effect of UTP on bone nodule formation................................................ 138

4.5 Lack of effect of adenosine on bone nodule formation........................................... 139

4.6 Lack of effect of ADP on bone nodule formation....................................................139

4.7 [^HJthymidine incorporation......................................................................................141

5.1 Stimulation of resorption pit formation by osteoclasts derived from human

osteoclastoma as extracellular pH is reduced............................................................160

5.2 Resorption pits excavated by human osteoclastoma cells....................................... 161

5.3 Effects of RANKL and low pH on the numbers of pits and osteoclasts................ 163

11



5.4 Effects of RANKL and low pH on resorption areas...................................................164

5.5 Large ‘snail trail’ pit excavated by osteoclasts treated with RANKL...................... 165

5.6 Immunostaining for H^-gated ion channels in osteoclasts cultured on plastic or

dentine.......................................................................................................................... 166

6.1 Speculative model for the role and interaction of P2 receptors on bone cells......... 184

12



ACKNOWLEDGEMENTS

I am grateful to the many people who have contributed to this thesis, and who made 

my time at UCL an unforgettable experience. My first thanks go to my two supervisors, 

Dr Tim Arnett and Prof Geoffrey Bumstock, who both provided excellent guidance and 

help throughout these three years. With their different approaches, knowledge and 

experiences in science, they made a perfect team.

I would also like to thank present and former members of the Autonomic 

Neuroscience Institute and Department of Anatomy and Developmental Biology, UCL, 

who helped me greatly by ‘getting me started’, teaching me methods, and giving me ideas 

and advice in helpful discussions: Ute Groschel-Stewart, Michelle Bardini, Tim Robson, 

Eamonn Moules, Philippe Bodin, Brian King, Rainer Glass, and Mina Ryten, amongst 

many others.

Without a number of collaborations, I would have missed out on some good results: 

Dr Sajeda Meghji at the Eastman Dental Hospital, UCL, performed the ‘Mouse calvarial 

organ cultures’ for me, for which I am very grateful. Some sets of experiments were 

done in collaboration with two BSc students in our lab: Nichola Zanellato and Siva 

Mahendran. Andrea Townsend-Nicholson designed the oligonucleotide probes against 

P2X and P2Y receptors for in situ hybridisation. Rainer Glass performed the Western 

blotting for me. Gudrun Stenbeck from the Bone and Mineral Centre, UCL, introduced 

me to ‘Confocal Microscopy’, and I am grateful to this group and Prof Mike Horton for 

‘adopting’ me as a regular member of their group meetings, tennis matches and pub trips.

My love and thanks to my parents and family, and to my friends in Germany, 

Switzerland, and London for their support, and to Brian for simply being there for me 

during that last two years.

I was financially supported by the Arthritis Research Campaign, U.K., and Prof 

Bumstock’s lab is supported by Roche Bioscience, Palo Alto, USA.

13



PREFACE

In this preface, I would like to give a short outline of the different chapters in this 

thesis. The work presented here has focused mainly on purinergic signalling in 

osteoblasts and osteoclasts, in addition to investigating some new aspects of the effects of 

acidosis on bone structure and function.

Extracellular nucleotides are now recognised as important signalling molecules 

mediating a wide range of functions. They act via two types of receptors: P2X receptors, 

which are ligand-gated ion channels, and P2Y receptors, which are G protein-coupled 

receptors raising cytosolic free calcium ( [Câ '̂ Jj ).

My project was based on a large number of pharmacological and electrophysiological 

studies suggesting the presence of P2 receptors on bone cells, and on relatively few 

functional studies reporting that adenosine 5’-triphosphate (ATP) had an effect on both 

formation and activation of osteoclasts, the multinucleated cells responsible for bone 

resorption, and also on bone formation by osteoblasts. However, ATP is a potent agonist 

at most P2 receptor subtypes, and it was neither known which P2 receptor subtypes were 

present on bone cells, nor which of these receptors might be mediating effects on 

osteoclast and osteoblast function.

Chapter 1 provides a general introduction: (1) to the bone field, introducing the 

composition of bone, the three major types of bone cells (osteoblasts, osteocytes, 

osteoclasts), the composition and cells of cartilage, which factors control bone 

remodelling, and a brief overview on bone diseases; (2) to the rapidly expanding field of 

purinergic signalling, introducing the history, classification and characterisation of 

receptor subtypes, and the source, breakdown and physiological roles of extracellular 

nucleotides; (3) to the current knowledge about P2 receptors in bone, although more 

detailed descriptions of P2 receptors on bone cells are given in the introduction to each 

experimental chapter.
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In the first experimental chapter (Chapter 2), the expression of P2 receptors was 

studied on frozen sections of rat bone, and on cultured rat osteoclasts and osteoblasts, 

using immunohistochemistry and in situ hybridisation. Evidence is presented that 

osteoblasts, osteoclasts and chondrocytes express a wide range of P2 receptors, both of 

the P2X and P2Y families.

The second experimental chapter (Chapter 3) explored which receptor subtype(s) 

might be involved in mediating the osteolytic effects of ATP on bone, using P2 receptor 

subtype- selective agonists and antagonists in three different assays: disaggregated rat 

osteoclast resorption assays, whole organ cultures of mouse calvariae, and mouse marrow 

cultures.

Chapter 4, the third experimental chapter, explored which receptors might play a role 

in bone formation, again using a range of P2 receptor agonists, and an in vitro model of 

bone formation (bone nodule assay), in addition to two different assays to assess changes 

in proliferation of osteoblastic cells after nucleotide application.

Chapter 5, the fourth experimental chapter, investigated a few aspects of acidosis and 

bone, since extracellular acidification has long been known to have a powerful 

stimulatory effects on osteoclasts. However, it is still unclear by which mechanism these 

deleterious effects are mediated. First, it was investigated whether human osteoclasts are 

as acid-sensitive as rat, rabbit and chick osteoclasts, then the interaction between 

RANKL and low pH was studied, and I looked for the expression of acid-sensing ion 

channels on osteoclasts.

A detailed discussion of results is provided at the end of each experimental chapters. 

In the General Discussion (Chapter 6), the major findings of this thesis will be 

summarised, the results of each chapter discussed in a broader context, and I speculate on 

the potential physiological /pathophysiological relevance of my findings and propose 

future directions of research.
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During my first year, I performed collaborative work with another PhD student at the 

Autonomic Neuroscience Institute, Mina Ryten, on the sequential expression of three 

P2X receptor subtypes (P2X2, P2X$, P2Xô) in developing rat skeletal muscle. This work 

is now published (see Appendix II), but has not been included as an experimental 

chapter, since it does not relate to the bone field and the other chapters in this thesis.
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CHAPTER 1

GENERAL INTRODUCTION

BONE 

Bone composition

Bone is a highly specialised form of connective tissue that, together with cartilage, 

makes up the skeletal system. It is composed of: (1) inorganic mineral salts deposited 

within an organic collagen matrix; (2) thin layers of non-mineralised collagen matrix 

(called osteoid); and (3) three major cell types: osteoclasts, osteoblasts and osteocytes.

The skeleton’s major functions are to provide structural support for the body, to 

protect vital internal organs and house the bone marrow, and to act as the main reservoir 

of mineral salts for the body, thus playing a crucial role in calcium (Ca^^) and phosphate 

homeostasis. 99% of the body’s calcium and 85-90% of the body’s phosphorus are 

stored in the skeleton.

The organic matrix makes up about 30% of the total skeletal mass, and consists 

mainly of type I collagen embedded in a glycosaminglycan gel containing non- 

collagenous proteins such as osteocalcin, osteonectin, osteopontin and bone sialoprotein. 

The organic component also contains traces of growth factors and cytokines that may 

have an important local regulatory role in bone remodelling. Deposition of mineral salts 

into the organic matrix gives bone its characteristic rigidity and functional strength. The 

major inorganic components are hydroxyapatite (Caio(P0 4 )6(OH)2) crystals. Sodium 

(Na^) and small amounts of magnesium and carbonate are also present in bone.

Most bones have a basic architecture of an outer layer of compact (or cortical) bone 

surrounding an inner trabecular (or spongy) zone, with the spaces in between the
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trabeculae often occupied by bone marrow. Compact bone, composing about 80% of the 

skeleton and mainly found in the shafts of long bones and surfaces of flat bones, is much 

denser and less metabolically active than spongy bone; nutrients are provided via 

Haversian canals containing blood vessels, lymphatic tissue and nerves. Mineralised 

matrix is arranged in concentric layers around each canal and forms cylinders called 

osteons or Haversian systems. In contrast, trabecular bone is found mainly at the ends of 

long bones and in the inner parts of flat bones. The potential for metabolic activity is 

much higher, since more bone surface is freely exposed; nutrients can diffuse from the 

extracellular fluid into the trabeculae.

There are three major cell types that maintain the bone structure: bone-forming 

osteoblasts, bone-resorbing osteoclasts and osteocytes.

Osteoblasts

Origin and differentiation

Osteoblasts are mononuclear cells of mesenchymal origin responsible for bone 

formation. They resemble fibroblasts in their morphological appearance, but are unique 

in that they are able to form a mineralised collagenous extracellular matrix. The 

periosteum and bone marrow are important sources of mesenchymal osteoprogenitor 

cells; the stromal bedding of bone marrow gives additionally rise to other mesenchymal 

cells such as fibroblasts, chondrocytes, myoblasts and adipocytes. A summary of the 

developmental stages of the osteoblastic phenotype and characteristic features of each 

stage is shown in Figure 1.1 (Fig. 1.1). The progression of osteoblast maturation requires 

the sequential activation and suppression of genes encoding phenotype-specific and 

regulatory proteins, as indicated in Figure 1.1 C.
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Self renewing

Q -------- ►
Proliferative Proliferative

o  — — ►

Proliferative 

 ►

Post-
Proliferative 
 ►

Stem cell Stromal mesen­
chymal cell Osteoprogenitor Commlted

(inducible osteoprogenitor) (determined) Pre-Osteoblast
Osteoblast Osteocyte

B; Factors contributing to phenotype 

M--------------------------------►
BMPs 
TGF-ps

FGFs
PDGF

PTH/PTHrP
1 ,25 (0H )2D 3
Glucocorticoids

PGEg
IGF-1/2
TGF-ps

C: Temporal expression levels of phenotype-related genes

Proliferation Matrix maturation Mineralization

&

Collagen 
Cbfa1 
Fra2/Jun D 
Alkaline Phos 

phatase

Collagen 
TGF.p1 
Msx-2 
c-fos/c-jun

Osteopontin 
Osteocalcin 
Bone sialoprotein

Figure 1.1

Regulation of osteoblast growth and differentiation.

(A) illustrates the morphological features of differentiating osteoblasts at each stage from 
stem cell to osteocyte. (B) lists the factors that promote differentiation of the precursor 
cell populations. (C) shows temporal expression of cell growth and osteoblast phenotype- 
related genes during an in vitro bone formation culture. Adapted from Lian et al. (1999).
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Interestingly, only very few osteoblast-specific genes, that do not exist in other cell 

types, have been identified to date: one example is osteocalcin, a vitamin K-dependent 

protein secreted exclusively by osteoblasts. The heterodimeric transcription factor ‘core 

binding factor a l ’ (Cbfal), also called Runx2, was first thought to be specific for 

osteoblasts, but it has now also been identified as a hypertrophic chondrocyte 

differentiation factor (Takeda et a l, 2001). However, this role is independent from its 

role as osteoblast an differentiation factor (Ducy et a l, 1997; Otto et a l, 1997). Cbfal is 

expressed in all mesenchymal condensations before osteoblast differentiation has been 

initiated. Later in development, Cbfal expression increases in cells of the osteoblast 

lineage. Study of Cbfal-deficient mice revealed its crucial role in skeletogenesis: these 

mice develop a normally patterned skeleton that is made exclusively of cartilage because 

osteoblast differentiation never occurs (Otto et a l, 1997).

Additionally, Cbfal-deficient mice lack osteoclasts since, as discussed later, 

osteoclastogenesis requires the presence of osteoblasts. Overexpression of Cbfal leads to 

ectopic endochondral bone formation. Cbfal is involved in the regulation of several 

osteoblastic genes such as osteocalcin, osteopontin and type 1 collagen, and many growth 

factors controlling the osteoblast differentiation pathway seem to interact with Cbfal 

(Ducy et a l, 1997). A recent study reported that Cbfal can also regulate the expression, 

and thus secretion, of the osteoclast-inhibiting factor osteoprotegerin (OPG) in 

osteoblasts, favouring a role for Cbfal in inhibiting bone resorption, and providing a 

molecular link between bone formation and bone resorption (Thirunavukkarasu et a l, 

2000). The transcription factors acting upstream of Cbfal to control its expression 

remain to be identified; likely candidates include the homeobox genes Msx2 and Bapxl 

(Satokata et a l, 2000). As shown in Fig. 1.1 C, other key regulatory factors necessary for 

expression of osteoblast phenotypic genes are transcription factors of the activator 

protein-1 (AP-1) complex, including c-fos and c-jun, proteins encoded by the immediate 

early genes c-fos and c-jun. C-fos is expressed in osteoprogenitor cells and periosteal 

tissues, but not in the mature osteoblast. Overexpression results in osteosarcoma 

development, whereas deletion of c-fos leads to osteopetrosis (see osteoclast chapter).
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Additionally, mice deficient in the non-receptor tyrosine kinase c-Abl are 

osteoporotic due to a defect in early osteoblast differentiation, adding c-Abl to the genes 

known to be important in osteoblast maturation (Li et a l, 2000a). Cadherin-mediated 

cell-cell adhesion has also been shown to be essential for the commitment of cells to the 

osteoblast lineage, as well as for subsequent matrix mineralisation and for osteoblast 

survival (Hunter et a l, 2001).

Committed pre-osteoblasts are recognisable in bone by their close proximity to 

surface osteoblasts, and by histochemically detectable levels of alkaline phosphatase, one 

of the earliest markers of the osteoblast phenotype. In their final differentiation stage, 

osteoblasts are defined by their biosynthesis, secretion and organisation of bone 

extracellular matrix. Active, osteoid-secreting osteoblasts are large cells of cuboidal 

shape with a prominent protein synthesising apparatus, whereas quiescent osteoblasts 

(bone lining cells) have a flat morphology.

Bone deposition

The active osteoblast secretes type I collagen and non-collagenous proteins as osteoid 

towards the mineralising front of the tissue, with an osteoid width normally in the range 

of 10 pm. To support mineral deposition, collagen fibres must mature by forming intra- 

and intermolecular, bone-tissue specific, covalent cross-links. Urine-measurements of 

collagen cross-links are used clinically to assess the degree of bone resorption (Apone et 

a l, 1997). Osteoblasts synthesise three classes of non-collagenous proteins: 

proteoglycans, glycoproteins, some of them containing an RGD (Arg-Gly-Asn)-sequence, 

and y-carboxylated glutamate (gla) proteins. The major bone glycoprotein, alkaline 

phosphatase, remains bound to the osteoblast, but can be cleaved off and found within 

the mineralised matrix. Alkaline phosphatase probably plays a role in the mineralisation 

process by hydrolysing phosphate esters, and thus providing a source of phosphate, or in 

the removal of phosphate-containing inhibitors of apatite growth. Osteonectin, a second 

glycoprotein, can also be induced in non-skeletal tissues, both transiently in tissues 

undergoing rapid proliferation or remodelling, and constitutively in epithelial cells and
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platelets. The exact function of osteonectin in bone remodelling remains to be 

determined, but osteonectin-deficient mice develop osteopenia with decreased bone 

formation (Delany et a l, 2000).

RGD-glycoproteins contain the cell-attacbment consensus sequence RGD that binds 

to the integrin class of cell-surface molecules. Besides collagen I, several RGD- 

containing cell-attacbment proteins are synthesised in bone, amongst them 

tbrombospondin, fibronectin, vitronectin, fibrillin, osteopontin and bone sialoprotein. 

However, only bone sialoprotein is specific to bone and appears to be tightly correlated 

with the mineralisation process. Osteopontin mediates both cell-cell interactions and 

cell-matrix interactions. It binds strongly to hydroxyapatite, possibly explaining its 

abundance in bone matrix and suggesting a role in matrix mineralisation. Not only is it 

produced by osteoblasts, but also expressed at high levels in osteoclasts. In vitro 

experiments have shown that osteopontin can promote attachment of cells and stimulate 

signalling events in osteoclasts. Osteopontin-deficient mice revealed no major bone 

phenotype, but recent studies suggest that it might be required under circumstances of 

accelerated, pathological bone loss, induced by conditions such as ovariectomy and 

mechanical stress (Yosbitake et a l, 1999; Asou et a l, 2001; Isbijima et a l, 2001).

The gla-containing proteins matrix-gla-protein and osteocalcin, also called bone-gla- 

protein, are posttranslationally carboxylated in a vitamin-K dependent manner, changing 

glutamine to glutamate residues, which have been implied in improved binding to matrix 

Ca^ .̂ Matrix-gla-protein-deficient mice develop calcification in extraskeletal sites such 

as the aorta, and osteocalcin-deficient mice have increased bone mineral density 

compared to wild-types, but the proteins’ exact functions in the mineralisation process 

remain unclear (Ducy et a l, 1996; Luo et a l, 1997a). Serum osteocalcin measurements 

are commonly used as markers for bone formation/turnover and high levels of serum 

undercarboxylated osteocalcin have been correlated with increased risk of hip fracture 

(Szulc et a l, 1993).

The mechanism by which mineral deposition into the collagenous matrix is 

initialised is still debated. Bone mineral is initially deposited at discrete sites and as bone
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matures, the initially laid down small hydroxyapatite crystals become larger and contain 

fewer impurities such as carbonate and magnesium. After the formation of the first 

stable crystal (‘critical nucleus’), growth is due to both addition of ions to crystals and 

crystal aggregation, but the final size of bone crystals is still very small (maximally up to 

- 200Â in dimension) compared to large hydroxyapatite crystals occurring geologically. 

Membrane-bound extracellular bodies, known as extracellular matrix vesicles, are 

released firom osteoblasts and chondrocytes and may play a role in accumulating Ca^  ̂and 

phosphate ions, thus facilitating initial mineral deposition, but their exact role remains 

unclear. Several promoters (nucleators) of mineralisation have been identified based on 

solution studies, including bone sialoprotein (Hunter and Goldberg, 1993). Additionally, 

some enzymes that regulate phosphoprotein phosphorylation and dephosphorylation have 

also been associated with the mineralisation process. Alkaline phosphatase increases 

local phosphate concentrations by hydrolysing phosphate esters, and cells that lack 

alkaline phosphatase do not mineralise in culture systems (Lian et a l, 1999).

Some osteoblasts remain behind the advancing mineralising bone surface and 

become trapped in lacunae, where they are called osteocytes (see below).

Control of osteoblastic function

Osteoblasts and osteocytes have receptors for some key regulators of bone 

remodelling, including cytokines, parathyroid hormone (PTH), l,25-dihydroxyvitaminD3 

(1,25-(0H)2D3), estrogens and a number of growth factors, as listed in Figure 1.1 B. For 

a detailed review of individual growth factor effects, see Lian et a l (1999), and the 

chapter on bone remodelling. A surprising recent finding was that leptin is an important 

regulator of differentiated osteoblasts. Leptin, generally known as a starvation and 

adiposity signal, is synthesised by adipocytes and binds to receptors primarily located in 

the hypothalamus. Mice deficient in leptin, or its receptor, are not only obese, but have 

significantly higher bone mass than wild-type mice. This was unexpected, because the 

absence of leptin causes sterility and thus hypogonadism which, through estrogen 

deficiency, should normally accelerate bone loss. Interestingly, leptin does not directly
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target osteoblasts, but studies rather suggest that inhibition of bone formation through 

leptin involves a central, probably hypothalamic component, and provides an explanation 

for the protection that obesity gives against osteoporosis (Ducy et a l, 2000).

Another group of newly identified bone formation-stimulators are statins, commonly 

prescribed drugs for lowering serum cholesterol levels. Their anabolic effect on bone 

was associated with increased expression of bone morphogenetic protein-2 (BMP-2) gene 

in bone cells and might have therapeutic applications for osteoporosis treatment (Mundy 

eta l ,  1999).

Members of the transforming growth factor-p (TGF-P) superfamily, including TGF- 

p itself and BMPs, play important roles in osteoblast differentiation.

Osteocytes

Osteocytes are the most numerous cells in bone, yet their exact function is still 

debated. They are able to communicate with each other and with cells on the bone surface 

via gap junction-coupled cytoplasmic processes extending through canaliculi in the bone 

matrix. Osteocyte function has been difficult to study because they are embedded in 

mineralised tissue and difficult to obtain in reasonable numbers and purity. However, 

recent studies suggested that osteocytes function as mechanosensors in the early stage of 

bone remodelling. Strain-derived flow of interstitial fluid through canaliculi seems to 

mechanically activate osteocytes, as well as ensuring transport of cell signalling 

molecules, nutrients and waste products. Osteocytes appear to use signalling pathways 

such as the generation of nitric oxide and prostaglandins in addition to cell-cell 

communication via gap junctions. In ageing bone, empty lacunae are observed 

suggesting that osteocytes may undergo apoptosis. It has been proposed that osteocyte 

apoptosis may direct the removal of damaged or redundant bone by releasing signals to 

attract osteoclasts (Noble and Reeve, 2000).
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Osteoclasts

Origin and differentiation

Osteoclasts are multinucleated cells formed by the fusion of haematopoietic, 

mononuclear progenitors of the monocyte/macrophage lineage, and are responsible for 

mineralised substrates, such as bone and dentine. When migrating to sites of bone 

resorption from bone marrow or peripheral blood, osteoclast precursors encounter 

vascular endothelium. Osteoclast precursors have recently been shown to selectively 

adhere to microvascular endothelium pre-activated by exposure to the pro-resorptive 

cytokines interleukin-Ip (IL-ip) and tumour necrosis factor (TNF)-a, probably through 

up-regulation of receptors and adhesion molecules (McGowan et al,  2001).

The osteoclast differentiation pathway is summarised in Figure 1.2 (Fig. 1.2). The 

transcription factor PU-1 has been found to regulate the initial stages of myeloid 

differentiation into the macrophage/osteoclast lineage, and its deletion leads to the 

earliest developmental form of osteopetrosis yet described due to a lack of 

osteoclastogenesis (Tondravi et al,  1997). The theory of a common osteoclast/ 

macrophage precursor is supported by experimental data showing that the absence of 

c-fos results in altered haematopoiesis with arrested osteoclastogenesis, and a lineage 

shift from osteoclasts to macrophages, thus leading to increased numbers of bone marrow 

macrophages and osteopetrosis (Wang et a l, 1992; Grigoriadis et a l, 1994). In addition, 

human osteoclasts derive largely fi*om CD 14-positive monocytes; CD 14 is expressed by 

human macrophages, but not mature osteoclasts, demonstrating again that osteoclast and 

macrophages share a common monocyte precursor (Massey and Flanagan, 1999).

As first noted in 1990, osteoclasts can not only derive from immature 

monocyte/macrophage progenitors, but also fi*om mature tissue macrophages when a 

suitable microenvironment prepared by bone marrow-derived stromal cells or osteoblasts 

is provided (Udagawa et a l, 1990). Two molecules, produced by stromal cells, have now 

been identified and shown to be both essential and sufficient for osteoclastogenesis, thus 

greatly improving our understanding of the origin, differentiation and activation of
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osteoclasts: macrophage colony-stimulating factor (M-CSF) and receptor activator of 

nuclear factor kappa B (NF-kB) ligand (= RANKL, also called osteoprotegerin ligand 

(OPGL), tumour necrosis factor-related activation-induced cytokine (TRANCE) or 

osteoclast differentiation factor (ODF)). M-CSF, secreted by stromal cells, osteoblasts 

and T-cells, binds to its receptor, c-Fms, on osteoclast precursors to induce signals 

required for both proliferation and differentiation into mature osteoclasts (Tanaka et a l, 

1993). This was bigbligbted by the finding that osteoclast deficiency in the osteopetrotic 

(op/op) mouse is due to the failure of haematopoietic stromal cells to release fimctionally 

active M-CSF because of a single base-pair insertion in the coding region of the M-CSF 

gene (Yosbida et a l, 1990; Hattersley et a l, 1991; Takabasbi et a l, 1991). Contrary to 

the PU-1 deficiency-caused osteopetrosis, this defect lies in the local stromal 

microenvironment, and not in osteoclast precursors, and can thus not be cured by bone 

marrow transplantation, but only by in vivo administration of M-CSF.

In contrast to M-CSF, RANKL is not a secreted, but a surface-residing molecule 

expressed on osteoblasts, T-cells and bone marrow stromal cells, that binds to its 

receptor, RANK, on osteoclast precursors. This explains why osteoclast progenitors 

require close contact with stromal cells to differentiate into mature osteoclasts. RANKL 

has been shown to activate both NF-kB and AP-1 in target cells (Wei et a l, 2001) 

through receptor interaction with TNF receptor-associated factors (TRAFs), especially 

TRAF6 . Both NF-kB- and TRAF6-deficient mice develop osteopetrosis due to defects in 

osteoclast differentiation and function, respectively (Franzoso et a l, 1997; lotsova et a l, 

1997; Lomaga et a l, 1999; Kobayasbi et a l, 2001). Mature osteoclasts also express the 

receptor RANK, and bone resorption is induced by RANKL expressed on 

osteoblasts/stromal cells, explaining why osteoclastic resorptive activity involves cell-to- 

cell contact with stromal cells (Jimi et a l, 1996). The osteolytic actions of RANKL will 

be explored in more detail in Chapter 5. Several cells and tissues secrete a soluble decoy- 

receptor for RANKL, called osteoprotegerin (OPG). OPG strongly inhibits osteoclast 

formation in vivo and in vitro by preventing the binding of RANKL to its receptor, 

RANK, on osteoclast precursors (Yasuda et a l, 1998; Hsu et a l, 1999). Both RANKL 

deficiency and OPG overexpression lead to osteopetrosis, whereas loss of OPG renders
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mice osteoporotic due to enhanced osteoclastogenesis (Bucay et a l, 1998; Kong et a l, 

1999), suggesting that OPG is a physiologically important inhibitor of osteoclast 

formation, and that a critical ratio of RANKL/OPG expression levels is required for 

physiological bone resorption.

TNF-a is among the most potent osteoclastogenic cytokines produced in 

inflammation and can induce RANKL expression in stromal cells. Although earlier 

studies suggested that TNF-a, acting directly on precursors, could act independently of 

RANKL to induce osteoclast formation (Azuma et a l, 2000; Kobayashi et a l, 2000), 

recent efforts reveal that TNF-a alone fails to induce complete osteoclastogenesis, but 

rather suggest a synergism between these two cytokines (Komine et a l, 2001). Pure 

osteoclast precursors need to be primed by pre-exposure to permissive levels of RANKL 

(and these are levels insufficient to induce osteoclast formation), before TNF-a can be 

osteoclastogenic (Lam et a l, 2000; Zhang et a l, 2001). Thus, TNF-a targets both 

marrow stromal cells and osteoclast precursors. The synergism and coupling between 

TNF-a and RANKL to enhance osteoclastogenesis explains part of the severe osteolysis 

occurring at sites of inflammation and infection, in addition to other characteristics of 

inflammation that might contribute to bone loss, such as acidic pH, prostaglandins, 

hypoxia and increased release of nucleotides. Conversely, T-cells are also able to 

counterbalance RANKL action by production of interferon-y (IFN-y), which induces 

rapid degradation of TRAF6 and consequently inhibits osteoclastogenesis (Takayanagi et 

a l, 2000).
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Osteoclast differentiation pathway

The discovery of the essential roles of M-CSF and RANKL greatly facilitated in vitro 

osteoclastogenesis. Purified cells of the monocyte/macrophage lineage, obtained from 

bone marrow or peripheral blood, can now be differentiated in vitro into mature 

osteoclasts by adding pure M-CSF and RANKL to the culture medium, replacing the 

requirement for stromal cells. Many standard osteoclastogenic and osteolytic agents such 

as PTH, 1,25-(0H)2D3 and prostaglandin E] (PGE2) are now known to exert their effects 

indirectly through up-regulation of RANKL expression on stromal cells (Tsukii et a i, 

1998; Lee and Lorenzo, 1999), whereas others stimulate M-CSF secretion by stromal 

cells. However, a recent study on integrins demonstrates that osteoclasts generated in 

stromal cell-free cultures retained some macrophage-associated integrins that were absent 

in osteoclast generated in stromal cell (but not RANKL expressing)-rieh cultures. Both 

cultures were dependent on the addition of soluble RANKL, but the study demonstrates 

that osteoclasts generated in the absence of stromal cells may not completely reflect the 

in vivo situation, and may potentially produce misleading data because the osteoclast
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phenotype is normally associated with a loss of macrophage-associated integrins (Lader 

et a l, 2001).

In osteoclast cultures, tartrate resistant acid phosphatase (TRAP) is widely used as a 

histological marker for the osteoclastic phenotype, in addition to multinuclearity and 

expression of calcitonin and vitronectin receptors. TRAP and multinuclearity are 

reliable markers for osteoclasts in bone. However, TRAP is not an exclusive marker for 

osteoclasts in cultures, since, in bone marrow cultures, macrophages can become TRAP- 

positive (Hattersley and Chambers, 1989; Modderman et a l, 1991). Reports of large 

numbers of ‘osteoclast-like’ cells in cultures in which there was virtually no bone 

resorption suggest that the presence of stained multinucleated cells is not a reliable 

marker for osteoclasts generated in vitro. Therefore, care should be taken when assessing 

TRAP-stained cultures, and only bone resorption, associated with TRAP-positive 

multinuclear cells, provides unequivocal evidence that osteoclasts are present in vitro.

How do osteoclasts resorb bone? 

Attachment

After proliferation of immature osteoclast precursors and commitment to the 

osteoclast phenotype, the mature osteoclast is unique in being able to resorb mineralised 

substrates. The sequence of events required for bone resorption is known as the 

‘resorption cycle’. It involves migration of the osteoclast to the site of resorption, 

attachment to the bone matrix, polarisation and formation of four membrane domains, the 

dissolution of bone mineral and subsequent degradation of the organic matrix, removal of 

degraded products ftrom the resorption lacunae, and finally the return to a quiescent state, 

or osteoclast apoptosis.

When activated upon attachment to bone surfaces, osteoclasts polarise, driven by 

profound re-organisation of the cytoskeleton. The primary attachment sites of the 

osteoclast are represented by podosomes, several attachment structures containing a 

filamentous (F)-actin core surrounded by vinculin and talin. Accumulation of podosomes
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precedes bone resorption. In actively resorbing osteoclasts, microfilaments are 

reorganised in a specific ring structure, where vinculin and talin form a ‘double circle’ 

with F-actin sandwiched in between (Lakkakorpi et a l,  1989). This ‘actin ring’ is often 

used as a marker for actively resorbing osteoclasts in culture. It represents an organelle- 

free area of tight cell membrane-bone surface attachment, and is thus called ‘sealing’ or 

‘clear zone’. The sealing zone encloses the resorption lacunae and prevents leakage of 

bone degradation products. The part of the plasma membrane enclosed by the sealing 

zone enlarges into a highly convoluted ‘ruffled border’, from which proteolytic enzymes 

and acid are secreted to dissolve the bone. Recent data propose a new, more dynamic 

model for the sealing zone, where this barrier is not impermeable as suggested, but open 

to limited diffusion of negatively charged molecules with molecular weight up to 10000 

(Stenbeck and Horton, 2000).

The recognition of bone matrix appears to be mainly controlled by integrins. Human 

osteoclasts express avPs, aypi and a]Pi integrins (Nesbitt et a l, 1993). The ‘vitronectin 

receptor’ avPs has been suggested to be the major osteoclast attachment molecule, 

possibly through recognising RGD-containing osteopontin in the bone matrix, but has 

recently also been implicated in other intracellular signalling events derived from 

receptors at the basolateral membrane (Nakamura et a l, 2001; Sanjay et a l, 2001). 

Interference with integrin function by RGD-containing peptides, or the snake venom- 

derived disintegrin echistatin, or anti-receptor antibodies, inhibits osteoclast attachment 

and spreading and interrupts resorption in vitro and in vivo (Sato et a l, 1990; Horton et 

a l, 1991; Lakkakorpi et a l, 1991; Nakamura et a l, 1999). Osteoclasts deficient in the p3 

integrin subunit differentiate normally, but are dysfunctional (McHugh et a l, 2000). 

However, localisation studies have shown that ttyps is distributed throughout the 

osteoclast membrane except in the sealing zone (Lakkakorpi et a l,  1991; Lakkakorpi et 

a l, 1993; Helfrich et a l, 1996), suggesting that other integrins, e.g. azpi, or mechanisms 

mediate the tight attachment at the sealing zone. In this context, cadherin-mediated cell- 

matrix adhesion has recently been implicated in the formation of the sealing zone 

(llvesaro et a l, 1998).
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The ruffled border represents a specific acid- and protease-secreting and 

phagocytosing membrane domain, the osteoclast’s ‘resorptive organelle’. It is formed by 

fusion of intracellular acidic vesicles with the region of plasma membrane facing the 

bone, and has been proposed to resemble lysosomes due to the targeted, mannose 6- 

phosphate-regulated transport of lysosomal enzymes to the ruffled border, followed by 

release into the acidic environment (Baron, 1989). Inhibition of bone resorption by 

calcitonin is associated with disruption of this targeted transport (Baron et a l, 1990). 

However, although facing the extracellular matrix, there is evidence for the presence of 

characteristic late endosomal membrane markers at the ruffled border (Palokangas et a l, 

1997).

Over the last ten years there has been considerable progress in identifying the 

mechanism responsible for the ruffled border formation, probably a process similar to 

exocytosis since it may represent the transport of acidifying vesicles along microtubules 

and their polarised insertion into the membrane (Abu-Amer et a l, 1997). The tyrosine 

kinase ppbÔ '̂ "̂ ,̂ gene product of the protooncogene c-src, has been shown to be essential 

for ruffled border formation (Boyce et a l, 1992). C-jrc-deficient mice develop 

osteopetrosis (Soriano et a l, 1991). Downstream substrates of ppbÔ "̂ '̂  ̂ include c-Cbl, 

p l30Cas, paxillin, the tyrosine kinase Pyk2 as well as the phosphatidylinositol-3 kinase 

(Pl-3 kinase) (Tanaka et a l, 1996; Lakkakorpi et a l, 1997; Nakamura et a l, 1998; 

Lakkakorpi et a l, 1999). Wortmannin, a potent inhibitor of Pl-3 kinase, blocks 

osteoclastic bone resorption by preventing fusion of precursor vacuoles with the ruffled 

border membrane, and by inhibiting actin rearrangement (Nakamura et a l, 1995; 

Nakamura et a l, 1997). Additionally, kinase-independent signalling pathways of 

ppbÔ "̂ '̂  ̂ such as its translocation to the cytoskeleton upon attachment, and its 

involvement in integrin signalling, might be responsible for the osteoclast defect 

observed in c-5rc-deficient mice (Schwartzberg et a l, 1997; Sanjay et a l, 2001).
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Degradation o f bone matrix

Osteoclasts resorb both organic and inorganic bone material. Dissolution of the 

inorganic mineral phase precedes enzymatic degradation of the organic phase. The 

demineralisation process involves acidification of the isolated compartment to a pH of 

4.5, which is sufficient to dissolve the strongly basic hydroxyapatite:

[Ca,o(P04)6(OH)2] + 8 H* -> 10 Câ + + 6 HPO/' + 2 H2O

This is accomplished by very high expression of the vacuolar (V-type) electrogenic 

H^-ATPase (Vaananen et a l, 1990), both at the ruffled border and in intracellular 

vesicles, which are transported to the ruffled border prior and during resorption. Activity 

of this H^-pump is an energy-intensive process and the energy source for acid secretion 

appears to be almost exclusively glucose (Williams et a l, 1997). H^-ATPase is sensitive 

to bafilomycin A l, which effectively inhibits bone resorption in vitro and in vivo 

(Sundquist and Marks, 1994). To maintain electroneutrality, H^-transport is charge- 

balanced by a chloride (Cl ) channel expressed at the ruffled border. This Cl" channel has 

only recently been identified at the molecular level to he the ClC-7 Cl" channel (Komak 

et a l, 2001).

The source of protons for H^-ATPase is carbonic acid (H2CO3), generated 

intracellularly from carbon dioxide (CO2) and water (H2O), a process facilitated by high 

expression of carbonic anhydrase type II (CA II). To maintain intracellular pH within 

physiological limits, hydrochloric acid (HCl) secretion at the ruffled border is 

counterbalanced by passive Cl'/bicarbonate (HCO3') exchange in the basolateral 

membrane, which at the same time provides Cl" required for the Cl" channel (Teti et a l, 

1989b).

Several proteolytic enzymes secreted into the resorption lacunae then degrade the 

exposed organic components. The roles of these enzymes are controversial and not fully 

understood. Two major classes of proteolytic enzymes have been mostly studied: 

lysosomal cystein proteinases and matrix metalloproteinases (MMPs: collagenases and 

gelatinases). The thiol-proteinase cathepsin K and MMP-9 (gelatinase B) are the
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predominant proteinases in human osteoclasts (Drake et a l, 1996), but other thiol- 

proteinases (cathepsin B and L), acid proteinases (cathepsin D) and metalloproteinases 

might also play an important role. MMP-9 cleaves denatured type I collagen amongst 

other collagen types. It can be released from osteoblasts, and prior to osteoclastic 

resorption, it may act with other collagenases to remove the non-mineralised osteoid 

layer covering the bone surface (Chambers et a l, 1985). MMPs may also have a distinct 

role in migration of pre-osteoclasts from the periosteum to the developing bone marrow 

cavity (Blavier and Délaissé, 1995). However, MMP-9 knockout mice have only 

transient disturbances of bone resorption (Vu et a l, 1998).

The crucial role of these different processes involved in the osteoclast’s ability to 

degrade bone is highlighted by a number of osteopetrotic cases in mice and humans: 

mutations and/or deletions of specific H^-ATPase subunits, of ClC-7 Cl' channels, of CA 

n  and of cathepsin K all result in osteopetrosis (Sly et a l, 1983; Gowen et a l, 1999; 

Frattini et a l, 2000; Komak et a l, 2001) (see also Fig. 1.2).

The basolateral membrane in polarised osteoclasts was always thought to be 

homogenous, but recent studies, using viral glycoproteins as a tool to investigate protein 

targeting, suggest a division into two functionally distinct domains (Salo et a l, 1996). 

The centrally located novel basolateral domain has now been suggested to be the site of 

exocytosis of transcytosed degradation products, thus also being called ‘functional 

secretory domain’. The fate and trafficking of matrix degradation products has long been 

debated, but it is now evident that products are endocytosed by the osteoclast, 

transcytosed to the functional secretory domain and released into the extracellular fluid 

(Nesbitt and Horton, 1997; Salo et a l, 1997). Quantitative data are still missing, but 

clearly large amounts of degraded matrix material have to be transported through the 

resorbing osteoclast because the volume of resorption pits can easily exceed the volume 

of the entire cell. In addition, it is still unknown to which extent matrix degradation 

occurs extracellularly in the resorption lacunae and/or intracellularly in the transcytotic 

compartments. In this context, a new function for TRAP has been suggested: it is 

localised in transcytotic vesicles and has been implicated in the generation of highly
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destructive oxygen species, which are able to destroy collagen. Thus, TRAP may 

facilitate fragmentation and further destruction of matrix degradation products in 

transcytotic vesicles (Halleen et a l, 1999).

Figure 1.3 summarises the processes involved in bone degradation (Fig. 1.3).

Functional secretory domain

QSone degradation products

Basolateral
domain

Ruffled Border

Nucleus

OcOî + HjO <-> HîCOs-t^H  ̂+ HCOa
o  \  Cl

Resorption lacuna

Figure 1.3

How does the osteoclast resorb bone?

SZ = sealing zone; CA II = carbonic anhydrase II.
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Maintenance o f intracellular pH

The ability to regulate intracellular pH (pH,) within a tight physiological range is 

crucial for normal cellular function. Along with the CIVHCO3 ' exchanger mentioned 

above, osteoclasts in vitro maintain intracellular pH via a Na'*'/H  ̂ exchanger, which has 

been shown to be essential for the induction, but not for the maintenance of resorption 

and cytoplasmic spreading (Hall et a l, 1992). The presence of a pH- and membrane 

potential-sensitive H^ conductance in osteoclast membranes has also been reported 

(Nordstrom et a l, 1995). Additionally, a NaVCa^"  ̂exchanger, NCX-1, has recently been 

identified in osteoclasts and was suggested to play a role in bone resorption by coupling 

H^ extrusion with Ca^  ̂fluxes during bone resorption (Moonga et a l,  2001).

Osteoclasts appear to have different mechanisms of pH, regulation depending on the 

phase of activity. During resorption, osteoclast pHj is mainly regulated by H^-ATPase 

activity, and while resting/migrating, pHj is mainly regulated by the Na /̂H"  ̂ exchanger. 

Osteoclast pHj also varies according to the substrate, with a more alkaline pHi when 

cultured on bone compared to glass (Lehenkari et a l, 1997). Similar substrate 

dependency has been reported when studying potassium (K^) conductance in osteoclasts 

(Arkett et a l, 1994). The significant differences in osteoclast pHj regulation depending 

on the substrate raise 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 {le. HEPES), which 

may perturb pHj regulation and therefore alter osteoclast function (Arnett et a l, 1994). 

These results therefore demonstrate the importance of an appropriate environment when 

studying the function of osteoclasts.

Regulation o f resorption

Osteoclast differentiation and activation are regulated by several systemic (PTH, 

1,25(0H)2D3, calcitonin and estrogens) and local factors, most of which are discussed in 

the ‘Bone Remodelling’ section. Because bone remodelling occurs in discrete packets 

throughout the skeleton, it seems probably that cellular events are mostly controlled by
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local factors generated in the bone microenvironment, either by cells or released from 

bone matrix during resorption (e.g. TGF-P). Numerous cytokines, growth factors and 

other small mediators such as protons, nitric oxide and nucleotides have been shown to 

locally regulate osteoclasts. Some factors differ in their effects depending on the culture 

system, e.g. PGE2 stimulates resorption in organ cultures, but inhibits the activity of 

isolated osteoclasts.

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

with widespread, and partly controversial actions, in bone. It is a short-lived gas 

generated from L-arginine by the action of nitric oxide synthase (NOS) isoenzymes, and 

produced by bone cells in response to diverse stimuli such as pro-inflammatory 

cytokines, mechanical strain and sex hormones. Endothelial NOS (eNOS) is the isoform 

most widely expressed in bone; eNOS-defrcient mice show impaired osteoblast function 

and a defective anabolic response to exogenous estrogen (Aguirre et a l, 2001; Armour et 

a l, 2001). Additionally, NO has bi-directional effects on osteoclast function, depending 

on the underlying stimulus and concentration: NOS inhibitors protect against 

inflammatory bone loss, but accelerate bone loss in normal and ovariectomized animals, 

and cytokine-induced bone resorption is potentiated by low NO concentrations, whereas 

high NO concentrations inhibit osteoclast formation and function. NO may be involved 

in the pathogenesis of bone disease and tissue damage associated with inflammatory 

conditions such as rheumatoid arthritis (Ralston, 1997).

Bisphosphonates, chemical analogues of inorganic pyrophosphate that are 

characterised by a P-C-P structure with varying side chains linked to the central carbon 

atom, are very important inhibitors of osteoclastic bone resorption in vivo and widely 

used as anti-resorptive drugs in the treatment of metabolic bone diseases associated with 

increased bone resorption. They have high affinity for Ca^^ and target to bone mineral at 

active sites of remodelling, where they appear to be internalised by osteoclasts and to 

inhibit their function. According to their molecular mechanism of action, 

bisphosphonates can be divided into two pharmacological groups. Nitrogen-containing 

bisphosphonates (e.g. alendronate, pamidronate) act by inhibiting the mevalonate
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pathway in osteoclasts, thereby preventing prénylation of small guanosine 5’-triphosphate 

(GTP)ase signalling proteins required for normal osteoclast function. In contrast, 

nitrogen-lacking bisphosphonates (e.g. clodronate, etidronate) have a different mode of 

action that may involve the intracellular incorporation into non-hydrolysable, cytotoxic 

ATP analogues in osteoclasts, or inhibition of protein tyrosine phosphorylation. 

Ultimately, bisphosphonates therefore result in loss of osteoclast function and osteoclast 

apoptosis (for a recent review, see Rogers et a l, 2000).

Mature osteoclast isolation

In vitro short-term bone resorption models, using isolated primary, mature 

osteoclasts and mineralised bone or dentine matrix as a substrate, were developed almost 

twenty years ago (Boyde et a l, 1984; Chambers et a l, 1984). Beforehand, progress in 

the understanding of osteoclast biology had been hampered for several reasons: 

osteoclasts are usually few in number relative to other cell types in bone; they are 

contained in a hard tissue; additionally, they are at the end of their proliferation and 

differentiation cycle, presenting major difficulties for the creation of osteoclast cell lines. 

Data from such short-term cultures complements that obtained from bone organ culture 

resorption models and long-term cultures of osteoclast-forming haematopoietic stem cells 

derived from marrow or peripheral blood.

Boyde, Jones, Chambers and colleagues developed the disaggregated osteoclast 

resorption assay in 1984. Variants of these assays were then widely adopted to study 

osteoclasts isolated from neonatal rat, rabbit or chick long bones. The method used in 

each case is simple: osteoclasts are relatively abundant in the bones of neonatal animals 

(reflecting the requirement for rapid growth modelling) and can be released mechanically 

by fragmenting the bones, which are not yet fully mineralised, in a suitable medium. The 

resulting cell suspension is settled onto bone or dentine discs and, after rinsing in saline 

to remove non-adherent cells, cultured for about 24 hours. Under suitable conditions, 

osteoclasts can then excavate resorption lacunae. Although this model has several 

limitations in attempts to study the whole physiological cascade of bone resorption, it
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provides an excellent tool for detailed studies of the cellular mechanisms involved in the 

destruction of mineralised bone matrix, especially since the application of confocal 

microscopy to study osteoclasts cultured on bone or dentine slices. Because osteoclasts 

sediment and adhere more rapidly than other cell types present in the mixed cell 

population released from fragmented bones, “functionally purified” osteoclast 

populations may be generated by careful adjustment of settling times and washing 

methods. One of the most important factors in this assay system is to obtain adequate 

basal levels of resorption. This can be accomplished by the use of slightly acidified 

culture medium, as first described by Amett & Dempster (1986).

Assessment of resorption is typically achieved by counting the number of 

multinuclear (> 3 nuclei) osteoclasts, stained histochemically for TRAP, and the number 

and/or area of resorption pits, using the technique of reflected light microscopy, after 

staining the discs with toluidine blue to visualise pits (Walsh et a l, 1991). This replaced 

the more complicated use of scanning electronic microscopy to study resorption. Other 

groups have suggested that measuring the volume of each individual pit rather than 

discrete number or resorbed area is a more accurate method of assessing resorption 

(Boyde and Jones, 1991).

Bone growth and remodelling

Bone is a dynamic, living tissue, with continuous modelling and remodelling by bone 

cells, allowing the skeleton to grow and adapt.

Bone modelling involves both the growth and the shaping of bones. During growth, 

two types of ossification can be distinguished. Intramembranous ossification occurs in 

the developing flat bones of the skull: mesenchymal cells of the embryonic connective 

tissue differentiate into osteoblasts, which lay down an amorphous ground substance that 

becomes subsequently mineralised. In contrast, endochondral bone formation, occurring 

in long bones, involves a slow degradation of hyaline cartilage structures that become 

transformed into bone by ossification. Endochondral ossification permits elongation and
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thickening of the bone during foetal development and throughout childhood. Bone 

modelling also occurs as part of the fracture healing process.

Throughout life, bone continues to be remodelled to maintain mechanical integrity of 

the adult human skeleton. This occurs mainly as local processes carried out in small 

areas by population of cells called bone-remodelling units (BMUs). A cycle of bone 

resorption by osteoclasts and subsequent bone formation by osteoblasts in a unit takes 

about 100 days. The remodelling, where about 5-20% of the human adult skeleton is 

remodelled by 2 million BMUs at any time, is strongly related to mechanical stresses and 

strains imposed on the skeleton and occurs mainly in areas of trabecular bone due to its 

larger surface area rather than in compact bone. The signals which initiate bone 

remodelling at a specific site have not yet been fully elucidated.

Regulation of bone remodelling

Bone remodelling is regulated by a complex interplay between systemic hormones, 

mechanical stimuli and locally produced cytokines, growth factors and other mediators.

Systemic hormones

Four hormones are primarily concerned with the regulation of bone metabolism:

1,25-(0H)2D3, PTH, calcitonin and estrogen, plus a number of other hormones, including 

androgens, growth hormone, thyroid hormones, glucocorticoids and PTH-related protein 

(PTHrP). Many of these hormones affect bone remodelling via the production of local 

factors.
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Vitamin Dj

Vitamin D3 is a secosteroid produced in the skin by the action of ultraviolet sunlight 

on precursors [provitamin D3 (= 7-dehydrocholesterol) => previtamin D3 => vitamin D3 

(cholecalciferol)]. Vitamin D3 is biologically inert and must undergo two successive 

hydroxylations in the liver and kidney to become the biologically active 1,25- 

dihydroxyvitamin D3 (l,25-(OH)2D3, or calcitriol). Despite two hydroxylation steps,

1,25-(0H)2D3 is still very lipid soluble and acts like a steroid hormone: it binds to a 

nuclear vitamin D receptor (VDR) which exposes a DNA-binding region, resulting in 

increased and/or inhibited transcription of certain mRNAs. VDRs are found in mainly in 

the intestine, kidney and bone, but also in a number of other tissues. The main biological 

effect of 1,25-(0H)2D3 is to maintain the serum Ca^  ̂ levels within the normal range of 

2.5 mmol/L. This is accomplished by increasing dietary uptake of Ca^^ in the intestine, by 

facilitating Ca^  ̂ reabsorption in the kidneys and by enhancing the mobilisation of Ca^  ̂

stores from bone. l,25-(OH)2D3 increases the number of mature osteoclasts by inducing 

stem cells to differentiate into osteoclasts. However, this appears to be regulated 

indirectly through its action on osteoblasts, since mature osteoclasts do not express VDRs 

(Sudae^a/., 1992).

Parathryoid hormone (PTH)

PTH is synthesised and secreted by the chief cells of parathyroid glands. After 

synthesis as preproPTH, a leader sequence is removed upon entry into the endoplasmic 

reticulum to form proPTH and an additional six amino acid (AA) residues are cleaved off 

in the Golgi apparatus before the active 84 AA polypeptide PTH is secreted. The 1-34 

amino terminal fragment is the biologically active fragment.

PTH acts via at least three different receptors. PTH receptors couple to both Gq and 

Gs, thereby initiating both Ca^^- and cAMP-driven responses. PTH can stimulate both 

osteoclasts and osteoblasts, but the effect on osteoclasts appears to be predominating 

resulting in a net Ca^  ̂ efflux from bone. Interestingly, prolonged intermittent
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administration of PTH has been shown to increase bone formation, a property for which 

it is being explored clinically as an anabolic agent. However, as is the case for 1,25- 

(0 H)2D3, the stimulatory action on osteoclasts seems to be mediated via receptors on 

osteoblasts. PTH also increases formation of l,25-(OH)2D3, thus indirectly enhancing 

Ca^  ̂absorption from the intestine (for a review on PTH: Jüppner et a l, 1999).

Calcitonin

Calcitonin is a 32 AA polypeptide synthesised by the parafollicular cells in the 

thyroid glands. Receptors for calcitonin are found in kidney and bone, and its main 

action is to lower circulating Ca^  ̂and phosphate levels by inhibiting bone resorption and 

increasing Ca^^ excretion in the urine. In contrast to PTH and l,25-(OH)2D3, calcitonin 

acts directly on osteoclasts and the expression of calcitonin receptors is often used as a 

marker for osteoclasts. It can affect multiple stages in the mammalian osteoclast lineage, 

including inhibition of osteoclast formation and of resorption, and is thus used clinically 

in the treatment of osteoporosis. Interestingly, osteoclasts ‘escape’ from calcitonin- 

induced inhibition during continuous exposure to the hormone, probably due to down- 

regulation of calcitonin receptor mRNA expression (Takahashi et a l, 1995).

Sex steroids

Estrogens, members of the gonadal steroid family, have been shown to play an 

important role in preventing osteoporosis and maintaining bone mass. Naturally 

occurring estrogens are 1?P-estradiol, estrone and estriol, secreted primarily by ovarian 

follicles, corpus luteum and placenta. 17p-estradiol is the most potent of the three. Two 

intracellular estrogen receptor (ER) subtypes exist, ERa and ERP; both have been found 

in osteoblasts, osteoclasts and osteocytes. Many of the effects are thought to be mediated 

by a genomic pathway involving ligand/receptor interaction, like for other members of 

the steroid hormone family. However, a potent anti-apoptotic effect of estrogens on 

osteoblasts and osteocytes has recently been reported that is due to a distinct, rapid 

activation of Src/Shc/ERK signalling pathways via a non-genotropic, sex-nonspecific 

action of the classical receptors (Kousteni et al., 2001), providing a whole new concept.
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The bone-preserving action of estrogens is probably mediated predominantly through 

effects on osteoclastogenesis (Sarma et a l, 1998), and probably osteoclast apoptosis 

(Compston, 2001). These effects may be largely mediated by cells in the bone 

microenvironment through cytokine production, rather than by direct effects on 

osteoclasts, e.g. increased levels of pro-osteoclastogenic cytokines including IL-1, IL-6 , 

TNF-a, M-CSF and PGE2, have been reported in estrogen deficiency (Riggs, 2000; 

Compston, 2001). It has recently been shown that ovariectomy failed to induce bone loss 

in T-cell-deficient mice. This establishes T-cells as essential mediators of increased 

osteoclastic bone resorption in estrogen deficiency, and TNF-a, produced by T-cells, as a 

key mediator of ovariectomy-induced bone loss (Cenci et a l, 2000). Additionally, 

estrogens can down-regulate osteoclastogenesis by decreasing the responsiveness of 

osteoclast precursors to RANKL (Srivastava et a l, 2001).

There is increasing evidence that androgens, mainly testosterone, play an important 

role in bone development and homeostasis, both in males and females. The main effects 

appear to be stimulation of bone formation. Some of the effects may also be mediated by 

metabolites produced by enzymes present in bone, e.g. conversion of testosterone to 

estradiol through aromatases (Compston, 2001).

In contrast to the effects of estrogens and androgens, there is little and controversial 

evidence of direct effects of progesterone, the third member of gonadal steroids, on bone, 

although progesterone receptors have been identified on osteoblasts (Compston, 2001).

Other systemic hormones

Several other systemic factors are important in regulating skeletal growth and bone 

remodelling.

Glucocorticoids are steroids secreted by the adrenal cortex. Their effect on bone 

remodelling remains controversial and appears to depend on exposure time and 

concentrations. Although they can inhibit bone resorption in organ cultures in vitro, they 

have now been recognised as the major cause for accelerated bone loss accompanying
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patients who take glucocorticoids as a rheumatoid arthritis treatment. This is due to a 

number of systemic and local effects on bone metabolism, including an indirect increase 

in PTH secretion through impaired intestinal Ca^  ̂ absorption (secondary 

hyperparathyroidism), a decrease in the recruitment of osteoblasts from their progenitors, 

and accelerated osteoblast apoptosis. Interestingly, physiological concentrations of 

glucocorticoids are required for the late stages of osteoclast differentiation and frmction 

during development, but their greatest effect postnatally is inhibition of bone formation 

(for a review on glucocorticoids and bone, see Lukert, 1999).

The thyroid hormones, triiodothyronine and thyroxine, can also stimulate bone 

resorption and formation, and are critical for maintenance of normal bone remodelling 

(Mundy, 1999).

Growth hormone, a peptide hormone secreted by the pituitary gland, can stimulate 

bone formation and resorption, mostly mediated indirectly by both systemic and local 

production of insulin-like growth factors (IGFs) (Ohlsson et a i, 1998).

Parathyroid hormone-related protein/peptide (PTHrP) is a protein with PTH activity, 

but compared to PTH it represents a longer polypeptide (140 AA compared to 84 AA), it 

is encoded by a gene on a different chromosome, and it is produced by many different 

tissues in the body. However, both PTH and PTHrP are able to bind to a common 

receptor, and consequently they have similar biological activities. PTHrP is involved in 

cartilage development, but additionally, it can be secreted by specific tumours and is 

therefore regarded as a major hypercalcaemia-causing factor in malignancy (Guise et a l, 

1996). Thus, it can have both hormone-like and local effects.

Vasoactive intestinal peptide (VIP), a member of the secretin family of 

gastrointestinal hormones, has also been shown to inhibit osteoclast formation (Lemer,

2000).
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Local regulators

A large number of locally produced cytokines, growth factors and other small 

mediators affecting bone cells have now been identified. Since bone remodelling occurs 

in discrete units throughout the skeleton, it seems likely that the cellular events are 

mainly controlled by factors generated in the microenvironment of bone. Stimulators and 

inhibitors can influence bone cells either directly, or indirectly by inducing production of 

local factors by surrounding cells, including osteoblasts and osteoclasts themselves, or by 

T-cells, monocytes, macrophages, endothelial cells and nerve cells, demonstrating the 

high degree of interaction and coupling between cells in the bone microenvironment. 

Interestingly, most inhibitors of osteoclast activity act directly on osteoclasts, whereas 

most of the stimulators act indirectly via receptors on osteoblasts.

Table 1 summarises the cytokines, growth factors and other mediators known to be 

implicated in bone metabolism (adapted from Greenfield et a l, 1999; Mundy, 1999; 

Compston, 2001). Some of these factors will be discussed in more detail later, but for the 

sake of brevity I will not give an extensive review of all factors.
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Table 1.1

Local factors affecting bone remodelling

Cytokine / GroWtfi factor / Other
Stimulators of bone resorption (osteoclast formation, activity T and/or apoptosis 4<)

Interleukins-1 (a,p), -6 , -8 , -11 IL-l(ct,P), -6 , -8 , -11
Tumour necrosis factors and Lymphotoxin TNFs and LT
Epidermal growth factor EOF
Platelet-derived growth factor PDGF
Fibroblast growth factors FGFs
Leukaemia inhibitory factor LIF
Vascular endothelial growth factor VEGF
Macrophage-colony stimulating factor M-CSF
Granulocyte/macrophage-colony stimulating factor GM-CSF
Transforming growth factor-^ {can also inhibit) TGF-P
Insulin-like growth factors IGFs
Prostaglandin E2 (but inhibits isolated osteoclasts) PGE2

Receptor activator of NF-kB ligand RANKL
PTH-related protein PTHrP
Leukotrienes LT
Annexin II /
Adenosine 5’-triphosphate + Adenosine 5’-diphosphate ATP + ADP
Hydrogen Ions / Extracellular pH < 7.0 H"
Hypoxia/ Low oxygen tension (< 5% O2) PO2

Inhibitors of bone resorption
Interferon-y IFN-y
Interleukin-4, -13,-18 IL-4,-13,-18
Osteoprotegerin OPG
Transforming growth factor-P {can also stimulate) TGF-P
Hepatocyte growth factor HGF
High extracellular Phosphate and Calcium Ca^  ̂and POT
Endothelins /

Stimulators of bone formation (osteoblast proliferation and/or differentiation T)
Insulm-like growth factors IGFs
Transforming growth factor-P TGF-P
Fibroblast growth factors FGFs
Platelet-derived growth factor PDGF
Bone morphogenetic proteins BMPs
Nitric oxide NO
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Pathophysiology of bone remodelling / Bone diseases

Abnormalitities of bone remodelling can produce a variety of skeletal disorders. 

Primary osteoporosis is the most common metabolic disorder of the skeleton. It is 

defined as a condition characterised by low bone mass and disruption of bone 

architecture due to a net excess of bone resorption over bone formation, resulting in 

reduced bone strength and increased risk of fragility fracture. It remains asymptomatic 

unless structural collapse or fracture of bone occurs. Damage is particularly likely to 

occur in the dorsal vertebrae, femoral neck/hip and distal radius since all these areas have 

a high content of trabecular bone, which is more metabolically active and therefore lost 

more rapidly. The pathogenesis of osteoporosis is multifactorial and determined by both 

genetic and environmental factors affecting the peak bone mass, but the most common 

form is associated with advancing age and menopause. Bone loss after menopause is 

primarily caused by estrogen deficiency. In addition to these primary causes of 

osteoporosis, there are a number of disorders leading to secondary osteoporosis, e.g. 

hyperparathyroidism or glucocorticoid therapy amongst many others (for a review, see 

Compston, 2000).

In contrast, osteopetrosis is characterised by a steady increase in bone density due to 

impaired formation of osteoclasts or loss of osteoclast function. This can result in 

haematological abnormalities, due to crowding out of the bone marrow cavities, and also 

in neurological defects, due to narrowing of spaces in the bone through which nerves 

could normally pass. As discussed in the osteoclast section, several phenotypes and 

causes of osteopetrosis have been identified to date (osteoclast differentiation defects: 

c-fos, PU-1, NF-kB, M-CSF, RANKL; osteoclast dysfunction: TRAF6 , c-src, H^- 

ATPase subunits, ClC-7 Cl'-channels, CA II and cathepsin K).

Paget’s disease is marked by an irregular increase in osteoclast numbers and activity, 

often affecting multiple sites throughout the skeleton. This increased bone resorption is 

met by a compensatory increase in bone formation and local bone turnover, leading to 

unorganised and reparative woven bone. Thus, in Paget's disease, there may be an 

increased bone density, but because of the irregular architecture, bone strength is
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decreased and bones are more prone to fracture. The cause of this disease is still largely 

unknown. For many years, a slow viral infection had been suggested as the main cause, in 

addition to genetic abnormalities. However, a recent study on a large group of patients 

does not support the hypothesis that a viral infection is a necessary step in the 

pathogenesis (Helfrich et a l, 2000).

Osteomalacia describes a disease characterised by impaired osteoid mineralisation 

resulting in soft bones with an increased tendency to fractures. In children this condition 

is known as rickets, often caused by nutritional deficiency in vitamin D, Câ "̂  or 

phosphate.

Inflammatory bone loss is a symptom of rheumatoid arthritis and periodontal disease. 

In the inflammatory state, production of inflammatory cytokines can lead to increased 

osteoclast activation and formation from precursors and macrophages present in the 

rheumatoid synovial fluid, and therefore to excessive osteoclastic resorption.

Similarly, several cancers have profound effects upon the skeleton, causing an 

increase in osteoclast formation and activity either systemically, as in humoral 

hypercalcaemia of malignancy, or locally, as in bone métastasés, e.g. breast cancer 

derived. One major product of tumour cells is PTHrP, which promotes osteoclast 

formation, additionally to other pro-resorptive cytokines (Guise, 2000).

Cartilage

Cartilage is a special support tissue, devoid of blood vessels, and composed mainly 

of proteoglycan aggregates (mainly sulphated glycosaminglycans) associated with 

collagen (mainly type II), and elastic fibres, accounting for the solid, but flexible 

consistency. Matrix is deposited by chondrocytes, which are derived from mesenchymal 

stem cells. Of the three types of cartilage -  hyaline, elastic and fibrocartilage -  only 

hyaline cartilage plays an important role in bone biology. It forms the temporary 

skeleton scaffold during endochondral ossification, and also the articular surfaces in
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joints. During growth of long bones, specialised areas at the end of each bone, the 

epiphyses, are separated from the shaft of the bone, the diaphysis, by a growth plate of 

actively proliferating cartilage. There, chondrocytes can be divided, according to their 

differentiation state, into resting, proliferative, or hypertrophic chondrocytes. Epiphyseal 

growth plate chondrocytes proliferate in columns towards the diaphysis, becoming 

hypertrophied as they deposit cartilage matrix. This uni-directional proliferation is 

largely responsible for the longitudinal growth of bones. As chondrocyte hypertrophy 

occurs, perichondrial cells differentiate into osteoblasts to form a bone collar around the 

cartilaginous core. The matrix around the most advanced hypertrophic chondrocytes 

becomes mineralised, before these cells undergo apoptosis.

In recent years, significant progress has been made into the understanding of the 

molecular control and the mechanisms of endochondral ossification. Briefly, it is now 

known that Cbfal and other transcription factors promote the differentiation of type U 

collagen-producing cells, present in the skeletal mesenchymal condensations, into 

hypertrophic chondrocytes that secrete the growth factor Indian hedgehog (Dih). Hih acts 

on cells of the perichondrium, stimulating PTHrP production, which then inhibits 

hypertrophy, and also on cells in the bone collar, where Ihh induces Cbfal expression. 

Cbfal can then fulfill its crucial role as an osteoblast differentiation factor. Additionally, 

hypertrophic chondrocytes secrete the angiogenic factor vascular endothelial growth 

factor (VEGF), promoting vascular invasion of the skeletal structures, enabling 

osteoclasts to form and to resorb the ossified cartilaginous matrix. Osteoblasts derived 

from the bone collar replace this matrix with a bone matrix rich in type I collagen (de 

Crombrugghe et a l, 2000; Karsenty, 2001; Takeda et a l, 2001).
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RECEPTORS FOR EXTRACELLULAR NUCLEOTIDES 

History

The concept of purines as extracellular signalling molecules was first proposed by 

Drury and Szent-Gyorgyi more than 80 years ago, who showed that adenosine and 

adenosine 5’-monophosphate (AMP) have biological effects on the mammalian heart 

(Drury and Szent-Gyorgyi, 1929). A large number of studies follewed, confirming the 

role of nucleotides in the cardiovascular system. Five years later, another report 

illustrated different actions of adenosine and ATP on vasodilatation, hypotension and 

ileum contraction, indicating for the first time the existence of multiple purine receptors 

(Gillespie, 1934). However, ATP had long been established to be the main intracellular 

energy source and to be involved in various metabolic cycles; thus, its additional role as 

an extracellular signalling molecule took a long time to be widely accepted. In 1972, 

Bumstock proposed for the first time the concept of purinergic neurotransmission 

(Bumstock, 1972), suggesting that ATP was a transmitter involved in non-adrenergic, 

non-cholinergic nerve-mediated responses of smooth muscle in the gastrointestinal tract 

and in the bladder. Additionally, in 1976, the concept of co-transmission was introduced 

(Bumstock, 1976; see section on ‘Short-term purinergic signalling’). However, both 

concepts have only over the last ten years been generally accepted, and extracellular 

purines and pyrimidines have since been implied in a wide range of biological processes, 

including smooth muscle contraction, exocrine and endocrine secretion, inflammation, 

platelet aggregation and pain, amongst many others (for a review, see Ralevic and 

Bumstock, 1998).

The term ‘purinergic receptors’ was first formally introduced in 1978 (Bumstock, 

1978). Receptors were divided into ‘ P% -purinoreceptors’, with adenosine as main ligand, 

and ‘P2-purinoreceptors’, with adenosine 5’-diphosphate (ADP) and ATP as main 

ligands. In principal, this classification remains tme; however, the terms ‘Pi/Pz-purino- 

receptors’ have been replaced by ‘P1-’ and ‘P2-receptors’, and receptors for pyrimidines, 

e.g. for uridine 5’-triphosphate (UTP), are now included in the P2-receptor family
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(Fredholm et a l, 1994). With further discovery and cloning of mammalian P2 receptor 

subtypes, a new nomenclature was needed: P2 receptors are now divided according to 

their molecular structure into ionotropic P2X„ and metabotropic P2Yn receptors, 

replacing the older nomenclature into P2X, Piv, P2T, Pzz and P2U subtypes (Abbracchio 

and Bumstock, 1994; Bumstock and King, 1996).

PI receptors

Four members of the adenosine/Pl receptor family have now been cloned and 

characterised from a variety of species: Ai, A2A, A2B, A 3 , and, with the exception of the 

A2A subtype, selective agonists and antagonists have been identified. All PI receptors 

couple to G proteins, and modulate adenylate cyclase activity in an inhibitory (Ai, A 3 ) or 

stimulatory (A2A, A2b) fashion, resulting in cyclic AMP (cAMP) changes. However, 

they show distinct tissue distributions and pharmacological profiles. Adenosine plays a 

major role as a vasodilator in the heart and as a neuromodulator acting as a general 

central nervous system (CNS) depressant, e.g. the stimulatory effects of caffeine and 

theophylline are produced by inhibition of adenosine actions. Many diseases have been 

envisioned as candidates for treatment with compounds acting upon the adenosine 

regulatory system, including asthma, Parkinson’s disease and psychiatric disorders.

Since this thesis will focus on the role of members of the P2 receptor family, the 

reader is referred to recent reviews for a summary of the distribution, pharmacology and 

physiology of PI receptors (Ralevic and Bumstock, 1998; Fredholm et a l, 2000).

P2X receptors

Seven mammalian members of the family of P2X receptors have been cloned so far 

(P2Xi -  P2X?). The P2Xi_7 subunits share an overall sequence identity, ranging from 

35% to 48%, and their sizes range from 379 to 595 AA. The p2xg receptor subtype has 

recently been cloned from embryonic chick skeletal muscle (Bo et a l, 2000). P2X 

receptors define a novel class of ligand-gated cation channels (Fig. 1.4 A), consisting of
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two transmembrane domains, separated by an extensive W-glycosylated extracellular 

loop, always containing 10 cysteine residues, and short intracellular amino (N)-and 

carboxy (C)-termini, with the exception of P2X2 and P2Xy, which have a more extended 

C-terminal tail. ATP represents the major ligand and induces rapid and selective 

permeability to cations (Na^, K^, Câ "̂ ), explaining their abundant distribution on 

excitable cells such as neurons, smooth muscle and glial cells, and their role as mediators 

of fast excitatory neurotransmission in both the central and peripheral nervous system. 

Although all P2X receptors mediate fast signalling, their localisation, function and 

pharmacological characteristics are different, the latter mainly regarding the kinetics of 

desensitisation, and the response to the agonists a,P-methyleneATP (a,P-meATP) and 

the antagonists suramin and PPADS (pyridoxal-5’-phophate-6-azophenol-2’,4’- 

disulphonate). Functional P2X channels are homomultimers or heteromultimers formed 

by the association of at least three subunits (Fig. 1.4 B). For a summary of possible P2X 

subunit combinations, see Torres et al. (1999). It is not yet known how the properties of 

different P2X subunits influence the phenotype of the heteromultimeric receptors. 

Alternative splicing and species-differences may increase heterogeneity of P2X receptors. 

Although P2X receptors play important physiological and pathophysiological roles in a 

variety of biological processes, subtype-selective agonists and antagonists are still rare 

and have yet to be discovered.

The following paragraphs will give a brief overview over distribution and most 

important characteristics of each receptor subtype.
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A P2X receptor subunit B Multimeric P2X channel
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Figure 1.4

Structure of P2X receptors

(A) P2X receptor subunits consist o f two hydrophobic transmembrane domains, a large 
A-glycosylated (triangles) extracellular loop, and intracellular N- and C-termini. The 
extracellular loop includes two to six potential Æ-linked glycosylation sites and 10 
conserved cysteine residues, which may form intramolecular disulfide bridges (-S-S-).
(B) At least three (or four) subunits are thought to form a functional P2X channel, 
allowing passage o f cations.

P2Xi receptor

This rapidly desensitising and a,P-meATP-sensitive receptor seems to be the most 

significantly expressed P2X subtype in smooth muscle, where it is a target o f synaptically 

released ATP. It is mainly expressed in the bladder, in smooth muscle layers o f small 

arteries, and in the vas deferens. Nerves innervating the vas deferens co-release ATP, 

acting at P2Xi receptors, and noradrenaline, acting at a i adrenoreceptors, causing a rapid 

phasic contraction and a subsequent tonic contractile response, respectively. 

Interestingly, targeted deletion o f P2Xi leads to reduced fertility in male mice due to 

defective contraction of the vas deferens in response to sympathetic nerve stimulation 

(Mulryan et a i ,  2000).
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P2X2 receptor

P2X2 receptors show little or no desensitisation and have significant permeability to 

Câ '*'; however, high Câ "̂  concentrations will also attenuate responses. They are widely 

expressed in nervous tissues and other tissues, including bladder and intestine. It is the 

only P2 receptor subtype that is sensitive to extracellular acidification: acid pH < 7.0 

causes a significant increase in ATP-evoked currents with possible implications in 

nociception (King et a l, 1996; Wildman et a l, 1997). Additionally, zinc (Zn^^) is a 

potent potentiator of responses (Wildman et a l, 1998). The P2X2 receptor will be 

discussed in more detail in Chapter 5.

P2 X3 receptor

Similar to the P2Xi receptor, the P2X3 receptor is a,P-meATP-sensitive and 

desensitises rapidly in the continued presence of agonists. Until recently it was thought 

that P2X3 has a very restricted distribution to a subset of nociceptive sensory neurons 

(trigeminal, nodose and dorsal root ganglia), and that it is virtually absent from 

sympathetic, enteric and CNS neurons and all other body tissues, strongly suggesting a 

role in nociception. However, there is recent evidence that the P2X3 receptor is also 

expressed on endothelial and epithelial cells (Glass et a l, 2000) and possibly motor 

neurons. It is not clear whether P2X3 exists as a homomultimer or as a P2X2/3 

heteromultimer, or as both, in vivo. As mentioned above, P2X2 receptors are acid- 

sensitive; thus, a P2X2/3 heteromultimer seems likely because the sensitivity of 

nociceptive neurons is probably enhanced in inflammatory conditions with slow acidosis 

(for a review on ATP and pain, see Bumstock et a l, 2000).

Two recent studies of P2X3-deficient mice highlighted the role of P2X3 in peripheral 

pain responses, but surprisingly also in pathways controlling urinary bladder volume 

reflexes: P2X3-deficient mice showed a reduced pain-related behaviour in response to 

ATP and formalin, but also a markedly diminished response to filling and stretching of 

the urinary bladder. However, there was no major role for P2X3 in noxious
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mechanosensation and acute pain responses. Thus, ATP cannot be considered a general 

mediator of all painful stimuli (Cockayne et a l, 2000; Souslova et a l, 2000).

P2 X4  receptor

Although this slowly desensitising subtype is generally distributed throughout the 

body and found extensively in the brain, notable tissue functions have not yet been 

established; however, it is the only subtype expressed by the acinar cells of salivary 

glands (Ralevic and Bumstock, 1998).

P2 X5 receptor

Transcripts for this receptor have been identified in brain, heart, spinal cord, adrenal 

medulla, thymus and lymphocytes. Protein expression was recently demonstrated in the 

proliferating and differentiating cell layers in keratinised and non-keratinised epithelia 

and in growing hair follicles, implying a role in proliferation and/or differentiation 

(Groschel-Stewart et a l, 1999; Bardini et a l, 2000). Additionally, work from our lab has 

recently reported a time-course dependent expression in developing chick and rat skeletal 

muscle, with possible roles in myotube formation (Meyer et a l, 1999; Ryten et a l,

2001).

P2 X(î receptor

P2Xô mRNA is heavily expressed in the CNS, but also present in other tissues, e.g. 

on thymic epithelial cells (Glass et a l, 2000). Similarly to P2Xs, protein expression has 

been reported in developing chick and rat skeletal muscle (Meyer et a l, 1999; Ryten et 

a l, 2001), but an exact functional role has not been identified.
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P2X? receptor

The P2X7 receptor, previously called P2Z receptor and cloned from rat macrophages 

and brain in 1996 (Surprenant et a l, 1996), is a bi-functional molecule that functions not 

only as a cation channel, but also, upon prolonged agonist stimulation and low levels of 

divalent cations, as a cytolytic pore permeable to larger hydrophilic molecules up to 

900D (Virginio et a l, 1997). Since the latter function is associated with cytotoxicity, the 

receptor has been connected to lytic and apoptotic events, especially in 

immunomodulation and inflammation. In this context, the P2X? receptor on 

macrophages can trigger release of the pro-inflammatory cytokines IL-ip and IL-6 

(Ferrari et a l, 1997). P2X? fails to form heteromultimers with other subunits and reacts 

preferentially with ATP"̂ ’ and benzoyl ATP. It has been found in haematopoietic 

(macrophages, monocytes, lymphocytes, granulocytes) and nervous tissues (microglia) 

(Collo et a l, 1997). Receptor expression has also recently been shown in the exfoliating 

layers of keratinised epithelium, consistent with an involvement in apoptotic events 

(Groschel-Stewart eM/., 1999).

P2Y receptors

The P2Y family of receptors is a novel subclass of the superfamily of G protein- 

coupled receptors, each having 7 transmembrane domains (Fig. 1.5). The third 

intracellular loop and the C-terminus are thought to be involved in G protein-coupling, 

whereas the third, sixth and seventh transmembrane domains have been implicated in 

nucleotide binding (Jacobson et a l, 1999).

P2Y receptors are widely distributed throughout the body and exhibit more sequence 

diversity than any other known family of G protein-coupled receptors. Most subtypes 

couple through G proteins to phospholipase C (PLC), mainly to PLCp, and subsequent 

formation of inositol 1,4,5-triphosphate (IP3) and diacylglycerol (DAG), but inhibition of 

adenylate cyclase (AC) can also occur (North and Barnard, 1997). IP3 activates IP3- 

sensitive channels on the endoplasmatic reticulum, leading to transient elevation of
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cytosolic free ([Ca^^Jj); both DAG and elevated [Ca^^], activate certain forms of 

protein kinase C (PKC), followed by further downstream signalling events. Recombinant 

P2Y receptors affeet a narrow range o f signalling pathways (PLC, AC), whereas 

endogenous receptors affect a much wider range o f intracellular signalling cascades, 

including phospholipase A] (PLA2), phospholipase D (PLD), mitogen activated protein 

kinase (MAPK), in addition to PLC and AC (King et a i ,  2000).

Six mammalian P2Y receptors have been cloned to date: P2Y], P2Y], P2 Y4, P2Y^, 

P2Yii and P2 Yi2. The lower case, p2y, is used for mammalian orphan receptors or 

functional non-mammalian receptor proteins without a mammalian homologue. The 

chick p2 y3 receptor may be the homologue o f the human P2 Yô receptor, whereas a 

mammalian homologue o f the Xenopus p2yg has not yet been identified. The putative 

p2ys, p2yv, p2yg and p2yio receptors turned out not to be ‘true’ members o f the P2Y 

receptor family: p2 y? was found to be identical with the leukotriene 8 4  receptor and the 

others, when expressed in appropriate cell lines with no intrinsic purinoreceptors, lost 

their sensitivity to ATP (Ralevic and Bumstock, 1998; King et a i ,  2000).

P2Y receptor

ExtracellularNHj

Intracellular

COOH

Figure 1.5

Structure of P2Y receptors.

P2Y receptors consist o f seven transmembrane domains, with an extracellular N-terminus 
and an intracellular C-terminus.
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P2Yi receptor

The P2Yi receptor is a receptor activated by adenine nucleotides (ADP and ATP), 

but not by uridine nucleotides (uridine 5’-diphosphate (UDP) and UTP). ADP is the 

most potent naturally occurring agonist, and whether ATP is a full, partial or inactive 

agonist remains debated and might be species-dependent. It is the only subtype for which 

significant progress has been made for high-affmity and selective synthetic agonists and 

antagonists, e.g. 2-methylthioADP (2-meSADP) is a highly potent agonist at the P2Yi 

receptor. The P2Yi receptor, which upon agonist binding mainly activates PLC through a 

Gq/ii-protein, is distributed widely throughout the body. It has been described in vascular, 

connective, immune and neural tissues. The presence of P2Y% receptors on vascular 

endothelium and smooth muscle implies a role in the regulation of vascular tone. A 

major functional role is the induction of platelet aggregation. Activation of the P2Y] 

receptor on platelets leads to platelet shape change, aggregation and [Ca^’̂ Jj rise. ADP, 

secreted from platelet dense granules, can also potentiate the aggregation response 

induced by other agents. Targeted disruption of the P2Y% receptor has been shown to 

result in impaired platelet aggregation and increased resistance to thrombosis (Fabre et 

a l, 1999; Leon et a l, 1999). However, there is also evidence for a second platelet ADP- 

receptor, coupled to inhibition of AC through G, proteins, with subsequent alterations in 

cAMP levels. Selective antagonists of the P2Yi receptor do not block ADP-induced 

inhibition of AC in platelets (Ralevic and Bumstock, 1998). The second receptor had 

tentatively been called P 2 Y a d p  (or P 2T or P 2 Y a c ) ,  but has recently been cloned and 

designated P2Yn (see below) (Hollopeter et a l, 2001).

P2 Y2 receptor

The P2Y2 receptor, formerly called ‘P2U receptor’, is activated by ATP and UTP with 

approximately equal potency and is insensitive to nucleoside diphosphates. The receptor 

is widely distributed in the body. Signal transduction mechanisms are mediated by both 

Gi/o and Gq/n proteins. The downstream signalling events seem to depend on the cell type 

involved, e.g. in airway epithelial cells, secondary to PLC activation and [Ca^^Jj
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mobilisation, Ca^’̂ -sensitive Cl' channels open up, driving fluid secretion (Cressman et 

a l, 1999). This could be of pathophysiological significance in patients with cystic 

fibrosis, a condition characterised by a failure to secrete Cl ions into the airways. 

Treatment of cystic fibrosis with the main P2Y2 agonist, UTP, is being 

pharmacologically explored (Stutts et a l, 1992; Cressman et a l, 1999).

P2 Y4 receptor

Earlier studies on the cloned human P2Y4 receptor suggested that this receptor is 

highly selective for UTP over ATP, and not activated by nucleoside diphosphates. 

However, more recent data on the cloned rat P2Y4 have shown that it is equally activated 

by UTP and ATP, resembling the P2Y2 activation profile. This could imply that some 

earlier P2Y2-like responses in rat tissues may in fact be partly mediated by the P2Y4 

receptor (Bogdanov et a l, 1998). P2Y4 seems to have a restricted distribution to the 

placenta, but mRNA has also been detected in vascular smooth muscle.

PlYô receptor

This receptor subtype is activated most potently by UDP, and weakly or not all by 

nucleoside triphosphates. P2Yô mRNA is found abundantly in various rat tissues such as 

thymus, lung, spleen and smooth muscle, but a physiological role has not yet been 

established.

P2 Yii receptor

This receptor seems to be the only cloned receptor selective for ATP, with ADP, 

UTP and UDP being weakly active or inactive. It couples both to Gq proteins, followed 

by activation of PLC, and to Gs proteins, followed by stimulation of AC. So far, receptor 

mRNA has only been detected in spleen and granulocytes.
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P2Yi2 receptor

This receptor was the last mammalian P2Y receptor subtype to be cloned (Hollopeter 

et a l, 2001). It was identified as the second platelet ADP receptor (the first being P2Yi), 

and couples to inhibition of AC through Gi proteins, a response that can be abolished by 

pertussis toxin. ADP activation of P2Yn is required for platelet aggregation, and 

represents the target of efficacious antithrombotic drugs such as clopidrogel. 

Interestingly, a patient with a bleeding disorder has been shown to have a defect in the 

gene encoding P2Yi2. In contrast to P2Yi, the P2Yi2 receptor has a more selective tissue 

distribution: it is expressed abundantly in platelets, and to a smaller extent in brain, but 

absent from all other tissues tested, which makes the receptor an attractive target for the 

development of new antithrombotic drugs.

Sources and fate of nucleotides

Nucleotides, which are present intracellularly at ~2-5 mM, are released into the 

extracellular fluid from a variety of sources. Due to its size and high density of charge, 

ATP cannot permeate membranes, but release of ATP has been observed from a variety 

of cells. Most of the research into potential mechanisms has focused on release of ATP 

itself, but ADP- and UTP release have also been reported. A number of cells release 

ATP upon mechanical stimulation, including tumour cells, platelets, red blood cells, 

endothelial cells, osteoblasts and chondrocytes (Alkhamis et a l, 1990; Bowler et a l, 

1998b; Lloyd et a l, 1999; Pedersen et a l, 1999).

There are three general mechanisms by which intracellular ATP can be released: (1) 

cytolysis; (2) vesicular release; and (3) ATP-binding cassette (ABC) proteins.

ATP release through cytolysis takes place after cell damage or cell death following 

physical or biological trauma, and can thus contribute to pathophysiological conditions. 

During trauma, nucleotides have been shown to attain levels as high as 20 pM (Bom and 

Kratzer, 1984), a concentration sufficient to activate all P2 receptor subtypes. In
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addition, activated platelets and leukocytes release ADP and ATP at sites of tissue injury 

and inflammation.

Vesicular release is the way ATP is released from nerve terminals, and possibly from 

some non-neuronal cells. In nerve terminals, ATP and other transmitters are stored in 

pre-synaptic vesicles and released through exocytosis during neurotransmission. Recent 

studies suggest that vascular endothelial cells, when subjected to shear stress, release 

ATP by vesicular transport (Bodin and Bumstock, 2001a).

ABC proteins have only recently been implicated in the release of ATP. They 

constitute a highly conserved family of ATP-dependent membrane transporters and 

consist of two cytoplasmic catalytic ATP-binding domains and two hydrophobic 

transmembrane domains, which form the translocation pathway for substrates such as 

amino acids, inorganic ions, sugars and proteins. The most common ABC proteins are the 

cystic fibrosis conductance regulator (CFTR), the sulfonylurea receptor and P- 

glycoprotein, product of the multidrug resistance protein gene. Although the concept that 

ABC proteins can also transport ATP itself across the membrane is still controversial, 

some studies, using specific blockers of ABC protein channels, suggest their involvement 

on different types of cells; e.g. ATP release by osteoblasts or Ehrlich ascites tumour cells 

can be inhibited by the addition of glibenclamide, a non-specific CFTR-blocker (Bowler 

et a l, 1998b; Pedersen et al., 1999). For a recent review on ATP release, see Bodin and 

Bumstock (2001b).

Once released, the action of nucleotides at their receptors is terminated by a cell 

surface-located enzyme cascade that sequentially degrades nucleoside 5’-triphosphates to 

their respective nucleoside 5’-di and -monophosphates, nucleosides and free phosphates 

or pyrophosphate, which can all appear in the extracellular fluid at the same time. In the 

case of adenine nucleotides, both adenosine and phosphate can be recycled by 

surrounding cells. If PI receptors are present on neighbouring cells, adenosine can 

initiate additional receptor-mediated functions. There is multiplicity of ecto-nucleotidases 

which belong to at least four different families with various subtypes in each family: 

ecto-nucleotide diphosphohydrolases (E-NTPDases), ecto-nucleotide pyrophosphatases
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(E-NPPs), ecto-alkaline phosphatases and ecto-5’-nucleotidases. To complicate matters, 

these enzymes have been shown to represent possible targets of P2 receptor antagonists, 

e.g. of suramin; thus, care must be taken in P2 receptor antagonist studies using suramin. 

For recent reviews on extracellular ATP metabolism, see Zimmermann and Braun (1999) 

and Zimmermann (2000).

The alternative possibility of ATP synthesis on cell membranes has received little 

attention to date. However, a new paper reports that combined treatment of endothelial 

cells with ATP and either AMP or ADP caused unexpected phosphorylation of 

nucleotides via the backward reactions AMP -> ADP -> ATP. This could be mediated 

by a number of ecto-enzymes, but ecto-nucleoside diphosphate kinase possessed the 

highest activity and was capable of using both adenine and non-adenine nucleotides as 

phosphate donors and acceptors. This data demonstrate the co-existence of opposite, 

ATP-consuming and ATP-generating, pathways on the cell surface, and provide a novel 

mechanism for regulating the duration and magnitude of purinergic signalling (Yegutkin 

et a l, 2001).

Physiological roles of ATP

Purinergic signalling plays important roles in nervous and non-nervous tissues, 

including both short-term, fast actions (neurotransmission and secretion), and long-term, 

slower, trophic actions (development and regeneration) (Bumstock, 1997).

Short-term purinergic signalling

ATP acts as a co-transmitter in many nerves of both peripheral and central nervous 

system. Sympathetic co-transmission of noradrenaline and ATP has been demonstrated 

in smooth muscle of the vas deferens and in blood vessels. Similarly, acetylcholine and 

ATP are co-transmitters in various peripheral and central synaptic terminals, including 

parasympathetic nerves supplying the urinary bladder and motor nerves of skeletal 

muscle, especially in developing myotubes. Sensory motor nerves can co-release ATP
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and calcitonin gene-related peptide and substance P. Neurones located in the myenteric 

plexus co-release ATP, NO and VIP, with the proportions varying in different regions of 

the gut. In the CNS, there is evidence that ATP is co-released with glutamate. For a 

complete review on purinergic co-transmission, see Bumstock (1999).

Other important short-term signalling mechanisms of ATP include the regulation of 

ion-transport in epithelial cells, the regulation of vascular tone by ATP acting on 

endothelial cells through P2Y receptors, the stimulation of insulin secretion by pancreatic 

p-cells, and also the regulation of immune cell function, e.g. modulation of cytokine 

release (Abbracchio and Bumstock, 1998).

Long-term purinergic signalling

There is increasing evidence that ATP, signalling through PI and P2 receptors, plays 

a major role in embryonic development and cell growth, proliferation and differentiation, 

acting both as a positive and negative regulator.

ATP and adenosine can play important roles from the beginning of life, e.g. some 

studies suggest that ATP serves as a key sperm-to-egg signal in the process of 

fertilisation (Foresta et a l, 1992). Developmentally regulated expression of P2 receptors 

has been demonstrated in a variety of tissues including chick muscle, retina and 

gastrointestinal tract, pointing to a critical role for P2 receptors in maturation and 

acquisition of highly specialised functions. As an example, we have recently shown that 

in developing rat skeletal muscle, timing of P2X2 receptor expression was closely related 

to the re-distribution of acetylcholine receptors to the motor end-plate (see appendix U: 

Ryten et a l, 2001). In many cases, once specialised tissue functions have been obtained, 

the receptors are not required anymore and likely to be desensitised. However, receptors 

and key signals might be expressed again, if necessary, under specific pathophysiological 

conditions, such as regeneration following trauma and injury. As an example, chick 

muscle regains its previously lost response to ATP after denervation followed by 

reinnervation (Wells et a l, 1995). Other studies suggest a role for P2Y receptors in the 

early formation of the nervous system (Bogdanov et a l, 1997).
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Nucleotides can both stimulate cell cycle progression and inhibit cell growth, 

depending on their concentration, the physiological state of target cells and receptor 

expression (Harada et a l, 2000). Stimulation of DNA synthesis and cell proliferation by 

extracellular nucleotides has been demonstrated in fibroblasts, thymocytes, kératinocytes, 

smooth muscle cells and haematopoietic cells amongst other cell types (Abbracchio and 

Bumstock, 1998). These effects seem to be mostly regulated by low ATP concentrations 

(micromolar range) acting via P2Y receptors linked to stimulation of PLC and 

subsequent [Ca^’̂ Ji increase. ATP can also act synergistically with various growth factors 

or hormones. The modulation of cell growth and proliferation may play crucial roles 

following trauma, stress and hypoxia. At sites of damage, nucleotide concentrations are 

massively increased and may thus contribute to the initiation of healing mechanisms, 

ultimately leading to tissue repair and regeneration.

In contrast to its mitogenic actions, ATP at higher (millimolar) concentrations can 

induce apoptosis in a number of cell types, including thymocytes, osteoblasts and 

osteoclasts, probably by acting via the cytolytic P2Xy receptor (Morrison et a l, 1998; 

Gartland et a l, 2001). ATP also exhibits anti-cancer activity, probably due to direct 

actions of ATP on the tumour tissue, as demonstrated by studies both in vivo and on 

cultured tumour cell lines (for a review, see Abbracchio and Bumstock, 1998).

Signalling via ATP has also been implicated in wound healing, inflammation and 

ischemia, mostly to assist in damage repair, but pro-inflammatory actions have also been 

reported (for a complete review on pathophysiology, see Abbracchio and Bumstock, 

1998).
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P2 RECEPTORS IN BONE

There is now growing evidence that extracellular nucleotides, signalling through P2 

receptors, play an important role in bone remodelling, I will give a very brief overview 

on the most important findings here and discuss more details in the experimental chapters 

that follow.

The first evidence that osteoclasts respond to nucleotides came from observations 

that ATP elevated [Ca^^Ji in rabbit osteoclasts, and that these elevations were at least 

partly due to activation of G proteins, consistent with the involvement of P2Y receptors 

(Yu and Perrier, 1993a; Yu and Perrier, 1994). Experiments about four years ago 

provided the first electrophysiological evidence for the co-existence of both P2X and 

P2Y receptors on bone resorbing cells (Weidema et a l, 1997); however, nucleotide- 

induced elevation of [Câ '̂ Ji has now been shown to arise primarily through activation of 

P2Y receptors (Weidema et a l, 2001). There is in situ hybridisation evidence for the 

expression of the P2Y% receptor on osteoclasts derived from human osteoclastoma 

(Bowler et a l, 1995). However, the same group later reported that the effects of ATP on 

resorption pit formation by these osteoclast-like cells are not mediated via the P2Y] 

receptor (Bowler et a l, 1998a), suggesting that this action is mediated by a P2 receptor 

other than the P2Y] subtype, functional studies from our lab showed that ATP, at low 

concentrations, stimulates bone resorption in synergism with low pH, suggesting an 

involvement of the P2X2 receptor (Morrison et a l, 1998).

A number of early studies have shown that ATP and other nucleotides signal through 

P2 receptors to induce [Ca^^]j rises and subsequent formation of IP3 in various 

transformed osteoblast-like cell lines and human bone derived osteoblasts (Kumagai et 

a l, 1991; Schôfl et a l, 1992). Later studies suggested that both rat UMR-106 

osteosarcoma cells and human osteoblasts express mixed populations of P2 receptors 

(probably P2Y with a proportion of receptor subtypes that varies between individual 

cells) (Yu and Perrier, 1993b; Dixon et a l, 1997). The existence of multiple P2Y 

receptors in bone and osteoblasts was confirmed by molecular studies (Bowler et a l.
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1995; Maier et a l, 1997). Additionally, osteoblasts have been shown to release ATP 

under shear stress (Bowler et a l, 1998b).

Similarly to osteoblasts and osteoclasts, chondrocytes respond to extracellular 

nucleotides with large elevations of [Câ "̂ ],, mostly by release from intracellular stores, 

consistent with the presence of P2Y receptors (D'Andrea and Vittur, 1996; Kaplan et a l, 

1996). Nucleotides may play a role in regulating chondrocyte activity under both 

physiological and pathophysiological conditions, as will be discussed later.

The functions of extracellular nucleotides in regulating osteoblast and osteoclast 

activity are not well understood: roles of ATP in osteoclastogenesis, osteoclastic

resorption and osteoblastic proliferation, as well as inhibition of appositional bone 

formation, have been suggested. However, the role of individual receptor subtypes in 

bone remodelling has not been clearly identified.
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CHAPTER 2

EXPRESSION OF P2 RECEPTORS IN BONE AND 

CULTURED BONE CELLS

INTRODUCTION

There is growing evidence that ATP may function as an important local signalling 

molecule in bone and cartilage. Cross-inhibition studies with different agonists suggested 

that a mixed population of P2 receptors exists on rat osteoblast-like cells (Yu and Ferrier, 

1993b). Heterogeneity of receptor expression was also demonstrated within a population 

of human osteoblasts, probably reflecting differences in the differentiation status of 

individual cells (Dixon et a l, 1997). The existence of P2 receptors on chondrocytes was 

demonstrated by the work of Russell and colleagues (Caswell et a l, 1991; Leong et a l,

1994). Cultured osteoblasts, as well as chondrocytes, are capable of releasing ATP 

constitutively at concentrations that may activate P2 receptors in the local 

microenvironment (Hatori et a l, 1995; Bowler et a l, 1998b; Lloyd et a l, 1999).

Initial studies using cultured rabbit osteoclasts indicated that exogenous ATP was 

able to elicit an intracellular Ca^  ̂pulse via two different pathways: Ca^  ̂ influx across the 

cell membrane via Ca^  ̂channels, and G protein-coupled internal Câ "̂  release (Yu and 

Ferrier, 1993a; Yu and Ferrier, 1994). In addition, ATP induced a transient intracellular 

pH decrease in osteoclasts that was Ca^^-independent (Yu and Ferrier, 1995). 

Electrophysiological experiments provided evidence for the co-expression of P2X and 

P2Y receptors on rat osteoclasts, ATP activating both non-selective cation channels and 

Ca^^-dependent channels (Weidema et a l, 1997). However, nucleotide-induced 

elevation of [Ca^^]i has now been suggested to arise primarily through activation of P2Y
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receptors (Weidema et a l, 2001). Using in situ hybridisation, the work of Bowler and 

colleagues showed that the P2Y2 receptor was expressed on osteoclasts derived from 

human giant cell tumours (Bowler et a l, 1995). The same group also reported that ATP 

exerted a small stimulatory effect on resorption pit formation by giant cell tumour 

osteoclasts, but that this effect was not mediated by the P2Y2 receptor (Bowler et a l, 

1998a). Recent functional studies showed the potent stimulatory effect of ATP on the 

formation and resorptive activity of normal mammalian osteoclasts (Morrison et a l, 

1998). The stimulatory effect on resorption was amplified greatly when osteoclasts were 

activated by culture in acidified medium, which may be consistent with the involvement 

of the P2X2 receptor subtype, the only receptor of this family that requires extracellular 

acidification to show its full sensitivity to ATP (King et a l, 1996).

However, despite the identification of numerous P2Y receptors on bone and 

osteoblasts by molecular studies {in situ hybridisation for P2Y2 and RT-PCR for all 

mammalian P2Y receptors (Bowler et a l, 1995; Maier et a l, 1997; Bowler et a l, 

1998a)), the exact distribution of P2 receptors in bone, especially the presence or absence 

of P2X receptors, remains to be characterised.

In this chapter, a novel set of polyclonal antibodies against P2X 1.7 receptors supplied 

by Roche Bioscience (Palo Alto, CA, USA), an anti-P2Y% antibody donated by Dr Matute 

(Leioa, Spain), new anti-P2Yi,2,4 antibodies that have only recently become 

commerciably available from Alomone Labs (Jerusalem, Israel), and oligonucleotide 

probes corresponding to P2X2.4 and P2Yi,2,4,6 mRNAs were used to investigate the 

expression of P2 receptors in sections of neonatal rat bone and in cultured rat bone cells 

by immunohistochemistry and in situ hybridisation.
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MATERIALS AND METHODS 

Tissue Preparation

2-day-old neonatal Sprague-Dawley rats were killed by cervical dislocation. Long 

bones and calvariae were removed immediately, transferred to Hanks Balanced Salt 

Solution (HESS), placed onto a cork block, embedded in Tissue-Tek® (Sakura Finetek, 

Netherlands), rapidly frozen in liquid nitrogen-cooled isopentane and stored in liquid 

nitrogen. Cryostat sections (10 pm) of undecalcified, unfixed bone were prepared and 

collected on gelatin-coated or polysine-coated slides (BDH/Merck, UK) for 

immunocytochemistry or in situ hybridisation, respectively. Sections were kept frozen 

until used, and air-dried at room temperature prior to use. Unless otherwise specified, all 

reagents were purchased from Sigma (UK).

Cell Culture

Primary rat osteoblastic cells were obtained by sequential enzyme digestion of 

excised calvarial bones from 2-day-old neonatal Sprague-Dawley rats using a 3-step 

process (1% trypsin for 10 minutes (min); 0.2 % collagenase type II for 30 min; 0.2 % 

collagenase type II for 60 min, all at 37°C), rejecting the first two digests. The cells were 

resuspended in Dulbecco’s Modified Eagle Medium (DMEM) with Glutamax® + 10% 

foetal bovine serum (FBS), 100 U/ml penicillin, 100 pg/ml streptomycin and 0.25 pg/ml 

amphotericin B (GIBCO, UK), seeded at a concentration of 2x10^ cells/chamber on 

LabTek 8 chamber slides (Nunc Life Technologies, UK) and incubated in a humidified 

atmosphere of 5% CO2 -  95% air for two to four days (d) until confluence. At 

confluence, these cells were mainly strongly positive for alkaline phosphatase, as 

assessed by cytochemical staining (Sigma Kit 86C).

Mixed cell populations containing osteoclasts were obtained by rapidly mincing the 

excised long bones of 2-day-old neonatal Sprague-Dawley rats (killed by cervical 

dislocation), in Minimum Essential Medium (MEM) + 10% FBS (GIBCO, UK), 

followed by vortexing. The resulting cell suspension was allowed to sediment for 60 min
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onto LabTek 8 chamber slides. Chambers were rinsed twice with phosphate buffered 

saline (PBS) before incubation with MEM for 4 hours (h) in a humidified atmosphere of 

5% CO2 -  95% air. Cultures were fixed in 4% paraformaldehyde in 0.1 M PBS and 

processed for in situ hybridisation or immunocytochemistry.

Immunocytochemistry

The immunogens used for production of polyclonal P2X antibodies were synthetic 

peptides corresponding to 15 AA in the intracellular C-termini of the cloned rat P2X 

receptors, covalently linked to keyhole limpet haemocyanin. The peptide sequences are 

as follows:

P2Xi: AA 385-399, ATSSTLGLQENMRTS 

P2X2: AA 458-472, QQDSTSTDPKGLAQL 

P2 X 3 : AA 383-397, VEKQSTDSGAYSIGH 

P2 X4 : AA 374-388, YVEDYEQGLSGEMNQ 

P2 X 5 : AA 437-451, RENAIVNVKQSQILH 

P2X6: AA 357-371, EAGFYWRTKYEEARA 

P2X?: AA 555-569, TWRFVSQDMADFAIL

The polyclonal antibodies were raised by multiple monthly injections of New 

Zealand rabbits with the peptides (performed by Research Genetics, USA). The 

specificity of the antisera was verified by immunoblotting with membrane preparations 

from CHO K1 cells expressing the cloned P2X].? receptors. Antibodies recognised only 

one protein of the expected size in the heterologous expression systems, and were shown 

to be receptor-subtype-specific (Oglesby et a l, 1999). Antibodies were kept frozen at a 

stock concentration of 1 mg/ml.

Polyclonal anti-P2Yi, P2Y2, and P2Y4 antibodies were obtained from Alomone Labs 

(Israel), and corresponded to the third extracellular loop of the P2Yi (AA 242-258) and 

P2Y2 receptor (AA 227-244), and to the intracellular C-terminus of the P2Y4 receptor
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(AA 337-350). Antibodies were kept frozen at a stock concentration of 0.6 mg/ml (P2Yi, 

P2Y2) or 0.3 mg/ml (P2Y4).

For immimostaining of cryostat sections, the avidin-biotin technique was employed 

according to the protocol developed by Llewellyn-Smith et al. (1992, 1993). Air-dried 

serial sections of bones were fixed in 4% formaldehyde and 0.02% picric acid in 0.1 M 

phosphate buffer (pH 7.4) for 2 min. After washing in PBS for 20 min, endogenous 

peroxidase activity was blocked by treating the sections with 0.5% H2O2 and 50% 

methanol for 10 min. Non-specific binding sites were blocked by 20 min pre-incubation 

in 10% normal horse serum (NHS; Harlan Sera-Lab, UK) in PBS containing 0.05% 

merthiolate, followed by incubation with the primary antibodies diluted 1:100 or 1:200 in 

antibody diluent (10% NHS in PBS + 2.5% sodium chloride (NaCl)) at 4°C overnight. 

Subsequently, the sections were incubated with biotinylated donkey anti-rabbit IgG 

(Jackson ImmunoResearch Lab, USA) diluted 1:500 in 1% NHS in PBS for 1 h, and then 

with ExtrAvidin peroxidase diluted 1:1000 in PBS for 1 h at room temperature. For 

colour reaction, a solution containing 0.05% 3,3’-diaminobenzidine 0.04% nickel 

ammonium sulfate, 0.2% p-D-glucose, 0.004% ammonium nitrate, and 1.2U/ml glucose 

oxidase in 0.01 M PBS was applied for 6 min. Contrast Green (Kirkegaard & Perry 

Laboratories, USA) was used as a counterstain. Sections were washed three times with 

PBS after each of the above steps except after the pre-incubation with 10% NHS. After 

the last wash, sections were dehydrated twice in isopropanol and mounted with Bukitt 

(BDH, UK). Control experiments were carried out with primary antibody, secondary or 

tertiary stages omitted from the staining procedure, and the primary antibodies pre­

absorbed with the corresponding peptides. For the latter, 1.5 pi of anti-P2X antibodies (at 

1 mg/ml) were incubated overnight at 4°C with 24 pi of the respective peptide at 

5 mg/ml. 275 pi of NHS was added to give 300 pi of a 5 pg/ml concentration of the 

antibodies. This solution was centrifuged for 15 min at 13,000 rpm and the supernatant 

used for immunohistochemistry.

For immunofluorescent staining of the cells with the P2X 1.7 and P2Y], 2,4 antibodies, 

fixed cells were treated with methanol at -20°C for 7 min. The cells were pre-incubated
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in 10% NHS in PBS for 30 min at room temperature, followed by incubation with the 

primary antibodies diluted 1:100 to 1:200 in 10% NHS in PBS at 4°C overnight. 

Biotinylated donkey anti-rabbit IgG, diluted 1:500 in 1% NHS in PBS, was applied for 1 

h followed by fluorescein- or Texas Red-labelled streptavidin (Amersham International, 

UK) diluted 1:200 in PBS for 1 h at room temperature.

The affinity purified anti-P2Yi antibody was a kind donation of Dr Carlos Matute, 

Leioa, Spain (Moran-Jimenez and Matute, 2000). For immunostaining with this 

antibody, fixed cultured osteoclasts were pre-incubated in 10% NHS and 0.1 % Triton X- 

100 in PBS for 30 min at room temperature, followed by overnight incubation at 4°C 

with 2 fag/ml anti-P2Yi in the same solution. Biotinylated donkey anti-rabbit IgG, diluted 

1:500 in 1 % NHS in PBS and 0.1 % Triton X-100, was applied for 1 h, followed by 

fluoresceinated streptavidin, diluted 1:200 in PBS for 1 h at room temperature. Control 

experiments were carried out with antiserum which had been preabsorbed overnight at 

4°C with the immunogenic peptide (15 pM = 31 pg/ml) (Moran-Jimenez and Matute, 

2000).

Western blot

Specificity of the P2X2 antibody was tested by immunoblotting with rat calvarial 

osteoblastic cell extracts. Cells were grown to confluence as described above, rinsed 

with PBS and lifted from the culture plates with PBS containing 0 .2% ethylen-diamine 

tetraacetic acid (EDTA), and spun down; the cell pellet was resuspended in 1ml of ice 

cold RIPA buffer (PBS containing 1% Nonidet, 0.5% deoxycholate, 0.1% sodium 

dodecylsulphate (SDS), O.lmg/ml phenylmethylsulfonylfluoride, 30pl/ml aprotinin and 

ImM sodium ortho vanadate). These lysates were passed through a 21-gauge needle to 

sheer DNA and were then spun for 10 min, at 4°C. The supernatants were used for 

Western blotting in a Mini-Protean 2 Electrophoresis and Trans-Blotting Cell (Bio-Rad, 

USA), according to the manufacturer’s instructions.

Proteins were loaded on Tris-HCl Ready Gels (10% gel) (Bio-Rad) and run under 

reducing conditions (10% SDS and 26 mM dithiothreitol). Biotinylated molecular
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weight markers were obtained from Sigma (B2787). Proteins were transferred onto a 

Hybond ECL-nitrocellulose membrane (Amersbam International, UK). The 

nitrocellulose was blocked at room temperature in PBS containing 3% milk powder and 

0.05% Tween 20, and then incubated in the same solution containing 2.5pg/ml P2X2 

antibody overnight at 4°C. For detection, the ECL cbemiluminescence method was 

performed, using a biotinylated donkey anti rabbit IgG, peroxidase-linked streptavidin 

and ECL Western Blotting reagents (all purchased from Amersbam International, UK). 

The signal was visualised on a Hyperfilm ECL and scanned with an Umax Powerlook 2 

flatbed scanner.

The Western blot was kindly performed by Rainer Glass at the AM.

In situ hybridisation

Anti-sense oligonucleotides (45-mer) directed against receptor subtype-specific 

sequences were designed for use in in situ hybridisation experiments. These sequences 

correspond to the C-terminal 15 AA of the rat P2X2 and P2X4 subtypes, the peptidic 

sequences used for the generation of the anti-peptide antibodies, and against the third 

extracellular domain of the rat P2Yi, P2Y2, P2Y4 and P2Yô subtypes. The 

oligonucleotide sequences are as follows:

P2 X2 : 5'-AGTTGGGCCAAACCTTTGGGGTCCGTGGATGTGGAGTCCTGTTG-3’

P2 X4 : 5'-CTGGTTCATCTCCCCCGAAAGACCCTGCTCGTAGTCTTCCACATA-3'

P2Y, : 5'-AGGTGGCATAAACCCTGTCGTTGAAATCACACATTTCTGGGGTCT-3'

P2Yz: 5'-GATGGCGTTGAGGGTGTGGCAACTGAGGTCAAGTGATCGGAAGGA-3'

P2 Y4 : 5'-GACAATGTTCAGCACATGACAGTCAGCTTGCAACAGTCTTGCCTG-3'

P2Y6: 5 -TGCCTTTGTAGGCTGCAGCGAAGGTCTCCAGTACCGGGCAAGAGA-3’

The above primers were labelled at the 3' end with digoxigenin dUTP using an 

oligonucleotide tailing kit (Roche Diagnostics, UK). Digoxigenin, a naturally occurring 

plant steroid, is not found in animal tissues, so cytoplasmic localisation of the 

immunoproduct is considered to be specific.
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Following fixation in 4% formaldehyde in PBS for 10 min, slides containing sections 

or cultured cells (LabTek chamber slides) were dehydrated in graded ethanol and air- 

dried. The hybridisation buffer contained 2x SSC buffer (GIBCO, UK), O.lmg/ml 

sheared and denatured salmon sperm DNA, O.lmg/ml tRNA, 50% deionized formamide, 

Ix Denhardt’s solution and 1 ng/pl digoxigenin-labelled probe. Before hybridisation, 

pre-hybridisation was done at 37°C for 2 h in a humidified chamber in hybridisation 

buffer without digoxigenin-labelled probe. The slides were then incubated at the same 

temperature for 16 h with digoxigenin-labelled probe.

After washing with decreasing salt solutions (twice with 2x SSC for 5 min at room 

temperature, twice with 2x SSC for 15 min at 37°C, twice with Ix SSC for 15 min at 

37°C, twice with 0.5x SSC for 30 min at 37°C), slides were blocked in 2% normal sheep 

serum (NSS) in wash buffer (0.1 M Tris-HCl, 0.15 M NaCl; pH 7.4) for 2 h at room 

temperature. They were then incubated with anti-digoxigenin antibody (diluted 1:1000 to 

1 pg/ml in 2% NSS in wash buffer) conjugated with alkaline phosphatase for 2 h. The 

colour reaction was made with 45pi 4-nitro blue tétrazolium salt, 3 5pi 5-bromo-4-chloro-

3-indolyl-phosphate solution in 10ml detection buffer (0.1 M Tris-HCl, 0.1 M NaCl, 0.05 

M MgCL; pH 9.5) in the dark for up to 16 h. Negative controls were performed by 

hybridising in the presence of 100-fold excess of unlabelled probe, and by hybridising 

without adding the labelled probe.
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RESULTS

Immunocytochemical localisation of P2Xi_7 receptors

Sections of neonatal rat long bones and calvariae showed different staining patterns 

with each P2X receptor antibody. In long bones and calvariae, osteoblasts on bone 

surfaces and chondrocytes showed specific immunostaining for P2X2 and P2Xs receptors, 

whereas in control preparations pre-treated with the relevant P2X-peptide, 

immunostaining was abolished or greatly reduced (Figs. 2.1 F,G and 2.4 A,B,C,D).

Specific immunostaining for the P2X% receptor was only observed in smooth muscle 

cells of blood vessels. No specific immunostaining for either P2X3, P2X4 or P2Xô 

receptors was seen in sections of long bones and of calvariae; however, adjacent skeletal 

muscle tissue was strongly positive for P2Xe . Antibodies against P2X? produced no 

staining in bone, but strong staining in the adjacent keratinising and exfoliating layers of 

skin.

Fluorescence techniques revealed immunostaining for P2X receptors in osteoclasts 

isolated from neonatal rat long bones, and in primary rat calvarial osteoblastic cells. In 

osteoclasts, the most prominent immunostaining was observed with the P2X] antibody 

(Fig. 2.1 A,B); in controls pre-treated with the P2X2 peptide, staining was completely 

abolished (Fig. 2.1 D). Cytoplasmic staining was observed using the P2X4 antibody in 

osteoclasts (Fig. 2.3 D). A small proportion of cultured osteoclasts also showed nuclear 

staining with anti-P2X4 antibody. However, in control preparations, the cytoplasmic 

staining was abolished, whereas nuclear staining remained, indicating that this was non­

specific (Fig. 2.3 E). Strong nuclear staining was seen with the P2X? antibody (Fig. 2.5 

A); in control preparations the reaction was greatly reduced (Fig. 2.5 B). No specific 

immunostaining was observed for P2Xi, P2X3, P2Xs or P2Xô receptors in cultured 

osteoclasts.

Rat osteoblastic cells cultured from neonatal rat calvariae showed strong staining 

with anti-P2X2 and anti-P2X$ antibodies (Fig. 2.4 E); in controls pre-treated with the
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corresponding peptides, staining was completely abolished or reduced, respectively (Fig. 

2.4 F). No specific immunostaining was observed for P2Xi, P2X3, P2X4, P2Xô or 'P2X  ̂

receptors in cultured osteoblasts.

To verify the novel finding o f abundant P2X] expression in bone, immunoblotting 

was performed with rat calvarial osteoblastic cells. A single P2X2-reactive band at 

approximately 70-80 kDa was detected (Fig. 2.2). This band was in the expected weight 

range, as determined by immunoblotting with membrane fractions o f cell lines expressing 

recombinant P2X2 receptors (Oglesby et a l ,  1999).

In situ hybridisation

The expression of P2X2, P2X4, P2Yi, P2Y2, P2Y4 and P2Yô mRNAs was 

investigated in sections o f rat long bone and calvariae, and in cultured rat osteoclasts and 

osteoblastic cells. In situ hybridisation on long bone and calvarial sections, using P2X2, 

P2Yi and P2Y2 receptor probes, revealed intense, specific localisation over osteoblasts 

on bone surfaces and over chondrocytes, both in the growth plate in long bones and in 

cartilage in the skull (Figs. 2.1 H, 2.6 E and 2.7 A). Use o f the P2X4, P2Y4 and P2Yô 

receptor mRNA probes resulted only in weak signals that were not consistently detectable 

in bone sections (Fig. 2.3 A). Negative controls o f serial sections performed by 

hybridising in the presence o f 100-fold excess o f unlabelled probe significantly reduced 

the signals for all probes (Figs. 2.1 K, 2.6 F and 2.7 B).

On rat osteoclasts, in situ hybridisation revealed intense specific localisation of P2X2, 

P2X4, P2Yi and P2Y2 receptor mRNAs (Figs. 2.1 C, 2.3 B, 2.6 A,B and 2.7 C, ), 

whereas the P2Y4 and P2Yô receptor probes and negative controls showed significantly 

less staining (Figs. 2.1 E, 2.3 C, 2.6 C and 2.7 D). P2X2, P2Yi and P2Y2 receptor

mRNAs were also highly expressed on primary rat calvarial osteoblastic cells (Fig. 2.7 

E), in contrast with P2X4, P2Y4 and P2Yô receptor mRNAs, which were undetectable. 

Negative controls showed reduced staining of cultured osteoblasts (Fig. 2.7 F).

75



Immunocytochemical localisation of P2Y] 2,4 receptors

Due to the limited availibility of the anti-P2Yi antibody donated from Dr Matute 

(Leioa, Spain), the expression of the P2Yi receptor protein was originally only studied in 

cultured rat osteoclasts. Immunocytochemistry revealed intense specific localisation of 

P2Y1 receptor protein in cultured osteoclasts (Fig. 2.6 D).

However, recently, anti-P2Yi, 2,4 antibodies have become commercially available and 

thus been tested on bone sections and cultured osteoblasts. They confirm the findings of 

the in situ hybridisation results: osteoblasts, both in culture and in sections, and 

chondrocytes show positive staining for P2Yi (Fig. 2.6 G,H) and P2Y] (Fig. 2.7 G,H) 

receptors, whereas no staining was observed with the P2Y4 antibody. Negative controls 

showed greatly reduced staining.

The results of this chapter are summarised in Table 2.1.

Cell type R ece^d fexp ress ipn

Osteoclasts P2 X2 P2 X4 P2Xy P2Yi P2 Y2

Osteoblasts P2X2 P2Xs P2Yi P2Y2

Chondrocytes P2Xz P2Xs P2Yi P2Y2

Table 2.1

Expression of P2X and P2Y receptors on bone cells
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Figure 2,1

Localisation of P2X% receptor subtype on bone sections and bone cells.

(A, B, D) Specific immunostaining of cultured rat osteoclasts with anti-P2X2 antibody, 
visualised with fluorescein (A) or Texas Red (B), which was abolished after pre­
absorption of anti-P2X2 antibody with P2X2 peptide (D). (C, E) Specific in situ 
localisation of P2X2 receptor probe on cultured rat osteoclast (C) was almost abolished in 
control preparations hybridised in the presence of excess unlabelled probe (E). (F, G) 
Serial sections of rat calvaria showing immunostaining of osteoblasts (arrows) and 
chondrocytes (arrowheads) with anti-P2X2 antibody (F); immunostaining of osteoblasts 
(arrows) and chondrocytes (arrowheads) in control rat calvarial section was almost 
abolished after pre-absorption of anti-P2X2 antibody with P2X2 peptide (G). (H, K) 
Specific in situ localisation of P2X2 receptor probe on osteoblasts (arrows) and growth 
plate chondrocytes (arrowheads) in rat long bone section (H); localisation was greatly 
reduced in control preparations hybridised in the presence of excess unlabelled probe 
(K). Scale bars = 25 pm (A,B,D,E) and 50 pm (C,F,G,H,K).
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Figure 2.2

Western blotting of rat calvarial osteoblastic cell lysates.

The blot was probed with polyclonal anti-rat FIX] antibody. A 
single P2X2-reactive band of approximately 70-80 kDa was 
detected. Molecular weight markers are indicated on the left 
side.
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Figure 2.3

Localisation of P2 X4 receptor
subtype on rat osteoclasts.

(A) In situ hybridisation on rat long 
bone sections revealed no localisation 
of P2X4 receptor mRNA on 
osteoblasts (arrow) or chondrocytes 
(arrowhead). (B) Specific in situ
localisation of P2X4 receptor probe on 
cultured rat osteoclast. (C) Control rat 
osteoclast hybridised in the presence 
of excess unlabelled probe showed 
greatly reduced localisation of P2X4 
receptor probe. (D) Strong 
cytoplasmic immunostaining on
cultured rat osteoclast with anti-P2X4 
antibody, visualised with fluorescein. 
(E) Reduced anti-P2X4 immuno­
staining in control rat osteoclast 
preparations pre-absorbed with P2X4 
peptide. Scale bars = 50pm (A) and 
25pm (B-E).
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Figure 2.4

Localisation of P2Xg receptor subtype on rat bone sections and cultured rat 
osteoblasts.

(A, B, C, D) Immunostaining with anti-P2X$ antibody on serial sections of rat calvariae 
(A, B) and rat long bone (C, D). (A, C) Localisation of immunostaining on osteoblasts 
(arrows) lining the bone surface, and on chondrocytes (arrowheads), which was almost 
abolished in control sections (B, D) pre-absorbed with P2X5-peptide. (E) Strong 
immunostaining in cultured rat calvarial osteoblastic cells with anti-P2X$ antibody, 
visualised with fluorescein. (F) Immunostaining on cultured osteoblastic cells was 
greatly reduced in control preparation pre-absorbed with P2Xs-peptide. Scale bars = 
50pm (A-F).
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Figure 2.5

Localisation of P2X? receptor subtype on cultured rat osteoclast, visualised with 
fluorescein.

(A) Strong nuclear immunostaining of rat osteoclasts with anti-PZX? antibody, which was 
almost abolished in control cell (B) pre-absorbed with PZXy-peptide. Scale bars = 25pm 
(A, B).
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Figure 2.6

Localisation of P2Y, receptor subtype in rat long bone sections and on cultured 
bone cells.

(A, B, E) Specific in situ localisation of P2Yi receptor probe on cultured rat osteoclasts 
(A, B) and on osteoblasts lining the bone surface (arrows) in frozen rat long bone section 
(E). (C, F) Localisation on cultured rat osteoclast (C) and on osteoblasts in long bone 
section (F) was reduced greatly in control preparations hybridised in the presence of 
excess unlabelled probe. (D) Immunocytochemistry with P2Y i antibody (donation from 
Dr Matute, Spain) revealed specific staining in cultured rat osteoclast. (G, H) Specific 
immunostaining in rat osteoblasts with anti-P2Y i antibody (Alomone Labs), both in 
culture of primary rat calvarial osteoblasts, visualised with fluorescein (G), and on rat 
long bone sections (arrows) (H). Chondrocytes in long bone sections showed positive 
immunostaining as well (arrowheads) (H). Scale bars = 20 pm (A,B,C,D) and 50 pm (E, 
F, G, H).
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Figure 2,7

Localisation of P2Y2 receptor subtype in rat long bone sections of and on cultured 
bone cells.

(A) Specific in situ localisation of P2Y2 receptor probe on osteoblasts lining the bone 
surface (arrows) and on chondrocytes in the growth plate (arrowhead). (B) Signal was 
greatly reduced in osteoblasts (arrows) and chondrocytes (arrowhead) in control 
preparation hybridised in the presence of excess unlabelled P2Y2 probe. (C, D) Specific 
in situ localisation of P2Y2 receptor probe on cultured rat osteoclast (C), which was 
almost abolished in control (D) hybridised in the presence of excess unlabelled P2Y2 
probe. (E, F) Specific in situ localisation of P2Y2 receptor probe on cultured primary 
osteoblastic cells from rat calvaria (E), which was almost abolished in control (F) 
hybridised in the presence of excess unlabelled P2Y2 probe. (G, H) Strong 
immunostaining in rat calvarial osteoblastic cells with anti-P2Y2 antibody, both in 
culture, visualised with fluorescein (G), and in rat long bone sections (arrows) (H). 
Chondrocytes in long bone sections were immunopositive as well (arrowheads) (H). 
Scale bars = 50 pm (A,B,G,H) and 25pm (C,D,E,F).
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DISCUSSION

In this study the first direct evidence for the expression of the P2X2 receptor in bone 

cells was obtained, using immunocytochemistry and in situ hybridisation techniques. 

Earlier studies on the general distribution of P2X subunits suggested that the P2X] 

subunit is located primarily in neural tissues in the central and peripheral nervous 

systems, but it has now been found to be present in other tissues, including vascular 

smooth muscle (King, 1998). The present study demonstrates immunostaining and in 

situ hybridisation signals for the P2X2 receptor on bone sections and on cultured bone 

cells, including osteoclasts and primary cultures of osteoblastic rat calvarial cells. The 

finding of the P2X2 receptor subtype on osteoclasts, shown by two independent methods, 

is of particular interest and will be discussed further in Chapter 5.

In addition to P2X2, the expression of the P2X4 receptor subtype was also detected 

in osteoclasts by immunocytochemistry and in situ hybridisation, in agreement with a 

recent report that detected P2X4 receptor mRNA in rabbit osteoclasts by PGR (Naemsch 

et a l, 1999). This study also reported electrophysiological evidence for the P2X4 

receptor: ATP caused a rapidly activated, non-selective inward cation current, which was 

insensitive to suramin and potentiated by Zn^ .̂ These characteristics are consistent with 

the P2X4 receptor, and the authors thus concluded that P2X4 might mediate the 

stimulatory effect of ATP on bone resorption. However, their results were not entirely 

conclusive because ADP, a,P-meATP and p,y-meATP, which are not agonists at the 

P2X4 receptor, also evoked inward currents in a subpopulation of osteoclasts (Naemsch 

et a l, 1999), pointing to the involvement of other receptor subtypes, and Zn^^ has also 

been shown to potentiate responses of ATP at the P2X2 receptor (Wildman et a l, 1998).

My immunocytochemical studies also revealed positive immunostaining for the P2X5 

receptor subtype on osteoblasts, both in culture and in bone sections. This agrees with a 

recent study demonstrating P2X$ expression in human osteoblast-like cells by PGR; 

however, in contrast to my results, P2X4, P2Xg and P2X? expression were also reported, 

but no evidence for P2Xi, P2X2 and P2Xg was found. Based on additional experiments.
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the authours suggested that the P2X$ receptor might be responsible for the mitogenic 

effects of ATP on osteoblasts (Nakamura et a l, 2000). Earlier studies of stratified 

epithelia showed that P2Xs immunoreactivity was indeed restricted to the metabolically 

active, differentiating cell layers in epithelia and hair follicles, while P2X? receptors were 

associated with keratinising cells undergoing cell death (Groschel-Stewart et a l, 1999). 

Thus, P2X5 receptors may also participate in the regulation of osteoblastic differentiation 

and proliferation. The effects of ATP on osteoblastic function will be further explored in 

Chapter 4.

Cultured osteoclasts showed nuclear immunostaining for the P2X? receptor subtype. 

P2X? (formerly P2Z) is a bifunctional receptor which, in the absence of divalent cations, 

mediates the formation of large cytolytic membrane pores. The function of this receptor 

has thus been associated with lytic and apoptotic events (Surprenant et a l, 1996; 

Bumstock, 1997). Osteoclasts, and recently also human osteoblasts, have been reported 

to die in a manner reminiscent of apoptosis when exposed to high concentrations of ATP 

(1-2 mM) (Morrison et a l, 1998; Gartland et a l, 2001b). The latter study also described 

the expression of P2X? at the mRNA and protein level on primary human osteoblasts and 

SaOS-2 cells (human osteosarcoma cell line). This contrasts with my results, finding no 

evidence for P2X? expression on rat osteoblasts, and with an earlier study reporting that 

high ATP concentrations caused formation of pores in murine osteoclasts and 

macrophages, but not in osteogenic or chondrogenic cells (Modderman et a l, 1994).

However, apart from programmed cell death, P2X? receptors could also be involved 

in a different, crucial process in osteoclast biology: the receptor has been implicated in 

the formation of multinucleated giant cells by mediating the fusion of murine 

macrophage-like cells (Chiozzi et a l, 1997). It is therefore conceivable that fusion of 

osteoclast (and/or macrophage-) precursors is initiated by P2X?-mediated pore formation 

in the membranes of adjacent cells, which could lead to the development of cytoplasmic 

bridges and cell fusion. Preliminary results on osteoclasts do indeed support this 

hypothesis (Gartland et a l, 2001a). Similar to my findings, a nuclear localisation of the 

P2Xy receptor subtype has recently been reported for epithelial cells using the same
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polyclonal antibody (Groschel-Stewart et a l, 1999). The functional significance of this 

observation is still under investigation, but nuclear or perinuclear expression might 

indicate that the receptor remains internalised until intracellular signals are received for 

its functional expression in the membrane. This could prevent apoptosis of fully 

functional cells.

There is electrophysiological evidence for the co-expression of both P2X and P2Y 

receptors on rat osteoclasts (Weidema et a l, 1997). The results presented here agree 

with these findings. Localisation of P2Y2 receptor mRNA in bone sections and its 

expression not only by osteoblasts, but also by osteoclasts and chondrocytes, is 

demonstrated. These findings are consistent with earlier work which detected P2Y] 

mRNA in osteoclastoma giant cells by in situ hybridisation, and in human bone-derived 

cells by PCR (Bowler et a l, 1995). They are also in agreement with studies on the 

effects of extracellular nucleotides on intracellular Câ "̂  levels in osteoblast-like cells, 

both of human and rat origin, that suggested the existence of two different P2 receptor 

subtypes (including P2Y]), linked to Câ "̂  mobilisation (Reimer and Dixon, 1992; Schofl 

e ta l,  1992).

The finding that P2X], P2Xs, P2Yi and P2Y] receptors were strongly expressed by 

osteoblasts, both in bone sections and in vitro, implies that exogenous ATP could 

therefore stimulate resorption via direct effects on mature osteoclasts, or via indirect 

effects on other bone cells such as osteoblasts, or both. Osteoblasts have been shown to 

release ATP under shear stress conditions via a non-lytic mechanism, which could be 

inhibited by glibenclamide (Bowler et a l, 1998b). The failure to detect P2Y4 expression 

in rat osteoblastic cells contrasts with the recent identification of P2Y4 transcripts in 

human osteoblastic cells by PCR (Maier et a l, 1997); this may reflect a species 

difference or changes in cellular differentiation states.

The localisation studies also showed the presence of P2 receptors in chondrocytes, 

both P2X (P2X2, P2Xs) and P2Y (P2Yi, P2Y2). This is the first evidence for the 

existence of P2X receptors in chondrocytes, and their functional role will need to be 

explored. However, the finding of both P2Yi and P2Y2 is in agreement with suggestions
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made some time ago. First studies on the role of P2 receptors in chondrocytes showed 

that ATP and ADP, and less strongly UTP, stimulate the production of PGE by cultured 

human chondrocytes (Caswell et a l, 1991). This ATP-induced PGE release was 

enhanced by the pro-inflammatory cytokines IL-lp and TNF-a (Caswell et a l, 1992; 

Leong et a l, 1993), and as shown more recently, also by IL -la (Koolpe et a l, 1999). 

This might provide a mechanism by which nucleotides, in synergism with pro- 

inflammatory cytokines, could contribute to the pathophysiology of arthritic conditions. 

Additionally, extracellular ATP and UTP, but not ADP, have been shown to stimulate 

cartilage resorption, as monitored by proteoglycan breakdown from cultures of bovine 

nasal cartilage (Leong et a l, 1990; Leong et a l, 1994; Brovm et a l,  1997); again, this 

was enhanced by simultaneous application of IL-ip and TNF-a.

Later studies confirmed the synergistic actions of nucleotides on chondrocytes: 

extracellular nucleotides enhance FGF-induced proliferation of sheep growth plate 

chondrocytes. ATP and UTP were more effective than ADP and 2-meSATP, which is 

consistent with the involvement of the P2Y2 or P2Y4 receptor subtypes (Kaplan et a l, 

1996). Most of the ATP effects appear to be mediated by transient elevation of [Câ "̂ ]i 

(Kaplan et a l, 1996; Koolpe et a l, 1997); oscillations of [Ca '̂ ĵj in response to ATP have 

also been reported for human chondrocytes (D'Andrea and Vittur, 1996). Further 

evidence for P2Y receptors was observed in both studies: responses to ATP were still 

seen upon removeal of extracellular Ca^ ,̂ and were abolished by thapsigargin, an 

inhibitor of the endoplasmic reticulum Ca^^-ATPase, thus causing depletion of 

intracellular Ca^  ̂stores.

As for osteoblasts, cultured chondrocytes are also capable of constitutively releasing 

ATP at concentrations in the micromolar range which may activate P2 receptors in the 

local microenvironment (Hatori et a l, 1995; Lloyd et a l, 1999). P-glycoprotein, a 

member of the ABC protein family, is expressed in hypertrophic chondrocytes 

(Mangham et a l, 1996) and could play a role in releasing ATP. However, exogenous 

ATP has been shown to be rapidly hydrolysed to pyrophosphate in resting chondrocyte 

cultures due to the presence of ecto-nucleotidases, especially of E-NPPs (Caswell and
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Russell, 1985; Graff et a l, 2000). In contrast to osteoblasts, extracellular ATP has not 

yet been shown to exert a mitogenic response in chondrocytes on its own (Hatori et a l, 

1995), but only to enhance FGF-induced proliferation (Kaplan et a l, 1996). 

Interestingly, the acquisition of purinergic receptors appears to be associated with 

expression of the mature, post-mitotic chondrocyte phenotype because immature 

chondrocytes, freshly isolated from the chick embryonic sternum, failed to respond to 

ATP (Hung et a l, 1997).

In summary, the immunohistochemical and in situ hybridisation results presented in 

this chapter are consistent with a wide range of earlier experimental findings and 

demonstrate for the first time the presence of P2X2 receptors on osteoblasts and 

osteoclasts. The identification of P2X2 receptors on osteoclasts provides a possible 

mechanism for the critical activation of osteoclasts at low pH (see Chapter 5). Evidence 

for a possible fimction of the P2Yi and P2Y2 receptors on osteoclasts and osteoblasts will 

be provided in the next two chapters.
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CHAPTER 3

EXTRACELLULAR ADP IS A POWERFUL 

OSTEOLYTIC AGENT: EVIDENCE FOR 

SIGNALLING THROUGH THE P2Yi RECEPTOR 

ON BONE CELLS

INTRODUCTION

As shown by immunocytochemistry and in situ hybridisation in Chapter 2, both 

osteoblasts and osteoclasts express several P2 receptors, both of the P2X and P2Y 

families. This confirmed earlier findings that both osteoclasts and osteoblasts respond to 

extracellular nucleotides with a rise in intracellular Câ "̂  (Reimer and Dixon, 1992; 

Schofl et a l, 1992; Yu and Perrier, 1993b; Yu and Perrier, 1994; Weidema et a l, 1997) 

and, in the case of osteoclasts, also with a decrease in intracellular pH (Yu and Perrier,

1995).

It has previously been shown that ATP is capable of stimulating osteoclastic bone 

resorption (Morrison et a l, 1998), and this was suggested to be mediated via the pH- 

sensitive P2X] receptor. An earlier study proposed that the P2Y] receptor, which was 

found to be expressed on osteoclasts derived firom a giant cell tumour, might mediate the 

pro-resorptive actions of ATP (Bowler et a l, 1995). However, this could not be 

confirmed in a follow-up study because the potent P2Y] agonist, UTP, in contrast to 

ATP, failed to stimulate bone resorption by giant cell tumour-derived human osteoclasts 

(Bowler et a l, 1998a). Most recently, the P2X4 receptor was identified at the molecular 

level on rabbit osteoclasts, and proposed to be the receptor mediating the osteolytic



effects of ATP (Naemsch et a l, 1999). However, the latter report studied osteoclast 

function only by electrophysiology, but did not apply any resorption assay techniques. 

The two earlier investigations failed to investigate effects of nucleotides other than ATP 

and UTP. Thus, few studies to date have related the presence of P2 receptors to specific 

functions of bone cells. The aim of this study was to investigate the effects of a wider 

and more complete range of P2 receptor agonists on bone resorption, and to determine 

which receptors might be involved in mediating any effects.
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MATERIALS AND METHODS 

Materials and solutions

Culture media and buffers were purchased from Gibco (UK). All other reagents were 

purchased from Sigma (UK) unless stated otherwise. Stock solutions of nucleotides (10 

mM) were prepared in PBS and stored at -80°C. Stock solutions of dexamethasone, 

1,25(0H)2D3, PGE2 and indomethacin were prepared in ethanol and stored at -20°C. The 

final concentration of ethanol in cultures did not exceed 1 part in 500. Untreated elephant 

ivory was kindly provided by HM Customs and Excise (London Heathrow Airport, UK).

Resorption pit formation assay

The effects of extracellular nucleotides on resorption pit formation by mature rat 

osteoclasts were studied using modifications of an assay described previously (Arnett and 

Spowage, 1996). All experiments were performed using minimum essential medium 

supplemented with Earle's salts, 10% FBS, 2 mM L-glutamine, 100 U/ml penicillin, 100 

pg/ml streptomycin and 0.25 pg/ml amphotericin B (complete mixture abbreviated 

‘MEM’). In most experiments, MEM was acidified by the direct addition of small 

amounts of concentrated HCl (10 mEq/1 H^, equivalent to 85 pi of 11.5 M HCl per 100 

ml MEM). This has the effect of reducing HCO3' concentration and producing an 

operating pH close to 6.95 in a 5% CO2 environment (see Fig. 3.1), which is optimal for 

resorption pit formation (Murrills et a l, 1998). Elephant ivory (dentine) was prepared 

by cutting 250 pm thick transverse wafers using a low speed diamond saw (Buehler, 

UK). These dentine wafers were soaked for 2 h in distilled water to reduce brittleness; 5 

mm diameter discs were cut from wet dentine wafers using a standard paper punch, 

washed extensively by sonication in distilled water and stored dry at room temperature. 

Before use, dentine discs were sterilised by brief immersion in ethanol, allowed to air-dry 

and then rinsed in sterile PBS. Sterile discs were graphite pencil-numbered, transferred 

to 96-well plates and pre-wetted with 50 pi MEM.
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Mixed cell populations containing osteoclasts were obtained by mincing rapidly the 

pooled long bones of 2-day-old Sprague-Dawley rat pups, killed by cervical dislocation 

(n = 5), in 3 ml MEM in a non-tissue culture-treated plastic dish to prevent rapid 

adhesion of cells to the plastic. Minced bones were triturated 10 times through a wide 

mouth polyethylene transfer pipette, and the resulting suspension, including small bone 

fragments, was transferred to a 7ml ‘bijou’ tube, followed by vortexing for 30 seconds 

(sec). The mixture is allowed to settle for a few seconds and the supernatant is 

transferred to a second bijou tube, avoiding bone fragments, using a 1 ml-polyethylene 

pipette. To maximise cell recovery, the dish and remaining bone fragments are rinsed 

and vortexed with a further 2 ml of MEM, which is pooled with the first supernatant, 

resulting in approximately 4-5ml cell suspension. 100 pi cell suspension was added to 

each pre-wetted disc and allowed to sediment for 45 min at 37°C. Thus, 4 mis of cells 

suspension prepares around 40 discs. Discs were then rinsed 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 5 ml of MEM and 5 replicate dentine discs; cultures were 

incubated for 26 h in a humidified atmosphere of 5% CO2 - 95% air.

At the end of the experiment, medium pH and PCO2 were measured using a clinical 

blood gas analyser (ABL 330 blood gas analyser. Radiometer, Denmark), with careful 

precautions to prevent CO2 loss. This automated micro blood gas and acid-base balance 

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

injected sample (200 pi). The ABL330 automatically equilibrates two buffer solutions 

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

for electrode calibration, which was set to occur every 2 h. In addition, known quality 

control standards were regularly used to maintain accuracy. The first medium 

measurement, taken immediately after removing the culture plates from the incubator, is 

assumed to provide a PCO2 value that is the same for all wells and that reflects the actual 

PCO2 during the 26 h incubation. Measured PCO2 typically drops for each subsequent 

reading from wells in a multiwell plate, causing pH values to rise accordingly. The pH 

readings for each well are then back-corrected to the pH value associated with the
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initially measured PCO2 value, using pH -  PCO2 calibration curves previously recorded 

for the appropriate media (see Fig. 3.1).

After the 26 h incubation period, dentine discs were washed twice in PBS, fixed in 

2% glutaraldehyde for 5 min, washed twice with PBS and stained for TRAP (Sigma Kit 

3 87-A). The numbers of TRAP-positive multinucleated osteoclasts (three or more 

nuclei) were assessed ‘blind’ using transmitted light microscopy. After staining with 1% 

toluidine blue in 1% sodium borate, the number of stromal, mononuclear cells was 

estimated from three randomly selected fields at x20. All cells were then removed from 

the discs by sonication in 0.25 M ammonium hydroxide. Discrete resorption pits were 

counted ‘blind’ by scanning the entire surface of each disc using reflected light 

microscopy (Nikon Labophot 2A, with lOOW epi-illumination and metallurgical 

objectives, Nikon, UK) after restaining in 1% toluidine blue in 1% sodium borate for 2 

min.

Mouse calvarial bone resorption assay

The method, which measures bone resorption as Câ "̂  release from neonatal mouse 

calvariae, is similar to that described in detail by Meghji et a l (1998). 5-day-old MFl 

mice (Harlan Ltd., UK) were killed by cervical dislocation. Fronto-parietal bones were 

removed and trimmed of any adhering connective tissue and interparietal bone, taking 

care not to damage the periosteum. Dissected calvariae were pooled, washed free of 

blood and adherent brain tissue in HBSS, and then divided along the sagittal suture. Half 

calvariae were cultured individually on 1 cm^ stainless steel grids (Minimesh, FDP 

quality. Expanded Metal Co., UK) at the air-liquid interface in 6-well plates with 1.5 ml 

of Biggers, Gwatkin and Heyner medium (BGJb), 5% foetal calf serum (FCS), 100 U/ml 

penicillin, 100 pg/ml streptomycin, in a humidified 5% CO2 incubator. After an initial 24 

h pre-incubation period to enable pre-equilibration of bones with the medium, the 

medium was removed and replaced with control or test media. Each experimental group 

consisted of five individual cultures. The cultures were then incubated for 72 h without 

further medium changes, and without opening the incubator door, so as to ensure

92



constant CO2 levels and to minimise pH fluctuations. Culture medium acidification was 

achieved by adding small amounts of concentrated HCl (5 mEq/1 H^) to the culture 

medium.

After 72 h, experiments were terminated by withdrawing culture medium, washing 

bones once with PBS, followed by fixation and décalcification in 95% ethanol / 5% 

glacial acetic acid for 10 min. Incubator PCO2 was determined by immediately 

measuring a culture medium sample using the blood gas analyser. The mean final pH of 

each treatment group was determined by removing and pooling a 100 pi sample from 

each replicate; the pooled samples were then re-equilibrated with CO2 in the incubator 

before measurement using the blood gas analyser; slight differences in CO2 tension 

between groups were normalised to the initially measured value using pH - PCO2 

calibration curves constructed for BGJ medium, as previously described (Murrills et a l, 

1998).

Resorption was assessed as the Ca^  ̂ release into the culture medium over the 72h 

period. Câ "̂  concentrations in culture medium at the end of experiments were measured 

colorimetrically by autoanalyser (Chem Lab Instruments, UK) using the following 

procedure: samples were acidified with excess 1 M HCl and subjected to continuous 

flow dialysis against the metal complexing agent, cresolphthalein complexone (CPC), to 

separate Ca^  ̂ from proteins; 8-hydroxyquinoline (2.5 g/1) was added to samples to 

eliminate Mg^^ interference. Dialysed Ca^  ̂ bound to CPC was then determined 

following reaction with 2-amino-2-methylpropano-l-ol; the absorbance of the resultant 

purple-coloured solution was measured at 570 nm. The basal Ca^  ̂ concentration of the 

BGJb medium after addition of 5% FCS was 2 mM.

Following fixation and décalcification, calvariae were stained for TRAP and 

mounted whole in melted glycerol jelly for transmitted light microscopy.

Dissection of calvariae and Câ "̂  measurements were performed by Dr Sajeda Meghji 

(Eastman Dental Institute, UCL).
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Osteoclast formation assays

The effects of nucleotides on osteoclast formation were studied using two different 

mouse marrow cultures systems. For the first assay, long bones of two 8-week-old MFl 

mice (Harlan Ltd., UK), killed by cervical dislocation, were fragmented in 5 ml 

unmodified MEM, triturated and vortexed for 1 min. The resulting cell suspension was 

allowed to sediment for 2 h onto sterile 5 mm diameter dentine discs, pre-wetted with 50 

pi MEM, in 96-well plates (100 pi cell suspension/disc). Dentine discs were then 

carefully removed, without washing, and placed in pre-equilibrated test or control media 

in a 6-well plate. Each test or control well contained 5 ml of non-acidified MEM with 10 

nM 1,25(0H)2D3, 10 nM dexamethasone, 20 ng/ml human recombinant M-CSF, 1 ng/ml 

RANKL (a kind gift of Dr Colin Dunstan, Amgen, USA), 100 nM PGE] and 6 replicate 

dentine discs; cultures were incubated for 10 d in a humidified atmosphere of 5% CO] - 

95% air, with medium changes every 2-3 d. Osteoclast formation has been shown to 

proceed better in the presence of dexamethasone (Lader and Flanagan, 1998), and PGE] 

is also generally considered to stimulate osteoclast formation.

For the first 7 d, NaOH was added to a running pH of ~ 7.35-7.4, which has been 

shown to be required for optimal osteoclast formation (Morrison and Amett, 1998); for 

the last 3 d, MEM was acidified by addition of HCl (to pH ~ 6 .9-7.0) to ensure resorptive 

activity. This is optimal to study formation and resorption at the same time. The ability 

of these multinucleated cells to form resorption pits is also an essential indicator that they 

are genuine osteoclasts. Medium pH and PCO2 were monitored during and at the end of 

experiments using a blood gas analyser. After 10 d incubation, the discs were fixed in 

2% glutaraldehyde, and stained for TRAP. A control group of dentine discs was also 

removed, fixed and stained after 3 d incubation to check for the presence of any mature 

osteoclasts that might have been released during the initial cell preparation. The total 

number of TRAP-positive multinucleated osteoclasts and of discrete resorption pits was 

assessed *blind' by transmitted and reflected light microscopy.

As an alternative second procedure, bone marrow cells were isolated from 8-week- 

old MFl mice, using a modification of a method described previously (Fuller et a l.
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2000). The marrow cavity of the long bones was flushed into a dish by slowly injecting 

MEM at one end of the bone using a sterile 25-gauge needle. The resulting suspension 

was washed twice, resuspended in MEM and incubated overnight in a 75cm^ flask at a 

density of 3 x 10  ̂ cells/ml MEM containing M-CSF at 5 ng/ml. During overnight 

incubation, stromal cells adhere to the flasks. After 24 h, non-adherent cells were 

harvested, washed and resuspended (lOVml) in MEM containing M-CSF at 30ng/ml and 

RANKL at lOng/ml. This suspension was added to the wells of either 96-well plates 

containing pre-wetted dentine discs (100p,l) or 48-well plates (SOOpl). After a 24 h 

preincubation period, dentine discs were transferred to 6-well plates (6 replicates/well) 

and test media were added. Cultures were fed every 3 d by replacing half the medium 

with fresh medium and reagents. The functional absence of contaminating stromal cells 

was confirmed in cultures in which M-CSF was omitted; such cultures showed no cell 

growth. After 10 d of treatment, 48-well plates and dentine discs were fixed with 2% 

glutaraldehyde and assessed for TRAP or bone resorption as described above.

In some assays, area measurements, rather than discrete pit counts, were necessary 

because these assays require high cell densities to function, resulting in groups of TRAP- 

positive osteoclasts associated with extensive, often conjoined areas of resorption. Area 

of resorption was assessed ‘blind’ by reflected light microscopy via output from a Sony 

CCD colour video camera (DXC-151A; Sony Corporation, Japan) using standard ‘dot 

count’ morphometry.

Statistics

Statistical comparisons were made by one-way analysis of variance (disaggregated 

rat osteoclast assay and mouse calvarial cultures) or Mann-Whitney test (mouse marrow 

cultures) using ‘InStat’ (Version 1.13, GraphPAD software); representative data are 

presented as means ± SEM for 5 or 6 replicates. Results are presented for representative 

experiments that were each repeated at least 2-3 times.
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RESULTS 

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

Figure 3.1 demonstrates the relationship between pH, PCO2 and HCO3’ in tissue 

culture media. Unmodified MEM with Earle’s salts and 10% FBS 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 85 mmHg), while HCO3 remains relatively constant, 

acidifies the medium to give an operating pH close to 7.0 (respiratory acidosis). 

However, for osteoclast cultures, a reduced operating pH is more conveniently achieved 

by adding concentrated HCl directly to media containing Earle’s salts and 10% FBS. 

Addition of 82 pi of 11.5 M HCl to 100 ml of MEM provides 10 mEq/1 H^, and results in 

an operating pH of about 7.0 in a 5% CO2 atmosphere (metabolic acidosis) (Fig. 3.1).

♦  MEM / Earle's salts /10%  FCS 

■ MEM / Earle's salts /10%  FCS + 1 0  mEq/1 (as HQ) 

^  199 / Hank's salts /10%  FCS

100
9.4 15.9

Figures indicate 
calculated [HCOj-] (mM)

O)
X
E
E

4.5

8
CL

5% CO;

18.6:4.6 9.7

7.2 7.4 7.66.4 6.6 6.8 7.0

pH

Figure 3.1

Relationship between pH, PCO2 and HCO3 in tissue culture media.

Reproduced with permission of Dr Tim Amett, UCL.
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Effect of ADP on mature rat osteoclasts

While screening a range of P2 receptor agonists (adenosine, AMP, ADP, ATP, UDP, 

UTP), I found that extracellular ADP is a novel powerful stimulator of bone resorption 

and osteoclast formation. ADP exerted a reproducible, biphasic effect on resorption pit 

formation by rat osteoclasts in acid-activated 26 h cultures. Figure 3.2 shows a typical, 

biphasic concentration curve for the effects of ADP: in this experiment, high stimulatory 

effects were evident in the low nanomolar range (20 -  200 nM) to low micromolar range 

(2 pM), with up to 2-fold increases in pit formation (Fig. 3.2); in other experiments, ADP 

increased resorption pit formation up to 3-fold (compare Fig. 3.3). At higher ADP 

concentrations of 20 pM to 200 pM, there was no stimulatory effect on resorption. 

Numbers of mononuclear cells (MNC) {i.e. cells of osteoblastic/ fibroblastic 

morphology) were unaltered by ADP treatment (Table 3.1). Although numbers of 

osteoclasts were lower at all concentrations of ADP than in the control group, this was 

not assumed to be of any significance because it was never observed in other experiments 

and probably reflects the high ‘noise’ in the rat osteoclast assay.

[ADP] Number of osteoclasjs (Oc)Y Number of MNG /disc
0 60.4 ±4.1 2785 ± 198

2 nM 35.4 ±6.1 2726± 159

20 nM 39.6 ±3.6 2564 ±241

200 nM 37.8 ±3.8 2491 ± 181

2 pM 43.6 ±2.2 2257 ±281

20 pM 46.4 ± 4.8 2642 ± 289

200 pM 41.6±6.7 2782 ±439

Table 3.1

Lack of effect of ADP on the number of mononuclear cells / disc.

Values are means ± SEM (n -  5).
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The stimulatory effect of ADP on rat osteoclast resorption pit formation was only 

observable clearly when culture medium was acidified to a running pH of < 7.0 by 

addition of as HCl (Fig. 3.3). In the absence of ADP, acidification (pH reduction 

from 7.08 to 6.82) elicited a 4-fold increase in resorption; in non-acidified MEM (pH 

7.11), ADP caused no significant stimulation. However, culturing osteoclasts in acidified 

MEM with addition of 1 pM ADP resulted in a 3-fold increase in number of pits formed 

per osteoclast compared to acidified control and a 13-fold increase compared to non­

acidified control, suggesting a synergy between the stimulatory effects of acidification 

and ADP. Similar acidification dependency was observed with all active P2 receptor 

agonists tested, thus all further experiments were conducted at low pH. Numbers of 

osteoclasts and mononuclear cells were unaltered by acid and/or ADP treatment (Table 

3.2).

Treatment Number of Oc / disc Number of MNC 7 disc
Control 42 ± 7.6 3291 ±210
Acid control 57 ±7.3 3473 ± 200

A D P1 pM 77 ± 10 3491 ±393

ADP 1 pM + acid 69.3 ± 8.4 3346 ± 303

Table 3.2 

Lack of effect of ADP and/ or acid on the number of cells / disc.

Values are means ± SEM (n = 5).
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Figure 3.2

Effect of ADP on resorption pit formation by rat osteoclasts.

Osteoclasts were cultured on 5 mm dentine discs in acidified medium (pH -6 .9 ) for 26 h. 
Large stimulatory effects were evident in the nanomolar to low micromolar range (20 nM 
- 2 pM) where ADP caused up to 2-fold increases in pit formation. Values are means ± 
SEM (n = 5). Significantly different from control (0); * p < 0.05; ** p < 0.01.
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Figure 3.3

Comparison of the effects of ADP on resorption pit formation by rat osteoclasts 
cultured in unmodified MEM (pH -7.1) or in acidified MEM (pH ~ 6 .8 ) for 26 h.

The figure shows potentiation of ADP-stimulated resorption at low pH. Values are means 
± SEM (n = 5). Significantly different from acidified control: ** p < 0.01.
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2-methylthioADP (2-meSADP), a highly selective P2Yi receptor agonist, was able to 

mimic the action of ADP (Fig. 3.4). At 200 nM, the effect of 2-meSADP was somewhat 

greater than that of ADP, but the difference was not statistically significant. However, no 

stimulatory effect was observed with 1 pM 2-meSADP, suggesting that this analogue 

stimulates resorption effectively only within a very narrow concentration range. Numbers 

of osteoclasts and mononuclear cells were unaltered by 2-meSADP or ADP treatment 

(Table 3.3).

Treatment Number of Oc / disc
Control 12.2 ± 1.2 3264 ±89
ADP 0.04 pM 13.8 ± 1.6 3724 ± 227

ADP 0.2 pM 15.2 ±3.4 3531 ±221

ADP 1 pM 13.8 ± 1.7 3759 ± 44

2-meSADP 0.04 pM 17.2 ±2.1 2836 ±271

2-meSADP 0.2 pM 13.2 ± 1.8 3339±58
2-meSADP 1 pM 17.5 ±4.5 2494 ±504

Table 3.3 

Lack of effect of ADP and 2-meSADP on the number of cells / disc.

Values are means ± SEM (n = 5).

To determine whether ADP itself is the signalling molecule, further degradation 

products of ADP, namely AMP and adenosine, were tested. Adenosine and AMP are 

both potent agonists at PI receptors. Neither adenosine nor AMP had a significant effect 

on bone resorption, compared to ADP at 0.2 pM, which doubled resorption (Fig. 3.5). 

Additionally, numbers of osteoclasts and mononuclear cells were unaltered by adenosine 

or AMP treatment (Table 3.4).
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Treatment Number of Oc/t|lisc Number of MNC / disc
Control 43.6 ±8.9 3599 ±290
Adenosine 0.2 pM 53.6 ±4.7 3994 ±323

Adenosine 1 pM 48.8 ±6.7 2869 ±311
AMP 0.2 pM 37.2 ±5.3 3455 ±59
AMP 1 pM 38.6 ±3.7 3759± 168
ADP 0.2 pM 28.4 ±3.2 3372 ±33

Table 3.4

Lack of effect of adenosine, AMP and ADP on the number of cells / disc.

Values are means ± SEM (n = 5).

ADP is the major agonist at the P2Yi receptor, but is also a less potent agonist at the 

P2Xi receptor. We therefore investigated the action of P2Xi agonists, a,(3-meATP (EC50 

1.5 pM) and p,y-meATP (EC50 2 pM) (King, 1998) on bone resorption (Fig. 3.6). 

Neither a,P-meATP nor p,y-meATP at concentrations of 0.5 pM and 5 pM had a 

significant stimulatory effect on bone resorption, thus suggesting lack of involvement of 

the P2Xi receptor. Numbers of osteoclasts and mononuclear cells were unaltered by any 

treatment (Table 3.5).

Treatment Number of Oc / disc Number of MNC / disc
Control 24.4 ± 4.2 3042 ±212
ADP 0.2 pM 19.5 ± 1.3 2846 ± 304
ADP 1 pM 19.8 ±3.6 3135 ± 145
a,P-meATP 0.5 pM 26.8 ± 1.2 2568 ±313
a,P-meATP 5 pM 23.8 ±2.2 2361 ±397

P,y-meATP 0.5 pM 27.2 ±2.7 2212±298

P,y-meATP 5 pM 19.6 ±2.5 2514 ± 158

Table 3.5

Lack of effect of ADP, a,P-meATP and p,y-meATP on the number of cells / disc.

Values are means ± SEM (n = 5).
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Figure 3.4

Effect of the selective P2Yi agonist 2-methylthioADP (2-meSADP) on resorption pit 
formation by rat osteoclasts.

Osteoclasts were cultured on 5 mm dentine discs in acidified medium (pH -6 .9 )  for 26 h. 
2-meSADP was able to mimic the ADP effect with a peak effect at 0.2 pM, increasing 
resorption pit formation up to 3.5-fold. Values are means ± SEM (n = 5). Significantly 
different from control (0): * p < 0.05; ** p < 0.01.
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Figure 3.5

Lack of effect of further degradation products of ADP, namely AMP and adenosine, 
on resorption pit formation by rat osteoclasts.

Osteoclasts were cultured on 5 mm dentine discs in acidified medium (pH ~ 6.9) for 26 h. 
Adenosine and AMP had no effect on bone resorption compared to ADP at 0.2 pM, 
indicating that ADP itself is the signalling agent. Values are means ± SEM (n = 5). 
Significantly different from control (C): ** p < 0.01.
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Figure 3.6

Failure of agonists for the P2Xi receptor subtype (a,P-meATP and p,y-meATP) to 
mimic the stimulatory effect of ADP on resorption pit formation.

These data exclude the involvement of the P2Xi receptor in mediating the effect of ADP. 
Osteoclasts were cultured on 5 mm dentine discs in acidified medium (pH ~ 6.9) for 26 h. 
Values are means ± SEM (n = 5). Significantly different fi-om control (C): * p < 0.05; **
p < 0.01.
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To study further the involvement of the P2Yi receptor, the compound MRS 2179 

(N6-methyl-2’-deoxy-adenosine-3’,5’-bisphosphate, a kind gift from Dr. KA Jacobson, 

NIH, Bethesda, MD, USA) was tested, the most potent P2Y] receptor antagonist reported 

to date (Boyer et a l,  1998; Jacobson et a l, 1999). The 2-fold stimulatory effects of 

ADP at 0.2 pM was blocked in a non-toxic manner by MRS 2179 at 0.02 -  20 pM (Fig. 

3.7), whereas the control values were unchanged by the antagonist. Numbers of 

osteoclasts and mononuclear cells were unaltered by any treatment (Table 3.6).

Treatment Number of Oc / disc Number of MNC / disc
Control 43 ± 6.8 4552 ±572

MRS 0.2 pM 38 ±3.5 5134 ±352

MRS 2 pM 48 ± 6.7 4001 ±439

ADP 0.2 pM 53 + 2.8 4311 ±453

ADP 0.2 pM + MRS 0.02 pM 44 ± 4.7 3329 ±57

ADP 0.2 pM + MRS 0.2 pM 48 ±4.2 4572 ± 264

ADP 0.2 pM + MRS 2 pM 49 ± 4.4 4429 ± 345

ADP 0.2 pM + MRS 20 pM 47 ± 7.3 4001 ±413

Table 3.6

Lack of effect of ADP and MRS 2179 (MRS) on the number of cells / disc.

Values are means ± SEM (n = 5).

Note that although baseline levels of resorption pit formation and cell numbers vary 

somewhat between individual assays, as would be expected for primary cell cultures of 

this nature, relative treatment/control effects were highly reproducible.

UTP and UDP were not found to have reproducible effects on resorption pit 

formation (results not shown).
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Figure 3.7

Inhibition of ADP-stimulated resorption pit formation by the P2Yi antagonist MRS 
2179.

ADP-induced stimulation of resorption pit formation at 0.2 pM was inhibited by MRS 
2179 (N^-methyl-2’-deoxy-adenosine-3’,5’-bisphosphate) in a non-toxic manner. Control 
values were unchanged upon addition of the antagonist. Values are means ± SEM (n = 5). 
Significantly different from control (0): ** p < 0.01. Significantly different from ADP at 
0.2 (xM: " p < 0.05.
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Figure 3.8

Typical appearance of a disaggregated rat osteoclast assay.

Cells isolated from rat long bones were cultured for 26 h on 5 mm dentine discs and 
fixed. (A, D) Discs stained with TRAP to visualise osteoclasts (arrows), viewed by 
transmitted light microscopy. (B, E) Same discs stained with TRAP, viewed by reflected 
light microscopy to visualise resorption pits (arrowheads). (C, F) Same discs stained with 
toluidine blue to visualise all cells present. Note the close contact between stromal cells 
and osteoclasts (white arrows). Scale bar = 40 pm.



Figure 3.8 demonstrates the typical appearance of a disaggregated rat osteoclast assay 

after staining with TRAP, viewed by light microscopy or reflective light microscopy, and 

after staining with toluidine blue, viewed by light microscopy (Fig. 3.8).
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Effect of ADP on release from mouse calvariae

In 72 h cultures of mouse calvariae, extracellular ADP caused a dramatic increase in 

bone resorption. Figure 3.9 shows representative micrographs of whole-mount half 

mouse calvariae stained to demonstrate TRAP after 72 h culture stimulated with ADP at 

5 pM and 50 pM (Fig. 3.9 A,B) or PGE] (Fig. 3.9 C,D). Note that these micrographs are 

shown to demonstrate the presence of large numbers of viable TRAP-positive osteoclasts 

in this type of culture, and not to demonstrate the higher degree of resorption in ADP- 

and PGE2-treated cultures compared to control cultures. Differences in resorption were 

not always evident when examining stained calvariae by microscopy.
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Figure 3.9

Whole-mount histology of cultured mouse calvarial bones.

(A, B, C, D) Representative micrographs of whole-mount half mouse calvariae, stained 
with TRAP, and mounted in melted glycerol jelly, after 72 h culture stimulated with ADP 
at 5 pM (A) and 50 pM (B) or PGE2 (1 pM) (C, D); arrows point to examples of TRAP- 
positive osteoclasts lining resorption fronts. Scale bars = 200 pm.
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Peak effects were observed in the range 5 - 5 0  )liM  ADP, but large stimulatory effects 

were observed at concentrations as low as 50 nM (= 0.05 pM) (Fig. 3.10). The peak 

effects of ADP in the mouse calvarial culture were observed at approximately 10-fold 

higher concentrations than in the disaggregated rat osteoclast system, reflecting the 

generally lower sensitivities exhibited by organ culture assays compared with isolated 

osteoclast assays. This is probably due to the fact that cells are directly exposed to the 

nucleotides or other agents in the disaggregated rat osteoclast assay, in contrast to 

calvarial cultures, where the osteoclasts are mainly located in cavities within the bone, 

and are thus not as directly exposed. The wider concentration range in bone organ 

culture may reflect partial degradation of the nucleotide agonists before they reach their 

target receptors, so that higher initial doses are needed.

In the presence of 5 - 50 pM extracellular ADP, osteoclast-mediated Ca^  ̂release was 

increased up to 6-fold compared to controls (Figs. 3.10 and 3.11). The peak stimulatory 

effects of ADP were equivalent to the maximal effects of PGE2 at 1 pM (Fig. 3.11). 

Extracellular ADP appeared to be somewhat more effective than extracellular ATP which 

stimulated Ca^  ̂release up to 4-fold at 5 pM compared to control (Fig. 3.10). Similarly 

to the stimulatory effects on mature rat osteoclasts, the P2Y] selective agonist 2- 

meSADP mimicked the ADP effect and increased Ca^  ̂ release 4-fold compared to 

control, with a peak effect at 5 pM (Fig. 3.10). At 50 pM, 2-meSADP increased Ca^  ̂

release only 2-fold, again suggesting that 2-meSADP effectively stimulates resorption in 

a relatively narrow concentration range.

The selective P2Yi antagonist, MRS 2179, inhibited ADP-induced bone resorption 

(Fig. 3.11). The stimulatory effect of ADP at 5 pM could be reduced 3.6-fold by MRS 

2179 at 5 pM. In addition, ADP-stimulated Ca^  ̂release was completely blocked by the 

cyclooxygenase inhibitor indomethacin at 0.1 and 1 pM (Fig. 3.11), suggesting that the 

effect may be mediated by prostaglandins, as for other established resorption stimulators 

in this system.
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Figure 3.10

Stimulatory effect of ADP, 2-meSADP and ATP on Ca 
calvaria.
Bones were cultured for 3 d in acidified medium. ADP increased osteoclast-mediated 

release up to 6-fold, with peak effects close to 5 -  50 pM. The P2Yi selective 
agonist 2-meSADP was able to mimic the ADP effect. ADP appeared to be more potent 
than ATP. Values are means ± SEM (n = 5). Significantly different from control (C): 
* p <  0.05; **p <  0.01; *** p < 0.001.
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Figure 3.11

Inhibition of the stimulatory action of ADP on Câ  ̂ release from mouse half- 
calvariae by MRS 2179 (MRS) and indomethacin (Ind).

The stimulatory action of ADP was equivalent to the maximal effects of prostaglandin E2 
(PGE2) at 1 pM. Values are means ± SEM (n = 5). Significantly different from control: 
** p < 0.01; *** p < 0.001. Significantly different from ADP at 5 pM: p < 0.01; ^^^
p <  0.001.
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Effect of ADP in mouse marrow cultures (mixed cell population)

In 10 d mouse marrow cultures on dentine discs, extracellular ADP stimulated the 

formation of TRAP-positive osteoclasts and resorption pits reproducibly (Fig. 3.12). 

Effects were observed in the range 0 . 2 - 2  pM ADP. Lower concentrations were without 

effect (not shown). In the presence of 2 pM ADP, osteoclast formation was increased 2- 

fold, but number of pits was increased up to 5-fold compared with control. ATP at 2 pM 

was slightly more effective than ADP in stimulating osteoclast formation (2.4-fold 

increase), and showed a similar 5-fold stimulation of resorption. The concentration of 

RANKL (1 ng/ml) in these experiments was carefully chosen to permit relatively low- 

level osteoclast formation without masking potential stimulatory effects of other agents. 

Earlier experiments (not shown) demonstrated that there was no stimulatory effect of 

ADP when RANKL concentration was increased to 10 or 20 ng/ml in these whole 

marrow cultures.

In the control groups that were fixed and stained for TRAP after 3 d incubation, 

osteoclasts and resorption pits were never observed, indicating that the osteoclasts and 

resorption pits observed after 10 d in culture resulted entirely from formation of new 

osteoclasts.

Figure 3.13 demonstrates the typical appearance of a murine marrow assay after a 

10 d culture (Fig. 3.13). Large numbers of TRAP-positive, resorbing osteoclasts have 

formed, in addition to high numbers of mononuclear stromal cells.
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Figure 3.12

Effect of ADP and ATP on osteoclast formation and excavation of resorption pits in 
mouse marrow cultures maintained for 10 d on 5 mm dentine discs.

Values are means ± SEM (n = 6). Significantly different from control (C): * p < 0.05;
** p < 0.01.
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Figure 3.13

Typical appearance of a murine marrow assay cultured for 10 d on 5 mm dentine 
discs.

(A, B) Large numbers of TRAP-positive osteoclasts (arrows) have formed, in addition to 
high numbers of mononuclear stromal cells (unstained cells). Osteoclasts have excavated 
resorption pits (arrowheads). Scale bars =100 pm.
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Effect of ADP in stromal cell-free mouse marrow cultures

In experiments using stromal eell-free marrow cultures derived from marrow cells 

that were initially non-adherent, ADP at concentrations of 0.2 - 2 pM stimulated the 

formation of TRAP-positive multinuclear cells on dentine discs up to 2.7-fold (Fig. 

3.14). ADP at 20 pM was without a significant effect. Total area of resorption was also 

increased 4.2-fold by ADP at 0.2 pM. However, this does probably only reflect the 

higher numbers of osteoclasts in the ADP-treated samples, resulting in generally 

increased resorption. When resorption is expressed as area resorbed/osteoelast, ADP at 

any concentration did not significantly enhance resorption. Numbers of mononuclear 

haematopoietic cells were unchanged by ADP or ATP treatment (Table 3.7). A typical 

appearance of stromal cell-free marrow cultures on dentine discs is shown in Figure 3.16 

(Fig. 3.16 A, B, C).

Treatment Number of mononuclear haematopoietic cells / disc
Control 1879 ±266

ADP 0.2 pM 2075 ±216

ADP 2 pM 2269 ± 335
ADP 20 pM 2269 ± 300

ATP 0.2 pM 2653 ± 309

ATP 2 pM 2218 ±312

Table 3.7

Lack of effect of ADP and ATP on the number of mononuclear haematopoietic cells 
/ disc.

Values are means ± SEM (n = 6).
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Figure 3,14

Effect of ADP and ATP on osteoclast formation and resorption in stromal cell-free 
mouse marrow cultures maintained for 10 d on 5 mm dentine discs.

Values are means ± SEM (n = 6). Significantly different from control (C); * p < 0.05,
* *  p  <  0 . 0 1 .
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In cultures on 48-well plastic dishes, ADP and ATP at 2 pM almost doubled the 

number of TRAP-positive osteoclasts (Fig. 3.15). However, under these culture 

conditions on plastic, quite large numbers of giant, flattened polykaryons developed that 

do not resemble resorptive cells (Fig. 3.16 D). These polykaryons were not included in 

counting of TRAP-positive osteoclasts, as they were never seen on the more natural 

dentine substrate and might not represent bona fide  osteoclasts.

* * *
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Figure 3.15

Stimulatory effect of ADP and ATP on osteoclast formation in stromal cell-free 
mouse marrow cultures maintained for 10 d in 48-well culture plates.

Values are means ± SEM (n = 5). Significantly different from control (C): ** p < 0.01,
***p< 0.001.
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Figure 3.16

Typical appearance of stromal cell-free marrow cultures

(A, B, C) Typical appearance of TRAP-stained stromal cell-free marrow cultures on 
dentine discs, viewed by transmitted light microscopy to visualise large, TRAP-positive 
osteoclasts (arrows) (A, B), or by reflective light microscopy to visualise large 
contiguous areas of resorption (arrowheads) (C). (D) Typical appearance of stromal cell- 
free marrow cultures on plastic 48-well plates, demonstrating that under these culture 
conditions, quite large numbers of giant, flattened polykaryons develop (red arrows), in 
addition to ‘normal’ osteoclasts (red arrowheads). Scale bars = 50 pm.
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DISCUSSION

This is the first study that links a specific P2 receptor to a key functional action of an 

extracellular nucleotide on bone. The results show that extracellular ADP, a potent 

agonist at the G protein-coupled P2Yi receptor, and 2-meSADP, a selective P2Y] 

receptor agonist, are potent stimulators of bone resorption at nanomolar to low 

micromolar concentrations, assessed by three independent methods in two different 

species (rat and mouse). To date, most studies on the P2Yi receptor, which was cloned 

from rat and mouse in 1995 as the ‘P2y’ receptor (Tokuyama et a l,  1995), have focused 

on its role in ADP-induced platelet shape change and activation. In the 1960s, ADP was 

recognised as a platelet-activating agent and implicated as a significant mediator in 

haemostasis and thrombosis (Bom, 1962). This role was confirmed by the generation of 

P2Yi-deficient mice, where platelet aggregation in response to ADP is impaired and 

bleeding time increased (Fabre et a l, 1999; Leon et a l, 1999).

In the present study, further degradation products of ADP, namely AMP and 

adenosine, had no significant effect on bone resorption. This indicates that ADP itself is 

the signalling agent, and excludes the involvement of PI receptors for adenosine and 

AMP. In addition, the stimulatory ADP effect could be blocked in a non-toxic manner 

by the compound MRS 2179 (N6-methyl-2’-deoxy-adenosine-3’,5’-bisphosphate), the 

most potent P2Yi receptor antagonist reported to date (Boyer et a l, 1998; Jacobson et a l, 

1999). However, there is evidence that ADP can also act as a weak agonist at the P2Xi 

receptor (Evans et a l, 1995; Blanchi et a l, 1999). To discriminate between the two 

receptor subtypes, subtype-selective agonists and histochemistry (see Chapter 2) were 

used, providing evidence that the stimulatory ADP effect is mediated via the P2Y] 

receptor, rather than via the P2Xi receptor. As discussed in Chapter 2, P2Yi receptor 

mRNA and protein were found to be expressed on both osteoclasts and osteoblasts, 

whereas there was no evidence for the expression of the P2Xi receptor on osteoclasts or 

osteoblasts. Extracellular ADP could therefore stimulate resorption directly, while 

signalling through the P2Yi receptor expressed on mature osteoclasts, or indirectly via
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receptors expressed on osteoblasts, which in turn release pro-resorptive local factors, or 

both.

The osteolytic effects of ADP and 2-meSADP were observed at concentrations as 

low as 20 nM; effects of nucleotides on osteoclasts at such low concentrations have not 

been reported before, but similarly low concentrations of 0.3 -  3 pM induce platelet 

aggregation (Jarvis et a l, 2000). Two earlier studies investigated the actions of ADP at 

much higher concentrations on osteoclasts: ADP at 50 pM increased intracellular Ca^  ̂

levels (Yu and Perrier, 1994) and ADP at 100 pM induced an intracellular pH decrease in 

rabbit osteoclasts, probably by enhancing the CI /HCO3 exchange across the osteoclast 

cell membrane (Yu and Perrier, 1995). However, the present results indicate that ADP 

exerts its major functional action on osteoclasts at concentrations ~ 1000-fold lower than 

in these previous studies and that ADP at concentrations between 20 pM and 200 pM is 

without effect. This agrees with a recent study reporting an unusual bell-shaped dose- 

response curve for both ADP at the P2Yi and UDP at the P2Ye receptor, pointing to a 

‘dual nature’ of agonists at these receptors: low concentrations between 0.1 and 100 pM 

show agonist properties, but higher concentrations > 100  pM result in an antagonistic 

behaviour. The reason for this dual agonist activity is still unclear, but a ‘two-site’ 

receptor model has been proposed, with two distinct ligand-binding sites on one receptor 

molecule (Sak et a l, 2000).

Electrophysiological data have previously suggested the presence of functional P2Y 

receptors on osteoclasts: 10-50 pM ATP, which is a partial agonist at the P2Yi receptor, 

activated a K"^-selective outward current in rat osteoclasts that is dependent on P2Y 

receptor-mediated Ca^  ̂ release from intracellular stores (Weidema et a l, 1997). More 

recent studies from the same group reported that the ADP analogue ADPpS, at 100 pM, 

elicited a Ca^^-dependent current in rabbit osteoclasts, and at 1 pM, also raises [Ca^^], 

in rat osteoclasts, consistent with the presence of the P2Y% receptor on osteoclasts 

(Naemsch et a l, 1999; Weidema et a l, 2001).
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Several studies have described effects of extracellular ADP on osteoblasts, in 

accordance with the histochemical evidence of P2Yi receptor expression on osteoblasts 

shown in Chapter 2. Two groups reported that ADP (at 0.1 pM and 0.4 pM, 

respectively) and 2-meSADP at 0.04 pM cause a transient increase in [Ca^^]i in rat 

osteoblast-like UMR-106 cells (Kumagai et a l, 1991; Sistare et a l, 1994). This is 

consistent with my findings that ADP and 2-meSADP can act at nanomolar to 

submicromolar concentrations. However, as with osteoclasts, the majority of studies on 

osteoblasts investigated the actions of ADP at concentrations of 10 pM and higher 

(Reimer and Dixon, 1992; Dixon et a l, 1997; Bowler et a l, 1999).

Bone resorption requires both the formation of mature osteoclasts fi*om 

haematopoietic precursors and their subsequent activation to form resorption pits. The 

present data suggest that ADP stimulates both osteoclast formation and activation, 

resulting in striking increases in total resorption observed in the 10 d mouse whole- 

marrow cultures. However, the observed stimulatory effect of ADP on osteoclast 

formation in mouse marrow cultures could also be due to a prolongation of osteoclast life 

span, in addition to enhanced recruitment of osteoclasts from progenitors. In the 

presence of stromal cells in whole-marrow cultures, 2 pM ADP increased osteoclast 

formation 2-fold, whereas total area of resorption was increased up to 5-fold, presumably 

reflecting stimulation of newly-formed mature osteoclasts to resorb, and consistent with 

my findings for rat osteoclasts in short-term cultures. However, in experiments using 

stromal cell-free marrow cultures, the increase in total area of resorption only reflected 

the parallel increase in osteoclast numbers, and neither ADP nor ATP increased the area 

resorbed/osteoclast ratio significantly. This might suggest that the presence of stromal 

cells is required for the stimulatory effect of nucleotides on resorption to occur, and that 

ADP exerts its pro-resorptive effect through the P2Yi receptor on osteoblasts/stromal 

cells, whereas ADP enhances osteoclast formation both in the absence and presence of 

stromal cells, probably mediated via receptors on osteoclasts and/or osteoclast precursors. 

Although this model is highly speculative, it could explain the presence of P2Yi 

receptors on both osteoclasts and osteoblasts. Stromal cells are present in the bone 

microenvironment in vivo, so data generated in co-culture systems may have a greater
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degree of biological relevance. In this context, a recent preliminary study reports that 

ATP stimulation of human osteoblast-like osteosarcoma cells resulted in elevated 

RANKL mRNA expression 4 -  12 h post-stimulation, thus suggesting a potential 

mechanism by which ATP indirectly stimulates osteoclasts; similar to my results, they 

have also shown that ATP was ineffective at stimulating resorption by an osteoclast 

population alone (Buckley et a l, 2001a).

Perhaps the most striking effects of ADP, 2-meSADP, and ATP were observed in 

mouse calvarial bone organ cultures. Viability of the cultures was confirmed by whole- 

mount histology with TRAP staining, which demonstrated clearly that there are viable 

osteoclasts lining areas of resorption. Additionally, a recent paper has also shown that 

dead bones are characterised by Ca^  ̂ influx, rather than -efflux (Meghji et a l, 2001). In 

the calvarial system, ADP was roughly as potent as PGE2, a reference osteolytic agent for 

this system, in activating osteoclastic resorption. However, resorption stimulated by ADP 

was blocked by the cyclooxygenase inhibitor indomethacin, suggesting a requirement for 

endogenous prostaglandin synthesis in this system, as is the case for other osteolytic 

agents such as protons (Goldhaber and Rabadjija, 1987; Rabadjija et a l, 1990). This 

suggests that a wide range of osteolytic stimuli in the calvarial culture system signal 

through a common pathway to up-regulate prostaglandin biosynthesis and release, which 

in turn promotes resorption. It has long been known that adenine nucleotides are able to 

induce prostaglandin biosynthesis (Needleman et a l, 1974), and that purinergic nerve 

stimulation leads to release of prostaglandins involved in the physiological regulation of 

gut motility, with the two stimuli forming a functional link (Bumstock et a l, 1975). As 

discussed before, ATP, ADP and UTP all stimulate PGE production in chondrocytes 

(Caswell et a l, 1991; Koolpe et a l, 1999). Similarly to the results shown here, this ATP 

response was also abolished by indomethacin, suggesting that extracellular ATP was 

promoting de novo synthesis of PGE, possibly through PLA2, which is activated by 

elevated [Câ '̂ Jj.

A previous study showed that ATP at low concentrations ( 0 . 2 - 2  pM) is a potent 

stimulator of the activation and formation of rodent osteoclasts, but this effect was not
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related to a specific P2 receptor subtype (Morrison et a l, 1998). The stimulatory effect 

on mature osteoclasts was only evident at low pH (~6.9), suggesting the possible 

involvement of the P2X2 receptor, the only P2 receptor subtype that needs extracellular 

acidification to show its full sensitivity to ATP (King et a l, 1996). However, as shown 

here, a similarly low pH is also required for ADP to show its full stimulatory effects on 

osteoclastic resorption. This is also consistent with earlier studies showing that pro- 

resorptive effects of agents such as l,25-(OH)2D3 and PTH are acid-dependent (Amett et 

a l, 1986; Murrills et a l, 1998). These findings point to a general dependency of 

osteolytic agents on slight local acidification. This will be explored further in Chapter 5.

To date the majority of studies on the effects of extracellular nucleotides on bone 

cells have focused on the actions of ATP, which is the nucleotide with the widest 

spectrum of biological activity and an agonist at all P2 receptor subtypes. Based on my 

findings that ADP appears to be somewhat more potent than ATP in stimulating mature 

osteoclasts, it can be suggested that, for several reasons, the P2Yi receptor may also be 

responsible for at least part of the stimulatory effects observed with ATP. Firstly, ATP 

has long been considered to be a potent agonist of the P2Y] receptor, based on early 

studies using the cloned chick receptor (Webb et a l, 1993). However, later studies 

suggested that pure ATP is in contrast a weak competitive antagonist at the mammalian 

P2Yi receptor and that ATP actions were only apparent due to ADP contamination 

present or newly formed by ecto-ATPases (Leon et a l, 1997; Hechler et a l, 1998; Vigne 

et a l, 1998). This issue remains highly controversial; for example potent ATP agonism 

of P2Y1 has now been demonstrated on mammalian neurons (Filippov et a l, 2000) and 

on human astrocytoma cells (Palmer et a l, 1998) and, in the case of 2-meSATP, an ATP 

analogue, also on rat hepatocytes (Dixon, 2000). Secondly, ATP could be rapidly 

hydrolysed to ADP via ecto-nucleotidases present in the bone environment. For example, 

Sistare et a l  showed that within 2 min about 25% of a 10 pM ATP-solution is 

metabolised into ADP by rat osteoblast-like cells (Sistare et a l, 1994). Similarly, white 

blood cells are able to quickly metabolise 10 pM ATP into ADP and into further 

degradation products, including AMP (Coade and Pearson, 1989), and apyrase, an 

enzyme with both ATPase and ADPase activity, can generate 20 pM ADP from 100 pM
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ATP within 15 seconds (Vigne et a l, 1998). The presence of ecto-nucleotidases has also 

recently been demonstrated in bone marrow (Ogilvie et a l, 2000). Thirdly, commercial 

ATP samples are often contaminated with traces of around 1-5 % ADP; thus an ATP 

concentration of 2 pM would result in up to 0.02 -  0.1 pM ADP. As reported here, these 

concentrations are sufficient to exert a peak stimulatory effect on bone resorption.

There are a number of potential sources for extracellular nucleotides in the bone 

environment: ATP is an ubiquitous intracellular constituent at ~ 5 mM, thus a significant 

proportion can be released without loss of cell viability and any cell could potentially 

serve as a source of extracellular ATP. ATP can be released into the extracellular space 

from intact cells by vesicular release or a channel-like pathway, but also from damaged 

cells and during tissue injury. Platelets and red blood cells are also able to release ADP 

itself in the low micromolar range (Alkhamis et a l, 1990). The granules in platelets 

contain up to 40 nM of ATP and ADP per mg protein, and plasma concentrations of 

ATP/ADP of 20 -  100 pM have been measured following platelet activation (Gordon, 

1986; Coade and Pearson, 1989). In addition, osteoblasts have also been shown to release 

ATP under shear stress conditions (Bowler et a l, 1998b).

The finding that ADP, probably signalling through the P2Yi receptor, is a powerful 

activator of osteoclasts and may also induce recruitment of osteoclasts, could potentially 

be of relevance to several pathophysiological conditions that lead to increased bone 

resorption. Firstly, inflammatory conditions such as rheumatoid arthritis lead to sustained 

systemic and localised bone loss. This has long been associated with suppressed bone 

formation, but recently there has been more evidence for increased osteoclast activity. To 

date, most studies suggest that this process is driven by pro-inflammatory and osteolytic 

cytokines, released from inflamed synovium, such as PGE, IL-6 and TNFs (Peel et a l, 

1991; Gough et a l, 1998). Results from the mouse calvarial assay show that ADP is as 

powerfully pro-resorptive as PGE%, or as discussed above, might even act through 

stimulating PGE release. In addition, release of nucleotides is increased under 

inflammatory conditions, suggesting an early role of extracellular nucleotides in the 

inflammatory process (Bodin and Bumstock, 1998); thus, ADP could mediate a
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component of inflammatory bone loss. In addition, platelets also play a key role in 

inflammation by being induced to release their granule contents, including adenine 

nucleotides (Peerschke and Ghebrehiwet, 1998).

A second pathological condition where ADP-mediated bone resorption could play a 

major role is the bone loss associated with cancer métastasés. Tumour cells are important 

sources of extracellular ATP (Bumstock, 1997; Pedersen et a l,  1999). Therefore, 

localised ATP/ADP release could recmit and stimulate osteoclasts. Most importantly, 

inflamed and cancerous tissues are also characterised by low extracellular pH (Steen et 

a l, 1992; Xu et a l, 1998), which would facilitate the osteolytic actions of ADP and ATP. 

Nucleotides may also be implicated in a wider spectrum of connective tissue destmction, 

e.g. net loss of the cartilage extracellular matrix occurs in all forms of arthritis, and ATP 

has been shown to stimulate cartilage resorption by acting on P2 receptors (Leong et a l, 

1994; Brown et a l, 1997).

In conclusion, the results of this chapter point to a fundamental new mechanism for 

the local modulation of bone resorption by extracellular nucleotides at nanomolar to low 

micromolar concentrations.
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CHAPTER 4

EFFECTS OF NUCLEOTIDES ON 

OSTEOBLASTIC FUNCTION

INTRODUCTION 

P2 receptors and osteoblasts

A number of studies have shown that ATP and other nucleotides act through P2 

receptors to transiently elevate [Ca^’̂ Ji and induce formation of IP3 in osteoblast-like cells 

and non-transformed human bone-derived cells (Kumagai et a l, 1989, 1991; Schôfl et 

al, 1992). Studies on rat osteoblast-like UMR-106 cells demonstrated that extracellular 

nucleotides interact with at least two receptor subtypes coupled to internal [Ca^^Ji release 

and the pharmacological profiles were characteristic of P2Yi- and P2Y2-like receptors 

(Reimer and Dixon, 1992; Yu and Ferrier, 1993b; Sistare et a l, 1994). Studies on single 

cells and populations of human osteoblasts revealed a heterogeneity of receptor 

expression within one cell culture: ATP and UTP induced [Ca^^]i rises in every cell 

tested, whereas only a subgroup of cells responded to ADP or 2-meSATP. This pattern of 

receptor expression might reflect changes in the osteoblast differentiation status (Dixon 

et a l, 1997). Activation of P2Yi- and P2Y2-like receptors might also result in diverse 

downstream signalling events (Gallinaro et a l, 1995).

The first molecular evidence for the expression of P2Y receptors by osteoblasts came 

with cloning of the human P2Y2 receptor and its localisation in both osteoclast-like cells 

and in human osteoblasts derived from different sources (Bowler et a l, 1995). More 

recently, RT-PCR has been used to demonstrate the expression of P2Y%, P2 Y 2 , P2 Y 4 , 

P2Yô and P2Y? receptors in human bone and in osteoblastic cell lines (Maier et a l, 

1997); however, P2Y? has now been shown to be a receptor for leukotriene B 4 , and not a
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true member of the P2Y receptor family. Consistent with my immunohistochemical 

results presented in Chapter 2, a new study reported the first evidence for the expression 

of P2X receptors in human osteoblasts, and implicated P2X receptors, especially the 

P2X5 receptor, in the stimulation of DNA synthesis in osteoblasts (Nakamura et a l, 

2000).

However, the functions of extracellular nucleotides in osteoblast biology are not yet 

well understood. Both ATP and adenosine are able to act as mitogens for osteoblastic 

cells, which might be mediated indirectly through enhancement of PGE synthesis by ATP 

application (Shimegi, 1996; Nakamura et a l, 2000). Additionally, several studies 

reported that nucleotides can act synergistically on osteoblasts with other factors, both 

with growth factors such as platelet-derived growth factor (PDGF) and IGF to induce 

proliferation (Suzuki et a l, 1993; Shimegi, 1996), but most notably with PTH to 

potentiate PTH-induced Câ "̂  signalling and c-fos expression (Kaplan et a l, 1995; Sistare 

et a l, 1995; Bowler et a l, 1999; Buckley et a l,  2001b). Thus, localised release of 

nucleotides in vivo could create a highly targeted response to systemic factors.

Another possible function of P2 receptors on osteoblasts was suggested in a 

preliminary study: P2Y2 receptor activation in osteoblasts induced rapid alterations in 

plasma membrane proton transport activity, resulting in an increase in the acidification 

rate by rat osteoblastic cells; however, no quantitative data or pH measurements were 

given (Kaplan and Dixon, 1996). Activation of P2Y2 receptors can also propagate fast 

intercellular Ca^^ waves between rat osteoblastic cells, by a mechanism involving release 

of intracellular Câ "̂  stores, in addition to gap junction-mediated intercellular 

communication (Jorgensen et a l, 1997).

Furthermore, extracellular nucleotides have been shown to reduce the amount of 

bone formed by primary rat osteoblasts in an in vitro appositional bone formation model 

(Jones et a l, 1997). However, concentrations of ATP used were rather high (50 - 500 

pM) and results for the effects of UTP were equivocal; thus, it is still unclear which 

receptor subtypes might be involved in the effects of nucleotides on bone formation and 

osteoblast proliferation, and how this might relate to the role of P2 receptors in bone
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resorption. In this chapter, primary rat calvarial osteoblasts were used to investigate the 

effects of low-dose nucleotides on bone formation by osteoblasts (bone nodule assay) and 

cell proliferation.

Mineral formation in cell culture

In vitro, enzymatically isolated osteoblasts are able to synthesise an extracellular 

matrix (ECM) that mineralises in the presence of: (1) ascorbic acid; (2) an exogenous 

organic phosphate source, mostly P-glycerophosphate; and (3) a glucocorticoid, 

promoting bone formation (such as the synthetic glucocorticoid dexamethasone), based 

on a protocols first developed in the 1980s for rat calvarial osteoblasts (see Nefussi et a l, 

1985). Ascorbic acid promotes collagen maturation, and hence ECM deposition. In its 

absence, hydroxylation of collagen proline residues fails to proceed, so that stable pro­

collagen molecules cannot be formed. Treatment of post-confluent osteoblastic cells 

with ascorbic acid increases expression of differentiation markers such as alkaline 

phosphatase and osteocalcin, and is necessary for production of nodules and mineralised 

matrix in long-term cultures. Mineral deposition can only occur where high levels of 

alkaline phosphatase are present extracellularly to increase local inorganic phosphate 

concentrations (Hughes and Aubin, 1998). However, care must be taken concerning the 

concentration of P-glycerophosphate used: it was reported that medium supplementation 

with p-glycerophosphate should not exceed 2 mM, because higher concentrations 

promoted non-physiological, ectopic mineral deposition (Chung et a l, 1992). 

Characterisation of bone nodules has demonstrated that the process of nodule formation, 

matrix deposition and subsequent mineralisation follows a well-ordered, temporally 

defined pattern which appears analoguous to bone formation in vivo. At day 3 of culture, 

cells typically reach confiuency; at day 5, cell clusters are formed; at day 7, nodules are 

built by a dense collagen type I fiber network surrounding the cell clusters; at day 11, 

little white mineralised nodules, with osteocyte-like cells embedded in the matrix, 

become visible to the naked eye; subseqently, these nodules increase in size, and
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organised cell layers surrounding the nodules can be observed, resembling the in vivo 

situation.

With histochemical stains, mineralisation in form of bone nodules can be assessed: 

the von Kossa silver stain reacts positively with anions that complex silver and all 

phosphate-containing materials, whereas alizarin red stains complexed calcium.
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METHODS 

Bone nodule assay

Calvarial bones from 2-day-old neonatal Sprague-Dawley rats were excised and all 

fibrous tissue removed. Primary rat osteoblastic cells were obtained by sequential 

enzyme digestion using a 3-step process (1% trypsin in PBS for 10 min; 0.2% 

collagenase type II in HBSS for 30 min; 0.2% collagenase type II in HBSS for 60 min, all 

at 37°C), rejecting the first two digests. The cells were resuspended in Dulbecco’s 

Modified Eagle Medium with Glutamax® + 10% FBS, 100 U/ml penicillin, 100 pg/ml 

streptomycin and 0.25 fig/ml amphotericin B (complete mixture abbreviated ‘DMEM’), 

and cultured in a humidified atmosphere of 5% CO2 -  95% air in 75 cm^ flasks until 

confluence (2-4 d). At confluence, cells were subcultured into 24-well plates at a density 

of lOVwell in DMEM supplemented with ascorbic acid (50 pg/ml), P-glycerophosphate 

(2 mM) and dexamethasone (10’̂  M). After a 24 h pre-incubation period, nucleotides 

(adenosine, ADP, ATP, UTP, 2-meSADP, at 0.2 -  125 pM) were added to the media. 

Half of the medium was replaced with fresh test media (with nucleotides double the 

desired concentration) or control medium every 3 d.

Cultures were examined daily using an Olympus IMT-2 inverted microscope with 

phase-contrast optics (Olympus Optical Company Ltd., Japan) and continued for 15-21 d, 

depending on the onset of cell cluster- and nodule formation, which varied from culture 

to culture. At the end of the experiment, cultures were washed three times with PBS, 

fixed in 2% glutaraldehyde for 5 min, washed again with PBS and, after three washes 

with 70% ethanol, left to air-dry for 30 min. Mineralised bone nodules were stained with 

alizarin red (1% solution w/v in water) for 5 min, and excessive stain rinsed three times 

with 50% ethanol, before plates were left to air-dry completely. Number of bone nodules 

and total area of bone nodules/well were analysed using the image analysis programme 

‘Scion Image’ (Version Beta 4.02, downloaded from Scion Corporation at 

http://www.scioncorp.com). To that end, low magnification micrographs of each well, 

illuminated on a light-box, were taken with a Leica high-resolution digital camera (Leica
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DC 200, software Version 2.51), converted to a greyscale image in ‘Adobe Photoshop’ 

(Version 5.0, Adobe Systems Inc), and then to a binary image using ‘Scion Image’ image 

processing software (with the same settings, i.e. threshold level and minimum particle 

size for every picture), and quantitated for both total number of nodules/well and total 

area covered by nodules/well. Data were analysed by ‘Excel’ and statistical differences 

assessed by one-way analysis of variance using ‘InStat’ (Version 1.13, Graph?AD 

Software).

Proliferation assays

Proliferation was assessed by two different approaches: (1) [^HJthymidine 

incorporation into newly synthesised DNA of proliferating cells; and (2) measuring total 

nucleic acid content of cultured cells, using a protocol based on the ‘FIuoReporter® Blue 

Fluorometric dsDNA Quantification Kit (F-2962)’ (Molecular Probes, Netherlands), 

which analyses total cellular DNA vvdth the blue-fluorescent ‘Hoechst 33258’ nucleic 

acid stain. The bisbenzimidazole derivative ‘Hoechst 33258’ exhibits fluorescence 

enhancement upon binding to A-T rich regions of double stranded DNA, which is 

enhanced under high ionic strength conditions. The procedure is rapid, and all 

manipulations can be carried out in microplate wells on cells lysed by freezing in distilled 

water.

[^H]thymidine incorporation

Primary rat osteoblastic cells were obtained and cultured till confluence as described 

above. At confluence, cells were subcultured into 24-well plates at a density of lO"̂ / well 

in DMEM supplemented with 5% FBS. Cells were maintained for 24 h in this medium 

before replacement with the same medium containing nucleotides (adenosine, ADP, 

ATP, UTP 1-100 pM), and cultured for 2 or 5 d. Cells were labelled with IpCi/ml of 

[3H]thymidine (Amersham International, UK) for the final 6 h of culture. Cell layers 

were then washed three times with PBS containing ImM unlabelled thymidine, treated 

with 0.75% (w/v) trypsin and 0.03% EDTA (w/v) for 5 min at 37°C, and precipitated
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twice at 4°C overnight with 7.5% trichloracetic acid in the presence of 0.2% (w/v) bovine 

serum albumin (all Sigma, UK), before final digestion with 0.2 M sodium hydroxide 

(NaOH) and liquid scintillation counting.

DNA quantification using Hoechst 33258

Primary rat osteoblastic cells were obtained and cultured till confluence as described 

above. At confluence, cells were subcultured into 48-well plates at a density of 10"̂  or 2 x 

10" /̂well in DMEM, rendered quiescent by varying methods (see results section), and 

treated with nucleotides (adenosine, ADP, ATP, UTP, at 0.5 -  500 pM) for 2 - 4 d. To 

measure total DNA, cells were treated according to the manufacturer’s protocol for 

‘FIuoReporter® Blue Fluorometric dsDNA Quantification Kit (F-2962)’ (Molecular 

Probes, Netherlands). Briefly, plates were emptied at the desired endpoints by 

overturning onto paper towels, stored at -80°C (up to 4 weeks), and thawed to room 

temperature. 450 pi distilled water was added per well, incubated at 37°C for 1 h, placed 

at -80°C until frozen, and then thawed to room temperature. 450 pi of aqueous Hoechst 

33258 (stock solution 5mg/ml in 20% dimethyl sulfoxide (DMSO) (v/v)), diluted 1:500 

in TNE buffer (10 mM Tris, 2 M NaCl, 1 mM EDTA, pH 7.4) were added. Fluorescence, 

using excitation and emission filters centered at 360 nm and 460 nm, respectively, was 

measured on a fluorescence plate reader. To obtain a standard curve, a titration for 

known amounts of calf thymus DNA (stock solution 10 pg/ml) (Sigma, UK), diluted in 

TE buffer (10 mM Tris base, 1 mM EDTA, pH 7.4) to a range of 0 - 2500 ng DNA, was 

performed using the same protocol. A linear regression curve was fit to the values 

(regression coefficient: 0.979) (using ‘Sigma Plot’ version 1.0, Jandel Scientific), and 

DNA concentrations for experimental fluorescence values were interpolated. The 

standard curve is shown in Figure 4.1 (Fig. 4.1).
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Figure 4.1

Standard curve for DNA quantification using Hoechst 33258 dye.

Fluorescence values were plotted against known amounts of calf thymus DNA (0-2500 
ng), and a linear regression curve was fit to the values, using ‘Sigma Plot’.
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RESULTS

Adenosine, ADP, ATP, UTP and 2-meSADP, at concentrations between 0.1 and 500 

|j.M, were tested for their effects on bone nodule formation and osteoblast proliferation.

Bone nodule assay

Cell clusters typically started to appear first at around day 3-6, and became denser 

and mineralised during the course of the culture, until the assay was usually stopped at 

around day 16-20. Examples of the appearance of bone nodules during culture and 

stained with alizarin red, at increasing magnifications, are shown in Figure 4.2 (Fig. 4.2).

ATP and UTP had an inhibitory effect on bone nodule formation, both on the number 

of nodules and the total area of nodules/well. Strong inhibitory effects, as was the case 

for ATP and UTP, could be easily observed by naked eye (Fig. 4.2 A). As illustrated in 

Figure 4.3, the inhibitory effect of ATP started at 10 pM and was maximal at 100 pM 

(Fig. 4.3), whereas UTP started to inhibit bone nodule formation at concentrations as low 

as 1 pM, again with maximal inhibition at 100 pM (Fig. 4.4).

In contrast, neither adenosine (Fig. 4.5), nor ADP (Fig. 4.6), nor 2-meSADP were 

found to have an effect on bone nodule formation, suggesting that ATP, and no further 

degradation products, exerts the effect.
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Figure 4.2

Appearance of bone nodules in culture, and stained with alizarin red.

(A) Picture of a 24-well plate, with two control rows and four rows treated with ATP 
from 0.1 to 100 pM (see labels); inhibitory effects of ATP on bone nodule formation 
were clearly visible by naked eye. (B) Appearance of a single well, as photographed 
before image analysis. (C, D, E) Appearance of bone nodules, formed by osteoblasts in 
culture and stained with alizarin red, at increasing magnification x2 (C), x5 (D), xlO (E). 
(F, G) Osteoblasts showed first signs of bone nodule formation after ~5 d in culture by 
forming discrete multi-layered cell aggregations. Scale bars = 2 cm (A), 1 mm (B,C), 
200 pM (D,E,F,G). (F,G) kindly provided by Siva Mahendran.
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Figure 4.3

Inhibitory effect of ATP on bone nodule formation.

Concentrations of ATP >10 [lM  significantly inhibited number of bone nodules and total 
area of bone nodules/well. Values are means ± SEM (n = 6). Significantly different from 
control: *** p < 0.001.
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Figure 4.4

Inhibitory effect of UTP on bone nodule formation.

Concentrations of UTP > 1 |iM significantly inhibited number of bone nodules and total 
area of bone nodules/well. Values are means ± SEM (n = 6). Significantly different from 
control: * p < 0.05, * *p <  0.01, *** p < 0.001.
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Figure 4.5

Lack of effect of adenosine on bone nodule formation.

Adenosine at concentrations between 0.2 -  125 jiM had no effect on number of bone 
nodules and total area of bone nodules/well. Values are means ± SEM (n = 6).
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Figure 4.6

Lack of effect of ADP on bone nodule formation.

ADP at concentrations between 1 - 125  )iM had no effect on number of bone nodules and 
total area of bone nodules/well. Values are means ± SEM (n = 6).
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Proliferation assays

Effects of nucleotides on proliferation of primary rat calvarial osteoblasts were 

inconsistent and changed from culture to culture. Although a variety of cell culture 

conditions were tried by changing (1) the exposure time to nucleotides, (2) the total time 

in culture, (3) two independent methods to assess DNA synthesis and (4) different 

conditions to render the cells quiescent, no consistent effects were observed. Even when 

slight effects on proliferation (both inhibitory or stimulatory) were seen, they were only 

evident at relatively high concentrations (~ 100 pM). Thus, the biological significance of 

the proliferation studies is questionable in contrast to the clear-cut strong inhibitory 

effects of low-dose nucleotides on bone nodule formation. However, for completeness, 

some representative results are summarised below.

[^H]thymidine incorporation

Using [^H]thymidine incorporation methods to study osteoblast proliferation, UTP at 

100 pM seemed to have a mitogenic effect when osteoblasts were cultured for 2 d (Fig. 

4.7 A). However, after 5 d of culture, a different pattern was seen: UTP had no effect on 

the number of proliferating cells, whereas both adenosine and ATP, at 100 pM, exerted a 

weak inhibitory effect on cell proliferation, and ADP at 100 pM slightly stimulated 

proliferation (Fig. 4.7 B).

DNA quantification using Hoechst 33258

Examples of two sets of experiments using the DNA quantification assay with the 

fluorescent DNA stain ‘Hoechst 33258’ are summarised in the following two tables 

(Tables 4.1, 4.2). Table 4.1 shows results for one set of experiments where cells were 

subcultured at a density of lOVwell into 48-well plates, rendered quiescent with 

DMEM/0.1% FBS for 48 h, before test media were added for a further 48 h. No 

treatment changed the total amount of DNA.
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Figure 4.7

[^H]thymidine incorporation

(A, B) Effects of nucleotides on cell proliferation of primary rat calvarial osteoblasts 
cultured for 2 days (A) or 5 days (B). After 2 days, UTP slightly stimulated proliferation 
(A), whereas after 5 days, adenosine and ATP exerted a slight inhibitory effect and ADP 
was slightly mitogenic (B) (all at 100 pM). Values are means ± SEM (n = 6).
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Concentration Adenosine
Mean ±'SËM

Total DN/ 
ADP
Mean ± SEM ^

Vwell (ng)

Mean ±SEM
Control 1821 ±43.5 2013 ±51.8 1921 ±25.1 1969 ±30.8
0.5 1784 ±33.6 1952 ±53.6 1868 ±34.0 1909 ±40.0
5 1768 ±78.5 1932 ±42.3 1880 ± 51.8 1942 ±28.0
Control 1818 ±28.8 1956 ±36.5 1881 ± 54.1 1942 ±39.6
50 1787 ±24.9 1916 ±66.1 1831 ± 50.5 1903 ±41.3
500 1713 ±32.9 1830 ±48.2 1752 ±37.2 1879 ±27.2

Table 4.1

Effects of nucleotides on rat osteoblast proliferation I.

Cells were cultured for 48 h (2 d) in test and control media (DMEM/0.1% FBS), after 
being rendered quiescent for 48 h in DMEM/0.1% FBS. Proliferation assessed by DNA 
quantification with Hoechst 33258. Values expressed as means ± SEM of total ng 
DNA/well (n -  8).

Table 4.2 shows results for a second set of experiments, where cells were subcultured 

at 10“̂ cells/well, cultured in DMEM/5% FBS for 24 h, before nucleotides were added in 

DMEM/5% FBS. The assay was stopped after 48 h (2 d). The only slight effects were 

observed with 100 pM adenosine and ATP, which resulted in a reduction of cell number 

(Table 4.2).

Total DNA 
A D P ^^#

Jwell (ng)
UTP ^
Mean ± SEM

Control 2557 ± 40.3 2359 ± 37.2 2523 ±11.5 2416 ±22.8
1 2399 ±64.1 2428 ± 48.5 2473 ±20.1 2423 ± 23.6
10 2340 ±51.8 2456 ±31.5 2513 ±44.4 2405 ± 9.4
100 2305 ±64.3 2290 ± 69.9 2218 ±25.7 2399 ± 25.9

Table 4.2

Effects of nucleotides on rat osteoblast proliferation II.

Cells were cultured for 48 h (2 d) in test and control media (DMEM/5% FBS), after 
being rendered quiescent for 24 h in DMEM/5% FBS. Proliferation assessed by DNA 
quantification with Hoechst 33258. Values expressed as means ± SEM of total ng 
DNA/well (n -  6).
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DISCUSSION

Although studies on purinergic signalling in osteoblasts began some 12 years ago, the 

roles of nucleotides in regulating osteoblast functions were not entirely understood. This 

chapter aimed at investigating the effects of nucleotides on primary rat calvarial 

osteoblasts studying bone nodule formation, an in vitro model for bone formation by 

osteoblasts, and cell proliferation, using two different approaches: [^H]thymidine 

incorporation, which assesses the number of cells undergoing active proliferation, and 

DNA quantification with the fluorescent dye Hoechst 33258, which determines the total 

cell number.

Both ATP and UTP, but not adenosine, ADP or 2-meSADP, significantly and 

consistently inhibited bone nodule formation, whereas no clear-cut major effects of 

nucleotides on cell proliferation were found. The potent inhibitory actions of ATP and 

UTP point to the involvement of either P2Y2 or P2Y4 receptors, since ATP and UTP are 

potent agonists at both receptor subtypes. However, since no evidence was found for the 

expression of the P2Y4 receptor subtype on bone cells (Chapter 2), it can be suggested 

that the P2Y2 receptor, expressed on osteoblasts, might be responsible for mediating 

these effects.

The inhibitory effects of UTP and ATP started at concentrations as low as 1 pM and 

10 pM, respectively, which stands in sharp contrast with an earlier paper on the effects of 

nucleotides on appositional bone formation (Jones et al., 1997). This earlier study 

employed a different in vitro model of bone formation, using the same type of primary rat 

calvarial cells, but seeding them on dentine slices with cut-in grooves, on which bone 

could be deposited. At the end of the experiment, number, length and area of bone loci 

were analysed. However, only when applying relatively high concentrations of 500 pM 

ATP, a significant inhibition of bone formation could be observed, and in one 

experiment, ATP at 50 pM even slightly stimulated bone formation. Lower inhibitory 

concentrations of 20 pM were reported for 2-meSATP and the non-hydrolysable ATP 

analogue ATPyS, whereas, similar to my studies, adenosine had no effect. ADP was not 

tested, and the effects of UTP were equivocal: in one experiment, 2 pM UTP stimulated
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bone formation, whereas in another experiment, 2-20 pM of UTP inhibited bone 

formation. Thus, the results presented in this chapter provide a more conclusive result: 

both ATP and UTP, in the low micromolar range, are strong inhibitors of bone formation. 

The fact that in the earlier study ATPyS, a potent agonist at the P2Y2 receptor, was 

inhibitory provides further evidence for the role of the P2Y2 receptor in this process.

ATP at much higher, millimolar concentrations has long been known to play a role in 

the mineralisation process. ATP (> 5 mM) inhibits Ca^  ̂deposition because it is a potent 

stabiliser of amorphous calcium phosphate, thus inhibiting its conversion to 

hydroxyapatite in vitro. However, ATP at 1-5 mM can promote bone formation by 

providing pyrophosphate for the mineralisation process by matrix vesicles (Hsu and 

Anderson, 1977). This highlights the role for specific ecto-ATPases in the calcification 

process, which are responsible for the ATP-dependent Ca^^-and Pj-depositing activity of 

bone or cartilage-derived matrix vesicles (Hsu and Anderson, 1996).

However, inhibitory effects of ATP and UTP on bone nodule formation in the 

present study were observed in the low micromolar range. Thus, an indirect, not 

receptor-mediated effect on mineralisation through the mechanism described above can 

probably be excluded. Additionally, negative effects on bone nodule formation, as 

observed here for ATP and UTP, are most likely due to inhibitory effects on cell 

aggregation and/or collagen/matrix deposition in the earlier stages of the culture, prior to 

mineralisation, and not to inhibiton of mineral deposition. From this work, it cannot be 

told how nucleotides signal intracellularly to inhibit bone formation. Nor was determined 

whether single and intermittent pulses of ATP or UTP would have the same consequence 

as continuous application.

In this context, it has recently been shown that induction of osteoblast differentiation 

by addition of ascorbic acid led to 3- to 4-fold increases in respiration and ATP 

production, resulting in a 5-fold increase in ATP content compared with that in 

immature, undifferentiated cells. This demonstrated that progressive osteoblast 

differentiation coincides with changes in cellular metabolism and mitochondrial activity, 

which are likely to play key roles in osteoblast fimction. An enlarged pool of ATP might

144



be stored in mature osteoblasts for later release in response to appropriate stimuli, so that 

ATP can act as a paracrine agonist at P2 receptors and, based on my results, potentially 

serve as a ‘stopping signal’ for bone formation (Komarova et a l, 2000).

Although only one paper has been published on nucleotides effects on osteoblastic 

bone formation, more studies have been performed on ECM formation in chondrocyte 

cultures. In contrast to the inhibitory effects of ATP and UTP on bone nodule formation, 

an increased accumulation of cartilage proteoglycan and collagen in the presence of 

relatively high-dose (500 pM) ATP and UTP, but not ADP, has been demonstrated in a 

chondrocyte pellet culture system, whereas no effect on cell number was observed. This 

illustrates that chondrocytes might undergo a long-term change to an anabolic, matrix- 

secreting phenotype in response to extracellular nucleotides. The anabolic response was 

only seen in the presence of serum, pointing to a cross-talk between growth factor 

receptor and purinergic signalling pathways (Croucher et a l, 2000).

The finding that ATP and UTP might play a role in osteoblastic activity agrees with a 

number of earlier studies. Kumagai et a l first reported in 1989 that ATP elevates 

cytosolic Ca^^ through mobilisation of [Câ "̂ ],, but not through Ca^^ influx, in rat 

osteoblastic UMR-106 cells (Kumagai et a l, 1989). In a follow-up study, a two-receptor 

model was suggested because ADP and UTP, in addition to ATP, also elicited a rapid

transient increase in [Ca^^Jj at 1-100 pM, followed by an increase in IP3 and IP

(Kumagai et a l,  1991). The presence of two functional P2Y receptors (P2Yi and P2Y2-  

like) on osteoblasts, coupled to internal Ca^  ̂ release, was confirmed by further 

experiments (Reimer and Dixon, 1992; Yu and Ferrier, 1993b; Sistare et a l, 1994; 

Sistare et a l, 1995), whereas adenosine, AMP, a,p-meATP and p,y-meATP were not 

found to have an effect on [Ca^^],. Reimer and Dixon reported a time-dependent 

inactivation of the Câ "̂  signalling pathway with continued receptor occupation by ATP 

(1992). This may be physiologically important as a mechanism to limit the duration of 

the Ca^  ̂ signal in the continued presence of extracellular nucleotides. Additionally, 

activation of PKC has been shown to selectively desensitise the P2Yi, and not the P2Y] 

signalling pathway in osteoblastic cells, and may thus be implicated in the negative
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feedback control of elevation (Gallinaro et a l, 1995). The avian P2Y] receptor has 

three consensus phosphorylation sites for PKC, which may play a role in receptor 

desensitisation (Webb et a l, 1993). In vivo, endocrine or paracrine factors, acting through 

PKC, may therefore regulate responsiveness of osteoblasts to extracellular nucleotides.

Kumagai et a l also observed a potentiated Ca^  ̂ response to nucleotides in the 

presence of PTH (1991). This is consistent with later studies showing that activation of 

P2Yi and P2Y] receptors potentiates subsequent PTH receptor-mediated Ca^^ signalling 

(Kaplan et a l, 1995; Sistare et a l, 1995; Bowler et a l, 1999; Buckley et a l, 2001b). It 

has been suggested that PTH receptors are capable of activating adenylate cyclase 

through Gs proteins, but might be unable to activate PLC until cells receive a signal as a 

consequence of P2 receptor activation (Sistare et a l, 1995).

Signalling events involved in the synergistic effect of PTH (PTH 1-31, but not PTH 

3-34 peptide) and nucleotides (esp. ADP) in UMR-106 cells were investigated in a recent 

study: despite the link to Gs and adenylate cyclase, this synergy did not involve cAMP or 

cGMP accumulation, nor PKA activation, so that events further upstream at the level of 

G protein subunit interaction of P2Yi and PTH receptors were suggested (Buckley et a l, 

2001b). The significance of this potentiation can be seen in its effects on transcription 

factor activation and gene expression: ADP in combination with PTH, but not alone, 

activated the transcription factor CREB (cAMP response element-binding protein), and 

both synergistically activated c-fos expression, which, as mentioned before, is strongly 

implicated in controlling the proliferation and differentiation of bone cells. These results 

contrasted with an earlier study on the human osteosarcoma SaOS-2 cell line, also 

predominantly expressing P2Yi, but requiring the serum response element, in addition to 

the Ca/CRE (Ca^VcAMP response element), of the c-fos promoter for synergy upon co­

stimulation with ADP and PTH (Bowler et a l, 1999). P2Y] receptors can also mediate 

synergistic c-fos induction by ATP/UTP and PTH in primary human osteoblasts (Bowler 

et a l, 1999). These synergies suggest a potentially highly targeted mechanism through 

which systemic PTH could initiate bone remodelling at specific sites in the skeleton by 

cooperating with the localised release of nucleotides.
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Whether PTH can act synergistically with ATP and UTP in inhibiting bone nodule 

formation has not been investigated in the present study, but presents an interesting area 

of future work. As mentioned above, PTH combines with UTP and ATP to induce c-fos 

expression in primary human osteoblasts; thus, this synergistic effect is not only 

restricted to osteoblastic immortal cell lines. The action of PTH itself on osteoblastic 

function is complex and controversial. Effects depend on the differentiation stage and 

confluency of cultured osteoblasts, e.g. PTH may preferentially stimulate osteoblast 

differentiation in immature, low cell density, subconfluent osteoblasts, but inhibit it in 

more mature, high cell density, postconfluent osteoblasts (Isogai et a l, 1996). 

Additionally, PTH can have both anabolic and catabolic effects on mineralisation in vitro 

(30 day culture of murine MC3T3-E1 cells), depending on the time and duration of the 

treatment: continuous PTH treatment before day 20 decreased mineralisation, continuous 

treatment after day 20 had no effect, whereas intermittent short-term treatment only 

between day 20-25 increased mineralisation (Schiller et a l, 1999). Similarly, PTH was 

reported to have diverse effects on differentiation of rat osteoblastic cells and mediation 

through different signal transduction systems (cAMP/PKA and/or Ca^^/PKC) depending 

on the exposure time (Ishizuya et a l, 1997). Thus, future investigations into any 

synergistic effects of PTH and nucleotides on bone nodule formation would require very 

careful planning of duration and timing of PTH treatment.

Nucleotides can also potentiate the mitogenic effects of growth factors, such as IGF 

or PDGF (Shimegi, 1996; 1998). Thus, one could speculate that in damaged bone 

tissues, increased local levels of PDGF and nucleotides released from activated platelets, 

endothelial cells and other cells, attract osteogenic cells to lesional sites and stimulate 

their proliferation (Shimegi, 1996). Extracellular nucleotides present in the bone 

microenvironment may thus be capable of modulating bone cells and controlling the 

remodelling process by interacting with both systemic hormones, such as PTH, and local 

growth factors.

It is unclear why no clear-cut mitogenic effects of nucleotides were observed in my 

study, whereas in the earlier studies (see below) nucleotide treatment could at least
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double the number of proliferating cells. Although a variety of cell culture conditions 

were tried by changing the exposure time to nucleotides, the total time in culture, 

assessment of proliferation and conditions to render the cells quiescent, no consistent 

effects were found. Using [^HJthymidine incorporation methods to study proliferation, 

UTP at 100 pM seemed to have a weak mitogenic effect when cultured for 2 d, but after 

5 d of culture, ADP at 100 pM slightly stimulated proliferation, whereas adenosine and 

ATP seemed to inhibit proliferation. Quantification of total DNA content also suggested 

that adenosine and ATP might act as potential inhibitors of proliferation.

In contrast to these results, ATP and adenosine (10 -  100 pM) have previously been 

shown to stimulate proliferation of cloned osteoblast-like mouse MC3T3-E1 cells, 

whereas UTP had no effect. The actions of ATP appeared to be mediated via internal 

Ca^  ̂ release, but were independent of PKC and/or PGE production (Shimegi, 1996). 

Conversely, another study reported that the mitogenic effects of ATP were mediated in 

part by ATP-stimulated PGE] synthesis (Suzuki et al., 1993). Furthermore, this group 

suggested that ATP stimulates phospholipase D (PLD) in osteoblast-like cells (Suzuki et 

al., 1995), and that phosphatidylcholine hydrolysis by PLD is involved in increased PGE] 

production (Watanabe-Tomita et al., 1997). ATP also stimulated Ca^  ̂ influx, consistent 

with P2X receptors, which resulted in the release of arachidonic acid, production of PGE] 

and enhanced DNA synthesis in osteoblast-like cells (Suzuki et al., 1993).

Mitogenic actions of ATP, probably mediated via P2X receptors, were confirmed in a 

recent study on human osteoblast-like MG-63 cells: extracellular ATP (10 -  100 pM), 

but not UTP, increased DNA synthesis and enhanced the proliferative effect of PDGF 

and IGF-1 through P2X receptors. Based on antagonist studies, the authors proposed a 

P2Xs-mediated proliferative effect. Further evidence suggested that ATP-induced cell 

proliferation might be mediated through several protein kinase pathways, including 

tyrosine kinases and MAPK, but not the Ca^^-dependent protein kinases or the PI-3 

kinase pathways (Nakamura et al., 2000). A preliminary study recently reported that 

P 1 -purinoreceptors for adenosine can mediate both stimulatory and inhibitory effects on 

proliferation of MG-63 cells, depending on the PI receptor subtype, Ai or A], and the
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concentration of adenosine (Shafique and Caswell, 2001). This would agree with my 

findings, showing that adenosine can have a slight inhibitory effect on cell proliferation 

at 100 pM.

Osteoblasts might change their expression profile as they differentiate, since studies 

on single cells and cell populations of human osteoblasts revealed a heterogeneity of 

receptor expression (Dixon et a l, 1997). As described above, studies that reported 

proliferative effects of nucleotides used established clonal osteoblastic cell lines, derived 

from tumours or normal osteogenic tissue, and no primary cell cultures. Although 

primary cell cultures should most closely reflect osteoblastic cell populations present in 

vivo, they are, by nature, very heterogeneous, and cells isolated on different occasions 

may give inconsistent results, as it was the case in this study. Primary populations of 

osteoblasts clearly comprise more than one lineage and different ratios of more, or less, 

differentiated cells, as demonstrated recently in a study on gene expression in calvarial 

osteoblasts (Candeliere et a l, 2001).

In conclusion, this chapter provides evidence for a functional role of the P2Y2 

receptor in negatively modulating bone formation by rat osteoblastic cells, which 

contrasts with the proposed role of the P2Yi receptor in bone resorption. Since the 

effective concentrations of ATP and UTP were in the low micromolar range, this could 

reflect the in vivo situation where nucleotides are likely to occur transiently in the bone 

microenvironment. Osteoblasts are capable of releasing ATP, resulting in nanomolar 

concentrations in the medium (Bowler et a l, 1998b; own preliminary results); however, 

concentrations measured in the entire medium are unlikely to accurately reflect 

concentrations occurring at the cell surface. These are probably in the micromolar range 

before breakdown by ecto-nucleotidases takes place. So far, release of UTP has been 

reported for a range of cells such as astrocytoma cells, epithelial cells and platelets, but 

not osteoblasts (Lazarowski and Harden, 1999). However, UTP could easily be 

generated extracellularly from other nucleotides through the action of ecto-nucleotidases, 

e.g. UDP + ATP UTP + ADP via ecto-nucleoside diphosphokinase (Lazarowski et a l, 

2000; Zimmermann, 2000). Interestingly, UTP can also act through P2Y receptors to
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up-regulate ATP release from human osteoblasts, providing a possible positive feedback 

mechanism (Bowler et a l, 2001).
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CHAPTER 5

INTERACTION OF LOW PH AND OSTEOLYTIC 

AGENTS

INTRODUCTION 

Acid-base balance

The machinery of cells is very sensitive to changes in concentration, therefore the 

mechanisms regulating the intracellular (pHj) and extracellular (pHg) concentration 

are particularly important. pHj, which can be measured by microelectrodes or pH- 

sensitive fluorescent dyes, regulates a variety of intracellular processes and although 

different from pHg, it is still sensitive changes in the extracellular fluid. Several systems 

in the body maintain the pH of the body fluids within a narrow range (pH 7.36 to 7.44): 

the pH of arterial plasma is normally pH 7.40 and that of venous plasma slightly lower. 

Technically, acidosis is present whenever the pH is below 7.4, and alkalosis whenever 

the pH is above 7.4. Most chemical reactions in the body produce or absorb protons. 

For example, proteins are metabolised into amino acids, which are utilised in the liver for 

gluconeogenesis, leaving as products ammonium ions (N H /) and bicarbonate (HCO3 ). 

NH4'̂  becomes incorporated into urea, whereas HCO3 buffers the protons formed 

intracellularly, so that little NH4"̂ and HCO3 escape into circulation. In contrast, 

metabolism of sulphur-containing amino acids produces sulphuric acid (H2SO4), and of 

others phosphoric acid (H3PO4), both strong acids that enter the circulation and present a 

major H^ load of about 50 mEq/d. Much larger amounts of H^ (12,500 mEq/d) are 

formed indirectly from carbon dioxide (CO2), generated by metabolism in the tissues and 

largely hydrated to carbonic acid (H2CO3). However, most of the CO2 is excreted in the
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lungs. Common sources of extra acid loads are strenuous exercise (lactic acid 

production), diabetic ketosis, ingestion of acidifying salts, such as NH4CI, but also food 

products such as cola drinks, which contain phosphoric acid and have a pH of 3 (Barzel, 

1995). The main sources of dietary alkali are fruits and vegetables, as Na"̂  and salts 

of weak acids. A common cause of alkalosis is the loss of acid from the body as a result 

of vomiting of HCl-rich gastric juice.

The lungs and kidneys ultimately remove excess CO2 and generated in the body, 

but in the short-term, several buffer systems help to maintain pH, and pHg at very 

constant levels. The three major buffers in the blood are plasma proteins, haemoglobin 

and the bicarbonate system, whereas pHj is mainly controlled by protein- and phosphate 

buffer systems, and pHe by bicarbonate buffering. For the bicarbonate system, in vivo 

and in vitro (in physiologically buffered media), the following equilibrium exists:

H" + HCO]' H2CO3 -«• H2O + CO2

The system is one of the most effective buffer systems in the body, because the 

amount of dissolved CO2 is controlled by respiration. Thus, when H^ (in the form of 

strong acid = metabolic acidosis) is added to the blood, HCO3' declines as more H2CO3 is 

formed. If the extra H2CO3 were not converted to CO2 and H2O, and the CO2 excreted in 

the lungs, the H2CO3 concentration would raise and the pH drop considerably.

In contrast, a rise in arterial PCO2 due to decreased ventilation causes respiratory 

acidosis. Since CO2 is in equilibrium H2CO3, which in turn is in equilibrium with HCO3 

, the plasma HCO3' raises and a new equilibrium is reached at a lower pH.

In vitro, physiologically buffered tissue culture media formulated with Earle’s salts 

contain 2.2g NaHC03 /l (DMEM contains 3.7g NaHC03 /l), and are normally used in 

combination with a 5% CO2 atmosphere to produce an operating pH close to 7.25 at 

equilibrium. Addition of protons (in the form of concentrated HCl) to the medium 

reduces the HCO3' concentration and the equilibrium pH at constant PCO2, thus 

mimicking in vivo metabolic acidosis. Conversely, increasing PCO2 reduces pH, while
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the HCO3’ concentration remains more or less constant, a model of in vivo respiratory 

acidosis (see also Figure 3.1).

Acidosis and the skeleton

The importance of the skeleton in the maintenance of acid-base balance has long 

been recognised. Besides serving as a Câ "̂  reservoir, the skeleton contains 80% of the 

body’s carbonate and 35% of the body’s sodium, 'which, in response to a metabolic acid 

challenge, can be acutely released to buffer protons in an acellular physicochemical 

reaction (Barzel, 1995). Acidosis has been associated with mineral loss since the early 

part of this century, and may contribute to pathological conditions such as renal 

osteodystrophy and osteoporosis. It has long been thought that buffering of acid loads 

was only due to short-term physicochemical reactions; however, as will be discussed 

below, it is now widely accepted that acidosis predominantly activates more long-term 

cellular mechanisms, involving both osteoclasts and osteoblasts, leading to bone loss.

A number of in vitro studies, using both bone organ cultures and isolated osteoclast 

cultures, confirmed the role of acidosis in bone resorption. First studies using whole- 

organ calvarial or long bone cultures suggested that, especially in short-term (3 h), a pHe 

decrease resulted in a net Ca^  ̂ efflux due to physicochemical dissolution of either 

hydroxyapatite, brushite (CaHP04 ), or calcium carbonate (CaCOs) from bone 

(Dominguez and Raisz, 1979; Bushinsky et a l, 1983; Bushinsky et a l, 1986). However, 

in longer-term cultures, Câ "̂  release in response to acidosis appeared to be osteoclast- 

mediated. Goldhaber & Rabadjija (1987) demonstrated hat acidification of culture media 

with HCl produced large dose-dependent increases in Ca^  ̂release from mouse calvariae 

over 7 days. The effect was blocked by calcitonin and also by indomethacin, suggesting 

that osteoclast-mediated resorption was involved, and that the effect was prostaglandin 

mediated (Goldhaber and Rabadjija, 1987). Bushinsky et a l first reported that metabolic 

acidosis was more potent than respiratory acidosis in stimulating resorption in 4 d 

calvarial cultures, suggesting that decreased medium HCO3', and not just a fall in pH, is 

necessary to enhance net Câ "̂  efflux firom calvariae (Bushinsky, 1989), which was

153



confirmed in a more recent study (Meghji et a l, 2001). A low HCO3 concentration (as in 

metabolic acidosis) might be expected to facilitate the exchange of intracellular HCO3 

for C r in osteoclasts, leading to enhanced HCl secretion and increased resorption. 

Increasing CO2 (as in respiratory acidosis) would not be expected to stimulate the HCO3' 

/ c r  exchanger. The issue whether metabolic or respiratory acidosis are more potent 

stimulators of bone resorption remains controversial: in short-term isolated osteoclast 

cultures, rat osteoclasts were more sensitive to stimulation by CO2 acidosis than by 

HCO3' acidosis, resulting in deeper and bigger pits (Arnett et a l, 1994).

However, isolated osteoclast cultures demonstrated the direct effect of pH on 

resorption most strongly: in non-physiologically buffered culture media (using HEPES 

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

7.4 to 6.8 (Arnett and Dempster, 1986). The remarkable sensitivity of rat osteoclasts to 

extracellular protons when cultured in physiologically HC0 3 '/C0 2 -buffered media was 

demonstrated more recently: small shifts in pHe (from 7,25 to 7.00) resulted in a steep 

sigmoidal response curve, suggesting that rat osteoclasts are essentially ‘switched on’ or 

‘switched o ff by very slight alterations in H^ concentration (Arnett and Spowage, 1996). 

The stimulatory effects of low pH (< pH 7.2, maximal at ~ pH 6 .9-7.0) have been 

observed in osteoclasts derived from numerous species, including mouse (Morrison and 

Arnett, 1998; Meghji et a l, 2001), rabbit (Shibutani and Heersche, 1993) and chick, 

although for the latter, differences were reported in the optimal pH for osteoclast activity 

(Arnett and Dempster, 1987; Walsh et a l, 1990; Morrison and Arnett, 1997).

Additionally, a number of osteolytic agents have been shown to act synergistically 

with low pH, most notably PTH (Arnett and Dempster, 1986), l,25(OH)2D3 (Murrills et 

a l, 1998) and ATP (Morrison et a l, 1998). The interaction with ATP was particularly 

interesting because one receptor subtype of the P2 receptor family, the P2X2 receptor, has 

been shown to require extracellular acidification to show its full sensitivity to ATP (King 

et a l, 1996), and was thus thought to be involved in the stimulation of osteoclasts by low 

pH and ATP. The mechanism by which acidosis ‘switches on’ osteoclasts is still 

unclear, although studies reported acid-induced upregulation of CA U, calcitonin receptor
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and TRAP mRNA (Asotra et a l, 1994; Biskobing and Fan, 2000), and vacuolar H^- 

ATPase (Nordstrom et a l, 1997), as well as increased podosome formation and 

attachment to bone (Teti et a l, 1989a; Murrills et a l, 1993). The finding that acid- 

induced bone resorption, in the absence of ATP, could be partly inhibited by the general 

P2 receptor antagonist suramin and by apyrase, an ecto-nucleotidase scavenging any ATP 

present, additionally suggested that the pH effect might be dependent on trace levels of 

extracellular ATP, and that the P2X2 receptor might be the putative ‘pH receptor’ on 

osteoclasts (Morrison et a l, 1998).

This chapter aimed at answering a number of questions arising from the role of 

acidosis in osteoclast fimction. (1) Human osteoclastoma-derived osteoclasts are known 

to resorb mineralised substrates more agressively than normal mammalian osteoclasts. 

To investigate whether this could be due to pertubation in the response of the these 

osteoclasts to pHe, or whether human osteoclasts are as pH-dependent as osteoclasts from 

other species, the effect of pHe changes on osteoclasts disaggregated from human 

osteoclastoma tissue was investigated. (2) The interaction between RANKL and low pH 

was studied using the disaggregated rat osteoclast assay. RANKL, in addition to its 

effects on osteoclastogenesis (see Chapter 1), can also directly activate mature osteoclasts 

to resorb bone (Fuller et a l, 1998; Lacey et a l, 1998; Burgess et a l, 1999), and it was 

investigated whether the pro-resorptive action of RANKL is as pH-dependent as the 

action of other osteolytic agents. (3) In an attempt to identify putative ‘pH receptors’ on 

osteoclasts, the expression of acid-sensitive ion channels (ASIC) on osteoclasts was 

studied. The first ASIC was cloned four years ago (Waldmann et a l, 1997), and 

characterisation of further H^-gated ion channels suggested that they represent members 

of amiloride-sensitive Na^ channel/degenerin superfamily of ion channels. Expression 

induces an amiloride-sensitive cation channel which is transiently activated by rapid 

extracellular acidification. ASIC is now called ASICl and is activated by pH < 7.0, 

whereas ASIC2, or mammalian neuronal homolog of degenerins (MDEGl) requires a 

more acidic pH. A third channel, dorsal root ganglion ASIC (or DRASIC or ASIC3), is 

activated by pH < 4.5. Since the pH activation profile of ASICl strongly resembles the
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pH response of osteoclasts, expression was studied on osteoclasts using a set of 

commercially available polyclonal antibodies.

Studies on the interaction of RANKL and low pH were performed in collaboration 

with Nichola Zanellato, who worked in our lab on her BSc project.
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METHODS

Human osteoclastoma cultures

The effect of pHe alterations was studied on osteoclasts disaggregated jfrom human 

osteoclastoma tissue. Fresh osteoclastoma tissue was obtained at surgery (kindly 

provided by Dr Ann Sandison, Royal National Orthopaedic Hospital, Stanmore, UK). 

Tumours (~5 mis volume) were chopped into small pieces in serum-free MEM and 

digested with collagenase type I solution (3 mg/ml in MEM) for 30 min at 37°C, with 

mixing every 5 min. The mixture was passed through a 100 pm sieve by gentle use of a 

5 ml syringe plunger, and rinsed thoroughly with MEM. Cells were resuspended in 

serum-free MEM and spun at 200g for 10 min. MEM was discarded, the cell pellet 

resuspended, washed again, and MEM discarded. For cell freezing, the cell pellet was 

resuspended in 10% DMSG and 40% FCS in MEM, frozen in 1 ml vials and stored in 

liquid nitrogen. For culture, cells were quickly thawed, washed with MEM, spun down 

and reconstituted in cold tissue culture medium (MEM/10% FCS). Cells were 

sedimented on to 5 mm dentine discs for 2 h, transferred to 6-well plates with pre­

equilibrated test media, and cultured for 24 h in 5% CO2 - 95% air. MEM was modified 

by the addition of small amounts of HCl or NaOH (12, 9, 6 , 3, 0, -3, -6 , -9, -12, -15, -18 

or -21 mEq/1 H^ (minus sign represents addition of OH ). Each group contained 8 

replicates. At the end of the experiment, discs were fixed with 2% glutaraldehyde, stained 

for TRAP, and medium pH and PCO2 were measured by blood gas analyser. TRAP- 

positive osteoclasts and resorption pits were assessed ‘blind’ by transmitted/reflected 

light microscopy (for detailed method refer to Chapter 3: Disaggregated rat osteoclast 

assay). Pit depth was estimated using reflected light microscopy and the fine focus 

control (in pm) on the microscope.

The osteoclastoma cells used in the culture for which results are presented here were 

kindly provided by Dr Steve Nesbitt (Bone and Mineral Centre, UCL).
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Disaggregated rat osteoclast assay

RANKL was a generous gift of Dr Colin Dunstan (Amgen Inc, USA). The effects of 

RANKL (at 1, 10, 100 ng/ml) and pH (~ pH 7.0 and ~ pH 7.4) on resorption pit 

formation by mature rat osteoclasts were studied using the disaggregated rat osteoclast 

assay, as described in Chapter 3. pH was modified by direct addition of concentrated 

HCl or 6 M NaOH, resulting in an operating pH close to pH 7.0 and pH 7.4, respectively. 

The latter was assumed to reflect the ‘physiological’ pH present in blood. In addition to 

the number of TRAP-positive multinucleated osteoclasts and the number of discrete 

resorption pits, the total area covered by resorption, and the area of individual resorption 

pits were assessed ‘blind’ via a colour image video output, using ‘dot count’ 

morphometry.

Statistical comparisons were made by one-way analysis of variance (ANOVA); 

representative data are presented as means ± SEM for 5 replicates. Significance was 

assumed at p < 0.05. Results are presented for a representative experiment that was 

repeated three times.

Immunocytochemistry for ASIC

Antibodies against ASICl, ASIC2, and DRASIC and control peptide for ASICl were 

obtained from Alpha Diagnostic International (USA) at stock concentrations of 1 mg/ml, 

and used at 1:200 dilution. Pre-absorption of ASICl antibody was performed overnight 

with 10-fold excess peptide. Osteoclasts were isolated as described before (Chapter 2), 

and cultured in LabTek 8 chamber slides or on dentine discs for 24 h in pH 6.9 or pH 7.2. 

hnmunocytochemical procedures were performed as described for immunostaining with 

anti-P2 receptor antibodies in Chapter 2, with the exception that alternative primary 

antibody diluents were tested, i.e. with or without the addition of Triton X-100 (0.1% in 

10% NHS). Additionally, cultures on dentine discs were not treated with methanol at - 

20°C when followed by staining for F-actin in resorbing osteoclasts with rhodamine- 

conjugated phalloidin (Molecular Probes, Netherlands) for 30 min prior to confocal
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microscopy. Osteoclasts on dentine discs were monitored with a Leica TCS NT confocal 

laser scanning microscope (Leica, Germany), using standard filter settings and sequential 

scanning. The confocal microscope was kindly provided by Prof Mike Horton, and 

demonstrated by Dr Gudrun Stenbeck (Bone and Mineral Centre, UCL).
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RESULTS 

Acid activation of osteoclasts derived from human osteoclastoma

The response of osteoclasts derived from human osteoclastoma to changes in pHg 

was very similar to that of normal rat osteoclasts (Amett and Spowage, 1996). Culture 

medium was modified by addition of 12, 9, 6 , 3, 0, -3, -6 , -9, -12, -15, -18 or -21 mEq/1

(minus sign represents addition of OH’), resulting in pH values from pH 6.83 to pH 

7.37. Figure 5.1 shows that pit formation was almost ‘switched o ff above pH 7.32 and 

was maximally activated at about pH 7.0 (Fig. 5.1). Osteoclastoma-derived cells seemed 

to resorb dentine more aggressively than osteoclasts from normal tissues. Single pits 

formed by osteoclastoma cells were typically up to 30 pm deep, compared with about 

5 pm for rat osteoclasts and 10 pm for chick osteoclasts (Tim Amett, personal 

communication) (Fig. 5.2).
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Figure 5.1

Stimulation of resorption pit formation by osteoclasts derived from human 
osteoclastoma as extracellular pH is reduced.

Culture medium was modified (from left to right) by addition of 12, 9, 6 , 3, 0, -3, -6 , -9, 
-12, -15, -18 or -21 mmol/1 H^ (minus sign represents addition of OH ). Values are 
means ± SEM (n = 8).

160



#

< K  ' ^  1 *

if. #
s.
r

■ I

6 .-W «
\

JÇ
&

%

«  -

#

K v *

t ' *  '■ ■ ■

/  ^

. . .  ■ ' -#"   ^

B

»  k  .

. .  !
'  i  T  » ■-

Figure 5.2

Resorption pits excavated by human osteoclastoma cells.

(A, B) Resorption pits up to 30 pm deep formed by osteoclasts derived from human 
osteoclastoma in 24 h cultures. Stained for TRAP; viewed by reflected light microscopy. 
Scale bars = 50 pm.
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Figure 5,2

Resorption pits excavated by human osteoclastoma cells.

(A, B) Resorption pits up to 30 pm deep formed by osteoclasts derived from human 
osteoclastoma in 24 h cultures. Stained for TRAP; viewed by reflected light microscopy. 
Scale bars = 50 pm.
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Interaction between RANKL and low pH

As demonstrated in Figures 5.3 and 5.4, results show clearly that RANKL can cause 

striking increases in osteoclastic resorption, but that this effect is dependent on 

extracellular acidification. Assays were analysed by assessing three separate parameters: 

number of resorption pits, number of osteoclasts, and area of resorption pits.

As shown in Fig. 5.3, at physiological pH (~ 7.4), basal resorption was very low and 

RANKL (10 or 100 ng/ml) caused small increases only, in absolute terms, in numbers of 

resorption pits. In the absence of RANKL, reduction of pH from pH -7.4 to pH -7.0 

increased pit formation 16-fold. Combined treatment with RANKL (10 or 100 ng /ml) 

and pH reduction resulted in a synergistic increase in resorption: the total number of pits 

doubled compared to acidified control and increased 10-fold compared to equivalent 

RANKL treatments at pH 7.4. (Fig. 5.3 A). No significant effects of either pH or 

RANKL treatment were observed on the total numbers of osteoclasts per dentine disc 

(Fig. 5.3 B); the numbers of pits resorbed per osteoclast (Fig. 5.3 C) exhibited similar 

changes to those shown in Fig. 5.3 A.

Broadly similar responses were observed when resorption pit areas were taken into 

account, except that the magnitude of RANKL effects at pH -7.0 was even greater (Figs.

5.4 A,B). Treatment with 10 and 100 ng RANKL/ml at pH -7.0 stimulated osteoclasts to 

resorb 29- and 25-fold more than at pH -7.4 (Fig. 5.4 B). The effect of RANKL at either 

pH was to increase the size of resorption pits: in the presence of 100 ng/ml RANKL, the 

area of individual resorption pits was approximately doubled (Fig. 5.4 C). Histological 

examination of dentine discs revealed that RANKL treatment frequently caused 

osteoclasts to excavate continuous, large ‘snail-trail’ pits (Fig. 5.5); this pattern of 

resorption was almost never observed in cultures stimulated by acidification alone.
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Figure 5,3

Effects of RANKL and low pH on the numbers of pits and osteoclasts.

(A, C) pH-dependent effects of RANKL treatment on the numbers of discrete resorption 
pits excavated by rat osteoclasts cultured on dentine discs for 26 h; the stimulatory 
effects of low pH and RANKL were synergistic. (B) Total numbers of osteoclasts were 
unchanged by RANKL treatment and/or pH changes. Significantly different from 
control in the same pH group: p < 0.01, p < 0.001. Significantly different from
the same RANKL concentration at physiological pH: ** p < 0.01, *** p < 0.001. 
Values plotted are means ± SEM (n = 5).
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Figure 5.4

Effects of RANKL and low pH on resorption areas.

(A, B) Synergistic stimulatory effects of pH and RANKL treatment on the area resorbed 
per dentine disc (A) or per osteoclast (B). (C) Treatment with 100 ng/ml RANKL 
resulted in a doubling of resorption pit area at physiological or acidified pH. Significantly 
different from control in the same pH group:  ̂  ̂p < 0.01,  ̂  ̂  ̂p < 0.001. Significantly 
different from the same RANKL concentration at pH 7.4: * p < 0.05, ** p < 0.01, *** p 
< 0.001. Values plotted are means ± SEM (n = 5).



pH
6.99 6.97 6.98 6.987.43 7.41 7.40 7.41

physiological (blood) pH 
ezza acldHiedO

X

I
# # #

1
2

I
0 — '

B

I
w
■c
I
«30

1
I

30

##
25

20

15

10

5

0

###

Q. 2000

CO 1 0 0 0  -

1 10 100 0 1 10 100 

RANKL (ng/ml)

164



B

Figure 5.5

Large ‘snail trail’ pit excavated by osteoclasts treated with RANKL.

(A, B) Osteoclasts (arrow) excavated large ‘snail-trail’ pits (arrowheads) in the presence 
of RANKL, viewed by transmitted light microscopy (A) or reflective light microscopy 
(B). Scale bar = 50 pm.

Expression of ASIC in osteoclasts

Expression of three members of the H^-gated ion channel family was studied on 

cultured osteoclasts using a set of polyclonal antibodies directed against ASICl, ASIC2 

and DRASIC. No membrane staining was observed for any of the proteins; however, 

immunostaining on osteoclasts both on plastic (Fig. 5.6 A, B) and on dentine (Fig. 5.6 D- 

G), the latter analysed by confocal microscopy, revealed strong perinuclear staining for 

ASICl, with some additional staining observed in cytoplasmic vesicles in osteoclasts 

cultured on dentine discs (Fig. 5.6 F,G). ‘Ring-like’ perinuclear staining in osteoclasts 

could represent staining in the Golgi apparatus; thus, ASICl appears to be present in 

osteoclasts, but not functionally expressed in the membrane. Culture in acidified medium 

did not cause a translocation to the membrane. The staining for ASICl was strongly 

reduced by pre-absorption controls, implying specificity (Fig. 5.6 C), whereas ASIC2 and 

DRASIC showed no significant staining.
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Figure 5.6

Immunostaining for H -gated ion channels in osteoclasts cultured on plastic or 
dentine.

(A, B, C) Localisation of ASICl on rat osteoclasts, cultured on plastic, visualised with 
fluorescein. Strong perinuclear immunostaining with anti-ASICl antibody (A, B), which 
was almost abolished in control cell (C) pre-absorbed with ASICl peptide. (D-G) 
Confocal microscopy of osteoclast immunostained with anti-ASICl (green) cultured on 
dentine. (D, E) Resorbing osteoclasts (arrow) were stained with rhodamine-phalloidin to 
demonstrate F-actin distribution (red). Pits are visualised by reflective light (blue) 
(arrowheads) (D). (E) Lateral view of the same cell shows the perinuclear staining 
pattern. (F, G) Sometimes, additional ASICl immunoreactivity was observed in vesicles 
(arrows). (G) Lateral view. Scale bars = 50 pm (A, B), 30 pm (C), 10 pm (D-G).
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DISCUSSION

The results presented in this chapter indicate that acid-activation is a fundamental 

property of human, rodent and avian bone resorption systems.

Human osteoclastoma-derived osteoclasts are known to resorb mineralised substrates 

more aggressively than normal mammalian osteoclasts. Osteoclastoma, or ‘giant-cell 

tumour of bone’, is a benign bone neoplasm, which can occasionally metastasise. It was 

investigated whether osteoclastoma-derived osteoclasts show similar acid activation 

responses as those observed in rodents and chicken, or whether their high resorptive 

activity in vivo could be due to pertubation in the response of these cells to pHe, such that 

osteoclastoma cells are not ‘switched o ff at a non-acidic pH > 7.2, but remain active. 

The data presented here indicate that there is no perturbation of the ‘set point’ for acid 

activation of human osteoclastoma-derived osteoclasts, since pit formation was 

maximally activated at about pH 7.0 and essentially ‘switched o ff above pH 7.3, 

resembling the pH activation profile observed in other species. Once activated, however, 

these cells resorbed dentine more aggressively than osteoclasts from normal tissues. 

Single pits formed by osteoclastoma osteoclasts were typically up to 30 pm deep, 

compared with about 5 pm for rat osteoclasts and 10 pm for chick osteoclasts. 

Osteoclastoma cells are relatively easy to obtain in high numbers compared to rat 

osteoclasts; thus, they would be an interesting system to examine downstream signalling 

events following pH activation.

In a second series of experiments, the interaction between low pH and RANKL was 

studied using the short-term rat osteoclast resorption assay. This study demonstrates that 

osteoclast activation by slight extracellular acidification (pH -7.0) is a key requirement 

for the stimulatory action of RANKL on osteoclastic resorption to occur, and that 

RANKL acts synergistically with low pH to activate osteoclasts. It is noteworthy that at 

‘physiological’ pH {i.e. blood pH, -7.4), RANKL exerted only minimal stimulatory 

effects on resorption. The stimulatory effect of RANKL at 10 -  100 ng/ml on osteoclastic 

resorption is broadly in line with earlier reports of the activation of mature osteoclasts by
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RANKL (Fuller et a l, 1998; Lacey et a l, 1998; Burgess et a l, 1999); however, the 

effects of extracellular pH were not investigated in these studies. Fuller et a l  (1998) 

described increased cytoplasmic spreading and pseudopodial motility after RANKL 

treatment. Their studies also showed that RANKL alone is sufficient to fully account for 

the stimulation of bone resorption induced by PTH, replacing the need for osteoblastic 

cells mediating the PTH effect on osteoclasts. The study of Burgess et a l (1999) 

observed that RANKL induced re-arrangement of the osteoclast cytoskeleton, increased 

the area resorbed per osteoclast, and probably activated osteoclasts to undergo multiple 

resorption cycles. However, no significant effect of RANKL on the mean area of 

individual resorption events was seen, in contrast to the results presented here, where 

RANKL at 100 ng/ml increased not only the numbers of pits resorbed per osteoclast, but 

also doubled the size of individual resorption pits. Additionally, at pH -7.0, RANKL 

treatment often caused osteoclasts to exhibit contiguous ‘snail-traiT resorption pits, 

consistent with multiple resorption cycles as suggested above. Stimulation of bone 

resorption by RANKL is probably not due to enhanced osteoclast survival, since numbers 

of osteoclasts were unchanged by RANKL treatment.

The action of other osteolytic agents {e.g. l,25-(OH)2D3, ATP and ADP) is also 

enhanced by acidification, as mentioned in the ‘Introduction’ to this chapter. Conversely, 

slight alkalinization markedly attenuates the osteolytic action of PTH, l,25-(OH)2D3 and 

PGE2 (Meghji et a l, 2001). Taken together, these results suggest a ‘hierarchy’ in the 

stimulation of osteoclastic activity: a low pH appears to be an essential initial 

requirement for the activation process; once this activation has occurred, further 

stimulation by a wide range of osteolytic agents can take place. However, the stimulatory 

effect of low pH can be blocked by a number of inhibitors, most notably calcitonin 

(Arnett and Dempster, 1987).

The mechanism underlying the effects of extracellular protons on osteoclastic 

resorption is poorly understood. Recent work from our lab has shown that, in the 

presence of bicarbonate, lowering pHe always led to a parallel intracellular acidification in 

rat osteoclasts (Dunina-Barkovskaya et a l, 2001). Extracellular acidification also leads

168



to an increase in actin-rich podosomes and in the formation of actin-rich ‘clear zones’ 

within the osteoclast, indicating increased adhesion to the substrate (Teti et a l, 1989a; 

Murrills et a l, 1993). These findings agree with biochemical data suggesting possible 

regulatory effects of concenctration on actin polymerisation and filament formation 

(Selve and Wegner, 1987; Zimmerle and Frieden, 1988). Along with effects on CA II 

and TRAP mRNA expression (Asotra et a l, 1994; Biskobing and Fan, 2000), acidosis 

can also induce vacuolar H^-ATPase activity (Nordstrom et a l, 1997), and cause Ca^  ̂

efflux firom the cell, resulting in reduced [Ca^^]i (Teti et a l, 1989a). Therefore, acidosis, 

through upregulation of each one of these mechanisms, is likely to stimulate osteoclastic 

bone resorption and thus promote bone loss. Interestingly, calcitonin receptor mRNA 

expression in osteoclasts increases under acidic conditions, suggesting that, as osteoclasts 

become more active at low pH, an increase in calcitonin receptor expression may 

augment the capacity for rapid inhibition of bone resorption (Biskobing and Fan, 2000).

However, another possibility is that osteoclasts possess a specific ‘pH-sensing 

apparatus’, either located extracellularly {le. receptor-mediated), or intracellularly, e.g. 

similar to an ‘pH-reponse element’, the latter particularly interesting in context with 

studies showing that lowering pHe in rat osteoclasts leads to a parallel decrease in pHj 

(Dunina-B arko vskaya et a l, 2001). Work from our lab about three years ago showed that 

the full sensitivity of osteoclasts to activation by ATP is only evident at low pH (-6.9 - 

7.0). This, and other data, suggested a role for the P2X] receptor in acid activation of 

osteoclasts. Using recombinant P2X] receptors expressed in Xenopus oocytes, small 

acidic and alkaline shifts (as little as 0.03 pH units) were able to enhance or diminish the 

response to ATP, respectively (Wildman et a l, 1997). No other P2 receptor family 

member is so sensitive to extracellular pH. An unusual feature of the P2Xi receptor is the 

presence of 8 histidyl residues in the extracellular loop domain (Brake et a l, 1994); 

histidine is exceptional in having an imidazole side chain with a pKy of 6 .8 . Thus, small 

pH shifts in the physiological range will change the charge and protonation of histidine 

side chains, with possible alterations in conformation of this domain. Acid-activation of 

rat osteoclasts was shown to be inhibited by apyrase and the general P2Xi,2,3,5 receptor 

antagonist suramin, without affecting cell viability or morphology, suggesting that the pH
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response of mature rat osteoclasts may be dependent on trace levels of free or bound 

extracellular ATP (Morrison et al., 1998). In vivo studies have shown that suramin is 

indeed a potent inhibitor of bone resorption, through unknown mechanisms (Yoneda et 

a l, 1995); however, care must be taken when interpreting data using suramin, as it has a 

much broader and non-specific actions than just antagonising P2X receptors, e.g. it is also 

known to inhibit ecto-nucleotidases (Yegutkin and Bumstock, 2000).

Taken together, this data pointed to the possible involvement of the P2X2 receptor 

subtype in acid-activation of bone resorption, but it remained unclear how and ATP 

could interact at the P2X] receptor to stimulate resorption. One possibility was that when 

the P2X] receptor is occupied by ATP, protons might modulate the receptor to allow the 

opening of a non-selective cation (including H^) channel in the osteoclast basolateral 

membrane. This would decrease pH, through influx, thus increasing intracellular 

supply for the action of H^-ATPase. More protons could be pumped into the resorption 

lacunae and thus facilitate resorption (Arnett and King, 1997). However, an alternative 

possibility is that ATP and protons are operating at distinct receptor sites on the 

osteoclast cell membrane.

To address these open questions, I undertook preliminary studies on P2X2-deficient 

mice, kindly provided by Roche Bioscience (Palo Alto, USA). However, only a limited 

number of animals were available, and problems with the genotype of wild-type animals 

occurred during the course of the study. Thus, experimental data are not included in this 

thesis. However, preliminary results were surprising: the P2X2 receptor does not seem to 

represent the putative ‘pH receptor’ on osteoclasts, since cells derived from knockout 

mice were still strongly stimulated by acid alone. Interestingly, at neutral pH, ATP still 

stimulated resorption, but at acidic pH, ATP did not only have no stimulatory effect, but 

inhibited resorption to levels lower than the acid-control. Thus, P2X2 knockout mice- 

derived osteoclasts appeared to show a blunted response to ATP at low pH, which raises 

even more questions as to what the exact roles of P2 receptors are in bone cell fimction. 

This will be further explored in Chapter 6 (General Discussion).
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Acidosis accompanies many painful inflammatory and ischaemic conditions, thus the 

mechanism underlying pain caused by acid has received much attention (Steen et a l, 

1992). Recent cloning of a H^-gated channel (ASIC) demonstrated its expression on 

small neurons of dorsal root ganglia, consistent with a role as acid sensors in nociceptive 

sensory neurons (Waldmann et a l, 1997). Since the pH activation profile of ASICl 

strongly resembles the pH response of osteoclasts, expression was studied on osteoclasts, 

hnmunostaining on osteoclasts revealed strong perinuclear staining for ASICl, but no 

functional expression in the membrane. Culture in acidified medium did not cause a 

translocation to the membrane. Thus, ASICl appears to be specifically expressed in 

osteoclasts; however, whether it can also be functionally expressed in the membrane to 

serve as an extracellular pH-sensing receptor remains to be determined by other methods.

Protons may represent one of the only known direct stimulators of osteoclastic 

resorption, as most osteolytic agents act indirectly on osteoclasts via osteoblasts. They 

may also serve a pathophysiological role as a local osteoblast-osteoclast coupling factor 

(Amett and Dempster, 1990). Lowering pHe in mouse calvarial cultures stimulates PGE 

biosynthesis, which leads to formation and activation of osteoclasts (Rabadjija et a l, 

1990). In calvarial cultures, resorption stimulated by HCO3 ' acidosis could be inhibited 

by both indomethacin, blocking PGE synthesis, and also by 5-lipoxygenase inhibitors, 

suggesting that leukotrienes are also involved in mediating the effect (Meghji et a l, 

2001). In contrast, resorption pit formation by cultured osteoclasts is stimulated by 

cyclooxygenase inhibitors (Morrison and Amett, 1996), and inhibited by prostaglandins 

(Amett and Dempster, 1987).

Osteoblasts are also generally affected by acidosis, e.g. osteoblastic collagen 

synthesis and alkaline phosphatase activity are decreased in metabolic acidosis, more 

than in respiratory acidosis (Krieger et a l, 1992; Kaysinger and Ramp, 1998), consistent 

with studies reporting that acidosis inhibited bone nodule formation (Sprague et a l, 

1994). Extracellular pH can also induces changes in osteoblastic gene expression: 

decreasing pHg to 6.8 - 7.0 led to a reduction in the immediate early response gene egr-1, 

and in type 1 collagen, osteopontin and matrix gla protein mRNA, compared to control 

(Frick et a l, 1997; Frick and Bushinsky, 1998). Metabolic acidosis may therefore be
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doubly destructive for bone: it inhibits osteoblastic bone formation, and stimulates bone 

resorption.

There are relatively few reliable measurements for interstitial pH in intact tissues. In 

normal subcutaneous tissue, pH values decrease as the distance from a blood vessel (pH 

-7.4) is increased from 10 pm (pH -7.2) to 30 pm (pH -7.1), a distance equivalent to 

approximately one or three cell diameters, respectively (Martin and Jain, 1994). 

Analagous pH drops are likely to occur in the ‘bone compartment’, away from capillaries, 

although precise values will depend on the rate of metabolic acid efflux from cells and 

the local buffering power of the extracellular fluid. A recent study, using high-density 

cultures of osteoblastic cells, reported pH values of -7.0 beneath the cell layer following 

IGF-1 application (Santhanagopal and Dixon, 1999). This model system may resemble, 

in some respects, an in vivo situation, in which acid production by osteogenic or stromal 

cells reduces local pH to a value optimal for osteoclastic bone resorption and for 

interaction with other osteolytic agents, such as RANKL or nucleotides. Factors such as 

IL-1, ATP, PTH and l,25-(OH)2D3 are also known to enhance medium acidification by 

osteoblasts, which could conceivably stimulate osteoclasts (Aisa et a l, 1995; Kaplan and 

Dixon, 1996, Barrett et a l, 1997; Sankararajah et a l,  2000).

Long-term stimulatory effects of low pH on osteoclastic resorption may be relevant 

to in vivo situations. The powerful stimulatory effect of low pH on pit formation by 

mature rat osteoclasts does not appear to diminish with time in culture, provided that the 

cytotoxic effects of very low pH (le. <6 .8) are avoided, and small pH shifts are not 

associated with any long-term changes in osteoclast number. Thus, acidosis occurring in 

tumours, inflamed tissues or rheumatoid arthritis would be likely to amplify the effects of 

osteolytic factors, resulting in local bone loss. It has been shown that the pH in 

inflammatory synovial fluid is lower than fluid from non-rheumatoid joints, suggesting 

that bone loss commonly found in rheumatoid arthritis could be caused by local 

acidification (Falchuk et a l, 1970).

It has been recognised since the early part of this century that metabolic acidosis due 

to acid ingestion or renal disease can result in profound bone loss (review: Amett and
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Dempster, 1990). However, metabolic acidosis is not only present in pathological 

conditions: humans eating a typical western diet develop a slight, but progressive 

increase in blood acidity and a decrease in plasma HCO3 ' concentrations (low-grade 

metabolic acidosis) (Barzel, 1995; Frassetto and Sebastian, 1996). Furthermore, local 

acidification could occur in periods of low bone blood flow and poor oxygenation, such 

as with ageing and the initial stages of fracture healing. A decreased blood flow may 

result in insufficient removal of metabolic waste products (e.g. lactate) and thereby 

decrease the pH of bone interstitial fluid. Although pH decreases would be small, 

accumulation of a slightly elevated rate of bone resorption and a slightly diminished rate 

of osteoblastic collagen synthesis over several years could contribute to osteoporosis. In 

this context, recent studies on postmenopausal women have shown that administration of 

KHCO3 , sufficient to neutralise endogenous acid, improved calcium and phosphorus 

balance, reduced bone resorption and increased the rate of bone formation (Sebastian et 

al., 1994).

In summary, results from this chapter suggest that acidosis stimulates osteoclasts 

strongly in all resorption models and species studied to date, and that is appears to be an 

essential requirement for pit formation by RANKL and other osteolytic agents; however, 

it remains to be determined if there is a ‘pH-sensing’ apparatus on osteoclasts, or whether 

an acidic pHg simply decreases pHj, resulting in pro-resorptive changes such as enhanced 

actin-polymerisation amongst others. Extracellular pH is clearly an important influence 

on bone homeostasis and must additionally be considered a critical factor in the design, 

monitoring and interpretation of all bone resorption experiments.

173



CHAPTER 6

GENERAL DISCUSSION AND FUTURE WORK

The work presented in this thesis has focused mainly on purinergic signalling in 

osteoblasts and osteoclasts, in addition to investigating some new aspects of the effects of 

acid on bone. A detailed discussion of the results was provided at the end of each 

experimental chapter; thus, in this general discussion, I would like to summarise the 

major findings and discuss: (1) the results of each chapter in relation to each other; (2 ) 

the potential physiological/pathophysiological relevance; (3) future directions of 

research; and (4) some advantages and disadvantages of the techniques used in this 

thesis.

This project was planned based on a large number of pharmacological and 

electrophysiological studies suggesting the presence of P2 receptors on bone cells (see 

Chapter 1), and on a few functional studies reporting that ATP has both an effect on 

osteoclast formation and resorption (Bowler et a l, 1998a; Morrison et a l, 1998) and on 

bone formation (Jones et ah, 1997). However, it was neither known which P2 receptor 

subtypes were present on bone cells, nor which of these receptors might be mediating any 

effects on osteoclast and osteoblast function. Thus, in the first experimental chapter, 

using immunohistochemistry and in situ hybridisation, it was shown that osteoblasts, 

osteoclasts and chondrocytes express a wide range of P2 receptors, both of the P2X and 

P2Y receptor subtypes. Often, a cytoplasmic immunoreactivity was observed in 

osteoblasts and osteoclasts, which was surprising since receptors were expected to be 

functionally expressed in the plasma membrane. However, two recent studies, using 

green fluorescent protein (GFP)-tagged P2Xi- and P2X] receptor constructs, reported 

both cytosolic and plasma membrane localisation of these two receptor subtypes (Dutton
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et a l, 2000; Khakh et a l, 2001). GFP-tagged P2Xi receptors, which were clustered in 

the cell membrane, became internalised following prolonged exposure to ATP, most 

likely into acidic endosomes (Dutton et a l, 2000). In contrast, ATP application produced 

no internalisation of GFP-tagged P2X] receptors, but areas of increased fluorescene, i.e. 

‘hot spots’, in the plasma membrane (Khakh et a l, 2001). Thus, more detailed 

localisation studies, using techniques such as GFP-receptor constructs, but also electron 

and confocal microscopy, would be desirable in future immunohistochemical studies on 

bone cells.

The presence of at least two P2Y subtypes (P2Yi- and P2Y2-like receptors) on bone 

cells had been suggested in number of earlier studies, but the finding of P2X receptor 

expression is relatively new (especially the expression of the acid-sensitive P2X2 receptor 

subtype). Chapters 3 and 4 explored which receptors might play a role in bone resorption 

and bone formation, employing a number of functional studies on rodent osteoclasts and 

osteoblasts.

Whilst studying osteoclasts, I found that ADP, at nanomolar to low micromolar 

concentrations, is a powerful stimulator of osteoclast formation and subsequent 

resorption, and presented evidence that this osteolytic effect is probably mediated via the 

P2Yi receptor subtype. The P2Yi receptor was found to be expressed on both osteoclasts 

and osteoblasts; thus, the osteolytic effects could be mediated directly, via receptors 

present on osteoclasts, or indirectly via receptors expressed on osteoblasts, which then in 

turn release pro-resoiptive local factors. It is evident from a number of earlier studies 

that both osteoclasts and osteoblast respond to ADP application with elevated [Ca^^Jj 

levels; however, receptor activation might result in different downstream events. Levels 

of [Ca '̂ ĵi are thought to play an important role in osteoblast regulation and might be 

involved in activating signals ultimately responsible for stimulating bone resorption. 

Therefore it is likely that the large [Câ "̂ ], transients induced in osteoblasts by 

extracellular nucleotides have profound effects on bone remodelling.

Most osteolytic stimuli, including the hormones PTH and l,25-(OH)2D3, are indeed 

known to act indirectly via osteoblasts, and not directly on osteoclasts. One of the
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osteolytic factors released by osteoblasts has recently been identified to be “Receptor 

activator of nuclear factor k B  ligand” (RANKL) in a number of studies; RANKL is both 

sufficient and necessary for osteoclast formation, and is also a potent activator of mature 

osteoclasts. Additionally, diacylglycerol (DAG), an intracellular signalling molecule 

produced by cleavage of phosphoinositides in response to stimulation of cell surface 

receptors, is recognised as a source of arachidonic acid, the precursor of prostaglandins; 

DAG can also act as an activator of PKC, which in turn can stimulate PLA2 and the 

production of arachidonic acid. Therefore, this pathway, which involves PGE 

production, might also be important in osteoblast-osteoclast interactions in response to 

P2 receptor activation, and is consistent with my result that ADP-induced resorption in 

the calvarial resorption assay can be blocked by addition of indomethacin.

My studies on osteoblast function revealed that both ATP and UTP, at physiological 

concentrations of 1-10 pM, are potent inhibitors of bone nodule formation, whereas 

neither adenosine nor ADP had an effect in this assay. ATP and UTP are potent agonists 

at two P2Y receptor subtypes: P2Y2 and P2Y4. In contrast to an earlier study (Maier et 

a l, 1997), I found no evidence for the expression of P2Y4 mRNA or protein on 

osteoblasts (and osteoclasts), thus suggesting that the P2Y2 receptor might be responsible 

for the inhibitory effects of UTP and ATP on bone nodule formation.

The finding that UTP and ATP, but not ADP, play a role in osteoblast function is 

especially interesting when seen in context with Chapter 3: the low-dose effects of 

extracellular nucleotides on bone resorption and formation appear to be mediated via 

different P2 receptor subtypes, since ADP, signalling through the P2Y% receptor, is a 

powerful stimulator of osteoclast formation and activity, whereas UTP (which does not 

affect osteoclast function), signalling via the P2Y2 receptor, could play a role as a 

inhibitor of bone formation. A mechanism for the differential purinergic regulation of 

osteoblasts and osteoclasts has been suggested before, based on [Ca^^], responses of 

osteoclasts and osteoblastic cells to nucleotides: application of extracellular ATP (50 or 

100 (iM) inhibited the Câ "̂  response to a subsequent application of ATP in rat 

osteoblastic UMR-106 cells, but not in rabbit osteoclasts, suggesting that osteoclasts can
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adapt to the extracellular ATP, whereas osteoblastic cells cannot adapt and desensitise 

(Luo et a l, 1997b).

Effects of ADP on resorption and osteoclast formation were observed in the 

nanomolar to low micromolar range, whereas higher concentrations had no effect, 

resulting in an unusual bell shaped response curve. In contrast, the inhibitory effects of 

ATP and UTP on bone nodule formation were observed at slightly higher concentrations, 

starting at 1 pM (UTP) and 10 pM (ATP), with maximal effects at 100 pM. Higher 

concentrations into the submillimolar range were not tested, but should be considered in 

future experiments. ATP at even higher, millimolar concentrations has been shown to 

induce apoptosis in both osteoclasts (Morrison et a l, 1998) and human osteoblasts 

(Gartland et a l, 2001b) via the P2X? receptor. Taken together, it might be an intriguing 

possibility that nucleotides, once released from cells, target different receptors depending 

on their concentrations, and can thus produce highly selective spatial effects, similar to 

classic concept of ‘morphogens’ in developmental biology, inducing cells to take on 

different fates according to their position to the source of release.

After having finished my studies of the effects of ADP on osteoclast function, a new 

receptor of the P2Y family was cloned: the ‘P2Y12’ receptor (Hollopeter et a l, 2001). It 

was identified as the second platelet ADP receptor (the first being P2Yi), which had 

formerly been called P2Yadp, P it  or P2Yac, because in contrast to P2Yi, it couples to 

inhibition of adenylate cyclase (AC) through Gj proteins and subsequent alterations in 

cAMP levels. ADP activation of the P2Yn receptor is required for platelet aggregation 

and acts in combination with P2Y,, which, through Gq, leads to platelet shape change and 

aggregation. Although first studies show that the P2Y%2 receptor has a very restricted 

distribution in platelets and to a smaller extent in brain (bone tissue was not tested), the 

possibility cannot be completely ruled out that the P2Y%2 receptor is expressed on 

osteoclasts and might mediate some of the potent ADP effects. Clearly, further agonist 

and antagonists studies are required, in addition to the development and testing of anti- 

P2Yi2 antibodies, but the P2Yi receptor remains the strongest candidate for mediating the 

effects of ADP on osteoclasts. The application of ADP has always been linked to
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increased [Ca^^Jj levels in osteoclasts, consistent with the involvement of a Gq protein, 

whereas P2Yi2 is coupled to a change in cAMP levels through adenylate cyclase, and not 

to a change in [Ca^^]i levels. Potent P2Yi antagonists such as MRS 2179 have not been 

tested on the P2Yi2 receptor yet, thus further knowledge in this area will clarify the 

situation for effects of ADP on osteoclasts.

It is still largely unknown which signalling events, downstream from an initial rise in 

[Ca '̂̂ ]i levels, are activated in osteoclasts by ADP application. Using rat osteoblastic 

UMR-106 cells, co-stimulation with ADP and PTH led to increased levels of CREB 

phosphorylation, and synergistically increased expression of the immediate early gene c- 

fos  (Buckley et al., 2001b); thus, both stimuli converged on the Ca/CRE promoter 

element of c-fos. Similar effects, but different pathways, were observed in primary 

human osteoblasts and human osteoblast-like SaOS-2 cells, where nucleotides alone had 

little effects on cAMP levels, but acted synergistically with PTH to elevate c-fos levels. 

In contrast to UMR-106 cells, in SaOS-2 cells both the Ca/CRE and the serum response 

element of the c-fos promoter were required to drive this synergy (Bowler et a i, 1999). 

Thus, multiple pathways, both Ca^^-dependent and -independent, exist to couple dual 

activation of separate G protein-coupled receptors (P2Y and PTH) in osteoblasts. 

Clearly, similar experiments are required to study signal transduction events in 

osteoclasts to investigate which genes are ultimately ‘switched on’ or ‘o ff by nucleotide 

activation. This would also help to generally clarify the changes that occur in 

osteoclastic gene expression and protein synthesis once the osteoclast has been activated. 

As discussed before, nucleotides probably occur only transiently in the bone 

microenvironment, thus ADP, ATP and UTP must all act relatively quickly on their 

target cells to induce signalling events.

In this context, an interesting area of future work in the P2 receptor field, but also 

other receptor families, is the oligomerisation of G protein-coupled receptors, a receptor 

family including both P2Y and PTH receptors. A range of approaches, mostly co- 

immunoprecipitation techniques, has recently provided evidence that G protein-coupled 

receptors can exist as oligomeric complexes, both as homo-oligomers, comprising
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multiple copies of the same gene product, and hetero-oligomers, containing more than 

one receptor. Oligomerisation could occur for example in form of intramolecular 

disulphide bonds, since most G protein-coupled receptors contain cysteine residues in 

their extracellular loops. However, there is still little direct information on the fraction of 

receptors existing as oligomers in intact cells, on how ligands can effect G protein- 

coupled receptor oligomerisation, and what the functional consequence of receptor 

oligomerisation might be, e.g. if receptor oligomers produce subtly different 

pharmacological profiles (for a recent review, see Milligan, 2001). So far, only one paper 

on this subject has emerged from the purine field, showing that dopamine and adenosine 

Ai receptors form functionally interacting heteromeric complexes (Gines et a l, 2000), 

but considering the number of P2Y receptor family members existing and the presence of 

mostly more than one P2Y receptor on cells, including bone cells, more seems likely to 

come.

ATP can also act synergistically with TNF-a in the activation and maturation of 

dendritic cells (Ogilvie et a l, 2000; Schnurr et a l, 2000). Dendritic cells have 

specialised antigen-presenting functions and initiate primary T-cell mediated immune 

responses; they are, similarly to osteoclasts, also monocyte-derived. However, relatively 

high ATP concentrations of 100 -500 pM were used, and based on agonist studies, both 

P2X and P2Y receptors were implied (Schnurr et a l, 2000). However, a similar 

synergism between ATP/ADP and TNF-a in osteoclast formation and activation would 

highlight a possible role for nucleotides in inflammatory bone loss. The dominant process 

leading to bone loss in conditions such as rheumatoid arthritis (RA) is osteoclastic bone 

resorption. This is widely accepted to be driven by pro-inflammatory cytokines, 

particularly IL-1, IL-6 and TNF-a, released from monocytes and other cells in the 

inflamed synovium (Gough et a l, 1998). These cytokines were found to be elevated in 

both the synovial fluid and the serum of patients with RA. Bone loss in early RA occurs 

at bone sites proximal and distal to the joint inflammation, but there is also a systemic 

effect of inflammation on bone loss, leading to secondary osteoporosis (Gough et a l, 

1998). Nucleotides would only be expected to be involved in the first process (local bone 

loss) because of their fast degradation once released. Inflammation is also characterised
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by increased release of nucleotides and low pH, in addition to cytokine release. These 

three stimuli are all known to stimulate osteoclast formation and resorption. The known 

synergism between nucleotides and low pH could thus be additionally enhanced by TNF- 

a/ATP synergism, resulting in further focal bone destruction. It is an intriguing 

possibility that some or all these stimuli could combine on a pathway to indirectly 

stimulate release of RANKL or PGE] from neighbouring and invading cells, both very 

powerful osteoclastogenic agents. Osteoclasts themselves might also represent a possible 

source for ATP release into the medium, especially in inflammatory conditions: 

stimulation of the macrophage cell line RAW 264.7, which has recently been employed 

to generate osteoclasts in vitro, with lipopolysaccharides induced them to release ATP. 

ATP then activated nitric oxide release through P2X? receptors, presenting another 

possible regulator of bone cell function (Sperlagh et a l, 1998).

Increased release of nucleotides from virtually all tissues has also been reported in 

hypoxia and ischemia (Bodin and Bumstock, 2001b). Recent experiments from our lab 

have shown that hypoxia is a major stimulator of osteoclast formation and bone 

resorption in mouse marrow cultures and calvarial organ cultures (Gibbons et a l, 2001). 

Hypoxia is well known to act as a general stimulator of the recmitment and/or activation 

of cells derived from marrow precursors, and is present in ageing poorly vascularised 

yellow fatty marrow, as well as in inflamed tissue, tumours and fracture sites. Thus, the 

stimulation of osteoclast function by hypoxia might also be partly mediated by increased 

nucleotide release acting on P2 receptors, as well as production of angiogenic and 

osteolytic cytokines such as RANKL, TNF-a, IL-1 and VEGF.

However, it remains unanswered how exactly, i.e. whether through receptors in the 

plasma membrane or through other intracellular mechanisms, stimuli like hypoxia and 

extracellular acidification affect cell function. Some attempts to answer these issues 

were made in Chapter 5. In contrast to earlier suggestions, it seems now unlikely that the 

P2X2 receptor is the putative ‘pH-receptor’ on osteoclasts. The acid-sensing ion channel 

(ASIC) was shown to be present intracellularly in osteoclasts; however, future 

experiments will need to be undertaken to know whether ASIC is the extracellular acid
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sensor on osteoclasts, including electrophysiology, application of ASIC antagonists in 

bone resorption assays, ASIC-knockout models amongst others. An important area of 

future research into both hypoxia and acid effects will be to identify the molecular and 

transcriptional changes in response to both stimuli in osteoclasts. This has recently been 

achieved in a study on ‘alkaline response genes’ in yeast cells: analysis by gene filter 

cDNA macroarrays and Northern blot identified a number of possible candidate genes 

encoding a variety of proteins (membrane proteins, ion pumps, transcription factors, 

phosphate metabolism proteins etc.) that increase substantially in response to a shift ifrom 

acidic (pH 4) to alkaline pH (pH 8) (Lamb et a/., 2001). Thus, although rather extreme 

pH values were studied, this study and the molecular tools available to date provide an 

exciting approach for the study of osteoclasts that have been exposed to different pH 

and/or hypoxia conditions, in addition to studying what genes become highly expressed 

when ADP/ATP is applied to osteoclast cultures.

Interestingly, my preliminary results showed that although P2X2-deficient mice- 

derived osteoclasts retained their acid sensitivity, they exhibited a ‘blunted’ response to a 

combined application of acid and ATP in vitro, instead of the acid-ATP synergism 

observed in wild-type cultures. This may complicate the whole picture of P2 receptor 

function in bone cells as to what the exact function of the P2X2 receptor is in osteoclast 

biology, and why a lack of P2X2 receptor expression inhibits acid-induced resorption 

when ATP is applied, rather than just keeping it at control levels. Data indicate that 

ATP, at pH 7.2, is still capable of stimulating resorption, thus this effect is probably 

mediated by a different receptor; likely candidates include the P2Yi receptor, at which 

both ATP and ADP are potent agonists, and which does seem to play a major role in bone 

resorption (Chapter 3), or, as proposed in earlier studies, the P2X4 or P2Y2 receptor 

subtypes, which are also present on osteoclasts. However, an involvement of the P2Y2 

receptor in bone resorption seems unlikely, because UTP has not been shown to stimulate 

osteoclast function (Bowler et a l, 1998a; data from this thesis).

It can only be speculated what might happen under acidic conditions in P2X2 

deficiency. In many gene knockout cases, the targeted gene arose through duplication

181



and subsequent divergence of an ancestral gene, suggesting that other, presumably 

related, gene(s) can compensate for the mutated gene. Due to this ‘gene redundancy’, it 

seems likely that related genes share partially overlapping functions. The P2X] receptor 

shares approximately 44% and 46% identity with the P2Xs and P2X4 receptor subtypes, 

respectively, and below 40% with the other P2X subtypes (Humphrey et a l, 1998). 

Thus, the P2X4 receptor may compensate partially for the loss of P2X]. In contrast to 

P2X], none of the other P2X subtypes shows enhanced ATP responsiveness when the pH 

is dropped to pH 6.5; instead, 2-fold reduced ATP potency at rat P2X4 receptors has been 

reported at pH 6.5 compared to pH 7.5, but without altering maximal activity of ATP, 

which was only reduced at further acidification to pH 5.5 (Wildman et a l, 1999). 

However, even if  the P2X4 is the receptor compensating for P2X] in osteoclasts, a 

reduced ATP potency at pH 6.5 does not explain the inhibitory response after combined 

ATP and acid application. Clearly, further experiments are required in the future to 

clarify this phenomenon. Unfortunately, only a small number of animals were available 

when my preliminary studies were performed, but it might also be interesting to study if 

ADP can still synergise with low pH, or whether it produces a similar blunted response as 

ATP. Possible gene redundancy can be explored by double or even triple gene 

knockouts, for example a P2X2/P2X4-deficient mouse, although this is very time-, cost­

and animal-consuming.

Additionally, P2 receptor-deficient animals will need to be assessed for skeletal 

changes by detailed histomorphometric analysis of the bones, and by whole body scans to 

check for changes in bone mass and density. P2Y%-deficient mice, which have been 

generated by two groups in France (Fabre et a l, 1999; Léon et a l, 1999), were not 

reported to display an obvious skeletal phenotype. However, an initial lack of phenotype 

has been reported for other knockout mice in the bone field, before bone remodelling in 

these mice was challenged. For example, bone development and the skeleton in 

osteopontin-null mice were normal, but surprisingly, these mice were resistant to 

ovariectomy-induced bone resorption, showing that osteopontin is essential for 

postmenopausal osteoporosis in women (Yoshitake et a l, 1999). Similarly, osteopontin 

is required for the bone loss induced by mechanical stress and also PTH (Ihara et a l.
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2001; Ishijima et a l, 2001). Thus, P2 receptor knockout mice could be challenged by 

similar treatments.

Potent and selective P2 receptor antagonists, e.g. the potent P2Y] antagonist MRS 

2179, could also be tested generally as anti-resorption drugs in vivo. P2Yi-mediated 

stimulation of bone resorption by ADP might play a role in several pathophysiological 

conditions accompanied by bone loss. This could be investigated in vivo, e.g. by 

performing ovariectomy, to assess a possible function in postmenopausal osteoporosis, or 

by inducing inflammation, to assess a role in inflammatory bone loss. However, 

designing and administering antagonists/drugs to selectively reach the skeleton represents 

a major problem, with one of the exceptions being bispbospbonates, which once 

administered, directly target bone cells.

bi summary, data from this thesis have helped to elucidate functions of nucleotides in 

bone remodelling, acting via specific P2 receptor subtypes on both osteoclasts and 

osteoblasts. A speculative model for the role and interactions of P2 receptors on bone 

cells, based on results of this thesis, is shown in Figure 6.1 (Fig. 6.1). Please note that 

this figure does not include a number of earlier discoveries, e.g. P2X?-induced apoptosis 

in osteoblasts and osteoclasts, due to the limited space. Since both ADP and ATP are 

potent stimulators of bone (and also cartilage) resorption, and ATP and UTP inhibitors of 

bone formation, at physiological concentrations, nucleotides seem to have an overall 

destructive effect on the skeleton, resulting in net bone loss, and could present interesting 

targets for drug developments in the future.
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modulates [Câ "̂ ]i in retinoic acid-treated embryonic chondrocytes. Am J  Physiol 272, 

C1611-1617.

Hunter, G. K. and Goldberg, H. A. (1993). Nucléation of hydroxyapatite by bone 

sialoprotein. Proc Natl Acad Sci USA 90, 8562-8565.

200



Hunter, L, McGregor, D. and Robins, S. P. (2001). Caspase-dependent cleavage of 

cadherins and catenins during osteoblast apoptosis. JBone Miner Res 16,466-477.

Diara, H., Denhardt, D. T., Furuya, K., Yamashita, T., Muguruma, Y., Tsuji, K., Hruska, 

K. A., Higashio, K., Enomoto, S., Nifuji, A., Kittling, S. R. and Noda, M. (2001). 

Parathyroid hormone-induced bone resorption does not occur in the absence of 

osteopontin. Chem 276, 13065-13071.

Ilvesaro, J. M., Lakkakorpi, P. T. and Vâânânen, H. K. (1998). Inhibition of bone 

resorption in vitro by a peptide containing the cadherin cell adhesion recognition 

sequence HAY is due to prevention of sealing zone formation. Exp Cell Res 242, 75-83.

lotsova, V., Caamano, J., Loy, J., Yang, Y., Lewin, A. and Bravo, R. (1997). 

Osteopetrosis in mice lacking NF-KB 1 and NF-kB2. Nat Med 3, 1285-1289.

Ishijima, M., Kittling, S., Yamashita, T., Tsuji, K., Kurosawa, H., Nifuji, A., Denhardt, 

D. and Noda, M. (2001). Enhancement of osteoclastic bone resorption and suppression of 

osteoblastic bone formation in response to reduced mechanical stress do not occur in the 

absence of osteopontin. JExp Med 193, 399-404.

Ishizuya, T., Yokose, S., Hori, M., Suda, T., Yoshiki, S. and Yamaguchi, A., (1997). 

Parathyroid hormone exerts disparate effects on osteoblast differentiation depending on 

exposure time in rat osteoblastic cells. J  C/m Inv 99, 2961-2970.

Isogai, Y., Akatsu, T., Ishizuya, T., Yamaguchi, A., Hori, M., Takahashi, N. and Suda, T.

(1996). Parathyroid hormone regulates osteoblast differentiation pathway positively or 

negatively depending on the differentiation stages. JBone Min Res 11, 1384-1393).

Jacobson, K. A., Hoffinann, C., Kim, Y. C., Camaioni, E., Nandanan, E., Jang, S. Y., 

Guo, D. P., Ji, X. D., von Kugelgen, I., Moro, S., Ziganshin, A. U., Rychkov, A., King,

B. F., Brown, S. G., Wildman, S. S., Bumstock, G., Boyer, J. L., Mohanram, A. and 

Harden, T. K. (1999). Molecular recognition in P2 receptors: ligand development aided 

by molecular modeling and mutagenesis. Prog Brain Res 120, 119-132.

201



Jarvis, G. E., Humphries, R. G., Robertson, M. J. and Leff, P. (2000). ADP can induce 

aggregation of human platelets via both P2Yi and P2T receptors. Br J  Pharmacol 129, 

275-282.

Jimi, B., Nakamura, I., Amano, H., Taguchi, Y., Tsurukai, T., Tamura, M., Takahashi, N. 

and Suda, T. (1996). Osteoclast function is activated by osteoblastic cells through a 

mechanism involving cell-to-cell contact. Endocrinology 137,2187-2190.

Jones, S. J., Gray, C., Boyde, A. and Bumstock, G. (1997). Purinergic transmitters inhibit 

bone formation by cultured osteoblasts. Bone 21, 393-399.

Jorgensen, N. R., Geist, S. T., Civitelli, R. and Steinberg, T. H. (1997). ATP- and gap 

junction-dependent intercellular calcium signalling in osteoblastic cells. J  Cell Biol 139, 

497-506.

Jiippner, H., Brown, E. M. and Kronenberg, H. M. (1999). Parathyroid hormone. In 

‘Primer on the metabolic bone diseases and disorders of mineral metabolism’ (Favus, M. 

J., Ed.), 80-87. Lippincott Williams & Wilkins, Philadelphia.

Kaplan, A. D. and Dixon, S. J. (1996). Extracellular Nucleotides act through P2 

purinoreceptors to modulate acid production by osteoblastic cells. J  Bone Miner Res 11, 

S385 (Abstract).

Kaplan, A. D., Reimer, W. J., Feldman, R. D. and Dixon, S. J. (1995). Extracellular 

nucleotides potentiate the cytosolic Ca^ ,̂ but not cyclic adenosine 3’, 5’-monophosphate 

response to parathyroid hormone in rat osteoblastic cells. Endocrinology 136, 1674-1685.

Kaplan, A. D., Kilkenny, D. M., Hill, D. J. and Dixon, S. J. (1996). Extracellular 

nucleotides act through P2U purinoceptors to elevate [Ca^^Ji and enhance basic fibroblast 

growth factor-induced proliferation in sheep chondrocytes. Endocrinology 137, 4757- 

4766.

Karsenty, G. (2001). Chondrogenesis just ain’t what it used to be. J  Clin Invest 107, 405- 

407.

202



Kaysinger, K. K. and Ramp, W. K. (1998). Extracellular pH modulates the activity of 

cultured human osteoblasts. J  Cell Biochem 68 , 83-89.

Khakh, B. S., Smith, W. B., Chiu, C., Donghong, J., Davidson, N. and Lester, H. A.

(2001). Activation-dependent changes in receptor distribution and dendritic morphology 

in hippocampal neurons expressing P2X2-green fluorescent protein receptors. Proc Natl 

Acad Sci USA 98, 5288-5293.

King, B. F. (1998). Molecular Biology of P2X Purinoceptors. In ‘Cardiovascular Biology 

of Purines’ (Bumstock, G.,Dobson, J. G.,Lang, B. T.andLinden, J., Eds.), 159-186. 

Kluwer Academic, Boston.

King, B. F., Ziganshina, L. E., Pintor, J. and Bumstock, G. (1996). Full sensitivity of 

P2X2 purinoceptor to ATP revealed by changing extracellular pH. Br J  Pharmacol 117, 

1371-1373.

King, B. F., Wildman, S. S., Ziganshina, L. E., Pintor, J. and Bumstock, G. (1997). 

Effects of extracellular pH on agonism and antagonism at a recombinant P2X2 receptor. 

Br J  Pharmacol 121, 1445-1453.

King, B. F., Bumstock, G., Boyer, J. L., Boeynaems, J. M., Weisman, G. A., Kennedy,

C., Jacobson, K. A., Humphries, R. G., Abbracchio, M. P., Gachet, C. and Miras- 

Portugal, M. T. (2001) The P2Y receptors. In ‘The lUPHAR Compendium of Receptor 

Characterisation and Classification 2"̂  Edition’ (Girdlestone, D., Ed.), 306-320. lUPHAR 

Media Ltd., London.

Kobayashi, K., Takahashi, N., Jimi, E., Udagawa, N., Takami, M., Kotake, S., 

Nakagawa, N., Kinosaki, M., Yamaguchi, K., Shima, N., Yasuda, H., Morinaga, T., 

Higashio, K., Martin, T. J. and Suda, T. (2000). Tumour necrosis factor alpha stimulates 

osteoclast differentiation by a mechanism independent of the ODF/RANKL-RANK 

interaction. JExp Med 191,275-286.

203



Kobayashi, N., Kadono, Y., Naito, A., Matsumoto, K., Yamamoto, T., Tanaka, S. and 

Inoue, J. (2001). Segregation of TRAF6-mediated signaling pathways clarifies its role in 

osteoclastogenesis. Em boJ 2 0 ,1271-1280.

Komarova, S. V., Ataullakhanov, F. I. and Globus, R. K. (2000). Bioenergetics and 

mitochondrial transmembrane potential during differentiation of cultured osteoblasts. Am 

J  Physiol 279, C1220-1229.

Komine, M., Kukita, A., Kukita, T., Ogata, Y., Hotokebuchi, T. and Kohashi, O. (2001). 

Tumor necrosis factor-a cooperates with receptor activator of nuclear factor kappaB 

ligand in generation of osteoclasts in stromal cell-depleted rat bone marrow cell culture. 

Bone 28, 474-483.

Kong, Y. Y., Yoshida, H., Sarosi, I., Tan, H. L., Timms, E., Capparelli, C., Morony, S., 

Oliveira-dos-Santos, A. J., Van, G., Itie, A., Khoo, W., Wakeham, A., Dunstan, C. R., 

Lacey, D. L., Mak, T. W., Boyle, W. J. and Penninger, J. M. (1999). OPGL is a key 

regulator of osteoclastogenesis, lymphocyte development and lymph-node organogenesis. 

Nature 397, 315-323.

Koolpe, M. and Benton, H. P. (1997). Calcium-mobilizing purine receptors on the 

surface of mammalian articular chondrocytes. J  Orthop Res 15, 204-212.

Koolpe, M., Pearson, D. and Benton, H. P. (1999). Expression of both PI and P2 purine 

receptor genes by human articular chondrocytes and profile of ligand-mediated 

prostaglandin E2 release. Arthritis & Rheumatism 42,258-267.

Komak, U., Kasper, D., Bosl, M. R., Kaiser, E., Schweizer, M., Schulz, A., Friedrich, 

W., Delling, G. and Jentsch, T. J. (2001). Loss of the ClC-7 chloride channel leads to 

osteopetrosis in mice and man. Cell 104, 205-215.

204



Kousteni, S., Bellido, T., Plotkin, L. I., O'Brien, C. A., Bodenner, D. L., Han, L., Han, K., 

DiGregorio, G. B., Katzenellenbogen, J. A., Katzenellenbogen, B. S., Roberson, P. K., 

Weinstein, R. S., Jilka, R. L. and Manolagas, S. C. (2001). Nongenotropic, sex- 

nonspecific signaling through the estrogen or androgen receptors: dissociation from 

transcriptional activity. Cell 104, 719-730.

Krieger, N. S., Sessler, N. E. and Bushinsky, D. A. (1992). Acidosis inhibits osteoblastic 

and stimulates osteoclastic activity in vitro. Am J  Physiol 262, F442-448.

King, B. F., Wildman, S. S., Ziganshina, L. E., Pintor, J. and Bumstock, G. (1997). 

Effects of extracellular pH on agonism and antagonism at a recombinant P2X2 receptor. 

B r J  Pharmacol 121, 1445-1453.

Kumagai, H., Sakamoto, H., Guggino, S., Filbum, C, R. and Sacktor, B. (1989). 

Neurotransmitter regulation of cytosolic calcium in osteoblast-like bone cells. Calcif 

Tissue Int 45, 251-254.

Kumagai, H., Sacktor, B. and Filbum, C. R. (1991). Purinergic regulation of cytosolic 

calcium and phosphoinositide metabolism in rat osteoblast-like osteosarcoma cells. J  

Bone Min Res 6 , 697-708.

Lacey, D. L., Timms, E., Tan, H. L., Kelley, M. J., Dunstan, C. R., Burgess, T., Elliott, 

R., Colombero, A., Elliott, G., Scully, S., Hsu, H., Sullivan, J., Hawkins, N., Davy, E., 

Capparelli, C., Eli, A., Qian, Y. X., Kaufinan, S., Sarosi, I., Shalhoub, V., Senaldi, G., 

Guo, J., Delaney, J. and Boyle, W. J. (1998). Osteoprotegerin ligand is a cytokine that 

regulates osteoclast differentiation and activation. Cell 93, 165-176.

Lader, C. S. and Flanagan, A. M. (1998). Prostaglandin E2, interleukin la , and tumour 

necrosis factor-a increase human osteoclast formation and bone resorption in vitro. 

Endocrinology 139, 3157-3164.

205



Lader, C. S., Scopes, J., Horton, M. A. and Flanagan, A. M. (2001). Generation of human 

osteoclasts in stromal cell-jfree and stromal cell- rich cultures: differences in osteoclast 

CDllc/CD18 integrin expression. B r J  Haematol 112,430-437.

Lakkakorpi, P., Tuukkanen, J., Hentunen, T., Jarvelin, K. and Vâânânen, K. (1989). 

Organisation of osteoclast micro filaments during the attachment to bone surface in vitro. 

JBone Miner Res 4, 817-825.

Lakkakorpi, P. T., Horton, M. A., Helfrich, M. H., Karhukorpi, E. K. and Vâânânen, H. 

K. (1991). Vitronectin receptor has a role in bone resorption but does not mediate tight 

sealing zone attachment of osteoclasts to the bone surface. 7  Ce// Biol 115, 1179-1186.

Lakkakorpi, P. T., Helfrich, M. H., Horton, M. A. and Vâânânen, H. K. (1993). Spatial 

organisation of microfilaments and vitronectin receptor, alpha v beta 3, in osteoclasts. A 

study using confocal laser scanning microscopy. /  Ce// Soi 104, 663-670.

Lakkakorpi, P. T., Wesolowski, G., Zimolo, Z., Rodan, G. A. and Rodan, S. B. (1997). 

Phosphatidylinositol 3-kinase association with the osteoclast cytoskeleton, and its 

involvement in osteoclast attachment and spreading. Exp Cell Res 237, 296-306.

Lakkakorpi, P. T., Nakamura, I., Nagy, R. M., Parsons, J. T., Rodan, G. A. and Duong, L. 

T. (1999). Stable association of PYK2 and pl30(Cas) in osteoclasts and their co­

localisation in the sealing zone. JB iol Chem 274, 4900-4907.

Lam, J., Takeshita, S., Barker, J. E., Kanagawa, O., Ross, F. P. and Teitelbaum, S. L.

(2000). TNF-a induces osteoclastogenesis by direct stimulation of macrophages exposed 

to permissive levels of RANK ligand. J  C/m Invest 106, 1481-1488.

Lamb, T. M., Xu, W., Diamond, A. and Mitchell, A. P. (2001). Alkaline response genes 

of Saccharomyces cerevisiae and their relationship to the RIMlOl pathway. J  Biol Chem 

276, 12476.

Lazarowski, E. R. and Harden, T. K. (1999). Quantification of extracellular UTP using a 

sensitive enzymatic assay. B r J  Pharmacol 127, 1272-1278.

206



Lazarowski, E. R., Boucher, R. C. and Harden, T. K. (2000). Constitutive release of ATP 

and evidence for major contribution of ecto-nucleotide pyrophosphatase and nucleoside 

diphosphokinase to extracellular nucleotide concentrations. J  Biol Chem 275, 31061- 

31068.

Lee, S. K. and Lorenzo, J. A. (1999). Parathyroid hormone stimulates TRANCE and 

inhibits osteoprotegerin messenger ribonucleic acid expression in murine bone marrow 

cultures: correlation with osteoclast-like cell formation. Endocrinology 140, 3552-3561.

Lehenkari, P. P., Laitala-Leinonen, T., Linna, T. J. and Vâânânen, H. K. (1997). The 

regulation of pHj in osteoclasts is dependent on the culture substrate and on the stage of 

the resorption cycle. Biochem Biophys Res Commun 235, 838-844.

Léon, C., Hechler, B., Vial, C., Leray, C., Cazenave, J. P. and Gachet, C. (1997). The 

P2Yi receptor is an ADP receptor antagonized by ATP and expressed in platelets and 

megakaryoblastic cells. FEBS Lett 403, 26-30.

Léon, C., Hechler, B., Freund, M., Eckly, A., Vial, C., Ohlmann, P., Dierich, A., LeMeur, 

M., Cazenave, J. P. and Gachet, C. (1999). Defective platelet aggregation and increased 

resistance to thrombosis in purinergic P2Yi receptor-null mice. J  Clin Invest 104, 1731- 

1737.

Leong, W. S., Russell, R. G. and Caswell, A. M. (1990). Extracellular ATP stimulates 

resorption of bovine nasal cartilage. Biochem Soc Trans 18, 951-952.

Leong, W. S., Russell, R. G. and Caswell, A. M. (1993). Induction of enhanced 

responsiveness of human articular chondrocytes to extracellular ATP by tumour necrosis 

factor-a. Clin Sci 85, 569-575.

Leong, W. S., Russell, R. G. and Caswell, A. M. (1994). Stimulation of cartilage 

resorption by extracellular ATP acting at P2-purinoceptors. Biochim Biophys Acta 1201, 

298-304.

Lemer, U. H. (2000). Osteoclast formation and resorption. Matrix Biol 19, 107-120.

207



Li, B., Boast, S., de les Santos, K., Schieren, L, Quiroz, M., Teitelbaum, S. L., Tondravi, 

M. M. and Goff, S. P. (2000a). Mice deficient in Abl are osteoporotic and have defects in 

osteoblast maturation. Nat Genet 24, 304-308.

Li, J., Sarosi, I., Yan, X. Q., Morony, S., Capparelli, C., Tan, H. L., McCabe, S., Elliott, 

R., Scully, S., Van, G., Kaufinan, S., Juan, S. C., Sun, Y., Tarpley, J., Martin, L., 

Christensen, K., McCabe, J., Kostenuik, P., Hsu, H., Fletcher, F., Dunstan, C. R., Lacey,

D. L. and Boyle, W. J. (2000b). RANK is the intrinsic hematopoietic cell surface receptor 

that controls osteoclastogenesis and regulation of bone mass and calcium metabolism. 

Proc Natl Acad Sci USA 97, 1566-1571.

Lian, J. B., Stein, G. S., Canalis, E., Gehron Robey, P. and Boskey, A. L. (1999). Bone 

formation: osteoblast lineage cells, growth factors, matrix proteins, and the 

mineralisation process. In ‘Primer on the metabolic bone diseases and disorders of 

mineral metabolism’ (Favus, M. J., Ed.), 14-29. Lippincott Williams & Wilkins, 

Philadelphia.

Llewellyn-Smith, I. J., Song, Z. M., Costa, M., Bredt, D. S. and Snyder, S. H. (1992). 

Ultrastructural localisation of nitric oxide synthase immunoreactivity in guinea-pig 

enteric neurons. Brain Res 577, 337-342.

Llewellyn-Smith, I. J., Pilowsky, P. and Minson, J. B. (1993). The tungstate-stabilized 

tetramethylbenzidine reaction for light and electron microscopic immunocytochemistry 

and for revealing biocytin-filled neurons. JNeurosci Methods 46, 27-40.

Lloyd, D. K., Golding, S. L., Bowler, W. B., Dixon, C. J., Dillon, J. P. and Gallagher, J. 

A. (1999). Regulated ATP release by cultured human articular chondrocytes. Calcif 

Tissue Int 64, S58.

208



Lomaga, M. A., Yeh, W. C., Sarosi, L, Duncan, G. S., Furlonger, C., Ho, A., Morony, S., 

Capparelli, C., Van, G., Kaufman, S., van der Heiden, A., Itie, A., Wakeham, A., Khoo, 

W., Sasaki, T., Gao, Z., Penninger, J. M., Paige, C. J., Lacey, D. L,, Dunstan, C. R., 

Boyle, W. J., Goeddel, D. V. and Mak, T. W. (1999). TRAF6 deficiency results in 

osteopetrosis and defective interleukin-1, CD40, and LPS signalling. Genes Dev 13, 

1015-1024.

Lukert, B. P. (1999). Glucocorticoid-induced osteoporosis. In ‘Primer on the metabolic 

bone diseases and disorders of mineral metabolism’ (Favus, M. J., Ed.), 292-296. 

Lippincott Williams & Wilkins, Philadelphia.

Luo, G., Ducy, P., McKee, M. D., Pinero, G. J., Loyer, E., Behringer, R. R. and Karsenty, 

G. (1997a). Spontaneous calcification of arteries and cartilage in mice lacking matrix 

GLA protein. Nature 386, 78-81.

Luo, L. C., Yu, H. and Ferrier, J. (1997b). Differential purinergic receptor signalling in 

osteoclasts and osteoblastic cells. Cell Signal 9, 603-607.

Maier, R., Glatz, A., Mosbacher, J. and Bilbe, G. (1997). Cloning of P2Yô cD N A s and 

identification of a pseudogene: comparison of P2Y receptor subtype expression in bone 

and brain tissues. Biochem Biophys Res Commun 240, 298-302.

Maugham, D. C., Cannon, A., Komiya, S., Gendron, R. L., Dunussi, K., Gebhardt, M. C., 

Mankin, H. J. and Arceci, R. J. (1996). P-glycoprotein is expressed in the mineralising 

regions of the skeleton. Calcif Tissue Int 58, 186-191.

Martin, G. R. and Jain, R. K. (1994). Noninvasive measurement of interstitial pH profiles 

in normal and neoplastic tissue using fluorescence ratio imageing microscopy. Cancer 

Res 54, 5670-5674.

Massey, H. M. and Flanagan, A. M. (1999). Human osteoclasts derive from CD 14- 

positive monocytes. B r J  Haematol 106, 167-170.

209



McGowan, N. W., Walker, E. J., Macpherson, H., Ralston, S. H. and Helfrich, M. H. 

(2001). Cytokine-activated endothelium recruits osteoclast precursors. Endocrinology 

142, 1678.

McHugh, K. P., Hodivala-Dilke, K., Zheng, M. H., Namba, N., Lam, J., Novack, D., 

Feng, X., Ross, F. P., Hynes, R. O. and Teitelbaum, S. L. (2000). Mice lacking p3 

integrins are osteosclerotic because of dysfunctional osteoclasts. J  Clin Invest 105, 433- 

440.

Meghji, S., Hill, P. A. and Harris, M. (1998). Bone organ cultures. In ‘Methods in Bone 

Biology’ (Amett, T. R. and Henderson, B., Eds.), 106-126. Chapman and Hall, London.

Meghji, S., Morrison, M. S., Henderson, B. and Amett, T. R. (2001). pH-dependence of 

bone resorption: mouse calvarial osteoclasts are activated by acidosis. Am J  Physiol 280, 

E112-119.

Meyer, M. P., Groschel-Stewart, U., Robson, T. and Bumstock, G. (1999). Expression of 

two ATP-gated ion channels, P2Xg and P2Xô, in developing chick skeletal muscle. Dev 

Dyn 216, 442-449.

Milligan, G. (2001). Oligomerisation of G protein-coupled receptors. J  Cell Sci 114, 

1265-1271.

Modderman, W. E., Tuinenburg-Bol Raap, A. C. and Nijweide, P. J. (1991). Tartrate- 

resistant acid phosphatase is not an exclusive marker for mouse osteoclasts in cell 

culture. Bone 12, 81-87.

Modderman, W. E., Weidema, A. F., Vrijheid Lammers, T., Wassenaar, A. M. and 

Nijweide, P. J. (1994). Permeabilization of cells of hemopoietic origin by extracellular 

ATP" '̂: elimination of osteoclasts, macrophages, and their precursors from isolated bone 

cell populations and fetal bone mdiments. Calcif Tissue Int 55, 141-150.

210



Moonga, B. S., Davidson, R., Sun, L., Adebanjo, O. A., Moser, J., Abedin, M., Zaidi, N., 

Huang, C. L. and Zaidi, M. (2001). Identification and characterisation of a 

sodium/calcium exchanger, ncx-1, in osteoclasts and its role in bone resorption. Biochem 

Biophys Res Commun 283, 770-775.

Moran-Jimenez, M. J. and Matute, C. (2000). Immunohistochemical localisation of the 

P2Y1 purinergic receptor in neurons and glial cells of the central nervous system. Brain 

Res Mol Brain Res 78, 50-58.

Morrison, M. S. and Amett, T. R. (1996). Indomethacin and ibuprofen stimulate 

resorption pit formation by rat osteoclasts. J  Bone Min Res 11, 1825 (Abstract).

Morrison, M. S. and Amett, T. R. (1997). Effect of extracellular pH on resorption pit 

formation by chick osteoclasts. JBone Min Res 12, S290 (Abstract).

Morrison, M. S. and Amett, T. R. (1998). pH effects on osteoclast formation and 

activation. Bone 22, 3OS (Abstract).

Morrison, M. S., Turin, L., King, B. F., Bumstock, G. and Amett, T. R. (1998). ATP is a 

potent stimulator of the activation and formation of rodent osteoclasts. J  Physiol 511, 

495-500.

Mulryan, K., Gitterman, D. P., Lewis, C. J., Vial, C., Leckie, B. J., Cobb, A. L., Brown, 

J. E., Conley, E. C., Buell, G., Pritchard, C. A. and Evans, R. J. (2000). Reduced vas 

deferens contraction and male infertility in mice lacking P2Xi receptors. Nature 403, 86- 

89.

Mundy, G. R. (1999). Bone Remodeling. In "Primer on the metabolic bone diseases and 

disorders of mineral metabolism" (Favus, M. J., Ed.), 30-38. Lippincott Williams & 

Wilkins, Philadelphia.

Mundy, G., Garrett, R., Harris, S., Chan, J., Chen, D., Rossini, G., Boyce, B., Zhao, M. 

and Gutierrez, G. (1999). Stimulation of bone formation in vitro and in rodents by statins. 

Science 286, 1946-1949.

211



Murrills, R. J., Stein, L. S. and Dempster, D. W. (1993). Stimulation of bone resorption 

and osteoclast clear zone formation by low pH: a time-course study. J  Cell Physiol 154, 

511-518.

Murrills, R. J., Dempster, D. W. and Amett, T. R. (1998). Isolation and culture of 

osteoclasts and osteoclast resorption assays. In ‘Methods in Bone Biology’ (Amett, T. R. 

and Henderson, B., Eds.), 64-105. Chapman and Hall, London.

Naemsch, L. N., Weidema, A. F., Sims, S. M., Underhill, T. M. and Dixon, S. J. (1999). 

P2X4 purinoceptors mediate an ATP-activated, non-selective cation current in rabbit 

osteoclasts, y  Ce//iScz 112,4425-4435.

Nakamura, B., Uezono, Y., Namsawa, K., Shibuya, I., Oishi, Y., Tanaka, M., 

Yanagihara, N., Nakamura, T. and Izumi, F. (2000). ATP activates DNA synthesis by 

acting on P2X receptors in human osteoblast-like MG-63 cells. Am J  Physiol 279, C510- 

519.

Nakamura, I., Takahashi, N., Sasaki, T., Tanaka, S., Udagawa, N., Murakami, H., 

Kimura, K., Kabuyama, Y., Kurokawa, T., Suda, T. and et al. (1995). Wortmannin, a 

specific inhibitor of phosphatidylinositol-3 kinase, blocks osteoclastic bone resorption. 

FEBS Lett 36\,19-%A.

Nakamura, I., Sasaki, T., Tanaka, S., Takahashi, N., Jimi, E., Kurokawa, T., Kita, Y., 

Ihara, S., Suda, T. and Fukui, Y. (1997). Phosphatidylinositol-3 kinase is involved in 

mffled border formation in osteoclasts. J  Cell Physiol 172, 230-239.

Nakamura, I., Jimi, E., Duong, L. T., Sasaki, T., Takahashi, N., Rodan, G. A. and Suda, 

T. (1998). Tyrosine phosphorylation of pl30Cas is involved in actin organisation in 

osteoclasts. J  Biol Chem 273, 11144-11149.

Nakamura, I., PiUcington, M. F., Lakkakorpi, P. T., Lipfert, L., Sims, S. M., Dixon, S. J., 

Rodan, G. A. and Duong, L. T. (1999). Role of avp3 integrin in osteoclast migration and 

formation of the sealing zone. J  Cell Sci 112, 3985-3993.

212



Nakamura, L, Lipfert, L., Rodan, G. A. and Le, T. D. (2001). Convergence of 

alpha(v)beta(3) Integrin- and Macrophage Colony Stimulating Factor-mediated Signals 

on Phospholipase Cgamma in Prolusion Osteoclasts. J  Cell Biol 152, 361-374.

Needleman, P., Minkes, M. S. and Douglas, J. R., Jr. (1974). Stimulation of 

prostaglandin biosynthesis by adenine nucleotides. Profile of prostaglandin release by 

perfused organs. Circ Res 34,455-460.

Nefiissi, J. R., Boy-Lefevre, M. L., Boulekbache, H. and Forest, N. (1985). 

Mineralisation in vitro of matrix formed by osteoblasts isolated by collagenase digestion. 

Differentiation 29, 160-168.

Nesbitt, S., Nesbit, A., Helfiich, M. and Horton, M. (1993). Biochemical characterisation 

of human osteoclast integrins. Osteoclasts express avPs, a 2Pi and avPi integrins. J  Biol 

Chem 268, 16737-16745.

Nesbitt, S. A. and Horton, M. A. (1997). Trafficking of matrix collagens through bone- 

resorbing osteoclasts. Science 276, 266-269.

Noble, B. S. and Reeve, J. (2000). Osteocyte function, osteocyte death and bone fracture 

resistance. Mol Cell Endocrinol 159, 7-13.

Nordstrom, T., Rotstein, O. D., Romanek, R., Asotra, S., Heersche, J. N., Manolson, M. 

F., Brisseau, G. F. and Grinstein, S. (1995). Regulation of cytoplasmic pH in osteoclasts. 

Contribution of proton pumps and a proton-selective conductance. J  Biol Chem 270, 

2203-2212.

Nordstrom, T., Shrode, L. D., Rotstein, O. D., Romanek, R., Goto, T., Heersche, J. N., 

Manolson, M. F., Brisseau, G. F. and Grinstein, S. (1997). Chronic extracellular acidosis 

induces plasmalemmal vacuolar type H^ ATPase activity in osteoclasts. J  Biol Chem 272, 

6354-6360.

North, R. A. and Barnard, E. A. (1997). Nucleotide receptors. Curr Opin Neurobiol 7, 

346-357.

213



Ogilvie, A. L. J., Berchtold, S., Lutz, M. B., Steinkasserer, A. and Schuler, G. (2000). 

ATP receptors and ectonucleotidases on bone-marrow dendritic cells (DC): Novel 

pathways for maturation and differentiation? J  Inv Derm 114,226 (Abstract).

Oglesby, I. B., Lacbnit, W. G., Bumstock, G. and Ford, A. P. D. W. (1999). Subunit 

specifity of polyclonal antisera to the carboxy terminal regions of P2X receptors, P2Xi 

through P2Xy. Drug Dev Res 47, 189-195.

Oblsson, C., Bengtsson, B. A., Isaksson, O. G., Andreassen, T. T. and Slootweg, M. C. 

(1998). Growth hormone and bone. Endocr Rev 19, 55-79.

Otto, F., Thomell, A. P., Crompton, T., Denzel, A., Gilmour, K. C., Rosewell, I. R., 

Stamp, G. W., Beddington, R. S., Mundlos, S., Olsen, B. R., Selby, P. B. and Owen, M. 

J. (1997). Cbfal, a candidate gene for cleidocranial dysplasia syndrome, is essential for 

osteoblast differentiation and bone development. Cell 89, 765-771.

Palmer, R. K., Boyer, J. L., Scbacbter, J. B., Nicholas, R. A. and Harden, T. K. (1998). 

Agonist action of adenosine triphosphates at the human P2Yi receptor. Mol Pharmacol 

54, 1118-1123.

Palokangas, H., Mulari, M. and Vâânânen, H. K. (1997). Endocytic pathway from the 

basal plasma membrane to the mffled border membrane in bone-resorbing osteoclasts. J  

Cell S c i 1767-1780.

Pedersen, S., Pedersen, S. F., Nilius, B., Lambert, I. H. and Hoffmann, E. K. (1999). 

Mechanical stress induces release of ATP from Ebrlicb ascites tumour cells. Biochim 

Biophys Acta 1416,271-284.

Peel, N. F., Eastell, R. and Russell, R. G. (1991). Osteoporosis in rheumatoid artbritis- 

the laboratory perspective. Br J  Rheumatol 30, 84-85.

Peerscbke, E. I. and Gbebrebiwet, B. (1998). Platelet receptors for the complement 

component Clq: implications for hemostasis and thrombosis. Immunobiology 199, 239- 

249.

214



Rabadjija, L., Brown, E. M., Swartz, S. L., Chen, C. J. and Goldhaber, P. (1990). H^- 

stimulated release of prostaglandin E2 and cyclic adenosine 3',5'- monophosphoric acid 

and their relationship to bone resorption in neonatal mouse calvaria cultures. Bone Miner 

11,295-304.

Ralevic, V. and Bumstock, G. (1998). Receptors for purines and pyrimidines. Pharmacol 

Reviews 50,413-492.

Ralston, S. H. (1997). The Michael Mason Prize Essay 1997. Nitric oxide and bone: what 

a gas! B r J  Rheumatol 36, 831-838.

Reimer, W. J. and Dixon, S. J. (1992). Extracellular nucleotides elevate [Ca '̂ ĵi in rat 
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APPENDIX I: ABBREVIATIONS

ABBREVIATION FULL NAME

1,25-(0H)2D3 1,25-dihydroxyvitamin D3

2-meSADP 2-methylthioadenosine 5’-diphosphate

2-meSATP 2-methylthioadenosine 5’-triphosphate

a,p-meATP a,p-methylene adenosine 5’-triphosphate

p,y-meATP P,y-methylene adenosine 5’-triphosphate

AA Amino acid

ABC ATP binding cassette

AC Adenylate cyclase

AMP Adenosine 5 ’ -monophosphate

ADP Adenosine 5’-diphosphate

AP-1 Activator protein-1

ATP Adenosine 5’-triphosphate

BGJb Biggers, Gwatkin and Heyner medium

BMP Bone morphogenetic protein

BMU Bone remodelling unit

C- Carboxy-

Ca^^ Calcium

Ca/CRE Ca^^/cAMP response element

CAE Carbonic anhydrase II

cAMP Cyclic adenosine 5 ’ -monophosphate

Cbfal Core binding factor 1

CFTR Cystic fibrosis transmembrane regulator

c r Chloride

CNS Central nervous system

CO2 Carbon dioxide
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CPC Cresolphthalein complexone

C:iEB cAMP-response element binding protein

DA.G Diacylglycerol

DVTEM Duibecco’s Modified Eagle Medium

DMSO Dimethyl sulfoxide

EDTA Ethylen-diamine tetraacetic acid

eNOS Endothelial nitric oxide synthase

ER Estrogen receptor

F-actin Filamentous actin

FBS Foetal bovine serum

FCS Foetal calf serum

GFP Green fluorescent protein

gla y-carboxylated glutamate

GTP Guanosine 5’-triphosphate

HBSS Hank’s balanced salt solution

HCl Hydrochloride acid

HCO3' Bicarbonate

H2CO3 Carbonic acid

IFN-y Interferon-y

IGF Insulin like growth factor

Ihh Indian hedgehog

IL-1 Interleukin-1

IP3 Inositol 1,4,5-triphosphate

IC Potassium

MAPK Mitogen-activated protein kinase

M-CSF Macrophage-stimulating growth factor

MMP Matrix metalloproteinase

MNC Mononuclear cells

MRS 2179 A6-methyl-2 ’ -deoxy-adenosine-3 ’ ,5 ’ -bisphosphate

N- Amino-
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Na"" Sodium

NaCl Sodium chloride

NaOH Sodium hydroxide

NF-KB Nuclear factor kappa B

NHS Normal horse serum

NO Nitric oxide

NOS Nitric oxide synthase

ODF Osteoclast differentiation factor

OPG Osteoprotegerin

OPGL Osteoprotegerin ligand

Pi Phosphate (inorganic)

PBS Phosphate-buffered saline

PDGF Platelet-derived growth factor

PGEz Prostaglandin E]

PI-3 Phosphatidylinositol-3 kinase

PKC Protein kinase C

PLA Phospholipase A

PLC Phospholipase C

PLD Phospholipase D

PPADS Pyridoxal-5 ’ -phophate-6-azophenol-2 ’ ,4 ’ -disulfonate

PTH Parathyroid hormone

PTHrP Parathyroid hormone related protein/peptide

RA Rheumatoid arthritis

RANK Receptor activator of nuclear factor kB

RANKL Receptor activator of nuclear factor kB ligand

RGB Arg-Gly-Asn

SDS Sodium dodecylsulphate

TGF Transforming growth factor

TNF Tumour necrosis-related factor

TRAF TNF receptor-associated factors
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TRANCE TNF-related activation-induced cytokine

TRAP Tartrate resistant acid phosphatase

UDF Uridine 5’-diphosphate

UT? Uridine 5’-triphosphate

VDR Vitamin D receptor

VEGF Vascular endothelial growth factor

VIP Vasoactive intestinal peptide

V-type Vacuolar-type

Zinc
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Extracellular nucleotides acting through P2 receptors elicit a 
wide range of responses In many cell types. There Is Increas­
ing evidence that adenosine triphosphate (ATP) may function 
as an Important local messenger In bone and cartilage. In this 
study, we used Immunocytochemlstry, employing novel poly­
clonal antibodies against P2X^_y receptors, and In situ hy­
bridization, using oligonucleotide probes corresponding to 
P 2 % 2  4  and P2 Y2  4  messenger RNAs (mRNAs), to localize P2 
receptors on undecalclfled hone sections and on cultured 
osteoblasts and osteoclasts. We provide the first direct evi­
dence that the P 2 % 2  receptor subtype Is expressed on oste­
oclasts, osteoblasts, and chondrocytes. We also obtained ev­
idence for the expression of P2Xg and P2 Y 2  receptors on 
osteoblasts and chondrocytes, and for P 2 X 4  and P2 X^ recep­
tors on osteoclasts. Our results confirm earlier reports of 
P 2 Y2  and P 2 X4  expression In human osteoclastoma and 
rabbit osteoclasts, respectively, and are consistent with ATP 
responses observed on hone cells using electrophysiologlcal 
techniques. Our novel finding that P 2 X 2  Is expressed by 
osteoclasts is of particular Interest. P 2 X 2  Is the only P2 
receptor subtype that requires extracellular acidification to 
show its full sensitivity to ATP, and our recent functional 
studies have shown that the stimulatory action of ATP on 
resorption pit formation by mature osteoclasts Is amplified 
greatly at low pH. These findings point to fundamental new  
mechanisms for the local modulation of bone resorption. 
(Bone 27:503-510; 2000) © 2000 by Elsevier Science Inc. 
All rights reserved.

Key Words: P2 receptors; P2 X 2 ; Adenosine triphosphate; 
(ATP); Osteoclasts; Osteoblasts; Chondrocytes.

Introduction

In recent years, the biological effects of extracellular purine 
nucleotides acting through P2 receptors have been studied in 
many cell and tissue types, and adenosine triphosphate (ATP) is 
now recognized as an important messenger molecule for cell-cell 
communication.^ P2 receptors are classified into two main fam­
ilies: the P2X receptor family, the members of which are ligand- 
gated nonselective cation channels; in contrast, members of the 
P2Y receptor family are G-protein-coupled receptors, the prin-

A ddress fo r  correspondence and  reprints: Dr. T. R. Arnett, Department 
o f  Anatom y & D evelopm ental B iology, University C ollege London, 
G ower Street, London W C IE  6BT UK. E-mail: t.arnett@ucl.ac.uk 

^Present affiliation: Department o f  Physiology, Royal Free & Univer­
sity C ollege M edical School, University C ollege London, London, UK.

ci pal signal transduction pathway involves phospholipase C, 
which leads to the formation of IP 3  and mobilization of intracel­
lular Ca^"^. So far, seven P2X subtypes have been cloned and 
characterized, and about eight P2Y subtypes have been estab­
lished in vertebrates.^^ Nucleotides can be released into extra­
cellular space as a result of cell damage, by exocytosis from 
nerve and endothelial cells, and also by an ATP transport 
mechanism, perhaps via ABC proteins.

There is growing evidence that ATP may function as an 
important local messenger in bone and cartilage. The existence of 
P2 receptors on chondrocytes was demonstrated in the work of 
Russell and c o l le a g u e s .C u ltu re d  chondrocytes are also capa­
ble of releasing ATP constitutively at concentrations that may 
activate P2 receptors in the local m ic ro e n v iro n m e n t .C ro s s ­
inhibition studies with different agonists have suggested that a 
mixed population of P2 receptors exists on rat osteoblast-like 
ce lls .H e te ro g e n e ity  of receptor expression was also demon­
strated within a population of human osteoblasts, probably re­
flecting differences in the differentiation status of individual 
cells.* Recent studies have shown that ATP inhibits appositional 
bone formation by cultured primary rat osteoblasts,”  and that 
cultured osteoblasts can release ATP when subjected to shear 
force.^

Initial studies using cultured rabbit osteoclasts have indicated 
that exogenous ATP was able to elicit an intracellular Ca^"^ pulse 
via two different pathways: ( 1 ) Câ "*" influx across the cell 
membrane via Ca^^ channels; and (2) G-protein-coupled internal 
Ca^^ r e l e a s e . I n  addition, ATP was reported to induce a 
transient intracellular pH decrease in osteoclasts that was Ca^"^ 
independent.^^ Using in situ hybridization, the work of Bowler 
and colleagues showed that the P 2 Y 2  receptor was expressed on 
osteoclasts derived from human giant cell tumors.^ The same 
group also reported that ATP exerted a small stimulatory effect 
on resorption pit formation by giant cell tumor osteoclasts, but 
that this effect was not mediated by the P 2 Y 2  receptor."^ Elec- 
trophysiological experiments have provided evidence supporting 
the coexpression of both P2X and P2Y receptors on rat oste­
oclasts, with ATP activating both nonselective cation channels 
and Ca^^-dependent c h a n n e ls .R e c e n t functional studies 
by our group showed the potent stimulatory effect of ATP on the 
formation and resorptive activity of normal mammalian oste­
oclasts.^^ The stimulatory effect on resorption was amplified 
greatly when osteoclasts were activated by culture in acidified 
medium, which may be consistent with the involvement of the 
P 2 % 2  receptor subtype, the only receptor of this family that 
requires extracellular acidification to show its full sensitivity to 
ATP.32

In the present study, we used a novel set of polyclonal 
antibodies against P 2 X j_ 7  receptors and also oligonucleotide 
probes corresponding to P 2 X 2  4  and P 2 Y2  4  mRNAs to investi­

© 2000 by Elsevier Science Inc. 
All rights reserved.
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gate the expression of P2 receptors in sections o f neonatal rat 
bone and in cultured rat bone cells.

Materials and Methods

Tissue Preparation

Two-day-old neonatal Sprague-Dawley rats were killed by cer­
vical dislocation. Long bones and calvariae were removed im­
mediately and the tissues were rapidly frozen by immersion in 
isopentane at —70°C and stored in liquid nitrogen. Cryostat 
sections of undecalcified, unfixed bone ( 1 0  ptm) were prepared 
and collected on gelatin-coated or polysine-coated slides (BDH/ 
Merck, UK) for immunocytochemlstry or in situ hybridization, 
respectively. Tissues were kept frozen until used and air dried at 
room temperature prior to use. Unless otherwise specified, all 
reagents were purchased from Sigma (Poole, Dorset, UK).

Cell Culture

Primary rat osteoblastic cells were obtained by sequential en­
zyme digestion of excised calvarial bones from two-day-old 
neonatal Sprague-Dawley rats using a three-step process (1% 
trypsin for 10 min, 0.2% collagenase type II for 30 min, and 
0.2% collagenase type II for 60 min at 37°C), rejecting the first 
two digests. The cells were resuspended in Duibecco’s modified 
Eagle medium (DMEM) +  10% fetal calf serum (Gibco, Paisley, 
UK), seeded at a concentration of 2 X lO'  ̂ cells/chamber on 
LabTek 8  chamber slides (Nunc Life Technologies, UK) and 
incubated for 2 -4  days until confluence. At confluence, these 
cells were mainly strongly positive for alkaline phosphatase, as 
assessed by cytochemical staining (Sigma Kit 8 6 C).

Mixed cell populations containing osteoclasts were obtained 
by rapidly mincing the long bones of two-day-old neonatal 
Sprague-Dawley rats, killed by cervical dislocation, in MEM 4- 
10% fetal bovine serum (Gibco, Paisley, UK), followed by 
vortexing. The resulting cell suspension was allowed to sediment 
for 60 min onto LabTek chamber slides. Chambers were rinsed 
twice with phosphate-buffered saline (PBS) before incubation 
with MEM for 4 h in a humidified atmosphere of 5% C O j and 
95% air. Cultures were fixed in 4% paraformaldehyde in 0.1 
mol/L PBS and processed for in situ hybridization or 
immunocytochemistry.

Western Blot

Specificity of the P 2 X 2  antibody was tested by immunoblotting 
with rat calvarial osteoblastic cell extracts. Cells were grown to 
confluence as described earlier, rinsed with PBS, and lifted from 
the culture plates with PBS containing 0.2% ethylene-diamine 
tetraacetic acid (EDTA) and spun down; the cell pellet was 
resuspended in 1 mL of ice-cold RIPA buffer (PBS containing 
1% Nonidet, 0.5% deoxycholate, 0.1% sodium dodecylsulfate 
[SDS], 0.1 mg/mL PMSF, 30 p,l/mL Aprotinin, and 1 mmol/L 
sodium orthovanadate). These lysates were passed through a 21G 
needle to sheer DNA and then spun for 10 min at 10,000g and 
4°C. The supernatants were used for western blotting in a 
Mini-Protean 2 Electrophoresis and Trans-Blotting Cell (Bio- 
Rad, Richmond, CA) according to the manufacturer’s 
instructions.

Proteins were loaded on Tris-HCl ready gels (10% gel) 
(Bio-Rad) and run under reducing conditions (10% SDS and 26 
mmol/L dithiothreitol). Biotinylated molecular weight markers 
were obtained from Sigma (B2787). Proteins were transferred 
onto a Hybond ECL nitrocellulose membrane (Amersham, UK). 
The nitrocellulose was blocked at room temperature in PBS

containing 3% milk powder and 0.05% Tween-20, and then 
incubated in the same solution containing 2.5 p-g/mL P 2 X 2  

antibody overnight at 4°C. For detection, the ECL chemilumi- 
nescence method was performed, using peroxidase-linked don­
key antirabbit immunoglobulin G (IgG), peroxidase-linked 
streptavidin, and ECL western blotting reagents (all purchased 
from Amersham, UK). The signal was visualized on a Hyperfilm 
ECL (Amersham) and scanned with a Umax Powerlook 2 flatbed 
scanner.

Immunocytochemistry

The immunogens used for production of polyclonal antibodies 
were synthetic peptides corresponding to the carboxy termini of 
the cloned rat P2X receptors, covalently linked to keyhole limpet 
hemocyanin. The peptide sequences are as follows:

-399, ATSSTLGLQENMRTS 
-472, QQDSTSTDPKGLAQL 
-397, VEKQSTDSGAYSIGH 
-388, YVEDYEQGLSGEMNQ 
-451, RENAIVNVKQSQILH 
-371, EAGFYWRTKYEEARA 
-569, TWRFVSQDMADFAIL

P2Xi: amino acids 385-
P 2 X 2 : amino acids 458
P2 X 3 : amino acids 383-
P 2 X4 : amino acids 374
P2 X 5 : amino acids 437-
P2Xg: amino acids 357-
P2 X 7 : amino acids 555-

The polyclonal antibodies were raised by multiple monthly 
injections of New Zealand rabbits with the peptides (performed 
by Research Genetics, Huntsville, AL). The specificity of the 
antisera was verified by immunoblotting with membrane prepa­
rations from CHO K1 cells expressing the cloned P 2 X , _ 7  recep­
tors. The antibodies recognized only one protein of the expected 
size in the heterologous expression systems and were shown to 
be specific for receptor subtype.^^ For immunostaining of cryo­
stat sections, the avidin-biotin (ABC) technique was employed 
according to a recently developed p r o t o c o l .A i r - d r i e d  serial 
sections of bones were fixed in 4% formaldehyde and 0.02% 
picric acid in 0.1 mol/L phosphate buffer (pH 7.4) for 2 min. 
After washing in PBS for 20 min, endogenous peroxidase activ­
ity was blocked by treating the sections with 0.5% H 2 O 2  and
50% methanol for 10 min. Nonspecific binding sites were 
blocked by 2 0  min preincubation in 1 0 % normal horse serum 
(NHS) in PBS containing 0.05% merthiolate, followed by incu­
bation with the primary antibodies diluted to 5 p.g/mL or 2.5 
p,g/mL in antibody diluent (10% NHS in PBS +  2.5% NaCl) at 
4°C overnight. Subsequently the sections were incubated with 
biotinylated donkey antirabbit IgG (Jackson ImmunoResearch 
Lab, West Grove, PA) diluted 1:500 in 1% NHS in PBS for I h, 
and then with ExtrAvidin peroxidase diluted 1:1000 in PBS for 
1 h at room temperature. For color reaction, a solution containing 
0.05% 3,3'-diaminobenzidine (DAB), 0.04% nickel ammonium 
sulfate, 0.2% (3-D-glucose, 0.004% ammonium nitrate, and 1.2 
U/mL glucose oxidase in 0.01 mol/L PBS was applied for 6  min. 
Contrast Green (Kirkegaard & Perry Laboratories) was used as a 
counterstain. Sections were washed three times with PBS after 
each of the aforementioned steps except after the preincubation. 
Control experiments were carried out with primary antibody or 
secondary or tertiary stages omitted from the staining procedure 
and the primary antibodies preabsorbed with the peptides for 
immunizing the rabbits.

For immunofluorescent staining of the cells, fixed cells were 
treated with methanol at —20°C for 7 min. The cells were 
preincubated in 10% NHS in PBS for 30 min at room tempera­
ture, followed by incubation with the primary antibodies diluted 
1:1000 to 1:2000 in 10% NHS in PBS at 4°C overnight. Biotin­
ylated donkey anti rabbit IgG (Jackson ImmunoResearch), diluted 
1:500 in 1% NHS in PBS, was applied for 1 h followed by 
fluoresceinated streptavidin (Amersham, UK) or Texas Red-
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Figure 1. Localization o f  P2 X 2 receptor subtype on bone sections and bone cells, (a, b) Sp ecific  im m unostaining o f  cultured rat osteoclasts with 
anti-P 2X , antibody, visualized with fluorescein (a) or Texas Red (b), which was abolished after preabsorption o f  anti-P2X2 antibody with P 2 X , peptide
(d). (c. e) Specific in situ localization o f  P 2 X , receptor probe on cultured rat osteoclast (c) w as alm ost abolished in control preparations hybridized in 
the presence o f  excess unlabeled probe (e). (f, g) Serial sections o f  rat calvaria show ing im m unostaining o f  osteoblasts (arrows) and chondrocytes 
(arrowheads) with anti-P2X 2 antibody (f); im m unostaining o f  osteoblasts (arrows) and chondrocytes (arrowheads) in control rat calvaria section was 
alm ost abolished after preabsorption o f  anti-P2X2 antibody with P2X 2 peptide (g). (h, k) Sp ecific  in situ localization o f  P2X 2 receptor probe on 
osteoblasts (arrows) and growth plate chondrocytes (arrowheads) in rat long bone section (h); localization was greatly reduced in control preparations 
hybridized in the presence o f  excess unlabeled probe (k). Scale bars =  25 p.m (a, b, d, e) and 50  p.rn (c, f, g, h, k).
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KÎKure 2. Localization o f  P 2 X , receptor subtype on rat long bone 
sections and rat osteoblasts, (a, b) Im m unostaining with anti-P2Xj^ 
antibody on serial sections o f  rat long bone: (a) Localization o f imm u­
nostaining on osteoblasts (arrows) lining the bone surface and chondro­
cytes (arrowhead), which was alm ost abolished in the control section (b) 
preabsorbed with P2X^ peptide, (c) Strong im m unostaining in cultured 
rat calvarial osteoblastic cells with anti-P2X^ antibody, visualized with 
fluorescein, (d) Imm unostaining on cultured osteoblastic cells was 
greatly reduced in the control preparation preabsorbed with P 2X , pep­
tide. Scale bars =  50  p.m (a -d ) .

labeled streptavidin (Amersham) diluted 1:200 in PBS for 1 h at 
room temperature.

In Situ Hybridization

Antisense oligonucleotides (45-mer) directed against receptor 
subtype-specific sequences were designed for use in in situ 
hybridization experiments. These sequences correspond to the 
C-terminal 15 amino acids of the rat P 2 X 2  and P 2 X4  subtypes, 
the peptidic sequences used for the generation of the antipeptide 
antibodies, and against the third extracellular domain of the rat 
P 2 Y 2  and P 2 Y4  subtypes. The oligonucleotide sequences were as 
follows:

Figure 3. L ocalization o f  P2 X 4 receptor subtype on a rat long bone 
section and on cultured rat osteoclasts, (a) In situ hybridization in rat long  
bone sections revealed no localization o f  P2 X 4 receptor m RNA on 
osteoblasts (arrows) or chondrocytes (arrowheads), (b) Sp ecific  in situ 
localization o f  P2X 4 receptor probe on cultured rat osteoclast, (c) Control 
rat osteoclast hybridized in the presence o f  excess unlabeled probe 
show ed greatly reduced localization o f  P2X 4 receptor probe, (d) Strong 
cytoplasm ic im m unostaining on cultured rat osteoclasts with anti-P2 X 4 
antibody, visualized with (luorescein. (e) Reduced anti-P2X 4 im m uno­
staining in control rat osteoclast preparations preabsorbed with P2X 4 
peptide. Scale bars =  50  p.rn (a) and 25 p.m (b -e ) .

Rat P2X.: 5 -AAGTTGGGCCAAACCTTTGGGGTCCGTG- 
GATGTGGAGTCCTGTTG-3'

Rat P2 X4 : 5 -CTGGTTCATCTCCCCCG AA AG ACCCT-
GCTCGTAGTCTTCCACATA-3 '

Rat P2Y,: 5'-GATGGCGTTGAGGGTGTGGCAACTGAG-
GTCAÀGTG ATCGG A AGG A-3 '

Rat P2 Y4 : 5'-GACAATGTTCAGCACATGACAGTCAGCT- 
TGC A AC AGTCTTGCCTG-3 '

The aforementioned primers were labeled at the 3 ' end with 
digoxigenin dUTP using an oligonucleotide tailing kit (Roche 
Diagnostics, UK). Digoxigenin, a naturally occurring plant ste­
roid, is not found in animal tissues, so cytoplasmic localization of 
the immunoproduct is considered to be specific.

Following fixation in 4% forrnaldehyde in PBS for 10 min, 
slides were dehydrated in graded ethanol and air-dried. The 
hybridization buffer contained 2 X  SSC buffer (Gibco), 0.1 
mg/mL sheared and denatured salmon sperm DNA, 0.1 mg/ml 
total RNA, 50% de-ionized formamide, 1 X Denhardt’s solution.
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Figure 4. Localization o f  P2 X 7 receptor subtype on cultured rat oste­
oclast, visualized with fluorescein, (a) Strong nuclear im m unostaining o f  
rat osteoclasts with anti-P2%7 antibody that w as alm ost abolished in the 
control cell (b), which was preabsorbed with P2Xy peptide. Scale bars =  
25 pim (a, b).

and 1 ng/|xL digoxigenin-labeled probe. Before hybridization, 
prehybridization was done at 37°C for 2 h in a humidified 
chamber without digoxigenin-labeled probe. The slides were 
then incubated at the same temperature for 16 h with digoxige­
nin-labeled probe.

After washing with decreasing salt solutions (twice with 2X 
SSC for 5 min at room temperature, twice with 2 X SSC for 15 
mill at 37°C, twice with 1 X SSC for 15 min at 37°C, twice with 
0 .5 X SSC for 30 min at 37°C), slides were blocked in 2% normal 
sheep serum in wash buffer (0.1 mol/L Tris-HCl and 0.15 mol/L 
NaCl, pH 7.4) for 2 h at room temperature. They were then 
incubated with anti-digoxigenin antibody (diluted 1 : 1 0 0 0  in 2 % 
normal sheep serum in wash buffer) conjugated with alkaline 
phosphatase for 2 h. The color reaction was made with 45 pul of 
4-nitroblue tétrazolium salt, 35 p.L of 5-bromo-4-chloro-3-in- 
dolylphosphate solution in 10 mL detection buffer (0.1 mol/L 
Tris-HCl, 0.1 mol/L NaCl, and 0.05 mol/L MgCL, pH 9.5) in the 
dark for up to 16 h. Negative controls were performed by 
hybridizing in the presence of 1 0 0 -fold excess o f unlabeled probe 
and by hybridizing without adding the labeled probe.

R esu lts

[mniiiiiocyfochemical Localization o f  P2X Receptors

Sections of neonatal rat long bones and calvariae showed differ 
ent staining patterns with each P2X receptor antibody. In long 
bones and calvariae, osteoblasts on bone surfaces and chondro­
cytes showed specific immunostaining for P2 X 2  and P2 X^ re­
ceptors, whereas in control preparations pretreated with the 
relevant P2X peptide immunostaining was abolished or greatly 
reduced (Figures 1 f.g and 2a,b).

Specific immunostaining for the P2X, receptor was only 
observed in smooth muscle cells o f blood vessels. No specific 
immunostaining for either P2X_,, P2X_ ,̂ or P2Xf, receptors was 
seen in sections o f long bones and of calvariae; however, adja­
cent skeletal muscle tissue was strongly positive for P2 X̂ ,. 
Antibodies against P2 X 7  produced no staining in the bone 
sections, except in the keratinizing and exfoliating layers of skin.

Fluorescence staining revealed immunostaining for P2 recep­
tors in osteoclasts isolated from neonatal rat long bones and in 
primary rat calvarial osteoblastic cells. In essentially all cultured 
osteoclasts, the most prominent, specific immunostaining was 
observed with the P2 X 2  antibody (F ig u r e  la.b); in controls 
pretreated with the P2 X 2  peptide, staining was completely abol­
ished (Figure Id). Cytoplasmic staining was observed using the 
P2 X4  antibody in osteoclasts (F ig u re  3d). A small proportion of 
cultured osteoclasts also showed nuclear staining. However, in 
control preparations, the cytoplasmic staining was abolished.

205 kDa ^ 

116 kDa^

Figure 5. W estern blotting o f  rat calvarial osteoblastic cell lysates. The 
blot was probed with polyclonal antibody to a rat P2X 2 receptor peptide. 
A single P2 X 2 reactive band o f  approxim ately 7 0 - 8 0  kDa was detected. 
M olecular weight markers are indicated on the left side.

whereas nuclear staining remained, indicating that this was 
nonspecific (Figure 3e). Strong nuclear staining was seen with 
the P2 X 7  antibody (F ig u r e  4a) in all osteoclasts; in control 
preparations, the reaction was greatly reduced (Figure 4b). No 
specific immunostaining was observed for P2X |, P2 X 2 . P2X^, or 
P 2 X(, receptors in cultured osteoclasts.

Rat osteoblastic cells cultured from neonatal rat calvariae 
showed strong staining with anti-P 2 X 2  and anti-P2X^; antibodies 
(F ig u re  2c); in controls pretreated with the P2 X 2  and P2X^ 
peptides, staining was completely abolished or reduced, respec­
tively (Figure 2d). No specific immunostaining was observed for 
P2X |, P2X„ P2 X4 , P2Xf,, or P2 X 7  receptors in cultured osteoblasts.

To verify the finding of abundant P2 X 2  expression in bone, 
itnmunoblotting was performed with rat calvarial osteoblastic 
cells. A single P2 X 2  reactive band at approximately 7 0 -8 0  kDa 
was detected (F ig u r e  5 ). This band was in the expected weight 
range, as determined by immunoblotting with membrane frac­
tions of cell lines expressing recombinant P 2 X 2  receptors."*'

In Situ Hyhriclization

We investigated the expression of P2 X 2 . P2 X4 . P2 Y2 , and P2 Y4  

mRNA in sections of rat long bone and calvariae and in rat 
osteoclasts and osteoblastic cells. In situ hybridization on long 
bone and calvarial sections using P2 X 2  and P2 Y2  receptor probes 
revealed intense, specific localization over osteoblasts on bone 
surfaces and over chondrocytes, both in the growth plate in long 
bones and in cartilage in the skull (Figure Ih and F ig u re  6 a). Use 
of the P2 X4  and P 2 Y4  receptor mRNA probes resulted only in 
weak signals that were not consistently detectable in bone sec­
tions (Figure 3a). Negative controls of serial sections performed 
by hybridizing in the presence of 1 0 0 -fold excess of unlabeled 
probe significantly reduced the signals for all probes (Figures Ik 
and 6 b).

On essentially all rat osteoclasts, in situ hybridization re-
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Fijjure 6. In situ localization o f  P2 Y2 receptor m RNA in a serial section o f  rat long bone and cultured cells, (a) Specific localization o f  P2 Y2 receptor 
probe on osteoblasts lining the bone surface (arrows) and on chondrocytes in the growth plate (arrowhead), (b) Signal was greatly reduced in osteoblasts 
(arrows) and chondrocytes (arrowhead) in control preparation hybridized in the presence o f  excess unlabeled P2Y i probe, (c) Specific localization o f  
P 2Y , receptor probe on cultured rat osteoclast, which was alm ost abolished in control (d) hybridized in the presence o f  excess unlabeled P2Yn probe,
(e) Specific localization o f  P 2Y i receptor probe on cultured primary osteoblastic cells from rat calvaria. which was almost abolished in control (f) 
hybridized in the presence o f  excess unlabeled P 2Y j probe. Scale bars =  50  pum (a. b) and 25 p.m (c. d. e. f).

vealed intense specific localization of P2 X 2 , P2 X4 , and P 2 Y2  

receptor tnRNAs (Figures Ic, 3b. and 6 c), whereas the P 2 Y4  

receptor probe and negative controls showed significantly less 
staining (Figure le, 3c. and 6 d). P2 X 2  and P2 Y2  receptor mRNA 
was also highly expressed on primary rat calvarial osteoblastic 
cells (Figure 6 e), in contrast to P 2 X4  and P2 Y4  receptor mRNAs, 
which were undetectable. Negative controls showed reduced 
staining of cultured osteoblasts (Figure 6 f).

Discussion

In this study we obtained the first direct evidence for the 
expression of the P 2 X 2  receptor in bone cells, using immunocy­
tochemistry and in situ hybridization techniques. Earlier studies 
on the general distribution of P2X subunits showed that the P2 X2  

subunit is located primarily in neural tissues in the central and 
peripheral nervous systems, but has now been found to be present 
in other tissues, including vascular smooth muscle.'^ We dem­
onstrated immunostaining and in situ hybridization signals for 
the P 2 X 2  receptor on bone sections and on cultured bone cells 
including osteoclasts and primary cultures o f osteoblastic rat 
calvarial cells.

Our finding of the P 2 X2  receptor subtype on osteoclasts, 
shown by two independent methods, is o f particular interest. We 
recently reported that extracellular ATP at relatively low con­
centrations (0.2-2 p.mol/L) stimulated resorption pit formation 
by rat osteoclasts and that this stimulatory effect was amplified 
greatly by culture in acidified media (pH 6 .9-7.0). Furthermore, 
pit formation by acid-activated osteoclasts in the ab.sence of ATP 
was inhibited by the ecto-ATPase apyrase and by suramin, an 
antagonist of P2 re c e p to rs .T h e se  results suggest that low levels 
of extracellular ATP might play a fundamental role in modulat­
ing the resorptive function of mammalian osteoclasts. They also 
point to the possible involvement of the P2 X 2  receptor in this 
stimulatory effect, because this is the only P2 receptor subtype 
that requires extracellular acidification to show its full sensitivity 
to extracellular aT P .''^  ‘''-'*‘-̂ “ The pH-activation profile of the 
recombinant P2 X 2  receptor expressed in Xenojms  is similar to 
the pH-activation profile for resorption pit formation by rat 
osteoclasts.- In addition, the apparent lack of desensitization to 
ATP and the suramin antagonism are consistent with the involve­
ment of the P2 X 2  receptor.-^ However, our recent experiments 
show that adenosine diphosphate (ADP), a potent P2Y, receptor 
agonist, stimulates bone resorption in a similar or even more
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potent manner than ATP; P2Y, expression on bone is currently 
under investigation (Hoebertz et al., manuscript in preparation). 
We also detected expression of the P 2 X 4  receptor subtype in 
osteoclasts by immunocytochemistry and in situ hybridization, 
confirming a recent report that detected P 2 X4  receptor mRNA in 
rabbit osteoclasts by polymerase chain reaction (PCR).^'^

Our immunocytochemical studies also revealed the apparent 
nuclear expression of the P2 X j receptor subtype on cultured 
osteoclasts. Nuclear localization of this receptor subtype has 
recently been reported for epithelial cells using the same poly­
clonal antiserum^; the functional significance of this observation 
is under investigation. In addition, osteoblasts, both in culture 
and in bone sections, showed immunostaining for the P 2 Xg 
receptor subtype. Studies of stratified epithelia showed that P2Xg 
immunoreactivity was restricted to the metabolically active, 
differentiating cell layers in epithelia and hair follicles, whereas 
P 2 Xy receptors were associated with keratinizing cells undergo­
ing cell death.^ Our results suggest that P2 X 5  receptors may also 
participate in the regulation of osteoblastic differentiation and 
proliferation. P2Xy (or P2Z) is a bifunctional receptor, which, in 
the absence of divalent cations, mediates the formation of large 
cytolytic membrane pores. The function of the receptor has been 
associated with lytic and apoptotic events.^ Osteoclasts have 
been reported to die in a manner reminiscent of apoptosis when 
exposed to high concentrations of ATP (2 m m o l/L ) .T h e  same 
ATP concentration has also been shown to cause formation of 
pores in murine osteoclasts and macrophages, but not in osteo­
genic or chondrogenic cells.

It has been suggested that P2X receptors are involved in 
gating some of the intracellular supply of needed for resorp­
tion.* There is indeed evidence for an ATP- and ADP-induced 
pulsed decrease in rabbit osteoclast intracellular pH, together 
with an intracellular Ca^^ pulse,^^ indicating the existence of 
two different intracellular signaling pathways after ATP appli­
cation. Electrophysiological experiments have provided evidence 
for the coexpression of both P2X and P2Y receptors on rat 
osteoclasts, with ATP activating both nonselective cation chan­
nels and Ca '̂*’-dependent K"*" channels.^**

We demonstrated the first localization of P2Y^ (formerly 
P2U) receptor mRNA in bone sections and its expression not 
only by osteoblasts, but also by chondrocytes. These findings are 
consistent with earlier work that detected P2Yj mRNA in oste­
oclastoma giant cells by in situ hybridization, and in human bone 
derived cells by PCR.^ Our findings are also consistent with 
studies on the effects of extracellular nucleotides on intracellular 
Ca^“̂ levels in osteoblast-like cells, both of human and rat origin, 
which suggested the existence of two different P2 receptor 
subtypes (including P2 Y 2 ) linked to Ca^"^ mobilization.

Our finding that the P 2 X 2 , P2Xg, and P2 Y 2  receptors were 
strongly expressed by osteoblasts both in bone sections and in 
vitro implies that exogenous ATP could therefore stimulate 
resorption pit formation via direct effects on mature osteoclasts 
or indirect effects on other bone cells such as osteoblasts, or both. 
Osteoblasts have been shown to release ATP under shear stress 
conditions via a nonlytic mechanism^ and osteoclasts have been 
reported to express a novel member of the ATP binding cassette 
s u p e r fa m ily .O u r  failure to detect P 2 Y4  expression in rat 
osteoblastic cells contrasts with the recent identification of P2 Y4  

transcripts in human osteoblastic cells by PCR^'; this may reflect 
a species difference or changes in cellular differentiation states.

Our localization studies also showed the presence of P2 
receptors in chondrocytes, in agreement with suggestions made 
some time ago.^ *̂  Cultured chondrocytes are also capable of 
constitutively releasing ATP at concentrations that may activate 
P2 receptors in the local microenvironment. Extracellular 
nucleotides have also been shown to enhance growth-factor-

induced proliferation of chondrocytes,*^ and stimulation of the 
P2 Y 2  receptor on human articular chondrocytes increases inter­
leukin (IL)-l-mediated prostaglandin E 2  release.*^

In summary, the immunohistochemical and in situ hybridiza­
tion results presented in this study are consistent with a wide 
range of earlier experimental findings and demonstrate, for the 
first time, the presence of P2 X 2  receptors on osteoblasts and 
osteoclasts. The identification of P 2 X 2  receptors on osteoclasts 
provides a possible mechanism for the critical activation of 
osteoclasts at low pH.
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Extracellular ADP is a powerful osteolytic agent: 
evidence for signaling through the P2Yi receptor 
on hone cells

A ST R ID  H O E B E R T Z ,* ’̂  SAJEDA M E G H fl,^  G E O FFR E Y  B U R N S T O C K ,* ’̂  A N D  
T IM O T H Y  R . A R N E T T *^
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ABSTRACT T h ere  is  in crea s in g  ev id en ce  that ex tra ­
c e llu la r  n u c le o t id e s  act o n  b o n e  c e lls  via P 2  recep to rs . 
T h is  stu d y  in vestiga ted  th e  a c tio n  o f  A D P  an d  2-m eth- 
y lth ioA D P , a  p o te n t A D P  a n a lo g  w ith  se lectiv ity  fo r  th e  
P 2 Y j r ecep to r , on  o steo c la sts , th e  h o n e-reso rh in g  
m u ltin u c lea r  ce lls . U s in g  th ree  d if fe r e n t assays, w e  
sh o w  th at A D P  and  2 -m ethylth ioA D P  at n a n o m o la r  to  
su h m icro m o la r  lev e ls  ca u sed  u p  to  fo u r fo ld  to  s ix fo ld  
in c r e a se s  in  o s teo c la st ic  h o n e  reso rp tio n . O n  m atu re  
rat o s te o c la s ts , cu ltu red  fo r  1  d ay  o n  p o lish e d  d en tin e  
d isk s , p ea k  e f fe c ts  o n  re so rp tio n  p it  fo rm a tio n  w ere  
o b se r v e d  b e tw een  20 nM  an d  2 p M  o f  A D P . T h e  sam e  
co n cen tra tio n s  o f  A D P  a lso  stim u la ted  o ste o c la st and  
r e so r p t io n  p it  fo rm a tio n  in  1 0 -day m o u se  m arrow  cu l­
tu res  o n  d en tin e  d isks. In  3-day ex p la n t cu ltu res o f  
m o u s e  calvarial h o n e s , th e  stim u latory  e f f e c t  o f  A D P  on  
o steo c la st-m ed ia ted  Ca^’*' r e le a se  w as g rea test at 5 -5 0  
p M  an d  eq u iva len t to  th e  m a x im a l e f fe c ts  o f  p rosta ­
g la n d in  Eg. T h e  A D P  e f f e c t s  w ere  b lo c k e d  in  a n o n to x ic  
m a n n er  by M RS 2 1 7 9 , a P 2Y i recep to r  an tagon ist. 
U sin g  in  situ  h ybrid iza tion  an d  im m u n ocy toch em istry , 
w e fo u n d  ev id en ce  fo r  P 2 Yj r e cep to r  e x p r e ss io n  o n  
b o th  o steo c la sts  an d  o steo b la sts; th u s, A D P  c o u ld  ex er t  
its  a c tio n s  b o th  d irectly  o n  o ste o c la sts  and  in d irectly  v ia  
P 2Y j r ecep to rs  o n  o steo b la sts . A s a m ajor A T P  d egra­
d a tio n  p ro d u c t, A D P  is  a n o v e l stim u lator  o f  b o n e  
r e so r p t io n  that c o u ld  h e lp  m e d ia te  in flam m atory  h o n e  
lo s s  in  v iv o .— H o eb er tz , A ., M eghji, S ., B u m sto c k , G ., 
A m e tt , T . E xtracellu lar A D P  is  a  p o w er fu l o steo ly tic  
agen t: ev id e n c e  fo r  s ign a lin g  th rou gh  th e  P 2 Y^ r ecep to r  
o n  b o n e  ce lls . F A S E B J . 15, 1 1 3 9 -1 1 4 8  (2001 )

Key Words: P 2  receptors * A D P  • A T P  • osteoclast * bone re­
sorption ' P 2 Y j

Bone is a dynamic tissue, being continuously remodeled 
by the coordinated actions of osteoclasts and of cells in 
the osteoblast lineage. Osteoclasts, cells responsible for 
bone resorption, are polarized multinuclear cells, derived 
from hematopoietic precursors of the monocyte-mac- 
rophage series. Osteoblasts, the bone-forming cells, orig­
inate from mesenchymal stem cells; osteocytes, cells 
thought to mediate mechanical responsiveness of bone.

differentiate from osteoblasts to form a network of cells 
within bone matrix. In bone loss disorders, the normal 
remodeling process becomes unbalanced, which can re­
sult in excessive osteoclastic bone resorption and fragile 
bones. The complex mechanisms by which systemic and 
local factors influence osteoclastic formation and activa­
tion, key steps in the bone remodeling sequence, are still 
not well understood.

ATP and other extracellular nucleotides are now rec­
ognized as important messenger molecules for cell-cell 
communication (1). It has recently become evident that 
extracellular nucleotides, signaling through P2 receptors, 
could play an important role in bone remodeling (2 ). 
Receptors for nucleotides and nucleosides were originally 
divided into two groups: PI receptors for which adenosine 
and AMP are m^or agonists, and P2 receptors for aden­
osine 5'-diphosphate (ADP), ATP, and uridine 5 '-triphos­
phate (UTP). The P2 receptors are further classified into 
two main families: the ionotropic P2X receptors are a 
family of ligand-gated nonselective cation channels; in 
contrast, the metabotropic P2Y receptors are coupled to 
C-proteins, which activates signal transduction pathways 
involving inositol 1,4,5-trisphosphate-dependent mobiliza­
tion of intracellular Câ "̂ . Nucleotides can be released 
into the extracellular fluid in a number of ways. ATP, the 
nucleotide with the widest spectrum of biological activity 
and present intracellularly at ~ 2 -5  mM, could be released 
as a result of cell damage, via synaptic vesicles from nerve 
cells, by active secretion via “ATP binding cassette” (ABC) 
transport proteins and sulfonylurea receptors, or by re­
lease from activated platelets and leukocytes at a site of 
tissue injury and inflammation.

We have previously shown that ATP is capable of 
stimulating osteoclasts to perform their pathophysio­
logical function, namely the formation of resorption 
pits (3). In addition, we recently reported, using in situ 
hybridization and immunocytochemistry, that bone 
cells express several P2 receptors, of both the P2X and 
the P2Y families (4). This result was consistent with
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earlier findings that both osteoclasts and osteoblasts 
respond to extracellular nucleotides with an increase in 
intracellular Câ '*’ (5-9) and, in the case of osteoclasts, 
also with a decrease in intracellular pH (10).

Few studies to date have related the presence of P2 
receptors to specific functions of bone cells. The aim of 
this study was to investigate the effects of a wider range of 
P2 receptor agonists and antagonists on bone resorption 
and to determine which receptors were involved in medi­
ating any effects. We show for the first time that extracel­
lular ADP, the first degradation product of ATP, is a 
powerful stimulator of bone resorption and acts at nano­
molar to suhmicromolar concentrations, as assessed by 
three independent methods in two different species. We 
also provide evidence that this stimulation of osteoclastic 
function is probably mediated via the P2Yi receptor. This 
is the first study that links a specific P2 receptor to a key 
functional action of an extracellular nucleotide on bone 
and could point to a fundamental new mechanism in the 
local modulation of bone resorption.

M ATERIALS A N D  M E T H O D S  

Materials

C ulture m ed ia  and  buffers w ere p u rchased  from  Life T ech­
nologies (Paisley, U.K.). R eagents fo r in  situ hybridization 
experim en ts were pu rchased  from  B oeh ringer (M annheim , 
G erm any). All o th e r reagents w ere p u rchased  from  Sigma 
(Poole, U.K.) unless stated  otherwise. Stock solutions o f 
nucleo tides were p rep a red  in  PBS an d  sto red  a t — 80°C. 
U n trea ted  e lep h an t ivory was kindly p rov ided  by HM C ustom s 
an d  Excise (L ondon  H eath row  A irp o rt) .

Resorption pit form ation assay

T he effects o f ex tracellu lar nucleo tides on  re so rp tion  p it 
fo rm ation  by m atu re  ra t osteoclasts w ere stud ied  by using 
m odifications o f an  assay described  previously (11). All ex­
perim en ts were perfo rm ed  w ith m in im um  essential m ed ium  
supp lem en ted  with E arle’s salts, 10% FBS, 2 mM  L-glutamine, 
100 U /m l penicillin , 100 |JLg/ml streptom ycin  an d  0.25 
jjLg/ml am pho teric in  B (com plete  m ix ture  abbreviated  
MEM). In  m ost experim ents, MEM was acidified by the  d irec t 
add ition  o f  small am oun ts o f  co n cen tra ted  hydroch loric  acid 
(10 m E q/1  H ^ , equivalent to 85 |xl o f 11.5 M HCl p e r 100 ml 
o f m ed ium ). This has the  effect o f red u c in g  H C O g" concen ­
tration  an d  p ro duc ing  an  op era tin g  pH  close to 6.95 in  a 5% 
COg env ironm ent, w hich is op tim al fo r reso rp tion  p it fo rm a­
tion  (12). E lephan t ivory (den tine) was p rep a red  by cu tting  
250-|JLm-thick transverse wafers using a low-speed d iam ond  
saw (B uehler, Coventry, U.K.); 5-m m -diam eter disks w ere cu t 
from  w et den tin e  wafers by using a s tandard  p ap e r p u n ch , 
w ashed extensively by son ication  in  distilled water, an d  sto red  
dry a t room  tem peratu re . Before use, d en tin e  disks were 
sterilized by b rie f im m ersion  in e thano l, a fter w hich they were 
allowed to dry an d  were th e n  rinsed  in  sterile PBS.

M ixed cell populations containing osteoclasts were obtained 
by m incing rapidly the pooled  long bones o f 2-day-old Sprague- 
Dawley ra t pups, killed by cervical dislocation (n  =  5), in 5 ml 
MEM, followed by vortexing for 30 s. T he resulting cell suspen­
sion was allowed to sedim ent for 45 m in onto  5-mm dentine 
disks, prew etted with 50 p i o f  MEM, in 96-well plates (100 p i of 
cell suspension/disk). Disks were rinsed twice in PBS before

transfer to the pre-equilibrated test culture m edia in a 6 -well 
plate. Each test o r control well contained 5 ml o f  acidified MEM 
and  five replicate den tine disks; cultures were incubated  for 26 h  
in a hum idified atm osphere o f  5% COg/95%  air. A t the  en d  o f 
the experim ent, m edium  pH  and  Pco^ were m easured  using a  
blood gas analyzer (Radiom eter, C openhagen, D enm ark), with 
careful precautions to prevent COg loss. D entine disks were 
rem oved and  fixed in 2 % glutaraldehyde and  th en  were stained 
for tartrate-resistant acid phosphatase (TRAP), a cytochemical 
m arker for m ature osteoclasts (Sigma Kit 387-A). T he num bers 
o f TRAP-positive m ultinucleated osteoclasts (th ree  o r m ore 
nuclei) and  the num ber o f strom al cells were assessed “blind ,” by 
using transm itted light microscopy. Discrete resorption  pits were 
counted  blind by scanning the entire surface o f each disk with a 
reflected light m icroscope after restaining in 1  % to lu id ine blue 
in 1 % sodium  borate for 2  min.

M ouse calvarial bone resorption assay

T h e m ethod , which m easures b o n e  reso rp tion  as Ca^^ release 
from  n eona ta l m ouse calvariae, was sim ilar to th a t described  
in  detail by M eghji e t al. (13). Briefly, 5-day-old M Fl m ice 
w ere killed by cervical dislocation. T he fron to p arie ta l bones 
were rem oved an d  trim m ed  o f  any adh erin g  connective tissue 
an d  in te rparie ta l bone, vrith care taken  n o t to  dam age the  
periosteum . D issected calvariae w ere pooled , w ashed free o f 
b lood  an d  ad h e re n t b ra in  tissue in HBSS, an d  th en  divided 
along  the  sagittal su ture. Half-calvariae w ere cu ltu red  individ­
ually o n  1-cm^ stainless steel grids (M inim esh, FDP quality. 
E xpanded  M etal, W est H artlepoo l, U.K.) in  6 -well p lates w ith 
1.5 ml o f  BGJb m edium , 5% heat-inactivated FCS, 100 U /m l 
penicillin , 1 0 0  fxg/m l streptom ycin, a t the  air-liquid  in terface 
in  a hum id ified  COg incubator. A fter an  in itial 24-h p re in cu ­
b ation  period , the  m edium  was rem oved an d  rep laced  with 
con tro l o r  test m edia. P rostag landin  Eg (PGEg) an d  indo- 
m ethacin  w ere dissolved in e th an o l vehicle fo r use; the  final 
co ncen tra tion  o f e thano l in cu ltu res d id  n o t exceed  1  p a r t in 
500. Each experim en ta l g roup  consisted o f  five individual 
cultures. T h e  cu ltures w ere th en  incubated  fo r 72 h  w ithou t 
fu r th e r m ed ium  changes, an d  w ithou t o p en in g  th e  in cu b a to r 
d oor, so as to ensu re  constan t COg levels an d  m inim ize pH  
fluctuations. C u ltu re  m edium  acidification was achieved by 
add ing  sm all am ounts o f  co n cen tra ted  H Cl to cu ltu re  m e­
d ium , as described  before  ( 1 1 , 1 2 ), resu lting  in decreased  
H CO g^ co ncen tra tion  (m etabolic acidosis).

A fter 72 h, experim en ts w ere te rm in a ted  by w ithdraw ing 
cu ltu re  m ed ium  an d  w ashing the  bones once  vrith PBS, 
followed by fixation in 95% e th a n o l/5 %  glacial acetic acid  fo r 
10 m in. In cu b a to r Pco^ was d e te rm in ed  by im m ediately  
m easuring  a cu ltu re  m ed ium  sam ple w ith a b lood  gas ana­
lyzer. T he m ean  final pH  o f each tre a tm e n t g ro u p  was 
d e te rm in ed  by rem oving and  poo ling  a 1 0 0 -p.l sam ple from  
each replicate; the  poo led  sam ples were th e n  re-equ ilib ra ted  
vrith COg in th e  incuba to r befo re  m easu rem en t using  the  
b lood  gas analyzer; slight d ifferences in COg tension  betw een 
groups w ere norm alized  to the  initially m easu red  value using 
pH -P co 2  calib ration  curves constructed  fo r BCJb m ed ium , as 
described  previously ( 1 2 ).

Ca^^ concen tra tions in cu ltu re  m ed ium  a t th e  en d  o f 
experim ents w ere m easured  colorim etrically  via an  au to an a­
lyzer (C hem  Lab Instrum ents, Essex, U.K.) using  th e  p ro ce­
d u re  described  earlie r (13). T he basal Ca^^ co n cen tra tio n  o f 
the  BCJb m ed ium  after add ition  o f  5% h ea t inactivated  FCS 
was 2.00 mM. All m easurem ents w ere p e rfo rm ed  b lind  on 
coded  sam ples.

A fter fixation an d  décalcification vrith 95% e th a n o l/5 %  
glacial acetic acid, calvariae w ere sta ined  fo r TRAP an d  
m o u n ted  w hole in  m elted  glycerol jelly  fo r tran sm itted  ligh t 
microscopy.
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Osteoclast form ation assays

L ong bones o f 8 -wk-old M Fl m ice (n  =  2), k illed by cervical 
dislocation, w ere fragm en ted  in  5 m l o f unm od ified  MEM, 
followed by vortexing fo r 1 m in. T he resu lting  cell suspension 
was allowed to sed im en t fo r 2 h  o n to  sterile 5-m m -diam eter 
d en tine  disks, p rew etted  with 50 |jl1 o f  MEM, in  96-well plates 
(100 |xl o f cell su sp en sio n /d isk ). D en tine  disks w ere then  
rem oved an d  p laced  in  test o r co n tro l m ed ium  in a  6 -well 
plate. Each test o r co n tro l well con ta in ed  5 m l o f  nonacid ified  
MEM w ith 10 nM  1,25-dihydroxyvitamin Dg, 10 nM  dexa- 
m ethasone, 2 0  n g /m l h u m an  reco m b in an t m acrophage col­
ony-stim ulating factor (M-CSF), 1 n g /m l RANKL (recep to r 
activator o f NF-kB ligand, also called OPGL, a k ind gift o f  Dr. 
C olin D unstan , A m gen, T housand  Oaks, CA), 100 nM  PGEg, 
an d  six rep licate  d en tin e  disks. C ultures were in cuba ted  for 
10 days in  a hum id ified  a tm osphere  o f  5% C O g/95%  air, with 
m ed ium  changes every 2 -3  days. F or th e  first 7 days, N aO H  
was ad d ed  to a  ru n n in g  pH  o f 7.4, w hich has b een  show n to 
be  req u ired  fo r optim al osteoclast fo rm ation  (14); fo r th e  last 
3 days, MEM was acidified by ad d itio n  o f H Cl to ensure 
resorptive activity (14). M edium  p H  an d  Pco^ w ere m oni­
to red  d u rin g  an d  a t the  en d  o f experim en ts via a b lood  gas 
analyzer. A fter 10 days o f  incubation , the  disks w ere fixed in 
2% glu taraldehyde an d  were sta ined  fo r TRAP (Sigma Kit 
387-A). A con tro l g roup  o f d en tin e  disks was also rem oved, 
fixed, an d  sta ined  after 3 days o f  incuba tion  to check fo r the 
presence  o f any m atu re  osteoclasts th a t m igh t have been  
released d u rin g  the initial cell p rep ara tio n . T he total n u m b e r 
o f  TRAP-positive m ultinuclea ted  osteoclasts an d  o f  discrete 
reso rp tion  pits was assessed b lind  by transm itted  an d  re­
flected  light m icroscopy.

As an  alternative p rocedu re , b o n e  m arrow  cells were 
isolated from  8 -wk-old M Fl m ice, using  a m odification  o f a 
m e th o d  described previously (15). T h e  m arrow  cavity o f the 
long bones was flu shed  in to  a dish by slowly in jecting  MEM at 
o n e  en d  o f th e  bone using a sterile  25-gauge need le . T he 
resu lting  suspension was w ashed twice an d  resuspended  and  
incu b a ted  overn igh t in a 75-cm^ flask a t a density o f  3 X 10® 
ce lls /m l MEM con ta in ing  M-CSF (5 n g /m l) . A fter 24 h, 
n o n a d h e re n t cells w ere harvested, w ashed, an d  resuspended  
(10®/ml) in MEM con ta in ing  M-CSF (30 n g /m l)  an d  RANKL 
(10 n g /m l) . T his suspension was ad d ed  to the  wells o f e ith e r 
96-well plates co n ta in ing  den tin e  disks (100 |xl) o r  48-well 
plates (800 |xl). A fter a 24-h p re incuba tion  period , d en tin e  
disks w ere tran sfe rred  to 6 -well plates (six rep licates/w ell) 
an d  test m edia  w ere added . C ultures were fed  every 3 days by 
rep lac ing  half th e  m ed ium  with fresh  m ed ium  an d  reagents. 
T h e  functional absence o f con tam ina ting  strom al cells was 
con firm ed  in  cu ltu res in  which M-CSF was om itted ; such 
cu ltu res show ed no cell grow th. A fter 10 days o f  trea tm en t, 
48-well plates an d  d en tin e  disks w ere fixed an d  assessed fo r 
TRAP o r  bone reso rp tion  as described  above.

In situ hybridization and immunocytochemistry

N eonata l (2-day-old) Sprague-Dawley rats were killed by cer­
vical dislocation. L ong  bones w ere rem oved im m ediately, 
frozen  rapidly by im m ersion  in  isopen tane  a t — 70°C, and  
s to red  in  liquid  n itrogen . Cryostat sections o f undecalcified , 
un fixed  bone ( 1 0  jjum) w ere p rep a red  an d  co llected  on  
polysine-coated slides (B D H /M erck, Poole, D orset, U.K.) fo r 
in  situ hybridization. Tissues were k ep t frozen un til used  and  
w ere air-dried a t room  tem p era tu re  p r io r  to use.

M ixed cell suspensions con ta in ing  osteoclasts, ob ta ined  
from  th e  long bones o f  2-day-old n eona ta l Sprague-Dawley 
rats as described  above, were allowed to sed im en t fo r 60 m in 
o n to  L abTek 8 -cham ber slides. C ham bers were rin sed  twice

with PBS befo re  incuba tion  with MEM fo r 4 h  in  a hum id ified  
a tm osphere  o f  5% C 0 2 / 9 5 % air. C ultures w ere fixed in  4% 
parafo rm aldehyde in  0.1 M PBS an d  processed fo r in situ 
hybrid ization  o r  im m unocytochem istry. Prim ary ra t osteoblas­
tic cells were ob ta ined  by sequential enzym e d igestion  o f 
excised calvarial bones from  2 -day-old rats using a three-step  
process as described  previously (4). Cells w ere cu ltu red  in 
LabTek 8 -cham ber slides un til confluence  (up to 4 days) and  
fixed an d  processed  as described  above.

For im m unofluo rescen t stain ing o f  the  osteoclasts, fixed 
cells w ere tre a ted  with m e th an o l a t — 20°C fo r 7 m in. T h e  cells 
w ere p re in cu b a ted  in  10% norm al horse serum  (NHS) an d  
0.1% T rito n  X-100 in PBS fo r 30 m in  a t room  tem pera tu re , 
follow ed by overn igh t incuba tion  a t 4°C w ith th e  affinity- 
pu rified  anti-P2Yi antibody  (a k ind  do n a tio n  o f  Carlos Mat- 
u te , Leioa, Spain) (16) a t 2 |x g /m l in  the  sam e solution. 
B iotinylated donkey an ti-rabb it im m unoglobu lin  G (Jackson 
Im m unoR esearch  Lab, W est Grove, PA), d ilu ted  1:500 in 1% 
NHS in  PBS an d  0.1% T rito n  X-100, was app lied  fo r 1 h, 
follow ed by fluo resceinated  streptavidin  (A m ersham , Bucks, 
U.K.) d ilu ted  1:200 in  PBS fo r 1 h  a t room  tem pera tu re . 
C on tro l experim en ts w ere carried  o u t w ith an tiserum  th a t 
had  b een  p read so rb ed  overn igh t a t 4°C with the  im m uno­
genic pep tid e  (15 |jlM =  31 |xg /m l) (16).

For in  situ hybrid ization  experim ents, an  an tisense oligo­
nuc leo tide  (45 m er) d irec ted  against P2Yj recep to r subtype- 
specific sequence  was designed. This sequence  co rresponds 
to the  th ird  ex tracellu lar dom ain  o f the  ra t P2Y] subtype. T he 
o ligonucleo tide  sequence  is as follows:

5 -AGGTGGCATAAACCCTGTCGTTGAAATCACACATT- 
TCTGGGGTCT-3'

T h e  above p rim e r was labeled  a t the  3 '-end  vrith digoxige­
n in  dU TP by using an  o ligonucleo tide  tailing kit. D igoxige­
nin , a  naturally  occu rring  p lan t stero id , is n o t fo u n d  in anim al 
tissues, so cytoplasm ic localization o f the  im m u n o p ro d u c t is 
considered  to be specific.

After fixation in 4% form aldehyde in PBS for 10 min, slides 
vrith cryostat sections o r cultured  and  fixed cells were dehy­
drated  in graded ethanol and  air-dried. T he hybridization buffer 
contained 2 X SSC buffer, 0.1 m g /m l sheared and  denatu red  
salm on sperm  DNA, 0.1 m g /m l tRNA, 50% deionized form ­
am ide, IX  D enhard t’s solution, and  1 ng/jjul digoxigenin- 
labeled probe. Before hybridization, prehybridization was done 
a t 37°C for 2 h  in a hum idified cham ber w ithout the digoxige­
nin-labeled probe. T he slides were then  incubated  at the same 
tem perature  fo r 16 h  vrith the digoxigenin-labeled probe.

A fter w ashing w ith decreasing  salt solutions (twice vrith 2X 
SSC fo r 5 m in  a t room  tem p era tu re , twice with 2X SSC fo r 15 
m in a t 37°C, twice vrith 1X SSC fo r 15 m in  a t 37°C, an d  twice 
with 0 .5 X SSC fo r 30 m in a t 37°C), slides were b locked  in  2% 
no rm al sheep  serum  in wash buffer (0.1 M Tris-HCl, 0.15 M 
NaCl; p H  7.4) fo r 2 h  at room  tem pera tu re . T hey w ere th en  
incuba ted  vrith anti-d igoxigenin  antibody  (d ilu ted  1 : 1 0 0 0  in 
2 % norm al sheep  serum  in  wash buffer) con jugated  vrith 
alkaline phosphatase  fo r 2 h . T he co lo r reaction  was m ade 
vrith 45 |jl1 o f  4 -nitroblue té trazolium  salt, 35 |xl o f  5-brom o- 
4-chloro-3-indolyl-phosphate solu tion  in  10 m l o f  de tec tion  
buffer (0.1 M Tris-HCl, 0.1 M NaCl, 0.05 M MgCl^; p H  9.5) in  
th e  d a rk  fo r u p  to 16 h. N egative contro ls w ere p erfo rm ed  by 
hybridizing in  th e  p resence  o f 1 0 0 -fold excess o f  u n labe led  
p ro b e  and  by hybridizing vrithout add ing  the labeled  p robe.

Statistics

Statistical com parisons w ere m ade by one-way analysis o f 
variance o r th e  M ann-W hitney test; represen tative d a ta  are 
p resen ted  as m eans ±  se fo r five o r six replicates. Results are 
p resen ted  fo r rep resen tative experim en ts th a t were each 
rep ea ted  a t least th ree  times.
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R E S U L T S pH

E ffe c t  o f  A D P  o n  m a tu re  rat o s te o c la s ts

Extracellular ADP exerted a reproducible, biphasic 
effect on resorption pit formation by rat osteoclasts in 
acid-activated 2b-h cultures. F igu re  1 shows typical 
biphasic concentration results for the effects of ADP: in 
this experiment, high stimulatory effects were evident 
in the low nanomolar range (20-200 nM), with up to 
twofold increases in pit formation (Fig. 1). In other 
experiments, ADP increased resorption pit formation 
up to threefold (F ig . 2 ) . At higher ADP concentrations 
of 20-200 |xM, there was no stimulatory effect on 
resorption. Numbers o f osteoclasts and of mononu­
clear cells (i.e., cells o f osteoblastic/hbroblastic mor­
phology) were unaltered by ADP treatment.

The stimidatory effect o f ADP on rat osteoclast 
resorption pit formation was observable clearly only 
when culture medium (MEM) was acidified to a 
running pH of <7 .0  by addition o f H  ̂ as HCl (Fig. 
2). In the absence o f ADP, acidification (pH reduc­
tion from 7.08 to 6.82) elicited a fourfold increase in 
resorption; in nonacidified MEM (pH 7.11), ADP 
caused a modest twofold stinudation. However, cul­
turing osteoclasts in acidified MEM with addition o f 
1 |jlM  ADP resulted in a 3-fold increase in the number 
o f pits formed per osteoclast compared with an 
acidified control and a 13-fold increase compared

7 .079 6.825 7.114 6.824

w 1.0

2 nM 20 nM 200 nM 2 ,iM 2 0 liM 200

ADP

Figure 1. Effect o f ADP on  resoqotion pit form ation  by rat 
osteoclasts. Osteoclasts were cu ltu red  on  5-mni den tine  disks in 
acidified m edium  (pH  —6.9) for 26 h. D irge stim ulatoiy effects 
were evident in the low nanom olar range (20-200  nM ), at which 
ADP caused twofold increases in pit form ation. N um bers o f 
m ononuclear cells and  osteoclasts were una lte red  by ADP treat­
m ent: trea tm en t with 0, 0.002, 0.02, 0.2, 2, 20, o r 200 pM  ADP 
resulted in 2785 ±  198, 2726 ±  159, 25(54 ±  241, 2491 ±  181, 
2257 ±  281, 2642 ±  289, an d  2782 ±  439 m ononuclear cells and  
60.4 ± 4 .1 , 35.4 ± 6 .1 , 39.6 ±  3.6, 37.8 ±  3.8, 43.6 ±  2.2, 46.4 ±  
4.8, and  41.6 ±  6.7 osteockists/disk, respectively (all nonsignif­
icant). Values are m eans ±  si: {n = 5). Significantly d ifferent 
from  control: * P <  0.05; **P <  0.01.

Control AD P (1 juM)

Figure 2. C om parison  o f  th e  ef fects o f  ADP on  re so rp tio n  p it 
fo rm ation  by ra t osteoclasts cu ltu red  in u n m od ified  m ed iu m  
(pH  —7.1) o r in acid ified  m ed ium  (pH  —6 .8 ) fo r 26 h. T h e  
figure shows p o ten tia tio n  o f  A D P-stinudated  re so rp tio n  at low 
pH . T h e  n u m b e r o f  o steo c lasts /d isk  was 42 ±  7.6, 57 ±  7.3, 
77 ±  10, an d  69.3 ±  8.4 an d  th e  n u m b e r o f  m o n o n u c le a r  
c e lls /d isk  was 3291 ±  210, 3473 ±  200, 3491 ±  393, a n d  
3346 ±  303 for each  tre a tm en t g ro u p , respectively (all 
nonsign ifican t). Values a re  m eans ±  S K  (n =  5). S ignificantly  
d iffe ren t from  acidified  con tro l: **/-*< 0 .0 1 .

with a nonacidified control, suggesting a synergy 
between the stimulatory effects o f acidification and 
ADP. Similar acidification dependency was observed 
with all active P2 receptor agonists tested, and thus 
all further experim ents were conducted at low pH.

2-MethylthioADP (2-MeSADP), a highly selective 
P2Y, receptor agonist, was able to mimic the ADP effect 
(F ig . 3). At 200 nM, the effect of 2-MeSADP was 
somewhat greater than that of ADP, but the difference 
was not statistically significant. However, no stimulatoiy 
effect was observed with 1 pM 2-MeSADP, suggesting 
that this analog stimulates resorption effectively within 
a ver)' narrow concentration range. Further degrada­
tion products of ADP, namely AMP and adenosine, had 
no significant effect on bone resorption, thus indicat­
ing that ADP itself is the signaling agent (F ig . 4 ) .

ADP is the major agonist at the P2Y, receptor, but it 
is also a less potent agonist at the P2X, receptor. We 
therefore investigated the action of P2X, agonists, 
a,(3-methylene-ATP (ct,p-MeATP, EC5 0  1.5 pM) and 
(3 ,7 -methylene-ATP (P,y-MeATP, ECr,o 2 pM) (17) on 
bone resorption (F ig . 5 ) . Neither a,(3-MeATP nor 3 ,7 - 
MeATP at concentrations of 0.5 and 5 pM had a 
significant stimulatoi'y effect on bone resorption, thus 
suggesting a lack o f involvement of the P2X, receptor.

To further study the involvement of the P2Y, recep­
tor, we tested the compound MRS 2179 (yV’-methyl-2'- 
deoxyadenosine-3',5 '-bisphosphate; a kind gift from 
Dr. K. A. Jacobson, National Institutes of Health, Be- 
thesda, MD), the most potent P2Yj receptor antagonist 
reported to date (18, 19). The twofold stimulaton
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F igure 3. Effect o f the  selective P2Y, agon ist 2-MeSADP on 
re so rp tio n  pit fo rm ation  by rat osteoclasts. O steoclasts w ere 
c u ltu re d  on  5-nnn d e n tin e  disks in acid ified  m editim  (pH  
~ 6 .9 )  fo r 26 h. 2-MeSADP m im icked  the  ADP effect with a 
peak  effect at 0.2 pM , increasing  reso rp tio n  pit fo rm ation  up  
to  fou rfo ld . T he n u m b e r o f o steo c la sts /d isk  was 12.2 ±  1.2, 
13.8 ±  1.6, 15.2 ±  3.4, 13.8 ±  1.7, 17.2 ±  2.1, 13.2 ±  1.8, and  
17.5 ±  4.5 and  the n u m b e r o f  m o n o n u c le a r ce lls /d isk  was 
3264 ±  89, 3724 ±  227, 3531 ±  221, 3759 ±  44, 2836 ± 2 7 1 ,  
3339 ±  58, and  2494 ±  504 fo r each  tre a tm en t g roup , 
rc'spectively (all nonsign ifican t). V alues are  m eans ±  sr. {n =  
5 ). S ignificantly d iffé ren t from  con tro l: */•’<  0.05; **/■*< 0 .0 1 ,

fourfold at 5 pM compared with the control (Fig. 7). 
Similarly to the stinuilatoiy effects on mature rat os­
teoclasts, the P2Y, selective agonist 2-MeSADP mim­
icked the ADP effect and increased Oa"̂   ̂ release four­
fold compared with the control, with a peak effect at 5 
pM (Fig. 7). At 50 pM, 2-MeSADP increased Ca“~̂ 
release only twofold, again suggesting that 2-MeSADP 
effectively stimulates resorption in a relatively narrow 
concentration range. The selective P2Y, antagonist 
MRS 2179 inhibited ADP-indticed bone resorption 
(Fig. 8 ). The stinnilatoiw effect of ADP at 5 pM cotild be 
recinced 3.6-fold by MRS 2179 at 5 pM.

In addition, ADP-stimnlated Ca^^ release was com ­
pletely blocked by the cyclooxygenase inhibitor indo­
me thac in at 0.1 and 1 pM (Fig. 8 ), suggesting that 
the effect may be mediated by prostaglandins, as for 
other established resorption stimulators in this sys- 
tem.

Effect o f ADP in mouse marrow cultures

In 1 0 -day mouse marrow cidtures on dentine disks, 
extracellular ADP at low concentrations reproducibly 
stimulated the formation of TRAP-positive osteoclasts 
and resorption pits (Fig. 9). The concentration of 
RANKl, (1 ng/m l) in these experiments was chosen to 
permit relatively low level osteoclast formation without 
masking j)otential stimulatoiw effects of other agents. 
Effects of ADP were olxseived in the range 0.2-2 pM

effects o f ADP at 0.2 pM could be blocked in a non toxic 
manner by MRS 2179 at 0.02-20 pM (Fig. 6 ), whereas 
the control values were unchanged by this antagonist. 
Numbers of osteoclasts and mononuclear cells were 
unalteied by any treatment. Note that although base­
line levels of resorption pit formation and cell numbers 
vary somewhat among individual assays, as would be 
expected lor primaiy cell cultures of this nature, rela­
tive treatmeut/control effects were highly reproduc­
ible.

Effect o f ADP on osteoclast-mediated Ca^^ release 
from mouse calvariae

In 72-h cultures of mouse calvariae, extracellular ADP 
also caused a dramatic increase in bone resorption. 
Peak effects were obsened in the range 5-50 pM, but 
large stimulatoiy effects were obsened at concentra­
tions as low as 50 nM (0.05 pM). The peak effects of 
ADP in the mouse calvarial culture were obsened at 
approximately 1 0 -fold higher concentrations than in 
the disaggregated rat osteoclast system, reflecting the 
generally lower sensitivities exhibited by intact organ 
cultures. In the presence of 5 pM extracellular ADP, 
osteoclast-mediated (la^^ release was increased up to 
sixfold compared with controls (Figs. 7 and 8 ). The 
peak stimulaton effects of ADP were equivalent to the 
maximal effects of POE9 at 1 pM (Fig. 8 ). Extracellular 
ADP appeared to be somewhat more effective than 
extracellular ATP, which stimulated ()a^^ release up to

Adenosine AMP

0.2 (nM) 
ADP

F igure 4. Effects o f  fu r th e r  d eg rad a tio n  p roduc ts  o f ADP, 
nam ely, AMP an d  ad en o sin e , on re so rp tion  pit fo rm ation  by 
rat osteoclasts. O steoclasts were cu ltu red  on  5-mm d e n tin e  
disks in ac id ified  m ed ium  (pH  —6.9) fo r 26 h. A denosine  an d  
AMP h ad  no  effect on  b o n e  re so rp tion  co m p ared  with ADP at 
0.2 pM , in d ica tin g  th a t ADP itself is th e  signaling  agen t. T h e  
n u m b e r o f  o steo c lasts /d isk  was 43.6 ±  8.9, 53.6 ±  4.7, 48.8 ±  
6.7, 37.2 ±  5.3, 38.6 ±  3.7, an d  28.4 ±  3.2 an d  th e  n u m b e r o f 
m o n o n u c le a r  ce lls /d isk  was 3599 ±  290, 3994 ±  323, 2869 ±  
311, 3455 ±  59, 3759 ± 168, 3372 ±  333, an d  4192 ±  400 for 
each  tre a tm e n t grou]>, respectively (all nonsign ifican t). Val­
ues a re  m eans ±  s k  {n =  5). S ignificantly d iffe ren t from  
con tro l: <  0 .0 1 .
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Figure 5. A gonists fo r the  P2X , re c e p to r  sub type (a,p-M eA T P 
an d  p ,7 -MeATP) w ere u n ab le  to m im ic th e  stim u la to iy  effect 
o f  ADP on re so rp tio n  p it fo rm ation , th u s ex c lu d in g  the 
involvem ent o f  the  P2X, recep to r. O steoclasts w ere cu ltu red  
on  5-mm d e n tin e  disks in acid ified  m ed iu m  (pH  ~ 6 .9 ) fo r 
26 h. T h e  n u m b e r o f  o s teoc lasts /d isk  was 24.4 ±  4.2, 19.5 ±  
1.3, 19.8 ±  3.6, 26.8 ±  1.2, 23.8 ±  2.2, 27.2 ±  2.7, an d  19.6 ±  
2.5 an d  the  n u m b e r o f m o n o n u c le a r c e lls /d isk  was 3042 ±  
212, 2846 ±  304, 3135 ±  145, 2568 ±  313, 2361 ±  397, 
2212 ±  298, an d  2514 ±  158 for each  tre a tm e n t g roup , 
respectively (all nonsign ifican t). Values a re  m eans ±  s k  (?? =  

5). S ignificantly d iffe ren t from  con tro l: * P <  0.05; **/-*< 0.01.

ADP. Lower concentrations were without effect. In the 
piesence o f 2 p.M ADP, osteoclast formation was in­
creased twofold, but resorption was increased up to 
fivefold compared with the control, presitmably reflect- 
itig stimulation of tiewly fortned mature osteoclasts and 
consistent with oitr findings for rat osteoclasts in short­
term cultures. ATP at 2 pM was slightly more effective 
than ADP in stimulating osteoclast formation (2.4-fold 
increase) and showed a similar 5-fold stimulation of 
lesorption. In the control groups that were fixed and 
stained for TIL\P after 3 days of incultation, osteoclasts 
and resorption pits were never obsened, indicating 
that the osteoclasts and resorption pits obsened after 
1 0  days of culture resulted entiiely from formation of 
new osteoclasts.

In experiments with stromal cell-free marrow cul­
tures derived from marrow cells that were initially 
nonadherent, ADP at concentrations of 0.2 pM (on 
dentine disks) and 2 pM (on plastic) stimulated the 
formation o f TILAP-positive multinuclear cells up 2.7- 
fold. ADP at 20 pM was without effect. In cultures on 
dentine disks, resorption was also stimulated 4.2-fold by 
ADP at 0.2 pM, in line with lesults from the mixed cell 
cultures described above. Numbers o f mononuclear 
hemopoietic cells were unchanged by ADP or ATP 
treatment (control: 1879 ±  266, ADP 0.2 pM: 2075 ±  
216, ADP 2 pM: 2269 ± 335, ADP 20 pM: 2269 ±  300, 
ATP 0.2 pM: 2653 ±  309, ATP 2 pM: 2218 ±  312).

P 2Y , e x p r e s s io n  in  b o n e  ce lls

We investigated the expression of P2Y, receptor niRNA in 
sections of rat long bone and in cultured rat osteoclasts 
and osteoblasts, and the expression of the P2\', receptor 
protein in cultured rat osteoclasts. In situ hybridization on 
long bone sections using P2Y, receptor probe revealed 
intense, specific localization over osteoblasts on bone 
surfaces and over chondrocytes in the growth plate in 
long bones (Fig. I 0 £ ) .  Negative controls of serial sections 
perfomied by hybridizing in the presence of 1 0 0 -fold 
excess of unlabeled probe significantly reduced the signal 
(Fig. 10/). On cultured rat osteoclasts, in situ hybridiza­
tion and immunocytochemistry revealed intense specific 
localization of P2Y, receptor mRNA and protein (Fig. 
10A,L), whereas negative controls showed significantly 
less staining (Fig. 10/1). In addition, cultured primaiy 
calvarial rat osteoblasts showed strong specihc stoining for 
the P2Y, receptor mRNA by in situ hybridization (Fig. 
\0 D ), consistent with the osteoblast stiiining obsened in 
long bone sections.

D IS C U S S IO N

The role of extracellular nucleotides signaling through 
P2 receptors in the bone remodeling process is still not

0 0.2 2 0 0.02 0.2 2 20 
MRS 2179 (nM)

Control ADP 0.2 //M

Figure 6 . Inh ib itio n  of A D P-stim ulated re so rp tio n  pit fo rm a­
tion  by the  P2Y, an tagon ist MRS 2179. A D P-induced stim ula­
tion  o f re so rp tio n  p it fo rm atio n  at 0.2 pM  was in h ib ited  by 
MRS 2179 in a n o n  toxic m an n er . C on tro l values w ere u n ­
chan g ed  on  ad d itio n  o f the an tagon ist. T h e  n u m b e r o f 
m o n o n u c lea r ce lls /d isk  was 4552 ±  572, 5134 ±  352, 4001 ±  
439, 4311 ±  453, 3329 ±  57, 4572 ±  264, 4429 ±  345, and  
4001 ± 4 1 3  an d  the  n u m b e r o f  o s teoc lasts /d isk  was 43.4 ± 
6 .8 , 38 ±  3.5, 47.8 ±  6.7, 53.2 ±  2.8, 44 ±  4.7, 48.4 ±  4, 49 ±  
4, an d  47.2 ±  7 for each  tre a tm en t g ro u p , respectively (all 
nonsign ifican t). Values a re  m eans ±  s k  (n =  5). S ignificantly 
d iffe ren t from  con tro l: **P  <  0.01. S ignificantlv d iffe ren t 
from  ADP at 0.2 pM : **P <  0.05.
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F i ^ r e  7. S tim ulatory  effect o f  ADP, 2-MeSADP, an d  ATP on  
Ca~ ' re lease from  m ouse half-calvariae c u lt tu e d  for 3 days in 
ac id ified  m ed ium . ADP increased  o steoclast-m ed iated  Ca^^ 
release up  to sixfold, with peak  effects close to 5 pM . T h e  
P2Y, selective agon ist 2-MeSADP was ab le  to m im ic th e  ADP 
effect. ADP ap p ea red  to he m ore  p o te n t th an  ATP. V alues are  
m eans ±  s k  (n  =  5). S ignificantly d iffe ren t from  con tro l: 
* P <  0.05; * * r <  0 .0 1 ; * * * p <  0.001.

well tiiiclerstood. This is the first stticly that links a 
specific P2 receptor to a key ftinctional action of an 
extracellular nucleotide on bone.

We report that extracellular ADP, a potent agonist at 
the CTprotein-cotipled P2Y, receptor, and 2-MeSADP, a 
selective P2Y, receptor agonist, are potent stimtilators 
o f bone resorption at nanomolar concentrations, as 
assessed by three independent methods in two different 
species. Further degi adation products o f ADP, namely 
AMP and adenosine, had no significant effect on bone 
resorption. This result indicates that ADP itself is the 
signaling agent and excludes the involvement of PI 
receptoi's for adenosine and AMP. In addition, the 
stimulatory ADP effect could be blocked in a nontoxic 
manner by the compound MRS 2179, the most potent 
P2Y] receptor antagonist reported to date (18, 19). 
However, there is evidence that ADP can also act as an 
agonist at the P2X, receptor, which is a nonselective 
cation channel (20, 21). To discriminate between the 
two receptor subtypes, we used subtype-selective ago­
nists and histochemistry and provided evidence that the 
stimulator)' ADP effect is mediated via the P2Y, recep­
tor rather than via the P2X, receptor. P2Yi receptor 
mRNA and protein were found to be expressed on both 
osteoclasts and osteoblasts. Using immunocytochemis- 
tr\', we have recently studied the expression o f P2 X,_^ 
receptors on bone cells and found no evidence for 
expression of the P2X, receptor on osteoclasts or 
osteoblasts (4). Extracellular .ADP could therefore stim- 
idate resorption directly, while signaling through the

Agonist / Antagonist (pM)

Figure 8 . In h ib ition  o f  the  stim u la to iy  ac tion  of ADP o n  Ua^"^ 
release from  m ouse half-calvariae by MRS 2179 (MRS) an d  
ind o m eth ac in  (Ind) an d  equ ivalence o f  the  s tim u la to iy  ac­
tion  o f ADP to the m axim al effects o f POE., at 1 pM . Values 
a re  m eans ±  s k  {n - 5). S ignificantly d iffe ren t from  co n tro l: 
* * P <  0 .0 1 ; 0.001. S ignificantly d iffe ren t from  .\D P  at
5 pM : * " P <  0.01; * ^ * P <  0.001.

l eceptor expressed on matin e osteoclasts, or indirectly 
via receptors expiessed on osteoblasts, which in turn 
release activators of osteoclastic bone resorption, or 
both.

«  100
%
80
6

I
50

i

1.0

0.5

Control 0,2 0.2 2 (nM)0.0

A D P A T P

Figure 9. Eff ect o f  .ADP an d  .VTP on osteoclast fo rm ation  an d  
excavation o f reso rp tio n  pits in m ouse m arrow  cu ltu res  
m ain ta in ed  for 10 days o n  5-mm d e n tin e  disks. \ 'a lu e s  a re  
m eans ±  s k  (n  =  6 ). S ignificantly d iffe ren t from  co n tro l: 
* P <  0.05; * * P <  0.01; ***P  <  0.001.
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Figure 10. Specific in siui localization of P2Y, re c e p to r p ro b e  
on  cu ltu red  rat osteoclasts (A) an d  cu ltu red  ra t osteoblasts 
{!)) an d  on  osteoblasts (arrow s) an d  chond rocy tes  (arrow ­
heads) in frozen ra t long  b o n e  section  (A). I localization was 
red u ced  greatly  in co n tro l p rep a ra tio n s  hybrid ized  in the 
p resen ce  of excess un lab e led  p ro b e  {B, / ) .  Innnunocyto- 
chein istry  with P2Y, an tibody  revealed  s tro n g  specific sta in ing  
in cu ltu red  rat osteoclasts (Q . Also show n are  rep resen ta tive  
m icrog raphs of w hole-inount m ouse half-calvariae sta ined  to 
d em o n s tra te  T I ^ P  a fter 72 h of cu ltu re  stim u la ted  with ADP 
a t 5 pM  {(',) and  50 pM  ( / /) ;  arrow s p o in t to exam ples of 
TRAP-positive osteoclasts. /) A rep resen ta tive  p h o to m ic ro ­
g rap h  of’a 2(i-h cu ltu re  of ra t long  b o n e  cells on d e n tin e  disks 
shows A D P-stim ulated, TR.YP-stained m u ltin u c lea r osteoclasts 
(arrow s) with co rre sp o n d in g  reso rp tio n  pits (arrow heads), 
visualized by reflective light m icroscopy. Scale bars =  20 pm  
(A, B, Q , 40 pm  (/), 50 p m  {D, K, 7), an d  200 p m  {(i, IP).

W'e observed the osteolytic effects o f ADP and 2-Me­
SADP at concentrations as low as 20 nM; effects of 
nucleotides on osteoclasts at stich low concentrations 
have not been rejDorted before. Two earlier studies 
investigated the actions of ADP at intich higher con­
centrations on osteoclasts: ADP at 50 pM has been 
shown to increase intracellular Ca“  ̂ levels (8 ) and ADP 
at 100 pM induced an intracellular pf4 decrease in 
rabbit osteoclasts, probably by enhancing the C P /  
HC().,~ exchange across the osteoclast cell membrane 
(10). However, the present results indicate that ADP 
exerts its major functional action on osteoclasts at 
concentrations ~  1 0 0 0 -fold lower than in these previous 
studies and that ADP at concentrations between 20 and 
200 pM is without effect.

Our evidence for expression of the P2Y, receptor on 
osteoclasts appears to be consistent with recent electro- 
])hysiological data showing that 10-50 pM ATP, which 
is a partial agonist at the P2Y, receptor, can activate a 
K*-selective outward current in rat osteoclasts that is 
dependent on P2Y receptor-mediated Ĉa"̂  ̂ release

from intracellular stores (9). A more recent study from 
the same group reported that the ADP analog ADP(38 
at 100 pM also elicits a ()a^"^-dependent current in 
rabbit osteoclasts, consistent with the presence of the 
P2Y| receptor (22). Several studies have described 
effects of extracellular ADP on osteoblasts, in accor­
dance with the histochemical evidence of P2Y, receptor 
expression on osteoblasts reported in this study. ADP 
and 2-MeSADP in the submicromolar range caused a 
transient increase in intracellular Ca"  ̂ in rat osteoblast­
like UMR-106 cells (23, 24). This result is consistent 
with our findings that ADP and 2-MeSADP act at low 
concentrations. However, as with osteoclasts, the major­
ity' of studies on osteoblasts investigated the actions of  
ADP at concentrations of 10 pM and higher (5, 25, 26).

Bone resorption requires both the formation of  
mature osteoclasts from hematopoietic progenitors and 
their subsequent activation to form resorption pits. The 
present data suggest that ADP stimulates both forma­
tion and activation of osteoclasts, resulting in striking 
increases in resorption in 1 0 -day mouse marrow cul­
tures. However, the obsened positive effect o f ADP on 
osteoclast formation in mouse marrow cultures could 
also be due to a prolongation of osteoclast life span, in 
addition to enhanced recruitment of osteoclasts from 
progenitors. Our results obtained using cultures of 
nonadherent, stromal cell-free marrow cells suggest 
that ADP can act directly on osteoclasts and their 
precursors, in addition to any effects that may be 
mediated via stromal cells or osteoblasts.

Perhaps the most striking effects of ADP, 2-MeSADP, 
and also ATP were obsened in mouse calvarial bone 
organ cultures. We found that ADP was roughly as 
potent as PGE2 , a reference osteolytic agent for this 
system, in activating osteoclastic resolution. However, 
resorption stimulated by ADP was blocked by the 
cyclooxygenase inhibitor indomethacin, suggesting a 
requirement for endogenous prostaglandin synthesis in 
this system, as is the case for other osteolytic agents 
such as protons (27, 28). It has long been known that 
adenine nucleotides can induce piostaglandin biosyn­
thesis (29).

A pievious study showed that ATP at low concentra­
tions (0.2-2 pM) is a potent stimulator of the activation 
and formation of rodent osteoclasts (3), but this effect 
was not related to a specific P2 receptor subtype. The 
stimulatoiy effect on mature osteoclasts was evident 
only at low pH (—6.9), suggesting the possible involve­
ment of the P2X.J receptor, the only P2 receptor 
subtype that needs extracellular acidification to show its 
full sensitivity to ATI’ (30, 3f ). However, we show here 
that a similarly low pH is also required for ADP to show 
its full stimulatory effects on osteoclastic resorption. 
This result is also consistent with studies showing that 
proresorptive effects of 1,25-dihydrox\'\itamin D.̂ , para­
thyroid hormone, I’CiE.,, and RANKI. are acid-depen­
dent (12, 32, 33). These findings point to a general 
dependency of osteolytic agents on slight local acidifi­
cation, confirming that osteoclasts need to be "switched 
on” by low pH to resorb bone (11, 34).
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To date the majority of studies on the effects of 
extracellular nucleotides on bone cells have focused on 
the actions of ATP, which is the nucleotide with the 
widest spectrum of biological activity and an agonist at 
all P2 receptor subtypes. On the basis of our findings 
that ADP appears to be somewhat more potent than 
ATP in stimulating mature osteoclasts, we suggest that, 
for several reasons, the P2Yi receptor may also be 
responsible for at least part of the stimulatory effect 
observed with ATP. First, ATP has been considered a 
potent agonist of the P2Yi receptor, based on studies 
using the cloned chick receptor (35). However, recent 
studies suggest that pure ATP is in contrast a weak 
competitive antagonist at the mammalian P2Ŷ  recep­
tor and that ATP actions were apparent only because of 
ADP contamination present or newly formed by ecto- 
ATPases (36, 37). This issue remains highly controver­
sial; for example, potent ATP agonism at the P2Yi 
receptor has now been demonstrated on mammalian 
neurons (38) and, in the case of 2-MeSATP, an ATP 
analog, also on rat hepatocytes (39). Second, ATP 
could rapidly be hydrolyzed to ADP via ectonucleoti- 
dases present in the bone environment. Several studies 
have shown that ATP is rapidly hydrolyzed once present 
in the extracellular environment. For example, Sistare 
et al. showed that within 2 min approximately 25% of a 
10 |xM ATP solution is metabolized into ADP by rat 
osteoblast-like cells (24). Similarly, white blood cells 
can quickly metabolize 10 pM ATP into ADP and into 
further degradation products, including AMP (40). 
The presence of ectonucleotidases has also recently 
been demonstrated in bone marrow (41). Third, com­
mercial ATP samples are often contaminated with 
traces of about 1-5% ADP; thus, an ATP concentration 
of 2 pM would result in up to 0.02-0.1 pM ADP. As we 
report here, these concentrations are sufficient to exert 
a peak stimulatory effect on bone resorption.

There are a number of potential sources for extra­
cellular nucleotides in the bone environment: ATP is a 
ubiquitous intracellular constituent (2-5 mM inside the 
cell), and thus any cell could potentially serve as a 
source of extracellular ATP. ATP can be released into 
the extracellular space from intact cells by vesicular 
exocytosis (e.g., from nerve endings), or a channel-like 
pathway (e.g., ABC-proteins), but also from damaged 
cells and during tissue injury. Platelets can also release 
ADP itself. The granules in platelets contain up to 40 
nM ATP and ADP/mg protein, and plasma concentra­
tions of ATP/ADP of 20 pM have been measured after 
platelet activation (42). In addition, osteoblasts have 
been shown to release ATP under shear stress condi­
tions (43).

Our finding that ADP, signaling through the P2Yi 
receptor, is a powerful activator of osteoclasts and may 
also induce recruitment of osteoclasts could be of 
relevance to several pathophysiological conditions that 
lead to increased bone resorption. First, inflammatory 
conditions such as rheumatoid arthritis lead to sus­
tained systemic and localized bone loss, probably be­
cause o f increased osteoclast activity. We show that ADP

is as powerfully proresorptive as is PGEg, an osteolytic 
agent that is also implicated in inflammatory bone loss 
(44). Release of nucleotides is increased under inflam­
matory conditions, suggesting an early role of extracel­
lular nucleotides in the inflammatory process (45); 
thus, ADP could mediate a component of inflammatory 
bone loss. In addition, platelets play a key role in 
inflammation by being induced to release their granule 
contents, including adenine nucleotides (46).

A second pathological condition in which ADP-me- 
diated bone resorption could play a major role is the 
bone loss associated with cancer métastasés. Tumor 
cells are important sources of extracellular ATP (47); 
thus, localized ATP/ADP release could recruit and 
stimulate osteoclasts. It is important to note that in­
flamed and cancerous tissues are also characterized by 
low extracellular pH, which would facilitate the osteo­
lytic action of ADP and ATP.

Nucleotides may also be implicated in a wider spec­
trum of connective tissue destruction. For example, net 
loss of the cartilage extracellular matrix occurs in all 
forms of arthritis, and extracellular ATP has been 
shown to stimulate cartilage resorption by acting on P2 
receptors (48, 49).

In conclusion, our study points to a fundamental new 
mechanism for the local modulation of bone resorp­
tion by extracellular nucleotides at nanomolar 
concentrations.
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Sequential Expression of Three Receptor Subtypes for 
Extracellular ATP in Developing Rat Skeletal Muscle
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ABSTRACT In th is study, w e investigated  
the expression o f the P2X receptor suhtypes 
(P2 Xi_7) during the developm ent o f skeletal m us­
cle and in relation to acetylcholine receptors in  
the rat emhryo and pup. By usin g  immunohisto- 
chemistry, w e showed that three receptor sub- 
types, P2Xg, P2Xg, and P2Xg, w ere expressed in  
developing skeletal m uscle. The tim ing and pat­
tern of receptor expression  seem ed to he pre­
cisely regulated. P2Xg, P2Xg, and P2Xq were ex­
pressed in a sequential manner, w hich was 
consistent for all regional m uscles tested (inter­
costal, paravertebral, and low er limb): P2Xg ex­
pression appeared first (E l5 -E l8) followed by 
P2Xg (E16-E18), and finally P 2 X2 (E18-adult). At 
no developmental stage did w e observe colocal­
ization of P2Xg and acetylcholine receptors. In 
the case o f P2Xg and P2X@, im m unoreactivity was 
found to be widespread, im m unopositive cells be­
ing apparent throughout the muscle. However, 
staining for P2Xg, both at the beginning and end  
of expression, was restricted  to regions of m uscle 
close to the m yotendinous junctions. Because the  
tim ing of receptor expression is  closely related to 
key events in  skeletal m uscle development, nota­
bly the generation o f secondary myotuhes and  
the redistribution o f acetylcholine receptors, it is  
possible that ATP-signaling by means o f P2X re­
ceptors could he involved in  these processes. 
© 2001 WUey-Liss, Inc.

Key words: P2X receptors; ATP; skeletal m uscle 
development; rat emhryo; myotuhe 
formation; acetylcholine receptors

INTRODUCTION
In recent years, th e  b iological effects o f extracellu lar  

purine nucleotides actin g  through  P 2 receptors have  
been stud ied  in  m an y cell and  tissu e  types and A T P is  
now recognized as an  im p ortant m essen ger m olecule in  
c e ll-c e ll com m unication  (B urnstock , 1997). T hus far, 
atten tion  h as been  largely  focused  on th e  role o f  puri­
nergic sign a lin g  in  m ed ia tin g  changes in  short-term  
cellu lar activity. H ow ever, th ere  is  grow ing evidence  
th a t purinergic s ign a lin g  m ay  a lso  p lay a  role in  long­
term  cellu lar com m unication , inclu d in g  cell prolifera­
tion, d ifferentiation, and  apoptosis (N eary e t al., 1996; 
Abbracchio and B urnstock , 1998). T h ese  processes are

central to em bryonic developm ent, and th e  specific 
functions o f purine receptor subtypes during sk e le ta l 
m uscle developm ent are th e  focus o f  in terest in  th is  
study.

P 2 receptors are c lassified  in to  tw o m ain  fam ilies, 
P2X  and P2Y , b ased  on m olecu lar structure, transduc­
tion  m echan ism s, and pharm acological properties (R a­
lev ic  and B urnstock , 1998). T he P 2Y  receptors are G 
p ro tein -cou p led  receptors, w h ich  act principally  by ac­
tiv a tin g  phospholipase C, lead in g  to th e  form ation of  
inosito l 1 ,4 ,5-trisphophate and m obilization  o f in tracel­
lu lar Ca^^. In  contrast, P2X  receptors are a ligand- 
gated  ion channel fam ily, and activation  o f  th ese  recep­
tors by ex tracellu lar ATP elic its  a flow  o f cations (N a^, 
K^, and Ca^^) across th e  p lasm a m em brane. To date, 
seven  P2X  receptor su b u n its (P 2 X 1 .7 ) capable o f a ssem ­
bling hom o- or heterom u ltim eric  receptors (Torres et 
al., 1999) h ave been  cloned from  m am m alian  species.

The functional im portance o f th e se  receptor subtypes  
is y e t to be fu lly  understood, particu larly  w ith  regard to 
th e ir  p oten tia l trophic actions. T he P2Xg receptor sub­
u n it h as been  show n to be exp ressed  in  th e  proliferat­
in g  and d ifferen tiating  cell layers o f stratified  squa­
m ous ep ith elia l t issu es  (G roschel-S tew art e t al., 1999) 
su ggestin g  th a t ATP sig n a lin g  by m eans o f th e  P2Xg 
receptor m ay p lay  a role in  th ese  processes. C onversely, 
th e  P2Xy receptor su b u n it h a s been  stron gly  linked  to 
apoptosis (S urprenant e t  al., 1996; Collo et al., 1997; 
G roschel-S tew art e t  al., 1999). T here is  in creasin g  ev ­
idence to su g g est th a t P2Xy activation  can induce ap ­
optosis in  severa l cell ty p es and th a t th is  process is  
depend en t on th e  caspase s ig n a lin g  cascade (C outinho  
Silva  e t al., 1999; Ferrari e t  al., 1999).

R esp onses to ATP h ave been  dem onstrated  in  em bry­
onic tissu es , notably sk e le ta l m uscle. B y u sin g  th e  
patch  clam p recording tech n ique, a transm itter-like  
action  o f A TP on th e  cell m em branes o f m yoblasts and  
m yotubes cu ltured from  1 2 -day chick em bryos w as first 
dem onstrated  by Kolb and W akelam  (1983). T hese re­
su lts  w ere confirm ed by H u m e and T hom as (H um e and
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T hom as, 1988; T hom as and H um e, 1990a,b, 1993; 
T hom as e t al., 1991), w ho show ed th a t A TP elic its a  
potent, P 2-dependent depolarizing action  on cultured  
chick  m yotubes. S im ilar responses, characteristic o f  P2  
receptors, h ave been  d em onstrated  in  th e  m ouse m yo­
b la st cell lin e, C 2C12 (H enn in g  e t al., 1993; H enning, 
1997). In chick m uscle , A T P -responses w ere also show n  
to be developm enta lly  regu lated  (W ells e t  al., 1995). 
A T P -elicited  contractions w ere m ost apparen t in  early  
d evelopm ent (em bryonic day 6  [E6 ]) and w ere ab sen t 
by em bryonic day 17. M ore recently , im m unohisto- 
chem istry  h a s b een  u sed  to describe th e  developm en­
ta lly  regu lated  expression  pattern  o f tw o m em bers o f  
th e  P2X  fam ily , P2Xg and P2Xg, in  th e  sk e le ta l m uscle  
o f th e  chick  em bryo (M eyer e t a l., 1999).

H ow ever, th e  role o f  A T P and th e  id en tity  o f th e  P2X  
receptor subtypes involved  in  th e  developm ent o f m am ­
m alian  sk e le ta l m uscle  are s t ill largely  undefined. In  
th is  study, w e u se  im m unoh istochem istry  to in v esti­
ga te  th e  expression  o f P2X  receptors and th e ir  re lation ­
sh ip  to acetylcholine receptors (AChRs) in  developing  
rat sk e le ta l m uscle. B y u sin g  polyclonal antibodies 
raised  a ga in st th e  seven  d ifferent ra t P 2X  receptor  
peptides (O glesby e t al., 1999), w e dem onstrate the  
tim in g  and localization  o f  receptor expression . In su m ­
m ary, w e show  th e  seq u en tia l and developm ental ex ­
pression  o f th ree  receptor subtypes, P2Xg, P2Xg, and  
P2Xg, perhaps in d icatin g  th a t  A TP actin g  lay m eans of 
P2X  receptors m ay p lay a k ey  role in  sk e le ta l m uscle  
form ation.

RESULTS
P2Xg, P2Xg, and P2X@ Im m unoreactivity in  
Developing Rat Skeletal Muscle

S ta in in g  procedures w ere carried out for a ll seven  o f  
th e  P2X  receptors a t a ll em bryonic stages; how ever, w e  
found im m unoreactiv ity  in  develop ing sk e le ta l m uscle  
only for P2Xg, P2Xg, and P2Xg. Control experim ents, 
perform ed by preabsorbing th e  antibod ies w ith  th e  cor­
responding peptides, show ed no im m unosta in ing , con­
firm ing th e  specificity  o f our findings. T he expression  o f 
th e se  receptors w as follow ed from  E 1 2  to  p ostn ata l day  
(P) 21 in  various m uscles, in clud ing  th e  in tercostal, 
paravertebral, and lim b m uscles. R esu lts from  th e  
m u scle  groups exam in ed  show ed th a t th e  tim in g  o f  
receptor expression  w as subtype-specific.

B efore E 15, th ere  w as no im m unoreactiv ity  for any  
o f th e  P2X  receptors in  th e  develop ing m uscle. Im m u­
noreactiv ity  for P2Xg, but n ot P2Xg or P2X@, began a t  
E 15. S ta in in g  w ith  P2Xg w as restricted  to a sm all 
num ber o f cells a t th e  ends o f  th e  m u scles, close to th e  
m yotendinous junction s (Fig. lA ). Im m unohistochem ­
istry  w ith  an antibody a ga in st sk e le ta l m yosin  on se ­
q u en tia l sections from  th e  sam e em bryo confirm ed th a t  
th e  sta in in g  w as confined to  th e  areas o f  developing  
m uscle  (Fig. IB ) described above. T his sk e le ta l m arker  
w as used  throughout th is  stu d y  to id en tify  areas o f  
fu ture m uscle. Im m unoreactiv ity  for P2Xg stren gth ­
ened during developm ent; by E 16  s ta in in g  w as m ore

w idespread  w ith in  m u scles a lready show n  to  h ave pos­
itive  im m unoreactiv ity  for P2Xg and began  to  appear in  
m u scles th a t had p rev iously  b een  n ega tive  (F ig. 1C,D). 
T his stage  also m arked th e  appearance o f  P2Xg im m u ­
noreactiv ity  w ith in  sk e le ta l m uscle . P2Xg sta in in g  w as  
strong and ex ten sive , im m unopositive cells could be 
seen  throughout m u scle  blocks and in  a ll m uscle  
groups tested  (Fig. 2A). Im m un oreactiv ity  for P 2 X 5  and  
P2Xg w as st ill ap parent a t E 18  (F igs. 2B ,C ,D , 3), a l­
though  in  th e  case o f  P2Xg, it  had  becom e restr icted  to  
th e  ends o f develop ing m u scle  fibers (F ig. 6 A). B y  E20, 
im m unoreactiv ity  for both P2Xg and P2Xg w ith in  th e  
sk e le ta l m uscle  had  disappeared. H ow ever, i t  w as a t  
th ese  final sta g es o f  p renata l developm ent, E 18  on­
w ard, th a t P2Xg exp ression  began  to  appear. In itia lly  
P 2 X 2  w as expressed  m ost strongly  in  th e  in tercosta l 
(Fig. 4C ,D ) and paravertebral m u scles (F ig. 4B ) and  
w as a lm ost en tire ly  ab sen t in  th e  lim b m u scu la tu re  
(Fig. 4A). P2Xg expression  w a s m ost m arked  in  th e  
m u scles o f  th e  low er lim b a t  E 20  (Fig. 5A). Im m unore­
activ ity  for P2Xg continued  for a t le a s t  1 w eek  postna- 
ta lly  (Fig. 5B) b u t had  reduced in  stren g th  to  near  
adu lt expression  by P 14  (Fig. 5C,D).

In sum m ary, w e found th ree  P 2X  receptors to be 
expressed  in  develop ing sk e le ta l m uscle, P2Xg, P2Xg, 
and P2Xg. T h ese receptors w ere exp ressed  seq u en ­
tia lly , P2Xg being th e  first receptor to be exp ressed  
(E 15) follow ed by P2X@ (E 16) and fin a lly  P 2 X 2  (E18). 
T his sequ en ce o f receptor exp ression  w as m ain ta in ed  
for a ll m u scles tested . E xpression  o f  P2Xg and P2X@ 
w as restricted  to in  utero developm ent, w h ereas s ta in ­
in g  for P 2 X 2  continued after birth. Im m un oreactiv ity  
for th e  P2Xg and P2Xg receptor su b typ es w a s m ost 
tran sien t, E 15-E 18 and E 16-E 18, resp ectively , 
w hereas P 2 X 2  expression  w as m ore su sta in ed , b ein g  
reduced to n ear ad u lt expression  in  th e  secon d  p ostn a ­
ta l w eek  (E 18-P14).

Double-Labeling for P2Xg and A cetylcholine  
Receptors

D ouble-labeling exp erim en ts for P 2 X 2  and A C hR s, 
localized  w ith  a-bungarotoxin-T exas Red, w ere carried  
out a t E 18, E 20, P 7, P 14, P 21 , and adult. A s described  
above, P 2 X 2  w as expressed  from  E 18 to P 14  (Fig. 5). 
AChR sta in in g  w as restricted  to  large m em bran e c lu s­
ters a t th e  center o f th e  m u scle  fibers, i.e ., prospective  
endp late s ite s  (Fig. 6 B -D ). C onsequently , on ly  a  su b se t  
o f c lu sters is  seen  in  any one section . A t no sta g e  did w e  
observe colocalization o f P 2 X 2  and AchR c lu sters (Fig. 
6 B -D ). T his finding included ad u lt m u scle  w h ere  end- 
p la tes (positive for a-bungarotoxin) as w ell as extra- 
synaptic  regions w ere P 2 X 2  n egative.

P2Xg Immunoreactivity in Cells Located  
Betw een Muscle Fibers

A lthou gh  P2Xg expression  in  develop in g  sk e le ta l 
m u scle  w as restricted  to th e  prenata l period, P2Xg- 
im m unopositive cells w ere apparent w ith in  th e  m u scle  
m ass a t P7. T h ese  cells appeared to  be in  b etw een
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Fig. 1. Expression of P2 X5  in rat skeletal muscle in longitudinal sec- myotendinous junctions. B: Sequential section showing skeletal muscle
tions of embryonic day (E) 15 and E16 embryos. A: Immunoreactivity for myosin staining. C,D: P2 X5  immunoreactivity, previously absent, began
P2 X5  in a muscle block of the developing lower limb at El 5 was restricted to appear in paravertebral muscles at El 6 , shown at higher magnification
to a small number of cells at the ends of the muscles close to the in (D). R, rib cartilage. Scale bars = 100 p.m in A-D.

d ev e lo p in g  m u sc le  fibers. T h is  w a s  con firm ed  by  u s in g  
d ou b le  la b e lin g  w ith  a n t i-sk e le ta l m u sc le  m y o s in  (an ti-  
PM ) and  a n ti-P 2 X s, w h ich  sh o w ed  a co m p le te  ab sen ce  
o f  o v er la p p in g  ex p ress io n  (F ig . 7A). B y  P 2 1 , P2Xg  
s ta in in g  b o th  w ith in  an d  o u ts id e  m u sc le  fibers h ad  
la rg e ly  d isa p p ea red . To id en tify  th e  P 2 X 5 -p o s itiv e  ce lls  
p r e se n t a t P 7 , fu r th er  d o u b le -la b e lin g  ex p er im en ts  
w ere  perform ed  by  u s in g  a n ti-n eu ro fila m en t 2 0 0  or  
a n ti-sm o o th  m u sc le  a ctin . In b o th  c a se s , th e r e  w a s  
lim ite d  co ex p ress io n  w ith  m a n y  ce lls  r e m a in in g  p o si­
t iv e  o n ly  for P2X g (F ig . 7B -D ). T h is  fin d in g  w ou ld  su g ­
g e s t  th a t  P 2 X 5  s ta in e d  a m ixed  p o p u la tio n  o f  c e lls  a t P 7  
in c lu d in g  n e r v e s , sm o o th  m u sc le  ce lls , a n d  probably  
e n d o th e lia l c e lls .

DISCUSSION
A T P , co re lea sed  w ith  a ce ty lch o lin e , h a s  b e e n  sh o w n  

to  m o d u la te  th e  d ev e lo p in g  n eu ro m u scu la r  sy n a p s e s  o f  
X e n o p u s  em b ryos (F u  an d  P oo, 1991; F u , 199 5 ) an d  to  
h a v e  d irect tra n sm itte r -lik e  a c tio n s  on  d ev e lo p in g  
ch ick  sk e le ta l m u sc le  (K olb an d  W ak elam , 1983). In  
ch ick , A T P  h a s  p o ten t P 2 -d ep en d en t, d ep o la r iz in g  a c ­
tio n s  on  m y o b la sts  in  v itro  (H u m e an d  H on ig , 1986 )  
an d  ca u se s  m u scu la r  con traction  in  v iv o  (W ells e t  a l., 
1995). F u rth erm o re , W ells  e t  a l. (1 9 9 5 ) d e m o n stra te  
th a t  s e n s it iv ity  to  A T P  is  d ev e lo p m en ta lly  reg u la ted  
an d  re tu r n s  in  d en erv a ted  sk e le ta l m u sc le . E x p er i­
m e n ts  on  th e  m o u se  m y o b la st ce ll lin e , C 2C 12, sh o w in g  
P 2 -d ep en d en t re sp o n se s , s u g g e s t  th a t  A T P  m a y  a lso  be
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Fig. 2. Expression of P2Xg in rat skeletal muscle at embryonic day 

(E)16 and El 8 . A: At E16, P2Xg immunoreactivity appeared in all muscle 
groups tested, shown here in a longitudinal section of the embryo, in the 
intercostal and paravertebral muscles. B-D; Strong positive P2Xg mem­
brane staining of all muscle cells remained until El 8 , shown in an oblique
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section of the external intercostal muscles (B). a transverse section of the 
paravertebral muscles (C) and an oblique section of the lower limb 
muscles (D) of E18 embryos. R, rib cartilage. Scale bars = 100 (j,m in 
A-D.

a n  im p o rta n t s ig n a lin g  m o lecu le  in  m a m m a lia n  s k e le ­
ta l m u sc le  d ev e lo p m en t (H e n n in g  e t  a l., 1993).

H o w ev er , th is  w ork  w a s  p erform ed  b efore k n o w led g e  
o f  th e  ex is te n c e , le t  a lon e  th e  p ro p ertie s  o f  th e  P 2X  
recep tor  su b ty p es  (R a lev ic  a n d  B u rn sto ck , 1998). O ur  
fin d in g s  su g g e s t  th a t  ex p ress io n  o f  th e  P 2X  recep tors  
cou ld  accou n t for th e  A T P  s e n s it iv ity  o f  d ev e lo p in g  
s k e le ta l  m u sc le . B y  u s in g  im m u n o h is to ch em istry , w e  
sh o w  d ev e lo p m en ta lly  r e g u la te d  ex p ress io n  o f  th ree  
P 2X  recep tor  su b ty p es , P2Xg, P2Xg, an d  P2Xg, in  ra t  
s k e le ta l  m u sc le . T h e se  recep to rs are  ex p ressed  in  a  
se q u e n t ia l m a n n er , w h ich  w a s  c o n s is te n t  for a ll m u s ­
c le s  te s ted : P2Xg w a s  ex p r e sse d  fir st  (E 1 5 -E 1 8 ), fo l­
lo w ed  b y  P2Xg (E 1 6-E 18), a n d  fin a lly  P 2 X 2  (E 1 8 -P 1 4 ).

T h e  tem p ora l an d  sp a t ia l ov er la p  in  th e  ex p ress io n  o f  
P2X g, P 2 X 5 , and  P2Xg recep tor  su b u n its , w h ich  w e

ob served , r a is e s  th e  p o ss ib ility  th a t  b o th  h om om eric  
and  h etero m eric  recep tors m a y  be p r e se n t in  d ev e lo p ­
in g  sk e le ta l m u sc le . In  se n so r y  n eu ro n es  o f  th e  n od ose  
g a n g lio n , P 2 X 2  an d  P 2 X 3  su b u n its  are co ex p ressed  
(V u lch an ova  e t  a l., 1997 ). T h e ch a ra c ter istic s  o f  th e  
P 2X  recep tors p r e se n t on  th e s e  ce lls  can  o n ly  b e a c ­
co u n ted  for b y  th e  p resen ce  o f  a  P 2 X 2 / 3  h e tero m er ic  
recep tor  (L ew is e t  a l., 1995 ). B ioch em ica l s tu d ie s  h a v e  
sh o w n  th a t  1 1  h etero m er ic  recep tors can  be form ed  b y  
p a irw ise  com b in a tion  o f  P 2X  su b u n its  (T orres e t  a l., 
1999). H ow ever, o f  th e s e  o n ly  P 2 X ^ 3 , P 2 X y s , P 2 X 4 /6 , 
and  P 2 X 2 / 6  h a v e  b een  d em o n stra ted  in  fu n c tio n a l s tu d ­
ie s  (L ew is e t  a l., 1995; T orres e t  a l., 1998; L e e t  a l., 
1998; K in g  e t  a l., 2 000 ). F u r th er  d o u b le -la b e lin g  s tu d ­
ie s  w ill  be req u ired  to  d e term in e  m ore c lo se ly  th e  e x ­
te n t  o f  P 2X  recep tor co ex p ress io n  in  d ev e lo p in g  sk e le -



P2X RECEPTORS IN DEVELOPING RAT SKELETAL MUSCLE 335

♦ '■ü

, »

% ¥

R
i#r

Fig. 3. Expression of P2 X5  in rat skeletal muscle at embryonic day (E) 18. At E l 8 , P2 X5  immunoreactivity 
became restricted to cells at the end of the muscles, close to the developing cartilage/bones, shown in 
longitudinal sections of the lower limb (A,B) and external intercostal muscles (C,D). T, tibial cartilage; R, rib 
cartilage. Scale bars = 500 |xm in A, 100 p,m in B,C, 50 p.m in D.

ta l m u sc le . T h is  is s u e  is  h ig h lig h te d  by our fin d in g s  at 
P 7, d em o n s tr a tin g  th e  e x p r e ss io n  o f  b o th  P2Xg and  
P 2 X 5 , b u t w h e r e a s  P2Xg s ta in s  sk e le ta l m u sc le , P2X g is  
e x p ressed  on  a ra n g e  o f  o th er  ce ll ty p es , in c lu d in g  
sm o o th  m u sc le  an d  n erv e  fibers. H ow ever , it  is  w orth  
n o tin g  th a t th e  s tu d y  o f  T orres e t  a l. (1 9 9 9 ) su g g e s ts  
th a t  P2Xg d o es  n o t  form  a h om om eric  recep tor, s u g ­
g e s t in g  th a t  a n y  fu n c tio n a l ro le  w ill be in  co a ssem b ly  
w ith  e ith e r  P2Xg or P2Xg su b u n its .

T h e  d ev e lo p m en ta lly  r e g u la te d  ex p ress io n  o f  th e  
P 2X  recep tors su g g e s ts  th a t  th e  c h a n n e ls  form ed  a re  o f  
fu n ctio n a l s ig n ifica n ce . T h e  t im in g  o f  recep tor  e x p res­
s io n  s e e m s  to  be c lo se ly  re la te d  to  k ey  e v e n ts  in  sk e le ­
ta l  m u sc le  d ev e lo p m en t (F ig . 8 ), n o ta b ly  seco n d a ry  
m y o tu b e  fo rm a tio n  an d  th e  e s ta b lis h m e n t  o f  m a tu re  
n eu ro m u scu la r  ju n c t io n s . W e s u g g e s t  th a t  A T P  s ig n a l­

in g  b y  m e a n s  o f  P2Xg an d  P2Xg cou ld  be in v o lv ed  in  th e  
form er e v e n t, w h e r e a s  P 2 X 2  cou ld  be r e la ted  to  th e  
la tter .

S k e le ta l m u sc le  c e lls  are form ed  in  tw o  sta g es: p r i­
m a ry  m y o tu b es  d ev e lo p  first, an d  are fo llow ed  a fter  a  
d e la y  by  seco n d a ry  m y o tu b es , w h ich  w ill form  th e  m a ­
jo r ity  o f  m u sc le  fib ers in  th e  a d u lt t is s u e  (K elly  an d  
Z ack s, 1969; H a rr is , 1981; O n te ll an d  K ozek a, 1984; 
R oss e t  a l., 1987). S eco n d a ry  m y o tu b es  d eve lop  from  
th e  m id d le  o f  th e  m u sc le  in  c lo se  a sso c ia tio n  w ith  th e  
n eu ro m u scu la r  ju n c t io n s  o f  g u id in g  p rim ary  m y o tu b es  
(D u x so n  e t  a l., 1989). T h ey  e x te n d  b y  th e  a sy n ch ro n o u s  
fu s io n  o f  m y o b la sts  a t th e ir  en d s  (Z h an g and  M cL en­
n a n , 1995 ) to  f in a lly  a tta c h  to  th e  m u sc le  te n d o n s  (D u x ­
so n  an d  U sso n , 1989). Im m u n o h is to ch em ica l d a ta  from  
our s tu d y  s u g g e s t  th e  in v o lv e m e n t o f  P 2X  recep tors in
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Fig. 4. Expression of PZXg in rat skeletal muscle at embryonic day (E) bra nés, was more widespread in the paravertebral muscles (B) and
18. A: In the lower limb muscle, shown in oblique section, P2 X2  strongest in the intercostal muscles (C,D), shown in transverse section.
immunoreactivity was restricted to a small number of cells (arrow­
heads). B-D: P2X; immunoreactivity, which was confined to cell mem-

R, rib cartilage. Scale bars = 100 |xm in A-C, 50 p,m in D.

seco n d a ry  m yotu b e  form ation . W e d etec ted  no im m u ­
n o rea c tiv ity  for P 2 X 5  (th e  fir st  recep tor  to be e x ­
p ressed ) d u r in g  a t  le a s t  th e  e a r ly  s ta g e s  o f  p rim ary  
m y o tu b e  form ation  (R oss e t  a l., 1987). H ow ever, P 2X  
recep to rs cou ld  be in v o lv ed  in  th e  form ation  o f  seco n d ­
ary  m y o tu b es , w h ich  b eg in s  a t  E 1 6  in  th e  in terco sta l 
m u sc le s  (K elly  an d  Z acks, 1969), p rec ise ly  th e  sa m e  
t im e  a t  w h ich  th e r e  is  s tr o n g e s t  im m u n o rea c tiv ity  for 
P 2 X 5  a n d  P2Xg.

S ta in in g  for P2Xg b eg in s  in  th e  in te r c o sta l m u sc le s  
a t E 1 8 , w h ich  is  th e  p ea k  o f  p o ly n eu ro n a l in n erv a tio n  
(D e n n is  e t  a l., 1981). I t  is  w e ll e s ta b lish e d  th a t  n erv e-  
in d u ced  a c tiv ity  p la y s  a cru c ia l ro le  in  r e g u la t in g  th e  
ex p ress io n  an d  d is tr ib u tio n  o f  recep to rs a n d  ch a n n e ls  
on  th e  m u sc le  m em b ra n e , n o ta b ly  th e  a ce ty lch o lin e  
recep tor . W h erea s d ev e lo p in g  m y o tu b es  ex p r e ss  c lu s ­

te r s  o f  A C hR s th ro u g h o u t th e  m em b ra n e , a d u lt sk e le ­
ta l m u sc le  is  ch a ra cter ized  by  th e  s tr ik in g  co n cen tra ­
tio n  o f  recep tors in  th e  p o stsy n a p tic  m em b ra n e  a n d  
th e ir  v ir tu a l a b sen ce  from  th e  e x tr a sy n a p tic  m em ­
b ran e. T h is  reo rg a n iz a tio n  is  in  p art a c tiv ity -d ep en ­
d en t (V rbova e t  a l., 1995; S a n e s  an d  L ich tm an , 1999). 
In  th e  c a se  o f  r a t  in terco sta l m u sc le s , sy n a p tic  in p u ts  
are fir st  d e tec ted  a t  E 15  an d  produce c lu s te r in g  o f  
A C h R s by  E 1 6  (D en n is  e t  a l., 1981). T h is  fin d in g  is  
con firm ed  in  ou r r e su lts  w h ich  sh ow  a ce ty lch o h n e  c lu s ­
ter s  in  p ro sp ectiv e  en d p la te  reg io n s . H ow ever , on  th e  
b a s is  o f  in tr a c e llu la r  record in gs in  re sp o n se  to a c e ty l­
ch o lin e  a p p lica tio n  (g en era lly  con sid ered  to  be m ore  
se n s it iv e  th a n  d e tec tio n  by  a -b u n garo tox in ) th e  ex tra -  
ju n c t io n a l A C hR  d en s ity , p a r ticu la r ly  in  reg io n s  c lo se  
to  th e  m y o ten d in o u s ju n ctio n , r em a in s  h ig h  a fter  b ir th



P2X RECEPTORS IN DEVELOPING RAT SKELETAL MUSCLE 337

' ■

r-*-'

>

r ' g p .
W , ,-n

r--, '•

y
, V*'-

■s. -
i V
' ' -V- L 

.. ,-r ,

<r : r

: V '  1 ' % •

'V- '
/  - r  '- ^  - L . Y  .

V ' D ; ^  ^ .

,\1

Fig. 5. Expression of P2 X2  in rat skeletal muscle at embryonic day (E) 
20 and postnatally. A: At E20, strong P2Xg immunoreactivity could be 
seen in the membranes of lower limb muscle cells. B: Strong immuno­
staining of lower limb muscles with P2Xg remained postnatally at P7.

C: P2Xg immunoreactivity reduced in strength at P14. D: In adult tibialis 
anterior rat muscle immunostaining for P2Xg was almost absent. All 
transverse sections. Scale bars = 100 pm in A-D.

and  o n ly  d ec lin e s  d u r in g  th e  fir st p o stn a ta l w eek  
(D iam on d  and  M iled i, 1962). C h a n g es  in  th e  ex p ress io n  
o f  th e  P 2X  recep tor  su b ty p es , p a r ticu la r ly  P 2 X 2 , m ir ­
rors an d  m a y  e v e n  con tr ib u te  to  th is  p rocess b eca u se  
P2Xg recep tor  ex p ress io n  is  a lso  m a in ta in e d  d u r in g  th e  
first p o stn a ta l w e e k  an d  d e c lin e s  su b seq u e n tly . In  our 
d u a l- la b e lin g  e x p er im en ts , ex tra ju n ctio n a l A C hR s  
w ere  prob ab ly  n o t v is ib le  d u e to  th e  lo w  d etec tio n  s e n ­
s it iv ity  o f  a -b u n g a ro to x in  com p ared  w ith  in tra ce llu la r  
record ing . In te r e st in g ly , n o  e x p r e ss io n  o f  P2Xg h a s  
b een  reported  in  ch ick  sk e le ta l m u sc le  (M eyer e t  a l., 
1999). T h is m a y  re flec t d ifferen ces in  th e  d ev e lo p m en t  
o f  m a m m a lia n  a s  opp osed  to  a v ia n  n eu ro m u scu la r  
ju n c tio n s .

T he su rp r is in g  a b u n d a n ce  o f  th e s e  recep tors r a is e s  
th e  is s u e  o f  w h a t th e  p o te n t ia l so u rces o f  A T P  in  th is

d ev e lo p in g  sy s te m  m ig h t be. It is  w e ll e s ta b b sb e d  th a t  
A T P  is  sto red  w ith in  th e  sy n a p tic  v e s ic le s  o f  p resy n a p -  
tic  n erv e  te r m in a ls  an d  is  co re lea sed  w ith  a ce ty lch o lin e  
(S ilin sk y  a n d  H ub b ard , 1973). M u sc les  are a lso  k n o w n  
to  se c r e te  su b s ta n t ia l a m o u n ts  o f  A T P  in  re sp o n se  to  
e lec tr ica l a c tiv ity  (L a n d m esser  an d  M orris, 1975 ). 
H ow ever , th ere  are  o th er  im p o rta n t n e rv e -in d ep en d en t  
so u rces o f  ex tr a c e llu la r  A T P . O steo b la s ts  an d  chon d ro­
c y te s , w h ich  are  ob v io u s ly  c lo se ly  a sso c ia ted  w ith  d e ­
v e lo p in g  s k e le ta l m u sc le , h a v e  b een  sh o w n  to  be ca p a ­
b le  o f  r e le a s in g  A T P  (B ow ler  e t  a l., 1998; L loyd  e t  a l., 
1999 ) an d  cou ld  be a sso c ia te d  w ith  th e  m ark ed  e x p r e s­
s io n  o f  P 2 X 5  a t  m y o ten d in o u s ju n c tio n s .

In  co n clu sio n , w e  sh ow  for th e  first t im e  th a t  th r e e  
m em b ers o f  th e  P 2X  fa m ily , P2Xg, P2Xg, an d  P2X@, are  
e x p ressed  in  d ev e lo p in g  ra t s k e le ta l m u sc le . T h ese  re-
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Fig. 6. A: Double labeling for P2Xg (green, arrow) and skeletal myo­
sin (red, arrowhead) demonstrated coexpression in areas close to the rib. 
B-D: Double labeling for P2Xg (green, arrowheads) and acetylcholine 
receptors (AChRs) (red, arrows) on intercostal muscles at embryonic day

(E) 20 (B) and tibialis anterior muscle at postnatal day (P) 7 (C) and P14 
(D). Although there Is strong staining for P2Xg on the muscle membranes, 
it did not colocalize with AChR-clusters at any of the ages examined. R, 
rib cartilage. Scale bars = 50 p.m in A, 20 p,m in B, 100 p,m in C,D.

cep tors are e x p ressed  s e q u e n t ia lly  (P 2 Xg, fo llow ed  by  
P2Xg, an d  fin a lly  P2Xg) an d  a p p ea red  to  be d ev e lo p ­
m e n ta lly  reg u la ted . T he t im in g  o f  recep tor  ex p ress io n  
is  c lo se ly  re la ted  to  k e y  e v e n ts  in  sk e le ta l m u sc le  d e ­
v e lo p m en t, n o ta b ly  th e  g e n e r a tio n  o f  seco n d a ry  m yo­
tu b es  an d  th e  red is tr ib u tio n  o f  a ce ty lch o lin e  recep tors, 
s u g g e s t in g  th a t  A T P  m a y  h a v e  trop h ic  a ctio n s on  d e ­
v e lo p in g  m a m m a lia n  s k e le ta l m u sc le . H ow ever, th e  
p rec ise  ro les  o f  th e  P 2 X  recep tor  su b ty p es  in  sk e le ta l  
m u sc le  d ev e lo p m en t rem a in  to  be in v e s tig a te d .

EXPERIMENTAL PROCEDURES  
M ating o f R ats and Em bryo P reparation

F or d a ted  p reg n a n c ies , fem a le  S p ra g u e -D a w ley  ra ts  
in  e s tr u s  w ere  p la ced  o v ern ig h t w ith  p r im ed  m a le  ra ts  
a n d  ex a m in ed  in  th e  m o rn in g  for th e  p resen ce  o f  a

v a g in a l p lu g . T h e  d a y  o f  fin d in g  th e  p lu g  w a s  d e s ig ­
n a te d  em b ryon ic  d a y  0  (EO) an d  th e  d a y  o f  b ir th , p o st­
n a ta l d a y  0 (PO). P reg n a n t r a ts , k illed  b y  a  r is in g  
co n cen tra tio n  o f  C O 2  a n d  confirm ed  b y  cerv ica l d is lo ­
ca tio n , w ere  u se d  to  o b ta in  em b ryos a t  E 1 2 , E 1 4 , E 15 , 
E 1 6 , E 1 8 , an d  E 2 0 . O nce rem oved , so m e  em b ryos w ere  
p la ced  d eca p ita ted  an d  in ta c t  on to  a  cork b lock , covered  
w ith  OCT com pound , an d  frozen  in  liq u id  n itro g en -  
cooled  iso p e n ta n e . L im b b u d s w ere  d is se c te d  from  th e  
r e m a in in g  em b ryos , m o u n ted  on  cork  b lock s, an d  fro­
z e n  s e p a r a te ly  in  liq u id  n itrogen -coo led  iso p e n ta n e .  
S k e le ta l m u sc le  sa m p le s  w ere  a lso  ta k e n  from  r a t  p u p s  
k ille d  a t  P 7 , P 1 4 , an d  P 2 1 . S e g m e n ts  o f  r ib  ca g e  an d  
lo w er  h m b  w ere  rem oved  an d  p rep ared  a s  p rev io u s ly  
d escrib ed . C ry o sta t sec t io n s  w ere  cu t a t  1 2  |xm an d  
co llec ted  on  g e la t in iz e d  s lid e s .
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P2X.

P2X,

Fig. 8 . This figure summarizes the time course of P2 X2  se receptor 
expression for the rat intercostal muscles and demonstrates the possible 
overlaps vyith key events in skeletal muscle formation, namely develop­
ment of primary and secondary myotubes and innervation (from the first 
detection of synaptic inputs to the development of the mature neuromus­
cular junction). The first receptor to appear is P2 X5  at embryonic day (E) 
15, which disappears at El 8 ; P2Xg receptor expression starts at E16 and 
disappears after E l 8 . whereas P2Xg receptor expression only starts at 
E18 and gets significantly reduced after birth at postnatal day (P) 7.

L o n g itu d in a l se c t io n s  o f  t ib ia lis  a n ter io r  m u sc le  w ere  
prep ared  from  a n im a ls  a t  P 7 , P 1 4 , P 2 1 , an d  ad u lt. 
M u sc les w ere  stre tch ed  an d  p in n ed  on  S y lg a rd , fixed  in  
4% p a ra fo rm a ld eh y d e  for 2 hr a t  room  tem p era tu re , 
an d  tra n sferred  to  2 0 % su cro se  in  p h o sp h a te -b u ffered  
sa lin e  (P B S ) an d  le f t  o v ern ig h t. T is su e  w a s  p laced  lo n ­
g itu d in a lly  an d  em b ed d ed  in  O C T on cork b locks. C ry­
o s ta t  sec t io n s  w ere  cu t a t  50  |xm an d  co llected  in  P B S .

Im m unohistochem istry
T he im m u n o g en s u sed  for th e  prod u ction  o f  p o ly ­

c lon a l a n tib o d ie s  w ere  sy n th e tic  p ep tid es  corresp on d ­
in g  to  th e  carb oxy term in i o f  th e  c lon ed  ra t P 2X  recep ­
tors , c o v a len tly  lin k ed  to  k ey h o le  lim p et h em o cy a n in . 
T he p ep tid e  seq u e n c e s  are a s  fo llow s. P 2X i: am in o  
a cid s 3 8 5 -3 9 9 , A T SST L G L Q E N M R T S; P2Xg: am in o  
a cid s 4 5 8 - 4 7 2 ,  Q Q D ST ST D P K G L A Q L ; P 2 X 3 : am in o  
a cid s 3 8 3 -3 9 7 , V E K Q ST D SG A Y SIG H ; P 2 X 4 : am in o  
a c id s 3 7 4 - 3 8 8 ,  Y V E D Y E Q G L SG E M N Q ; P 2 X 5 : am in o  
a c id s 4 3 7 - 4 5 1 ,  R E N A IV N V K Q SQ IL H ; P2Xg: am in o

Fig. 7. A : At postnatal day (P) 7, double labeling for P2Xg (green) and 
skeletal muscle myosin (red) showed the presence of P2Xg-immunopo- 
sitive cells exclusively in between muscle fibers. B: Double labeling for 
P2 Xg (green) and neurofilament 2 0 0  (red) demonstrated limited coex­
pression (yellow, arrowhead) of these markers in fibers within a nerve 
bundle. C: Double labeling for P2Xg (green) and smooth muscle actin 
(red) demonstrated limited coexpression (yellow) of these markers in 
both arteries and veins (arrowhead). Note that in C some P2Xg (green) 
staining appears to be on endothelial cells. Because skeletal muscle 
develops from center to periphery, photographs taken from within the 
muscle bulk (B), which is more mature, demonstrate less immunoreac­
tivity for P2Xg than those taken at the less developed periphery (B). All 
transverse sections of lower limb muscle (tibialis anterior) at P7. a, artery; 
V, vein. Scale bars = 100 jim in A, 50 |xm in B.C.
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acids 3 5 7 -3 7 1 , EAGFYW RTKYEEARA; P2X?: am ino  
acids 5 5 5 -5 6 9 , TW RFVSQDM ADFAIL.

T he polyclonal antibodies w ere ra ised  by m ultip le  
m onth ly  in jections o f  N ew  Z ealand rabbits w ith  th e  
peptides (perform ed by R esearch G enetics, H u n tsv ille , 
AL). The specificity  o f  th e  an tisera  w as verified by  
im m unoblotting w ith  m em brane preparations from  
C H O -K l ce lls  exp ressin g  th e  cloned P2Xi_7 receptors. 
The an tibodies recognized only one protein  o f th e  ex­
pected s ize  in  th e  heterologous expression  sy stem s and  
w ere show n  to be receptor subtype-specific (O glesby e t  
al., 1999). For im m u n osta in in g  o f cryostat sections, the  
avid in-biotin  (ABC) techn ique w as u sed  according to  
th e  protocol developed by L lew ellyn -Sm ith  e t  al. (1992, 
1993). A ir-dried ser ia l section s o f  th e  tis su e s  w ere fixed  
in  4% form aldehyde and 0.2% o f a sa tu rated  so lu tion  o f  
picric acid in  0.1 M phosph ate buffer (pH  7.4) for 2 m in. 
A fter w a sh in g  in  P B S  for 15 m in , endogenous peroxi­
dase activ ity  w as blocked by trea tin g  th e  sections w ith  
0.4% HgOg and 50% m ethanol for 10 m in. N onspecific  
binding s ite s  w ere blocked by a 20-m in  preincubation  
in  10% norm al horse serum  (N H S) in  P B S. Sections  
w ere incubated  overn ight a t room  tem perature in  5 
fjLg/ml o f P2Xi_7 antibody or 2 p.g/ml an ti-sk eleta l m y­
osin  (S igm a, Poole, UK), in  10% N H S in  P B S  +  2.5%  
N aC l a t room  tem perature. Su bsequently , sections  
w ere incubated  w ith  b iotin ylated  donkey anti-rabbit 
IgG (Jackson Im m unoR esearch Lab, W est Grove, PA) 
dilu ted  1:500 in  1% N H S  in  P B S for 1 hr, and th en  w ith  
E xtrA vidin peroxidase (S igm a) d ilu ted  1:1500 in  P B S  
for 1 hr a t  room  tem perature. For color reaction, a  
solu tion  conta in in g  0.05% 3,3' -diam inobenzid ine
0.04% n ickel am m onium  su lp h ate , 0.2% p-D -glucose, 
0.004% am m onium  n itra te , and 1.2U /m l glucose oxi­
dase in  0 .1  M P B S  w as applied  for 8 m in. Section s w ere  
w ash ed  th ree  tim es w ith  P B S  after each  o f  th e  above 
step s except a fter th e  preincubation. Control experi­
m ents w ere carried out w ith  th e  prim ary antibody  
om itted from  th e  sta in in g  procedure and th e  prim ary  
antibody preabsorbed w ith  th e  p eptides u sed  to im m u­
nize the rabbits, according to  th e  protocol described by 
M eyer e t al. (1999).

For im m unofluorescent sta in in g , air-dried seria l sec­
tions o f t is su e  w ere fixed in  4% form aldehyde in  0.1 M  
phosphate buffer (pH  7.4) for 2 m in. A fter w ash in g  in  
P B S for 15 m in , section s w ere treated  as before w ith  
10% N H S in  P B S  to block nonspecific b inding. Sections  
w ere th en  incubated  overn ight a t room  tem perature in  
5 |JLg/ml o f P2Xg or P2Xg antibody in  10% N H S in  
P B S +  2.5% N aC l. P 2X  exp ression  w as v isu a lized  by  
u sin g  O regon -green-labeled  goat anti-rabbit IgG  
(Jackson Im m unoR esearch Lab) applied for 1 hr at  
1:100. D ouble s ta in in g  for acetylcholine receptors w as  
perform ed by further incubation  o f sections w ith  
a-bungarotoxin-T exas Red a t 1:1,000 for 1 hr a t room  
tem perature. F or neurofilam ent 200 or sm ooth  m uscle  
actin, double s ta in in g  w as perform ed by incubation  o f  
sections w ith  e ith er  m ouse anti-neurofilam ent 200 IgG  
(Sigm a) or m ou se anti-sm ooth  m uscle actin  (Sigm a) at

1:100 and 1:1,000, resp ectively , overnight. S tain ing  
w as v isu a lized  by in cu b atin g  w ith  TRITC -labeled goat 
anti-m ouse antibody (Jackson  Im m unoR esearch Lab) 
a t 1:100 for 1 hr.

In  th e  case o f double s ta in in g  for P2Xg and skeletal 
m yosin , section s w ere  in cu b ated  overn ight a t room  
tem peratu re in  1 |xg/ml o f  P2Xg antibody in  10% N H S  
in  P B S  4- 2.5% N aC l. T his step  w a s  follow ed by incu­
bation  w ith  b iotiny lated  donkey  anti-rabb it IgG  (Jack­
son Im m unoR esearch Lab) d ilu ted  1:500 in  1% N H S in  
P B S for 1 hr, E xtrA vid in  p eroxidase d ilu ted  1:1500 in  
P B S for 1 hr, tyram ide am plification  for 8 m in  (Tyra- 
m ide A m plification K it, N E N  L ife Science Products, 
B oston, MA), and fin a lly  streptavid in -fiuorescein  (Am- 
ersham , U K ) a t 1:200 for 30  m in . S ection s w ere w ashed  
th ree tim es w ith  P B S  +  T w een  (0.05% ) after each of 
th e  above step s. S ta in in g  for sk e le ta l m u scle  m yosin  
w as perform ed by fu rther in cu b ation  o f  section s over­
n igh t in  2 |xg/ml rabbit anti-P M  in  10% N H S in  PB S +  
2.5% N aC l, follow ed by v isu a liza tio n  w ith  goat an ti­
rabbit cy3 (Jackson Im m unoR esearch  Lab), 1:200 in  
1% N H S  in  P B S  for 1 hr. For th e  lon gitu d in al 50-p.m 
sections, photographs w ere gen era ted  by u sin g  confocal 
m icroscopy.
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