THE UNIVERSITY
of EDINBURGH

This thesis has been submitted in fulfiiment of the requirements for a postgraduate degree
(e.g. PhD, MPhil, DClinPsychol) at the University of Edinburgh. Please note the following
terms and conditions of use:

* This work is protected by copyright and other intellectual property rights, which are
retained by the thesis author, unless otherwise stated.

* A copy can be downloaded for personal non-commercial research or study, without
prior permission or charge.

* This thesis cannot be reproduced or quoted extensively from without first obtaining
permission in writing from the author.

* The content must not be changed in any way or sold commercially in any format or
medium without the formal permission of the author.

*  When referring to this work, full bibliographic details including the author, title,
awarding institution and date of the thesis must be given.



THE ROLE OF TYPE 2 CANNABINOID RECEPTOR
IN BONE METABOLISM

Antonia Sophocleous (BSc)

A thesis submitted for the degree of Doctor of Philosophy
University of Edinburgh
2009



To my family

II



DECLARATION

I hereby declare that this thesis has been composed by myself and the work described
within, except where specifically acknowledged, is my own and that it has not been
accepted in any previous application for a degree. The information obtained from

sources other than this study is acknowledged in the text or included in the references.

Antonia Sophocleous

III



CONTENTS

Dedication

Declaration

Contents
Acknowledgements
Publications from thesis
Abbreviations

List of figures

List of tables

Abstract

CHAPTER ONE

1. INTRODUCTION

1.1 Bone

1.2 Cells in the bone microenvironment
1.2.1 Osteoblasts

1.2.2 Osteocytes

1.2.3 Osteoclasts

1.2.4 Adipocytes

1.2.5 Chondrocytes

1.3 Bone remodelling

1.3.1 Bone resorption

1.3.2 Reversal phase

1.3.3 Bone formation

1.4 Molecular control of bone remodelling
1.4.1 OPG/RANKL/RANK

1.4.2 M-CSF

1.4.3 Oestrogen

1.4.4 Vitamin D

1.4.5 Parathyroid hormone and parathyroid hormone-related peptide

II

III
v
X1
XII
XIII
XVII
XXI
XXII

1A%



1.4.6 Calcitonin

1.5 Bone diseases

1.5.1 Osteoporosis

1.5.2 Rheumatoid arthritis

1.5.3 Osteoarthritis

1.5.4 Cancer-associated bone disease

1.5.5 Paget’s disease of bone

1.6 Treatments to bone diseases

1.6.1 Bisphosphonates

1.6.2 Hormone replacement therapy

1.6.3 Selective oestrogen-receptor modulators
1.6.4 Calcitonin

1.6.5 Parathyroid hormone

1.6.6 Strontium ranelate

1.7 Neurogenic and systemic regulators of bone remodelling
1.7.1 Glutamate

1.7.2 Nitric oxide

1.7.3 Thyroid stimulating hormone and follicle stimulating hormone
1.7.4 Neuropeptide Y

1.7.5 Leptin

1.8 The endocannabinoid system

1.8.1 Cannabinoid receptors

1.8.2 Signal transduction pathways associated with cannabinoid receptors
1.8.3 The endocannabinoids

1.8.4 Endocannabinoid metabolism

1.8.5 Synthetic cannabinoid receptor ligands

1.8.6 Alternative cannabinoid binding sites

1.8.7 Role of the endocannabinoid system

1.9 The endocannabinoid system and bone

1.9.1 Presence of endocannabinoid system in bone
1.9.2 Type 1 cannabinoid receptor and bone

1.9.3 Type 2 cannabinoid receptor and bone

33
36
36
38
39
39
41
43
43
45
46
47
47
49
50
50
50
51
52
53
55
55
57
59
60
61
62
63
65
65
65
67



1.10 Treatment of bone diseases with cannabinoid receptor ligands
1.10.1 Treatment of inflammatory bone diseases with cannabinoid ligands
1.10.2 Treatment of cancer-associated bone disease with cannabinoid
1.11 Aim of this study

CHAPTER TWO

2 MATERIALS AND METHODS

2.1 Preparation of cannabinoid compounds tested

2.2 Tissue Culture

2.2.1 Cell culture medium and standard conditions

2.2.2 Bone marrow macrophage cultures

2.2.3 Bone marrow osteoclast cultures

2.2.4 Fixation and Tartrate-Resistant Acid Phosphatase (TRACP) staining
2.2.5 Calvarial osteoblast cultures

2.2.6 Bone marrow osteoblast cultures

2.2.7 Alizarin Red staining and quantitative destaining procedure
2.2.8 Alamar Blue viability assay

2.2.9 Alkaline phosphatase assay

2.3 Gene expression using Quantitative real-time PCR
2.3.1 RNA extraction

2.3.2 Measuring RNA concentration

2.3.3 Reverse Transcription

2.3.4 gPCR amplification using a fluorescent probe

2.3.5 Normalisation

2.4 Western Blot

2.4.1 Preparation of cell lysates

2.4.2 Measuring protein concentration

2.4.3 Gel electrophoresis

2.4.4 Electrophoretic transfer

2.4.5 Immunostaining and antibody detection

2.5 Animal experimentation

2.5.1 Animals

74
75
75
75
76
77

77
79
80
80
81
82
82
83
83
84
88
90
90
90
90
91
91
93
93

VI



2.5.2 Genotyping Methods 93

2.5.3 SNP genotyping of wild type and CNR2-deficient mice 96
2.5.4 Ovariectomy and sham operations 97
2.5.5 Treatment regiments 97
2.5.6 Posterior vena cava blood collection for serum 98
2.5.7 PINP and CTX serum assays 98
2.5.8 Micro computed tomography ( CT) 99
2.5.9 Bone histomorphometric analysis 103
2.5.10 Image analysis 106
2.6 Data analysis 109
CHAPTER THREE

3 ENDOCANNABINOID SYSTEM IN BONE CELLS 110
3.1 Summary 111
3.2 Introduction 112
3.3 Results 113
3.3.1 Osteoclasts and osteoblasts express type 2 cannabinoid receptors 113

3.3.2 Bone marrow-derived macrophages and osteoclasts express type 2 115
cannabinoid receptors

3.3.3 Bone marrow-derived mature osteoblasts express high levels of CNR2 117
MRNA

3.3.4 Bone cells express the mRNA of endocannabinoid synthesising and 118
breakdown enzymes

3.4 Discussion 121
CHAPTER FOUR

4 BONE PHENOTYPE OF CNR2-DEFICIENT MICE 125
4.1 Summary 126
4.2 Introduction 127
4.3 Results 129

4.3.1 Wild type and CNR2-deficient mice are 96% identical to ‘pure’ 129
C57BL/6 mice

VII



4.3.2 CNR2-deficient mouse neonates have normal bone volume
4.3.3 CNR2-deficient mice exhibit normal peak trabecular bone mass

4.3.4 CNR2-deficient female mice exhibit higher cortical bone volume and
cross-sectional diaphyseal area

4.3.5 CNR2-deficient mice develop a low bone mass phenotype with age
4.3.6 Changes in bone mass at 6 months of age
4.3.7 Changes in bone mass at 12 months of age

4.3.8 Low serum levels of bone formation marker in CNR2-deficient male
mice
4.4 Discussion

CHAPTER FIVE

5 ROLE OF CNR2 IN OSTEOCLAST DIFFERENTIATION AND
FUNCTION

5.1 Summary

5.2 Introduction

5.3 Results

5.3.1 Bone marrow cultures from CNR2-deficient mice have less osteoclasts
5.3.2 Bone marrow cultures from CNR2-deficient mice have normal
macrophage viability

5.3.3 Cannabinoid receptor ligands regulate osteoclast formation in vitro
5.3.4 Cannabinoid receptor ligands influence osteoclast fusion

5.3.5 Effect of cannabinoid receptor ligands on macrophage viability

5.3.6 Effects of cannabinoid receptor ligands on osteoclasts from bone
marrow of wild type and CNR2-deficient mice

5.3.7 Cannabinoid receptor ligands have no effect on macrophage viability
from bone marrow of wild type or CNR2-deficient mice

5.3.8 CNR2-deficient mice are partially protected from ovariectomy-induced
bone loss

5.3.9 Effect of the CNR2-selective antagonist/inverse agonist AM630, on
ovariectomy-induced bone loss

5.4 Discussion

129
130
133

134
138
142
146

147

151

152
153
155
155
156

157
159
161
163

166

168

173

180

VIII



CHAPTER SIX

6 ROLE OF CNR2 IN OSTEOBLAST DIFFERENTIATION AND
FUNCTION

6.1 Summary

6.2 Introduction

6.3 Results

6.3.1 Osteoblasts from bone marrow of CNR2-deficient mice are defective in
differentiation

6.3.2 Calvarial osteoblasts from CNR2-deficient mice form defective bone
nodules

6.3.3 Nodule formation by calvarial osteoblasts from CNR2-deficient mice is
defective as a result of defective osteoblast differentiation

6.3.4 Cannabinoid receptor ligands do not affect calvarial osteoblast
differentiation or growth

6.3.5 Cannabinoid receptor agonists stimulate nodule formation in calvarial
osteoblast cultures

6.3.6 Effects of cannabinoid receptor agonists on bone nodule formation in
calvarial cultures from wild type and CNR2-deficient mice

6.3.7 Effect of the CNR2-selective agonist HU308, on ovariectomy-induced
bone loss

6.1 Discussion

CHAPTER SEVEN

DISCUSSION AND CONCLUSIONS

Bibliography

Appendices

Appendix 1. Materials, reagents, apparatus and software.
Appendix 2. Solutions.

Appendix 2.1 Solutions for TRACP staining

Appendix 2.2 Solutions for ALP assay

Appendix 2.3 Solution for cell lysis

Appendix 2.4 Solutions for PAGE and Western Blot
Appendix 2.5 Solutions for histology

184

185
186
187
187

189

190

192

195

196

199

209

214

221

263
264
271
271
272
272
272
273

IX



Appendix 3. The chemical structures of endocannabinoids, cannabinoid
receptor agonists and antagonists/inverse agonists.

Appendix 4. Ki values of endocannabinoids, CNR1- and CNR2-selective
ligands.

Appendix 5. Comparison of wild type and CNR2-deficient mice of this
study to ‘pure’ C57BL/6 mice.

Appendix 6. CNR2-deficient mice have normal body weight throughout
their lives.

Appendix 7. Table with actual values of nCT analysis of trabecular bone
from wild type and CNR2-deficient mice following ovariectomy (OVX) or
sham operation.

Appendix 8. Actual values of pCT analysis of trabecular bone from wild
type and CNR2-deficient mice following ovariectomy (OVX) and AM630
treatment.

Appendix 9. Effect of cannabinoid receptor ligands on calvarial osteoblast
growth and differentiation from wild type and CNR2-deficient mouse
neonates.

Appendix 10. Actual values of pCT analysis of trabecular bone from wild
type and CNR2-deficient mice following ovariectomy (OVX) and treatment
with HU308.

Appendix 11. Actual values of pCT analysis of cortical bone from wild type
and CNR2-deficient mice following ovariectomy (OVX) and treatment with
HU308.

Appendix 12. Growth and alkaline phosphatase activity of calvarial
osteoblasts from wild type and CNR2-deficient mice.

Appendix 13. Published papers.

274

275

276

278

279

280

281

282

283

284

285



ACKNOWLEDGEMENTS

First and foremost I would like to express my deepest gratitude and appreciation to my
supervisor Professor Stuart H. Ralston. His enthusiasm, encouragement and guidance in this
project were truly inspiring and a driving force towards the completion of this thesis. I would
also like to extent my gratitude and sincere thanks to my co-supervisor Dr. Aymen . Idris for his
constant encouragement and energetic motivation. On a daily basis I was fortunate to count on
his help and support by teaching me new technical skills and by reviewing and criticising my
work. I would also like to thank him for his trust in my capabilities to bring this project to a

conclusion.

I am also very grateful to Dr. Rob van’t Hof for his technical advice and support and for his
early contribution on reviewing the first drafts of this thesis. Thanks to all past and present
members of the Bone Group. In particular, many thanks to Euphemie Landao-Bassonga for her
excellent technical assistance in qPCR and histomorphometry. Many thanks to Dr. Omar
Albagha, Dr. Anna Daroszewska, Dr. Huilin Jin, Dr. Philip Riches and Dr. Nerea Alonso for
their advice, discussion and support. Thanks to Micaela Rios, Sarah Alison, Ken Rose, Lorraine
Rose, Leila Shaw and to the Animal unit staff at the Western General Hospital, for promptly
processing my requests and efficiently dealing with my demands. Thanks also to Belinda
Stephens for taking me through the bureaucratic process. A warm thank you to my fellow
students, Manu Coste, John Logan, Roslynn McConnell, Miriam Portela, Wanting Chen and
Helen Knight, and my friends Frances Maddicott, Wahiba Jennane and Katri Lohmus, for all the

good times shared in these last three years.

I would also like to thank Dr. Roel J. Arends (Organon) who kindly provide us with the CNR2-
selective agonist HU308 and Dr. Patrick Mollat (Proskelia SASU) for his kind offer of human
recombinant RANKL.

Most of all, thanks are due to my family, especially to my parents, for the love and support they
have given me throughout my studies. Finally, to my fiancé Nuno, ‘muito obrigada por seres o

meu cogumelo especial!’ I couldn’t have done it without your help.

This work was funded by the Principal’s Scholarship from the University of Edinburgh, and
grants from the Arthritis Research Campaign (UK).

XI



PUBLICATIONS FROM THESIS

Papers

Idris, A.L., Sophocleous, A., Landao-Bassonga, E., van’t Hof, R.J. & Ralston, S.H.
(2008). Regulation of bone mass, osteoclast function, and ovariectomy-induced bone
loss by the type 2 cannabinoid receptor. Endocrinology. 149, 5619-5626.

Idris, A.IL., Sophocleous, A., Landao-Bassonga, E., Canals, M., Milligan, G.I., Baker, D.,
van’t Hof, R.J. & Ralston, S.H. Cannabinoid receptor type 1 protects against age-related

bone loss by regulating osteoblast and adipocyte differentiation in marrow stromal cells.
Cell metabolism.10, 139-147.

Sophocleous, A., Landao-Bassonga, E., van’t Hof R.J., Ralston, S.H. & Idris, A.IL

Regulation of osteoblast function and age-related bone loss by the type 2 cannabinoid
receptor. (In preparation)

Abstracts, Oral Presentations & Awards

Sophocleous, A., Landao-Bassonga.E., van’t Hof, R.J., Ralston, S.H. & Idris, A.L
(2009). The type 2 cannabinoid receptor (CB2) protects against age-related osteoporosis
by affecting bone formation and CB2 agonists exhibit anabolic activity in vivo.
-Presented at the 36™ European Symposium on Calcified Tissues, Vienna, Austria, May
2009. Received NEW INVESTIGATOR AWARD.

Sophocleous, A., Landao-Bassonga, E., van’t Hof, R.J., Ralston, S.H. & Idris, A.IL
(2008). Cannabinoid receptor antagonists inhibit osteoclast formation in vitro and
ovariectomy-induced bone loss in vivo through the CB1 and CB2 receptors. Calcified
Tissue International, 82 (Suppl 1), S31.

-Presented at the 35™ European Symposium on Calcified Tissues, Barcelona, Spain, May
2008. Received NEW INVESTIGATOR AWARD.

Sophocleous, A., Landao-Bassonga, E., van’t Hof, R.J., Idris, A.I. & Ralston, S.H.
(2008). Cannabinoid receptor 2 selective agonists stimulate osteoclast formation in vitro
but act as anabolic agents in vivo by stimulating bone formation. Bone, 42 (Suppl 1),
S31.

-Presented at the International Bone and Mineral Society workshop, Davos, Switzerland
(March 2008). Received TRAVEL AWARD.

Sophocleous, A., Landao-Bassonga, E., van’t Hof, R.J., Idris, A.Il. and Ralston, S.H.
(2007). Cannabinoid receptor agonists are potential bone anabolic agents which
stimulate bone formation in vitro and increase bone mass in vivo. Calcified Tissue
International, 80 (Suppl 1), S32.

-Presented at the 34" European Symposium on Calcified Tissues, Copenhagen,
Denmark, May 2007. Received TRAVEL AWARD.

XII



ABBREVIATIONS

1,25-(OH), vitamin D;
2-AG

aa

AC
Adrb2
AEA
ALP
aMEM
ANOVA
AP-1
BCA
BFR
B-GP
BM
BMD
BMP
BMPR
BMU

bp

BSP
BV/TV
C57BL/6
CAll
Ca2+
cAMP
Cbfal
CDS
c-Fms
CFU-GM
CGRP
Cr
CNR1
CNR2
CNR1™"
CNR2™"
CNS
COLIA1
CREB
Ct.Ar
Ct.BY
Ct.Dm
Ct.Th
C-terminus
CT (R)
CTX

1,25-dihydroxyvitamin D;
2-arachidonyl glycerol

Amino acid

Adenylate cylase

[2-adrenergic receptors

Anandamide

Alkaline Phosphatase
Alpha-Minimum Essential Medium
Analysis of variance

Activator protein-1

Bicinchoninic acid

Bone formation rate

Beta-glyderol phosphate

Bone Marrow

Bone mineral density

Bone morphogenetic protein

Bone morphogenetic protein receptor
Basic multicellular unit

Base pair

Bone sialoprotein

Trabecular bone volume to total volume
An inbred mouse strain

Cytosolic carbonic anhydrase II
Calcium ions

Cyclic AMP

Core-binding factor a1

Coding sequence

Receptor of M-CSF

Colony forming unit granulocyte-macrophage
Calcitonin gene-related peptides
Chloride ions

Type 1 Cannabinoid Receptor

Type 2 Cannabinoid Receptor

CNRI1 knockout

CNR?2 knockout

Central nervous system

Type I collagen

cAMP response element-binding protein
Cross-sectional cortical area

Cortical volume

Cortical diameter

Cortical thickness

Carboxyl-terminus

Calcitonin (receptor)

C-terminal telopeptides of type I collagen

XIII



DAG
DEPC
dH,O
Dkk1
DMSO
Dvl
ECs
ECM
EDTA
EP2
ER
ERK
ET1
FAAH
FCS
FGF
FSH
FSHR
Fz

G

g, mg, ug, ng
GC-MS
GM-CSF
GPCR
Grb2
GSK3
H+
HBSS
HCOy
HRP
HRT
ICs

ID
IFNy
IGF
IxB
IKK
IL (R)
JNK
K+

kb

kg
KLF
kV

I, ml, pl
LD linkage
LEF

Diacylglycerol

Diethyl Pyrocarbonate

Distilled water

Dickkopf 1

Dimethyl sulfoxide

Disheveled

Half maximal effective concentration
Extracellular matrix
Ethylenediaminetetraacetic acid
PGE2 receptor

Oestrogen receptor

Extracellular regulated kinase
Endothelin-1

Fatty acid amide hydrolase

Fetal Calf Serum

Fibroblast growth factors

Follicle stimulating hormone

Follicle stimulating hormone receptor
Frizzled

Gauge

Gram, milligram, microgram, nanogram
Gas chromatography — mass spectrometry
Granulocyte-macrophage colony stimulating factor
G protein-coupled receptor

Growth factor receptor bound protein 2
Glycogen synthase kinase 3

Hydrogen ions

Hank's balanced salt solution
Bicarbonate ions

Horseradish peroxidase
Hormone-related therapy

Half maximal inhibitory concentration
Identification number

Interferon gamma

Insulin growth factor

Inhibitor of NFxB

IxB kinase

Interleukin (receptor)

c-Jun N-terminal kinase

Potassium ions

Kilobase

Kilogram

Kriippel-like factors

Kilovolt

Litre, millilitre, microlitre

Linkage disequilibrium
Lymphoid-enhancer binding factor

X1V



LRP

M, mM, uM, nM
m/sM-CSF
m/sRANKL
mA,
MAPK
MAR
M-CSF
pCT

MEA
Med.Cav.Dm
MEK

Mo

MGL

Mm, nm
MMA
MMP
MSC

Na*
NAPE-PLD
NEO
NFATcl
NF-xB
nNOS

NO

NOS

NPY
N-terminus
OA

OB
Ob.N/BS
ObR

oC
Oc.N/BS
Oc.S/BS
OCN

ONJ

OPG

OPN

OSN

Osx

p

PBS

PDB
PDGF
PGE2

PI;

LDL receptor-related protein

Molar, millimolar, micromolar, nanomolar
Membrane-bound/soluble M-CSF
Membrane-bound/Soluble RANKL
Milliampere

Mitogen activated protein kinase
Mineral apposition rate

Macrophage colony stimulating factor
Micro computed tomography
2-Methoxyethyl acetate

Medullary cavity diameter

MAPK kinase/ERK kinase
Macrophages

Monoacylglycerol lipase

Millimetre, nanometre

Methyl methacrylate
metalloproteinase

Mesenchymal stem cells

Sodium ions

N-acyl phosphatidylethanolamine phospholipase D

Neomycin

Nuclear factor of activated T cells 1
Nuclear factor kB

Neuronal isoform of nitric oxide synthase
Nitric oxide

Nitric oxide synthase

Neuropeptide Y

Amino-terminus

Osteoarthritis

Osteoblast

Osteoblast number per bone surface
Leptin receptor

Osteoclast

Osteoclast umber per Bone Surface
Active resorption area per bone surface
osteocalcin

Osteonecrosis of the jaw
Osteoprotegerin

Osteopontin

Osteonectin

Osterix

Probability

Phosphate buffered saline

Paget’s disease of bone
Platelet-derived growth factors
Prostaglandin E2

Inositol triphosphate

XV



PI3K
PINP
PIP2
PKA/B/C
PLC
PPARYy2
PTH
PTHR1
qPCR
RANK
RANKL
RGD
RNA
ROI
RPM
Runx2
sd
sem/SEM
SERMs
SNP
SOST
Sox
Tb.N
Tb.Pf
Th.Sp
Tb.Th
TBI

TE
TGF-B
™
TMB
TNF (R)
TRAcP
TRAF
Trizol®
TSH
TSHR
UPL
UTR
uv

viv
VDR
VEGF
w/v

Phosphatidylinositol-3-Kinase
N-terminal propeptide of type I procollagen
Phosphatidylinositol bisphosphate
Protein kinase A/B/C
Phospholipase C

Peroxisome proliferator-activated receptor y2
Parathyroid hormone

Type 1 PTH/PTHrP receptor

Real time quantitative PCR
Receptor activator of NF-kB
Receptor activator of NF-kB ligand
Arg-Gly-Asp tripeptide
Ribonucleic Acid

Region of interest

Revolutions per minute
Runt-related transcription factor
Standard deviation

Standard error of mean

Selective oestrogen-receptor modulators
Single nucleotide polymorphism
Sclerostin

DNA-binding SRY box

Trabecular number

Trabecular pattern factor
Trabecular separation

Trabecular thickness

Traumatic brain injury

Tris EDTA

Transforming growth factor-3
Transmembrane
tetramethylbenzidine

Tumour necrosis factor (receptor)
Tartrate-resistant acid phosphatase
TNF receptor-associated factor
Total RNA Isolation reagent
Thyroid stimulating hormone
Thyroid stimulating hormone receptor
Universal Probe Library
Untranslated region

Ultraviolet

Volume to volume

Vitamin D receptor

Vascular endothelial growth factor
Weight to volume

XVI



LIST OF FIGURES

Figure # Page

Figure 1.1 Types of bone 3

Figure 1.2 Role of transcription factors in lineage determination 6

Figure 1.3 Schematic illustration of receptors and signal transduction 8
pathways in osteoblasts

Figure 1.4 Schematic illustration of the differentiation of osteoclast 11

Figure 1.5 Schematic illustration of receptors and signal transduction 13
pathways in osteoclasts

Figure 1.6 Schematic illustration of transport mechanisms involved in bone 16
resorption in osteoclast

Figure 1.7 Schematic illustration of bone remodelling cycle 21

Figure 1.8 Schematic illustration of osteoclast differentiation and cross-talk 27
with osteoblasts

Figure 1.9 RANKL/RANK and M-CSF/c-Fms signalling pathways 29

Figure 1.10  Schematic representation of the main signal transduction pathways 58
associated with CNR1 and CNR2

Figure 1.11 Schematic illustration of endocannabinoid synthesis and 61
breakdown

Figure 1.12  Schematic representation of the current models of the regulation of 69
bone remodelling by cannabinoid ligands

Figure 2.1 Schematic illustration of isolation of bone marrow cells 76

Figure 2.2 Schematic illustration of isolation of mouse calvarial osteoblasts 79

Figure 2.3 qPCR products 87

Figure 2.4 Amplification plots and standard curve from Opticon Monitor 3 88

Figure 2.5 Mouse canabinoid receptor 2 protein (CNR2) 94

Figure 2.6 PCR design for identifying CNR2-deficient mice 95

Figure 2.7 Gel electophoresis analysis to identify CNR2-deficient mice 96

Figure 2.8 pCT scan procedure 103

Figure 2.9 Histology and histomorphometry procedures 106

Figure 2.10  Static and dynamic histomorphometric analysis 107

XVII



Figure 3.1
Figure 3.2

Figure 3.3

Figure 3.4

Figure 3.5

Figure 3.6

Figure 3.7

Figure 3.8

Figure 4.1

Figure 4.2

Figure 4.3

Figure 4.4

Figure 4.5
Figure 4.6
Figure 4.7

Figure 4.8

Figure 4.9

Figure 4.10

Figure 4.11

Figure 4.12

mRNA expression of CNR2 in osteoclasts and osteoblasts

CNR?2 protein expression in osteoclasts and osteoblasts

mRNA expression of CNR2 in bone marrow and bone marrow-
derived macrophages and osteoclasts

CNR2 protein expression in bone marrow and bone marrow-
derived macrophages and osteoclasts

mRNA expression of CNR2 in bone marrow-derived osteoblasts

mRNA expression of enzymes involved in the synthesis of AEA in
brain and bone microenvironment

mRNA expression of enzymes involved in the synthesis of 2-AG
in brain and bone microenvironment

mRNA expression of enzymes involved in the breakdown of AEA
and 2-AG in brain and bone microenvironment

CNR2-deficient mouse neonates have normal bone volume

Trabecular bone mass in 3-month old wild type and CNR2-
deficient mice

Bone histomorphometry in 3-month old wild type and CNR2-
deficient mice

Cortical bone in 3-month old wild type and CNR2-deficient
female mice

CNR2-deficient mice develop age-related osteoporosis
Cortical bone of wild type and CNR2-deficient female mice
Cortical bone of wild type and CNR2-deficient female mice

Trabecular bone mass in 6-month old wild type and CNR2-
deficient mice

Bone histomorphometry in 6-month old wild type and CNR2-
deficient mice

Trabecular bone mass in 12-month old wild type and CNR2-
deficient mice

Bone histomorphometry in 12-month old wild type and CNR2-
deficient mice

Summary tables for bone histomorphometry in 3, 6 and 12-month
old wild type and CNR2-deficient male (A) and female (B) mice

113
114

115

116

117
118

119

120

129
131

132

133

135
136
137
139

141

143

144

145

XVIII



Figure 4.13

Figure 5.1

Figure 5.2

Figure 5.3

Figure 5.4

Figure 5.5

Figure 5.6

Figure 5.7

Figure 5.8

Figure 5.9

Figure 5.10

Figure 5.11

Figure 5.12

Figure 5.13

Figure 5.14

Figure 5.15

Figure 5.16

Figure 5.17

Biochemical markers of bone turnover in 12-month old wild type
and CNR2-deficient mice

M-CSF and RANKL-stimulated bone marrow cultures from wild
type and CNR2-deficient mice

M-CSF-stimulated bone marrow cultures from wild type and
CNR2-deficient mice

Effect of cannabinoid receptor ligands on osteoclast formation in
vitro

Effect of cannabinoid receptor agonists on osteoclast nuclearity

Effect of cannabinoid receptor antagonists/inverse agonists on
osteoclast nuclearity

Effect of cannabinoid receptor agonists on macrophage number

Effect of cannabinoid receptor antagonists/inverse agonist on
macrophage number

Effect of cannabinoid receptor agonists on osteoclasts from wild
type and CNR2-deficient mice

Effect of cannabinoid receptor antagonists/inverse agonists on
osteoclasts from wild type and CNR2-deficient mice

Effect of cannabinoid receptor agonists on macrophages from wild

type and CNR2-deficient mice

Effect of cannabinoid receptor antagonists/inverse agonists on
macrophages from wild type and CNR2-deficient mice

Effect of ovariectomy (Ovx) on trabecular bone in wild type and
CNR2-deficient mice

Effect of ovariectomy on body weight gain in wild type and
CNR2-deficient mice

Effect of ovariectomy on uterine and spleen weights in wild type
and CNR2-deficient mice

Effect of AM630 on ovariectomy-induced bone loss in wild type
and CNR2-deficient mice

Effect of AM630 on other pCT parameters of trabecular bone
following ovariectomy in wild type and CNR2-deficient mice

Effect of ovariectomy and AM630-treatment on body weight gain
in wild type and CNR2-deficient mice

146

155

156

158

159
160

161
162

164

165

166

167

169

171

172

174

176

178

XIX



Figure 5.18

Figure 6.1

Figure 6.2

Figure 6.3

Figure 6.4

Figure 6.5

Figure 6.6

Figure 6.7

Figure 6.8

Figure 6.9

Figure 6.10

Figure 6.11

Figure 6.12

Figure 6.13

Effect of ovariectomy and AM630-treament on uterine and spleen
weights in wild type and CNR2-deficient mice

Bone marrow from CNR2-deficient mice have reduced ALP
activity and defective bone nodule formation

Calvarial osteoblasts from CNR2-deficient mice form defective
bone nodules

Calvarial osteoblasts from CNR2-deficient mice are defective in
differentiation

Effect of cannabinoid receptor ligands on ALP activity of calvarial
osteoblasts

Effect of cannabinoid receptor ligands on calvarial osteoblast
number

Effect of cannabinoid receptor ligands on bone nodule formation
from calvarial osteoblasts

Effect of CNR2-selective agonists on nodule formation in calvarial
osteoblast cultures from wild type and CNR2-deficient mice

Effect of the endocannabinoid AEA on nodule formation in
calvarial osteoblast cultures from wild type and CNR2-deficient
mice

Effect of HU308 on ovariectomy-induced bone loss in wild type
and CNR2-deficient mice

Effect of HU308 on other parameters of trabecular bone following
ovariectomy in wild type and CNR2-deficient mice

Effect of HU308 on cortical bone of wild type and CNR2-deficient
mice following ovariectomy

Effect of ovariectomy and HU308-treatment on body weight gain
in wild type and CNR2-deficient mice

Effect of ovariectomy and HU308-treatment on uterine and spleen
weights in wild type and CNR2-deficient mice

179

188

189

191

193

194

195

197

198

200

202

204

207

208

XX



LIST OF TABLES

Table # Page

Table 1.1 Systemic and local factors regulating bone remodelling. 35

Table 2.1 gPCR primers and the universal probe library number and sequence 85

Table 2.2 Amplicon length and the sequence identification number (ID) for 85
each gene

Table 2.3 Reconstruction parameters by NRecon software 100

Table 2.4  Analysing parameters by CTAn software 101

Table 2.5  Analysing parameters and abbreviations 102

Table 2.6 Stages and reagents for Leica tissue processor programme 104

Table 2.7 Static and dynamic bone histomorphometric parameters 108

Table 5.1 Effect of ovariectomy (Ovx) on static histomorphometry in wild 170
type and CNR2-deficient mice

Table 5.2 Static histomorphometry in wild type mice following ovariectomy 177
(OVX) and AM630 treatment at 0.1 and 1.0mg/kg for 3 weeks

Table 6.1 Static and dynamic histomorphometry in wild type and CNR2- 206

deficient mice following ovariectomy (OVX) and HU308 treatment
(0.1 and 1.0mg/kg) for 3 weeks

XXI



The Role of Type 2 Cannabinoid Receptor in Bone Metabolism

Antonia Sophocleous
School of Molecular and Clinical Medicine
University of Edinburgh

ABSTRACT

Cannabinoid receptors play an important role in regulating bone mass and bone
turnover. Studies in our laboratories have shown that young mice lacking type 1
cannabinoid receptor (CNR1™) had increased bone mass and were resistant to
ovariectomy-induced bone loss. Other workers have reported that type 2 cannabinoid
receptor knockout mice (CNR2™) develop age-related osteoporosis. The aim of this PhD
thesis was to further investigate the role of CNR2 in bone metabolism in vitro and in

Vvivo, using genetic and pharmacological approaches.

This study showed that CNR2” mice had normal bone mass and bone turnover at 3
months of age, but following ovariectomy, CNR2" mice were partially protected from
bone loss, because of a mild defect in osteoclast formation and bone resorption. In
keeping with this, studies in vitro showed that RANKL-stimulated bone marrow cultures
from CNR2”" mice had fewer osteoclasts than cultures from wild type littermates. The
CNR2-selective antagonist/inverse agonist AM630, inhibited osteoclast formation in
wild type bone marrow cultures in vitro and prevented ovariectomy-induced bone loss in
wild type mice in vivo. In contrast, osteoclast cultures from CNR2”" mice were resistant
to the inhibitory effects of AM630 at low concentrations and CNR2” ovariectomised
mice did not respond to its protective effects at low doses, consistent with a CNR2-
mediated effect. These results indicate that CNR2 regulates bone loss under conditions
of increased bone turnover, such as ovariectomy, by affecting osteoclast differentiation

and function.

CNR2-deficient mice developed accelerated age-related osteoporosis and by 12 months

of age they had a significant reduction in osteoblast numbers and bone formation,
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whereas osteoclast numbers remained comparable to wild type littermates. In agreement
with this, osteoblasts derived from bone marrow of CNR2” mice had reduced PTH-
stimulated alkaline phosphatase activity and ability to form bone nodules, when
compared with wild type cultures. The CNR2-selective agonist, HU308, stimulated bone
nodule formation in wild type calvarial osteoblast cultures in vitro and reversed
ovariectomy-induced bone loss in wild type mice in vivo. HU308 had blunted effects on
bone nodule formation in cultures from CNR2” mice and no significant effects on
ovariectomy-induced bone loss in CNR2” mice, indicating a CNR2-mediated effect.
These studies demonstrate that CNR2 protects against age-related bone loss by mainly

enhancing osteoblast differentiation and bone formation.

In conclusion, type 2 cannabinoid receptors protect from bone loss by maintaining bone
remodelling at balance. In addition, type 2 cannabinoid receptor agonists show evidence
of anabolic activity, whereas antagonists/inverse agonists show evidence of anti-

osteoclastic activity in vitro and in vivo.
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Chapter 1: INTRODUCTION

1 INTRODUCTION
1.1 BONE

Bone is a dynamic, and specialized connective tissue that together with joint tissues such
as cartilage and synovium, makes up the skeleton. In conjunction with muscles, bone
supports body structures, protects internal organs, functions as a reservoir for

calcium/phosphate ions and facilitates movement (Murray J.Favus [Editor], 2006).

Two types of bone are recognised according to the mechanism of development. Long
bones such as tibia, femur, radius and humerus, are derived from endochondral
ossification, whereas flat bones such as clavicle, mandible and skull bones are derived
from intramembranous ossification. The main difference between these two processes of
bone development is the presence of a cartilaginous phase in the former (Murray J.Favus

[Editor], 2006).

Long bones have a cylindrical structure with a central medullary cavity hosting the main
haemopoietic organ, the bone marrow (Figure 1.1). The bony tube is the diaphysis and is
attached to wider edges, the epiphyses. The zone between the diaphysis and the
epiphyses is called the metaphysis. During growth, there is strict separation between the
metaphyseal and epiphyseal part of the bone by a layer of hyaline cartilage, known as
the growth plate and is the growing portion of long bones. At the end of the growing
period the growth plate is replaced by mineralised bone, leaving behind just the
epiphyseal line. Flat bones are composed of two thin layers of bone enclosing a flattened

medullary cavity with bone marrow (Murray J.Favus [Editor], 2006).

According to its structure, bone is classified into two types: cortical or compact bone and

trabecular or cancellous bone (Figure 1.1).
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