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1.1 Introduction

[.1.1. The Skeleton

The skeleton is a complex organ that has many purposes. The framework of the
skeleton comprises different bone structures connected together by tendons,
ligaments and cartilaginous tissues allowing for movement and locomotion (Seeley
et al., 1995). As a supportive role, many bones form protective structures around
internal organs such as the brain, heart and lungs. In addition, the skeleton performs
an essential role, along with the kidneys, in ion homeostasis (Lian et al., 1999).
Marrow spaces within the long bones also provide a controlled environment tor
haematopoiesis to occur during postnatal life (Beresford, 1989). To be able to
perform on many levels the skeleton as an organ is required to adapt and remodel 1n

response to changes in 1ts respective roles.

[.1.2. Bone

Bones are made up of two main types of structure, compact (also known as cortical
bone), and cancellous bone (also known as trabecular bone). Compact bone makes
up approximately 85% of the skeleton (Mundy, 1999). The structure of compact
bone is dense, unporous, highly organised, found along the shafts of long bones
(including the femur, tibia, radius and ulna), and forms the principal component of
flat bones such as those of the skull. Compact bone contains very few interstitial
spaces; those present are organised 1nto osteons or haversian systems occupied by
blood vessels or haversian/central canal. Cancellous bone makes up the remainder of
the skeleton. Cancellous bone 1s arranged as a scaftfold of trabeculae spanning the
circumference of the epiphysis of long bones and vertebrae of the spinal column. The

trabecular arrangement of cancellous bone assumes alignment in the direction of the
major mechanical forces bones receive during locomotion and physical activity
(Robey, 1992, Currey, 2002).

Unlike many other tissues, bone 1s composed largely of inorganic materials.
Calcium and phosphorous or inorganic phosphate (P1 phosphate) combine together to
form hydroxyapatite [Cas(PO4);OH] providing approximately 65% of the bone
material (Lian et al., 1999, and Boskey, 1992). Mineralised bone also contains a
small amount of other 1ons such as magnesium, fluoride, carbonate, citrate and

potassium (Boskey, 1992). A network of collagenous fibres, non-collagenous matrix



Chapter 1

proteins and cells make up the organic component of bone constructing a framework
for hydroxyapatite deposition. Collagen type I (col I) constitutes 90% of the
collagenous material of bone, forming fibrils that are laid down in a distinctive
direction (Boskey, 1992). Non-collagenous matrix proteins attach to these collagen
fibres creating a protected environment for the initiation of hydroxyapatite crystal
formation or a ‘nucleation site’ (Lian et al., 1999). Hydroxyapatite crystals then
accumulate, aligning parallel to the orientation of the collagen fibres. In haversian
systems, collagen fibres alternate in their orientation providing the highly organised
lamella structure of compact bone (Lian et al., 1999). The structure, organisation,
size, distribution and orientation of organic matrix proteins and hydroxyapatite can

significantly affect the mechanical properties of bone.

[.1.3. The Bone Microenvironment

The bone microenvironment encompasses many different cell types that
communicate and interact, mutually regulating their activity and function.
Mesenchymal progenitor cells located in the bone marrow compartment give rise to
preosteoblastic cells (Beresford, 1989). In response to systemic and local
extracellular cues preosteoblast cells differentiate into mature bone-forming
osteoblasts recognisable by their cuboidal appearance, elongated nucleus, prominent
golgl body and rough endoplasmic-reticulum (ER) (Lian et al., 1999, Ducy et al.,
2000 and refs therein). Osteoblasts are found at the bone surface and produce bone
by expressing and secreting extracellular matrix and components required for matrix
mineralisation.  Fibroblast-like bone lining cells also occupy the bone surface.
Compact bone tissue 1s populated with osteocytes which are numerous and widely
distributed (Lian et al., 1999). Osteoclasts are the bone resorbing cells derived from
a different cell lineage than osteoblasts. Mature multinucleated osteoclasts are
polarised cells that secrete lysosomal enzymes and collagenases to break down bone
making way for new bone formation by osteoblasts (Lian et al., 1999, Teitelgaum,
2000).  Other cells such as megakaryocytes are also found in the bone

microenvironment and may play a role in bone formation (Lian et al., 1999

Compston, 2002).
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1.2 Osteoblasts

1.2.1. Defining osteoblasts

Accumulated evidence suggests osteoblast differentiation is a complex process
involving numerous interacting factors and mechanisms, many of which are
seemingly similar to those of other cell types (Ducy, 2000). The understanding and
research of differentiation of other cell types has been facilitated by distinct changes
in cell morphology and phenotype at specific stages of differentiation. However,
osteoblasts are phenotypically very similar to fibroblasts both in vitro and 1n vivo.
There are very few genes exclusively expressed by osteoblasts, so far making the
characterisation of osteoblast differentiation very difficult. The only defining
attribute of an osteoblast is the ability of mature terminally differentiated osteoblasts
to produce a mineralised bone matrix (Ducy, 2000, Karsenty, 2001).

Despite an extensive search for osteoblast specific factors, only osteocalcin
and Cbfal have been identified with expression or function that 1s limited to the
osteoblast lineage (Ducy, 2000, Karsenty, 2000, Karsenty, 2001). Osteocalcin 1is

secreted by osteoblasts, accounting for a large percentage (approximately 20%) ot

the non-collagenous component of the bone matrix (Lian et al., 1999). Within the 6
kDa of the osteocalcin protein, 3 gamma-carboxyglutamic acid (Gla) sites with high
affinity to calcium are contained, enabling 2-3 moles of calcium per mole of protein
to be bound (Young et al., 1992, Boskey, 1992). There 1s also a site for apatite
binding that is dependent upon calcium binding (Young et al., 1992, Boskey, 1992).
The expression of osteocalcin appears late in osteoblast differentiation, expression
limited to the mature terminally differentiated osteoblasts (Lian et al., 1999,
Karsenty, 2000, Ducy et al., 2000 and refs therein). The expression profile of
osteocalcin indicates a bone specific role, restricted to osteoblasts at sites of bone
formation. The exact function of osteocalcin in bone 1s unknown, however evidence
suggests that it acts to inhibit osteoblast differentiation, and reduce the mineralisation
process by binding calcium and phosphate, sequestering them from interactions
required for hydroxyapatite production and matrix mineralisation (Young, et al.,

1992, Boskey, 1992, Lian et al., 1999).

Examination of the promoter region of the osteocalcin gene identified two

osteoblast specific elements (OSE 1 and 2) that were subsequently linked with the
transcription factor Core binding factor alpha 1 (Cbfal) (Ducy and Karsenty, 1995,
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Ducy et al., 1996, for review see Karsenty, 2000). Cbfal, also known as acute

myeloid leukaemia factor 3 (AML3), polymavirus enhancer binding protein 20A

(PEBP20A), and runt related gene 2 (Runx?2), is a transcription factor of the runt

family, related to a drosophilia transcription factor that binds to DNA and activates
transcription via a conserved domain of 128 amino acids known as the runt domain
(Komori and Kishimoto, 1998, Westendorf and Hiebet, 1999, Franceschi, 1999,
Komori, 2002). The runt family of transcription factors function as a heterodimeric
complex of alpha (Cbfa) and beta (Cbfb) subunits, both of which are required for
activation of transcription (Yoshida et al., 2002, Kundu et al., 2002). Cbitb 1s a small
protein with no DNA binding or transcriptional ability of its own; rather 1t induces an
increased affinity of the runt domain of Cbfa for DNA. Apart from the runt domain,
other sites at the N and C-terminus of the Cbfal gene product are important 1n
function. The N-terminus contains a polyglutamine and polyalanine repeat region
that acts as an activation domain. The C-terminus also contains important activation,
repression, and nuclear localisation signals within a stretch of proline, serine, and

threonine (PST) residues. Members of the runt family are established regulators ot

lineage differentiation, e.g. Cbfa2 (also AML1, PEPBalA and Runxl) 1s well

characterised as a critical element in haematopoiesis, the most common cause of
acute myeloid leukaemia occurring via translocation of the Cbfa2 gene locus (Robin
et al., 2003). Although not exclusively expressed by osteoblasts, the expression of
Cbfal displays a very specific pattern relating to that of embryonic bone formation
and mature osteoblast function.

Characterisation of Cbtal expression during embryonic development
revealed that regardless of embryonic origin, Cbfal precedes the onset of
osteogenesis, and 1s expressed 1n all cells destined to become osteoblasts and
chondrocytes (Karsenty, 2000, Ducy, 2000). At the onset of osteogenesis, Cbfal
expression becomes limited to osteoblasts, with expression in cartilaginous tissues
rapidly decreasing (Karsenty, 2000, Ducy, 2000). Although homozygous mutants of
Cbfal produce a lethal phenotype, analysis of the skeletons revealed a complete lack
of mature osteoblasts and bone ossification, leading to a normally patterned skeleton
made of only cartilaginous elements, and incomplete intramembranous bones (Otto
et al.,, 1997, Lee et al., 1997). The phenotype of Cbfal haploinsufficiency as

observed 1n Cbfal heterozygous mice 1s also comparable to the autosomal dominant
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human bone disorder Cleidodocranial dysplasia (CCD) that is characterised by
hypoplastic clavicles, patent fontanelles and sutures of the skull (Lee et al., 1997.
Mundlos et al., 1997, Mundlos, 1999). Numerous clinical presentations of CCD
have now been linked to mutations in the Runx? allele (Yokozeki et al., 2000, Golan
et al., 2000, Giannotti et al., 2000, Quack et al., 1999). In adult life, all pre-
osteoblasts and osteoblasts express Cbfal (Ducy, 2000). In vitro studies
demonstrated activation of the osteocalcin gene by Cbfal via the OSE 1 and 2 sites,
and in doing so controlling osteoblast differentiation (Karsenty et al., 2000). It 1s
clear that Cbfal plays an essential role in osteogenesis; factors that influence the
regulation of Cbfal expression and function are therefore important regulators of

osteoblast difterentiation.

1.2.2. Osteoblastogenesis

Although only osteocalcin and Cbfal have proved to be predominantly osteoblast or
bone specific in expression and function, multiple other factors control osteoblast
differentiation and therefore osteogenesis. Cells of the osteoblast lineage are derived
from a primitive mesenchymal progenitor cell that has multi-lineage potential,
generating adipocytes, myoblasts, bone marrow stromal cells, and chondroblasts as
well as osteoblasts (Caplan and Brunder, 2001). Osteoblastogenesis occurs under
sequential expression of multiple transcription factors, matrix proteins, and induction

by a variety of growth factors and signalling systems. The most recent description of

osteoblast differentiation defines mesenchymal stem cells that differentiate into
osteoprogenitor and pre-osteoblastic cells (Lian et al., 1999, Aubin, et al., 2001, and
refs therein). Proliferation of these populations and the production of a type I

collagenous matrix 1s followed by cessation of the cell cycle which induces these

cells to differentiate further into mature matrix synthesising osteoblasts (See figure
1.1). At each stage in differentiation, transcriptional control, growth factors and
matrix composition can influence the further progression of osteoblast differentiation

and function.

[.2.3. Transcriptional Control
As already outlined, mesenchymal cells destined to become osteoblasts express high

levels of Cbfal. Transcriptional control of cell proliferation by transcription factors



Mesenchymal stem
cell

Stromal
Mesenchymal

Cell

Osteoprogenitor

Committed Pre-
Osteoblast

Osteoblast

Osteocyte

Figure 1.1
Osteoblastogenesis

™0 «—® |«
A/

Origional in colour

Stro-1, Sca-1

Self renewal

Cbfa-1, Twist

Cbfa-1, Msx-2, H4
histone, AP1, c-fos,
col type I

Cbfa-1, Msx-2,
osteocalcin

Cbfa-1, DIx-5,
osteocalcin,
osteopontin,
osteonectin, alkaline
phosphatase

Bone Lining
Cell

Chapter |

Osteoprogenitor cells derived from mesenchymal stem cells express the
osteoblast defining transcniption factor Cbfal. Proliferation induced by factors
such as Msx-2, AP1 and c-fos creates a population of committed pre-osteoblast
cells. Synthesis of a collagenous matrix and other transcription factors induce
pre-osteoblasts to mature and produce bone matrix proteins such as osteocalcin,
osteonectin and osteopontin. Mature osteoblasts produce a mineralised matrix.
Osteoblasts that become encapsulated within the bone become osteocytes, and
others lie dormant on the cell surface (bone lining cells).
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such as Histone H4, AP-1, c-fos and C-myc allows for the expansion of this

population (Marzia et al., 2000, Yang and Karsenty, 2002, Harada and Rodan, 2003).

At around the same time, cells begin to produce the apro-peptide required for

collagen synthesis, fibril formation, and arrangement of a collagenous matrix. Other
more specific transcription factors such as Msx 1 and 2, DIx 5 and 6 members of the
homeodomain family transcription factors, twist and other members of the basic
helix-loop-helix DNA-binding transcription factors are also known to play a
significant role in osteoblast proliferation and differentiation (Hoffmann et al., 1994,
Ryoo et al., 1997, Dodig et al., 1999, Miyama et al., 1999, Orestes-Cardoso et al.,
2002, Cheng et al., 2003). Msx proteins require a consensus homeodomain binding
sequence for interaction with DNA and activation of target genes, which has been

identified within the osteocalcin promoter (as well as in the Wnt-1 gene) (Hoffman et

al.. 1994, Towler et al., 1994, Hoffmann et al., 1996, Willert et al., 2002). Msx 1 and
2 (formerly known as Hox7 and 8) are expressed in an overlapping pattern in
numerous tissues during embryogenesis (Davidson, 1995). Evidence suggests that
Msx1 and 2 can act as transcriptional activators and repressors of target genes acting
through other protein factors as well their DNA binding homeodomain (Davidson,
1995, Sasaki et al., 2002). For example Msx1 has the ability to interact with the
TATA-binding protein (IBP) to imitiate or block transcription (Davidson, 1995).
Msx proteins play an early role in the patterning of the skeleton and expansion of
carly osteoblast populations. Over expression of Msx2 in vitro was shown to
suppress osteoblast differentiation. In support of this, antisense inhibition of Msx?2
expression induced osteoblast differentiation (Liu et al., 1999, Dodig et al., 1999).
Mutations of Msx 1 and 2 in humans are responsible for skeletal disorders such as
craniosynostosis, and pariteal foramina, thought to reflect their role in cell
proliferation within this skeletal region (Wilkie, 1997, Cohen, 2000). Deletion of the
Bpx gene induces a similar defect in osteoblast proliferation during the development
of the axial skeleton. This suggests that besides Cbfal, which 1s expressed in all
skeletal elements, transcriptional control by other factors may be specific to the
different regions of the skeleton and the type of ossitication that will occur.

DIx6 and 5 also display overlapping patterns of expression and play a

significant role 1n craniofacial development, tooth formation and limb patterning

(Robledo et al., 2002). DIx5 1s expressed in all mature osteoblast cells, expression
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levels increasing as cells becoming more differentiated. DIX5 expression in vitro
enhances osteoblast differentiation, inducing matrix production and mineralisation,
and controlling expression of other transcription factors such as Msx and Cbfal
(Shirakabe et al., 2001, Tadic, 2002, Lee et al., 2003). Most recently a reciprocal
regulation of Cbfal, Msx2 and DIx5 has been described. Firstly, Msx and DIx

proteins can form heterodimeric complexes via their homeodomain DNA binding
domains, antagonising the action of these transcription factors (Zhang et al., 1997,
Newberry et al., 1998). It is thought that the level of expression of each protein can

therefore more readily regulate downstream factors. As DIx5 is expressed after
Msx2 during osteoblast differentiation, induction of DIx5 expression could regulate
Msx2 activity and target gene expression. Secondly, 1t was i1dentified that that Msx2
can bind to Cbfal and repress its activity; therefore binding of DIx5 to Msx2 could
elevate the repressive action, regulating activity of both Cbfal and Msx2, as well
inducing 1ts own transcription (Shirakabe et al., 2001). Most specifically a mutation

of Msx2, which prevents DIx5 binding, can induce Boston-type craniosynostosis

(Shirakabe et al., 2001).

[.2.4. Growth factor control

Multiple signalling systems are established in bone that can affect the different stages
of osteoblast differentiation by acting upon the transcriptional control of each stage,

and therefore can exert multiple effects via down stream consequences on gene

expression. Members of the transforming growth factor beta (TGFP) superfamily
including the Bone morphogenic proteins (BMP) BMP2 and 4, and TGFB-1 and 2

have been implicated 1n influencing expression and function of Cbfal, Msx1 and 2.
and DIx5 via direct interaction with Smads (Chen et al., 1998, Hoffmann and Gross,
2001, Valcourt et al., 2002). Smads are transcriptional regulatory proteins that can
directly bind to the intracellular components of the TGF[ superfamily receptors, and
to transcription factors to mediate their actions (Wrana, 2000, Miyazono et al., 2001).

Consequently, effects on osteoblast synthesis and secretion of bone matrix proteins,

and expression of cell surface integrins have been demonstrated by TGF-f3 super-
family growth factor treatment (Harris et al., 1994, Horner et al., 1998). Fibroblast
growth factor (FGFs) signalling, a known regulator of bone formation and patterning,

can also effect and regulate Cbfal, Msx1 and 2 and DIx5 activity (Pitaru et al., 1993,
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Goldtarb et al., 1996, Galzie et al., 1997, Debi et al., 1998, Scutt and Bertrom, 1999,
Mclntosh et al., 2000, Mansukhani et al., 2000, Ornitz and Marie, 2002). Multiple
other hormonal and growth factor signalling systems are involved in regulating
osteoblast function and differentiation (e.g. PTH, oestrogen, Vitamin D, IGF, Wnt).

effects of specific growth factor signalling systems will be discussed further in

Chapter 4.

[.2.5. Extracellular matrix proteins and osteoblast differentiation

The runt domain of Cbfal that was found to selectively bind to the OSE elements of
the osteocalcin promoter, has subsequently been 1dentified in the genes of many
other proteins already known to play significant roles in osteoblast differentiation
including type I collagen, osteonectin, and osteopontin (Sato et al., 1998, Tsuj et al.,
1998, Thirunavukkarasu et al., 2000, Tyson et al., 2003). Although 1t 1s known that
type 1 collagen provides the framework for bone formation, the precise tunction that
non-collagenous proteins play during bone development 1s not fully understood. It is
believed that in addition to a structural role, the temporal and spatial expression of
many non-collagenous proteins 1s instrumental 1n regulating osteoblast activity, and
theretore critically important in the maintenance of bone mass. In particular,
osteoblast ditferentiation 1s heavily reliant upon the cell-matrix interactions mediated
by these non-collagenous proteins. As already discussed, osteocalcin is the most
abundantly expressed non-collagenous bone matrix protein. However, its expression
appears late 1n osteoblast differentiation. Earlier during osteoblast differentiation and
matrix production other proteins such as osteopontin, osteonectin, and
thrombospondin are expressed (Ducy, 1999). Although bone matrix proteins were
originally thought to simply play a structural role in bone formation and
mineralisation, the significant effects upon osteoblast adhesion, migration and
chemotaxis, and the subsequent effects upon osteoblast function and differentiation
demonstrate the complexity between cells and the extracellular environment in which

they reside. The roles of specific extracellular matrix proteins in bone will be

discussed further 1n a later chapter (see section 3.1.2.1).
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1.3 Bone remodelling

[.3.1 Maintenance of bone

As the main support for the body in movement and locomotion, bone is put under a
great amount of stress and strain. It is therefore essential that bone maintain 1ts
strength and mass to minimise the risk of fracture. To sustain a healthy skeleton,
bone 1s continuously remodelled. Old or damaged bone is resorbed by osteoclasts
followed by new bone formation by osteoblasts. Bone resorption and formation are
tightly coupled to ensure the maintenance of bone mass; disruption of this

remodelling cycle can lead to skeletal disorders such as osteoporosis.

[.3.2 The ARF sequence

The activities of osteoclasts and osteoblasts are closely regulated to ensure
appropriate bone turnover. At sites of remodelling, resorption and formation follow
a consecutive arrangement known as the Activation — Resorption — Formation or
ARF sequence. Activation ot osteoclasts 1s followed by osteoclast adhering to the
bone surface and bone Resorption occurring (Baron, 1999). The removal or
‘Reversal’” of osteoclasts from the bone surface 1s followed by
macrophage/monocyte-like cells sealing the resorbed surface with a ‘cement-line’,
marking the end of bone resorption. This cement line acts to bind the old bone with
the new bone during bone Formation by osteoblasts as they fill in the resorbed area
with new bone (see figure 1.2). Remodelling of cancellous bone follows the ARF
sequence with sites of remodelling occurring on the trabecular bone surfaces.
Remodelling of compact bone 1s however more complex. Remodelling occurs in
packets within the bone called haversian systems or osteons, which are recognisable
by layers of bone surrounding a blood vessel or interstitial space (Baron, 1999, Burr,
2002). At these sites of remodelling, osteoclasts resorb a long narrow canal that 1s

subsequently occupied by invading blood vessels and filled in with layers of new

bone formed by osteoblasts (see figure 1.3).

1.3.3 Osteoclasts and bone resorption

Bone resorption occurs at discrete sites on the endosteal surface of bones or within
haversian systems (Baron, 1999, Currey, 2002). The exact stimulus that initiates

bone resorption 1s largely unknown. However a number of different factors are
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Figure 1.2

The ARF sequence
1. Activation - osteoclasts become activated and are recruited to dormant

bone surafces

2. Resorption - Osteoclasts bind to and resorb the bone surface.

Following removal of osteoclasts from the bone surface the zone of
resorption 1s sealed with cement line.

3. Formation - Osteoblasts invade the area and fill in the resorped region
with new bone.

(Diagram redrawn and modified from Baron, 1999, Primer on the metabolic
bone diseases and Disorders of Mineral Metabolism, 4th edition)
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Figurel.3

Cross section of a haversian system

1. Osteoclasts resorb a canal of cortical bone, the front of which1s called the
'cutting cone'. The canal isinvaded by blood vessels.

2. Osteoprogenitor cells populate the resorbed area and begin to
differentiate into osteoblasts.

3-5. Osteoblasts form layers of bone filling in the resorbed area.
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known to stimulate osteoclast progenitors cells to differentiate into mature
osteoclasts (Teitelbaum, 2000, Zaidi et al., 2003). Osteoclasts are highly specialised
cells that originate from mononuclear cells of the haematopoietic lineage, most
specifically the monocyte/macrophage lineage (Teitelbaum, 2000, Zaidi et al., 2003).
Mature osteoclasts are giant multinucleated cells, possessing up to 20 nuclei per cell,
which are found in contact with the bone surface in resorptive pits called Howship’s
lacunae (Baron, 1999). The resorptive nature of osteoclasts necessitates these cells

to contain abundant active Golgi complexes, vesicular transport systems and
numerous mitochondria (Baron, 1999). Cell surface integrins such as 1 and o, 3
that contain RGD recognition sequences mediate the adhesion of osteoclasts to bone
matrix proteins such as collagen type I and osteopontin (Teitelbaum, 2000, Zaid1 et
al., 2003). Adhesion stimulates polarisation of the osteoclast cell membrane apposed
to the bone surface to become highly folded to form the characteristic ruffled border

zone. The ruffled border of osteoclasts provides a greater resorptive surface area
(Baron, 1999, Teitelbaum, 2000, Zaid1i et al., 2003). Focal expression of
filamentous proteins including F-actin, and other cytoskeletal elements such as
vinculin, talin and o-actin form a dense boarder or ‘sealing zone’ that seals the
ruffled boarder at the periphery of the cell (Baron, 1999). The sealing zone creates a
controlled environment for the breakdown of the bone surface (Teitelbaum, 2000).
In addition, 1t 1s thought that attachment to cell surface integrins activates
intracellular-signalling pathways that stimulate synthesis, packaging and release of
secretion enzymes from the ruffled border (Baron, 1999). Targeting of vesicles to
the ruftled boarder 1s regulated by the mannose-6-phosphate receptor (Zaid1 et al.,
2003).  Proton pumps such as the H' -adenosine triphosphate (ATP) are charged
coupled to CI" channels 1n the apical cellular membrane enabling the development of
an acidic microenvironment between the bone surface and the resorptive surface of
the cell (Zaidi et al., 2003). CI/HCO7; and Na“/Ca** exchangers found on the distal
pole of the cell, maintain a neutralised intracellular osteoclast pH. Vesicular release
of acidic lysosomal enzymes such as tartrate resistant acid phosphatase, cathespin K,
and matrix metalloproteinases (MMPs) is essential in the degradation process
(Baron, 1999, Teitelbaum, 2000, Zaidi et al., 2003). These proteins allow the release
of hydroxyapatite crystals from their immobilised position in the extracellular matrix

and the acidic environment enables their dissolution. Once the mineral component of

13



Chapter 1

bone has been removed, collagenases and other MMPs break up and remove the

organic component. The degraded bone matrix is phagocytosed by the osteoclasts
and transported to the distal pole of the cell surface for release (Mostov and Werb,
1997, Baron, 1999). The exact mechanism that controls the level of bone resorption
1S unclear, but it is thought that high calcium levels in the Howship’s lacunae
produced by demineralisation initiate breakdown of the sealing zone and release of

the osteoclast from the bone matrix terminating that phase of bone resorption (Baron,

1999).

1.3.4 Osteoblasts, bone formation and mineralisation
In mature, fully developed bone, the formation of new bone tissue occurs at sites of
resorption or repair. The recruitment of preosteoblasts to the area is believed to be

affected by local release of growth factors, cytokines and chemoattractants such as
transtorming growth factors (TGF-Bs), fibroblast growth factors (FGFs), and bone

morphogenic proteins (BMPs) entrapped in the bone matrix and released during
resorption (Baron, 1999, Mundy, 1999, Ducy, Schinke and Karsenty, 2000). These
factors also stimulate preosteoblasts to proliferate and populate the area, inducing the
expression of cell surface adhesion molecules and promoting the differentiation into
osteoblasts (Baron, 1999, Mundy, 1999, Ducy, Schinke and Karsenty, 2000, Harada
and Rodan, 2003). Secretion of collagens such as collagen type I forms the basis of
the matrix in a material known as osteoid, visibly different from the bone matrix in
histological sections of bone (Boskey, 1992, Young et al., 1992, Baron, 1999).
Adhesion of osteoblasts to the osteoid, or contact with circulating growth factors
initiates cell-signalling cascades that activate genes causing cell ditferentiation and
production of other non-collagenous matrix proteins (see section 1.2). The
collagenous-matrix binds and incorporates the non-collagenous matrix proteins,
filling the spaces between the collagen fibrils (Young et al., 1992, Boskey, 1992,
Robey, 1996, Baron, 1999). As the matrix matures, mineralisation occurs at discrete
sites.  Extracellular matrix vesicles (ECM vesicles) released by osteoblasts aid
mineralisation by concentrating calcium and phosphate ions, inhibitors of mineral
catabolising enzymes, and acidic phospholipids providing a protective environment
for hydroxyapatite formation (Boskey, 1992, Anderson, 1995, Baron, 1999). The

site of initial mineralisation occurs with the formation of a small crystal or ‘critical
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nucleus’. After ‘nucleation’, subsequent crystal growth and expansion arises from
this nucleus, crystals of each discrete nucleus eventually coming together to form a
uniform mineral structure (Boskey, 1992, Baron, 1999).

As osteoblasts form bone some of these cells become trapped in the matrix,
forming cells know as osteocytes that occupy fluid filled spaces in the bone called

lacunae (Lian et al., 1999, Burger et al., 1999, Noble and Reeve, 2000). Large

process extensions or canaliculi allow for the communication between newly
embedded osteocytes with others embedded deeper in the bone, or cells at the
endosteal bone surface such as osteoblasts (Turner and Forwood, 1995, Lian et al.,
1999, Burger et al., 1999, Noble and Reeve, 2000). Osteocytes are thought to play
an 1mportant role in the regulation of bone 1n 1ts response to mechanical loads and
systemic hormones (Burger et al., 1999). Gap junctions between the canaliculi of
osteocytes and others cells provide for a network of communication between deeply
embedded cells and bone surface (Turner and Forwood, 1995, Noble and Reeve,
2000). Osteocytes are also thought to be highly responsive to the mechanical strains
received during locomotion and exercise (Turner and Forwood, 1995, Noble and
Reeve, 2000). Although they cannot undergo replication, osteocytes remain active
for the life span of the bone 1n which they reside (Lian et al., 1999). Other
osteoblasts cease to be active and lay dormant on the bone surface to become

fibroblast-like cells known as bone lining cells (Lian et al., 1999, Parfitt, 2001).

However, the conclusion of active bone formation results in most osteoblasts

undergoing apoptosis (Hock et al., 2001).

1.4 Osteogenesis

[.4.1 Embryonic Bone Development

The embryonic development of the skeleton 1s a complex process still not yet tully
understood. Patterning of the embryo designates stem cells to specific regions of the
developing body, producing all tissue types from one primitive stem cell type.
However in man, by the late gastrula stage (around 14-17 days post coitus (dpc))
specific regions of the embryo have become committed to different lineages of cells
and tissue (Raven and Johnson, 1990, Olsen, 1999). The skeleton is derived from
three different cell lineages - the neural crest, sclerotome, and lateral plate mesoderm

(Olsen, 1999). Cells derived trom these regions condense and differentiate into
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mesenchymal cells that form the pattern of the future skeleton. Neural crest cells,
derivatives of the brachial arch, form the craniofacial skeleton (Olsen, 1999,
Opperman, 2000). The sclerotome division of somites condense to form part of the
axial skeleton (Olsen, 1999). The remaining skeletal elements of the limbs arise
from the lateral plate mesoderm (Olsen, 1999). The developed mesenchymal pattern
of the skeleton then undergoes further patterning and differentiation forming the
shape of future bones. At this point bone development can occur via two processes -
Intramembraneous ossification, forming the flat bones such as those of the skull, or
endochondral ossification to develop the long bones of the limbs and the ribs. The
distinct difference between these two processes 1s in the differentiation of the
mesenchymal skeletal pattern. During intramembraneous ossification, mesenchymal
cells differentiate directly into osteoblasts (Seeley et al., 1995, Baron, 1999).
However during endochondral ossification, mesenchymal condensations first

differentiate to form cartilaginous elements that are then mineralised and replaced by

osteoblasts and bone (Seeley et al., 1995, Baron, 1999, Kronenberg, 2003).

[.4.2 Intramembraneous Ossification

The development of flat bones such as those of the calvarium of the skull and the
scapula requires no intermediate cartilaginous phase 1n their formation (Seeley et al.,
1995). Cells derived from the neural crest, migrate, aggregate, condense and
differentiate into mesenchymal structures that resemble the future skeletal elements
(Olsen, 1999, Opperman, 2000). This process induces further differentiation through
cell-cell contact leading to activated signalling systems that can determine future
patterning, cell fate and activation of genes related to the structures involved (Raven
and Johnson, 1990). Progenitor cells are found 1n the mesenchymal precursor tissue,
and these cells differentiate into mature matrix synthesising osteoblasts (Opperman,
2000). During the first phase of intramembraneous ossification, osteoblasts produce
bone in a disordered manner, with a poorly aligned collagenous osteoid leading to
the production of delicate network made up of woven bone that spans the area
previously occupied by mesenchymal tissue (Seeley et al., 1995, Olsen, 1999).
Ossification occurs at discrete central sites called ossification centres. As bone
develops, osteoblasts secrete a matrix of collagenous and non-collagenous matrix
proteins that are subsequently mineralised. Remodelling of this mineralised matrix

occurs by osteoclasts brought to the area by local blood vessels and those that begin
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to invade the matrix bringing cells that will eventually form the haematopoietic bone
marrow (Seeley et al., 1995). Osteoblasts replace the resorbed area with the more
organised lamella bone, joining together the trabeculae structures into an organised
network of trabecular bone. Periosteal cells lining the mineralised matrix also
aggregate and specialise to form the periosteum, some cells of which differentiate
Into osteoblasts that produce a more organised mineralised matrix made of compact
bone, creating a bone collar surrounding the trabecular network (Seeley et al., 1995,
Olsen, 1999). The centres of ossification enlarge and gradually generate the marrow
cavity. Areas of mesenchyme that are covered with a thin epithelial membrane
known as sutures or fontanelles are interspaced between the bones of the skull
(Opperman, 2000). Sutures are essential for the co-ordination of neural and skeletal
elements both during embryonic and postnatal development, and although most
sutures are almost closed at birth some remain patent during the first years of life to
allow for further growth of the skull (Opperman, 2000). Suture patency is under
strict regulation and 1s a complex process of i1ts own relevance that will be discussed

in depth 1n a later chapter (see section 5.1.1 chapter 5).

[.4.3 Endochondral Ossification

Endochondral ossification is the process by which the majority of the skeleton 1s
developed. Mesenchymal tissue derived from the sclerotome condenses and
aggregates to form the pattern of the future elements of the axial skeleton (bones of
the thoracic cage, vertebral column, and pelvis) (Seeley et al., 1995, Olsen, 1999,
Gilbert, 2000, Wolpert, 2002, Kronenberg, 2003). Limb buds shaped from cells
derived from the lateral plate mesoderm, extend posterior to an epithelial layer of

cells the apical ectodermal ridge (AER). As the AER expands, the interior limb

tissue undergoes further patterning events to form the outline of the future limb
bones (humerus, ulna, and radius of the upper limbs, femur, tibia and fibula of lower
limbs, metacarpals and phalanges of the hand, and metatarsals of the feet) (Seeley et
al., 1995, Olsen, 1999, Kronenberg, 2003).

Mesenchymal condensations differentiate into chondroblasts creating
cartilaginous elements or models 1n the shape of the future bones. Chondroblasts of
this primitive bone model then mature, secreting a primary matrix of type I and III
collagen, continuing to proliferate expanding the width, length and shape of the bone

by interstitial and appositional growth (Kronenberg, 2003). A mesenchymal layer or
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The growth plate

The cartilage anlagen of future bones form distinct zones of cells known as
the growth plate that allows for bone growth .

1. Zone of resting cells
2. Chondrocytes become active and proliferate.
3. Chondrocytes enlarge, secrete a collagenous matrix and form columns of

cells called 1sogenous groups.
4. Chondrocytes mineralise their matrix and undergo apoptosis.

5. Cartilagenous tissue 1s replaced by bone.
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perichondrium contouring the primitive bone, and containing an osteoprogenitor
population, begins to produce a bone collar by intramembraneous ossification at the
diaphysis of the cartilaginous model (Seeley et al., 1995). Becoming imbedded
within their own matrix, chondroblasts differentiate into chondrocytes, occupying
lacunae of the cartilaginous matrix. The elastic nature of the cartilaginous matrix
allows these cells to remain proliferative, and to do so in a highly organised fashion.
Chondrocytes form columns known as growth cones or isogenous groups (see figures

1.4. and 1.5) found in the region from the epiphysis to the diaphysis of the bone
called the growth plate (Seeley et al., 1995, Gilbert, 2000, Wolpert, 2002). Within
the growth plate, chondrocytes proliferate upwards to the epiphysis of the bone (zone
of proliferation). A zone of resting cartilage, containing chondroblasts is found at the
point nearest to the epiphysis (Seeley et al., 1995). Cells at the distal end of the
growth plate undergo hypertrophy, where cells rapidly enlarge, presenting large golgi
apparatuses and change the matrix they secrete to collagens type II, IX and XI
(hypertrophic chondrocytes, zone of hypertrophy). Lacunae containing the
hypertrophic chondrocytes also enlarge as the chondrocytes begin to mineralise their
surrounding matrix at the metaphysis of the bone before these cell undergo apoptosis
(zone of calcification) (see figure 1.4) (Seeley et al., 1995, Olsen 1999, Kronenberg,
2003).

Osteoclasts begin to resorb the calcified matrix allowing blood vessel
invasion of the perichondrium and periosteum (Seeley et al., 1995). Vascularisation
of the cartilaginous model provides further osteoclast precursor and osteoprogenitor
cells (and bone marrow precursors) that commence remodelling of the calcified
cartilaginous matrix creating a primary ossification centre (Olsen, 1999) (See tigure
1.5). A bone matrix of trabeculae 1s formed from the enlarged chondrocyte lacunae
known as the primary spongiosa, made of disorganised woven bone spanning the
circumference of the bone metaphysis at the front of the hypertrophic zone (Olsen,
1999). These trabeculae are remodelled to form an organised trabecular structure
made of lamella bone, known as the secondary spongiosa (Seeley et al., 1995, Olsen,
1999). Further interstitial and appositional growth at the growth plate and recurrent
remodelling of the diaphysis results in longitudinal growth of the bone and the
production of a mid shaft made predominantly ot trabecular bone with a surrounding
bone collar of compact bone (Seeley et al., 1995, Olsen, 1999, Gilbert, 2000,
Wolpert, 2002). The mid shaft trabeculae are then near completely resorbed to form
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the medullary shaft, which is invaded by blood vessels and occupied by marrow
cells.

A secondary ossification centre 1s formed at the upper epiphysis where the
cartilage mineralises and undergoes remodelling in a similar way as that of the
primary ossification centre (see fig. 1.5) (Seeley, 1995, Olsen, 1999). The bone
collar of the diaphysis thickens and extends toward the epiphysis as the bone
undergoes further longitudinal growth lengthening the mid-shaft. Remodelling
continues at both centres of ossification and longitudinal growth by the growth plate

continues into postnatal life (Gilbert, 2000, Wolpert, 2002).

1.5 Acetylcholinesterase (AChE)

1.5.1. Role of AChE in cholinergic signalling.

Acetylcholine acetyl hydrolase or Acetylcholinesterase (AChE, 3.1.1.7) i1s most
commonly known for its important role 1n the termination of cholinergic
neurotransmission. Acetylcholine (ACh) i1s the neurotransmitter used to transmit
nerve impulses at cholinergic synapses and at the motor end plates of neuromuscular
junctions (Hammond, 2001). Synthesis of acetylcholine by choline acetyltransierase
(choline acetylase or ChAT) occurs whereby the acetyl group of acetyl-CoA 1is
transferred to choline (Purves, 2001). At cholinergic signalling sites the presynaptic
cell 1s separated from the postsynaptic cell or the muscle cells by the synaptic cleft
(Simmons, 1999). Presynaptic cells concentrate acetylcholine 1in synaptic vesicles
(approximately 10" molecules per vesicle) close to the nerve terminal apposed to the
synaptic cleft (Stmmons, 1999). Arrival of a nerve impulse causes a depolarisation
of the presynaptic membrane creating an intlux in Ca*" into the cell via voltage-
sensitive calcium channels (Hammond, 2002). Increased intracellular Ca”" results in
a subsequent release of acetylcholine into the synaptic cleft (Hammon, 2002).
Acetylcholine molecules diffuse across the synaptic cleft and bind to abundant
receptors found on the postsynaptic membrane (see figure 1.6). There are two known
receptor types, nicotinic and muscarinic acetylcholine receptors, distinguishable by
the effects of the alkaloids nicotine and muscarine. The two types of acetylcholine
receptor produce actions by different mechanisms. Binding of acetylcholine to

nicotinic receptors found on the postsynaptic membrane opens the receptor acting as
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Cholinergic neurotransmission
1. Arrival of a nerve impulse at the presynaptic terminal causes vesicular release of ACh

into the synaptic cleft.
2. ACh diffuses across the cleft and attaches to nicotinic or muscarinic receptors found on

the surface of the postsynaptic cell, inducing intracellular signalling.
3. Acetylcholinesterase (AChE) found soluble within the cleft and bound to the surface of

the post and pre-synaptic cell terminates neurotransmission by hydrolysing ACh into

choline and acetate.
4. Choline is readily uptaken by the presynaptic cell and combined with Acetyl Co-enzyme

A to produce more ACh molecules by ChAT.
5.ACh is packaged and concentrated into synaptic vesicles.

22



Chapter |

a cation gate permeable to Na~ and K* provoking a rapid influx of ions through the
postsynaptic membrane (Hammond, 2002). Two non-interacting binding sites for
ACh are found on nicotinic receptors; binding at both sites is required for channel
opening (Hammond, 2002). Initial binding of ACh to the receptor causes transitory
opening of the channel. After a short period of activity the receptor becomes
desensitised to ACh and the molecule is released (Purves, 1999, Hammond, 2002).
When the synaptic cleft is highly concentrated with ACh this initial binding is
followed by binding of further molecules ultimately culminating in further ion
influxes and a change in membrane potential causing depolarisation of the post-
synaptic membrane (Hammond, 2002). Muscarinic acetylcholine receptors
transmembrane regions are G-protein coupled; binding of ACh to these receptors
activates K~ channels through the coupled G-protein complex also instigating
depolarisation of the postsynaptic membrane (Purves, 1999, Hammond, 2002).
Termination of a nerve signal occurs when acetylcholinesterase hydrolyses
acetylcholine into choline and acetate thereby reducing the concentration of ACh at
the synaptic cleft and 1n so doing closing the channels, restoring the membrane

potential to basal levels (Purves, 1999, Hammond, 2002).

1.5.2 AChE protein structure, catalytic capabilities and inhibition.

AChE 1s a serine esterase with catalysis resembling that of the serine proteases such
as lipases, and trypsin, belonging to the large family of serine hydrolyses. The serine
hydrolyse family 1s divided into a variety of sub divisions based on structural
homology, AChE belonging to the carboxylesterase division, of which the only other
cholinesterase 1s butyrlcholinesterase (BChE) (Horton, 2002, also see
http://bioweb.ensam.inra.fr/ESTHER).  Cholinesterases are some of the fastest

known acting enzymes, the rate of acetylcholine turnover being A/ K, = 10° M sec

' (4000 ACh molecules per active site per second) (Horton et al., 2002). This renders
AChE able to hydrolyse vast quantities ACh molecules to enable the rapid

termination cholinergic signalling. The AChE protein complex consists of a 12-
stranded [-sheet surrounded by 14 oa-helices (Sussman et al., 1991). The active
centre of AChE comprises two AChE binding sites and the narrow gorge. At the top

of the narrow gorge 1s a negatively charged ‘peripheral anionic’ binding site for

ACh, thought to be involved 1n substrate inhibition of AChE catalysis (Szegletes et

23



Chapter 1

al., 1999). This site has also been identified as a possible secondary allosteric site for
the secondary functions of AChE that will be discussed in depth in Chapter 4. The
gorge itself is lined<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>