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Abstract

Osteocytes play a critical role in the regulation of bone remodelling by translating
strain due to mechanical loading into biochemical signals transmitted through the
interconnecting lacuno-canalicular network to bone lining cells (BLCs) on the bone
surface. This work aims to examine the effects of disruption of that intercellular
communication by simulation of osteocyte apoptosis and microcrack in the bone
matrix. A model of a uniformly distributed osteocyte network has been developed
that stimulates the signalling through the network to the BLCs based on strain
level. Bi-directional and asymmetric communication between neighbouring
osteocytes and BLCs is included; with propagation of the signal through the
network gradually decreasing by a calcium decay factor. The effect of osteocyte
apoptosis and microcracks are then examined by preventing signalling at and
through the affected cells. It is found that a small percentage of apoptotic cells and
tiny microcracks both lead to a significant reduction in the peak signal at the BLCs.
The simulation shows that either apoptosis of only 3% of the osteocyte cells or tiny
microcrack of 42pm, 42pm below the surface leads to a significant reduction in the
peak signal at the BLCs. Furthermore, experiments with the model confirm how
important the location and density of the apoptotic osteocytes are to the signalling
received at the bone surface. The result also shows the importance of the location
and length of microcrack on the signalling of BLC. The first may explain a possible
mechanism leading to increased remodelling activity observed with osteoporosis,

and the second, the mechanism driving normal bone remodelling and maintenance.
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Chapter 1 Introduction

Osteocytes are the most abundant cells in bone, accounting for more than 95% of
all bone cells. They are osteoblastic cells that are left in the bone matrix after bone
modelling and remodelling (Manolagas, 2006, Seeman, 2006), with a normal cell
density between 20,000 and 80,000 cells/mm3 (Marotti, 1996, Parfitt, 1990,
Mullender et al., 1996) and a lifespan which is possibly up to 50 years, significantly
longer than the typical 3 month lifespan of osteoblasts (Frost, 1966, Manolagas and
Parfitt, 2010). Osteocytes are located in cavities (lacune) and are connected to each
other by canals (canaliculi) (Palumbo et al.,, 1990b, Zhang et al., 2006b), which
enable them to communicate with each other and with bone lining cells (BLCs) at
the surface of bone (Figure 1-1) (Batra et al, 2011, Duncan and Turner, 1995,
Ishihara et al., 2008, Kamioka et al., 2007, Yellowley et al., 2000, You et al., 2008). It
is widely believed that this osteocyte-bone lining cell network controls the
adaptive bone remodelling process through the sensing of mechanical loading on
the bone and transmission of signals to BLCs at the bone surface (Burger and Klein-
Nulend, 1999b, Bonewald, 2011, Guo et al., 2006, Tatsumi et al., 2007, Adachi et al.,
2009b).

Although the importance of the osteocyte network in the mechanotransduction
processes of bone is now well established, some of the mechanisms involved are
still unclear. A recent study proposed that mechanotransduction in the osteocyte
takes place in three steps: 1) stimulation of the osteocyte; 2) detection of the

stimulation and 3) initiation of a signalling cascade (Rochefort et al.,, 2010). The



osteocyte senses mechanical strain (Adachi et al., 2009b, Wang, 2008, Weinbaum et
al, 1994, Rubin, 1984, Turner et al.,, 1994, Han et al., 2004, Cowin, 2002) with
functional gap junctions providing the intercellular communication between
osteocytes and the transportation of signalling molecules such as calcium (Ishihara
et al.,, 2008, Yellowley et al., 2000). Adachi et al. (2009a) identified asymmetric
calcium signalling between osteocytes and BLCs, which they proposed may explain
why the region close to the bone surface was mechanically sensitive to osteocytic
mechanosensation and cellular communication. It was also observed that
intercellular calcium rises in a stimulated bone cell and is propagated to
neighbouring cells through gap junctions, but intercellular calcium signalling of
bone cells declines when the stimulus is removed from the cell (Charras and
Horton, 2002).

MARROW CAPILLARY

Figure 1-1: Connections between the bone lining cells (BLC), osteocyte network and the bone
remodelling compartment. Gap junction provides connection between bone cells. It may also
provide a pathway (block arrows), by that signals generated in deep bone reach the bone
lining cells on the bone surface to initiate remodelling event by osteoclasts (0C) and
osteoblasts (OB) in response to mechanical stimuli (Eriksen, 2010).

The formation of a microcrack which causes disruptions to the canalicular

connections in the osteocytic network is a potential stimulus which initiates bone
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remodelling. The rupture of cell processes by the microcrack also induces
apoptosis in the osteocyte (Hazenberg et al., 2006, Taylor et al., 2007). Aging, loss
of ability to sense microdamage signal, loss of mechanical strain and deficiency of
sex hormones have all been shown to promote osteocyte death or apoptosis.
Apoptotic osteocytes can also occur in association with pathologic conditions such
as osteoporosis with 6% to 10% increase in cell apoptosis (Qiu et al, 2003,
Almeida et al., 2007), and iliac cancellous osteocyte density is reported to decline in

patients with a vertebral fracture (Qiu et al., 2003, Almeida et al., 2007).

In this study, we developed a simulation of cellular communication in the
osteocyte-BLC network which was initiated by mechanical strain. Osteocyte signal
propagation, the corresponding BLC signals, and the effect of osteocyte apoptosis
and microcracks on that signalling were investigated.

Simulation of the osteocyte-bone lining cell network necessitates a
fundamental knowledge of bone biology, for better understanding of the
mechanotransduction mechanism and bone remodelling. These subjects are
covered in Chapter 2, where bone cells, communication pathways between cells,
particularly between osteocytes and bone lining cells, mechanotransduction in the

osteocyte network and apoptosis in osteocytes and microcracks are outlined.

Previous theoretical and experimental investigations into the role of the
osteocyte network are critically reviewed in Chapter 3. The various simulations

and experiments are discussed individually with regard to their relevance to the



current work. Because the field is complex and the current process of

mechanotransduction are still not unanimously agreed upon.

The development of the simulation algorithms of the simple osteocyte
network are established in Chapter 4, it is extended to include bone lining cells and

consider the effect of heterogeneity on cellular functions is examined.

The simulation is further extended to include asymmetric cellular
communication in the osteocyte and BLC network with “calcium decay” in Chapter

5.

Chapter 6 considers the effect of apoptosis on signalling in the osteocyte-
bone lining cell network. The simulation is extended further to investigate the

effect of microcracks on this network.

The major findings of the research are highlighted and discussed in the
relation to previous work reported in the literature and implications for further

development and improvement of the work are also discussed in Chapter 7.

Finally Chapter 8 provides some brief conclusions about the work in this
thesis and suggests for future research and development, which could be carried

out in this area.

In brief, the main objectives of this work are:

1. To develop a basic simulation of cellular communication in the osteocyte
and bone lining cell network and examine the effect of heterogeneity in

cellular functions.



To integrate into the simulation, asymmetric communications between
osteocytes and bone lining cells, and “calcium decay”.

To model the effect of apoptotic osteocytes on the signalling of the
osteocyte-bone lining cell network.

To model the effect of microcracks with of various lengths and locations, in
the signalling on the bone surface and osteocyte network.

Where possible, to validate the results obtained from these simulations.



Chapter 2 Literature review

2.1 Introduction

Bone is the key constituent of the musculoskeletal system and differs from the
connective tissues in rigidity and hardness. The major cellular elements of bone
include osteoclasts, osteoblasts, osteocytes, and bone-lining cells. An introduction
to bone cells and their properties is presented in this chapter, with a special focus
on the osteocyte. The key features of osteocytes such as their formation, death, and
density are discussed, as well as the function and role of active osteocytes and
apoptotic osteocytes in bone remodelling, mechanotransduction mechanisms and
bone disease. Finally, communication mechanisms in the osteocyte network, such

as gap junctions and hemichannels, are discussed.

2.2 Cortical bone

Cortical bone is a dense, compact tissue, which forms the diaphyses of long bones
and outer shell of the metaphyses. Cortical bone accounts for 80% of the skeletal
mass in the adult human skeleton, with the remaining 20% being cancellous bone.
There are a number of differences between cortical and cancellous bone such as;
bone development, architecture, and function, the blood supply, proximity to the
bone marrow, rapidity of turnover and magnitude of age-dependent changes and
fractures. At the tissue level, human cortical bone contains secondary osteons
surrounding Haversian canals, enclosed in interstitial tissue, with cement lines

separating the interstitial bone tissue from the osteons. Each osteon consists of



concentric lamellae, among which the osteocytes reside in cavities called lacunae

(Figure 2-1).

Lamella—< P
Osteon £ .

(Haversian system)  Osteocyte
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Canaliculus

Central
(Haversian)
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Compact
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Blood vessel

Central (Haversian) canal

Periosteum Perforating (Volkmann’s) canal

Blood vessel

Figure 2-1: Diagram of the microstructure of cortical and cancellous bone (Marieb and
Hoehn, 2010).

2.3 The osteocyte

2.3.1 The osteocyte and canalicular network

Osteocytes are dendritic cells that are embedded in lacunae within the lacuna-
canalicular network. Long and slender, cytoplasmic processes radiate in all
directions from the lacunae which contain the cell body of the osteocytes (Figure 2-
2), the surface of bone has the highest density of these radiations. They pass

through the bone matrix in very thin canals, called canaliculi, via gap junctions, and



are connected to cells in the bone surface and bone marrow. The length of
canaliculi varies from 20 to 60um, depending on the location within bone and the
species of animals (Schneider et al., 2010, Wang et al., 2005a). Canaliculi provide
the communication passages between osteocytes and their neighbours and
between osteocytes and bone lining cells (Seeman, 2006, Seeman and Delmas,
2006) (Figure 2-3). However, Kamioka et al. (2001) observed that some of the
canaliculi at the surface are not connected to the bone lining cells and suggested
that there may also be a signalling system between osteocytes and the bone

marrow.

Bone surface

Canaliculi

Osteocyte

Figure 2-2: An image of a murine bone section by electron microscopy that shows that an
osteocyte lacuna connects with bone lining cells through a network of canaliculi toward the
bone surface (Bonewald, 2011).



According to some studies, canaliculi formation is an active process (Okada et al,,

2002, Bonewald, 2006a). Previously, it was believed that the number of canaliculi

connecting to an osteocyte did not affect the viability and vitality of the osteocyte,

however (Zhao et al., 2000) showed that the lack of dendrite processes increased

the chance

canaliculi b

of apoptosis. Some investigators observed an increase in number of

etween young and adult animals suggesting either that embedded

osteocytes can generate new dendrites or that the new bone made in the adult or

aging animals generates osteocytes with more canaliculi (Okada et al., 2002, Veno

et al., 2005). These investigations also showed that canaliculi are not permanent

connections

between osteocytes, osteocytes and bone lining cells, but might be

dynamic structures, with number of connections at each osteocyte changing in

response to

stimuli.

New lining
cells
Liningcells \ s
/“_\:;___\.}' —(::;: pe= = ——Osteoid

;' S ,//f" -
; Microcrack b y - - ——New bone
| i N |
l - \ New : v ‘ .
L ~ N . Osteocytes & ?—Cement line

Osteocyte * o )
} apoptosis. Old bone

"

4

o

Figure 2-3: The remodelling process. After completion of bone formation, any osteoblasts
that remain within the newly formed osteoid become osteocytes. Cytoplasmic processes of
the osteocyte extend through the matrix in canaliculi. The osteocytic network detects strain
and microfractures, and transmits this information to bone lining cells to initiate a new bone
remodelling cycle and repair. Thus, osteocyte processes that are affected by either
microcrack or apoptosis induce a cascade of growth factors and cellular migration that
produces osteoclast bone resorption followed by osteoblast bone formation (Seeman and
Delmas, 2006).
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2.3.2 Osteocyte formation

Multipotential mesenchymal stem cells can differentiate into an osteogenic lineage
whose base cell is an osteoprogenitor (Aubin et al,, 1995, Aubin and Turksen, 1996,
Bonewald, 2011), which differentiates into a preosteoblast then an osteoblast
(Figure 2-4). An osteoblast has three possible fates: it can undergo an apoptotic
process, it can differentiate into a bone lining cell, or it can become trapped in its
own osteoid and differentiate into an osteocyte (Manolagas, 2000, Manolagas and
Parfitt, 2010). The precise mechanisms of why and how osteoblasts differentiate
into osteocytes are unknown, but there is evidence suggesting that other
osteocytes stimulate their recruitment and differentiation (Imai et al, 1998).
Marotti (1996) originally postulated a theory based on morphological observation,
that osteocytes can produce an osteoblast inhibitory signal. Although there is no
biochemical evidence available to confirm the existence of this inhibitory factor,
Martin (2000) used this theory to develop a mathematical model to predict the

bone formation rate in the bone remodelling cycle.

Pre- Osteoid Mineralizing Mature
osteoblast osteoblast osteocyte osteocyte osteocyte
' | Osteoid Mineral
J ' H t
- .
' — ' B - —-_— - — - ®
. K . .
. . . .

Figure 2-4:The ontogeny of a preosteoblast to a mature osteocyte (Bonewald, 2011).
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2.3.3 Osteocyte death and apoptosis

While osteoclasts and osteoblasts exist only transiently on small fractions of the
bone surface and are relatively short-lived, osteocytes exist throughout the
skeleton and are long-lived. Osteoblasts begin to die by apoptosis as soon as they
are created, but the majority of osteocytes remain alive until the bone is replaced.
Bone turnover probably determines the life span of most osteocytes, with
osteoclasts resorbing the bone and destroying the osteocytes. If the osteocytes
reside in bone which has a slow rate of turnover, they may have a half-life of
decades. Whether only the osteoclasts determine the fate of living osteocytes is
presently unknown, but there is some evidences that osteocytes may be able to
undergo a reverse differentiation back into osteoblasts (van der Plas et al., 1994),
which may then be re-enclosed again during the formation of new bone (Suzuki et
al, 2000). Furthermore, some osteocytes may die by apoptosis, and then be

resorbed by osteoclasts (Bronckers et al., 1996, Elmardi et al., 1990).

It has been suggested that when osteocytes die, they release a signal to
initiate bone remodelling, thereby resulting in an increase in bone resorption and
bone loss (Manolagas, 2006). Osteocyte apoptosis can occur as a result of aging,
immobilization, microdamage, estrogen deficiency and glucocortical treatment or
in association with pathological conditions such as osteoarthritis, osteoporosis and
micropetrosis, which usually leads to an increase in the bone fragility (Frost, 1960,
Hattner and Frost, 1963, Dunstan et al., 1990, Weinstein and Manolagas, 2000,
Weinstein et al., 2010, Manolagas and Parfitt, 2010). This bone fragility is thought

to be due to the inability of apoptotic osteocytes to sense microdamage and so they
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fail to signal to the bone surface for repair (Noble, 2008, Noble, 2000, Noble et al.,
2003, Manolagas, 2010, Manolagas, 2000). Apoptotic osteocytes also occur in
association with the area surrounding a microcrack leading to remodelling and
repair of the damaged area (Noble et al., 2003). This is discussed in greater detail

in Section 2.3.5.

In contrast to overloading, which induces microdamage and microcracking,
a physiological level of load on bone in vivo may inhibit apoptosis in the osteocyte
network (Noble. et al., 2003). On the other hand, lack of mechanical loading or
disuse can lead to apoptosis of osteocytes by oxygen deprivation, especially if
associated with immobilization (Aguirre et al., 2006, Basso and Heersche, 2006). It
appears that mechanical stimulation provides essential oxygen levels to keep
osteocytes viable (Gross et al., 2001, Gross et al., 2005). Again, this is discussed

further in Section 2.3.4.

Thus, it appears that apoptotic osteocytes disrupt the integrity of the
osteocyte network, this distruption functions as a signalling mechanism for the
bone to initiate repair and adaptation to mechanical strain resulting from

mechanical stimulation.

2.3.4 Osteocyte function

Blood-calcium/phosphate homeostasis
Osteocytes function as a well-organized and complex network of hemichannels and

gap junction coupled cells in each osteon, and play an important role in the
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metabolism and maintenance of bone. The bone tissue may exploit two advantages

that this unique network offers:

1) An extensive intracellular communication system between osteocytes and
bone lining cells by a gap junction based network, and an extracellular
communication system between sites within the bone and the bone surface
by hemichannels. The details of these two communication systems are
discussed in Section 2.7.

2) A remarkable cell-bone surface communication area between osteocytes
and bone lining cells, that is about twice as large as the communication area
between the osteoblasts and bone lining cells at the bone surface (Johnson,
1966).

These two advantages led to the hypothesis that osteocytes may be in control of
local bone remodelling (Bélanger, 1969), and based on this hypothesis, osteocytes
must be responsible for blood-calcium homeostasis, later observations supported
this theory (Palumbo et al., 19904, Sissons et al., 1990). Osteoblasts and osteoclasts
transport the bulk of calcium into and out of bone (Marotti et al.,, 1992), however
the osteocytes may facilitate the diffusion of calcium into and out of the bone tissue
(Bonucci et al., 1990). Thus osteocytes may play a key functional role in the

regulation of blood-calcium homeostasis.

Osteocytes may also have a role in phosphate homeostasis, where the
osteocyte network can be considered as a gland, that regulates the metabolism of

bone phosphates (Nijweide et al., 1981, Westbroek et al., 2002a).
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The osteocyte as a mechanosensor

It is well established that bone is very sensitive to the mechanical demands placed
upon it, including abnormally low mechanical stress such as bed rest and
immobilization which can cause adaptation of its properties such as mass and
three dimensional structure. Julius Wolff was one of the first pioneers to propose
the functional adaptation theory for bone tissue, known as Wolff’s law, which has
become widely accepted over the last century (Anderson et al., 1982, Wolff 1892).

In principle, all bone cells may be involved in mechanosensing or generally
are sensitive to mechanical stress. The bone cells which could potentially sense
mechanical strain and translate this force into a biochemical signal are the
osteoblasts, bone lining cells and osteocytes. Of these, osteocytes are thought to be
the most likely candidate as a mechanosensor cell in bone tissue. This is because of
their many distinctive features such as: (1) their distribution throughout all types
of bone matrix; (2) a high degree of interconnectivity with neighbours and bone
lining cells; and (3) the existence of gap junctions and hemichannels between cells
for the rapid passage of ions and signal molecules.

Furthermore, experimental studies show that osteocytes are the most
sensitive of bone cells to mechanical loading and support their proposed role in the
mechanotransduction mechanism. Osteocyte activity is seen to increase following a
few minutes of loading in vivo (Skerry et al., 1989) where tissue strain magnitude
ranged from 500 to 2000 pstrain in line with in vivo peak strains in bone during
dynamic exercise. Many studies have also demonstrated that mechanical loading

rapidly changes the metabolic activity of osteocytes and confirmed the
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mechanosensory role for osteocytes in bone (El Haj et al, 1990, Dallas and
Bonewald, 2010, Lee et al., 2002). Furthermore other computer simulation studies
of bone remodelling mechanisms have predicted that the osteocyte is the
mechanosensory cell in bone rather than the osteoblast or bone lining cell
(Mullender and Huiskes, 1997, Ruimerman et al., 2005). Smit and Burger (2000)
postulated a regulation of strain-sensitivity of osteocytes in basic multicellular
units (BMU) by using finite element analysis. They also simulated how osteoclasts
might attack the areas where osteocytes are unloaded, while osteoblasts are
recruited to areas where osteocytes are overloaded.

Thus, osteocytes are believed to be mechanosensors, but the precise
mechanotransduction mechanisms in bone, including how osteocytes sense
mechanical loading and how these signals transmit to other non sensing cells, and
how they eventually induce bone remodelling are unclear. The changes of
hydrostatic pressure in the cell, direct cell strain, fluid flow in the lacuna are likely
the consequences of the application of force to bone during movement (Pienkowski
and Pollack, 1983). However, it appears that the interstitial canalicular fluid flow,
driven by extravascular pressure as well as by the applied cyclic mechanical
loading, is most likely to inform the osteocytes about the level of bone loading
(Cowin, 1999, Cowin et al., 1991, Cowin et al., 1995, Weinbaum et al., 1994, Burger

and Klein-Nulend, 1999a).

Canalicular fluid flow and osteocyte mechanosensing
Mechanical strains in bone as a result of normal physiological loading in healthy,
adequately adapted bone are relatively small. Several quantitative studies found
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that the maximal strain does not exceed 2000-3000 microstrain in bones in
humans and animals (Burr et al., 1996). For example, the typical strains in a human
tibia measured in vivo during vigorous activity are of the order of 1200 microstrain
(principal compressive strain) and 1900 microstrain (maximum shear strain)
(Burr et al., 1996). This strain was measured using strain gauges covering an area
of 1.8 mm by 3.6 mm which would have included thousands of osteocytes. The
local strain or cell deformation that may be sensed by an individual cell will also be
affected by microstructural features or discontinuities in the bone matrix. The
microstructural strains near an osteocyte lacunae were found to be three times
larger than the average strain with external strain gauge. Furthermore, the peri-
lacunar strain magnification near a microcrack tip can be up to 15 times higher
than in vivo measured bone strain (Nicolella et al., 2005, Nicolella et al., 2006).
However in vitro studies of strained bone cells, loaded by stretching or bending,
showed that higher deformations (1-10%) were necessary to produce a cellular
response (Kleinnulend et al., 1993). For instance, unidirectional cell stretching of
0.7% was required to activate prostaglandin E2 production in vitro (Murray and
Rushton, 1990), whereas just 0.15% strain from bending of an intact bone can
activate adaptive bone formation in vivo (Forwood, 1996, Turner et al.,, 1994). Ifit
is assumed that bone strain is somehow involved in the mechanotransduction
mechanism, then the canalicular flow within bone tissue may play a crucial role as
a lever system whereby small matrix strains are transduced into a larger signal
which an osteocyte can easily sense. Similarly, the theoretical study of Peikarski

and Munro (1977) suggested that the extracellular tissue fluid flow through the
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lacuno-canalicular system was a result of the strains of bone tissue, with the
experimental results of Knothe-Tate et al. (1998 and 2000) supporting this theory.
It was also demonstrated that this strain-derived interstitial fluid flow can help
keep osteocytes healthy and viable by facilitating the exchange of waste products
and nutrients within the osteocyte network of an osteon and the Haversian
channels (Kufahl and Saha, 1990).

Experimental studies in vitro have suggested that osteocytes are sensitive to
fluid shear stress (Kleinnulend et al., 1993, Westbroek et al., 2002a, Westbroek et
al.,, 2002b). The finite element model of Smit et al. (2002) showed that volumetric
strain in the bone around a BMU was related to canalicular fluid flow. It also
predicted that areas with low canalicular fluid flow might induce local apoptosis of
osteocytes. Furthermore this model showed that enhanced shear stress acting on
the osteocytes during loading prevented apoptosis in the reversal zone of the BMU
and also prevented the detachment of osteoclasts from bone surface. Basso et al.
(2006) also reported that the osteocyte apoptosis induced by unloading in a rat
bone was highly associated with osteoclastic bone resorption.

It is also proposed that osteocytes can respond as a population to enhanced
strain from mechanical loading and the response of each individual osteocyte is
related to the magnitude of strain in its local environment (Gluhak-Heinrich et al,,
2005, Kotha et al., 2005). However, neither fluid flow nor the resulting osteocyte
deformation in bone has been measured directly in vivo thus these theoretical

predictions have not yet been validated.
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2.3.5 Bone remodelling and the role of osteocytes in bone

remodelling

Two distinct processes, bone modelling and remodelling, were described in the
pioneering work of Frost (1963, 1986). Since then it has become generally
accepted that in these two processes, different kinds of bone cells work
individually or together to achieve the skeleton’s optimum strength. During
growth, the mechanism by which osteoblasts form new bone without prior bone
resorption is called bone modelling (construction). It can produce alterations in
bone shape, size and position in tissue space of typical long bone cross-sections.
Bone modelling involves either resorption or formation but not both at any locus.

Once the skeleton reaches maturity, modelling decreases and eventually stops.

Bone remodelling (reconstruction) occurs in the mature skeleton in cases
where the mechanical loading has been altered considerably and in some disease
states. Bone remodeling also occurs to repair of microdamage and replace old
bone. Unlike modelling, the bone remodelling process follows a sequence of

resorption (by osteoclasts) and formation (by osteoblasts).

There are four main theories as to how bone remodelling occurs. Firstly, it
is assumed that there are sensor cells in bone which monitor the mechanical
loading (strain) and compare it to a ‘normal’ range of values, and activate the
appropriate biological mechanisms if it is outside that normal range. Based on this
idea, computational simulations of how bone adapts to mechanical loading have

been developed (Beaupre and Carter, 1990, Carter, 1987, Mullender et al., 1995). In
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these investigations, it is simply assumed that when the mechanical loading is very

low, bone is removed and when it is too high, new bone is formed.

Secondly, as osteocytes are distributed throughout the bone matrix, many
researchers have suggested that osteocytes are the most mechanosensing cells in
bone (Cowin et al.,, 1995, Marotti et al., 1990, Parffit, 1995). The presence of gap
junctions and hemichannels in the osteocyte-lacunae network suggests that
osteocytes can communicate with osteoblasts and bone lining cells, so producing

the necessary signals at the bone surfaces.

Thirdly, in addition to sensing the mechanical stimulus, osteocytes can also
sense fatigue damage and transmit signals to activate remodelling to remove any

damaged bone (Burr et al,, 1992).

Finally, it has been suggested that bone lining cells control the bone
remodelling activation in response to signals received from the osteocyte network
or hormones (Rodan and Martin, 1981). Although many investigators do not agree
with all details of these four key concepts, they generally subscribe to one of these

models.

Frost’s mechanostat theory (Frost, 1992) distinguished between modelling
and remodelling processes. In this theory, disuse initiates remodelling, leading to
bone loss, whereas overloading activates leading to bone gain. However, the theory
limits itself to the effect of strain on modelling and remodelling, not the effect of

microdamage and mechanical damage. Later Martin (2000) developed Frost’s idea,
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by adding the ‘pathologic overload’ region to include the effect of fatigue and

microdamage on modelling and remodelling.

The important role of osteocyte apoptosis in bone remodelling

The work of Hezenberg et al. (2006) demonstrated that microcracks disconnect
communications in the osteocyte lacuna-canalicular system, inducing osteocyte
apoptosis (Figure 2-5A). Manologas (2006) suggested that apoptotic osteocyte may
also be a form of damage. In addition, he reported that the rate of bone remodelling

increased in mid-life women, as a result of osteocyte death.

The distribution of osteocyte apoptosis in the lacuna-canalicular network
may provide the required topographical information to target osteoclasts to the
microcrack. (Li et al.,, 2005, Taylor 1997, Vashishth et al., 2000) (Figure 2-5B). A
biochemical signal could transmit the size and location of a microcrack to the bone
lining cells on the bone surface (via the canaliculi through gap junctions) to initiate
bone remodelling and create the bone remodelling compartment (BRC) (Hauge et
al,, 2001), but the nature of this message is not clear (Figure 2-5C). Bone lining cells

are discussed later in this chapter.

Osteocytes transmit a signal to the bone lining cells initiating bone
resorption (Nonaka et al, 1995) where, in the resorption phase, a team of
osteoclasts resorb the volume of bone containing the microcrack but when the

resorption phase ends is unclear (Figure 2-5D).

After the reversal stage osteoblasts form a new volume of bone and refill the
void, partly or completely (Han et al.,, 2004) (Figure 2-5E). Furthermore, osteocytes
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can support the differentiation of preosteoblasts into osteoblasts during the
formation phase of bone remodelling (Heino et al., 2004). After formation, some of
the osteoblasts die, some become bone lining cells and some become trapped in the
bone matrix where they differentiate into osteocytes which are connected to each
other in the new expanding lacuna-canalicular system where later they will use
mechanotransduction to detect the damage and repair of the surrounding bone

(Han et al,, 2004) (Figure 2-5F).

m

Figure 2-5: The sequence of events after osteocyte death. (A) A microcrack breaks the
canaliculi of several osteocytes (B) The microcrack induces osteocyte apoptosis. (C) The
number of dead osteocytes provide topographical information to initiate the resorption

phase and bone lining cells create the bone remodelling cavity. (D) Osteoclasts resorb the
damaged bone. (E) and (F) The reversal stage and osteoblasts form new bone. (F) Some
osteoblasts differentiate into osteocytes to reconstruct lacuna-canalicular network
(Rochefort et al., 2010).
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In summary, osteocytes appear to regulate the formation of osteoclasts and
bone resorption during bone remodelling. Thus osteocytes are involved in both the

resorption and formation phase of bone remodelling directly or indirectly.

2.3.6 Density of lacunae and osteocyte

Since osteocytes are embedded within the mineralized bone matrix, it is difficult to
analyse osteocyte properties and their functions. Sensitive methods, such as the
dissector method, with highly advanced microscopes have been developed to
reveal their details. Using these methods, investigators have confirmed that cell
density plays a crucial role in the growth and size of many bones in the body of
animals and humans (Conlon and Raff, 1999 and Nijhout, 2003). It has also been
suggested that size, density and distribution of lacunae are important features in
bone microstructure which may affect stiffness and other mechanical properties.
There have been many studies of the density of lacunae and osteocytes in different
regions of long bones, in different species, and in a variety of states of health and
disease such as osteoporosis and the menopause (Table 2-1 and 2-2). One of the
earliest quantitative studies reported that the number of osteocytes could be up to
10,000 cells per cubic millimetre and 50 canaliculae per cell in a three-
dimensional network (Marroti et al., 1990). In the detailed study of Mullender et al.
(1996), the number of osteocytes and histomorphometric parameters were
quantified in cancellous tissue for a variety of animals. They found a range of
osteocyte densities from 294 cells per square millimetre in cows, to 942 cells per
square millimetre in rats. In this study, the density of the osteocyte (N.Ocy/BV) and

lacunae (N.Lc/BV) per bone volume were calculated by following equations:
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number of osteocyte per bone area
2R+t—-2k

N.Ocy/BV =

number of lacunae per bone area
2R+t-2k

N.Lc/BV =

where R, t are an average of “osteocyte radius” and a section thickness respectively
and Kk is the thickness of the smallest part of a cell which must be included in the
section for its identification. The number of lacunae in healthy human bone was
estimated to be 17,000 cells per cubic millimetre in cancellous bone tissue. The
study also revealed that 78% of the lacunae contained osteocytes thus 13,300 cells

per cubic millimetre (Mullender et al., 1996).
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Reference Lacuna Osteocyte Empty Gender State Region
density density lacuna
density
Mullender 17100 13300 - - Healthy Cancellous
(1996) /mm3 /mm3 bone
(iliac)
Mullender 150-210 - - F&M osteoporosis Cancellous
(1996) /mm? bone
(iliac)
Mullender 12900- 10500- - F&M osteoporosis Cancellous
(1996) 17100 /mm3 13300 bone
/mm3 (iliac)
Vashishth 450-900 - - F&M cortical
(2000) /mm? bone
(femur)
Qiu & 232 +28 221+30 11+6 F(W) Premenopausal | Cancellous
Parfitt /mm?2 /mm?2 /mm? bone
(2002)
Qiu & 257 £ 45 237 £43 205 F (B) Premenopausal | Trabecular
Parfitt /mm?2 /mm?2 /mm? bone
(2006)
Qiu & 206 +22 188 + 22 17+7 F(W) Postmenopausal | Cancellous
Parfitt /mm? /mm? /mm?2 bone
(2002) (iliac)
Qiu & 207 +22 190+ 22 17+ 7 F Postmenopausal | Cancellous
Parfitt /mm? /mm? /mm? bone
(2003) (iliac)
Qiu& Parfitt 237 +41 213+ 40 23%5 F (B) Postmenopausal | Trabecular
(2006) /mm? /mm? /mm? bone
Qiu & 128+ 39 118 £43 106 F Osteoporotic Cancellous
Parfitt /mm? /mm? /mm? fracture bone
(2003) (iliac)
Hove 21800+4000 | 65970 - F Osteoarthritis Cortical
(2009) /mm3 bone
(tibia)
Hove 8000£500 | 120+30.3 - F Osteopenia Cortical
(2009) /mm3 bone
(tibia)
Hove 15600+3400 | 458 +5.8 - F Osteopetrosis Cortical
(2009) /mm3 bone
(tibia)

Table 2-1: The density of lacunae, osteocyte, and empty lacunae in human bone. F (female),

M (male), B (black) and W (white).
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Reference Lacuna density Osteocyte Empty lacuna Region
density density
Mullender et al. - 295(cow)- - Trabecular bone
(1996) 943(rat) (femur)
/mm?
Fritton et al. 80,600 - - Rat
(2004) / mm3 ( tibia)
Hernandez et al. 1875-834 - - Rat
(2004) /mm? (lamellar bone)
Hedgecock et al. 694 + 42 545.6 + 38 148+19.4 Rabbit
(2007) /mm? /mm? /mm? (tibia)

Table 2-2: The density of lacunae, osteocytes, and empty lacunae in animal bone.

It is uncertain whether there is a relationship between lacuna density and
rate of bone remodelling, but there have been many experiments to investigate the
possibility of a connection. One such investigation found that the cortical and
cancellous tissue bone remodelling volume can be predicted by osteocyte and
lacunae densities (Vashishth et al., 2000). This work also revealed a correlation
between increasing osteocyte numbers and an increase in bone volume, and that
osteocyte density can predict cancellous and cortical bone volume (Vashishth et al,,
2002). In contrast, Qiu et al. (2002b and 2003) found that osteocyte density was
inversely associated with the rate of bone remodelling. They also suggested that
the age of the bone, not the age of the subject determines the density of osteocytes
and that osteocyte density declines with this age in deep bone, so that keeping
osteocyte viability may be one of the functions of bone remodelling. Qiu et al.
(2002b and 2003) also found that the osteocyte density in fracture patients was
less than in healthy controls. They proposed that a deficiency in osteocyte density
may cause bone fragility by reducing osteocyte detection of microcracks and

microdamage.
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Hove et al. (2009) demonstrated that the number of osteocytes in bones
with osteopenia is lower than in those with osteopetrosis and osteoarthritis. They
also reported that the osteopenic osteocytes were larger than osteopetritic and
osteoarthritic osteocytes, and concluded that the differences in osteocyte
morphology and their lacunae may indicate differences in the mechanosensitivity

of the osteocytes.

Clearly, the exact relationship between the density, connectivity and size of
osteocytes, with bone remodelling and bone architecture is complex and deserves

further investigation.

2.3.7 Hormone receptors in osteocytes

Parathyroid hormone (PTH) receptors have been found on rat and chicken isolated
osteocytes in situ (van der Plas et al, 1994, Fermor and Skerry, 1995). This
suggested an important role for PTH in the viability of osteocytes and the efficiency
of cell-cell communication in osteocytic network (Fermor et al., 1998, Fermor and
Skerry, 1995, van der Plas et al,, 1994, Bivi et al,, 2011, Kimmel et al., 2011, Kimmel
et al,, 2010, Miyauchi et al., 2000). PTH is also reported to inhibit apoptosis of
mature osteoblasts and osteocytes (Jilka et al., 2008, Bellido et al., 2005, Bellido et

al,, 2003, Rhee et al., 2011).

Oestrogen is another important hormone involved in bone metabolism.
Several studies have reported that a decrease in the level of oestrogen in the blood

is reflected in a loss of bone mass. If osteocytes are the main mechanosensor cell in
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bone, it is possible that osteocytes are the site of set point regulation by oestrogen
(Hoyland et al., 1999), because oestrogen regulates the set point for the mechanical
responses of bone (Frost, 1992). Furthermore, the higher levels of oestrogen
receptors were found in isolated osteocytes rather than in osteoblast or osteoblast
precursor cells. The study of Zaman et al. (2006) showed that the oestrogen
regulates the content of oestrogen receptors, however osteocytes use them to

respond to strain.

2.3.8 Osteocytic-type cells

Only a limited number of primary osteocytes can be isolated in vivo (Van der Plas
and Nijweide, 1992), which means many researchers have preferred to establish
osteocytic cell lines. HOB-01-C1 cells were the first osteocytic cell line to be
established from cloned human adult bone in vitro (Bodine et al., 1996). These cells
are proven to be putative osteocytic markers, but they are temperature-sensitive,

and proliferate at 34°C but stop dividing at 39°C.

A post-osteoblast/pre-osteocyte-like cell line (MLO-A5) has been
established from the long bone of 14-day-old mice, that can differentiate into
osteoid osteocyte-like cells (Kato et al, 2001). Although MLO-AS cells display all
the late osteoblast markers such as PTH type 1 receptor, they begin to express the
osteocyte markers as they generate cell processes (Barragan-Adjemian et al,

2006).

Another osteocytic cell line, MLO-Y4 (Kato et al., 1997) expresses complex
dendritic processes when seeded at low density (Zhang et al., 2006a). These cells
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have been used in many investigations to examine gap junctions, hemichannels,
apoptosis and other potential functions of osteocytes (Alford et al, 2003,
Bonewald, 2004, Cheng et al., 2001, Gross et al., 2005, Guo et al,, 2010, Heino et al,,
2002, Heino et al,, 2004, Weinstein et al,, 2011, You et al., 2008, Zhang et al., 20064,
Zhao et al,, 2002). These cells support osteoclast formation and activation (Zhao et
al., 2002, Zhao and Grigoriadis, 2002, Heino et al., 2002), osteoblast formation
(Heino et al., 2004), and also support the theories that osteocytes are orchestrators

of both bone formation and resorption (Heino et al., 2004).

2.3.9 The role of osteocytes in bone disease

Osteocyte viability can play a crucial role in the integrity and maintenance of bone,
there is a definite connection between osteocytes and osteoporosis, as described

earlier in Section 2.3.3 (Manolagas, 2000 and 2006).

Osteocyte canalicular may also play a role in bone disease. In healthy bone,
osteocyte connectivity is high and the orientations of their processes are directed
to the blood supply (Knothe et al, 2004). In osteoporotic bone the number of
connection decreases as well as the disorientation of cell processes. Conversely, in
osteoarthritic bone there is a decrease in connectivity but the orientation is intact
(Knothe et al., 2004). Thus, changes in osteocyte connectivity can a have significant
effect on osteocyte function, particularly their viability, and also on the mechanical

properties of bone (Figure 2-6).

28



Reduced Normal Enhanced

Figure 2-6: The effect of bone disease on the lacuna-canalicular system. Disease may disrupt
the lacuna-canalicular system and the change in dendritic will connections dramatically
offer osteocyte function and mechanical properties of the bone (Knothe Tate et al., 2004).

Osteonecrosis is “dead” bone that does not remodel, and could be caused by
glucocorticoid treatment, lipid disorders, alcohol abuse, radiation or trauma.
Osteocyte apoptosis could be involved in this condition, where agents induce the

death of the osteocyte cells that results in bone death, where it does not remodel.

2.4 The osteoblast

2.4.1 The phenotype

Osteoblasts are derived from mesenchymal cells (Aubin and Triffitt, 2002) which
are located in a single layer adjacent to periosteal or endosteal surfaces of bone

(Marks and Odgren, 2002).

Active osteoblasts have the following anatomical structures: a large and
round nucleus, cytoplasmic process and gap junctions. In addition they have

receptors for the majority of bone agents like PTH, PTHrP, vitamin D metabolites,
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etc. It is believed they are responsible for both bone formation through the
secretion of unminerellized bone matrix and, the indirect control of resorption
level. When the deposition of bone matrix terminates, some osteoblasts undergo
apoptosis, while others differentiate into flattened ‘bone lining cells’ on the bone
surface, whereas others become trapped in bone matrix as osteocytes (Marks and
Odgren, 2002, Parfitt, 2002). In general, growth factors, steroid hormones and
specific genes can modify the differentiation program of preosteoblasts and the
degree of osteoblast maturation. Thus osteoblastic cells are observed in four forms
in vivo: immature osteoblasts (preosteoblasts), mature osteoblasts, osteocytes and

bone lining cells (Figures 2-7 and 2-8).

2.4.2 Osteocyte function

Osteoblasts play a vital role in the function and maintenance of the skeleton.
Formation occurs in two steps: deposition of the bone matrix and mineralization.
The study of Robey in 2002 shows that in addition to the secretion of the bone
matrix, osteoblasts also contribute indirectly to the mineralization of the osteoid.
The matrix formation process can take about 15 days at the interface between
osteoblast and osteoid, with the height of osteoblast nucleus gradually decreasing
during the bone formation process. Following production of the new bone matrix,
the mineralization process begins which normally takes 10 days in adults (Marie,
1999). Moreover PTH increases the number of osteoblasts and bone formation
rates and the density of osteoclasts. Jelika et al. (1999) demonstrated this ability of

PTH through inhibiting the apoptosis process in osteoblasts.
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Figure 2-7: Osteocyte maturation. The rows of osteoblasts (arrowheads) are producing
osteoid (pink matrix) which is quickly being mineralised (purple matrix) while some
osteoblasts are in the process of becoming enclosed in bone matrix as osteocytes (arrow)
(Mackie, 2003).

OP, osteoprogenitor
OB, osteoblast

OS, osteoid
pOC, preosteocyte —

S

OC, osteocyte

Figure 2-8: The process of osteoblast maturation on the surface of trabecular bone (Lian and
Stein, 2008).

2.4.3 The role of osteoblasts in bone diseases
Osteoporosis, Paget’s disease and osteoarthritis are bone diseases which are
caused by an inadequate number of osteoblasts and reduced bone formation rates.

Non-equilibrium between the rate of bone formation and the rate of bone
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resorption causes osteoporosis. The most common treatment for osteoporosis is to

inhibit osteoclastic resorption in bone remodelling.

2.5 The osteoclast

2.5.1 The phenotype

Osteoclasts are derived from cells in the monocyte-macrophage lineage of the
hematopoitetic marrow. Baron et al. (1986) demonstrated how mononuclear cells
initially attach to the bone surface, differentiate and eventually form
multinucleated osteoclasts, which may contain up to 50 nuclei (Teitelbaum et al,,
1996). While the resorption role of osteoclasts in modelling and remodelling is
clear, there is no relationship between resorption capacity and the number of
nuclei in an osteoclast, although large cells seems to be more “aggressive” (Piper et
al., 1992) and they may even be more sensitive to extracellular stimulation factors

(Trebec et al., 2007).

2.5.2 The life span of the osteoclast and the resorption cycle

There is a lack of information concerning the osteoclast’s life span in vivo but

according to the experiments of Roodman et al. (1996) it could be up to 7 weeks.

Mononuclear preosteoclasts are proliferated in bone marrow and
transported to the bone surfaces by an unknown molecular mechanism (Yagi et al,,
2005). In vitro experiments have suggested the regulation of bone resorption could

be controlled by the cell fusion process (Lee et al., 2006).
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It has been demonstrated that viable osteocytes are able to secrete factors
which inhibit osteoclast differentiation and activation while dying osteocytes
initiate osteoclast activity (Guo et al, 2005, Kurata et al, 2006). This is in
agreement with the study of Kurata et al. (2006) who showed that damage of local
osteocytes can initiate the differentiation of bone marrow precursors close to the
damaged area. In addition it has been observed in vitro that osteoclasts do not
resorb bone which contains living osteocytes (Guo et al., 2005, Henriksen et al,,
2007). At this time evidence suggests osteocytes are the most likely candidates in
guiding osteoclasts to the correct resorption site.

Some studies have shown that the withdrawal of bone lining cells on the
endosteal surface is the primary indicator of forthcoming resorption (Azari et al,,
2011, Hefti et al., 2010). Osteoclasts attach to the bone surface, before uncovering
the osteoid and its removal begins. Lakkakorpi and Vaidnanen (1995) and
Vainanen et al. (2000) demonstrated that the single resorption cycle of an
individual osteoclast is a complex multistep processes, which induces osteoclast
attachment, formation of the sealing zone, plasma membrane polarization, and the
resorption itself with final detachment and cell death. According to in vitro studies
each osteoclast undergoes apoptosis following several resorption cycles (Kanehisa

and Heerche, 1988).

2.5.3 The role of osteoclasts in bone diseases

A deficiency of osteoclast activity causes osteopetrosis and other related disorders
in humans. In osteopetrosis, the bone becomes thicker, in contrast to more

prevalent conditions like osteoporosis, where the bones become thinner and more

33


http://en.wikipedia.org/wiki/Dense
http://en.wikipedia.org/wiki/Osteoporosis

brittle. While the rate of bone formation is less than resorption in osteoporosis
over a long period of time, the difference in osteoclast number in osteoporotic
bone, compared to normal bone has not been proven. Another clinical disease
related directly to the activity of osteoclasts is Paget’s disease, where an increase in

the number of osteoclasts initiates hyper-resorption.

2.6 Bone lining cells

2.6.1 The phenotype

Bone lining cells are quiescent osteoblasts that were not embedded in the bone
matrix and remained on the surface after termination of the bone formation
process. The morphological characteristics of these cells which cover an inactive
bone surface have been regarded as a distinct phenotype. Electron microscopy can
be used to investigate these cells (Doty and Nunez, 1985, Miller and Bowman,
1980). Some morphological features of bone lining cells demonstrated through
these investigations are as follows; they have a thin, flat nuclear shape and lay
directly opposed to the bone surface. Miller et al (1980) examined the density of
bone lining cells (number of cells per unit surface perimeter) in beagles, and found
their total numbers greatly exceed the number of osteoblasts and osteoclasts found
on trabecular bone samples at different ages (Table 2-3). They also reported that
the density of bone lining cells is about 19 cells/mm bone surface perimeter, and
decreases with age (Miller and Jee, 1987). Bone lining cells are linked to osteocytes
through canaliculi while gap junctions exist between neighbouring bone lining

cells, and between osteocytes and bone lining cells. Bone lining cells are typically
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less than 1pm in thickness and about 12um in length (Figure 2-9) (Miller and Jee,

1987).
Cells per mm bone surface perimeter
Age (years) Number Bone lining Osteoblasts Osteoclasts
of each cells (£ S.D.) (+S.D.) (xS.D.)
age
Distal Radius
1.5-3 7 19.5+3 11+1.2 09+0.7
7 1 17.4 1.4 0.6
10 1 11.6 0 0.1
13-16 4 20+5.1 03+0.5 1.1+0.8
Distal Femur
1.5-3 4 19+1.5 0.1+0.2 0.8+0.2
8-10 3 16.6 +3.1 0.6 +3.1 19+1.1
12-16 3 123 +3.3 0.1+0.2 1.7+1.3

Table 2-3: The density of bone lining cells, osteoblasts and osteoclasts found on samples of
trabecular bone surface from distal femur of beagles of different ages (Miller et al., 1989).

Figure 2-9: A sample adopted from an iliac crest biopsy of 33-year-old female. The bone
lining cells in this micrograph are about 1.0 um in thickness and about 10pm in length.
(Miller and Jee, 1987).

2.6.2 Bone lining cell functions

Bone lining cells may be influenced by strain that could instigate adaptive changes,
and may play an important role in supporting osteocytes (Baud, 1968). Evidence of
this includes the penetration of bone-lining cell processes into canaliculi, and

contact with osteocytes via gap junctions. Bone lining cells are also in contact each
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other via gap junctions (Miller et al, 1980), suggesting that regions of bone volume
might act as a functional osteoblastic network (Doty, 1981). Most investigators in
this field confirm the role of bone lining cells as an activator in the bone

remodelling process.

2.6.3 Bone lining cells and the activation of the bone remodelling

In vitro studies confirm that the activities of both osteocytes and bone lining cells
increase considerably in response to loading and therefore both are involved in

bone remodelling regulation.

In order to explain this mechanism, Marotti et al. (1992, 1996)
hypothesized that even after osteocytes are completely embedded at a depth in the
bone matrix, additional osteocytes are recruited to remain in contact and maintain
the connection with the bone surface. Thus, they conclude that these osteocytes
send an inhibitory signal to osteoblasts forming bone above them. Alternatively,
Martin (2000) suggested that such an inhibitory osteocytic signal is very similar to
the mechanism that many investigators believe to be produced by strain or
mechanical loading. Based on this premise, he assumed that those mechanical
signals would first start when the matrix around a newly formed osteocyte
mineralizes and turns bone-like, but this signal may result in different outcomes.
Like Marotti and other pioneers (Bonewald, 2011, Eriksen, 2010), Martin (2000)
said this signal slows matrix production in neighbouring osteoblasts and allows
some of them to become new osteocytes. However, he argued that such a signal

fails to stop if the osteocytes remain in the loaded-bone environment. In contrast
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he proposed that this signal continues to generate and communicate through the

existing network of osteocytes to the bone surface.

In particular, Martin’s hypothesis places an emphasis on the genesis and
evolution of bone lining cells. These cells start their life cycle as mesenchymal stem
cells and go through several preosteoblastic phases before becoming functioning
osteoblasts. The morphological evidence confirmed that preosteoblasts
communicate with osteoblasts throughout this process (Marotti, 1996). At the
same time osteoblasts serve as a bridge between preosteoblasts on one side and
osteocytes on the other. With the termination of the bone formation process, the
preosteoblasts disappear, however the surface cells still communicate with the
network of osteocytes in the bone matrix. Regardless of their differentiation during
their life cycle, osteoblasts and bone lining cells never end their connections with
their kindred cells. This enduring connection between this family of cells creates a
functional osteoblastic network, in which gap junctions play an important role in

maintaining constant cell to cell communication.

In summary, bone lining cells activate remodelling unless inhibited by an
osteocytic signal. As such, there is a negative correlation between the activation of
remodelling and the generation and transmission of the inhibiting signals, where
the signal increases as the remodelling decreases. This could happen in several

ways consistent with both the general model and the mechanostat theory.

Figure 2-10 shows a small sample of bone tissue where the elliptical objects

symbolize osteocytes, the lower bold line a quiescent (not remodelling) bone
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surface, and a series of bone lining cells are shown on this surface. The multiple
thin lines connecting the osteocytes to one another and to the bone lining cells
schematically represent cell processes within canaliculi. The jagged horizontal line
indicates microdamage to the calcified matrix, which interferes with generation or
transmission of the osteocytic signal. When these inhibitory signals decrease, the

bone lining cells initiate activation of remodelling.
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Figure 2-10: The remodelling mechanism in the network of osteocytes-bone lining cells
(Adapted from Martin, 2000).

2.7 Gap junctions and hemichannels

2.7.1 Gap junction in bone cells

Gap junctions are intra-cellular channels which play an important role in direct cell
to cell communication. They facilitate this mechanism by electrical coupling in
which intracellular signalling molecules such as calcium and inositol triphosphate
propagate between cells, or by simply serving as connection points which allow the

passage of small molecules (<1 kDa), such as small metabolites, from one cell to
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another. Gap junctions are composed of proteins called connexin (Eiberger et al,
2001, Saez et al, 2003, Willecke et al, 2002). Three types of connexins have been
identified in bone tissues including Cx43, Cx45 and Cx46. Among them Cx43 is of
most abundant and can be found in almost all types of bone cells. Several in vitro
investigations have confirmed the presence of Cx43 in cultured osteoblasts from
newborn rat calvaria (Schirrmacher et al, 1992), human bone marrow stromal
cells, trabecular bone osteoblasts (Civitelli et al, 1993), murine osteoblasts
(Edelson, 1990), primary osteocytes in vivo (Mason, 1996), mandibular bone and
periodontal ligament cells of rat teeth (Su et al, 1997), osteoblast-like MC3T3-E1
cells (Chiba et al, 1993, Yamaguchi et al, 1994), and osteocyte-like MLO-Y4 cells

(Cheng et al, 2001, Thi et al, 2003).

The first morphological verification of the existence of gap junctions between
bone cells in vivo was provided by Doty (1981). Later on, the complexity and extent
of gap junctions between osteocytic processes in bone canaliculi in rat and mouse
long bones were demonstrated by transmission electron micrography (Shapiro,

1997).

Yellowley and colleagues (2000) observed the potential role of gap junctions
in osteoblast differentiation. Five years later Civitelli et al. (2005) reported the
crucial function for gap junctions and Cx43 in osteoblast differentiation and bone

development in human and animal models in vivo.
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Gap junction in osteocyte and Ca2+ signalling in bone cells
It has been proven that in ex-vivo calvaria organ cultures, gap junctions allow cell-
cell communication among the osteocytic network, and that such communication is

regulated by parathyroid hormone (PTH) (Jiang et al,, 2007).

As discussed previously, it is generally believed that osteocytes communicate
the presence of mechanical signals to osteoblasts, bone lining cells, and, perhaps other
skeletal cells. Indeed, in vitro studies demonstrated that gap junction intercellular
communication (GJIC) contributes to hormones, growth factors and Ca?* wave
propagation from osteocytes to osteoblasts which is thought to be crucial for bone

formation and remodelling (Yellowley et al., 2000) (Figure 2-11).

Bone Bone
Marrow

Hemichannels

Osteoblasts

Figure 2-11: Gap junctions and hemichannels in the osteoblast-osteocyte network. Gap
junction transcellular channels, formed by the apposition of two connexins, are abundantly
present between osteoblasts on the bone surface, as well as at the interface between
osteocytic processes and between these processes and osteoblasts on the surface. Connexins
also exist as membrane channels, without docking to an opposing connexin, thus
representing gap junction “hemichannels”. Both gap junctions and hemichannels contribute
to connexin’s role in bone biology (Civitelli et al., 2008).
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2.7.2 Hemichannels

It was indicated in the previous section that connexins constitute the main part of
gap junctions. In recent years another function of connexins has been discovered:
they form two halves of gap junction channels, called hemichannels (Figure 2-12).
Hemichannels exist in osteoblasts and osteocytes, in particular where they appear
to function as main transducers of bisphosphonates, which form as a result of
antiapoptosis. (Bennett et al,, 2003, Ebihara, 2003, Goodenough and Paul, 2003,
Romanello, 2001, Plotkin and Bellido, 2001, Plotkin et al., 2002). These channels
are located at the cell surface and have no physical contact with neighbouring cells.
There are some similarities between hemichannels and gap junction channels, both
contribute to the passage of molecules with molecular weights less than 1 kD..
However, the main function of hemichannels is to create a bridge between cells and
their extracellular matrix, while the gap junctions facilitate the communication

between neighbouring cells.

There are several factors regulating the function of hemichannels including
voltage, protein kinase C, extracellular Ca2*, and retinoic acid (Gomez-Hernandez et
al, 2003, Jedamzik et al.,, 2000, Zhang and McMahon, 2001). One investigation
revealed that hemichannels regulate cell volume in response to the change in

extracellular physiological calcium (Quist, 2000).

Gap junctions and hemichannels in the mechansensing osteocyte
As discussed earlier, osteocytes may actually respond to mechanically induced

fluid flow through the canaliculi surrounding the osteocyte which is probably
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responsible for the deformation of the cell membrane. Whitfield (2003)
conjectured that the bending of the primary cilia of an osteocyte by extracellular

fluid sends signals into the cells through the gap junctions.

Fluid flow shear stress will stimulate a chemical reaction, and the signalling
molecules generated would be transmitted between cells by gap junction channels
connected through the network of dendritic processes, and through hemichannels
between osteocytes and the extracellular matrix. Subsequently, the signalling
cascade leads to the expression of the regulatory molecules crucial for modulating

bone formation and remodelling cycles (Jiang et al., 2007).
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Figure 2-12: The model diagram for the role of hemichannels under fluid flow shear stress in
osteocytes. Hemichannels are expressed on the plasma membrane away from cell-cell
junction regions. (A) In the absence of mechanical stress, hemichannels remain closed,

whereas gap junctions are kept open. (B) Fluid flow shear stress induces the opening of
hemichannels (upper panel). PGE2, possibly ATP and other responding physiological factors
are released into canaliculi to mediate biological responses elicited by mechanical stress
(Jiang et al., 2007).
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The osteocytes are connected to each other and the bone lining cells via gap
junctions (Doty, 1981, Jones et al., 1993, Knothe Tate et al., 2004), thereby
permitting direct cell-to-cell coupling. Gap junction channels mediate the quick
intracellular passage of ions and molecular signalling, while the hemichannels
mediate extracellular signalling which makes them suitable for sensing mechanical
strain and later transmitting these mechanical signals into biochemical reactions

(Figure 2-11 and 12).

The signals generated by mechanical stimulation are able to be transmitted
between bone cells through gap junction channels, and between cells and the
extracellular matrix through hemichannels where hemichannel opening is
hypothesized in response to mechanical stress (Jiang et al., 2008) (Figure 2-11 and

12).

2.8 Discussion

The aim of this chapter is to present an overview of the necessary bone biology to

understand the contents of this thesis.

Osteocytes are the most abundant cell type in bone comprising of more than
95% of all bone cells, with their normal density between 294 and 942 cells/mm?2.
They are osteoblastic cells which were left in the bone matrix following bone
modelling and remodelling. Osteocytes are located in a cavity (lacuna) and
connected to each other by canals (canaliculi), and are able to communicate with
each other and with bone lining cells (BLCs) at the surface of bone through these
canaliculi via gap junctions. It is widely believed that the osteocyte-bone lining cell
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network controls the adaptive bone remodelling process through the sensing of the
mechanical loading on the bone and transmission of a signal to BLCs at the bone

surface.

Although the importance of the osteocyte network in the
mechanotransduction of bone is now well established, some of the mechanisms
involved are still unclear. The mechanotransduction in the osteocyte take place in
three steps: 1) stimulation of the osteocyte; 2) detection of the stimulation and 3)
initiation of a signalling cascade. The osteocyte senses mechanical strain with
functional gap junctions providing the intercellular communication between
osteocytes and the transportation of molecules such as calcium (Mullender and

Huiskes, 1997).

Aging, loss of ability to sense microdamage signal, loss of mechanical strain
and deficiency of sex hormones have all been shown to promote osteocyte death or
apoptosis. However apoptotic osteocytes can also occur in association with
pathologic conditions such as osteoporosis, osteoarthritis and micropetrosis,

usually leading to an increase in bone fragility.

This project aims to develop a simulation of the osteocyte-BLC network and
investigate osteocyte signal propagation, the corresponding BLC signals, and the
effects of apoptosis and microcrack on that signalling. Firstly, a model of a
uniformly distributed osteocyte network will be developed which stimulates the
signalling through the network to the BLCs based on strain level. Since Adachi et al.

(2009a) identified asymmetric calcium signalling between osteocytes and BLCs, so
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bi-directional and asymmetric communication between neighbouring osteocytes
and BLCs are then included to the model. More importantly, the sensitivity of the
network to increases in osteocyte apoptosis and microcrack length are then

examined.
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Chapter 3 Previous theoretical and experimental
investigations into the role of the osteocyte

network

3.1 Introduction

In recent years, a number of investigations have been carried out to examine the
osteocyte’s function in the mechanotransduction mechanism and bone remodelling
process. They have given invaluable insights into the underlying biological
responses of the cells. The aim of this research is to apply numerical simulation
techniques to understand the effect of those biological processes in a little more

detail. The main areas of investigation in this dissertation are:

e mechanotransduction in bone and the osteocyte network,
o the effect of osteocyte apoptosis,

e the effect of microcracks in bone.

3.2 Mechanotransduction in bone and the role of

osteocytes

Bones functionally adapt to mechanical usage and activities, such as loading during
physical exercises, and unloading, during bed rest and in spaceflight microgravity.
The functional adaptation of bone occurs through the remodeling mechanism

which is governed by bone metabolism and regulated by the bone cells. The
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mechanotransduction mechanism, by which bone cells sense mechanical stimuli
and regulate the remodeling process changing the structure of bone to meet the
functional demands, is well established. A number of studies have investigated the

mechanism of mechanotransduction in bone tissue in vivo, in vitro and in situ.

The model of Duncan and Turner (1995)

Duncan and Turner (1995) developed an in vitro model to examine the mechanism
of mechanotransduction and the functional response of bone to mechanical strain.
They proposed that mechanotransduction can be divided into four phases: (1)
mechanocoupling, (2) biochemical coupling, (3) transmission of signal and (4)

effector cell response.

Mechanocoupling. Mechanocoupling in mechanosensory tissues refers to the
transduction of mechanical forces into local mechanical signal that can be detected by
cells. Duncan and Turner (1995) showed in vivo that the bone’s adaptive response is
directly proportional to the rate of strain which determines the local deformation in the
bone. It was also demonstrated in the laboratory that applied loading by less than 0.5 Hz
frequency does not lead to bone formation, but mechanically induced bone formation is
increased at 2 Hz (Duncan and Turner, 1995, Turner and Robling, 2005, Turner et al.,
1995). They concluded that bone lining cells and osteocytes are the sensors of local
bone strains as they are stretched the same amount as the bone tissue.

The range of peak levels of applied strains are between 400 and 2000
ustrain in humans during varied activities (Martin, 2000, Burr et al., 1995), with a

combination of bending and compressive forces established as causing a large
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variation of strains on the bone surface (Turner et al, 1994, Turner, 1998,
Srinivasan and Gross, 2000, Burr et al., 1998, Hoffler et al., 2006). The osteocyte-
bone lining cell network under bending loads in Duncan and Turner’s investigation
is presented (Figure 3-1). They proposed that a bending force creates tensile
stress on one side of the bone and compressive stress on the other. This creates a
pressure gradient in the interstitial fluids that drives extracellular fluid flow from
regions of compression to region of tension. Fluid flows through the canalicular
system and across the osteocytes pumping nutrients into the cells and creating
fluid shear stresses on osteocytes cell membranes.

The results of Duncan and Turner’s (1995) study show how an adaptive
response in bone could be directly proportional to the rate of applied strain in vivo
(Wang, 2008, Srinivasan and Gross, 2000, Bonewald, 2006b, Burger and Klein-

Nulend, 1999a, Cowin, 2002, Nicolella et al., 2008, Charras and Horton, 2002).
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Figure 3-1: Schematic representation of a trabecula under bending loads (Duncan and
Turner, 1995).

Other experimental investigations suggest that the rate of stress-produced
fluid flow within the bone matrix shows a positive correlation with the rate of
strain (Alford et al., 2003, Burger and Klein-Nulend, 1999a, Cowin, 2002, Han et al,,
2004, Knothe Tate et al.,, 2004, Srinivasan and Gross, 2000, You et al., 2008, Turner
et al., 1994). They also suggest the possibility that fluid flow within bone converts
mechanical load into cellular signal. Similarly, microdamage due to the repetitive
loading in bone over time was reported as another form of mechanical coupling

(Ducher et al,, 2009, Yingling et al., 2001, Duncan and Turner, 1995).
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Biochemical coupling and transmission of biochemical signal. According to the
experiment of Duncan and Turner (1995), the second phase of
mechanotransduction is ‘biochemical coupling”. In this stage of
mechanotransduction, there is a proposed mechanism for the coupling of a
cellular-level mechanical signal into an intracellular biochemical signal. lon
channels can be gated by mechanical strain, making them the best candidate as the
initial biochemical coupling mechanism since no second messenger is required to
activate the channels. Duncan and Turner (1995) presented two possible pathways
by which a biochemical signal in the sensor cell is transmitted to the effector cells
increasing osteogenic activity following mechanical loading: either through the
activation of osteoblasts at the bone surface, or activation with the osteocyte and
bone lining cell network. They suggested the latter was the most probable pathway
due to the abundance of osteocytes and their extensive network of connectivity

(Figure 3-2).

Effector response. The last step of Duncan and Turner’s mechanotransduction
mechanism is ’effector response’ which plays a critical role in initiating the bone
remodelling process, which is dependent upon the magnitude, duration and rate of
the applied mechanical load. It was revealed that cyclic loading is the most potent
stimulator of new bone formation, however longer duration lower amplitude
loadings have the same effect on bone formation as loads with higher amplitude
and shorter duration. They also added that the sensitivity of the sensor or effector
cells to mechanical loading may be changed by hormones interacting with local
mechanical signals.
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Figure 3-2: Schematic illustration of the suggested signal transduction pathways after a
mechanical stimulus (Duncan and Turner, 1995). The mechanical signal is transmitted
through the osteocytic network (Oc), via gap junctions, to the bone lining cells (BLCs). The
BLCs stimulate osteoprogenitor cells to divide and differentiate into preosteoblasts
(preObs). The preosteoblasts continue to differentiate into osteoblasts (Obs) which attach to
the bone surface and produce new bone matrix.

The model of Burger and Klein-Nulend (1999)

Burger and Klein-Nulend (1999) presented a theoretical model for
mechanotransduction in bone, emphasising the role of osteocytes as the most
proficient mechanosensory cells in bone regulating bone remodelling. They
assumed the mechanical stimulation activates osteocytes to produce the anabolic
paracrine factors, which are transported via gap junctions through the osteocytic
network to the bone surface recruiting new osteoblasts at the surface. Based on
these assumptions, they presented a schematic model showing how the osteocyte
network could regulate bone remodelling (Figure 3-3). Local bone gain and bone
loss were explained as a result of local overuse and disuse. In the steady state,
normal mechanical use keeps osteocytes viable and ensures a basal level of fluid
flow through the lacuna-canalicular system, suppressing osteoblastic activity as

well as osteoclast attack (Figure 3-3.A).
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Figure 3-3: Schematic representation of how bone remodelling may be regulated by the
osteocytic network (Burger and Klein-Nulend, 1999a). In the steady state, an arrowhead
indicates the basal level of fluid flow through the lacuna-canalicular porosity. In the overuse
state, double arrowheads represent an increase of fluid flow. Finally the lack of fluid flow in
disuse state is represented by crosses through canaliculi. OCY, osteocyte; LC, Bone lining cell;
OB, osteoblast; OCL, osteoclast; hatched area, mineralized bone matrix; dark-grey area,
newly formed bone matrix; white arrows symbolize direction and magnitude of loading.

In the overuse state, overstimulation of osteocytes by abnormally high fluid shear
stress leads to the release of a recruitment osteoblast signal (Figure 3-3.B). It is

also noted that activated bone lining cells may re-differentiate as osteoblasts to
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build new bone. Subsequently, the new formed bone re-establishes the normal
state of basal fluid flow. In comparison, disuse means under-stimulation of
osteocytes by a lack of fluid shear stress, resulting in a reduction of osteocyte
viability or even osteocyte death which releases an osteoclast-recruiting signal or
the absence of osteoclast-suppressing signal or both (Figure 3-3.C).

Based on the theory of osteocytic inhibition of osteoclasts, Burger and Klein-
Nulend (1999) also presented a hypothetical model explaining how bone
remodelling may be initiated by fatigue damage (Figure 3-4). They assume that
repetitive loading in the normal physiological range causes fatigue micro-damage
which affects the integrity of the osteocytic and lacuna calanalicular network by
disrupting canaliculi and severing osteocyte processes. Disruption of the
communication between damaged osteocytes and bone lining cells would then
activate osteoclast recruitment, thereby initiating bone resorption (Figure 3-4.A).
Resorption of the damaged bone then results in overuse and initiation of bone
formation by osteoblasts (Figure 3-4.B), which would stop when the normal state
of mechanical loading was reached (Figure 3-4.C). They also assume that the
activity level of bone cells is regulated by hormones, such as sex hormones or
parathyroid hormones, at each level of the mechanotransduction, including
osteoblast/osteoclast recruitment and activity.

The role of osteocytes as mechanosensors in the inhibition of bone
resorption due to mechanical loading, was validated in vitro by You et al. (2008).
Part of the Turner and Klein-Nulend (1999)’s model relating to the activation of

resorption by fatigue loading, and the regulation of osteoblasts and osteoclasts by
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mechanosensitivity of osteocytes to shear stress, have also been experimentally
tested and validated (Turner, 1998, Turner et al., 1994). However the assumption
of modulation of the level of the cell activity by hormones in a systemic manners

seems to be very unlikely in vivo (Harter et al., 1995).
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Figure 3-4: Schematic representation of how bone remodelling may initiated by fatigue
damage (Burger and Klein-Nulend, 1999a). Matrix with fatigue is indicated by stippled
matrix and other symbols are same as Figure 3.

Mullender and Huiskes (1997) employed an idealised trabecular bone

model to investigate whether osteocytes or bone lining cells play the
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mechanosensory role in bone. They developed two theoretical models to
determine the best candidate for the mechanosensor (Figure 3-5). In the first,
osteocytes are activated by mechanical loading to stimulate basic multicellular
units (BMUs) and bone remodelling can be controlled by local feedback as shown
in Figure 3-5. In the second, bone lining cells or osteoblastic cells on the bone
surface sense the mechanical signal and stimulate BMUs without mechanosensory
stimuli from osteocytes. Their results suggest that osteocytes are more efficient
sensors of strain than bone surface cell, as osteoblastic cells are less sensitive than
osteocytes to external loads because the architectures produced by osteocytes was

more appropriate with mass distribution relative to the applied mechanical stimuli.
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Figure 3-5: Schematic representation of two alternative theoretical regulatory schemes
(Mullender and Huiskes, 1997).

Based upon the sensitivity of osteocytes to mechanical stimuli, Ausk et al.
(2006) proposed a simulation of calcium signalling in a network of 81 osteocytes

during application of mechanical loading to predict the global activity in the
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network. The simulation was based on a small section of bone, with a 2-
dimensional uniformly distributed osteocyte network which was subject to
bending. It was assumed that each osteocyte was connected to its neighbours.
Strain values experienced by the osteocytes varied throughout the network to
replicate the effect of a bending type load. The range of cell activity at each time
step ranged from 0% (inactive) to 100% (maximally activated cell). Each
simulation assumed the following: (1) cell activity was calculated for each
osteocyte based on the level of strain it experienced, according to specified activity
thresholds; (2) there was symmetrical communication between neighbouring
osteocytes, (3) the activity signals were modulated by calcium stores. Ausk et al.
(2006) examined the effect of heterogeneity in the model for all parameters related
to cellular function and the governing of cell activity. Their results show that the
application of heterogeneity significantly affected the network response. However
the model was limited in that it assumed symmetrical intercellular communication
between osteocytes and ignored bone lining cells.

Later, experiments performed by Adachi et al. (2009) indicated that the
intercellular communications between osteocyte cells and osteoblast cells are not
symmetrical. They applied a direct mechanical stimulus to a single osteocyte then
measured the calcium wave propagation between that cell and its neighbouring
osteocytes and osteoblasts on the bone surface (Figure 3-6). The measurement of
the calcium wave propagations between the osteocytic and osteoblastic cells
indicated that the efficiency of calcium response propagation between bone cells

depends on the type of ‘receiver’ cell but is independent of the transmitter cell
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type. For example, they found that while 34.7% of the calcium signal level is
transmitted from an osteocyte to a bone surface cell (BSC), only 9.4% is
transmitted in the opposite direction, these signals are illustrated in Figure 3-6.
They also suggest that because of this asymmetric communication between
osteocyte and osteoblast cells, the mechanosensing by osteocytes near to the bone
surface and connecting osteoblast cells, may be responsible for the
mechanoregulation of the bone remodelling process. Several more experimental
investigations have demonstrated that the application of a mechanical stimulus to
an osteoblast cell induces an intercellular calcium signalling response which
propagates to neighbouring cells (Guo et al., 2006, Huo et al,, 2011, Huo et al., 2010,

Hoffler et al., 2006, Charras and Horton, 2002).
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Figure 3-6: Time course change in [Ca2+], in bone surface cells (BSCs) and osteocytes (Ocy)
in response to applied mechanical stimulus. (A) Cells #0 (Ocy) was stimulated to initiate a
calcium signalling response (t=3.5s, arrowhead) and it transmitted to Cells #1, 3, 4 (BSCs)
(t=10s, arrowhead). (B) The calcium propagation signal over time has been shown for each
cell. (C) Percentage of intercellular for each pair of four possible combinations in cell types.
(D) Four possible combination of communication based on the transmitter and receiver type
cell (Adachi et al.,, 2009a).
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In addition to the examination of mechanotransduction in a single
osteoblastic cell, Charras and Horton (2002) provided an estimation of the
threshold cellular strain level which is required to initiate an intracellular calcium
reaction in primary osteoblasts. They examined mechanotransduction and its
modulation in a single cell using atomic microscope indentation. The results
demonstrate that osteoblastic cells respond to mechanical stimuli following a
sigmoidal dose-response relationship (Figure 3-7). They also observed that
intercellular calcium rises in a stimulated cell and can be propagated to
neighbouring cells through the gap junctions but they did not determine the

transmission levels as Adachi et al. (2009) did.

25¢

..................................

Cells Reacting (in %)

Strain (in millistrain)

Figure 3-7: Reaction of osteoblastic cells to applied strain. The numbers refer to the number
of cells in each strain group (Charras and Horton, 2002).
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Guo et al. (2006) successfully cultured bone cells into a micropatterned MC3T3-E1
(osteoblast-like cells) network with dimensions similar to those of an in vivo
osteocyte network. They did this using micro contact printing and self-assembled
monolayers, a technique previously used in a study conducted by Guo et al. (1995).
The bone cells in these networks were able to form gap junctions between each
other, shown by immunofluorescent staining for the gap junction protein connexin
43. It was also demonstrated that the intracellular calcium response of an indented
bone cell in this network could be transmitted to neighbouring bone cells through
multiple calcium waves. Furthermore, the propagation of these calcium waves
were found to diminish with increase in cell separation distance. This study
provided experimental data in support of the fact that the osteocyte network
‘memory’ of mechanical loading is similar to the ‘memory’ in neural networks. For
example, referring to Figure 3-8, intracellular calcium signals were observed to
propagate from a single stimulated bone cell (cell #1) to neighbouring cells in the
network. The calcium transmission in cell #1 increases rapidly after a short delay
followed by a decrease, to less than the initial baseline level. Comparison of these
experiments with those of Adachi et al. (2009) confirms two different patterns of
signal propagation for osteoblasts and osteocytes (Figure 3-7), while propagation
for all cells in this network followed the same pattern. However note that Adachi et
al. (2009) investigated the calcium wave propagation between MLO-Y4 osteocyte-
like cells and MC3T3-E1 osteoblast-like cells, while Guo et al. (2006) only studied

MC3T3-E1 osteoblast-like cells within the osteocyte network.
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Figure 3-8: Demonstration of calcium signal propagation from a single indented bone cell
(#1) to adjacent cells in the cultured network pattern (Guo et al., 2006).

3.3 The effect of apoptosis in bone

It is widely believed that aging, loss of ability to sense microdamage, loss of
mechanical strain, and deficiency of sex hormones all promote osteocyte death or
apoptosis as described in Chapter 2 (Dodd et al., 1999, Weinstein and Manolagas,
2000, Jilka et al., 2007). Apoptosis in osteocytes can also occur in association with
pathological conditions such as osteoporosis (Qiu et al., 2003, Almeida et al., 2007).
Dead osteocytes can remain in the bone for many months, but are eventually
removed, leaving empty lacunae. A number of researchers have investigated
osteocyte density and apoptosis in bone tissue in vivo, in vitro and in situ by using
advanced microscopy. Frost (1963) undertook a study to consider whether the

number of osteocytes changes with age. The results revealed a significant decline
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in occupied lacuna density in human cortical bone from 95% at age 10 to 70% at
age 40, then after 40 the density of lacunae remains constant. However since
osteocytes still stain after their death, Frost’s results may not be completely
accurate. Later, Qiu et al. (2002) observed that viable osteocyte density in the
human iliac cancellous bone fell considerably, between 20 to 70 years, but they
also found an increase in empty lacunae or apoptosis density. In 92 cases, they
measured different densities of osteocytes and empty lacunae in superficial bone
(<25 pm from the surface) and in deep bone (>45 pum from the surface). The
number of osteocytes in deep bone was significantly less than superficial bone at
all ages in both genders. They also reported the decline in osteocyte density
increased in deep bone rather than in superficial bone. This occurs with age in
women as it does in men however, the pattern of osteocyte distribution within and
between trabeculae was not affected by either menopause or age. Based on this
observation, Qiu et al. (2002) concluded that the age-related osteocyte deficit was
accompanied by an increase in empty lacunae and a decrease in the percentage of
osteocyte-occupied lacunae, suggesting that bone remodelling may maintain

osteocyte viability in iliac cancellous bone.

Qiu et al. (2003) examined iliac bone biopsies from 56 healthy women and
44 women with clinical vertebral fractures, and found that the osteocyte density
declined in the patients with the fractures by 34% compared with healthy subjects
of the same age. Many more empty lacunae were observed in the fracture group in
both superficial and deep bone. They also found that the osteocyte deficit in
fracture patients was accompanied by a decrease in lacunae and no change in the
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percentage of osteocyte-occupied lacunae. They suggested that the reduction in
both lacunae and osteocyte density in the osteoporotic bone may therefore be
related to a decrease in the number of osteoblasts available for embedding in the
matrix. Similarly, Mullender et al. (2005) reported a reduction in the number of
osteocytes in the osteoporotic iliac crest in men and women compared to healthy
subjects. The findings demonstrated that the osteocyte density is dependent on
gender as well as age and disease. They also suggested that a reduction in
osteocyte density in osteoporotic patients relates to imperfect bone remodelling
which ultimately leads to bone loss. Conversely, the work of Busse et al. (2010)
concluded that aging not only decreases the total number of osteocyte lacunae in
cortical bone, but also changes the osteocyte distribution and contents (Figure 3-
9). Based on the observation of micropetrosis by Frost (1960), they presented the
parameter of the mineralized osteocyte lacunae per bone area, which reflects the
number of osteocyte lacunae that were filled with mineralized tissue. The results in
aged bone showed that the amount of hypermineralized calcium phosphate in
apoptotic osteocyte lacunae was increased compared to younger cases. They
suggested a pathway for the effect of aging on bone fragility (Figure 3-10), and
revealed that increasing age was correlated with a decrease in osteocyte lacunar
density and an increase in osteocyte apoptosis, both of which affect the bone repair
processes. They (Busse et al,, 2010a) also suggested that osteocyte death was a
major contributor to lacunar hypermineralization (micropetrosis) and an impaired
bone remodelling process as described in Section 2.3.3. They concluded that a

failed or delayed bone repair mechanism in aging bone could account for this
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increase in hypermineralized lacunae, and the decrease in osteocyte lacunar
density which ultimately affects the mechanical properties of the whole tissue.

Periosteal Endosteal
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—
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Figure 3-9: Distribution of osteocyte lacunae in different age cases. The number and
distribution of osteocyte lacunae decrease with age (Busse et al., 2010).
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Clark et al. (2005) examined osteocyte apoptosis in osteotomiesed chicken
radii. They demonstrated that the incidence of osteocyte apoptosis increased
within 12 hours of osteotomy, followed by an increase in osteoclast presence, but a
numerical relationship between osteocyte apoptosis and number of osteoclasts
was not established due to sample complexity. The results suggest the possibility of
direct involvement of osteocytes in bone fracture repair. Similarly, an increase in
osteoclast numbers with increasing osteocyte apoptosis was reported in both

cortical and trabecular mouse bone within 3 days from when loading of the bone
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ended (Aguirre et al.,, 2006). In addition, a reduction in trabecular and cortical bone
width, spinal bone mineral density and vertebral strength followed unloading with
increasing cortical porosity observed within 4 weeks. Despite increased
remodelling by an increased numbers of osteoclasts, mechanical unloading
resulted in increasing osteocyte apoptosis and a decreasing bone formation rate,
which could not compensate for the resorption rate. This impaired bone

remodelling process leads to loss of bone mineral and also strength
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Figure 3-10: A suggested pathway of the effect of aging on bone fragility (Busse et al., 2010).

65



The development of a transgenic mouse model by Ikeda (2008) with specific
ablation of osteocytes also revealed same results as those observed by Aguirre et
al. (2006) and Clark et al. (2005). In another investigation, Tutsumi et al. (2007)
used a single injection to ablate 70% of the osteocytes in transgenic mouse model,
so the effects of osteocyte apoptosis could be classified into short and long term
categories. Microfractures, impaired mineralization and resorption in cortical bone
were the short term effects of osteocyte ablation within 8 days. However, no short
term effects were observed in trabecular bone. They also reported a decrease in
trabecular connectivity and thickness, an increased cortical porosity followed by a
decrease in the cortical area of the femur, and ultimately osteoporosis in the bone

were the long term consequences of osteocyte deficiency.

The numerical correlation between osteocyte apoptosis and rate of bone
remodelling in rabbit tibial midshafts was examined by Hedgecock et al. (2007).
The number of viable osteocytes, osteocyte lacunae, empty lacunae and apoptotic
osteocyte density were quantified (Table 3-1). The data also demonstrated a linear

correlation between the density of apoptotic osteocytes and remodelling.

Osteocyte Empty Osteocyte Apoptotic Apoptotic
lacunae lacunae nuclei osteocyte osteocyte
density density density density percentage
(#/mm?2) (#/mm?2) (#/mm?) (#/mm?2) (#/mm?)

Overall 694.5£42.1 148.9 + 19.4 545.6 + 38.0 48.0 + 40.3 9.1+83

Table 3-1: The density of osteocyte and its viability in tibial rabbit (Hedgecock et al., 2007).

They suggested that the density of osteocyte apoptosis required to activate bone

remodelling is 45 apoptotic osteocytes/mm?2. Below this critical value, the rate of
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bone remodelling was constant whereas above the threshold, this remodelling rate
increased in a linear fashion. These observations support the theory of initiation of

bone remodelling by signalling of osteocytes undergoing apoptosis.

3.4 The effect of microcracks in bone

One of the physiological events in bone is the formation of microcracks, which may
be a consequence of fatigue loading in vivo. Frost (1985) originally proposed that
the potential stimulus initiating bone remodelling was microcrack formation which
leads to a disruption of the canalicular connections in the osteocyte network.
However more recent studies have suggested that osteocyte processes are
ruptured when microcracks traverse them (Figure 3-11), and may directly secrete
passive or active components into the extracellular matrix which induce bone
remodelling to repair the area (Hazenberg et al., 2006) .

It has also been observed that microcracks are able to grow during constant
stress in cortical bone leading to increased microdamage by a time dependent
build up of local strain (Hazenberg et al, 2006). In contrast, other researchers
(Civitelli, 2008; Eriksen, 2010b; Guo et al., 2005; Hazenberg et al., 2006; Hazenberg
et al,, 2007; Marotti, 2010; Nijweide et al., 1998; Rubinacci et al., 2002) believe that
active gap junctions provide the intracellular communication in osteocyte-
canalicular systems and inhibit the activation of osteoclastic resorption, and it is
this which is interrupted by the microcrack. However there is mounting evidence
for the view that the apoptotic response is localised in regions containing

microcracks. Thus osteocytes are the key factor in interrupting the transmission
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system and triggering bone remodelling (Martin, 2000, Emerton et al., 2010,

Hazenberg et al., 2006, McNamara and Prendergast, 2007).

S S .C—S—.

Figure 3-11: A confocal microscopy image of a microcrack and three effected osteocytes
(solid arrows) by microcrack. Many of the cell processes are broken, but some processes
seem to cross the crack faces (circle) (Hazenberg et al., 2006).

Many investigators have observed that microcracks are distributed through
the local micro structure in human and animal cortical and trabecular bone (Tables
3-2 and 3-3). Only linear microcracks are observed in cortical bone, but linear and
cross-hatched cracks appear in trabecular bone. In the latter, the density of
trabeculae appears to be a function of the density of microcracks, where a decrease
in trabeculae is observed with an increasing density of microcracks (Mori et al,
1997).

The lengths of microcracks reported in the literature vary greatly, with most
studies examining microcracks in the interstitial tissue and only a small number in

osteons. Wasserman et al. (2008) reported that the length of 1,141 microcracks
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ranged between 54.4 and 2,285 um (Figure 3-12). They also suggest that linear
microcracks of the femoral mid-shaft grow in planes parallel to osteons and that
their lengths do not change with age.

It was generally believed that the density of microcracks relates to gender,
age, porosity and osteocyte density. Schaffer et al. (1997) found that microcrack
density increases remarkably in human femoral cortical bone with age and are
larger in females than in males at a comparable age, however they do suggest that
crack length is independent of age. Conversely, Vashishth et al. (2000) found that
there were no gender-related differences in osteocyte lacunar density and
microcracks and porosity, but they described an exponential relationship between
osteocyte density and microcrack density.

Three-dimensional images of single microcracks in trabecular bone (Fazzalari et
al., 1998) and cortical bone (O’Brien et al.,, 2000) obtained by reconstructing serial
sections of two-dimensional confocal microscopy images is one of the techniques
used to examine individual microcracks and damaged regions in vivo. However the
depth of these observed microcracks were limited to approximately 200 um from
the surface (Fazzalari et al, 1998, O’'Brien et al, 2000, Wang et al, 2007,
Zarrinkalam et al., 2005) and the field of view is small. In later studies, some
microcracks were found within 500 pum of the bone surface in compact bone by
using epifluorescence microscopy (O'Brien et al, 2003). Furthermore, the
computational study of Gefen and Neulander (2007) proposed a critical size of
microcrack which would initiate the bone remodelling process in a trabecular

bone. They suggested that a microcrack with a minimal length of 48 pum and
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minimal depth of 13% of the trabecula's thickness from the bone surface, or longer
microcracks closer to the surface (7% of the trabecula's thickness) for trabeculae

with a length of 900 pm and thickness of 80-800 um were required to activate bone

remodelling.

Percent of Measuements (%)

300 600 800 1200 1500 1800 2100
Crack Length (um)

Figure 3-12: The lengths of 1,141 observed cracks in bone (Wesserman et al., 2008).
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Reference | Density of | Length of Crack Species Section Region
microcrack | microcrack | surface
(#/mm2) (um) density
(pm/
mm?)
Schaffler et - 80 - Bovine longitudinal femur
al. (1989)
Burr and - 88 £ 54 - Equine longitudinal | metacarpal
Martin
(1993)
Mori and - 58 - Canine longitudinal radius
Burr
(1993)
Lee et al. - 55+18 - Ovine longitudinal Radius
(1995)
Gomez et 0.022 = 41+ 10 0.84 + Racing transverse | Metacarpal
al. (2005) 0.008 0.27 Thoroughbreds
Gomez et 0.013 + 37+ 15 0.50 = Non-athletic transverse | Metacarpal
al. (2005) 0.006 0.29 horses
Table 3-2: Microcrack density and length in different animals.
Reference Density of Length of Crack Section Region
microcrack microcrack surface
(#/mm?2) (nm) density
(um/ mm?)
Burr and - 88 +38 - longitudinal rib
Stafford
(1990)
Burr and - 296 + 257 - Transverse rib
Martin
(1993)
Lee et al. - 82+29 - longitudinal rib
(1998)
Donahue et 0.35+0.30 75.04 + 24.21 | 2591+ 21.22 | longitudinal Metatarsal
al. (2000)
Donahue et 0.28 +0.27 81.67 £ 23.54 | 22.53+23.02 | longitudinal Metatarsal
al. (2000)
(Zioupos, 1.2+0.8 10-2250 - Transverse Femur
2001) and
longitudinal
Qiu et al. 1.32+0.63 63.5 +26.9 - longitudinal Rib
(2005) (interstitial
bone)
Qiu et al. 0.25+0.26 61.9 +22.3 - longitudinal Rib (Osteon)
(2005)
Wasserman - 54.4 - 2285 - longitudinal Femur
etal.
(2008)

Table 3-3: Microcrack density and length in humans.
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3.5 Discussion

It is widely agreed that in the bone remodelling cycle the load experienced by the
bone is sensed by the osteocyte and bone lining cell network, which leads to the
removal of old bone and subsequent formation of new bone. Inevitably, there will
be some osteocytes and their canalicular connections which function incorrectly
through apoptosis and microcracks, but there is evidence in some diseases such as
osteoporosis, that the number of apoptotic osteocytes is higher than normal.
Experimental evidence shows that this will affect the functioning of the osteocyte
network, and potentially lead to higher rates of remodelling observed with
osteoporosis. The aim of this research is to develop a simple osteocyte and bone
lining cell network model to investigate cell signalling and communication in the
network under loading, and examine the sensitivity of the network to changes in
osteocyte apoptosis and the effect of microcrack length. The next chapter describes

the basic model used in these simulations.

72



Chapter 4 A basic simulation of the osteocyte and

bone lining cell network

4.1 Introduction

Osteocytes are the most abundant cell type in bone and are located in lacunae,
connected to each other by canals, and are able to communicate with each other
and with bone lining cells (BLCs) at the surface of bone through these canaliculi via
gap junctions. It is widely believed that this osteocyte-bone lining cell network
controls the adaptive bone remodelling process through the sensing of the
mechanical loading on the bone and transmission of a signal to BLCs at the bone
surface, as discussed in detail in Chapter 2. The mechanotransduction in the
osteocytes takes place in three steps: 1) stimulation of the osteocyte; 2) detection
of the stimulation and 3) initiation of a signalling cascade (Rochefort et al., 2010).
The osteocyte senses mechanical strain with functional gap junctions providing the
intercellular communication between osteocytes and transportation of molecules

such as calcium (Ishihara et al., 2008, Yellowley et al., 2000).

In this chapter, a simulation of cellular communication in the osteocyte and
bone lining cell network is developed. The work proceeds in two steps. First, a
simple model of just the osteocyte network is developed, which is then activated by
the application of the strain, and the signals then propagated through the
canalicular system in order to apply communication between cells. Once the basic

algorithms of this simple osteocyte network are established, it is extended by
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including bone lining cells on the surface.

4.2 A basic simulation of just the osteocyte network

4.2.1 Methods

Model Development

The model developed here is based on an idea proposed by Ausk et al. (2006) who
described a simulation of calcium signalling in a small abstract network of just 81
osteocytes during loading in order to predict the global network activity. In the
current research, a section of bone was considered, with a 2-dimensional uniformly
distributed osteocyte network. It was assumed that each osteocyte was connected
to its neighbours by canaliculi as illustrated in Figure 4-1. The sample size was
4x4mm with an assumed network of 100x100 osteocytes (Vashishth et al., 2000).
Thus, the horizontal and vertical canaliculi have a length of 42um, with an effective
osteocyte density of 625/mm? (Wang et al., 2005b, Schneider et al., 2010). Strain
values experienced by the osteocytes were assumed to be varied between emin at
the lower (internal) edge of the sample and emax at the upper (external) edge to
simulate the effect of a bending type load. The cell activity simulated at each time
step range from 0% (inactive) to 100% (maximally activated). In a simulation, an
activity signal is calculated for each osteocyte based on the level of strain it
experiences according to specified activity thresholds. Then a cycle of
communication between neighbouring osteocytes takes place through the

canalicular network via gap junctions, again this is dictated by predefined amounts.
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The specific details of the model are as follows:

Calculation of activity signal
Firstly, the strain € i,j experienced by each cell is calculated based on its location
and tissue strains using the following equation:

Emax i =100

i o= o . 1
&bJ Emin T N X gmaz_imm i <100 ( )

where ¢ (i,]) is the strain at location (i, j), gpinand &,4, and are the minimum and
maximum strains on the lower (internal) edge and upper bone surface respectively,
with a linear variation in between, simply calculated by row number, n; with n

being the total number of rows (n=100).
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Figure 4-4-1: Small section of the idealized osteocytic network. The vertical and horizontal
distance between osteocytes is 42pum.

A sigmoidal dose-response curve was assumed for the relationship between
the applied strain magnitude and intracellular calcium signal activity, as reported
by Charras and Horton (2002). Here, it was simplified to a piece-wise linear

variation, so that the activity signal for each cell was defined as follows:
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0% € i,j <Thn

fe g.
Seij = 100 x ﬁ % TE. <& i,j <Tfax (2)
100% e i,j =Thax

where S¢ i,j is the activity signal for the cell located at coordinates (i,j) in
response to the strain, and Tj,;,, and T4, are the threshold strain magnitudes to

initiate and maximise cell activity respectively.

Calcium wave propagation between osteocytic cells was modelled whereby
activated osteocytes could propagate signal to adjacent cells (Yellowley et al,
2000). In order to apply this communication in the network simulation, it was
assumed that each cell could receive a signal from its neighbours (S.(i,j, t)). Thus
the basic network communication equations were as follows:

=15 Ljt—1

Sc i,j,t =-—tn=t o (3)

N

N L A B t=1
So Lt = ok S. i,j,t So(i,j,t), t+1 (4)

where S, (i, J, t) is the activity signal induced in the cell located at i,j attime ‘t’ by
transmission of signals from neighbours in addition to its own signal activity
response to the strain at that point; S.(i,j, t) is the average activity signal induced
in the cell by transmission of signals from neighbours dependent on its previous

activity level; N is the number of neighbours of the cell at coordinate i, .

Simulation
Network simulations defined by equations (1) to (4) were solved using Matlab

(v7.7.0, Mathworks, Natick, USA) with typically over 250 iterations with initial
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parameter values as defined in Table 4-1. All parameters such as the location, the
strain, the number of neighbours and received signal from neighbours at each
iteration were defined individually for each osteocyte as its properties in this
model. These parameters could also vary. In the first simulation, one reporter was
used to characterise the status of the network at each iteration where each
iteration corresponds to one second in time. “Mean network activity” was
calculated by averaging the instantaneous net signal at each osteocyte. It was also
assumed that the numerical values of cellular functions (T}, Thax) Were
homogenous for all of the cells in the network. Then variations of threshold strain
values were examined (T3, Trmax) On the mean network activity signals. The effect
of heterogeneity (H) was also included as suggested by Ausk et al. (2006). In this

case numerical values of the cellular functions (T, Thax) Were altered by

in»
parametrically varying their values of the standard deviation assuming a normal
distribution. In total, the code to implement this simulation consisted of 140 lines,
with each iteration Matlab code taking approximately 2 seconds on a Windows XP

PC. The part of code related to calculation of cell activity based on strain is

available in Appendix A.
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Parameter Symbol Value Units References
Number of cells mxn 100x100 - -
Row number i 1to 100 - -
Column number j 1to 100 - -
Applied min strain Emin -1000, 600 ustrain -
Applied max strain Emax 1000 ustrain -
Threshold strain to
initiate in 50,500, 1000 ustrain (Martin, 2000)
cell activity
Threshold strain to
maximize T ax 1000, 1500, 2000 ustrain (Martin, 2000)
cell activity
Cycle duration t 1to 1000 second -
0, 0, 0, 0,
Heterogeneity H 0, 5%, 10%, 15%, 25%, - -

Table 4-1: The numerical values of parameters were utilised in the osteocyte network.

4.2.2 Results

&

Variation of T},;,,

In the model when the osteocyte network was subject to a range of applied
strain magnitude (gni, and €n,x), the mean network activity signal established a
maximum invariant baseline responses of 90% (Figure 4-2, line 0). When strain
magnitude thresholds (TZ;, and Tg,y) were incorporated into the model, the mean
network activity signal decreased with increasing either Tg;,, or Tg.x (Figure 4-2,
lines a and d); for instance when the applied strain range was between -1000 and
1000pe (gmin = —1000 and g,,x = 1000pue) and the strain thresholds values were

500 and 2000 pe (T, = 500 and TE,x = 2000 pe), the mean activity signal had an

and T, 4,
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invariant activity of 11.11% (Figure 4-2, line a). However, it increased by 21%
when the maximum strain threshold decreased by 50% (i.e. T .x = 1000 pe)
(Figure 4-2, line d). It also increased by 40% when minimum and maximum strain
thresholds decreased by 90% and 25% (T:;, = 50 and T§,x = 1500 pe)
respectively with the applied strain range of 600 to 1000 pe (€nin = 600 and

€max = 1000ue) (Figure 4-3).

Then, when osteocytes were enabled to communicate through the network,
the mean network activity signal dramatically increased (Figure 4-2, lines b and e);
for instance when the applied strain range was between -1000 and 1000pe
(€min = —1000 and €, = 1000ue) and the strain thresholds values were 500 and
2000 pe (T, = 500 and TE,x = 2000 pe) and osteocytes communicated with each
other, the mean activity signal increased from 11.11% to 32% in 100 seconds after
load application (Figure 4-2, line b). The mean network activity signal also
increased significantly by 69% when the maximum strain threshold decreased by

50% (i.e. Thax = 1000 pe) (Figure 4-2, line e).

When heterogeneity was included in the strain thresholds, the mean
network activity level increased at low stimulus magnitude (Figures 4-2 and 4-3);
for instance when the applied strain range was between -1000 and 1000pe
(Emin = —1000 and g,,,,x = 1000p€) and the strain thresholds values were 500 and
2000 pe (TE;, = 500 and TE,x = 2000 pe) and osteocytes communicated with each
other and the heterogeneity of 25% was included in strain thresholds (H (T;,) =H

(T&ax) =25%) , the mean activity signal increased significantly by 69%, from 32%
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to 100%, in 250 seconds after load application (Figure 4-2, line c). The mean
network activity signal also reached the maximum quicker than before when the

maximum strain threshold decreased by 50% (i.e. T5.x = 1000 pe) (Figure 4-2,

line f).
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Figure 4-2: Mean network response with time (increasing number of iterations) and
variation of T%,;,, T:,,.- When the strain applied the osteocytic network establish baseline
response (a: T:,;, = 500 pg, Ti,q, = 2000 ue and d: T: ;, = 500ue, Ti,. = 1000 pe).

max

Communication between cells take place (b and e). Then include the heterogeneity in strain
thresholds (H (T5,;,,) =H (Ti.ax) =25%), network response increase rapidly (c and f).

Homogenous thresholds parameters

In a model where all cellular functions and parameters are homogeneous in all cells
(with g, = 600, €0 = 1000, T;;,, = 50, Thax = 1500 pe), network activity is
minimal at the (lower) internal surface and increases towards the (upper) outer
surface (Figure 4-4). The signal experienced by the cells on the surface is high and
relatively uniform. The variation of the mean network activity signal with time for

this case is shown in Figure 4-3. The solid black line shows the mean osteocytic
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network signal, with no heterogeneity which follows an invariant baseline

response of 51.97%.

Heterogeneous threshold parameters

Even with a small percentage of heterogeneity in the model, the signalling is
increased significantly. The sample contour plots of activity in Figure 4-4 att =1
and t = 100 seconds show an increase in activity level as the degree of
heterogeneity increases. Due to the random distribution of the heterogeneity for
each cellular function, each osteocyte in each simulation gains individual cell
activity at each second, as illustrated in Figure 4-4. Short movies of the variation of
the signals with different heterogeneities are available on the CD in the Appendix C

(Movies 4-1, 4-2, 4-3, 4-4 and 4-5).
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Figure 4-3: Mean network response with time.

The variation of the mean network signal over time for the different
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heterogeneity scenarios is shown in Figure 4-3. When the levels of heterogeneity
were increased, steady state mean network activity also increased. Beyond a
certain level (20% heterogeneity) mean network activity reached maximum values
of 100% activity within a certain period of time. With just 5%, 10%, 15%, 25%
heterogeneity, the network response levels are increased by 7%, 16%, 27% and
43% respectively at 100 seconds following strain application (Figure 4-3). Where
50% heterogeneity occurs maximal signal levels are reached just 40 seconds after

strain application.
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Figure 4-4: Contour plots of network activity after 1 and 100 seconds for sample models with
increasing levels of heterogeneity.
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4.2.3 Discussion

In these first simple simulations, each osteocyte was activated based on the
mechanical strain it experienced, assuming a simple bending type load. The activity
signal was dependent on a cell’s location and according to specified activity
thresholds. Then intercellular communications through interconnecting canalicular

via gap junctions took place.

Using the basic model parameters defined previously, without
heterogeneity, the network activity is found to be relatively uniform (Figures 4-4),
as is the mean network response (Figure 4-3). With heterogeneity, the mean
network response is increased significantly, with just 15% heterogeneity leading to
an increase in mean network response signal of 27% at 100 seconds (Figure 4-3).
The variations in the predicted mean network signals as illustrated in Figure 4-2
compare well with the model of osteocytic signalling network published by Ausk et
al. (2006) (Figure 4-5). Apart from strain thresholds, secondary cell-cell
communication thresholds were predefined in Ausk’s model which indicated that
activity signal from neighbours (S.(i,j,t)) needed to surpass to initiate and
maximally influence activity in the recipient cells. There is no evidence to support
such a constraint on secondary cell-to-cell communication. Thus it appears that a
powerful positive feedback is provided by adding cell heterogeneity to the
network, allowing extremely low magnitude stimuli to maximally activate the
entire network (Figure 4-3). Threshold strain values also provide the negative

feedback to the network activity (Figure 4-2).

84



A number of simplifications and assumptions have been made during
parameterisation of the cellular functions, which could affect the results. As
discussed in Chapters 2 and 3, a certain strain magnitude is required to initiate cell
activity in bone (Martin, 2000, Frost, 1992, Charras and Horton, 2002) and here
this cellular function is represented by T, and T3, It was also assumed that cell
communication occurs between each osteocyte and all its immediate neighbours
however the concept of averaging cell activity within neighbourhoods is just a

hypothesis. This is discussed further in the model of the next chapter.
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Figure 4-5: Network response with time reported by Ausk et al. (2006). i and ii show mean
network responses when the strain applied with the strain thresholds. i-C and ii-C show
mean network responses when osteocytes are able to communicate. i-H and ii-H show the
mean network response with heterogeneity. This figure can be compared to Figure 4-2 (For
full details see (Ausk et al., 2006)).

Despite the idealisation and all of the assumptions and simplifications, the
results clearly show that inclusion of cell heterogeneity has a marked effect on the

signal both at the osteocyte and the network. However this network is too
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simplistic since it does not consider the bone lining cells on the bone surface, which

are also key elements of the mechanotransduction mechanism in bone.

4.3 A simulation of the osteocyte and bone lining cell

network

4.3.1 Methods

Model development

The simple osteocytic network modelled in the previous section is based on the
idea proposed by Ausk et al. (2006). In this section, a layer of bone lining cells BLCs
is also included in the model, assuming the same 2 dimensional uniformly
distributed osteocyte network. Again, it was assumed that each osteocyte was
connected to its neighbours and, at the surface, adjacent BLCs, as illustrated in
Figure 4-6. In total it was assumed that 100 BLCs lay along the surface of the bone
sample. Thus the typical size of each BLC was 40 pm which is similar to the size
reported in the literature (Miller et al., 1989). Again, strain values experienced by
the osteocytes varied from emin at the lower edge of the sample to emax at the upper
edge to simulate the effect of a bending type load. The range of BLC activity
simulated at each iteration (second) could range from 0% (inactive) to 100%
(maximally activated). The simulation proceeded in the same way as before, except
the simulation also included the BLCs. In a simulation, an activity signal is
calculated for each osteocyte based on the level of strain it experiences according

to specified activity thresholds. Then a cycle of communication between
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neighbouring osteocytes and bone lining cells takes place through the canalicular
network via gap junctions, again this is dictated by predefined amounts. The
activity signal for each bone lining cell is also calculated based on the signals which
they received from neighbouring osteocytes. The specific details of the model are

as follows:

2OLNO0201020%
iﬂﬂﬂﬂﬂﬂﬂuu(ggm@”
e ’A’AN'A ’v‘MN e
0‘0‘0’0‘00’0‘4
wamwuunwuw
QMMMNMMMMW
X XD IX XX
RIS

Figure 4-6: Small section of the idealized osteocyte and bone lining cell (BLC) network.
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Calculation of activity signal

The strain € i,j experienced by each cell followed Equation (1) except for the

BLCs where:
0 i =101
.. £ i =100
ei,j = max L (5)
Emin + n; X _max —min i <100

n-—1

where ¢ (i,]) is the strain at location(i, j), €yin and &,,4, and are the minimum and

maximum strains on the lower (internal) edge and upper bone surface respectively,
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with a linear variation in between, simply calculated by row number, n; with n

being the total number of rows (n=101).

In this first simulation, it was assumed that only the osteocytes could sense
the mechanical strain and hence the BLC strain was assumed to be zero. Then the
activity signal for each cell was calculated following equation (2). The remaining

parts of the simulation followed in the same way as before.

Simulation

Network simulations defined by equations (2) to (5) were solved using Matlab
(v7.7.0, Mathworks, Natick, USA) with typically over 1000 seconds (as Section
4.2.1) with initial parameter values defined in Table 4.1 except the number of cells
is in this instance was 100x101. In addition to the “Mean network activity”
reporter, another reporter was used to characterise the status of the BLCs at each
second. “Mean BLC activity” was calculated by averaging the signal activity at the
BLCs. It was also assumed that numerical values of cellular functions (T}, Taax)
were homogenous for all cells in the network. Then the effect of heterogeneity (H)
was included as described earlier in Section 4.2.1, and the effect on the BLC activity
reported with 5%, 10%, 15%, 25% and 50% heterogeneity. In total, the code to
implement this simulation consisted of 165 Matlab lines, with each iteration taking
approximately 3 seconds on a Windows XP PC. It also took more than 5 seconds for
each iteration when an output of the model was set to produce a movie from the

behaviour of network over time.
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4.3.2 Results

Variation of osteocyte heterogeneity on BLC response

The variation of the mean surface (BLC) signals with time for the different
heterogeneity scenarios is shown in Figure 4-7. The solid black line shows the
mean BLC signal, with no heterogeneity. It reaches its peak at 10 seconds after
application of the load and follows a low-magnitude steady state response of
65.52%. With 5%, 10%, 15% and 25% heterogeneity, the BLC levels are increased
by 6.97%, 16.51%, 27.19% and 34.48% respectively, at 100 seconds after strain
application (Figure 4-7). Mean BLC signal with 50% heterogeneity reaches at

maximum peak at 85 seconds after strain applications while it reaches 100% signal

level with 25% heterogeneity 25 seconds afterwards.
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Figure 4-7: Mean bone lining cells activity with time and different heterogeneity.
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4.3.3 Discussion

In this model, each osteocyte is activated based on the mechanical strain it
experiences, and provides symmetrical intercellular communications through
interconnecting canaliculi via gap junctions. The aim of this model is to examine
the sensitivity of the BLC signal to increases in heterogeneity of cellular functions

using the simple network model.

Using the basic model parameters defined previously, without
heterogeneity, the mean BLC response increase for 10 seconds to an invariant
baseline of 65.5% (Figure 4-7). In the heterogeneous simulations, the mean BLC
signal rapidly increased to maximal level, with just 25% heterogeneity leading to
an increase in mean BLC response of 34% (Figure 4-7). Note if H = 0 the maximal
activity signal levels reached its peak quicker than if H # 0. Furthermore the trend
of the predicted mean BLC signal, i.e. rapid increase after stimulation, compares
well with the experiments (Guo et al., 2006, Huo et al., 2010, Adachi et al., 20093,
Charras and Horton, 2002, Hung et al, 1996) . In these experiments, it was
observed that osteoblasts respond to a mechanical stimulus with a dramatic
increase in intracellular calcium signals. However in these experiments single
osteoblastic cells were stimulated not the entire osteocyte-BLC network. It appears
that heterogeneity provides a powerful positive feedback to the BLC, as does the

osteocytic network, that permits BLC to reach maximal level of response.

As with Section 4.2.3, a number of simplifications and assumptions were

made in this simulation. It was assumed that only osteocytes can sense the

90



mechanical loading and generate the activity signal, however there is some
evidence that BLCs may also respond directly to strain (Cowin, 2002, Duncan and
Turner, 1995). It was also assumed that communication in this network is
bidirectional and symmetrical, although the experiments of Adachi et al. (2009a)

suggest asymmetrical communication. This effect is examined in the next model.
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Chapter 5 The osteocyte and bone lining cell
network with propagation factors and calcium

decay

5.1 Introduction

In Chapter 4, the simulation of the osteocyte and bone lining cell (BLC) network
was modelled. The communication between osteocytes and BLCs was assumed to
be symmetrical. However, Adachi et al. (2009a) identified asymmetric calcium signalling
between osteocytes and BLCs. As discussed in Chapter 3, they applied direct mechanical
stimuli to an osteocyte in vitro to investigate the intercellular communication
between osteocytes and bone surface cells (which included osteoblasts). In their
experiment the percentage of calcium signal propagation from a stimulated
osteocyte to a bone lining cell was measured and analysed. It was also observed
that intercellular calcium signal of bone cells decline by removing the stimulus
from the cell (Adachi et al., 2009a, Charras and Horton, 2002, Guo et al., 2006, Hung
etal, 1996, Huo et al., 2010).

In this chapter, a simulation of asymmetric cellular communication in the
osteocyte and BLC network with “calcium decay” is developed. The work proceeds
in two steps; first, the basic model of the osteocyte-BLC network with asymmetric
communication is developed, which is activated by the application of strain, then
the signal is propagated and transmitted through the canalicular system in order to

apply asymmetrical communication between cells. Once the basic algorithms of
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this simple osteocyte network are established, it is extended to include “calcium

decay”.

5.2 Osteocyte and bone lining cell with propagation

factors

5.2.1 Methods

Model development

The basic osteocyte-BLC network was modelled in Chapter 4. It was assumed that
each osteocyte was connected to its neighbours and, at the surface, adjacent BLCs,
as illustrated in Figure 5-1. The sample size and the number of cells were assumed
as Chapter 4. The cell activity simulated at each time step ranges from 0%
(inactive) to 100% (maximally activated). In a simulation, an activity signal is
calculated for each osteocyte based on the level of strain it experiences according
to specified activity thresholds. The activity signal for each bone lining cell is also
calculated based on the signals received from neighbouring osteocytes. Then a
cycle of asymmetrical communication between neighbouring osteocytes and bone
lining cells takes place through the canalicular network via gap junctions, again this
is dictated by predefined amounts, based on the values measured by Adachi et al.

(2009a). The specific details of the model are as follows:
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Figure 5-1: A close up view of the asymmetric signal propagation between the osteocyte
(OCY) and bone lining cell (BLC) with variation of propagation factors (adapted from Adachi
etal 2009).

Calculation of activity signal
Firstly, the strain € i,j experienced by each cell follows equation (5) in Chapter 4,

then, the activity signal for each cell is calculated using equation (2) in Chapter 4.

Calcium wave propagations between osteocytic and osteoblastic cells have
been examined in detail by Adachi et al. (2009a) who measured the osteocyte-to-
osteocyte (Xoo), osteocyte-to-BLC (Xog), BLC-to-osteocyte (Xgo) and BLC-to-BLC
(XBe) propagation factors. These signals are illustrated in Figure 5-1 with their
values summarized in Table 5-1. Note that the signalling is not symmetric. For
example, Adachi et al. (2009a) found that while 34.7% of the signal level is
transmitted from an osteocyte to a BLC, only 9.4% is transmitted in the opposite
direction. In order to apply this bidirectional and asymmetrical communication in
the network simulation, it was assumed that each cell could receive a signal from

its neighbours (S,(i,j,t)) while also simultaneously transmitting a signal
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(5;(i,j,t)) to them. Thus the basic network communication equations were as

follows:

Sg Ljit = § X, XSy i,j,t—1 (6)

Si(Lj,t) = N —1Xn XSp(i,j,t —1) (7)

Sc(i,j,t) =(So Lyt =1 + Sy i,j,t =S i,j,t) (8)
oy SELJ t=1

S, ) = S. i,j,t—1 t+1 ()

where S, (i, J,t) is the activity signal induced in the cell located at i,j attime ‘t’ by
propagation and transmission of signals from neighbours in addition to its own
signal activity response to the strain at that point; S.(i,J, t) is the activity signal
induced in the cell by propagation and transmission of signals from neighbours
dependent on its previous activity level; N is the number of neighbours of the cell
at coordinate i,j ; and x,, is the corresponding propagation factors depending on

the type of cell-cell communication (i.e. Xoo, XoB, XBo or Xgg).
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Parameter Symbol Value Units
Number of cells mxn 100x101 -
Row number i 1to 101 -
Column number j 1to 100 -
Applied min strain €min 600 ustrain
Applied max strain €max 1000 ustrain
Threshold strain to e 50 strain
initiate cell activity min "
Threshold strain to e .
maximize cell activity Tmax 1500 ustrain
Propagation factor 22.2,44.4,48.4,
XsgB %
BLC-BLC 48.8,57.7,88.8
Propagation factor 17.35, 34.7,37.8,
Xon %
0OCY-BLC 38.1,45.1,69.4
Propagation factor 4.7,9.4,10.2,
XBo %
BLC-OCY 10.3,12.2,18.8
Propagation factor 2.15,4.3,4.6,4.7,
Xoo %
0CY-0CY 5.6,8.6
Cycle duration t 1to 300 seconds

Table 5-1: The numerical values of parameters were applied in the simulations.

Simulation

Network simulations defined by equations (2), (5) and (6) to (9) were carried out
using Matlab (v7.7.0, Mathworks, Natick, USA) with typically over 100 seconds
with initial parameter values as defined in Table 5-1. The simulations returned the
activity at each osteocyte and BLC throughout the network. Two reporters were
used to characterise the status of the network at each time. “Mean network
activity” was calculated by averaging the instantaneous net signal at each

osteocyte, while “mean BLC activity” was determined by averaging the signal
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activity at each BLC. It should be noted that numerical values of cellular functions
(T in» Taax) Were assumed to be homogenous for all cells in the network. In the
first simulation the applied propagation factors were assumed to be same values
as measured in Adachi’s experiment when the propagation factors of osteocyte-to-
osteocyte, osteocyte-to-BLC, BLC-to-osteocyte and BLC-to-BLC were 4.3%, 34.7%,
9.4% and 44.4% respectively. Then investigate the variation of propagation factors
in the signalling of network (Ocys) and BLC. In this case, the propagation factors
values were altered by scaling of Adachi’s propagation factors; for instance halving

and doubling and scaling Adachi’s propagation factors by 1.09 and 1.1 and 1.3.

5.2.2 Results

In the first simulation, when the propagation factors were assumed be exactly as
they measured by Adachi et al. (2009a) the mean BLC activity reaches its peak 35
seconds after strain application and follows a low-magnitude steady response of
100%, however the mean network activity signal had an invariant of 51.16%

(Figure 5-2).

Variation of propagation factors in the network
The variation of the mean surface (BLC) signals and osteocyte network (Ocys) with

time for the different propagation factors are shown in Figures 5-2 and 5-3.
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Figure 5-2: Mean BLCs and network (Ocys) activity with time and variation of propagation
factors. Solid black and red and green lines show the mean BLC activities when the applied
propagation factors (PF) were same as Adachi’s, halves of Adachi’s and doubles of Adachi’s in
model. The solid blue line shows the mean network activity signals when different PF were
applied in model.

When the propagation factors were less than Adachi’s, the BLC activity
signal reaches its peak longer to reach its peak value than the simulation with
Adachi’s propagation factors; for instance by halving the Adachi’s propagation
factors, the time for the mean BLC signal to reach a maximum is double that (i.e. 70

seconds) than that for Adachi’s propagation factors (Figure 5-2).

In the simulation when the propagation factors were assumed to be greater
than Adachi’s, the mean BLC reached the maximum and followed a decline to
activity level of the mean network activity signal. When the levels of Adachi’s

propagation factors were increased, the peaks and the time when the mean BLC
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signals reached the maximum, decreased; for instance in the models with Adachi’s
propagation factor scaled by 1.1 and 1.3, the mean BLC peak signals were reduced
by 4% and 12% at 32 and 20 seconds after strain applications respectively. Steady
state mean BLC activity signal also decreased by increasing the level of Adachi’s
propagation factors. However, high frequency fluctuations were observed in the

model when the Adachi’s propagation factors were doubled (Figure 5-2).
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Figure 5-3: Mean BLCs and network (Ocys) activity with time and variation of propagation
factors. Solid black, red, green and brown lines show the mean BLC activities when the
applied propagation factors (PF) were same as Adachi’s PF values, Adachi’s PF scaled by
1.0905, 1.1 and 1.3 in model. The solid blue line shows the mean network activity signals
when different PF were applied in model.

Despite the significant difference in the mean BLC signals which resulted
from various propagation factors, the mean network response is nearly invariant

(Figures 5-2 and 5-3).
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5.3 Osteocyte and bone lining cell with propagation

factors and calcium decay

5.3.1. Methods

Model development

In this simulation, the osteocyte-bone lining cell network with bidirectional and
asymmetrical communication was modelled in the same way as before, except
when the mechanical stimulus is removed a calcium decay factor (CD) was applied

in the network. The specific details of the model are as follows:

Calculation of activity signal
All parts of the simulations were followed as before, except when the CD factor is

applied in the network:

SEq,j t=1
So(i,j,t) = S, i,j,t—1 t<T (10)
CD XS, i,j,t—1 t>T

where S, i,j,t is the activity signal induced in the cell located at i,j attime ‘t’ by
propagation and transmission of signals from neighbours in addition to its own
signal activity in response to the strain at that point; S.(i, j, t) is the activity signal
induced in the cell by propagation and transmission of signals from neighbours,
dependent on its previous activity level; n, is the number of neighbours the cell
has at coordinate i,j ; and x,, is the corresponding propagation factors depending

on the type of cell-cell communication. The experiment of Charras and Horton
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(2002) observed that when the stimuli was removed from the cell, intracellular
calcium levels in each cell decreased after a while, back to the baseline. Thus, this
model assumed that over time the different signals propagate through the
osteocyte network to the bone lining cells, but gradually these signals decrease by a
specified “calcium decay” (CD) at time ‘T" where the CD was applied in the model

for all osteocytes.

Simulation

Network simulations defined by equations (2), (5), (6) to (8) and (10) were solved
using Matlab (v7.7.0, Mathworks, Natick, USA) with typically over 100 iterations
with initial parameter values as defined in Table 5-1 including the CD factor . The
simulations returned the activity at each osteocyte and BLC throughout the
network. Two reporters, as before, were used to characterise the status of the
network at each second. “Mean network activity” was calculated by averaging the
instantaneous net signal at each osteocyte, while “mean BLC activity” was
determined by averaging the signal activity at each BLC. It should be noted that
numerical values of cellular functions (T},;,,, Tax) are homogenous for all cells in
the network. Then the variation of CD (0.1%, 1% and 10%) at various time 20 and
26 seconds after strain application (T=20s and T =26s) in the signalling of the

network and the BLCs on the surface was investigated.

5.3.2 Results

Variation of calcium decay factor in the network

The variation of the mean surface (BLC) signals and mean network over time for
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the different calcium decay factors is shown in Figure 5-4. The effect of the CD
factor add this throughout was assessed by running simulations with calcium
decay factors of 0.1%, 1% and 10% at 20 iterations after load application where all
propagation factors are assumed to be exactly as they were measured by Adachi et

al (2009).

The solid blue line shows the mean BLC signal where the CD factor is 10%
(Figure 5-4). It reaches its peak of 88.68% activity, at 1 second after the application
of the CD and follows a significant decline to baseline activity at 28 seconds after
strain application, while the mean network response decreases dramatically 8
seconds following CD application (Figure 5-4). With a CD of 1% and 0.1%, the peak
mean BLC signals are increased by 4% and 10% at 24 and 39 seconds after strain
application respectively and subsequently decrease to baseline, 57 and 280
seconds after CD application, however the mean network immediately after CD

application follows a significant decrease (Figure 5-4).
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Figure 5-4: Mean BLCs and network (Ocys) activity with time and different CD factors. Black
solid and dashed lines show the mean BLC and network activities when the CD factor of 0.1%
is applied at 20 seconds after load application. Red lines show the mean BLC and network
activities when the CD factor of 1% is applied. The Blue lines show the mean BLC and
network activities when the CD factor of 10% is applied.

The results are as expected, with an increase in CD resulting in a decrease in

the peak level of mean BLC signal.

5.4 Discussion

The simulation of the osteocyte lacunar network with asymmetrical

communication in response to mechanical stimulus was modelled. The effects of

the variation of propagation factors and CD in the signalling of the osteocyte-BLC

network were examined.

Using the basic model parameters defined previously, and normal
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propagation factors but without CD, the activity signals of the mean BLC are found
to be sensitive to values of propagation factors, however the mean network
response is invariant with a baseline activity of 51.17% (Figure 5-2 and 5-3).
Adachi’s propagation factors scaled by 1.0905% were found to produce critical
values in this model (Figure 5-3). When less than these values, the mean BLC signal
reach a steady state maximum value (Figure 5-2), but when greater than critical
value the mean BLCs activity decline after they reach their different peaks (Figure
5-3). It appears that when the CD factor is included, the mean BLC activity reaches

a peak then follows a significant decline (Figure 5-4).

The variation in the predicted mean BLC signal is illustrated in Figure 5-5a
and compares well with the observed intercellular calcium signal variation a BLC
when an adjacent osteocyte is stimulated, as measured by Adachi et al (2009)
(Figure 5-5b). The variation in the predicted mean BLC signal with different CD
factors (Figure 5-5a) also compares well, i.e. rapid increase after strain application,
loading cycle duration (over 100 seconds) and a decrease after the CD application,
with the some experiments in vitro and in situ (Charras and Horton, 2002, Guo et
al., 2006, Hung et al., 1996, Huo et al,, 2010). It seems that just by changing the
value of the CD factor, the simulation can produce the mean BLC signal of different
experiments. The results may also explain why the region closest to the bone
surface is mechanically sensitive to osteocytic mechanosensation and cellular

communication.

Apart from the asymmetrical communication, all simplifications and
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assumptions in the parameterisation of the cellular functions in this model were
similar those in Chapter 4. In conclusion, a simulation of the osteocyte-BLC
network has been developed to investigate osteocyte signal propagation and the
corresponding BLC signals, with different propagation and calcium decay factors.
The results clearly show that inclusion of asymmetrical communication and CD

factor have noticeable effects on the signal at the BLCs.
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Figure 5-5: BLCs activity. a) BLCs response reported by Adachi et al. (2009) and b)
Mean BLC response of current model using same propagation factors as Adachi et al. (2009)
measured, where the CD of 10%, 20% and 30% applied at 1 (T=1), 2 (T=2) and 10 (T=10)
seconds after load application respectively.
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Chapter 6 The effect of apoptosis and microcracks
in the signalling in the osteocyte and bone lining

cell network

6.1 Introduction

Microcrack formation followed by disruption of the canalicular connections in the
osteocytic network is a potential stimulus which initiates bone remodelling as
discussed in Chapter 3. The rupture of cell processes by the microcrack also
induces apoptosis in osteocytes (Hazenberg et al., 2006, Taylor et al., 2007). Aging,
loss of ability to sense microdamage signal, loss of mechanical strain and a
deficiency of sex hormones have all been shown to promote osteocyte death or
apoptosis. Apoptotic osteocytes can also occur in association with pathological
conditions such as osteoporosis with 6% to 10% apoptosis (Qiu et al., 2003,
Almeida et al, 2007).Furthermore, iliac cancellous bone osteocyte density is
reported to decline in patients with a vertebral fractures (Qiu et al., 2003, Almeida

etal.,, 2007).

In this chapter, the effects of osteocyte apoptosis and microcracks on the
signalling of the osteocyte and BLC network are investigated by using the network

model, developed in Chapter 5.
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6.2 The effect of apoptosis in signalling of in the osteocyte

and bone lining cell network

6.2.1 Methods

Model Development

The osteocyte-bone lining cell network with asymmetrical communication and
calcium decay was developed in Chapter 5. The simulation in this chapter
proceeded in the same way as before, but included a viability factor for each

osteocyte. The specific details of the model are as follows.

Calculation of activity signal
Firstly, the strain € i,j experienced by each cell follows equation (5) in Chapter 4,

then, the activity signal for each cell is calculated using equation (2) in Chapter4.

The asymmetrical network communication follows equations (6) and (7) in
Chapter 5. A “Life Coefficient” (LC) is defined for each osteocyte in the network,
value 0 to 1, to characterise the viability of the osteocyte; (LC=0 means it is dead,
LC = 1 means it is healthy, with an intermediate value signifying an osteocyte that
is not functioning to its maximum capability, possibly due to disease, damage or
age-related decline). Then the equations to calculate S.(i, j, t) is as follow:

Sc(i,j,t) = LC l,] X (SO l:])t_l + Sg i,j,t _Sl l)_]lt) (11)

where S.(i,j,t) is the activity signal induced in the cell by propagation and

transmission of signals from neighbours dependent on the state of the osteocytes
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(LC) and its previous activity level. Then the activity signal Sy(i,j,t) for each cell is

calculated using equation (9) or equation (10) when the effect of calcium decay is added to

the model.

Simulation

Network simulations defined by equations (2), (5), (6), (7), (9) or (10) and (11)
were solved using Matlab (v7.7.0, Mathworks, Natick, USA) with typically over 100
seconds with initial parameter values as defined in Table 5-1. In the first
simulation, all osteocytes were assumed to be healthy (LC = 1) and capable of
communication. The simulations returned the activity level at each osteocyte and
BLC throughout the network. Two reporters, the same as before, were used to
characterise the status of the network at each time. “Mean network activity” was
calculated by averaging the instantaneous net signal at each osteocyte, while “mean
BLC activity” was determined by averaging the signal activity at each BLC. Based on
the results in Chapter 5, the effect of the CD factor was also assessed by running
simulations with the calcium decay factor of 1% at 20 iterations (seconds) after
strain application where all propagation factors are assumed to be exactly as they
were measured by Adachi et al (2009) because the corresponding results
compared very well with the discussed experiments in Chapter 5. The effect of 1%
CD factor was also examined at 26 seconds after strain application because in this
case, the mean BLC activity could reach the maximum peak of 100% activity follow

a great decline to baseline activity level.

Then the effect of osteocyte apoptosis was included by preventing signalling
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at and through the affected osteocytes as suggested by Tatsumi et al. (2007). In
these cases, the unviable cells were distributed randomly throughout the model],
with 3, 5 and 9% of the total number of osteocytes affected, with their LC values set

to zero.

6.2.2 Results

Variation of apoptosis in the signalling on the network and BLC

In the model where all cells are alive and healthy, network activity is minimal at
the (lower) internal surface and increases towards the (upper) outer surface
(Figure 6-1a). However, the signal drops rapidly at the edge and as the BLC layer is
approached, before increasing again to the maximum value on the surface. Along
the surface, the BLC activity is nearly constant (Figure 6-2a), except towards the

sides of the model where it decreases slightly.

Even with a small number of apoptotic cells in the model, the signalling is
interrupted significantly. The location of the dead osteocytes is obvious in Figure 6-
1, since they have zero activity signals and appear as blue islands. They also affect
other osteocytes up to a radius of 3 cells (126um) from the dead osteocyte. These
sample contour plots of activity at t = 20 seconds show an increasing decline in
activity level as the degree of apoptosis increases. At the surfaces themselves the
BLC signals fluctuate significantly (Figure 6-2), with the level of fluctuation
increasing as the degree of apoptosis increases. Short movies of the variation of the
signals with different rate of apoptosis are available on the CD in the Appendix C
(Movies 6-1, 6-2 and 6-3).
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Figure 6-1: Contour plots of network activity after 20 seconds for sample models with
increasing levels of osteocyte apoptosis.

Due to the random distribution of the apoptotic osteocytes, each simulation
will produce slightly different results, as illustrated in Figure 6-3, which shows the
top 840um of bone in 5 runs with 5% apoptosis after 20 seconds. Overlaid on the
plots is the variation of the BLC activity along the surface. The results of 10 such
simulations without calcium decay (CD) finds that the maximum mean peak BLC
activity varies between 68.42% and 82.56%, with a mean of 75.41% (standard
deviation 4.81) (Table 6-2). However the results of 10 such simulations with

calcium decay (CD) at 20 and 26 seconds finds that the maximum mean peak BLC
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activity varies between 63.54% and 74.69%, 67.14% and 87.85% with means of

69.19% and 77.78% respectively (standard deviation 5.02 and 5.65) (Tables 6-3

and 6-4).
Apoptosis (%) 3% 5% 9%
Average maximum BLC activity 94.23 82.56 68.62
Overall average BLC activity 85.61 75.41 64.13
Average minimum BLC activity 70.62 68.42 58.63
Standard deviation 8.40 4.81 3.54

Table 6-1: Variation of peak BLC activities (and standard deviations) for different levels of
apoptosis over 10 simulations of each without calcium decay.

Apoptosis (%) 3% 5% 9%
Average maximum BLC activity 94.05 87.85 72.23
Overall average BLC activity 87.469 77.778 61.747

Average minimum BLC activity 78.49 67.14 554

Standard deviation 4.64 565 502

Table 6-2: Variation of peak BLC activities (and standard deviations) for different levels of
apoptosis over 10 simulations of each with calcium decay at 26 seconds.

Apoptosis (%) 3% 5% 9%
Average maximum BLC activity at B 86.93 74.69 64.02
Overall average BLC activity 83.92 69.19 58.91
Average minimum BLC activity at 79.1 63.54 54.03
A
Standard deviation 4.33 502 5.24

Table 6-3: Variation of peak BLC activities (and standard deviations) for different levels of
apoptosis over 10 simulations of each with calcium decay at 20 seconds.
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Figure 6-2: BLC activity across the top of the model, after 20 iterations for sample models
with increasing levels of osteocyte apoptosis.

The variation of the mean network and surface (BLC) signals with time for
the different apoptosis scenarios are shown in Figure 6-4, 6-5, 6-6. The solid red
line shows the mean BLC signal, with no apoptosis. Mean BLC signal without
calcium decay (CD) reaches 100% activity at 26 seconds after strain application,
while the network activity follows a low-magnitude steady state response of 51%
(Figure 6-4). With just 3%, 5% and 9% osteocyte apoptosis, the peak BLC levels are
reduced by 14%, 25% and 37% respectively and subsequently decrease to
approximately 51%, 50% and 48% activity levels, at 180, 111 and 97 seconds
following strain application (Figure 6-4). Also, the mean network signal is

significantly affected, as shown by the black dashed lines in Figure 6-4, which
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continues to decline after loading, rather than reaching a steady state as observed

with no apoptosis.

Where the calcium decay is included at 26 seconds after strain application,
the mean BLC signal with no apoptosis reaches a peak of 100%, same as the model
without the calcium decay, however it follows the great decline to baseline activity
afterwards (Figure 6-5). The peak BLC levels are reduced by increasing the

percentage of the apoptosis (Figure 6-5).

If the calcium decay factor is included at 20 seconds after strain application,
the mean BLC signal with no apoptosis reaches a peak of 90.42%, at 5 seconds after
application of calcium decay. With calcium decay and 3%, 5% and 9% osteocyte
apoptosis, the peak BLC levels are reduced by 7.92%, 22.09% and 36.39%
respectively. At 23, 21 and 14 seconds following strain application signals decrease
to approximately 8.03%, 8.09% and 7.96% activity levels, at 42, 40 and 39 seconds

after calcium decay application (Figure 6-6).

The mean network signal is affected significantly, as shown by the black
dashed lines in Figure 6-5 and 6-6, which continue to decline after loading, rather
than reaching a steady state as observed with no apoptosis before the CD
application. The mean network signal with no apoptosis is 50.88, where the CD is
applied 26 seconds after strain application, while with 3% and 5% and 9%

apoptosis, signals dropped by 10%, 16% and 26.26% (Figure 6-5).
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Figure 6-3: Contour plots of osteocyte activity in the top 840pm of bone (20 rows of
osteocytes) after 20 seconds for five sample models with 5% osteocyte apoptosis. The
overlaid dashed black lines show the variation in BLC activity along the surface of the bone.
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6.2.3 Discussion

the network to changes in osteocyte apoptosis.
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Figure 6-6: Mean network and BLC response with calcium decay at 20 seconds.

The simulation of the osteocyte and bone lining cell network in response to

mechanical stimulus is modelled including and the examination of the sensitivity of

When cells are viable, the BLC response is found to be relatively high and
uniform (Figures 6-1a and 6-2a, at 20 seconds), reaching 100% activity after 26
seconds (Figure 6-4). In apoptotic simulations, however, BLC activity is reduced
significantly. The simulations with 3% apoptosis led to a decline in peak BLC signal
of 14% in the model without calcium decay factor and also with the CD factor at 26
seconds after strain application, but nearly a half of that decline was observed in

the model with calcium decay, when it applied 20 seconds after strain application



(Figures 6-4, 6-5 and 6-6). The variation in the BLC signal across the surface of the
bone varies enormously (Figure 6-3), with mean surface signals varying by a
standard deviation of 8% and 4.64% including CD factor in the model. The
variations in the predicted mean BLC signals (Figures 6-4, 6-5 and 6-6) compare
well with the general behaviour observed experimentally by Adachi et al. (2009a)
(Figure 5-5b) and others (Charras and Horton, 2002, Guo et al., 2006, Hung et al,,
1996, Huo et al, 2010). As expected, the greatest declines in BLC signal are
observed when the apoptotic osteocytes occur nearest to the surface (Figures 6-3a
and 6-3e). This also suggests that regions close to the surface are the most
mechanically sensitive (Adachi et al, 2009a), and the location of the apoptotic
osteocytes are more important than their density (Hedgecock et al., 2007, Qiu et al,,
2003). It may be that remodelling is initiated at these locations, when the BLC
signal drops below a certain critical level, which would remove and replace some of
the most superficial osteocytes, but not those deeper in the bone matrix, possibly
making it vulnerable for further remodelling (Martin, 2000). The mean BLC
activity signal decreased at peak by increasing the level of osteocyte apoptosis. It
may refer to an increase the rate of bone remodelling in the study by Hedgecock et
al. (2007) which showed that there was a direct relationship between the density
of osteocyte apoptosis and the rate of remodelling if the density of apoptosis was

greater than 7% per square millimeter .

All simplifications and assumptions in the parameterisation of the cellular
functions in this model were similar those in Chapter4. A simulation of the

osteocyte-BLC network has been developed to investigate osteocyte signal
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propagation, the corresponding BLC signals, and the effect of osteocyte apoptosis
on those signals. The results clearly show that the inclusion of apoptosis has a
marked effect on the signal at the BLCs on the bone surface. Since below the outer
surface layers, most of the apoptotic osteocytes are in the bulk of the bone
material, any resultant surface remodelling and replacement of affected osteocytes
will then have a minimal effect on the level of signalling at the surface. This may
explain the mechanism which leads to increased remodelling and the eventual

bone loss observed in osteoporosis (Tatsumi et al, 2007).

6.3 The effect of microcrack in signalling of the osteocyte

and bone lining cell network

6.3.1 Methods

Model Development
The model of the osteocyte-bone lining cell network with asymmetric
communication and calcium decay developed in Section 6.2.1, is now used to

investigate the effect of microcracks on network signalling and BLC activity.

Simulation

Since it has been observed that a microcrack breaks the canaliculi of the
lacunar network and induces osteocyte apoptotic death (Rochefort et al., 2010,
Noble and Reeve, 2000, Seeman, 2006), the effect of microcracks was included by
preventing signalling at and through the affected osteocytes (as illustrated in
Figure 6-7 and 6-8). In these cases, the cells affected by the microcrack had their LC
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values set to zero. For instance to simulate microcrack A (Figure 6-7) with 42 pm
length at one layer (42 pm) below the BLC, it was simply assumed that the two
osteocytes located on this microcrack were affected and unviable. Thus, their LC
values were set to zero, similar to the apoptotic model. The other crack positions
and lengths of cracks were treated in the same way. Figure 6-8 also shows

microcracks with different length at A and B.
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Figure 6-7: The idealized osteocyte (OCY) and bone lining cell (BLC) network with
microcrack. A, B, C and D show 4 different microcracks, that break the canaliculi, at 42 (one
layer below the BL(C), 84 (two layers below the BLC), 126 and 168 pm below the surface with
similar length of 42 pm.

Ab

In the simulation, the propagation factors were assumed to be exactly as
they were measured by Adachi et al. (2009). The effect of the CD factor also was
assessed by running simulations with the calcium decay factor of 1% at either 20
or 26 iterations (seconds) after strain application as the corresponding results
compared very well with the experiments discussed in Chapter 5. Then the effects
of variety of microcracks with different length of 42pum, 168um, 252pm and 1mm
at different positions of 42pum, 84um, 126um and 168um below the surface

(Figures 6-7 and 6-8) were examined on the signalling of BLCs and network.

120



It should be noted that the simulation proceeded in exactly the same way as in

Section 6.2.1.
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Figure 6-8: The idealized osteocyte (OCY) and bone lining cell (BLC) network with 2
microcracks at A and B. A shows a microcrack with length 168 pm, that breaks canaliculi and
affects the viability of 5 osteocytes, at 42 um (one layer below the BLC). B shows a
microcrack with length 252 pm, that breaks canaliculi and affects the viability of 7
osteocytes, at 84 pm (two layers below the BLC).
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6.3.2 Results

Variation of microcrack location

With no microcrack, the BLC activity is nearly constant (Figure 6-9a and 6-9b),
except towards the sides of the model where it shows a slight decrease because of
edge effects. As before the mean BLC activity reaches a peak after 26 seconds after
strain application and follows a constant 100% baseline activity (Figure 6-9c)

however it declines if calcium decay is applied into the model (Figure 6-9d).

Even with a tiny microcrack of 42 pm in the model, the signalling of the
BLCs is interrupted significantly. The BLC activity at t = 26 seconds decreases the

microcrack gets closer to the surface (Figure 6-9a and b). With microcracks at A, B,
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C and D, the BLC activities are reduced by 67%, 23%, 14.32% and 7.1%
respectively (at 26 seconds after strain application Figure 6-9a). When calcium
decay is included, the activities decreased by typically just 1% (Figure 6-9b). The
microcracks also affect the signal at other osteocytes located near the microcracks
with microcracks at A, B, C and D. Thus, the radius of affected BLCs signal are 420
um (11 cells), 336 um (9 cells), 294 pum (8 cells) and 252 pm (7cells) at 26 seconds
after strain application (Figure 6-9a and b). The mean BLC activities are reduced by
5.18%, 1.77%, 1.18% and 0.49% at 26 seconds with microcracks at A, B, C and D
(Figure 6-9c and d). Also, while there is a slight effect on the mean network signal
in the model with microcracks and CD (Figure 6-9d), the mean network signal is

not effected by microcracks in the model without CD (Figure 6-9c).
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Figure 6-9: BLC activity across the top of the model, after 26 iterations for sample models
without CD (a) and with CD (b) and mean BLC and network response without CD (c) and with
CD (d).

Variation of microcrack length

The variations in the mean network and surface (BLC) signals over time for
microcracks at different lengths at different depths are in Figures 6-10, 6-11, 6-12

and 6-13. Figure 6-10a shows the mean BLC with microcrack of length 42um,
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168um and 252pum positioned 42um below the bone surface. The peak levels (at 26
seconds) are reduced by 5.18%, 8.56% and 10.56% respectively and subsequently
decrease, however, the mean network activity is not visibly affected by the

increasing length of the microcracks (Figure 6-10a).

The maximum BLC activity levels are reduced by 67%, 98.6% and 100%
with microcracks of 42pm, 168um and 252um respectively (Figure 6-10b) at A.
With the microcrack of 252 pm, the BLC are reduced by 100%, 51.3%, 33.4% and
23.86% respectively at levels A, B, C and D (Figure 6-10b, 6-11b, 6-12b and 6-13c)
and also the mean BLC activity are reduced by 10.56%, 3.94%, 3.37% and 1.68% at
time where calcium decay is applied (Figure 6-10a, 6-11a, 6-12a and 6-13b), while

the mean network signal is not effected by increasing microcrack length (Figure 6-

10b and 6-11b).
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Figure 6-10: Mean BLC and network response with CD (a) and BLC activity across the top of
the model, after 26 iterations for sample models (b) with variation of microcrack length at
level A.
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Figure 6-11: Mean and individual BLC response with CD (a) and BLC activity across the top of
the model, after 26 iterations for sample models (b) with variation of microcrack length at
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Figure 6-12: Mean BLC response with CD (a) and BLC activity across the top of the model,
after 26 iterations for sample models (b) with variation of microcrack length at level C.
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With a microcrack of 1mm, at level D (Figure 6-13c) BLC activity is reduced
by almost 23%, a similar effect as observed in a microcrack of 42um at level B, and
the mean BLC activity with and without calcium decay also dropped by 6 % at 26
seconds after strain application (Figure 6-13a and b). A similar effect is seen in a
microcrack of 42um at point A (Figure 6-9c and d), and it follows a decline (Figure

6-13a and b).

No significant change to the radius of effected cells was observed as the

length of the microcrack increased.
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Figure 6-13: Mean BLC response without CD (a) and with CD (b) and BLC activity across the
top of the model, after 26 iterations for sample models (c) with variation of microcrack
length at level D.
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6.3.3 Discussion

The sensitivity of the BLC and osteocyte network to increases in microcrack length
and location was examined using a simple model. When there is no microcrack, the
mean BLC response reaches 100% activity after 26 seconds (Figure 6-9¢ and d)
and declines when the calcium decay factor is applied (Figure 6-9d). In simulations
with microcracks, however, the peak BLC activity is reduced significantly with a
tiny microcrack of just 42um. When the microcrack located at 42um below the
surface, the signal is reduced by 67%, with or without calcium decay; with a
continuing overall decline in network response (Figure 6-9c and d). The effect of
variations in microcrack length at different locations on the BLC signal across the
surface of the bone are examined in Figures 6-10, 6-11, 6-12 and 6-13: They show a
decline in BLC signals, as the length of the microcrack increases at each location
(Figures 6-10b, 6-11b, 6-12b and 6-13c) however, the decrease reduces as the
distance from the bone surface increases (Figure 6-9). Although the average BLC
activity levels decrease with the existence of a microcrack at any applied location
(Figures 6-9d, 6-10a, 6-11a, 6-12a and 6-13b). No significant decline is observed in
mean network activity with increasing length of microcrack even at 42 pm below
the surface (Figures 6-10a and 6-11a). The radius of effected BLCs with a
microcrack of 42um in length is reduced as the distance of the microcrack from the
bone surface increases. This ranges from 11 cells at A to 7 cells at D, and this
change appears to be independent of microcrack length. This model also shows
that the effect of cracks disappear as they appear deeper than 210pm below the

surface in the bone, even if their length increases up to 2Zmm.
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The greatest declines in BLC signals are observed when the microcracks
occur nearest to the surface (Figure 6-9). This suggests that regions close to the
surface are the most mechanically sensitive (Adachi et al., 2009a). It may be that
remodelling is initiated near locations, where the BLC signal drops below a certain
critical level, which would repair the crack and thereby return to ‘normal’ signal
levels (Martin, 2000). Microcracks within 500 um of the bone surface in compact
bone are observed as was discussed in Chapter 3, Section 3.4, the corresponding
effects on the BLC signalling have not yet been examined in any literature. However
the results of current model suggest only a negligible effect in the signalling of BLC
for the model with microcracks positioned deeper than 210um below the bone
surface. Thus, this study provides new information on the effects that microcracks

may have on the initiation of bone remodelling by altering the BLC activity.

All simplifications and assumptions in the parameterisation of the cellular
functions in this model were similar those in Chapter4. In conclusion, a simulation
of the osteocyte-BLC network has been developed to investigate osteocyte signal
propagation, the corresponding BLC signals, and the effect of microcracks with
different properties on that signalling. The results clearly show that microcrack

location has a marked effect on the signal at the BLCs on the bone surface.
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Chapter 7 Discussion

7.1 Introduction

This chapter provides an overview of the work conducted throughout this project
and describes how it supports and sheds more light on current theories of
mechanotransduction. The main results are discussed here, as detailed discussions
and analyses of the results have been conducted and validated in the

corresponding chapters.

7.2 The basic model with asymmetrical communication

and “calcium decay” factor

The importance of the osteocyte and bone lining cell network in the
mechanotransduction processes of bone is well established, although the actual
processes involved are still a matter of debate. Communication between
osteocytes, via the inter-connecting lacuno-canalicular network through gap
junctions, and between that network and bone lining cells seems high likely and a
number of mechanisms have been proposed in the literature, and have been
summarised in the earlier chapters of this thesis. Ausk et al. (2006) developed a
simple model of the osteocyte network containing 81 osteocytes which were
subjected to bending. In this model the osteocytes were activated by mechanical
strain where the level of activity signal was dependent on the cell locations and
according to specified activity thresholds. That signal was then radiated to

neighbouring osteocytes to simulate intercellular communications through the
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interconnecting canalicular and gap junctions. Ausk also examined the effect of
heterogeneity for all the cellular functions. Based on these ideas, similar
simulations of cell-to-cell communications are developed in Chapter 4 of this thesis
to investigate osteocyte signal propagation, and the effect of heterogeneity on the
signalling in a much more complex osteocyte network. The results confirm that
inclusion of cell heterogeneity has a marked effect on the signal both at individual
osteocytes and within the network as a whole, for instance, 15% heterogeneity led
to an increase in mean network response signal of 27% after 100 seconds
(iterations) (Figure 4-3). In addition to the figures presented in Chapter 4, the
effect of heterogeneity is evident in the movies provided in Appendix C, the
accompanying on CD. These short movies show the variation of the signals with
different heterogeneities. They also run in real time during the simulation process.
They clearly show that the network and mean BLC activity signals reach their
maximum quicker as the degree of heterogeneity increased. Furthermore, the
variations in the predicted mean network signals (as illustrated in Figure 4-2)
compare well with the values reported in Ausk et al. (2006) (Figure 4-5). Apart
from strain thresholds, secondary cell-cell communication thresholds were
predefined in Ausk’s model which indicated that activity signal from neighbours
(Sc(i,j,t)) needed to surpass to initiate and maximally influence activity in the
recipient cells. There is no evidence to support such a constraint on secondary cell-
to-cell communication. Ausk also assumed that cell communication occurs
between each osteocyte and all of its immediate neighbours, however, the concept

of averaging cell activity within neighbourhoods is just a hypothesis. The activity
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signals for each osteocyte in Ausk’s model were governed by the comparison of
two calculated signals, its own previous cell activity and the average signals from
neighbours, but in the current research, the model was developed by applying a
complex and bidirectional communication in the network (Chapter 5). In order to
apply this bidirectional and asymmetrical communication in the network
simulation, it was assumed that each cell could receive a signal from its neighbours
(Sg(i,j,t)) while also simultaneously transmitting a signal (5;(i, j, t)) to them. The
activity signals (S,(i,J,t)) of each osteocyte in current model in this thesis were
calculated by propagation and transmission of signals from neighbours in addition
to its own signal activity response to the strain at that point. Ausk’s model was also
limited in that it assumed symmetrical communication between only the

osteocytes and totally ignored bone lining cells.

In the current research, once bone lining cells are also included in the
model, on the surface of bone, attached to the osteocyte network. In the
investigation in the effect of heterogeneity, the mean BLC signal increased rapidly
to 100% activation with just 15% heterogeneity and an overall increase in mean
BLC response of 34% (Figure 4-7). However, the results also show that
homogenous simulations reach their maximal (albeit lower) activity signal level
faster than the heterogeneous simulations. Moreover the trend for a rapid increase
in mean BLC signal after stimulation compares well with the experiments ((Guo et
al., 2006, Huo et al,, 2010, Adachi et al., 2009a, Charras and Horton, 2002, Hung et
al., 1996). They observed that osteoblasts respond to a mechanical stimulus with a
dramatic increase in intracellular calcium signals, although in their experiments
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single osteoblastic cells were stimulated rather than an entire osteocyte-BLC

network.

The experiments performed by Adachi et al. (2009) indicated that the
intercellular communications between osteocytes and bone surface cells are
asymmetrical. They also measured the propagation factors, which are illustrated in
Figure 5-1 and summarised in Table 5-1. In order to apply this bidirectional and
asymmetrical communication in the network simulation, new equations were
defined for the model, as discussed in Chapter 5. It was assumed that each cell is
able to receive a signal from its neighbours while simultaneously transmitting a
signal. The results of the simulation confirmed that the level of these propagation
factors is critical and BLC activity could follow two different behaviours depending
on the assumed values. Adachi’s propagation factors scaled by 1.0905% were
determined to be the critical values in the model (Figure 5-3). When less than these
values, the mean BLC signal increased to reach a constant the maximum value
(Figure 5-2), but, when more than these critical values, the mean BLC activity

increased but declined again after peaks values were attained(Figure 5-3).

Charras and Horton (2002) also observed that when the stimulus was
removed from the cell, intracellular calcium levels decreased, back to the baseline
level. Based on this observation, it was assumed that over time different signals
propagate throughout the osteocyte network to the bone lining cells, but gradually
these signals decrease by a specified “calcium decay” (CD) at time ‘T" where the

calcium decay factor was applied to the model for all osteocytes. Thus, it appears
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that the mean BLC activity, with the calcium decay factor included, reaches a peak
then follows a significant decline. The same is true for the simulation where the
applied propagation factor is greater than the critical value with different end
point, however, the mean network signals decline considerably (Figure 5-4). The
variations in the predicted mean BLC signals for different decay factors are
illustrated in Figures 5-4 and 5-5a are similar to the observed intercellular calcium
signals for BLC adjacent to the stimulated single osteocytes are predicted by Guo
et al. (2006)(Figure 3-8) and Adachi et al. (2009) (Figure 5-5b) respectively. The
variation in the predicted mean BLC signal with different CD factors also compares
well, i.e. rapid increase after strain application , loading cycle duration (over 100
seconds) and a decrease after the CD application, with the some experiments in
vitro and in situ (Charras and Horton, 2002, Hung et al., 1996, Huo et al,, 2010). It
seems that just by changing the value of the CD factor, the simulation can produce
the mean BLC signal of different experiments. The results clearly show that the
inclusion of asymmetrical communication and CD factor in the simulation, have a

noticeable effect on the signal of the BLCs at the surface.

7.3 The effect of apoptosis and microcracks

Within the osteocyte and bone lining cell network there will inevitably be some
osteocytes and their canalicular connections that function incorrectly due to the
effects of apoptosis and microcracks. Apoptotic osteocytes can also occur in
association with pathological conditions such as osteoporosis with 6% to 10%

apoptosis (Qiu et al,, 2003, Almeida et al., 2007). Furthermore, iliac cancellous bone
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osteocyte density is reported to decline patients with vertebral fractures (Qiu et al.,
2003, Almeida et al., 2007). There is evidence that in some diseases, such as
osteoporosis, the number of apoptotic osteocytes is higher than normal, as
discussed in Chapters 3 and 6. It seems likely that apoptosis and microcracks affect
the functioning of the osteocyte network, explaining the higher rates of
remodelling observed with osteoporosis. Furthermore microcrack formation
followed by a disruption in the canalicular connections of the osteocyte network
may possibly be the stimulus which initiates bone remodelling. It has been
observed that a microcrack breaks the canaliculi of the lacunar network and
induces osteocyte apoptotic death (Rochefort et al., 2010, Noble and Reeve, 2000,
Seeman, 2006). Based on this observation, a “Life Coefficient” (LC) was introduced
in the model for every osteocyte in the network to characterise the viability and

allow the inclusion of effects such as microcracks and apoptotic osteocytes.

In the apoptotic simulations, the effect of the CD factor was assessed by
running simulations with the calcium decay factor of 1% at 20 iterations (seconds)
after strain application. All propagation factors are assumed to be exactly as they
were measured by Adachi et al. (2009) as the corresponding results compared very
well with the experiments discussed in Chapter 5. The effect of 1% CD factor was
also examined at 26 seconds after strain application because in this case, the mean
BLC activity could reach the maximum peak of 100% activity follow a great decline
to baseline activity level. Where all cells are viable, the BLC response is relatively
high and uniform (Figures 6-1a and 6-2a, at 20 seconds), reaching 100% activity
after 26 seconds without calcium decay factor (Figure 6-4). In apoptotic
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simulations, however, the BLC activity is reduced significantly. The simulations
with 3% apoptosis led to a decline in peak BLC signal of 14% in the model without
calcium decay factor and also with the CD factor at 26 seconds after strain
application, but nearly a half of that decline was observed in the model with
calcium decay, when it applied 20 seconds after strain application (Figures 6-4, 6-5
and 6-6). The variation in the BLC signal across the surface of the bone varies
enormously (Figure 6-3), with mean surface signals varying by a standard
deviation of 8% and 4.64% including CD factor in the model. The effect of apoptosis
is demonstrated more clearly in the movies in the Appendix C on the CD. These
short movies show the variation of the signals with different levels osteocyte
apoptosis. They also run in real time during the simulation process. They clearly
show that the network and mean BLC activity signals decreased as the degree of
osteocyte apoptosis increased. The variations in the predicted mean BLC signals
(Figures 6-4, 6-5 and 6-6) compare well with the general behaviour observed
experimentally by Adachi et al. (2009a) (Figure 5-5b) and others (Charras and
Horton, 2002, Guo et al., 2006, Hung et al., 1996, Huo et al., 2010). As expected, the
greatest declines in BLC signal are observed when the apoptotic osteocytes occur
nearest to the surface (Figures 6-3a and 6-3e). This also suggests that regions close
to the surface are the most mechanically sensitive (Adachi et al.,, 2009a), and the
location of the apoptotic osteocytes are more important than their density
(Hedgecock et al.,, 2007, Qiu et al., 2003). It may be that remodelling is initiated at
these locations, when the BLC signal drops below a certain critical level, which

would remove and replace some of the most superficial osteocytes, but not those
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deeper in the bone matrix, possibly making it vulnerable for further remodelling
(Martin, 2000). The mean BLC activity signal decreased at peak by increasing the
level of osteocyte apoptosis. It may refer to an increase the rate of bone
remodelling in the study by Hedgecock et al. (2007) which showed that there was a
direct relationship between the density of osteocyte apoptosis and the rate of
remodelling. An increase in osteclast numbers with increasing osteocyte apoptosis
was also reported in both cortical and trabecular bone by Clark et al. (2005) and
Aguirre et al. (2006). Therefore, these findings and the results of the current model
suggest that the rate of bone remodelling may be increased (by an increased the
number of osteoclasts (bone resorption) as the degree of osteocyte apoptosis
increase followed by decreasing of BLC activity signal on the bone surface. The
results clearly show that the inclusion of apoptosis in the simulation has a marked
effect on signalling at the BLCs on the bone surface. Most of the apoptotic
osteocytes are in the bulk of the bone material, any resultant surface remodelling
and replacement of affected osteocytes will therefore only have a minimal effect on
the level of signalling at the surface. This may explain the mechanisms which lead
to increased remodelling and the eventual bone loss observed in osteoporosis

(Tatsumi et al., 2007).

In simulations with microcracks, the propagation factors were assumed to
be exactly as they were measured by Adachi et al. (2009). The effect of the CD
factor also added and was assessed by running simulations with the calcium decay
factor of 1% at either 20 or 26 iterations (seconds) after strain application as the
corresponding results compared very well with the experiments discussed in
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Chapter 5. Then the effects of variety of microcracks with different length of 42pm,
168um, 252um and 1mm (Tables 3-2 and 3-3) at different positions of 42um,
84pm, 126pum and 168um below the surface (Figures 6-7 and 6-8) were examined
on the signalling of BLCs and network. In simulations with microcracks, however,
the peak BLC activity is reduced significantly with a tiny microcrack of just 42pm.
When the microcrack located at 42um below the surface, the signal is reduced by
67%, with or without calcium decay; with a continuing overall decline in network
response (Figure 6-9c and d). The effect of variations in microcrack length at
different locations on the BLC signal across the surface of the bone are examined in
Figures 6-10, 6-11, 6-12 and 6-13: They show a decline in BLC signals, as the length
of the microcrack increases at each location (Figures 6-10b, 6-11b, 6-12b and 6-
13c) however, the decrease reduces as the distance from the bone surface
increases (Figures 6-9). Although the average BLC activity levels decrease with the
existence of a microcrack at any applied location (Figures 6-9d, 6-10a, 6-11a, 6-12a
and 6-13b). No significant decline is observed in mean network activity with
increasing length of microcrack even at 42 pm below the surface (Figures 6-10a
and 6-11a). The radius of BLCs affected by a microcrack of 42um in length is
reduced as the distance of the microcrack from the bone surface increases. This
ranges from 11 cells at 42um below the surface to 7 cells at 168um below the
surface, and this change appears to be independent of microcrack length. The
greatest declines in BLC signals are observed when the microcracks occur nearest
to the surface (Figure 6-9). This suggests that regions close to the surface are the

most mechanically sensitive (Adachi et al., 2009a). Furthermore, the computational
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study of Gefen and Neulander (2007) suggested that a microcrack with minimal
length of 48um and minimal depth of 26pm from the bone surface is required to
activate bone remodelling in trabecular bone. It may be that remodelling is
initiated near locations, where the BLC signal drops, which would repair the crack
and thereby return to ‘normal’ signal levels (Martin, 2000). Microcracks within 500
um of the bone surface in compact bone (O’Brien et al., 2003) are observed as
discussed in Chapter 3, Section 3.4, the corresponding effects on the BLC signalling
have not yet been examined in any literature. However the results of current model
suggest only a negligible effect on the signalling of BLC for the model with
microcracks positioned deeper than 210pm below the bone surface. Thus, this
study provides new information on the possible effects of microcracks and their

ability to initiate bone remodelling by altering the BLC activity at the bone surface.

This is the first simulation of the osteocyte and bone lining cell network
which has been used to examine the role of the network in mechanotransduction,
and the effect of osteocyte apoptosis and microcrack on network signalling.
Inevitably there are approximations and simplifications in the model that need

further development.

Firstly, it was assumed that only osteocytes are sensitive to mechanical
loading and generate the activity signal, however BLCs may also respond directly
to strain (Cowin, 2002, Duncan and Turner, 1995). It was also assumed that the
osteocytes, BLCs and network connections are distributed uniformly in two

dimensions, while in actual bone of course, there is a very complex three
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dimensional interconnecting lacuna-canalicular network, with differing numbers of
neighbouring connections (Bonewald, 2011). In the simulation, the capacity of cells
to communicate with each other was assumed to be unlimited, but in vivo it is
known that cellular response declines during continuous activity due to the
depletion of a variety of molecular stores (Berridge, 1993, Clapham, 1995, Hung et
al., 1996). And finally, the effect of longitudinal microcracks was examined but
transverse microcracks are also observed in cortical bones in vivo (Wasserman et

al., 2008, Zioupos, 2001), the effects of which have yet to be considered.
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Chapter 8 Conclusions and future work

8.1 Conclusions

The main aim of this thesis was to create and test a simulation of the osteocyte and
BLC network to investigate osteocyte signal propagation, the corresponding BLC
signals, and the effects of apoptosis and microcracks on the signalling. The results
show that the inclusion of osteocyte apoptosis and microcracks in the model has a
marked effect. Also, because the apoptotic osteocytes are located through the depth
of the bone material, any resultant surface remodelling and resultant replacement
of affected osteocytes will not fully restore the maximum level of signalling at the
surface. This may explain the mechanism which leads to increased remodelling and
the eventual bone loss observed in osteoporosis (Tatsumi et al, 2007). As
discussed in Chapter 3 there is a limitation to the measure of depth of microcracks
in in vivo experiments, this could be facilitated by using the computer simulation

such as this research.

This study also shows how information about topography of microcracks in
the osteocyte network of cortical bone can be proved based on the effects they
have on the activity levels of bone lining cells, however, further development of this
would be required. Also through the understanding of cell interactions and the
genetic controls of bone cells particularly, functions such as osteocytic
mechanosensing for detecting damage and signalling to the surface cells which

activate appropriate responses have recently opened new pathways to drug
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development for osteoporosis (Martin et al.,, 2008). The simulations developed

here could provide a useful measurement to investigate such developments.

In brief, the main conclusions of this study are summarised below:

1. A basic simulation of cellular communication in the osteocyte and bone
lining cell network has been developed, and the sensitivity to heterogeneity
in cellular functions has been examined.

2. The simulation was integrated with asymmetric communications between
osteocytes and bone lining cells and expanded to include calcium decay to
simulate BLC response when the mechanical stimulus was removed.

3. The effect of osteocyte apoptosis on the signalling in the osteocyte-bone
lining cell network was modelled.

4. Microcracks of various lengths and locations were considered and the
effects of signalling on the bone surface and osteocyte network were

modelled.

8.2 Future work

This simulation of the osteocyte-BLC network is far from complete and needs much

further development.

It was assumed in the current model that the osteocytes, BLCs and network
connections are distributed uniformly in two dimensions. The expansion of these

simulations to actual bone with a very complex three dimensional interconnecting
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lacuna-canalicular network, containing differing numbers of neighbourhood
connections would be desirable, because osteocyte connectivity may also play a
role in bone disease (Figure 2-6)(Knothe et al., 2004), as it discussed in Section

2.3.9.

Also, in the simulation, the capacity of the cells to communicate with each
other was assumed to be unlimited, but in vivo it is known that cell response
declines during continuous activity due to the depletion of a variety of molecular
stores (Berridge, 1993, Clapham, 1995, Hung et al., 1996, Kabbara and Allen, 1999).

This effect also needs to be included in future models.

Regarding microcrack examination, the effects of longitudinal microcracks
only have been examined so far but transverse microcracks are also observed in
cortical bones in vivo (Wasserman et al., 2008, Zioupos, 2001) so the effects of

these transverse microcracks should also be considered in future work.

Since the activity signals of the mean BLC were found to be sensitive to
values of propagation factors in Chapter5, a sensitivity study for the different

propagation factors is required.

The effect of different loadings such as compression, should also be
considered. Simulations with different strain distribution will also be modelled
later. Furthermore, accurate strain values around microcrack should be included in

future model.

143



The removal of a layer of bone to stimulate resorption then rebuilding with

a new layer of healthy osteocytes would be one of the future model.

A further step is to combine the remodelling processes by osteoblasts and
osteoclasts discussed earlier in this thesis, to produce a more realistic simulation of
the mechanotransduction mechanism to represent the normal processes which

bone undergoes together with mechanical loading on a large scale.
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Appendix A: A sample of MATLAB codes

%---- Cell activity based on Strain ----
for i=n:-1:1
for j=m:-1:1
E(ij) =LC(1,j) * E(i,j);
if HTmin(i,j)==HTmax(i,j)
if E(i,j)>=HTmax(i,j)
S(i,j)=100;
else
S(i,j)=0;
end
elseif E(i,j)<= HTmin(i,j)
S(1,j)=0;
elseif E(i,j)>=HTmin(i,j) && E(i,j)<HTmax(i,j)
S(1,j)=100*(E(i,j)-HTmin(i,j))/(HTmax(i,j)-HTmin(i,j));
else
S(i,j)=100;
end
if E(i,j)==0
S(i,j)=0;
end
end
end

%---- Neighbourhood ----
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Appendix C: Videos on the CD

162



