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Summary

M icrodam age in bone has been impHcated as a principal stim ulator o f bone
rem odeling through the release o f num erous biochem ical factors. Such factors initiate the
bone resorbing and bone form ing potential o f the constitutive cells o f the Basic
M ulticellular Unit (BM U). Further to this, an accum ulation o f m icrodam age has been
im plicated in potentiating the risk o f fracture in osteoporotic patients, and current
treatm ents for osteoporosis have been thought to exacerbate the risk o f fracture through
suppression o f the norm al m icrodam age m ediated response in bone. The overall goal of
this study was to determ ine the effects of m icrodam age, in term s of m icroinjury, most
notably the impact of injury size, on the biochem ical pathw ays involved in stim ulating
bone rem odeling, and subsequently, the cellular response to m icroinjury. A dditionally,
the effects of bisphosphonates, which are com m only used therapeutics in the treatm ent of
osteoporosis, on bone rem odeling activities, were also determ ined.
Using a 3D in vitro model o f m icrodam age in bone, term ed m icroinjury,
whereby osteocytes were cultured in a matrix to facilitate cell process interactions, linear
m icroinjury, o f constant length and width with varying thickness (160-800 pm ) was
applied. This is the first time such work has been com pleted, and it is significant to note
that the work was perform ed in the absence o f any m echanical stim ulus, cyclic loading,
or fluid flow. Initially the responses of the two principal cytokines in bone rem odeling,
RA NK L and OPG were determ ined, and an inverse relationship in their activity was
observed- i.e. an increase in m icroinjury size caused an increase in RA NK L activity and
decrease in OPG activity. Further to this, conditioned m edia from these experim ents was
applied to preosteoclasts and their osteoclastogenic response determ ined. Increased
dam age

was

shown

to

increase

preosteoclast

m igration,

m aturation

and

osteoclastogenesis, in term s o f TR A P activity within cells. Additionally, conditioned
m edia from m icroinjury induced osteoclastogenesis was applied to preosteoblastic cells,
and the osteogenic potential of this was determ ined by analysis o f calcium and phosphate
m ineralisation. It was found that m icroinjury induced osteoclastogenesis caused an

increase in the m igration and m ineralisation of preosteoblasts, in an injury size dependent
m anner, in the absence o f osteogenic media.
U sing the sam e m odel o f m icroinjury in bone, a num ber o f biochem ical
pathw ays

were

investigated

using

a proteom ic

approach, to determ ine

w hether

m icroinjury induced bone rem odeling was exclusively regulated by R A N K L and OPG
activity. Again, w ork such as there, w hereby an array o f proteins has been determ ined
from an in vitro sim ulation o f m icroinjury in osteocytes. It was found that m icroinjury to
an osteocytic netw ork stim ulates the action o f Interleukin, T N F a and W nt/ P-catenin
pathw ays, which have been im plicated in stim ulating bone rem odeling, yet their
relationship betw een bone rem odeling and m icrodam age had been shown to be
unfounded.

The

role

o f tw o

com m only

used

bisphosphonates,

alendronate

and

zolendronate, on the biochem ical and cellular activities involved in the BM U, in response
to m icroinjury, was also determ ined. It was found that bisphosphonate treatm ent worked
synergistically with m icroinjury, through the suppression o f RA N K L and OPG activity,
yet a degree o f osteoclastogenesis and osteogenesis was m aintained, which depended on
the m agnitude o f the m icroinjury applied. Furtherm ore, using proteom ics, it was found
that bisphosphonates treatm ent suppresses m any o f the pathw ays involved in stim ulating
bone rem odeling, yet still m aintained a degree o f interleukin and W nt/ P- catenin pathw ay
activity, in addition to BM P-2 activity, which m ay still be capable o f initiating a
rem odeling response.
This thesis dem onstrated the significance o f m icroinjury size in initiating a bone
rem odeling response. The studies described in this thesis have shown that RA NK L and
OPG activity, and subsequent biochem ical activity, which m ay act independently o f these
two cytokines, is strongly affected by the presence o f dam age and is dependent on
dam age size. Further to this, the role o f dam age size on osteoclastogenesis and
osteogenesis was determ ined and again, found to be governed by the degree o f dam age
size. Finally, the role which bisphosphonates play in an environm ent with elevated
m icroinjury, dem onstrated that in the absence o f RA N K L and OPG, again, a rem odeling
response can ensue. In conclusion, this study has dem onstrated, overall, that m icroinjury
size is a critical factor in m ediating a rem odeling response in bone.
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1.1 Introduction

The hum an skeleton com prises o f 206 bones and functions prim arily in providing
strength, protection and support for the soft tissues o f the hum an body and its organs, in addition
to the production of red and white blood cells in the red and yellow bone m arrow o f the
m edullary cavities. Bone is a dynam ic organ, and consists o f an anisotropic, nanocom posite
m aterial com posed o f osseous tissue, which predom inantly presents an inorganic com ponent
com prising o f calcium phosphate, or in the chem ical form , hydroxyapatite, which allows for
m echanical strength and contributes to 75% o f bone weight. The organic constituent includes
Collagen Type I, which contributes up to 90% of the organic m aterial, along with other noncollagenous proteins, or ground substance, which include osteocalcin, glycoproteins and
proteoglycans, which provide durability. Collagen fibres provide a fram ew ork for the deposition
o f hydroxyapatite during m ineralisation, and act as a tem plate for the form ation of lam ellae, in
addition to contributing to the m echanical properties o f bone (Reid, 1986).
Bone hom eostasis is controlled by the coordination of various cell types, which provide
approxim ately 2% o f bone m ass, and include osteocytes which are included in the perm anent
architecture o f bone, osteoclasts, which rem ove bone tissue, and osteoblasts, which replace bone
tissue. These cells allow for m aintenance of calcium and phosphorous levels in bone, thus
m aintaining the structure and function o f bone.

Follow ing resorption o f bone by osteoclasts,

num erous products are released which stim ulate the differentiation and proliferation of
osteoblasts, w hich, in turn, form new m atrix which becom es m ineralised, form ing new bone.
This process is known as bone rem odeling.
Bone rem odeling is an intricate process encom passing num erous paracrine and autocrine
biochem ical pathw ays and m echanical m echanism s. It is responsible for m aintaining bone
hom eostasis, ultim ately leading to preservation o f structural integrity and function. Central to the
bone rem odeling process is the Basic M ulticellular Unit (BM U), which controls bone resorption
coupled with bone form ation, by m eans of osteoclasts and osteoblasts, respectively. O steoclasts
function in the resorption o f bone and are coordinated by the action of R eceptor A ctivator of
Nuclear Factor K appa B ligand (RA N K L) binding to R eceptor A ctivator o f N uclear Factor
Kappa B (RA N K ), which is counterbalanced by its decoy receptor O steoprotegrin (OPG ), which
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subsequently stimulates osteoblast activity, and thus the production of new bone (Lacey et al,
1998, Hayden era/, 1995).
The RANKL-RANK-OPG cytokine system has been identified as the principal mediator
of maintenance of bone cell function, and deviations from this system have been implicated in
the pathogenesis of metabolic bone disease. Theories surrounding the initiation and control of
bone remodeling postulate a role for various factors, including mechanical loading, fluid flow
and microdamage. Microdamage is a naturally occurring phenomenon in bone and occurs as a
result of daily loading, such as walking, running, and any mechanical impact. It manifests itself
as a series of cracks, ranging from 2-400 |am in length. Microdamage in bone has been
considered to be one of the principal mechanisms influencing RANKL and OPG signaling and
subsequent bone remodeling. Concentrations of RANKL and OPG ultimately determine the fate
of bone homeostasis, and deviations from normal levels occur in individuals with metabolic bone
diseases, such as osteoporosis, leading to an increased incidence of fracture.
1.2 Categories of bone
The bones of the human skeleton are classified into six types, and these may present
themselves as individual or fused, or partially fused bones, some of which are detailed in Fig.
L I. These are: long (a), short (b), flat (c), irregular, sutral and sesamoid bones. Long bones, such
as the femur and humerus, exhibit a long diaphysis and tend to consist of compact bone with
little cancellous bone. Short bones, as the name suggests, are shorter and are cuboidal in shape,
and constitute the bones of the wrist and ankle. These two categories provide a mechanical role,
facilitating movement of an organism in tandem with muscle attachment.

Flat bones are

generally fused and are found in the skull and sternum. These provide a protective role and serve
to shield organs such as the brain, heart and lungs, from injury. The latter 3 types of bone have a
more complex structure and provide numerous functions. Sutral bones are found in the skull, and
as implicated, assist in joining the flat bones o f the skull. Irregular bones, as the name suggests,
do not conform to a specific structure like long and short bone, and these include the vertebrae.
Finally, sesamoid bones are located in tendons and function in providing distance between the
joint and the tendon, and an example of this is the patella.
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a

(■
\

Fig. 1.1 Types of bone found in the hum an body (Dandy et al, 2(M)3)

1.3 Bone structure and functional properties

1.2.1

Types of Bone

In hum an bone, two types of bone tissue are observed- cortical and trabecular, which
form the extracellular m atrix. Cortical bone, which is highly calcified, is present on the outer
layers o f the diaphyses o f bones, and provides m echanical strength and constitutes 80% o f bone
weight. Cortical bone is characterised physically by a series of lam ellae surrounding blood
vessels. Trabecular or cancellous bone is spongy and m ore durable, characterised by a parallel
lam ellar system , m ore m etabolically active and form s the m ajority of bone surface tissue and the
ends o f long bones (Adler, et al, 2000, Ashm an et al, 1988). The bone is covered by a fibrous
layer called the periosteum , which is com posed o f flattened osteoprogenitor cells, which coats all
o f the bone except the articular cartilage on the joint surfaces. Bone is infiltrated with blood
vessels via the Volkm anns canals, which penetrate the periosteum . Below the surface of the
periosteum is the endosteum , also consisting of osteoprogenitor cells. O steocytes inhabit the
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lacunae, which are cavities found mainly in osteonal tissue. The structure of bone, as a whole,
tends to vary for each respective bone shape, and also its function, however, the majority of
bones consist of trabecular and/or cortical bone. Long bones are what most frequently experience
mechanical stress and tend to be load bearing bones. Long bones consist of a diaphysis, which is
a long, tubular shaft, on the end of which is an epiphysis, connected via a metaphysis. The wall
of the diaphysis consists of layers of compact bone surrounding the medullary cavity, which is
rich in bone marrow. The epiphysis consists broadly of trabecular bone covered by a thin layer of
cortical bone.

L3.2 Trabecular bone
Trabecular bone is spongy and porous, and occupies the epiphyses of all long bones and
can predominate in short and irregular bones, within the epiphyses, in addition to being found
within the sternum and pelvis. It is comprised of numerous microstructural struts, called
trabeculae, which form a 3 dimensional open porous space filled with bone marrow. The
trabecular microstructure is orientated in a direction which provides structural strength and
stiffness, distributing the force and impact received during normal movement, maintaining the
anisotropic nature of bone.

L3.3 Cortical bone
Cortical, or compact bone, is generally found on the surfaces of bone, and comprises 80%
of bone- the remainder being trabecular bone.

It is composed of inorganic salts and ground

substance, giving rise to tiny spaces maintaining osteocytes, and is more isotropic than trabecular
bone, allowing mechanical load to become impacted from any direction. Compact bone is
comprised of tightly packed osteons and consists of various canals, known as Haversian canals.
Running between the lacunae and Haversian canal are canaliculi. These organelles function in
allowing for fluid flow, provision of nutrients, and are often a product of the removal and
replacement of bone (Buckwalter et al, 1987, Hilka, 2003). Compact bone is lamellar in
structure, giving a layered appearance, and is infiltrated by vascular canals, known as Haversian
canals. These create a vascular network for providing nutrients for osteocytes. Surrounding the
Haversian canals are circular structures known as osteons, consisting of numerous concentric
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layers, which are formed during bone remodeling, where compromised bone is removed by
osteoclasts and replaced by osteoblasts. This will be discussed in greater detail later in this thesis.

Proxim al
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Fig. 1.2 Bone structure, trabecular and cancellous bone (Basic Medical Anatomy, by Alexander Spence
(Benjamin/Cummings 1990)

1.4 Formation of Bone

Primary bone is formed, de novo, through a process known as osteogenesis, which occurs
during embryonic development, or following a mechanical stimulus, resulting in damage to an
osteocytic network, or from use of the bone, and may form from soft tissue or in cartilaginous
tissue. This is followed by a period of mineralization, where the new bone becomes hardened.
The process of osteogenesis can be divided into 2 primary forms of bone formation:
intramembranous ossification or endochondral ossification. Secondary bone is formed during
bone remodeling, which will be discussed in greater detail below.
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1.4.1 Intramembranous ossification
Intramembranous ossification occurs during embryogenesis and is characterised by the
formation of a primary ossification centre, whereby mesenchymal stem cells differentiate to form
osteoblasts, which secrete osteoid, which subsequently becomes mineralized by hydroxyapatite
salts. This is followed by the formation of spicules, which are small struts progressing from the
ossification centre. During this process, osteoblasts become trapped in the matrix and
furthermore differentiate to form osteocytes. The spicules subsequently fuse, and trap blood
vessels infiltrating the new bone material. The newly formed bone is spongy in structure;
however, remodeling of this bone surrounding the blood vessels facilitates the formation of
osteons, which characterise compact bone. Further to this, connective tissue surrounding the
bone becomes mineralized, forming a fibrous layer, the periosteum. Subsequent remodeling of
the newly formed bone allows the bone to become hardened and resistant, whilst the organic
content allows to bone to remain durable. This form of bone formation produces flat bones, such
as the skull, and sutral bones. This process is illustrated in Fig. 1.3.
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Fig. 1.3 The process of intramembranous ossification (Fundamentals of Anatomy and Physiology, Martini)
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1.4.2 Endochondral ossification
Endochondral ossification is the second type o f ossification, and, as the name suggests, is
characterised by the form ation o f bone from hyaline cartilage, and is responsible for limb
developm ent. A series o f interstitial growth, where the cartilage expands, precedes appositional
growth, w hereby new cartilage is produced on the surface. W ithin cartilage, chondrocytes
expand and increase in size (in a process known as hypertrophy) and num ber and follow ing this
enlargem ent, the lacunae expand, form ing struts which can becom e calcified by hydroxyapatite
crystals. The enlarged chondrocytes becom e essentially starved as they are void o f a nutrient
supply, and die. Blood vessels infiltrate the new tissue, the perichondrium , in which, cells
differentiate to form osteoblasts. These again, start to form new bone, and the perichondrium
progresses to what is essentially the periosteum . During this period, blood vessels furtherm ore
infiltrate the tissue and circulating fibroblasts differentiate to form osteoblasts, which lay down
more tissue. Bone developm ent now begins at what is known as the prim ary ossification centre.
This spreads tow ards both ends of the cartilaginous m odel, form ing a spongy bone like tissue.
The bone enlarges, and at this point, osteoclasts appear and erode the trabeculae at the centre of
the newly form ed diaphysis, follow ed by a phase o f appositional growth. A secondary
ossification centre subsequently form s, follow ing calcification o f the epiphysis. These becom e
followed with spongy bone. A cap o f cartilage rem ains on the ends of the new bone and is
m aintained as the articular cartilage. Subsequent rem odeling o f the bone facilitates the hardening
of the new bone, again, to m aintain strength and rigidity o f the bone. This process is illustrated in

Fig. 1.4.
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Fig. 1.4 The process of endochondral ossiflcation (Baron et al, 2(K)8)

Mineralisation is the stage whereby osteoid, which is secreted by osteoblasts, becomes
mineralized by peripheral hydroxyapatite crystals. There are 2 distinct phases o f mineralizationprimary

and

secondary.

Primary

ossification

occurs

during

bone

remodeling

where

hydroxyapatite crystals are deposited within the newly formed matrix. This only takes a few days
to complete. Secondary mineralization occurs over a period o f up to 6 months, and is dependent
on the rate o f bone remodeling.
1.4.3 Formation of secondary bone
During normal bone remodeling, compromised bone is removed by osteoclasts and new
bone is formed by osteoblasts, through the working o f the BM U. This process is responsible for
the formation o f secondary bone. Secondary bone is characterised by the presence o f a highly
organised network o f lamellar bone, presenting a layered appearance comprised o f collagen and
mineral matrix. W ithin the collagen framework, fibres run in opposite helical directions to that of
adjacent lamellae. Three forms o f lamellar bone exist: osteonal, circumferential, and interstitial.
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which function in surrounding Haversian canals, Volkmanns canals, and the marrow cavity,
respectively.
1.5 Bone Cells
There are four main types of cells present in bony tissue which are; osteoblasts,
osteoclasts, osteocytes, and bone lining cells, as shown in Fig. 1.5. These act in a highly
synchronised fashion within the BMU, and act under constant biochemical control, to maintain
homeostasis within bone. The function of bone cells is, as an entire entity, to maintain bone mass
and a balance between osteoclastic bone resorption and osteoblastic bone formation is required.
Osteoblasts mediate bone turnover, effectively renewing bone tissue, whilst bone resorption is
carried out by osteoclasts (Kane, 2007).

Lymphocytes
O steoclast

Monocyte

^ y

M esenchym al cell
Bone lining cells
O steoblasts

Osteocytes

Fig. 1.5 Bone cells : dem onstration o f the principal cell types constituting bone : osteocytes, osteoclasts,
osteoblasts, progenitor cells and bone lining cells (www.roche.com)

1.5.1 Osteocytes
Osteocytes are terminally differentiated osteoblasts that function regulating bone
remodeling. Osteocytes are present in quantities of typically 25,000 cells per m m \ and originate
from mesenchymal cells, and are the most abundant cell in bone, constituting 90-95% o f bone
cells (Vaananen et al, 2000, Kato et al, 1997, Bonewald, 2007). Osteocytes are characterised by
the presence of a network of between 50 and 100 dendritic cell processes which result from
osteoblast differentiation, which allow cell-cell contact between osteocytes and osteoblasts and
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bone lining cells. These processes also penetrate the canaliculi, facilitating osteoclast-osteocyte
com m unication, and have been shown to infiltrate bone m arrow (K am ioka, et al, 2001).

H«v«r«i*n c«nal

M a rrow c av ity

•S p o n g y b o n e

-Y e llo w m a rro w

L ac u n a
O fte o c y te
C y to p la sm ic
p ro c ttt

Fig. 1.6 Osteocytes and canaliculi (Villee et al, 1989)

O steocytes are considered to be sensor cells; for exam ple m echanical im pact prom otes
them to produce nitric acid and prostaglandins (K lein-N ulend, et al, 1995). The expression of
gap junctions has facilitated their role as m echanosensory cells; osteocytes form netw orks via
cell processes joined by gap junctions, and these allow one cell to detect a m echanical stim ulus,
and transm it a signal to surrounding cells (Turner et al, 1994,). A further attribute to the
osteocyte is its intricate cytoskeleton, which is arranged in bundles o f m icrofilam ents running
parallel to the cell body, filling the cell processes. Further to m aintaining the stellate m orphology
o f osteocytes, these function in the transport o f nutrients and also m ay play a m echanosensory
role (Tanaka, et al, 1998). The m echanosensory role o f osteocytes will be discussed in greater
detail later on in this introduction.
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1.5.2 Osteoclasts

Osteoclasts are terminally differentiated, multinucleated bone cells, originating from a
monocyte-macrophage lineage, responsible for the dissolution of mineralised bone matrix
following injury, disease or during bone remodeling (Takahashi et al, 2007). Osteoclasts are
characterised phenotypically by being “giant” cells, expressing many nuclei, and may have a
“foamy” cytoplasm (Akatsu et al, 1992, Wezeman et al, 1979) These specialised cells function
by secreting lytic enzymes capable of dissolving extracellular matrices in response to RANKL, a
cytokine responsible for osteoclastogenesis (Boyle, et al, 2003). This occurs following RANKLRANK binding, whereby lysosomal enzymes are released from transport vesicles within the cell.
Osteoclasts resorb bone in three distinct phases: (I) through polarisation to bone, and so (2)
creating a ruffled membrane, composed of vinculin and actinin, surrounded by F-actin, through
which lytic enzymes are released, including Vacuolar

ATPase and cathepsin K,

(3)

resorbing bone (Katagiri et al, 2002). Attachment to the bone cell is via the vitronectin receptor,
collagen receptor, and through extracellular proteins (Vaananen et al, 2000).
1.5.3 Osteoblasts
Osteoblasts are functional cells which originate from a mesenchymal lineage, and are
responsible for the formation of new bone. They secrete osteoid, an organic extracellular matrix
component comprised predominantly from collagen type I, which becomes mineralised by
calcium salts (Aubin et al, 2002). This occurs under the control of the Cbfal/Runx2 pathway.
Osteoblasts are characterised by their mononucleate morphology, in addition to expressing high
levels of bone sialoprotein and osteocalcin. Additionally, they express numerous gap juntions
between adjacent osteoblasts, which function in a paracrine role (Cheng et al, 2004).
Furthermore, osteoblasts are characterised by their ability to secrete vast amounts of alkaline
phosphatase (ALP), in addition to the expression of parathyroid hormone, estrogen, androgens
and vitamin D3 reseptors (Harada et al, 2003, Zanello et al, 2004). Osteoblasts contain a few
cytoplasmic processes which become extended into the osteoid matrix, whereby they contact the
osteocyte processes within the canaliculi (Bianco et al, 1983, Ferretti et al, 2002).
Osteoblasts become terminally differentiated into osteocytes, which, as described, play a
mechanosensory role in bone. Also, like osteocytes, they express RANKL and its decoy receptor.
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OPG (Takahashi et al, 1999, H ofbauer et al, 2004). O steoblasts are principally controlled by
BM Ps, of which several types exist. BM Ps are responsible for the phosphorylation o f Smad
proteins, the action o f which instigates osteoblastic differentiation (M assague et al, 2000).
O steoblast differentiation is controlled m oreover by the transcription factor Osterix (Osx), which
encourages cellular differentiation, as well as Runx2. This can furtherm ore be phosphorylated
into m itogen activated protein kinase (M A PK ) and this, in turn, elevates levels o f BM Ps and
facilitates the production o f extracellular matrix (N akashim a et al, 2002, O tto et al, 1997). The
form ation o f osteoid occurs in a sequence o f events orchestrated by the presence o f ALP.
A cquisition o f ALP is follow ed by increase in collagen type I synthesis. This is follow ed by an
upregulation in the expression o f osteocalcin, osteopontin and bone sialoprotein, which become
depositied within the m atrix, and subsequently m ineralised (Aubin at al, 1996). Following
secretion

o f osteoid,

which

becom e

subsequently

m ineralised,

osteoblasts

differentiate

furtherm ore to form osteocytes or bone lining cells (N ijw eide et al, 1988).

1.5.4 Bone lining cells

Bone lining cells, or periosteal cells, as the name suggests, are flat elongated cells that are
responsible for lining over 80% o f endosteal bone surfaces o f bone and are characterised by flat,
ovoid shaped cells joined by junctions sim ilar to those o f gap junctions (Dierkes et al, 2009,
M iller et al, 1980). Bone lining cells function in providing regulation o f exchange of substrates
betw een bone and its fluid environm ent and as a m echanical sensor in the osteocytic network,
and in doing so, assist in the bone rem odeling process (D ierkes, et al, 2009). It has been
postulated that bone lining cells are derivatives of osteoblasts, and act in a syncytium with
activated osteoblasts (M artin, 2000, Doty at al, 1981).

1.6 Bone diseases

It is necessary to m aintain correct horm onal and chem ical levels to allow instigation of
the BM U, thus ensuring normal functioning of the bone rem odeling process. A ccum ulation of
dam age and increased incidence o f stress fractures may be indicative o f a m alfunctioning BMU,
which could suggest poor horm onal function and regulation, and is sym ptom atic o f bone disease.
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Diseases of the bone result due to incorrect hormonal functioning, such as osteogenesis
imperfecta, Paget’s disease and osteopenia (Rodan et al, 2000, Thiebaud et al, 1994). Conditions
affecting hormonal functioning have also been implicated in the pathogenesis of this disease,
including menopause. Turners syndrome, Kallman syndrome and hypogonadism, which lead to a
decrease in estrogen, creating symptoms similar to that of menopause (Harper, et al, 1998, Shaw
et al, 2003). The most noteworthy of these conditions is the marked reduction in estrogen at
women following menopause, leading to osteoporosis, which will be discussed in greater detail
within this introductory chapter.
1.7 Bone remodeling

Similarly to bone formation, bone turnover and remodeling is controlled through a series
of cells, cell signaling, and by the BMU. This occurs in cycles of bone resorption and
remodeling, into which osteoclasts and osteoblasts are organised (Fig. 1.7). On average, the
BMU progresses longitudinally at a rate of 25 |jm per day, for a period of 6-9 months, and
approximately 10% of bone is replaced per year. Bone resorption and formation are coupled
synchronously by RANKL and OPG activity, and under normal circumstances, when one
mechanism increases, the other generally decreases.
1.7.1 Bone resorption

Bone resorption by osteoclasts generally occurs over a period of 2-3 weeks, whereas bone
formation takes several months. The rate of BMU function depends on numerous factors,
including the lifespan of the BMU, rate of BMU origination, efficiency of cell signaling, and rate
of bone turnover at a given location (Jaworski et al, 1992, Hernandez et al, 2002). It has been
found that normal functioning of the BMU decreases with age, facilitating a decrease in
trabecular and cortical bone volume, leading to osteoporosis. Bone remodeling and the BMU are
essential for maintaining skeletal integrity and for the reparation of microcracks and injury
sustained from daily wear and tear.
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Fig. 1.7 The process of bone remodeling. A The process of bone remodeling as performed by the Basic
Multicellular Unit (Riggs etal, 2004). Fig. 1.7 B Histological image of the arrangement of osteoclasts and
osteoclasts in a BMU (http://www.talosproiect.nl)

A quiescent period is experienced in bone follow ing the rem oval o f tissue by osteoclasts.
It is then subjected to infiltration o f m ononuclear cells and rem oval of the rem aining debris left
from the breakdow n and absorption of bone (M ulari et al, 2004). The BM U is three dim ensional
in structure, 200 pm in diam eter, and com prises o f a band of osteoclasts capable o f breaking
down bone. A m ajor m arker of bone resorption is Tartrate R esistant Acid Phosphatase (TRAP),
which is a lysosom al enzym e involved in the breakdow n o f bone, and will be used throughout
this study to determ ine the rate o f osteoclast activity (Eyre et al, 1987). TR A P is a hydrolase
enzym e which has a m olecular weight o f 32 kDa and exists as a phosphatase in its active form
(Nenonen et al, 2005). A ctivity of TR A P is regulated by trypsin and cathepsin induced cleavage.
Tw o form s exist in blood serum , w here it is found in a com plex with a-2 m acroglobulin: TR A P
5A, a sialic acid containing isoform , which also exists in a non - sialylated form , TR A P 5B, both
o f which are differentially glycosylated (Schaffer-Brehm e et al, 1999, Nenonen et al, 2005). It
has been found that TR A P 5B is secreted from osteoclasts, how ever, the origin o f T R A P 5A is
still unknown (Halleen et al, 2000). TR A P functions in rem oving the by-products o f bone
degradation, which are produced from the functional secretory dom ain o f osteoclasts, through the
action o f reactive oxygen species present in transcytotic vesicles on osteocytes (Salo et al, 1997).
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1.7.2 Bone Form ation
The process o f bone resorption is follow ed by the infiltration o f a group o f m ononuclear
cells which m ediate the reversal stage of bone rem odeling. Follow ing this group of cells are the
osteoblasts, which function in the deposition o f osteoid, or new bone m atrix (Eriksen et al,
1995). On cessation o f BM U m ovem ent, the form ation o f a Haversian canal is evident through
the m ineralisation of a groove or tube in the bone (Robling et al, 2006). Fig. 1.7A dem onstrates
the process of bone rem odeling. The form ation of bone is m arked predom inantly by A LP, which
is found in the plasm a m em brane o f osteoblasts, and has been shown to bud from this m em brane
during bone developm ent. ALP is a hydrolase, form ing a large fam ily o f dim eric enzym es,
characterised by their ability to release phosphate on catalysis o f phosphom onoesters (M ornet et
al, 2001). The main function o f ALP is the regulation o f osteoblast hom eostasis in its
carboxylated form, rem ineralisation o f bone tissue, and it accounts for up to 20% of non
collagenous proteins in bone (Szulc et al, 1996, Lee et al, 2004). Furtherm ore, it has been
hypothesised that ALP is responsible for the breakdow n o f pyrophosphate, and in doing so,
assists in the m aintenance o f inorganic bone (Risteli et al, 1993).
The presence o f BM Ps and TG F p which are released from bone resorption stim ulate
osteoblastic activity and the secretion o f bone m atrix proteins, which includes osteoid and
collagen Type I, in addition to non collagenous proteins, including proteoglycans, which
encom pass decorin and byglycan and glycoproteins, such as osteonectin and fibronectin, which
function in bone cell adhesion through production o f osteopontin and bone sialoprotein, as well
as stim ulating and regulating the m igration and functioning of the cells of the BMU (Shi et al,
2002. M ackie et al, 1990). O steoblasts furtherm ore regulate the m ineralisation o f osteoid through
the aforem entioned release of ALP It has been found that the birth rate and longevity of the
BM U is directly proportional to the frequency and intensity o f m icrocracks and that m echanical
stim ulus is a m ajor contributing factor to the dedifferentiation process of osteocytes into
osteoblasts (Robling et al, 2006, Tuner et al, 1998).

17

C h a p ter 1: M icrodam age in bone an d rep a ir m echanism s

1.7.3 Cell signaling w ithin the BM U- The R A N K L -R A N K -O PG signaling pathw ay

As described, bone rem odeling is under constant biochem ical and physiological control.
Central to this process is the R A N K L-R A N K -O PG signaling pathw ay (Fig. L9). R A N K L is
released from both osteocytes and osteoblasts as a result o f m em brane perturbation, follow ing
m echanical stim ulation or dam age, and it binds to its receptor RANK, on osteoclasts. Follow ing
bone resorption, OPG is released, which acts to bind to and sequester RA N K L, ceasing its
activity and stim ulating bone form ation by osteoblasts.

Immune system

Bone
OPG

Activated
dendritic ce

M-CSF
CFU-IA

RANKL
RANK

Pre-fusion
osteoclast
MulHnucleated
osteoclast

Activated T
lymphocyte
O steoblast

Activated
osteoclast

Fig. 1.8 The RANK L-RANK -O PG signaling pathway and related cellular crosstalk (Livshits et al, 2004)

1.7.4 RANKL
RA NK L (T N F R S F llA ) is a type II transm em brane protein tum our necrosis factor
hom ologue, released by the m etalloprotesase, disintegrin T N F a (TACE) on the surface o f
osteoblasts, preosteoclasts and dendritic cells. It is the prim ary m ediator in the activation and
differentiation o f preosteoclasts into osteoclasts, and so functions in stim ulating and sustaining
bone rem odeling (Lum, et al, 1999, Y asuda et al, 1998). Hum an and m urine R A N K L exist as
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316 and 317 am ino acid residues, respectively, and are released from osteoblasts on receiving
paracrine or endocrine chem ical m essages, including parathyroid horm one (PtH), tum our
necrosis factor (TNF) and Interleukins (IL). The cytokine then binds to the RA NK receptor on
the cell surface of preosteoclasts and m ature osteoclasts, in a m em brane bound or soluble form,
and this has been shown to increase the absorptive function of m ature osteoclasts 7 fold (Lacey
et al, 1998, Boyle et al, 2003, Burgess et al, 1999). RA N K L has been shown to be induced by
num erous factors, including parathyroid horm one tum our necrosis factor alpha (TNF), TG F a,
O ncostatin M (OSM ), prostaglandin Ej (PG E 2 ), interleukin 1 (IL-1), interleukin 6 (IL-6) and
interleukin 11 (IL -11) (Oyajobi et al, 2001, W alton et al, 2002). RA N K L has also been shown to
be upregulated by the presence of calcitropic elem ents such as 1, 25 dihydroxyvitam in D3,
ionom ycin, cyclopiazonic acid and thapsigargin (Takam i et al, 1997). These factors act alone or
in tandem with other cytokines, creating a signaling pathw ay.
O steoclast activation is a result of polarisation by RA NK L binding to the cytoplasm ic tail
o f RANK (Darnay et al, 1998). This results in a m assive influx o f NF k B cytokines, and is the
first m ajor step in the upstream activation o f the osteoclastogenic signaling cascade. On
stim ulation o f RA NK by RA NK L, trim erization o f the receptor ensues, follow ed by a massive
influx o f tum our necrosis factor associated receptor factors (TRA Fs), I, 2, 3 and 5, which bind
to the carboxyl end o f the RANK dim er (Palm qvist et al, 2004). This elicits a dow nstream
cascade resulting in T R A F dependant activation o f N Fk B, m itogen activated protein kinases
(MARK), activation o f fc-Jun N term inal kinase (JNK), and p38, an inhibitor o f NF

k

B kinase.

This follow ed by protein tyrosine kinase- c-Src m ediated activation o f phosphatidylinositol 3kinase/A kt pathw ay, inducing an anti-apoptotic effect on osteoclasts (Boyle et al, 2003). This
causes alterations o f the actin in the cytoskeleton of the osteoclast and the form ation o f tight
junctions in the basem ent m em brane in preparation for the degradation o f bone. This, along with
polypeptide growth factor 1 (C SF-1) , leads to the upregulation o f the genes encoding TR A P, the
calcitonin receptor, integrins and pro - cathepsin k (CATK), which are all necessary m ediators in
osteoclastogenesis (Boyle et al, 2003).
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1.7.5 OPG
R A N K L is a n ta g o n ised by O steoprotegrin ( T N F R S F llB ) , a m em ber or the tum our
n ecrosis factor (T N F ) fa m ily , w h ich fu n ctio n s by b in d in g to and seq u esterin g R A N K L , actin g as
a d e c o y receptor, im p ed in g the resorption o f b on e. T h is in h ib its o ste o c la sto g e n e sis and prohibits
the fu n ctio n in g o f o ste o c la sts (B ek k er e t al, 2 0 0 1 , L acey e t al, 1998). T h is R A N K L -R A N K -O P G
path w ay is co n tro lled by a series o f cy to k in es and c h em o k in es. O P G is released from the
o ste o b la st lin ea g e o f c e lls on receip t o f sig n a ls such as estro g en , b on e m o rp h ogen ic p rotein s and
transform ing grow th factor beta (B o y le e t al, 2 0 0 3 ). O PG , fo llo w in g stim u lation by R A N K L R A N K interaction, a ffe c ts o ste o b la stic d en sity and is the m ajor factor con trib u tin g to the
in hibition or activ a tio n o f b o n e resorption, r e sp ec tiv e ly (W an e l al, 2 0 0 1 ).
O steo b la sts in itia lly p rod uce O PG as a m on om er, but it on ly b e c o m e s fu n ctio n a lly active
as a dim er, and it is in th is con fig u ra tio n that a llo w s b in d in g to R A N K L (S im o n et e t al, 1997).
T h e production o f a sm all m im etic b y O P G , O P 3 -4 , binds to trim eric R A N K L , and b lock s
receptor fu n ction through alteration o f orientation and by b lo c k in g cy to p la sm ic in teraction s and
N F k B activation ( C h en g e t al, 2 0 0 4 ). D esp ite its action as an a n ti-R A N K L c y to k in e, O PG is
con tro lled by a sim ilar series o f m eta b o lic c y to k in e s and m ediators in clu d in g T N F s, T G F s,
c h o lc a lc ife r o l and prostagland in E2. M urine O PG is a 401 am in o acid g ly cop rotein ex h ib itin g a
21 am in o acid resid u e w h ich is su bjected to c le a v a g e , lea v in g a 3 8 0 am in o acid protein. It has
been found that O P G is secreted by o ste o b la sts and m ay e x ist as a 6 0 k D a m on om er or a 120 kD a
d isu lp h id e lin k ed h o m o d im er (S im o n et e t al, 1997, Y am agu ch i e t al, 1999).

R elea se o f O PG

often occu rs in ad verten tly du e to stim u lation by the biproducts o f b on e resorption and b one
rem od elin g . In itially, R A N K L is relea sed , as d escrib ed , and a lo n g w ith its release, P G E 2 and
P H T are released , v ia N F k B activ a tio n , in addition to T G F-P stim u lation , w h ich fu n ctio n s in
stim u latin g O P G (H ofb au er e t al, 2 0 0 4 ). O PG ex p ressio n is a lso regulated by the W n t/p-catenin
pathw ay, as w ill be d escrib ed later on in this chapter (G la ss e t al, 2 0 0 5 ).
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1.7.6 Other biochemical factors in bone remodeling

The bone rem odehng cycle is, as described, principally under the control o f the RANKLRA NK -O PG signaling pathw ay, how ever, within this pathw ay, there are num erous other factors
contributing to both the release and activation o f these cytokines, and also may be responsible for
stim ulating a bone rem odeling response on their own. D uring bone resorption, for exam ple,
num erous bone form ation stim ulatory factors are released, including T G F p, PTH and ILG F have
been thought to play a role in stim ulating osteoblast function.

The com bination o f m acrophage colony stim ulating factor (M -CSF), which acts as a
stim ulator of RANKL, and RA NK L has shown to upregulate BM P-2 m ediated differentiation of
osteoclasts. BM Ps, how ever, are not fundam entally involved in RA N K L-R A N K - OPG crosstalk
due to being predom inantly under the control o f Sm ad signaling pathw ays, and so, BM Ps are
som ew hat excluded from the crosstalk involved in osteoclastogenesis (Itoh et al, 2001). Smads
are serine/threonine kinases, o f which 8 forms exist, and these are furtherm ore subdivided into 3
groups: receptor regulated Sm ads, com m on partner Sm ads, and inhibitory Smads (Fujii et al,
1999). Smads function through other BM Ps, in addition to being m ediated by activin A and
TG Fs, and are involved in osteoblasts specific gene expression (Lee et al, 2000). On the other
hand,

BM Ps do stim ulate the upregulation o f num erous transcription factors, including core

bonding factor (CBFa 1), and osteoblast specific factor (OSF) which in turn upregulate
osteoblastic genes including osteocalcin, osteopontin, and bone sialoprotein, and so potentiate
osteoblast differentiation, releasing OPG (Gao, et al, 1998). There has been no further study to
elucidate the relationship between RA NK L, its receptors, and BM Ps; however, one could
conclude that BM Ps act indirectly in the process of osteoclastogenesis.
As described previously, RA N K L is stim ulated by the presence of PG E2, IL-1 and TNFa

and m em brane bound RA N K L is released and solubilised by the presence o f matrix

m etalloproteases (M M Ps) (K lier et al, 2001).

RA N K L functions follow ing release o f M -CSF,

which in turn triggers the transcription of extracellular signal-related kinase (ERK). This is the
first step in the regulation o f osteoclastogenesis. M -C SF is released by bone m arrow stromal
cells, in response to IL-1 (Kimble et al, 1996). IL-1, has also been shown to, in conjunction with
TNF, increase the form ation o f TR A P positive osteoblasts in culture through upregulation of
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R A N TES (Cho et al, 2006). M -C SF attaches to the c-Fm s receptor on osteoclastic cells and this
ultim ately determ ines the fate o f these cells, and allows differentiation into osteoclasts (U dagaw a
et al, 1990). The c-Fm s receptor is a transm em brane receptor kinase, and on binding o f M -C SF
to the receptor, dim erisation occurs follow ed by phosphorylation o f tyrosine residues (Takeshit
et al, 2007).
A m ajor m olecular participant in the signaling process is TR A F6, another m em ber o f the
tum our necrosis factor superfam ily which perm its binding to RANK. It has been shown that
TR A F6 knockout mice tend to express osteopetrosis and overgrow th o f teeth (Lom aga et al,
1999). TR A F6 m aintains the pathw ays o f activator proteins and N F k B proteins, and facilitates
binding o f RA N K L and RA NK (Boyle et al, 2003). Furtherm ore, TR A F6 interacts, under the
direction o f N F k B, with c-Fos, the latter of which is produced by R A N K L stim ulation by
interferon p, facilitating osteoclastogenesis (Takayanagi et al, 2002, W ang et al, 1992). The
m echanism s o f this cascade are m ediated by RA N K binding to RANKL. This allows for the
recruitm ent o f growth factor receptor bound protein 2 associated binding protein 2 (G A B 2), one
o f the principal activators o f Phosphatidylinositol 3-kinase, PI 3. G A B2 is a potent inhibitor of
osteoclastogenesis, and so these cytokines work in a negative feedback loop (Itoh et al, 2001).
This leads to C-fos activation, which, in turn stim ulates N FAT, which has been described as the
m ajor factor contributing to term inal differentiation o f osteocytes, and so is one o f the final
aspects in the signaling cascade in osteogenesis. These cytokines ultim ately com bine to initiate
the transcription of osteoclastic genes dow nstream o f RANKL, and m aintain integrity and
longevity o f osteoclasts (Boyce and X ing, 2007, Schett et al, 2005). Further to this, activation of
the JA K /ST A T and MARK pathw ay has shown increase leukem ia inhibitory factor m ediated
RA N K L activation, thus stim ulating bone resorption (O ’Brien et al, 1999, Palm qvist et al, 2004).
Ephrin is a m ajor m olecular participant in functionalising the BM U and initiating the
bone rem odeling process, requiring cell to cell contact betw een osteoblasts and osteoclasts. Two
classes o f Ephrins exist. Class I (Ephrin B1-B3) are 26k Da proteins and Class II (Ephrin A lA5), w hich are 37 kD a in size. These are ligands for tyrosine kinase receptors Eph B I-B 6 , and
GPI anchored EphA receptors, (A 1-10), respectively (M undy et al, 2006). There are 14 Ephrin
receptors and 8 ligands in existence. Ephrins, nam ely the Ephrin B2 ligand on osteoclasts and the
EphB 4 receptor on osteoblasts, are responsible for the bidirectional signaling during contact
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betw een cell types, m ediating cellular activation and inactivation. O steoclasts lack receptors for
ephrin, yet express Ephrin B1 and B2, whereas osteoblasts express both ligands and receptors.
Interaction between Ephrin 2 and EphB4 prevents c-fos activation o f N F A T C l, thus inhibiting
osteoclastogenesis. The process o f EphB receptor activation is considered to be “forew ord
signaling” , and ephrin ligand activation is known as “reverse signaling” . Ephrin B2 and Eph B4
crosstalk effectively acts to turn on bone resorption via osteoclasts. Once sufficient resorption
has occurred, ligand m ediated Ephrin B2 signaling switches off osteoclasts activity through
reverse signaling. This occurs in tandem with T G F (3 m ediated attenuation o f osteoclast activity.
This then results in activation o f osteoblasts and the laying down o f bone tissue, acting in a
continuous cycle until the process is com plete (Zhao et al, 2006).
It was suggested by Zhao et al, that forw ard signaling from osteoclasts is dependent on
RhoA, a m em ber of the Ras superfam ily of G TPases, through the exchange factors intersectin
and kalirin. This signaling, like RA NK L, also is enhanced by PTH rP (Parathyroid horm one
related protein) (Edw ards et al, 2008, Irie et al, 2002, Hill et al, 1995). O ther Ras fam ily
m em bers, including H-Ras and R-Ras, are regulated by eph receptors, in turn, activating the
MARK pathw ay (M iao et al, 2001). Ephrins also signal, to a lesser extent, through the Janus
kinase/signal transducers and activators o f transcription (Jak/Stat) and focal adhesion kinase
(FAK) pathw ays. These pathw ays facilitate the transduction o f cytokine and protein signals
within the bone cell. It has been proposed by Pierroz et al (2008), that regulation is furtherm ore
controlled by beta arrestins. Beta arrestins are proteins capable o f being activated and
phosphorylated by G protein coupled receptors, and function in initiating M APK pathw ays, then
preventing G protein coupled signaling, and PTH stim ulated intracellular signaling. Further to
this, bone form ation is potentiated by the activation o f the canonical pathw ay, which is focused
on the wnt signaling cascade. W nt proteins encom pass num erous biochem ical factors including
bind to frizzled and low density lipoprotein receptor related protein receptors (LRP) has shown
to regulate the expression o f OPG by increasing the O PG -R A N K L ratio, thus inducing bone
form ation (Glass et al, 2005). The canonical pathw ay is antagonised by the presence o f frizzled
related proteins and D ikkopf proteins (DKK ), which effectively act by binding to frizzled and
LRP receptors, thus interfering with and restoring the R A N K L70PG ratio, subsequently
stim ulating bone resorption ( Q iang et al, 2005, Diarra et al, 2007).
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1.8 M icrodamage

It has long been thought that microdamage in bone is one of the principal mediators of
bone remodeling and of the initiation of the BMU, which then functions in removing damaged or
compromised bone surrounding microcracks. It was first proposed by Frost (1960), that repair of
bone following micro-injury is fundamental in maintaining skeletal integrity. Frost proposed the
concept that cells are essentially mechanostats, and act as an integral part of establishing bone
strength, based around cellular detection of mechanical signals to trigger a response. The
mechanosensory mechanism, as described by Frost, details the stimulation of the cell through
conversion of mechanical signals to biochemical signals (Klein-Nulend et al, 1995). This then
signals for the commencement of the BMU or to osteoblasts to deposit collagen matrix.
Like any weight bearing structure, bone is subject to fatigue induced damage however,
unlike engineered materials, it has the ability of self reparation. Carter and Hayes, 1977,
described how fatigue results in the deterioration in mechanical properties such as strength and
material durability, and how repeated stresses can cause mechanical failure due to a build up of
damage (Fazzalari et al, 1998). Microcracks accumulate naturally as a result of cyclic loading,
day to day stress and strain and repetitive insult to the area under stress, and the amount of
microdamage observed in an individual has shown to be dependent on the mass of the individual
(Brianza et al, 2 011). It has been observed in compact bone both in vivo and ex vivo (Carter et al,
1977, Frost I960). It has also been found that microdamage collects at points of diminished
osteocyte integrity (Qiu et al, 1997, Vashishth, et al, 2000). The production of microcracks
allows bone to take in energy without breaking (Schaffler et al, 1994).
Microdamage manifests itself as a series of cracks ranging up to 400 pm (Fig. 1.10),
depending on the nature or the crack and exceeding these values, the microcrack becomes a
potential stress fracture. Two patterns of microcracks, linear and cross-hatched, have been
observed. Linear microcracks were observed in both the central portion and near surfaces of
trabeculae (Wenzel et al, 1994). Larger, linear cracks result from compression, and tend to be
observed 30-40° from the bones axis. These cracks tend to be more related to the bone’s
microstructure and form around the bone’s cement lines and inter-lamellar boundaries (Ebacher
et al, 2007, Boyce et al, 2008, Carter and Hayes, 1976, Schaffler et al, 1989). Groups o f smaller
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cracks, from 2-10 |jm long, known as diffuse dam age, result from tensile strain, and run parallel
to the loading direction (M artin and Burr, 1985, Fazzalari et al, 1998, Zioupus et al, 1994).
Histological staining has shown that cracks extend further in the longitudinal direction than in
the transverse direction, thus presenting an elliptical shape (O ’Brien et al, 2003). A build up of
m icrocracks in bone is a factor in reduced strength and resistance to fracture in bone (Schaffler et
al, 1996).

F ig. 1.9 H istological Im ages o f m icro cra ck s in bone (T a y lo r e t a l , 20 0 3 ). A: This image demonstrates broken ceil
processes on crack interface; B This image demonstrates the crack progressing through an osteocytc lacuna. Within
the circle, intact processes can be view ed spanning the crack interface. The microcrack is found to be encountering
and being deflected by an osteon (O ’Brien et al, 2(K)3).

Cracks can be observed m ainly in the interstitial bone betw een osteons, on channels and
lacunae, for exam ple, it was recently dem onstrated that increased lacunar density elicits a greater
propensity for bone to accum ulate m icrodam age (Soicher et al, 2011). M icrocracks have been
shown to be prevented from progressing and are often stopped in their tracks by collision with
osteonal cem ent line (Boyde et al, 2003, M artin, 2003). This has predom inantly been observed in
linear m icrocracks, for exam ple, in a study using an ovine radial fracture model, short
m icrocracks were stopped at the osteonal cem ent line, and m edium sized cracks were deflected
by osteons, whereas large linear cracks had a tendency to penetrate osteonal barriers (Reilly et al,
1999, O ’Brien et al, 2005). The m icrostructure o f bone functions therefore in facilitating crack
propagation in addition to acting as a barrier preventing progression o f m icrocracks, most
notably at m icrostructural interfaces (Diab et al, 2007, C hapurlat et al, 2008). Furtherm ore, it
was hypothesised by M artin and Burr (1982) that the Haversian canal adjacent to the crack will
produce a new osteon, and es.sentially traps the m icrocracks within the lam ellae of the osteon
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(M artin and Burr et al, 1982). Interaction of m icrodam age with cells can increase m echanical
strain, and in doing so, triggers bone rem odeling. M echanism s of controlling such an action were
considered by Parfitt, 1984, and included the incidents o f fatigue dam age, changes in cell
m em branes, hydrostatic pressure on cell m em branes thanks to alterations in fluid flow, and stress
potentials. In addition to this, m icrocracks have been associated with increased intracortical
resorption and in com pact bone in overuse fractures in dogs (Burr et al, 1985, Mori et al, 1993).
Hum an bone can tolerate strain levels of up to 2000 |J8 in quantities from 4-10 m illion
cycles prior to failure, and the greater the strain encountered by the bone, the m ore frequent the
m icrodam age and the greater the loss o f stiffness is experienced (Pattin et al, 1996, Schaffler et
al, 1989). If strain exceeds 7000 pe, it will be irreparably dam aged, and bone will die (Burr et al,
1985). It has been theorized that m icrodam age in bone is one of the principal m echanism s
involved in the initiation o f apoptosis, which is, however, confined to areas surrounding the
m icrocrack. This function coincides with bone resorption by the BM U and the instigation o f the
bone rem odeling process, whereby apoptotic regions have been observed, in addition to
resorption sites being noted in close proxim ity to m icrodam age (V erborgt et al, 2000). The
events occurring at the site o f the cracks have been o f great interest and the source o f
considerable hypothesising as to w hether cells are necrotic or apoptotic. To consider this
question, it was dem onstrated in a study by N oble et al, 1998, which described an increase in
osteocyte apoptosis follow ing deform ation of bone, preceding high rates o f bone resorption.
M ore recently, C ardoso et al, 2009, described how osteocyte apoptosis, found local to an area o f
fatigue induced m icrodam age, is necessary to initiate intracortical rem odeling, and that apoptosis
m ay be necessary to stim ulate bone rem odeling, and that bone rem odeling m ay occur in a dose
response relationship with regard to the m agnitude of m icrodam age. This also provided a
platform to consider m icrocracks as a m odulator o f bone rem odeling. K lein-N ulend suggested
that levels of nitric oxide (NO) produced follow ing m icrodam age are sufficient to induce
apoptosis (K lein-N ulend et al, 2005). Turner et al, 2002, proposed that cells directly at the site of
injury signal through a series o f gap junctions w ithin osteocytic processes, form ing a syncytium ,
allow ing cell-cell signaling.
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1.8.1 Microdamage and bone remodeling
There are num erous theories surrounding the initiation of bone rem odeling, including
m echanical force and loading, fluid flow and m icrodam age in bone. The m ain issue is that these
factors often occur concurrently, and one must exam ine each aspect alone or together to illustrate
the m echanism s by which bone repairs itself. G alileo first noted the relationship betw een bone
m orphology and the am ount o f load applied to bone. This was furtherm ore expanded upon by
Julius W olff, who considered that bone mass is an adapted 3D structure in conjunction with load,
to obtain a higher efficiency (W olff 1982). As previously described. Frost (1960) proposed that
m icrodam age is necessary to m aintain skeletal strength, yet he also considered the concept that
m ediators o f bone rem odeling may not be m utually inclusive. Cell process rupture in canaliculi
and alterations in fluid flow then gave rise to the m echanostat theory o f bone rem odeling (Frost,
1960). These theories are conceptually viable, however, the precise m echanism s by which the
basic m ulticellular unit is directed to an area o f com prom ised tissue has yet to be founded.
M echanical loading and fluid flow often go hand in hand - application o f load to bone
directly influences fluid flow, and one could connect this to W olff’s Law. Cell m em brane
perturbation is due to alterations in fluid flow resulting from m echanical loading, producing fluid
shear stress. This is detected by m echanoreceptors in the canaliculi o f osteons (K lein-N ulend et
al, 1995). This kick starts a chain o f events with the release o f prostaglandins, which are
principal m ediators of bone rem odeling, an influx o f calcium ions, cA M P, and increased alkaline
phosphatase activity, ultim ately leading to stim ulation o f osteoblasts (Frangos et al, 1985, Lane
et al, 1987). There is solid evidence that fluid flow affects cytokine and prostaglandin release.
Sim ilarly Lozupone (1996) dem onstrated how osteocyte integrity is increased following
m echanical loading. Takai (2004) furtherm ore dem onstrated how hydrostatic pressure increased
osteoblast function, and Bakker et al, 2004 dem onstrated how m echanical loading preceding
fluid flow is a vital com ponent in ensuring osteocyte survival. B urger et al, 2003 showed that
fluid flow as a result of strain acts to prevent NO production, and in doing so, cause a chain of
events including osteocyte apoptosis, recruitm ent o f osteoclasts follow ed by products of
resorption stim ulating the action o f osteoblasts, thus replacing the com prom ised bone.
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1.8.2 Microdamage, bone remodeling and “the Scissors Model”
The exact m echanism w hereby bone rem odeling is stim ulated has been postulated to be
several different m echanism s, all resulting from a repetitive, cyclic pattern o f activity. Fluid
flow, m echanical force and m icrodam age have all been im plicated as stim ulators o f osteoclasts,
and in turn, osteoblast activity. The principal m ediator of bone rem odeling is the osteocyte,
which, as described, may play a m echanostim ulatory role in bone rem odeling, ie: it receives a
stim ulus and elicits a rem odeling response. O steocytes possess a m ultitude o f cell processes
which radiate from the cell body and infiltrate the canaliculi of bone, w here there connect to the
cell processes o f other osteocytes. As described above. Frost first described the concept that
cracking o f the bone follow ing m echanical im pact may rupture cell processes, thus providing a
stim ulus for bone rem odeling (Frost, 1960). Ehrlich et al, 2002, described how osteocytes
respond to strain as a population o f cells as opposed to individual cells, and so this “netw orking”
o f cells is a vital com ponent in initiating a rem odeling response. Further to this concept, a
hypothesis within our group is based on the concept that com pressive loading causes cell
processes to be cut in a shear like m echanism , sim ilar to that o f being cut by a pair o f scissors,
essentially rupturing cell processes, and stim ulating a response (Taylor et al, 2003, Taylor et al,
2002, H azenberg et al, 2009). This so called “Scissors M odel” has becom e central to the
hypotheses o f this group. Cracks in bone are often elliptical in shape and occur along the
direction of the m aterials anisotropy, and cell process spanning the crack are subject to shear
displacem ents, and these displacem ents, as thought within our group, cut the cell processes, as
observed m icroscopically, like one w ould with a pair o f scissors (H azenberg et al, 2006). This
action allow s osteocytes to function in their m echanosensory role, estim ating the size o f the
crack, and releasing RA N K L and OPG, and stim ulating subsequent bone rem odeling (H azenberg
et al 2006, Cow in et al, 2002, Klein N ulend et al, 1995).
The m echanosensory and m echanostim ulatory role o f osteocytes has additionally been
well characterised by determ ining the cellular response to fluid flow. Turner et al, 1994,
suggested that osteocytes regulate targeted bone rem odeling in response to interstitial fluid flow.
Fluid flow can occur via load induced m eans, by fluid pressure and through shear stress (Cowin
et al, 1991, Turner et al, 1994). The effects of fluid flow on osteocytes can cause an influx of
calcium ions and ATP, the latter o f which bind to ionotropic and m etabotropic purinergic
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receptors. T h is b in d in g a llo w s for the relea se o f P G 2 , w h ich in turn binds to its EP receptors,
fa cilitatin g in creased b on e form ation. Pressure in the m arrow ca v ity has been sh ow n to stim u late
the production o f nitric o x id e synthase, and so the release o f nitric o x id e , a k now n in h ib itor o f
R A N K L . T h is action in creases O PG secretio n and so fu n ction s in the accu m u lation o f b one
m atrix (R o b lin g et al, 2 0 0 6 , K lein -N u len d e t al, 2 0 0 5 ). T he em issio n o f nitric o x id e has also
been sh o w n to p oten tially direct the B M U a lo n g the areas w h ich h ave ex p erien ced m o st stress
(K lein -N u len d et al, 2 0 0 5 ).
A s p rev io u sly d isc u sse d , m icrod am age has a lso been im p licated in in itiatin g the b one
rem o d elin g p ro cess (M artin, 2 0 0 1 ). S im ila rly to flu id flo w , m icrod am age is a natural occu rren ce
linked to m ech an ical lo a d in g and accu m u la tes fo llo w in g day to d ay w ear and tear, y et le v e ls o f
m icrod am age increase prop ortion ally to age, horm onal status, and d egree o f lo ad in g on a b one
(V erborgt e t al, 2 0 0 0 , M ori e t al, 1993). C o n sid erin g that rem o d elin g is initiated in c lo se
p roxim ity to m icrod am age, on e co u ld con sid er this to be a m ech an ism u tilised by b on e to repair
itse lf (M artin 2 0 0 1 ). Burr d em onstrated that the p revalen ce o f B M U s w as 4 -6 tim es greater
fo llo w in g fatigue in du ced m icrod am age than non induced b one (Burr e t al, 1993). M oreover,
B en to lila (1 9 9 8 ) d em onstrated that in rats, w h ich do not ex p erien ce as great a freq u en cy o f b one
rem o d elin g , B M U a ctiv ity in creased sig n ific a n tly fo llo w in g fa tig u e induced m icrod am age. A
d ec lin e in ela stic m od u lu s o f b on e, w h ich results fo llo w in g fatigu e load in g has been asso cia ted
w ith an elev a tio n in m icrod am age accu m u lation (Prendergast and T aylor, 1994, Pattin e t al,
1996, S ch a ffler e t al, 1989). In addition to this, L ee e t al, 2 0 0 2 , found c o n siste n c y in the
p resen ce o f secon dary o steo n s and resorption c a v ities in reg io n s w h ere m icrod am age has
occurred. M artin (2 0 0 7 ) and K lein N u len d e t a l (2 0 0 5 ) have co n sid ered that the p resen ce o f
m icrocrack s e ffe c tiv e ly directs B M U s to the p oin t o f insult, and initiate rem o d elin g from that
area in b on e m atrix. H o w ev er, at present, there is little exp erim en tal data to p rove the
b io ch em ica l ev en ts in v o lv e d in this h y p o th esis.

1.9 Osteoporosis and microdamage

O steo p o ro sis g a in s its nam e from the appearance it produces w ithin bone, and origin ates
from the G reek term s, o ste o and p oroso, for b on e and porous, resp ec tiv e ly . It is the m ost
prevalent o f b on e d ise a se s, is ch aracterised by the reduction in b on e d en sity , and alteration o f the

29

C h apter I: M icrodam age in bone an d rep a ir m echanism s

osseous m icrostructure, resulting in a low m ineral density and deterioration of the structural
m icroarchitecture o f bone. This leads to an increase in the risk o f fractures, and over the age of
60, occurs at a frequency o f 1 in 3 wom en and 1 in 12 men (W H O, Kong et al, 2000). G iven that
hum an ages are increasing, in addition to increasing obesity and tendency for one to enjoy a
sedentary lifestyle, the im pact o f osteoporosis is ever increasing (International osteoporosis
foundation).

The international osteoporosis study group (2002), states that osteoporosis cost the
econom y ju st over 17 billion annually (United States), and this figure is constantly growing. In
Ireland, the cost o f treating osteoporosis sits at 10 m illion euro per annum . The physical
m anifestations of osteoporosis include pain in the lower back and presentation of a “dow agers
hum p” , due to com pression o f the vertebrae (Lindsay et al, 2001). Furtherm ore, osteoporotic
fractures are com m on, and even m inor traum a can result in fracture, m ost com m only in the wrist
and hip. The w orld health organisation has provided a physiological outline by which
osteoporosis can be defined: Patients with osteoporosis present a bone m ineral density (BM D)
>2.5 standard deviations below the mean value o f young, healthy individuals, which is usually
defined as 833 mg/cm^. This can be determ ined with DEXA or bone densitom etry.

Normal

Osteoporosis

Fig. 1.10 Comparison between healthy bone and osteoporotic bone (http://www.niedhelp.org).
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1.9.1 Types and causes o f O steoporosis
Osteoporosis m ay be classified into two distinct form s, prim ary and secondary
osteoporosis, based on whether they result from a physiological im balance or due to m edication,
respectively. Prim ary osteoporosis can be further subdivided into Type I and II. Follow ing
m enopause, estrogen levels in wom en decrease significantly, causing depletion o f calcium levels
from the skeleton, m aking the bone fragile due to loss o f m ineral content. This is Type I prim ary
osteoporosis and results in fractures of the wrist and forearm , in addition to the hip and vertebrae.
Type II osteoporosis is a result of the im balance betw een bone resorption and form ation, due to
im paired cell signaling pathw ays, and is prim arily characterised by increased fem oral and spinal
fractures. Secondary osteoporosis results from m edications or a m edical condition, such as
steroids and diuretics, kidney disease, hyperthyroidism , coeliac disease, gastrointestinal disease,
hypogonadism , and also alcoholism .
Osteoporosis occurs when there is a m arked lack o f hom eostasis betw een the resorption
o f bone and form ation o f bone, where bone resorption by osteoclasts exceeds bone form ation by
osteoblasts. This is due to a lack o f biochem ical equilibrium , most principally in the RA NK LRA NK -O PG signaling pathw ay.

This loss of balance in cell signaling has been linked to a

depletion or ablation o f estrogen levels, m ost notably follow ing surgical or spontaneous
m enopause. The presence of estrogen has been associated with providing longevity in the
viability o f osteocytes (W estbroek at al, 1998). Loss o f estrogen increases the risk o f osteocyte
apoptosis, and affects osteocyte viability (Tom kinson et al, 1997, T om pkinson et al, 1998) thus
contributing to fragility in bone (Qie et al, 1997). The region o f apoptosis has been found to be
localised around regions o f m icrodam age, how ever, in certain instances, this can be considered a
positive feature, facilitating bone rem odeling (V erborgt et al, 2000).

Loss o f estrogen has been

im plicated in stim ulating excessive bone loss. K am ada et al, 1997, dem onstrated that during
m enopause, osteoclast activity increased. Estrogen functions in increasing OPG secretion, and
thus, a lack of estrogen m eans a subsequent loss o f OPG activity. O steoblasts express a and P
estrogen receptors and so failure to receive estrogen is im plied in m alfunctioning bone
rem odeling (H ofbauer et al, 2004). As a result o f this, R A N K L-R A N K binding and subsequent
osteoclastogenesis, can prevail, and OPG rem ains unable to bind to RA N K L within the bone
itself, thus prom oting osteoclastogenesis and preventing any R A N K L-O PG m ediated bone
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form ation (Bucay et al, 1998). It was also suggested by A rko et al, 2002, that polym orphism s in
the gene encoding OPG prom oter region also contribute to osteoporosis.
The loss o f balance in the regulatory feedback loop m aintains osteoclast activity and
allows subsequent bone resorption to prevail, resulting in bone being devoid o f rem ineralisation,
displaying a m arked reduction in density and strength. Further to this, estrogen deficiency has
been shown, by T urner et al, 1994, to increase the resorption capacity and potential of
osteoclasts, facilitating the form ation o f excessively deep resorption pits, which, if osteoblast
activity does occur, they m ay not be able to infiltrate the pits, and these rem ain unfilled,
contributing to skeletal fragility. O steoporosis has also been shown to display polym orphism s in
the genes encoding collagen type I synthesis: CO LIA 1 and CO LIA 2, as well as m utations in
the vitamin D receptor gene (Grant et al, 1996), which will ultim ately affect the structural
com ponent of bone.
Lack o f or reduced m obility, such as follow ing illness, or in elderly individuals has been
im plicated in increasing osteoporosis. As previously described, bone is a highly dynam ic, living
m aterial, capable o f self renewal and rem odeling, to rem ove com prom ised bone. This however,
is a result o f stim uli, such as m icrodam age, which result from normal m ovem ent, so a lack of
activity reduced the incidences o f dam age, and thus, increases the risk o f fracture.

On the

contrary, m icrodam age accum ulation is one o f the m ajor contributors to fracture and breakages
in osteoporosis due to im paired repair m echanism (Burr et al, 1998). Bone, follow ing estrogen
w ithdraw al, can becom e m ore sensitive to fracture (Bakker et al, 2005).

1.9.2 Treatment of Osteoporosis
The treatm ent o f osteoporosis has shown to be w idely successful, in spite o f some
controversy surrounding it. It has been shown that the chem ical treatm ent o f disease affecting
bone rem odeling m ay potentiate the pathogenesis o f this disease. T reatm ents include horm one
replacem ent therapy, selective estrogen receptor m odulators, horm one treatm ent, “dietary
supplem ents” and chem ical analogues. The most com m only used treatm ent for both osteoporosis
is bisphosphonates, which bind to the mineral surface o f bone, norm alise alkaline phosphate
levels, and inhibit osteoclast function and, in doing so, inhibit bone resorption (G onzalez et al,
1999). These will be discussed in greater detail in this section. Initially, the greatest way of
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treating osteoporosis is to avoid acquiring the disease from the first instance, having a diet rich in
calcium and vitamin D, and m aintaining an exercise regim e. Calcium is one o f the principal
m ineral com ponents in bone, and thus a diet rich in calcium is essential for preventing fracture
and also

in skeletal

m aintenance.

It was reported by Bendich

et al,

1999, that the

supplem entation o f postm enopausal w om en’s diets with calcium could reduce fracture risk by up
to 50% .

In addition to this, vitamin D has shown to increase calcium and phosphorous

absorption by the body, and is param ount in m aintaining mineral hom eostasis in bone (R egnistar
et al, 1995).
At onset o f m enopause, estrogen, am ong other horm one levels, is depleted, and this leads
to a bone density loss of up to 30% . Treatm ent with horm one replacem ent therapy had becom e
com m onplace, to increa.se the presence o f circulating estrogens, thus increasing the release of
OPG, and therefore assisting in the cessation o f excessive bone resorption. However, this
treatm ent has becom e less popular due to an associated increase in the risk o f cancer. Treatm ent
with parathyroid horm one and its analogues, such as teripatatide, was also used as a comm on
treatm ent for osteoporosis, due to its ability to regulate calcium and phosphorous hom eostasis, in
addition to increasing the body’s potential to absorb vitamin D, thus m aintaining a healthy
skeleton. Teriparatide is a synthetic analogue o f PTH and has been shown to increase bone
mineral density and reduce the risk o f fracture. Further to this, new generation estrogen like
drugs, such as Tam oxifen, have becom e available on the m arket, term ed, SERM s, or selective
estrogen receptor m odulators. These function in m im icking natural estrogens, and thus stim ulate
OPG release, thus sequestering RA N K L and preventing the over-resorption o f bone by
osteoclasts. M ore recently, a treatm ent with a hum an m onoclonal antibody, Denosum ab, has
shown to bind to and inhibit RA N K L activity, thus preventing excessive bone resorption and
osteoclastogenesis.
A com m on treatm ent o f osteoporosis is bisphosphonate therapy, o f which num erous
types exist. Tw o principal form s o f bisphosphonate exist, nitrogenous and non nitrogenous,
how ever,

and

bisphosphonates

these
share

drugs
a

are

synthetic

com m on

analogues

of

inorganic

phosphate-carbon-phosphate

pyrophosphate.

(P-C-P)

backbone.

All
The

phosphate-carbon-phosphate backbone of the bisphosphonate is responsible for facilitating the
avid binding to hydroxyapatite crystals on bone surfaces, which has been observed principally at
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the sites o f bone rem odeling (Rogers et al, 2003). In addition to this P-C -P backbone, tw o PO 3
side chains exist, which provide the characteristic name for the bisphosphonates, and a side
chain, term ed R2, which may constitute a hydroxyl group, and determ ines the chem ical
properties, mode o f action and potency o f the drug. A nother side chain, term ed R 1, is responsible
for the pharm acokinetic properties of the drug. The m ode o f action o f bisphosphonates is based
on reducing osteoclast activity and increasing the capacity o f bone to becom e m ineralised. This
is based on the concept that osteoclasts resorb bisphosphonates, and this is follow ed by
interference with farnesyl pyrophosphate synthase (FPPS), which is a key enzym e in the 3hydroxy-3 m ethylglutaryl co enzym e A reductase pathw ay. This leads to reduced osteoclastic
activity, increased osteoclast apoptosis, and reduced capacity to resorb bone, by disrupting the
m elavonic pathw ay (Russel et al, 2008, G allacher et al, 1991). The reduced resorptive ability o f
osteoclasts is due again to inhibition o f GTPases, at the ruffled border o f osteoclasts, preventing
attachm ent to bone (Sato et al,
dem onstrated,

in

vitro,

1996). R egarding m ineralisation of bone, it has been

that bisphosphonate

treatm ent

increases

the

rate

o f osteoblast

differentiation, and has been shown to inhibit osteoclastogenesis (R einholtz et al, 2000) As a
result o f this, bone becom es stronger and m ore resistant to fracture (Black et al, 1996, Resrud et
al, 1997, Fleish et al, 1987, Harris et al, 1999, Boivin et al, 2002). The effects of bisphosphonate
treatm ent on the cellular and biochem ical events in bone rem odeling is an aim of this thesis, and
thus, further m echanism s o f action o f bisphosphonates will be described in more detail in chapter
4.

1.10 Stress Fractures and Fragility Fractures
Poorly functioning BM Us and an accum ulation o f m icrodam age has been shown to
increase stress and fragility fractures, especially in runners, arm y recruits, and subjects with
diseases such as osteoporosis, due to increased bone resorption. In norm al, healthy individuals,
as described above, bone can tolerate high levels o f strain prior to failure (Pattin et al, 1996),
however, in bone w here there is an accum ulation of m icrodam age, i.e. follow ing constant
m echanical im pact, or w here there is dim inished structural integrity, stress and fragility fractures
can occur. H om eostasis betw een the rate of m icrocrack propagation and m icrodam age repair is
fundam ental in m aintaining structural integrity in bone (Taylor et al, 1997). In conditions
w hereby the structure of bone is com prom ised, and stress levels below the yield strength for a
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Static load for normal bone are present, m echanical failure o f bone tissue can ensue. This allow s
for the form ation and accum ulation of m icrocracks, reducing elastic m odulus, which poses
serious consequences in term s o f skeletal strength (Burr et al, 1998). An accum ulation rate o f
cracks exceeding the rate o f repair, such as what is observed in osteoporosis, can be categorised
as a fragility fracture (Schaffler et al, 1995, Ziopus et al, 2001, M ajor et al, 1997). Stress
fractures, on the other hand, are what occur with an accum ulation o f m icrodam age, such as what
is observed in m ilitary recruits and athletes, whereby bone has not adapted to increased stress
(Johnson et al, 1994, M ilgrom et al, 1985, D affner et al, 1992). Regardless o f the rate o f bone
turnover, no difference has been observed in the rates o f stress fractures in both men and wom en
(Bennell et al, 1998). Both o f these m anifestations are m arked by the increase in m icrocrack size
to a more critically sized m acrocrack, which ultim ately leads to m echanical failure and fracture.
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1.11 Aims of this thesis
It is already known that compressive loading, such as results from running, walking, and
daily activities, causes microdamage to occur in bone. Such damage, as described in the theories
developed by our research group, may disrupt cell processes in a way similar to that of cutting
them like a pair of scissors, hence, the coining o f the term “the Scissors Model”. Rupture of the
processes in such a manner may relea.se a multitude of biochemical factors, which may be
responsible for stimulating the BMU to initiate bone remodelling. This has allowed us to pose
two simple questions; (i) How does bone detect microcracks? And (ii) on detection of these
microcracks, how does it elicit a repair process? A large number of hypotheses have been posed
to determine the route by which bone remodeling occurs. These include the aforementioned
stress mechanical stimulus, fluid flow and microdamage. However, no substantial evidence
exists to support any of these ideas. This brings us to the principal hypothesis of this study: that
linear microinjury of a given size will stimulate the biochemical and cellular events surrounding
the bone remodeling system. This study is focusing on microinjury as a principal stimulator of
bone remodeling, and granted this; we put forth the following set of aims;

1.

To characterise the biochemical signaling pathways involved in the detection of

microcracks as a result of damage. Binding of RANKL to RANK elicits an osteoclastogenic
response, thus facilitating the resorption of bone. Products of bone resorption then triggers OPG
activity, the decoy receptor of RANKL, and binding of OPG to RANKL allows the generation of
osteoblasts and the laying down of bone. Further to this, it has been thought that small cracks, in
the order of a few microns, tend to go undetected and are overlooked by the BMU, until they
increase and become of critical size. We aim to disclose whether this is a biochemical or
physiological phenomenon, using damage applied to 3D osteocyte cell process networks by
means of micro-needles, to determine RANKL and OPG activity, in addition to the effects of
damage to cell viability and apoptosis. In addition to this, other researchers within our group are
working on a theoretical model to determine RANKL and OPG activity as a function of damage
size, in addition to the number of cell processes ruptured and their relationship to crack size in ex
vivo samples.
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2.

A secondary aim o f this thesis is to determine the cellular response to m icroinjury and

m icroinjury induced osteoclastogenesis using our in vitro model o f microdamage in bone, using
the constitutive cells o f the BMU. Given our hypothesis, that m icroinjury o f a certain size may
the various stages in the bone remodeling process, which include migration o f osteoclasts
towards damage; osteoclastogenesis; osteoblastogenesis and migration, and subsequently,
mineralization of newly created bone, we aim to determine if there is a relationship between
crack size and the rate and magnitude at which these stages occur.

Conditioned media from

m icroinjury to an osteocytic network, and also, m icroinjury induced osteoclastogenesis w ill be
applied to stimulate bone remodeling activities o f preosteoclasts and preosteoblasts, respectively,
to provide further clarification o f the role o f microdamage size in bone remodeling.
3. The third aim o f this thesis is to determine the biochemical and cellular events which occur in
an in vitro model o f microdamage in bone, to bisphosphonate treatment. As described,
bisphosphonates are a common treatment o f osteoporosis, and it has been established that
osteoporotic bone exhibits a higher propensity to experience microcracks than healthy bone.
Using our model, this chapter aims to determine the biochemical response, focused on R A N K L
and OPG signaling, follow ing treatment with two commonly used bisphosphonates, alendronate
and zolendronate. In addition to this, we aim to establish a cellular response, using the
aforementioned constitutive cells o f the BM U, and to illustrate how bisphosphonates determine
the fate o f osteoclast and osteoblast activity, in relation to microdamage, in vitro.
4.

The final aim o f this thesis is to establish i f there is an alternative mechanism o f

stimulating bone remodeling, through assessment o f numerous cytokine, chemokines, growth
factors and soluble factors. It has been suggested, that follow ing microdamage, there is a marked
increase in factors such as IL-1, TNF-a, and NFkB, which are capable o f stimulating
osteoclastogenesis and osteoclastogenesis. Using the model o f m icroinjury established within
this thesis, the aim o f this chapter is to elucidate the other biochemical factors involved on
comparing m icroinjury to an osteocytic network to undamaged samples.
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2.1 Introduction

As described in the introductory chapter, bone is a dynam ic m aterial which is
continuously being rem odelled through the action o f the BM U, in which com prom ised bone is
rem oved by osteoclasts and replaced with osteoblasts. It is thought that this is regulated
follow ing perturbation o f osteocytes. Furtherm ore, a series of cellular crosstalk m echanism s
and cell signaling cascades function in order to m aintain bone hom eostasis (Lacey et al, 1998,
Sim onet et al, 1997). RA N K L, and its antagonist, OPG, are the principal biochem ical factors
involved in this process and are the central stim ulators o f differentiation, proliferation and
inhibition of osteoclasts, and are pivotal in the bone rem odeling process (Hayden et al, 1995,
Zhao et al, 2006). RA N K L is a type II transm em brane protein tum our necrosis factor
hom ologue, released by the m etalloprotesase, disintegrin T N F a converting enzym e (TACE)
on the surface o f osteoblasts, preosteoclasts and dendritic cells. It is the prim ary m ediator in
the activation and differentiation o f preosteoclasts into osteoclasts, and so functions in
stim ulating and sustaining bone rem odeling (Lum , et al, 1999, Y asuda et al, 1998). As
described in chapter one, RA N K L is released from osteocytes and binds to its receptor,
RA N K , on preosteoclasts, allow ing them to differentiate into m ature, fully functioning
osteoclasts, and thus initiates a resorptive response. In turn, OPG is released from osteocytic
cells on receipt of signals such as oestrogen, bone m orphogenic proteins and transform ing
grow th factor beta, which result from R A N K L-R A N K binding and subsequent bone resorption
(Boyle et al, 2003). OPG binds to and sequesters RA NK L, facilitating recruitm ent and
activation o f osteoblasts, and in doing so, stim ulate the secretion o f osteoid by osteoblasts,
which subsequently becom es m ineralised, form ing new bone. This was discussed in greater
detail in chapter 1.
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Fig. 2.1 T h e R A N K L -R A N K -O P G signaling path w ay (Coetzee et al, 2(X)4). On receipt o f a stimulus, RANKL
is released which binds to RANK, initiating an osteoclastogenic response. In turn, OPG is released, which acts
are a decoy receptor for RANKL, stopping its activity and stim ulating subsequent osteoblast activity.

M icrodam age occurs naturally in bone as a result o f fatigue and daily w ear and tear,
and an accum ulation of dam age can cause fragility fractures due to dim inished structural
integrity (Lacey et al, 1998, Sim onet et al, 1997). M icrodam age m anifests itself as a series of
cracks ranging from 100-400 |jm in length in the case o f linear m icrocracks, or can be a
collection o f small cracks known as diffuse m icrodam age. Linear m icrocracks tend to be
ellipsoidal in m orphology (Hayden et al, 1995, Zhao et al, 2006). Cracks originate m ostly in
the interstitial bone between osteons, on channels and lacunae, and their progression into
fractures is frequently halted through the crack’s collision with osteonal cem ent lines (M artin,
2003).
Based on this perception, it has been suggested that m icrodam age in bone is one of
the principal m ediators o f bone rem odeling and involved in the initiation o f the BM U, which
then functions in rem oving dam aged or com prom ised bone surrounding the crack (Burr et al,
1985, Lee et al, 2002, Robling et al, 2006). This concept, first proposed by Frost (1960), was
based on the idea that repair of bone follow ing m icrodam age is fundam ental in m aintaining
skeletal integrity. Frost proposed that cells, nam ely osteocytes, act essentially as m echanostats,
and are an integral part o f establishing bone strength, based around cellular detection of
m echanical signals to trigger a response. The m echanosensory m echanism acts via stim ulation
o f the cell through conversion o f m echanical signals to biochem ical signals (K lein-N ulend et
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al, 1999). This then initiates bone rem odeling through RA N K L m ediated activation of
osteoclasts through the process of osteoclastogenesis, which in turn initiates a further cascade
o f events, resulting in OPG sequestration of RA N K L, stim ulating osteoblast activity and
deposition o f osteoid, which becom es m ineralised, form ing new bone.
The relationship betw een m icrodam age and R A N K L-O PG activity has long been
considered, how ever, the relationship betw een crack size and bone rem odeling has yet to be
determ ined. Follow ing a stim ulus, which may be fluid flow, cyclic com pression or
m icrodam age, a chain o f events is initiated, starting with the release o f prostaglandins, which
m ediate bone rem odeling, an influx o f calcium ions, cAM P, and increases RA N K L activity. In
turn, OPG release occurs inadvertently follow ing m icrodam age, due to stim ulation by the
biproducts o f bone resorption and bone rem odeling (H ofbauer et al, 2004). A dditionally, there
is strong evidence to suggest that rem odeling is targeted to regions containing m icrocracks
im plying that the osteocyte netw ork is capable o f detecting them (Burr et al,

1985).

Furtherm ore, it has been found that the birth rate and longevity o f the BM U is directly
proportional to the frequency and intensity o f m icrocracks and that m echanical stim ulus is a
m ajor contributing factor to the dedifferentiation process of osteocytes into osteoblasts
(R obling et al, 2006). As yet, the m echanism o f detection is unclear, though some w orkers
have suggested that this could be perform ed via the cells’ m echanotransduction potential
(Turner et al, 1994). An alternative m echanism has been proposed within this research group,
by which cellular processes spanning the crack could be ruptured by a shearing m echanism
sim ilar to the action o f a pair o f scissors, which has been nam ed “the Scissors M odel” , thus
potentially releasing R A N K L and initiating a cascade of events (Taylor et al, 2003, Hazenberg
et al, 2006, H azenberg et al, 2009). In this m odel, it has been thought that com pressive loads,
such as what w ould result from normal day to day activities such as w alking and running,
w ould cause cell processes to becom e subject to shear displacem ents, cutting processes, and
releasing bone rem odeling cytokines (H azenberg et al 2005).
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2.2 Aims of this study

The principal objective o f this study was to determ ine the effect o f m icroinjury
on RA N K L and OPG activity and to quantify this effect as a function of the severity o f the
dam age

apphed.

To

understand

the

bone

rem odeling

response

to

m icrodam age,

a

m icroenvironm ent using an osteocyte cell line (M L 0-Y 4) seeded in collagen-m atrigel
constructs will be developed. Planar defects applied to cellular constructs will facilitate the
quantification o f biochem ical response by ELISA and luciferase assay. A dditionally, it has
been considered by Nobel et al, 2003, that m icrodam age may cause apoptosis of osteocytes,
and m ore recently, it has been shown that m icrodam age causes an apoptotic response in vivo
(Cardoso et al, 2009), thus, the effects o f m icroinjury on osteocyte apoptosis within this model
was also assessed
C onsidering this, the specific aim s o f this particular study were as follows:
1. To develop a 3D in vitro model to study the response o f the osteocyte like cells, M LO-Y4, to
m icroinjury of varying size.
2. To elucidate the signaling pathw ays between osteocytes follow ing m icroinjury.

3. To assess the effect o f m icroinjury on cell viability and apoptosis by m eans o f caspase 3 & 7
activity.
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2.3 Methods
2.3.1 Materials

Cell culture m aterials including a-m odified essential m edium (a M EM ) , foetal
bovine serum (FBS), calf serum (CS), penicillin/streptom ycin, D ulbeccos phosphate buffered
saline (IX ),

Trypsin/ED T A , D ulbeccos m odified eagles m edium (D M EM ), 0.1 N Sodium

H ydroxide solution. Trypan Blue stain, TR IS/ED TA , N eom ycin, K anam ycin, A m plicllin,
la,25-D ihydroxycholecalciferol (V itam in D 3) and B-D Precisionglide 21 and 26 gauge
syringe needles were all purchased from Sigm a Aldrich Ireland Ltd, A irton Rd, Tallaght,
Dublin 24. RA N K L and OPG ELISA were purchased from R& D system s. D ual-Luciferase®
Reporter (DLR™ ) Assay System and A poTox-G lo™ Triplex Assay were purchased from
Promega.

O ptiM EM , DAPI, Lipofectam ine 2000, and phalloidin 488 were purchased from

Invitrogen. M atrigel basem ent m em brane matrix and rat tail collagen were purchased from BD
Biosciences. RN easy Mini prep and M axi prep kits were purchased from Qiagen. C lassic Plus
acupuncture needles (160, 300, 400 and 800 pm diam eters) were purchased from H arm ony
Medical D istributions Ltd, Leytonstone, London, United Kingdom . Cell culture plastic-w are
was purchased from Sarstedt Ltd, Sinnottstow n, W exford, Ireland. M LO -Y 4 cells were
provided by Professor Lynda Bonew ald, U niversity o f M issouri, Kansas, U.S.

2.3.2 MLO-Y4 cell culture
In this study, M LO -Y 4 cells were used as an osteocyte cell line, which are a
transgenic m urine cells, (m urine long bone osteocytes Y4), developed by Kato in 1997, by
m eans o f a SV-40 oncogene under the control o f an osteocalcin prom oter driving the large T
antigen (Bonewald, 1999). Phenotypically sim ilar to osteocytes in their stellate m orphology,
M LO -Y 4 cells also produce large am ounts o f osteocalcin, and low am ounts o f alkaline
phosphatase and type 1 collagen. On the other hand, M LO -Y 4 cells lack m R N A for osteoblast
specific factor 2 (perostin), and also express a K+ current, which has yet to be observed in
osteocytes (Gu, 2001). Cells exhibit dendritic processes, positive for osteopontin, T- antigen,
CD 44 and a m ajor gap junction, connexin 43 (Kato et al, 1997). An attribute o f M LO-Y4
cells is their ability to differentiate into osteocytes in the absence o f vitam in D and other
osteotropic factors, and express exceptionally high levels of osteocyte specific antigen, E l 1,
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w h ich lo c a lise s o n ly to o ste o c y te s (Z h ao, et al, 2 0 0 2 , A huja et al, 2 0 0 3 ). O ste o cy te lik e c e lls
a lso bear a ca p a b ility to estab lish num erous gap ju n ctio n s co m p o sed o f C x 4 3 w hen e x p o se d to
flu id flo w , and sh o w a m a ssiv e in crease in p rostaglandin p roduction, w h en com pared to their
o ste o c y tic counterparts (B o n e w a ld , 1999, A lford et al, 2 0 0 3 ). M L 0 - Y 4 c e lls w ere cultured on
c o lla g en co a ted fla sk s (0 .1 5 m g/m l rat tail c o lla g e n type 1) in culture m ed iu m o f a M EM
su p p lem en ted w ith 5% F B S , 5% C S and 1% p e n ic illin / streptom ycin. C e lls w ere incubated at
3 7 °C at 5% C O 2 . T o ob serv e ce ll m o rp h o lo g y in 3 D , and to characteri.se m icroinjury and
broken p r o c e sse s, c e lls w ere stained w ith F actin sp e c ific p h alloid in , to stain the cellular
cy to sk e le to n , and 4 ',6 -d ia m id in o -2 -p h e n y lin d o le (D A P l), w h ich binds a v id ly to the A -T rich
region s to D N A , thus stain in g the n ucleus. T h ese flu o rescen t d y e s p roduce green and blue
flu o rescen ce, resp ectiv ely . G els w ere fix e d in form alin for 1 hour and stored in rinsed x3 w ith
d P B S . C ells w ere incubated for 2 0 m in utes in a 1:1000 so lu tion o f D A P l in d P B S fo llo w e d by
3 further rinses w ith d P B S . T h is w as fo llo w e d by stain in g c e lls in a 1:800 .solution o f
p h alloid in for 2 0 m inu tes, fo llo w e d by 3 x rinses w ith d P B S .

C e lls w ere im aged w ith and

w ithout m icroinjury u sing the L eica D M IL flo rescen t im a g in g sy stem .

Fig. 2.2. 20 X Im age o f M LO-Y4 cells in 2D culture. Note the stellate morphology o f the cells, characteristic of
osteocytes.
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2.3.3 In vitro simulation of microinjury

2.3.3.1 Construction of hydrogels seeded with MLO-Y4 cells
In order to simulate a 3D in vitro bone micro-environment, M L0-Y 4 cells were
embedded in a rat tail collagen type I /Matrigel construct. Matrigel is an extract from a kidney
carcinoma that facilitates formation of vessel like structures, in addition to maintaining the
formation of cellular processes.

Constructs were prepared by the addition of 1 volume of

Matrigel basement membrane matrix to I volume of a collagen solution comprised of 58%
Collagen, 26% 5x DMEM, 2.5 % FBS, 2.5% CS, 5% Sodium Hydroxide and 5% cell
suspension. Such 3D culture ensures a greater propensity for cell process formation in
osteocytic networks. The collagen / Matrigel constructs containing 1 x 1 0 ^ cells/ml of gel were
cultured in 24 well plates and incubated for 1 hour prior to addition of normal growth medium.
They were cultured for 5 days prior to experimentation to facilitate cell process network
formation.

2.3.3.2 Application of microinjury
Microdamage manifests itself as a series of cracks in bone and tend to be, on average,
about 100 )jm long, and may be up to 400 |jm in length- cracks exceeding this size in
transverse length are considered to be macro cracks. In vivo, it is postulated that small
microcracks tend to go unrepaired until they grow to a critical size where it is postulated that
they initiate a repair response. In order to apply microinjury to the gel embedded M L0-Y 4
cells, gels were subjected to microinjury o f a set length and width and variable thickness using
acupuncture needles of four different diameters: 160, 300, 400 and 800 pm. A single planar
defect was created in each culture well by inserting a needle vertically into the centre of the
hydrogel (see Fig.2.3) and drawing it through at a right angle, creating a defect with
dimensions of approximately 7 mm in length x 6 mm in depth. It is significant to note that the
length and depth of the defect remained constant in these experiments, and the diameter of the
needle was the only variable to consider. Negative controls were uninjured cells and hydrogels
excluding cells.
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F ig. 2.3 S ch em a tic o f ap p lica tio n o f m icro in ju ry to gel em b ed d ed M L O -Y 4 cells. N eedles were inserted into
the centre o f the gel and a planar defect created by drawing the needle through at a right angle to the point of
insertion.

2.3.3.3 Theoretical analysis of the injury model
Based on the above m odel, passage o f the needle through the 3D cellular construct
affects the cellular processes reflective of dam age size i.e. the thickness o f the needle, which is
the main variant within these experim ents. The cell density rem ains consistent throughout
experim ents, and is based on the volum e of cells being 1 x 1 0 ^ cells per ml, which results in
1000 cells per cubic mm of gel. This gives, in a hom ogenous distribution o f cells, a spacing o f
approxim ately 100 pm betw een the centre of each cell. Thus, it m ay be assum ed that injury
sizes o f less than 400 pm , would tend to rupture m ore cell processes, whereas a greater needle
diam eter would facilitate the m ovem ent o f cells follow ing passage o f the needle through the
construct.

Each injury applied to the model m aintains an approxim ate depth o f 6m m and

approxim ate length o f 7m m , whereas width varies from 160-800 |am, which encom passes
what would be small and standard sized m icro crack in vivo, and also what m ay be considered
failure.

C onsidering this, dam age applied w ould increase based on the volume o f gel

em bedded osteocyte like cells within the construct, and the sm aller the dam age applied, few er
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cells w ould be affected and few er cells may be “m oved” from their in situ environm ent,
whereas, at an injury size o f 300 and 400 pm , which w ould be a m ore typical crack size
observed in vivo, passage of the needle through the construct m ay affect a greater num ber of
cells. Taking the variable values (injury size (needle w idth)), and the constant values (injury
length and width o f 7m m and 6m m , respectively), the total percentage o f cells affected by the
dam age size can be calculated. C onsidering this is a volum e m odel, the gel volum e (mm'^) may
be calculated by width (X) x height (h) x length (1), and from this, the num ber, and thus the
percentage o f cells affected, m ay be calculated. Taking the sm allest injury size o f 160 pm ,
which would be the low er lim it o f the experim ents in this study, the total gel volum e affected
w ould be 6.72 mm^ (0.16 mm x 7m m x 6 m m ), and thus affecting 6720 cells ( taking that
there are 1000 cells per cubic mm o f gel), and thus 0.672% of cells were affected. U sing this
calculation, at 300 and 400 pm , the percentage num ber o f cells affected w ould equate to
1.26% and 1.68 % o f cells, respectively, and thus a greater response w ould be expected to be
observed.
W hen considering an exceptionally large dam age size, what m ay be thought o f as
being “failure” , an 800 pm injury to the gel em bedded M LO -Y 4 cells, the needle m ay ablate
or di.splace any cells and gels as it m oves through the passage, affecting 3.36% of the total
cells. H ow ever, at this dam age size, cells within the m atrix m ay experience a different
response due to cells potentially being displaced from their in situ environm ent. This may
affect the biochem ical and cellular processes which w ouldn’t norm ally ensue follow ing
m icrodam age and thus an alternative m echanism o f response m ay be observed.

2.3.4 Effects of microinjury on RANKL and OPG secretion
Gels were incubated using O ptiM EM serum free media. Sam ples were taken at 24
hour intervals over a 72 hour tim e period. RA N K L and OPG were quantified by m eans of
single site specific ELISA (M ouse RA NK L and OPG ELISA ) under m anufacturers’
instructions. 24 hour serum free m edia samples were rem oved for a total o f 72 hours. Sam ples
were centrifuged to rem ove particulates and used im m ediately or frozen at -20° C. Kit controls
were reconstituted with 1.0 ml deionised water. A wash buffer was prepared by the addition of
25 ml wash buffer concentrate to 625 ml deionised water. Initially a standard curve was
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constructed by reconstituting the m ouse RA N K L and O PG Standard with 2.0 ml o f C alibrator
D iluent RD5-3, producing a stock solution o f 2000 pg/ml. 200 |al o f calibrator diluent was
added to an eppendorf tube and the stock solution used to create a 2-fold dilution series to
create a range o f concentrations from 31.2 pg/ml - 2000 pg/ml. C alibrator D iluent RD5-3
served as the zero standard (0 pg/m l). 50|j 1 o f calibrator diluent was added to each well o f the
ELISA plate, follow ed by 50 |j 1 o f standard or sample. The plate was tapped gently and
incubated for 2 hours. Follow ing this, each well was aspirated and rinsed 5 tim es with 400 pi
o f wash buffer. 100 jal o f appropriate conjugate was added to each well and incubated for a
further 2 hours. Follow ing incubation, wells w ere rinsed as before. Equal volum es o f colour
reagent A and colour reagent B were m ixed to form the substrate solution and 100 |al of this
was added to the wells and incubated in darkness for 30 m inutes. 100 |j 1 o f stop solution was
then added to the substrate solution. The absorbance was read at 450nm and 570 nm using the
V ictor 3 W allac 1420 m ultilabel centre and graphed accordingly.

This was repeated using

varying sized m icroinjury (160, 300, 400 and 800 |jm ). Gels were fixed in form alin for I hour
and stored in dPBS for m icroscopic analysis. n=3 cultures were assayed at each m icroinjury
level, in addition to non-injured controls.

2.3.5 Transfection of MLO-Y4 cells with RANKL promoter plasmid
A RA N K L prom oter reporter construct (clone name NROOint, 7244 base pair) was
obtained from Dr Charles O ’ Brien, which contains a luciferase gene reporter for the activity
o f RA N K L dow nstream o f the RA N K L prom oter, as well as a neom ycin resistance gene. The
concept behind the use o f a prom oter construct is to perform a luciferase assay follow ing
application o f m icroinjury to 3D cell culture. Expression of luciferase dow nstream o f the
RA NK L prom oter indicates that RA N K L has also been produced in the cells. This then allows
for quantification o f RA N K L prom oter activity which correlates to RA N K L production. The
RA NK L - luciferase plasm id was prepared in 50)al TR IS/ED TA . One Shot chem ically
com petent E scherichia coli (E-coli) cells were transform ed with 5 pi RA N K L ligation reaction
and grown overnight in 2ml Luria Bertani (LB) A gar containing 100 mg/ml kanamycin.
Plasm id cultures w ere isolated and grown overnight in LB broth preceding plasm id
purification using Q iagen M iniprep kit (under m anufacturers instructions). A 250ml overnight
culture of transform ed cells was cultured under shaking conditions (225 rpm) and the plasm id
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purified by means of Qiagen Maxiprep kit (under manufacturers instruction). Plasmid DNA
was quantified by mean of a Mason Nanodrop 1000, and stored at - 80 °C.

2.3.6 Optimisation of transfection conditions with GFP plasmid

MLO-Y4 cells were grown at a density of I x 10^ cells in a 24 well plate 24 hours
prior to experimentation. Transfection was optimised by means of a green fluorescent protein
(GFP) positive plasmid (see Fig. 2,4), and was conducted using a transfection agent,
Lipofectamine 2000). 3 ratios of ug/ml plasmid: lipofectamine were used to establish the best
means of transfection efficiency; 1:1, 1:2 and 2:1. Plasmid DNA (pDNA) and lipofectamine
was diluted accordingly with an appropriate quantity of optiMEM (50 (j 1: 50 pi lipofectamine
complex: plasmid complex) and applied to cells. Following 6 hours of incubation, the
plasmid-lipofectamine solution was replaced with MLO-Y4 culture medium and incubated for
48 hours. Cells were analysed by means of fluorescent microscopy to establish the optimum
transfection conditions and lipid/pDNA transfection ratios showing the greatest quantity of
GFP positive cells.

Kanamycin
Resistance

CMV

GFP

Fig 2.4. GFP plasmid map

2.3.7 Transfection of MLO-Y4 cells with RANKL promoter reporter plasmid
MLO-Y4 cells were grown at a density of 1 x lO** cells in a 24 well plate 24 hours
prior to experimentation, and cells were transfected with a plasmid containing the reporter
gene luciferase under the control of the RANKL promoter (see Fig. 2.5). Transfections were
conducted using a 2:1 ratio RANKL promoter + luciferase plasmid and lipofectamine at a
concentration of Ipg/pl plasmid. Plasmid DNA and lipofectamine was diluted accordingly
with an appropriate quantity of optiMEM (50 |jI: 50 |al lipofectamine complex: plasmid
complex) and applied to cells. Following a 6 hour incubation, the plasmid-lipofectamine
solution was replaced with M L0-Y 4 culture medium and incubated for 48 hours. Luciferase
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activities were m easured using a luciferase reporter assay kit followed by quantification using
spectroscopy. Culture m edium was rem oved and cells were rinsed with dPBS. 400 |jl lysis
reagent was added to cells followed by a 15 m inute incubation. The lysis buffer was placed in
a tube and incubated briefly. 20 pi of cell lysate was then added to 100 |al luciferase assay
reagent and the lum inescence m easured with the V ictor 3 W allac 1420 m ultilabel centre.

Neomycin
Resistance

RANKL
Promoter

Luciferase

Fig 2.4. RA N K L prom oter reporter plasm id map

2.3.8 Effects of m icroinjury on RA NK L activity

C ollagen-M atrigel constructs were set up and m icroinjury applied as previously
described. Constructs contained M LO-Y4 cells transfected with the plasm id containing the
reporter gene luciferase under the control o f the RA NK L prom oter. N egative controls were
uninjured cells and hydrogels excluding cells. A liquots were rem oved at 24 hour tim e points
over a 72 hour period. A luciferase assay was perform ed under m anufacturer’s instructions
(D ual-Luciferase® Reporter (D LR ^^) Assay System ). Briefly, reagents were prepared as
follows:

1 volume o f 5X Passive Lysis Buffer (PLB) was added to 4 volum es o f distilled

w ater and m ixed well. To prepare the LAR 11, the lyophilized luciferase assay substrate was
resuspended in luciferase assay buffer 11. The stop and glo reagent was prepared by adding
2.1ml o f SOX Stop & G lo® Substrate to 105ml o f Stop & G lo® Buffer. Cells were lysed
through rem oval of m edia from hydrogels and rinsing with Ix PBS. An appropriate quantity o f
passive lysis buffer was added to each well follow ed by a 15 m inute incubation. The cell
lysate was then placed into a tube. 20 pi o f cell lysate was added to 100 pi LAR 11 follow ed
by 100 |ul Stop & Glo reagent, and lum inescence m easured by spectroscopy to quantify release
o f RA NK L with the V ictor 3 W allac 1420 m ultilabel centre to quantify release of RANKL.
n=3 cultures were assayed at each m icroinjury level, in addition to non-injured controls.
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2.3.9 Effects of microinjury on entire cell population

To determine the effect of microinjury on undamaged cells, conditioned media was
added to intact gel embedded MLO-Y4 cells. The principal behind this experiment was to
determine whether injured cells are responsible for emitting a signal to stimulate bone
remodeling or whether the cells surrounding the area of compromised cell viability are capable
of mediating a response. Collagen-Matrigel constructs were set up and microinjury applied as
previously described. Constructs contained MLO-Y4 cells transfected with the plasmid
containing the reporter gene luciferase under the control of the RANKL promoter.
Conditioned media from previous experiments on non-transfected cells having received 400
|jm microinjury at 48 (A) and 72 (B) hours was placed on undamaged matrices for 72 hours
and the production of RANKL quantified by means of luciferase activity (determined by
luciferase assay). n=3 cultures were assayed in each case.

2.3.10 Effects of microinjury on cell viability and apoptosis

To determine the effect of microinjury on cell viability and caspase 3 and 7 activity in
our in vitro model, 100 |jI of collagen/matrigel construct containing 1 x 1 0 ^ cells/ml gels was
cultured in a 96 well plate under conditions previously described. Microinjury was applied
following a culture period of 72 hours, apoptosis and cell viability was determined using an
ApoTox-Glo™ Assay, under manufacturers’ instructions. This kit measures 2 independent
biomarkers simultaneously to determine the effect of varying parameters on cell viability
through measuring live/dead cell protease activity, in addition to caspase 3 and 7 activity for
apoptosis. Briefly, media was removed from gels and incubated for 30 minutes in the
viability/toxicity reagent at 37 °C. Fluorescence was measured at 400 e x / 505 e m to determine
cell viability. 100 pi of Caspase-Glo Reagent was then added to wells, and luminescence
measured following a 30 minute incubation to determine the degree of caspase 3 and 7
activity, following application of microinjury.
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2.3.11 Statistics
All data was analysed for significance (p < 0.05) using two way A N O V A , as a
function o f m icroinjury size and tim e, post hoc Tukey test, to com pare means.
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2.4 Results
2.4.1 Imaging of 3D MLO-Y4 cell process networks and the application of microinjury

B

C

D

Fig. 2.6 A pplication o f m icroinjury and staining of cell process networks o f fluorescently labelled
M LO-Y4 cells. A: Schem atic diagram o f application of microinjury B: Phalloidin stained gel embedded
M LO-Y4 cells. Phalloidin is F actin specific, allowing imaging o f the cytoskeleton o f the cell. C: DAPI
and phalloidin staining o f gel em bedded M LO-Y4 cells. DAPI stains the nuclei o f the cells blue. D:
Image o f m icroinjury applied to phalloidin stained gel em bedded M LO-Y4 cells

2.4.2 Microinjury affects RANKL and OPG activity in an injury size dependant manner
The effect o f defect thickness on RANKL release was measured using ELISA. There
was no significant difference in RANKL release between negative control samples with cells
and 160 jam microinjury samples over the 72 hours; however, a significant increase is seen in
the 300 and 400 |jm microinjury samples (p< 0.05) as seen in Fig. 2.7. For the 800 pm
damage samples, in contrast, a decrease in RANKL activity was observed compared to the 300
and 400 pm samples.
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*P < 0.001
** P < 0.05
# P < 0.05

Q cell fre e conslruct
■ m la m a g e d conslruct
B lE O m icrcns
■ 300 m icro n s
® 4aD m icrm s
■ BDOmicrnns

24 hours

48 hours

72 hours

Fig. 2.7 M icroinjury affects RANK L release in a size dependent m anner. Results show RANKL release as
quantified by ELISA, A significant increase (P<().()5) in RANKL release was seen in the 400 |um samples when
compared to controls and other microinjury samples at 24 hours. In the 48 and 72 hour groups, both 3(X) and 400
|jm samples showed a significant increase in RANKL production when com pared to other samples within the
group (P < 0.05). * indicates P < 0.001 when com paring 24 negative control data to other data within the
experimental group. **denotes p< 0.05 significance o f 400 pm data to other samples at 24 hours, # denotes
significant of 0.05 when com paring 300 and 4(K) |jm samples to other groups at 48 and 72 hour time points.
Krror bars are indicative o f standard deviation, n = 9.

Furthermore, the effects of defect thickness on OPG release again quantified by
ELISA. OPG release found to be least apparent in 400 pm samples at all time points when
compared to other defect sizes as seen in Fig. 2.8. OPG release then peaked at 48 hours for all
samples, however, again for the 400 |jm microinjury size, release was significantly lower. A
significant decrease in OPG release was subsequently seen at 72 hours in 400 pm samples. For
800 |am, release was comparable to smaller sized injuries, and was significantly less than 400
pm injuries (p < 0.05).
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•p < 0.001
»* P < 0.05
# P < 0.05

■ cdl free construct
B undamaged construct
I 160m krons
□ 300mkxons
n 400m krons
■ SOOmkrons

I.
24 h

48 h

72 h

F ig . 2 .8 M ic ro in ju ry affe c ts O P G re le a se in a size d e p e n d e n t m a n n e r . R esults show O PG release as
qu an tified by E L IS A . A sig n ifican t increase (P<().()5) in O P G release w as initially seen in both control and
injured sam ple. 48 hours post m icro in ju ry , a statistically sign ifican t increase in O PG is noted in all sam ples w hen
co m p ared to 24 hours, how ever, this d e creases sig n ifican tly in all sam p les at 72 hours (P<().()5). * indicates P <
0.001 w hen com p aring n egative co n tro l d ata to all o th er data, ** d en o tes p< 0.05 w hen c o m p arin g significance
w ithin a g ro u p at a specific tim e point. # d en o tes significance to sam e m icro in ju ry size co m p ared to 24 hours and
72 hours. E rro r bars are in dicative o f stan d ard deviatio n , n = 9.

2.4.3 Optimisation of cell line expressing RANKL promoter plasmid

2.4.3.1 GFP plasmid- determination of optimum transfection conditions
A GFP reporter plasmid was used to optimise the transfection efficiency of MLO-Y4
cells. Cells exhibiting the greatest number of GFP positive cells following a 48 hour
incubation were chosen and the ratio of plasmid to lipofectamine used for the RANKL
promoter construct. This was found to be a 2:1 ratio (Fig. 2.9). In order to assess the effect of
microinjury on the upregulation of RANKL activity in MLO-Y4 cells, 3D gel embedded cells
were transfected as described. Samples were taken and analysed using a luciferase assay, in
which a substrate, luciferin, is bound by luciferase, emitting luminescence which was
measured using the Victor Wallac.
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1:1 p l a s m i d : l i p i c l ( 1 0 X )

1 1 plasmid;lipid(20X)

2 1 plasmid:lipid(10X)

2: 1 p l a s m i d l i p i d ( 2 0 X )

1:2 p l a s m l d . l i p l d ( I O X )

2 1 p l a s m i d l ipid ( 2 0 X)

F ig. 2.9 O p tim u m tran sfectio n co n d itio n s fo r G F P p lasm id in M L O -Y 4 cells. These im ages demonstrate the
ratios o f GFP plasm id:lipofectam ine required to optim ise transfection efficien cy. Im ages were taken 72 hours
after transfection at IOX and 20X m agnification. Sam ples exhibiting the greatest number o f green fluorescent
cells w ere chosen to be cells incubated under the greatest transfection efficiency, which w as found to be a 2:1
ratio o f plasmid; lipofectam ine.

2A3.2 RANKL promoter activity increases 7 days following transfection

A RANKL promoter plasmid, NROOint, with the luciferase gene downstream of the
RANKL promoter was transfected into MLO-Y4 cells using Lipofectamine 2000. Fig. 2.10
depicts the release of RANKL from promoter cells when compared with the control, 7 days
after transfection, and also the comparison between cells transiently expressing RANKL (after
48 hours) and cells expressing RANKL promoter in the genome. A marked increase in
promoter activity was noted in both samples when compared to the control (P < 0.05).
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Control cells

F ig. 2 .1 0 R A N K L p ro m o ter activ ity is in crea sed 7 d ays a fter tra n sfectio n . This graph demonstrates the
results o f a luciferase assay o f 2D M L O -Y 4 cells transfected with the RANKL promoter, 7 days follow ing
transfection and neom ycin selection. C ells were transfected and incubated in neom ycin enriched media, 48 hours
follow ing transfection. A significant increa.se in luciferase activity was noted after 7 days when compared to
parental cells, indicating that an increase in reporter activity can be concluded. * denotes p< 0.05 when
comparing transfected to parental cells. Error bars are indicative o f standard deviation, n = 9.

2.4.4 An increase in microinjury size causes an increase in RANKL promoter activity

At 24 hours, promoter activity was seen to be greatest in 300 and 400

samples

when compared to control 160 and 800 pm microinjury samples, with a significant increase
being seen in the 400 pm sample as seen in Fig. 2.11. At 48 hours, a similar situation was
noted, with the largest increase seen in 400 pm samples. At 72 hours, a highly significant
increase in RANKL promoter activity occurred in both 300 and 400 pm samples. Again, the
800 pm microinjury size showed a decrease in RANKL production which is consistent with
RANKL release. These results are broadly consistent with the ELISA results shown in Fig.
2.7, with regard to an increase in RANKL activity being most noteworthy at 400 pm and
reduced at 160, 300 and 800 pm, however, a more stepwise increase in RANKL production
was noted in the results of the luciferase assay, at the same time points, whereas RANKL
release was more profound in the ELISA study. Overall, however, there results indicate the
significant effects of microinjury on RANKL production and release.
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■ P ^ .0 6

*P<0.05
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F ig. 2.11 M ic r o in ju r y in c re a s e R A N K L p ro d u c tio n in a size d e p e n d a n t m a n n e r . R esu lts show the effect o f
varying size m icro in ju ry on R A N K L pro d u ctio n in gel em b ed d ed M L O -Y 4 cells. Q u an tificatio n o f lu ciferase
assay show ed increase in R A N K L activity o v er tim e in m icroinjury sam p les. P ro d u ctio n o f R A N K L w as found to
be sig n ifican tly h ighest in sam ples w ith g reater d am ag e (3 0 0 and 4 0 0 |jm ) at 72 hours (P < 0.05). * d en o tes p <
0.05 sho w ing sig n ifican ce in increase in lu ciferase activity at 4 0 0 |jm at 24 hours, # indicates p < 0.05, show ing
300 and 4 0 0 p m at 72 hours b eing sig n ifican tly g reater than the sam e m icro in ju ry size at 24 and 48 hours. H rror
bars are indicative o f standard deviation, n = 9.

2.4.5 Microinjury stimulates RANKL release in undamaged cells

To determine the effects of microinjury on undamaged cells, conditioned media from
damaged cells was applied to transfected M L0-Y 4 cells and the response quantified by
luciferase assay.

Fig. 2.12 shows luciferase activity in populations of undamaged cell

networks after application of conditioned media, i.e. media taken from injured networks in
which the 400 pm defect had been created. The results indicted that after 72 hours, non injured
cells are capable of emitting a signaling response to other cells to stimulate osteoclast
recruitment, 72 hours following microinjury.
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F ig. 2.12 M icroin ju ry stim u la tes R A N K L p ro d u ctio n in u n d a m a g ed cells. Luciferase activity was used to
quantify R A N K L promoter activity 72 hours after microinjury on cells surrounding microinjury. R esults show ed
that at 72 hours, a 2 fold increase was noted when compared to all other sam ples. * denotes p < 0.05 when
com paring a significant increase in luciferase activity at 72 hours follow in g microinjury and 72 hours after
exposure to conditioned media.

2,4,6 Microinjury decreases cell viability and increases cellular apoptosis in an injury
size dependent manner

The effect of microinjury on cell viability and caspase 3 and 7 activity is illustrated in
Fig. 2.13. A significant decrease (p < 0.01) in cell viability was noted in 300 and 400 pm
samples when compared to the control, 160 and 800 pm damaged samples. Caspase 3 and 7
activity was measured to determine whether cells were apoptotic following microinjury (Fig.
2.14). No significant difference was observed between control, 160, 300 and 800 pm samples;
however, a significant increase in caspase activity was seen in 400 pm samples.
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Fig. 2.13 M ic ro in ju ry affects cells viability in a size d ep e n d en t m a n n er. A significant decrease (p < 0 .0 !) in
cell viability was noted in 3(K) and 4(X) pm samples when com pared to the control, 160 and 8(X) pm damaged
samples. No significant difference was observed in cytotoxicity in control, 160, 300 and 400 pm samples;
however, a significant decrease (* p < 0 .0 5 ) in viability was noted in 8(X) pm samples.
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Fig. 2.14 M ic ro in ju ry in creases cellu lar apoptosis acco rd in g ly w ith in c re ase d d am ag e size. No significant
difference was observed between control, 160, 300 and 800 pm samples. A significant increase in caspase
activity was seen in 4(X) pm samples when com pared to the control, 160 and 300 pm samples. ** denotes p <
0.01 when com paring 4(X) pm sample to other samples.
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2.5 Discussion

M icrodam age, i.e. the accum ulation o f m icrocracks, has long been im plicated as
being one o f the principal factors initiating the bone rem odeling process (Burr et al, 1985).
M icrodam age is a natural occurrence which accum ulates follow ing day to day w ear and tear,
yet levels of m icrodam age increase proportionally with age, horm onal status, and degree o f
loading on a bone (V erborgt et al, 2000, Mori et al, 1993). Bone rem odeling is initiated in
close proxim ity to m icrodam age, and has been seen to be activated by m icrodam age, so it m ay
be considered to be an im portant m echanism by which bone m aintains its m echanical structure
through an intricate repair process by the BM U (M artin et al, 2001). This particular study
aim ed to com pare and contrast the effect of planar crack like defects, o f specific but varying
size, on the production o f the osteoclastogenic cytokine, RA NK L, and its antagonist, OPG.
It is significant to note that that in the m icroinjury experim ents in this study; no other
m echanical stim ulus was used beyond a single m icrodam age event. Therefore, m icroinjury
was the only m oiety involved as a single stim ulator o f bone rem odeling, as opposed to a cyclic
application o f the stim ulus such as m atrix strain or fluid flow, which occurs under normal
physiological circum stances such as w alking (Turner et al, 1994, B urger et al, 2003).
However, it is im portant to note that fluid flow and cyclic com pression can occur via load
induced m eans, by fluid pressure and through shear stress (Turner et al, 1994). A dditionally,
the process o f fluid flow and com pression are as a result o f sim ilar stim uli, w hereby the
application o f a load to a bone causes a change in the flow o f fluid, which results from
m echanical loading, thus this is detected by osteocytes (Klein Nulend et al, 1995). As
described in chapter 1, it has been dem onstrated that fluid flow , in particular, affects the
release o f num erous cytokines and grow th factor necessary to stim ulate a rem odeling response
osteoblasts (Lozupone et al, 1996, Takai et al, 2004). Furtherm ore, as discussed, m icrodam age
has shown to effect fluid flow throughout bone by im pairing the normal route through which
fluid flows in bone (Tami et al, 2002). These three postulated m echanism s which are
considered to the principal m ediators o f bone rem odeling are found to be linked, and produce
sim ilar responses in term s o f a biochem ical response, however, in spite o f the evidence in
favour o f each stim ulus, the aim o f this thesis is to determ ine the role o f m icroinjury in the
rem odeling response in an in vitro sim ulation of m icrodam age in bone.
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A m icrocrack may rem ain in the bone, and as previously described, can be repaired or
may encounter an osteon which im pedes its progression in the m atrix. If left unrepaired, it
m ay grow over tim e, so its effective repair requires that it continue to be detected by the
surrounding cells so long as the defect rem ains. This refers us back to the “Scissors M odel”
for the detection of m icrodam age in bone. As described, com pressive loads m ay cause’ cell
processes to rupture in a shear like m echanism , initiating the release o f cytokines such as
RA NK L, to stim ulate bone resorption via m icrodam age m ediated osteoclastogenesis. This
then stim ulates the release o f OPG, ceasing osteoclastogenesis and allow ing for the m aturation
and functioning o f osteoblasts and subsequent bone form ation. Given this, it may be assum ed
that there is a need for, at certain critical defect sizes, a m echanism for the detection o f a
crack, to thus allow for a stim ulus to initiate the repair o f the crack.
In this study, cytokine release was found to be proportional to m icroinjury size, and
an inverse relationship in cytokine release was observed (more RA N K L and less OPG), the
exception o f this being the 800 pm m icroinjury, which showed relatively little effect. The
effect o f m icroinjury on RA N K L and OPG was assessed by ELISA. O ver a 72 hour time
period, RA N K L release rem ained relatively stable in control sam ples and 160 |jm dam age
samples. However, at 300 |am, a two fold release o f RA N K L was observed from 48 hours.
These results suggest that the larger the dam age, the greater the release of RA NK L, with a
plateau effect being noted between 48 and 72 hours. A dditionally, a dam age o f 800 pm shows
a RA N K L release com parable to that of 160 pm , suggesting 300-400 pm defects to be a
critical m icroinjury size to release bone rem odeling cytokines, and thus determ ine the rate of
bone rem odeling. Furtherm ore, the anom alous effect of the 800 pm dam age m ay be indicative
that either at this defect size, cells are being ablated from the hydrogels and thus cannot elicit a
response, or may be involved in a different signaling pathw ay, considering the greater num ber
o f cells dam aged, and thus, the signaling m echanism m ay be considered unnecessary, as the
dam age level is too high. This how ever is speculative, and therefore requires a greater detail of
investigation.

High levels of RA N K L are indicative o f bone resorption and m icroinjury at

early stages, and increased OPG secretion is associated with bone deposition and m aintenance
o f bone structure in vivo (Robling et al, 2006). The increasing effect is m ost likely due to the
increased num bers of cells being affected - the cells were approxim ately 100 pm apart so the
thicker needles would have encountered more cells and m ore processes. It has to be noted,
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however, again that the dam age caused in this experim ent differs som ew hat to w hat is
speculated to be observed in vivo\ our group hypothesises that cell processes are cut in a
shearing m echanism , as discussed above, how ever, in this model we are som ew hat m ore
crudely disrupting the cells and respective netw ork of cell processes. H ow ever, as will be
discussed later on, we are observing an apoptotic response at various dam age sizes, which has
been observed in ex vivo samples o f bone, w here osteocytes around a region o f m icroinjury
have been shown to be apoptotic (Cardoso et al, 2009), thus the “end result” o f our dam age,
com pared to the in vivo scenario, is the same,
OPG release generally rem ains consistent in control sam ples and in sam ples below
300 (jm. At 400 |jm , release of OPG is significantly low er than what is seen in small sized
injuries. This correlates with RA N K L release being highest at 400 |jm at all tim e points.
M oreover, this m ay be suggestive o f the binding and sequestering o f RA N K L by O PG and a
lack of sufficient signals being released to trigger OPG production. This m ay be indicative of
the greater am ount o f RA N K L being released, the low er the am ount of OPG released.
M oreover, this may be suggestive o f the binding and sequestering o f RA N K L by OPG and a
lack of sufficient signals being released to trigger OPG production. Considering this,
m icroinjury of less than 160 (im in vivo may cause the release o f OPG to stop the action of
RA NK L, and to “lay dow n” and “repair” the m icroinjury (through osteoblast secretion of
osteoid), as opposed to releasing RA N K L prior to OPG to rem ove com prom ised tissue.
H ow ever, it m ay be hypothesised that m ore OPG is noted in 160 fo.m sam ples, due to a larger
am ount o f RA N K L being released at 400 (j,m, thus increasing the propensity for O PG to fulfil
its role and becom e bound to RANKL, and thus, less free OPG m ay be available for detection
by ELISA. Recently, Kennedy et al, 2012 dem onstrated that in ex vivo sam ples, unfatigued
bone exhibited a greater expression o f OPG, and increasing levels o f fatigue resulted in a
decrease in OPG activity, which is reflective o f this result. A sim ilar response was observed
by H azenberg, et al, 2009, whereby in osteocytic netw orks subjected to cyclic dam age, in
sam ples exposed to less dam age, m ore OPG was released.
A different biochem ical response was observed in 800 fj,m sam ples, and the release
pattern of O PG differed in that less OPG was released. Based on a speculative assum ption,
this may be due to again, a different signaling pathw ay being initiated, or perhaps due to less
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R A N K L b ein g released , w h ich m ay interfere w ith su b seq u en t O P G release. Furtherm ore, the
reduction in O PG activ ity m ay a lso be due to the am ount o f c e lls dam aged b ein g re fle c tiv e o f
w hat w o u ld be in d ica tiv e o f m ech an ical failure, and so , there w o u ld e ffe c tiv e ly be no need for
the relea se o f O PG to seq u ester R A N K L or initiate an o ste o g e n ic resp on se. A s a w h o le,
h o w ev er, on o b servation o f the results o f this sectio n o f the study it m ay be reason ab le to
co n c lu d e that relea se o f R A N K L peaks at m icroinjury siz e b etw een 3 0 0 and 4 0 0 |am w ith an
inverse

relation ship

b ein g

d em onstrated

w ith

OPG,

thus rein forcin g

m icroinjury siz e is critical in the initiating o f b on e rem o d elin g .

the co n c ep t

that

T h ese results su g g est that

R A N K L production from c e lls is determ in ed by the siz e o f m icroinjury. T h is result is
co n siste n t w ith the fin d in g s o f T aylor e t a l 2 0 0 2 , w h ich dem onstrated that crack siz e is critical
for repair and rem o d elin g in b one. T aylor e t al, 2 0 0 3 d escrib ed that cracks w ith a length o f
less than 3 0 jam w ere to o sm all to e lic it a b io ch em ica l resp on se; h o w ev er, larger cracks o f up
to 3 0 0 |jm in length m ay a lso be o v e r lo o k e d by the B M U . H o w ev er, it is notew orthy to
estab lish that these stu dies w ere fo cu sed on altering crack length as o p p o se d to variations in
d efect th ick n ess, and the use o f this m odel has found to be com p arab le to w hat occurs in vivo,
in term s o f m agnitud e o f dam age and the fate o f cellu lar v ia b ility , as w ill be d isc u ssed further
on in this chapter.
A d d itio n a lly , exa m in a tio n o f the e ffe c t o f m icroinjury on a non-injured c e ll pop u lation has
a llo w ed for clarification as to w h ether the c e lls , h avin g un d ergon e p ro cess rupture as a result
o f m icroinjury, stim u late a sig n a lin g resp o n se to d am age from surrounding c e lls. Treatm ent o f
c e lls w ith co n d itio n ed m edia, w h ich con tain s R A N K L , am on g other b io ch em ica l factors,
w h ich m ay in clu d e N F k B , IL -1, IL -6 and P G E 2, in addition to m atrix m etallop roteases cap ab le
o f in itiatin g R A N K L c le a v a g e , harbours the p otential for undam aged c e lls to release greater
qu an tities o f R A N K L than w hat norm ally w ou ld be relea se at a b a selin e le v e l. T h is m ay have
sh ow n that, in spite o f an injured c e lls ’ im paired v ia b ility , m icroinjury m ay still be ab le to be
repaired b y a B M U through the recruitm ent o f a n eigh b ou rin g cell resp on se. T h is result has
a lso p ro v id ed a background for a future study in this th esis, w h ereb y the b io ch em ica l factors
present in co n d itio n ed m ed ia w ill be elu cid ated . Furtherm ore, a ssessm en t o f c e ll via b ility and
ap o p to sis w ith in our m od el has provid ed data to further elu cid a te so m e o f the cellu lar
resp on ses to m icroinjury. T he resu lts h ave sh ow n that ce ll via b ility rem ains u n affected in
control and sm all d efect sizes; h o w ev er, a sig n ifica n t d ecrease in ce ll via b ility occu rs at 3 0 0
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and 400 fim defect sizes, only to then return to normal levels at 800 |jm . Regarding apoptosis
levels, Caspase 3 and 7 activities rem ained consistent in control and 160 |am defects, which
then significantly increases at 400 |am. These suggests that perhaps, at 160 ^im, cells rem ain
unaffected by the dam age applied, or perhaps are undergoing delayed apoptosis, and m ay
require a greater am ount o f tim e for cells to becom e apoptotic, whereas at 300 and 400 |xm,
dam age is sufficient enough to instigate a m ore instantaneous apoptotic response. At 800 ^m,
however, results w ere com parable to that o f 400 jxm, suggesting that cells are indeed
undergoing apoptosis; how ever, the m agnitude o f the reaction is not affected by a vast
increase in dam age size. This may be due to ablation o f cells follow ing the passing o f the
needle through the osteocytic netw ork, thus providing no variation in an increase of decrease
o f osteocyte apoptosis. These results are consistent with the increased release of RA N K L and
decrease in OPG release at 72 hours in 300 and 400 jam, and furtherm ore dem onstrate the
sim ilar behaviour o f cells to large and small dam age size (160 & 800 pm ). Furtherm ore, the
consistency o f the rate o f cellular apoptosis betw een 400 and 800 ^m is suggestive that the
dam age caused in both instances influence the fate o f cell viability, i.e. cells are apoptotic,
however, it m ay indicate that, indeed, a difference signaling response is initiated at both
dam age sizes. A dditionally, these results are reflective of the findings o f C ardoso et al, 2009
and Noble et al, 2002, w hereby m icrodam age has shown to increase incidences of apoptosis,
and subsequent bone rem odeling. The cum ulative results o f the apoptosis study and also
considering that m icroinjury affects uninjured cells, eliciting a response, further verifies the
findings o f V erborgt et al, 2000, that in ex vivo sam ples, m icrodam age stim ulates apoptosis at
the site and also in cells within 100 nm of the site of the m icrocrack. This finding further
illustrates the fine line betw een m icrodam age and what m ay be considered failure, in an in
vitro m odel of m icrodam age to an osteocytic network.

This work is consistent with m any previous findings which have linked m icrodam age
to rem odeling (Burr et al, 1985, Robling et al, 2006) and which have suggested that individual
m icrocracks can be detected by the surrounding cells which can signal to initiate the repair
response, m ore so than m echanical stim ulation and fluid flow (M artin et al, 1992, Taylor et al,
1995). The results obtained in this study are indicative that m icrodam age alone, in the absence
o f cyclic strain or fluid flow, can play a role in the release o f RA N K L and OPG, thus are
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im portant factors in the repair o f m icrocracks in bone. C onsidering the quantitative results o f
both the ELISA and luciferase assay as a whole, whereby RA N K L release and production
were assessed, respectively, it is evident that RA N K L activity is governed by dam age size,
how ever, release is more instantaneous and m ore so determ ined by dam age size -i.e . at 400
|jm , release was greatest at all time points, whereas RA N K L production occurred at a more
steady state, albeit again, production was found to occur as a function of dam age size.
M em brane

bound

RA NK L

is

released

from

follow ing

cleavage

via

disintegrin,

a

m etalloprotease, on the cell surface, and so any stim ulation or alteration in the cell’s
environm ent m ay be responsible for inducing the cleavage and subsequent release o f soluble
RA NK L (Lum et al, 1999). As previously described, OPG release is preceded by RA NK L,
and so, the release o f RA NK L is usually follow ed by O PG, which acts as a decoy receptor for
RA NK L, blocking its function. These are the basis for the bone rem odeling system. H ow ever,
the use o f a prom oter construct within the genom e o f the cells allow s for quantification of
RA NK L production in the cell. These results correlate with the concepts of H azenberg et al
2006, am ong previous studies, which suggested that RA N K L and OPG release, and ultim ately,
bone rem odeling, was m icrodam age size dependant (H azenberg et al, 2006, Kurata et al,
2006), and indeed that m icrodam age m anifests its effects through cellular disruption
(H azenberg et al, 2006).
It may also prove necessary to consider that the findings o f this chapter, in terms o f
the inverse relationship between RA N K L and OPG, and the levels o f apoptosis, may be
reflective o f the studies o f C ardoso et al, 2009, whereby osteocyte apoptosis is a stim ulator o f
bone rem odeling. Further to this, it has been found that R A N K L levels tend to be low er in
regions o f apoptotic cells, yet tend to be released from cells surrounding apoptotic regions
(K ennedy et al, 2011). Hence, the results o f this chapter, as a whole, dem onstrate that, our
m odel bears a sim ilarity to those o f other research groups, w hereby ex vivo sam ples are
utilised to determ ine the relationship betw een m icrodam age and biochem ical responses,
cellular apoptosis and subsequent bone rem odeling, also cell signaling from un-injured cells.
This chapter m ay effectively m im ic the in vivo scenario and provide data supporting these
other findings. The net results o f these studies, including those o f this chapter, pose the
question as to w hether it is cell process rupture that causes apoptosis, or whether cellular
disruption causes release o f RA N K L and subsequent bone rem odeling. The results in this
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Study have shown that m icroinjury causes a greater release o f R A N K L than a com bination of
factors, and so, it m ay be reasonable to consider that m icrodam age plays a greater role in the
repair o f m icrocracks.

The principal lim itation to this study is that in our m odel crack size is significantly
larger than w hat w ould be observed in vivo, despite a sim ilarity in shape, and so it is
reasonable to assum e that a greater num ber of cell processes and cells as a whole were
dam aged. H ow ever, to achieve a greater understanding, it is necessary to consider that there
are som e differences in m orphology betw een the M LO-Y4 cells in our experim ents and real
osteocytes in bone. W e m easured an average o f 13 processes per cell, w hereas there are
typically 50 processes per osteocyte in vivo. Furtherm ore, in this experim ent, the average
distance betw een cells, with 1 x 10^ cells per ml gel, is 100 |jm . In vivo, the density o f
osteocytes is 12,000-20,000 per mm (M artin et al 1989), giving a spacing o f 37 |jm betw een
cells. One can estim ate the num ber o f processes which will cross a crack of given size, both in
our experim ent and in bone. This calculation shows that num ber o f processes spanning the
crack in our experim ent, 10,833, would be the sam e as the num ber spanning a crack in bone o f
transverse length 500 |am. This w ould be at the upper end o f the lengths o f cracks which
actually exist: a m ore typical in vivo crack length is 100 pm . It is also significant to note, as
described above, that the width and length o f the defect in this m odel rem ains constant, and
the diam eter o f the needle, and thus the defect thickness is the only variant, and thus w ould
affect the am ount o f cells being disrupted in the m atrix, which m ay be reflective o f observing
varying crack sizes in vivo. This, o f course, w ould bear an im pact on the num ber o f cells being
disrupted by the passing o f the needle throughout the netw ork, how ever, follow ing the
calculations, which consider defect length, depth and thickness, it can be deduced that
although the crack-like dam age in the experim ent is physically m uch larger, the actual num ber
o f cells and processes being affected is quite sim ilar to that for m icrocracks in bone in vivo.
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2.6 Conclusion

In conclusion, this study has dem onstrated that m icroinjury size m ay be critical in
affecting the instigation o f bone rem odeling through release o f biochem ical factors and that
the subtle difference betw een dam age and failure may have im plications in bone repair. This
chapter has shown that RA N K L activity and OPG secretion is dependent on crack size and the
greater the size, the m ore RA N K L produced and the sm aller the m icroinjury, the greater
am ount o f OPG is produced. H ow ever, a different pattern is observed in excess o f 400 )am,
w hereby RA N K L and OPG activity is m arkedly reduced. This is suggestive o f the initiation of
a different signaling pathw ay, perhaps indicative of what occurs when the num ber o f cells
dam aged correlates with w hat may be observed when bone reaches m echanical failure, in vivo.
Further to these findings, this study has am ply dem onstrated that m icroinjury to an osteocytic
netw ork is capable o f instigating a system ic response, allow ing other, undam aged cells to
release RA N K L and stim ulate a rem odeling response. A dditionally, it has been confirm ed that
cell viability is com prom ised in accordance with m icroinjury size, in that cell viability is
reduced in accordance with an increase in dam age size. A dditionally, cellular apoptosis, which
has been shown to be initiated in vivo follow ing m icrodam age, has shown to increase with
dam age size, in term s o f caspase 3 and 7 activities. In spite o f the fact that the dam age caused
using this model is not entirely analogous to w hat is observed in vivo (i.e. cell networks were
disrupted m ore so than ruptured by a shearing m echanism , this study has dem onstrated that
dam age size to an osteocytic network, sim ilar to what is observed in vivo, m ay be critical in
initiating a rem odeling response.

From this chapter, a platform for the future study to

investigate the effect o f dam age size to an osteocytic netw ork on the bone rem odeling
activities o f constitutive cells of the BM U, has been created. In sum m ary, this study shows
that m icroinjury may be a principal m ediator of bone rem odeling through its effect on
RA NK L release and m ay confirm the reason as to why small cracks are left unrepaired in bone
in vivo.
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3.1 Introduction

As described in previous chapters, microcracks can occur in bone following daily
wear and tear, leading to fatigue damage.

An accumulation of damage can cause fragility

fractures due to diminished structural integrity (Frost, 1960, Burr, 1997). It has been suggested
that microdamage, among other factors such a fluid flow and mechanical force, is responsible
for stimulating the bone remodeling phenomenon, and in the previous chapter, it was
demonstrated that microdamage, o f certain size, is capable of initiating the release of bone
remodeling cytokines in a manner which coincides with microdamage size (Martin and Burr,
1982, Prendergast and Taylor, 1994, Burr et al, 1985, Lee et al, 2002).
Bone turnover and remodeling is controlled through a series of cells, cell signaling,
and by the BMU, as illustrated in Fig.1.7, chapter 1. This occurs in cycles of bone resorption
and remodeling, into which osteoclasts and osteoblasts are organised. Following RANKL
ligation to RANK, osteoclast precursors fuse to become large, multinucleated bone resorbing
cells, attaching to bone via a P3 integrin receptor, which creates a microcompartment between
the ruffled membrane o f the cell and the bone surface. These specialised cells function by
secreting lytic enzymes and H+ ions capable o f dissolving extracellular matrices, followed by
protease degradation of the organic matrix, in response to RANKL, a cytokine responsible for
osteoclastogenesis (Boyle, et al,

2003). The resulting cavity remaining after osteoclast

mediated bone resorption is the Howship’s lacuna, which can be observed histologically in
samples demonstrating a BMU. Osteoclasts and osteoclast activity is marked principally by
the presence of Tartrate Resistant Acid Phosphatase (TRAP), which is a lysosomal enzyme
involved in the breakdown of bone, as described in chapter I (Eyre et al, 1987).
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F ig 3.1. A: Im age o f a B asic M u lticellu la r U nit (B M U ) in a ctio n . The B M U is characterised by a band o f
large, multinucieated osteoclasts preceding a group o f bone forming osteoblasts. B: Fuschin stained microcrack in
bone, microcracks are maintained within the interstitial bone, and the crack is im peded from progression by the
osteonal cement line (Martin, 2()()0).

Follow ing this group of cells are the osteoblasts, which are preceded by a band of
evolving m ononuclear cells and precursor cells, and function in the deposition o f osteoid, or
new bone matrix (Eriksen et al, 1995). O steoblasts, along with other m itogenic factors, are
responsible for the production o f new bone tissue though the setting down o f unm ineralised
m atrix in response to the RA N K L-R A N K -O PG signaling cascade. The expression of
transcription factors such as runt related transcription factor 2 (Runx2), distal-less hom obox,
and msh hom obox hom ologue 2, are responsible for m ediating the differentiation of
osteoblasts from a m esenchym al lineage (Ducy et al, 1997).

At this stage, high levels o f

collagen type 1, and bone sialoprotein are expressed by im m ature osteoblasts. O steoblasts are
principally controlled by BM Ps, o f which several types exist. BM Ps are responsible for the
phosphorylation o f Sm ad proteins, the action of which instigates osteoblastic differentiation
(M assague et al, 2000). O steoblast differentiation is controlled m oreover by the transcription
factor Osterix (Osx), which encourages cellular differentiation, as well as Runx2. This can
furtherm ore be phosphorylated into mitogen activated protein kinase (M A PK ) and elevates
levels o f BM Ps and facilitates the production o f extracellular m atrix (N akashim a et al, 2002,
O no et al, 1997).

An increased frequency in cellular apoptosis has been observed in instances relating
to increased m icrodam age (Brennan et al, 2011). Follow ing m icrodam age, as observed in ex
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vivo sam ples, cell processes becom e ruptured, and osteocytic cells undergo apoptosis, and this
has been shown to be vital in instigating a rem odeling response (V erborgt et al, 2000, Cardoso
et al, 2009). Initially, M CS-F is released, m ost principally from endothelial cells, and its
expressing m ay be m ediated by TN F a, and thereby it functions in the p l3 /A k t pathw ay, and
M A PK /ERK pathw ay, to assist in the m aintenance of cell viability and to stim ulate
proliferation. RA N K L is subsequently released via the m etalloproteinase, disintegrin, on the
cell surface m em brane o f osteocytes, under the regulatory control o f T G F -pi and this binds to
the RA N K receptor on preosteoclasts, prom oting osteoclastogenesis and bone resorption (Yan
et al, 2001). A signaling cascade ensues, which recruits a m yriad o f key osteoclastogenic
proteins, including TR A Fs, M EKK 1 and 2, which is activated upstream o f RA NK L, by
TR A F2, which in turn, activates JN K and M E K l m ediated sSCC and ERK activity. This, in
turn, upregulates TR A F6, thus stim ulating NFk B activation (D arnay et al, 1998, W ong et al,
1998). This, requires the expression of various genes, including AP-1 m em ber, c-fos,
m icroptham ia-associated transcription factor (M ITF), nuclear factor o f activate T cells,
calcineurin dependant 1 (M atsuo et al, 2004, W ang et al, 1992, Partington et al, 2004). These
facilitate the differentiation and m aturation o f preosteoclasts, and RA N K L regulates the
longevity o f their survival. In addition to this, osteoclastogenesis has been shown to be
prom oted by TN F a, and this occurs via a Type 1, or p55 receptor, and can act synergistically
with RANKL, with each com plem enting the stim ulatory potential o f the other (A bu-A m er et
al, 2000). The reaction stim ulates the release of O PG, which binds to and sequesters RANKL,
stim ulating osteoblast activation and m ineralization o f the tissue.
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3.2 Aims of this study
Much debate exists regarding the role which m icrodam age plays in bone rem odeling,
and so, it could be reasonable to suggest the hypothesis that bone rem odeling, as a separate
entity, is regulated by m icrodam age size. M icrodam age, as described in the introductory
chapter, has been shown to be a principal stim ulator of bone rem odeling (Burr et al, 1985).
H ow ever, whether m icrodam age itself causes osteoclastogenesis, and in turn, osteoblast
activity, is not clear. It was previously dem onstrated in C hapter 2 that cell process dam age to
the osteocyte like cell line, M LO -Y 4, releases RA N K L and OPG in an m icroinjury size
dependent m anner, suggesting that the degree o f bone rem odeling is also m icroinjury size
dependent (M ulcahy et al, 2011), yet, its effect on the constitutive cells of the BMU has yet to
be elucidated. Based on the finding that RA N K L and OPG activity is m icroinjury size
dependant, it could be reasonable to suggest the hypothesis that the principal steps in bone
rem odeling, in term s o f cellular activity, are regulated by m icroinjury size.
Considering this, the aim s of the present study were:
1: To determ ine the rate o f progenitor cell infiltration tow ards a stim ulus i.e. m icroinjury o f
varying size and respective m icroinjury induced osteoclastogenesis.
2: To develop an in vitro experim ent determ ining the cellular events surrounding bone
rem odeling using the constitutive cells of the BMU and relate the levels of osteoclastogenesis
and osteoblast activity to m icroinjury size.
3: To determ ine how linear m icroinjury o f a varying size, stim ulates osteoclastogenesis;
osteoblastogenesis and m igration, and subsequently, m ineralization, using conditioned media,
i.e. spent m edia from m icroinjury to an osteocyte cell process netw ork and m icroinjury
induced

osteoclastogenesis,

which

contains

cytokines

and

growth

factors

which

hypothesised to elicit a cellular response.
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3.3 Methods
3.3.1 Materials

C ell cu ltu re m aterials in clu d in g a-m o d ifie d essen tial m edium (a M E M ) , foetal
b o v in e serum (F B S ), c a lf serum (C S ), p en icillin /stre p to m y c in , D ulbeccos p h o sp h ate buffered
salin e (IX ),

T ry p sin /E D T A , D ulb ecco s m od ified eagles m edium (D M E M ), 0.1 N S odium

H y d ro x id e so lu tio n , T ry p an B lue stain, P -gly cero p h o sp h ate, ascorbic acid, d ex am eth aso n e,
C ety lp y rid iu m C h lo rid e, L eukocyte acid p h o sp h atase kit. A lizarin R ed staining. S ilv er N itrate,
and B -D P rec isio n g lid e 21 and 26 g au g e syringe n eed les w ere all pu rch ased from S igm a
A ld rich Ireland L td, A irton Rd, T allag h t, D ublin 24. O p tiM E M red u ced serum m edia was
p u rch ased from G ibco. M atrigel b asem en t m em b ran e m atrix and rat tail co llag en w ere
p u rch ased fro m B D B iosciences. C lassic P lus ac u p u n ctu re needles (160, 300 and 4 0 0 |jm
d iam eters) w ere p u rch ased from H arm o n y M edical D istrib u tio n s Ltd, L ey to n sto n e, L ondon,
U n ited K ingdom .

C ell culture p lastic-w a re w as p u rch ased from S arsted t Ltd, S inn o ttsto w n ,

W ex fo rd , Ireland. M L O -Y 4 cells w ere pro v id ed by P ro fe sso r L y n d a B on ew ald , U n iv ersity o f
M isso u ri, K ansas, U .S. R aw 264.7 cells and M C 3T 3 cells w ere p u rch ased from A T C C .
R eco m b in an t R A N K L w as p u rch ased from R & D system s.

8 -|im -p o re hanging cell culture

inserts w ere p u rch ased from M illipore, L ittle Island, C ork, Ireland. P nP P and O p tiM E M w ere
p u rch ased

from

Invitrogen.

C alciu m

L iq u ico lo u r

Kit

w as

p u rch ased

from

S tanB io

L ab o rato ries.

3.3.2 Cell culture - Raw 267.7 cells and MC3T3-E1 cells

M L O -Y 4

cells

w ere

m ain tain ed

in

a

M o d ified

E agles

m edium

(B iosera)

su p p lem en ted w ith 5% foetal bovine serum , 5% iron su p p lem en ted c a lf seru m and 1%
an tib io tics (p e n ic illin / strep to m y cin ). C ells w ere cu ltu red in co llag en co ated flasks (0.15
m g /m L rat tail co llag en type 1) at 37 °C at 5 % C O 2 . P reo steo clasts (R aw 264.7 cells) w ere
cu ltu red in high g lu co se D u lb ec co ’s M o d ified E agles M edium su p p lem en ted w ith 10% heat
in activ ated foetal b o v in e serum and 1% an tib io tics (p e n ic illin / strep to m y cin ). R aw 264.7 cells
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are monocytic cells of a hematopoetic lineage. Cells were established from tumour ascites
induced in a male mouse by induced pluripotent injection of Abselon Leukemia Virus. Raw
264.7

cells

can

become

readily

differentiated

into

osteoclastic

cells,

exhibiting

a

multinucleated morphology and high TRAP activity, following stimulation with RANKL in
the absence of M-CSF.

Preosteoblasts (MC3T3-E1 cells) were maintained in a Modified

Eagles medium supplemented with 10% foetal bovine serum 1% L-glutamine, and 2%
antibiotics

(penicillin/ streptomycin).

MC3T3-E1

cells

are

clonal,

non

transformed,

preosteoblastic cells of a mesenchymal linage, which were isolated from calvariae of late stage
mouse embryos. These cells exhibit a high Alkaline Phosphatase activity, among other
characteristic properties of osteoprogenitor cells (Yamaguchi et al, 2000), and they display a
potential to become mineralised in the presence of osteogenic media, which contains acid, Pglycerophosphate, and dexamethasone, which stimulates osteoblastic cells to produce calcium
and phosphate, mimicking intramembranous ossification (Sudo et al, 1983).
3.3.3 Generation of conditioned media - microinjury to 3D MLO-Y4 cell cultures

Conditioned media samples were obtained following application of microinjury to gel
embedded MLO-Y4 cells, as previously described (Section 2.3, Fig. 2.3) (Mulcahy et al,
2011). 1 ml conditioned media was collected 72 hours after microinjury, from several
constructs, and pooled accordingly.

3.3.4 Cell migration of preosteoclasts (Raw 264.7) to conditioned media from osteocytes
following microinjury

In order to assess whether microinjury stimulates the migration of preosteoclast cells
towards a site of microinjury, a cell migration assay was performed as previously described
(Duffy et al, 2009). This was performed to determine whether microinjury initiated the BMU
by stimulating an influx of cells. The assay was based on the concept that following a period
of serum starvation, cells will migrate through a porous membrane towards a stimulus and the
number of cells counted on the membrane is indicative cell migration. Under serum free
conditions, 1 x 1 0 “^ preosteoclasts were cultured on the upper side of 8-|xm pore hanging cell
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culture inserts. Following a 2 hour incubation, serum free media was replaced with
conditioned media from microinjury experiments (undamaged, 160, 300 and 400 |am), as
illustrated in Fig.3.2. Controls were serum free media and standard cell culture media. Cells
were incubated for 18 hours, following which; cells were fixed in 4% formalin for 10 minutes,
and stained with hematoxylin for 10 minutes. The membrane was then removed and mounted
on a glass slide, bottom side down. Cell migration was quantified by counting the cells on the
bottom side of the membrane in 5 random fields, n = 3 cultures were assayed in each case.

Preosteoclasts (Raw 264.7 cells)

/I

N

M k ro d a m a g e to
iK te o q fte s C onditioned m edia

F ig.3.2 M od ified B oyd en c h a m b er seed ed w ith p reo steo cla stic cells. Cellular migration w as stimulated
with conditioned media from varying sized microinjury and the number o f cells which migrated to the
bottom side o f the membrane w as found to be relative to the number o f cells migrated towards the stimulus.

3.3.5 Verifying the efficacy of Raw 264.7 cells for use as a preosteoclastic cell line

Murine preosteoclasts were seeded at a density of 4 x 10"^ cells/ well in a 12 well plate
and cultured for 24 hours prior to experimentation. Additionally, cells were seeded on poly-dlysine ( I M) coated coverslides to determine TRAP activity. Recombinant RANKL was added
to the culture medium at concentrations of 0-100 ng/ml. This was performed, to firstly
determine the efficacy o f this cell line to undergo RANKL mediated osteoclastogenesis, and
also to justify the use of this cell line as a preosteoclastic cell line. Cells were cultured for 21
days and at 7 day intervals, TRAP staining and TRAP quantification was performed on
preosteoclasts to determine osteoclastogenesis. n = 3 cultures were assayed in each case.
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3.3.6 T R A P quantification
Preosteoclasts were cultured for 21 days, and at 7 days intervals, TR A P activity was
quantified as follows. The presence of TR A P catalyses the conversion o f pNPP to PNP, which
is characterised by a m aximal absorbance at 405 nm, which provides a relative reading o f
T R A P activity in the osteoclasts. C ulture m edia was rem oved from preosteoclasts, follow ed by
an incubation o f 1 hour in ImM citrate solution at 37°C. SOpl o f a solution containing I mol
PnPP, 200 mmol sodium citrate and 80 mmol sodium tartrate per litre was added to a 96 well
plate. 20 )al o f the culture m edium was assayed and the solution incubated for 30 m inutes at
37°C. 20 pi of IM NaOH was added to stop the reaction and absorbance was read at 405 nm
by spectroscopy. This provides a relative reading to TR A P activity in a sample. TR A P activity
was furtherm ore determ ined by TR A P staining using a leukocyte acid phosphatase kit under
m anufacturer’s instructions and num ber o f TR A P positive m ultinucleated cells was observed,
n = 3 cultures were assayed in each case.
3.3.7 T R A P staining o f Raw 264.7

T R A P activity was determ ined by TR A P staining using a leukocyte acid phosphatase
kit, under m anufacturer’s instructions and the num ber of T R A P positive m ultinucleated cells
was observed. Briefly, 4 x 1 0 " ' Raw 264.7 cells were seeded on a Ix poly d lysine coated
coverslip and 24 hours prior to treatm ent. Follow ing treatm ent, cells were stained for TR A P
activity. C ells were rinsed with dPBS and fixed for 5 m inutes with Ix citrate/acetone solution.
Cells were rinsed x 3 with dPBS and allow ed to air dry for 10 m inutes. A staining solution,
com posed o f 46 ml warm (37°C) H 2 0 ,

2 ml naphthol, 1 fast garnet capsule, 2 ml sodium

tartrate, filtered, was added to the slides and incubated for 1 hour at 37°C. Cells were rinsed x
3 with dPBS and counterstained for 10 m inutes with Acid Hem atoxylin. This was follow ed by
3 rinses with dPBS. Slides were allowed to air dry and m ounted cell side down on a
m icroscope

slide with

200 pi

DPX

m ountant, and

allowed

to dry before view ing

m icroscopically.
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3,3.8 Effect of microinjury on osteoclastogenesis

3.3.8.1 TRAP quantification in Raw 264.7 ceils
Preosteoclasts were seeded at a density of 4 x

cells/ well in a 12 well adherent

plates (Cruinn diagnostics). Cells were also seeded on poly d lysine (IM) coated coverslides to
determine TRAP activity. Conditioned media samples were collected from gel embedded
MLO-Y4 cells 72 hours following the application of microinjury (As per Fig. 3.3), 24 hours
after seeding, RAW 264.7 cell culture media was replaced with conditioned media from
undamaged, 160, 300 and 400 |jm MLO-Y4 samples. Conditioned media was changed every
3 days. TRAP activity was quantified as previously described and TRAP staining performed to
determine osteoclastogenesis, at 7 day intervals over a 21 day time period. Furthermore, the
number of TRAP positive multinucleated cells were quantified, from 3 random fields of view,
at 20 X magnification, and their frequency expressed as a percentage of cells within the field
of view n = 3 cultures were assayed in each case.

Conditioned
Media

Gel embedded
ML0-Y4 Cells

Raw 264.7 cells

Fig 3.3 C onditioned media treatm ent o f Raw 264.7 cells follow ing m icroinjury. Following a 5 day
incubation, gel em bedded MLO-Y4 cells were subjected to microinjury through insertion o f varying diam eter
m icroneedles into the centre of the gel. A planar defect was created through pulling the needle through the gel
and a right angle to the point o f insertion. 72 hours after the microinjury, conditioned m edia was placed on the
preosteoclastic cell line, RAW 264.7, to stim ulate osteoclastogenesis.
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3.3.9 Effect of microinjury induced osteoclastogenesis on MC3T3 migration

In order to assess whether microinjury induced osteoclastogenesis stimulates the
migration of osteoblast precursors towards a site of microinjury, a cell migration assay was
performed as described above. This was performed to determine whether microinjury induced
osteoclastogenesis initiated cell migration towards an osteoclastogenic stimulus, as illustrated
in Fig.3.4. Again, cell migration was quantified by counting the cells on the bottom side of the
membrane, n == 3 cultures were assayed in each case.

Preosteoblasts (MC3T3-E1 cells)

MicrodamaKe
induced
osteoclastogenesis
Ccmditioned m edia

F ig 3.4 M od ified B oyden ch a m b er seed ed w ith p reo steo b la stic cells. Cellular migration w as stimulated
with conditioned media from microinjury induced osteoclastogen esis and the number o f cells which
migrated to the bottom side o f the membrane was found to be relative to the number o f cells migrated
towards the stimulus.

3.3.10 Effect of microinjury induced osteoclastogenesis on osteogenesis in MC3T3 cells

Preosteoblasts were grown at a density of 4 x 10^ cells in 6 well plates. Culture media
was replaced after a 24 hour incubation and replaced with conditioned media from microinjury
induced osteoclastogenesis experiments combined in a 1:1 ratio with cell culture media and
osteogenic media (see Fig.3.5). Osteogenic media was prepared by the addition of ascorbic
acid (50 |ig/ml), P-glycerophosphate (lOmM) and dexamethasone (lOOnM) was added to
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Standard

a-M EM

supplem ented

with

10%

FBS,

1%

L-glutam ine

and

2%

penicillin/streptom ycin. Cells were cultured for 21 days under normal conditions and
m ineralisation assays perform ed at 7 day intervals to determ ine osteogenesis.

C onditioned
Media

G el em b ed d ed
MLO-Y4 C ells

C onditioned
Media

Raw 2 6 4 .7 c e lls

MC3T3-E1 C ells

Fig. 3.5 C onditioned m edia tre a tm e n t o f R A W 264.7 ceils fro m m ic ro in ju ry ex p e rim en ts an d co n d itio n ed
m edia tre a tm e n t o f M C3T3-E1 cells fro m m ic ro in ju ry ind u ced osteoclastogenesis ex p erim en ts. Following
21 days o f osteoclastogenic stimulation, conditioned media was mixed with normal or osteogenic media in a 1:1
ratio and applied to the preosteoblastic cell line, M C3T3-E1, to stim ulate osteogenesis.

3.3.11 Calcium quantification

To determ ine the effect of m icroinjury induced osteoclastogenesis on calcification in
preosteoblasts, incubated with conditioned m edia, in the presence and absence o f osteogenic
media. O steogenic m edia has shown to stim ulate the production of calcium in M C3T3-EI
cells, and additionally, we hypothesise that cytokines and growth and stim ulatory factors
produced from m icroinjury induced osteoclastogenesis will stim ulate osteogenesis in vitro.
Calcium

production

was

assessed

using

a

StanBio

Calcium

Liquicolour

Kit

under

m anufacturer’s instructions. Briefly, culture m edia was rem oved from cells after 7 days in
culture, follow ed by rinsing with PBS. 0.5 ml o f IM hydrochloric acid was added to w ells and
the cells scraped and transferred into a tube. This was repeated twice. Sam ples were incubated
overnight in the refrigerator. 10 |al of sam ple was added to a well o f 96 well plate follow ed by
200 |j1 working solution o f 1:1 of binding reagent and w orking dye. Calcium concentration
was determ ined by spectroscopy at 595 nM. n = 3 cultures were assayed in each case.
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3.3.12 Alizarin Red staining
A lizarin red staining w as used to determ ine calciu m m ineralization in p reosteoblasts
fo llow in g the addition o f conditioned m edia, as p reviou sly described. A lizarin red staining is
characterized by staining calcium bright red. A fter 7 d ays in culture, cells w ere rinsed and
fixed in 4 % form alin for 10 m inutes. Cells w ere rinsed and stained with 2% A lizarin red
solution for 5 m inutes. T his was follow ed by 3 rinses w ith PBS. C alcification was observed
histologically using a light m icroscope.

3.3.13 Alizarin Red Quantification
At 7 day intervals, cells w ere rinsed with d P B S , and stained with alizarin red, as
described. A 10% solution o f C etylp yrid ium C hlo rid e w as d issolved in distilled water, whilst
stirring o v e r heat. I m L o f C ety lpy rid iniu m C hlorid e w as added to each well, and after a 5
m inute incubation, the solution was m ixed thoroughly by pipetting. lOOpl o f the solution was
pipetted into a 96 well plate, and the absorbance read at 540nm .

3.3.14 Von Kossa staining
V on K ossa staining was used to d eterm in e phosphate m ineralization in preosteoblasts
fo llo w in g the addition o f conditioned m edia, as previously described. V on K o ssa staining is
ch aracterized by staining p hosphates a b ro w n /black colour. A fter 7 d ays in culture, ov er a 21
day time period, cells w ere rinsed and fixed in 4 % form alin for 10 m inutes. A 3% silver nitrate
solution w as prepared by adding 3 0 0 m g silver nitrate to 10 m L water.

1ml o f this solution

was add ed each well follow ed by a 10 m inute incubation in the dark. T his was follow ed by 3
rinses w ith PBS, reserv ing the final rinse. Plates were ex po sed to w arm bright light for 15
m inutes. P h osp hate m ineralization was observed histologically using a light m icroscope.

3.3.15 Statistics
All data was analysed for significance (p < 0.05) using tw o w ay A N O V A , as a
function o f m icroinjury size and time, post hoc T u k e y test, to co m p are m eans.
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3.4 Results

3.4.1 An increase in microinjury increases preosteoclast migration

The quantity of cells which passed through the membrane of the cell insert in
response to stimuli in conditioned media from varying injury size to an osteocytic network is
illustrated in Fig,3.6. A significant increase in cell migration was observed in all samples, 72
hours after microinjury, which occurred in accordance with increase in microinjury size, i.e.
migration at 400 |jm was significantly greater than at 300 pm, and migration at 300 pm was
greater that what was observed at 160 pm. No significant difference was seen between
undamaged and 160 pm samples. Also, a significant increase was noted in the control sample
with complete cell culture media, when compared to other control groups.

#
«p so os

■ senan te e meiia
■ cel o jh a e meda (1•% FBS)

■24 hours
■ 48houis
■ 7? tlours

Undamaged

160 pm

300 pm

400 pm

Fig. 3.6 Increase in m icroinjury increases preosteoclast m igration. A significant increase in cell migration
was noted in all microinjury samples at all time points when compared to conditioned m edia from undamaged
cells. Also, a significant increase was noted in the control sample with com plete culture media, when com pared
to other control groups. * denotes p < 0.05 when com paring between control groups. # denotes p < 0.05 when
com paring between varying microinjury sizes (160, 300 and 400 |im m icroinjury size) between groups. Error
bars are indicative o f standard deviation, n = 3.
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3.4.2 The efficacy of Raw 264.7 cells for use as a preosteoclastic cel! line

3.4.2.1 RANKL stimulates osteoclastogenesis and demonstrates that RAW 264.7 cells are
a viable cell line for studying osteoclastogenesis

Cells were given varying concentrations of RANKL to promote osteoclastogenesis
(Fig.3.7). At Day 7, a difference in cell morphology was noted in samples with 50 ng/ml or
more of RANKL, which was also observed at day 14 and 21. Additionally, the greatest
numbers of large, multinucleated cells were observed in samples treated with 50 and 75 ng/ml
of RANKL, which is indicative that Raw 264.7 cells are capable of undergoing RANKL
mediated osteoclastogenesis and are suitable cell line for studying osteoclastogenesis.
Day 7

Day 14

Day 21

Control

Fig 3.7 R ANK L stim ulates osteoclastogenesis and dem onstrates that RAW 264.7 cells are a viable cell line
for studying osteoclastogenesis. An increased number or large, multinucleated TRAP + cells was observed at 50
and 75 ng/ml RANKL, dem onstrating that Raw 264.7 cells make a valid cell line for studying osteoclastogenesis.
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3A.2.2 50 ng/ml is the optimum concentration to stimulate osteoclastogenesis, thus Raw
264.7 cells are a viable cell line for studying osteoclastogenesis
This assay was previously performed to determine the differentiation potential of
Raw 264.7 cells in the presence of cytokines. Determining the osteoclastic response allows us
to measure the amount of osteoclastogenic activity in preosteoclasts from other stimuli. TRAP
is a substance, as previously described, released from mature osteoclasts. This assay was
performed to furthermore clarify an osteoclastogenic response from preosteoclasts. On
addition of 50 ng/ml RANKL, there was a significant increase in TRAP activity over a 21 day
time period, as shown in Fig. 3.8. This indicated that treatment of preosteoclasts with RANKL
stimulated TRAP activity and thus cells could undergo RANKL mediated osteoclastogenesis.

d a y 21 RANKL tre a tm e n t o f RAW 264.7 c ells
0.4
0.35
0.3
2 - 0.25
■>

S

0.2

I.,.
0.1

0.05
0

Fig 3.8 50 ng/ml is the optim um concentration to stim ulate osteoclastogenesis, thus Raw 264.7 cells are a
viable cell line for studying osteoclastogenesis. 50 ng/ml was the optimal dose o f RANKL to differentiate pre
osteoclast to mature osteoclasts, so was used to determine the osteoclastogenic potential of Raw 264.7 cells.
Graph depicts the increase in TRA P activity at 7 day intervals over a 21 day time period, thus verifying them as a
suitable cell line for studying osteoclastogenesis.
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3.4.3 The effect of microinjury on osteoclastogenesis
3.4.3.1 Microinjury increases the amount of TRAP positive cells in a damage size
dependent manner

The effect of microinjury was determined by TRAP staining of preosteoclasts at 7
day intervals over a 21 day period following treatment with conditioned media. Fig.3.9 shows
TRAP staining results at 10 X magnification. Cells were given conditioned media from control
and injured gel embedded MLO-Y4 cells to promote osteoclastogenesis. The presence of large
multinucleated cells was greatest in 300 and 400 pm samples when compared to 160 pm and
control samples at all time points.
Day 7

Day 14

Day 21

Fig 3.9 Microinjury increases the amount of TRAP positive cells in a damage size dependent manner.
C ells w ere treated w ith co n d itio n ed m edia from prev io u s m icroinjury ex p erim en ts. T he presence o f large
m ultinucleated cells w as g reatest in 300 and 4 0 0 (im sam p les at all tim e points w hen co m p ared to o th er sam ples.

Additionally, the number of TRAP positive cells was quantified and expressed as a
percentage of the total cell number within the field of view. Again, a significant increase in
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large, TRAP positive, multinucleated cells was observed in the large microinjury sizes;
however, all microinjury sizes were all significantly greater than the undamaged control. A six
fold increase in the number of TRAP positive cells was observed in 400 pm samples when
compared to its undamaged control at 21 days, as can be observed in Fig. 3.10.

p<0.05
# p < 0.05

□ Day 7
■ Day 14
■ Day 21

Undamaged

160 pm

300 ijm

400 Mm

Needle Diameter
Fig 3.10 M icroinjury increases the num ber o f TRAP+ cells according to dam age size. Quantification of
T R A P positive cells in a preosteoclast population treated with conditioned media from varying microinjury sizes
to gel em bedded M LO-Y4 cells. A significant increase in TRAP positive cells was observed in 160 ^m and 300
p m at 7 days and 400 pm samples at 14 and 21 days. A gain, it must be noted that TRAP activity increased
significantly accordingly with increase in dam age size. * denotes p < 0.05 when com paring varying dam age sizes
within a group. # denotes p < 0.05 when com paring varying dam age sizes between groups at any time point.

3.4.3.2 Microinjury increases TRAP activity according to damage size

TRAP activity was quantified in preosteoclasts treated with conditioned media from
control and injured gel embedded MLO-Y4 cells. TRAP activity significantly increased in 160
and 300 pm samples at 72 hours and 400 |jm samples at 48 and 72 hours, when compared to
undamaged samples and other time points, as can be observed in Fig. 3.11. It must be noted
that TRAP activity increased significantly accordingly with increase in microinjury size.
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TRAP activity was significantly less in undamaged samples when compared to all other
samples.

# p ^ 0 .0 5
• p < 0 .0 5

■ day?

3.

t

■ day 14
■ day21

IS

#

undamaged

160micn>n
damage

300micrt>n
damage

400micn>n
damage

Fig 3.11 M icroinjury increases TRAP activity in preosteoclastic cells according to dam age size.
Q uanlification o f T R A P activ ity in p reo steo ciasts treated w ith co n d itio n ed m ed ia from control and injured gel
em bedded M L O -Y 4 cells. A sign ifican t increase in T R A P activity w as noted in 160 p m and 300 at 72 h ours and
4 00 |jm sam ples at 48 and 72 hours. H ow ever, it m ust be noted that T R A P activity increased sig n ifican tly
accordin gly w ith increase in m icro in ju ry size. * d en o tes p < 0.05 w hen co m p arin g varying m icro in ju ry sizes
w ithin a group. # denotes p < 0.05 w hen c o m p arin g v arying m icro in ju ry sizes b etw een groups. E rro r bars are
indicative o f standard deviatio n , n = 3.

3.4.4

Microinjury

induced

osteoclastogenesis

increases

preosteoblast

migration

depending on damage size
The quantity of pre-osteoblastic cells which passed through the membrane of the cell
insert in response to stimuli in conditioned media from microinjury induced osteoclastogenesis
is illustrated in Fig. 3.12. A significant increase in cell migration was observed in all samples,
72 hours after microinjury, which occurred in accordance with increase in microinjury size,
i.e. migration at 400 |jm was significantly greater than at 300 pm , and migration at 300 (jm
was greater that what was observed at 160 |um. No significant difference was seen between
undamaged at 160 |um samples. Also, a significant increase was noted in the control sample
with complete cell culture media, when compared to other control groups.
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F ig 3.12 M icroin ju ry in d u ced o steo cla sto g en esis in crea ses p reo steo b la st m ig ra tio n d ep en d in g on d a m a g e
size. A m odified Boyden chamber was used to determine the migration o f preosteoblasts towards conditioned
media from microinjury induced ost«x;lastogen esis. A significant increase in cell migration was noted in all
dam age sam ples at all time points when compared to conditioned media from undamaged cells. A lso, a
significant increase w as noted in the control sam ple with com plete culture media, when compared to other
control groups. # denotes p < 0.05 when com paring between control groups. * denotes p < 0.05 when com paring
betw een varying dam age sizes (160, 300 and 4(X) pm damage size) betw een groups. Error bars are indicative o f
standard deviation, n = 3.

3.4.5 Microinjury induced osteoclastogenesis increases mineralisation of preosteoblasts
in a size dependent manner

This assay demonstrated the potential of preosteoblasts to undergo calcification
following the addition of conditioned media from microinjury experiments and microinjury
induced osteoclastogenesis experiments, with an aim to A: determine the osteogenic response
to varying microinjury size, and B: to determine whether an osteogenic response results from
microinjury induced osteoclastogenesis. Fig. 3.13 shows a calcium assay of preosteoblasts
with conditioned media from microinjury induced osteoclastogenesis over a 21 day time
period. There was significantly more calcium present in MC3T3-E1 cells cultured in
osteogenic media when compared with their counterparts cultured in standard cell media with
conditioned media from microinjury induced osteoclastogenesis at day 21. However, there
was significantly more calcification noted in 400 |am samples without osteogenic media, when
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compared to other damage sizes without osteogenic media. These results show that even in the
absence of osteogenic media, microinjury size is critical in initiating an osteogenic response
(ie: at 400 pm, there is a significantly greater degree of calcium mineralisation when
compared to other damage sizes within the group).
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# p < 0 , 0 3 **p<0. 05
* p < 0.05 ***p< 0.05
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□ day 21

Fig.3.13 M ic ro in ju ry induced osteoclastogenesis in creases m in e ralisatio n of p reo steo b lasts in a size
d ep e n d en t m a n n er. M icroinjury induced osteoclastogenesis produced a reduced level o f calcium mineralisation
when compared to preosteoblasts treated with conditioned m edia from microinjury experiments. A sim ilar
response was observed however, with a significant increase was seen in all samples with osteogenic media at day
21 and in 400 |jm samples without osteogenic media. * denotes p < 0.05 when com paring significance between
dam age size with and without osteogenic media. ** denotes p< 0.05 when com paring significance within control
groups. *** denotes p < 0.05 when com paring 400 pm sample with ost with all other samples. # denotes p < 0.05
when comparing between all groups. Error bars are indicative o f standard deviation, n = 3.

3.4.6

Alizarin

Red

staining

demonstrates

the

effects

of

microinjury

induced

osteoclastogenesis on calcium mineralisation

Alizarin Red S staining of preosteoblasts at 10 X magnification demonstrated the
potential of preosteoblasts to undergo matrix deposition and mineralisation following the
addition of conditioned media from microinjury induced osteoclastogenesis, with and without
the presence of osteogenic media. Alizarin Red stains calcium bright red. As Fig. 3.14 shows.
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there was m ineralisation observed at 7 days only in 400 pm sam ples with osteogenic media.
H ow ever, at day 14, m ineralisation was observed in all sam ples, with the greatest quantity o f
m ineralisation being observed in 300 and 400 pm sam ples in the presence and absence o f
osteogenic media. At day 21, extensive m ineralisation was observed in all sam ples and again,
was most abundant in 300 and 400 pm dam age sam ples. These results are depicted
graphically, in Fig. 3.15, which details quantification o f alizarin red. A gain, these results show
that the quantity o f alizarin red was significantly greater in 400 pm sam ples, both with and
without osteogenic m edia, m ost notably at day 21. Furtherm ore, these results are reflective of
the calcium assay, again, with significantly m ore calcification noted in 400 p m sam ples
without osteogenic m edia, when com pared to other sam ples without osteogenic media.
Day 14 o st

Day 21 o st

Day 21 m icrodam age

Fig. 3.14 Alizarin Red staining dem onstrates the effects o f m icroinjury induced osteoclastogenesis on
calcium m ineralisation At days 14 and 21, both calcium mineralisation was observed in all samples with and
without osteogenic media, with the greatest quantity o f m ineralisation being observed in 300 and 400 |jm samples
with osteogenic media. Calcium and phosphate mineralisation was most abundant in 3(X) and 400 )jm samples
with and without osteogenic media. Scale bar shown in images = 200 |jm .
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F ig . 3.15 Q u a n tific a tio n o f a liz a rin re d s ta in in g d e m o n s tra te s th e e ffe c ts o f m ic ro in ju ry in d u c e d
o ste o c la sto g e n e sis o n c a lc iu m m in e ra lis a tio n . R esults show that again, the q uantity o f ah zarin red w as
significantly greater in 30 0 and 4 0 0 |jm sam ples, both w ith and w ith o u t o steo g en ic m edia, m ost n otably at day
21. M ost notably, significan tly m ore calcificatio n noted in 4 0 0 |jm sam ples w ithout o steo g en ic m edia, w hen
co m pared to o th er sam ples w ithout o steo g en ic m edia. * d en o tes p < 0.05 w hen co m p arin g sig n ifican ce betw een
various sam ples ** den o tes p £ 0.05 w hen c o m p arin g 4 0 0 p m sam p les to o th er d am ag ed and undam aged sam ples,
both w ith and w ithout o steo g en ic m edia. # d en o tes p < 0.05 w hen c o m p arin g stan d ard m edia w ith all o th er
sam ples. E rror bars are indicative o f standard d ev iatio n , n = 3.

3.4.7

Von

Kossa

staining

demonstrates

the

effects

of

microinjury

induced

osteoclastogenesis on phosphate mineralisation

Von Kossa staining of preosteoblasts at lOx magnification determined the effect of
microinjury and microinjury induced osteoclastogenesis on phosphate mineralisation, again, in
the presence and absence of osteogenic media. Von Kossa characterises silver nitrate binding
to phosphates, producing a brown/black stain. As Fig, 3.16 shows, phosphate mineralisation
was observed at 7 days only in all samples. Again at day 14, mineralisation was observed in
all samples with the greatest quantity of phosphate mineralisation being observed in 300 and
400 |jm samples both with and without osteogenic media. At day 21, extensive mineralisation
was observed in all samples and was greatest in 160, 300 and 400 pm samples
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Day 21 m icrodam age

Fig. 3.16 Von Kossa staining dem onstrates the effects of m icroinjury induced osteoclastogenesis on
phosphate m ineralisation. Phosphate mineralisation was observed at 7 days only in samples with 400 pm
conditioned media from microinjury induced osteoclastogenesis with osteogenic media (ost), by the presence of
brown/black staining o f the cells, as shown by Von Kossa staining. Again, at day 14, both calcium mineralisation
was observed in all samples with and without osteogenic media, with the greatest quantity o f mineralisation being
observed in 300 and 400 |jm samples with osteogenic media. Calcium and phosphate mineralisation was most
abundant in 300 and 400 |im samples with and without osteogenic media. Scale bar shown in images = 200 pm.
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3.5 Discussion

Skeletal strength and durability are m aintained by the rem oval o f com prom ised tissue
as a result o f m icrocracks, an accum ulation o f which can potentiate the risk o f stress fractures.
This is perform ed by the actions o f the BMU through the process o f bone rem odeling (Burr et
al, 1997). The role o f m icrodam age in bone has long been considered, and it has been shown
that m icrodam age stim ulates the release o f bone rem odeling cytokines. This particular study
investigated, for the first time, the effect o f varying sized m icroinjury, which resulted from the
application o f planar defects on 3D osteocyte cultures, on osteoclastogenesis and osteogenesis,
in vitro. These results should ultim ately reflect the process of bone rem odeling through the
activation o f the BM U, with regard to progenitor cell infiltration tow ards a specific stim ulus
(i.e.

m icroinjury

osteogenesis.

and

m icroinjury

induced

osteoclastogenesis,

osteoclastogenesis

and

In the previous chapter, we discussed how activity o f RA N K L and OPG, the

principal cytokines involved in the stim ulation o f bone rem odeling, increased and decreased
according to m icroinjury size, respectively (M uicahy et al, 2011). H ow ever, the effect o f
m icroinjury on the various stages o f bone rem odeling in the constitutive cells o f the BMU has
yet to be established. As discussed in the previous chapter, it was found that an increase in
m icroinjury size was related to an increase in RA N K L activity and decrease in OPG activity
The hypothesis o f this study was that variations in dam age size would present
variations in the degree o f precursor cell m igration, osteoclastogenesis and osteogenesis, in the
constitutive cells o f the BMU. This hypothesis provided the principal aim of this study, which
was to determ ine the cellular behaviour o f osteoclasts and osteoblasts to varying m icroinjury
size. It has been reported that dam age to an osteocytic netw ork follow ing m icrodam age
stim ulates osteoclastogenesis, and thus w ould be a principal m ediator o f bone rem odeling
(V erborgt et al, 2000, Frost et al, 1973, Parfitt et al, 1983). H ow ever the relationship between
severity o f dam age and rate o f rem odeling has yet to be determ ined. C onditioned m edia from
3D gel em bedded M LO -Y 4 cells, having received controlled, planar defects o f set m icroinjury
size, may possess soluble RANKL, in addition to other factors, elevated to a concentration
which corresponds to dam age size, so it is significant to note that conditioned m edia sam ples
were

obtained

from

both

varying

sized

m icroinjury

and

m icroinjury

induced
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osteodastogenesis experim ents. C onsidering this, it may be assum ed that the degree of
m inerahzation and osteogenesis would increase in correlation with osteodastogenesis induced
by m icroinjury.
The initial portion of this study was conducted to exam ine the m igration of
preosteoclasts tow ards a stim ulus, i.e. soluble factors released from osteocytes follow ing
m icrodam age, at varying time points and dam age sizes, thus dem onstrating the “activation”
stage o f bone rem odeling. This was perform ed to determ ine w hether the influx of
preosteoclasts, associated with the initiation o f a BMU depended on m icrodam age, and if so,
w hether the size o f m icrodam age was significant in stim ulating osteoclast precursor m igration.
It is thought that follow ing m icrodam age, preosteoclasts infiltrate the tissue and eventually
progress to the site o f dam age, whereby they resorb com prom ised bone (M ulari et al, 2004).
A ctivation o f the BMU is wholly dependent on RA N K L and OPG ratios (H ofbauer et al,
2000), the rate o f which was found to be dependent on dam age size, as detailed in chapter 2. It
was found that there was no significant difference in cell m igration betw een undam aged
controls and

160 pm

conditioned m edia samples. H ow ever, a two fold increase in

preosteoclast m igration was noted in 300 and 400 pm

sam ples, 72 hours follow ing

m icroinjury. This is indicative that initiation of bone rem odeling depends on m icroinjury size,
and that sm aller cracks may be left unrepaired in vivo. It has been considered that cracks
exceeding a critical size o f 300 pm , and thus rupturing a certain num ber o f osteocyte cell
processes, relative to what we have observed in our m odel, can send out a signaling response
to activate a BM U (ie- cell process rupture at specific m icrodam age sizes releases RA N K L to
recruit osteoclasts) (M ori et al, 1993), and so, these results may confirm this concept. A
sim ilar response was observed in the treatm ent o f Raw 264.7 cells with conditioned m edia
from apoptotic M L 0 -Y 4 cells, w here an increase in preosteoclast recruitm ent was observed,
how ever this is the first tim e a relationship betw een dam age size and cell m igration has been
observed, thus reinforcing the concept that dam age size is critical in bone rem odeling.
A dditionally, it was dem onstrated that resorption spaces were evident as little as 8 days after
the application o f fatigue induced m icrodam age (M ori et al, 1993), which is reflective o f our
results, how ever, we have shown that m icroinjury size m ay be critical in determ ining the rate
o f bone rem odeling based on the differentiation response o f the constitutive cells o f the BMU
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O ur finding, w ithin this “stage” o f bone rem odeling, is that preosteoclast m igration is
stim ulated by dam age and increases with dam age size, may be indicative that initiation o f
bone rem odeling depends on the severity o f the damage.
The next aim of this study was to determ ine the effect o f m icroinjury, o f varying size,
on osteoclastogenesis. C onditioned m edia from gel em bedded M L 0 -Y 4 cells was added to
preosteoclasts and cultured for 21 days, with TR A P activity and TR A P staining perform ed at 7
day intervals.

This study showed a trend in an increased osteoclastogenic response with

increased m icroinjury size. TRAP, a m ajor m arker o f osteoclast activity, was quantified over
at 7 day intervals over a 21 day time period. A significant increase in TR A P activity was noted
in all injured sam ples, however, in 300 |am sam ples at 72 hours after m icroinjury, and 400 fjm
at 48 and 72 hours after m icroinjury, a fivefold increase in TR A P activity was observed when
com pared to undam aged control samples. To com plem ent these findings, a TR A P stain was
perform ed to determ ine the frequency o f large, m ultinucleated cells, i.e., osteoclasts. Again, a
higher frequency o f osteoclasts were observed in 300 and 400 |jm sam ples, 21 days after
exposure to m icroinjury. Furtherm ore, quantification o f the num ber o f large, m ultinucleated,
osteoclastic cells, expressed as a percentage o f total cell num ber, show ed an increase in the
quantity of osteoclasts over tim e, and also a m arked increase occurred along with greater
m icroinjury sizes (ie: at 400 |jm ). These results show a sim ilar pattern to what was observed in
a study perform ed by Hazenberg et al, 2009, whereby dam age was applied to collagen
em bedded M LO -Y 4 cells and an osteoclastic response observed in bone m arrow cells.
However, this is the first tim e a relationship betw een dam age size and the rate of preosteoblast
m igration

and

osteoclastogenesis

has

been

observed.

Thus,

this

is

suggestive

that

osteoclastogenesis is effected by m icrodam age size.
The final step of this study was to determ ine the effect o f m icroinjury alone and
m icroinjury induced osteoclastogenesis on osteogenesis. Preosteoblastic M C3T3-E1 cells
were used to determ ine osteoblast m igration and in vitro m ineralization follow ing m icroinjury
induced osteoclastogenesis, and thus the reversal phase o f bone rem odeling. Sim ilarly to the
activation stage o f bone rem odeling, the reversal phase requires an influx o f osteoblast
precursor cells. In vivo, preosteoblasts infiltrate the BM U in order to secrete osteoid, and form
new bone. O nce osteoclasts have rem oved a sufficient am ount o f com prom ised bone, a
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reversal phase is noted, whereby bone resorption sw itches to bone form ation. This process
occurs in tandem with RA N K L sequestration by OPG. O steoclasts undergo apoptosis,
releasing osteoblast recruitm ent factors, including BM Ps and TG F p. Sim ilarly to osteoclast
m igration, osteoblast m igration was quantified after an 18 hour incubation on a porous
m em brane exposed to a stim ulus- i.e. conditioned media. It was found that there was no
significant difference in cell m igration betw een undam aged controls and 160 pm conditioned
m edia sam ples. H ow ever, a two fold increase in preosteoclast m igration was noted in 300 and
400 pm sam ples, 72 hours follow ing m icroinjury. As before, these results are indicative that
m icroinjury size is pivotal in instigating a rem odeling response with regard to influx o f
osteoblast precursor cells, to m ediate the form ation o f new bone.
O nce osteoblasts have been recruited to repair the H ow slips lacuna left follow ing
osteoclast activity, it is necessary for osteoblasts to secrete osteoid, which will becom e
m ineralised with calcium and phosphate, form ing an osteon, and essentially, new bone
(Eriksen et al, 1995). It proved viable to determ ine the osteogenic potential of m icroinjury
induced osteoclastogenesis on bone form ation. To com plete the analysis into the effect o f
m icroinjury on BM U activity, preosteoblastic M C3T3-E1 cells, were used to determ ine
calcium m ineralization. A ssays were perform ed in the presence and absence o f osteogenic
media. In a functioning BM U, a band of osteoclasts precedes preosteoblasts which
differentiate into osteoblasts and lay down new matrix (M iyazaki et al, 2004). 7 day analytes
o f preosteoblasts were assayed for m ineralization via a quantitative calcium assay over a 21
day tim e period. This is indicative of osteoblast differentiation and m ineralization, thus bone
form ation. Calcium concentration was found to be significantly greatest in 400 pm sam ples at
day 21 with osteogenic media. Furtherm ore, a significant increase in calcium concentration
was observed in 400 pm sam ples w ithout osteogenic m edia when com pared to other
m icroinjury sizes at the same tim e points. Further to this, these results m ay imply that crack
size may be crucial in initiating a rem odeling response, that is, to release a sufficient signal to
activate the constitutive cells of BMU.
To further reinforce these findings, alizarin red staining was perform ed on cells under
the sam e param eters, to determ ine calcium m ineralization, characterised by bright red staining
o f cells. Alizarin red staining showed, histologically, that the greatest am ount o f calcium
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m ineralization in 300 and 400 |am m icroinjury sam ples at days 14 and 21 when com pared to
160 p m and undam aged samples. Q uantification of alizarin red staining again reflected this,
and dem onstrated again that the greatest amount o f calcium m ineralization in 300 and 400 |jm
m icroinjury sam ples at days 14 and 21 when com pared to 160 pm and undam aged samples.
Furtherm ore, Von Kossa was em ployed to determ ine phosphate m ineralisation, as shown by
brow n/black staining. Again, histological results confirm ed that the greatest amount o f both
calcium and phosphate m ineralization was in the 300 and 400 pm m icroinjury sam ples at days
14 and 21 when com pared to 160 pm and undam aged sam ples. The principal finding in is that
osteoclastogenesis and m ineralization through osteoblast activity, is stim ulated by m icroinjury
in an m icroinjury size dependent m anner, i.e.: the greater the m icroinjury size, the m ore likely
it is that osteoclasts will infiltrate the com prom ised tissue, rem ove bone, recruit osteoblasts
and lay down new tissue, again and it is notew orthy that this occurs in the absence of
osteogenic media. Indeed, it can be argued that, considering in our previous chapter, we
observed at an increase in dam age size, i.e. at 400 pm , a reduction in OPG was observed, and
thus, one m ight expect a reduction in the level o f osteogenesis at this dam age size, how ever, it
has been shown that osteoblast m ediated m ineralisation can occur in the absence o f OPG. As
described in the introductory chapter, crosstalk betw een Ephrin B2 and Eph B4 functions to
stop RA N K L activity, which stops bone resorption and stim ulates bone form ation. In addition
to this, it has been recently shown that osteocytes m ay stim ulate osteogenesis directly through
the secretion o f bone form ing cytokines, which include IL G F -I, TGF-(3, and BM Ps, and also
W ntlO a and sphingosine-1-phosphate, the latter two o f which have also been im plicated in
osteogenesis follow ing osteoclastogenesis (Pederson et al, 2008). This may be suggestive that,
even in the absence of a strong OPG signal to stim ulate osteogenesis, the level o f
osteoclastogenesis may be sufficient to stim ulate an osteogenic response.
C onsidering the osteoclastogenic and osteogenic results in tandem , it is evident that
m icrodam age bears a significant effect on stim ulating the activity o f the constitutive cells of
the BM U. Furtherm ore, it has been suggested that m icrodam age size m ay be critical in the
degree o f bone rem odeling which occurs, which has been dem onstrated within this chapter.
These findings are consistent with previous findings and hypotheses. It has long been known
that interference with a cells normal environm ent, be it through m echanical stim ulation, fluid
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flow and m icrodam age, instigates the release o f RA N K L, which initiates a chain o f events
leading to the release o f OPG (W yzga et al,

2004, Suda et al,

1999). This w ould bear an

effect on activation o f the BM U. N oble et al, 2003, stated that m icrodam age is capable of
initiating an osteoclastogenic response, and it was furtherm ore dem onstrated that osteocytes
act as a regulatory system in bone, determ ining rate o f bone resorption by osteoclasts (Mori et
al,

1993, Tom pkinson et al,

1997, N oble et al,

2003). The results dem onstrate that bone

rem odeling may result from dam age directly to osteocyte cell processes It can, based on these
findings, be thought that a bone rem odeling response in the constitutive cells o f the BM U is
stim ulated by the dam aging of cell process netw orks, which further reinforces the bone
rem odeling theories o f H azenberg et al, 2006, which stated that bone rem odeling was dam age
size dependant, and furtherm ore dem onstrates the concept o f targeted bone rem odeling,
whereby, not only is the BMU activated, but steered tow ards a site of dam age, following
cellular apoptosis (Burr et al,

1997, M artin et al,

2006 Verborgt et al,

2000). It is also

reflective o f our previous study, w here an increase in osteocyte apoptosis occurred following
an increase in m icroinjury size, which furtherm ore com plem ents the work o f V erborgt et al,
2006, which stated that osteocyte apoptosis initiates bone rem odeling follow ing m icrodam age
(M ulcahy et al, 2011). C orrelations have been noted betw een the effects o f osteocyte dam age
and apoptosis on osteoclastogenesis in our m odel and previous studies (H azenberg et al,
2009), how ever, no work to date has been conducted to determ ine the effects o f m icroinjury
induced osteoclastogenesis on osteogenesis, thus the latter portion o f this study present a very
novel finding.

C onsidering this, the principal finding in this particular study is that

osteoclastogenesis and m ineralization through osteoblast activity is stim ulated by m icroinjury
in a size dependent m anner, thus fulfilling the hypothesis o f this study. Furtherm ore, this study
has shown the potential o f osteocytes as a principal stim ulator of bone rem odeling activity,
thus linking into previous studies, by which any disruption to osteocytes, resulting in osteocyte
apoptosis and RA N K L release from cells, stim ulates BM U activity in vivo (Cardoso et al,
2009, Burger et al, 2003, M arotti et al, 1992, Sobelm an et al, 2004).
A lim iting aspect to this study is that, in our previous study, we determ ined the
biochem ical response to m icroinjury, and clarified the relationship betw een dam age size and
RA NK L/O PG activity, and thus, it could be argued that the results o f this chapter could allow
100

C h apter 3: O steoclastogen esis a n d osteogen esis is stim u lated by cell p ro c e ss rupture in a m icro-dam age
size dependent m anner using an in vitro sim ulation o f m icrodam age in bone

one to predict the cellular response to m icrodam age. W hile this is, indeed, true, other factors
are involved other than RA NK L and OPG in stim ulating the cellular responses to m icroinjury,
and so this chapter serves to reinforce the findings o f the previous chapter and also to provide
a platform for the next chapter, whereby the other biochem ical factors involved in bone
rem odeling are elucidated. Further to this, the results o f the previous chapter m ay indicate that
OPG m ay have been blocked by endogenous RA N K L and thus unable to be detected by
ELISA, how ever, was still able to fulfil its function, as previously observed by H azenberg et
al, 2009. A dditionally, whilst this study has shown the relationship betw een severity of
m icroinjury and the functioning o f the constitutive cells of the BM U, it does not illustrate the
effects o f m icroinjury size on the BMU as an entire entity. Also, it is known that RA N K L is a
stim ulator o f osteoclastogenesis and inadvertently, osteogenesis, and we have established that
there is a relationship between m icroinjury size and cytokine release.

3.6 Conclusion

To conclude, this study has dem onstrated, in a set o f novel experim ents, the potential
o f m icrodam age size to affect the principal steps in bone rem odeling, using an in vitro
sim ulation of this phenom enon, using the constitutive cells o f the BM U. The study shows that
m icroinjury is capable of stim ulating the m igration o f osteoprogenitor cells to a site of cellular
dam age, and subsequent osteoclastogenesis and osteogenesis in vitro, the degree of which is
also m icroinjury size dependant. These results furtherm ore show that m icroinjury may be the
principal m ediator o f BM U activation, and reiterate the concept that m icroinjury size is critical
in the instigation o f bone rem odeling.
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4.1 Introduction
Osteoporosis is a disease of the bone, characterized by a reduction in bone density
and low bone m ass, resulting the deterioration of the structural m icroarchitecture of bone,
thus increasing the risk o f fracture, and is one of the most com m on of all diseases in bone.
O steoporosis occurs in approxim ately 8 m illion wom en and 2 m illion men in the United
States (W HO, Kong et al, 2000). A ccording to the W orld Heath O rganization, osteoporosis
can be defined as a pelvic or spinal bone m ineral density (BM D ), 2.5 standard deviations
below the average BM D for young, healthy individuals. O steoporosis, as described in the
introductory chapter, can be divided into 2 separate groups, prim ary and secondary
osteoporosis, based on an age related decline in horm onal release, such as m enopause, or a
reduction o f bone quality as a result o f other diseases or m edication, respectively. Patients
presenting with osteoporosis tend to dem onstrate an elevated incidence o f m icrodam age
due to the reduction in structural integrity resulting from loss o f bone m ass, and impaired
bone rem odeling.

Further to this, it has long been suggested that an accum ulation of

m icrodam age, such as in osteoporosis, can lead to m echanical failure o f bone (Schaffler et
al, 1989).
O steoporosis progresses follow ing estrogen depletion, interrupting the normal
RANKL-OPG hom eostasis in bone, as described in chapter 1. RA N K L is released from
osteocytes, which binds to RANK on the surface o f preosteoclasts, prom oting their
differentiation, activity and survival (Boyce et al, 2008, Kearns et al, 2008). OPG, in turn,
is regulated by the degree o f R A N K L-R A N K interaction, in addition to estrogen, bone
m orphogenic proteins and transform ing growth factor beta (Boyle et al, 2003). Following
OPG release, the catabolic effects o f RA N K L are inhibited, thus stim ulating osteoblast
infiltration. The function of these cytokines is under biochem ical and hormonal control,
and hom eostasis within these is param ount to m aintain balanced bone rem odeling (ie; bone
is resorbed and form ed equally). This, in turn, m aintains the m echanical strength and
functional capacity o f bone. In osteoporotic bone, there is a m arked im balance between
bone resorption and bone form ation, and excessive bone resorption is observed. Follow ing
menopause, or disease and drug treatm ent (characteristic o f prim ary and secondary
osteoporosis, respectively) estrogen levels are reduced or depleted and this can have a
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rem arkable effect on R A N K L-O PG activity. As described above, a reduction in estrogen
levels results in reduced OPG, thus R A N K L-R A N K binding occurs avidly, with no
cessation, thus bone resorption exceeds bone form ation to a detrim ental degree, leading to
the presence of fine, fragile struts in cancellous bone, and increased porosity in cortical
bone, and a greater potential for bone to acquire fractures.
For the last 40 years, osteoporosis treatm ent has been focused on bisphosphonates
therapy, which has dem onstrated great prom ise regarding their m echanism o f action.
B isphosphonates

function

by

inhibiting

bone

resorption

through

reducing

osteoclastogenesis, decreasing bone turnover, and have also been shown to increase bone
m ass by increasing the mineral content o f bone. B isphosphonates can be adm inistered
orally or intravenously and their binding efficiency to bone depends on the com pound
itself. B isphosphonates are synthetic analogues o f inorganic pyrophosphate, and consist o f
two phosphonic acids joined to a carbon (P-C-P), inclusive o f two side chains, which may
constitute a hydroxyl group, (R2), or another functional group responsible for the
pharm acokinetic

properties o f the bisphosphonate. The phosphate-carbon-phosphate

backbone o f the bisphosphonate is responsible for facilitating the avid binding to
hydroxyapatite crystals on bone surfaces, principally at the sites o f bone rem odeling (Jin et
al, 2000, Rogers et al, 2003). Follow ing binding to hydroxyapatite, via the P-C-P backbone
o f the drug, which essentially “hooks” onto hydroxyapatite in bone, nitrogenous
bisphosphonates

are

released

from

bone,

and

are

phagocytosed

by

osteoclasts.

Bisphosphonates additionally becom e em bedded in bone, follow ing binding o f the P-C-P
backbone to hydroxyapatite, for a long period of tim e, prior to release into lacunae
generated

follow ing

osteoclastic

bone

resorption.

As

a

consequence

of

this,

bisphosphonates can prevail in bone for up to 6 m onths, and still can be available to inhibit
further osteoclast activity (Thom pson et al, 2006).
The inhibition o f bone resorption is pivotal in their function to preserve structural
integrity o f bone; how ever this action has been shown to disturb the normal bone
rem odeling process, resulting in a further accum ulation o f m icrodam age and a lack o f
repair o f bone, exacerbating the clinical sym ptom s o f osteoporosis. In vitro, it has been
dem onstrated that osteoblasts differentiate and becom e m ineralized in the presence of
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nitrogen containing bisphosphonates, and additionally, it has been shown that conditioned
m edia from osteoblasts cultured in the presence o f bisphosphonates has had an inhibitory
effect on osteoclastogenesis (R einholtz et al, 2002, Frediani et al, 2004, Sahni et al, 1993).
The result o f these actions is that bone becom es stronger and m ore resistant to fracture
(Black et al, 1996, Resrud et al, 1997, Fleish et al, 1987, Harris et al, 1999, Boivin et al,
2002). T his can prove to be a further factor influencing fracture follow ing the treatm ent o f
bisphosphonates. H ow ever, it has been furtherm ore suggested, by M ashiba et al, 2000, that
the increase in m icrodam age which is observed in bone follow ing treatm ent with
osteoporotic drugs does not affect the m echanical properties o f bone, due to the ability o f
bisphosphonates to increase m echanical strength in bone (Burr et al, 1997). M ashiba et al,
2001, further dem onstrated that, in spite of the increase in m icrodam age, there was no
decrease in m echanical strength in vertebrae follow ing bisphosphonate treatm ent.
From a biochem ical perspective, bisphosphonates have been shown to affect the
RA N K L-R A N K -O PG signaling pathw ay (Engel et al, 2003). B isphosphonates have been
shown to function by increasing upregulation o f OPG in vivo (Viereck et al, 2002), which
w ould decrease R A N K L-R A N K binding, and thus, osteoclastogenesis, effectively restoring
equilibrium within the BMU. A dditionally, it has been dem onstrated that bisphosphonates
may decrease RA N K L levels as a result o f increased RA N K L cleavage by upregulation o f
tum our necrosis factor-a-converting enzym e (TA CE), which is a known RA N K L sheddase,
am ong other m etalloproteases responsible for RA N K L cleavage (Lum et al, 1999, Pan et
al, 2004). The net result of interaction with the RA N K L-O PG signaling pathw ay, in the
reduction o f R A N K L and prom otion of OPG, w ould be a reduced num ber o f osteoclasts
and thus, bone resorption, and an increase in the am ount o f osteoblasts, and thus, bone
form ation.

In

bone,

osteocytes

function

as

the

prim ary

m echanosensory

and

m echanostim ulatory m oiety, facilitating signal transduction and controlling biochem ical
events follow ing a m echanical stim ulus. B isphosphonates have been shown to prevent
osteocyte apoptosis though the activation o f extracellular signal-related kinases through the
opening o f connexin 43 channels (Plotkin et al, 2001). It was dem onstrated by Brennan et
al, 2 0 1 1, and Follet et al, 2007, that zolendronate and alendronate can prevent osteocyte
apoptosis in both ovine and rodent m odels o f osteoporosis.
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There is a great am ount of contradictory data existing regarding the m echanistic
functioning

o f bisphosphonates,

physiologically.

to

determ ine

their

role

both

biochem ically

and

In this particular chapter, the action o f 2 com m only used nitrogenous

bisphosphonates, alendronate and zolendronate, was evaluated. A lendronate, or as it is
chem ically known, 4-am ino-1-hydroxybutlidene bisphosphonic acid m onosodium (see Fig.
4.1 A), is available com m ercially as Fosam ax, and is a nitrogenous bisphosphonate shown
to reduce fracture risk and is used to treat the low m ineral density associated with
osteoporosis. A lendronate has been shown to be 1000 tim es more effective in reducing
fracture

risk than other early generation

bisphosphonates

such

as etidronate

and

ibandronate (Black et al, 1996). It has also been shown to reduce the am ount o f resorption
pits at sites o f bone rem odeling, thus contributing to im proved m icroarchitecture in bone
(Seem an et al, 1999, Liberm an et al, 1995, Seem an et al, 2007) In addition to this,
alendronate functions by inhibiting osteoclastic bone resorption, through the m echanism s
described above (Bergstrom et al, 2002). Structurally, alendronate contains a four carbon
side chain which displays a very high binding affinity to hydroxyapatite, consequently
inhibiting bone resorption, follow ing uptake by osteoclasts, and has also been shown to
increase bone mass (Schenk et al, 1986). A dditionally, alendronate has been shown to
inhibit the m evalonate pathw ay, and inhibit prenylation and subsequent Ras, Rho, and Ras
activity, thus increasing osteoclast apoptosis and reducing their capacity to resorb bone
(Russel et al, 2008, Bergstrom et al, 2002 G allacher et al, 1989). The reduced resorptive
ability o f osteoclasts is due again to inhibition o f G TPases, at the ruffled border of
osteoclasts, preventing attachm ent to bone (Sato et al, 1991).
Zolendronate, or l-H ydroxy-2-(IH -im idazol-l-yl)-ethylidene bisphosphonic acid,
as it is chem ically known, is available com m ercially as Reclast or Zom eta; it is another
nitrogenous bisphosphonate responsible for reducing bone resorption through inhibition of
osteoclasts and by increasing bone mineral density. Zolendronate, like all bisphosphonates,
contains a P-C-P backbone which binds to hydroxyapatite on the bone surface; however, its
action to do so is more potent than that of alendronate (Fig. 4.1 B). A dditionally, its ability
to inhibit FPPS is greater than that o f alendronate, due to its heterocyclic side chain, which
exhibits a greater potency than the presence of an alkyl side chain exhibited by alendronate
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Fig. 4.1 A: The chemical structure of alendronate. Fig. 4.1 B: The chemical structure
of zolendronate.
Suppression of the bone remodehng phenomenon, as described, can lead to the
accumulation of microdamage in bone. This can prove to be a further factor influencing
fracture following the treatment with bisphosphonates. It has been suggested, by Mashiba
et al, 2000, that an increase in microdamage is observed in bone following treatment with
osteoporotic drugs, however, this does not affect the mechanical properties of bone, due to
the ability of bisphosphonates to increase mechanical strength in bone (Burr et al, 1997).
Mashiba et al, 2001, further demonstrated that, in spite of the increase in microdamage,
there was no decrease in mechanical strength in vertebrae following bisphosphonate
treatment.

In previous chapters, we have demonstrated the relationship between

microinjury size and the rate of RANKL and OPG release, and also in the bone remodeling
functions of the constitutive cells of the BMU. These results have been reflective of
previous studies by Martin and Burr, and Schaffler, who have demonstrated the role of
microdamage in stimulating bone remodeling, in vivo. During osteoporosis, a frequent
diagnostic symptom is an increase in the presentation of fracture, due to diminished
structural architecture of trabecular bone. This is, as described, a result of increased levels
of microdamage due to diminished homeostasis in bone remodeling. Considering that
microdamage has shown to be fundamental in stimulating the bone remodeling process, it
is thus instrumental in maintaining the structural integrity of bone through the remodeling
process (Lee et al, 2002, Prendergast et al, 1994). Therefore, interference with the normal

108

C h a p ter 4: B isphosphonates ch an ger the norm al response to m icrodam age but maintain
o steo cla sto g en esis an d osteogen esis

bone rem odeling function, during the treatm ent with bisphosphonates, would pose a knock
on effect in m aintaining bone structure. We have dem onstrated in chapter 2 and 3 that in
our in vitro m odel o f m icroinjury in bone, osteocyte cell apoptosis increases in accordance
with dam age size, and releases pro-resorptive cytokines including RA N K L and OPG
(V erborgt et al, 2000, M ulcahy et al, 2011). The anti-apoptotic effect o f bisphosphonates
on osteocytes m ay initially interfere with the release o f such biochem ical factors. This then
m ay interfere with the stim ulation o f the BM U, thus dem onstrating a knock on effect in the
initiation and longevity o f bone rem odeling.
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4.2 Aims of this study
Elevation o f m icrodam age, im plicated in osteoporosis, would suggest elevated
levels o f bone rem odeling, however, in osteoporotic bone, this is not so. It has been
suggested, as described above, that bisphosphonate treatm ent reduces RA N K L activity, and
subsequent osteoclast activity, as a principal function, and it has been shown to increase
osteoblast function and proliferation. Given this, we hypothesize that treatm ent with
bisphosphonates m ay affect the resorptive capacity o f osteoclasts follow ing m icroinjury,
in addition to the subsequent osteogenic potential o f m icrodam age in bone. C onsidering
this, the aims and objectives of this study are as follows:

1. To determ ine the optim al dose of alendronate and zolendronate to m aintain osteocyte
viability.

2. To determ ine the m icroinjury induced cellular response to bisphosphonates, including
quantification of RA N K L and O PG, using an in vitro sim ulation o f m icrodam age in bone.

3. To determ ine w here in our hypothesized bone rem odeling paradigm does the drug
induce its action; during m icroinjury, follow ing m icroinjury induced osteoclastogenesis, or
during the osteogenesis phase o f the bone rem odeling activities of the constitutive cells of
the BMU.
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4.3 Methods
4.3.1 Cell Culture
C ell culture m aterials in clu d in g a -m o d ifie d essen tia l m edium (a M E M ), foetal
b o v in e serum

(F B S ), c a lf serum

(C S ), p en icillin /strep to m y cin , D u lb e c c o s phosphate

b u ffered sa lin e ( I X ), T ry p sin /E D T A , D u lb e c c o s m o d ified e a g le s m ed iu m (D M E M ), 0.1 N
S od iu m H y d ro x id e so lu tio n . Trypan B lu e stain, L eu k ocyte acid ph osp h atase stain in g kit,
so d iu m

citrate,

PnPP,

sod iu m

ch lorid e,

sod iu m

tartarate.

A len d ron ate

and

B -D

P r ec isio n g lid e 21 and 2 6 g a u ge sy rin g e n eed les w ere all purchased from S ig m a A ldrich
Ireland Ltd, A irton
purchased

from

R d, T allaght, D ublin

G ib co .

Z olend ron ate

24. O ptiM E M

w as

purchased

reduced serum

from

A lp h atech

m ed ia w as
te c h n o lo g ie s,

B le ssin g to n , C o. W ic k lo w , Ireland. H em a to x y lin , E osin and N u clear Fast R ed w ere
purchased

from

L en n ox

Laboratory

S u p p lies,

N aas

rd,

D u b lin .

M atrigel

basem ent

m em brane m atrix and rat tail c o lla g e n w ere purchased from B D B io sc ie n c e s. C la ssic Plus
acupuncture n eed les ( 160 p m , and 4 0 0 p m ) w ere purchased from H arm ony M ed ical
D istrib u tio n s Ltd, L ey to n sto n e, L ondon, U nited K in gd om . C ell culture p lastic-w are w as
purchased

from

Sarstedt Ltd, S in n o ttsto w n , W exford ,

Ireland.

M L O -Y 4

c e lls

w ere

p rovid ed by the D epartm ent o f A n a to m y , R oyal C o lle g e o f S u rgeon s in Ireland, 123 St
S tep h en s G reen, D u blin 2.

4.3.2 Cell culture
A s describ ed in p rev io u s chapters, M L O -Y 4 c e lls w ere m aintained in a M o d ified
E a g les

m ed iu m

(B io sera )

su p p lem en ted

w ith

5%

foetal

b o v in e

serum ,

5%

iron

su p p lem en ted c a lf serum and 1% an tib iotics (p e n ic illin / strep tom ycin ). C e lls w ere cultured
in co lla g e n coated fla sk s (0 .1 5 m g /m L rat tail c o lla g en type 1) at 37 °C at 5% C O 2 .
P reo steo cla sts (R A W 2 6 4 .7 c e lls , A T C C ) w ere cultured in high g lu c o se D u lb e c c o ’s
M o d ified E a g le s M ed iu m su p p lem en ted w ith 10% heat in activated foetal b o v in e serum and
1% an tib io tics (p e n ic illin / strep tom ycin ). P reosteob lasts (M C 3T 3-E 1 c e lls, A T C C ) w ere
m aintained in

a

M o d ified E a g les m ed iu m su p p lem en ted w ith 10% foetal b o v in e serum 1%

L -glu ta m in e, and 2% a n tib io tics (p e n ic illin / streptom ycin).
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4.3.3 Determining the effect of alendronate and zolendronate treatment on cell
viability
In order to study the pharm acological effects o f bisphosphonates in vitro, it was
necessary to determ ine their effects on cell viability. As osteocytes, in our m odel, are the
intrinsic stim ulators o f bone rem odeling, the effect o f both A lendronate and Zolendronate
on cell viability on the osteocyte like cell line, M L 0 -Y 4 , was determ ined. Cells were
seeded at a density o f 2 x 10"^ cells in an adherent 6 well plate, 24 hours prior to
experim entation. A lendronate and Zolendronate were dissolved in culture m edia at
concentrations o f lO'^M, IQ-^M, lO '^M, lO'^M and IO 'M (Naidu et al, 2008), at 37 °C, to
determ ine the cellular response to varying concentrations o f the respective bisphosphonate,
and to establish the optim um dose for m aintaining cell viability. A fter 24 hours, 72 hours,
and 7 days in culture, cells were trypsinised and stained with trypan blue, to distinguish
betw een viable and dead cells, and the num ber of viable cells was counted using a
hem ocytom eter. The dose o f respective bisphosphonate to cause the least depletion in cell
viability was used as the optim um dose for experim entation. This was used to determ ine
the effects o f bisphosphonates on the biochem ical and physiological events in the bone
rem odeling activities, in subsequent experim ents, using the constitutive cells o f bone and
the basic m ulticellular unit.

4.3.4 Construction of hydrogels seeded with MLO-Y4 cells
As described in chapter 2 (section 2.3.2), M LO -Y 4 cells were em bedded in a rat tail
collagen type I /M atrigel construct (BD Biosciences), to sim ulate an in vivo environm ent,
facilitating cell process netw ork form ation. Constructs were prepared as described, and
incubated for 1 hour prior to addition o f culture m edia, supplem ented with 10’^ M
treatm ent o f both A lendronate and Zolendronate. They were cultured for 5 days prior to
experim entation to facilitate cell process netw ork form ation.

4.3.5 Application of microinjury of varying sizes
In order to apply m icroinjury to the gel em bedded M LO -Y 4 cells, gels were
subjected to m icroinjury o f a set length and width, and diam eter of 160 and 400 |jm , as
described in chapter 2. A single planar defect was created in each culture well by inserting
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a needle vertically into the centre of the hydrogel (see Fig. 2.3, chapter 2) and drawing it
through at a right angle, creating a defect with dimensions of 7 mm in length x 5 mm in
depth.
4.3.6 Effects of bisphosphonates on RANKL and OPG activity following microinjury
Gels were incubated using OptiMEM (Invitrogen) serum free media, supplemented
with 1O '"’ M concentration of both Alendronate and Zolendronate. Samples were taken at 24
hour intervals over a 72 hour time period. RANKL and OPG were quantified by means of
single site specific ELISA (Mouse RANKL and OPG ELISA, R and D systems) under
manufacturers’ instructions, as described in chapter 2, section 2.3.4.

n=3 cultures were

assayed at each injury level, in addition to non-injured controls.
4.3.7 Generation o f conditioned media from microinjury to an osteocytic network
Conditioned media samples were obtained from gel embedded MLO-Y4 cells
treated with the respective bisphosphonates, as described in chapter 3, section 3.3.3.
Conditioned media was collected 72 hours after injury, from 12 constructs, and pooled
accordingly.
4.3.8 Cell migration of preosteoclasts (Raw 264.7) to conditioned media from
osteocytes following microinjury treated with bisphosphonates
In order to assess whether alendronate and zolendronate stimulates preosteoclast
migration towards conditioned media from microdamage to an osteocytic network, a cell
migration assay was performed, as described in chapter 3, section 3.3.4. This was
performed to determine whether the treatment of bisphosphonates, combined with
microinjury, initiated the BMU by stimulating an influx of cells. Cell migration was
quantified by counting the cells on the bottom side of the membrane in 5 random fields, n =
3 cultures were assayed in each case.
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4.3.9 Quantification of TRAP activity in preosteoclasts cultured in conditioned media
from bisphosphonate treated osteocytes following microinjury
To determ ine the effects o f bisphosphonates on osteoclastogenesis, Raw 264.7
cells, which were used as a preosteoclastic cell line were seeded at a density o f 4 x 10“^
cells/ well in 12 well adherent plates and cultured in standard cell culture m edia, 24 hours
prior to experim entation, as described in chapter 3, section 3.3.6.

C onditioned m edia

sam ples were collected from gel em bedded M L 0 -Y 4 cells treated with bisphosphonates,
72 hours follow ing the application o f m icroinjury. Conditioned m edia was changed every 3
days. At 7 day intervals, TR A P activity was quantified as previously described, in chapter
3, section 3.3.6. n = 3 cultures were assayed in each case.

4.3.10 TRAP staining of preosteoclasts cultured in conditioned media from
bisphosphonate treated osteocytes following microinjury
TR A P activity in preosteoclasts was furtherm ore determ ined by T R A P staining
using a leukocyte acid phosphatase kit, under m anufacturer’s instructions and the num ber
o f TR A P positive m ultinucleated cells was observed, as described in chapter 3, section
3.3.7.

Cells were m ounted cell side down on a m icroscope slide with 200 |ul DPX

m ountant, and allow ed to dry before view ing m icroscopically. Furtherm ore, the num ber o f
TR A P positive m ultinucleated cells were quantified, from 3 random fields o f view , at 20 X
m agnification, and their frequency expressed at a percentage of cells w ithin the field o f
view n = 3 cultures were assayed in each case.

4.3.11 Effect of microinjury induced osteoclastogenesis on MC3T3 migration with
conditioned media from bisphosphonate treated osteocytes following microinjury
In order to assess w hether a stim ulatory m oiety is released to initiate the m igration
o f osteoblast precursors towards a site o f m icroinjury to osteocytes, treated with
bisphosphonates, in the presence o f bisphosphonates, a cell m igration assay was perform ed
as previously described in chapter 3, section 3.3.9. The aim of this experim ent was to
determ ine w hether m icroinjury induced osteoclastogenesis initiated preosteoblast m igration
tow ards a chem ical (bisphosphonate) and/or osteoclastogenic stim ulus. The preosteoblastic
cell line, M C3T3- E l was used in these experim ents, and cell m igration was quantified by
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counting the cells on the bottom side of the m em brane, n = 3 cultures were assayed in each
case.

4.3.12

Determining the effect of bisphosphonates

and

microinjury

induced

osteoclastogenesis on osteogenesis in MC3T3 cells
Preosteoblasts were grown at a density o f 4 x 10“^ cells in 6 well plates. Culture
m edia was replaced after a 24 hour incubation and replaced with conditioned m edia from
m icroinjury induced osteoclastogenesis experim ents, treated with lO'^M concentration o f
the respective bisphosphonate, com bined in a 1:1 ratio with cell culture media. Osteogenic
m edia was prepared by the addition o f ascorbic acid (50 |ig/m l), p-glycerophosphate
(lO m M ) and dexam ethasone (lOOnM) (Sigm a-A ldrich, Ireland) was added to standard aM EM supplem ented with 10% FBS, 1% L-glutam ine and 2% penicillin/streptom ycin, as
described in chapter 3, section 3.3.10. Cells were cultured for 21 days under normal
conditions

and

m ineralization

assays perform ed

at 7 day

intervals

to determ ine

osteogenesis.

4.3.13 Quantification of calcium activity in preosteoblasts following microinjury
induced osteoclastogenesis treated with bisphosphonates
To

determ ine

the

effect

of

bisphosphonates

and

m icroinjury

induced

osteoclastogenesis on calcification in preosteoblasts, calcium production was assessed
using a StanBio Calcium Liquicolour Kit under m anufacturer’s instructions, as described in
chapter 3, section 3.3.11. n = 3 cultures were assayed in each case.

4.3.14 Alizarin Red Staining in preosteoblasts following incubation with conditioned
media from bisphosphonate treated osteocytes following microinjury
Alizarin

red

staining

was

used

to

determ ine

calcium

m ineralization

in

preosteoblasts follow ing the addition o f conditioned m edia from bisphosphonate treated
m icroinjury induced osteoclastogenesis experim ents, as previously described in chapter 3,
section 3.3.12. Calcification was observed histologically using a light m icroscope.
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4.3.15 Alizarin Red Quantification in preosteoblasts following incubation with
conditioned media from bisphosphonate treated osteocytes following microinjury
To further quantify the levels o f calcium m ineralization, alizarin red staining was
quantified, as described in chapter 3, section 3.3.13. As before, 100|ul o f the solution was
pipetted into a 96 well plate, and the absorbance read at 540nm .

4.3.16 Statistics
All data was analysed for significance (p < 0.05) as a function o f injury size, drug treatm ent
and tim e, using two way A N O V A , post hoc Tukey test, to com pare means.
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4.4 Results
4.4.1 Alendronate and Zolendronate treatment reduce cell viability in MLO-Y4 cells
As depicted in Fig. 4.2 A & B, in both treatments, after 7 days, there was a
significant decrease in cell viability (p < 0.04 and p < 0.007, respectively); however, this
occurred to the least extent in respective treatments of 10“^ and 10’^ M concentrations of
bisphosphonate. As a result of this, a 10‘‘^ concentration, which was consistent with
concentrations suggested in the literature (Naidu et al, 2008). of each bisphosphonate was
chosen to be the optimum dose to maintain osteocyte viability whilst still stimulating a
temporal pharmacological response.

* p = 0 .0 4
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120000

a 24 hours
5
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■ 72 hours
■ 7 days
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40000
20000

Culture m edia

10 = M

10

M

10

M

10 ^ M

10 ' M

A lendronate (M)

F ig . 4.2 A A le n d ro n a te a ffe c ts cell v ia b ility o f M L O -Y 4 c ells: F ig . 4.2A show s the effect of
alen d ro n ate on cell viability. F ollow ing treatm ent w ith 10"* and 10 '^ M there w ere sig n ifican tly m ore viable
cells in culture w hen co m p ared to h ig h er co n cen tratio n s, and so, a treatm ent o f 10’’ M alen d ro n ate was
chosen as an o ptim um dose. * is in dicative o f p = 0 .0 4 w hen c o m p arin g non d ru g treated sam ples to oth er
sam ples. ** indicates a significance o f p < 0.05 w hen co m p arin g b etw een v arying co n cen tratio n s o f
bisphosp honate.
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F ig . 4.2 B Z o le n d ro n a te a ffe c ts cell v ia b ility o f M L O -Y 4 cells. . At 7 days, there w ere sig n ifican tly
m ore at lO"^ and 10'^ M , w hen com p ared to hig h er co n cen tratio n s o f zolen d ro n ate, hen ce I O '"’ zo lend ro n ate
w as ch osen as the o ptim u m dose. * is indicative o f p = 0.()()7 w hen c o m p arin g non dru g treated sam p les to
o th er sam ples. ** indicates a sig n ifican ce o f p < 0.02 w hen co m p arin g betw een varying co n cen tra tio n s o f
bisphosphonate. E rro r bars are indicativ e o f stan d ard deviatio n , n = 3.

4.4.2 Alendronate (ALN) reduces RANKL and OPG activity, following microinjury to
osteocytes.
The effect of osteocytes treated with alendronate following 160 and 400 pm
damage, on RANKL and OPG release measured using ELISA is demonstrated in Fig. 4.3
A& B shows that, following treatment with alendronate, there was a significant decrease (p
< 0.009) in the release of RANKL in the undamaged, 160 and 400 pm samples, when
compared to the group cultured in standard growth media. However, no significant
difference was observed between any o f the microinjury groups treated with alendronate,
regardless of injury size, indicting almost full suppression of RANKL activity following
alendronate treatment. OPG release, as depleted in Fig. 4.3 B, showed again to be
suppressed following alendronate treatment, with a significant decrease (p < 0.001) in
activity noted in all samples when compared to samples cultured in standard growth media.
OPG release was greatest in all non drug treated groups compared to 400 pm samples.
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Fig 4.3 A A lendronate (ALN) reduces RANKL activity, follow ing m icrodam age. The effects of
alendronate treatm ent on RANKL release from 3D gel em bedded M LO-Y4 cells, subjected to 160 and 4(X)
|jm m icroinjury were determined by ELISA, as depicted. In non drug treated samples, both dam aged and
undamaged, there was a significant increase in RANKL release at 400 pm , at all time points. Following
treatment with alendronate, there was a significant decrease in RANKL activity in all samples when
com pared to their non drug treated counterparts. * is indicative o f p = 0.02 when com paring 400 pm non
drug treated samples to other non drug treated samples. ** indicates a significance of p < 0.009 when
com paring all injury sizes treated with alendronate to non drug treated samples.
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** p =0.001
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Fig. 4.3 B A lendronate (ALN) reduces OPG activity, follow ing m icroinjury. Fig. 4.3 B shows the effect
o f alendronate on OPG activity. There was significantly less OPG released in all samples, both dam aged and
undamaged, follow ing treatm ent with alendronate, versus the untreated controls. * is indicative o f p = < 0.05
when com paring 400 pm non drug treated samples to other non drug treated samples. ** indicates a
significance o f p < 0.001 when com paring all injury sizes treated with alendronate to non drug treated
samples. Error bars are indicative of standard deviation, n = 3.
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4.4.3 Zolendronate (ZOL) reduces RANKL and OPG activity, following mlcroinjury to
osteocytes.
Treatment of gel embedded osteocytes with zolendronate and subsequent RANKL
and OPG activity can be observed in Fig. 4.4 A & B. Fig. 4.4 A demonstrates the effect of
160 and 400 pm microinjury on RANKL release as measured by ELISA. Results show,
that in the zolendronate treated group, there was a significant decrease (p < 0.05) in the
release of RANKL in the undamaged, 160 and 400 pm samples, when compared to the non
drug treated group, again, with almost a full suppression of RANKL activity being
observed, albeit to a lesser extent than what was observed following alendronate treatment.
As depicted by Fig. 4.4 B, OPG release was greatest in all non drug treated groups
compared to 400 pm samples, similar to that observed following alendronate treatment. In
the bisphosphonate treated groups again, there was a significant depletion of OPG activity
(p < 0.008), with no significant difference observed between the undamaged and damaged
samples.
25W
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* p = 0.041
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Z o le n d ro n a te (Z O L ) s u p p r e s s e s R A N K L a c tiv ity , fo llo w in g m ic ro in ju ry . T h e effects o f

zolendronate treatm en t on R A N K L release from 3D gel em b ed d ed M L O -Y 4 cells, su b jected to 160 and 400
p m m icroinjury w as d eterm in ed by E L IS A , as d ep icted . In non drug treated sam p les, b o th d am ag e d and
undam aged, there w as a sig n ifican t in crease in R A N K L release at 4 0 0 p m , at all tim e points. F ollo w in g
treatm ent w ith zo lendro n ate, th ere w as a sig n ifican t d ecrease in R A N K L activity in all sam p les w hen
com pared to th eir non d ru g treated co u n terp arts. * is in dicative o f p = 0.02 w hen co m p a rin g 4 0 0 p m non
drug treated sam ples to o th e r non dru g treated sam ples. ** indicates a sig n ifican ce o f p < 0 .0 0 9 w hen
com paring all injury sizes treated w ith zo len d ro n ate to non d ru g treated sam ples.
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F ig 4.4 B: Z o le n d ro n a te (Z O L ) s u p p r e s s e s O P G a c tiv ity , fo llo w in g m ic ro in ju ry . T h ere w as sign ifican lly
m ore O P G released in undam aged and

160 |jm sam p les w ithout zo len d ro n ate, how ever,

there w as

sig n ifican tly less O P G released in all sam p les, both dam ag ed and undam aged, follo w in g treatm en t with
zo len d ro n ate. * is indicativ e o f p = < 0 .0 5 w hen co m p arin g 4 0 0 |jm non drug treated sam ples to o th er non
d rug treated sam ples. ** indicates a sig n ifican ce o f p < 0.001 w hen co m paring all injury sizes treated with
z o len d ro n ate to non d ru g treated sam ples. E rro r bars are in dicative o f standard d ev iatio n , n = 3.

When considering each set of results from both alendronate and zolendronate, this
section of the study has demonstrated that bisphosphonate treatment reverses the cytokine
response of what is normally observed in an in vitro simulation of microinjury in bone, and
shows that treatment with bisphosphonates affects the cells normal response to damage.
4.4.4 Alendronate and

zolendronate

reduce preosteoclast migration following

microinjury to osteocytes.
To determine the effect of alendronate and zolendronate on preosteoclast
migration towards a stimulus, i.e.; conditioned media from bisphosphonate treated
microinjury to osteocytes; the number of cells which passed through the membrane of a
modified Boyden chamber was quantified. As Fig. 4.5 demonstrated, in the non drug
treated groups (cells stimulated with culture media), a significant increase (p < 0.005) in
cell migration was observed in all samples, 72 hours after damage, and this influx of cells
was largely influenced by an increase in damage size, i.e. migration at 400 |um was
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significantly greater than at 160 )am (p < 0.05). No significant difference (p < 0.08) was
seen between undamaged or 160 pm samples. Following treatment with alendronate, there
was a significant decrease (p < 0.05) in preosteoclast migration at 160 |am and the 400 pm
groups. Zolendronate treatment suppressed preosteoclast migration; however, this was,
although significant, less potent at suppressing preosteoclast migration when compared to
alendronate treated cells. These results show that bisphosphonates reduce preosteoclast
infiltration towards a m icroinjury induced stimulus.
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F igure 4.5 A le n d ro n a te and zolendronate reduce preosteoclast m ig ra tio n to w a rd s a m ic ro in ju ry
induced stim u lu s. In standard culture media, there was a significant increase in preosteoclast migration
when compared to culture media treated w ith alendronate and zolendronate. A t 160 pm , there was no
significant difference in the preosteoclast migration between non drug treated and bisphosphonates treated
groups, however, at 4(X) |am, a significant increase was observed in all samples, however, this was
suppressed by alendronate treatment, where a decrease in cell migration was observed. * is indicative o f p <
0.001 when comparing undamaged samples to other non drug treated samples. * * indicates a significance o f
p < 0.005 when comparing samples treated w ith bisphosphonate to all other samples. * * * indicates p < 0.08,
when comparing all time points and treatments at 160 |im , which is sig n ifica n tly less than what is observed
at 400 (jm. E rror bars are indicative o f standard deviation, n = 3.
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4.4.5 TRAP activity is suppressed in preosteoclasts treated with conditioned media
from microinjury to gel embedded osteocytes treated with bisphosphonates
To determ ine the effect of alendronate and zolendronate follow ing m icroinjury,
T R A P activity was quantified in preosteoclasts as depicted in fig .4.6, 72 hours after the
application o f injury, conditioned m edia was added to preosteoclasts, and follow ing a 21
day incubation, TR A P activity increased significantly (p < 0.005) in the dam aged (400 pm )
sam ples without drug treatm ent, when com pared to the preosteoclast treated with
conditioned m edia without damage. In the day 14 and day 21 sam ples, a significant
increase in TR A P activity was observed in 400 |jm sam ples. A significant decrease (p <
0.01) in T R A P activity was observed in the presence o f both alendronate and zolendronate,
regardless o f the presence o f m icroinjury, how ever, the decrease in TR A P activity was
significantly more evident in undam aged sam ples, at day 14 and day 21. These results
dem onstrate the inhibitory effect o f both alendronate and zolendronate on the now
established osteoclastogenic potential o f m icroinjury in bone.
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Fig. 4.6 TRAP activity is suppressed in preosteoclasts treated with conditioned m edia from
m icroinjury to gel em bedded M LO -Y4 cells. A significant increase in TRAP activity was noted in non
drug treated 4(X) pm at 14 and 21 days when com pared to undam aged samples at day 14 and 21. Release of
TRA P was significantly less in samples treated with both alendronate and zolendronate at day 14 and 21
when com pared to non drug treated samples. However, it must be noted that TRAP activity increased
significantly in 400 pm even in the presence o f microinjury, when com pared to undamaged samples,
however, this was still significantly less than non drug treated samples in this group. * denotes p < 0.(X)5
when non drug treated to bisphosphonate treated groups. ** denotes p < 0.01 when com paring 400 |jm
bisphosphonate treated samples to other treated samples. Error bars are indicative of standard deviation, n =
3.

4.4.6 The number of TRAP positive cells is reduced by bisphosphonate treatment
following microinjury to an osteocytic network
The

effect

of

the

osteoclastogenic

potential

of

inicroinjury

following

bisphosphonate treatment was determined by TRAP staining of preosteoclasts at 7 day
intervals over a 21 day period following treatment with conditioned media. Fig. 4,7 shows
TRAP staining results at 10 X magnification. Cells were cultured in conditioned media
from undamaged and damaged gel embedded M L0-Y 4 cells treated with alendronate and
zolendronate, to determine their effects on the promotion of osteoclastogenesis at varying
injury size. The morphology of the undamaged drug treated cells was markedly different to
those of damaged cell populations, suggesting that what is released from the 400 pm
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dam age has an effect on osteoclast viability. The presence of large m ultinucleated cells,
how ever, was greatest in 400 pm samples when com pared to control sam ples at all tim e
points without bisphosphonate treatm ent, how ever, follow ing treatm ent with both
alendronate and zolendronate, a m arked decrease in the num ber o f large, osteoclast like
cells was observed at all tim e points, how ever, there were m ore osteoclastic cells at 400
|am treated with both alendronate and zolendronate when com pared to sm aller dam age and
undam aged sam ples. A lso, it m ust be noted that after 21 days, there was a reduction in cell
num ber in bisphosphonate treated sam ples, indicating increase in cellular apoptosis or
necrosis follow ing treatm ent.
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Fig. 4.7 The num ber o f TR A P positive cells is reduced follow ing treatm ent with conditioned media
from m icroinjury to an osteocytic network with bisphosphonate treatm ent. This figure shows TRAP
staining results at 10 X magnification. The presence o f large multinucleated cells was greatest in 400 |jm
samples when com pared to 160 nm and control samples at all time points without bisphosphonate treatment,
however, follow ing treatment with both alendronate and zolendronate, a marked decrease in the num ber of
large, osteoclast like cells was observed at all time points, however, there were more osteoclastic cells at 400
|jm treated with both alendronate and zolendronate when com pared to sm aller dam age and undamaged
samples.
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Additionally, the number of TRAP positive cells was quantified and expressed as
a percentage of the total cell number within the field of view. Again, a significant increase
(p < 0.01) in large, TRAP positive, multinucleated cells was observed at 400 pm non drug
treated samples compared to other non drug treated samples, however, treatment with
alendronate and zolendronate caused a significant decrease in the number of TRAP
positive cells, however, this reduction was observed to a lesser extent in 400 |jm samples as
can be observed in Fig. 4.8.
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Fig 4.8 The num ber o f TRAP positive cells follow ing m icroinjury to an osteocytic network is reduced
by bisphosphonate treatm ent. Fig 4.8 shows the num ber o f TRAP positive cells quantified, expressed as a
percentage o f the total cell num ber within the field o f view. Treatm ent with bisphosphonate caused a
significant decrease in the num ber o f positive, multinucleated cells in undamaged and all dam age sizes,
however, this decline was significantly less in 400 |jm samples treated with bisphosphonates, compared to
other samples.* denotes p < 0.05 when com paring between bisphosphonate treatment and non drug treated
samples at a given dam age size. ** denotes p < 0.05 when com paring non drug treated 400 pm damage size
to other undamaged samples. Error bars are indicative o f standard deviation, n = 3.

4.4.7 Migration of preosteoblasts to conditioned media from microinjury induced
osteoclastogenesis is increased after bisphosphonate treatment
Similarly

to preosteoclast

constitute a functional

recruitment,

unit of the

BMU.

preosteoblasts

infiltrate tissue

and

As described above (section 4.3.11),

preosteoblasts were .seeded on membranes of a modified Boyden chamber and their
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migration determined by quantifying the amount of cells which passed through the
membrane towards conditioned media from microinjury induced osteoclastogenesis treated
with alendronate and zolendronate. As shown in Fig. 4.9, the number of preosteoblasts
having passed through the membrane increased according to injury size. In the absence of
alendronate and zolendronate, a significant increase in cell migration was observed in
osteoblasts

stimulated

with

conditioned

media

from

microinjury

induced

osteoclastogenesis when comparing undamaged and 400 pm samples. Treatment with
alendronate significantly increased preosteoblast migration (p < 0.05), which was also
observed following zolendronate treatment. However, in the 400 pm samples, a highly
significant increase (p < 0.01) in preosteoblast migration was observed following treatment
with zolendronate, however, this pattern was not consistent following treatment with
alendronate where migration of cells was significantly less.
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Fig. 4.9 M igration of preosteoblasts to conditioned m edia from m icroinjury induced osteoclastogenesis
is increased after bisphosphonate treatm ent. A significant increase in cell migration was noted at 400 |jm
with and without bisphosphonate treatment, when com pared to other samples, however, a significant
increase in preosteoblast migration occurred in both 160 and 4(X) |jm samples treated with both alendronate
and zolendronate, when com pared to non drug treated conditioned media from microinjury induced
osteoclastogenesis experiments. * denotes p < 0.01 when com paring between bisphosphonate treatm ent and
non drug treated samples at a given dam age size. ** denotes p < 0.05 when com paring non drug treated 4(X)
|jm dam age size to other non drug treated samples. Error bars are indicative of standard deviation, n = 3.
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4.4.8 Calcium mineralisation in preosteoblastic cells treated with conditioned media
from induced osteoclastogenesis increases following bisphosphonate treatment.
Alendronate and zolendronate have been shown to increase mineral mass in bone;
however, the mechanisms dictating this action are currently unknown. Much controversy
surrounds whether this is a cellular behaviour or due to a reduction in osteoclast mediated
bone resorption. This assay aimed to demonstrate the osteogenic potential of alendronate
and zolendronate on the maturation and differentiation of preosteoblasts into osteoblasts,
and their subsequent mineralisation, following treatment with conditioned media from
bisphosphonate treated microinjury induced osteoclastogenesis. This was to determine
whether bisphosphonate treatment also affected the osteogenic response to microinjury.
This was demonstrated by quantifying the presence of calcium over a 21 day time period in
the preosteoblastic cell line, M C3T3-EI, as depicted in Fig. 4.10.
There was significantly more calcium present (p < 0.05) in preosteoblastic cells
cultured in osteogenic media, and lO''”* M concentration alendronate and zolendronate,
when compared with their counterparts cultured in standard cell media at all time points.
However, there was significantly more calcification in all samples treated with both
alendronate and zolendronate (p <0.01), including those which were undamaged, with
bisphosphonate treatment, when compared the undamaged samples without drug treatment,
at day 21. A significant increase in calcium mineralisation was observed at 400 |am (p
<0.05), in both alendronate and zolendronate treated samples, suggesting that increased
microinjury size, or elevated levels of microinjury, when combined with bisphosphonates,
increases calcification in osteoblasts. These results demonstrate that alendronate and
zolendronate, also when combined with microinjury, cau.se an increase in calcium
mineralisation.
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Fig. 4.10 C alcium m ineralisation in preosteoblastic cells treated with conditioned m edia from induced
osteoclastogenesis increases follow ing bisphosphonate treatm ent.
Calcium mineralisation was
significantly less in M C3TC cells cultured in standard cell media when compared to both alendronate and
zolendronate treated groups at day 14 and 21, the exception being cells cultured in osteogenic media.
H owever a significant increase was in 400 (jm samples without osteogenic media or bisphosphonate
treatment at day 21, when com pared to other non drug treated counterparts. Bisphosphonate treatm ent caused
a significant increa.se in calcium mineralisation in 400 |jm samples when com pared to cells cultured in non
drug treated conditioned media. * denotes p < 0 .0 5 when com paring cells in standard culture media, without
serum, and undam aged samples without bisphosphonates to other samples. ** denotes p < 0.05 when
com paring significance between undamaged samples with bisphosphonate treatment to samples with
osteogenic m edia and 400 |jm *** denotes p< 0.01 when com paring significance between osteogenic media
and bisphosphonate treated groups and 400 pm bisphosphonate treated groups to other samples. ****
denotes p < 0.05, when com paring between 400 pm damage samples with bisphosphonates and osteogenic
m edia samples with bisphosphonates. Error bars are indicative of standard deviation, n = 3.

The degree o f calcium m ineralisation was furtherm ore dem onstrated through
histological staining, as dem onstrated by Fig. 4.11 A and B, and its related quantification
o f the staining, as depicted in Fig. 4.11 C. Alizarin red staining produces a bright red
precipitate on cells, indicative o f calcium m ineralisation, and follow ing staining, this
precipitate

can

be

rem oved

and

quantified

through

spectroscopy.

Images

show

differentiated and m ineralised preosteoblasts at 10 X m agnification, which dem onstrated
the potential o f alendronate (Fig. 4.11 A) and zolendronate (Fig. 4.11 B) to m ineralise
preosteoblasts

the

addition

of

conditioned

m edia

from

m icroinjury

induced

osteoclastogenesis. As shown, at day 14, m ineralisation was observed in all sam ples, with
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the greatest q uan tity o f calcium m ineralisation being ob served in 4 0 0 |um sam ples in the
presen ce o f alendronate. At day 21, extensive m ineralisation w as o b serv ed in all sam ples,
and again, w as m ost abu nd ant in 40 0 |am inclusive o f b isp h o sp h o n ate treatment. A gain, as
dep icted in the histological data, at day 14, m ineralisation was ob served in all sam ples,
with higher calcium m ineralisation being o b serv ed in 40 0 p m sam ples in the p resence o f
zolendronate. At d ay 21, extensive m ineralisation w as ob served in all sam ples, and again,
w as m ost ab u n d a n t in 4 0 0 p m inclusive o f bisp h o sp h o n ate treatment.

Alizarin Red: Alendronate
Day 14 ost

Day 14

Day 21 ost

ost + aien

Day 21

Day 21

Day 21

ost + alen

No ost

No ost +alen

CO

Fig. 4.11 A Calcium m ineralisation was stim ulated by alendronate in preosteoblasts treated with
conditioned media from m icroinjury induced osteoclastogenesis. Calcium m ineralisation was observed
in all samples with and without osteogenic media (ost), with the greatest quantity of mineralisation being
observed 400 |jm samples across the board, also with and without bisphosphonate treatment. Calcium
mineralisation was most abundant in 400 |im samples without osteogenic media at day 21 in the presence of
alendronate. Scale bar shown in images = 200 |jm.
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Alizarin Red: Zolendronate
Day 14 ost

Day 14

Day 21 ost

ost + zol

Fig. 4.11

Day 21

Day 21

Day 21

ost + zol

No ost

No ost +20/

B C a lciu m m in e ra lis a tio n was s tim u la te d by zolendronate in preosteoblasts treated w ith

cond itioned m edia fro m m ic ro in ju ry induced osteoclastogenesis. Calcium mineralisation was observed
in all samples w ith and w ithout osteogenic media (ost), w ith the greatest quantity o f mineralisation being
observed 400 pm samples across the board, also w ith and w ithout bisphosphonate treatment. Calcium
mineralisation was most abundant in 400 pm samples w ithout osteogenic media at day 21 in the presence o f
zolendronate. Scale bar shown in images = 2(X) |jm .

These results are depicted graphically, as can be observed in Fig. 4.11 C , where
by quantification o f alizarin red shows a similar trend to that o f the calcium assay, whereby
the presence of alendronate and zolendronate stimulated a significantly greater frequency
of calcium mineralisation at 400 pm samples (p < 0.05) , again most significantly at day
21.

No significant difference,

however, was observed between alendronate and

zolendronate samples at days 14 and 21 (p < 0.07).
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*p<0 .05 **p>0.07
*** p < 0.05
ifirk

□ d a y 14
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■ d a y 21

Damage size/ bisphosphonate treatm ent

Fig. 4.11 C Calcium m ineralisation was stim ulated by bisphosphonates in preosteoblasts treated with
conditioned media from m icroinjury induced osteoclastogenesis. This graph shows show that in the
absence o f a cellular stimulus, the quantity of alizarin red was significantly greater in all samples treated with
both alendronate and zolendronate. No significance was noted, how ever between undamaged and 400 |jm
samples, following bisphosphonate treatment, at day 21 most. Additionally, a significant increase in
calcification noted in non drug treated 4(X) pm samples without osteogenic media, when com pared to other
samples without osteogenic media. * indicates significance when com paring osteogenic media to standard
culture media. ** denotes p < 0.07 when com paring drug treated samples to non drug treated samples in
undamaged and 400 |jm samples. *** denotes p< 0.05 when bisphosphonate treated controls to both
osteogenic and standard culture media. Error bars are indicative of standard deviation, n = 3.
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4.5 Discussion
For over forty years, bisphosphonates have been shown to assist in the treatm ent
o f bone diseases including osteoporosis, osteopenia, m etastatic bone disease and Paget’s
disease through inhibition o f osteoclast activity and inducing osteoclast apoptosis, in
addition to increasing bone m ass (Fleisch et al, 1968). In spite of the recognised attributes
o f bisphosphonates, the effects and m echanism s by which they function, is relatively
unclear (Kim achi et al, 2011). Khosa, et al, 2007, initially suggested the m echanism s o f
action o f bisphosphonates require greater investigation, to determ ine the exact cellular
response, and this concept, coupled with the elevated incidences o f m icrodam age in
osteoporotic bone, was the backbone to this particular study. B earing this in m ind, this
study

aim ed

to

investigate

the

stim ulatory

potential

of

two

com m only

used

am inobisphosphonates, alendronate and zolendronate, on the biochem ical factors involved
in bone rem odeling, such as RA N K L and OPG activity, in addition to determ ining the
cellular response to bisphosphonates in the constitutive cells o f the BM U, in our previously
established in vitro sim ulation o f m icrodam age in bone.
In previous chapters, we reported that an inverse relationship betw een RA NK L
and OPG activity exists, and also that m icroinjury size has been im plicated in determ ining
the rate o f osteoclastogenesis and osteogenesis. Results of this study have shown that
m icrodam age size has an im pact on the rate o f osteoclastogenesis and osteogenesis in the
respective cells o f the BM U. An accum ulation of m icrodam age has been im plicated as one
o f the predisposing factors in increasing the risk o f osteoporotic fractures (Arlot et al,
2008, V ashisth et al, 1997, Fazallari et al, 1998). These result from the reduced capacity of
bone to initiate bone rem odeling, or a lack o f hom eostasis in bone resorption and
subsequent form ation, resulting in fragile bone and dim inished structural architecture (Burr
et al, 1997). In turn, the greater propensity of bone to becom e predisposed to m icrodam age
results from altered m orphology and increased trabecular fragility, thus, the more brittle the
bone, the m ore likely it is to experience m icrodam age. C onsidering the role o f
m icrodam age and the im pact o f m icrodam age o f given size in osteoporosis, we developed
the hypothesis of the present study. This was that the effect of m icroinjury, which has been
shown to induce both osteoclastogenic and osteogenic responses, w ould be affected by the
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presence o f bisphosphonates. A dditionally, bisphosphonate treatm ent o f an in vitro model
o f m icrodam age may present variations in the degree of precursor cell m igration, and may
decrease osteoclastogenesis, and ultim ately, increase the levels o f osteogenesis, in the
constitutive cells of the BM U, and may have an effect on the activity o f RA NK L and OPG.
The biochem ical effects o f alendronate and zolendronate have been quite well docum ented
in vitro, and it is known that they affect RA N K L and O PG upregulation, release and
activity. Furtherm ore, their effects on osteoclast activity have been determ ined, how ever, in
a situation w here m icrodam age is elevated, e.g., in osteoporotic bone, the effects o f these
drugs on biochem ical and cellular activity have yet to be determ ined (M ackie et al, 2001,
G lorieux et al, 1998).
In previous chapters, we investigated the role o f a broader spectrum o f injury
sizes; however, in this study we used two needle sizes, 160 and 400 pm , the larger o f
which showed an overall significant difference regarding the impact o f injury size on
RA NK /O PG activity, and the cellular responses to m icroinjury. At 24 hour intervals over a
72 hour incubation period, in the presence o f both alendronate and zolendronate, cell
culture supernatants were analysed for RA N K L and OPG activity. As a control, non drug
treated, dam aged sam ples were used to com pare to drug treatm ents. A fter 72 hours, there
was a significant increase in RA NK L activity, which also occurred in conjunction with an
increase in dam age size, and an inverse relationship was observed in the release of OPG,
which is a behaviour which we have observed previously (M ulcahy et al, 2011). However,
in both drug treated groups, most significantly alendronate, there was a two fold decrease
in RA N K L activity follow ing treatm ent with alendronate in the undam aged and 160 pm
sam ples, and a three fold decrease in the 400 pm groups.
A sim ilar pattern was observed in zolendronate treatm ent; how ever, this occurred
to a lesser extent. In both drug treatm ents, an alm ost entire elim ination o f OPG was
observed, with up to a sixteen fold decrease in the undam aged group at 48 hours, which,
under normal circum stances, would be the within the param eters optim ising OPG release.
This alm ost abolishm ent of OPG activity may be due to the m arked reduction in RA NK L
activity- it is established that RA N K L release closely precedes OPG release, and so, any
disturbance in this signaling m ay produce a knock-on effect on any dow nstream
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biochem ical activity. A blation of RA N K L activity follow ing alendronate and zolendronate
treatm ent is consistent with previous studies, which have been shown, in vitro, that
RA N K L activity is substantially inhibited by treatm ent with am inobisphosphonates
(K im achi, et al, 2011, G iner et al, 2011), in osteoclasts and osteoblasts, respectively.
How ever, Koch et al, 2010, dem onstrated the stim ulatory effect o f alendronate and
zolendronate on RA N K L and OPG expression in osteoblasts. This study, how ever,
dem onstrated results via PCR and quantified gene expression, whereas in this m odel, we
were describing RA N K L and OPG protein release from cells. In this m odel o f m icroinjury
in bone, we assessed the effects o f bisphosphonates follow ing m icroinjury to a 3
dim ensional osteocytic cell process netw ork, and so, the results o f this section o f the study
may be significant in dem onstrating the fundam ental biochem ical activity (i.e.: RA N K L
and O PG activity), follow ing treatm ent with bisphosphonate.

From the perspective of

OPG activity, very little work has been com pleted to date, however, previous studies using
2 dim ensional osteoblast cultures have suggested OPG gene expression is not affected by
bisphosphonate treatm ent (Koch et al, 2010, Enjuanes et al, 2009).
To

determ ine

where

in

the

m icroinjury

/

bone

rem odeling

paradigm

bisphosphonates function in an in vitro model o f m icroinjury in bone, it was necessary to
determ ine the effects o f alendronate and zolendronate on precursor cell recruitm ent, in
addition to osteoclastogenesis and osteogenesis. A ctivation and recruitm ent refers to the
stage by which an influx o f osteoclast precursor cells infiltrate the area o f osteocyte
rupture and fuse to form giant, active osteoclasts (Mulari et a/,2004, Parfitt et al, 1983).
T reatm ent

o f osteoporosis

with

bisphosphonates,

in

particular

alendronate

and

zolendronate, has been shown to pose an inhibitory effect on this stage o f bone
rem odeling (Boonekam p et al, 1986). A dditionally, it was recently dem onstrated that
zolendronate suppresses osteoclast m igration through inhibition o f the m evalonic
pathw ay, which is responsible for m aintaining osteoclast viability and activity through
the presence o f the key enzym e, farnesyl pyrophosphate synthase (FPPS) in the 3hydroxy-3 m ethylglutaryl co enzym e A reductase pathw ay (Kimachi et al, 2011). In this
study, preosteoclast m igration tow ards a stim ulus elicited by m icroinjury to osteoclasts
treated with bisphosphonates was assessed. A reduction in quantity o f preosteoclasts
m igrating was observed in all sam ples treated with each respective bisphosphonate;
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how ever, this m igration was significantly less in samples treated with zolendronate at 160
and 400 pm . This suggests that the presence of the bisphosphonate reduces the potential
o f preosteoclasts to m igrate tow ards a stim ulus, which is reflective o f previous studies
which dem onstrated a sim ilar response, albeit in the absence of m icrodam age (Kimachi et
al, 2011, Stevenson et al, 1986, Li et al, 2 0 1 1).
Recruitm ent of preosteoclasts precedes the fusion and m aturation o f precursor
cells, to osteocytes, which break down bone (Katagiri et al, 2001). A significant decrease
in T R A P activity was observed in all samples treated with bisphosphonate, albeit to a lesser
extent in 400 |jm sam ples, when com pared to osteoclasts cultured in the absence of
bisphosphonate. Additionally, histological results show ed a decrease in the num ber o f
T R A P positive m ultinucleated osteoclastic cells, the num ber of which, when furtherm ore
quantified, greatly reflected the results of TR A P quantification. This may be due to two
reasons. Firstly, the reduced capacity o f osteocytes to release RA N K L, as stim ulated by
bisphosphonates, follow ing m icroinjury, would certainly reduce the osteoclastic potential
o f m icroinjury. Secondly, it has been established that bisphosphonates interrupt the release
o f FPPS, a key enzym e in the m evalonic acid pathw ay (Hughes et al, 1995, Rogers et al,
2000, Caraglia et al, 2004).
The concept that TR A P activity, although suppressed, was still greater at 400
|jm , suggests that the increased levels o f RA NK L, am ong other factors being released, such
as T N F-a, which has been im plicated as having an equally potent osteoclastic potential as
RA N K L are, indeed ham pered by the effects o f bisphosphonates, how ever, m ay still be
great enough to elicit an osteoclastogenic response (Kim achi et al, 2011, Li e? al, 2000). It
has previously been dem onstrated, in vivo, that alendronate is less potent at inhibiting
osteoclast activity than zolendronate. The results o f this study m ay suggest that, in vitro,
bisphosphonate treatm ent affects the ability o f preosteoclasts to m igrate and differentiate.
This potentially m ay occur through the inhibition o f the m evalonate pathw ay, inducing
cellular apoptosis, regardless of the reported potency o f the bisphosphonate in question,
and so, the use o f only one dose o f respective bisphosphonate may have an impact on these
results (W atts et al 2010, Holen et al, 2010).
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Preosteoblast recruitm ent and differentiation m arks the final step in bone
rem odeling, w hereby new bone is form ed, follow ing OPG binding to and sequestering
RANKL.

There showed to be no significant difference in cell m igration between

undam aged controls with and without bisphosphonate treatm ent, how ever, the presence of
zolendronate caused a significant increase in preosteoblast m igration when com pared to
non drug treated sam ples. Alendronate, however, increased the m igration of preosteoblasts
significantly, when com pared to zolendronate and non drug treated groups, and both injury
sizes. Little work has been perform ed regarding the effects o f bisphosphonates on
osteoblast recruitm ent, both in vivo and in vitro, so this shows, for the first tim e, the in vitro
effects o f alendronate and zolendronate on preosteoblast recruitm ent. H ow ever, it has been
reported, by G arcia-M oreno et al, 1998, that the presence o f alendronate does not affect the
proliferative

or functional

capacity

o f hum an

osteoblasts under

normal

culturing

conditions, however, the use o f an alternative cell type from a different species m ay pose
an alteration on the m echanism of action o f bisphosphonates.
The effects o f bisphosphonates on the cellular capacity to m ineralize in vitro was
determ ined through perform ing a calcium assay, in addition to alizarin red staining and
quantification, to furtherm ore determ ine the calcification potential o f a preosteoblastic cell
line, M C3T3-E1, treated with conditioned m edia from bisphosphonate treated m icroinjury
induced osteoclastogenesis experim ents. It has been shown that follow ing bone resorption,
num erous factors are released from osteoclasts to sustain bone form ation, including IGF-1,
IGF-II, FGF, TG Fs, BM Ps and PD G F (Boyle et al, 2003, Ducey et al, 2000). In vivo,
zolendronate has been shown to increase m ineral apposition rate follow ing treatm ent
(Recker et al, 2008), w hereas it has been shown that other bisphosphonates, including
alendronate

fails

to

do

this

effectively,

in

spite

of

it

stim ulatory

effect

on

osteoblastogenesis (Bravenboer et al, 1999, D uque et al, 2007). Furtherm ore, it has been
suggested that, in vivo, bisphosphonates pose a stim ulatory effect on osteoblastic activity
(D ’Aoust et al, 2000). Follow ing treatm ent with both alendronate and zolendronate, there
was a significant increase in calcium m ineralization at day 21 in both undam aged and 400
|jm sam ples. Further to this, there was a two fold increase in calcium m ineralization in both
alendronate and zolendronate treated sam ples at 400 pm when com pared to undam aged
constructs at 21 days. This result was also dem onstrated with histological staining. As
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shown in chapter 3, m icroinjury, in the absence of osteogenic m edia, dem onstrated an
abihty to stim ulate calcium m ineralization in preosteoblastic cells. Further to this,
bisphosphonates have been shown to increase m ineralization and even restore the loss of
m ineral content associated with post m enopausal bone loss (Brennan et al, 2011, Reinholtz
et al, 2002, Boivin et al, 2002). Considering this, these results m ay be indicative o f a
relationship betw een bisphosphonates and m icroinjury to an osteocytic netw ork within
bone. The results o f this section o f the study imply that bisphosphonates, in the presence of
biochem ical factors released from m icroinjury and subsequent osteoclastogenesis, are
capable o f stim ulating and enhancing in vitro osteogenesis in preosteoblasts, producing a
cum ulative effect, with m icrodam age, on the m ineralization in bone.
In spite of the large am ount o f contradictory data which exists, these results have
shown some strong consistencies with previous in vitro and in vivo studies, which
dem onstrated the ability o f bisphosphonates to increa.se m ineralization by osteoblasts
(Tenenbaum et al, 2002, D ’Aoust et al, 2000, Chaplet et al, 2004, Kim et al, 2009). These
studies, how ever, have been conducted in the absence o f m icrodam age, and so this is the
first time this response has been dem onstrated under such conditions. Both in vivo and in
vitro, zolendronate has been shown to increase the capacity of bone to becom e m ineralized,
and this occurs at higher concentrations adm inistered (Pozzi et al, 2009). Further to this,
som e nitrogen containing bisphosphonates, including alendronate and zolendronate, have
been shown to stim ulate osteoblast proliferation and differentiation, and to assist in
m aintaining osteoblast viability (Pan et al, 2004). C onsidering this, the results show that
bisphosphonates do indeed, play a role in increased osteoblast m ineralization, reflective of
other studies, the m agnitude o f which is potentiated by the presence o f m icrodam age.
Further to this, subjects being treated with bisphosphonates for osteoporosis and osteopenia
tend to dem onstrate an elevated level of bone m ineral density and prolonged secondary
m ineralization (Sebba et al, 2008, W estenfeld et al, 2006, Berenson et al, 2008, Bell et al,
2010, Boivin et al, 2001), yet may have a greater propensity to obtain fragility fractures
(M ashiba et al, 2000, O dvina et al, 2005), which may be due to im paired bone rem odeling
associated with bisphosphonate treatm ent. This m ay be a significant observation for
individuals with osteopenia, in term s o f potentially exacerbating the risk o f fracture and the
developm ent of fragile bone, due to increasing the potential for osteoclastogenesis.
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Furthermore, these findings may be instrumental in demonstrating the need for an
ahernative or adjuvant therapy for the treatment o f early osteoporotic and osteopenic bone.
Bisphosphonates
reduce osteoclast
activity
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4.12:

Mechanism

of action of bisphosphonates

in

this

model

of m icroinjury

in

bone.

Bisphosphonates caused decreased osteoclast migration and osteoclastogenesis, and increased osteoblast
activity and mineralization, in the presence o f microinjury (Adapted from Taylor et a!, 2007, and Ralston,
1997),

Considering this study as a whole, the results have demonstrated the biochemical
and cellular events which occur follow ing bisphosphonate treatment o f a 3D osteocytic
network subjected to microinjury, and the knock on effects that bisphosphonate treatment
has throughout the various stage o f bone remodeling, as depicted in Fig. 4.12. This chapter
has effectively demonstrated that alendronate and zolendronate treatment, at an optimum
dose, is capable o f suppressing R A N K L and OPG release, and this suppression was evident
in

the

marked

reduction

of

osteoclastogenesis

observed.

RANKL

activity

and

osteoclastogenesis often exists concurrently, so the effect o f bisphosphonate treatment may
be viewed in tandem, regarding these results. It has been demonstrated that the presence o f
alendronate and zolendronate has no effect on, or can suppress the upregulation and
successive release o f R A N K L and OPG (Garcia-Moreno, et al, 1998, Pan et al, 2004,
Kimachi et al, 2011, Enjuanes et al, 2010). A decrease in osteoclast activity may be, as
described and widely reported, due to inhibition o f FPPS, and interference with the
mevalonate pathway. Interestingly, ablation o f OPG activity would suggest a reduction in
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osteoblast activity, how ever, it is im portant to note that osteoclasts secrete a num ber of
bone form ing cytokines and growth factors, including IGF-1, TGF-P, and BM Ps, and also
W ntlO a and sphingosine-1-phosphate, which have been im plicated in osteoclast m ediated
osteogenesis (Pederson et al, 2008). This concept may be indicative o f as to why, at 400
pm , despite there being a reduction in RA N K L and OPG activity, there was still an
osteoclastogenic response, and subsequent osteogenic response in our m odel. W hen
considering the overall results o f this chapter, it may be concluded that bisphosphonates
act, even in the presence o f m icroinjury, on cellular activities, in addition to suppressing
RA N K L and OPG activity.
It is im portant to note that it has been dem onstrated that, in vivo, osteoporotic bone
tends to exhibit a greater frequency of large, linear cracks, when com pared to non
osteoporotic counterparts, thus, the use o f a larger injury size may produce results more
like what is observed in osteoporotic bone (W asserm an et al, 2008). A dditionally, this
particular study has focused on the basic events surrounding bone rem odeling, such as
RA NK L and O PG activity, and the fundam ental rem odeling activities in the constitutive
cells o f the BM U. B isphosphonates have been shown to effect a vast range o f biochem ical
activities of osteocytes, osteoclasts and osteoblasts, m ost notably so due to the inhibition o f
FPPS in osteoclasts, ham pering their ability to resorb bone, and also in the induction of
ERKs in osteoblasts and osteocytes, facilitating m aintenance o f their viability and
preventing apoptosis (Chen et al, 2005). Furtherm ore, this study only exam ined one dose
o f bisphosphonate for each respective drug, and so, a different response to m icroinjury m ay
have been observed at greater or lesser concentrations. O verall, however, the experim ental
findings in this chapter have been shown that in an in vitro sim ulation o f m icrodam age in
bone, alendronate and zolendronate m ay inhibit m icroinjury m ediated osteocyte apoptosis,
as observed in chapter 2 (an increase in dam age size causes an increase in osteocyte
apoptosis)

and

subsequent RA N K L/O PG

activity.

Further to this, the study

has

dem onstrated the proposed m odulatory effect o f bisphosphonates on osteoclast activity,
and the subsequent stim ulatory potential o f bisphosphonates on osteoblast m ineralization in
the presence of m icrodam age.
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4.6 Conclusion
The effects of treatm ent o f osteoporosis with bisphosphonates is well docum ented,
how ever, at present, m uch research has been perform ed on in vivo m odels o f osteoporosis,
or on exam ining the effects o f bisphosphonates on cellular activity in the absence of
m icroinjury. This study has dem onstrated the potential o f bisphosphonates to change the
normal response o f cells to m icroinjury, through the significant suppression of RA N K L
and O PG release, and also had shown to m odulate osteoclastogenesis, how ever, the levels
o f osteogenesis rem ain consistent, if not, elevated, follow ing bisphosphonate treatm ent.
This may be indicative as to why bone m ineral density increases follow ing bisphosphonate
treatm ent, yet, bone quality rem ains poor and susceptible to fracture.

In term s o f

addressing the aim s o f this study, we have been shown that bisphosphonates act at all three
stages of bone rem odeling, from precursor cell m igration, to osteoclastogenesis and
ultim ately, osteogenesis. To conclude, this study has shown that bisphosphonates may be
capable of restoring hom eostasis in term s of the reduction of bone resorption and m ay be a
possible m ediator involved in increasing bone m ineral content following m icroinjury.
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5.1 Introduction
As described in the introductory chapter and subsequent studies, m icrodam age
m ediated bone rem odehng is regulated by the RA N K L-R A N K -O PG signaling triad. Repair of
m icrodam age from bone is determ ined by the release of RA N K L and the rate o f RA NK LRA N K binding. M aintenance o f bone mass has been found to be governed by the presence of
O PG, which is the decoy receptor for RA NK L, and it functions in stopping the progression of
bone resorption to a state o f excess, and facilitates osteoblast activation and bone form ation.
H om eostasis betw een both o f these cytokines is param ount in facilitating skeletal equilibrium ,
and any deviation from the norm can cause severe disease pathologies, such as the
m anifestation o f osteoporosis, osteopetrosis, tooth eruption, paget’s disease and various
m yelom as. It is im portant to note that the R A N K L-R A N K -O PG signaling pathw ay is a central
m oiety in preserving the balance betw een bone resorption and form ation by the BM U but
there are a num ber o f intricate netw ork of cell signaling pathw ays are independent to or linked
to the production and release o f RA N K L, and subsequent OPG activity, which need to be
explored.
RANKL, as described in chapters I and 2, is released follow ing m icroinjury in bone,
and this is related to the “Scissors M odel” concept, utilised by our group, as a hypothesised
m echanism o f release in vivo. Com pressive loading on bone, such as that which arises from
w alking and running m ay cause the bone to undergo dam age in a shearing like m echanism ,
causing cell processes to be ruptured and cut, like with a pair of scissors. Shearing o f cellular
processes may allow the release o f bone rem odeling cytokines into a localised system,
w hereby a rem odeling response can ensue. Binding o f RA N K L to RA N K is, as described, is
one of the principal steps in initiating osteoclastogenesis, and kick starting the events involved
in the bone rem odeling triad o f R A N K L-R A N K -O PG interaction. A num ber o f factors, such
as interleukins, m ost notable IL-1, IL-6, IL-7, IL -1 1 and IL-17, in addition to TN F a, activins
and IFN y are responsible for potentiating the R A N K L-R A N K interaction, as detailed in Fig.
5.1 (H ofbauer et al, 1999, Ishida et al, 2002, N akashim a et al, 2000). Binding o f RA N K L to
its receptor increases the expression o f genes, resulting in RA NK m ediated osteoclastogenic
signaling. This starts by the binding of TN F receptor associated factor proteins (TRAF) and
RA N K L-R A N K m ediated activation o f NFkB pathw ays, which has been shown to be critical

145

Chapter 5: Response to microdamage is not solely governed by RANKL and OPG activity

in initiating osteoclastogenesis (Wei et al, 2001). The presence of IFN (3 and IFN y has shown
also to regulated R A N K L-R A N K m ediated osteoclastogenesis, in both positive and negative
feedback loops, respectively.

MCSF
RANKL

Macrophages
Fibroblasts

Osteoblasts

Fig 5.1 Interactions of TNF a and interleukins in the RANKL-RANK mediated activation of osteoclasts
(S chett et al. 2010).

These interactions perm it a constant stream o f osteoclast m ediated bone resorption,
and thus, w ithout an antagonistic receptor, a loss of bone hom eostasis w ould prevail. Hence,
OPG is recruited, under the control o f both R A N K L/R A N K and W nt/p-catenin pathw ays.
Furtherm ore to this, dow nstream products of R A N K L-R A N K interaction such as T N F -a, ILla , TG F-P and IL-18, in addition to oestrogen, which is not directly involved in the
m icrodam age m ediated pathw ay o f bone rem odeling, function in the upregulation o f OPG
(H ofbauer et al, 1998, Vidal et al, 1998, Brandstrom et al, 1998). Further to sequestering
RA N K L and stim ulating its action, OPG functions in preventing further activity of proresoprtive agents, including IL-1, T N F-a, and PTH (M orony et al, 1999). H ow ever, the more
intricate details o f the other m olecular and biochem ical participants involved in O PG signaling
have yet to be determ ined.
Connected

to

the

R A N K L-R A N K -O PG

signaling pathw ay

are

several

other

pathw ays, m ost notably o f which are the Interleukin, N F kB pathw ays and W nt/6-catenin
pathw ays. These function synergistically and antagonistically with the R A N K L-R A N K -O PG
pathw ay, but also function in the m aintenance o f bone hom eostasis. The N F kB pathw ay is one
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o f the fundamental mechanisms utilised by bone to stimulate bone remodeling, and functions
both at an osteoclastic and osteoblastic level in bone. Initiation o f bone remodeling follow ing
microdamage facilitates the upregulation o f NFkB via TNF-a and TACE activity (Black et al,
1997), which has been shown to promote osteoclastogenesis and decrease osteoclast apoptosis
(Boyce et al, 2007). Furthermore, it has been shown to increase levels o f TRAP in cells due to
the synergistic activity o f TNF-a and R A N K L activity, as shown in Fig 5.2 (Fretz et al, 2007).
This additionally stimulates canonical Wnt signaling, via TRAF6 and IK K a and P activation,
which bears an effect on osteoblast activity, and w ill be discussed in further detail later on in
this chapter (Boyce et al, 2007). IK K p activation, in turn, modulates osteoclastic signaling,
and stimulates R A N K L, lL-1 and TNF-a mediated osteoclastogenesis (Ruocco et al, 2005).

X

RANKL

TNFa

RANK

TNFRl

(IKKa)

IKK(5

Apoptosis

NF-k B

D ifferentiation

Fig. 5.2 Principal interactions of TN F a and its implications in NFkB induced osteoclastogenic
differentiation (Ruocco et al. 2005).

The Wnt/p-catenin pathways, as shown in Fig. 5.3, act more so at the osteoblast level
more than the osteoclast level, working synergistically with R ANKL-O PG signaling. Wnts
encompass a large fam ily o f lipid modified proteins (LRP) capable of binding to numerous
receptors, such as the frizzled G protein coupled receptor related protein (M ille r et al, 2002,
Logan et al, 2004). Wnts are the functional moiety responsible for initiating osteoblast activity
and a subsequent osteogenic response.

The W nt/ P-catenin or canonical pathway signals
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through lrp-5, which activates disheveled (Dsh), inhibiting glycogen synthase kinase (GSK),
which ultim ately m aintains the functionality of glycogen synthase kinase 3P, and thus Pcatenin, m aintaining osteoblast longevity (M iller et al, 2002, Logan et al, 2004). Further to
this, non canonical pathw ays activated by W nts include c-Jun N H 2-term inal kinase (JNK)
pathw ay, which is also under the control o f Dsh (W oradx et al, 1998, M iller et al, 2002, Logan
et al, 2004). W nt signaling is a key factor in m aintaining osteoclast and osteoblast
hom eostasis, and this, BM U activity, and thus, possesses num erous regulatory factors such as
W nt inhibitory factors (W IFs), secreted frizzled-related proteins (SFRPs), dickkopfs (DKKs)
(K aw ano et al, 2003, Radawi et al, 2005).

©
Landed
state
Unlipnded state

Cytoplasm { Nucleus

locahut»on

^ Current M * d io « n « O ioup

Osteoclastogenesis

F ig. 5.3 T he W n t/ p-catenin p ath w ay . W ithout W nt, P-catenin becomes phosphorylates leading to signal
inactivation. Following W nt binding to LRP and frizzled receptors, osteoblastic gene expression ensues. DKK-1
is secreted and counteract LRP activity ceasing W nt activity and stim ulating osteoclastogenesis. (Adapted from
Krishnan et al, 2006).

W nts have been shown to prevent osteoblast apoptosis, which has been displayed by
the work of A m eida et al, 2005, w hereby M C3T3-E1 cells were subjected to treatm ents with
canonical and non canonical W nts, and displayed a Src/Erk (extracellular signal-regulated
kinase) and PI3K (phosphatidylinositol 3-kinase)/A K T m ediated anti apoptotic effect. DKK
proteins exist in 4 main form s, how ever, the role o f DK Ks in W nt suppression has been more
greatly characterised in DKK 1 and 2 ( Kaw ano et al, 2003). Excessive production o f DKK-1
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has been shown to prom ote excessive bone loss via stim ulation o f osteoclasts, however,
blocking o f DKK-1 has been shown to restore hom eostasis through increasing BM P-2
signaling, thus stim ulating bone form ation (Liu et al, 2006, Tian et al, 2003). Furtherm ore,
W nt has been shown to be antagonised by SO ST/Sclerostin, again, through LRP-5 receptor
binding (Ellies et al, 2006).
M icrodam age, as described in chapter 4, is present at high levels in osteoporotic bone,
w hereby osteocyte integrity has been show n to be com prom ised. It has been suggested, and
subsequently shown, that the m evalonic pathw ay is affected by bisphosphonate treatm ent, in
addition to suppressing RA N K L and OPG activity (Kim ichi et al, 2011, G iner et al, 2010).
How ever, the more intricate biochem ical factors attributing to the action o f bisphosphonates,
like the effect o f m icroinjury, has yet to be determ ined. The results o f chapter 4, however,
gave a clear outline as to why this study should be perform ed, as it dem onstrated that, in spite
of the ability o f bisphosphonates, nam ely alendronate and zolendronate, to suppress RA N K L
and OPG activity, m icroinjury still bore the ability o f stim ulate osteoclastogenesis and
osteogenesis, in a dam age size dependent manner.
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5.2 Aims of the study
Based on the findings o f chapters 2, 3 and 4, the objective of this study was to
determ ine the effect o f m icroinjury on the other biochem ical pathw ays involved in bone
rem odeling, and to determ ine a broader scope o f what other biochem ical factors contribute to
m icroinjury m ediated bone rem odeling response. As described above, there is vast evidence
that osteoclast and osteoblast activity is not ju st a RA N K L-R A N K -O PG phenom enon;
how ever, the role which m icrodam age/m icroinjury plays in initiating these other pathw ays has
yet to be elucidated. C onsidering the finding o f chapter 4, w here a bone rem odeling response
was observed in the absence of RA N K L and OPG, the effects o f bisphosphonates on the
release and activity o f alternative “bone rem odeling” factors will also be determ ined.

C onsidering this, the specific aim s o f this particular study were as follows:

1. To block RA N K L activity using recom binant proteins, to establish w hether m icroinjuryinitiated osteoclastogenesis is solely m ediated by RANKL
2. To use a proteom ic approach to elucidate the biochem ical signaling pathw ays resulting from
osteocytes, follow ing m icroinjury by perform ing an antibody array, assessing 308 proteins and
elucidating their relationship to bone rem odeling.
3. To assess the effect of m icroinjury on BM P-2 activity through use o f ELISA.
4. To determ ine the effects of bisphosphonate treatm ent on the biochem ical pathw ays involved
in a bone rem odeling response follow ing m icroinjury using a proteom ics based antibody array
and ELISA.
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5.3 Methods
5.3.1 Materials
C ell culture m aterials in clu d in g a -m o d ifie d essen tia! m ed iu m (a M E M ), foetal
b o v in e serum (F B S ), c a lf serum (C S ), p en icillin /strep to m y cin , D u lb e c c o s p hosphate buffered
salin e ( I X ) ,

T ry p sin /E D T A , D u lb e c c o s m o d ified e a g le s m ed iu m (D M E M ), 0.1 N S od iu m

H y d rox id e so lu tio n . Trypan B lu e stain, L eu k o cy te acid ph osp h atase stain in g kit, sod iu m
citrate, PnPP, sod iu m ch lo rid e, sod iu m tartarate. A lizarin R ed, C etylp yrid in u im ch lorid e,
A len d ron ate and B -D P recisio n g lid e 21 and 2 6 g a u g e sy rin g e n eed les w ere all purchased from
S ig m a A ldrich Ireland Ltd, A irton R d, T allagh t, D ublin 24. O p tiM E M reduced serum m edia
w as purchased from G ib co . Z olend ronate w a s purchased from A lp h atech te c h n o lo g ie s,
B le ssin g to n , C o. W ic k lo w , Ireland. H em a to x y lin , E osin and N u clear Fast R ed w ere purchased
from L en n o x L aboratory S u p p lies, N aas rd, D u b lin . M atrigel b asem en t m em brane m atrix and
rat tail c o lla g e n w ere purchased from B D B io sc ie n c e s. C la ssic P lus acupuncture n e ed le s (1 6 0
p m , and 4 0 0 p m ) w ere purchased from H arm ony M ed ical D istrib u tion s Ltd, L eyton ston e,
L ondon , U n ited K in gd om . R A N K -F c and O P -F c and B M P -2 E L IS A w ere purchased from
R & D sy ste m s. R a y B io B iotin L ab el-b ased M o u se A n tib o d y Array 1 w a s purchased from
In sigh tb io.

C ell

culture

p la stic-w a re

w as

purchased

from

Sarstedt

Ltd,

S in n ottstow n ,

W exford , Ireland. M L O -Y 4 c e lls w ere provided by P rofessor L ynda B o n ew a ld , U n iv er sity o f
M issou ri, K ansas, U .S.

5.3.2 Ceil culture
A s describ ed in p rev io u s chapters, M L O -Y 4 c e lls w ere m aintained in a M o d ified
E a g les m ed iu m (B io se r a ) su p p lem en ted w ith 5% foetal b o v in e serum , 5% iron su p p lem en ted
c a lf serum and 1% a n tib io tics (p e n ic illin / strep tom ycin ). C ells w ere cultured in c o lla g en
coated fla sk s (0 .1 5 m g /m L rat tail c o lla g e n typ e 1) at 37 ° C at 5% C O 2 . P reosteo cla sts (R A W
2 6 4 .7 c e lls , A T C C ) w ere cultured in high g lu c o se D u lb e c c o ’s M o d ified E a g les M edium
su p p lem en ted w ith 10% heat inactivated foetal b o v in e serum and 1% an tib iotics (p e n icillin /
strep tom ycin ).
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5.3.3 Blocking RANKL activity with RANK-Fc and OPG-Fc
As described, RANKL release from osteocytes is fundamental in stimulating an
osteoclastogenic response following microdamage, and much debate exists regarding the other
biochemical factors involved in the stimulation of osteoclastogenesis and bone remodeling. In
order to determine this, it was necessary to block RANKL activity in conditioned media, and
this was achieved by the utilisation of the two principal receptors of RANKL- its functional
receptor RANK, and its decoy receptor OPG, in an in vitro simulation of microdamage to
osteocytic networks.

As previously described,

(chapter 2, section 2.3.3.1), MLO-Y4 cells

were embedded in a rat tail collagen type I /Matrigel construct (BD Biosciences), to simulate
an in vitro environment, facilitating cell process network formation. The collagen / Matrigel
constructs containing 1 x 1 0 ^ cells/mL of gel were cultured in 24 well plates and incubated for
1 hour to allow gels to solidify, prior to addition of culture media supplemented with 100
ng/ml RANK-Fc (Menaa et al, 2000) and 100 ng/ml OPG-Fc (Zhao et al, 2002), to block
RANKL activity. This was just to determine if an osteoclastogenic response ensued following
microinjury, and was not used in subsequent experiments. Following treatment with RANKFc and OPG-Fc, cell process formation was of normal morphology. After a 5 day incubation
to facilitate cell process formation, 400 pm damage was applied (see Fig. 2.3, chapter 2).
To determine if blocking of RANKL with RANK-Fc and OPG-Fc was successful,
and whether osteoclastogenesis is mediated by RANKL activity or whether other biochemical
factors were involved, preosteoclasts were incubated in conditioned media from RANK-Fc
and OPG-Fc treated media. At 7 day intervals, TRAP activity was quantified as previously
described, in chapter 3, section 3.3.6. 20 pi of IM NaOH (Sigma Aldrich) was added to stop
the reaction and absorbance was read at 405 nm by spectroscopy, n = 3 cultures were assayed
in each case.
5.3.4

Determination

of the other biochemical factors involved

in initiation

of

osteoclastogenesis: RayBio Biotin Label-based Mouse Antibody Array 1
In order to assess what other biochemical factors were involved in the stimulation of
osteoclastogenesis following microinjury, and furthermore, the effect of bisphosphonate
treatment on osteoclastogenic potential of microinjury, it was necessary to use a tool which
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can m easure a vast quantity of proteins, hence, in this study a RayB io Biotin Label-based
M ouse A ntibody Array 1 was used. This allow s for the sim ultaneous analysis of 308 proteins,
which include cytokines, growth factors, chem okines, proteases, soluble receptors and soluble
adhesion m olecules in culture media. The principal of the experim ent is that follow ing
biotinlyation of the prim ary am ine in the respective protein in the cell culture supernatant,
labelling o f the protein allows it to becom e adhered to its respective receptor on the
m em brane. The m em brane is then labelled with H R P-streptavidin, which labels each protein
to a certain intensity and each protein can then be detected by chem ilum inescence. The result
is a m em brane displaying all the proteins, at different intensities, which can be quantified
using optical densitom etry.
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Fig. 5.4 Schematic of how the RayBio Biotin Label-based Mouse Antibody Array 1 works
( www.ravbiotech.com)

The initial step o f this experim ent was to collect culture m edia from gel em bedded
M L 0 -Y 4 cells, 72 hours after the application o f dam age, and 3 ml o f each sam ple was
dialysed overnight. M icroinjury was applied (400 )am) to sam ples and undam aged sam ples
were also used as a control, in the absence o f RA NK -Fc and O PG-Fc. Sam ples were places in
a dialyzer and dialyzed with 2 litres o f IX PBS. This was follow ed by a second dialysis step
for 3 hours in fresh IX PBS. This was perform ed under constant stirring conditions. Follow ing
this, sam ples were rem oved from the dialyzer and 2 ml o f dialyzed sam ple placed in a clean
tube for Biotin labelling. Under m anufacturer’s instructions, 100 pi o f Ix PBS was added to
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the internal control tube and pipetted to ensure thorough mixing. 40 pi of this was then added
to the dialyzed sample. 100 pi o f ix PBS was added to the labelling reagent, followed by
vortexing to dissolve the powder. 50 pi o f labelling reagent was added to the dialyzed sam ple
and this was incubated at room tem perature for 30 m inutes under shaking conditions. 5 pi of
stop solution was then added to the reaction. Follow ing this, free biotin was rem oved from the
dialyzed sample by centrifuging through a spin colum n, having undergone 3x rinses with Ix
PBS, for 3 m inutes at 1,000 g.
^Vhile biotin labelling is being perform ed, each m em brane was placed in a tray (as
provided by the m anufacturer), and 8ml blocking buffer applied. This was follow ed by a 1
hour incubation at room tem perature to block the m em branes. The excess blocking buffer was
decanted from the trays. The biotin labelled samples w ere diluted in blocking buffer and the
volum e increased to 8ml. 8 ml o f sam ples was then added to each m em brane, and incubated
for 2 hours under shaking conditions. Sam ples were decanted from the m em branes, and this
was followed by 3 x rinses in IX wash buffer 1 and 3 x rinses IX wash buffer 2, both o f which
were performed under shaking conditions. 8ml of 500 fold HRP- conjugated streptavidin was
added to each m em brane, followed by an overnight incubation at 4 °C.
Following this incubation, the 500 fold FIRP- conjugated streptavidin was decanted
from the m em branes, and a 4ml solution o f 1:1 detection buffer C and detection buffer D was
applied to the m em branes, to facilitate chem ilum inescence o f the samples. It is im perative that
detection is perform ed within 40 m inutes o f the addition of the detection solution, and the
m em branes m ust not dry out. Using forceps, the m em branes were placed, correct side up, on a
plastic sheet. This was covered with another plastic sheet; in order to elim inate as many
bubbles as possible. The signal was detected by m eans o f x-ray film (fugifilm ), exposing
m em branes for 40 seconds. Several exposures were repeated to gain the best result.
M embranes w ere then stored at -20 °C for future reference. X-ray films were then scanned and
the amount o f protein present established by optical densitom etry by scanning with an Epson
scanner and perform ing densitom etry using G eneTools by Syngene software. Results were
further analysed using optical densitom etry and protein levels expressed in terms o f pixel
values.
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5.3.5 Quantification of BMP-2 activity following microinjury
BMP-2, as described, is one of the principal factors facilitating osteogenesis and
mineralization of MC3T3-E1 cells. Considering that microinjury to osteocytes stimulates in
vitro osteogenesis, in the absence of osteogenic media, it was necessary to determine the
amount of BMP-2 produced by cells following damage. Gel embedded M L0-Y 4 cells were
incubated for 72 hours in OptiMEM serum free media and the samples used were undamaged
and those having received 400 pm damage. BMP-2 was quantified by means of single site
specific ELISA (Mouse BMP-2 ELISA) under manufacturers’ instructions (see section 2.3.4).
n=3 cultures were assayed at each microinjury level, in addition to non-injured controls.
5.3.6 Determining the effects of bisphosphonate treatment on the other biochemical
factors involved in initiation of osteoclastogenesis using a RayBio Biotin Label-based
Mouse Antibody Array 1
As described above, gel embedded osteocytes were incubated in standard media
supplemented with I0 ‘^ M concentration o f either Alendronate or Zolendronate. Again, after a
5 day incubation to facilitate cell process formation, 400 pm damage was applied by inserting
a needle vertically into the centre of the hydrogel (see Fig. 2.3, chapter 2) and drawing it
through at a right angle, creating a defect with dimensions o f 7 mm in length x 5 mm in depth.
After 72 hours, conditioned media was collected from the constructs and pooled accordingly.
A RayBio biotin label-based Mouse antibody array was performed, as described under
manufacturer’s instructions (section 5.3.3).
5.3.6 Quantification of BMP-2 activity following bisphosphonate treatment to osteocytes
following microinjury
Gel embedded MLO-Y4 cells were incubated for 72 hours in OptiMEM serum free
media supplemented with 10'”’ M concentration of either Alendronate or Zolendronate. The
samples used were undamaged and those having received 400 |jm damage. BMP-2 was
quantified by means of single site specific ELISA (Mouse BMP-2 ELISA) under
manufacturers’ instructions, as described above (section 5.3.4).
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5.3.7 Statistics
All data was analysed for significance (p < 0.05) using tw o way A N O V A , post hoc
Tukey test, to com pare means.
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5.4 Results
5.4.1 Osteoclastogenesis is not exclusively a RANKL alone mediated phenomenon
Treatment with both 100 ng/ml RANK-Fc and OPG-Fc caused no significant
difference (p > 0.8) in TRAP release in undamaged samples, as shown in Fig. 5.5 and control
samples cultured in standard culture media at all time points over a 21 day period. At 400 fj.m
damage, treatment with both cytokines showed to significantly decrease (p < 0.05) TRAP
activity in preosteoclasts, yet, TRAP activity still remained significantly higher (p < 0.02) in
treated samples when compared to undamaged samples, demonstrating a mild suppression of
osteoclastogenesis, yet, there still was an osteoclastogenic response, suggesting an alternative
mechanism for stimulating osteoclastogenic activity following microinjury.

• p ^ .0 8
••
E

c
tf >
o

^ .0 2

• • • « .0 5

**

□ day?
day 14

day 21

o'#*'

0<^'

/
dam age size/ cytokine treatm ent

Fig. 5.5 O steoclastogenesis is not exclusively a RANK L alone m ediated phenom enon. As shown in this
figure, there was no significant difference in TRA P activity in preosteoclasts cultured in cell culture m edia or
in the presence o f conditioned m edia from undam aged osteocytes treated with RANK-Fc and OPG-Fc. A
significant increase was observed in 4(X)(im sam ples when com pared to undamaged samples with and
without RANK-Fc and OPG-Fc, this activity was suppressed by cytokine treatment, but not abolished. *
denotes p < 0.08 when com paring significance between undamaged sam ples and control samples with and
without cytokine treatment ** denotes p< 0.02 when com paring significance between 4(K) pm with and
without RANK-Fc and OPG-Fc. *** denotes p < 0.05, when com paring between 400 pm dam age samples
with cytokine treatment to undamaged and standard media samples. Error bars are indicative o f standard
deviation, n = 3.
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5.4.2 Microinjury causes a signiflcant increase in the activity of cytokines, chemokines,
growth factors and soluble factors associated with bone remodeling
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Fig. 5.6 A an d B D ot Blot analysis of p ro te in ex p ressed in 400 jim d am ag e a n d u n d am ag e d sam p les (AU n d am ag ed , B- D am aged) Fig 5.6 A As is depicted in the figure above, few proteins were expressed in
undamaged samples, when com pared to dam aged samples. Fig 5.6 B As is depicted in the figure above, a greater
num ber o f proteins were expressed following microinjury to an osteocytic network, when com pared to
undamaged samples (Fig. 5.6 A). * denotes proteins upregulated in 4(X) |im samples.
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To

determine

the

other

biochemical

factors

involved

in

mediating

an

osteoclastogenic and subsequent osteogenic response, a RayBio Biotin Label-based Mouse
Antibody Array 1 was used. Results were determined using optical densitometry and
expressed as relative protein level in terms of pixel density. All samples analysed were from
undamaged constructs and 400 ^m, 72 hours after damage. There was a vast increase in the
number of proteins expressed in 400 |im when compared to undamaged constructs, as
demonstrated in Figs. 5.6 A and B. The signals of the control were labelled in orange
rectangular boxes, and signals of proteins labelled with red rectangular boxes. The value from
scans was adjusted based on the intensity of positive control spots on each membrane. All
microinjury samples had a tendency to display high levels of interleukins, TNF-a and TNF-(3,
D K K l, Activin A, GM-CSF, RANTES, MMP2 and RANKL compared to undamaged
conditioned medium. Expression of RANKL also showed to confirm the results of the
RANKL ELISA, as shown in chapter 2.
As demonstrated in fig 5. 7, the presence of microinjury had a tendency to
significantly increase (p< 0.01), the presence of Interleukins (IL-1 a, IL 17, IL-27, IL-28 and
IL-29), in addition to the increased expression of members of the Wnt/ P-catenin pathway,
such as Frizzled 1, WIF-1 and DKK-1. With regard to the RANKL-OPG signaling pathway,
RANKL expression was significantly increased (p< 0.01), in 400 (im samples when compared
to undamaged samples, in which RANKL was found to be absent. OPG expression was also
increased in 400 )xm, whereas in undamaged samples, it was also found to be absent.

GM-

CSF, which functions similarly to M-CSF, and MMP-2 activity, which has shown to be
involved in cleavage and activation of RANKL from membrane bound to soluble form,
respectively, also showed to be significantly increased (p< 0.01), in 400 fxm samples. The
expression of angiogenic factors such as platelet derived growth factor (PDGF) and fibroblast
growth factor (FGF), are indicative of an osteogenic response, and these showed to be
downregulated in 400 |xm samples. Furthermore, TNF-a RANTES, IFN-P and Activin, which
have been implicated in stimulating osteoclastogenesis, all showed an increase in activity
following microinjury, when compared to undamaged samples. It is significant to note that all
proteins expressed have been implicated in the bone remodeling pathway.
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Fig 5.7 M icroinjury increase the num ber o f bone rem odeling factors expressed in networks of
osteocytes. On com paring undam aged to 400 [im dam aged samples, a vast increase in protein expression is
observed. The incidence o f pro osteoclastogenic factors (TN F-a, RANKL, RANTES, Frizzled 1, DKK-1, IL1 a, IL-17 and IFN-P) is significantly higher in damaged samples, whereas they tend to be absent or
significantly less in undamaged samples. * denotes p < 0.01 when com paring significance between protein
expression in 4(X) |jm samples to undamaged samples. ** p < 0.05 when com paring significance between
protein expression in undamaged samples to 400 |jm samples.

Error bars are indicative o f standard

deviation, n = 3.
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5.4.3 Microinjury increases BMP-2 activity in networks of osteocyte cells
To quantify the amount of BMP-2 released following microinjury to an osteocytic
network, an ELISA was performed using cell culture supernatants from undamaged and 400
l^m samples, 48 and 72 hours after microinjury. As shown in Fig. 5.8, there was a significant
increase (p < 0.05) in all samples, at both 48 and 72 hours after microinjury between
undamaged and 400 |xm microinjury samples.

undam aged

400 pm

D a m a g e t 'l z e l d ru g tr e a tm e n t

F ig. 5.8 M icroin ju ry in crea ses B M P -2 activ ity

in n etw o rk s o f o steo cy te cells in the p resen ce o f

b isp h o sp h o n a tes. A s shown in F ig. 5.8, there was a significant increase (p< 0.05 ) in BM P-2 activity at 72 hours
when compared to sam ples at 48 hours. There was a significant increase in BM P-2 activity w as observed in 4(X)
l^m sam ples when compared to undamaged sam ples. * denotes p< 0.05 when comparing significance between
4 0 0 pm and undamaged sam ples. Error bars are indicative o f standard deviation, n =3.

5.4.4 Bisphosphonate treatment suppresses RANKL and OPG activity, yet maintains the
activity of pro-osteoclastogenic factors
As was observed in the previous chapter, bisphosphonate treatment caused an almost
full suppression of RANKL and OPG activity, yet osteoclastogenesis and osteogenesis was
maintained, albeit to a lesser extent. To determine the whether other biochemical factors were
involved in mediating an osteoclastogenic and subsequent osteogenic response following
bisphosphonate treatment, conditioned media from microinjury experiments treated with
alendronate and zolendronate were again analysed using an antibody array. Results were
determined using optical densitometry and expressed as relative protein value in terms of pixel
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density. All sam ples analysed were from undam aged constructs and 400 (im, 72 hours after
dam age, treated with 10'^M concentration of alendronate and zolendronate.

5.4,4.1 Alendronate treatment suppresses some of the factors involved in the
microinjury response in osteocytes yet maintains other osteoclastogenic and osteogenic
factors.
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Fig. 5.9 A, B and C Dot Blot analysis o f protein expressed in 400 fim dam age to osteocytes treated with 10'
'‘^M A lendronate com pared to non bisphosphonate treated sam ples. (A- Undam aged, B- Dam aged, CA lendronate) 5.9 A As is depicted in the figure above, few proteins were expressed in undam aged samples,
when com pared to dam aged samples. As is depicted in the fig 5.9B , a greater num ber o f proteins were expressed
following microinjury to an osteocytic network, when com pared to undamaged samples. Fig 5.9 C As is depicted
in the figure above, few er proteins were expressed following m icroinjury to an osteocytic network, when
com pared to 4(X) |im non bisphosphonate treated samples and undamaged samples. * denotes proteins
upregulated in 4(X) |im samples, ** denotes proteins upregulated in bisphosphonate treated sam ples alone.
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Treatment with alendronate demonstrated the expression of a greater number of
proteins than the undamaged constructs, as shown in Fig 5.9 A, B and C. Again, the signals of
the control were labelled in orange rectangular boxes, and signals of proteins labelled with red
rectangular boxes. All microinjury samples treated with alendronate had a tendency to display
high levels of IL -11, IL-12 and IL-17, Osteoactivin A, Frizzled 6, TGF- [3, CD 30 and CD 40,
when compared to non alendronate treated 400 fim and undamaged samples. As shown in fig
5,10, the treatment of osteocytes with alendronate followed by the presence of microinjury had
a tendency to significantly increase (p< 0.01), the presence of IL -11, IL-17 and IL-27, and
furthermore, proved to stimulate the expression of CD 30 and CD 40, Frizzled 1, GFP-alpha 4,
which is responsible for mediating cell-cell interactions, osteopontin, osteoactivin and TGF- p.
In comparison to the non bisphosphonate treated constructs, there was no RANKL or OPG
expressed, in addition to an absence of MMP-2, TNF- a, DKK-1, IL-1, Activin A, all of which
have been implicated in stimulating osteoclastogenesis.
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Fig 5.10 Alendronate treatm ent suppresses some of the factors involved in the m icroinjury response in
osteocytes, yet maintains other osteoclastogenic and osteogenic factors. Please see figure legend o f next
page.
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Fig 5.10 Alendronate treatm ent suppresses som e o f the factors involved in the m icroinjury response in
osteocytes, yet m aintains other osteoclastogenic and osteogenic factors. On com paring 400 |im non
alendronate treated samples an increase in the presence o f osteoclastogenic and osteogenic factors, such as
CD -40, F rizzled-1, IL -1 1, IL-12, TGF- p, osteopontin and osteoactivin are observed in dam aged following
alendronate treatment. However, when com paring bisphosphonate treated samples to non bisphosphonate
treated undamaged sample, a significant increase in frizzled 1 and PDG F was observed, the latter o f which
has been implicated in bone repair. * denotes p < 0.01 when com paring significance between protein
expression in 400 pm samples to undamaged samples. ** p < 0.01 when com paring significance between
protein expression in undamaged samples to 4(X) |im samples. # p < 0.01 when com paring significance
between protein expression in alendronate and both non alendronate treated undamaged and 400 |jm
samples. Error bars are indicative of standard deviation, n = 3.
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S.4.4.2 Zolendronate treatment suppresses some of the factors involved in the
microinjury response in osteocytes yet maintains other osteoclastogenic and osteogenic
factors.
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Fig. 5.11 A, B and C Dot Blot analysis of protein expressed in 400 jim dam age to osteocytes treated with 10'
zolendronate com pared to non bisphosphonate treated sam ples. (A- U ndam aged, B- Dam aged, CZolendronate) 5.11 A As is depicted in the figure above, few proteins were expressed in undam aged samples,
when com pared to dam aged samples. Fig 5.11 B As is depicted in the figure above, a greater num ber o f proteins
were expressed following microinjury to an osteocytic network, when com pared to undamaged samples. Fig 5.11
C As is depicted in the figure above, few er proteins were expressed following m icroinjury to an osteocytic
network, when com pared to 400 (im non bisphosphonate treated samples and undamaged samples. * denotes
proteins upregulated in 400 nm samples, ** denotes proteins upregulated in bisphosphonate treated samples
alone.

Treatment with zolendronate demonstrated the expression of a greater number of
proteins than the undamaged constructs, as shown in Figs. 5.11, A, B and C, and 5.12. Again,
the signals of the control were labelled in orange rectangular boxes, and signals of proteins
labelled with red rectangular boxes. All microinjury samples treated with zolendronate had a
tendency to display high levels of IL-12, IL-17 and IL-28, Osteoactivin A, Frizzled 1, TGF166
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P, TROY, W IF -1, GFP-a-4, CD 30 and CD 40, whereas undamaged samples demonstrated a
more suppressed array of expression, and showed an elevation in factors such as Frizzled -1,
IFN-a, IL-27 and PDGF. As demonstrated in fig 5.12, the treatment of osteocytes with
zolendronate in a simulation of microinjury to an osteocytic network had a tendency to
significantly increase (p< 0.05), the presence of IL-12, IL-17 and IL-28, and furthermore,
proved to stimulate the expression of CD 30 and CD 40, Frizzled 1, G FP-a 4, osteopontin,
osteoactivin and TGF- p, all of which have been shown to demonstrate osteoclastogenic and
osteogenic properties. In comparison to the non bisphosphonate treated constructs, there was
no RANKL or OPG expressed, in addition to an absence of MMP-2, TNF- a, DKK-1, IL-1,
Activin A, all of which have been implicated in stimulating osteoclastogenesis.

Further to

this, on comparing zolendronate to alendronate treatment of an osteocytic network following
microinjury, there was no expression of the pro osteoclastogenic cytokine, IL -11, where as the
pro osteogenic factor, WIF-1 was absent from alendronate treated samples. However, there
was

predominantly

consistency

observed

in

the

proteins

expressed

between

bisphosphonate groups.
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Fig 5.12 Z olendronate treatm ent suppresses some of the factors involved in the m icroinjury response
in osteocytes, yet m aintains other osteoclastogenic and osteogenic factors. Please see legend on next
page.
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Fig 5.12 Zolendronate treatm ent suppresses som e of the factors involved in the m icroinjury response
in osteocytes, yet m aintains other osteoclastogenic and osteogenic factors. On com paring 400 (xm non
alendronate treated samples an increase in the presence o f osteoclastogenic and osteogenic factors, such as
CD-40, F rizzled-1, IL -11, IL-12, TGF- p. osteopontin and osteoactivin are observed in dam aged following
zolendronate treatment. However, when com paring bisphosphonate treated samples to non bisphosphonate
treated undam aged sample, a significant increase in frizzled I and PDGF was observed, the latter o f which
has been implicated in bone repair.

* denotes p < 0.01 when com paring significance between protein

expression in 4(X) |jm samples to undamaged samples. ** p < 0.01 when com paring significance between
protein expression in undamaged samples to 400 pm samples. # p < 0.05 when comparing significance
between protein expression in alendronate and both non alendronate treated undamaged and 400 |jm
samples. Error bars are indicative of standard deviation, n = 3.
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5.4.4 Microinjury increases BMP-2 activity in networks of osteocyte cells treated witli
bisphosphonates
To quantify the am ount of BM P-2 released follow ing m icroinjury to an osteocytic
netw ork treated with lO'^M concentrations o f alendronate and zolendronate, an ELISA was
perform ed using cell culture supernatants from undam aged and 400 |am sam ples, 48 and 72
hours after m icroinjury. As shown in fig x, there was a significant increase (p < 0.05) in all
sam ples, at both 48 and 72 hours after m icroinjury betw een undam aged and 400 jam
m icroinjury samples.
*

* p<0.05

u ndam agsd

4 0 0 |a n

4 8 0 inn (AUEN)

|>n(ZOL)

itom age sizsAdrug keatm an t

Fig. 5.13 M ic ro in ju ry in creases BM P-2 activ ity in n etw o rk s of osteocyte cells in th e p resen ce of
b isp h osphonates. As shown in Fig. 513, there was a significant increase (p<().05 ) in BMP-2 activity at 72 hours
when compared to samples at 48 hours. Further to this, no significant difference in BM P-2 activity was observed
between alendronate treated and zolendronate treated samples at 400 ^m. * denotes p< 0.05 when com paring
significance between 400 |jm with and without bisphosphonate treatment and non drug treated undamaged
samples with and without bisphosphonate. Error bars are indicative o f standard deviation, n =3.
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5.5 Discussion
For m any years, it was taken that RA N K L and OPG function synergistically in
m aintaining skeletal hom eostasis, alone. M ore recently, the roles o f alternative factors and
pathw ays involved in bone rem odeling have been considered, how ever the relationship
betw een m icrodam age and these factors has yet to be elucidated. In previous chapters, the role
which m icroinjury plays, m ost notably the significance of m icroinjury size, on R A N K L-O PG
activity and physiological events in the cells of the BM U, was well established. The previous
chapter dem onstrated that bisphosphonate treatm ent altered the normal activity o f RA N K L
and OPG, and initiated an alm ost entire suppression o f these cytokines. Interestingly, however,
the rate of osteoclastogenesis regulated by dam age size, as did the rate of osteogenesis.
C onsidering this, it posed the question- Is m icrodam age induced bone rem odeling exclusively
a RA N K L-O PG m ediated phenom enon, or do other factors play a role in stim ulating this
activity?
The ability o f m icrodam age to stim ulate bone rem odeling has been shown over the
years through the studies o f Verborgt, M artin and Burr, Taylor, and Schaffler, w hereby BMU
activity has been observed in close proxim ity to m icrodam age, or, w here an elevated level of
apoptotic cells is present, thus eliciting a rem odeling response, have been found on the
periphery o f m icrodam age in bone (Burr et al, 1985, V erborgt et al, 2000, M artin et al, 2000,
C ardoso et al, 2010). As described in the previous three chapters, and consistent with existing
literature, osteoclastogenesis and osteogenesis is regulated by dam age size. In addition to this,
the increase in RA N K L activity paralleled with osteoclastogenesis, and thus, the relationship
betw een dam age size and cytokine activity was reinforced. In order to determ ine whether
these activities are dependent greatly on RA N K L activity, it was necessary to rem ove RA N K L
from the equation. RA N K L has shown to be m odulated by num erous osteotrophic factors,
which include TNF- a m ediated release o f IL-1, IL-6, IL-8, IL -1 1, IL-15, IL-17 and IL-28.
These m ultitude of interleukins also may act in the m odulation o f OPG activity follow ing
RA N K L-R A N K binding, and these tend to be isolated m ore so to IL-1, IL-6 and IL -1 1
(H ofbauer et al, 1999, N akashim a et al, 2000, Wei et al, 2002, M oreno et al, 2003, M oonga et
al, 2002, Palm qvist et al, 2002, Bendre et al, 2003). A ctivity of RA N K L has also been shown
to be controlled by CD -40, and CD 44, in a cell-cell based interaction, to furtherm ore
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dem onstrate the additional factors attributing to RA N K L m ediated and RA N K L independent
osteoclastogenesis (O kada et al, 2000). Interactions betw een RA N K L and RA N K activity,
m odulated by these such factors result in determ ining the fate o f preosteoclasts, in that they
bear the potential to stim ulate their recruitm ent and differentiation, and thus, m aturation into
bone resorbing cells. Interestingly, there is evidence that RA N K L is not the only direct
m ediator o f osteoclastogenesis. It has been shown that T N F-a, IL-1 and TG F-p can act on
preosteoclasts, stim ulating their differentiation into osteoclasts (Fox et al, 2000, Kudo et al,
2002, Itonaga et al, 2004). On the contrary, how ever, it has been dem onstrated that IL-1
activity depends on the presence of RA NK L, so the role o f RA N K L as the principal stim ulator
o f osteoclast activity is rather contradictory.
As has been well established, RA NK and OPG function as being the principal receptors for
RANKL, and thus, the use o f recom binant form s o f these proteins was fundam ental in
blocking RA N K L activity. V arying concentrations of both cytokines was used to supplem ent
the standard culture m edia, based on the amount of RA N K L released in previous studies, and
based on previous studies (M enaa et al, 2000, Zhao et al, 2002). This was applied to a 3D
m odel

of

m icrodam age

and

conditioned

m edia

from

m icroinjury

experim ents

was

subsequently applied to preosteoclasts, and culture for 21 days, determ ining the T R A P activity
at 7 day intervals. As has been described, dam age applied to an osteocytic network, such as in
the proposed “Scissors M odel”, (Taylor et al, 2007), or alternative m echanism s w hereby cell
processes becom e ruptured in a shearing type m echanism (Cowin et al, 1991, Carter et al,
1987, V erborgt et al, 2000, Reilly et al, 2000), cause “bone rem odeling” factors to be released
into the surrounding environm ent, or in the case o f this study, into the culture media. Indeed,
there was suppression in the degree o f osteoclast activity; however, this activity was not
entirely dim inished, which indicated that indeed, an alternative factor was present, capable of
stim ulating and initiating the bone rem odeling process.

In this study, a m yriad o f growth factors, cytokines, chem okines, soluble factors and
proteins w ere determ ined by m eans o f a m ultiplex antibody array, in addition to determ ining
the stim ulus for osteogenesis. It is significant to note that this is the first tim e that this large
num ber o f factors released from a m odel o f m icrodam age, has been determ ined. As described,
RA NK L activity depends on the presence o f several factors, principally M -CSF, which results
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from IL-1 and TNF- a activity, allowing the solubilisation and activation of R A N K L (Lum et
al, 1999, Kimble et al, 1996), which facilitates the upregulation of a major osteogenic factor,
BMP-2. BMP-2 functions through the activity of the Smad signaling pathway, which are
mediated by activin A and TGF p. Additionally, interleukins, primarily IL-1, functions, in
addition to TNF, in upregulating RANTES, which has shown to be a stimulator of
osteoclastogenesis. Further to this, other members of the T N F superfamily, such as TRAFs,
have shown to stimulate an osteoclastogenic response, in conjunction with NF

k

B, Leukemia

Inhibitory factor and c-Fos (Boyle et al, 2003, O ’Brien et al, 1999, Palmqvist et al, 2004).
Further to this, as described above, the Wnt/6-catenin pathway has been implicated in
stimulating a bone remodeling response (Miller et al, 2006). This pathway encompasses
numerous factors, such as Wnt inhibitory factors (WIFs), secreted frizzled-related proteins
(SFRPs), dickkopfs (DKKs) (Kawano et al, 2003, Rawadi et al, 2005). These proteins
function in either stimulating osteoclast activity or osteoblast activity, through a negative
feedback loop. This is but a very small example of the known, and potential factors involved
in bone remodeling, and, as described, their role and the potency o f activity, and how this
related to microdamage, has yet to be determined.
B one re so rp tio n
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Fig 5.14 Signaling pathways in bone rem odeling. Normally, bone formation and resorption involves a highly
regulated process controlled by RANKL-OPG signaling. Further factor involved in this process include BMP,
TGF- p, PDG F and W NT, which regulate osteoblast activity. Further to this, DKK blocks W nt activity, and
subsequent BM P activity, inhibiting osteoblast activity and stimulating osteoclastogenesis. BM P binding to its
receptors is responsible for upregulating Smads, which further determine the functioning of Runx2 and osterix,
regulating osteoblast activity. Furtherm ore, TGF-P also affects Runx signaling. FGFs and ILGF function in
phosphorylating Smads and activating

the MAPK

pathway

in osteoblasts,

which, in turn, regulated

osteoclastogenesis. Wnt proteins, on the other hand, interact with its receptors, frizzled or LRP, stabilizing pcatenin, initiating either an osteoclastogenic or osteoblastic response (Logothetis et al, 2005).
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The results o f the proteom ics study dem onstrated that follow ing m icroinjury, 22
proteins were upregulated and 4 proved to be dow nregulated, when com pared to the 6 which
were determ ined in the undam aged construct. As expected, in 400 fxm sam ples, RA N K L
activity was elevated, when com pared to the undam aged construct, and in addition to this,
there was an increase in M M P-2 activity, which is a gelatinase, and one o f the principal matrix
m etalloproteases responsible for the cleavage of R A N K L from its m em brane bound form to
soluble form (K usano et al, 1998). A dditionally, M M P-2 activity has been show to be
regulated though binding o f Ephrin B2 to Eph B4 in the bidirectional signaling pathw ay,
w hich, as discussed in the introductory chapter, is responsible for regulating osteoclasts and
osteoblast activity (Tat et al, 2008, Zhao et al, 2006). Interestingly, OPG activity was found to
be unregulated in dam aged sam ples, whereas it was found to be suppressed in undam aged
sam ples. This is contradictory to the findings o f chapter 2; yet, it supports the theory proposed
in chapter 2, and m ay be considered an experim ental anom aly. Further to this, som e RA NK L
was found to be present in undam aged constructed, as detailed in chapter 2, which is
suggestive that a proteom ic approach may not be as sensitive at detecting certain proteins.
Interleukin pathw ay
As described in the introduction, R A N K L activity is regulated by TN F- a and
subsequent interleukin activity, principally IL -I, IL-6, IL -1 1, IL-17 and IL-28. As determ ined
by the antibody array, m icroinjury stim ulated the expression of IL-1 a, which has been
suggested to be regulated by R A N K L activity, and so m ay play a role in a R A N K L m ediated
osteoclastogenic response (Lee et al, 2006, Lee et al, 2010, Kim et al, 2010). Further to this,
expression o f IL- 17, L-28 and IL-29 was shown to be increased follow ing m icroinjury. IL-17
has vastly shown to function synergistically with R A N K L in m ediating bone loss (Won et al,
2011, Lubberts et al, 2003). IL-28 and IL-29 levels were also increased in 400|im samples;
how ever, their role in either the stim ulation o f inhibition o f both osteoclastogenesis and
osteogenesis has yet to be determ ined. As was dem onstrated in both dam aged and undam aged
sam ples, an increase in IL-27 was observed, and the increase in IL-27 was significantly greater
in undam aged sam ples. It is significant to note that IL-27 has been shown to be a potent
inhibitor o f osteoclastogenesis (K im aya et al, 2007, K im aya et al, 2010, K alliolas et al, 2011),
through suppression o f RA N K L m ediated N FA T expression and subsequent abrogation of
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RANK expression on preosteoclasts. Activin A is another factor harnessed by RANKL to
stimulate osteoclastogenesis (Fuller et al, 1999, Sugatani et al, 2003), and again, at 400 )j,m,
has shown to be greatly upregulated, when compared to undamaged samples, where Activin A
was present, but to a lesser extent. Inhibition of activin A has proved to enhance bone
formation; yet, large amounts of activin have shown to enhance bone formation and fracture
healing in rodents (Chantry et al, 2010). This may be a principal finding, demonstrating as to,
again,

why little osteoclastogenesis occurs in undamaged samples and may be due to the

suppressed expression of a reduced level of RANKL, MMP-2, Activin A, TNF-a and IL-1 a.
Wnt/P-catenin pathway
As described, the Wnt/ (3-catenin pathway has strongly been associated with
regulation of bone remodeling, through the mechanistic functioning of its receptors, DKK-1
and SFRPs, and antagonists. Frizzled proteins and WIFs, as demonstrated in Fig. 5.3 (Miller et
al, 2002, Kawano et al, 2003, Rawadi et al, 2005, Bodine et al, 2008). Wnts, as described,
function to reduce levels of osteoblast apoptosis, as described. Furthermore, treatment of
osteoblastic cells with PTH, which has shown to also upregulate RANKL, increased [3-catenin
protein levels, and that this effect occurred through modulation of both the protein kinase A
and protein kinase C pathways, thus reducing apoptosis of osteoblastic and osteocytic cells
(Tobimatsu et al, 2006). A study by Bodine et al, 2004, showed that suppression of Wnt/pcatenin lead to a downregulation of the transcription factor, Runx2, which is essential for the
maturation of osteoblasts, and in the ultimate expression of

type I collagen, alkaline

phosphatase (ALP), bone sialoprotein and osteocalcin. Following antibody array analysis of
both 400 (xm damage and undamaged samples, the expression of some of the factors involved
in the Wnt/ P-catenin pathway was increased. An expression of Frizzled 1, the co receptor of
Wnt and which is responsible for Wnt signaling initiation, showed to be upregulated in both
damaged and undamaged samples, however, its activity was found to be greater at 400 (j,m
(Verges et al, 2008). It has been shown that mechanical loading, which has been hypothesised
to cause shearing of osteocyte cell processes, requires Wnt dependent activation of LRP5,
initiating an osteogenic response. Antagonism of this activity, but such factors as frizzled I
and DKK-1, initiates an osteoclastogenic response, and thus, may further demonstrate as to
why osteoclastogenesis is elevated in 400 )o,m samples, even following the ablation of RANKL
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activity (Sawaicami et al, 2006). In addition to this, the DK K-1, which is also an inhibitor o f
W nt, dem onstrated an increased expression in 400 )am sam ples, whereas it was absent from
undam aged sam ples. DKK-1 functions as a receptor for W nt, stabilising the W nt/ P-catenin
pathw ay, initiating an osteogenic response (Levasseur et al, 2005). Conversely, excessive
DKK-1 has shown to initiate an alternative route o f activity, by blocking osteogenesis (Li et
al, 2005) and has additionally shown to increase OPG levels, thus dem onstrating a reason as to
why OPG levels are increased in this model o f m icroinjury in bone (D iarra et al, 2007). A
further participant in the Wnt/(3-catenin pathw ay is W IF-1, which inhibits the action o f W nt,
subsequently preventing osteoblast activity and stim ulating bone resorption, leading to
reduced bone density (M inear et al, 2010, H olm en et al, 2005 Cho et al, 2008). In 400 |xm
samples, a large increase in WIF-1

activity was observed indicating an increase in

osteoclastogenesis, whereas in undam aged sam ples, this protein was not detected. The
presence o f DKK-1 in 400 fj,m sam ples may furtherm ore provide the rationale as to why both
osteoclastogenesis and osteogenesis are both increased, and may furtherm ore show the need
for hom eostasis and additionally, the functional relationship between DKK-1, WIF-1 and
frizzled-1, in m aintaining bone rem odeling.
Bone M orphogenic Protein 2
BM P-2, a m em ber of the TG F- p superfam ily, has long been im plicated in the
initiation o f osteogenesis and in prom oting m ineralisation in bone. This protein acts as a
disulphide linked hom odim er, capable o f inducing bone and cartilage form ation, and thus has
been used therapeutically in bone tissue engineering. The role which BM P-2 plays, follow ing
m icroinjury has yet to be determ ined. BM P-2 has shown to be a critical factor in the induction
o f fracture repair (Seeherm an et al, 2005), and abnorm alities in BM P-2 expression can lead to
low BM D and increased fracture risk (Styrkarsdottir et al, 2006). Additionally, BM P-2 has
harboured the ability to initiate differentiation o f cells from a m esenchym al to an osteoblastic
lineage o f cells (Abe et al, 2000). Further to this, the W nt/ p-catenin pathw ay has been
im plicated in regulating the initiation and correct functionality of BM P-2, and in turn. Frizzled
I has shown to be regulated by BM P-2 (Rom an et al, 2004, Chen et al, 2007). C onditioned
m edia from m icroinjury experim ents was analysed for BM P-2 activity using a single site
specific ELISA , 48 and 72 hours after dam aged, and an increase in BM P-2 activity was
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determ ined follow ing m icroinjury. This indicated that, indeed, m icroinjury to an osteocytic
netw ork is capable o f initiating BM P-2 activity, and in turn, furtherm ore dem onstrates the
reason as to why m icroinjury increases osteogenesis in preosteoblastic cells. Furtherm ore,
these results com plem ent the findings o f the antibody array, w hereby increased levels o f
DK K-1, F rizzled-1 and WIF-1 were observed. These results m ay dem onstrate a relationship,
com plem entary to those o f Q iang et al, 2008, w hereby it was shown that W nt signaling along
is not sufficient to stim ulate osteogenesis. This study furtherm ore illustrated the requirem ent
for BM P-2 to be present to stim ulate osteoblast differentiation and activation.
The effects o f hisphosphonate treatm ent o f alternative pathw ays stim ulating hone rem odeling
The next section o f this chapter was to determ ine the effects o f bisphosphonate
treatm ent on the various cell signaling pathw ay involved in m icroinjury induced bone
rem odeling.

As

described

and

subsequently

dem onstrated

in

the

previous

chapter,

bisphosphonate treatm ent interferes with RA NK L and OPG activity (Engel et al, 2003,
Kimachi et al, 2011) and also has shown to suppress the normal R A N K L-O PG response to
m icroinjury. However, in spite o f the alm ost full ablation of RA N K L and OPG activity
follow ing m icroinjury, osteoclastogenesis and osteogenesis rem ained consistent with previous
findings, albeit to a decreased degree (M ulcahy et al, 2011), and proved to increase
accordingly with m icroinjury size. This, again with the results dem onstrated above, regarding
blocking RA NK L activity with its receptor proteins, RA N K and OPG, indicated furtherm ore
that another signaling m echanism was in place to facilitate the m aintenance of bone
rem odeling and ultim ately, skeletal

integrity.

As described

in the previous chapter,

bisphosphonates function in the reduction o f osteocyte apoptosis, in the depletion o f osteoclast
activity, reducing their potential to resorb bone, and by increasing bone m ineral density,
reducing fracture risk and providing a more stable, tenacious skeletal structure (K ennedy et al,
2007, G iner et al, 2010, Hughes et al, 1995, Recker et al, 2008, Brennan et al, 2010).
W ith regard to determ ining the release of pro-rem odeling factors in response to
m icroinjury,

conditioned

m edia

from

osteocytes

treated

with

10'"^M alendronate

or

zolendronate, 72 hours follow ing m icroinjury o f 400 fxm was subject to proteom ic analysis
using an antibody array. An initial observation was the m arked suppression and absence of
m any o f the proteins expressed in the non bisphosphonate treated sam ples, m ost significantly
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RA NK L and O PG, and its associated factors, M M P- 2,

IL-1 a, T N F-a and DK K-1, all o f

which are responsible for stim ulating osteoclastogenesis. A study by Asahi et al, 2006,
dem onstrated that bisphosphonate treatm ent suppressed m RNA levels o f both M M P-2 and
RA NK L, and have shown to elicit and inhibitory role on IL-1 and T N F -a expression
(Penannen et al, 1995) as well as various dikkopf proteins (Ruggiero et al, 2007). As
described in the previous chapter, an osteoclastogenic response was observed follow ing
m icroinjury. In both alendronate and zolendronate treated sam ples, there was an increase in
CD -40, which has been im plicated in binding to CD -44 on other cell types, such as
preosteoclasts, and thus initiating an osteoclastogenic response (Okada et al, 2000).
Furtherm ore, there was an increased incident in the levels o f Frizzled 1, in dam aged and
undam aged sam ples, indicating the propensity for bisphosphonate treatm ent to indeed
suppress RA N K L induced osteoclastogenesis yet still m aintain an osteoclastogenic response,
and facilitate a degree o f bone rem odeling. This showed consistency with previous studies
which dem onstrated the effects of bisphosphonates on frizzled 4, and frizzled related proteins,
which can act on osteoclasts (Streeten et al, 2008). Further to this, there was found to be an
increase in pro osteoclastogenic IL -1 1, IL-12 and IL-17, which have, as described above, been
shown to be potent stim ulators o f osteoclastogenesis, independently o f RANKL. There was an
increase in expression o f WIF-1 in zolendronate treated sam ples, which, was also upregulated
in non bisphosphonate treated sam ples, which, as previously described, bears the potential to
halt osteoblast activity and osteogenesis, and switch on the signaling process associated with
osteoclast recruitm ent and activation, which m ay explain why osteoclast recruitm ent and
osteoclast activity was greater in zolendronate treated sam ples than alendronate treated
samples. On com paring bisphosphonate treated sam ple to non bisphosphonate treated sample,
follow ing m icroinjury, a vast suppression in the expression of pro osteoclastogenic factors,
such as IL-1, IL-6, IL -1 1, IL-17 and IL-28, in addition to T N F-a and D K K l was observed in
bisphosphonate treated groups. This indicates a reason as to why osteoclastogenesis was
reduced in the studies o f the previous chapter, but not fully impeded.
W ith regard to the expression of osteogenic factors, there was, in both alendronate
and zolendronate treated sam ples, follow ing dam age, a m arked increase in IL-27, which has,
as described, been im plicated in the inhibition o f osteoclastogenesis and initiation of
osteoblast activity (K alliolas et al, 2 0 1 1). Further to this, an increased level o f osteoactivin A
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and o steo p o n tin w a s p resen t in 4 0 0

b isp h o sp h on ate treated sa m p les, w hen com pared to

non b isp h o sp h o n a te treated sam p les under the sam e param eters. O steo a ctiv in A is a sso cia ted
w ith the m aturation and d ifferen tiation o f o ste o b la sts, and fu n ction s as a d ow n stream m ediator
o f B M P -2 a ctiv ity (A b d elm a jid et al, 2 0 0 3 ). O steop on tin , or b on e sialop rotein , is ex p re sse d in
b on e as a m arker o f o s te o g e n e s is , and is ex p ressed by all b one cell ty p es, p red om in an tly
o ste o c la sts and o ste o c y te s, and is under the control o f the R u n x2 and O sx sig n a lin g p ath w ays
(M erry e t al,

1993, D u c y et al,

1997). O steop on tin has furtherm ore been im p lica ted in

in itiatin g o steo b la st recruitm ent and in

stim u latin g

m ineralisation

in

o steo b la stic

c e lls

(O ld b erg e t al, 19 8 6 ), w h ich w o u ld be in d ica tiv e as to w h y there are elev a ted le v e ls o f
o steo b la st

recruitm ent

and o steo b la st

m ineralisation

in b isp h osp h on ate treated

sa m p le s

fo llo w in g m icroinjury. T o further d em onstrate the o ste o g e n ic potential o f b isp h o sp h o n a tes in
the ab sen ce o f R A N K L and O PG , again, co n d itio n ed m edia sa m p les w ere an alysed for B M P -2
release u sin g E L IS A . T reatm ent w ith bisp h o sp h on ate sh o w ed no sig n ifica n t d ifferen ce in
B M P -2 a ctiv ity w hen com p ared to non b isp h o sp h on ate treated o ste o c y te s, h ow ever, there w as
an in crease in B M P -2 activ ity o b serv ed again in 4 0 0 |0.m sa m p les, w hen com p ared to
undam aged sam p les. T h is again indicated that b isp h osp h on ate treatm ent d o es not a ffect B M P 2 a ctiv ity , and that eith er the p resen ce o f o s te o g e n ic proteins released fo llo w in g m icroinjury,
or

that

the

ab ility

of

b isp h o sp h o n a tes

to

stim ulate

sp on tan eou s

m in eralisation

of

p reo steo b la sts, m ay be the principal c a u se s o f in creased m ineralisation fo llo w in g m icroinjury.
W h en c o n sid erin g the c u m u la tiv e resu lts o f this sectio n o f the study, it is ev id en t that
m icroinjury to an o ste o c y tic n etw ork in d u ces a larger quantity o f pro o ste o c la sto g e n ic than
o ste o g e n ic

factors.

T h is

dem on strates

that,

in

spite

of

the

ab sen ce

o ste o c la sto g e n e sis can occur, via in h ib itio n s o f W nt through D K K l

of

RANKL,

and W IF, through

increased le v e ls o f T N F a , and IL-1 a and IL -17. It m ay se em that this w o u ld lead to an
en viron m en t w h ereb y e x c e s s iv e b o n e resorption w ou ld prevail, yet, it is param ount to note
that, in vivo, by products o f b o n e resorp tion, such as PTH , estrogen s, T R A P and T G F -P , w h ich
fu n ction in stim u latin g o steo b la st activ ity . Further to this, the p resen ce o f IL -27, IFN p.
F rizzled 1, and B M P -2 , the latter o f w h ich w orks sy n erg istica lly w ith the W nt/ P -catenin
path w ay, p rovid es a platform to stim ulate o steo b la st activity and o ste o g e n e sis. Further to this,
treatm ent o f o ste o c y te s w ith b isp h o sp h o n a tes and the application o f m icroinjury to this sy ste m
proved to suppress a num ber o f the factors in v o lv e d in o ste o c la sto g e n e sis and o ste o g e n e sis.
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such as OPG, RA NK L, M M P- 2, IL-I a, T N F -a
osteoclastogenic factors

and DKK-1, yet caused an increase in

including W IF-1, Frizzled 1, IL-11 and IL-17, in addition to

osteogenic factors such as osteopontin, IL-27 and osteoactivin A. This again may be an
im portant finding in term s o f reducing concerns associated with using bisphosphonates, such
as an increased risk o f vertebral fractures due to im pedim ent o f the normal bone rem odeling
process (A rlot et al, 2008, Fazallari et al, 1998). Further to this, the use o f new generation
osteoporosis therapeutics, such as denosom ab, a m onoclonal antibody which targets RANKL,
reducing its activity and thus potentially inhibiting bone resorption and subsequent bone
form ation (Pageau et al, 2009, M cC lung et al, 2006, Ellis et al, 2008). The partial presence o f
an alternative reparative m echanism utilized by bone, as dem onstrated by the results o f this
study, allow s osteoclast activity to be reduced to an extent, yet still m aintain a baseline level of
bone rem odeling, which w ould thus reduce excessive bone resorption, whilst reducing the risk
o f fracture which w ould also be fundam ental in m aintaining skeletal strength and durability.
An additional aspect of this study is the identification o f other factors involved in
m icrodam age induced bone rem odeling, which may prove useful as a therapeutic target in the
developm ent of new therapeutics for osteoporosis, and other such bone diseases.
A lim iting factor to this study is that the use o f m ultiplex antibody arrays, while
facilitating the expression of a vast quantity of proteins, still neglected to show the expression
o f other im portant proteins expressed, which are related to, and involved in both the RANKLOPG signaling pathw ay, and also the w nt/ P-catenin pathw ay, the latter o f which has shown
great prom ise in term s o f being an alternative m echanism for facilitating bone rem odeling.
Further to this, it may have proved useful to target certain proteins and quantify their activity
using ELISA or PCR. A dditionally, it may have proved useful to analyze the conditioned
m edia resulting from m icroinjury induced osteoclastogenesis, to determ ine if there is a greater
frequency o f osteogenic factors in place to further dem onstrate w hy there is an increase in
m ineralization in 400 )am dam age sam ples. A gain, this study only exam ined one dose o f
bisphosphonate for each respective drug, and so, a difference response to m icroinjury may
have been observed at greater or lesser concentrations. Overall, the experim ental findings in
this chapter have shown that in an in vitro sim ulation of m icrodam age in bone, there are
alternative pathw ays in place to stim ulate and regulate bone rem odeling. Furtherm ore,
treatm ent with bisphosphonates has been shown to reduce the num ber o f osteoclastogenic and
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osteogenic factors released follow ing m icroinjury, yet still m aintain the presence of other
cytokines to regulate bone rem odeling.

5.6 Conclusion
In conclusion, this study has dem onstrated that m icroinjury may be critical in the
instigating bone rem odeling through release of biochem ical factors capable o f stim ulating
osteoclastogenesis and osteogenesis. This chapter has shown that RA N K L activity and OPG
secretion

m ay

not

be

exclusively

involved

in

stim ulating

m icroinjury

induced

osteoclastogenesis, in term s of TR A P activity in preosteoclasts, and thus, m ay pose an im pact
on subsequent osteogenesis.

A dditionally, this study has shown that m icroinjury instigates

RA NK L independent osteoclastogenesis through the action o f interleukins, T N F-a, and the
W nt/ P-catenin pathw ay. Further to this, the use o f bisphosphonates has been shown to
suppress some o f the proteins involved in initiating osteoclastogenesis and osteogenesis, in
addition to RA N K L and OPG, how ever still m aintaining som e of the factors involved in bone
rem odeling. Finally, BM P-2 activity has also been shown to be regulated by the presence of
dam age size, and may be a m ediator o f bone form ation follow ing m icroinjury. In sum m ary,
this study show s that bone rem odeling may not exclusively be a RA N K L-O PG m ediated
phenom enon, and further dem onstrates that m icrodam age may be a principal m ediator of bone
rem odeling.
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6 Discussion
Based on previous findings in this research group, a large emphasis has been
placed on the concept of crack size and the number of cellular processes ruptured
following microdamage, and how this affects bone remodeling, and ultimately how this
maintains structural and functional homeostasis in bone. On commencement of this study,
two simple questions were posed; 1. How does bone detect microcracks? & 2. On
detection of these microcracks, how does bone repair them? These questions gave rise to
the central hypothesis of this study; If the size of the crack in bone is related to the
number of osteocyte cell processes ruptured, then crack size would influence the
biochemical stimuli which initiate bone remodeling. This would pose an impact on the
behaviour of the cells involved in the BMU, ultimately governing the repair of cracks in
bone. Relating to the first question posed in this thesis, how does bone detect
microcracks, this study focused on the principal mechanism by which the BMU is
stimulated, maintained and mediated via the RANKL-RANK-OPG signaling pathway.
Using a set of novel experiments, in the absence of any other stimulus, such as repetitive
cyclic loading or fluid flow, the roles of these cytokines were evaluated as a function of
damage size in a 3D simulation of microdamage in bone. This then leads to the
incorporation of the second question posed in this thesis; on detection of these cracks,
how does bone repair them. Cytokine cascades and cellular responses using the
constitutive cells of the BMU, were evaluated in another set of original experiments.
Furthermore, the role of osteocyte rupture in an environment with elevated microinjury,
such as what is observed in osteoporosis, was determined. Additionally, whether
bisphosphonate

treatment can

potentiate or impede bone remodeling following

microinjury was also clarified. The results obtained in this thesis demonstrate, for the first
time, the effects of microinjury on numerous biochemical pathways. In turn, this was
again, the first time, a “remodeling response” was observed in the cells of the BMU.
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6.1 Microinjury results in cellular apoptosis and stimulates RANKL and OPG
activity in a damage size dependent manner
The initial portion o f this thesis has shown the relationship betw een m icroinjury
size and bone rem odeling, which is reflective o f previous work by other researchers,
w hereby it was suggested that RA N K L and OPG release, and ultim ately, bone
rem odeling, is dependent on m icroinjury size. On the developm ent and im plem entation o f
an in vitro model for the study o f m icrodam age in bone, the role o f m icroinjury size, in
relation to RA N K L and OPG activity, was established. It was found that an increase in
dam age size, up to 400 |j.m, caused an increase in RA N K L activity and a decrease in OPG
activity; a reciprocal relationship was observed in undam aged and sm aller dam age sizes.
Further to this, at 800 )im dam age size, the pattern o f R A N K L/O PG activity varied
significantly from the normal pattern of activity, suggesting that an alternative route o f
bone repair is utilised. These results also dem onstrated, as a w hole, that a fine line exists
between m icrodam age and what m ay be considered failure, and that m icroinjury size is
fundam ental in initiating the release o f bone rem odeling cytokines. A dditionally,
m icroinjury, using this in vitro model, has been shown to cause an apoptotic response,
with regard to caspase 3 and 7 activity, again, in a dam age size dependent manner. In
sum m ation, chapter 2 has shown that m icroinjury m ay be a principal m ediator of bone
rem odeling due to its effect on RA N K L and OPG activity.

6.2 Microinjury mediates the bone remodeling functions of the constitutive cells of
the BMU in a damage size dependent manner
As was found in chapter 2, m icroinjury o f a given size, m ediates the biochem ical
and apoptotic events in osteocytic cells, which dem onstrates the m echanostim ulatory
potential o f osteocytes. D am age to an osteocytic netw ork, w hich has been shown to affect
RA N K L and OPG activity, m ay pose an effect on the cellular functioning o f the BM U, in
vivo, and may affect the rate of BMU activity in term s o f progenitor cell recruitm ent,
differentiation and m aturation, osteoclastogenesis and osteogenesis. As described in the
introduction, RA N K L release stim ulates osteoclastogenesis, and w hen sufficient bone
resorption has occurred, a reversal phase is observed, w hereby O PG is released on
osteoclast apoptosis, and this binds to RANKL, preventing further osteoclastogenesis and
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subsequent osteogenesis. This concept lead us to the hypothesis o f this study, whereby
variations in dam age size w ould cause changes in the degree o f precursor cell m igration,
osteoclastogenesis and osteogenesis, in the constitutive cells o f the BM U. Thus, this
hypothesis facilitated the developm ent o f a study plan: to segm ent the events in bone
rem odeling, which involve recruitm ent and activation of preosteoclasts, and thus
osteoclastogenesis,

and

subsequent

recruitm ent,

activation

and

m aturation

of

preosteoblasts, with subsequent osteogenesis.
Using the sam e m odel o f m icrodam age as described in chapter 2, conditioned
m edia obtained from m icroinjury to an osteocytic network, of varying size, was used as a
stim ulus for preosteoclast recruitm ent and as a stim ulator o f osteoclastogenesis, to
determ ine the relationship betw een dam age size and osteoclastogenesis and osteogenesis.
The use of an in vitro sim ulation o f m icrodam age to an osteocytic netw ork was shown to
stim ulate all the stages observed in bone rem odeling. Preosteoclast recruitm ent and
subsequent m aturation into TR A P positive osteoclasts, and consequent preosteoblast
recruitm ent, m aturation, and successive osteogenesis, in the constitutive cells o f the
BM U, were stim ulated follow ing m icroinjury to an osteocytic netw ork, in a dam age size
dependent m anner, m ost principally so, at 400 ^m. Com bining the results o f chapter 2
and 3 have shown, for the first tim e, that m icroinjury size, most principally at 400 pm ,
m ediates a bone rem odeling response, dem onstrating that dam age size is a critical factor
im pacting on the initiation o f bone rem odeling. In sum m ation, the study shows that
m icroinjury is capable o f stim ulating osteoclastogenesis and osteogenesis in vitro, the
degree o f which is also injury size dependant.

6.3 Bisphosphonates change the normal response to microinjury but maintain
osteoclastogenesis and osteogenesis
An elevation o f m icrodam age in bone is a characteristic attribute o f osteoporosis,
and this result is due to an im balance in R A N K L-O PG signaling, caused by a reduction in
estrogen, most notably during m enopause. The net result o f this is an increase in
osteoclastogenesis and osteoclast activity, and no subsequent bone form ation will occur.
The net result of these cum ulative activities results in an increase in the risk of fragility
fractures. Bisphosphonates are a com m on treatm ent o f osteoporosis, and function in
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suppressing osteoclast activity and increasing bone m ineral density. Further to this, it has
been suggested that bisphosphonates function in the inhibition of RANKL. H ow ever, the
exact m echanism s o f action o f bisphosphonates, and how this relates to m icroinjury,
which is a characteristic property o f osteoporotic bone, required exam ination. The
hypothesis of this study was that the effect o f m icroinjury, which has been shown to
induce both osteoclastogenic and osteogenic responses, would be affected by the
presence o f bisphosphonates. B isphosphonate treatm ent to an in vitro sim ulation of
m icrodam age may present variations in the degree o f precursor cell m igration, and may
decrease osteoclastogenesis, and ultim ately, increase the levels of osteogenesis, in the
constitutive cells o f the BMU. A dditionally, it w as thought that treatm ent m ay also alter
the release and activity o f RA N K L and OPG. The aim of this study was to determ ine the
synergistic role o f m icroinjury and bisphosphonate treatm ent, in terms o f RA N K L and
OPG activity, and the subsequent bone rem odeling activities using the constitutive cells
o f the BMU.
The results o f this chapter, as a whole, have shown that bisphosphonates function
by m odulating the normal “m icrodam age effect” in osteoclasts, and results again
dem onstrate, m icroinjury size is fundam ental in initiating bone rem odeling responses.
T reatm ent o f an osteocytic netw ork with alendronate and zolendronate, suppressed
RA NK L and OPG activity and reduced preosteoclast m igration and osteoclastogenesis in
the absence o f m icroinjury. However, at a critical dam age size, i.e. 400 |j,m, R A N K L and
OPG

activity rem ained

m odulated, how ever, a level o f osteoclast activity

was

m aintained. Further to this, osteogenesis proved to be stim ulated by bisphosphonates, in
conjunction with m icroinjury. The overall conclusive result of this study was that
bisphosphonates pose an effect with m icrodam age, on the m ediation o f bone rem odeling
activities, in vitro.
C onsidering these results, this study has provided the basis for the studies
involved in the follow ing chapter. The dem onstration that RA N K L and OPG activity are
alm ost entirely suppressed, yet, osteoclastogenesis and osteogenesis occur, in the absence
o f any other stim ulatory factor, suggests an alternative signaling m echanism used by
bone. This was the focus of the final chapter, whereby other biochem ical factors involved
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in the stim ulation of bone rem odeling were characterised follow ing m icroinjury and
bisphosphonate treatm ent.

6.4 The response to microinjury is not solely governed by RANKL and OPG activity
As described in chapters 2 and 3, RA N K L and OPG have long been im plicated as
the principal factors in bone rem odeling, yet other biochem ical factors have been
im plicated in the activation, functioning and longevity o f the BM U. The findings of
chapters 2, 3 and 4 dem onstrated that m icroinjury size is a critical factor contributing to
the stim ulation o f RA NK L and OPG, and subsequent bone rem odeling activities in the
constitutive cells o f the BMU. A proteom ics approach was em ployed to determ ine the
proteins which m ay be involved in stim ulating the bone rem odeling pathw ay outside of
the R A N K L-R A N K _O PG pathw ay. BM P-2 was also analysed to determ ine whether it
was a factor involved in stim ulating the osteogenic response observed after m icroinjury.
Results o f this study showed that m icrodam age induced bone rem odeling is not
exclusively a RA N K L/O PG m ediated response; the release o f interleukins and TN F a,
which have been im plicated in osteoclastogenesis, occurred follow ing m icrodam age.
A dditionally, the presence o f other factors, such as dikkopf, w if 1 and frizzled 1, suggest
an alternative m echanism o f m ediating bone rem odeling, such as the w nt/ p cadherin
pathw ay which m ay also be involved in regulating the osteoclastogenic and osteogenic
response to m icrodam age. Furtherm ore, an increase in BM P-2 activity was dem onstrated,
and this shows that this protein is a prim e candidate involved in m icrodam age induced
osteoclastogenesis.
A further aspect o f this study was to determ ine the effect of bisphosphonates on
the normal “m icrodam age response” in osteocytes. As shown in chapter 4, treatm ent o f
injured osteocytes with alendronate and zolendronate inhibited RA N K L and OPG, yet
still m aintained an, although suppressed, osteoclastogenic and subsequent osteogenic
response. Drug

treatm ent

suppressed

some o f the pathw ays

involved

follow ing

m icroinjury, as observed in non bisphosphonate treated cells. H ow ever, a num ber o f
interleukins and m em bers of the w nt/ P-catenin pathw ay were upregulated follow ing
m icroinjury in the presence o f bisphosphonates, suggesting an alternative rem odeling
m echanism . It can be deduced from the results of this experim ent, that the suppression o f
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RA N K L

and

OPG

follow ing

bisphosphonate

treatm ent,

can

still

stim ulate

an

osteoclastogenic and osteogenic response.
The overall results o f this chapter suggest that m icroinjury to osteocytes induce a
num ber o f osteoclastogenic factors, and furtherm ore, osteogenic factors. It is evident that
alternative pathw ays to the R A N K L-O PG pathw ay are em ployed, including the
interleukin pathw ay, TN F- a pathw ay, and W nt/ P-catenin pathw ay, even follow ing
bisphosphonate treatm ent. As previously discussed, this may have clinical im plications in
term s o f using these factors as drug targets in osteoporosis therapeutics. A concluding
aspect of this study show s that alternative m echanism s may be utilised by bone to
m aintain hom eostasis, and furtherm ore dem onstrates the critical im pact of m icrodam age
in initiating a bone rem odeling response.

Conclusion
The cum ulative results o f this thesis have dem onstrated that m icrodam age and in
vitro m icroinjury regulates the activity o f RA N K L and OPG, and can initiate alternative
biochem ical cascades to stim ulate bone rem odeling. Furtherm ore, it has been shown that
m icrodam age, and in vitro m icroinjury stim ulates all the principal stages o f bone
rem odeling in the constitutive cells o f the BMU. A final aspect of this thesis illustrated
that bisphosphonates, in spite o f m ediating the suppression of RA NK L and OPG,
m aintain a degree of bone rem odeling responses in the cells o f the BM U in our model.
This again, may be due to the findings that alternative bone rem odeling pathw ays are
upregulated follow ing bisphosphonate treatm ent when m icrodam age is present. The
principal conclusion, how ever, on com pleting this thesis, is that m icrodam age size may
be critical in m ediating a rem odeling response in bone.

6.5 Limitations of this thesis
The principal lim itation o f this thesis is the question o f how sim ilar is the model
to the in vivo scenario. How ever, it has to be noted, as described in chapter 2, that the
cells used experim entally, M LO -Y 4 cells, differ som ew hat in m orphology and properties
to that o f endogenous osteocytes, and so, the given the calculations detailed , it was found
that crack size was quite analogous to what was observed in vivo. The developm ent o f a
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theoretical m odel, which is being perform ed by another researcher in the group,
facilitates the extrapolation o f the results of this study to varying dam age sizes, how ever,
it m ust be noted that the experim ents in this thesis, in spite of the requirem ent for
refinem ent, have shown, for the first tim e, the effects o f dam age alone, on RA N K L and
OPG activity, in addition to other biochem ical pathw ays, on bone rem odeling activities o f
the BM U, to an osteocytic network. The size o f the damage, as discussed, is quite sim ilar
to what is observed in vivo, how ever, w hether it is the cell processes that are being
ruptured, or dam age to entire cells, or populations of cells, requires further exam ination.
H ow ever, the results of the experim ents dem onstrated that, regardless o f the type of
dam age which ensues follow ing this m ethod, there is a relationship betw een cellular
dam age and a “rem odeling response” .
Secondary lim itations o f this thesis include the following; that the constitutive
cells o f the BM U are not contained all together in one system , and the osteoclastogenic
and osteogenic activities which occur do not function in an environm ent analogous to that
o f bone. H ow ever, the use o f experim ents has shown the stim ulatory potential o f
m icrodam age in bone in terms o f the bone rem odeling capabilities o f preosteoblasts and
preosteoclasts. C hapter 4 has outlined the more basic events initiating bone rem odeling
activity follow ing bisphosphonate treatm ent and m icroinjury to an osteocytic network.
Both R A N K -O PG activities were determ ined, however, a m ore detailed m ethod o f
analysing the biochem ical responses m ay prove more insightful in elucidating how
bisphosphonates interact with cells on a biochem ical level. A further lim iting factor of
this study is that the use o f proteom ics based assays, which, while m aintaining am ple
potential to detect a vast array o f proteins, do not provide a quantitative result. It may
have proved viable to target certain proteins and quantify their activity using ELISA or
PCR.

189

Chapter 7: Future Work

Chapter 7
Future Work

The studies encom passed within this thesis have dem onstrated the fundam ental
activities involved in an in vitro m odel o f m icrodam age induced bone rem odelling, from
a biochem ical and cellular perspective. There is still the potential to explore further
m echanism s by which bone m aintains its structure follow ing m icrodam age.
Firstly, further characterisation of the M LO -Y 4 cell line w ould provide a greater
scope in validating our experim ental m odels, regarding the num ber and length o f cell
processes, and also to determ ine their spatial distribution w ithin the 3D m atrix. This
could be achieved through confocal m icroscopy o f the gel em bedded osteocytes, by
counting the num ber of cell processes before and after the application o f dam age, and
also by calculating more intricate param eters such as cell spacing over a broader range o f
cells, num bers o f cell processes affected by dam age, and num ber o f cells disturbed
follow ing passage o f the needle through the m atrix.
A m ajor focus of a future study w ould be to refine the dam age size used in
experim ents. The current system has shown to be a useful tool as a “testbed” for future
experim entation. The developm ent o f a rig or device to produce sm aller dam age sizes,
under cyclic conditions, could provide a more realistic scenario relating to what happens
in vivo. Further to this, the use o f a laser may assist in cutting few er, or single cellular
processes. From this, the am ount of R A N K L and OPG on a singular process could be
quantified. In addition to this, it may prove more clinically relevant to isolate and culture
hum an osteocytes, osteoclasts and osteoblasts, and perform sim ilar experim ents.
As was described by Cardoso, et al, 2009, suppression o f osteocyte apoptosis by
m eans o f caspase inhibitors, in our in vitro system may provide useful data with regard to
further validating our m odel and also to determ ine w hether a sim ilar response was
observed. Cardoso, et al, described how a use o f apoptosis inhibitors reduced the am ount
o f osteocyte apoptosis considerably, and a reflection of this in our m odel w ould further
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show how our model reflects the in vivo scenario, and thus w ould further dem onstrate the
potential o f injury to cells as a m echanism o f stim ulating bone rem odeling.
The use of a tissue engineered scaffold, such as collagen glycosam inoglycan or a
collagen

hydroxyapatite com posite, seeded

with a co culture o f osteocytic

and

osteoblastic cells m ay facilitate m ineralisation o f the 3D m atrix, and may provide a more
realistic environm ent. Introduction o f osteocla.stic cells, prior to, or follow ing the
application o f focal m icroinjury m ay provide an environm ent m ore sim ilar to that
observed in vivo. U sing co culture m ethods m ay also allow for observing the cell-cell
interactions, such as the bidirectional signaling pathw ay o f ephrin B2-EphB 4 interaction,
and also may facilitate the m icroscopic analysis o f how various cell types interact with
each other, in term s o f the form ation o f an in vitro “B M U ” . Furtherm ore, the stiffer
m aterial may also allow for the application o f cyclic m icrodam age, due to a lesser
propensity for matrix degradation, which has been observed using collagen-m atrigel
constructs. A dditionally, for this reason, the use o f such constructs m ay facilitate a longer
period o f analysing responses to m icrodam age and m icroinjury.
The “Scissors M odel” o f m icrodam age in bone may be furtherm ore explored, in
terms of cellular apoptosis, in addition to biochem ical responses. U sing ex vivo bone
slices, subject to com pressive loading to stim ulate shearing o f cell process rupture,
follow ed

by

im m unostaining

for

RA N K L

and

OPG

activity,

in

addition

to

im m unohistochem ical staining for caspase 3 activities. The experim ental model used in
this thesis has shown to produce an apoptotic effect, and so, evaluation o f the apoptotic
potential o f the shearing m echanism o f bone cells would reinforce the validity o f this
model as a m eans o f studying m icrodam age in bone, and, in turn, may potentiate the
concept of the scissors hypothesis.
The effect o f m icroinjury on num erous growth factors, cytokines, chem okines
and other soluble factors was also dem onstrated, as detailed in chapter 5, by use o f an
antibody array. The results o f this show ed that m icroinjury stim ulates interleukin, TGF-P
and T N F -a

m ediated

osteoclastogenesis,

and

has also

shown

that, through

the

upregulation o f dikkopf and frizzled proteins, the wnt/ P-catenin regulatory pathw ay may
also be evaluated in relation to m icroinjury, and also how these pathw ays are affected by
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bisphosphonate treatm ent. M olecular characterisation and release profiling o f these
factors m ay provide a greater understanding o f how bone detects and repairs itself
follow ing m icrodam age.
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