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Summary

Bone is continually being rem oved and replaced through the actions o f basic m ulticellu- 

lar units (BM U). This constant upkeep is necessary to rem ove m icrodam age and thus 

m aintain the integrity o f the bone. M icrodam age form s in bone naturally due to fatigue 

and m anifests itself as an elliptically shaped crack with its long axis running parallel to 

the anisotropic grain o f the bone. The repair process in bone is targeted, m eaning that a 

BM U travels directly to the site o f dam age and repairs it. It is still unclear how targeted 

rem odelling is stim ulated and directed but it is highly likely that osteocytes play a role. 

A num ber o f theories have been advanced to explain the m icrocrack osteocyte in terac

tion but no com plete m echanism  has been dem onstrated.

O steocytes are connected to each other by dendritic processes. The “scissors m odel” 

proposed that the rupture o f these processes where they cross m icrocracks signals the 

degree o f dam age and the urgency o f the necessary repair. In its original form  it was 

proposed that under applied com pressive loading, m icrocrack faces will be pressed to

gether and undergo relative shear m ovem ent. If this m ovem ent is greater than the w idth 

o f  an osteocyte process, then the process w ill be cut in a “scissors like” m otion, releas

ing RA NK L, a cytokine known to be essential in the form ation o f osteoclasts from  pre 

osteoclasts. The m ain aim  o f this thesis was to investigate this theoretical m odel w ith a 

specific focus on m icroscopy.

The “scissors m odel” derived predictive equations suggesting that the greater a crack 

length and applied stress the more process rupture would occur, and that there was a 

critical length o f a m icrocrack when osteocyte process rupture begins, a critical length 

that decreased as the applied stress increased. The results presented in this thesis show



that this is the case for a wide range of microcrack lengths, in bone from three different 

species (bovine, ovine and murine) loaded in vivo and also at higher stresses ex vivo.

A very interesting and important finding was that cyclic stress was necessary for osteo- 

cyte process rupture to occur. This was a divergence from the original “scissors model” 

which had proposed that the cutting of cell material occurred in one single action. This 

finding led to a more in depth study on the method of cell process rupture, producing 

the first evidence of fatigue failure in cell membrane material. Rupture due to only 

shear movement was ruled out as microcrack closing never occurred, probably as a re

sult of plastic deformation of the bone. Fatigue failure was found to occur due to cyclic 

tensile stress in the locality of the damage. This finding modified the theory further. The 

crack displacement necessary for osteocyte process rupture was quantified. It was found 

that the lower the crack face displacement the greater the number of cycles to cell 

process failure.

The last part of the study investigated the hypothesis that damage to osteocyte processes 

resulted in the release of the cytokines necessary to stimulate remodelling and the apop- 

tosis of the cells directly affected by the application of damage. This was done by ap

plying controlled amounts of damage to in vitro cultures of osteocyte-like M L0-Y 4 

cells. Damage in the absence of any other stimulant caused an increase in the level of 

RANKL and a decrease in the level of OPG. The larger the applied damage and the 

longer the time after damage application, the greater the response. Apoptosis was found 

to occur much more frequently in cells local to the damage zone than those further 

away, a finding that lends further weight to the idea that apoptotic cells may signal the 

crack’s location to a BMU and stimulate surrounding cells to release RANKL.



This thesis confirms and dismisses aspects o f the “scissors model” . I feel overall that 

the observations support the model as a viable mechanism for the stimulation and tar

geted actions of a BMU, albeit in a slightly modified form where cyclic loading is ne

cessary and the method of rupture is fatigue failure due to cyclic tensile motion.
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E  Young's m odulus

P  The angle o f  the crack to the long axis o f  the bone

V Poisson's ratio

a  M EM  A lpha M odified E agles M edium

% Percentage

Approxim ately

< Less than

> Greater than

< Less than or equal to

° Degrees

°C D egrees C elsius

1° Primary

2° Secondary

2D  2 D im ensional

3D  3 D im ensional

A N O V A  A nalysis o f  Variance

A P L  A lkaline phosphate

BM U  B asic m ulticellular unit

C D P Critical point dryer

cm  Centim etre ( x l 0 ‘̂ )

C O 2 Carbon d ioxide

C O D  Crack opening displacem ent

CS C alf serum

DAPI 4',6-diam idino-2-phenylindole

FBS Fetal bovine serum

ELISA  Enzym e Linked Im m unosorbent A ssay

g Grams

H z Hertz

II Interleukins

KV K ilovolts

1 Litre

x i i i



Ltd. Limited

m Metre

M-CSF Macrophage colony stimulating factor

mg Milligrams (x l0 ‘̂ )

Mins Minutes

ml Millilitre (xlO'^)

M L0-Y 4 murine long bone osteocyte Y4

mm Millimetre (xlO'^)

MPa Megapascals (x 10’̂ )

N Newton

Nf Cycles to failure

NO Nitric Oxide

nm Nanometre (xlO'^)

n Sample number

OPG Osteoprotegerin

Pa Pascal

PBS Phosphate buffer solution

Pen/Strep penicillin/streptomycin

PtH Parathyroid hormone

RANK Receptor Activator o f  Nuclear Factor k  B

RANKL Receptor activator of nuclear factor kappa-B ligand

S/N curve Stress plotted against number of cycles to failure

SEM Scanning electron microscope

TNF Tumor necrosis factor

TN Fa Tumor necrosis factor a

TRACP Tartrate resistant acid phosphate

EDTA Ethylenediaminetetraacetic acid

VPFESEM Variable pressure field emission scanning electron microscope

X Distance along the crack

SS Shear displacement along the z axis

6T Tensile opening

ST(x) Tensile displacement of the crack faces along the x  axis of crack

ST(z) Tensile displacement along the z  axis

Ae Cyclic strain
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|il Microlitre (xlO'^)

|im Micrometre (xlO ’̂ )

o Applied tensile stress

X Magnification
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Chapter 1: Introduction

1.1 Introduction

The skeleton is made up o f  206 bones supported and supplemented by muscle, carti

lage, ligaments and tendons. The skeleton enables movement, provides protection for 

vital organs, maintains a calcium store, produces blood cells and most importantly it 

provides a structure to transmit the loads the human body faces daily through normal 

activities such as walking and running.

The skeleton is a perfect design for function. Cortical bone is stiff and highly calcified, 

making up the outside surfaces of the diaphysis of bone and providing the bone with 

mechanical strength. Trabecular bone is light and flexible and is thought to act as an 

inbuilt shock absorber by distributing forces from joints. The combination o f  cortical 

bone and trabecular bone allows for a very tough and durable yet light material.

The most significant and intriguing feature o f  the skeleton is the fact that it can adapt to 

provide for particular needs. Disuse, such as is seen with space travel, leads to a reduc

tion in bone density and above average use, such as with a tennis p layer’s dominant 

arm, leads to an increase in bone mass. Bone adaptation achieves three goals: it p ro 

vides a way for the body to alter the balance of essential minerals, a m echanism for the 

skeleton to adapt to its changing mechanical loads and a mechanism to repair damage in 

order to maintain structural integrity and prevent fracture (Burr 2002). As long ago as 

1638, Galileo suggested that the shape of bone was determined by the mechanical load

ing it was exposed to.

Microdamage is the physical manifestation o f  fatigue due to cyclic loading. It was sug 

gested to serve two functions; to stimulate remodeling and repair o f  the bone and to 

provide a method by which bone can take and disperse the energy it experiences during
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cyclic loading (Schaffler et al. 1994). To prevent possible failure of the bone, micro

cracks are repaired by the targeted actions o f  basic multicellular units (BMU). This is 

an orchestrated group o f  cells, composed of an osteoclast, which removes damaged 

bone, and an osteoblast, which lays down new, healthy bone. Osteocytes are believed to 

be the mechanosensory system responsible for the stimulation of targeted repair but the 

big question is by what mechanism. A  number o f  hypothesises have been proposed in

cluding apoptosis, fluid flow, stimulation of primary cilium and osteocyte process rup

ture or the ‘scissor m odel’ but to date this is still unclear.

The R A N K -R A N K L-O PG  pathway is the principal mediator involved in the m ainten

ance of bone mass with upregulation of R A N K L usually leading to downregulation of 

OPG and vice versa. Stimulation of osteocytes leads to the release of RA N K L from the 

surface m embranes of osteoblast, preosteoclast and dendritic cells. RA NK L binds to 

RANK receptors on osteoclasts and stimulates them to travel directly to damage and 

remove it. OPG is released by osteoblasts and the binding o f R A N K -R A N K L stimu

lates its transformation into its functional form. OPG then binds to RANKL, preventing 

the R A N K -R A N K L  interaction and inhibiting bone removal while stimulating osteob

lastic bone creation.

1.2 Bones form and function

Bones are multifunctional. Mechanically they enable m ovement of a body by providing 

attachments for muscle and tendons along with providing the strength that allows a 

body to bear the loads it experiences during daily activity. Physiologically they provide 

protection and support to the body’s soft tissues and vital internal organs. They also
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provide a calcium store; yellow bone m arrow stores energy in the form of lipids and the 

red bone m arrow produces white and red blood cells (J. M. Vaughan 1970).

Bones have adapted their shape and structure to suit their function, their position within 

the body and the various loading conditions they are exposed to daily. There are six 

groups o f  bone type: long bones (Fig. 1.1a), flat bones (Fig. 1.1b, c), short bones (Fig. 

l . l d ,  e), sesamoid bones, sutural bones and irregular shaped bones (Dandy 2003).

Figure 1.1 Types of bone present in the adult, human body (Dandy 2003).

Long bones, as the name suggests are some o f  the longest bones in the body. They in

clude the femur, humerus and tibia. A bone is described as being a long bone if it is 

longer than it is wide. The category therefore also includes some of the smallest bones 

o f  the body, bones such as the metacarpals, metatarsals and phalanges. They are the 

main load bearing bones of the body and are vital for skeletal mobility. They usually

b
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consist o f mainly strong, compact bone surrounding a small amount of spongy, cancell

ous bone.

Flat bones include the plate of the skull, the ilium and the sternum. They are typically 

involved in protection of the vital organs or the provision of a large, flat surface for 

muscle attachment. They are composed of two layers of protective compact bone sand

wiching a layer o f  trabecular bone. The trabecular bone contains red bone marrow and 

is the site of production for the majority of red blood cells found in an adult.

Short bones are cube like with a width, height and depth of similar proportions. They 

are mainly involved in support and stability with little affect on movement. Short bones 

include carpal bones of the hands and wrist and the tarsal bones of the feet and ankles. 

Unlike the types o f  bone mentioned previously they are mainly composed of trabecular 

bone with a thin coating of compact bone.

The remaining bone types are not as easily classified due to varying shapes and func

tions. Sesamoids are usually associated with tendons, the most familiar being the patella 

of the knee. They function in protecting the tendon and providing more space between a 

joint and a tendon to allow smoother movement. Sutural bones are classified by their 

location within the sutural joints of the skull. They are very small and their placement 

within the skull along with their number varies from person to person. The irregular 

bones are just that, irregular shaped. They serve many differing functions such as pro

tection, support and connection. An example of irregular bone is the vertebrae.

Depending on activity, bones can be exposed to a number of loading stresses. These 

include tension, compression, torsion, shear, bending or a combination of these stresses 

(Fig. 1.2) (Snijdera et. a i  1995)
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Tension Compression Torsion

Bending CombinedShear

Figure 1.2 Loading modes of bone (Snijders et al. 1995).

1.3 Composition of bone

Bone architecture is hierarchical and highly complex. It is present in scale from sub

nanostructures to macrostructures (Fig. 1.3). The sub-nanostructures are below a few 

hundred nanometers and include the molecular structures that make up mineral collagen 

and non collagenous organic proteins. Next in scale are structures ranging from 100 

plus nanometers to a micron. These include fibrillar collagen and embedded minerals. 

Lamellae at 1- 10 microns make up the submicrostructure, followed by osteons and sin

gle trabeculae at the microstructure scale of 10 -  500 microns and finally at the largest 

scale macrostructures of cancellous and cortical bone (Rho et al. 1998). This arrange

ment is optimised at each level and in combination is highly effective in fulfilling the 

skeletal system ’s many functions.
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Figure 1.3 Hierarchical structure o f bone (Rho et. al. 1998)

Bone is a composite material and the major structural and supportive connective tissue 

of the body. It is anisotropic and is composed of both organic and inorganic materials. 

Type 1 collagen forms up to 90% of the organic material in bone and forms the scaffold 

on which minerals are laid down. The remaining proportion of organic material is made 

up o f  non fibrous ground substances such as proteoglycans, glycoprotein and water 

(Curry 2002) . The organic parts are highly elastic and as such furnish the bone with 

toughness and durability.

The inorganic portion of bone is predominantly composed of rod shaped hydroxyapatite 

crystals which are laid down on the organic collagen scaffold. Other minerals also 

found include calcium carbonate, calcium phosphate, magnesium, hydroxyl, chloride, 

fluoride, citrate and sodium (Burkitt et al. 2000). The inorganic materials provide bone 

with stiffness, rigidity and strength.
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1.4 Types of bone

Human bone exists in two distinct m acroscopic arrangements: cortical bone and trabe

cular bone. Cortical bone, also called compact bone (see Fig. 1.4), is the stiff highly 

calcified material that makes up the outside surfaces of the diaphyses o f  bone (J. M. 

Vaughan 1970). It contributes 80% of  the bone’s total weight and provides the bone 

with mechanical strength. Cortical bone consists o f  parallel columns about 200 (j,m in 

diameter called osteons which run parallel to the long axis of the bone. The osteons 

form a solid cylinder of 15 -  20 circumferential lamellae with a 50 |im central neuro

vascular canal called a Haversian canal (Adler 2000). They are surrounded by a cement 

line and irregular shaped areas of older remodelled osteons called interstitial lamellae. 

The osteons can communicate with the marrow cavity, the periosteum and with each 

other through transverse canals called V olkm ann’s canals. Osteocytes are dispersed 

throughout the compact bone and reside within small chambers called lacunae. The la

cunae are interconnected by tunnel like structures called canaliculi, within which osteo- 

cyte processes extend from the main body of the cell enabling communication.
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Figure 1.4 Illustration of compact bone (www.wbais.org).

Trabecular bone also has an alias, cancellous bone (see Fig. 1.5). It forms the internal 

structure o f  the diaphysis of long bone and also the epiphysis. It is a spongy, open net

work of trabeculae containing bone marrow. Trabecular bone, although lighter than cor

tical bone, forms the majority of the surface area of a bone (Ashman and Rho 1988) 

providing a large area for metabolic activities (Nather et al. 2005). It was suggested by 

W olff  that the orientation o f  the largest trabeculae is adapted to the directions of the 

principal stresses acting on the bony structure (W olff 1892).

In combination trabecular bone and cortical bone are the perfect design for function. 

Cortical bone is essential for stiffness and protection but if bone was entirely made up 

of cortical bone it would be far too heavy to allow movement and would shatter easily
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when faced with compressive stresses. Trabecular bone is light and flexible and is 

thought to act as an inbuilt shock absorber by distributing forces from joints. However, 

if the entire bone was composed of trabecular bone it would not serve its functions as it 

would offer no stiffness or protection. The combination of light and flexible trabecular 

bone and strong and stiff cortical bone makes for a highly effective material for pur

pose.
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Figure 1.5 Main features of a long bone (www.clifTsnotes.com).
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The final layers of bone are the endosteum and the periosteum which line the entire 

bone surface except for the joints. The periosteum covers the outer layer of cortical

bone and the endosteum covers the internal surface. Together these layers form a conti

nuous sheet that controls the m ovement of ions between the body and bones (Miller and 

Jee 1987). These surfaces are made up o f  a layer of flattened osteoblasts, osteoclasts 

and osteoprogenitor cells that become active during bone growth, repair and remodel

ling (Curry 2002).

1.5 Bone cells

There are four types of cells in osseous tissue: osteoclasts, osteoblasts, osteocytes and 

bone lining cells. Each is essential for the growth and maintenance of bone.

1.5.1 Osteoclasts

Osteoclasts are giant multinucleated cells derived from the monocyte / macrophage 

family (Suda et. al. 1992). They are responsible for the removal of damaged or diseased 

bone and are a key player in bone remodelling (Boyle et al. 2003). The transformation 

o f  macrophages into osteoclasts requires two molecules vital for osteoclastogenesis; 

macrophage colony stimulating factor (M-CSF) and receptor for activation of nuclear 

factor ligand (RAN KL) (Teitelbaum 2000). Osteoprotegerin (OPG) has been shown to 

have an inhibitory effect on the formation o f  osteoclasts (Vaananen et al. 2000). In re

sponse to the release o f  osteoclast stimulating molecules the newly derived bone resorp

tion cells undergo a number o f  changes: a ruffled membrane forms increasing the sur

face area o f  the cell to allow more of the matrix to be dissolved, an attachment ring 

forms anchoring the cell and protecting the cells surrounding the damage and a func

tional secretory zone forms to allow removal of dissolved bone matrix from the osteoc-
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last (see Fig. 1.6) (Suda et al. 1999). Hydrochloric acid and proteases are delivered 

through the cell to resorption pits called Howship lacunae and released onto the dam 

aged bone (Boyle et al. 2003). The organic part o f the bone matrix is dissolved by the 

proteases and the hydrochloric acid breaks down the hydroxyapatite. The debris is en- 

docytosed into the cell and removed to the extracellular space by the functional secreto

ry domain (Nesbitt and Horton 1997).

functional secretory domain

basolaterai
membrane nuclei

sealing zone ruffled border

bone

resorption lacuna

Figure 1.6 An illustration of a bone resorbing osteoclast (Vaananen and Horton
1995).

1.5.2 O steoblasts

Osteoblasts are derived from pluripotent mesenchymal stem cells and differentiate from 

osteoblast progenitor cells in the periosteum (Vaughan 1981). They are m ononuclear
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and are responsible for initial bone form ation as well as later bone rem odelling (Ducy et 

al. 2000). The m ain function o f osteoblasts is to synthesise and secrete type 1 collagen, 

proteoglycans and glycoproteins necessary for the form ation o f osteoid (Neve et al. 

2011). The active bone secreting osteoblasts are cuboidal, with large golgi apparatus 

and a plasm a m em brane designed to facilitate the m ovem ent, in and out, o f vesicles ne

cessary for bone m atrix deposition (A nderson 2003). Once osteoblasts have perform ed 

their duty and synthesised the new osteoid, 50 % - 70 % of the osteoblast cell popula

tion undergo apoptosis with the rem ainder d ifferentiating into either bone lining cells or 

osteocytes (Franz-O dendaal et al. 2006, Lynch et al. 1998). In hum an cortical bone 65 

% of the osteoblasts undergo apoptosis and 30 % becom e osteocytes (Jilka et al. 1998). 

The bone lining cells are responsible for the passage o f ions in and out o f the bone but 

m aintain their ability to transform  back into active osteoblasts (Curry 2002). O steob

lasts evolve into osteocytes w hen they becom e trapped within the osteoid they them 

selves have laid down. The transform ation involves a num ber o f m orphological changes 

such as a reduction in cell body volum e of about 70 %, flattening o f the cell, an increase 

in the num ber o f cellular processes to form  a stellate type structure and changes in the 

intracellular organelles, in particular a reduction in the golgi apparatus (K nothe Tate et 

al. 2004). This process takes approxim ately 3 days (Palum bo 1986).

1.5.3 Bone Lining Cells

Bone lining cells are flat, elongated cells believed to be derived from osteoblasts. Also 

called periosteal cells, they cover over 80 % o f the bone surface. These cells are inac

tive in term s o f rem odelling or m odelling activities and are directly apposed to the bone 

surface. They are vital in the m aintenance o f m ineral hom eostasis in the bone and func

tion in the exchange o f ions betw een bone fluid and interstitial fluid (M iller and Jee
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1987). Bone lining cells were also discovered to have a purpose after withdrawal of the 

osteoclast from the resorption pit during bone remodelling. Bone lining cells enter the 

lacuna and clean the bottom of bone matrix leftovers. This cleaning is a prerequisite for 

the subsequent deposition of a first layer of collagenous proteins in the resorption pits 

(Everts et al. 2002).

1.5.4 Osteocytes

Osteocytes reside in chambers called lacunae (J. M. Vaughan 1970). They are the most 

abundant cell in bone, making up 90 % - 95 % o f  all cells (Bonewald 2011). Osteocytes 

are present in varying quantities depending on the animal species. In general the larger 

the animal the lower the density of osteocytes (Mullender et al. 1996). In hum an bone 

the number o f  osteocytes ranges from 13, 900 to 19, 400 osteocytes per mm , decreas

ing with age, with a cell to cell spacing of 20 -  30 fxm (Sissons and O 'Connor 1977, Y. 

Sugawara et al. 2005). Although osteocytes are contained in their position within lacu

nae they are in contact with each other and the bone lining cells via gap junctions and 

their long out reaching cellular processes (Fig. 1.7). The cell processes extend from the 

cell body through channels, measuring between 0.2 ^im and 0.3 [xm in diameter, called 

canaliculi. There are approximately 60 processes per osteocyte. Osteocyte processes 

extend in all directions from the cell body but their distribution is not symmetrical. 

More extend in the direction of the deeper lying osteocytes, towards the centre o f  the 

bone, than extend to the bone surface (Palumbo et al. 1990).

Several functions have been proposed for osteocytes including calcium sensors 

(Kamioka et al. 1995), a regulator for osteoid matrix formation (Mikuni-Takagaki et al. 

1995) and most importantly as mechanosensory cells for stimulation of remodelling 

(Cowin et al. 1991, Klein-Nulend et al. 1995, Klein-Nulend et al. 2003, Burger and
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Klein-Nulend 1999, Mullender and Huiskes 1997). It is believed osteocytes sense strain 

within bone and are stimulated to elicit a suitable response, whether that be to increase 

or decrease bone density or repair damaged bone. It is believed that osteocytes are the 

most likely candidate due to their abundance, position within the bone and their ability 

to communicate with each other and the cells o f  the bone lining (Mullender and Huiskes 

1997). Osteocytes as mechanosensory cells for the stimulation of remodelling will be 

further described later on in this introduction.

Haversian canal Marrow cavity

Spongy bone

•Yellow marrow

Compact bone

An osteon

/

Lacuna

Osteocyte

Cytoplasmic
process

Matrix

Figure 1.7 Osteocytes and their position within bone (Villee et al, 1989).
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1.5.5 MLO-Y4 Cells

Knowledge o f osteocytes is vital if we are to understand bone remodelling fully but to 

date very little is known about them when compared to the understanding we have of 

osteoblasts and osteoclasts. This lack of insight is not due to disinterest but wholly due 

to the difficulty in studying osteocytes as a result of their position within the bone ma

trix. In 1997 Kato produced a paper describing the development of transgenic murine 

cell line which appeared to have the same properties as primary osteocytes. The cell 

line was derived from transgenic mice over expressing T antigen driven by osteocalcin 

promoter and was named murine long bone osteocyte Y4 (M L0-Y 4) (Bonewald 1999, 

Kato et al. 1997). The best marker for osteocytes at the time was their characteristic 

dendritic processes and as such this was used as the initial criterion for deciding which 

cells to clone from the transgenic mice (Palumbo 1986, Kato et al. 1997). Once a cell 

line was established tests were performed to determine how similar its properties were 

when compared to primary osteocytes. Morphology was not where the likeness ended. 

Dye-transfer coupling assays were performed which determined that the M L0-Y 4 cells 

possessed functional gap junctions necessary for cell to cell chemical communication 

and present in primary osteocytes. Gap junctions are composed of structurally related 

proteins called connexions and are essential for cell to cell contact and communication 

(Bonewald 1999). The expression of connexion 43 has been described in osteocytes 

(Mason et al. 1996) and was found to be present in very large quantities in MLO-Y 4 

cells (Kato 1997). M L0-Y 4 cells expressed osteocalcin (Mikuni-Takagaki et al. 1995), 

osteopontin, CD44, alkaline phosphate (ALP) (Mikuni-Takagaki et. al. 1995) and type 

1 collagen (Sandberg et al. 1988, Ikeda et al. 1995) in amounts relative to osteocytes. 

M L0-Y 4 cells supported the formation and activation of osteoclasts and expressed high 

levels of osteocyte specific antigen E l l  (Zhao et al. 2002). The creation of this osteo-
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cyte like cell line has allowed for investigations into the primary osteocyte function and 

reaction to stimulus that would not have been possible before and although our know 

ledge has greatly improved we are still playing catch up.

1.6 The mechanical properties o f cells

Cells need to be able to withstand the many stresses and strains that they are exposed to 

as they travel around and function within the body. Many types of cells are believed to 

act as mechanosensors, perceiving mechanical forces and converting them into biosig

nals to stimulate the necessary action (Kim et al. 2009). There is much knowledge on 

the elastic and viscoelastic properties o f  cells and their membranes but we know very 

little about how the mechanical forces animal cells experience interact with, and possi

bly damage the cell membrane. This lack of knowledge is due to the difficulty of con

ducting this type of testing. There are a few exceptions where mechanical testing of 

cells was possible. “ Blebbing” o f  a cell wall was described as a physical manifestation 

of mechanical damage, formed by the separation of the cell membrane from the cy- 

toskeleton (Sheetz et al. 2006 ). Another exception is mechanical testing by pipette as

piration, a method used in a number o f  studies of red blood cells and the mechanical 

forces necessary to cause m embrane rupture (Rand and Burton 1964, Rand 1964). This 

is one of the only papers to deal with the fatigue failure of cells, something that is very 

important given the cyclic nature o f  so many o f  the body’s activities.

1.7 Bone development

Bone develops in two ways during embryonic development, either by membrane or 

intramembranous ossification and cartilage or endochondral ossification. Both methods 

are fundamentally the same; osteoid is laid down and this becomes mineralised with the
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disposition of crystalline hydroxyapatite. Bone m odelling is construction o f  the skele

ton by bone formation without any prior resorption.

1.7.1 Endochondral ossification

Endochondral ossification (Fig. 1.8) is responsible for all parts of skeletal development 

except for clavicles, mandibles and the bones of the skull. Limb, and therefore long 

bone development is characterised by this type o f  ossification. In this process a cartilage 

cell template forms and is surrounded by a periosteum layer. The osteogenic cells on 

the periosteum layer differentiate into osteoblasts and they begin to lay down osteoid, 

forming a bony collar. While this is taking place the chondrocytes in the centre o f  the 

template enlarge and increase in numbers in a process called hypertrophy. They stop 

secreting collagen and other proteoglycans and begin secreting alkaline phosphatase, an 

enzyme essential for mineral deposition, leading to ossification and the formation of 

what is termed the primary ossification centre. This results in the cells at the centre of 

the structure becom ing isolated and starved of nutrients and they begin to die leaving 

central cavities in their wake. Eventually the blood vessels within the periosteum pass 

through the bony collar and invade the inner cavity of the cartilage model. The blood 

vessels carry a variety of cell types, including hemopoietic cells, osteoprogenitor cells 

and others into the cavity. Osteoblasts form and begin to lay down osteoid on the calci

fied scaffold leading to the formation o f  trabeculae. Blood vessels, osteoclasts and os- 

teocytes continue to invade the diaphysis o f  the bone leading to elongation. The elonga

tion continues throughout embryonic development. Following calcification o f  the 

epiphysis, secondary ossification begins at both ends of the bone leading to the form a

tion of spongy bone with a cartilage cap. Over time, remodelling of the bone will take
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place leaving a hard and ridged structure capable of dealing with all the forces a bone is 

subjected to (J. Vaughan 1970).

w.

Figure 1.8 The process of endochondral ossification (www.wellcome-matrix.org). 

1.7.2 Intram em branous ossification

Intramembranous ossification is the other type of bone formation that occurs during ear

ly foetal life (Fig. 1.9). This type of bone formation produces flat bones, such as those 

found in the skull and the collarbones. It is also the process by which injured bones heal 

and occurs when bones are broken or damaged. The process begins with a grouping o f 

mesenchymal stem cells replicating to form a very basic connective tissue called a no

dule. The cell morphology begins to alter forming the distinct characteristics of osteo- 

progenitor cells. Morphology alters again and the golgi apparatus and endoplasm ic reti

culum increase in size, enabling the cells to secrete type 1 collagen, essentially m aking 

the cells osteoblasts. The osteoblasts, while lining the periphery of the nodule, continue
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to form  osteoid in w hat is now term ed the prim ary ossification centre. As this process 

continues osteoblasts becom e em bedded in the osteoid and becom e osteocytes. Spi

cules, or small struts, develop w ithin the ossification centre and begin to fuse, trapping 

blood vessels and finally becom ing trabecular bone after m ineralisation. The surround

ing osteoid gradually becom es m ineralised creating the sandw ich like arrangem ent cha

racteristic of flat bones. R em odelling o f this new bone increases the hardness and resis

tance leading the enhanced strength flat bones need to fulfil their main function o f o r

gan protection (J. Vaughan 1970).
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Figure 1.9 T he process o f intram em branous ossification (w w w ,w ps.aw .com ).
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1.8 Bone adaptation

Bone adaptation achieves three goals: it provides a way for the body to alter the balance 

o f  essential minerals, it provides a m echanism for the skeleton to adapt to its m echani

cal loads and it provides a mechanism to repair damage in order to maintain structural 

integrity and prevent fracture (Burr 2002). There are two types of bone adaptation that 

can take place in the adult skeleton: bone modelling and bone remodelling. Bone m od

elling involves the construction of the skeleton or the addition of bone without resorp

tion. Bone remodelling always involves bone resorption (Seeman 2006).

The idea of adaptation was put forward by Galileo in 1638 when he stated that the 

shape of a bone was related to the mechanical loading it experiences. W olff (1892) took 

this idea further and when studying the proximal femur suggested that the orientation of 

the trabeculae within appeared to be in the same direction as the stresses experienced in 

the region (Fig. 1.10).

Figure 1.10 Diagram of W olffs  Law (W olff 1892).
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He believed bone architecture is determined by mechanical law. The thickness and 

number of trabeculae (ie. distribution of mass) must correspond to the quantitative dis

tribution of mechanical stresses and the trabeculae must be stressed axially in compres

sion or tension.

Bone is believed to be self regulating in its attempt to gain maximum strength with m in

imum weight (Roux 1881) but at the same time suit to an individual and their particular 

daily activity. Meaning, depending on uses, bone may need to be added or removed. 

There has been much study on the changes in bone as a result of changes in physiologi

cal loading.

A decrease of bulk in bone would be expected in individuals with reduced or nonexis

tent cyclic loading if Roux’s theory (1881) was correct. This was found to be the case 

many times over in independent experiments. Inoue studied the bone resorption level in 

a number of healthy individuals confined to bed rest for 120 days. A reduction in bone 

was noted in all individuals (Inoue et al. 2000). Rats growing in the zero gravity envi

ronment of space showed a reduction in the formation of cortical and trabecular bone 

after 7 days. After 18.5 days extensive arrest lines in the periosteum of cortical bone 

indicated a complete cessation of bone growth (Wronski and Morey 1983, Wronski et 

al. 1987). Space flight has been shown to decrease osteoblast activity and numbers (Jee 

et al. 1983, Oganov et al. 1991) and leave the number of osteoclasts unaltered (Oganov 

et al. 1991, Vico et al. 1991). Immobilisation of lower extremities was also shown to 

decrease bone thickness (Rubin et al. 2001).
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On the other hand, increased loading on bone should have the reverse effect. Activities 

that increase loading such as tennis and running should lead to an increase in bone 

mass. Studies of the humerus and the radius of long term tennis players have shown that 

the dominant tennis arm has statistically significant increase in the bone mineral densi

ty, as well as the cortical bone and trabecular bone thickness, when compared to the non 

dominant control arm (Haapasalo et al. 2000, Ducher et al. 2005). A similar finding was 

recorded when runners were compared. The results suggest that those runners with 

longer, more consistent distances gained more bone mineral than those with shorter, 

more inconsistent distances (Williams et al. 1984).

There were found to be three fundamental rules that govern bone adaptation. Firstly, it 

is driven by dynamic rather than static loading; secondly, only a short duration o f  load

ing is necessary to initiate adaptive response and thirdly, bone cells become accustomed 

to typical mechanical loading m aking them less responsive to routine loading signals 

(Turner 1998). Other factors such as nutrition and trauma may also affect bone quality 

and quantity (Frost 1985).

Bone re-modelling or targeted remodelling differs from modelling as it involves com 

bined removal and replacing o f  bone and it always follows a sequence of activation, 

resorption and formation (Fig. 1.11). As the name suggests it is also targeted to a par

ticular area and can take place throughout the bone.
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Figure 1.11 Schematic diagram of bone remodelling (www.umich.edu).

1.9 Basic Multicellular Unit (BMU)

Remodelling requires a group of cells called a basic multicellular unit (BMU). They are 

responsible for essential maintenance of the skeleton and for the repair of microcracks 

which are formed due to everyday activities such as walking and running (Parfitt 1994). 

A BMU is made up of osteoblasts, osteoclasts and mononucleated cells (Eriksen and 

Langdahl 1995). The osteoclasts lead, removing damaged bone, they are followed by 

the mononuclear cells which are believed to be involved in removing remaining debris 

(Everts et al. 2002) and finally the osteoblasts attach to the newly formed resorption 

cavity and replace the old bone with new osteoid (Fig. 1.12). These cells have a short 

life span in relation to the BMU and therefore need to be replaced constantly 

(Manolagas 2000).

A BMU advances about 40 |im a day, in the longitudinal direction, in adult humans. It 

continues this advance for approximately 200 days, leaving behind a secondary osteoid 

of concentric lamellae approximately 200 jam in diameter with a 50 fxm Haversian canal
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running tiirough the centre. The Haversian canal contains one to two blood vessels and 

nerves (Jilka 2003). BMU activity has been found to decrease with age leading to a re

duction in trabecular and cortical bone volume, the main symptoms of osteoporosis 

(Jilka 2003). The formation of basic multicellular units is believed to be stimulated by 

osteocytes. They have ability to communicate with other cells using gap junctions and 

their position within bone also makes them the only cell type that would be directly dis

rupted if damage occurred (Mullender and Huiskes 1997).
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Figure 1.12 Schematic diagram o f  a basic multicellular unit repairing a micro
crack (WWW.osteoporosistx.com).

1.10 Microcracks

Frost (1960) was the first to identify microcracks in bone. He described small cracks o f 

linear morphology, in the order of 30 -  100 |i,m in human rib bone (Frost 1960). He hy

pothesised that these small cracks were formed as a result of fatigue damage caused by 

cyclic loading in vivo. To ensure that what he was seeing was cracks formed in vivo and 

not artefacts due to preparation of the specimens. Frost designed a method, still used 

today, to identify microcracks and separate them from artefacts. Basic fushin, a sta;n
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that binds non specifically to exposed calcium, was applied to a bone sample prior to 

any preparation. This stain coated the edge of microcracks already present at the point 

of staining ie. in vivo formed microcracks. Microcracks formed later, during prepara

tion, would have no stain and so artefacts could be separated from true in vivo micro

cracks (Fig. 1.13a). This method has been validated many times over, by many re

searchers (Burr and Stafford 1990, Burr et al. 1997b, Burr and Hooser 1995) and re

fined using fluoro chemical dyes (Fig. 1.13 c and d) (Lee et al. 1998) and heavy metal 

staining using lead-uranyl acetate in conjunction with backscatter electron detectors in 

a scanning electron microscope (Fig. 1.13b) (Schaffler et al. 1994).

Figure 1.13 Methods of bulk staining bone samples A) basic fuchsin staining 

(www.grin.com), B) heavy metal bulk staining imaged using a backscatter electron 

detector (Dooley et al.), C & D) fluorescent staining (Lee et al. 2000).
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M icrodamage is believed to form naturally due to everyday activities such as walking 

and running. Bone, like any other weight bearing material, will amass fatigue induced 

damage after cyclic loading. If this damage was allowed build up, failure of the material 

would occur within a matter of m onths (Taylor et al. 2004). The level of microdamage 

within a bone is dependent on both age and mass of the individual (Brianza et al. 2011, 

Burr et al. 1997a). Microcracks are believed to serve two functions in dealing with the 

load a body experiences. Firstly, it is proposed that interaction between microcracks and 

bone cells triggers the re-modelling sequence and secondly, the production of micro

cracks is a method by which bones take the energy they experience with load and dis

perse it (Schaffler et al. 1994).

A number of experimental studies have linked microdamage to cyclic loading of bone. 

Forwood removed rat tibia from five groups of animals exposed to different levels of 

load and an increasing number of cyclic loads and demonstrated that crack density was 

dependent on the level of loading the bone was exposed to and that cracks develop in 

vivo  due to cyclic loading (Forwood and Parker 1989). Similar results were produced 

for mature dogs exposed to 3 point bending and 100 cycles of load (Norrdin et al.

1993).

1.10.1 Microcrack Morphology

There are two types of crack that form in bone; stress fractures and fragility fractures.

Both are examples of fatigue failure in bone caused by cyclic loading. A stress fracture

is a partial or complete fracture in normal bone caused by repetitive stresses. A fragility

fractures occur in people with poor bone quality so propagation tends to require smaller

stresses than is needed for a stress fracture to form (Lee et al. 2000). Bone can fail in
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fatigue in as few as 1000 -  100,000 loading cycles at strain ranges of 5000 -  10,000 

microstrain. The average peak physiological strain is generally much lower, typically 

less than 1500 microstrain in tension and 2500 in compression (Rubin 1984, Schaffler 

et al. 1989).

Microcracks are elliptical in shape. They have an average longitudinal length of 400 ^m  

and an average length in the transverse direction o f  100 (xm. The mean aspect ratio of 

longitudinal to transverse length is 4 ; 1 (Lee et al. 2000). This implies that cracks will 

take advantage of the anisotropic grain o f  bone material and grow longest in the direc

tion propagation is easiest, longitudinally (Hazenberg et al. 2006a). The average incli

nation of a microcrack is 70 ° to the horizontal axis of the bone (Taylor et al. 2003). 

Cracks tend to initiate at areas o f  stress concentrations, where discontinuities are 

present within the material (Reilly and Currey 1999, Reilly 2000). They can also be as

sociated with planes of weakness, such as cement lines and interlamellar debonding 

(Carter and Hayes 1977, Vashishth et al. 1997).

Different styles of cracks form depending on the mode o f  loading the bone is exposed 

to. Compression cracks are usually long and straight and originate at stress concentra

tors (Fig. 1.14A). Tensile cracks follow the grain o f  the bone, moving around secondary 

osteons and cement lines. Tensile strains can form diffuse damage (F ig . l . l4 B ) .  This is a 

network of fine ultrastructure level cracks that can be difficult to see using light m icro

scopy (Boyce et al. 1998). The majority of cracks are found in interstitial bone 

(Schaffler et al. 1995, O ’Brien et al. 2002) and crack densities are higher in females 

than males, increasing with age (Schaffler et al. 1995, Norman and W ang 1997). Burr & 

Stafford developed criteria to identify microcracks under a light microscope; they 

should have a sharp border, a halo o f  stain surrounding the crack, be longer than canali-
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culi, smaller than vascular canals, be stained through the depth of the section, have well 

stained edges and less stain in the intervening space (Burr and Stafford 1990).

Figure 1.14 Types o f microcracks that form in bone. A) Long, straight crack and

B) diffuse damage (Sahar et al. 2005).

Discontinuities within bone serve as initiation points for microcracks but also act as 

barriers to propagation. Corondon & Haworth produced results that suggested that crack 

propagation in bone was reduced by an increased number and size of osteons 

(Corondan and Haworth 1986). Microcrack length at the point of osteon encounter was 

a critical factor in its ability to propagate. W hen microcracks of length < 100 ^im hit the 

cement line of an osteon they stop growing (Fig. 1.15), cracks of 150 -  300 |im contin

ue to grow after encountering a cement line by winding around it and only cracks of > 

300 |j,m when they hit the cement line will penetrate the osteon (O'Brien et al. 2005). 

Microdamage in the form of small cracks in front of larger cracks was suggested as a 

possible energy dissipating mechanism  that may cause crack arrest (Vashishth et al. 

2000) and lamellar interface is believed to be highly effective at keeping cracks isolated
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from each other (Jepsen et al. 1999). Collagen fibres crossing the crack face could be 

another m echanism by which crack growth is controlled. In this model the longer the 

crack the more fibres crossing it and therefore the more difficult propagation becomes 

(Ritchie 1988).

Figure 1.15 Microcrack trapped between two osteons (R. B. Martin 1998).

Slow, stable crack growth also occurs in bones subjected to a constant tensile load. 

Each crack goes through a cycle as it propagates. In the beginning the crack grows 

quickly, followed by a temporary halt, followed by increased growth. Cracks were 

found to repeatedly follow this pattern of growth (Fig. 1.16) (Hazenberg et al. 2006b) 

During crack arrest, displacements were still taking place in the form of crack opening 

displacements (COD). CO D  would increase until a critical value was reached and the 

crack would begin to propagate again in what has been described as “stick slip” crack 

behaviour. This type of crack propagation is comm on in brittle materials (Ebeling et al 

1997). It occurs when a sharp crack, under low stresses, starts to blunt. As the stresses
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increase, the crack radius begins to deform until a new crack develops at the crack tip 

and rapidly increases in size. The crack may be halted again by a microstructural barrier 

and the process continues. Only a small proportion of cracks are actually propagating. 

These cracks are, as expected, longer than the non propagating cracks. 92 % of the 

cracks in a particular sample did not propagate throughout different stages of cyclic 

strain testing (O ’Brien et al. 2003).

Figure 1.16 A propagating microcrack. Surface and pre-existing microcrack la

belled with alizarin (red arrow) and crack growth labelled with calcein (green ar

row) (Lee et al. 2000).

1.11 Fatigue failure

Fatigue failure is described as the failure o f  a material due to cyclic loading. It usually

occurs where the loading a material is experiencing is too low to cause instantaneous

failure under monotonic loading yet is at a certain critical level. At this level, repeated

loading and unloading can cause the formation o f  a microscopic crack at a stress con-
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centrator. For bone this could be a cement line, interlamellar debonding, canaliculi or 

osteocyte lacunae (Carter and Hayes 1977, Vashishth et al. 1997, Curry 2002). Over

time this crack will propagate until it reaches a critical size and the material suddenly 

fractures. A  materials fatigue performance is generally plotted on an S-N curve, where 

cyclic stress (S) is plotted against the num ber o f  cycles to failure (N). Generally the 

higher the stress applied the lower the number o f  cycles to failure.

1.12 Microdamage and bone remodelling

Frost suggested that remodelling could occur to repair damage in bone (Frost 1960). It 

is suggested that disruption o f  the canalicular connections that occurred with the form a

tion of fatigue induced microcracks could provide stimulus to initiate repair (Frost 

1960, Colopy et al. 2004). Fatigue damage provides a convincing signal as the level of 

damage will provide a direct measure o f  the risk o f  failure (Taylor 1997). Burr con

ducted an experiment to observe if the frequency of BM U resorption cavities and m i

crocracks in adult dogs, exposed to 3 point bending at 1500 microstrain for 10,000 

cycles, was higher than would be expected from random remodelling processes. They 

found microcracks were associated with resorption spaces six times more often than 

expected by chance alone (Burr and Martin 1993). To determine if remodelling fol

lowed the accumulation of microcracks or whether microcracks formed in areas o f  pre 

existing resorption due to increased stresses in the area a second experiment was con

ducted. Three point bending load was applied to left forelimbs of dog models. Eight 

days later the right forelimb was exposed to the same forces and the dog was im m e

diately sacrificed. The results showed equal numbers of microcracks in each limb radius 

but significantly more resorption spaces associated with cracks in the left limb (Mori
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and Burr 1993). This was as expected if damage is targeted and supported a cause and 

effect association between damage and repair. Bentolila added more weight to the 

theory by demonstrating that it was possible to cause the activation o f  intracortical re

modelling in rats, where it is not normally present, within the cortex. The resorption 

that occurred was not indiscriminate but was associated with bone microdamage and 

with regions of altered osteocyte morphology. Tw o rats did not infer any microdamage 

during cyclic loading and importantly these were the only two rats that did not exhibit 

intracortical remodelling (Bentolila et al. 1998).

1.13 Osteocytes as mechanosensory cells

Now that we are confident that microcracks can be repaired by a process of targeted 

remodelling we can move on to how bones detect the presence of a microcrack initially. 

This is poorly understood but due to their position and quantity within the bone osteo

cytes have been proposed as major players in this process (Cowin et al. 1991, Lanyon 

1993). Frost referred to the proposed osteocyte response to mechanical stimuli as a m e

chanosensory mechanism (Frost 1987). The idea that osteocytes are the m echano

sensory system within bone has been suggested due to a process of elimination. Osteob

lasts are only present in the bone when resorption is taking place (Cowin 2002). Osteoc

lasts and bone lining cells are only present on the surface of bone and so would have to 

be extremely sensitive to strain if they were to detect the very low strains present in 

bone (Cowin et al. 1991). Mechanical load produces displacements throughout the bone 

tissue and as such the best strain detector would be present throughout the bone matrix. 

The cells that detect the load do not necessarily have to be the same type as the cells 

that produce the physical change so long as the sensor cells can communicate with the 

effector cell (Aarden et al. 1994). All o f  this suggests osteocytes as the only possibility.
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Their number, location and ability to communicate with each other along with studies 

that demonstrate that an increase in damage accumulation is associated with areas of 

low osteocyte numbers (Mori et al. 1997), makes them a highly likely candidate.

Some experimental evidence has been produced to support this hypothesis. Fatigue fail

ure has been shown to take place when osteocytes are not present as with radiation in

duced osteocyte death (Melanotte and Follis 1961) and avascular necrosis (Kenzora et 

al. 1978). Dunston produced evidence that loss of osteocyte number was associated 

with hip fractures (Dunstan et al. 1993) and Qiu produced results which showed that 

microcrack accumulation is related to areas of osteocyte reduction in aging human bone 

(Qiu et al. 1997). A number of experiments have also been reported where the direct 

effect of strain on osteocytes has been measured. You et al concluded that mechanically 

stimulated osteocytes release RANKL which has been shown to bind to RANK on the 

surface of osteoclast precursors and has the potential to stimulate osteoclastogenesis 

(You et al. 2008, Boyle et al. 2003). Microdamage would be expected to directly injure 

osteocytes, disrupt their attachment to the bone matrix, interrupt their communication 

network of processes and canaliculi and alter their metabolic exchange (Burr et al.

1985, Schaffler 2003)

There have been a number of hypotheses put forward as to how osteocytes and micro

cracks interact in order to stimulate the formation of a BMU and initiate the targeted 

remodelling process. These include apoptosis (Verborgt et al. 2000, Noble and Reeve 

2000, Noble et al. 1997, Kurata et al. 2007, Seeman 2006), fluid flow (Nicolella et al. 

2006, You et al. 2008), the primary cilum (Anderson et al. 2008, Malone et al. 2007, 

Temiyasathit and Jacobs 2010) and rupture of cell process by shearing motion (Taylor 

et al. 2003, Hazenberg et al. 2006a)
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1.14 Apoptosis

Apoptosis is programmed cell death and does not signify a physiological problem in the 

body. This cell death can give rise to signalling molecules which can affect cell beha

viour (Noble 2005). Recently it has been demonstrated that damage in bone may be as

sociated with an increase in the apoptosis of osteocytes. Nobel and Verborgt have per

formed studies on rats which supported the theory of apoptosis (Noble 2003, Verborgt 

et al. 2000). Typically rat ulnae experience little or no intracortical remodelling but if 

m icrodamage is sustained remodelling is initiated. In both studies damage was induced 

by cyclic loading and osteoclast activity and osteocyte apoptosis were monitored. Both 

sets o f  studies showed a large increase in apoptosis, 6 - 8  fold above base line. This oc

curred seven days after damage induction and preceded osteoclast invasion. The apop

tosis was localised to the areas where damage was observed and in regions where no 

damage was identified osteocyte apoptosis did not increase above the base line.

The most recent results on apoptosis and cell remodelling have produced a similar find

ing. Rat ulnae were cyclically loaded and the tissue was analysed 3 and 7 days later (see 

Fig. 1.17 for 3 day results). The expression of RANKL, a gene known to be associated 

with osteoclastogenesis, was assessed along with apoptosis and pro osteoclastogenic 

signals. R A N K L release peaked in cells between 100 |im -  300 fxm from the damage 

site and apoptosis was identified at its highest level in regions directly surrounding 

damage (Kennedy et al. 2012). These results suggest that apoptosis o f  cells in regions 

close to microdamage might be the source of a signal to stimulate other more distant 

osteocytes and those not directly affected by the damage to release a stimulus for os

teoclast formation.
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Figure 1.17 Distance distribution showing expression o f (A) Cas-3 and RANKL (B) 

Cas-3 and OPG in osteocytes as a function o f distance from the damage region 3 

days after fatigue loading. (* = p < 0.01)(Kennedy et at. 2012).

Circumstantial evidence has also added to the confidence many have in osteocyte apop- 

tosis as a stimulus for osteoclastogenesis. Apoptotic  cells and osteocytes are more 

common in younger bone than in older bone and as younger bone is remodelling much
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more than older bone it is possible that there is a link (Noble et al. 1997). High levels of 

osteocyte apoptosis was associated with the rapid growth of the skull in < 1 year olds 

whereas apoptosis was almost absent in adult skull bones. Glucocorticoid induced bone 

loss in both human and mouse models has been associated with apoptosis (Weinstein et 

al. 2000). The increase in bone turnover induced during medical menopause (ovariec

tomy) correlates with an increase in the proportion of apoptotic and dead osteocytes in 

human bone (Tomkinson et al. 1997)

Kurata (Kurata et al. 2007) conducted a study o f  M L 0 -Y 4  cells in 3D gel cultures sub

jected to stretching. The damage induced a significant amount of cell death and the 

conditioned medium, obtained from the mechanically damaged osteocyte culture, could 

induce TR A C P (tartrate resistant acid phosphate) (also known as RA NKL) positive cell 

differentiation. TR A C P has been shown to have an important role in bone resorption in 

mouse models (Hayman et al. 1996). This indicates that soluble factors, secreted by the 

damaged osteocytes, have the potential to promote osteoclastic cell differentiation and 

therefore bone remodelling. The cells were also found to have released macrophage co 

lony stimulating factor (M -CSF) along with RANKL, both o f  which are essential for 

remodelling.

Apoptosis is believed to be initiated by microdamage. This may be due to mechanically 

sensitive signalling pathways and/or direct physical damage to either the osteocyte 

cells or the canalicular system that supplies them with nutrients and oxygen (Noble and 

Reeve 2000). Matrix disruption would be expected to directly injure osteocytes, disrupt 

their attachment to bone matrix, interrupt their communication through canalicular, cel

lular and fluid flow processes or alter metabolic exchange (Schaffler and Jepsen 2000).
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It has been shown that direct damage to M L0-Y 4 cell processes in vitro stimulates 

apoptosis (Kurata et al. 2006, Heino et al. 2006).

It is not known how apoptosis may initiate osteoclast differentiation but a few proposals 

have been put forward. Nobel suggested that apoptosis of osteocytes might act as a 

homing signal for phagocytic cells to remove the debris. Osteoclasts, being from the 

phagocyte cell family, may be attracted towards the dying ceils and therefore the dam

aged area (Noble et al. 1997). Live osteocytes might act to inhibit osteoclastic resorp

tion by expressing osteoprotegerin or other osteoclast inhibitors and loss o f the inhibitor 

by death of the osteocyte might be the trigger for increased osteoclastic activity.

We can be very confident that microdamage is a mechanism by which apoptosis is in

itiated. Theories suggest that direct physical damage activates the cell death while oth

ers believe that a mechanically sensitive signaling pathway is responsible. It is very dif

ficult to separate these stimuli as most of the time if one is induced the other also is, this 

would be the case in vivo. The exception to this is the addition of planar defects in vitro 

(Kurata et al. 2006, Mulcahy et al. 2011) where microdamage is applied in a one off 

action, without any cyclic stretching. Fluid flow will be altered with the addition of the 

defect but this change will only occur once. It can be assumed that one distinct change 

in fluid flow would not be sufficient to induce apoptosis, if this was the case all our 

cells would be undergoing apoptosis due to forces incurred by everyday activities. It 

can be concluded, therefore, that cutting of the M L0-Y 4 processes is the only activator. 

Apoptosis is induced in all cases, suggesting that physical damage alone can stimulate 

apoptosis. These two processes may be capable of working in tandem in vivo. Verborgt 

et al found that cells not directly affected by the damage were producing an anti apop- 

totic protein, Bel 2. It has to be pondered why this would be necessary if direct physical
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damage, something these cells are not exposed to, was necessary to start apoptosis 

(Verborgt et al. 2002). The affect of cell rupture in vitro, in relation to Bcl-2 and Bax, 

could help in further determining the relationship between microdamage, cell rupture, 

apoptosis, cytokine release and anti/pro apoptotic proteins in bone and the steps that 

lead to targeted remodelling.

1.15 Fluid flow

Mechanical strain and/or stretching of osteocytes is another hypothesis put forward as a 

means for osteocytes to induce remodelling. Originally, cell deformation as a result of 

strain on the load bearing matrix was assumed to be the direct mechanical signal. It was 

later determined that the strain/deformation of bone tissue due to physiological loading 

was very small due to mineralisation derived stiffness and that direct mechanical strain 

is unlikely to be sufficient to stimulate a response (Cowin et al. 1991). In vitro studies 

have shown that in order to induce a cellular response by direct mechanical deformation 

the osteocyte deformation needs to be 1 -  2 orders of magnitude bigger than bone tissue 

strains normally experienced in vivo (You et al. 2000, Cowin et al. 1991, Turner et al. 

1994). A number of studies have indicated that bone cells on substrates are more sensi

tive to fluid flow shear stresses than mechanical stretching (Owan et al. 1997, Smalt et 

al. 1997, You et al. 2000). As a result theories based on fluid flow induced shear 

stresses on osteocyte processes have gained momentum (You et al. 2000, You et al. 

2001, Nicolella et al. 2006, Tami et al. 2002, Weinbaum et al. 1994). The suggestion is 

that osteocytes are activated by a change in the flow of interstitial fluid through the ca

nalicular pathways due to surrounding tissue strain. The strain driven motion of the in

terstitial fluid flow is sensed by osteocyte cell membranes and the fibres that anchor 

them to canaliculi and lacunae walls and elicits a response (Cowin 2002). The effect of
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fluid flow on osteocytes can cause an influx of calcium ions and ATP which binds to 

receptors and facilitates an increase in bone formation. Pressure in the bone marrow 

cavity has been shown to stimulate the release o f  nitric oxide. This inhibits RANKL, 

increasing OPG secretion and increasing bone matrix accumulation (Klein-Nulend et al. 

1995). The presence of a microcrack will alter the fluid flow and tissue strain in the sur

rounding area, both during propagation and probably to a greater degree during cyclic 

movem ent in the presence of a microcrack. Muir showed, with the use of tracer dye, 

that the presence of a microcrack resulted in the pooling o f interstitial fluid within the 

microcrack and blocked the interstitial fluid flow into canaliculi and lacunae within 100 

^m of the damage (Muir et al. 2007). Osteocyte process rupture would also alter the 

fluid environment. As osteocytes have been shown to react to stretching (Kurata et al. 

2007, You et al. 2000) it is likely that fluid flow change has its part to play in rem odel

ling but in what order and what combination is still to be agreed.

Recently another organelle has come into focus as a possible mechanosensor within 

bone. Primary cilia have been identified on the surface o f  osteocytes (see Fig. 1.18) 

(Malone et al. 2007). They are present as projections on the cell surface and are solitary, 

immotile, microtubule based organelles that grow from the centrosome (Wheathley and 

Strugnell 1996). This method of osteoclastogenic stimulation is linked to oscillatory 

fluid flow and depending on their size primary cilia may experience fluid flow shear 

stress, mechanical deformation and pressure gradients. Primary cilia are known to act as 

flow sensors in renal cells and in osteocytes primary cilia deflect when exposed to strain 

induced fluid flow (Malone et al. 2007, Anderson et al. 2008). This is a new area of in

terest in bone remodelling and although promising no direct evidence is available on the 

relationship between bone maintenance and primary cilia.
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Figure 1.18 Primary cilium extending from the surface of bone cells (stained red in 

A, B and C). A, B and D) show the cilium in MC3T3 cell (A & D) and M L 0-Y 4 cell 

(B) bending during fluid flow (Malone et al. 2007).

1.16 “The scissors model”: rupture of osteocyte cellular processes

Osteocyte process rupture has been shown to be associated with microcrack formation. 

After fatigue tests on living bone, osteocyte cells and their dendritic processes were dis

rupted, suggesting that they may experience failure in the vicinity of matrix damage 

(Colopy et al. 2004, Frost 1960). Taylor et. al. (2003) proposed a cellular transducer in
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damage stimulated bone remodelling whereby osteocyte processes could be cut by a 

shearing motion between crack faces. Under applied compressive loading microcrack 

faces will be pressed together and will undergo relative shear motion. If this motion was 

> 0.2 [xm, or the width o f  a process, then the cell process would rupture (Fig. 1.19). This 

hypothesis was put forward based on a theoretical model developed using analytical and 

numerical methods. It was suggested that once the osteocyte processes were ruptured 

they could secrete passive and active cellular material into the extra cellular matrix 

which could diffuse through the matrix and be detected elsewhere, possibly leading to 

BMU formation and bone repair (Taylor et al. 2003).

Compressive Load

Crack

'^Osteocytes 
A

Processes

Figure 1.19 Diagram of how shear stress may affect osteocyte cell processes

(Taylor et. al. 2003).
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The theoretical model was first described by Taylor et. al. using fracture mechanics 

(Taylor et al. 2003). It was developed to predict the relative m ovement of crack faces 

and from this to predict if it was possible for osteocyte processes to be ruptured due to 

crack face displacement. The equation was derived from an equation for a 2D crack as 

no equation was available for a 3D crack (Ewald and Wanhill 1989).

Here 6T is the tensile opening (i.e. the separation o f  the crack faces), a  is the applied 

tensile stress, E  is Young's modulus, v is Poisson's ratio, ‘a ’ is the half-length of the 

crack and x  is distance along the crack, measured from the crack centre. M aximum dis

placement occurs in the middle of the crack therefore x  = 0.

The equation evolved to take into account the two crack dimensions for an elliptical 

crack, i.e. the minor and major axes, a and b, as well as the two major types of load a 

crack could be influenced by; compression and tension (Taylor et al. 2003).

Equation 1.1
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X cos(/J) cos(({).

X sin(^) cos(/i),

<̂ 7 {.v) -

X cos(//) cos(//).

Ssi.x) =  /(
X sin(^) cosifi). Equation 1.2

Here c)T(jf) is the tensile displacement of the crack faces along the x axis and 3T(z) is 

the tensile displacement along the z axis (which will be zero in compressive loading): 

dS is the corresponding shear displacement. /? describes the angle of the crack to the 

long axis of the bone, which is also the axis of applied tensile or compressive stress.

The work went on to predict the failure of osteocyte processes across cracks in both 

tension and compression. The simplest case (and the one thought to be most common in 

practice) was compression, in which case failure was assumed to occur if the crack face 

shear displacement was 2SS > 0.2 (j,m i.e. the typical diameter of an osteocyte process.

If crack face displacement is greater than the width of an osteocyte process then the 

process would rupture. This equation was used to predict at what crack size osteocyte 

processes would begin to rupture. At a crack length of 30 fxm no cellular processes 

failed, even at loading above that normally experienced in vivo. A  100 ^m crack would 

begin to see failure at 28 MPa and a crack of 300 j^m would produce cell process failure
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at 10 M Pa. It w as  conc luded  that as crack  length and applied stress increased so too did 

cell rupture. A norm al crack exposed  to high load ing  and a large crack exposed  to 

norm al loading  w ould  result in cell p rocess  rupture (Taylor et al. 2003). T h is  w ork  w as 

pure ly  theoretical w ith  no experim ental  proof. To confirm  the f indings experim ental  

tes ting  w as required.

T hese  pred ic tions fitted very  well w ith  experim enta l  data generated  on repair s t im u la 

tion for c racks o f  d iffe ren t sizes. Experim enta l  w ork  w as conduc ted  to investigate 

w he the r  m icroc racks  cou ld  rupture o steocy te  ce llu lar processes. C ellu lar m aterial w as 

observed  c rossing  the crack  face and the rupture o f  this cellular material w as also v isu a 

lised using phallo idin  (a stain specif ic  to F actin) a fluorescent antibody stain and con- 

focal m icroscopy  (see Fig. 1.20) (H azen b e rg  et al. 2006a).

Figure 1.20 A confocal microscopy image o f a crack and three osteocytes (solid ar

rows). The crack (A) has travelled through the lacuna o f one osteocyte (B), which 

appears to have remained intact. The majority of the cell processes are ruptured 

but a number remaining intact can be seen in the white circle (Hazenberg et al.

2006a).
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It can be difficult to isolate one proposed stimulator for osteoclastogenesis from another 

as they are all naturally occurring and initiated in the same way i.e. compressive cyclic 

loading. To ensure that the damage induced rupturing of osteocyte processes was not 

simply generating fluid flow stimulated remodelling, studies were performed in vitro 

that allowed the cutting of osteocyte processes. An in vitro study made use of the MLO- 

Y4 cell previously described to test whether cutting the dendritic processes of osteocyte 

type cells generated the signals necessary for osteoclastogenesis. M L0-Y4 cells were 

added to a 3D collagen gel and the cells were allowed time to connect via their 

processes. This novel set up mimicked the in vivo environment. A “microinjury” was 

applied to the 3D culture to replicate damage induced cutting of the cell processes. The 

testing was somewhat limited by the size of the applied damage, being much larger than 

would be experienced by bone in vivo. However, the cell response, if any, to M L0-Y 4 

cell process cutting could still be evaluated. It was found that local injury to the cellular 

processes caused the release of RANKL (Fig. 1.21a) and a decrease in OPG (Fig.

1.21b), two of the principal mediators in bone maintenance. The results also indicated 

that damaged cells send out a soluble signal that evokes a response from undamaged 

surrounding cells. Assessments of cell viability and apoptosis showed an increase in 

both as damage size increased but no spatial correlation between damage and apoptotic 

cells was investigated (Mulcahy et al. 2011, Kurata et al. 2006). These studies con

firmed that local damage of processes, in isolation from other proposed stimuli such as 

cyclic strain and fluid flow, could stimulate a remodelling response. And perhaps that 

microdamage could induce apoptosis, particularly in directly injured/disrupted cells 

(Kennedy et al. 2012).
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Figure 1.21 The effect o f varying microdamage size on (a) RANKL and (b) OPG 

release from 3D gel embedded MLO-Y4 cells. Results show RANKL and OPG re

lease as quantifled by ELISA (Mulcahy et al. 2011).

The findings on microdamage are in agreement with the work of Taylor et. al. (2003) 

work and suggests that the number of broken cellular processes may be a viable m e

chanism by which bone is able to estimate a cracks size and illicit a suitable and tar

geted response.

Osteoprotegerin (OPG) is a member o f  the tumor necrosis factor family (TNF). Its func

tion was identified by two groups simultaneously. The Amgen group noted an increase 

in bone mass when OPG was overexpressed in transgenic mice and a complete lack of 

osteoclasts (Simonet et al. 1997). In Japan, the Yasuda group found evidence for a mo-

1.17 RANK -  RANKL -  OPG Pathway

1.17.1 OPG
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lecular effector inhibiting osteoclastogenesis (Yasuda et al. 1998). OPG was found to 

function by binding to RANKL therefore preventing the binding of RANKL to RANK, 

inhibiting the resorption of bone by osteoclasts (Lacey et al. 1998). Its ligand was 

quickly discovered and on closer inspection was found to be identical to RANKL, a 

member of the TNF ligand family that had been discovered the previous year (Boyce 

and Xing 2007)

OPG is secreted by osteoblasts, osteocytes and osteogenic stromal stem cells. It is pro

duced as a monomer but only becomes functional as a dimer, only in this state can it 

bind to RANKL (Simonet et al. 1997). OPG controls resorption, it protects the skeleton 

from excessive bone resorption by binding to RANKL and preventing it from interact

ing with RANK. Recently, it has been observed that Wnt/p-catenin signalling directly 

regulates OPG expression by osteoblastic cells (Boyce et al. 2005).

L17.2 RANKL

Receptor activator of nuclear factor kB ligand (RANKL) was first discovered by A n

derson et. al. in 1997 (Anderson et al. 1997). It is a type II transmembrane protein tu

mor necrosis factor (TNF) homologue released by disintegrin TN Fa on the surface o f 

osteoblasts, preosteoclasts and dendritic cells. It can be expressed both as a membrane 

bound and a secreted protein. It is the critical differentiation and activation factor of os

teoclastogenesis, stimulating preostoclastic transformation into osteoclasts and therefore 

inducing bone remodelling (Simonet et al. 1997, Lum et al. 1999). RANKL is released 

from osteoblasts after receiving paracrine or endocrine chemical messages including 

parathyroid hormone (PtH), tumor necrosis factor (TNF) and Interleukins IL. Once re

leased RANKL binds to the surface of RANK receptors on the cell surface of preos-

47



Chapter 1: Introduction

teoclasts and mature osteoclasts and has been shown to increase absorption of bone ma

trix by osteoclasts 7 fold (Lacey et. al. 1998, Burgess et. al. 1999).

1.17.3 RANK

Receptor activator of nuclear factor kB (RANK) is a type I transmembrane protein that 

is expressed on the surface of osteoclasts and is involved in their activation upon bind

ing of ligand RANKL.

1.17.4 RANK -  RANKL -  OPG Pathway

The RANK -  RANKL -  OPG pathway has been identified as the principal mediator in 

the structure and maintenance of bone, with the ratio of RANKL to OPG determining 

whether bone is being removed or added to. With stimulation, RANKL is released from 

the surface of osteoblasts, preosteoclasts and dendritic cells, this binds to the RANK 

receptors on the surface of osteoclasts which stimulates bone resorption. OPG is re

leased from osteoblasts and further differentiated osteocytes as a monomer and is stimu

lated by the RANK -  RANKL interaction into becoming its functional form as a dimer 

(Simonet et. al. 1997). This dimer binds to RANKL and inhibits osteoclastic activity at 

the same time as increasing osteoblastic activity (see Fig. 1.22). In general, upregulation 

of RANKL is associated with downregulation of OPG, leading to the belief that 

RANKL/OPG ratio is the major determinant in bone mass (Hofbauer 2004),
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Figure 1.22 The R A N K  -  R A N K L- OPG Pathway (www.endotext.org).
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1.18 The aims and objectives of this thesis

The primary aim o f  this thesis was to investigate the “scissors m odel” , as described in 

the theoretical model advanced by Taylor et al. (Taylor et al. 2003). The ‘'scissors m od

el” describes a method by which osteoclastogenesis and targeted repair o f  bone may be 

stimulated. This is not the only proposal put forward as an initiator of targeted repair 

but it is the one this thesis will concentrate on. The original proposal was based on 

purely theoretical calculations and using the.se some predictions were generated. The 

predictions speculated on the possibility of cellular material rupturing and the bone be

havior necessary to execute this action. Throughout this thesis I will test the model and 

many of its predictions and in doing so will hopefully validate it to some degree.

•  The first aim was to identify material spanning a microcrack and conclude that it

was osteocyte cellular material and not collagen fibres.

•  The theoretical model suggested that the degree of osteocyte processes rupture

would depend on microcrack size: smaller microcracks would experience very 

little rupture while large microcracks would experience huge amounts of cell 

damage. I wanted to test this prediction and show that as crack size increased so 

too did the number o f  ruptured processes. This seemed fitting as the bigger the 

crack the more urgent the need for repair and the more broken processes the 

more biochemicals that would be released into the bone matrix, therefore the 

bigger the stimulation for repair.
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•  I w an ted  to test the m athem atica l  equa tions  gene ra ted  to predic t the n u m b er  of 

b roken  p ro cesses  for c racks  o f  v a ry in g  lengths. T o  test this I collec ted  ex p e r i 

m ental  da ta  on  the n u m b er  o f  intact p rocesses  p er  m ill im etre  o f  crack  length  and 

p lotted  it aga ins t  theoretical cu rves  based  on the m odel.  I did this for a nu m b er  

o f  an im al types  so that certa in  pa ram ete rs  in the m ode l  w ould  need to be 

changed .  I felt i f  the experim en ta l  data  w as  a good fit to the theoretical curve 

w ith  the altered  param ete rs  I w ou ld  have m ore robust ev idence that the m odel 

w as correct.

•  T he  theore tica l  “ scissors m o d e l” ad v an ced  that cell p rocesses  spann ing  m ic ro 

c racks o f  v a ry in g  sizes w o u ld  be m ore  likely to b reak  if they were ex posed  to 

increased  cyc lic  co m p ress iv e  stresses. I w an ted  to test this theory ex p e r im en ta l

ly and  d e te rm in e  w hether  the h igher the applied  s tress  the sm aller the m ic ro 

cracks incu rr ing  cell dam age.

•  The “ scissors  m o d e l” sugges ted  shear  s tress as the m e th o d  by w hich  cell 

p rocesses  rup tured. It w as  believed  that under co m p ress iv e  loading the m ic ro 

crack  faces  w ou ld  be p u sh ed  together and  the c rack  w ou ld  close. W ith  co n t in 

ued co m p ress io n  the m ic ro c rack s  w o u ld  slip and  undergo  shear  m o v em en t  cu t

ting the cells  as a scissors  w ould . I needed  to be sure  this w as  the m ethod  o f  rup 

ture as w ith  cyc lic  lo ad in g  fa tigue fa ilure can p lay  a p ro m in en t  role. I h o ped  to 

de term ine  the m agn itude  o f  the load necessary  for p rocess  rupture, a long  w ith  

the n u m b er  o f  cyc les  to failure.
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• If it was found that osteocyte processes could be ruptured much like the ‘ scis

sors model” describes, the next step would be to ensure the appropriate cellular 

response for targeted modeling was activated by cell process rupture. This test

ing would be performed in vitro using an osteocyte type cell line (M L0-Y4) and 

the application of a planar defect. I wanted to ensure the results were reflective 

of only the cytokine response stimulated by microdamage. If the “scissors mod

el” was accurate it would be expected that RANKL release should increase with 

increasing time after damage application and increasing damage size, OPG le

vels would then be expected to drop.

• It has been suggested that apoptosis is vital for targeted remodelling to take 

place. It has been shown that damaging an osteocyte type cell can result in apop

tosis in vitro (Kurata et al. 2006, Mulcahy el al. 2011) and after in vivo cyclic 

loading of bone cells directly affected by damage become apoptotic. I want to 

show that this was due to direct damage as opposed to changes in interstitial flu

id flow resulting from microcrack propagation.

\
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2.1 Introduction

The m aintenance and repair o f bone dam age is an essential and ongoing biological ac

tivity. Sm all m icrocracks form as a result o f fatigue due to cyclic loading caused by 

everyday activities such as w alking and running (Frost 1960, Eriksen and Langdahl 

1995). M icrocrack repair is perform ed by osteoclasts and osteoblasts in the form  o f a 

basic m ulticellu lar unit (BM U ) (Burr and M artin 1993, Burr 2002). In this process o s

teoclasts rem ove old dam aged bone and osteoblasts relay new  bone. If this repair did 

not take place our bones would fail in a m atter o f m onths (Taylor 2 0 1 1 ). The repair is 

targeted, m eaning that the BM U travels directly to the area o f dam age. It is not known 

how this occurs, or how the m icrocrack is detected to begin with, but m icrodam age and 

osteocytes are believed to be involved. The num ber and size of m icrocracks may act as 

a signal to initiate bone deposition in response to high stresses or bone resorption in the 

case o f disuse (Prendergast and Taylor 1994). O steocytes have been suggested as the 

m echanosensory system  responsible for detecting m echanical strain and responding by 

sending a biochem ical signal that repair is necessary (C ow in et al. 1991, Lanyon 1993).

The stim ulation o f repair by osteocytes is one o f the last rem aining and fundam ental 

questions in bone biology. M ore specifically , the question is how m icrodam age and o s

teocytes interact to initiate repair and target dam age. A  num ber o f theories have been 

proposed but to date no com plete m echanism  has been dem onstrated. These include 

apoptosis (V erborgt et al. 2000, Noble and Reeve 2000, Noble et al. 1997, Kurata et al. 

2007, Seem an 2006), fluid flow  (N icolella et al. 2006, Y ou et al. 2008), stim ulation o f 

an osteocytes prim ary cilum  (A nderson et al. 2008, M alone et al. 2007, T em iyasathit 

and Jacobs 2010) and the rupture o f cell process by shear m ovem ent due to com pres

sive loading (Taylor et al. 2003, H azenberg et al. 2006a). It is unlikely that these me-
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chanisms are mutually exclusive and the probability is that all play a role in some way. 

However, to understand what part each has to play we need to look at each mode indi

vidually.

We focused on the “scissors model” . Osteocytes are present throughout bone and are 

connected to each other by long outreaching processes, numbering 50 -  100 per cell 

(Yasuyo Sugawara et al. 2005). In human bone there are approximately 13, 900 - 19, 

400 osteocytes per mm , decreasing with age, with a cell to cell spacing of 20 -  SO^im 

(Sissons and O'Connor 1977, Y. Sugawara et al. 2005). In animal models it appears that

•5

larger species have less osteocytes per mm than smaller animals (Mullender et al.

1996) When a microcrack initially propagates these dendritic cell processes can be seen 

crossing from one microcrack face to the other. Following fatigue tests on living bone 

osteocyte cells and their dendritic processes appear to be disrupted, suggesting that they 

may have experienced failure in the vicinity of matrix damage (Colopy et al. 2004,

Frost 1960). The “scissors model” is based on a theoretical model by Taylor et. al. 

(2003) where it was hypothesised that under applied cyclic compression microcrack 

faces would close and undergo relative shear motion. If the resulting movement was 

greater than the width of an osteocyte process, 0.2 |im , then the cell process could be 

ruptured (Taylor et al. 2003) (Fig. 1.18).

It was predicted that not all cell processes would rupture. This would depend on the dis

tance of the osteocyte process from the microcrack tip, the microcrack length and the 

applied load. The greater the length of the microcrack or the larger the applied load the 

more cell processes that would be expected to rupture. Theoretically it was shown that 

the number of ruptured cellular processes could provide a neat way of indicating the 

severity of microdamage and therefore the need for repair. The theoretical model sug-
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gested that m icrocracks o f over 100 jim w ould elicit a repair signal at norm al physio

logical loading and that this critical length w ould becom e sm aller as the stresses the 

bone was exposed to becam e larger.

The deliberate cutting o f osteocyte type cells, M L 0-Y 4  cells, was revealed as a trigger 

for RA N K L release, which in turn decreased the am ount o f OPG (M ulcahy et al. 2011), 

The RA N K  -  RA N K L -  OPG pathw ay has been identified as the principal m ediator in 

the structure and m aintenance o f bone, w ith the ratio o f RA N K L to OPG determ ining 

w hether bone is being rem oved or added to (H ofbauer and Schoppet 2004). This w ould 

suggest that the rupture o f osteocyte processes can stim ulate osteoclastogenesis and 

with this the rem oval and repair o f bone.
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2.2 Aims of this study

The main aim o f this project was to test the “scissors model” as proposed by Taylor et. 

al. (2003). The model suggested that it is possible to cut osteocyte cellular processes, 

where they pass across microcracks, by shear movement generated by cyclic compres

sive strains. It is believed that the rupture of osteocyte cellular processes in the vicinity 

of a microcrack may be a way by which the release of RANKL is stimulated. This re

lease may identify the presence of the microcrack, signal the severity of it and if neces

sary prompt the formation of a BMU to target the damage for repair. Along with this 

hypothesis the group put forward a number of predictions based on this theoretical 

model. I wish to test this model and its predictions. In particular the aim of my project 

is to use different microscopic techniques to test various aspects of the model. The aims 

were as follows:

• I wanted to identify osteocyte processes spanning microcracks, in ex vivo bone, 

using a scanning electron microscope (SEM).

• It was necessary to prove that the fibres seen spanning a microcrack were cellu

lar processes and not, as has been suggested by other researchers, collagen fi

bres. I did this by using a stain specific to F actin, a protein present in cell mem

brane material but not in collagen fibres.

• I wanted to test the equations put forward by Taylor et. al. (2003) to predict the 

number of broken cellular processes for microcracks of varying lengths. To test 

this I wanted to plot experimental data on the number of intact processes per 

millimetre of microcrack length against a theoretical curve based on the model
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to see how they compared. I did this for a number of animal types so that para

meters in the model would need to be changed. Species dependent parameters 

included spacing o f cell processes (the larger the animal the fewer osteocytes 

per mm ), applied stress and the elastic modulus. All figures plugged into the 

equations were taken from independent studies by various authors. If the expe

rimental data for each animal model was a good fit to the theoretical curve I 

would have more robust evidence that the model was accurate.

• 1 wanted to test the theory that the larger the microcrack the fewer intact process

that would remain. This seemed fitting as the bigger the microcrack the more 

urgent the need for repair, and the more broken processes the more signal that 

would be released into the bone matrix resulting in a larger repair response. To 

do this 1 imaged m icrocracks o f  a num ber of sizes using a SEM. I then looked at 

all microcracks as the num ber o f  intact cellular processes per millimetre o f  crack 

length to see if larger microcracks did in fact have fewer intact processes than 

smaller microcracks.
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2.3 Materials and Methods

2.3.1 Bone Sam ples

In all cases the animals concerned were skeletally mature and free from bone diseases. 

The animals had been subjected to only normal in vivo loadings.

2.3.1.1 Bovine Bone

Bovine cortical bone was obtained from Kepac Abbattoir (Clonee, Co. Meath). The 

bone was cut in half, both longitudinally and transversely, using a circular saw to allow 

storage. All samples were stored at -20 °C prior to analysis.

2.3.1.2 Ovine Bone

Ovine bone was kindly supplied by the bone for life project in the Royal College of 

Surgeons in Ireland. All samples were stored at -20 °C prior to analysis.

2.3.1.3 Murine Bone

A mouse sample was obtained from the bioresources centre in the Royal College of 

Surgeons in Ireland. The mouse was dissected and its fore and hind legs were removed. 

All soft tissue was removed from the limbs. The samples were stored at -20 °C prior to 

analysis. The remainder of the animal was stored at -20 °C for possible future use.
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2.3.2 Preparation o f Bone Sam ples

Bone samples were removed from the freezer just prior to cutting as it was found that 

they were easier to handle in relation to cutting, removal of periosteum and removal of 

m arrow when frozen. Where necessary the epiphysis and metaphysis of the bone sam 

ples were removed using a circular saw and were then stored at -20 °C for possible fu

ture use. The larger bovine and ovine bone samples were cut, transversely to the long 

axis of the bone, into sections o f  approx 4 -5 cm (see Fig. 2.1). This resulted in the 

samples o f  the appropriate size to be clamped for cutting using a diamond saw (Struers, 

Minitron).

Figure 2.1 Image indicating how bone was sectioned for ease of clamping.

2.3.3 Phalloidin Staining o f F-A ctin in C ellular Processes for Confocal M i

croscopy

Samples o f  bovine bone were cut using a diamond saw (Struers, Minitron). The samples 

were cut into 100 |im sections, parallel to the long axis of the bone. They were then cut 

into specimens approximately 10 mm x 20 mm x 100 |i,m and were notched to create a 

point of weakness where a microcrack would most likely propagate from (see Fig. 2.2).
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0.3 mm

20 mm

Figure 2.2 Drawing showing dimensions o f  samples for phalloidin staining and 

orientation o f  notch to longitudinal axis o f  the bone.

Once cut the samples were manually ground into sections of ~ 60 |j,m thickness using 

a circular motion and two pieces of silicon carbide paper (No. 400 followed by No. 

1200) (Labquip Ltd). A microcrack was propagated by tapping the sample gently in the 

locality of the notch. The sample was viewed using an optical microscope (Zeiss Opti

cal Stereo Discovery V20) to ensure microcrack propagation.

Two solutions that would be used throughout the staining procedure were made at the 

beginning.

Solution 1: To 1000 ml o f  Phosphate Buffer Solution (PBS), 0.2 ml Triton XlOO and 

0.3 ml Tween was added. Triton XlOO and Tween are detergents. Triton breaks the cell 

m embranes and Tween removes debris and makes the proteins more hydrophobic. This
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is the main buffer used for the wash and also to dilute the AJexa 488 Phalloidin fluo- 

probe. All materials were supplied by Invitrogen Ltd. Ireland.

Solution 2: 1000 ml PBS solution and 0.2% Triton XlOO were combined and m ixed for 

10 minutes due to the high viscosity o f  Triton XlOO. This solution is used to permeabil- 

ize the cell membrane o f  the osteocytes.

The bone sections were placed into solution 2 for 10 minutes in order to permeabilize 

the cell membranes. They were then washed three times in solution 1, leaving the sam 

ple in each wash for at least 15 minutes. Non specific sites were blocked with 1% nor

mal goat serum, in solution 1, for 30 minutes. They were again washed three times in 

solution 1. A  diluted phalloidin fluoprobe (Alexa 488 Phalloidin fluoprobe, A12379, 

Invitrogen Ltd. Ireland) was used to stain the f-actin. The stain was diluted with solu

tion 1. The concentration, temperature and timing were optimised and a 1:50 dilution, 

for 4 hours, at room temperature was found to result in the best staining. Again the 

samples were washed three times in solution 1. The samples were mounted on ethanol 

washed glass slides using a small amount o f  super glue. Prolong gold with DAPI (nuc

leus stain) (Invitrogen Ltd. P36931) was used as the mounting medium and an ethanol 

washed coverslip was placed over. The samples were left at 4°C, overnight, in the dark 

and the coverslips were sealed the next day using clear nail varnish. Slides were stored 

in the dark at 4 °C until ready for confocal imaging. A  control sample was prepared 

with no phalloidin stain. This was to ensure bone had no autofluorescence. Samples 

were imaged using a confocal microscope (Olympus FV 1000 Confocal Microscope) 

using x60 oil immersion lens. A  num ber of images and z stack were collected where 

osteocyte processes were identified crossing from one crack face to the other.
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2.3.4 Heavy Metal Staining of Bone Samples

It is possible for artefact microcracks to form when a bone is being prepared for analy

sis, for example due to shrinkage during drying. These microcracks are indistinguisha

ble from in vivo microcracks but may not behave like them as the artefact microcracks 

(formed during preparation of the sample) would have had no exposure to in vivo cyclic 

loading. By distinguishing between artefact microcracks and those generated in vivo we 

could test the predictions of the theoretical model for loaded microcracks and compare 

the results to a control set of microcracks which never experienced any loading. The 

behaviour of the artefact cracks also provided us with information about the effects of 

sample preparation and SEM examination on our results. To identify in vivo formed m i

crocracks heavy metal bulk staining was performed. This staining was performed en 

bloc prior to subsequent processing. As a result only microcracks present before treat

ment would be stained. When the samples were viewed using a backscatter detector in a 

SEM in vivo microcracks could be differentiated from artefacts due to a halo of heavy 

metal staining surrounding them (Fig. 2.3).
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Figure 2.3 SEM image using a backscatter electron detector showing a halo of heavy 

metal stain surrounding a microcrack. This indicates the microcrack did not form as a 

result o f sample processing. A number of unstained microcracks can be seen around

the haloed microcrack.

Samples of bone to be analysed were cut into 0.5 mm sections, orientated transversely 

to the long axis of the bone. Any remaining periosteum and bone marrow were re

moved. The samples were placed in a solution of 70 % acetone containing a lead -  

uranyl acetate complex (20 % lead acetate in 70 % acetone and 8 % uranyl acetate in 70 

% acetone) (all Sigma Aldrich. Airton Road, Tallaght, Dublin 24) and left for 8 days at 

room temperature. The solution was gently shaken daily to prevent sediment settling.

The sections were rinsed in 70 % acetone and placed into a solution of 1 % am m onium  

sulphide in 70 % acetone for 7 days in order to form lead and uranyl sulphide precipi

tates. The solution was refreshed after three days. The samples were rehydrated with 

distilled water for 48 hours (As per method by (Schaffler et al. 1994)).
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2.3.5 Preparation for SEM Analysis

Each sample was tightly clamped so there was no movement of the bone. The bone was 

cut into 100 fxm transverse sections using a diamond saw (Struers, Minitron). The sam 

ples were then manually ground in water using a circular motion and two pieces of sili

con carbide paper (400 followed by 1200) (Labquip Ltd.), one stuck to the bench and 

the other folded around a glass slide. This resulted in a smooth surface for imaging. The 

samples were fixed in 4 % paraformaldehyde for 24 hours at 4 °C. The paraformalde

hyde was prepared as follows; 100ml of PBS (Sigma Aldrich. Airton Road, Tallaght, 

Dublin 24) was poured into a measuring cylinder and 4 g of paraformaldehyde (Sigma 

Aldrich. Airton Road, Tallaght, Dublin 24) was added in a fume hood. The solution was 

placed on a hotplate with a magnetic stirrer and the solution was heated gradually.

W hen the solution changed from cloudy to clear it was ready. It was allowed to cool 

and stored at 4°C. After fixation the samples were washed three times in PBS to remove 

all traces of the fixative.

The samples were then alcohol dehydrated in a series as follows; 10% for 10 mins, 30% 

for 10 mins, 50 % for 10 mins, 70 % for 10 mins, 90 % for lOmins, 100 % for 15 mins 

x 2. Next the samples were critical point dried (CPD) (Quorum E3000 CPD). Samples 

were placed in the CPD cham ber in 100 % ethanol, liquid CO 2 was gradually released 

into the chamber until the chamber was full. The mixture of liquid C O 2 and alcohol was 

vented and replaced by more liquid C O 2 . The process was repeated a number of times 

until all alcohol had been removed from the chamber and only liquid C O 2 remained.

The samples were left in the liquid C 0 2 fo r  2 hours to allow it to infiltrate the entire 

sample. The C 0 2 w a s  vented and replaced three more times before the pressure and 

temperature were increased to what is called “the critical level” . At this point the liquid
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CO2 changes to a gas and the surface tension is reduced to 0. The gas can then be 

vented off leaving a completely dry sample without the structural damage that could 

result from air drying. This was necessary as I was interested in the soft tissue of the 

cellular processes which, unlike the mineralised part of the bone, could be damaged by 

air drying. The COagas was vented off slowly, over a number of hours leaving the 

samples dry and ready for mounting.

The bone samples were mounted on aluminium stubs (Agar Scientific Stansted, Essex) 

using carbon cement (Agar). The cement was placed on the stub, followed by the bone 

sample and a small line of cement was run up the side of the bone sample to maintain 

conductivity. The mounted sample was allowed to dry overnight before being coated in 

a 10 nm layer of carbon in order to create complete conductivity.

2.3.6 SEM Imaging

The samples were imaged in a Tescan MIRA XMU VPFESEM using a backscatter 

electron detector at an electron voltage of 20 KV. For each sample bovine, ovine and 

murine, fifty stained microcracks were identified and imaged. The microcracks imaged 

were selected randomly from those formed away from the outer and inner edges of the 

sample.

Once a microcrack was identified as an in vivo damage the detector was swapped to a 

secondary electron detector and the electron voltage was dropped to 5 KV. The change 

of detector allowed for a better resolution to be obtained. This was sometimes necessary 

to separate individual osteocyte processes. An overview image was taken of each sam

ple to allow measuring of the microcrack length. A higher magnification image was 

taken, section by section, moving along the microcrack face until the entire microcrack
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had been imaged. This allowed counting of osteocyte processes. Each microcrack was 

measured using ImageJ (freeware available online for download). The numbers of intact 

cell processes spanning the microcrack face were counted manually using the high 

magnification sequential images.

2.3.7 Theoretical Curves

Predictions for the number of intact processes expected per millimetre of microcrack 

length for various animal types, at varying stresses were made by Pietro Tisbo and Prof. 

David Taylor. The calculations were based on an equation put forward by Taylor et. al. 

(Taylor et al. 2003). See section 1.16 and equations 1.1 and 1.2 for a more detailed ex

planation of the calculations. The model has a number of parameters that need to be 

chosen, some of which will change as the animal models change. All parameters were 

taken from independent studies with no link to this study. We can therefore be sure that 

the predictions were generated without the bias of our experimental data. All curves 

were produced using Excel. The theoretical curves were plotted alongside my experi

mental data to investigate how theoretical predictions fit with experimental data.
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2.4 Results

2.4.1 Identifying osteocyte processes spanning microcracks using a scanning 

electron microscope

Microcracks were imaged to allow the measuring o f  microcrack length (Fig. 2.4) and 

the counting o f  the total number of intact osteocyte processes per millimetre o f  micro

crack length. The same method was used for all bone types. The overview  image, as per 

Figure 2.4, was generated in order to measure the total microcrack length. This was 

done using ImageJ which takes account o f  the scale bar to generate accurate m easure

ments. The high magnification image was generated to enable counting o f  intact 

processes. An intact and broken process can be seen in Figure 2.5.
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Figure 2.4 Overview image of bovine bone microcrack. Used to measure total
length of the microcrack.
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Figure 2.5 A high magniflcation SEM image o f a microcrack showing an intact

and a broken osteocyte process.

2.4.2 Identifying osteocyte processes using fluorescent staining and confocal 

microscopy

The samples were stained with Alexa 488 fluoprobe which stains F-actin (green). F- 

actin is present in cell membranes but is not present in collagen fibres. DAPI (blue) 

stains the nucleus of cells and was used as a helpful way o f  locating osteocytes. Micro

cracks will generally propagate from a point of weakness. The notch forms this point of 

weakness and the majority of cracks will originate from the notch tip once a force is 

applied. By moving along the notched area of the sample the microcrack could be easily 

located and traced from the source to the end point. Microcracks were imaged at points

68



Chapter 2: The effect o f microcrack length on the rupture o f osteocyte cell processes 
spanning a microcrack.

where phalloidin stained osteocyte processes could be seen crossing the microcrack 

face (Fig. 2.6).

Figure 2.6 In this confocal image f actin is stained green using phalloidin and the 

nucleus is stained blue using DAPI. The red circles show cellular material span

ning the crack which is marked with a dashed line.

2.4.3 Testing the theoretical “scissors m odel” equation. Com paring bovine, 

ovine and m urine experim ental data to predictions generated using the 

theoretical model.

2.4.3.1 Bovine bone

Figure 2.7 shows experimental data (black diam onds) for the number of intact processes 

in 50 randomly chosen microcracks. The data was normalised for the number of 

processes by dividing by the microcrack length, giving results for all microcracks as the 

number of intact osteocyte processes per millimetre of microcrack length. This allowed 

for direct comparisons between microcracks o f  all sizes. The results are displayed on a
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logarithmic scale as the quantities measured, in relation to both microcrack length and 

the number o f  intact osteocyte processes per millimetre, varied by several orders of 

magnitude.
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Figure 2.7 Experimental data showing the num ber o f  intact processes per millime

tre o f  m icrocrack length, as a function o f  microcrack length, for 50 different m i

crocracks in bovine bone, exposed to in vivo loadings. The solid line shows a theo

retical prediction based on our “ scissors m odel” . The two dashed lines indicate the 

expected scatter band (10% and 90% limits), assuming that the data conforms to a

Poisson’s distribution.

The solid red line represents the predictions made using the equation for the “scissors 

m odel” . Osteocyte processes are calculated to begin rupturing when the microcrack 

reaches the critical length of 110 [im, prior to hitting this point there are expected to be 

126.5 intact osteocyte processes per millimetre o f  microcrack length. The experimental 

data points appear to follow the predicted trend which shows that the greater the micro-
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crack length the fewer intact processes that remain. There is a good deal of scatter al

though most falls within the dashed blue lines which attempt to predict it. These predic

tions are based on the idea that most of the scatter is as a result of the random distribu

tion of osteocytes and their processes, a distribution which can be described mathemati

cally by a Poisson’s distribution. The diameter of a process is very small compared to 

the length of the microcrack, so an intact osteocyte process spanning a microcrack con

stitutes a relatively rare event. The number of processes per microcrack is relatively 

small and therefore, can be assumed to occur in random locations. The scatter band 

represents only what would be expected as a result of this type of distribution at the 

10% and 90% limits. This appears to predict the scatter well with very few data points 

falling outside.

2.4.3.2 Ovine Bone

Figure 2.8 presents experimental data for ovine ex vivo bone. Fifty randomly chosen 

microcracks are represented. The data is normalised and graphed on a logarithmic scale, 

as it is for Fig. 2.7 (section 2.4.3.1). The critical length of a microcrack, at which point 

cellular processes begin to rupture, is 76 fxm for ovine bone. Before this critical length 

is reached and processes rupture begins the “scissors model” equations predicts there to 

be 139.5 osteocyte processes per mm of microcrack length.
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Figure 2,8 Experimental data showing the number o f intact processes per millime

tre of microcrack length, as a function of microcrack length, for 50 different mi

crocracks in ovine bone, exposed to in vivo loadings. The solid line shows a theo

retical prediction based on our “scissors model”.

The experimental data is consistent with the predictions made by the model; the larger 

the microcrack becomes the fewer intact processes that remain. There is scatter present 

but, again, this can be predicted quite well if the intact processes are assumed to be in 

Poisson distribution. Other factors will affect data scatter and these will be discussed 

later on in this chapter.

2.4.3.3 M urine B one

The number of intact osteocyte processes per millimetre of microcrack length is 

represented in the scatter plot above (Fig. 2.9). All data is presented as per Figures 2.7 

and 2.8 (Section 2.4.3.1). The predicted critical length for microcracks in murine bone
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is 44 ^im. Before this point no cellular processes are predicted to have ruptured. Inde

pendent publications have indicated that smaller animals have more osteocytes per m il

limetre of microcrack length, with murine bone having one of the highest numbers 

(M ullender et al. 1996). Using these figures and the “ scissors m odel” it was predicted 

that murine bone would have 181.8 osteocyte processes per millimetre of microcrack 

length when no rupture had taken place. The assumption that the intact osteocyte 

processes along the length o f  a microcrack are in Poisson’s distribution predicts the 

scatter very well.
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Figure 2.9 Experimental data showing the number of intact processes per millime

tre o f microcrack length, as a function o f microcrack length, for 50 different mi

crocracks in murine bone, which has experienced in vivo loadings. The solid line 

shows a theoretical prediction based on our “scissors model”.
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2.4.4 Comparison of iinimal models

Data for bovine, ovine and m urine  sam ples  w as  plotted together to see if any trends 

could  be identified. All data is very s im ilar  and fits a long the sam e band with  the ex c e p 

tion o f  a few outliers (Fig. 2 .10). Data p roduced  on the density  o f  osteocytes  per mm^, 

for a num ber o f  animal species, indicated  that the larger the anim al the low er the densi- 

ty o f  os teocytes  per m m  (M ullender  et. al. 1996).
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Figure 2.10 Scatter plot showing experimental data points for bovine, ovine and  

murine models. Graph shows intact processes per millimetre of microcrack length

plotted against crack length.
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The average number of osteocyte processes per millimetre of microcrack length in the 

experimental data was found to be lowest in bovine bone (54.47 ± 7.5), followed by 

ovine bone (83.19 ± 13.38) and the most processes per millimetre of microcrack length 

were found in murine bone (120.10 ± 23.18). When microcrack length was considered 

murine bone (46.52 ± 3.74 ^m) had the smallest microcracks on average, followed by 

bovine bone (209.30 ± 28.55 [xm) and ovine bone (219.45 ± 33.23 jxm). The data are 

similar but statistical analysis with the use of an ANOVA indicated that there is a ten

dency towards smaller microcrack lengths and more intact processes per millimetre 

with decreasing animal size. ANOVA conducted on the entirety of data from each 

group showed a significant difference {F -  (2, 146) = 4.128 p  -  0.018) between all ani

mal models. There is a statistically significant difference between bovine and murine {p 

= 0.013), but non- significant differences between bovine and ovine {p = 0.42) and be

tween ovine and murine {p = 0.24).

2.4.5 Comparison of long and short microcracks for the three animal models 

studied.

According to the “scissors model” the longer the microcrack the fewer osteocyte 

processes that would remain intact (Taylor et al. 2003). This would appear to make 

sense as the larger the microcrack the greater the need for repair, and the more 

processes ruptured the greater the release of RANKL (stimulus for osteoclastogenesis) 

(Mulcahy et al. 2011).
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Figure 2.11 Bar chart representing long and short microcracks in the bone of three 

animal models; bovine, ovine and murine. The critical length o f  the microcrack is 

determined by predictions made using the standard “scissors model” where long 

m icrocrack is >100 ^m and a short microcrack is determined as < 100 |im.

Figure 2.11 shows the results for the average number of intact osteocyte processes pe- 

millimetre of microcrack length. The results are split into long microcracks ( > 100 |iT i)  

and short microcracks ( < 100 |o.m) as per Taylor et. al. 2003. For all animals there is i 

very strong statistical difference between the long and short microcracks when analy^d 

using t tests; bovine bone (p = 0.0000001), ovine bone ( p = 0.000074) and murine 

bone ( p = 0.000426).
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Figure 2.12 Bar chart representing long and short microcracks in three animal 

models; bovine, ovine and murine when the critical length o f  the microcrack is d e 

termined by predictions made using the “scissors model” for each species.

Figure 2.12 represents the difference between long microcracks and short microcracks 

when the critical value, under which no osteocyte processes are expected to rupture, is 

taken from the predictions for each species individually and not 100 ^.m which was 

suggested when the scissors model was proposed (Taylor et al. 2003). The critical 

length for each species is bovine 110 fim, ovine 76 fxm and murine 44 ^m. If the data is 

analysed in this way there remains a strong statistical difference between long and short 

microcracks for all species when compared using t tests; bovine bone ( p = 0.0000003), 

ovine bone ( p = 0.000037) and murine bone ( p = 0.01).
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2.5 Discussion

Microdamage is believed to be the stimulus for repair within bone (Frost 1960), with 

osteocytes being the most likely candidate to sense this mechanical damage and send a 

chemical signal to initiate the repair process (Cowin et al. 1991, Lanyon 1993). After 

fatigue tests on bone canalicular pathways and osteocyte processes in the vicinity of a 

microcrack have been shown to be disrupted and damaged (Colopy et al. 2004). It is 

possible that this disruption is the catalyst for the initiation of targeted repair. In fact, 

the cutting of osteocyte processes has been shown to cause the release of RANKL, an 

activator of a biochemical pathway necessary for the formation of a BMU.

The “scissors model” suggests that osteocyte processes can be ruptured by shear mo

tion, above a critical length of 100 |im (Taylor et al. 2003). Microcracks below this size, 

experiencing normal in vivo stress, will not need to be repaired as there is little risk of 

the bone failing. Should they grow above this size cell damage will occur and the repair 

process will kick in. This is the first ever data showing that osteocyte processes pass 

across microcracks and that they can be ruptured by in vivo loads. Bigger microcracks 

experience higher levels of damage and therefore should send out a larger, more urgent 

signal for repair. Microcracks that had not been exposed to cyclic in vivo loading (arte

fact samples) experience no process damage, suggesting that cyclic loading is necessary 

for rupture to occur.

The aim of the project was to validate the model. The first challenge was to identify os

teocyte processes spanning microcracks. Osteocyte processes are very small, approx

imately 0.2 ^m in diameter. As a result the best way to visualise them was using a 

SEM. Using this method it was impossible to quantify the number of broken processes
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so intact processes were counted. It was felt that if the number of broken osteocyte 

processes was necessary it could be estimated by calculating the total number of osteo

cyte processes per mm^ of bone (intact and broken) and subtracting the number of intact 

processes counted.

Another issue with the use of a SEM was the drying of the sample necessary to place it 

within the vacuum chamber. Critical point drying is believed to be the most suitable 

way to dry biological samples for the SEM, with limited damage to the specimen. There 

was still a worry that the vacuum could create new cracks or increase the crack face 

opening of existing cracks and thus cause the rupture of osteocyte processes. To alle

viate the first of these issues a heavy metal stain was used prior to processing and imag

ing with a SEM. This method allowed us to assume that the stained microcracks were 

formed prior to processing and exposure to the vacuum chamber and that they had been 

exposed to cyclic loading in vivo (see Fig. 2.3).

The concern that further opening of existing microcracks could cause additional osteo

cyte process rupture was alleviated with the help of a paper previously published by a 

member of our group (Taylor et al. 2003). In it the theoretical model is described and 

the effects of tensile opening and shear opening were compared. Tensile opening was 

found to cause relatively little strain when compared with shear motion because the ef

fect is less localized. It can therefore be predicted that this will not contribute signifi

cantly to process rupture. Also, the crack opening will occur only once, in contrast to 

the shearing effect which could be repeated many times due to the cyclic nature of the 

loading in vivo and during our testing. We confirmed this experimentally by comparing 

the number of intact osteocyte processes in unstained artefact cracks and in vivo formed 

cracks. They were found to be significantly different with artefact cracks (average =
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128.9 ± 15.64) having far more intact processes than in vivo cracks (average 52.84 ± 

7.47) (p < 0.05). This confirms that process rupture is not an artefact of our test method 

but rather occurs as a result of loads applied in vivo.

Another concern was that what had been identified as cell processes were in fact colla

gen fibres. There was no way to determine this in the SEM so it was necessary to use a 

confocal microscope in collaboration with a fluorescent probe for f-actin, a protein 

present in cell membrane but not in collagen fibres. Images of stained fibres spanning a 

propagated microcrack confirmed that cellular material can cross the crack face (Fig. 

2 .6).

The experimental data generated in this study provides further support for the “scissors 

model” as a viable method to stimulate repair. It predicts that the larger the microcrack 

the more cellular processes that will be damaged in the locality. All animal species in

vestigated showed a clear trend towards increased cell rupture with increased micro

crack length (Fig. 2.7, 2.8 and 2.9).

As previously stated, 100 ^m was theoretically determined as the critical microcrack 

length at which osteocyte processes would begin to rupture and repair would become 

necessary (Taylor et. al. 2003). The data for each species studied was separated using 

this measurement. Above it microcracks were categorised as large microcracks and be

low it they were categorised as small microcracks. There was a strong significant dif

ference between them in relation to the number of intact processes remaining per m illi

metre of microcrack length (Fig. 2.11).

The data was also analysed where the critical length was determined using the theoreti

cal equation and the predictions were made for each species based on their varying pa-
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rameters (critical lengths bovine bone 110 ^im, ovine bone 76 |am and murine bone 44 

fxm) (Fig. 2.12). Both methods indicated that larger microcracks had statistically fewer 

intact processes remaining than smaller microcracks.

Looking at the experimental data for small microcracks the average number of intact 

osteocyte processes per millimetre of microcrack length was close to what was pre

dicted by the model for microcracks where no process rupture was anticipated. The ex

perimental data for bovine bone at <100 fxm produced an average figure of 101.75 cel

lular processes per millimetre of crack length. At the critical length generated using the 

theoretical equation, 110 |.im, the average number of intact processes in short micro

cracks was 92 intact osteocyte processes per millimetre of microcrack length. The theo

retical model predicts 126.5 intact processes per mm of microcrack length. In ovine 

bone the theory predicts that there would be 139.5 intact processes per millimetre of 

microcrack length if no rupture had taken place. The experimental data indicated the 

result would be 151.09 intact osteocyte processes per millimetre of microcrack length 

for microcracks under 100 fxm. Microcracks under 76 |im , the species specific critical 

length, had 137 intact processes per mm of microcrack length. In murine bone the 

theory generates a figure of 181.8 intact processes per mm of microcrack length. When 

the experimental data is separated using 100 [im as the critical length the result is 

124.43 intact processes per mm of microcrack length and if separated using the species 

specific critical length, 44 |o,m, the result is 167.6 intact processes per mm of microcrack 

length.

Using the species specific critical length appears to be the most accurate way to look at 

the data, particularly for the smaller mouse model. In this case a microcrack of 100 fxm 

would be disastrous for the bone and highly unlikely. Figure 2.9 indicates that in the
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experimental data very few microcracks reach this length. If process rupture was to take 

place it would need to do so before this point. The results also appear to be more accu

rate when it is considered that larger animals are believed to have fewer osteocytes and 

therefore fewer osteocyte processes per millimetre of microcrack length (Mullender et 

al. 1996). Figure 2.11 displays results that are inconsistent with these findings. The av

erage number o f  processes per millimeter of microcrack length for bovine and ovine 

bone fits the predictions, with bovine bone having fewer intact processes than ovine 

bone, for both long and short microcracks. Murine bone would be expected to have a 

higher number of osteocyte processes per millimetre of crack length than ovine bone 

but this was found to not be the case. This is probably as a result o f  100 jim being des

ignated the critical length and therefore the calculations taking into account many m i

crocracks where processes would have already begun to rupture. In Figure 2.12 the crit

ical lengths are calculated for each species and the results fit with what was expected 

for all species, in both long and short microcracks. This lends considerable weight to 

the equations generated using the “scissors model” .

Further validation o f  the model was achieved by comparing the three animal models 

with theoretical curves generated using fracture mechanics based on the “scissors mod

el” (Fig. 2.7, 2.8 and 2.9). Experimental data for bovine, ovine and murine bone data 

fits quite well along the theoretical curve generated for each. There is a degree of scatter 

in all Figures, most of which is predicted by assuming that the intact osteocyte 

processes along a microcrack are in a Poisson’s distribution (Fig. 2.7). 80 % of the ex

perimental data points should fall within the blue dashed lines as they represent the 10 

% and 90 % limits, for all species data sets. There is still a little scatter that is not pre

dicted by the random distribution o f  osteocytes. This is most probably due to biological
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variation and variations in parameters that have been identified as affecting the shear 

displacement (Eqn. 1.2). Applied stress varies with location of the microcrack within 

the bone and with exercise level for the individual. The angle of inclination of the mi

crocrack to the bone axis will vary from microcrack to microcrack; no data on this vari

ation is available. Bone’s elastic material properties will also vary, as will the shape o f 

individual microcracks. We examined microcracks on the surface of cut sections, w he

reas the equation for shear displacement is only valid for the centre line (i.e. minor axis) 

of the microcrack, in practice we are looking at random transverse sections. We assume 

that rupture of a cellular process occurs if 5s  (shear displacement) is greater than 

0.1|o,m. This value will no doubt vary from one process to another and we have not tak

en account of the fact that this displacement will occur cyclically and so may cause fa

tigue failure. We are counting the number o f processes, which we can see when looking 

into the microcrack: We assume that we would only be able to see processes, close to 

the surface, within the average spacing of processes, d. In estimating this value of d we 

are assuming typical values taken from the literature for the density of osteocytes and 

the number of processes per osteocyte, because special techniques are required to 

measure these quantities accurately. With all of this taken into account it appears as 

though the theoretical model predicts the general trends in the experimental data very 

accurately.
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2.6 Conclusions

• Osteocytes and their cellular processes can be observed in the vicinity of micro

cracks. Some cellular processes span the crack face and others can be seen to 

have ruptured where they pass across the crack face.

• Phalloidin staining of f-actin confirmed that the fibres identified as osteocyte 

cell processes w'ere as we believed and not collagen fibres.

• The experimental data and the theoretical curves, for the three species of animal 

studied, fit well. There was a degree of scatter in the data but most could be ex

plained if it is assumed that intact cellular processes along a microcrack are in a 

Poisson distribution. The remaining scatter is probably due to biological varia

tion.

• The number of intact processes per unit of crack length decreases significantly 

with increasing crack length in bone subjected to normal physiological loadings. 

This indicates that, in longer cracks, a larger proportion of processes are being 

ruptured in vivo.

•  The general trend of these results can be predicted using fracture mechanics 

theory based on our “scissors model” .

• The observations in this chapter support the “scissors model” as a viable me

chanism of microcrack detection by the osteocyte network.
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3.1 Introduction

As far back as 1638, Galileo suggested that the shape of a bone was determined by the 

mechanical loads it experiences (Galileo 1638). W olff  explained the relationship by 

correlating the orientation of trabecular bone to the stresses that the region is exposed to 

(W olff 1892). Cortical bone is also influenced by the physiological loading it expe

riences. Bone self regulates in its attempts to have the perfect balance of strength and 

weight for an individual’s needs. This means depending on daily activity bone can be 

added to or removed in a process called bone m odelling (Roux 1881). Astronauts 

(Oganov et al. 1991), rats in zero gravity (Wronski and Morey 1983, Wronski et al. 

1987) and those confined to bed rest (Inoue et al. 2000) show a reduction in bone densi

ty and a decrease in osteoblast activity. The opposite was found in studies of individuals 

exposed to intense daily physiological activity, for example the dominant arm of a ten

nis player has a higher bone density then the non dominant arm (Haapasalo et al. 2000, 

Ducher et al. 2005).

Bone remodelling is a process where the removal and addition of bone is coupled. It is 

believed to be influenced by cyclic mechanical loading. Both bone modelling and bone 

remodelling are thought to be stimulated by the formation of microdamage. Perhaps this 

is an ideal way for bone to quantify the degree of strain it is exposed to and the asso

ciated risk it is facing and use this information to determine the need for adaptation or 

repair (Prendergast and Taylor 1994). As described in the previous chapter the “scissors 

model” proposes that the rupture of osteocyte dendritic processes, spanning a micro

crack, can occur by shear movem ent due to compressive loading o f  a crack oriented at 

an angle to the load (Taylor et al. 2003). The resulting disruption to the osteocyte
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processes and their canalicular pathways provides a stimulus for the production and re

lease o f  RA N K L (Mulcahy et al. 2011), a protein vital for the activation of targeted re

m odelling and the repair o f  microdamage (Simonet et al. 1997).

The theoretical model predicted that a couple of factors would influence the number o f  

broken osteocyte processes and therefore the strength of the repair signal released.

These are the distance of cellular material from crack tip, microcrack length (as con

cluded in chapter 2) and the applied load. Theoretically, the critical microcrack length 

necessary for the rupture of cellular material to begin was calculated to be 100 [xm at 

low physiological loading (28 MPa). As the applied load increased the critical length 

decreased to the point where even small microcracks, < 30 ^m  in length, can experience 

cell process rupture if the applied stress reached abnormally high levels (Taylor et al. 

2003). This appears to be a very simple yet efficient way for a bone to deduce the need 

for repair.

Many microcracks will be arrested by microstructural barriers such as osteons. In fact, a 

study found that only 8 % of the total num ber of microcracks labelled in an experiment 

propagated as the num ber o f strain cycles increased. In the same experiment the density 

of microcracks was shown to rise with an increase in the number of strain cycles ap

plied to the specimen (O ’Brien et al. 2003). Microcracks appear to follow a grow, ar

rest, grow pattern when exposed to both constant and increasing stress. The last growth 

burst often breaks through the physical barriers and leads to complete failure o f  the 

bone (Hazenberg et al. 2006a, O ’Brien et al. 2003). An increase in the applied cyclic 

load a bone is exposed to will lead to an increase in microcrack growth, microcrack 

density and an increase in the strain cellular material in the locality is exposed to. Fol

lowing this, an increase in the rupture o f  this cellular material is highly likely. In this
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study I am only concerned with individual microcracks and the affect strain has on the 

cellular material in the immediate locality.

To date all known work on the strain levels needed to cause the rupture of osteocyte 

processes was theoretical. Therefore, it was important to conduct tests and gather expe

rimental evidence on the effect of strain on cell membrane material. Comparisons of the 

number of intact cellular processes spanning a microcrack were necessary between non 

strained samples and strained samples in order to confirm that strain can cause the rup

ture of osteocyte processes and that increasing strain levels can cause an increase in the 

number of ruptured osteocyte processes. More information needed to be gathered on the 

critical strain level and also the point where the damage limit is reached. Furthermore, 

previous studies by our group on osteocyte process rupture did not distinguish between 

the effects of a single load application and the same load being applied in repeated 

cycles, despite the fact that cyclic loading occurs in vivo and is known to control micro

crack initiation and growth as mentioned above.
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3.2 Aims of this study

As with chapter two the aim was to test our group’s proposed model for stimulating tar

geted remodeling. The second predicted rule o f the “scissors model” is that increasing 

cyclic stress should lead to an increase in the strain cellular material spanning the m i

crocrack is exposed to and therefore an increase in damage to the material. This rupture 

could lead to an increase in the release of RANKL, a stimulus necessary to initiate tar

geted repair (Mulcahy et al. 2011). Individuals exposed to high intensity activity such 

as marching (Meurman and Elfving 1980) or extreme exercise (Matheson et al. 1987) 

will find they have a much larger accumulation of microdamage than those leading a 

more sedentary life style. The increase in microdamage should in turn lead to an in

crease in bone remodelling (Frost 1960, Colopy et al. 2004, Burr and Martin 1993). We 

believe the stimulus for this is osteocyte process rupture in the region of the damage 

and advance the idea that we should see an increase in osteocyte processes rupture as 

the applied stresses increase. Shear movement due to cyclic compression is believed to 

be the action that could lead to cell membrane damage but fatigue is always a consider

ation with a cyclic action.

• To determine if stress is necessary for osteocyte process rupture. By comparing 

the number of intact osteocyte cellular processes in artefact microcracks and in 

vivo formed microcracks it can be determined if microcrack propagation or m i

crocrack opening in the absence of cyclic stress can cause cell processes to rup

ture.
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• To study a number of ex vivo bovine specimens exposed to applied stresses 

above in vivo loading and compare the microcracks present in them to in vivo 

stressed bovine microcracks to determine if there is an increase in cell process 

rupture when a microcrack is exposed to additional stress.

• To study the effect of increasing numbers o f cycles on the number of intact os

teocyte processes with the aim of concluding at what cycle cellular material 

starts to become damaged and at what point the limit of damage is reached.

• To back up the theoretical model with experimental data showing that an in

crease in cyclic stress leads to osteocyte process rupture. Therefore providing 

further evidence for the second prediction o f  the “scissors model” .
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3.3 Material and Methods

3.3.1 Bovine Bone

Bovine tibia and femur bone was obtained from Kepac Abbattoir (Clone, Co. Meath). 

All animals were skeletally mature, free from disease and had been exposed to normal 

in vivo loading. Bovine tibia bone was also kindly supplied by Dr. Gerardo Presbitero 

of the Trinity Centre for Bioengineering. Prior to analysis all samples were stored at -  

20 °C.

3.3.2 Preparation of the Bone Samples

The bone samples were removed from the freezer just prior to preparation as it was 

found that they were easier to handle in relation to cutting, removal of periosteum and 

removal of bone marrow when frozen. Firstly, the epiphysis and metaphysis of the fe

mur bone was removed using a circular saw and they were stored at -20 °C for possible 

future use. The remaining soft tissue and bone marrow was removed from both the fe

mur and the tibiae. Samples were then cut from mid way along the bone diaphysis and 

were machined into cylindrical, waisted, dog bone shaped specimens common to com

pression testing and used in previous studies (Lee et al. 2000, Taylor et al. 1999).

The samples were each placed in a separate glass vial and heavy metal staining was ap

plied to each sample using lead uranyl -acetate complex. The preparation of solutions 

and staining protocol was performed as per chapter 2 section 2.3.4 (Schaffler et al. 

1994). Once stained the samples were rehydrated in distilled water.
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3.3.3 Applying ex vivo Cyclic Strain to the Samples

A number of samples were prepared to allow for testing of differing bone types, loading 

stresses and varying cycle numbers. The cyclic stress is defined as the range of stress in 

a cycle, i.e. the difference between the maximum and minimum stress in the cycle. The 

first set of samples tested was bovine tibia at 70 MPa for 1 million cycles and bovine 

tibia at 100 MPa for 30,000 cycles. Next was bovine femur at a stress of 110 MPa for 

30,000 cycles. The first three samples were part of initial testing. The cyclic stress was 

applied by another member of my research group as part of his study after which the 

samples were given to me to analyse the cells physical response to the loading. The 

second set of ex vivo stressed samples were bovine tibia bone, loaded at a cyclic stress 

of 80 MPa, with increasing cycle numbers. This application of cyclic stress was per

formed by me. One sample was set aside and was not exposed to any further ex vivo 

stress; this sample acted as the control representing in vivo stress. The remaining sam

ples were cycled for 1 cycle, 100 cycles, 1000 cycles, 10,000 cycles and 100,000 cycles 

above in vivo loading.

Compressive loading was performed using an INSTRON 8501 servo-hydraulic testing 

machine, used in load control to apply an axial compressive force on the specimens. All 

testing was carried out on fully hydrated and unfixed samples, at room temperature, at a 

frequency of 3 Hz and a ratio between minimum and maximum stress of 0.1 (O’Brien et 

al. 2003).

After the cyclic loading was applied the central areas of the samples were sectioned into 

8 -  10 disks, approximately 1 mm in height (see Fig. 3.1). The sections were fixed us

ing 4 % paraformaldehyde, at 4 °C for 24 hours (made as per instruction in section
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2.3.4). The samples were washed three times using PBS to remove all paraformalde

hyde, they were left in each solution for 15 minutes prior to refreshing the solution. All 

of the sections were then alcohol dehydrated in a series of 10 %, 30 %, 50%, 70 %, 90 

% and 100 %, critical point dried and mounted on aluminium stubs using carbon ce

ment. The cement was left to dry overnight and the samples and stubs were carbon 

coated to ensure the conductivity necessary for high resolution imaging of samples us

ing a SEM at full vacuum (full details in chapter 2 section 2.3.5).

Figure 3.1 Schematic diagram of dog bone shaped specimen. The dashed red lines 
represent the area of the sample to be sectioned for analysis after cyclic com pres

sive loading.

3 .3 .4  Im aging the sam ples u sing  a scan n in g  electron  m icroscope

The samples were imaged using a Tescan MIRA XMU VPFESEM with a backscatter 

detector and an electron voltage of 20 KV. The use of the backscatter detector allows 

the visualisation of the heavy metal halo that should surround all microcracks formed in 

vivo prior to processing (see Fig. 2.3). All stained microcracks would have formed in

j  Sectioned area
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vivo and would therefore have been exposed to all the additional ex vivo cyclic strain 

applied to each sample. The unstained microcracks in the in vivo (control) sample 

represent microcracks that had formed in the absence of cyclic strain and act as a con

trol to represent non strained samples. Fifty microcracks were identified in each catego

ry, bovine tibiae at 70 MPa for 1 million cycles, bovine tibiae at 100 MPa for 30,000 

cycles, bovine femur at 110 MPa for 30,000 cycles and the strain series of bovine tibiae 

at 80 MPa for artefact microcracks, in v/vo/control, 1 cycle, 100 cycles, 1000 cycles, 

10,000 cycles and 100,000 cycles.

The microcracks were chosen at random from microdamage formed away from the out

er and inner edges of the sample. Once a suitable microcrack was chosen to image the 

detector was swapped to a secondary electron detector and the electron voltage was 

dropped to 5 KV. This enabled the capture of a higher resolution micrograph. A low 

magnification overview image was taken to allow measurement of the sample and high 

magnification images moving along the length of the sample were taken to enable 

counting of the intact cell processes spanning the microcrack face.

3.3.5 Theoretical curves and statistical analysis

Statistical analysis was performed using SPSS. Normal distribution was determined us

ing the Shapiro - Wilk test and equal variance was determined using the Levene test for 

homogeneity of variance prior to statistical analysis. Significant difference was ana

lysed using T test or ANOVA testing depending on the number of data sets to be com 

pared. The theoretical curves were generated by another member of my research group 

using an equation published by Taylor et al.(Taylor et al. 2003). See section 1.16 and 

equations 1.1 and 1.2 for more detail. All necessary parameters for the equation were
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taken from independent literature to avoid biasing the equation with figures generated 

as part o f this study. All curves were produced with the help of excel.
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3.4 Results

3.4.1 A com parison between in vivo and ex vivo strained sam ples o f bovine  

bone and theoretical curves.

■  B o v in e  in v ivo  

—  P red ic t ion  in v ivo 

A B o v in e  7 0 M P a  

”  Pred ic t ion  7 0 M P a

10000

Figure 3.2 A scatter plot showing black squares representing the experimental re

sults for in vivo loaded bovine bone and a black line representing the predictions 

for bovine bone in vivo. The red triangles represent experimental data generated 

from bone exposed to 70 MPa for 1 million cycles. The red dashed lines represents 

data predicted using the theoretical model and parameters as per experimental 

study. Some microcracks had no intact processes: these are represented by a point 

at 1 rather than 0 because 0 cannot be plotted on a logarithmic scale.

To begin this section of the study the results for the number of intact osteocyte 

processes spanning a microcrack were compared for an in vivo loaded sample and a 

sample exposed to further ex vivo stress. The first sample analysed was that from a bo

vine tibia, cycled one million times at 70 MPa (Fig. 3.2). A t-test comparison of the in
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vivo and ex vivo strained sample indicated a statistically significant difference between 

the two sets of data (t-test p < 0.001 = 0.00004). Zero is represented on the Y axis by 1 

as zero could not be plotted on a logarithmic scale.

The next comparison was between bovine tibia bone cycled 30,000 times at 100 MPa ex 

vivo and in vivo strained bovine bone (Fig. 3.3). There was a statistically significant dif

ference between the in vivo strained data set and the ex vivo stained data set (t test p < 

0.001 = 0.000003). Again zero is represented by 1 as zero can not be plotted on a loga

rithmic scale.
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Figure 3.3 A scatter plot showing black squares representing the experimental re

sults for in vivo strained bovine bone and a black line representing the predictions 

for bovine bone in vivo. The blue triangles represent experimental data generated 

from bone exposed to lOOMPa for 30,000 cycles ex vivo. The blue dashed lines 

represents data predicted using the theoretical model and parameters as per expe

rimental study. Note that 1 on the Y axis represents 0.
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The final ex vivo stressed sample to be analysed for comparison with the in vivo 

strained sample was bovine femur stressed at 110 MPa for 30,000 cycles (Fig. 3.4). 

When the samples were compared statistically a p value of 0.008 was calculated.
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Figure 3.4 A scatter plot showing black squares representing the experimental re

sults for in vivo strained bovine bone and a black line representing the predictions 

for bovine bone in vivo. The green triangles represent experimental data generated 

from bone expose to 110 MPa for 30,000 cycles ex vivo. The green dashed lines 

represents data predicted using the theoretical model and parameters as per expe

rimental study. Note that 1 on the Y axis represents 0.

3 .4 .2  W hat effect does in creasin g  nu m bers o f  com p ressive  cycles have on the  

rupture o f  osteocyte  cellu lar  p rocesses sp an n in g  m icrocracks.

Six samples were analysed and a control / in vivo strained sample, 1 cycle, 100 cycles, 

1000 cycles, 10,000 cycles and 100,000 cycles (see Fig. 3.5). Besides the control all 

samples were compressed at a cyclic stress of 80 MPa. Fifty heavy metal stained micro-
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cracks were identified in each sample. They were SEM imaged (as per section 2.3.6) 

and the numbers of intact osteocyte processes spanning the crack opening were 

counted. The in vivo strained sample had fifty stained microcracks analysed, as with 

the other samples, but also had fifty unstained samples analysed. These unstained mi

crocracks were not present after in vivo loading so we could reasonably assume that 

they must have formed as artefacts due to sample processing or perhaps as a result of 

the sample drying. Either way they had not experienced any cyclic loading and so pro

vided a way to compare cycled and non cycled samples.

p <  0 .0 0

p < 0.05
AS 100

Q) 80

 ̂ ? 60
a> u

I I
I I I r n  I

artefact invivo 1 cycle lOO cycles 1000 cycles 10,000 cycles 100,000 cycles

Number of cycles

Figure 3.5 Samples loaded at 80MPa at increasing compressive cycles. Bar 

represent the number o f intact processes per mm of crack length for each testing

type (mean and standard deviation).

The samples were compared using an ANOVA. A statistically significant difference 

was found between the groups F = (6, 343) = 27.042, p < 0.001. A Tukey post hoc test
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indicated the statistical differences between the data sets. There is a statistically signifi

cant difference between the artefact and the in vivo sample p < 0.001 and the in vivo 

sample and 100 cycles sample p < 0.05. There is no statistical difference between the in 

vivo sample and the 1 cycle sample p = 0.728 nor are there any statistically significant 

differences between 100 cycles, 1000 cycles, 10,000 cycles and 100,000 cycles. When 

the microcracks for each data set were separated into long (> 100 |im) and short cracks 

(< 100 fxm) (Fig. 3.6). The significance between groups is the same, both for the long 

and for the short, as it is for all cracks.

3.4.3 Does m icrocrack length affect osteocyte process rupture at increasing  

levels o f  stress and increasing num ber o f cycles?

140 7

control 1 cycle 100 cycles 1000 cycles 10,000 cycles 100,000 cycles

Number of cycles at 80 MPa

Figure 3.6 Bar chart showing the average number of intact osteocyte processes per 

millimetre of crack length in long (<100 um) and short cracks (<100 um) separated 

by cycle numbers. * denote a statistical difference between long and short cracks

for each group of p < 0.05.
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The results indicate that short cracks (< 100 (im) have more intact processes per milli

metre o f  crack length for all numbers of cycles (Fig. 3.6). This was found to be statisti

cally true (p < 0.05) for all. Artefact microcracks were not included in the graph as there 

was only one length value for the artefact microcracks that was greater than 100 |im.
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3.5 Discussion

The primary aim of this chapter was to determine whether an increase in the severity of 

the stress applied to a sample would manifest as a decrease in the number of osteocyte 

cell processes spanning a microcrack. If the “scissors model” is a valid way for a m i

crocrack to decide on the need for repair, and given that an increase in applied stress or 

number of cycles would make the microcrack more dangerous to a bone, then it would 

be expected that increased loading would result in an increase in the rupture of intact 

osteocyte cell processes spanning a microcrack (Hazenberg et al. 2006a, Taylor et al. 

2003).

Figures 3.2, 3.3 and 3.4 and the t test results indicate that there is a statistically signifi

cant difference in the number of intact processes spanning microcracks in the in vivo 

and ex vivo tested samples, with the additional ex vivo stress resulting in an increase in 

osteocyte cell process rupture in all cases. Only in the ex vivo loaded samples did some 

microcracks have no cellular processes remaining at all (represented on the log scale as 

1). Considering the high loading and the large number of cycles this was not unlikely. 

For comparison, the average bone experiences a normal physiological loading of ap

proximately 40 MPa during normal strenuous activities such as running, and will fail 

after about 1 million cycles without repair (O ’Brien et al. 2002), so the experimental 

conditions could prove catastrophic to a bone.

This data also allowed the opportunity to further test the theoretical model, and its equa

tions, by comparing a theoretical curve generated using the “scissors model” equation, 

for the in vivo and ex vivo strained samples, to the experimental data collected.

Changes in the loading needed to be taken into account when generating the curve and
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if this change is reflected in the experimental data then we can be more confident in the 

accuracy o f the “scissors model” equations and their ability to calculate the critical 

length of a microcrack, the point at which osteocyte processes will begin to rupture. 

There is scatter in the data but this was to be expected due to Poisson’s distribution of 

the intact osteocyte processes (explained in discussion section of chapter 2) and stan

dard biological variation. What is very evident is that the data and the curve, for both 

the in vivo and ex vivo sample, follow a trend of the longer the microcrack and the high

er the applied stress the fewer the number of intact osteocyte processes.

The results in this chapter appear to indicate that cyclic strain is necessary for osteocyte 

process rupture to take place. The results in Figure 3.5 show the average number of in

tact processes per millimetre of crack length at increasing cycle numbers. To determine 

whether cyclic stress was necessary for cell processes to rupture we needed to look at 

the differences between the artefact and in vivo data sets. The artefact microcracks 

represent cracks that were not exposed to any cyclic compression and were formed as a 

result of sample processing and drying. It was not expected that opening of the micro

crack face, due to sample drying, would have an effect on the number of intact osteo

cyte processes. Theoretical results have indicated that rupture would not occur in this 

manner, even in a worst case scenario of a long crack (300 ^m ) and a high applied 

stress (80 MPa) (Taylor et al. 2003). Still it was necessary to prove this in order to show 

that propagation of a crack could not alone cause osteocyte process rupture and that 

cyclic loading was necessary. This was also vital to ensure that process rupture, in all 

other data sets, was as a result of the experimental conditions the sample was exposed 

to and not just as a result of random damage.
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There was found to be a strong statistically significant difference (p < 0.001) between 

the artefact data set and the control data set for all microcracks. This difference allowed 

us to be confident that cyclic strain is necessary for cellular process rupture to take 

place and that any cell damage identified during the course of this study was as a result 

of the applied cyclic load and not simply due to sample preparation. Another interesting 

point is that on average the artefact microcracks had 128.9 intact osteocyte processes 

per millimetre of crack length, a figure very similar to the predicted number of intact 

processes per millimetre of crack length when no processes are expected to have expe

rienced damage, 126.5 processes per millimeter (Dooley et al. 2012).

As explained above the strong statistical difference between the artefact microcracks 

and the in vivo strained microcracks shows that cyclic strain is necessary for rupture to 

take place and suggests fatigue as a highly plausible method of rupture. This statement 

is further strengthened by the fact that there is no statistical difference between the in 

vivo strained sample and the 1 cycle sample. The result indicates that repetitive cycling 

is vital for rupture. In fact, this data indicates that 1 cycle at 80 MPa is not as dangerous 

to a bone as many cycles at normal physiological loading of approximately 40 MPa. In 

this case some rupture is likely to have taken place in vivo\ the average number of intact 

processes has decreased from 126.5 processes per millimetre when there is no cellular 

rupture (Dooley et al. 2012) to 54 processes per millimetre in the in vivo samples, a 

drop of approximately 57% in the number of intact osteocyte processes. No additional 

rupture occurred until the crack was exposed to further repetitive cyclic loading. This 

conclusion is strengthened when we move to a comparison between 1 cycle and 100 

cycles. A strong statistical difference is again indicated by post hoc ANOVA analysis. 

This is the first decrease in the average number of intact cellular processes of the series.
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As this is the first time in the series that repetitive cyclic loading has been applied the 

result gives more weight to the theory that repetitive cyclic loading can cause rupture of 

cellular material, possibly by fatigue. This fatigue failure can take place at low loading 

pressures such as those experienced in normal physiological loading, as the statistical 

difference between the number of intact osteocyte processes in the artefact sample and 

the in vivo loaded sample indicates. Our original model assumed a cutting action in 

which the process ruptures in one single action. This data indicates that really it’s cyclic 

stress/strain that does it.

The experiment in which the number of cycles was varied provided further insights into 

the behaviour of cellular material where it crosses a microcrack face. It appears that by 

the time the loading has reached 100 cycles very little further cellular damage takes 

place. This is evident in the fact there is no statistically significant difference between 

the 100, 1000, 10,000 and 100,000 cycled samples. This suggests that by the time 80 

MPa of stress is applied, 100 times, all osteocyte cellular processes spanning the crack 

face, with the potential to rupture, had already done so. As many as 85% of the cellular 

processes present in the artefact data set had ruptured by the time 100 compressive 

cycles had completed, with no additional rupture up to 100,000 cycles. This is very in

teresting considering that bone will typically fail after about 100,000 cycles (O ’Brien et 

al. 2002) at this stress level. Osteocyte process failure may therefore provide a very neat 

early warning system for detecting damage and stimulating repair before it becomes 

catastrophic.

By splitting the data from Figure 3.5 into long (> 100 |im ) and short (< 100 |iim) micro

cracks we could explore whether the number of intact osteocyte processes was affected

by crack length as the cyclic load increased. At all cycle numbers there was a statistical-
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ly significant difference between long and short cracks, suggesting that large cracks will 

always be more dangerous to a bone than short cracks no matter what load the bone is 

being exposed to. The data perhaps suggests that long microcracks in vivo, with ap

proximately 22 processes per millimetre of crack length, are more dangerous to a bone 

than short microcracks at 100,000 cycles, which have approximately 47 processes per 

millimetre of crack length. The main message to come from the trend in these results is 

that whatever the size of the microcrack cyclic loading is necessary for osteocyte 

process rupture and the release o f the repair signal RANKL (Mulcahy et al. 2011).

105



Chapter 3: The effect o f stress and cyclic loading on osteocyte cell process rupture.

3.6 Conclusions

• Osteocyte cellular processes spanning a microcrack appear to require cyclic 

loading for rupture to take place. This conclusion rules out monotonic rupture as 

the major cause o f  rupture and with this rupture due to a singular shear motion.

• The results prove that cyclic loading is the main mode of rupture.

•  The number of ruptured osteocyte cellular processes is a function of crack 

length, applied stress and number of cycles. The longer the microcrack and the 

greater the applied stress the fewer intact osteocyte processes that remain intact.

• As with chapter 2 the general trend of the experimental data can be well pre

dicted using fracture mechanics theory based on our scissors model.

•  The results offer further support to the “scissors m odel” as a feasible mechanism 

for the detection o f  a microcrack and the stimulation of repair.
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4.1 Introduction

The mechanical behaviour of living cells is an important and high interest topic in the 

field of mechanobiology. Studies on how mechanical forces interact with and affect 

cells within the body are essential if we are to understand the many physiological 

processes that are stimulated in this manner. In recent years, many studies have been 

conducted to measure the elastic and viscoelastic deformations o f  cells and their m em 

branes, using advanced techniques such as atomic force microscopy (Kuznetsova et al. 

2007). This information has allowed the determination of cell m embrane properties, 

such as Y oung’s modulus but tell us little about how the mechanical forces interact with 

the cell and what potential there is for damage to, or even failure of, the cell membrane. 

Very few researchers have studied these effects; this is by no means due to a lack of 

interest but is largely owing to the practical difficulties of this type of experimentation.

There are a few exceptions where precise mechanical manipulation o f  cells was possi

ble and the results allowed the failure strain to be quantified. Nichol and Hutter (Nichol 

and Hutter 1996) used a method, originally derived to study sea urchins eggs (Swann 

and Mitchison 1953) and later employed to determine the strength, elasticity and stress 

required for failure of red blood cells (Rand and Burton 1964, Rand 1964). Additionally 

they also m easured the tensile strength and dilatational elasticity of giant sarcolemmal 

vesicles from rabbit muscle.

Pipette aspiration is a clever method used to measure the mechanical properties o f  a 

single cell by pulling it into a micropipette with a known suction pressure. Cells can 

behave in one o f  two ways depending on their structure; as a liquid surrounded by an 

elastic cortical shell or as a hom ogenous elastic solid. Neutrophiles and red blood cells 

are described as soft cells and behave like liquid surrounded by an elastic cortical shell.
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Chondrocytes and endothelial cells behave in the manner of a rigid structure, much like 

a homogenous elastic solid (Hochmuth 2000, Kim et al. 2009). The initial effect of as

piration pressure on either cell type is the same, the cell is pulled towards the micropi

pette and a section is pulled into the pipette. O w ing to the structure of a soft cell and the 

potential to increase the membrane area due to folds and microvilli, the cell can in

crease the membrane surface area, change its shape and can therefore be completely 

aspirated into the pipette (Hochmuth 2000).

Figure 4.1 Video record of a sarcoiemmal vesicle during aspiration into a parallel 

bore pipette. (A) A vesicle aspirated with sufficient suction to take up membrane 

slack and produce a small projection into the pipette (B and C) Suction pressure 

increases. (D) As the membrane is stressed the projection lengthens until a critical 

point is reached and the vesicle ruptures (Nichol and Ilutter 1996).

A rigid cell, or a hypotonically swollen soft cell, has no additional surface area so the 

membrane becomes more rigid and resists the increase in area necessary, at a constant
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cell volume, to pull more of the cell into the pipette, leading to rupture o f  the cell m em 

brane (Fig. 4.1). If the pressure, the time taken to aspirate the cell into the pipette and 

various morphological cell measurements are recorded it is possible to calculate the ten

sion required to cause rupture of the cell membrane. Using this technique red blood 

cells were found to be capable o f  withstanding a m axim um  tension o f  20 dynes/cm^ (2 

Pa) for short periods o f  time, but even at much lower stresses the membrane eventually 

either ruptures or the cell relaxes due to plastic deformation (Rand 1964).

Many cell types experience cyclic strains of significant magnitude as they function and 

travel through the diverse environments o f  the body. They are capable of sensing these 

mechanical forces and converting them into biosignals via mechanotransduction m e

chanism s (Kim et al. 2009). O f particular importance are the cardiovascular and m uscu

loskeletal systems. Tissues of the lung and heart are stretched cyclically during breath

ing and heart beating and cells o f  the blood vessels and blood are constantly exposed to 

shear stresses of varying degrees. Cyclic strain is a necessary signal for cell differentia

tion in these systems, cells o f the vascular and musculature systems will only begin to 

differentiate if they regularly experience more than 5 % strain (Mofrad and Kamm 

2010).

Everyday movem ent requires tensile musculature forces combined with compressive 

loads. These forces are experienced by every part o f the musculoskeletal system from 

the bone, to the cartilage, to the tendons (Kim et al. 2009). The most intriguing ability 

o f  the skeletal system is its potential to adapt to the needs and requirements o f  a particu

lar individual through the process of remodelling. Those leading sedentary lifestyles 

(Inoue et al. 2000) or those spending time in a zero gravity environment (Wronski and 

Morey 1983, Wronski et al. 1987) see a reduction in bone density and the very active,
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for example athletes (Ducher et al. 2005, W illiams et al. 1984), have a higher bone den

sity than average. This suggests that cyclic movem ent results in forces that are expe

rienced by the cells o f the skeleton and leads to the communication of a message in

structing the bones to adapt to requirements.

Microcracks are the physical manifestation of cyclic loading o f the skeleton and are be

lieved to be the stimulus for remodelling and repair (Frost 1960). Microcracks and local 

osteocytes are believed to interact, in a not yet fully deciphered manner, to stimulate 

osteoclastogenesis (Lanyon 1993). The osteocyte network, composed of the cells and 

their long outstretching processes, is believed to be the mechanosensory system within 

bone responsible for detecting strain and damage, and eliciting the appropriate response 

(Cowin et al. 1991). It is unclear exactly how this mechanism works but a number of 

hypotheses have been suggested. Possible m echanisms include the detection of changes 

in cell membrane strain, enhanced by local fluid flow (You et al. 2001, You et al. 2000) 

and the stimulation o f  the osteocyte’s primary cilium (Malone et al. 2007, Anderson et 

al. 2008). Apoptosis has been shown to increase in the vicinity of microdamage, though 

the m echanism which causes this is unclear (Schaffler and Jepsen 2000, Noble 2005, 

Verborgt et al. 2000). A more detailed discussion on this topic is contained in chapter 1 

(Section 1.14 -  1.16).

The failure of cellular material in the vicinity of microcracks was of interest to this 

study as a whole, due to the influence osteocyte process rupture is believed to have on 

the stimulation of remodelling according to the “scissors m odel” . The model proposes 

that the dendritic cellular processes which link osteocytes could be ruptured at the point 

where they passed across a microcrack face, giving rise to a signal which might s tim u

late and direct preosteoclasts and BM U s (Taylor et al. 2003, Hazenberg et al. 2006a),
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either directly or possibly via apoptosis of cells local to the damaged region (Kennedy 

et al. 2012). In chapter two, ruptured and intact osteocyte processes were identified 

spanning microcracks (Fig. 2.5 and 2.6) and it was determined that osteocyte process 

rupture occurred in vivo. As the crack length increased, in a number of animal models, 

the proportion of ruptured cell processes increased (Fig.2.7, 2.8, 2.9, 2.11 and 2.12). 

Chapter three showed that as the number of cycles of strain increased so too did the 

number of ruptured osteocyte processes (Fig. 3.5 and 3.6). The results indicated that 

there was no statistically significant difference between the in vivo sample and the sin

gle cycled sample, in relation to the number of intact osteocyte processes, whereas there 

was a statistically significant difference between the single cycle and the sample cycled 

100 times. This suggested that monotonic rupture did not take place and that fatigue 

failure was the most likely cause of cell process disruption.

In the original model it was proposed that the rupture of these processes would occur 

instantaneously, by a scissor-like motion as the crack faces were simultaneously pressed 

together and sheared over each other (Hazenberg et al. 2006a, Taylor et al. 2003). This 

portion of my study arose in order to investigate the failure mechanism of osteocytes, to 

better understand the mechanical environment of osteocytes, their role in the detection 

and repair of bone and in particular to consider whether rupture did occur instanta

neously. Fatigue failure, whereby failure occurs at relatively low stresses if the stress is 

repeatedly applied and removed in successive cycles, occurs in many engineering mate

rials. Fatigue failure begins with the formation of a microscopic crack, usually at a 

stress concentrator. This progresses overtime until a critical size is reached at which 

point the material will fracture. The normal way to characterise fatigue is to plot the 

number of cycles to failure as a function o f the range of applied stress or strain. It is a
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highly plausible mechanism for the rupture of osteocyte cell processes given the cyclic 

nature of movem ent and therefore warranted investigation.
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4.2 Aims of this study

In chapter two and three of this project it was concluded that osteocyte cell process rup

ture took place in vivo. Evidence was also produced which suggested that as the crack 

length and the applied stress increased so too did the disruption to the cellular material 

spanning the microcrack face. The results indicated that rupture after a single cyclic 

event occurred infrequently but that mass rupture of cellular material occurred after 100 

cycles when the applied stress range on the bone was 80 MPa, a stress at which bone 

typically fails after 100,000 cycles. This data suggested that fatigue failure of cellular 

material was more likely than monotonic rupture by a shear motion event, as previously 

suggested. These findings highlighted a need to take a closer look at the mechanical en

vironment of the bone and how this interacted with osteocytes in the vicinity of a m i

crocrack. The specific aims of this portion of the study were as follows.

• To directly observe the deformation and failure of individual osteocyte cellular 

processes spanning microcracks, including both instantaneous failure under m o

notonic loading and fatigue failure under cyclic loading.

• To investigate the effect of the magnitude of cyclic loading and the number of 

cycles on the rupture of osteocyte cell processes.
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4.3 Materials and Methods

4.3.1 Bovine Bone

Bovine tibia bone was obtained from animals that were skeletally mature and free from 

bone disease. The bones had been subjected to only normal in vivo loadings. The bone 

was kindly supplied by Kepac Abbattoir (Clone, Co. Meath, Ireland). All samples were 

stored at -20 °C prior to analysis.

4.3.2 Sample preparation

The bone was removed from the freezer immediately prior to preparation as the frozen 

bone was easier to handle in relation to the removal of any soft tissue, removal of mar

row and cutting. Where necessary the epiphysis and metaphysis of the bone samples 

were removed using a circular saw and were then stored at -20 °C for possible future 

use. The samples were cut transversely to the long axis of the bone, into sections of ap

prox 4 -5 cm (Fig. 2.1). This allowed the samples to be clamped for cutting with a di

amond saw (Struers, Minitron).

Next samples of bone needed to be prepared for in situ straining. The bone was cut into 

sections 10 mm x 20 mm x 1 mm from the longitudinal axis of the bone (Fig. 4.2) and a 

3 mm long notch was cut into the centre of the longest side of the sample, i.e. the long 

axis of the bone (20 mm long side).
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Long axis of 

the bone

Figure 4.2 Diagram indicating the tibia of a bovine skeleton and showing the orien

tation of the samples cut for in situ  strain testing.

The sample thickness of 1 mm worked best for longitudinally notched specimens, 

thicker sections made it difficult to control crack growth and thinner sections made it 

more difficult to create the notch (Hazenberg et al. 2006a). Figure 4.3 indicates approx

imate notch length, direction and loading direction in relation to the bone axis.

Sample cut 
from the 
longitudinal 
axis of the  
bone
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l o n g i t u d i n a l  a xi s
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Figure 4.3 (A) Diagram showing the orientation of the bone sample in the in situ

loading stage. B) SEM image of a typical crack propagated from the notch.

Once cut each sample was assigned a sample number and exact measurements were 

taken from each edge of the sample using a vernier calipers. The data was compiled on 

an excel spread sheet. The notch was measured using a calibrated stereo microscope 

(Zeiss stereo Discovery V.20) and this data was also recorded on an excel spread sheet 

(Fig. 4.4). The surfaces o f  the samples were manually ground flat using silicon carbide 

paper (400 and 1200 grade).

4.3.3 Sam ple preparation for the scanning electron microscope

Next the samples were fixed using 4 % paraformaldehyde at 4°C for 24 hours (made as 

per instruction in section 2.3.4). The samples were then washed using PBS to remove 

all paraformaldehyde; the samples were washed three times and were left in each PBS 

solution for 15 minutes prior to a change into fresh solution. All of the sections were 

then alcohol dehydrated in a series of 10 %,  30 %, 50 %, 70 %, 90 % and 100 % alcohol 

and CPD. The first set o f  samples were remeasured once dry to ensure there were no 

drastic changes in size due to the drying process. No significant differences were found.

116



Chapter 4: Investigating the mode o f failure o f osteocyte cell processes spanning a m i
crocrack face under cyclic compressive loading.

Figure 4.4 This image shows an example of the measurements taken from a notch 

created in the bone samples. The notch was created to provide a point of weakness 

from which a crack was most likely to propagate.

4.3.4 In situ  straining o f bone sam ples

The Deben in situ stage is a straining stage capable of working within the high vacuum 

chamber of a SEM. It has a maximum loading ability of 200 N and can be used for ei

ther tensile or compression testing (Fig. 4.5). The samples were mounted in the in situ 

stage and clamped on either side. The samples were cut along the longitudinal axis of 

the bone so that the crack would propagate in the longitudinal direction where grain di

rection should allow for ease of propagation and a relatively long and straight crack
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(Fig. 4.2 and 4.3). This type of crack, growing approximately parallel to the osteons, 

would have the same orientation as a normal in vivo crack.

Figure 4.5 The Deben in situ straining stage.

Two types of analysis were performed on this sample type. In the first instance a crack 

was propagated from the notch by gently tapping the clamped bone sample. A total of 

28 samples were prepared for testing using this method. Of the 28, 14 failed in propaga

tion, 3 failed during cyclic testing and 11 remained intact for the duration of the testing, 

therefore n = 11. The stage, with the sample in place, was then loaded into the SEM 

chamber. The propagated crack was imaged at low magnification prior to any cyclic 

strain being applied; this image incorporated the entire length of the microcrack. Higher
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magnification images were taken o f  all intact osteocyte processes spanning the micro

crack face and the location of each process was recorded to allow observation of this 

area after cyclic strain was applied to the sample. The samples were subjected to 100 

cycles of compressive stress, cycling between a m axim um  of 18 M Pa and a minimum 

of 0.1 MPa. Images of the entire microcrack, along with all the areas in which individu

al intact processes were present along the microcrack, were taken after one cycle and 

after 100 cycles. Measurements of microcrack length and crack opening were calculated 

for each microcrack prior to any compressive strain being applied, after 1 cycle and 100 

cycles. The number of intact osteocyte processes was also counted at these points. All 

data was recorded on an excel spread sheet.

The second set had a crack propagated in the same manner. Once present, the crack was 

observed in order to identify intact osteocyte processes spanning it. Each process was 

imaged and its location recorded so the position could be returned to after loading. 

Cyclic compression was applied at a m axim um  of 180 N and a m inimum of 1 N, gene

rating stress of a maximum  of  18 MPa and a m inimum  of 0.1 MPa. At the maximum 

and minimum load of each cycle the osteocyte process and its surrounding area was im

aged, up to the time where the process ruptured. Crack length, num ber o f  intact cellular 

processes and crack opening local to the process o f  interest were measured using these 

images. All data was automatically transferred to a Deben computer program me linked 

to the stage. This effectively allowed fatigue testing o f  osteocyte processes spanning a 

microcrack.
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Figure 4.6 SEM image of part of a microcrack, showing an intact process, indicat

ing the crack opening displacement under compressive loading and (schematically) 

how this changed when the loading was removed.

The displacement range of the microcrack opening was calculated for each osteocyte

process observed, up to the point of rupture. To calculate the displacement range the

average crack opening at the m axim um  loading o f 180 N and the average crack opening

at the m inim um  loading of 1 N were found. The average minimum was subtracted from

the average m aximum, giving the difference in the average maximum and the average

m inimum  (Fig. 4.6), giving the average displacement range for the area surrounding the

osteocyte process. The cycles to failure was not the number of externally applied cycles

but was the number of cycles experienced locally by the osteocyte process. The average

displacement range was then plotted against the number of local cycles to failure.
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All statistical analysis was performed using SPSS. A N O V A  was used to determine if 

there was a statistical difference between data sets. Normal distribution was verified 

using the Shapiro-W ilk test and equal variance was confirmed using the Levene test for 

homogeneity of variance prior to statistical analysis.
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4.4 Results

4.4.1 C hanges in m icrocrack  length  w ith  increasing cyclic com pressive  

loading
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Figure 4.7 This graph indicates the increase in length o f eleven microcracks after

100 cycles of compressive loading.

Microcrack length increased during cyclic compressive testing (Fig. 4.7). In all cases 

the microcrack increased in size. The maximum  increase in size was seen in crack 3 and 

crack 11. In crack 3 the biggest increase in microcrack length was after 1 cycle of com 

pressive loading and appeared to take place due to the crushing o f a boundary separat

ing two individual cracks, resulting in the formation of one very large crack. Crack 11 

saw a large increase in size between 1 cycle and 100 cycles and appeared to be due to 

the joining of the main crack and diffuse small cracks at the crack tip. The average in

crease in crack size for all samples tested was 42.1 |am. The crack lengths in this testing
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ranging from about 100 [xm and 1000 fxm are typical of real, in vivo crack lengths in 

this orientation. This means that the average increase in crack length after loading was 

actually quite small as a percentage of the crack length itself.

4.4.2 Changes in the num ber o f intact osteocyte process over 100 cycles o f  

com pressive loading
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Figure 4.8 This graph indicates the number of intact osteocyte processes spanning 

microcracks before any cyclic loading, after one cycle and after 100 cycles.

In all cases the number of intact osteocyte processes decreased throughout the cyclic 

compressive testing (Fig. 4.8). Figure 4.9 shows the type of images that were taken of 

the microcrack with an intact osteocyte processes spanning it before straining, after 1 

cycle and after 100 cycles. Only four of the samples tested saw reduction in the number 

of intact processes after one cycle but all experienced a large reduction in the number of
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intact processes over the course of 100 cycles. Of a total of 74 intact processes at the 

start of the test, 17 processes failed instantaneously during the first loading cycle, whilst 

a further 57 failed by fatigue after 100 cycles. In five of the eleven samples all intact 

osteocyte processes ruptured in testing, the lowest percentage of ruptured cellular 

processes after 100 cycles was 50 %. The results indicate that osteocyte cell processes 

can rupture as a result of compressive loading and that rupture is more likely to take 

place as a result of cyclic loading rather than instantaneously due to a single compres

sive load. Instantaneous rupture did occur in this set of tests which contradicts the re

sults in chapter 3 where there was no statistically significant rupture of processes on the 

first cycle when compared to the control that had been loaded in vivo. The cracks in 

this study had not been loaded in vivo as they were propagated in situ. This may help 

explain the variation in findings.
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Figure 4.9 SEM images showing the effect compressive loading has on an osteocyte 

processes spanning two separate microcracks. (A) Prior to any loading -  an intact 

process is present. (B) After one loading cycle -  the process remains intact. (C) A f

ter 100 loading cycles -  the process has ruptured.
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4.4.3 C rack  op en in g  over 100 cycles o f  cyclic  com pressive loading

According to the “scissors model” under compressive loading the microcrack face 

should close and undergo shear motion, resulting in the cutting of osteocyte processes 

spanning the crack face (Hazenberg et al. 2006a). Microcrack opening was observed at 

one point, randomly chosen, along the microcrack. Observations were made prior to 

any compressive loading, after one compressive loading cycle and after 100 compres

sive loading cycles (Fig. 4.10).
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Figure 4.10 The graph indicates the size o f crack opening at one point along the 

microcrack. M easurements were taken prior to any compressive loading, after one 

cycle o f loading and after 100 cycles o f compressive loading.

The microcrack opening changed from one cycle to the next and did not appear to fol

low any type of pattern. In some cases, such as cracks 3, 4, 6 and 11 there was an in

crease in microcrack opening from in vivo loading to 1 cycle. In others, such as cracks
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7, 9 and 10 there was a decrease in crack opening. Microcrack opening in cracks 1, 2, 5 

and 8 did not change from in vivo loading to 1 cycle. From 1 cycle to 100 cycles the 

pattern changed again with samples 4, 7 and 9 opening further. Samples 10 and 11 

closed further and samples 1, 2, 3, 5, 6 and 8 remained the same. It appeared that open

ing was not uniform across the length of a crack and that the variations were due to 

structures in the locality of the microcrack imaged and analysed. In some cases it ap

peared that compression crushed bridges spanning the microcrack allowing the crack to 

clo.se further and in other cases the crushing of a bridge allowed the crack to open fur

ther as it was no longer tethered to anything. These results suggested that it was neces

sary to take a closer look at crack opening, local to intact osteocyte processes, to ob

serve how changes in crack opening behaviour varied within a cycle and how this influ

enced the rupture of the cellular material. It was clear from these results that osteocyte 

cell process rupture did not take place as described in the “scissors model” . It was be

lieved that shear movement would cause cell process rupture but for this to occur crack 

face closing was necessary (Hazenberg et al. 2006a).

4.4.4 Individual osteocyte process rupture and microcrack displacement in 

the locality

A further study was performed to determine how the maximum and minimum compres

sive stress of each cycle affected the area immediately surrounding an intact process. 

This was done to monitor what changes occurred in microcrack displacement imme

diately prior to the process rupturing and at what cycle the process ruptured.
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Figure 4.11 This graph shows the crack opening displacement at the maximum  

(180 N) and minimum (1 N) loading of each cycle, up to the point that the process

ruptured (n = 8).

Figure 4.11 shows the variation in crack opening displacement cycle-by-cycle in the 

vicinity o f  each osteocyte process, up to the point that the process ruptured. All of the 

osteocyte processes observed ruptured very early into the cyclic loading sequence. The 

maximum  number o f  externally applied cycles before osteocyte process rupture was 13 

cycles. Compressive loading tended to close the cracks, but not completely. Over time 

the average opening tended to decrease but the cyclic displacement range (i.e. the dif-
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ference between the maximum  and minimum in successive cycles) remained approx

imately constant (Fig. 4.12 shows an example).
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Figure 4.12 An example of results from in situ cyclic loading, showing the variation 

of crack opening displacement cycle-by-cycle in the vicinity of an osteocyte process 

which ruptured after four cycles. This data refers to process number 2. The num

bers on the vertical axis indicate the crack opening in microns at each stage.

It appeared that osteocyte processes spanning the areas where the average displacement 

was greatest ruptured earliest (process 5 and 6 in Fig. 4.11 and Fig.4.13) and those with 

the smallest variations in crack opening and closing survived intact for longest (process 

3 in Fig. 4.11 and Fig. 4.13).
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Figure 4.13 This graph shows the cyclic displacement range in the vicinity o f  each 

process, calculated as the difference in the average maximum and the average  

m inim um  for each sample. This is plotted against the num ber o f  cycles to failure.

M onotonic rupture on the first cycle occurred once, at a displacement of about 2 [im; 

reducing the displacement produced failure after increasing numbers of cycles. Failure 

occurred even at displacements less than one tenth of that necessary for m onotonic rup

ture. The largest number o f  cycles to failure recorded was 8, which occurred at a cyclic 

displacement range of 0.12 ^.m.

These results were generated using samples that, due to necessary SEM imaging, had to 

be dried. Drying biological material can have an effect on the properties of the material. 

To decide if the processing changed the cellular material to such a degree that it was no
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longer representative of in vivo behaviour, data generated as part of chapter 3 (Fig. 3.5) 

was used to calculate the average displacement of a microcrack, under cyclic compres

sive loading, for a fully hydrated sample. This was calculated for 100 cycles for both 

wet and dry samples, and for 1 cycle for the dry samples, using the theoretical model of 

Taylor et al described previously (Taylor et al. 2003). Figure 4.14 shows these results 

along with the results from the in situ testing of individual processes.
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Figure 4.14 Results from the in situ fatigue tests on individual osteocyte processes, 

showing the number of cycles to failure as a function of cyclic displacement range, 

plotted against the number of cycles to failure. Also included are three estimated 

results obtained by analysis of the 1 cycle and 100 cycle data set for dry and wet

samples.
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4.5 Discussion

The in situ straining stage testing allowed more detailed analysis of what changes took 

place in a microcrack from the initial crack propagation, up to 100 cycles of compres

sive loading. The previous studies in chapter 3 did not allow analysis of the changes 

that occurred early on in the life of a microcrack as the cracks being analysed had 

formed in vivo and had therefore already been exposed to cyclic compression. From the 

artefact sample in chapter 3, we know that crack propagation had little or no effect on 

cell process rupture but when the in vivo strained sample was analysed there was a sta

tistically significant increase in the amount of ruptured cell processes, it is therefore 

reasonable to assume that some mechanical loading is necessary for cell rupture since 

processes do not rupture across microcracks which have never been loaded. In perform

ing the in situ cyclic strain on freshly propagated microcracks it was possible to deter

mine what effect cyclic compression alone had on the early life of a microcrack and its 

intact cell processes. These results are currently the only data showing mechanical fati

gue in cellular material. Along with the only data showing osteocyte process fatigue 

failure has been quantified.

The first set of samples were analysed prior to cyclic loading, after 1 cycle and after 

100 cycles. The microcrack length appeared to increase, in most cases, over the course 

of the compressive cycles (Fig. 4.7). This is not unusual and does in fact also take place 

in cyclic loading of metals.

Microcrack opening analysis results were not as expected. Propagation of a microcrack 

resulted in crack opening, probably due to local plasticity. This phenomenon is evident 

as every crack in Figure 4.10 is open after initial crack propagation. The original pro

posal for the “scissors model” suggested that once exposed to compressive loading the
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microcrack faces would be pushed together, resulting in the closing of the crack. Fur

ther compression would cause the crack faces to slide against one another causing shear 

motion. If the shear motion was greater than 0.2 |xm, or the width of a cell process, then 

the cell process would be cut in a scissor like fashion (Hazenberg et al. 2006a). This 

was not found to be the case with no microcrack closing completely over the course of 

the 100 cycles (Fig. 4.10). The measurement of crack opening was taken from a single 

randomly chosen area along the microcrack and so perhaps did not reflect what was 

happening in the vicinity of an intact cell process, or from cycle to cycle. What was 

evident from observmg the effect cyclic compression had on crack opening was that 

measuring the crack opening after the appropriate cycle had taken place did not take 

into account the displacement the crack face experienced within each cycle, at the max

imum and minimum loading.

The number of intact processes was also observed from propagation, to one cycle and 

through to 100 cycles. The in situ straining stage study allowed confirmation that osteo

cyte processes can rupture when exposed to compressive cyclic loading. It again 

showed that a small number of osteocyte processes can break after a single load appli

cation but that the vast majority rupture due to fatigue, somewhere between 1 and 100 

cycles. This result answered a number of questions but also posed a few. It was clear 

that fatigue was the most common method of rupture but rupture at one cycle also took 

place. Cyclic microcrack opening was suggested as a cause of fatigue, a very large 

crack displacement could perhaps cause enough disruption to a process to cause a mo- 

notonic rupture. If this was the case it would be expected that there would be a correla

tion between the cycle number that the cell process ruptured and the crack displacement 

from cycle to cycle. No correlation was found but the crack opening recorded in this
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testing was only representative of one area along the microcrack and not of the area lo

cal to a spanning osteocyte cell processes.

A correlation was found between the displacements in an area local to an intact cell 

process and the number of cycles to failure. The results signify that as displacement of 

the area surrounding the osteocyte process increased the number of cycles to osteocyte 

process failure decreased. Fatigue failure took place in the dendritic processes of osteo- 

cytes at cyclic strain levels as low as one tenth of the strain needed for instantaneous 

rupture (Fig. 4.13). The displacement range 0.1 fxm, what microcracks in vivo are be

lieved to experience, corresponds to approximately 10 cycles to process failure. This 

correlates nicely with our results which indicate that process rupture lakes place be

tween 1 and 100 cycles (Fig. 4.8).

It is conventional in fatigue studies to plot these data logarithmically, as shown here, 

and to apply a linear trend line, implying the following relationship between cyclic 

strain (Ae) and the number o f  cycles to failure (Nf).

C
N ,  = -----  Equation 4.1

' A f "  ^

Here C and n are constants. The line shown has a good fit to the data (R = 0.77) with 

the exponent n = 0.75. Compared to data on other materials this is a relatively low value 

of n, but not unprecedented. Figure 4.14 shows similar data for two metallic materials 

(Boiler and Seeger 1987).
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A limitation of this study was the small number of cycles to failure; up to 8. Smaller 

cyclic displacements will likely cause failure after increased numbers of cycles, but the 

method used was not able to reliably measure displacements less than 0.1 |im. Howev

er, by testing samples using the same in situ method but with an increase in cycle num

bers to 100 it was possible to demonstrate the prevalence of fatigue failure (Fig. 4.8).

Of a total of 74 intact processes initially, 23% ruptured after one cycle of loading whilst 

77% had ruptured after 100 cycles, showing that process rupture is very common and 

that fatigue is the dominant failure mechanism.

Another experimental limitation was that we can measure only the cyclic displacement 

range and not the strain range which is calculated by dividing the displacement by the 

total length of the material sample. It was only possible to see the process as it passes
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across the crack so its total length was not known. Given that bovine bone typically 

contains 30,000 osteocytes/mm^ (Mullender et al. 1996) we can estimate that the aver

age distance between cells is 32 |im. Taking account of cell diameter, a typical process 

will be about 10 ^m  long, so the displacements in our tests will lead to strains in the 

range 1-20 %, higher if the process is attached to the matrix, reducing its effective 

length. As noted in the introduction (Sect. 4.1), strains of this magnitude are known to 

occur in many types of cells.

These results provide further support for our “scissors m odel” o f  damage detection, a l

beit in a modified form in which the primary cause of process rupture is cyclic fatigue 

failure rather than instantaneous cutting. The low value of n in equation 1, and the con

sequent steep slope of the line on Figures 4.13 and 4.14, has an interesting effect. Test

ing bone samples at 80 MPa, which is approximately half the stress needed for instanta

neous failure, we find that most of the cellular processes have failed after 100 cycles, 

whilst the bone matrix itself has an average life of 100,000 cycles. This again promotes 

osteocyte cell process failure as an early warning system for detecting fatigue damage 

long before the bone itself begins to fail. Previous work by the Trinity College Dublin 

bone research group has shown that as osteocyte cell networks are ruptured, cell signal

ling pathways known to stimulate targeted repair in bone are initiated (Mulcahy et al. 

2011).

136



Chapter 4: Investigating the mode o f failure o f osteocyte cell processes spanning a mi
crocrack face under cyclic compressive loading.

4.6 Conclusions

• It is possible for crack length to increase, crack opening to change and process 

rupture to take place in cyclic com pressive loading.

• In the m ajority o f cases the m ode o f osteocyte process rupture is fatigue rather 

than m onotonic rupture due to a single load application.

• These observations support the “scissors m odel” as a viable m echanism  o f  m i

crocrack detection by the osteocyte netw ork. How ever, com plete m icrocrack 

closing does not appear to take place as we previously believed.

• The displacem ent range was calculated and the results suggest that as d isplace

m ent o f the area surrounding an osteocyte process increased the num ber o f 

cycles to osteocyte process failure decreased.

• Extensive research o f the available literature has shown that this is probably the 

first ever data show ing m echanical fatigue in cellular m aterial. A long with the 

first tim e osteocyte fatigue failure has been quantified.
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5.1 Introduction

Osteocytes are believed to be an integral part o f  bone remodelling (Cowin et al. 1991, 

Lanyon 1993, Frost 1960). Acting as m echanostats they can detect mechanical signals 

within bone and convert the message to a biochemical signal in order to elicit an appro

priate response (Klein-Nulend et al. 1995). Microcracks indicate a bone’s need for re

pair, but how this need is communicated to osteocytes is still a much debated topic (see 

chapter 1 Introduction). The “scissors m odel” was proposed by this research group as a 

m echanism for the stimulation of remodelling. This model involves the rupture of the 

dendritic cell processes o f  osteocytes where they cross a microcrack. This rupture is be

lieved to be caused by strains local to the microcrack, but generated by compressive and 

tensile loading of the bone as a whole, resulting from everyday cyclic movement.

Although the method of signal stimulation is disputed, the signal cascade once osteo- 

cyte response is activated is well documented. The RA NK -  RA NK L -  OPG pathway 

has been identified as a key mediator in bone remodelling (Boyce and Xing 2007). The 

ratio of OPG to R A N K L determines whether bone is being added to by osteoblasts or 

removed by osteoclasts. Up regulation o f  R A N K L  leads to down regulation of OPG 

(Fig. 1.19)(Hofbauer and Schoppet 2004, Boyce and Xing 2007, Mulcahy et al. 2011). 

RA N K L is the principal mediator in the activation of basic multicellular units and in the 

differentiation of pre osteoclasts into functioning osteoclasts (Lum et al. 1999, Yasuda 

et al. 1998, Simonet et al. 1997). It is present in two forms; the more efficient m em 

brane bound R A N K L and the less efficient soluble form, cleaved by metalloprotease 

(Nakashima et al. 2000). With disruption o f  osteocytes, RA N K L is released from osteo

cytes and travels to the precursor cells o f  the periosteum (J. Vaughan 1970) where it 

binds to the surface receptor RA N K  on preosteoclasts. This allows them to transform
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into active osteoclasts and form the leading part of a microcrack targeting BMU (Boyle 

et al. 2003). OPG has the capability to bind to RANKL and impede its ability to bind to 

the RANK receptor, thus effectively halting bone resorption (Lacey et al. 1998). 

RANKL release increases and OPG release decreases in regions local to a microcrack 

after cyclic compression of a rat ulna in vivo (Kennedy et al. 2012). The same pattern 

was found after the introduction of a planar defect in a 3D collagen gel / ML0-Y4 in 

vitro environment, designed to replicate the 3D structure of a bone and its osteocyte 

network (Mulcahy et al. 2011, Kurata et al. 2006).

Apoptosis increases in association with microdamage (Noble 2005, Noble 2003, 

Verborgt et al. 2000). Inhibiting the apoptosis of osteocytes can prevent remodelling 

taking place, even in the presence of substantial microdamage where it would normally 

be expected to occur (Cardoso et al. 2009). This evidence has lead to the belief that 

apoptosis, along with RANKL, is vital for the activation of remodelling. What remains 

unclear is whether the apoptotic behaviour of the osteocytes is due to disruption of me

chanically sensitive signalling pathways or whether direct physical damage to the os

teocytes or their connective dendritic processes, as would occur in the “scissors model”, 

is to blame. Evidence showing apoptosis occurring as a result of direct damage to 3D 

networks of osteocyte type cells in vitro has been produced (Heino et al. 2006, Kurata 

et al. 2006, Mulcahy et al. 2011).

Throughout the body apoptotic cells are removed by phagocytic cells from the mono

cyte macrophage lineage. Apoptotic cells release surface signals which attract the ma

crophage cells to the necessary region, given this, it is possible that apoptosis of osteo

cytes in bone results in the release of targeting signals that direct osteoclasts, a mono

cyte / macrophage derived cell, to the area of bone to be removed (Noble et al. 1997).
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Verborgt showed that osteocytes surrounding fatigue microcracks in vivo undergo apop

tosis and this co-localized exactly with the areas of bone that were subsequently re

sorbed (Verborgt et al. 2000). As there is no cell to cell contact between preosteoclasts 

and osteocytes it may be that the apoptotic osteocytes stimulated the release of 

RANKL, the other essential aspect of remodelling, and that this signal is transported 

through the canalicular pathway to the cells of the periosteum. An in vivo study of m u

rine hind limbs exposed to cyclic loading has produced evidence that apoptosis occurs 

in osteocytes surrounding induced damage and that RANKL is released by cells in the 

region neighbouring the dying cells but that no cell exhibited both behaviours (Kennedy 

et al. 2012).

In respect to this study, the aim was to determine if the rupture of osteocyte processes, 

as proposed in the “scissors model”, could stimulate the activities needed to produce a 

BMU and initiate targeted remodelling. Most of the experiments described above, 

where damage localised apoptosis and RANKL / OPG increase / decrease have been 

observed, are as a result of in vivo testing (Verborgt et al. 2000, Verborgt et al. 2002, 

Kennedy et al. 2012). This type of testing does not show the effect of microdamage ex

clusively and the resulting rupture of osteocyte processes that we now know occurs as a 

result of localised straining of microcracks (see chapters 2, 3 and 4). Inducing a crack

like defect into a network of cultured M L0-Y 4 (osteocyte type) cells will allow the re

sponse by cells to be analysed in the absence of other possible stimuli such as changes 

in fluid flow resulting from cyclic loading.

M L0-Y 4 cells stands for murine long bone osteocyte Y4. They are a cell line derived 

from the long bone of transgenic mice over expressing T antigen, driven by an osteo

calcin promoter. Osteocytes are contained within the bone matrix and are therefore very
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difficult to study. The creation of this M L0-Y4 cell line allowed for the in vitro studies 

of osteocyte like cells, cells that are very similar to native osteocytes in morphology, 

functionality and protein expression (more detail available in chapter 1, section 1.5.5).

A number of in vitro studies have been performed where microdamage has been the on

ly stimulus applied (Mulcahy et al. 2011, Heino et al. 2006, Kurata et al. 2007). In all 

these cases quantification has been performed by ELISA or Luciferase assay and con

siders the entire 3D cell population. RANKL and OPG cytokine release and, in particu

lar apoptosis of osteocytes after microdamage, has been found to vary with distance 

from the damaged region. In an animal model, apoptosis occurred in osteocytes directly 

disrupted by damage (Kennedy et al. 2012, Verborgt et al. 2000, Verborgt et al. 2002), 

RANKL release was at its highest within 200 fxm of the damage zone, increasing over 

time and returning to control levels beyond this. OPG decreased within 200 |o.m of dam

age and returned to control levels beyond the 200 ^m from damage zone (Kennedy et 

al. 2012). The double immunostaining of M L0-Y4 cells on a collagen matrix allows 

semi quantitative analysis of RANKL, OPG and apoptosis, as well as determination of 

regions of high and low activity in relation to the damage, with only microdamage as 

the stimulus.

141



Chapter 5: An in vitro study o f  apoptosis, RANKL production and OPG production a f
ter the application o f  a planar defect to represent microdamage.

5.2 Aims of this study

The aim of this part of the study was to look at osteocyte like cells reaction to direct 

physical damage, in relation to apoptosis and RANKL/OPG release, with the only acti

vator being a planar, crack-like defect applied to represent microdamage. To be an ac

curate simulation of a microcrack, the damage should cut osteocyte cell processes along 

a narrow channel in the same way the “scissors model” predicts and the data gathered in 

chapter 2, 3 and 4 has shown to be possible. If the cells reacted in an appropriate way to 

stimulate osteoclastogenesis then it could be concluded that the “scissors model” is a 

viable model for activating targeted remodelling.

Of particular interest using this in vitro method was the spatial distribution of 

RANKL/OPG and apoptosis in relation to the applied damage. Determining if apoptotic 

cells could also release the cytokine necessary to stimulate the repair process was of 

interest as it is unclear if apoptotic cells have this ability or whether they activated the 

release o f RANKL from the non apoptotic cells in close proximity. Another point of 

interest was how quickly cells began to react to damage and what damage size was be

low the limit of detection or above the threshold for this cytokine reaction. Based on 

these goals the specific aims were as follows.

• To determine the effect of the application of damage and the resulting cell 

process damage would have on apoptosis and the release of RANKL and OPG. 

If the essential criteria for remodelling are met, namely apoptosis and RANKL 

release, the “scissors model” could be strengthened as a viable method to sti

mulate bone remodelling.
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• To observe apoptotic osteocytes for evidence that they can release cytokine 

RANKL while undergoing programmed death.

• To find the spatial distribution of apoptotic and RANKL/OPG releasing osteo

cytes in relation to damage.

• To see if the cytokine release or apoptotic effect on osteocytes was time after 

damage or damage size dependent.

• To look in more detail at the planar defects created in order to see how they in

teract with the cells and to ensure the cutting of osteocyte cell processes as op

posed to pushing aside or ablating cells.
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5.3 M aterials and M ethods

5.3.1 Materials

Cell culture m aterials including a-m odified essential m edium  (M E M a), foetal bovine 

serum  (FBS), ca lf serum  (CS), penicillin/streptom ycin, D ulbeccos phosphate buffered 

saline (IX ), Trypsin/ED TA , poly L lysine solution, normal goat serum  and triton x 100 

were all purchased from  Sigm a Aldrich Ireland Ltd, Dublin 24, Ireland. Alexa fluoro 

594 conjugated 2° antibody and A lexa fluoro 488 2° antibody were purchased from  In- 

vitrogen, Co. Dublin, Ireland. Rat tail collagen was ordered from BD Biosciences, O x

ford, U.K. C leaved C aspase 3 ASP 175 antibody was purchased from  Brennan and 

com pany, S tillorgan, Co. Dublin, Ireland. RA N K L and OPG 1° antibody was ordered 

from Fannin Ltd., Leopardstow n, Dublin 18, Ireland. Coverslips were ordered from 

VW R International Ltd. D ublin 15, Ireland. 10 |j,m Tungsten probe was ordered form 

Ted Pella Ltd. CA 96003, U nited States. C lassic Plus acupuncture needles (200, 300, 

400 and SOO^m diam eters) w ere purchased from  Harm ony M edical D istributions Ltd, 

London, U nited K ingdom . Cell culture plastic-w are was purchased from Sarstedt Ltd. 

W exford, Ireland. M L 0 -Y 4  cells were kindly provided by Professor Lynda Bonew ald, 

U niversity o f M issouri, Kansas, U.S.

5.3.2 Culture of MLO-Y4 cells

Firstly, I w ould like to thank Linda Bonewald for the supply o f M L 0 -Y 4  cells. Cell

stocks were stored in liquid Nitrogen prior to use. Once rem oved the 1 ml cell solution

was placed in a w ater bath until 90 % defrosted. W hen the cells had reached this stage

they were pipetted into 25 ml solution of an appropriate M L 0-Y 4  grow th serum  (500

ml M EM  A lpha, 25 ml tube o f fetal bovine serum , 25 ml Iron supplem ented calf serum ,
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5 ml Penicillin/Streptomycin and 5 ml L-glutamine). The mixture was poured into a rat 

tail collagen coated cell culture flask, T175. The flasks were coated by making a colla

gen solution at 0.15 mg/ml in M EM a. 8 ml was added to each flask and the flasks were 

incubated at 37 °C, in 5 % C O 2 , for 1 hour. After incubation the excess collagen was 

poured off and the flask was rinsed with 5 ml of PBS. The flask containing the cell m ix 

ture was incubated at 37 °C, in 5 % C O 2 . The cells were fed with a suitable growth m e

dium (M E M a with supplements), heated to 37 °C, every 24 hours to 36 hours.

Figure 5.1 M L 0-Y 4 cells growing on a rat tail collagen coated cell culture flask.

The cells were split, once the appropriate population was reached (Fig. 5.1), by decant

ing off the media and rinsing the flask with 10 ml of PBS. 5 ml o f  Trypsin, (warmed to 

37 °C in a water bath) was added to each flask to be split and this was incubated at 37 

°C for 5 mins. The flask was then tapped to loosen any cells still attached and 55 ml of 

suitable growth media was added. 20 ml aliquots of the cell and the growth media mix 

were transferred in triplicate to new rat tail collagen coated flasks.
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5.3.3 G row ing cells on coverslips

The covers lips  w ere  m arked  us ing  a d iam o n d  scr ibe  to a llow  the location o f  dam age 

once applied . T he  covers lips  w ere  w ashed  in 100 % ethanol and allow ed to air dry, fo l

low ed by im m ers ion  in po ly-l-lysine  for 1 hour at 37 °C. T he  excess  po ly-l-lysine  w as 

decan ted  o f f  and the covers lips  were a llow ed to air dry, resu lt ing  in a po ly-l-lysine  c o a t 

ing o f  app rox im ate ly  3 ^xm (Fig. 5.2). Prior to use they w ere  au toclaved  to ensure  s te 

rility.

Pa 1 s  2.786 pmPa 2 = 2,789 iJm

I ^10 p m   ̂ M a g =  1 .3 2  K X 2 0 .0 0  kV R B S D  2 6 2 8 4  W D » 1 9 . 6 m m  16  Nov 2 0 1 2

poly-l-lysine coating on coverslip  C e n tre  for M ic ro sco p y  a n d  A nalysis

Figure 5.2 SEM image showing the thickness of the poly-l-lysine coating on a ran

domly selected coverslip

T he covers l ip s  w ere  p laced  in 6 well p lates and 200 ,000  cells, in a suitable g row th  m e 

dium , w ere  d ropped  on each  coverslip . T he  p lates w ere  incubated  at 37 °C, in 5 % C O 2. 

A fter app rox im a te ly  3 - 5  days cell p rocess  ne tw orks  deve loped  and the cells  w ere  

ready for the dam age  to be applied.

146



Chapter 5: An in vitro study o f  apoptosis, RANKL production and OPG  production af
ter the application o f  a p lanar defect to represent m icrodamage.

5.3.4 Applying damage

M icrocrack s in bone are the p h ysica l m an ifesta tion  o f  fatigue dam age. T h ey  are ap p rox

im ately  100  |im  -  4 0 0  |.im in length , any larger and they are con sid ered  to be m a cro 

cracks. M icrocrack s sm aller than 100  ^im w o u ld  not be critical to the b on e m ain ta in in g  

its structural stab ility  and so  it is su g g ested  that they w o u ld  not be repaired until they  

grow  to a critical lev e l (Prendergast and T aylor  1 9 9 4 ). T he dam age (planar d e fe c ts  o f  

vary in g  w id th s) w as applied  u sin g  acupuncture n eed les  o f  kn ow n  s iz e s  (d iam eters o f  

2 0 0  |im , 3 0 0  [j,m, 4 0 0  j.im and 8 0 0  ^ m ). T o  create very narrow, crack -lik e  d am age a 

T ungsten  probe w ith  a very sharp tip (0 .6  ^ m ) w a s used to obtain  dam age ap p rox im ate

ly 10 |im  w id e . T he n eed les  and probe in troduced  dam age o f  the sam e length  but w ith  

varying  th ick n ess. A  s in g le  planar d efect w a s ap p lied , from  the scribed  mark on the c ir

cular co v ers lip  through the d iam eter (15  m m ), by running the appropriately s ized  n eed le  

a lon g  the co v ers lip  and through the p o ly - l- ly s in e  coatin g . N eg a tiv e  con tro ls w ere  u n in 

jured c e lls  on co v ers lip s  (F ig . 5 .3 ) . A  num ber o f  sta in in g  n eg a tiv es  w ere a lso  prepared; 

these included  dam aged  c e lls  w ith  no stain  (a u to flu o rescen ce) (F ig . 5 .4 A )  and dam aged  

c e lls  w ith  no prim ary an tib od ies applied  (non  sp e c if ic  b in d in g  o f  the secon d ary) (F ig . 

5 .4 B ). T he dam aged M L 0 -Y 4  c e lls  w ere incubated  for the appropriate test tim e after 

dam age at 37  °C , in 5 % C O 2. T he ch o sen  test tim es w ere  5 m in s, 15 m in s, 3 0  m in s, 45  

m ins, 24  hours, 4 8  hours and 7 2  hours re sp ec tiv e ly , from  the tim e that the dam age w a s  

applied . O n ce the tim e point w a s reached the sa m p le  w a s  fix ed  w ith  10 % form alin , this 

preserved the c e lls  and a lso  halted any b io lo g ic a l activ ity .
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I :  !  :  I  _
100 |jm

Figure 5.3 Osteocyte type cell (ML0-Y4) cultured on poly-l-lysine coated cover- 

slip. Green represents OPG and blue represents nucleus. This is a no damage con

trol sample.

Figure 5.4 Confocal imaging of two damaged cell cultures (A) contains no staining 

besides DAPI and was used to prevent additional fluorescence due to autofluores

cence of the bone. (B) contained no primary antibodies and was used to ensure 

there was no non specific binding. Damage is running along the bottom of both

images.
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5.3.5 Antibody staining protocol

A polyclonal antibody was used as the primary antibody in this staining protocol. Po

lyclonal antibodies differ from monoclonal antibodies in that they recognise multiple 

epitopes on any one antigen whereas monoclonal antibodies detect only one epitope on 

a particular antigen. The principal advantages of monoclonal antibodies are their ho

mogeneity and consistency but as they rely on one specific epitope binding any changes 

or damage to the epitope can result in a loss of binding power. It was due to this fact, 

the higher specificity, lower expense, the ease o f use and the larger signal that polyc

lonal antibodies were used in this study.

The staining protocol used was as follows;

Blocking Buffer -  (PBS / 5% Normal Goat Serum / 0.3% Triton x 100)

To make 25 ml, add 2.5ml lOx PBS, 1.25ml normal goat serum and 21.25 ml dHiO.

Mix and while stirring add 75ul Triton xlOO.

Antibody Dilution Buffer -  (PBS /1% BSA / 0.3% Triton x 100)

To prepare 40 ml, add 4 ml 10 x PBS and 120 ul Triton x 100 to 0.4g BSA. Bring to 

final volume with dHaO water.

Samples were blocked in blocking buffer for 30 mins. They were incubated overnight in 

a humidity chamber at 4 °C in a 1: 200 dilution of rabbit antibody to cleaved caspase 3 

(cell signalling CA #9661) in antibody dilution buffer. They were then washed 3 times 

in PBS, followed by 30 min incubation in Alexa fluoro 594 conjugated 2° antibody (In- 

vitrogen A-11080) in a 1: 700 dilution with the antibody dilution buffer. Again, the

samples were washed 3 times in PBS before being blocked again using blocking buffer

for 30 mins. Next they were incubated for 24 hours at 4 °C in a humidity chamber, in a
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primary antibody for R A N K L (Santa Cruz CA/Fannin/Insight Biotech sc 7628) at a di

lution o f  1: 100 or OPG (Santa Cruz CA/Fannin/Insight Biotech sc 7668) in a dilution 

o f  1:100 with the antibody dilution buffer. The samples were washed 3 times in PBS 

before the secondary antibody for R A N K L  and OPG was added. Alexa fluoro 488 anti

body (Invitrogen A 11029) was used for detection o f  R A N K L and OPG primary in a 

1:700 dilution. The samples were m ounted in prolong gold with DAPI (stains nucleus) 

solution. They were left overnight to allow prolong gold and DAPI to infiltrate the cells 

and the surround of the coverslip was painted with clear nail varnish in order to seal it. 

The samples were stored in the fridge until ready for confocal examination.

5.3.6 Confocal microscopy

An Olym pus FV 1000 3 laser confocal microscope was used for imaging. The laser 

base line was found using a control with no stain (Image 5.4 (A)). The conditions were 

noted individually for the OPG and the R A N K L  slides and these conditions were main

tained for all R A N K L and all OPG test samples. This allowed RA N K L samples to be 

compared with other R A N K L samples and OPG samples with other OPG samples, in 

relation to num ber of green pixels in an image. The stained OPG and R A N K L  represent 

the m em brane bound cytokine. During the many solution changes in this staining p ro

cedure it is highly likely that some, or all, of  the soluble form would have been washed 

away. The m em brane bound form is more relevant to this study as it is looking at pro

duction after damage, which is what the m em brane bound cytokines would represent. 

Images were taken at the edge o f  the damage and included approximately 300|am of cell 

coated coverslip, moving away from damage (Image 5.5). Each sample type was im 

aged at three areas, giving an n num ber of n = 3 for each sample type in the R A N K L 

and OPG study and an n number of n = 6 in the apoptosis study.
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1 Q 0 ( j r r ,

F'igure 5.5 This sample is a RANKL stained sample with an applied damage size of 

800 nm. Biological activity was halted 24 hours after damage. Green represents 

RANKL and blue represents nucleus. The edge of the damaged area can be seen at 

the bottom of the image. The RANKL staining represents only membrane bound

RANKL.

5.3.7 Processing the im ages

Each image was cut into two sections representing data close to the damage (< 200 ^m 

from damage) and further away (200 fxm -  300 [xm). The images were then split into 

three light channels, blue -  nucleus, green R A N K L  / OPG and red -  apoptosis. The 

numbers of red and green pixels were calculated and a cell count was generated for 

each section of each slide using Image J freeware. The number of pixels for each co-
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lour in each image was corrected by dividing by the cell count, giving the average pixel 

count per cell, in each section. The results were collated on an excel spread sheet. All 

statistical analysis was performed using one way A N O V A  in SPSS. Similar images 

were obtained and analysed for the controls, i.e. cover slips with undamaged cell net

works. In this case three random images were taken of size 300 |im x 300 |am, each im

age being split into two, giving n = 6.

5.3.8 SEM imaging

SEM images were taken of all the needle sizes to ensure the widths were as described. 

The Tungsten probe was found to increase in width as it moved from the tip (Fig. 5.6). 

To determine what size damage was created when cutting through the poly-l-lysine 

coating and the cells. Images of a number of poly-l-lysine coated coverslips (n = 20) 

were generated and the average coating thickness was calculated (3.10 ^im). This m ea

surement was used to find the width o f  the probe at the average coating thickness. It 

must be remembered that the probe was so delicate that the tip became a little blunter 

with each planar defect applied. Using the image data and the measurements obtained 

from the damage images it could be estimated that the maximum  damage caused by the 

probe was in the order o f  10 |im.
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1 .9 0 K X  2 0 .0 0 k V  RBSD 26291 W D = 1 9 .1 m m  1 6 N o v 2 0 1 2

Ultra thin probe C entre for M icroscopy and  Analysis

Figure 5.6 Shows and SEM image of the tungsten probe used to create < 10
damage.

5.3.9 Behaviour o f M L 0 -Y 4  cells after dam age is applied

To observe how  the cells  behaved  once  d am age w as  applied  the cells  were im aged  in 

two w ays  using  a f luorescent m icroscope  w ith  ch am b er  set to 37 °C in 5 % C O 2. In the 

first, the d am ag e  w as  applied  and an im age w as  generated  before and after application . 

In the second  the d am ag e  w as  generated  and an im age w as taken every  30 m ins up to 

the point the dam age  had c losed  up due to cell m igration  and active cell division.
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5.4 Results

5.4.1 The physical reaction of osteocyte type cells (M L0-Y4) to the applica

tion of damage.

Figure 5.7 Observation o f M L 0-Y 4 celts physical response to application of a 200 

|Lim planar defect, images show cells every hour up to 11 hours after damage, mov

ing from left to right in each row. Scale bar is equal to 40 |iim.

Osteocyte type cells were imaged before and after damage to observe how the damage 

affected the cells and if they filled in space and reconnected after damage (Fig. 5.7). It 

was unknown how' osteocyte type cells might respond to applied damage over time. In 

vivo the osteocyte cells are contained within lacunae and if damaged the cell processes 

must travel through the canaliculi if they are to reconnect; it is not currently known
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whether or not that happens. This process is much easier in a cell culture as there are no 

barriers to prevent cell migration or limit the pathway for osteocytes to reconnect. Fig

ure 5.7 shows that when damage of 200 [xm is applied the cells migrate and fill in the 

space within 12 hours. The damage closes up very quickly for all damage sizes. At 800 

^m it takes approximately 30 hours for the damage to heal, 300 fxm and 400 ^m dam

age takes approximately 24 hours, 200 ^im damage takes approximately 12 hours and < 

10 ^m damage takes only 4 - 6  hours.

In previous in vitro studies in which the damage was generated by passing needles 

through 3D gel cultures (Mulcahy et al. 2011, Kurata et al. 2006) it was unclear what 

the exact nature of the damage was, because microscopy was not possible. The images 

in Figure 5.8 show that cell processes are cut by the application of damage. It also ap

pears that some cells are pulled out during damage application. This is presumed as 

there is a reduction in the cell number before and after damage (particularly for the 

larger planar defects) but there is little evidence of cell crowding or increased cell num

bers along the damage edges after damage application, suggesting the missing cells 

were just pushed aside. There does appear to be evidence of cell damage so extreme 

that it could have led to cell ablation, again this is more prominent in the larger damage 

sizes (ranges < 300 fxm).
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Figure 5.8 Shows cultured M L 0-Y 4 cells before and after damage. (A and B) and 

(C and D) show before and after damage with the red rings showing cut processes. 

Scale bar represents 8 ^m. The dashed lines in (B) and (D) show where the damage 

was applied. The applied damage size was < 1 0  .̂m for both images
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5.4.2 RANK L

Ĥ|

Figure 5.9 Images showing membrane bound RANKL production in M L0-Y4 

ceils. The images shown are taken 24 hours after damage and represent one of 

three images taken for each damage size. (A) control, (B) < 10 |iim damage size, (C) 

200 |Lim damage size, (D) 300 p,m damage size, (E) 400 f im  damage size and (F) 800 

.̂m damage size. Scale bar is equal to 100 ^m. The damage is running along the

left hand side of each picture
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5.4.2.1 Membrane bound RANKL release for increasing damage sizes and increas
ing times after damage

Membrane bound and the soluble form o f  RA N K L differ in efficacy, with the m em 

brane bound protein being more important in osteoclastogenesis (Naicashima et al. 

2000). In this study it must be noted that the R A N K L staining only represents the m em 

brane bound RA N K L and not the soluble form. Although the antibody stain used was 

not specific to only this type o f  R A N K L  it is highly likely that during the many solution 

changes necessary in this staining process the soluble form was washed away. The 

membrane bound R A N K L is the most important in relation to the aims of this study as 

this form is being actively produced after damage and therefore represents the response 

of the cells to damage, in relation to R A N K L  production. Images such as those in Fig

ure 5.9 were used to calculate the level of membrane bound RA NK L produced.
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Time after damage was applied

Figure 5.10 RANKL production as a function of damage size and time after dam 

age, in the region < 200 ^m from the damage.
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The graph above represents data for membrane bound RANKL production from MLO- 

Y4 cells immediately adjacent (< 200 fxm from the damage) (Fig. 5.10). Immediately 

after damage very little change is apparent. There is no difference between the control 

and all other data sets up to 400 ^m damage size, for up to 15 minutes after damage. A 

statistical difference is found between the control and 800 ^m sample (control v 800 

|Am 15 mins after damage p = 0.03), a damage size that would be described as macro

damage in vivo. Thirty minutes after damage the 400 |j,m damage size samples begin to 

produce membrane bound RANKL at levels statistically higher than the control sample 

(p = 0.02). The 800 jim samples are continuing to produce levels of membrane bound 

RANKL at a statistically higher level than the control (p = 0.02) but at the same level as 

the earlier time. Within 45 minutes of damage being applied the 300 fxm samples begin 

to react and produce levels of membrane bound RANKL that are significantly above the 

control level (p = 0.04). RANKL production has continued to increase in the 400 um 

samples and the 800 |im .samples resulting in a statistically significant increa.se in 

RANKL levels between the 300 |am samples and the 400 ^im samples (p < 0.001) and 

between the 400 |im and 800 ^m samples (p = 0.01). The levels of RANKL in the 800 

^im samples rose significantly between 30 minutes and 45 mins after damage ( p < 

0.05). Membrane bound RANKL is at its highest level for the entire study in the 800 

|.im damage, after 45 mins. After 24 hours the pattern of RANKL membrane production 

begins to change. The control, 10 |o,m damage samples and 200 fxm damage .samples 

stay statistically the same when compared to the previous time point (45 mins). Above 

200 jim damage size the changes in membrane bound RANKL production become ap

parent. The 300 [xm, 400 jam and 800 fxm samples begin to experience a decline in 

membrane bound RANKL production, with the 800 |xm samples showing a statistically 

significant decline in production between 45 mins and 24 hours (p < 0.05). Membrane
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bound RA N K L production in the 800 |im samples, after 48 hours, drops down to con

trol levels and stays there for up to 72 hours after damage. From 48 -  72 hours after 

damage, the 200 [xm samples begin to experience membrane bound RA N K L production 

at levels higher than in the controls. The overall pattern appears to be that as time after 

damage increases, cells exposed to smaller damage begin to react and produce m em 

brane bound R A N K L at levels statistically higher than the control. There is no statisti

cally significant effect o f the < 10 [xm damage at any individual time point.
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Figure 5.11 RANKL production as a function of damage size and time after dam

age, in the region 200 -  300 |u.m from the damage.

The data for cells between 200 ^im and 300 fxm away from damage shows a similar pat

tern as seen for the cells < 200 ^im from damage site but perhaps the smaller damage 

sizes are a little slower to respond (Fig. 5.11). Between 5 minutes and 15 minutes after 

damage the only damage size that shows an increase in membrane bound R A N K L
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above the control level is the 800 sam ples (p < 0.001 for both tim e points). A fter 30 

m ins the 400 [xm sam ples begin to respond to dam age by increasing their production o f 

m em brane bound RA N K L above that o f the control (p = 0.003). The cells 200 |j,m to 

300 |.im from  dam age do not begin to react to the 300 fxm dam age until 48 hours after 

dam age application (p < 0.001 ) but by this stage 200 |im  sam ples have also responded 

to the dam age (p = 0.004). M em brane bound R A N K L levels begin to drop betw een 45 

m ins and 24 hours after dam age, this does not reach control levels until 48 hours after 

dam age and it stays at that level up to 72 hours afterw ards. The overall pattern, like the 

cells < 200 [Am from dam age, is that as tim e after dam age increases, cells exposed to 

less dam age begin to react to the disruption and produce m em brane bound R A N K L at 

levels above the control. There is no statistically  significant effect o f the <10nm  dam 

age at any individual tim e point.

S.4.2.2 Amalgamating the data up to 45 minutes and considering the effect o f prox
imity to the damage

In order to increase the statistical pow er, data for the first four tim e points (all tim es up 

to 45 m inutes) were com bined together, g iving n = 12 for RA N K L data and n = 24 for 

controls. These results are show n in Figure 5.12, along with the data for later time 

points, plotted to display a direct com parison betw een cells close to the damage (at d is

tances 0 -  200 |o,m from  the dam aged area) and further away (at distances 200 -  300 fxm 

from the dam aged area). Table 5.1 gives the p values corresponding to the data in F ig

ure 5.12.

During the first 45 m inutes, the m easured R A N K L production for the sm allest dam age

level o f < 10 fxm, in the region close to the dam age, was found to be higher on average

than controls with a p value o f 0.074. For 200 ^m  the corresponding p value was 0.082.

These p values are just too high to indicate significance, but suggest that RA N K L pro-
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duction may be elevated even for the smallest damage inflicted, though more data 

would be required for confirmation. During the same time period (up to 45 minutes) for 

the 300 ^m , 400 ^m  and 800 fxm damage levels membrane bound RA N K L production 

was significantly higher (compared to controls) both close to and further from the dam 

age location. The graph shows that overall as the damage size increases, at < 45 m i

nutes after damage, the level o f  m em brane bound RA NK L produced also increases. 

However during this time period (Fig. 5.12 (A)) there is no statistically significant ef

fect o f proximity, i.e. no statistical difference, for any damage size, between the beha

viour of cells < 200 i^m from damage and that of cells 200 ^im - 300 |am from damage.
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Figure 5.12 Bar chart showing the difference in the membrane bound RANKL re

lease between control, cells < 200 nm from damage and cells between 200 jim and 

300 (j,m from damage, for all damage sizes at (A) less than 45 minutes after dam

age, (B) 24 hours after damage application, (C) 48 hours after damage application 

and (D) 72 hours after damage application.
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stats
Less than 45 mins after damage. Difference between <200um and > 200um 
from damage

< 200 um and > 200 um <200 um and control >200 um and control

10 urn 0.209 0.074 0.936

200 um 0.817 0.082 0.301
300 um 0.6 0.001 0.018
400 um 0.506 0 0.003
800 um 0.506 0 0.003

stats
24 hours after damage. Difference between <200um and > 200um from 
damage
< 200 um and > 200 um <200 um and control >200 um and control

10 um 0.871 0.867 0.997
200 um 0.642 0.016 0.083
300 um 0.865 0.076 0.03
400 um 0.899 0 0.001
800 um 0.619 0.002 0.009

stats
48 hours after damage. Difference between <200um and > 200um from 
damage
< 200 um and > 200 um <200 um and control >200 um and control

10 um 0.721 0.011 0.043
200 um 0.221 0.001 0.021
300 um 0.589 0 0.002
400 um 0.616 0.001 0.002
800 um 0.417 0.002 0.021

stats
72 hours after damage. Difference between <200um and > 200um from 
damage
< 200 um and > 200 um <200 um and control >200 um and control

10 um 0.891 0.925 0.648
200 um 0.24 0 0.002
300 um 0.124 0 0
400 um 0.278 0 0
800 um 0.992 0.466 0.394

Table 5.1 This chart shows the results for one way ANOVA analysis of RANKL  
data. The results compare distance from damage zone and controls. The purple 

cells represent results that are deemed statistically significant.
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For the later tim e periods 24, 48 and 72 hours, w hen considered individually, there was 

also no significant effect o f proxim ity (0 - 200 fxm versus 200 - 300 jam) for any dam 

age level. There was also no significant increase (com pared to controls) for the 10 ^m  

damage, either close to or further from  the dam age site. The other larger am ounts o f 

dam age all generated significant increases in R A N K L, when com pared to controls, at 

these tim e periods, w ith the exception o f the 800 fxm dam age at 72 hours. By the latest 

time period, the data for 800 |am had dropped close to control levels (having begun to 

drop even by 24 hours), despite the fact that R A N K L  production for the 200 |xm, 300 

^m  and 400 |im  damage rem ained high.
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(A)

lOÔ m

5.4.3 OPG

Figure 5.13 Images showing membrane bound OPG production in M L0-Y4 cells. 

The images shown are taken 45 minutes after damage and represent one of three 

images taken for each damage size. (A) control, (B) < 10 |u,m damage size, (C) 200 

Hm damage size, (D) 300 ^ m  damage size, (E) 400 |u.m damage size and (F) 800 |Lim 

damage size. Damage top of image B and F. Damage bottom of image C, D, E
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5.4.3.1 Production o f OPG for increasing damage sizes and increasing times after 
damage.

Figure 5.13 shows the typical appearance o f  sample images recording OPG production. 

Data for OPG production levels are shown in Figure 5.14 for the region close to the 

damage (0 -  200 fxm) and in Figure 5.15 for the region further from the damage (200 -  

300 ^m). W hat is first noticeable is that as the damage size and the time after damage 

increase the OPG levels decrease. However, the speed of the change in OPG production 

is slower than seen above for RANKL. There is a general tendency for OPG to decrease 

more quickly for the larger damage sizes, but it takes 24 hours before any statistical dif

ferences can be seen. Between 45 minutes and 24 hours after damage there is a dramatic 

drop in the level of OPG being produced, leaving the control levels significantly higher 

than any o f  the damaged samples at 24 hours, 48 hours and 72 hours after damage.

There is no statistical difference in the level of OPG at these three time periods for any 

damage level. There is a general tendency for OPG levels to begin to rise over the pe

riod 24 -  72 hours, but even at 72 hours OPG remains significantly less than control 

values for all damage levels.
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Figure 5.14 Changes in membrane bound OPG level as a function of damage size 

and time after damage. This data represents the area < 200 ^m from damage.
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age.
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S.4.3.2 Amalgamating the data up to 45 minutes and considering the effect o f prox
imity to the damage.

Figure 5.16 and Table 5.2 shows the data and p values presented in the same m anner as 

earlier for RANKL, amalgamating all the results for times up to 45 minutes. This does 

not change the findings except that we can now see a significant drop in OPG compared 

to controls for the largest damage amount, 800 ^m . The results indicate no significant 

effect of proximity, i.e. comparing < 200 fxm from damage versus 200 pim -  300 |i,m 

from damage.
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Figure 5.16 Bar chart showing the difference in the membrane bound OPG release 
between control, cells 200 (xm - 300 |j,m from damage and cell between 200 (im and 
300 |L im  from damage, for ail damage sizes at (A) less than 45 minutes after dam 

age, (B) 24 hours after damage application, (C) 48 hours after damage application 
and (D) 72 hours after damage application.
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stats
Less 45 mins after damage.
Difference between <200um and > 200um from damage

< 200 um and > 200 um <200 um and control >200 um and control

10 um 0.044 0.922 0.006

200 um 0.26 0.787 0.042

300 um 0.659 0.089 0.489

400 um 0.036 0.199 0.45

800 um 0 0.084 0

stats
24 hours after damage.
Difference between <200um and > 200um from damage

< 200 um and > 200 um <200 um and control >200 um and control

10 um 0.979 0 0

200 um 0.952 0 0

300 um 0.836 0 0

400 um 0.999 0 0

800 um 0.832 0 0

stats
48 hour after damage.
Difference between <200um and > 200um from damage

< 200 um and > 200 um <200 um and control >200 um and control

10 um 0.999 0 0
200 um 0.925 0 0
300 um 0.973 0 0
400 um 0.905 0 0.001
800 um 1 0 0

stats
72 hours after damage.
Difference between <200um and > 200um from damage

< 200 um and > 200 um <200 um and control >200 um and control

10 um 0.983 0.013 0.009

200 um 0.862 0 0
300 um 0.985 0 0
400 um 0.837 0.001 0.003

800 um 0.295 0.001 0.012

Table 5.2 This chart shows the results for one way ANOVA analysis of OPG data. 

The results compare distance from damage zone and controls. The purple cells 

represent results that are deemed statistically significant.
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5.4.4 Microdamage and apoptosis

Figure 5. 17 Confocai images o f M L 0-Y 4 cells stained using Caspase 3 for apopto

sis (red) and (A) RANKL (green), 200 |xm damage size at 45 mins after damage 

(damage on left hand side o f image) (B) OPG (green), 800 nm damage size, 45 mins 

after damage (damage on left hand side of image).

Cultured cells were damaged and stained with Caspase 3 to determine if apoptosis takes 

place as a result of microdamage and the spatial relationship between damage and apop

tosis (Figure 5.17 shows typical images obtained). Figure 5.18 shows the data for the 

individual time periods and damage amounts, both close to and further from the dam 

aged region.
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5.4.4.1 Am algam ating the data up to 45 minutes and considering the effect of prox
imity to the damage.
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Figure 5.19 Bar chart showing the difference in apoptosis between control cells, 

cells < 200 Jim from dam age and cells between 200 ^m and 300 nm from damage, 

for all damage sizes at (A) less than 45 minutes after damage, (B) 24 hours after 

damage application, (C) 48 hours after damage application and (D) 72 hours after

dam age application.
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stats
Less than 45 mins after damage.
Difference between <200 um and > 200 um from damage
< 200 um and > 200 um <200 um and control >200 um and control

10 urn 0 0.059 0.121
200 um 0 0.019 0.129
300 um 0 0.025 0.258
400 um 0 0.004 0.277
800 um 0 0.012 0.292

stats
24 hours after damage.
Difference between <200 um and > 200 um from damage
< 200 um and > 200 um <200 um and control >200 um and control

10 um 0.085 0.057 0,987
200 um 0.069 0.052 0.978
300 um 0.072 0.056 0.971
400 um 0.094 0.058 0.995
800 um 0.068 0.044 0.988

stats
48 hours after damage.
Difference between <200 um and > 200 um from damage
< 200 um and > 200 um <200 um and control > 200 um and control

10 um 0.074 0.051 0.984
200 um 0.098 0.039 0.992
300 um 0.055 0.023 0.999
400 um 0.063 0.023 0.994
800 um 0.099 0.04 0.993

stats
72 hours after damage.
Difference between <200 um and > 200 um from damage
< 200 um and > 200 um <200 um and control > 200 um and control

10 um 0.059 0.029 0.999
200 um 0.061 0.029 1
300 um 0.064 0.029 1
400 um 0.09 0.039 0.997
800 um 0.083 0.042 1

Table 5.3 This chart shows the results for one way ANOVA analysis of apoptosis 

data. The results compare distance from damage zone and controls. The purple 

cells represent results that are deemed statistically significant.
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We am algam ated the data for tim es up to 45 m inutes to produce a sim ilar set o f  plots to 

those already show n for R A N K L and OPG (Figure 5.19); Table 5.3 show s the corres

ponding p values. For all tim e periods there w as an increase in apoptosis, com pared to 

controls, for all dam age levels, in the region close to the dam age (0 - 200 ^m ), where p 

values were less than or just slightly above the lim it o f 0.05. On the other hand, at 

greater distances from  the dam age (200 - 300 ^.m), there was no statistically  significant 

change in apoptosis w hen com pared to controls. A s a result, there was an effect o f prox

imity, there being m ore apoptosis in cells located w ithin 200 fxm o f the dam age com 

pared to those in the region 200 - 300 ^im away. This difference was statistically signif

icant in the am algam ated data up to 45 m ins; for the later tim e points 24, 48 and 72 

hours the p values were ju st slightly above 0.05.
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5.5 Discussion

The principal aim of this chapter was to observe the production of RANKL and OPG 

and to quantify the degree of apoptosis in osteocyte type cells, both spatially and tem

porally, after the application of damage. The “scissors model” proposes that the rupture 

of osteocyte cell processes, as a result of microdamage, causes the release of cytokines 

necessary for bone remodelling (Hazenberg et al. 2006a). RANKL is essential for the 

differentiation of preosteoclasts into bone removing osteoclasts and the activation of 

targeted remodelling (Simonet et al. 1997, Lum et al. 1999). It has been shown that 

RANKL is released from osteocyte type cells if microdamage is simulated with the in

troduction of a planar defect to an in vitro 3D model. OPG, RANKL’s decoy receptor, 

was found to down regulate in the presence of microdamage (Mulcahy et al. 2011). 

However in that study it was not possible to create a planar defect with a very small 

width, similar to that of a microcrack in bone which typically is no more than a few mi

crons wide. It was also not possible to visualise the damage and cell reactions micro

scopically or to isolate cell reactions close to the damaged area. In vivo studies have 

shown the spatial relationship between damage and the production of cytokines 

(Kennedy et al. 2012), but these studies have not isolated microdamage as the only sti

mulus for the cell response as cyclic loading in vivo would produce other possible sti

mulus for remodelling. Although microdamage and the other suggested stimuli for 

bone repair are probably linked, with all having a part to play in targeted remodelling, 

the aim of this study was to determine the role of osteocyte process rupture, as per the 

“scissors model” as a result o f microdamage.
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T his study has revealed significant changes in RA N K L production, OPG production 

and apoptosis follow ing dam age. In m any respects the results are sim ilar to those re

ported by M ulcahy et al (2011), how ever there are som e im portant differences. This 

w as the first tim e that very narrow  crack-like dam age had been induced, using a sharp 

probe tip to create a defect less than 10 |j,m wide. This defect caused som e definite 

changes: a strong decrease in OPG and sm all increases in RA NK L, and local apoptosis. 

In som e cases the p values indicated that these changes just m issed significance at the 

0.05 level, so further w ork w ould be needed to confirm  these effects. How ever, the 

overall picture seem s to dem onstrate that this narrow, crack-like defect does cause local 

cells to initiate a rem odelling signal, providing strong support for the “scissors” model.

The other m ajor innovation in this w ork was the study o f short-term  responses, w ithin 

the first 45 m inutes after dam age application. The m ain findings here were that all three 

responses, RA NK L, OPG and apoptosis, begin to change at an early stage, even in the 

first five m inutes for som e of the larger dam age am ounts. This data was particularly 

useful in resolving an anom aly in respect o f the 800 jxm dam age, which had shown no 

significant responses in previous testing w hen the first sam pling period w as 24 hours 

(M ulcahy et al 2011). W e found very strong responses in the first 45 m inutes, followed 

by a relatively rapid return tow ards norm al values.

M em brane bound R A N K L production appears to be proportional to the applied dam age 

size, the sm aller the dam age size the longer it takes the cells to react. The cell response 

occurs very quickly after dam age, w ith an increase in RA N K L production above con

trol level occurring w ithin 5 m inutes for the largest o f the dam age size, 800 ^m . This is 

quickly followed by 400 jo,m after 30 m inutes and 300 |o,m w ithin 45 m inutes. Between 

24 and 72 hours the sm aller dam age sizes continue to see an increase in the production
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of membrane bound R A N K L above control levels, albeit insignificant for the 10 |am 

damage size. The larger damage sizes see a drop off or cessation in production not ob 

served before, as other s imilar studies have only started analysis of the reactions at the 

24 hour point. One such study, although looking at both membrane bound and soluble 

RANKL, produced similar results from the 24 hour after damage point and also noted 

the drop off in RA N K L production in cells exposed to 800 |j,m damage, after 24 hours, 

when compared to smaller damage sizes but were at a loss to explain why (Mulcahy et 

al. 2011). They had not been aware o f  the very quick reaction of M L 0-Y 4  cells to this 

type o f  damage and the peak in m em brane bound R A N K L production at 45 minutes 

after damage.

Damage above 400 p,m in size is described as macrodamage and could be very danger

ous to the integrity of a bone. Such large damage would require a very urgent response; 

this is perhaps what has been observed up to 45 minutes after damage. It may be the 

case that the necessary amount of R A N K L has been produced to stimulate the initial 

remodelling action rapidly and so after this time we see a drop off in production and 

perhaps the beginning of the next step in the remodelling action. OPG levels begin to 

rise again with a statistical significant difference between OPG at 48 hours after dam 

age and 72 hours after damage (p = 0.03), a fact that is fits with the next step in remo

delling having already begun.

The OPG to R A N K L ratio is responsible for dictating whether bone is being laid down 

or removed, with the up regulation of R A N K L  leading to the down regulation of OPG 

and the removal o f  bone. Unfortunately, with this study it is not possible to directly 

compare R A N K L and OPG. The analysis in this study is based on pixel numbers and 

brightness in images and results in an arbitrary number. As the same antibody stain,
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protocol and confocal laser parameters were used for all RANKL stained samples they 

can be directly compared. This is also the case for all OPG samples but RANKL and 

OPG can not be compared other than to point out the increase or decrease in signal in

tensity in relation to control samples. This is due to possible variations in stain intensi

ties. Having said that, there does seem to be evidence of combined action; an increase 

in RANKL when there was a decrease in OPG for the results up to 45 mins after dam 

age. As membrane bound RANKL production increases above control levels the OPG 

level drops below control levels. After 24 hours, the OPG levels drop dramatically and 

appear to stay low until a slight recovery in levels begins at 72 hours. This is not consis

tent with what is happening to the RANKL levels. Neither is this consistent with what 

was found in a similar study where OPG did not drop as significantly (Mulcahy et al. 

2011).

This study differed to the Mulcahy et al study in the type of OPG that was being ob

served (Mulcahy et al. 2011). OPG is released from the cell in a soluble form, a form 

that would have been easily washed away throughout the many changes in solution in

volved in this double staining process. There is a possibility that some or all of the re

leased OPG could be washed away leaving only what is being actively produced, at a 

particular time point, to be stained. This is not the case for the in vitro studies where an 

ELISA had been used to quantify the total release of OPG and may help to explain 

some of the divergence in results.

An in vivo study of membrane bound RANKL and OPG production levels suggested 

that the cytokine reaction was spatially related to damage. Production of membrane 

bound RANKL three days after damage was highest in the cells up to 200 [xm from 

damage and returned to control levels beyond this point. OPG levels dropped below the

179



Chapter 5: An in vitro study o f apoptosis, RANKL production and OPG production af
ter the application o f  a planar defect to represent microdamage.

control level up to 250 ^im from damage and returned to control levels beyond that 

point (Kennedy et al. 2012). This was not the case in vitro; there was a significant dif

ference between the control cells and damaged cells in most cases but there was no sta

tistical difference in the cells less than 200 |im from damage and those further than 200 

|j,m from damage, for either RANKL or OPG. This is perhaps down to the differences 

between the in vivo and in vitro model. In the in vivo model the osteocytes are spaced 

between 20 - 30 ^m (Yasuyo Sugawara et al. 2005) from each other and are contained 

within the hard bone matrix, only able to communicate with others using cell processes 

spanning from the cell body through channels called canaliculi. In the in vitro model the 

cells are next to one another and reside in a soft, semi-liquid environment giving per

haps a quicker response and spread of signal, meaning the cells further from the damage 

react almost as quickly as those local to the damage.

Another important difference between in vivo and in vitro models is the in vitro cultured 

cells’ ability to migrate and reconnect with one another as shown in Figures 5.7 and 5.8. 

In some cases the healing time can be related to a return towards control levels of the 

remodelling signals. The largest damage size of 800 ^.m heals after approximately 30 

hours and the RANKL, OPG and apoptosis levels begin to move back towards control 

levels between 48 hours and 72 hours, with RANKL falling all the way back to control 

levels. It took approximately 24 hours for the 300 fxm and 400 ^m damage sizes to re

pair and between 45 mins and 24 hours after damage the RANKL level begins to drop. 

The OPG level and the apoptotic cell level begin to rise back towards control levels be

tween 48 hours and 72 hours. The cell response to applied damage was slower for OPG 

and apoptosis than it was for RANKL maybe explaining the slower initiation of the re

turn to control levels. RANKL and apoptosis levels start to rise between 45 mins and 24
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hours after damage, coordinating their rise back towards control level with the healing 

of the damage and the possible repair of the cell communication network. The smallest 

damage size healed very quickly, between 4 - 6  hours. Within 24 hours the RANKL 

production had returned to control levels whereas OPG and apoptosis had followed the 

trend o f return towards control levels but hadn’t quite got there.

Apoptosis is known to be associated with microdamage and has been suggested as a 

stimulus for remodelling (Noble 2003, Verborgt et al. 2000). In vivo studies have shown 

that the amount of apoptotic cells rises in bone exposed to cyclic loading, and that it is 

localised to areas containing microdamage. It is, however, unclear whether this is due to 

direct physical damage as a result of the formation of microcracks or due to mechani

cally sensitive signalling pathways. In vitro studies have also shown that when damage 

is applied to the model, in the form of a planar defect, apoptosis levels increase; this 

result includes all cells and makes no spatial separation. The results in this chapter show 

that apoptosis occurred close to the microdamage (< 200 |o,m from the damage) at levels 

up to 34 % above control and 35 % above the region 200 ^m -  300 ^m from the dam

age. This fits with the theory that apoptotic osteocyte cells send out a homing signal to 

tell osteoclasts where the damage is, allowing them to target only a damaged area of 

bone (Noble et al. 1997). Apoptotic osteocytes did not appear to release any RANKL 

but the cells surrounding the apoptotic cells did. This suggests that apoptosis of osteo

cytes, along with RANKL release, can and does occur as a result of the cutting of os

teocyte processes and that it is therefore possible for remodelling to be stimulated by 

direct physical damage, as the “scissors model” predicts. It also fits with the Verborgt et 

al study where he found the osteocyte cells surrounding a microcrack released a pro 

apoptotic gene product, Bax and that these cells were surrounded and “walled in” by
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osteocytes actively producing Bcl-2, an anti apoptotic gene product (V erborgt et al. 

2002).
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5.6 Conclusions

• This data shows how M L0-Y 4 cells respond to damage very quickly after ap

plication. Data from this early time period has never been reported before. The 

amount of RANKL produced so early after damage is below the level of detec

tion for ELISA assays but was not too low for the immuno staining method used 

to identify production.

• RANKL production, after the application of a planar defect, appears to be dam 

age size and time dependent. The larger the damage, and the more time after 

damage application, the more RANKL that’s produced.

• The M L0-Y 4 cells exposed to larger damage sizes (400 jam and 800 |j,m) be

come active very early into the study and reach their peak RANKL production 

after 45 minutes, before levels begin to drop. The cells exposed to smaller dam

age sizes take longer to react, but even for the smallest and most crack-like 

damage there were elevations in RANKL production, albeit at a p value just 

missing significance.

• OPG levels dropped for all damage amounts, though this change was slower to 

occjr than the change in RANKL.

• RAVKL and OPG could not be directly compared but as RANKL levels rose 

above RANKL control levels OPG levels dropped below OPG control levels.
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• Apoptosis levels varied spatially. The cells close to the applied damage under

went apoptosis at levels 34% above control and 35% above cells found between 

200|im  and 400[xm from damage zone. This suggests that direct physical dam

age of a M L0-Y 4 cell is necessary for apoptosis to begin.

• Apoptosis of cells and RANKL production was stimulated by cutting of MLO- 

Y4 cell process as the “scissor model” predicts. These are the essential criteria 

for initiation o f bone remodelling, suggesting that the “scissors model” is a via

ble means of stimulating targeted remodelling.
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6.1 Discussion

Microcracks in bone form naturally due to everyday motions associated with movement 

(Frost 1960). They are believed to serve two vital functions. Firstly, they act as a m e

chanism for protecting bone by dispersing the load it is experiencing, effectively m ak

ing it less dangerous to the structure. Secondly, the interaction between microdamage 

and local osteocytes is believed to activate the bone’s internal repair process (Schaffler 

et al. 1994). Repair is performed by targeted remodelling, a crucial activity if the integr

ity of bone is to be maintained (Bentolila et al. 1998, Mori and Burr 1993). If these 

cracks were not repaired the bone would weaken and fail within a matter o f  months 

(Taylor et al. 2004).

Described above is what we do know but what we don’t know is how the combination 

of microcracks and osteocytes interact to begin the targeted repair process. This is a 

hotly debated topic, one for which many theories have been proposed and studied. The 

three that have gained the greatest recognition are apoptosis of osteocytes local to the 

damage zone (Noble 2003, Verborgt et al. 2000, Kennedy et al. 2012), changes in in

terstitial fluid flow due to a m icrocrack’s propagation and presence (Owan et al. 1997, 

Smalt et al. 1997, You et al. 2000), including stimulation of primary cilia (Malone et al. 

2007, Anderson et al. 2008) and the rupture o f  osteocyte cellular processes where they 

cross a microcrack face, due to shear motion resulting from external loading (Taylor et 

al. 2003, Hazenberg et al. 2006a).

All o f  the proposed methods for targeted crack repair in bone are probably linked given

that there is evidence that all o f  the described activities will occur naturally as a result

of crack propagation and cyclic loading in its presence. It is possible that these repair

mechanisms occur in steps with each resulting in a signal release. It may be that each
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signal is overpow ered by the next but this can not be concluded until an experim ent is 

designed that incorporates all possible m ethods o f repair stim ulation and determ ines 

their response to crack propagation and cyclic loading.

This thesis focuses on the rupture o f osteocyte processes where they cross the m icro

crack face, also know n as the “scissors m odel” . This m odel appears to m ake sense as 

large m icrocracks w ould experience large am ounts o f cell process rupture and small 

cracks a small am ount. So the degree o f rupture w ould signal the degree o f repair ne

cessary (Taylor 1997).

The “scissors m odel” was originally proposed as a theoretical m odel based on m athe

matical equations. The equations were used to quantify the cell process rupture based 

on crack size and applied stress, with the results show ing that the greater the crack 

length the greater the num ber o f ruptured processes. Increasing the applied stress would 

lead to sm aller cracks incurring cell dam age. Theories were also advanced to try and 

explain the forces required for cells to experience dam age. H aving theoretically ruled 

out tensile strain as a m ethod o f rupture, com pressive strain was exam ined. It was sug

gested that under applied com pressive loading m icrocrack faces would be pushed to

gether, leading to a closing o f the crack. As com pression continued the crack faces 

would undergo shear m otion and slide. If this m ovem ent was greater than the w idth of 

an osteocyte process, 0.2 |j,m, then the cell process would be cut (H azenberg et al. 

2006a). M y aim w as to test the m odel and its equations and investigate the predictions 

put forw ard to support the m odel.

The first step was to ensure that the fibres observed spanning m icrocracks were cellular 

m aterial. This w as done w ith the use o f an F actin specific antibody. F actin is not 

present in collagen fibres, the only other fibre alternative, and so the stain ing confirm ed
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that the fibres were cell processes (Fig. 2.6). Differing animal models were believed to 

have different quantities of osteocytes, with varying spacing. Larger animals were 

found to have less osteocytes per mm^ than smaller animals (Mullender et al. 1996), a 

fact that 1 used to test the mathematical equations generated to predict the number of 

broken processes for a particular crack. The equation required the addition o f  species 

specific parameters for the particular type of bone, parameters such as number of osteo

cytes. I gathered experimental data for a num ber of animal models and compared this 

data to theoretical curves, generated by other mem bers of my research group, relating to 

the specific model. The data fit very well for all models, including the critical length 

before which no rupture would take place (Fig. 2.7, 2.8, 2.9). Some scatter was evident 

but this was predicted well if it was assumed that the osteocyte processes spanning a 

crack were in Poisson’s distribution. This result lends more weight to the equation’s 

accuracy.

The first prediction o f  the “scissors m odel” was that as crack length increased so too did 

the number of ruptured cellular processes. All o f  the data, for all models concluded that 

this was the case. The average number o f  ruptured processes in long cracks was signifi

cantly different to the average number of ruptured processes in short cracks (Fig. 2.11 

and 2.12). The intact osteocyte cell processes were counted as broken processes were 

too difficult to accurately quantify. If necessary the number o f  broken processes could 

be calculated.

Increased strain would have a negative impact on the danger a crack posed to a bone. 

The number o f  ruptured processes should reflect this i f  the “scissors m odel” was a via

ble method for damage detection and repair stimulation. In my mind, the most im por

tant finding for this section was the discovery that cyclic stress/strain was the main
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mode for osteocyte process rupture. Artefact (non cycled) samples experienced no os- 

teocyte process rupture. Our original model assumed a cutting action in which the 

process ruptures in one single action. This still allows for shear strain to be the mechan

ism, only it would need to occur near to 100 times. This finding led to an investigation 

into the mode of cell process failure.

The first ever evidence of mechanical fatigue failure of cellular material was generated. 

The results indicated that osteocyte process rupture occurred as a result of fatigue fail

ure as opposed to monotonic rupture due to a single load application. While viewing a 

microcrack under applied cyclic loading it became evident that shear motion was not 

the method of rupture. The microcracks never closed, most probably due to plastic de

formation. Instead they appeared to open and close cyclically. This evidence suggested 

that the method of rupture was simple cyclic tensile motion. It seemed that the larger 

the difference in the local opening and closing of the crack face, at the maximum and 

minimum applied stress for each cycle, the quicker a process in the locality ruptured. 

The displacement necessary to rupture a process was quantified and the conclusion was 

that crack face displacement correlated with the number of cycles to failure, the greater 

the displacement the quicker the osteocyte process failed.

RANKL release (Xiong et al. 2011) and apoptosis (Cardoso et al. 2009) have been 

shown to be essential for the initiation of targeted microcrack repair. In vivo studies 

have shown the spatial arrangement of the cytokine production and apoptotic cells but 

have not analysed the relationship between remodelling signals and process rupture 

alone (Kennedy et al. 2012, Verborgt et al. 2000, Verborgt et al. 2002). In vitro studies 

have shown that process cutting can stimulate the release of the necessary cytokines and 

increase apoptotic cells but not the spatial arrangement (Mulcahy et al. 2011, Kurata et
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al. 2006), which I believe was particularly interesting for apoptotic cells. My results 

provided information on the level of cytokines production and apoptosis very early after 

damage, a limitation to both the in vivo and in vitro studies conducted previously. 

RANKL production increased very quickly after damage, particularly for the cracks 

termed macrocracks (400 -  800 |am). Narrower, more crack-like defects induced a 

slower reaction. OPG production decreased markedly for all damage amounts, though 

after some delay.

Apoptosis occurred in a much higher proportion in the cells closest to the damage, sug

gesting that direct physical damage increased the likelihood of a cell becoming apoptot

ic. No apoptotic cell appeared to be also releasing RANKL, perhaps indicating that 

apoptotic cells send out a signal to encourage other osteocytes in the locality to produce 

pro osteoclastic signals, signals that appeared to spread through the entire cell popula

tion. A limitation to the in vitro studies was the size of applied damage. This study is 

the first time narrow crack like planar defects have been examined. The statistical anal

ysis of these samples produced results just above the level of significance but it is clear 

that local cells do “see” the crack and react to its presence.
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6.2 Conclusions

• O steocyte process failure is a function o f m icrocrack length, applied stress and 

cycle num bers. The general trend o f the results can be predicted using fracture 

m echanics theory based on the “scissors m odel” .

• O steocyte cell processes require cyclic loading for rupture to occur.

• Fatigue failure is the m ost com m on m ethod of osteocyte process rupture. This is 

the first time fatigue failure o f cellular m aterial has been identified.

• The displacem ent range necessary for fatigue failure o f osteocytes has been 

quantified. The greater the displacem ent o f the m icrocrack faces the less cycles 

to process rupture.

•  RA N K L increase, OPG decrease and apoptosis can be induced by osteocyte 

type cell process rupture.

•  A poptosis o f osteocyte type cells can be stim ulated by direct physical dam age.

• These observations support the “scissors m odel” as a viable m echanism  o f  m i

crocrack detection by the osteocyte netw ork. A lbeit in a slightly m odified form 

where the m ethod of rupture is fatigue resulting from  sim ple cyclic tensile m o

tion.
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6.3 Limitations

The size of osteocyte processes meant a scanning electron microscope was necessary in 

order to view the dendritic cellular material in a resolution high enough to allow separa

tion of intact and broken osteocyte processes. This meant the sample had to be prepared 

for the high vacuum environment of an SEM chamber. The samples were dried using 

alcohol dehydration and a critical point dryer, the most delicate way to dry biological 

material for an SEM without damaging the structure. An environmental SEM would 

have allowed the sample to be maintained in close to natural state but there was no 

access available, even with access I didn’t believe that a suitable resolution could have 

been achieved using an environmental model.

Drying could cause the shrinking and cracking of bone. There was a worry that this dry

ing could result in the opening of cracks and the rupture of cell processes due to tensile 

strain. In the beginning this worry was alleviated by comparing the number of intact 

osteocyte processes in unstained, artefact cracks and in vivo formed cracks. They were 

found to be significantly different, with artefact cracks having far more intact processes 

than in vivo cracks (p < 0.05). This confirms that process rupture is not an artefact of 

our test method but rather occurs as a result of loads applied both in vivo and in vitro. 

Later on my data showed that cyclic strain was necessary for cell processes to rupture. 

Ruling out the effect one single tensile action could have on the cellular material.

Drying a material affects its properties and there was a fear that drying of the cellular 

material would have resulted in changes that would make the material more fragile and 

easier to break. This was addressed by comparing the samples strained in their normal, 

non fixed, hydrated condition (Fig. 3.5) to those strained in situ in the SEM. The
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processes in both sets of samples had comparable failure rates of 62% (wet, non fixed 

sample) to 77% (dry, in situ strained sample), suggesting that fixation and drying has 

relatively little effect on the results.

Heavy metal staining of the samples was necessary so in vivo formed cracks could be 

distinguished from artefact cracks. The above comparisons also allowed me to disregard 

the worry that the heavy metal staining may have altered the cell membrane properties 

in a way that makes it unrepresentative of in vivo behaviour. It was not necessary to 

stain the cracks propagated in situ and as the results for both this test and the hydrated 

sample testing were comparable it enabled us to dismiss this as a limitation to the inves

tigation.

The 2D in vitro environment of the M L0-Y 4 cells was not very reflective of the 3D in 

vivo bone environment. The soft collagen surroundings and the close contact of the 

M L0-Y 4 cells means there could be a very rapid cell to cell spread of any signal. The 

cells can also migrate towards one another very quickly after applied damage, recon

necting at a much greater rate than would be possible within the hard matrix of the 

bone. My results were generated using pixel counts and the number generated is an ar

bitrary figure. The data was used to compare increasing time after damage and increas

ing damage size with the control so we could determine the effect greater damage or 

increased time elapsed after damage had on the cell.
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7.1 Future work

The work included in this thesis tells us a lot about the effect microdamage and com

pressive cyclic strain has on osteocyte cell’s processes. Including a number o f  findings 

that are completely novel. Answering a question usually leads to the formulation of 

another and this work is no exception.

The aim of this project was to test the theoretical “scissor model”. This model was 

based on fracture mechanics and used the parameters of a perfect microcrack. Through

out this project assumptions of the model have been challenged and some have been 

ruled out, assumptions such as complete crack closing taking place. It now appears that 

crack opening, as well as shear motion of the crack faces, takes place as a result of ap

plied compressive stress on a microcrack and both could potentially play a role in os

teocyte process rupture. Another important finding that the original model did not take 

account of was the fatigue failure of osteocyte processes due to local tensile strain 

caused by the opening and closing of the crack faces due to cyclic compressive loading. 

As a result of these findings it is necessary to modify the theoretical equation to better 

represent what is happening within cyclically compressed bone in vivo and the resulting 

effect on osteocyte rupture.

The continuation of the in vitro M L0-Y 4 study for the small damage size < 10 um is 

important. This is the first time suitably small damage sizes have been applied so as to 

represent in vivo damage sizes. Although it was clear that there was a cell response to 

the application of damage, statistical analysis found it was just outside statistical signi

ficance. 1 believe further analysis of this damage size is necessary, paying particular 

attention to the cells directly damaged by the application of the planar defect. Methods 

to create even smaller defects should also be explored. It would be very nice to relate
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the in vitro cell response in these in vivo size microcracks to similarly sized in vivo 

cracks.

With the use of immunostaining it was possible to see cell responses that were below 

the level of detection for assays. Using this procedure I would be very keen to see the 

response of an osteocyte type cell to the specific cutting of one of its processes at a 

time, perhaps with the use of a laser. It was difficult to separate the scissors mechanism 

from the apoptosis mechanism in relation to the in vitro cell culture experiment as the 

cutting could cause damage to a cell body as opposed to damage to only a cell process 

and this could be responsible for the apoptotic response. This type of experiment could 

conclusively determine that cell process rupture leads to cell apoptosis.

The in vitro study indicated that apoptosis occurred at higher rates in cells directly af

fected by the creation of the crack than those further away from the damage zone. In 

vivo it has been shown that Bax, a pro apoptotic protein, and Bel-2, an anti apoptotic 

protein, were present in the same pattern as the apoptotic and non apoptotic cells. It 

would be very interesting to see if there was a similar pattern in vitro and if apoptotic 

cells could be related to pro apoptotic proteins. Determination of the order of these res

ponses would give a clearer picture of how the actions are stimulated.
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