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Abstract

Destabilisation of the medial meniscus (DMM) is a murine surgical instability model of osteoarthritis
(OA). In this thesis the bone and cartilage changes were examined at different time points and in

different strains of mice in the DMM model.

In the first study C57BIl/6 mice underwent DMM surgery and were culled four and eight weeks post-
operatively. Tibiae were examined using confocal scanning laser microscopy (CSLM) for cartilage
changes and micro-computed tomography (micro-CT) for bone changes. Additional mice underwent
laxity testing. The tibia exhibited significant loss of cartilage and bone on the posterior plateau. A
significant increase of anterior-posterior laxity suggested that damage of the anterior cruciate
ligament had occurred during surgery, which permitted the femur to relocate to posterior tibia

causing bone and cartilage damage.

A second study investigated early stage bone changes in the DMM model. CSLM and micro-CT were
used in conjunction with non-decalcified histology. Mice received calcein injections three and six
days prior to sacrifice, and were culled two weeks after surgery. There was an increase of epiphyseal
bone volume. No change in cartilage was observed with CSLM. A significant increase of mineralising

surface/bone surface and osteoid surface/bone surface occurred at two weeks.

A final study compared the bone response of two mice strains (BALB/c and C57BI/6). Laxity was
compared between strains eight weeks post operatively. Epiphyseal bone increased in both strains,
more so in the BALB/c which had initially less epiphyseal bone volume. There was no change in

histological mineralisation parameters or laxity measures.

In this work multi-modal imaging techniques were developed to determine the change in bone and

cartilage in the DMM model.
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1. Introduction

1.1 Rationale

Osteoarthritis (OA) is a complex disease compounded by its heterogeneous nature. Predisposing risk
factors, causes of initiation and rate of disease progression all vary across patients. Osteoarthritis is a
disease not just of cartilage, but of all the tissues in a synovial joint. The complexity and transiency of
OA necessitates the use of animal models for investigating disease pathology and the efficacy of
treatments. Effective animal models must be reproducible and mimic the human form of the disease
under investigation (Bendele 2001). It is therefore, necessary to obtain a detailed understanding of
OA initiation and progression in a model in order to ascertain its relevance. The destabilised medial
meniscus (DMM) model is a widely used murine OA model; it is an instability model which requires
the surgical transection of the medial menisco-tibial ligament. At present few papers have
characterised the changes seen in the DMM model. Cartilage changes at four and eight weeks post
operatively have been characterised (Glasson 2007) as have bone changes at eight weeks (Botter

2009). This thesis provides further understanding of tissue changes in the DMM model.

1.2 Relevance

Tissue response to OA is variable across animal OA models and knowledge of the sequence of tissue
changes is necessary in any model prior to usage for investigating therapy efficacy. The work in this
thesis illustrates the nature and timings of tissue changes, uses novel methods to analyse these
changes and highlights the biomechanical impact of meniscal destabilisation. This thesis also
illustrates possible errors that could be encountered during surgical induction of the DMM model.
The thesis also develops murine knee joint laxity testing, non-decalcified histology and multi-modal
imaging techniques, namely confocal scanning laser microscopy for cartilage analysis, and micro-

computed tomography for bone analysis.
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1.3 Outline

The original focus of my PhD project was to design and validate a device to distract the articulating
surfaces of the murine knee joint. The joint distraction device was to be used to investigate the
effect of unloading on cartilage repair. The intention was to apply joint distraction to mice which had
received surgical destabilisation of the medial meniscus (DMM). Nine months in to the project |
travelled to ETH Zurich on an IDEA League fellowship to learn confocal scanning laser microscopy
(CSLM) and micro-CT techniques, with the intention of using them to investigate the efficacy of joint
distraction. On returning to London the surgical collaborators withdrew support for the joint
distraction project, to focus instead on fracture healing. This was because of the perceived difficulty
in developing the required intricate small-scale orthopaedic device. Consequently the focus of the
project shifted to developing a deeper understanding of tissue structural changes in the DMM
model, using the aforementioned techniques. Joint distraction progressed as far as the development
of a prototype distractor, capable of unloading the articular surfaces. Details of the joint distraction

project and the scientific reasons for its termination are contained in Appendix A.

The legs of 23 mice with DMM surgery were taken to ETH for CSLM and micro-CT analysis. Though |
received valuable training in the techniques, the automatic methods for micro-CT analysis used in
Switzerland were deemed unsuitable for the bone changes that were produced in the DMM model.
Because bone morphology of the DMM affected tibiae deviated significantly from normal
morphology, the automated methods used at ETH were unable to accurately measure bone
parameters. On returning to London all micro-CT scan data was reanalysed manually. Limitations
with the CSLM method also became apparent, as the ETH CSLM method produced reconstructed
cartilage volumes with approximately three times the thickness of murine tibial cartilage. | repeated
all the CSLM scans with an improved method that | developed. Measurements of joint laxity were

initially to be incorporated into the joint distraction project to determine if distractor application
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reduced laxity. However, laxity testing was used in subsequent studies to characterise the

mechanical effects of DMM surgery as well as the effects of tissue changes on joint laxity.

In Chapter 3 the mice received DMM surgery and were culled 0, four and eight weeks post
operatively. Joint laxity was assessed in the 0 week group to determine how DMM surgery affects
joint mechanics. Changes in bone and cartilage were assessed in the four and eight week groups
with micro-CT and CSLM, respectively. This study revealed substantial tissue changes on the
posterior-medial plateau that had not been described with the DMM model, but were evident
through the 3D imaging techniques. On the basis of these results, the studies described in Chapters
4 and 5 were designed and initiated, in order to (1) determine how early tissue changes occurred
and (2) if mouse strain, particularly initial bone density, affects OA bone changes. Upon completion
of the experimental programme of work for the thesis and initial analysis of these results, the
surgical technique described in Chapter 3 was re-examined. It was established that the mice in that
study probably received medial menisco-tibial ligament transection accompanied with variable
damage to the anterior cruciate ligament. The study in Chapter 3 was published in Osteoarthritis and

Cartilage in February 2011.

The experimental programmes of work described in Chapters 4 and 5 were conducted
simultaneously. Chapter 5 compares bone changes in two different mouse strains with DMM. The
two mouse strains had a different apparent bone density and produced a different bone response to

OA.

Early stage bone changes in the DMM model were investigated as described in Chapter 4. The
experimental design used was based on the severe bone changes originally reported in Chapter 3,
before establishing that the DMM surgery had anterior cruciate ligament damage. Although this
surgical procedure was different it was not detrimental to the reported outcomes as the procedures
were independent of one another. The conclusions presented in Chapter 4 showed that the tibial

epiphyseal bone formation occurred in the early stages of OA in the DMM model.
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The main contributions to the thesis are highlighted in Chapter 6 and further topics for potential

future work are also suggested.
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2. Literature Review

2.1 Components of a Joint

2.1.1 Cartilage

Articular cartilage is a load bearing structure, resistant to compressive, tensile and shear forces, with
little mechanical distortion (Gray 2008). It allows almost frictionless motion between the two joint
surfaces. It has limited vascularisation and therefore slow metabolism. On its surfaces it is lubricated
and nourished by synovial fluid, composed of hyaluronic acid, lubricin and phagocytic cells. Cartilage
is composed of chondrocytes embedded in a fibrous extracellular matrix (ECM). The immature cells
found in cartilage tissue are called chondroblasts; the mature cartilage cells are called chondrocytes
and are larger, spherical and are embedded in lacunae in the ECM. The role of the chondrocytes is to

produce and maintain the cartilage ECM.

Articular cartilage thickness ranges from 1-7 mm in humans and 30-70 pm in mice (Stok 2009a). The
structure of cartilage varies at different depths (Figure 2-1). The tangential layer is formed from
collagen fibres arranged tangentially to the cartilage surface, which provides resistance to shear
occurring at the articular surface. The chondrocytes in this zone are elongated in appearance and
preferentially express lubricin and similar protective proteins rather than proteoglycans expressed in
the transitional and deep layers (Wong 1996). In the transitional layer the collagen fibres are thicker
and in a less ordered oblique arrangement. Chondrocytes in this layer are round in shape. Extending

deeper, the cells form in rows, perpendicular to the tidemark (Nordin 2012).

This occurs to a lesser extent in the mouse, as the non calcified cartilage is approximately five cells
thick. The deepest layer of cartilage is calcified, here the collagen fibres merge together and are

anchored to the bone (Aspden 1981; Pearle 2005).
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Figure 2-1. Zonal structure of articular cartilage (Schiinke 2006).

The tidemark lies between the hypertrophic region of the deep cartilage and the calcified cartilage, it
delineates the calcified cartilage from the overlying cartilage, marking the mineralising front of the
cartilage. The calcified cartilage reduces the mechanical gradient between the compliant cartilage
and the stiffer subchondral bone (Radin 1986). The tidemark advances with the progression of the

mineralised front during aging (Hunziker 2002; Hughes 2005; Ge 2006; Gray 2008).

Articular cartilage is avascular and the chondrocytes are maintained by diffusion of nutrients. When
chondrocytes undergo proliferation and matrix production the demand for nutrients increases. This
drives the formation of canals within the cartilage which contain capillaries, forming an environment

which favours bone formation.

The extracellular matrix (ECM) of cartilage gives it its mechanical characteristics. Cartilage ECM is
approximately 70% water, 20% type |l collagen, 6% proteoglycan (PG) and the remainder are other

non-collagenous proteins. This varies with age, pathology and location within a joint, for example OA
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cartilage has increased water content, especially in the middle zone, and decreased PG content
(Venn 1977). The ECM is biphasic: the proteoglycan and collagen form the solid phase, which has a

low permeability to the aqueous fluid phase.

The proteoglycans give cartilage their resistance to compression (Pearle 2005). They take the form of
aggrecans, which are huge aggregates of proteoglycans and are formed primarily from two
glycosaminoglycans (GAGs), chondroitin sulphate and keratan sulphate, which are non covalently
bonded to a molecule of hyaluronate (Figure 2-2). The GAGs are negatively charged and retain large
guantities of water, accounting for the hydrophilic properties of cartilage. The high water content of
cartilage gives it its ability to withstand large hydrostatic compressive stresses. The osmotic
pressures caused by water uptake are resisted by tension from the collagenous network. The

collagen network is also responsible for resisting tensile and shear forces.
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Figure 2-2. (1) Proteoglycan and (2) Glycosaminoglycan structure. A. Hyaluronic acid backbone. B. Proteoglycan. C. Core

Protein. D. Chondroitin sulphate region. E Keratan sulphate region. F. Binding region.

2.1.2 Bone

Bone structure

Bones possess a hard outer layer, known as cortical bone which is dense with a low porosity, and
accounts for 80% of skeletal bone mass. The remainder of skeletal mass is trabecular bone which is
found in the interior of bones. Trabecular bone is formed from an interconnected network of rod

and plate like bone elements (trabeculae) forming an open cell porous structure. The trabeculae in
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porous bone are remodelled so as to preferentially align parallel with the principal component of an

external load (Biewener 1996; Bilezikian 2008).

The long bones are the bones of the skeleton which have a length substantially greater than their
width, and are characterised by a long shaft. The long bones tend to be the larger bones in the
appendicular skeleton, such as the femur, tibia, ulna and humerus, and are associated with larger

loads and motion.

Articular cartilage covers portions of the ends of long bones. Underneath this articular cartilage lies a
region of cortical bone referred to as the subchondral plate. The tubular shaft of a long bone is
referred to as the diaphysis and contains the marrow cavity. The wide end region of a long bone is
referred to as the epiphysis, and the metaphysis is a region between the diaphysis and the epiphysis
adjacent to the growth plate (Figure 2-3). The growth plate is responsible for longitudinal growth of
the bone and ossifies at skeletal maturity, when this occurs longitudinal bone growth stops. In
humans, skeletal maturity occurs between the ages of 15 and 20 depending on the bone, whereas in
mice the growth plate can remain unfused throughout the mouse’s lifetime. However, in some
mouse strains, growth plate ossification is described as occurring after four months (Silbermann
1977; Somerville 2004), in the C57BI/6 used in this thesis, the growth plates had not fused at the

latest time point of 20 weeks.
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Figure 2-3. lllustration of bone compartments (Seer 2001).

Trabecular bone is found in the epiphyseal and metaphyseal regions of long bones, this region is
highly vascularised and typically contains red bone marrow which produces blood cells and platelets.
The marrow cavity of the diaphysis contains primarily yellow marrow which is mostly adipose tissue.
The outer surfaces of bones are covered by a membranous layer called the periosteum. This is
comprised of two layers, the inner cambium layer and the outer fibrous layer. The cambium contains
osteoprogenitor cells, which differentiate into bone forming cells. The fibrous layer is formed from
dense irregular connective tissue, and is supplied with nerves and blood vessels which enter the
bone via perforating canals. The inner surface of bone is covered with a thin layer of connective

tissue known as the endosteum. (Bilezikian 2008).

Bone tissue is comprised of both a cellular component and an extracellular matrix. Bone is
predominantly extracellular matrix, which can be subdivided into an organic phase and a mineral

phase. The mineral phase of bone is hydroxyapatite (Cao(PO.)s(OH),), which is formed on collagen
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fibrils and gives bone its stiffness and resistance to compressive stresses (Junqueira 2005).
Carbonate substitution (for phosphate) can occur in the mineral and is often used as an indication of
age of the crystal. The mineral phase also contains small quantities of calcium precipitates, ions and
impurities. The organic phase of extracellular matrix consists of collagen (90% collagen type |, with a
small amount of type V and Xll), glycosaminoglycans, non-collagenous proteins such as

osteocalcin, osteonectin and bone sialoprotein and various growth factors. (Junqueira 2005).

Bone Cells

There are five types of cell associated with bone tissue: osteoblasts, osteocytes, osteoclasts, bone-
lining cells and osteoprogenitor cells. With the exception of osteoclasts, the four other cell types
derive from the same cell line, starting with the mesenchymal stem cells. Osteoprogenitor cells are
immature bone cells, the first in the cell line to be formed. Osteoprogenitor cells are flat in shape,
and are found in the innermost layers of the periosteum and endosteum, they respond to molecular

stimuli by transforming into osteoblast cells (Ross 2006).

The osteoblast is a secretory cell responsible for forming new bone (Figure 2-4). Osteoblasts are
found in clusters on the surface of the bone usually adjacent to a layer of new matrix of which they
are producing. Osteoblasts produce new bone by first forming the organic phase of the ECM called
osteoid. Osteoid is composed of over 90% collagen type |, and also contains a GAG gel with calcium
binding proteins (osteonectin and osteocalcin). The osteoblast then mineralises the osteoid.
Mineralisation is restricted to osteoid tissue because co-expression of collagen type | and tissue non-
specific alkaline phosphatase (TNAP) is required for mineral deposition. TNAP is an enzyme which
cleaves pyrophosphate (PP;), an inhibitor of bone mineralisation (Murshed 2005). Humans and mice
deficient in PP;production exhibit mineralisation of soft tissues (Rutsch 2003). Osteoblasts secrete
alkaline phosphatase which provides phosphate groups necessary to form hydroxyapatite in bone

mineralisation (Chenu 1990). The osteoblast responds to mechanical stimuli to attenuate or initiate
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bone remodelling. When osteoblasts are active they are located on bone surfaces and are cuboidal
or polygonal in shape; quiescent osteoblasts are flatter in appearance. Osteoblasts aggregate into a
thin layer on bone surface when forming bone. During mineralisation the osteoblast is embedded to

become an osteocyte (Ross 2006).

Figure 2-4. A 5 um x100 non decalcified toluidine blue stained histology image of primate vertebra (SkeleTech 2001). A.

Osteoclast resorption. B. Osteoblast formation.

The osteocyte is a mature cell that exists in a lacuna enclosed by bone matrix and maintains the
surrounding bone matrix (Figure 2-5). Mechanical forces on bone alter osteocyte gene expression, a
process known as mechanotransduction. Osteocytes possess cytoplasmic processes which extend
through canaliculi in the matrix between lacunae; they connect to neighbouring osteocytes by gap
junctions®. The necrosis or apoptosis of osteocytes initiates resorption of the surrounding matrix by

osteoclasts, which is followed by osteoblast remodelling (Ross 2006).

1 . . . . . .
A gap junction is an intercellular connection that allows molecules and ions to be exchanged between two
cells.
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Figure 2-5. A non decalcified toluidine blue stained histology image of murine trabeculae. Arrows denote osteocytes.

(Image taken from a histology section used in Chapter 4 of this thesis).

Osteoclasts resorb bone and are found in resorption pits (Figure 2-4). The osteoclast is multinucleate
and larger in size than other bone cells, it derives from haematopoietic cells of the mononuclear
lineage. When resorbing bone, the osteoclast exhibits a ruffled border formed from folds in the
membrane adjacent to the bone. In this region the osteoclast secretes protons and lysosomal
hydrolases by exocytosis into the extracellular space of the folds. The hydrolytic enzymes include
cathepsin K and MMPs (matrix metalloproteinases), which degrade collagen and other organic bone
matrix components (Ross 2006). Prior to resorption the matrix is decalcified by secretion of protons.
The protons are formed from dissolution of carbonic acid in the cytoplasm, protons are secreted by
proton pumps in the ruffled border. The acidic environment produced by excess protons in the

extracellular space initiates dissolution of the mineral component.

The bone surface is covered by bone-lining cells in sites where no remodelling is occurring. They are

found on both endosteal and periosteal surfaces. The bone-lining cell is derived from the
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mesenchymal stem cell lineage. Bone-lining cells are interconnected through gap junctions, and
through canaliculi connecting them to osteocytes on the inner surface of bone. Their function is to
maintain and support embedded osteocytes, and to transport calcium and phosphate out of the

bone (Ross 2006).

Bone Microstructure
Bone can take the form of woven or lamellar bone, which is determined by its collagen pattern. The
fundamental difference between lamellar bone and woven bone is that lamellar bone has a highly

organised secondary and tertiary structure which results in a stronger tissue (Weiner 1999).

Lamellar bone is composed of cylindrical structural units called osteons (Figure 2-6), which feature a
central canal containing a blood vessel, and surrounding concentric cylindrical layers of bone called
lamellae. The osteon can be categorised as either a primary or a secondary osteon. Secondary
osteons are formed during the replacement of pre-existing bone. Formation of secondary osteons
are initiated by osteoclasts, which tunnel a resorption cavity approximately 2000 um long with a
diameter of 150 — 300 um parallel to the principal loading direction (Petrtyl 1996). Osteoblasts then
synthesise matrix on the tunnel walls, in successive concentric lamellae, until the tunnel diameter is
reduced to approximately 50 - 90 um (Bronner 2005) (the process of bone remodelling is discussed
in greater detail in the next section). This central space in the osteon is called the Haversian canal,
which contains a blood vessel. Diffusion through mineralised tissue is highly limited; therefore,
vasculature in the bone is required to deliver nutrients close to the osteocytes in the interior of the
bone tissue. Volkmann’s canals run perpendicular between two adjacent osteons, and carry vessels
that link the Haversian vessels (Bronner 2005)(Figure 2-6). At the outer diameter of an osteon is the
cement line, a border of under mineralised bone tissue with a higher degree of compliance than the
osteon. The cement line is thought to reduce fracture propagation through energy absorption and

crack deflection (Qiu 2009).
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The concentric lamellae in an osteon possess a tertiary structure, in which the collagen fibres of each
individual lamella are highly organised. The collagen fibres in one lamella are arranged in a
predominantly parallel direction with a preferred orientation within the whole lamella. The
preferential fibre direction in adjacent lamellae are then arranged up to 90° to each other, akin to

grain direction in plywood (Pazzaglia 2011).

Lamellar oganisation
of collagen fibres

lamellae

VYolkmann's canal

Periosteum

Haversian canal

Figure 2-6. lllustration of Haversian system in cortical bone (Junqueira 2005).

Woven bone is formed when osteoid is produced rapidly by the osteoblasts. It does not possess an
organised lamellar structure; instead collagen fibres are interlaced with a lower extent of
mineralisation. It is the only type of bone that can be formed without requiring pre-existing bone or
cartilage. Due to its rapid formation, collagen fibres are randomly orientated and it is therefore

weaker (Ross 2006).
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Bone Microstructure in Mice

In young mice, the cortex of long bones comprises mostly woven bone from endochondral
ossification. As the mouse ages, circumferential lamellae are added to the periosteal surface and the
woven bone is slowly resorbed. By 3-4 months the cortical bone of the mouse is predominantly
lamellar bone. Mouse cortical bones lack the Haversian systems seen in humans. The Haversian
systems seen in human bone are a result of continual remodelling, mouse cortical bone is rarely
remodelled and as a result, exhibits the circumferential lamellar structure that is ordered concentric

to the medullary canal (figure 2-7) (Treuting 2011).

B) Osteon of Compact Bone

Lamellae

Canaliculi

Haversian

Osteon
Canal

Periosteum

Volkmann's Canal

Figure 2-7 A) Cross section of mouse tibia displaying circumferential lamellae (Treuting 2011). B) Diagram of human bone
structure which comprises of trabecular bone, and compact bone which, unlike mice bone, is organised into osteons

(Seer 2001).

Bone remodelling

Bone remodelling is a coupled process in which old bone undergoes resorption and is replaced by
newly formed bone. As well as replacing old bone, remodelling also enables bone to adapt to
mechanical stresses that occur during loading. In healthy adults the extent of bone resorption and
formation is balanced. Bone remodelling occurs in discrete regions on the surface of bone, which are
formed from packets of cells called basic multicellular units (BMUs). The main cells involved in
remodelling are the osteoclasts and osteoblasts. The remodelling process in human cortical bone

differs to that of trabecular bone, with the differences being primarily morphological. In cortical
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bone, remodelling establishes an osteon where osteoclasts in the BMU resorb a cylindrical tunnel
through the bone parallel to the primary loading direction (Petrtyl 1996). Osteoblasts then form
concentric layers of bone on the walls of the tunnel establishing a secondary osteon. Trabecular
bone is more actively remodelled than cortical bone. In trabecular remodelling the osteoclast forms
a trench (or resorption pit), which moves across the surface of a trabecula and is filled in by

osteoblasts.

There are four separate stages in the remodelling cycle. The first stage is the resportion phase which

begins with the migration of the osteoclasts onto the bone surface. Initiation of the osteoclast is
triggered by RANKL (receptor activator NF-kappa ligand, a member of the TNF family). Interaction of
RANKL with RANK receptors on the surface of the osteoclast precursor cell initiates differentiation
and activation of resorption by the osteoclast (Hsu 1999). Integrins expressed on the surface
membrane of the osteoclast facilitate its binding to proteins within the bone matrix (Davies 1989).
Osteoclasts then resorb the bone matrix by acidic and proteolytic dissolution of the bonds between
hydroxyapatite crystals and the collagen network. Once the mineral phase is dissolved, the collagen
fibres are then digested with collagenases and cathepsins, to form resorption cavities on the surface
of bone. RANKL also extends the lifetime of the osteoclast by delaying apoptosis (Hsu 1999).
Osteoclast resorption is regulated by various systemic hormones and locally acting cytokines
(implicated species include interleukin-1 (IL-1) (Xu 1996), insulin-like growth factor-1 (IGF-1) (Hou
1997), various androgens (Mizuno 1994), thyroid-hormone (Abu 1997) and calcitonin (Warshawsky

1980).

The next phase of the remodelling cycle is the reversal phase, in which the osteoclasts undergo
apoptosis, and the osteoblast precursor cells differentiate into osteoblasts for synthesis of new
bone. This process is facilitated by osteoprotegerin (OPG), which is produced by cells in the
osteoblast lineage to block the activities of RANKL, this prevents osteoclast differentiation and

induces osteoclast apoptosis (Hofbauer 2004).
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Once the reversal phase has completed, the formation phase takes place, starting with the

differentiation of mesenchymal stem cells into osteoblasts. Osteoblasts line the bottom of a
resorption pit, and are responsible for forming osteoid, which is mineralised to form new bone that
fills the resorption pit. The resting phase begins when mineralisation ends. The osteoblasts apoptose
or revert back to bone lining phenotype and the resting bone surface is maintained until the next

wave of remodelling occurs (Raggatt 2010)(Figure 2-8).
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Figure 2-8 .The stages of the bone remodelling cycle (Hill 1998).

Local versus systemic control of the bone remodelling process

The involvement of RANKL and OPG suggests that local control of bone remodelling is important.
The ratio of OPG to RANKL has a strong effect on the extent of osteoclast differentiation, activation

resorption and apoptosis (Hofbauer 2000). This system is further modulated by various cytokines
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including IL-10, TNF-a and B which affect RANKL or OPG production (Hadjidakis 2006). As well as
local control, there is also evidence for systemic control of bone remodelling. In this regard,
parathyroid hormone plays a key role in calcium homeostasis, calcitriol controls mineral absorption
and therefore mineralisation, and glucocorticoids, androgens and estrogens have all been shown to

regulate the cells involved in bone remodelling (Weinstein 1998; Srivastava 2001; Wang 2004).

Endochondral ossification
Endochondral ossification is the process by which long bones are formed in the developing foetal
skeleton (Figure 2-9), and occurs alongside the process of intramembranous ossification, which is

responsible for formation of flat bones during foetal skeleton development.

The primary distinguishing feature of endochondral ossification, compared to the process of
intramembranous ossification, is the presence of a progressively mineralised cartilage template

upon which long bone formation takes place (Gilbert 2000).

The cartilage template is formed from aggregated mesenchymal stem cells, this process is initiated
by paracrine factors which induce the expression of transcription factors PAX1 and scleraxis from
mesodermal cells (a type of embryonic germ cell) which activate cartilage specific genes (Cserjesi
1995; Sosic 1997). The mesenchymal stem cells differentiate into chondrocytes, which proliferate
rapidly and secrete cartilage specific extracellular matrix to form the cartilage template (Figure 2-9A-
B). Eventually the chondrocytes cease dividing and become hypertrophic, whereby their volume
increases substantially (Figure 2-9C). At this point the composition of the secreted ECM changes,
collagen X is now produced and fibronectin production is increased, and there is also an
upregulation of matrix metalloproteinases including MMP 13. These changes in matrix structure
allow the matrix to be mineralised (Ortega 2004; Mahmoodian 2011). These changes in ECM
composition and synthesis also accompany the release of vascular endothelial growth factor (VEGF)

by the chondrocyte (Ortega 2004). The cartilage model then undergoes vascular invasion as the
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chondrocytes apoptose (Figure 2-9D). Osteoprogenitor cells invade the cartilage model and
differentiate into osteoblasts which begin forming bone on the cartilage template (Figure 2-9E)

(Hatori 1995).
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Figure 2-9. Diagram of the stages of endochondral ossification. A) and B) Mesenchymal cells condense and differentiate
into chondrocytes which form the cartilage model. C) Chondrocytes in the centre of the model undergo hypertrophy and
alter the composition of the matrix for mineralisation to begin. D) The release of VEGF by the chondrocytes and their
apoptosis permits vascular invasion. E) The vessels bring in osteoblasts which mineralise the degrading matrix. F) A
mineralising front is established which originates outward from the primary centre of ossification. The mineralising front
is ordered into zones of proliferating, hypertrophic and apoptosing chondrocytes. G) Secondary centres of ossification

are established near the ends of the bone (Gilbert 2000).

In mammalian long bones endochondral ossification progresses outward, ossification originates
from the centre of the bone and progresses towards the ends of the long bones (Figure 2-9F and G);
this is known as the primary front of ossification. A secondary site of ossification also appears in the
ends of long bones at around birth (Figure 2-9H). In the primary front of ossification, chondrocytes
ahead of the ossification front are in a state of proliferation. The proliferating chondrocytes increase
the volume of the cartilage model by pushing out the cartilage model ends (Gilbert 2000). This
cartilaginous area adjacent to the site of mineralisation is known as the epiphyseal growth plate

(Figure 2-10). The growth plate consists of chondrocytes organised into distinct layers. Chondrocytes
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in the layer closest to the mineralising front are in a state of apoptosis, leaving cavities into which
bone forming cells invade. The layer beyond this consists of hypertrophic chondrocytes, and
adjacent to this again is the aforementioned layer of proliferating chondrocytes. Finally, in the layer
furthest away from the mineralising front there is a region of resting chondrocytes (Figure 2-

10)(Chen 1995).

Resting zone

Proliferating zone

Hypertrophic zone

Ossification zone

Trabecular zone

Figure 2-10. A hematoxylin and eosin stained section of a murine epiphyseal growth plate of a two week old mouse,

with the separate regions of the growth plate labelled (Naski 1998).

The interstitial growth of bones continues as long as the epiphyseal plate remains unfused and is
responsible for the long bones increasing in length. The bones grow in width by a process called
periosteal apposition, whereby osteoblasts add bone material on the periosteal bone surface. The
periosteum is comprised two layers, a fibrous outer layer and an inner layer termed the cambium.

The cambium contains osteoprogenitor cells which differentiate into osteoblasts, these then secrete
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new bone material forming ridges that envelope periosteal blood vessels, the osteoblast continues

to form concentric layers of bone around them (Rauch 2005).

Intramembranous ossification
Intramembranous ossification is the process by which flat bones (e.g. the skull and scapula) are

formed in the developing foetal skeleton (Figure 2-11).

The process of intramembranous ossification is initiated when mesenchymal stem cells proliferate
and condense to form a dense aggregate of cells, known as a nodule. Once in the nodule, the
mesenchymal stem cells differentiate into osteoprogenitor cells, which further differentiate into
osteoblasts. This process is controlled by the transcription factor CBF1A, the transcription of which is

activated by the presence of various bone morphogenic proteins (BMPs) (Ducy 1997).

Once osteoblast cells have been generated they secrete a collagen-proteoglycan extracellular matrix
called osteoid, in which the principle collagen component is type I. The osteoid matrix is secreted
into the centre of the nodule and is surrounded by osteoblasts that line the nodule periphery. The
osteoid is then calcified by the osteoblasts, which secrete hydroxyapatite containing membrane
bound vesicles into the osteoid. Hydroxyapatite crystals precipitate from within these vesicles and
mineralise the collagen fibres in the osteoid matrix (Ozawa 2008). As the process of matrix secretion
and mineralisation progresses, some of the osteoblasts lining the periphery of the nodule become
trapped in the matrix and differentiate into osteocytes. The calcified matrix also forms into spicules
(needles of calcified osteoid) that radiate out from the centre of the nodule. These calcified spicules
become surrounded by compact mesenchymal stem cells leading to the formation of the
periosteum. The mesenchymal stem cells on the inner surface of the periosteum differentiate into
osteoblasts and continue to deposit matrix on the existing spicule. As the process continues, spicules

fuse and aggregate into woven bone (Bilezikian 2008).
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Figure 2-11. The process of intramembranous ossification. Mesenchymal stem cells condense and differentiate into
osteoblasts, which deposit osteoid matrix. The osteoblasts become arrayed along the calcified region of the matrix.

Some of the osteoblasts become trapped within the bone matrix and become osteocytes (Gilbert 2000).

2.1.3 Tendons and Articular Ligaments

Tendons and ligaments are soft collagenous connective tissues, the former connects muscle to bone
and the latter connects bone to bone. The composition of tendon is 55% water and 38% collagen
(primarily type 1). Ligaments have a similar composition, but with a slightly increased proteoglycan
content. The collagen allows tendons and ligaments to resist tensile stresses and the proteoglycans
maintain spacing between fibres to help withstand deformation during loading (Scott 1981;
Puxkandl 2002). Both structures have a similar composition and a similar hierarchical structure
which determines their mechanical behaviour. Ligaments and tendons are formed from smaller
subunits called fascicles. The fascicles contain collagen fibrils, aligned along the long axis of the
tissue and are maintained by fibroblasts. At this level the fibril features a crimp structure, which
appears as a wave like pattern under a microscope. This structural characteristic contributes
significantly to the nonlinear stress-strain relationship seen in ligaments and tendons. During small
deformations, tendons and ligaments exhibit low stiffness as the crimps become uncrimped, this is

referred to as the toe region on a stress-strain (or load—extension) curve (Figure 2-12). As the fibrils
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become uncrimped, the collagen fibril itself becomes stretched increasing stiffness; this region is

referred to as the linear region (Ker 2002; Silver 2003).
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Figure 2-12. Stress-strain curve illustrating the toe and linear region for a ligament (Maffulli 2005).

2.1.4 Synovial fluid and the Capsule

The articular capsule is a bilayer structure which encapsulates a synovial joint. The outermost layer is
white fibrous tissue; the inner layer is the synovial membrane which produces the synovial fluid. The
role of the synovial fluid is to reduce friction during articulation of the joint, and to provide
nourishment through diffusion to the chondrocytes within the cartilage (Brujan 2011). Synovial fluid
composition is similar to interstitial fluid but with increased levels of hyaluronic acid and lubricin
amongst others. Hyaluronic acid increases the viscosity of synovial fluid and provides lubrication at
low loads, whereas under high loads it is the lubricin that is the primary component for lubrication.
Synovial fluid also contains phagocytes which remove wear debris (Tortora J R 2002). Synovial fluid
forms as a fluid film layer on the surface of the cartilage; this layer provides the two articulating

surfaces with hydrodynamic lubrication. Some of the synovial fluid in a joint is contained within the
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cartilage, which is extruded out under load, to maintain lubrication during loading (Tortora J R 2002).
Synovial fluid is non-Newtonian, that is, its coefficient of viscosity increases proportional to applied
shear forces. It is this non-Newtonian nature of synovial fluid which helps it to maintain lubrication
during loading. The electrostatic attraction between the long chains of the hyaluronic acid gives

synovial fluid its complex non-Newtonian properties (Marguerite 2008; Mathieu 2009).

2.1.5 Knee anatomy

The knee is formed of four bones: the femur, tibia, patella and fibula. In mice the tibia and fibula are
fused distally (Bab 2007). Mice also possess two additional sesamoid bones: the lateral and medial
fabella which are located caudally to the distal femur (Figure 2-13B). There are two types of
ligaments found in both murine and human knees, the collateral and cruciate ligaments (Saunders
1933). The two collateral ligaments connect the femur to the tibia on the medial and lateral aspects
of the knee. In mice the collateral ligaments exist as a thickened band on the capsule. Primary
restraint to valgus and varus rotation is provided by the medial collateral ligament and the lateral
collateral ligament respectively (Nielsen 1984). They also restrict axial displacement of the tibia in

the distal direction.

There are two cruciate ligaments, the anterior cruciate ligament (ACL) and the posterior cruciate
ligament (PCL) (Figure 2-13A). The ACL and PCL originate from within the femur intercondylar notch
and attach to the tibial head. The ACL restrains the tibia from moving anteriorly in relation to the
femur, and the PCL restrains in the posterior direction. Transection of the ACL results in increases
instability in anterior drawer and internal/external rotation. The ACL also limits hyper extension
(Furman 1976). Transection of the PCL results in increased posterior drawer and external rotation

(Gill 2003).
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Figure 2-13. A) Ligamentous structures in the human knee (Media 1999-2011). B) Mineralised structures of the murine
knee (3D reconstruction from micro-CT data obtained as part of experimental work in Chapter 3).

The menisci are fibrocartilage structures that partially separate the articular surfaces. The lateral and
medial menisci are crescent shaped and are anchored to the tibial head at the anterior and posterior
intercondylar fossa, which prevents the meniscus from being extruded under load. The function of
the meniscus is to disperse peak contact force on the articular surfaces, helping to reduce cartilage
tissue stresses. The menisci also play a role in proprioception and joint stability (Aagaard 1999). The
menisci are wedge shaped in cross section. When loaded axially, stresses are transformed into
circumferential hoop stresses. The circumferential arrangement of collagen fibres in the meniscus
supports this hoop stress. The meniscus is composed of 72% water and 22% collagen
(predominantly collagen type ), and the remainder is GAG (Messner 1998). In rodents and some
other quadrupeds, the meniscus is partially mineralised, and is most likely related to the different
biomechanics of quadrupeds (Ganey 1994; Kilts 2009). Meniscectomy in humans and canines
increases varus-valgus rotation, but has no effect on anterior translation unless the ACL is also

sectioned (Hsieh 1976; Oretorp 1978; Oretorp 1978; Levy 1982; Shoemaker 1986).
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2.2  Osteoarthritis in the Clinic

The term arthritis refers to a group of conditions that damage the joints of the body. Osteoarthritis
(OA) is the most prevalent form of arthritis. OA typically affects the larger weight-bearing joints such
as the hip, knee and spine, but it can also affect the smaller joints such as those in the hands and
feet (Buckwalter 1997). OA can occur rapidly but most forms will progress slowly over a number of
years and it is possible for symptoms to stabilise or decrease. In the UK it is estimated that over 8.5
million people suffer from OA (Ge 2006), which costs an estimated £5.5 billion per year (Brown

2006).

2.2.1 Symptoms

The primary symptom of OA is persistent joint pain, resulting in loss of mobility and joint stiffness.
The pain associated with OA is usually exacerbated by activity and therefore increases throughout
the day, but decreases with inactivity. The joint can often exhibit crepitus (grating or crackling
sensation within the joint) when moved. The patient may experience muscle spasms and tendon
contractions. As the OA progresses the joint becomes enlarged, with effusion and abnormal bone
growth taking place. In larger joints nodules of bone, called osteophytes may appear on the
periarticular bone surface (Altman 1986). In smaller joints, such as the hand, cone growths called
Heberden’s and Bouchard’s nodes appear in the distal and proximal interphalangeal joints; in the

foot bunion formation can precede or accompany OA symptoms.

2.2.2 Primary and Secondary OA
Osteoarthritis can be divided into two categories, primary (idiopathic) and secondary (post-
traumatic). Primary OA is the most common form and occurs in the absence of a known cause,

typically in the middle aged and elderly (Buckwalter 1997; Nuki 1999). Secondary OA usually results
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from an injury or insult to the joint. For example, 70% of patients who receive a meniscectomy or
suffer a cruciate ligament injury develop secondary OA symptoms within 20 years (Nuki 1999).
Secondary OA may also result from genetic, developmental, hereditary or metabolic factors. In the
lower extremity it is estimated that the percentages of secondary OA of all OA cases are: 1.6% of the
hip, 9.8% of the knee and 79.5% of the ankle(Brown 2006). Both types have very similar progression

and end stage results.

2.2.3 Diagnosis

Osteoarthritis is usually diagnosed by a clinical examination then confirmed using radiographic
techniques (Hunter 2006). A clinical assessment examines the range of motion, location of pain,
muscle strength and ligament stability. Patients with advanced OA are often examined
radiographically for joint space narrowing, osteophyte formation and altered subchondral bone. The
subchondral bone changes are usually in the form of increased density (termed subchondral
sclerosis®) and abnormal trabeculae structure. MRI can also be used in OA diagnosis and is helpful

for distinguishing OA from other sources of knee pain.

2.2.4 RiskFactorsof OA

Risk factors can be divided into systemic and local. Theories exist that suggest systemic factors
increase a patient’s vulnerability to cartilage damage, injury or limit repair. Whereas it is the local
biomechanical factors that cause the degeneration of the joint. Examples of systemic and local

factors are given below (Felson 1998a):

2 Sclerosis is the hardening of tissue, in bone it specifically refers to an increase of bone density (osteosclerosis)
and appears as a bright band on radiographs.
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Systemic Risk Factors:

Ageing: Studies in the US suggest that 6% of over 30s and 33% of the population over 60 years have
symptomatic OA (Felson 1998a). Osteoarthritis is prevalent in the elderly but OA is not caused by
ageing alone. Rather, ageing causes failure of the protective mechanisms within a joint, such as
decreased chondrocytic response to growth factors, which reduces the reparative capacity of an
aged joint. An increase of ligament laxity can occur with age, reducing joint stability and increasing
likelihood of injury (Sharma 2004). Gradual decrease in strength and slowing of neurological
responses also occurs with age, and both play a role in the protection of a joint (Sharma 1997). In
addition, the chondrocyte increases apoptosis and decreases its mitotic and synthetic activity with

age, resulting in a decreased ability to maintain cartilage matrix (Martin 2002; Robertson 2006).

Gender: There is a higher incidence of OA in men under 50 years old than in women, but in those
over 50 years old, women have a higher incidence (Felson 1998a). The reason for this remains
undetermined. There is no clear relationship between female hormone loss and OA, neither is there
a relationship between estrogen replacement therapy and OA (Felson 1998b). Early onset of OA in
males is frequently attributed to secondary factors, such as knee injury in sports. Whereas the
prevalence of OA increases in women after menopause (Nadkar 1999), with evidence suggesting

that hormone replacement therapy has a chondroprotective effect (Hannan 1990).

Genetics: There is evidence to suggest that a genetic predisposition to OA exists. Early familial
aggregation studies have suggested that inherited factors can increase the incidence of OA in first
degree relatives (Kellgren 1963). Twin pair studies have also indicated a heritable component to OA,
studies using mono- and dizygotic twin pairs have found that prevalence and progression of OA was
higher in the monozygotic pairs, suggesting a genetic effect on OA (MacGregor 2000; Zhai 2007). It is
difficult to assess the precise contribution of genetics to OA pathogenesis, as there is a range of
possible genes involved in OA, and these may have a combined effect (Valdes 2008b), but various

studies have been performed to identify candidate genes that may explain the inheritability of OA.
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Genetic association studies (GWAS) aim to quantify the effect that different gene variants have on
the incidence of OA. These studies have raised a number of candidate genes, in general many of the
genes implicated can be categorised as belonging to the following family of molecules or pathways,
that is: Inflammation, ECM molecules, bone morphogenic proteins, proteases and those involved
modulating osteocyte and chondrocyte behaviour. Two heavily implicated genes are FRZP and GDF5,
the former encodes for a transmembrane receptor involved in Wnt signalling, a pathway that has
been demonstrated to be involved in OA (Enomoto-lwamoto 2002; Lories 2007). The latter, GDF5,
encodes for a bone morphogenic protein (BMP), BMPs mediate a number of cellular responses in
the cells of bone and cartilage. Further investigations of these two genes have confirmed their
involvement in OA, for example, GDF5 murine knockout models induced OA in mice (Masuya

2007)and FRZP knockouts exhibited an increased cartilage loss in an instability model (Lories 2007).

Genome wide association studies investigate the whole genome for gene-variants associated with a
disease, they are capable of identifying haplotypes associated with large groups of individuals
afflicted with a particular disease. For OA, GWAS has been used in a number of studies to highlight
associated genes. As a result of these studies a number of candidate gene variants have been
identified, including genes encoding for COX-2 (Valdes 2008a), GDF5, DIO-2 (Loughlin 2010), genes
on the 7922 loci (Kerkhof 2010) and CALM 1 (Mototani 2005). The latter is an example of a gene
variant identified with GWAS which, with further investigation, has been shown to be less involved
in OA (Loughlin 2006). So far GWAS has not yet identified a single large genetic effect in OA, but

instead suggested that carrying a predisposing genetic variant increases the risk of OA (Valdes 2009).

Local Biomechanical Factors:

Joint Injury or Surgery: Osteoarthritis can develop in a joint affected by trauma. Animal models of OA

utilise damage to structures of a joint to initiate OA and will be discussed in section 2.2.3. In humans,

ACL and meniscal ligament injury are strongly associated with OA (Nuki 1999).
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Muscular weakness: Deterioration of muscle function may also be a risk factor for osteoarthritis

(Slemenda 1997).The quadriceps provide anterior-posterior stability to the knee. OA patients often
exhibit quadriceps weakness, normally attributed to disuse atrophy. The quadriceps reduce

impulsive loading of the knee by providing a braking function prior to heel strike.

Neuromuscular control and proprioception: Patients with unilateral knee arthritis exhibit a bilateral

impairment of proprioception, raising the possibility that the impairment is not a result of the OA,
but a cause (Sharma 1997). Coordination of the musculature is necessary for reducing instability in
the joint and for reducing peak force during gait. For example, normal patients have a five-fold
increase of load magnitude after a femoral nerve block (Jefferson 1990; Radin 1991). This indicates

that lack of neuromuscular control may increase tissue loading and initiate degeneration.

Developmental abnormalities: Misshapen joints increase local contact stresses between articulating

surfaces. Developmental disorders include slipped capital femoral epiphysis (a separation of the
femoral head at the growth plate), developmental hip dysplasia (malformed acetabulum results in
hip dislocation at birth) and Legg-Perthes disease (idiopathic adolescent avascular osteonecrosis of
femoral head) (Harris 1986; Wedge 1991). Malalighment of knee joints predisposes to OA (Sharma
2001) presumably through increased contact stresses. Excessive varus and valgus alignment results

in OA progression of the medial and lateral compartments respectively.

Obesity increases the risk of developing OA and the risk of OA progressing. Obesity has been
identified as one of the most important factors in the progression of OA, especially in the knee
(Dougados 1992; Manninen 1996; Sharma 2000). Increased physical strain on the joints due to injury
may not fully explain the association between OA and obesity. Due to the increased incidence of
hand OA with obesity, it is likely that metabolic factors are also present. For example, adipocytes
may be involved in the regulation of bone and cartilage cells, leptin a hormone produced in such

cells is implicated in the initiation and progression of OA (Dumond 2003).
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2.2.5 Disease Progression in OA

The first histological change to be observed in OA is the fraying and fibrillation of the superficial layer
of articular cartilage. As OA progresses fibrillation turns into clefts which extend deeper into the
cartilage and roughening of the articular surface increases. As clefts grow, the tops of the superficial
cartilage fibrillations begin to break, releasing fragments into the joint. Eventually degradation
erodes the articular cartilage leaving only thickened and possibly necrotic bone. Loss of articular
cartilage causes the symptoms of OA, which include joint pain and loss of motion. Cartilage loss in
primary OA is more prevalent in those of increasing age, possibly because of the reduced
chondrocyte anabolic capacity associated with age, which diminishes the tissue’s ability to maintain
itself (Buckwalter 1997). Cartilage-like tissue is formed at the periosteum-synovium junction, which
gradually ossifies through endochondral ossification to form an osteophyte (Blom 2004).
Osteophytes are considered to contribute to pain and loss of motion. It is thought that osteophytes
may be a repair mechanism to stabilise the joint (Pottenger 1990), a product of increased
metabolism in the surrounding tissues (van Beuningen 1998), or a result of altered loading in the
region. Inflammation can occur in osteoarthritis but its severity is often mild in comparison to
rheumatoid arthritis. Historically, OA is termed a non-inflammatory disease because of the
comparatively low leukocyte count found in the synovial fluid of OA affected joints. One feature of
osteoarthritis is the increased production of pro-inflammatory mediators; such mediators have been
found to increase the progression of osteoarthritis. Of the many pathways that are activated in the
tissues of an osteoarthritic joint, a number are associated with inflammation, for example IL-1 and
TNF-(a) signalling. Major functions of these cytokines are to induce catabolic processes, inhibit
matrix production and induce cell apoptosis (Pelletier 2001). Other inflammatory mediators of

interest to the pathogenesis of OA include NO, prostaglandin E, and COX-2 (Amin 1995; Amin 1997).

41



2.2.6 Current Treatments

Surgical

Osteotomy is the surgical procedure whereby the bone is cut or shortened to alter its alignment or
length. Usually in arthritic joints the aim is to alter the alignment of the joint in such a way that the
patient redistributes body weight off the damaged cartilage. Biopsies from the femoral condyle of an
osteotomised knee have shown the formation of new fibrocartilage over exposed bone. Clinical

outcomes are mixed and the result declines over time (Buckwalter 1994; Ge 2006).

Muscle Release is the surgical severing of specific muscles that act on an arthritic joint in order
reduce the loading experienced by the joint, and transfer load from an area of damaged cartilage
and onto a healthy region. Muscle release has been shown in studies to increase joint space width

and reduce pain. However, it weakens the joint and limits the options for total joint replacement.

Lavage (rinsing of the joint) and debridement (the removal of loose fragments of cartilage and

menisci by shaving the degenerated articular structures) was originally shown to be a promising
treatment for osteoarthritis (Harwin 1999), but subsequent studies have convincingly demonstrated
that arthroscopic treatments are not effective at treating osteoarthritis (Moseley 2002; Kirkley 2008;

Laupattarakasem 2008).

Microfracture of subchondral bone stimulates formation of fibrocartilage on regions where bone is

exposed due to cartilage loss. This process can be induced by drilling, abrasion or piercing of the
subchondral bone. Penetrating the subchondral bone disrupts the underlying blood vessels causing
the formation of a fibrin clot. If this clot is not severely loaded then it can be replaced with repair
tissue, which may range from hyaline cartilage to dense fibrous tissue (Frisbie 1999; Hunt 2002).
Formation of a fibrocartilage repair surface does not automatically decrease symptoms. Examination
shows that compared to normal cartilage it is lacking in structure, mechanical properties and
durability. Its failure to absorb loads may result in persistence of symptoms and continued

degeneration (Bae 2006). Additionally this procedure requires extensive healing of the soft tissues
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(Steadman 2003; Kreuz 2006). This technique is better suited to isolated full thickness lesions and is

rarely used as a treatment for osteoarthritis.

Resection arthroplasty is the removal of articular surfaces and some underlying bone. The space

between the bones fills with a fibrin clot followed by granulation tissue. If resection arthroplasty can
be combined with passive joint motion the granulation tissue can be replaced with fibrocartilage.
Resection arthroplasty removes tissue from the articulating surfaces reducing the stability of the

joint (Buckwalter 1994).

The treatment options for end-stage OA are arthrodesis or endoprosthesis. Endoprosthesis is the

replacement of the articular joint with an internal artificial prosthesis. Arthrodesis is artificial fusing
of a joint, performed to relieve pain that cannot be managed, often performed after a failed

arthroplasty.

Pharmacological

Non-steroidal anti-inflammatory drugs (NSAIDs) and paracetamol are the main pharmacological
treatment for OA. NSAIDS are able to relieve pain and increase mobility in approximately 60% of OA
cases (Watson 2006). Paracetamol is frequently administered as an analgesic and is often preferred
over NSAIDs as they are less likely to produce adverse gastrointestinal affects (Towheed 2006).
Chondroitin and glucosamine have also been used to treat OA and appear to increase proteoglycan
production, but their effect is modest. For patients with local inflammation, intra articular steroids
can be administered for short term restoration of function (Ge 2006; Hunter 2006). For some time
pharmacological treatments have been moving away from therapies that target the symptoms of OA
towards strategies for halting or reducing the progression of the disease, for example, by developing
an inhibitor for IL-1B (e.g. Diacerein). Other examples pharmacological strategies include targeting
the suppression of bone turnover, catabolic enzyme production or synovial inflammation (Martel-

Pelletier 2011).
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Physical Therapy
Physical therapy is often the first treatment for mild and moderate OA. Weight loss, exercise to
increase muscle strength, stretching and joint mobilisation can also be implemented. Braces and

orthotics can be used to treat instability or joint misalignment (Hunter 2006).

Transplantation and grafting

Tissue grafting between debrided or resected articular surfaces introduces a new population of cells
and matrix to the damaged tissue. Often the grafted tissue can be fascia, muscle, tendon,
periosteum or perichondrium. Cartilage and meniscal grafts have the benefit that their composition
closely resembles the material which they are replacing, the inter condylar notch is often a source of
cartilage for autografts. Osteochondral allografts have greater availability and their incorporation
into the host tissue has been demonstrated (Buckwalter 1994; Ge 2006). Typically these treatments
are applied to osteochondral defects, and are not usually applied to those over the age of 50, or
those with advanced OA (Gomoll 2011). A number tissue engineered scaffolds to replace matrix in

cartilage defects are also under development (Gomoll 2011).

2.3 Animal models of OA

The development of osteoarthritis in humans is difficult to study. The pathological changes can take
several decades to develop in humans. It is very rare to see early stage OA, as patients usually
present themselves for diagnosis when pain occurs with moderate to severe OA. Diagnostic methods
can only visualise tissue changes when joint space narrowing occurs, more sensitive methods such as
histology are too invasive. The progression of human OA is also highly variable, due to a broad range
of genetic and environmental differences, including lifestyle, nutrition, occupation and hormones

(Felson 2004b).
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OA animal models have been developed to study OA pathology and investigate therapeutic
treatments. Animal models allow the study of tissues over time; which is important in a disease such
as OA. They allow more invasive techniques to be employed, which facilitate the investigation of
microstructural and biochemical changes. Animal models are also used to investigate and

demonstrate how interventions may prevent or reduce OA (Bendele 2001; Ameye 2006).

It is essential that an OA animal model mimics the characteristics of the human disease. OA by
definition involves a heterogeneous set of changes affecting the tissues of a synovial joint. Therefore
it is difficult for an OA animal model to directly mimic human OA when the disease itself is varied.
For example, humans with traumatic injury unweight the affected limb until it has restabilised. Most
animals, including rodents and canines do not. As with primary and secondary OA in humans, animal

OA models can be categorised into either spontaneously occurring or experimentally induced ones.

2.3.1 Spontaneously occurring OA models

Dunkin Hartley guinea pigs

DH guinea pigs are frequently used as spontaneous OA models. OA develops more quickly in male
guinea pigs possibly due to a greater body weight. Lesions appear bilaterally on the medial tibial
plateau at approximately three months of age in 50% of animals (Bendele 2001). At this time PG loss
and chondrocyte death are present but subchondral bone and meniscal changes are not. At six
months 90% of animals exhibit bilateral medial tibial lesions, small osteophytes and altered
proteoglycan synthesis. At nine months, mild to moderate cartilage damage on the tibia and femur
and sclerosis of the subchondral bone is apparent. At one year fibrillation extends into the deep
zone of cartilage, subchondral sclerosis is extensive, and bone cysts and meniscal degeneration are

present (Bendele 2001).

45



Prevalence of OA in the DH guinea pig is attributed to knee laxity (Quasnichka 2006). An increased
toe region of the cruciate ligament on a force-extension curve was found in the DH guinea pig, when
compared to a control strain. The toe region represents the normal physiological range of ligament
strain (Figure 2-12), it is a function of the tertiary structure of the collagen in the tissue, and is less
sensitive to ligament cross section area. An increase in the toe region is more likely to be caused by a
change in the ligament matrix rather than shape. There is increased collagen turnover in the DH
guinea pig compared to the control strain, which probably accounts for the increased cruciate laxity

(Quasnichka 2005; Quasnichka 2006).

Mice

BALB/c, C57BI/6 and STR/Ort mice have been studied as spontaneous OA models (Silberberg 1964;
Walton 1977). C57BI/6 develop ultra-structural abnormalities in the superficial cartilage of the femur
and patella from the age of two months (Stanescu 1993). Collagen degradation is evident on the
lateral plateau of the tibia after one year in the C57BI/6. Similarly the BALB/c mouse also develops
cartilage lesions on the medial plateau after one year (Stoop 1999). The STR/Ort mouse develops
mild histopathological lesions in one or both knees at ten weeks of age. At twenty weeks lesions are
present in most animals. Cartilage damage typically appears on the medial tibial plateau. Timing of
OA onset is variable between STR/Ort mice (Mason 2001). One study of the cruciate ligament of
STR/Ort mice found high levels of MMP-2 indicating an upregulation of collagen metabolism and a
decrease of mechanical strength in the ligament when compared to a control strain (Anderson-
MacKenzie 1999). These changes took place before any radiographic signs of OA, suggesting that like
the DH guinea pig, cruciate laxity could be the cause of spontaneous OA (Anderson-MacKenzie
1999). The STR/Ort mouse also grows at a faster rate and to a greater body mass than other strains.
Furthermore, STR/Ort mice first develop histological changes on the patella femoral joint, attributed

to internal tibial torsion and medial patellar dislocation inherent in the strain (Naruse 2009).
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Macaques
Spontaneous OA has been observed in the knee joints of macaques (Carlson 1996). Management,
cost, emotional attachment and ethical controversy mean that this model is rarely used, despite its

genetic similarity to humans (Little 2008).

2.3.2 Experimentally Induced OA Models

Destabilisation

Surgical destabilisation models are widely used in OA research. They involve simple procedures, are
reproducible, and have a known initiation time. Two such models are the ACL transection (Pond
1973) and meniscectomy models (Moskowitz 1973). These were used originally in dogs and rabbits,
but they have been used in a variety of animals since. Instability models work by redistributing loads
on the articular surfaces. When a joint is immobilised immediately after destabilisation the joint is
protected from degeneration (Palmoski 1980; Palmoski 1982). Models of this form typically produce
an inflammatory response and attempted joint repair through increased chondrocyte metabolism
(Colombo 1983). The cartilage in these models continues eroding and subchondral bone changes
occur (Brandt 1991). Instability models on small animals (mice and rats) allow large numbers to be
used and are useful for investigating pharmacological treatments for OA (Shimizu 2007), genetic
studies can also be implemented in mice. Larger animals allow long term changes to be studied with
non invasive methods (Dedrick 1993) and have a larger volume of cartilage so biochemical analysis
of synovial fluid and cartilage can be performed (Ehrlich 1975). Most animals resume weight bearing
immediately after trauma, whereas humans reduce weight bearing until some degree of
restabilisation has occurred. This means animal destabilisation models accelerate the progression of
OA in comparison. The permanent trigger (surgical trauma) reduces the efficacy of therapeutic

intervention.
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The work performed and described in this thesis used a mouse model of joint destabilisation. The
model utilised surgical destabilisation of the medial meniscus (DMM) to induce degenerative

changes. The DMM model is discussed in detail in Chapter 4 of the thesis.

Trauma

Direct defects can be introduced directly onto the articulating surfaces of a joint. These defects then
initiate joint degeneration. One such model is the groove model of OA, performed in canine knee
(stifle) joints and ovine metacarpophalangeal joints, in which a groove less than 0.5 mm deep is cut
into the cartilage of a joint using a Kirschner wire. The model can be applied uni- or bi- laterally and
is usually followed by loading from enforced exercise. Trauma models produce slow progression of
cartilage degeneration and osteophyte formation with subchondral bone changes (Marijnissen

2002a; Intema 2008; Mastbergen 2008).

Biomechanical

Mechanical loading is able to alter articular cartilage structure, which is evident as strenuous
physical activity and occupations that apply high joint loads are risk factors for OA. Displaced load
models induce degenerative joint changes by redistributing load across the joint without affecting
joint stability. Examples of these include osteotomy, overload and immobilisation. Tibial osteotomy

typically produces milder lesions than destabilisation models (Panula 1997).

Cartilage damage and bone remodelling occur with excessive or repetitive compressive loading
across the joint (Poulet; Dekel 1978; Radin 1978). These models have the advantage that the
frequency and magnitude of load can be controlled or removed completely. Exercise and overuse

models also share this same benefit, where animals are subject to treadmill exercises, exercise on
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hard surfaces or forced jumping. The overuse induces osteoarthritic changes (Brown 1984;

Lapvetelainen 1995).

Joint immobilisation can induce cartilage degradation and osteopenia. Immobilisation can be
performed either by cast, external fixator or by unweighting (tail suspension) (Videman 1982;
Saamanen 1990; O'Connor 1997; Leroux 2001). The effects can be limited or reversed by

remobilisation (Sddmanen 1990).

Chemical

OA can be induced by intra-articular injection of biological agents, such as collagenase, papain and
growth factors. Collagenase works by degrading ligaments and introducing instability into the joints
(van der Kraan 1990). Papain is an enzyme which degrades cartilage, growth factors induce
degeneration by altering metabolic processes (van Beuningen 2000). Many of the models induce
local inflammation. These models are easy to induce; however, they may not be entirely relevant for
modelling human OA. For example, agents that degrade aspects of the joint such as papain (Havdrup
1977; Karadam 2005) or collagenase (Botter 2008) induce degradation on certain tissue matrix
components by proteolysis, which is not seen in human OA. The processes seen in inflammatory

models do not replicate the sequence of degradation seen in human OA (Little 2008).

2.4 Pathophysiology of OA

During the progression of OA, cartilage undergoes a series of changes that alter its molecular
composition and structure. As OA progresses these changes result in a loss of mechanical properties
which then result in damage to the surface of cartilage. The changes seen in the cartilage matrix are
reflected by changes in the chondrocyte. The chondrocyte exhibits increased proliferation and an

upregulation of matrix components. This is followed by an increase in catabolic enzymes, whereby
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production of proteinases results in degradation of proteoglycans and collagen in the cartilage

extracellular matrix. (Goldring 2010).

The initial loss of the proteoglycan aggrecan precedes the degradation of the collagen network.
Degradation of aggrecan reduces its aggregation and chain length, adversely affecting the
compressive stiffness of the cartilage. Damage to the collagen tissue network then results in a loss of
tensile properties of cartilage. These changes increase the matrix permeability, causing a decrease of
matrix stiffness and an increase of water content. This reduces the ability of the matrix to withstand
mechanical load (Goldring 2010). An increase of water content is also attributed to damage on the

collagen network which reduces restraint on osmotic forces (Venn 1997)

Aggrecanases are the principal proteases attributed to the cleavage of aggrecan, in particular
ADAMTS-4 and ADAMTS-5, which are members of the ADAMTS (A Disintegrin And
Metalloproteinase with ThromboSpondin motifs) family. Genetic knockout studies of ADAMTS-5
demonstrated decreased severity of OA and demonstrated protection against aggrecan degradation,
suggesting that ADAMTS-5 is an important enzyme for aggrecan degradation (Glasson 2005; llic
2007; Majumdar 2007). A knock-in model was generated, whereby aggrecan expression was altered
such that ADAMTS-5 was blocked from cleaving it by a specific site. This resulted in a reduction of
cartilage loss and a potential increase of cartilage repair (Little 2007). However, a knockout model of

ADAMTS-4 had no effect on the progression of surgically induced OA (Glasson 2004).

Collagen has been shown to be degraded by MMP-1, MMP-8, MMP-13 and MMP-14 (Billinghurst
1997; Imai 1997), the expression of which, significantly increases in the superficial zone of OA
cartilage (Tetlow 2001). Elevated levels of MMPs are found in synovial fluid and in OA damaged
cartilage. MMP-13 is potentially the most significant due to its specificity toward collagen type Il
(Knduper 1996). A number of inhibitor studies have demonstrated that collagenase MMP-13 plays a

significant role in OA (Piecha 2010).
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The early stages of OA are believed to involve inflammation in the synovium, suggesting
inflammatory factors are mediators that affect metabolism of the bone and cartilage right from the
early stages of OA (Ayral 2005). IL-1B and TNF are key proinflammatory cytokines in the
pathophysiology of OA. IL-1B is heavily associated with degradation of cartilage, elevated levels are
seen in osteoarthritic bone and cartilage, as well as the synovial membrane and synovial fluid. It is
believed IL-1B reduces production of aggrecan and collagen type Il (Chadjichristos 2003), whilst
stimulating the release of MMPs (-1, -3 and -13), and inducing the expression of IL-6 and various
chemokines. The role of IL-1B in OA is complex, despite its catabolic effects on the chondrocyte and
upregulation of MMPs, knockout studies actually demonstrate an increase of OA progression
(Clements 2003). TNF is heavily involved in stimulating systemic inflammation, its over expression is
seen in the same osteoarthritic tissues as IL-1B, and its effect on osteoarthritic tissues is heavily
linked to IL-1B (Saklatvala 1986). For example, studies in animal models have demonstrated that
both cytokines have a greater osteoarthritic inducing effect when combined, than when either are

administered separately (Henderson 1989).

IL-1B and TNF are thought to increase OA progression by stimulating the production or release of
other species which are also involved in OA degradation. Examples of these species are IL-6, IL-8,
inducible nitric oxide synthase (iNOS), CC-chemokine ligand 5, cyclooxygenase 2 (COX-2),
prosta-glandin E, (PGE;) and nitric oxide (NO) (Lotz 1992; Alaaeddine 2001; Kapoor 2011). The last
two, (NO and PGE,) are known to promote production of MMPS, reduce proteoglycan and collagen

synthesis and promote chondrocyte apoptosis.

IL-1B and TNF are known to stimulate the increased production of IL-6. The role of IL-6 is unclear, IL-
6 knockout mice have a decreased PG synthesis and an increased incidence and severity of
spontaneous OA, suggesting IL-6 has a protective role (de Hooge 2005). Whereas IL-6 injected into

osteoarthritic mice knee joints reduced cartilage damage (Van de Loo 1997).
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IL-17 is another proinflammatory cytokine potentially involved in OA pathophysiology, it is
potentially secreted by CD4" cells (mature T helper cells of the innate immune system), but it is
unclear if this occurs in OA (Kapoor 2011). IL-17 stimulates chondrocytes to produce IL-183, TNF, IL-6,

NO, and MMPs (Benderdour 2002; Pacquelet 2002).

Inhibitory cytokines include IL-4, IL-10 and IL-13, as they decrease the activities of proinflammatory
cytokines. Their effects have only been demonstrated in-vivo, where IL-4 and IL-10 demonstrated a
chondroprotective effect (Joosten 1997). Insulin-like growth factor 1 (IGF-1) and transforming
growth factor B (TGF-B) are potentially involved in the cartilage repair process. They may act to
regulate chondrocyte gene expression (van den Berg 1999). Various fibroblast growth factors may

interact with these cytokines to promote certain chondrocyte functions

2.4.1 Chondrocyte Response to Mechanical Loading

Homeostasis is necessary for healthy articular cartilage; synthesis and degradation however, need to
be balanced to prevent degradation. Mechanical loading and physiological processes combine to
mediate cartilage homeostasis (O'Hara 1990). Two types of cartilage loading identified in
mathematical models result from everyday usage of an articular joint. These are shear stress and
hydrostatic stress (Carter 1988; Eckstein 2005). Different physical activities or injury will affect the
ratio of hydrostatic to shear stress experienced by cartilage ECM. In vitro studies suggest that two
different types of stress have different effects on chondrocyte metabolism. Shear stress increases
expression of pro-inflammatory mediators and decreases gene expression of matrix macromolecules
(Mohtai 1996; Lee 2002; Lee 2003a; Lee 2003b). Hydrostatic stress enhances expression of matrix
macromolecules and inhibits pro inflammatory mediators (Smith 1996; Smith 2000; Trindade 2004).
Risk factors for OA such as increased loading or joint laxity may affect the distribution, magnitude

and proportion of shear and hydrostatic stress in favour of shear. Exposure to elevated levels of
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shear stress is likely to result in increased inflammation, increased enzymatic matrix degradation and

decreased matrix production.

2.4.2 Bone Changes in Osteoarthritis

Bone Changes in Studies on Human OA

It is well known that in addition to cartilage degradation, bone changes occur in human OA. In OA of
both the hand and larger joints, advancement and thickening the tidemark is usually observed
(Goldring 2009) . The subchondral bone undergoes thickening and the trabeculae coalesce to form
thick trabeculae (Havdrup 1976; Ding 2003; Goldring 2009). Sclerosis of the bone varies with the
extent of damage to the overlying cartilage, severe sclerosis is seen where cartilage is very thin.
Where the bone has become denuded bone tissue contains necrotic osteocytes. Osteophytes also
appear on the periphery of articular cartilage. Osteophyte formation is driven by progenitor cells in
the synovium or periosteal tissue (Aigner 1995; Blom 2004). Osteophyte formation occurs in non-
weight bearing areas of a joint, their role in providing mechanical stability or increasing surface
contact area is frequently proposed, but also questioned by some. It is possible they are a by-
product of increased metabolism that occurs in OA. Transforming growth factor-beta (TNF-B), a
protein known to stimulate PG production in chondrocytes, when injected into murine knee joints
resulted in osteophyte formation (van Beuningen 1994). Murine injection of BMP2 achieved a similar

effect on osteophyte formation (van Beuningen 1998).

Most studies investigating human OA use samples from the end stage of the disease, where the
bone is removed prior to joint arthroplasty. Some studies, however, have used bone from donors
with early stage OA, which can provide clues as to timing of changes in the tissue. Studies of early
stage OA suggest that there is an initial thickening of the subchondral epiphyseal trabeculae and
subchondral bone plate (Radin 1972; Ding 2003) and an increase of bone turn over and bone mineral

density (Dieppe 1993; Dequeker 1997; Bailey 2004). Despite thickening and increased bone mineral
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density, osteoarthritic subchondral bone has reduced mechanical properties (Ding 2003; McErlain
2008), due to hypomineralisation (Bailey 2004). A number of studies have reported that the
presence of bone marrow lesions in epiphyseal bone on MRI scans can predict regions of cartilage
loss (Felson 2003; Hunter 2006; Roemer 2009). This localised resorption of epiphyseal bone in early
human OA may be analogous to early stage bone resorption seen in various animal models of OA

(Layton 1988; Dedrick 1993; Hayami 2006; Intema 2010).

Increased bone formation continues with the progression of OA into the late stage. Bone formation
occurs in both the epiphyseal bone and subchondral plate (Grynpas 1991; Bobinac 2003; Chappard
2006). In end stage OA the reduced material properties are still present (Li 19974a; Li 1997b; Yamada

2002).

Not all studies of human OA show a uniform increase of subchondral epiphyseal bone. One study
using MRI to investigate epiphyseal trabecular bone of the femur and tibia found a loss of trabecular
bone occurs between mild and severe OA groups (Beuf 2002). Other MRI studies have been
performed on early and severe OA patients, which were categorised by radiographic and clinical
assessment. Medial cartilage loss was associated with increased epiphyseal bone volume fraction in
the medial compartment. At the same time the epiphyseal bone in the lateral compartment
decreased, possibly caused by mal-alignment due to cartilage damage in the medial plateau, which

may cause lateral unweighting (Lindsey 2004).

Bone Changes in Animal Models of OA

Animals offer a greater scope for assessing longitudinal bone changes, as invasive methods are
available. Animal models also benefit from an identifiable cause (the induction method) and known
time point of disease initiation. Despite the large number of review articles discussing subchondral
changes there are few experimental papers that feature longitudinal experimental studies observing

bone changes. In general the existing temporal studies use either spontaneous models with the DH
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guinea pig, or various ACLT models on the dog or rat. There appears to be a disparity of outcomes of

subchondral bone changes on animal OA models.

One key criterion of OA models is that their pathologic changes mimic the human form of OA under
investigation. If different animal models produce different subchondral bone responses then these
responses should be investigated to determine their suitability as models. Furthermore, much could
be learned about OA initiation and progression by investigating the factors that produce these

different responses.

2.4.3 The Role of Bone in Osteoarthritis
The role of bone in the initiation and progression of OA has been the focus of much debate. Bone
undoubtedly plays a role in OA, evident from the gross morphological changes that occur in the

disease, but its role as an initiator is not widely accepted.

There is certainly evidence that bone changes occur early in OA, and that thickening of the
subchondral plate occurs before radiographic joint space narrowing in humans (Buckland Wright
2004). In guinea pigs, MRI has been used to demonstrate that thickening of subchondral bone
precedes cartilage degeneration assessed by MRI joint space narrowing (Watson 1996; Watson
1996). Joint space narrowing is typical of mid-late stage OA, but there is evidence that bone changes
can occur before any such irreversible cartilage changes. Quasnichka et al investigated OA in DH
guinea pigs and noted that an increased bone density in the subchondral and epiphyseal regions
occurred concomitantly with the first signs of cartilage pathology at 24 weeks. The irreversible
cartilage damage such as fibrillation occurred much later at 40 weeks (irreversible cartilage damage
is a pathognomonic sign of OA whereas reversible cartilage damage is not). In the DH strain it has
been shown that MMP-2 and collagenase levels are elevated in the bone even earlier (at 16 and 20
weeks), compared to the control strain (Anderson-MacKenzie 2005). This suggests that elevated

bone turnover actually occurs four to eight weeks before any histological cartilage changes; this
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biochemical change may drive the bone morphology changes. There are further studies in which
bone changes have been observed before cartilage changes (Carlson 1996; Newberry 1997; Saied
1997). Other studies argue that cartilage degradation precedes bone change (Brandt 1991; Dedrick
1993; Yamada 2002). Bone changes occurring before cartilage does not necessarily implicate bone as
an initiator of OA, but it does suggest the possibility. Botter et al. (Botter 2009) investigated
subchondral bone changes in ADAMTS-5 knockout mice with DMM surgery. The knockout mice
exhibited significantly less bone remodelling compared to wild type mice, suggesting a link between
bone and cartilage damage and subchondral bone changes. There are a number of proposed
mechanisms by which bone may initiate cartilage damage. These include: 1) biochemical cross-talk
between the bone and cartilage, 2) advancement of calcified cartilage and tidemark and 3) changing

of the mechanical properties of bone, which alters stresses in the cartilage.

Biochemical Signals between Bone and Cartilage

Bone and cartilage have been described as a functional unit in OA, capable of ‘cross-talk’ by
permitting the perfusion of biochemical signals between the two tissues (Lajeunesse 2003). It is
likely that the relationship between bone and cartilage is disrupted by an imbalance in the tissues,
preventing normal maintenance (Goldring 2010). Biological agents such as cytokines and growth
factors produced in the subchondral bone can pass through the calcified cartilage and induce a
negative response in the chondrocytes. Work by Mori et al. and Sokoloff et al. (Sokoloff 1993; Mori
1993a) identified channels and cracks in the bone and calcified cartilage; vascular channels
extending in the calcified cartilage have also been identified (Clark 1990). Hepatocyte growth factor
(HGF) is a possible agent, found in the deep layers of OA cartilage, but only produced by osteoblasts.
Osteoblasts from osteoarthritic bone have been shown to exhibit higher than normal HGF
production (Lajeunesse 2003). HGF causes the production of collagenase-3 in chondrocytes which

are involved in cartilage degradation. Osteoblasts also produce osteoblast stimulating factor |,
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derived from vitamin A which stimulates cartilage degradation (Kubo 2002). IGFs are important
growth factors for regulating bone metabolism (Hock 1988): IGF-1 inhibits bone MMPs, increased
IGF-1 levels found in OA subchondral bone may increase bone remodelling. TGF-B1 production is
increased in osteoblasts from OA tissue. TGF-B is involved in matrix turn over; it stimulates the
synthesis of bone matrix and increases collagenase activity (Palcy 1999), both TGF-B and IGF-1 have
a catabolic effect on the chondrocyte. Prostaglandin E, (Masuko-Hongo 2004), IL-6 (Sanchez 2008),
and oncostatin M (Sanchez 2004) have also been suggested as possible molecules involved in cross

talk between the tissues.

Recent studies have demonstrated that the regulation of bone and cartilage formation by the Wnt
pathway may be an important factor contributing to the pathogenesis of OA, as increased signalling
through the Wnt pathway has been implicated in increased cartilage damage and increased bone
density (Lories 2007). In particular there is evidence to suggest that WNT signalling may be
responsible for regulating the interactions that occur between the cartilage and bone in the

development of OA (Lories 2007).

The Wnt signalling proteins constitute a large family of signalling proteins that bind to cell surface
receptor proteins of the Frizzled family (Fzd). Four downstream cascades have been identified to be
activated by binding of Wnt, these pathways have been shown to regulate osteogenesis through
various mechanisms; although the Wnt/B-catenin pathway is of particular importance to
osteoarthritis (Hoang 1996). A number of antagonists to the Wnt/B-catenin pathway have been
identified, one such molecule is FRZB, which competitively binds to the cell surface receptor protein
Frizzled in place of Wnt. One study investigating the effect of FRZB knockdown in a murine OA model
observed increased cartilage damage compared to wild type mice (Lories 2007). The increase in
cartilage damage observed was associated with an increase in Wnt signalling via the Wnt/B-catenin
pathway, due to loss of the inhibitory antagonistic FRZB signal. An increase was also observed in the

expression of the tissue destructive enzyme, matrix metalloproteinase 3 (MMP3), as FRZB directly
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inhibits MMP3 expression. Alongside the changes observed in the cartilage of FRZB knockout mice,
alterations were also observed to take place in the structure of the bone including an increase in the
cortical thickness, bone density and mineral content, and greater periosteal bone formation
following mechanical stimulation. These alterations in the biomechanical properties of bones
resulted in stiffer long bones, and had further influence the cartilage-bone biomechanical unit by

altering the load in cartilage, further contributing to the progression of OA (Lories 2007).

Alongside the morphological changes observed in the FRZB knockdown mice, additional studies
investigating voluntary running wheel exercise performance confirmed the findings that FRZB
contributed to OA development, as wild type mice showed greater exercise performance in

comparison to FRZB knockout mice (Lories 2009).

The findings from this FRZB knockout murine study are supported by genetic association studies
which have identified the presence of polymorphisms in the FRZB gene that are associated with the

development of OA (Enomoto-lwamoto 2002).

Dickkopf-1 (DKK-1) is another antagonist of Wnt signalling, which binds to LPR5/6 receptor (of the
Wnt signal complex) and its co-receptor Kremen-1/2 inducing receptor internalisation and
preventing activation of the Wnt pathway. One recent study performed which demonstrates the key
role of Wnt signalling in the progression of OA investigated the capacity of an anti-DKK antibody to
stimulate the development of OA in a transgenic mouse model of rheumatoid arthritis. Depletion of
DKK resulted in stimulation of Wnt signalling, which reversed bone resorptive nature in rheumatoid
arthritis and instead created a pattern of bone formation that resembled osteoarthritis, preventing

resorption and inducing osteophyte formation (Diarra 2007).
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Thickening of Calcified Cartilage

Another hypothesis regarding the involvement of bone in OA is that thickening of the calcified
cartilage and advancement of the tidemark are features of OA (Lane 1980; Bullough 2004), which
contributes to the thinning of articular cartilage and increases the stress in the deep zones of
cartilage by increasing the stiffness gradient(Burr 2004). Advancement of the tidemark is possibly
caused by release of angiogenic factors by hypertrophic chondrocytes (Walsh 2007) or by focal
remodelling of micro cracks in subchondral bone (Goldring 2009). Damage to subchondral bone
incurred from high impact injuries may initiate OA even without cartilage damage (Vellet 1991).
Micro cracks in subchondral bone can stimulate focal remodelling (Trueta 1963). Their repair
involves mineral resorption, vascular in-growth and bone deposition in the resorption space (Mori
1993b). In calcified cartilage the same process occurs but requires vascular invasion from the
subchondral bone. This suggests a relationship between calcified cartilage and micro damage, in
which remodelling of calcified cartilage micro damage may play a role in initiation or progression of

OA (Burr 1997; Burr 2004; Burr 2004).

Change of Mechanical Environment by Subchondral Bone

The most frequently proposed method of bone involvement in OA is that of altered mechanics.
Radin et al (Radin 1986) proposed that hardening or sclerosis of the subchondral bone increased the
stresses on cartilage during loading by creating non-uniform regions of subchondral bone stiffness,
with subchondral bone peripheral to the habitually loaded areas less stiff than loaded areas. In these
regions a stiffness gradient will exist, which increases shear stresses in the cartilage (Brown 1984)
and causes fibrillation (Radin 1986). More recent research has found that, despite an increase of
bone volume in OA, the stiffness of subchondral bone tissue actually decreases (Li 1997a; Li 1997b;
Day 2001; Ding 2003). However, despite a decrease of stiffness in osteoarthritic subchondral bone a

stiffness gradient may still be present, where there will be an increase in shear stresses in the
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cartilage. Furthermore, weakening of the bone will reduce cartilage support and increase
deformation when loaded. The decrease of OA bone mechanical properties has been attributed to
an increase in bone turnover (Seibel 1989; Sowers 1991; Li 1999; Pacicca 2003), a decrease of

mineralisation (Bailey 2004), and an increase in osteoid (Grynpas 1991; Zysset 1994; Mansell 1998).

2.5 Summary and Hypothesis

There is evidence for the involvement of subchondral bone in the progression or initiation of OA,
various theories exist as to how the subchondral bone is involved, but none are as yet accepted as
being definitive. Both the timing and nature of subchondral bone changes in relation to cartilage
damage is also unclear, with different bone changes having been reported in different models. OA is
a chronic disease in which different tissues exhibit different characteristics between early and late
stages; hence, there is a necessity to fully understand tissue changes in OA models. Surgical
instability models are frequently used in OA research, in general there is a lack of longitudinal
investigations focussing on bone changes, and limited characterisation of laxity in many of these

models.

The DMM model is widely used in the investigation of OA. The work in this thesis hypothesises that
meniscal destabilisation will result in a change of joint laxity, and this change in laxity will correspond
to tissue changes in both bone and cartilage. These tissue changes may vary between different
mouse strains and across different stages of OA. The purpose of the work in this thesis is to
understand the morphology changes that take place in both the bone and cartilage, and investigate
these changes in relation to any measured change of joint instability. This work will also allow for the

enhancement and development of various imaging methods used to investigate these changes.
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3. Investigation of OA in C57B1/6 DMM model of OA

3.1 Introduction

In mice, a widely used and well validated instability model involves destabilisation of the medial

meniscus (DMM), by surgically transecting the medial menisco-tibial ligament (Glasson 2007).

The DMM model has been used most notably for investigating biochemical and genetic factors in OA
(Imhof 1999; Glasson 2004; Glasson 2005; Ma 2007; Shi-Lu 2009). In these studies, histological
coronal sections were semi-quantitatively graded from 0 - 6, depending on the degree of cartilage
degeneration (Glasson 2004; Glasson 2005; Glasson 2007; Ma 2007; Ma 2007; Botter 2009; Glasson
2010) and indicated mild to moderate OA at four weeks and moderate OA at eight weeks, with

lesions focused on the ‘central weight-bearing region’ (Glasson 2007).

It is well known that joint laxity can lead to OA in animal models and humans (Pritzker 1994; van
Osch 1995; Bendele 2001; Ameye 2006). The meniscus is important in dissipating transmitted load
from the femoral condyles and also has a role in stabilising the joint (McDermott 2006). Experiments
in human and dog cadaveric legs suggest meniscectomy introduces rotational and tensile laxity
(Wang 1974; Oretorp 1978). However, other studies suggest meniscal tears and other damage that
compromises the meniscus’ ability to withstand hoop stresses results in an increase in contact area
and therefore, increased peak local contact stress (Baratz 1986). A change in joint mechanics
undoubtedly occurs after DMM surgery which causes secondary OA. It is uncertain whether this is
because meniscal destabilisation introduces laxity into the joint altering the alignment of the
articular surfaces, or because the meniscus loses its ability to support hoop stresses thereby
increasing articular contact stresses. Though the DMM model is described as “destabilised”, the
changes in joint mechanics after DMM surgery have not been previously investigated. Clinically,
measures of knee joint stability are often used after suspected injury to cruciate ligaments (anterior-

drawer or Lachman test) or collateral ligaments (varus-valgus rotation assessment). In humans it has
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been demonstrated that reduced anterior-posterior and varus-valgus knee stability is a risk factor for

OA (van der Esch 2008).

Blankevoort and van Osch et al (van Osch 1995; Blankevoort 1996) developed two rigs for the in-
vitro testing of murine knee joint laxity. The laxity rigs measure the laxity in anterior-posterior (AP)
translation and varus-valgus (VV) rotation. These devices were used to investigate the effect of a
collagenase injection on the laxity of murine knee joints, and they found that collagenase produced
an increase in laxity (van Osch 1995; Blankevoort 1996). Further investigation found that freezing

had no effect on laxity (van Osch 1995).

Previous studies with the DMM model have used histological techniques on the cartilage to describe
tissue and cellular changes with limited quantitative analysis. Histological sections provide high
resolution images for tissue characterisation and are currently the gold standard for assessing
cartilage and bone degeneration. Histological thin sections are taken in one plane at a regular
spacing across the sample, this provides two dimensional sampling of the joint. Recent work has
demonstrated the utility of multimodal imaging for concomitant analysis of cartilage and bone using
confocal scanning laser microscopy (CSLM) and x-ray micro-computed tomography (micro-CT),
respectively. This method has recently been proven successful in quantifying and visualizing both
cartilage and bone changes in three dimensions in the STR/ort spontaneous OA mouse model and
provides a 3D representation of morphology changes in the joint (Stok 2009c). There have been no

three dimensional quantifications of cartilage loss in the DMM model.

In OA, bone changes occur concomitant with cartilage degradation (Radin 1986; Burr 1998; Imhof
1999; Bailey 2001). Subchondral bone can become sclerotic and the underlying epiphyseal
trabecular bone may undergo trabecular resorption (Blumenkrantz 2004; Botter 2008). Only a few
studies have examined bone changes in the DMM model (Kamekura 2005; Kadri 2008; Botter 2009),

and none in relation to altered mechanics of the joint.
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This study will investigate the effect of DMM surgery on the laxity of the murine knee. 3D multi-
modal imaging methods will be developed. These methods will be used to quantify and visualise
changes in cartilage volume, cartilage topology and subchondral bone as OA progresses from four to
eight weeks. It is hypothesised that the changes in joint laxity will correspond with patterns of tissue

degradation of the bone and cartilage observed with multi-modal imaging.

3.2 Methods

3.2.1 Surgical Induction of OA

All procedures were performed with institutional ethical approval. Thirty-eight male mice (C57BI6,
Harlan, UK) aged twelve weeks underwent DMM surgery of the right limb, the left limb was
unoperated. Surgery was performed by an experienced technician (Kennedy Institute of
Rheumatology, Imperial College, London, UK). Mice were anaesthetised with an intra peritoneal
injection of a 1:1 mixture of a 1:1 dilution of Hypnorm" (0.315 mg/ml fentanyl citrate and 10 mg/ml
fluanisone; VetaPharma Ltd., Leeds, UK) and a 1:1 dilution of Hypnovel” (1 mg/ml midazolam; Roche
Products Ltd., UK), at a dose of 5-10 ml/ mg body weight. The right knee was shaved and prepared
with 70% alcohol solution. With the aid of a dissecting microscope the joint capsule was entered
medially to the patella, and the cranial horn of the medial meniscus was transected from the tibia by
cutting with an ophthalmic scalpel. To reduce the likelihood of damaging the ACL, the meniscus was
first hooked with a bent needle and displaced away from the joint. After transection the capsule and
skin were sutured. A complete description of the DMM procedure is in Appendix B. The mice were
sacrificed in three groups: (1) at the time of surgery (0-week DMM, n = 15), (2) Four weeks after

surgery (4 week DMM, n =11) and (3) Eight weeks after surgery (8 week DMM, n=12).

C57BI/6 mice are known to develop spontaneous OA (Stanescu 1993). Therefore control C57BI/6

mice with no DMM surgery were examined for occurrence of spontaneous OA at the same time
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points (4 week control, n = 8; 8 week control, n = 8). These mice underwent confocal microscopy and

micro-CT and did not undergo laxity testing.

3.2.2 Joint Laxity Testing
Mice in the zero week group were culled then received DMM surgery. The contralateral (left) and
DMM operated (right) hind limbs were subject to the laxity testing protocol described by

Blankevoort et al. (van Osch 1995; Blankevoort 1996).

The proximal femur and distal tibia were dissected from the overlying soft tissues. Tissue around the
capsule was left intact to prevent specimen dehydration, all other tissue was stripped from the
femur and tibia. During preparation the sample was wrapped with PBS soaked gauze to prevent

dehydration.

Potting rig

The Potting device (Figure 3-1) used vernier adjustment of fine clamps that matched the landmarks
of the femur and tibia. Laxity testing of the knee joint, varus-valgus rotation in particular, is highly
sensitive to axial alignment. The vernier adjustment allowed positioning of a slit to hold the third
trochanter, a cup to hold the femoral head and two opposing grooves to clamp the femur. This setup
allowed reproducible positioning of the femur. Two additional clamps then positioned the tibia. The
femur and tibia were embedded using pMMA (Simplex®), within the pMMA two steel rods were
embedded to provide a mechanical connection to the testing rigs. The pMMA was applied by
syringe injection into the potting rig. The samples were tested on two separate rigs. To prevent
damage during handling a protective steel bridge was incorporated into the potting rig, which was

removed with the potted sample attached.
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Figure 3-1. Photograph of half of the embedding rig, with a mouse leg embedded. A. pMMA injection point for tibia. B.
Potted tibia. C. Protective bridge (removable). D. Potted femur. E. Steel pin to connect tibia to the rigs. F. Specimen. G.

Steel pin to connect femur to the rigs. H. pMMA injection point for femur.

AP Drawer Test

The AP rig (Figure 3-2) used a linear variable differential transformer (LVDT) and a load cell, to
measure tibial displacement and applied force. The load cell had a working range of + 1 N and the
LVDT had a range of 2.54 mm. Loads were applied through a spindle, which was mechanically
connected to the LVDT and load cell with a spring. The spring smoothed the application of force and
reduced any torsional forces on the load cell or bearings. Tibia motion was controlled in the anterior-
posterior direction. The femur was free to translate parallel to the tibial axial direction, to minimise
any contact restraint caused by contacting articular surfaces. Once embedded, the samples were
clamped in testing rigs and preconditioned with five full cycles of load then tested with three full
cycles of load. Force was controlled in the AP direction from 0 to £ 1 N. The knees were tested at an
angle of 60° flexion, in this position there was minimal restraint from the capsule. Appendix C

contains a detailed protocol for AP laxity testing.
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Figure 3-2. Schematic diagram of the AP rig (Blankevoort 1996) and illustration of anterior and posterior directions. A.
Handle to apply load. B. Load cell. C. Locking pin. D. Femur clamp on linear bearings. E. Spring for smooth application of

force. F. Tibia Clamp. G. Specimen. H. Protective bridge for specimen.

VV Rotation Test

The VV rig (Figure 3-3) used a rotation encoder to record angular position accurate to 1/3°, and a
load cell connected to a 22 mm moment arm. The load cell moment arm used a working range of +5
Nmm. The VV rig used the same specimen configuration as the AP rig, only the tibia was free to
rotate in the VV direction about the knee joint, instead of the AP direction. As with the AP rig, a load
was applied via a handle, the applied force was smoothed with a spring. Torque was controlled in
the VV direction from 0 to £ 5 Nm. The knees were tested at an angle of 60° flexion in the knee.

Appendix C contains a detailed protocol for VV laxity testing.
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Figure 3-3. Schematic diagram of the VV rig (Blankevoort 1996) and illustration of Varus and Valgus rotation. A.
Specimen. B. Tibia clamp. C. Moment arm. D. Rotation encoder. E. Spring to smooth load application. F. Femur clamp

mounted on linear bearings. G. Load cell. H. Handle to apply load.

Data Acquisition

Signals from the load cells, rotation encoder and LVDT were acquired by a data acquisition (DAQ)
unit (Flyde FE-MM-8 with a combined Flyde FE-USB-356-USB digital interface, Flyde Electronics
Laboratory, Preston, UK). The DAQ unit provided an excitation circuit for the instrumentation. The
load cells were connected to the DAQ with full bridge configuration. Amplification was configured to
give maximum resolution. The DAQ unit is capable of sampling between 1 to 50 KHz. The rotation
encoder produced two signals that featured voltage spikes every 1/3° of rotation. To ensure that no
spikes were omitted from sampling, a test signal was created with a displacement of 45° applied in
ten seconds, to represent a high loading rate. The signal had a maximum frequency of 13.5 Hz,
Nyquist theorem states that the minimum sampling rate should be twice the frequency of the signal.

The signal was originally sampled at a rate of 1000 Hz, it was then decimated by a factor of ten to
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have an effective sample rate of 100 Hz. This was analysed using the automated code, no omission
of spikes occurred when compared to a manual count and to the original undecimated signal. As a
result of this a sample rate of 100 Hz with x10 decimation being used for the rotation encoder in
subsequent experiments. As only absolute values are required in the LVDT and load cell signals,

aliasing would not occur, therefore, a sampling of 1 Hz was used.

Data Processing and Analysis
Data processing was performed using two Matlab programs. The programs averaged each of the
three loading cycles and plotted load against displacement. Appendix D contains annotated code for

the programs.

Graphs of load versus displacement were obtained from the data consistent with Blankevoort et al.
(Blankevoort 1996). Plotting load on the x axis and displacement on the y axis means compliance is
represented by the gradient of the curve (compliance is the inverse of stiffness). The laxity curves
are closed graphs with four parts representing elements of the loading cycle (Figure 3-4). A and C
represent loading in the anterior and posterior direction: B and D represent the unloading. The
differences between unloading and loading curves are due to hysteresis, i.e. the energy dissipated
within the joint during the loading cycle. At the zero point, compliance is high, as load increases
compliance decreases nonlinearly until a linear region is reached. As with previous laxity testing
work (Edixhoven 1987) the joint was characterised by determining the total displacement between
loading limits, in both directions, and compliance in the linear region of loading (defined as 80% of
maximum load). Other studies have used compliance at the zero point. However it was felt that this
was too unreliable because at low loads the laxity curves were heavily influenced by bearing friction
and articular contact, especially in the varus-valgus test. Matlab software was used to produce the

curves and to analyse the laxity curves.
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Figure 3-4. An example of a compliance curve. Portions of the curve labelled A and C represent loading in the anterior

and posterior directions respectively, B and D represent the unloading curves from anterior and posterior positions.

Large forces can be required to remove sample from the potting rig which place the samples at risk
of damage, as a precaution eight samples were discarded after the embedding process, thus
reducing the group sizes (n = 10 DMM limb, n = 12 contra lateral limb) and prohibiting the use of a

paired test. A Student’s t-test was used to compare the means (significance measured as p < 0.05).

3.2.3 Bone Analysis
DMM (right) and contralateral (left) hind limbs were dissected from mice in the four and eight week
groups. The limbs were manipulated into 0° flexion and imaged using micro-CT, set at 50 kVp and

160 pA (uCT40, Scanco Medical AG, Briittisellen, Switzerland). The limbs were scanned from the
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mid-femoral diaphysis to the mid-tibial diaphysis with an isotropic voxel size of 12 um, resulting in a

stack of 630 dicom axial slices.

The stacks were individually aligned to a constant orientation. Regions of interest (ROI) were
identified on the lateral and medial tibial plateaus by defining two volumes bounded by consistent
fractions of the breadth and width of the tibial plateau, omitting any artificial increase in width and
breadth due to osteophytes (Figure 3-5). Typically in animal instability models the most significant
bone changes occur under regions of cartilage damage (Muraoka 2007; Botter 2009). Previous
studies on the DMM model suggest cartilage legions on the central part of the medial plateau

(Glasson 1997). The ROl was centred in the tibial plateaus.
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Figure 3-5. A 3D micro-CT reconstruction of a proximal tibia illustrating the selection of regions of interest (red boxes on
lateral and medial plateaus are the ROIs). Fractions of the total width and total breadth define the position and size of
both regions of interest. B is a 3D reconstruction of a medial region of interest. C and D are 3D reconstructions of

subchondral bone and trabecular bone separated from B.

Bone distal to the growth plate was removed from the scans, the remaining volume was manually
segmented into epiphyseal trabecular and subchondral bone plate using Imagel3dViewer (Schmid
2007). The remaining bone was thresholded with the Otsu thresholding method (Otsu 1975). A
number of investigations used automated methods to segment subchondral bone from epiphyseal

bone (Botter 2009; Stok 2009c). As bone changes were variable amongst animals, automated
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methods were unreliable. Consequently a manual method for segmentation was necessary.
Problems with automated ROI selection are compounded in the mouse as the subchondral plate is of
a comparable thickness to the epiphyseal trabecular bone. It is challenging for an automated
algorithm to detect differences between the two. Some published studies separate the subchondral
cortical bone from subchondral bone plate by observing a difference in pixel intensity (Kohler 2005;

Stok 2009b). Density differences were not visible in the scans used in this study.

Average subchondral plate thickness was measured using Bonel, an Imagel plug-in which utilises a
greatest sphere fitting algorithm (Dougherty 2007; Doube M 2010). In the epiphyseal trabecular
bone, trabecular thickness (Tb.Th), spacing (Tb.Sp) and bone volume per total volume (BV/TV) were
calculated using MicroView (GE Healthcare). MicroView and Bonel use the same method for
calculating thickness. The shortest distance from a bone voxel to a non-bone voxel is calculated. The
largest sphere that fits within the bone structure is then determined for each bone voxel. Tb.Th is
the mean value applied to all bone voxels. Th.Sp uses the same method but only applied to bone

marrow voxel (Hildebrand 1997; GE 2005).

The DMM limb was compared to the contralateral limb using a two way ANOVA with a Bonferroni

post hoc test. All data conformed to a Gaussian distribution as assessed by Levene’s test.

3.2.4 Cartilage Analysis

The tibiae from the four and eight week groups were carefully disarticulated from the femurs. All
soft tissue including the menisci and capsule were removed. The tibiae were cut at the mid-length
and glued onto a custom holder (Figure 3-6). Samples were left at room temperature for one hour.
The holder was placed into a tissue culture well filled with phosphate buffered saline with the
proximal end of the tibiae orientated toward the bottom of the tissue culture well. The well was

placed on an inverted confocal laser microscope (Leica SP5) stage and scanned with a 10x dry
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objective and a 466 nm laser. The laser was powered for a minimum of 30 minutes before scanning,
to ensure a steady state temperature was reached as fluorescence varies with temperature (Pawley
2006). The photo multiplier was set to collect for all available wavelengths above 488 nm, with a gain
of 625 V and an offset of -2%, 512 x 512 images were made with a laser speed of 400 Hz. To ensure
reproducibility all parameters were maintained throughout all scans. Images were obtained at 5.80
um intervals in the Z-direction throughout the thickness of the cartilage, with a resolution of 3.03
pum in the XY plane. During post-processing the XY images were downsampled to 5.80 um to form
isotropic voxels. The protocol was modified from Stok et al (Stok 2009b; Stok 2009c). Four to six
stacks of images in the axial plane were made for each tibia and stitched together to encompass a
whole tibial plateau. Stitching was performed automatically by Leica software. The full protocol is

contained in Appendix E.

Figure 3-6. Tibia holder. A. Cell culture well. B. Polymer tibia holder. C. Screws, tibia are glued into the screw caps and
height adjusted. Once the tibiae are glued into place, the culture well is filled with phosphate buffered saline (PBS) and

the tibia holder is turned upside down and pressed into the culture well.
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The CSLM image stacks were converted into 3D images (Imagel3D viewer). Cartilage was manually
segmented by identifying and removing all surplus soft tissue (i.e. ligaments and meniscus
fragments) from the 3D scans. The remaining cartilage was segmented using the IsoData method
(Ridler 1978) (Figure 3-7). Volume was analysed by summing the thresholded voxels and multiplying
by voxel volume. Local thickness was calculated from the reconstructions. A measure of average
cartilage thickness was not included because DMM limbs exhibited full thickness cartilage loss on the
posterior plateau. Therefore, any average thickness calculations would omit these regions of loss
and return an artificially large value from the remaining cartilage. Cartilage volume was analysed
using a two way ANOVA with a Bonferroni post hoc test. All data conformed to a Gaussian

distribution as assessed by Levene’s test.
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Figure 3-7. Post processing of cartilage stacks. A. Unprocessed reconstruction of CSLM stack of lateral and medial tibial

plateau. B. Reconstruction of stack after soft tissue has been removed. C. Reconstruction of a thresholded stack.
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3.3 Results

3.3.1 Laxity changes

The anterior-posterior compliance curve (displacement vs. load for a loading and unloading cycle)
demonstrated characteristic hysteresis in the joints (Figure 3-8). A significant increase of anterior-
posterior range of motion with DMM surgery was observed with an increase particularly in the
anterior direction. The mean displacement in the posterior direction increased with a similar
magnitude, but this increase was not statistically significant (Table 3-1). Total range of anterior-
posterior motion increased with DMM surgery by 49%. There was no significant increase of

displacement in the varus and valgus directions and total range of motion with DMM surgery.
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Figure 3-8. Mean anterior-posterior compliance curve for all contralateral (left) and DMM (right) legs.
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Contralateral (left) DMM (right)

n=12 n=10 P
Anterior displacement at 0.8 N (mm) 0.45+0.10 0.66 +0.36 <0.05
Posterior displacement at 0.8 N (mm) -0.58+0.34 -0.83+ 0.44 ns
Anterior-Posterior Range (mm) 1.04 £0.374 1.55+0.54 <0.05
Varus displacement at4 Nm (°) 10.33+4.37 11.91+5.77 ns
Valgus displacement at 4 Nm (°) -10.47 £4.39 -11.44 £+ 3.63 ns
Varus Valgus Range (°) 20.80+5.33 23.35+5.17 ns

Table 3-1. Table of laxity testing tibia displacements, mean + SEM, p < 0.05.

3.3.2 Bone Analysis

Four weeks after DMM surgery, the medial epiphysis of the DMM leg had lower bone volume

fraction (BV/TV) than the contralateral medial epiphysis (Table 3-2).

There was no significant

difference for all other parameters. After eight weeks in the DMM group, there was a further

decrease in BV/TV and trabecular thickness decreased suggesting a loss of trabecular bone.

Subchondral plate thickness increased significantly on the DMM leg compared to the contralateral

leg at eight weeks. There were no significant changes in the lateral ROl between DMM and

contralateral legs except for a decrease in BV/TV at eight weeks. The control groups showed no

significant change in any parameter from week four to week eight (Table 3-3).
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Contralateral DMM (right) Contralateral (left) DMM (right)
(left) 4 weeks 4 weeks 8 weeks 8 weeks

Medial n=11 n=11 p n=12 n=12 p
Sb.PL.Th / (mm) 0.24320.029 0.25940.078 ns 0.23620.040 0.29240.126 <0.01
Tb.Th / (mm) 0.070+0.009 0.063+0.011 ns 0.07410.012 0.060+0.001 <0.01
Th.Sp / (mm) 0.104+0.015 0.11040.022 ns 0.109+0.016 0.131+0.002 ns
BV/TV 0.503+0.050 0.409+0.088 <0.01 0.511+0.053 0.356+0.085 <0.001
Lateral

Sb.PL.Th / (mm) 0.172+0.012 0.205%0.060 ns 0.166+0.008 0.181+0.046 ns
Tb.Th / (mm) 0.047+0.004 0.053%0.007 ns 0.048+0.003 0.048+0.009 ns
Th.Sp / (mm) 0.126%0.018 0.12740.018 ns 0.134%0.018 0.13920.014 ns
BV/TV 0.376%0.049 0.336%0.059 ns 0.374%0.028 0.281#0.059  <0.001

Table 3-2. Bone parameter means + SEM. Significance (p) compares contralateral to DMM leg, p < 0.05 is considered

significant. Sb.PL.Th is subchondral bone plate thickness, Th.Th is trabecular thickness, Th.Sp is trabecular spacing, BV/TV

is bone volume / total volume, n = 11 at 4 weeks, n = 12 at 8 weeks.

Control left 4

Control right

Control left 8

Control right

weeks 4 weeks weeks 8 weeks

Medial n=8 n=8 p n=8 n=8 p
Sb.PL.Th / (mm) 0.177 £0.024 0.203 £0.037 ns 0.166 +0.011 0.182 +0.020 ns
Th.Th / (mm) 0.050 +0.007 0.050 +0.007 ns 0.060 +0.005 0.060 +0.007 ns
Th.Sp / (mm) 0.095 +0.020 0.091 £0.014 ns 0.121 £0.022 0.105 +0.021 ns
BV/TV 0.336 +0.045 0.360 +0.056 ns 0.334 +£0.055 0.326 +0.050 ns
Lateral

Sb.PL.Th / (mm) 0.147 +£0.009 0.165 +0.020 ns 0.130 £0.010 0.135 +0.005 ns
Tb.Th / (mm) 0.044 +0.005 0.043 +£0.004 ns 0.051 +0.007 0.050 *.004 ns
Th.Sp / (mm) 0.118 £+0.014 0.124 £0.015 ns 0.122 £0.029 0.120 +0.013 ns
BV/TV 0.333+£0.036 0.315 £0.028 ns 0.357 £0.046 0.375 +0.023 ns

Table 3-3. Control bone results, means + SEM. Significance (p) compares contralateral to DMM leg. Sb.Pl.Th is

subchondral bone plate thickness, Th.Th is trabecular thickness, Tb.Sp is trabecular spacing, and BV/TV is bone volume /

total volume.

77



Three dimensional reconstructions of the tibiae were created from the micro-CT data (MIMICS,
Leuven, Belgium). At both four and eight weeks on the DMM affected limbs, extensive changes of
morphology of the posterior tibial head were observed in 13 out of 23 specimens (4 weeks: 6 out of
11, 8 weeks: 8 out of 12) (Figure 3-9). Bone loss occurred on the posterior portion of the medial
plateau, and on more severe examples, bone loss appeared to extend through the epiphyseal bone,
with damage to the tibia extending distally beyond the growth plate. The bone loss was typically
accompanied by periosteal bone growth occurring around the growth plate on the posterior aspect,
distal to the site of bone loss. In bones with no posterior growth, large changes were seen anteriorly
(Figure 3-10). In all DMM tibias at both time points, there was extensive bone remodelling observed
on the micro-CT reconstructions at the joint periphery that was not included in the ROl and
therefore not captured in the quantitative micro-CT analysis. Various bone changes were seen in

DMM affected femurs, these changes were not investigated or quantified.
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Figure 3-9. 3D bone reconstructions and corresponding sagittal tomograms of tibial heads from a mouse 8 weeks after
DMM surgery. A: Contralateral (left) tibia. B: DMM (right) tibia. 1. Indicates region of bone loss, 2. Indicates bone
growth. C and D: micro-CT sagittal tomograms from A and B respectively, approximate location indicated by dashed line.
Posterior subchondral bone loss is evident and damage to the tibia extends beyond the growth plate, distal to the region

of bone loss, bone remodelling is evident.
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4 Weeks

DMM(right) DMM(right) DMM(right)

Figure 3-10. Micro-CT reconstructions of proximal tibiae, the medial plateau is in the foreground. A: Contralateral (left)
leg 4 weeks after surgery. B: DMM (right) leg 4 weeks after surgery, significant bone growth can be seen on the posterior
of the tibial head. C: DMM (right) leg 4 weeks after surgery, extensive bone loss on the medial posterior plateau. D:
DMM (right) leg 8 weeks after surgery, minimal posterior bone loss but growth on anterior and medial aspect. E: DMM
(right) leg 8 weeks after surgery, extensive anterior bone formation. F: DMM (right) leg 8 weeks after surgery,
characteristic posterior bone loss and bone growth on posterior medial plateau. 1. Indicates region of bone loss, 2.

Indicates bone growth.

3.3.3 Cartilage analysis

Quantitative analysis of cartilage volume indicated a significant decrease of cartilage volume on the
medial plateau of the DMM leg compared to the contralateral leg at four and eight weeks. There
were no significant changes on the lateral plateau (Table 3-4). Three dimensional reconstructions of
the CSLM data indicated loss of cartilage on the DMM leg was consistent on the posterior region of

the medial plateau (Figure 3-11). The region of loss corresponded with the same regions of bone loss
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observed by micro-CT. The occurrence of this characteristic loss was 6 mice from 11 at four weeks

and 9 mice from 12 at eight weeks.

Volume Contralateral (left) DMM (right) P Contralateral (left) DMM (right) p
(x10 mm?®) 4 weeks 4 weeks 8 weeks 8 weeks

n=11 n=11 n=12 n=12
Medial 1.276+ 0.151 1.022+0.243  <0.05 1.238+0.231 0.948 £ 0.210 <0.01
Lateral 1.454+0.230 1.429 +0.398 ns 1.620+ 0.157 1.623 £0.225 ns

Table 3-4. Table of cartilage volumes for lateral and medial tibial plateau of DMM and contralateral legs. Volume change

compares contralateral to DMM legs, p < 0.05 is considered significant, n = 11 at 4 weeks, n = 12 at 8 weeks.

75um C. Contralateral (left) D. DMM (right)

Anterior
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Opm op
Lateral Medial Medial Lateral

Figure 3-11. CSLM 3D cartilage thickness reconstructions from a mouse 8 weeks after DMM surgery superimposed on
micro-CT reconstruction of bone. A: Tibial cartilage from contralateral (left) leg. B: Tibial cartilage from DMM (right) leg.
Characteristic region of cartilage loss is visible on the posterior aspect of the medial plateau and corresponds with

regions of bone loss.
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3.4 Discussion

3.4.1 Laxity in the DMM model

DMM surgery caused a significant increase of tibial AP range of motion, particularly with the tibia
moving in the anterior direction with respect to the femur. This change in joint dynamics
repositioned the point of contact between the femur and the tibia posteriorly. The severity of bone
and cartilage damage was surprising given previous reports of moderate damage in the mid-plateau
region (Glasson 2007). The medial menisco-tibial ligament is located close to the tibial insertion of
the ACL. Therefore, it is conceivable that during medial menisco-tibial transection the ACL was
damaged. The medial menisco-tibial incision in DMM surgery is parallel to the ACL fibre orientation
so any accidental damage would, however, be limited. Knees were examined in vivo and after
sacrifice for ligament damage, but none was apparent. The CLSM protocol required disarticulation of
the joint, which prohibited detailed histological analysis of the ACL. A complete transection of the
ACL results in an obvious increase in joint laxity and would have been discarded prior to
investigation. Partial ACL damage could, however, explain the increase in AP range of motion and
posterior tissue damage as well as the large variance. The damage patterns observed in the four and
eight week mice are similar to described changes in a murine ACL transection model (Glasson 2007).
However, it is possible the increase in laxity could be caused by surgical entry into the capsule or
accidental damage to the medial collateral ligament, as no sham controls were performed it is
impossible to rule this out. A study in which a capsular incision was performed on rabbits reported
the development of OA symptoms, this however, was most likely a result of increased bleeding and

inflammation (Fahlgren 2006).

There was a varying range of bone morphology outcomes for DMM affected limbs. For example
(Figure 3-10) (B), (C) and (F) exhibit different extents of posterior tibial bone remodelling, in half the
mice (52%), extensive bone loss occurred in the posterior subchondral plate region. Those that

lacked posterior damage frequently exhibited marked anterior bone remodelling, (Figure 3-10) (D)
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and (E) exhibit two entirely different remodelled bone structures on the anterior tibia. This variation
may be as a result of surgery affecting the ACL to different extents across a group. Normal control
mice showed no significant bone changes, therefore, the changes in the DMM legs cannot be

attributed to spontaneous OA.

Laxity testing of the 0 week group was performed immediately after DMM surgery to determine
how release of the medial meniscus altered joint mechanics. This group was not analysed with
micro-CT or CSLM. DMM surgery was performed immediately after culling; therefore no changes in
bone or cartilage were expected. DMM surgery significantly increased anterior motion and tended
to increase VV laxity. A post-hoc analysis of statistical power for VV laxity suggested that a sample
size of 23 would be required to produce a statistically significant difference. Therefore it is possible
that DMM surgery also increased VV laxity, but because of large variance it was not measurable in
this study. Internal-external rotation is also relevant for assessing the integrity of the menisci and
will be addressed in Chapter 5. The variance for the laxity testing was unexpectedly high when
compared to previous work using the laxity rigs (van Osch 1995). This may be as a result of varying

degrees of ACL surgical damage across each experimental group of mice.

Sham surgery controls were not used as previous studies have shown no statistically significant
difference of histological OA scores up to twelve weeks after surgery between the sham and
contralateral legs (Chia 2007; Glasson 2007; Inglis 2008). As mentioned above, this is a severe
limitation of the study. The control group (no surgery) was used to demonstrate that OA does not

spontaneously develop at this age in this strain of mouse.

3.4.2 Changes in Bone
The regions of interest in the micro-CT quantitative analysis were focused on the regions beneath
the lateral and medial tibial plateaus. It is evident that remodelling had taken place within these

regions by eight weeks however, more substantial changes occurred around the perimeter of the
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epiphyseal cortex which was not included in the ROIl. Quantitative analysis of bone in the periphery
and standardising a ROl to capture meaningful quantitative data from the periphery remains a

challenge.

It is well known that bone changes occur concomitantly with cartilage loss (Bailey 1997; Burr 1998;
Bailey 2001; Brandt 2006). In the DMM model using a different strain (129/SvEv), Botter et al. found
that subchondral bone plate thickness increased on the medial plateau with no significant change in
trabecular parameters eight weeks after surgery, but published tomograms showed a clear increase
of epiphyseal bone (Botter 2009). In the C57BI/6 mice there was a similar increase of subchondral
bone plate thickness and an additional loss of trabecular bone at eight weeks. There were also
extensive bone changes at the joint periphery which were not reported in the 129/SvEv mouse.
Differences between the two studies may be a consequence of using different strains, as the C57Bl/6
strain has lower bone mineral density and a thinner subchondral bone plate compared to the
129/SvEv strain (Beamer 1996; Botter 2008; Jackson-Laboratory 2009). Furthermore, the mice used
had an unusually high activity and required separation due to fighting, this may have encouraged OA
progression. These however, are unlikely to account for such extreme differences of bone damage. It
must be noted that a study using an ACLT mouse model described similar bone changes to those

seen in this study (Glasson 2007).

In a study using the DMM model in C57BI/6 mice a decrease of BV/TV, Th.Th and an increase of
Tb.Sp was reported. Histological thin sections were used to look at bone changes six weeks after
surgery instead of micro-CT. They reported trabecular bone changes similar to the changes in this
study, suggesting the possibility that ACL damage is not uncommon with the DMM model (Kadri

2008).
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3.4.3 Changes in the Cartilage

Using 129/SvEv mice with DMM model, Glasson et al. found mild to moderate OA at four weeks and
moderate OA at eight weeks from histological coronal sections from the central part of the plateau
(Glasson 2007). Cartilage loss from the posterior region did not occur. CSLM images in this study
indicated that full thickness loss of cartilage was occurring on approximately 70% of the DMM
affected limbs in the posterior region but did not identify changes in the central plateau. The
disparity may arise for a number of different reasons: possible damage to the ACL, mouse strain (as
discussed above) and differences in assessment technique. Coronal histological section in mid-
plateau may overlook the loss occurring in the posterior region. CSLM, on the other hand, may lack
the resolution to detect fibrillation and lesions that were observed on histological sections from
early degeneration of osteoarthritic cartilage. Hence the use of CSLM in this study has been limited
to volume measurements and visualisation of gross morphology. With this limitation it is conceivable
that lesions and fibrillation previously described in the centre of the DMM medial plateau were

present, but their effect on cartilage thickness was not extensive enough to be detected by CSLM.

Quantitative measurements of cartilage from CSLM images must be validated using histology.
Cartilage thickness was calculated from confocal reconstructions of non-DMM legs using the local
thickness plug-in of Bonel (Doube M 2010), which utilises a sphere fitting algorithm (Dougherty
2007). The average cartilage thickness calculated from confocal reconstructions was approximately
0.035 mm on both plateaus, which is in the range of previously reported values from histological
sections (0.03 -0.083 mm) (William 1970; Stockwell 1971; Cao 2006) and CSLM (Stok 2009a).
Previous work compared histological sections with CSLM measurements and demonstrated that with
the application of a correction factor, CSLM thickness measurements can match histological

thickness measurements from thin sections (Stok 2009a).

The DMM model produced significant bone remodelling and cartilage loss only four weeks after

surgery compared to the contralateral leg. Using CSLM and micro-CT it was possible to quantify the

85



changes in the region of the tibial plateaus and visualise the changes peripherally. Though
remodelling changes were variable within a group, 3D multimodal imaging techniques were able to
capture differences which may not be observed on standard histological sections. Micro-CT and
CSLM are non-destructive and can be used to complement histological thin sections, indicating

particular sites of interest for further histological analysis.

The locations of regions of cartilage and bone remodelling detected by CSLM and micro-CT were
consistent with the measured changes of laxity in the mouse knee after surgery. It is likely that laxity
of the tibia allowed the femur to contact more posteriorly (tibia moves anteriorly) and may have
contributed to the degradation of bone and cartilage, however, this cannot be verified without

histological evaluation.
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4. Early Stage Osteoarthritis in the DMM Model

4.1 Early Stage OA

Osteoarthritis is a degenerative disease and is rarely reversible. Late stage treatments are focussed
on pain management and maintaining joint function; they are unable to restore lost cartilage.
Hence, early detection of OA is important for developing treatments. The involvement of bone in
early stage OA and the timing of onset of bone changes in relation to cartilage changes is currently

disputed (Felson 2004a).

Early bone changes in human OA

In the clinic, cartilage is assessed directly using MRI or indirectly by examining joint space narrowing
using radiography. Both techniques lack the sensitivity to detect early stage structural changes, such
as proteoglycan loss, fibrillation, and osteoid formation. Analysis of early stage OA bone from human
cadavers suggest the subchondral plate and epiphyseal bone increase in volume (Grynpas 1991; Ding
2003) with an accompanying decrease of bone tissue stiffness (Li 1997a; Li 1997b; Ding 2003). A
mathematical model of early stage bone estimated that the bone tissue elastic modulus decreased
by 60% percent, this caused the bone to respond by increasing volume to restore stiffness (Day
2001). In early stage OA the subchondral bone plate and trabecular bone also decrease in matrix
density (Li 1997a; Li 1997b; Yamada 2002). The reduction of density and elastic modulus in bone are
attributed to an increase of turnover, causing increased osteoid content and hypomineralisation in
the bone (Bailey 2004). There have however, been a few studies that challenge the conception that
human OA increases bone volume by suggesting early stage resorption does occur in human OA. A
reduction of radiographic bone mineral density (BMD) in mild idiopathic OA has been reported
(Karvonen 1998), as has a decrease of BMD in patients with complete ACL rupture (Leppala 1999),
and number of MRI studies have observed the formation of lesions in epiphyseal bone, which

predict regions of cartilage loss (Felson 2003; Hunter 2006; Roemer 2009). Additionally, an increase
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of bone resorption markers have been observed in the urine of patients with progressive OA (Bettica

2002).

These abnormal changes in bone metabolism and structure seen in OA have led to the pursuit of
therapeutic agents to target abnormal bone metabolism. One such strategy involves the use of a
class of drugs called bisphosphonates. Bisphosphonates have a chemical structure similar to that of
pyrophosphate (PP;) and are able to inhibit osteoclast resorption. Studies using various surgical
animal models have suggested that bisphosphonates have a chondroprotective effect, as well as
suppressing subchondral bone resorption and osteophytosis (Hayami 2004; Moreau 2011). The
success seen in animal trials has not been replicated in clinical trials, for example a bisphosphonate
called risedronate did not have disease modifying effects in a phase Il clinical trial (Bingham 2006).
One frequently proposed reason for this difference of outcome is that for the bisphosphonates to be
effective they may have to be applied in the early stages of the disease to reduce any bone
resorption (Martel-Pelletier 2011). In surgical animal models the bisphosphonates are typically
applied after induction, whereas in human trials the timings of treatment in relation to the stage of

disease are more variable.

Early bone changes in animal OA

Depending on the animal, the method of OA induction, the time point examined, and the method of
assessment, animal models of OA exhibit bone resorption or formation in the early or late stages of
OA (Figure 4-1 for summary). A number of surgical models show bone resorption (or decreased
formation) takes place in the early stages. Early stage bone resorption is seen in the subchondral
plate and epiphyseal bone in rat and dog ACL transaction models and guinea pig meniscectomy
models (Dedrick 1993; Pastoureau 1999; Pelletier 2004; Hayami 2006; McErlain 2008). Early stage
subchondral plate bone loss is also seen in cartilage trauma models, in the ovine fetlock and canine

stifle joint (Intema 2008; Mastbergen 2008; Intema 2010). In some models (canine groove, canine
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ACLT, and collagenase murine models) bone resorption is also seen in later stage OA, coinciding with
moderate and severe cartilage damage (Botter 2006; Botter 2008; Intema 2010). This early stage
resorption is potentially analogous to the formation of bone marrow lesions in trabecular bone of

human OA.

A number of researchers attribute trabecular resorption in OA to disuse osteopenia (Botter 2008;
Intema 2010). For example dogs reduced peak forces in ACLT legs by 60% (O'Connor 1989) and both
epiphyseal and metaphyseal trabecular bone loss occurred in ACLT legs (Intema 2010). Weight
bearing, however, was not affected in a canine trauma model and trabecular bone loss did not
occur. Both canine ACLT and trauma models exhibited progressive cartilage degeneration and
subchondral plate thinning (Intema 2010). This highlights the difference between bone changes in
the subchondral plate and trabecular bone. Changes in weight bearing seem to affect the trabecular
bone more than the subchondral plate. However, because subchondral plate thinning is seen even
when weight-bearing is unaffected, such as in the canine groove and trauma models (Mastbergen
2008; Intema 2010), factors other than mechanical load must contribute to bone resorption.
Thinning of the subchondral bone may contribute to cartilage degeneration by decreasing
mechanical support for the cartilage (Dedrick 1993; Behets 2004) or increasing perfusion of

biochemical factors from the bone to the cartilage (Intema 2010).

Not all surgical animal models of OA demonstrate bone resorption. For example, DMM in the
mouse, guinea pig meniscectomy (subchondral plate only) and guinea pig gluteal myectomy all
demonstrate increased bone formation with progression or onset of OA (Layton 1988; Pastoureau
2003; McErlain 2008; Botter 2009). Spontaneous OA models, such as the DH guinea pig and STR/oRT
mouse also exhibit increased bone formation with no evidence of resorption (Anderson-MacKenzie
2005; Tomoya 2007; Stok 2009c). It is possible that resorption occurs in spontaneous models but is
difficult to observe because of variable timing of OA onset. A more likely explanation is that

spontaneous models do not result in limb unweighting to the extent of surgical models.
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Figure 4-1. Chart of bone responses in OA models.

Despite a large number of OA investigations using murine models for OA research, there are few
studies that examine bone changes in murine OA (Kamekura 2005; Botter 2006; Botter 2008; Kadri
2008; Botter 2009; Stok 2009c), and only two investigating bone changes in the DMM model (Kadri
2008; Botter et al. 2009). In one of these studies, histological methods were used to measure bone
changes six weeks postoperatively, finding a reduction of epiphyseal bone and thinning of the
subchondral plate (Kadri 2008). Another study using micro-CT, and different time points found no
significant changes of trabecular parameters in the epiphyseal bone (Botter 2009). No studies have

examined the early stage bone changes in the DMM model.

| hypothesise that bone changes occur early in the DMM model and before structural changes can
be measured, an increase in bone cell activity will be evident. Micro-CT, CSLM and histological thin
sections are used to detect structural and histological changes. CSLM and micro-CT operate at the

micro scale and only image one phase within the tissue (collagen matrix in cartilage and mineral

90



phase in bone, respectively). These techniques provide only morphological information. An increase
of osteoid, for example, which indicates increased turnover, would be neglected by micro-CT.
Histological techniques allow the measurement of pre-structural changes, such as the ratio of
osteoid to mineralised bone. Herein all three techniques were combined to provide a thorough

analysis of early bone changes in the murine tibia two weeks after DMM surgery.

4.2 Methods

4.2.1 Surgical Induction of OA

All procedures were performed with institutional ethical approval. Ten male mice (C57BI6, Harlan,
UK) aged twelve weeks, underwent DMM surgery of the right limb, and five mice underwent a sham
surgery on the right leg. Surgery was performed by an experienced technician (Kennedy Institute of
Rheumatology, Imperial College, London, UK). The technician was different to the one used in

Chapter 3. For this study the surgical procedure was consistent with the DMM model (Glasson 2007).

4.2.2 Calcein Labelling

Calcein was dissolved into a saline solution with sodium bicarbonate on a magnetic stirrer until
completely dissolved. The calcein saline solution was filter sterilised prior to use. Mice received a
dose of 30 mg/kg via intra peritoneal injection. Mice were injected three and six days before culling.

The mice were sacrificed two weeks after surgery.

4.2.3 Micro-CT Analysis
All mice tibiae underwent micro-CT bone analysis. The tibiae were imaged using micro-CT, set at 135

kVp and 160 pA (XT H 225, X-Tek, Hertfordshire, UK). The tibiae were scanned with an isotropic voxel
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size of 9 um. A region of interest (ROI) was identified on the medial tibial plateau only. The lateral
plateau was not examined because the previous study found no changes on the lateral tibia at later
time points, and other studies suggest that significant changes occur in the medial plateau (Botter
2009). The ROI was defined using the same method as described in section 3.3.3. Consistent
fractions of the breadth and width of the tibial plateau were found, omitting any artificial increase in
breadth and width due to osteophytes. Epiphyseal trabecular bone and subchondral bone were
identified within the ROls, using Imagel3dViewer (Schmid 2007). A threshold was applied using the
Otsu method (Otsu 1975). Average subchondral plate thickness was measured using Bonel (Doube
M 2010). In the epiphyseal trabecular bone, trabecular thickness (Tbh.Th), spacing (Th.Sp) and bone
volume/total volume (BV/TV) were calculated using Bonel. The DMM limb was compared to the
contralateral limb using a Student’s t-test. All data conformed to a Gaussian distribution assessed by

Levene’s test.

4.2.4 Confocal Microscopy

All mice tibiae underwent CSLM. Confocal microscopy was performed consistent with the method
used in section 3.2.4. However the Z-stack spacing was decreased from 5.8 um to 3.03 um. The
previous study used isotropic voxels of 5.8 um to ensure scans were comparable with other
published work (Stok 2009a). In this study the Z-stack spacing was reduced to 3.03 um to improve

image quality and reduce post processing.

4.2.5 Histological Techniques

After micro-CT and confocal scanning, soft tissue was removed from all samples and fixed overnight
in formalin. Samples were dehydrated in graded ethanols and embedded in pMMA (Appendix F).
Micro-CT data and visual inspection of five tibiae from a previous study revealed that the angle

between the sagittal plane and a plane formed from the tibial cranial crest, the lateral tubercle
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(Gerdy’s tubercle in humans) and the distal tibia was 32°. Embedded samples were placed on a
diamond saw (Buehler IsoMet low speed saw, Illinois, USA) and a 32° section cut away from the
previously described plane, to produce a flat face parallel with the sagittal plane, this ensured future
microtome cuts were parallel with the sagittal plane. Samples were ground and polished (Beuhler
Alpha twin wheel grinder-polisher). Using a microtome (tungsten-carbide knife, Leica, Germany),
sections of 4 um thickness were cut in the sagittal plane (SP2265 Leica, Germany). Three sections
were taken at six locations across the tibial plateau (Figure 4-2). Sections were mounted on
microscope slides and stained with either toluidine blue, safranin O or left unstained for observance
of calcein labels. A protective cover slip was placed over all sections and adhered with DePex

solution.

‘\" / )
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§

Figure 4-2. Locations of histological sections. At each location, three sections were obtained and stained for Safranin O

(A), Toluidine Blue (B) and unstained for fluorescent imaging of calcein (C).

Sections were viewed using an Olympus BX 51m Microscope (Olympus, Japan) an X-Cite 120Q
fluorescent lamp (Lumen Dynamics Group, Canada), DP-BSW Controller software (Olympus, Japan)
and a 20x objective. Sections stained with safranin O and toluidine blue were viewed in light field

mode, unstained sections were viewed using the fluorescent lamp. Multiple high resolution images
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across each section were made (with approx 25% overlap), and stitched with Adobe Photoshop CS5,

to form one high resolution image for each section.

Unstained fluorescent images were converted into HSL (Hue, Saturation and Luminance) colour
space using Imagel. This enabled a colour threshold to be applied to the frequency associated with
fluorescent calcein labels. With the chosen microscope filter, calcein fluoresced green (approx 530
nm, whereas bone auto-fluoresced blue (approx 430 nm), HSL colour space places blue and green
further apart in the colour domain than with other colour spaces, allowing the two colours to be
easily separated for thresholding (Figure 4-3). Calcein labelled bone bordering a marrow space was
defined as a mineralising surface. A ratio of mineralising surface against total bone surface was
calculated (MS/BS). Osteoid was identified on toluidine blue stained slides and normalised against
bone surface (OS/BS). Both measures were performed in Image) software and where possible

conformed to the standards defined by Parfitt (Parfitt 1988).
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Figure 4-3. A) Example of calcein labelled section. B) Colour thresholded calcein labelled section. C) Enlarged section of

epiphyseal bone. D) Colour Threshold applied. E) Red denotes bone surface. F) Red denotes mineralised surface.

Safranin O stained sections were scored by an independent assessor. The severity of joint damage
was assessed using a simple scoring system based on the system first described by Chambers et al.
and later modified by Glasson et al. (Chambers 1997; Glasson 2005). The cartilage damage was
graded using a validated 6-point scoring system (Figure 4-4):

0. Healthy cartilage.

1. Superficial fibrillations only.

2. Minor fibrillations with delamination of superficial layer but no ulceration.

3. Ulceration of superficial, non-calcified cartilage only, less than 20% overall cartilage loss.
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4. Maijor fibrillations down to calcified cartilage and/or bone.
5. Major ulceration involving calcified cartilage layer, <80% overall cartilage loss.

6. Major ulceration with >80% cartilage loss.

Figure 4-4. Examples of cartilage scoring grades. Images are taken from non-decalcified sagittal sections of the medial
compartment of the hind knee, stained with Safranin O. sections were produced as part of this thesis (Original

maghnification 200x).
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4.3 Results

4.2.1 Micro-CT and CSLM Results

On inspection of bone reconstructions, there were no extreme bone changes resembling those seen
in Chapter 3. There was no sign of bone loss or formation on the posterior plateau. Small
osteophytes were present on the periphery of the medial plateau (Figure 4-5), and were more of an

extension of the plateau than nodules found in human OA.

Contralateral

Anterior Posterior

Figure 4-5. 3D reconstruction of tibia from the contralateral (left) leg and DMM (right) leg of C57BI/6 mice at 2 weeks

post operatively. Osteophyte labelled with arrows.
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Tomograms from the central tibia suggest the volume of trabecular bone is increasing in the medial
epiphyseal compartment on DMM affected legs (Figure 4-6A). Tomograms also display structure of

osteophyte on medial plateau (Figure 4-6B).

Lat

Contralateral DMM

Figure 4-6. Coronal tomogram of tibia from: A contralateral (left) and B DMM (right) legs. Light grey represents
subchondral bone ROI and dark grey represents epiphyseal ROl. Tomograms approximately through the tibia centre. C)

Coronal tomogram displaying osteophyte structure on medial plateau of DMM leg. Osteophyte is coloured grey.

Two weeks after DMM surgery, there was a no significant difference of subchondral bone plate

thickness or bone volume fraction (BV/TV). There was, however, a significant decrease in trabecular

spacing in the DMM limb (Table 4-1).
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Left (contralateral) leg

Right (DMM) leg

Percent Change

n=10 n=10
BV mm? 0.041 0 .033 0.031 £0.010 235 ns
TV mm?® 0.199 +0.044 0.134 +0.030 -325 ns
BV/TV 0.203 +0.068 0.229 £0.065 12.8 ns
Tb.Th mm 0.069 +0.017 0.059 +0.015 -13.9 ns
Th.Sp mm 0.417 £0.107 0.319 £0.105 235 0.036
Sb.PI.Th mm 0.144 +0.028 0.125 +0.011 -13.5 ns
Cartilage Volume mm? 0.009 +0.002 0.008 +0.002 2.1 ns

Table 4-1. Cartilage and micro-CT results, parameter means + SEM. Significance (p) compares contralateral to DMM leg,

p < 0.05 is considered significant. Sb.PL.Th is subchondral bone plate thickness, Tb.Th is trabecular thickness, Tb.Sp is

trabecular spacing, BV/TV is bone volume / total volume. n = 10.

CSLM quantification of cartilage volume produced no significant difference between DMM and
contralateral legs. The 3D cartilage reconstructions revealed no full thickness defects (Figure 4-7).

The thickness of reconstructed cartilage appeared approximately uniform across each plateau.
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Contralateral (left leg) DMM (right leg)

Figure 4-7. Example 3D CSLM reconstructions of cartilage from the medial tibial plateaus from: A Contralateral (left) leg,

B DMM (right) leg.

4.2.2 Histology Results

Calcein fluorescence on epiphyseal bone was less intense and less extensive than in the metaphysis.
In the epiphysis, calcein was exclusively deposited on bone surfaces adjacent to epiphyseal spaces.
There was no calcein labelling in the subchondral plate or in the calcified cartilage. The ratio of
mineralised surface to bone surface was greater in the DMM affected leg compared to the
contralateral leg (Figure 4-8, Table 4-2). Note MS/BS failed Levene’s equal variances, analysed by t-

test equal variances not assumed.

Toluidine blue stained sections indicated little difference between DMM and contralateral legs on
visual inspection, and no major morphological bone changes similar to those seen in Chapter 3. The

DMM leg had a weakly significant increase of osteoid to bone surface ratio.
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Calcein Toluidine Blue

Contralateral
(left)

DMM (right)

Figure 4-8. Example calcein and toluidine blue staining of the proximal tibia, sectioned in the sagittal plane. Tibia width

is approx 2.5mm. Composite images are formed from multiple images made with x 20 maghnifications.

Left (contralateral) leg | Right (DMM) leg Percent Change p
n=5 n=5
MS/BS 0.226 £0.090 0.349 £0.121 +54.4 0.045
0S/BS 0.083 £0.032 0.132 £0.044 +59.0 0.050

Table 4-2. Histology results. Significance (p) compares contralateral to DMM leg, p < 0.05 is considered significant.

MS/BS is Mineralised Surface/Bone Surface.

Scoring of safranin O stained cartilage produced an average score of 1 in the contralateral leg (n = 3),
and 2.6 for the DMM leg (n = 7) indicating mild OA. The cutting of pPMMA embedded tibia frequently
damaged the cartilage, due to a difference of stiffness between the two substances. Only 25% of the

total numbers of sections made were acceptable for scoring. However, the process of scoring did
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allow identification of clefts, fibrillation and proteoglycan loss that were attributed to pathological

changes rather than cutting artefact (Figure 4-9).

Figure 4-9. Example of thin section of cartilage, stained with safranin O from the medial plateau of a DMM (right) leg.
Cartilage on the medial plateau of DMM legs exhibit regions of degeneration associated with OA, in this example the

arrow denotes proteoglycan loss.

4.3 Discussion

4.3.1 Changes in Bone

Two weeks after DMM surgery a significant decrease of trabecular bone spacing had occurred in the
tibial medial plateau and small osteophyte growth was visible (but unquantified) on 3D micro-CT
reconstructions, there was no significant change in any other bone parameter. This suggests that as

early as two weeks postoperatively the DMM mouse may be exhibiting some mild trabecular
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resorption. However, significant increases of osteoid surface and mineralising surface indicated that

at the cellular level, new bone was being formed.

Neither histology nor micro-CT indicated that early stage bone loss occurred in the DMM model two
weeks post operatively. In a larger species (ACLT rat model), early stage resorption was present at
the same time point (two weeks after surgery) (Hayami 2006). Early stage bone resorption in the
DMM model cannot be ruled out as bone turnover is rapid in the C57BI/6 mouse. It is possible that if
early stage bone resorption had occurred, it could have occurred prior to the two week time point.
Previous studies using the DMM model have found a reduction of weight bearing occurs 0-1 days
after surgery, and restores to 77% of normal loading three days after surgery (Chia 2007). If
unweighting is the cause of trabecular resorption, then resorption might occur in this brief period.
Osteoclast activity was not assessed as TRAP staining was not used, therefore, the presence of

resorption was not properly assessed in this study.

Botter et al. (Botter 2009) investigated bone changes in the DMM model eight weeks post
operatively in C57BI/6 mice. They found an increase of subchondral bone plate thickness,
representing subchondral sclerosis. Coronal tomograms of the DMM and control tibia are
reproduced in Figure 4-10, similarities between these and the tomograms in Figure 4-6 are

immediately apparent, despite Botter et al. culling a further four weeks after DMM surgery.
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Figure 4-10. Representative tomogram from wild type C57BI/6 tibia 8 weeks after surgery, from Botter et al (Botter

2009). Arrows label subchondral sclerosis and osteophyte formation.

Botter et al. did not report a significant increase of BV/TV in the medial epiphysis, despite an

apparent increase as shown in Figure 4-10. This may result from a failure of the methodology to

distinguish accurately between bone of the epiphysis and subchondral plate. As bone volume in the
epiphysis increases it becomes difficult to distinguish between trabeculae and cortical bone, leading
to errors in ROl selection. Bias will always be given when selecting one bone region from the other;
in the case of Botter et al, this may have been in favour of the subchondral plate (at the expense of
epiphyseal BV/TV). The method used in this study was performed manually, using predefined
selection criteria based on morphology; this has the potential to be equally biased when selecting
regions. The tibiae were investigated two weeks post operatively, producing less extensive bone
changes, consequently distinguishing between subchondral plate and epiphyseal bone was less
problematic. Kadri et al. (Kadri 2008) found bone changes that were contradictory to both Botter et
al. and those found in this study. They used the same model and mouse strain but sacrificed six
weeks time post operatively, using histological thin sections to examine bone morphology. Kadri et
al. found a decrease of epiphyseal BV/TV, suggesting trabecular resorption had occurred. The

number of thin sections and ROl used for analysis were not described: it is possible the tibia were
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under sampled. The erroneous DMM surgery used in Chapter 3 produced a significant decrease of
BV/TV similar to Kadri et al. it is plausible that unwanted ACL damage in the DMM model may have

effected Kadri’s results, as ligament integrity was not assessed in their study.

4.2.1 Changes in cartilage

There were no significant changes in cartilage thickness when measured by CSLM, however,
histological sections indicated regions of cartilage damage. The early stages of cartilage
degeneration involve the loss of proteoglycan from the cartilage matrix. CSLM detects auto
fluorescence from collagen fibres in cartilage matrix. The early loss of proteoglycan may have no
effect on the collagen fibres, and therefore the fluorescence may be unchanged in early stage OA. As
OA progresses, fibrillation (followed by lesions) of the cartilage surface occurs, these features are of
the order of approximately 2 - 20 um wide. The image resolution for confocal microscopy in this
application is 3.03 um making the resolution too low to detect small fibrillations. In the previous
study CSLM microscopy was effective in mapping full thickness cartilage loss. This study indicated

that the resolution of CSLM limits the utility in detecting early damage.

CSLM was unable to detect early stage cartilage changes and traditional histological scoring was
limited due to the difficulty in maintaining cartilage in mineralised histology. No reliable cartilage
analysis was available to identify the stage of degeneration in the DMM tibia. It is known that at two
weeks after DMM surgery, C57BIl/6 had mild OA as assessed by histological scoring (Chia 2007).
Evidence of cartilage damage on my histological sections indicates that degeneration has begun at
two weeks. It can therefore be assumed that the cartilage damage seen resembles mild OA at this
time point. However, the lack of accurate cartilage scoring prevents us from defining precisely the

state of cartilage degeneration, making it difficult to compare with bone changes.

Cartilage and bone in osteoarthritic joints experience increasing levels of degeneration from early to

late stage of the disease (Buckwalter 1995; Hayami 2006). These time dependent tissue changes
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present opportunities and also problems for therapeutic interventions. Different treatments will
have different efficacies when applied at different stages of degeneration. For example, alendronate
(a bisphosphonate that inhibits bone resorption) had a chondroprotective effect when administered
to ACLT rats after surgery (Hayami 2004). The nature of early stage bone resorption in OA may have
a significant effect on therapies that target bone changes, and could partially explain the varied
outcomes seen with such treatments. In order to effectively investigate therapeutic effects in animal
models it is important to have prior knowledge of the sequence and timing of tissue changes in that
model. This study helps to provide this by establishing that two weeks after DMM surgery there was

an observable increase of epiphyseal bone.
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5. Mouse Strain Differences and its effect on the DMM model

5.1 Effects of Subchondral Bone Structure on OA

Patients with OA have higher BMD at sites remote from the effected joint (e.g. in the vertebrae with
hip OA) (Dieppe 1993; Dequeker 1995; Nevitt 1995; Dequeker 1997; Goker 2000; Bruyere 2003). This
introduces the possibility that those with naturally higher BMD are at greater risk of OA. It is likely
that those with increased BMD have higher subchondral stiffness prior to pathology (Ferretti 1996;
Boivin 2000; Ong 2000; Follet 2004). Epidemiological studies found an increase of OA in African
Americans compared to Caucasians (Nelson 2010, Braga 2009), African Americans typically have a
higher BMD (Henry 2000; Finkelstein 2002) providing further evidence for a link between
subchondral stiffness and OA. Aside from epidemiological studies there is limited direct evidence
between the two. Studies have injected pMMA into the epiphysis to increase subchondral stiffness,
which typically resulted in OA (Lu 2010). There is however, some doubt over these results because a
calcium phosphate substitute for pMMA, which has a similar modulus but is histologically superior to
pMMA, does not induce degeneration. This suggests that the pMMA induced-degeneration arose

from histological factors (possibly thermal necrosis) rather than mechanical factors (Hisatome 2002).

Twenty years ago it was proposed that changes in the subchondral bone initiated cartilage damage.
The hypothesis was that non-uniform changes in subchondral bone architecture create regions of
differing stiffness with habitually loaded area of subchondral bone stiffer than peripheral bone. The
stiffness gradient at these regions results in increased shear stress in the cartilage, causing cartilage
fibrillation (Radin 1986). Finite element analysis suggested increased bone stiffness does increase

shear stress in the cartilage (Brown 1984).

Instability models alter the force distribution across an articular surface. The subchondral bone
protects cartilage by deforming to attenuate loads to a greater extent than the overlying cartilage
(Radin 1970; Burr 2004). An articular joint with a thinner subchondral plate or lower BMD will

experience larger subchondral strains induced by the new loading pattern. Bone mechanoadaptation
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is strain driven (Duncan 1995), so joints with lower BMD would produce a greater or more rapid
response in bone, or respond at a lower load threshold. Joint surfaces in non-pathologic bones
respond to gradually increased exercise by increasing the thickness of the cartilage, calcified
cartilage and subchondral bone plate (Oettmeier 1992). However, this process does not occur when
loading changes in instability induced OA; instead a pathologic bone response occurs. A possible
early stage bone resorption takes place in the trabecular and subchondral plate (Dedrick 1993; Wohl
2001; Behets 2004). Then towards the later stages of OA the subchondral plate and trabeculae
increase in volume, prior to cartilage loss (Carlson 1996; Buckland Wright 2000; Buckland Wright
2004). At this point there is an increase of bone turnover (Seibel 1989; Sowers 1991; Mansell 1998;
Li 1999; Pacicca 2003), and rapid bone changes occur, producing hypomineralised woven bone
(Grynpas 1991; Zysset 1994; Mansell 1998; Bailey 2004). This causes the bone tissue to become less
stiff, with increased porosity, reduced matrix density and reduced stiffness (Grynpas 1991; Li 1997a;
Li 1997b). These changes in bone quality may cause the increase of bone volume (subchondral
sclerosis) as a failed attempt to restore stiffness (Burr 2004). It is hypothesised that this reduced
stiffness results in increased deformation of the subchondral bone plate, which increases shear

stresses in the cartilage, contributing to its degeneration (Manicourt 2005).

Presumably, for the reasons mentioned previously, a joint with low BMD would be less stiff and
more susceptible to mechanical driving factors associated with instability induced OA. This is at odds
with the hypothesis proposed by Radin in 1986 (Radin 1986) and evidence derived from
epidemiological studies, namely, high BMD as a risk factor for OA. One experimental study supports
this idea, in which guinea pigs with a thinner subchondral bone plate actually had a higher incidence
of OA than those with a thicker subchondral bone plate (Tomoya 2007). The role of subchondral
stiffness in OA is unclear. It seems increased BMD predisposes to OA, yet in early stage OA there are
bone changes that reduce bone volume (and therefore stiffness) and late stage material changes
that reduce subchondral stiffness. There is no direct evidence that links the thickness or stiffness of

subchondral bone to OA.
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In the following study bone changes of similarly sized mouse strains with different BMD and
subchondral thickness prior to pathology are compared, to determine how initial structure affects

subchondral bone response to OA.

Different mice strains have different skeletal bone mineral densities. The C57BI/6 is amongst the
lowest; C3H/Hel is usually reported as having the highest; and the BALB/c is closer to the C3H/Hel
(Beamer 1996). Ignoring the effects of bone morphology, the BALB/c mouse has a higher degree of
mineralisation than the C57BI/6. Externally the C56BI/6 and the BALB/c femur length and femur
volume are closely matched between the strains (Beamer 1996). Internally the BALB/c has 20%
higher BMD than the C57BI/6. The BALB/c also has greater average trabeculae thickness and double
the number of trabeculae in the femur (Judex 2002). In the epiphysis of the distal femur the BALB/c
has a BV/TV of 28.4 % whereas the C57BI/6 is 20.1 % (Judex 2004). Note that these analyses have

been confined to the femur; reconstructions of C57BIl/6 and BALB/c tibia are included in Figure 5-1.
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C57Bl/6 BALB/c

Figure 5-1. Reconstructed micro-CT images of the left tibia from a C57BI/6 and a BALB/c mouse. Tibia are cut through the

medial plateau in the sagittal plane.

Different strains also respond to mechanostimulation differently. For example C57BI/6 responds to a

vibrating plate by increasing bone formation whereas BALB/c mice do not. BALB/c increase bone
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resorption rate in the femur during disuse, whereas C57BI/6 mice do not (Judex 2002). C57BI/6 mice
have been shown to have an increased adaptive remodelling response to changes in mechanical load
compared to mouse strains with higher bone mineral density (Akhter 1998; Judex 2002; Webster
2010). A genetic predisposition to low bone mass and a thinner subchondral bone plate paralleled by
an enhanced sensitivity to signals anabolic to the skeleton, may contribute to differences of OA
progression seen between mice strains.

The BALB/c and C57BI/6 mice bone response to OA are compared in this study. The DMM surgical
instability model used was consistent with Chapter 4 (same surgical technician). Laxity was also
investigated to ensure that DMM produced similar joint instability because differences in ligament
laxity have been implicated in OA (Anderson-MacKenzie 1999). Laxity was investigated immediately
after surgery as well as eight weeks post operatively to investigate if OA bone changes act to
stabilise the knee. Results in Chapter 4 indicated that DMM surgery in C57BI/6 mice produced
osteophyte formation at two weeks (note, this was not quantified but observed between DMM and
control reconstructions). One hypothesis concerning the formation of osteophytes is that they form
as a result of altered loading within the joint (Felson 2005), and that osteophytes may be a repair

mechanism to stabilise the joint (Pottenger 1990).

5.2 Methods

5.2.1 Surgical Induction of 0A/experimental design

Two experimental groups, comprising of 16 BALB/c and 16 C56BI/6 mice, received DMM surgery in
the right hind leg at twelve weeks of age. DMM surgery was performed by the same technician and
method as in section 4.2.1 (different from Chapter 3). The mice received calcein intra peritoneally,
three and six days before sacrifice by the same method outlined in section 4.2.2. Both groups of
mice were sacrificed at eight weeks after surgery (twenty weeks of age). An additional group of ten

BALB/c mice were culled at twelve weeks of age, and received DMM surgery in the right hind leg.

111



The purpose of this group was to compare initial joint laxity with the C57BI/6 laxity group used in
Chapter 3. This group did not receive calcein injections. The surgery was performed prior to
establishing that the C57BI/6 group used in Chapter 3 had probably received erroneous DMM and

ACLT surgery.

5.2.2 Laxity

The same laxity testing protocol as described in 3.3.3 was used for AP and VV testing. Laxity testing
was performed on ten mice from each of the three groups. In addition to anterior-posterior drawer
and varus-valgus rotation tests, the VV rig was adapted to perform internal-external rotation laxity
tests (Figure 5-2). A modified mounting system allowed the sample to be mounted with the long axis
of the tibia concentric with the centre of rotation of the VV rig instrumented moment arm. As
internal-external tests are highly sensitive to position, care was taken to ensure that the rig centre of
rotation was aligned with the knee joint; the knee was accurately positioned using callipers from a
reference point. The femur was free to move in the tibial axial direction to reduce artefacts from
contacting articular surfaces (Figure 5-3). Maximum moments of + 4 Nmm were slowly applied as

described in section 3.2.2. All other operations of the internal-external rig were identical in usage to

the VV rig.

A

Figure 5-2. lllustration of internal and external rotation.

112



Figure 5-3. Photograph of the internal-external laxity rig. The mouse leg is potted to the steel rods labelled in A and C,
with the tibia toward C and the femur toward A. B is the protective bridge that is removed prior to testing. D is the

moment arm that rotates about the same axis as the tibia to apply internal and external rotation.

113



5.2.3 Cartilage Analysis

All tibiae from the eight week post operative groups underwent confocal scanning laser microscopy.
The cartilage analysis was identical to the method in section 4.2.4. The DMM limb was compared to
the contralateral limb using a two way ANOVA. All data conformed to a Gaussian distribution

assessed by Levene’s test.

5.2.4 Bone Analysis

All tibiae from the eight week post operative groups underwent micro-CT. The bone analysis was
identical to the method outlined in section 4.2.3. Subchondral bone plate thickness (Sb.Pl.Th),
trabecular thickness (Th.Th), trabecular spacing (Tb.Sp) and bone fraction (BV/TV) were calculated.
The DMM limb was compared to the contralateral limb using a two way ANOVA. All data conformed

to a Gaussian distribution assessed by Levene’s test.

5.2.5 Histological Analysis

The same histology method in section 4.3.5 was applied to ten of the tibiae from the eight week post
operative C57BI/6 and BALB/c groups. Osteoid area and mineralised surface were calculated as
ratios of bone surface (Os/Bs and Ms/Bs). Cartilage was scored using the same method described in

section 4.2.5.

The length of cartilage on safranin O stained histological sections was measured, and used to
estimate location on the corresponding CSLM reconstructions from the same leg. The
reconstructions were sliced (using Imagel) to the approximate location of the histological sections.

Cartilage thickness measurements were made at anterior, central and posterior locations on
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histological sections, and using Imagel, on CSLM reconstructions. These two sets of measurements

were then compared to see if they correlated.

5.3 Results

5.3.1 Laxity Results

Laxity results for BALB/c mice culled prior to surgery are contained in Table 5-1.There was no
significant effect of DMM surgery on any laxity parameter for the BALB/c mice culled prior to
surgery. Unfortunately this dataset could not be compared to C57BI6 mice in Chapter 3 as different

surgeries were performed.

BALB/c 0 Weeks
Contralateral (left) DMM (right)
p
n=10 n=10
Anterior (mm) 0.451 +£0.070 0.462 +0.091 ns
Posterior (mm) -0.426 £ 0.091 -0.444 £ 0.087 ns
AP Range (mm) 1.023+0.176 1.024 £0.0186 ns
Varus (°) 7.792 +2.174 5.741 +1.164 ns
Valgus (°) -7.250+1.943 -9.922 +£1.859 ns
VV Range( °) 18.000 + 3.282 18.629 £ 2.795 ns

Table 5-1 Laxity results for BALB/c mice 0 weeks post operatively, values + SEM.

Laxity results for the C57BI/6 and BALB/c mice eight weeks after surgery are contained in Table 5-2.
The contralateral (left) legs and DMM (right) legs were compared between strains (p value leg, listed
in Table 5-2). The effect of DMM surgery on both strains was also compared by comparing values for

the left and right legs (p value strain). There was no significant effect of strain for any parameters
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suggesting BALB/c and C57BI/6 share similar laxity characteristics. There was no significant effect

produced by DMM surgery, suggesting that the meniscus does not provide restraint in the AP or VV

directions in the murine knee.

BALB/c 8 Weeks C57BI/6 8 Weeks P
Contralateral DMM (right) Contralateral DMM (right) Leg Strain
(left) (left)

n=16 n=16 n=16 n=16
Anterior (mm) 0.331 +£0.054 0.391+£0.110 0.404 +£0.098 0.402 +£0.180 ns ns
Posterior (mm) -0.324+0.084 -0.343+£0.104 -0.336 £ 0.050 -0.378 £ 0.165 ns ns
AP Range (mm) 0.715 £0.058%t 0.841 £0.202t 0.846 +£0.157 0.915+£0.372 ns ns
Varus (°) 3.999 +0.6661 4572 +£2.250t 3.094 +1.387 3417 £1.411 ns ns
Valgus (°) -4.600 £ 1.278t -5.381+1.671% -4.542 +2.462 -5.370£1.380 ns ns
VV Range (°) 10.067 +1.9211% | 11.286+3.171% 10.462 £5.941 10.333+£2.676 ns ns

Table 5-2 Laxity result for C56BI/6 and BALB/c 8 weeks post operatively, values + SEM. T denotes significance between

BALB/c at 0 weeks (Table 5-1) and BALB/c at 8 weeks post operatively (p<0.005).

Anterior posterior range and all varus valgus laxity parameters exhibited a significant reduction of
laxity for BALB/c mice from O to eight weeks postoperatively (Table 5-2). This age related reduction

of laxity was seen in both the contralateral and DMM legs.

The purpose of internal-external rotation was to investigate the role of the meniscus at restricting
rotation; however, it was observed that at 4 Nmm the collateral ligaments were providing the
restraint, not the meniscus. Compliance curves for over half of the internal-external rotation tests
had artefacts caused by tibio-femoral surface contact or meniscal restraint, which resulted in spikes
on the loading curve (Figure 5-4 and Figure 5-5). Interestingly, slipping artefacts occurred in only 7%
of the DMM 8 weeks (right) legs, and 77% of the contralateral (left) legs. This implies that internal-
external slipping was caused by the meniscus. Therefore, it is possible that at low loads, the

meniscus reduces the internal-external laxity. At higher loads, in internal-external rotation, the
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collateral ligaments restrain the joint. Though these qualitative differences were evident in the laxity

curves, the artefacts caused by slipping prevented any quantification of internal-external laxity.

Load
(Nmm)

o 5 10 15 X S 0 k 0

Time (s)

Figure 5-4. Example loading curve loading curve for internal-external rotation from a C57BI/6 contralateral (left) leg 8
weeks post operatively. One cycle of loading from 0 —4 — 0 N is applied over 40 seconds. The peaks caused by slipping
occur between 5 and 27 seconds, whereas the smooth loading of collateral ligaments occurs between 27 and 31

seconds.
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Load
{(Nmm)

Time (s)

Figure 5-5. Example loading curve Loading curve for internal-external rotation from a C57BI/6 DMM (right) leg eight

weeks post operatively. One cycle of loading from 0 — 3.5 — 0 N is applied over 25 seconds. No slipping occurs.

5.3.2 Bone Analysis

Frontal tomograms suggest C57BI/6 have a greater volume of epiphyseal trabeculae than BALB/c
mice (Figure 5-6). BALB/c had taller epiphyses, producing greater ROl volume, equivalent to an
increased total volume (TV) (Table 5-3). Reconstructions of BALB/c and C57Bl/6 contralateral tibiae

had no major external structural differences between the strains (Figure 5-7).

As OA progressed in the DMM affected limbs, more trabecular bone formed i.e. the BV/TV increased
in both strains. In the C57BI/6 it almost formed a solid bone unit extending from the subchondral
plate to the growth plate (Figure 5-8). Medial osteophytes were visible on reconstructions for DMM

affected legs of both strains (Figure 5-9).
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Figure 5-6. Tomograms in the sagittal plane of the proximal tibia from the contralateral (left) legs of: A. BALB/c and B.

C57BI/6 mice. Tomograms are from the approximate centre of the tibia. Grey region indicates medial plateau region of
interest analysed for trabecular bone and subchondral plate properties.
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Figure 5-7. 3D micro-CT Reconstructions of the proximal tibia from contralateral (left) legs of A. BALB/c, and B C57BI/6
mice. The tibias are similar in appearance and lack and osteophytes.
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Figure 5-8. Tomograms in the sagittal plane of the proximal tibia from the DMM (right) legs of: A. BALB/c and B. C57BI/6

mice. Tomograms are from the approximate centre of the tibia. Note the increase of bone on the medial plateaus in
both strains, compared to Figure 5-6.
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BALB/c

C56Bl/6

Anterior Posterior Contralateral

Figure 5-9. 3D reconstructions of a BALB/c and C57BI/6 for DMM (right) and contralateral (left) tibia, showing anterior
and posterior views of the same tibiae. Osteophytes are labelled with arrows in the anterior view, and brackets mark

the extent of each osteophyte in the posterior view (tibia in posterior view only).

Table 5-3 contains the bone analysis results. There was a significant difference for all parameters
between strains. BALB/c mice exhibited a significantly thicker subchondral bone plate than C57BI/6
mice. In general the BALB/c had less bone volume per total volume within the epiphysis (primarily
due to a greater total epiphyseal volume). The strain difference of bone volume is also reflected in

the trabecular parameters.

The bone changes described by the quantitative bone analysis in the DMM leg demonstrated that
onset of OA increased the volume of epiphyseal trabecular bone, as reflected by a significant
increase of BV/TV and a decrease of Th.Sp in DMM legs. The subchondral plate thickness also
increased in DMM legs in both strains. However, as epiphyseal bone volume increased,

distinguishing subchondral plate from trabecular bone became difficult, particularly in the C57BI/6.

120



BALB/c C57Bl/6 p
Contralateral DMM (right) Contralateral DMM (right)
(left) 8 weeks 8 weeks (left) 8 weeks 8 weeks Strain Leg
n=16 n=16 n=16 n=16
Sb.PL.Th
(mm) 0.173 £0.0059 0.184+0.014 0.1490.016 0.176 +0.019 <0.0001 | <0.0001
v 0.309 £ 0.060 0.304 £ 0.045 0.232 £0.040 0.241 +0.053 <0.0001 ns
BV/TV 0.222 +0.031 0.281 +0.053 0.340 +0.027 0.394 +0.059 <0.0001 | <0.0001
Tb.Th (mm) 0.081 +0.005 0.088 * 0.007 0.116 +0.022 0.126 + 0.009 <0.0001 ns
Th.Sp (mm) 0.449 +0.148 0.347+0.0520 0.525+0.131 0.424+0.073 0.001 0.002

Table 5-3. Bone analysis results, parameter means + SEM. Significance (p) compares contralateral to DMM leg, p < 0.05 is

considered significant. Sb.Pl.Th is subchondral bone plate thickness, Th.Th is trabecular thickness, Th.Sp is trabecular

spacing, BV/TV is bone volume / total volume. n = 16.

There was no significant difference of MS/BS or OS/BS between DMM and contralateral legs (Table

5-4). There was a weakly significant effect from strain, MS/BS and OS/BS were greater in the C57BI/6

mice; this effect was due primarily to a difference in bone surface, evident in Figure 5-7 and Figure 5-

9.
BALB/c C57Bl/6 p
Contralateral (left) DMM (right) Contralateral (left) DMM (right)
Strain | Leg
n==6 n=5 n=4 n=4
Ms/Bs 0.229 £ 0.063 0.247 £0.047 0.412 +0.159 0.330 % 0.099 ns ns
Os/Bs 0.0625 +0.0136 0.0956 + 0.0294 0.1995 + 0.0887 0.2061 * 0.0921 ns ns

Table 5-4. Histological bone analysis results, parameter means + SEM. Significance (p) compares contralateral to DMM

leg, p < 0.05 is considered significant.
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5.3.3 Cartilage Analysis

Table 5-5 contains CSLM analysis of mean plateau cartilage volumes. There was no significant

difference for any parameter when comparing strains or DMM (leg). There were no characteristic

regions of loss or obvious morphology changes on the 3D reconstructions that were similar to those

seen in chapter 3 (Figure 5-10). However, the 3D reconstructions did illustrate that thickness varies

across the plateau, which is not reflected by the volume analysis in Table 5-5. The C57BI/6

reconstructions in Figure 5-10 suggest a difference of thickness between the two plateaus, this

difference is most likely attributable to errors in the CSLM method. Errors from soft tissue cover

(exemplified in C57BI/6 DMM reconstructions in Figure 5-10) may act to reduce this difference when

measuring the cartilage volume, potentially explaining why the cartilage volume measures exhibited

no significant difference.

BALB/c C578Bl/6 p
Contralateral DMM (right) Contralateral DMM (right)
(left) leg Leg (left) leg leg Strain | Leg
n=16 n=16 n=16 n=16
Cartilage
Volume 0.0076 % 0.0026 0.0071 % 0.0016 0.0069 + 0.0005 0.0087 £ 0.0035 ns ns
(mm?)

Table 5-5. CSLM cartilage analysis results, parameter means * SEM. Significance (p) compares contralateral to DMM leg,

p £0.05 is considered significant.
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BALB/c

70um

C57Bl/6
30um

Oum

Contralateral DMM
(Left) (Right)

Figure 5-10. CSLM 3D reconstructions of the medial plateau cartilage from DMM and contralateral legs of a BALB/c and a
C57BI/6 mouse. Note, a small region posterior region has been omitted on the reconstruction for the C57Bl/6 DMM,

because this region was obscured by soft tissue during scanning.
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Fluorescent tissue peripheral to the medial plateau was observed on eight week CSLM images with
both strains. This material was removed at the post processing stage and not included as cartilage
when calculating cartilage volume. The tissue was located superior and peripheral (medial and
anterior) to the articular cartilage (Figure 5-11). Osteophyte formation on micro-CT reconstructions
formed a continuous band on the anterio-medial aspect of the medial plateau (Figure 5-9), the same
region in which fluorescent tissue appeared peripheral to the cartilage in the CSLM scans (Figure

5-11).

Anterior

Medial Lateral

Posterior

Figure 5-11. CLSM (not thresholded) 3D reconstruction of a medial tibial plateau from a DMM leg (BALB/c 8weeks). Area
bordered in red illustrates cartilage plateau. Fluorescent material is evident peripheral to this border on the anterio-

medial edge of the cartilage. Note, CSLM field of view limit on the medial aspect.
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5.3.4 Cartilage Scoring

Experimental design did not support scoring of cartilage as group sizes were too small, and
unexpected damage from sectioning reduced the group size further. Sections were not decalcified
and therefore cartilage was prone to damage, making it difficult to distinguish between OA damage
and microtome damage. However, clear features of OA such as PG loss, clefts and fibrillation were
evident on the sections. CLSM exhibited similar evidence of lesions that occurred on weight bearing
regions of the medial plateau in the DMM legs of three C57BI/6 and five BALB/c mice (Figure 5-12).
However, it is difficult to distinguish these features from foreign material or damage caused during

disarticulation.
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Contralateral

A
BALBI/c C57BI/6

Figure 5-12. Example Z projection images of contralateral and DMM tibial plateaus from BALB/c and C57BI/6 mice. Z
projections are formed from the maximum intensity pixel in each slice of a stack. Arrow heads denote soft tissue from
the capsule or ligaments. Solid arrows denote soft tissue formation on the perimeter of OA affected plateaus. A is an
example of a possible lesion on a DMM BALB/c medial plateau. B is an example of a possible lesion on a DMM C67BI/6
medial plateau. C is an example of soft tissue or foreign material obscuring the cartilage of a contralateral C57BI/6

lateral plateau.

Scoring of safranin O stained cartilage produced an average score of 1.3 (o = 0.58) (n = 3) in the
contralateral leg, and in the 1.6 (o = 0.58) DMM leg of BALB/c mice (n = 3). In C57BI/6 mice scoring
produced an average score of 1 (o = 0) (n = 2) for contralateral legs and 1.3 (c=0.98) (n = 7) for DMM

legs (Figure 5-13).
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Figure 5-13. Histology images for BALB/c and C57BI/6 contralateral and DMM tibia. Safranin O stained sections are from
the medial plateau in the sagittal plane. The tibiae in the images are approx. 2mm in depth on the sagittal plane.
Cartilage loss can be seen in the middle of the plateau on the DMM tibia of both strains. Note, cutting artefacts have

deformed the epiphyseal area on the contralateral tibia for both strains.

5.3.5 Comparison of CSLM and histological cartilage thickness measurements

The average thickness measurement determined from Safranin O stained histology and
corresponding CSLM images are contained in Table 5-6. There is little variation across the plateau for
CSLM, which fails to mirror the natural variance of cartilage thickness across the plateau, as
measured by histology. A further example of this is presented in Figure 5-15, which shows a
thickness profile for CSLM vs. a histological section. The thickness was measured every 100 pum from
posterior to anterior by CSLM and histology (Figure 5-14). There appears to be little correlation
between the two measurements. However, the thickness measurements are of the right order of

magnitude, unlike previous CSLM studies (Stok 2009a; Stok 2009b; Stok 2009c).
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Anterior Central Posterior Average

n=16 n=16 n=16
CSLM (um) 27.8 £0.109 32.6 £0.157 29.2+0.191 29.5+0.152
Histological 45.3£0.301 55.8+0.330 38.0+£0.208 46.9 £0.280

Section (um)

Table 5-6. Comparison of CSLM and histology cartilage thickness measurements by location on the medial tibial plateau.

Mean value * coefficient of variation.

A

Figure 5-14. A CLSM image and safranin O histological section used to make Figure 5-15. A is a sagittal section of a CSLM

reconstructed plateau, black represents thresholded cartilage. B is a sagittal section from the same tibia in the same

region as A.
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Thickness um

Posterior Length pm Anterior

Figure 5-15. Thickness profile of cartilage for one sagittal histological section compared to corresponding CSLM

measurements. There is little correlation between the two measurement techniques.

Histology thickness measurements ranged from 18 um to 126 um, whereas CSLM ranged from 17
pum to 44 um. All pairs of thickness values used in Table 5-6 were plotted as a scatter plot in Figure
5-16. The least squares method was used to obtain a best fit line to the scatter plot, the line had a
gradient of -0.2, with a Pearson’s Correlation coefficient of r= 0.02, suggesting that no correlation

occurred between CSLM and histological thickness measurements.
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Figure 5-16. Scatter plot for thickness measurement by CSLM Vs. histological sections, demonstrating no correlation

between the measurement techniques.

5.3.6 Retrospective Comparisons of C57Bl/6 Two and Eight Weeks after Surgery

Bone and cartilage were compared between C57BI/6 mice at two weeks after surgery (Chapter 4)

and C57BI/6 mice eight weeks after surgery. There was an age related increase of all bone

parameters (except trabecular spacing). Cartilage showed no significant difference between time

points, as did MS/BS. OS/BS exhibited a significant age related increase (Table 5-7).
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C57Bl/6
Contralateral DMM (right) 2 Contralateral DMM (right) 8
(left) 2 weeks weeks (left) 8 weeks weeks
Age leg
n=10 (unless | n=10 (unless n =16 (unless n =16 (unless
stated) stated) stated) stated)
Sb.PL.Th/
0.144+0.028 0.125+0.011 0.1490.016 0.176 +0.019 <0.0001 ns
(mm)
Tb.Th/
0.069 +0.017 0.059 £ 0.015 0.116 +0.022 0.126 +0.009 <0.0001 ns
(mm)
Th.Sp/
0.417 +0.107 0.319+0.105 0.525+0.131 0.424 +0.073 ns ns
(mm)
BV/TV 0.203 +0.068 0.229 £ 0.065 0.340 £ 0.027 0.394 +0.059 <0.0001 ns
MS/BS 0.226 £ 0.090 0.349£0.121 0.412 % 0.159 0.330£0.099 i, ns
(n=5) (n=5) (n=4) (n=14)
0.083£0.032 0.132£0.044 0.1995 £ 0.0887 0.2061 % 0.0921
0s/BS 0.003 Ns
(n=5) (n=5) (n=4) (n=4)
Cartilage
Volume 0.0087 £ 0.002 0.0080  0.002 0.0069 + 0.0005 0.0087 + 0.0035 ns ns
(mm?)

Table 5-7. Comparison of C57BI/6 mice 2 weeks of age (Chapter 4) and C57BI/6 mice 8 weeks of age, parameter means *
SEM. Significance (p leg) compares contralateral to DMM leg and (p age) compares 2 weeks to 8 weeks, p < 0.05 is
considered significant. Sb.PL.Th is subchondral bone plate thickness, Th.Th is trabecular thickness, Th.Sp is trabecular
spacing, BV/TV is bone volume / total volume, MS/BS is mineralising surface / bone surface and OS/BS is osteoid surface

/ bone surface.

5.4 Discussion

5.4.1 Comparison of Bone changes between strains

Micro-CT quantification of epiphyseal bone demonstrated that the bone response to DMM at the

eight week time point was similar between strains. Both mice strains exhibited a significant increase
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of epiphyseal bone volume, with an associated decrease of trabecular spacing. C57BIl/6 mice had a
significantly higher epiphyseal bone volume in the contralateral leg compared to BALB/c (Table 5-3),
which was increased further in the DMM leg. Judex et al (Judex 2002) reported that the epiphysis of
the distal femur of C57BI/6 mice had a lower BV/TV than BALB/c mice. It is possible that this
difference occurs because different sites were investigated in the two studies, but it could also be
the early signs of spontaneous OA in the tibia of the C57BI/6. Within the tibial ROI the C57BI/6 has a
greater BV/TV, however, at other skeletal sites the BALB/c has a greater BV/TV. These results
support the hypothesis that greater bone volume produces a smaller bone response in OA. The
BALB/C had a medial epiphyseal BV/TV that was 34% lower than the C57BI/6 in the contralateral leg,
and epiphyseal BV/TV in the DMM leg increased by 21% in the BALB/c. In the C57BI/6BV/TV
increased by only 13% compared to the contralateral, suggesting the strain with the smallest BV/TV
exhibits the greatest increase of bone. A study comparing the response of two mice strains with
different BMD (C57BIl/6 and C3H/HeJ with a higher BMD) to a collagenase model of OA, found a
similar extent of cartilage degeneration and bone resorption between the C57BI/6 and the C3H/Hel
strains. The C3H/HeJ strain exhibited trabecular resorption and experienced greater changes on the
medial plateau, whereas the C57BI/6 experience more bone changes and cartilage damage on the
lateral plateau, attributed to different tibial alignment (Botter 2008). Both strains exhibited bone
resorption with the collagenase model, probably due to inflammation typical with such models

causing unweighting and bone resorption.

Botter used a similar micro-CT analysis on DMM 129/SvEv mice eight weeks post operatively. No
significant difference was found in bone parameters. However, tomograms suggested that
epiphyseal bone volume was increasing. The similarities between tomograms suggest that the DMM
surgery was comparable with Botter et al. A comparison with Botter et al. and Kadri et al was made
in Chapter 4 (Figure 4-10), and is also applicable in this study. The convention for analysing micro-CT
bone scans is to perform a quantitative assessment of trabecular parameters. This study has

highlighted some limitations of this when applied to mice. A qualitative assessment of tomograms
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from the epiphysis proved more indicative of changes (such as increased epiphyseal bone volume)
than the quantitative analysis, whose values only partially reflected the changes (see Figure 5-6,
Figure 5-8 and trabecular parameters of Table 5-3). At both two and eight weeks post operatively
the volume of epiphyseal bone directly beneath the medial plateau increased in such a manner that
separation of the subchondral and trabecular bone was difficult. Due do the small size of the
epiphyseal ROI, (2 mm?® and containing approximately twelve trabeculae) it is prone to error.
Furthermore, the epiphyseal architecture of the mouse tibia does not resemble that of other larger
mammals. Murine tibial epiphyseal trabeculae are of comparable thickness to the subchondral plate
and extend from the growth plate to the subchondral plate in continuous vertical struts with little
connectivity. Comparison of their contribution to subchondral support with other mammal forms of
bone architecture is therefore difficult. This study questions the utility of quantifying these

parameters in the murine epiphysis.

It was observed that osteophytes formed peripheral to the medial plateau on DMM legs of both
mice strains, forming in a band or ridge adjacent to the cartilage, starting on the anterior aspect of
the medial plateau and extending beyond the medial aspect. The osteophytes were continuous in
shape, and they did not form in discrete regions or nodules as with human OA. Osteophyte extent,
shape and location were similar between strains. Fluorescent tissue on CSLM images occurred in the
same region as the osteophytes (Figure 5-11). Histological sections of this region indicate the
presence of cartilage and fibrocartilage on the surface of the osteophytes (Figure 5-17 and Figure
5-18). Osteophytes in toluidine blue stained sections appeared fully mineralised. The histological
images, CLSM and micro-CT reconstructions considered together, suggest that in response to the
DMM model, osteophyte formation may be acting to increase the surface area of the plateau (in a
continuous band on the anterio-medial plateau). DMM has been reported as a model that does not
produce osteophytes (Glasson 2007). The osteophyte pictured in Figure 5-17 is located anteriorly,
usually histological sections used to analyse DMM joints are taken in the frontal plain and may

overlook the anterior region. However, this study also reported osteophytes on the medial aspect on
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the plateau, it is highly unlikely medial osteophytes would have been overlooked in other studies

had they been present. Therefore, based on their location, it is possible that the osteophytes are a

reaction to accidental damage during the resection of the menisco-tibial ligament.

Figure 5-17. Safranin O stained histological section in the sagittal plane from a DMM leg (BALB/c 8weeks). Note anterior
osteophyte with cartilage and fibrocartilage on the surface. Osteophyte on the right hand side of image is bisected from

the tibia by a black line. Arrow marks region of cartilage loss.

Figure 5-18. Toluidine blue stained histological section in the sagittal plane from a DMM leg (BALB/c 8weeks). Note

anterior osteophyte with cartilage and fibrocartilage on the surface. This section is damaged by folding near the growth

plate during the sectioning process.

Osteoid surface and mineralised surface exhibited no significant difference due to the effect of DMM

surgery (Table 5-4). In the previous study, as described in Chapter 4, these parameters exhibited a
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significant increase with DMM surgery two weeks post operatively. The lack of a significant increase
eight weeks post operatively suggested that there is no hypomineralisation or increased bone
formation taking place at this time point, to assess this properly requires further investigation using
dynamic measures and TRAP staining for osteoclasts and osteoblasts. It is possible an increased
turnover of bone at two weeks may have been attenuated by the eight week time point, and the
result of early mineralisation seen at the two week time point in Chapter 4 is seen in the structural
differences in micro-CT measures by eight weeks. However, without direct assessment of bone

turnover rate it cannot be verified.

5.4.2 Cartilage Analysis and CSLM

There were no significant differences of cartilage volume between DMM and contralateral legs.
CSLM was used in Chapter 3 and a significant difference of cartilage volume was observed. This was
because a more extreme model was inadvertently used, which produced full thickness cartilage loss.
CSLM was able to reliably detect large regions of full thickness loss, but correct application of the
DMM model does not produce full thickness cartilage loss; instead moderate cartilage damage is
reported in the DMM model at eight weeks (Glasson 2007). As a result CSLM was unable to measure
any significant difference between DMM and contralateral plateaus. Possible lesions were visible on
the weight bearing regions on the medial plateaus the five of the DMM BALB/c and three of the
C57BI/6 tibia. Cartilage defects that did not resemble lesions were also visible on the CSLM scans.
These were caused by damage during disarticulation and foreign material or soft tissue obscuring

the cartilage.

CSLM detects auto fluorescence from collagen (primarily from pyridinoline and pentosidine cross
links) but also from substances contained within cells (Uchiyama 1991; Wong 2001). The early stage
of OA involves PG loss from the cartilage matrix (Goldring 2000a) followed by an increase of water

into the ECM. It is unclear how such changes may affect CSLM thickness measurements. The collagen
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in cartilage is degraded and reformed at varying rates throughout the stages of degeneration in OA.
It is likely that this imbalance will result in a non-linear change of fluorescent signal as degeneration
progresses. This should be validated by studying fluorescence of articular cartilage at varying stages
of degeneration. As OA progresses, fibrillation and lesions occur, as mentioned in Chapter 4, but
confocal microscopy may not have the resolution to detect fibrillation. However, CSLM does still
have a use. In Chapter 3 it was used effectively to demonstrate full thickness cartilage loss on the
posterior plateau of a DMM + ACLT model. CSLM use should therefore, be restricted to models in
which full thickness loss is expected, whereby it benefits of ease of use and 3D qualitative analysis
become apparent. CSLM does have a practical limitation, for a quantitative analysis, its use should

always performed in conjunction with histology for validation.

In Table 5-6 the CSLM average thickness measurement was 62 % of the average histology thickness.
Whereas Stok et al. found that CSLM thickness measurements were 312 % larger than histology
thickness measurements (Stok 2009a). The CSLM technique used in this thesis provided more
accurate cartilage thickness measurements than CLSM methods used elsewhere, because a x10
objective was used instead of a x5. It is likely a x5 objective has a Z axis (axis parallel to cartilage
thickness) resolution greater than the thickness of murine cartilage. Reconstructions of medial tibial
cartilage from the same specimen by the two CSLM methods are provided in Figure 5-19, from which

the effect of Z resolution is immediately apparent.
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Figure 5-19. Cartilage reconstructions of a medial tibial plateau. A. with protocol defined in Stok et al 2009. B. With
protocol defined by (Moodie 2010) used within this thesis. Note colours approximate thickness for each sample

independently with red representing thicker cartilage.

CSLM and histological section thickness measurements did not correlate. CSLM produced
reconstructions that exhibited less variation than in histological sections, i.e. CSLM reconstructions
were more uniform across the plateau. This could be due to surface effects dominating the signal,
and therefore neglecting a contribution from deeper lying cartilage. Alternatively, this could be
caused by aggressive thresholding in the post processing stage. This effect can be minimised in
future studies by increasing the signal intensity in the post processing stage, making it proportional

to depth dependent attenuation of the incident beam.

5.4.3 Laxity
There was no significant difference of laxity between strains at eight weeks, therefore it can be
assumed that DMM surgery affects the mechanics and loading pattern of both joints to a similar

extent.

There were no observable laxity differences between the operated and non operated legs in either

strain at eight weeks. This suggests that as in the humans, the meniscus provides no measurable
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restraint in either AP drawer or VV rotation when the cruciate and collateral ligaments are intact.
The laxity testing lacked any sham surgery controls, therefore, the effect of arthrotomy on laxity, or

a physiological reaction to arthrotomy cannot distinguished from the effect of DMM surgery alone.

The effect of meniscal destabilisation on internal and external rotation could not be quantified, but
evidence suggests that the meniscus may play a role in providing some restraint. Unlike humans the
articulating surfaces of the murine femur and tibia are highly convex, and the meniscus forms a
comparatively more substantial structure, which would be expected to play a more significant role in
joint stability. The meniscus appears to contribute to stability at low loads only, with greater loads
attenuated by the collateral ligaments. Therefore, investigation of the meniscal contribution to joint
stability in mice will remain challenging, because laxity testing on the scale of a mouse means that
changes of laxity at low loads are often concealed by friction effects. It was for this reason that no
analysis of the zero point was conducted at any stage of laxity testing described in this chapter and

Chapter 3.

It could be argued that the lack of significant results suggests that the apparatus lacked the
sensitivity to work on the scale of mice limbs. However, previous studies using the same apparatus,
suggesting that limited sensitivity was not an issue (van Osch 1995; Blankevoort 1996). Additionally
significant differences were observed in Chapter 3 with a hypothesized transaction of the ACL. The
sensitivity of the apparatus was not directly investigated, but could be investigated by transecting
various structures of the knee, such as the cruciate ligaments, and assessing the magnitude of any

resulting change of laxity.

Laxity reduced with age in the BALB/c mice in both the contralateral and DMM leg. A similar age
related reduction of laxity is seen in humans (Beighton 1973; Cheng 1991; Jansson 2004). Both the
DMM and contralateral legs were affected to a similar extent, therefore there was no pathologic
effect on the cruciate and collateral ligaments as OA progressed. This suggests that these structures

are not affected by turn over as OA progresses, nor does osteophyte formation act to reduce motion
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in the AP and VV directions. Pottenger et al. removed osteophytes from human cadaveric knees and
found an increase of varus-valgus motion, suggesting osteophyte growth acted to reduce instability
(Pottenger 1990). This was not the case in the BALB/c mice, however, DMM surgery did not produce
an increase of varus-valgus laxity, so it is unlikely that osteophyte formation would have cause to
reduce laxity in this direction. Furthermore, osteophytes form in discrete nodules in human OA, in
the DMM model they form in a continuous periarticular band and so may not affect laxity in the

same manner.

The zero week post operative BALB/c group could not be compared with the corresponding C57BI/6
group as described in Chapter 3, because different technicians operated on the different groups. For

the same reason, C57Bl/6 mice at zero and eight weeks could not be compared.

5.4.4 Summary

BALB/c and C57BI/6 mice produced a similar pattern of bone response to DMM. The two strains
increased bone volume by different amounts, reflecting strain differences of BV/TV. The strain with
the lowest BV/TV produced the largest increase of bone. This difference may affect the rate of

progression of OA.

BALB/c and C57BI/6 strains responded to DMM surgery by forming a continuous osteophyte with a
cartilage and fibrocartilage surface, which resembled new joint surface. This could have important
implications for understanding the role of osteophyte formation. Furthermore, this observation may
have been overlooked if histology alone was used to examine the tibiae. Instead micro-CT and CSLM

were able to provide valuable 3D reconstructions of both the soft and mineralised tissues.

The CSLM was substantially more accurate using the methods described in this study than those
used elsewhere, and this methodology is recommended for future use. Concerns remain over the

ability of CSLM to detect fibrillation and receive signals from deeper layers cartilage. However
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peripheral soft tissue growth and lesions on the weight bearing region of the plateau were
visualised, thus demonstrating its utility. Possible lesions were visualised, with further investigation
this may provide the ability to map lesions across the whole plateau. This may provide opportunities
to investigate damage patterns in murine OA models. CSLM remains a useful technique with

potential but still requires more thorough investigation.

Meniscectomy had no observable effect on anterior-posterior or varus-valgus laxity (and a possible
stabilising effect in internal-external rotation). This implies that in the DMM model cartilage
degradation may be induced by increasing articular contact pressure resulting from the meniscus
being unable to support hoop stresses, rather than the redistribution of loading caused by increased

laxity. This could provide a link between loading and cartilage degeneration.
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6. Conclusions

This thesis contains important contributions to the understanding of biomechanics and tissue
changes in the DMM model. It also includes the development of novel techniques for investigating

tissue changes.

DMM contributions:

1. Improperly conducted DMM surgery can include accidental ACLT damage. The DMM model
and DMM + ACLT model produce two distinct bone formation patterns. DMM surgery
produces mild bone changes on the proximal tibia. A small profile, but continuous
osteophyte forms peripheral to the cartilage, around the anterio-medial aspect. Bone
formation occurs within the medial epiphyseal compartment. When the ACL is damaged or
transected (Moodie 2010) excessive bone loss occurs on the posterior plateau with an
associated rapid bone formation that occurs both distal and posterior to this. Due to the
severe morphological changes occurring elsewhere on the tibia, epiphyseal bone volume
decreases. These bone changes are extreme and DMM with ACLT damage does not
represent human OA, because damage extends through the growth plate. Other research
groups have reported epiphyseal bone loss when examining bone changes (Kadri 2008),
therefore, it is conceivable that ACL damage may been inadvertently used in other studies.
Care should be taken to ensure surgical accuracy when using the DMM model. Assessment
of ACL integrity should be incorporated into studies, either by anterior-posterior laxity

testing or histological thin sections.

2. Micro-CT suggested that osteophyte formation occurs in a band peripheral to the cartilage

on the medial plateau. CSLM displayed auto fluorescent soft tissue across the surface of the

osteophyte. Histological sections and CSLM suggest that osteophytes have cartilage or
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fibrocartilage on the surface. Osteophyte formation resembles an attempt to increase joint

surface in the DMM model.

3. The BALB/c mice had less bone in the medial ROl compared to the C57BI/6 and had a greater
increase of bone in response to OA. This might not be representative of bone structure
throughout the skeleton, but care should be taken when identifying mice as high/low bone

mass as the differences may be site specific as demonstrated in this study.

4. Murine medial meniscus does not contribute to primary AP or VV laxity. This is the same as
in humans and other mammals. There is evidence, however, that the medial meniscus may

contribute to resisting internal/external rotation at low loads.

Methodological contributions:

1. Confocal microscopy can be used for 3D qualification of joint morphology. It may have an
additional use for 3D quantification of full thickness lesions, but would require histological

validation. CSLM is of limited use for quantifying more subtle cartilage changes.

2. Lesions can be seen on confocal images, but confocal microscopy is relatively insensitive to
small cartilage thickness variations. As a result confocal microscopy could be used to identify

regions of interest to refine histological analysis.

3. CSLM produces images that are representative of cartilage thickness when a 10x objective is

used instead of a 5x. With a 5x objective the Z-resolution is less than the thickness of the

cartilage, further use of CSLM for cartilage analysis should use a 10x objective.
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Qualitative observations of tomograms were used in addition to the micro-CT quantitative
analysis. In the tomograms an increase of bone volume was evident, whereas this was only
partially reflected in the quantitative analysis, because bone in the medial epiphyseal
compartment increased in volume to make separation of the trabecular bone and
subchondral plate difficult. Increased resolution may allow the two bone types to be

distinguished by differences of density.
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7. Further Work

This thesis has highlighted several key areas of research that will require further investigation. These
are split, between furthering the knowledge of OA in the DMM model and the enhancement of

current investigative techniques.

Further investigations into the DMM model:

1. Validation of the DMM model

Sham surgery was not performed in any of the studies; as a result they should be repeated with a
sham control. This is applicable not just for the bone and cartilage changes, but also for the laxity
analysis. The pathological changes reported in this thesis could be the result of inflammation or

capsular entry and not just DMM surgery.

The samples should be validated with histology to ensure that a correct DMM procedure had been
performed. In Chapter 3, the anomalous tissue changes and laxity results were attributed to a
hypothesised erroneous ACLT. In Chapter 5 changes such as osteophyte formation were present
which were not reported in existing literature, therefore, the samples themselves should have been

assessed for ligament integrity.

2. Validation of methodologies

The magnitude of laxity changes that can be measured using the laxity apparatus is unclear. This
requires further investigation with the use of positive controls, whereby a ligament is transacted and
the corresponding change in laxity is quantified. The accuracy of the apparatus itself was not tested;
the laxity testing of a linearly elastic material of known stiffness should also be performed over the
entire displacement range. Micro-CT analysis needs to be performed at a resolution superior to the
size of the structure under investigation, further investigation is required to confirm if the resolution
used in this thesis was sufficient. Further investigation of the CSLM method is also required,

(discussed in the next section).
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The CSLM and micro-CT methodologies require significant user specific image analysis, therefore, an
analysis of inter user variability needs to be performed for both methods. Intra user variability was
not investigated for any methodology in this thesis, this should also be performed on all of the

measures.

3. Looking for evidence of bone resorption.

Two weeks after surgery, bone volume had increased in the DMM model and there was evidence of
cartilage degeneration. A similar procedure should be repeated one week after surgery, but with
additional decalcified histology to score cartilage degeneration in place of CSLM. This may indicate if
cartilage changes are evident. Non-decalcified histology should be combined with TRAP (tartrate-
resistant acid phosphatase) staining for the identification of osteoclasts and ALP (alkaline
phosphatase) staining for osteoblasts, this will yield more accurate information on the nature of
early stage bone changes (i.e. early stage bone resorption or deposition). Dynamic measures should

also be included which would have required more appropriate use of calcein labels.

4. Bone stiffness in the DMM model

The change of BV/TV in DMM induced OA was extensive in the medial epiphysis. Future work should
consider mechanical testing to determine subchondral plate stiffness (and material modulus). It
would be most useful to observe how plate stiffness changes with such massive bone formation. A
study should be performed to determine how subchondral plate stiffness varies with OA
progression. This would be valuable as both the material properties and the bone volume change

with OA progression.

5. Osteophyte formation of new joint surface.

Tissue changes in the DMM model suggested that osteophyte formation may be the formation of
new joint surface. Osteophytes were present at two weeks, and by eight weeks the osteophyte

spans a 90° arc around the medial plateau. There has been much speculation regarding the role of
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osteophytes in OA (Pottenger 1990; Neuman 2003; Felson 2005; Felson 2005). Studies carried out as
part of this thesis suggest that osteophyte formation is forming new bone surfaces. This hypothesis

should be investigated further, with a bone and cartilage analysis focused on the joint periphery

Further development of imaging methods:

1. Further investigation of the CSLM technique.

CSLM may not be able to detect some OA induced cartilage changes. Larger lesions and full
thickness loss can be detected, but PG loss, fibrillation, and collagen fibre damage all affect the
cartilage matrix, and the effect of these changes on cartilage auto-fluorescence has not been
investigated. These early stage cartilage changes could potentially be detected by confocal
microscopy. For example fibrillation produces an irregular surface to the cartilage, which will reduce
the ratio of reflected light by increasing beam scattering. Pyridinoline and pentosidine cross links are
a major cartilage fluorophore, and a marker for degradation in OA (Robins 1986; Uchiyama 1991;
Senolt 2005). Further investigation of confocal microscopy should focus specifically on the loss of

cross links and possibly link intensity of cartilage auto fluorescence to cartilage degradation.

There are a number of unknowns that need to be resolved in CSLM. It has been assumed that the
laser penetrates the full depth of cartilage with only minimal attenuation. However, CSLM thickness
measurements were consistently less than those measured by histology. This suggests that auto
fluorescence in deeper cartilage layers was not contributing to the recorded signal. Otherwise, if the
deep layers were auto fluorescing, it would be expected that the CSLM at a very minimum would
equal the thickness of cartilage. There is however, the possibility that the application of a high
threshold during post processing of the CSLM scans reduces the thickness. If lack of penetration into
cartilage is a limitation, then the alighnment of the tibial plateau will also be a limitation. Different
tibial alignments will affect the distance an incident beam travels through the cartilage, and

therefore, affect beam attenuation. CSLM can be used to provide a qualitative overview of cartilage
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changes across the whole plateau. This may be useful for tracking the spatial distribution of focal
lesions. However, for a quantitative analysis, CSLM would require a validation with histology,
meaning the technique has little added value over histology itself, other than to provide an overview

of gross morphology changes.

2. Synchrotron CT for porosity measurements

Theories on the involvement of subchondral bone in OA progression and initiation are not limited to
a mechanical role. One theory is that subchondral bone is not an impermeable barrier between the
epiphysis and the cartilage (Sokoloff 1993; Lajeunesse 2003; Goldring 2010), as it permits the
movement of those biochemical agents responsible for degeneration. If this is the case then the
porosity of subchondral bone is an important factor in osteoarthritic bone structure. The micro-CT
equipment used in this thesis did not facilitate the measurement of porosity. By switching to high
resolution synchrotron CT, the extent of pores and channels in osteoarthritic subchondral bone
could be detected. Alternatively the permeability could be measured directly by measuring
perfusion in sclerotic and normal subchondral bone, by removing the tibial head at the growth plate
and driving fluid through the subchondral plate. Developing early marker of OA and understanding

the tissue changes that occur will help in developing new diagnostics and therapies for treating OA.
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APPENDIX A - Joint Distraction

A-1 Joint Distraction

Joint distraction is a technique for treating osteoarthritis (OA) by unloading the articular surfaces.
This is achieved by applying an articulated external fixation across a joint. Joint distraction aims to
increase joint space width whilst maintaining weight bearing (van Roermund 2002; Segal 2006). The
mechanism by which distraction repairs cartilage damage is unclear. However, it has been theorised
that a decrease in mechanical loading reduces damage to the articular surface (Lafeber 2006).
Obesity, physically demanding occupations and sports all increase the risk of developing OA by
increasing the loading on a joint (Buckwalter 1996; Felson 2004b). Additionally joint injury can lead
to permanent instability and therefore increased contact stresses on the articular surfaces
(Buckwalter 1996; Brown 2006). The rationale for joint distraction is that unloading may prevent or
reduce any further progression (van Roermund 2002; Lafeber 2006). Osteotomy and muscle release
work with this principle. A decrease in loading allows chondrocytes to initiate repair and encourages

osteopenia of sclerotic subchondral bone (Segal 2006).

Removal of joint loading has been shown to induce cartilage degeneration (Jurvelin 1986), and joint
motion alone is not sufficient to prevent degeneration (Palmoski 1980). Joint distraction reduces
cartilage loading but does not induce cartilage degeneration because it maintains
mechanostimulation from intermittent pressure fluctuations generated during loading, even if there
is no cartilage-cartilage contact. Intermittent hydrostatic fluid pressure without mechanical stress
has been shown to enhance the proteoglycan synthesis rate for OA cartilage in-vitro (Lafeber 1992).
Fluid motion may prevent apoptosis of the chondrocyte and increase nourishment of the cartilage.
Intra-articular fluid pressure was measured during joint distraction in one study on human ankles
and was found to vary throughout loading cycles by 3.0 + 0.5 kPa to 10.3 + 0.6 kPa, which is

comparable to a normal physiological pressure range(van Valburg 1995).
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Joint distraction produces a reduction in sclerosis of the subchondral bone. By analysing the density
of subchondral bone in radiographs, Marijnissen et al found an average decrease in subchondral
bone density of 10% one year following distraction surgery for patients with severe ankle OA
(Marijnissen 2002b). Reducing subchondral thickening may reduce pain symptoms but also
accommodate cartilage repair. Reducing the density of subchondral bone will reduce its stiffness and
therefore it will absorb more stress during loading, reducing the loading experienced by cartilage
(Moskowitz 1999). However, it is also a possibility that cartilage repair protects the subchondral
bone leading to a decrease in density. In addition the external framework may reduce joint

instability which is a cause of secondary OA.

A-1.1 Clinical Trials
Aldegheri et al. used articulated hip distraction to treat 80 patients with a variety of hip diseases
such as OA, osteonecrosis and chondrolysis (Aldegheri 1994). Patients had an age range of 9-69
years. A monolateral axial fixator was used to increase the joint space width by 5 mm, flexion and
extension were permitted by the external framework. The treatment lasted from six to ten weeks.
Patients were assessed by radiographic studies, clinical examination and questionnaire. Good
results were found in patients under 45 in 42 out of 59 in that group. The results were poor for those
over 45 or those with inflammatory arthroplasty. There were three criteria that were classed as a
good result; a return to normal activities with no pain or mild pain after prolonged exercise, a range
of motion with 90° flexion 20° in adduction, abduction and internal and external rotation or
independent ambulation for 30 minutes. The authors concluded that joint distraction of the hip is a

minimally invasive method of improving OA symptoms and delaying the need for hip arthroplasty.

Van Valburg et al. treated post-traumatic OA of the ankle using joint distraction on eleven patients
all considered for arthrodesis. Distraction was maintained for 12-22 weeks. Pain decreased in all

patients, six of the patients had increased range of motion, and three out of those six patients had
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an increase in joint space width; two of which the joint space continued to increase with time. They
also concluded that joint distraction shows promise as a treatment for delaying the need for
arthrodesis (van Valburg 1995). A two year follow up was then conducted on 17 patients with severe
OA. Distraction with full weight bearing was applied to each patient for three months; clinical
examination was performed before, and after surgery and annually. 75% of the patients showed an
increase in mobility, which continued to improve to the two year follow up. In four out of 17 patients
there was no clinical improvement, and in all the patients there was no average change in joint

space width.

Marijinissen et al. performed a randomised trial for joint distraction, out of a group of 57 all of whom
had severe ankle OA and were considered for arthrodesis (Marijnissen 2002b). Distraction was
applied for three months. One year after surgery average scores for pain decreased 38%, function
increased 69% and clinical condition increased 120%. Improvement continued with time, with a
statistically significant improvement at three years compared to one year after surgery. In a separate
trial to compare distraction to debridement, involving seventeen patients, nine of the seventeen
underwent joint distraction and the remaining eight received debridement. Debridement produced
less significant changes compared to distraction at one year. These results were then incorporated
into a prolonged study in which 73% of patients received clinical benefit from joint distraction of

severe ankle OA which was maintained for at least seven years (Ploegmakers 2005).

Deie et al. investigated articulated distraction for the treatment of OA in the knee joint. Distraction
was applied to the knees of six patients between 45 and 58 years old for a period ranging from seven
to thirteen weeks with a follow up period of one to three and a half years. The joint distraction was
combined with a bone-marrow stimulating method, by drilling or micro fracturing the arthritic
lesions with a sharpened K-wire. They reported that all cases showed a significant improvement in

joint space width, range of motion and clinical assessment of OA (Deie 2007).
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The current OA treatments have limited success or require extensive surgery; there is a need for a
minimally invasive procedure to reliably treat or at least slow the progression of OA. Further work is
required to understand the mechanism of action and the most suitable way of employing

distraction.

A-1.2 Animal Trials
Hung et al applied joint distraction to adult rabbits to study the effect of non-weight bearing on
articular cartilage (Hung 1997). Joint distraction was not used as a treatment but as a method of
simulating non weight bearing without immobilising the joint. Histological evaluation was used to
compare distracted joints with the contralateral joints. Cartilage thickness was the same in the
distracted and non distracted groups. At three and six weeks the chondrocytes increased in volume
in the superficial and intermediate zones. At nine weeks in the superficial zone cell volume and
matrix volume per cell decreased and numerical cell density increased. The study concluded that
continuous distraction produced morphological chondrocyte changes which resulted in cartilage

degeneration.

Kajiwara et al used the same apparatus as Hung but applied an osteochondral defect on the medial
femoral condyles of the rabbits. The contralateral knee was used as a control with an osteochondral
defect drilled but no fixator applied. Histology was used to assess the morphology of the cartilage
(Kajiwara 2005). At four weeks the control group had an enlarged defect whereas the distracted
group had partially repaired tissue. At eight weeks osteophyte formation and defect increase
occurred in the control group, whereas in the distraction group there was little osteophyte
formation and four out of six defects had almost repaired. The remaining two had partial repair

tissue in the defect.

Van Valburg et al induced osteoarthritis in 13 canines using an anterior cruciate ligament transection

model (van Valburg 2000). During joint distraction intermittent fluid pressure and mechanical
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separation of articulating surfaces were measured. Nine weeks after distraction the joints were
analysed. After joint distraction proteoglycan metabolism had returned to a level comparable with

the control joints. Cartilage degeneration and proteoglycan content had not improved.

Karadam et al performed joint distraction on rabbit joints in which osteoarthritis had been induced 6
weeks prior with a papain injection (Karadam 2005). The rabbits were divided into groups receiving
either articulated distraction, non-articulated distraction, non distracted application of fixation and a
control of papain induced OA only. Culled after six weeks, non-articulated distraction produced

significantly worse results than the other three groups in which there was no significant difference.

To the author’s knowledge there is no murine model of joint distraction. A murine model has the
advantage that transgenic animals can be used, biochemical and cellular assays are more readily
available and time and cost of experiment are reduced. A murine model of distraction would provide

an effective platform for investigating the mechanism of repair in joint distraction.

Matthew Gardiner of the Kennedy Institute of Rheumatology (KIR) developed an external fixator for
murine joint distraction; which was applied first to healthy mice. The next step was to apply
distraction to mice which had OA due to medial meniscal destabilisation. The trials at the KIR never
progressed beyond healthy mice. Mechanical failings of the external fixator caused rotation of the
femur rather than distraction. Histological results reported extensive inflammation and damage to

the articular cartilage. Following this result the project ended.

A-2  Objectives
The overall aim of this work was to develop a murine model of joint distraction. In order to achieve

this aim the following objectives needed be met:

e Develop methods to quantify bone and cartilage changes using micro-CT and confocal laser

scanning microscopy.
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Determine laxity in DMM knees and laxity in knees with an external fixator applied.

Develop an external fixator for applying distraction to murine knee joints.

Characterise the effect of an external fixator on the biomechanics of a murine knee joint.

Use the external fixator in a pilot study and subsequently, a full trial.

The DMM model was to be investigated using confocal microscopy and micro-CT. This would provide
a method necessary to study changes within murine cartilage and bone in a live trial. The effects on
laxity of DMM surgery and application of an external fixator would be investigated with AP drawer
and VV rotation tests. Finally an external fixator will be developed and fully characterised, prior to a
live trial. Characterisation will determine how the distractor will affect the mechanics of the knee, if

the results of characterisation were suitable a pilot trial would commence.

A-3 Design Requirements and Considerations

The minimum criterion for the external fixator as dictated by ethical review was that the external
fixator must weight under 1g, and create no obstruction to the flank of the mouse so as to cause

harm when walking.

The external fixator must be capable of producing distraction, this must be demonstrated prior to
use in a live trial. To apply the external fixator the surgical procedure must be appropriate for an
anaesthetised mouse and the fixator must be stable when the mouse is mobile. The external fixator
must allow some flexion and extension of the knee, it must also separate the articulating surfaces;

the extent of these must be quantified and reviewed prior to live use.
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A-4 Original External Fixator

An external fixator for joint distraction of a murine knee was developed by Matthew Gardiner
(Kennedy Institute of Rheumatology). The external fixator used two 27g needles through the femoral
metaphysis attached to a nylon bar. This bar was fixed to a brass hinge which allowed knee
articulation. The hinge was connected to a nylon bolt which controlled the distraction. The bolt

inserted into a tibial ring which used two 27g needles drilled into the tibia, arranged in an ‘x’ shape

to provide stability (Figure A-1)

Figure A-1. Murine external fixator Figure A-2. External fixator on cadaveric mouse

External fixators were placed in three cadaveric mice (Figure A-2) and then scanned using micro CT
with 0.5 mm distraction. Reconstructions showed that the external fixator was distracting the lateral
condyle but compressing the medial condyle against the tibia. There was also some rotation of the
femur about its long axis, rather than straight distraction (Figure A-3). This was because the femoral
pins were deflecting due to their monolateral support. The 27g needles have an outer diameter of
0.78mm: in a monolateral configuration 27g needles are unable to support the required loads. A
brass nut formed the hinge, this was secured in place with a wire loop; the loop also reduced the

overall stiffness of the external fixator. The loop was inserted into a nylon bolt which allowed
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additional rotation. For distraction to be successful the stiffness needed to be improved and the

rotation of the femur limited.

Lateral

Figure A-3. Frontal view of a 3D reconstruction of distracted right leg. A raised lateral condyle and
compression of the medial condyle against the tibia is visible. Note poor quality is due artefacts from

metallic components of external fixator.

A-5 Redesigned External Fixator

A new external fixator was designed (Figure A-4). The needle stiffness could not be increased as 27g
was the largest hypodermic needle that could be drilled into the femur without fracturing it. Instead
the pins in the new external fixator were bilaterally supported to prevent bending. However, the
mouse has soft tissue from the medial side of the upper leg to the flank; this limits the options for
medial support of the pins. The only accessible part of the femur on the medial side is the around
the distal end of the femur. Instead of two pins in the femoral metaphysis, one pin was placed
through the femoral condyles approximately along the axis that marks the centre of rotation

between the femur and tibia. This was inserted at either end into holes on a partial ring and allowed
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to rotate, therefore allowing the leg to articulate. This design discards the large hinge which was
permitting femoral axial rotation. Additionally, the nylon bolt was replaced with a stainless steel bolt
for increased stiffness. Steel nuts would have increased the weight of the device past the 1g target
weight, instead the tibial ring thickness was increased and its outer diameter reduced, and the steel
bolt inserted into a threaded hole in the tibial ring. The tibial ring was made out of
ployetheretherketone (PEEK) instead of nylon. PEEK is considerably stiffer than Nylon and nylon is
unable to hold shallow threads. PEEK on stainless steel has a very low coefficient of friction allowing
the pins to rotate freely. The redesigned prototype weighed 0.89g, lighter than the original, and was
more robust. However, one centrally placed bolt gives little control over the distraction. A two pin
version was also created so that each bolt could control the distraction and to some extent, rotation
of the femur (Figure A-5). This device weighs 1.01g and is more difficult to use. Should the one pin

version produce unsuitable distraction then the two pin version can be used instead.

Femoral Ring

Femoral Ring 1mm Screw

Tibial Ring
1mm Screw
Tibial Ring

Figure A-4. Drawing of redesigned fixator. Figure A-5. Drawing of 2-pin redesigned

fixator.

Proposed Surgical Procedure

A surgical protocol was trialled in cadaveric mice (Figure A-6). The protocol consisted of:

e Intra-peritoneal injection, shaving of the leg followed by creation of aseptic field (A).
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Incision created proximally and laterally to the patella, extending to the mid length of the
femur. Using blunt dissection through the intramuscular septum separate tissues to expose

the femur (B).

Use the third trochanter and the exposed femur to place the drill guide and PEEK femoral
ring. Drill a 27g needle through the hole on the femoral ring and drill through the femur to

the opposing hole on the femoral ring. Cut crimp and fold the needle to hold in place (C).

Suture incision (D).

Apply the steel bolt, nut and tibial ring to the femoral ring (E).

Placement of the tibial ring over the tibia. Using the holes in the femoral ring as guides drill

two 27g needle into the tibia and super glue in place (F).

Check the positioning of the external fixator, and the range of motion of the leg (G).

Treatment mouse with analgesics. Allow recovery in a warm environment (H).
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Figure A-6. Photographic series for surgical procedure.
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A-6 Characterisation of External Fixator

A-6.1 Characterisation of Distraction
The one pin external fixator was applied to three cadaveric specimens, which were then scanned
with a micro CT scanner undistracted. A 1 mm of distraction was then applied and the specimens
rescanned. Due to the high volume of steel in the scanner, large artefacts hindered segmentation of
the bone. As an interim solution, 3D reconstructions of the metal work were produced. The
distracted reconstructions were registered against the undistracted reconstructions. From this, bolt
height (applied distraction) and femoral pin height (approximation of actual distraction) were
calculated (Figure A-7).The bolt moved 1 mm with four turns, this was equivalent to 1 mm; 1 mm of
bolt displacement created approximately 0.5 mm of distraction of the femoral pin. The scans should
be reanalysed to asses bone position, because the reconstruction of metal work does not completely
describe bone position. The bones need to be segmented to investigate if 0.5 mm distraction is mid-
way between the lateral and medial tibial plateaus and their opposing femoral condyles, and to see
if any axial rotation of the femur occurs. To achieve this, the metal can be segmented and removed
from the scans, then Hounsfield units reapplied to the remaining scans to increase contrast between
bone and artefacts. Failing this, a more time consuming method of manually selecting the bone can

be employed.
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Figure A-7. 3D Reconstructions of distracted framework

A-6.2 Proposed Characterisation of Flexion and Extension
Application of an external fixator will reduce joint motion in flexion and extension; this will affect
motion and weight bearing of the limb and therefore must be quantified. A materials testing
machine can apply tension to the patello-femoral tendon: it is possible to pull on the patello-femoral
tendon using forceps, the other end of the forceps will be attached to the load cell of the materials
testing machine. With the femur rigidly fixed the materials testing rig can measure force required to
extend the tibia through a specific angle. Flexion angle will be observed using a fixed marker, the
load is recorded when the tibia reaches the marker. The force required to extend the tibia of legs

with an external fixator is then compared to healthy legs.
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A-6.3 Proposed Characterisation of Laxity and Instability
It is assumed that the DMM model introduces instability into the murine joint; if this is the case then
it is quite plausible that the application of an external fixator reduces instability. Conversely it may
be that the external fixator introduces malalignment or instability by some other unforeseen means.
An external fixator should be applied to cadaveric specimens and subjected to the laxity testing

protocol described in Chapters 3 and 5.

A-6.4 Proposed Characterisation of Weight Bearing
The effect of weight bearing on the distracted joint must be assed to see if distraction will be
maintained during joint use, or if any fluctuations in separation of articular surfaces occur then they
must be quantified. A cadaveric leg with an external fixator fitted should be rigidly mounted by the
femur, and the tibia subject to compressive forces via a materials testing machine to record

displacement.

A-7 Experimental Outline

A pilot trial was to be performed on approximately four mice with healthy cartilage using the original
monolateral fixator. The sample size was to be kept small for ethical reasons and restrictions from
the animal house veterinary surgeons. This pilot trial should be repeated using the redesigned
bilateral fixators. The effect of the external fixator on weight bearing should be assessed using a
Linton incapacitance tester. This apparatus uses two balances to calculate a weight a mouse puts
through its hind legs when reared up. It should be used to assess the effect of the external fixator on
the weight bearing of mice. The activity of mice should also be measured using the Laboras
Automated Activity Monitor (Metris, Holland). The Laboras system measures the amount of time a
mouse spends active or inactive. Following the pilot trial the animals should to be culled and the
cartilage analysed using confocal microscopy or histology. If cartilage significantly worsens then the

external fixator will require redeveloping. If no severe degradation occurs then the external fixator is
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ready to be applied to animals with the DMM model compared to a sham surgery group in a full

trial. The sample size of the full trial would be determined using the results of the pilot trial

A-8 Conclusion

The subchondral and cartilage changes in the DMM model were investigated, using confocal
scanning laser microscopy and micro-CT. This has provided useful techniques which will be used for
analysing the results of joint distraction on mice. Additionally, this has provided data on bone and
cartilage changes for the DMM model, against which the effects of joint distraction could be

compared.

The effect of DMM surgery on joint laxity had been investigated. The effect of the external fixator on
joint laxity has not yet been investigated. It is a necessary step in the process of characterising the

mechanics of the external fixator, prior to live trials.

An external fixator for murine joint distraction was developed. A process for mechanical
characterisation was also been defined. Once the external fixator had been characterised and if
considered suitable it would be applied to live animals in a pilot trial. The results of the pilot trial
would determine if the distractor should be used will be employed in a full trial on mice the OA

induced by DMM surgery.
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APPENDIX B - Destabilisation on the Medial Meniscus

The mouse is anaesthetised using an intra-peritoneal injection of a 1:1 mixture of a 1:1 dilution of
Hypnorm” (0.315 mg/ml fentanyl citrate and 10 mg/ml fluanisone; VetaPharma Ltd., Leeds, UK) and
a 1:1 dilution of Hypnovel® (1 mg/ml midazolam; Roche Products Ltd., UK), at a dose of 5-10 ml/ mg
body weight. The ventral portion of the knee is shaved, and the surgical field prepared with 70%

alcohol solution.

With the aid of a dissecting microscope a midline incision is made over the ventral aspect of the
knee with a no. 15 scalpel. The capsule is entered on the medial compartment medial to the patella,
damage to the medial collateral ligament quadriceps should be avoided. Sufficient exposure can
normally be obtained by creating a small window in the thinned retinacular-capsular tissues medial
to the patella. The anterior medial meniscal horn is transacted using a 3 mm ophthalmic scalpel
close to where it joins with the tibial plateau. Special care is taken not to injure the anterior cruciate
ligament and the cartilage surfaces. Mobility of the medial meniscus is assured with jeweller’s
forceps, it should be possible to displace the anterior third of the meniscus freely from between the

medial femoral condyle and tibial plateau (Figures B-1 and B-2).

Sterile 0.9% saline solution is used to irrigate the joint, and the para-patellar window closed with a
fine absorbable suture (6/0 Vicryl®, Ethicon, USA) and the skin is then sutured (5/0 Ethilon®, Ethicon,

USA) sutures.

The mice are placed in an incubator at 30°C and monitored until awake. Once recovered the mice,
are returned to their original cages. The mice are typically fully mobile eight hours after DMM
surgery. There is minimal post operative pain associated with DMM surgery, often analgesics are not

required (KIR 2007).
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Figure B-1. (A) Diagram of ventral aspect of knee joint. Dotted line marks out the medial para-patellar approach to the
knee joint (KIR 2007). (B) Detail of intra-articular structures. The solid line marks out where the medial menisco-tibial
ligament is transected (KIR 2007). (C) Plan view of tibial plateau showing position of both menisci. Solid line marks out
where the attachment of the anterior horn of the medial meniscus to the tibial plateau is cut during the procedure (KIR
2007). (D) Haemotoxylin & eosin-stained coronal section through the mouse knee. Solid line again marks out where the
medial menisco-tibial ligament (MT) is released from the tibial plateau (Tib), hence freeing the anterior portion of the

medial meniscus (MM) (KIR, 2007). (Fem—medial femoral condyle) (Original magnification 100x)
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Figure B-2 Pictorial description of MMD technique. (a) Midline ventral skin incision revealing patella (P). (b) Joint is
entered via a small medial para-patellar window, without cutting the quadriceps and unduly displacing the patella. The
medial collateral ligaments are undisturbed. (c) The anterior rim of the medial tibial plateau (TB) and the medial
meniscus (MM) are exposed. (d, e) The menisco-tibial ligament is cut and the anterior horn (AH) of the meniscus is
freed. FC—medial femoral condyle. (f) Displacement and mobility of the meniscus is checked—the anterior medial

meniscus should be able to move freely out from between the femoral condyle and tibial plateau.
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APPENDIX C - Laxity Protocol

Sample Preparation:-

1.

Dissect leg from hip, remove foot and strip tissue, retaining skin and musculature from to
the mid length of femur to the mid length of the tibia. Clean thoroughly the exposed distal
tibia and proximal femur.

Prepare potting rig by adding protective bridge and grease all surfaces that contact pMMA.
Place specimen in potting rig and close.

Use vernier adjustment first to cup femoral head, then to secure third trochanter. Tighten
remaining vernier dials until leg is correctly aligned. Tighten all four rig bolts; prior loosening
of all vernier dials by half of a turn prevents specimen breakage.

In a fume hood mix MMA with catalyst and syringe into both compartments of the potting
rig, waiting 5 minutes between injecting pMMA between compartments, prevents pMMA
from draining.

Cover with gauze and allow polymerisation to complete, approximately 45 minutes. Remove
all bolts and open rig in fume hood. Unscrew vernier dials and carefully remove sample.

Anterior Posterior Rig Protocol:-

6.

7.
8.
9.

10.
11.
12.

Restore AP rig to neutral position. Remove AP rig locking bolt and zero LVDT and load cell.
Reconnect locking bolt.

Connect sample to AP rig. Carefully remove protective bridge and locking bolt.

Adjust AP position until load displays zero then auto zero LVDT.

Apply 5 full cycles of loading to precondition, to + 1 N.

Record LVDT and load cell output for 3 full cycles of load.

Return AP locking and reapply protective bridge to sample.

Remove specimen from AP rig ready for use in VV rig.

Varus Valgus Rig Protocol:-

13.
14.

15.
16.
17.
18.
19.
20.
21.
22.

Unlock moment arm on the VV rig.

Rotate moment arm so that both rotation encoder outputs are outputting lowest possible
voltage.

Zero both rotation encoder and load cell outputs.

Connect specimen to the VV rig

Adjust moment arm position until load cell displays zero.

Auto zero load cell and rotation encoder.

Apply 5 full cycles of loading to precondition, to £ 5 Nmm.

Record rotation encoder and load cell output for 3 full cycles of load.
Return VV lock and reapply protective bridge to sample.

Remove specimen from VV rig.

Internal External Rig Protocol:-

As for 13-22 but with external back plate adaptor applied to the VV rig, using callipers to ensure

knee is a constant 26 mm from edge of moment arm.
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APPENDIX D - Laxity Matlab Programs
D-1 Rotencoder

The following is a program converts the dual sinusoidal signals from the retention encoder and
converts to a matrix containing the time points and cumulative position of the rotation encoder,
along with corresponding moment values. Rotencoder is based on a signal thresholding method.
Rotencoder is intended for use with data recorded with a Fylde amplifier.

%Rotencoder is designed to work with data from MADAQ with Il in channel 5

$and I2 in channel 7 and force (moment)on CHI1.

%0nce data is imported there will be a time signature on the first column

%right click on file in workspace and click import data...

$Formatting by deleting redundant columns

$data(:, 9):[]; %only necessary if all 8 amplifier channels were used

data(:

data(:

data(:
(:

7)
)
)
data )

5
;4
2

4

g=size (data);

for x=1:9(1,2)

A(:,x)=decimate (data(:,x),12); %decimates by 2
end

sg=size (A);

sfor x=1:9(1,2)

$B(:,x)=decimate(A(:,x),3); %decimates by 3
%end

data=A;

clear A;

span=3;
window= ones (span, 1) /span;

data(:,2)=convn(data(:,2),window, 'same"');
data(:,2)=convn(data(:,2),window, 'same"');

span=3;

data(:,3)=convn(data(:,3),window, 'same') ;
data(:,3)=convn(data(:,3),window, 'same') ;
data(:,4)=convn(data(:,4),window, 'same');
data(:,4)=convn(data(:,4),window, 'same');%$Smoothes Il and I2

%$Input is now an array called data, with 4 columns: time, force,Il,I2
%Output is P with columns: , deg change, cumulative change,time, force.
% Z is: I2, Il spike location, and resultant degree change

%grad and grad2 are measures of gradient on the Il and I2 curves
grad=0;

grad2=0;
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Z=zeros (1,3); %7 Contains location of I2 spikes
W=zeros (1l,1); %W Contains location of Il spikes
Y=zeros(1l,1); %Y Contains Degree changes
Q=zeros(1l,1):; %Q Is an array of all the Spike locations on Il
that may correspond to an I2 spike
f=0; %f is a count for indexing spikes in Z and W,
used in a for loop
g=size (data) ;
for x=1:(g(l1,1)-2)
grad=data (x+1,3) - data(x,3); %takes gradient at a point on Il
grad2=data (x+2, 3) - data (x+1,3); %takes gradient at next point I1
if grad2 <grad && grad>0 && grad2<=0 && data(x,3)>0.05; %if a
maximum then location is stored in W
f=f+1;
W(f,1)=x+1;
end
end
f=0;
for x=1:(g(1,1)-2)
grad=data (x+1,4)- data(x,4); Stakes gradient at a point on I2
grad2=data (x+2,4)- data(x+1,4);
if grad2 <grad && grad>0 && grad2<0 && data(x,4)>0.1; %if a maximum
then location is returned to Z
f=f+1;
Z2(f,1)=x+1;
elseif grad2 <grad && grad>0 && grad2==0 && data(x,4)>0.1; %if a
plateau then start and end is located and put in a and b
f=f+1;
a=x+1;
z(f,3)=a;
elseif grad2 <grad && grad==0 && grad2<0 && data(x,4)>0.1;
b=x+1;
Z(f,1)=b;
end
end
g=size(Z);
for f=1:g(1,1)
if z(£,3)~=0;
Z(f,1)=round ((Z(f,3)+Z(f,1))/2); % averages a and b and returns
location of centre of plateau

end
end
Z(:,3)=[]1; % removes 'a' values from 27
x=1;
h=size (W) ;
lower=0;

upper=z(2,1);
for x=1:(h(1,1)-1)
if W(x,1)> lower && W(x,1)< upper
0= [0 W(x,1)];
end
end
R=0-7Z (£,1);

bit is because

3
jon
-
0

O o A A° O A o o° oP°

-
V)
3

not very good at
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R=abs (R) ;

[C,I]=min (R);
avoid 0 wvalues

Z2(1,2)=(Q(1,1));

for £f=2:(g(1,1)-1)
lower=z(£f-1,1);
that occur between the previous and next I2 spike
upper=z (f+1,1);
for x=1:(h(1,1)-1)
if W(x,1)> lower && W(x,1)< upper

$programming so i have to
%analyse f=1 seperately to

%takes a spike on I2 and searches all Il spikes

and

0= [Q W(x,1)]1;
end

end

R=Q-Z (f,1);

R=abs (R) ; %$Finds the spike closest to the selected I2
value

[C,I]=min (R);

Z(£,2)=(Q(1,1));
end %By this point we should have I2 in Z(:,1)
I1 in Z(:,2)
f=1;

for £=1:g(1,1)
if Z(f,1)<=Z(£f,2)
Y(f,1)=-1/3;
else
Y(£f,1)=1/3;
end

%$Compare I2 to Il

o
<!

contains the direction

end

o°

N=data(z(:,1),1);

zero line crossings occur
M=data(z(:,1),2);

the zero line crossings occur
$L

N is an array containing

o

M is an array containing

L=cumsum (Y (:,1)); is the angle

P= [L N M Y];

z= [P Z];%0utput

! angle time force deg change'

clear grad grad2 a b Y W Q R C I g h lower upper f x

% plot(P(:,2),P(:,1))
plot(P(:,3),P(:,1))

of angle change

the time at which the

the force at which

L M N span window;
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D-2 RotencoderGrad

RotencoderGrad is an alternative program to Rotencoder. It returns the same information as
Rotencoder only it operates using a combined threshold gradient detection algorithm.

%$Rotencoder is designed to work with data from MADAQ with Il in channel 5
%and I2 in channel 7 and force (moment)on CHIL.

%0Once data is imported there will be a time signature on the first column
$right click on file in workspace and click import data...

$Formatting by deleting redundant columns

%data(:,9)=[]; %only necessary if all 8 amplifier channels were used
data(:,7)=1[1;
data(:,5)=[1;
data(:,4)=I[1;
data(:,2)=[1;

g=size (data);

for x=1:g9(1,2)

A(:,x)=decimate(data(:,x),2); %decimates by 12
end

g=size (A);

for x=1:g9(1,2)

B(:,x)=decimate(A(:,x),3); %decimates by 12
end

data=A;

clear A;

span=3;

window= ones (span, 1) /span;
data(:,2)=convn (data(:,2),window, 'same"') ;
data(:,2)=convn(data(:,2),window, 'same"') ;

span=3;

data(:,3)=convn(data(:,3),window, 'same') ;

data(:,3)=convn (data(:,3),window, 'same"') ;
data(:,4)=convn(data(:,4),window, 'same"') ;

data(:,4)=convn (data(:,4),window, 'same'); $Smoothes Il and I2

$Input is now an array called data, with 4 columns: time, force,Il,I2
%$0Output is P with columns: , deg change, cumulative change,time, force.
% 7Z is: I2, I1 spike location, and resultant degree change

%grad and grad2 are measures of gradient on the Il and I2 curves

grad=0;

gradz2=0;

Z=zeros(1l,3); %Z Contains location of I2 spikes

W=zeros(1l,1); %W Contains location of Il spikes

Y=zeros(1l,1); %Y Contains Degree changes

Q=zeros(1,1); %Q Is an array of all the Spike locations on Il
that may correspond to an I2 spike

£=0; %f is a count for indexing spikes in Z and W,

used in a for loop
g=size (data);
for x=1:(g(1,1)-2)
grad=data (x+1,3)- data(x,3); S%takes gradient at a point on Il
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grad2=data (x+2, 3) - data (x+1,3); %takes gradient at next point I1
if grad2 <grad && grad>0 && grad2<=0 && data(x,3)>0.05; %if a
maximum then location is stored in W
f=f+1;
W(f,1)=x+1;
end
end
£=0;
for x=1:(g(l,1)-2)
grad=data (x+1,4)- data(x,4); Stakes gradient at a point on I2
grad2=data (x+2,4) - data (x+1,4);
if grad2 <grad && grad>0 && grad2<0 && data(x,4)>0.1; %$if a maximum
then location is returned to Z
f=f+1;
Z(f,1)=x+1;
elseif grad2 <grad && grad>0 && grad2==0 && data(x,4)>0.1; %if a
plateau then start and end is located and put in a and b

f=f+1;
a=x+1;
Zz(f,3)=a;
elseif grad2 <grad && grad==0 && grad2<0 && data(x,4)>0.1;
b=x+1;
Z(f,1)=b;
end
end
g=size(Z);
for f=1:g(1,1)
if z(f,3)~=0;

Z(f,1)=round ((Z(f,3)+Z(f,1))/2); % averages a and b and returns
location of centre of plateau

end
end
Z(:,3)=[]1; % removes 'a' values from 27
x=1;
h=size (W) ; %
lower=0; %

o\

upper=z(2,1);
for x=1:(h(1,1)-1)
if W(x,1)> lower && W(x,1)< upper
Q= [Q W(x,1)];

o° oo

o

end S
end %$This bit is because
R=0Q-Z (f,1); %1 am not very good at
R=abs (R) ; %

programming so i have to
[C,I]=min (R); analyse f=1 seperately to
avoid 0 wvalues

2(1,2)=(Q(1,I));

oe

for £=2:(g(1,1)-1)
lower=z(£-1,1); %takes a spike on I2 and searches all Il spikes
that occur between the previous and next I2 spike
upper=Z (f+1,1);
for x=1:(h(1,1)-1)
if W(x,1)> lower && W(x,1l)< upper
0= [Q W(x,1)1];

end
end
R=0-72(£,1);
R=abs (R) ; %$Finds the spike closest to the selected I2
value

[C,I]=min(R);
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Z(£,2)=(Q(1,1));

end %By this point we should have I2 in Z(:,1) and
I1 in Z(:,2)
f=1;
for £=1:g(1,1)
if zZ(f,1)<=7Z(£f,2) %Compare I2 to Il
Y(£,1)=-1/3;
else
Y(£,1)=1/3; %Y contains the direction of angle change

end
end

N=data(Z(:,1),1);
zero line crossings occur

o\

N is an array containing the time at which the

M=data(z(:,1),2); %M is an array containing the force at which
the zero line crossings occur
L=cumsum (Y (:,1)); %L is the angle

P= [L NMY];

Z= [P Z];%0utput

! angle time force deg change'

clear grad grad2 a b Y W Q R C I g h lower upper £f x L M N span window;

$ plot(P(:,2),P(:,1))
plot(P(:,3),P(:,1))

D-3 AP Interval

AP interval returns a matrix of AP position and load. Rotencoder is intended for use with data
recorded with a Fylde amplifier.

data(:,3)=[1;

span=5;

window= ones (span, 1) /span;
data(:,2)=convn(data(:,2),window, 'same') ;
data(:,2)=convn(data(:,2),window, 'same"') ;
span=5;
data(:,3)=convn(data(:,3),window, 'same') ;
data(:,3)=convn (data(:,3),window, 'same') ;
%$r=10; %Decimation factor

$AA=data(:,1);

$AB=data(:,2);

$AC=data(:,3);

$AA=decimate (AA,r) ;

$AB=decimate (AB, r) ;

$AC=decimate (AC, r) ;

Sf=size (ARD) ;

$dataz2=zeros (f, 3) ;

Sdata2 (:,1)=AA;

%$data2 (:,2)=AB;
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$data2 (:, 3)=AC;
$clear AA AB AC;

$data=data?z;
$clear data?2;

Ul=zeros (1,4); %Unloading matrix,

U2=zeros (1,4); %Unloading matrix, posterior
Ll=zeros(1,4); %Loading matrix

L2=zeros (1,4); %$Loading matrix, posteror
x=1; %global unit count

y=1; $Value detection count for unloading
z=1; %Value detection count for loading
n=1; $Multiplier count

g=size (data);
c=21; %interval for gradient measure set at 100 if file is approx 3000,
or 15 if file is approx 500

x=1;
n=1;
for x=1:(g(l,1)-1)

a=data(x,2);
b=data ((x+1),2);
if a<=n*0.025 && b>n*0.025 %in anterior region
if data(x-c,2)<data(x+c,2) %Gradient is positive

Ll(z,1)= a; %$Put data in a matrix for loading
1(z,2)= data(x,3);
Ll1(z,3)= x;
1(z,4)= n*0.025;
z=z+1;
if n==40
n=0;

else n=n+l;
end
end
end

end

x=1;
n=1;
z=1;
for x=1:(g(1,1)-1)

a=data(x,2);
b=data ((x+1),2);
if a>=-(n*0.025) && b<-(n*0.025 ) %In posterior region
if data(x-c,2)>data (x+c,2) %$Gradient is negative
L2(z,1)= a;
L2(z,2)= data(x,3);
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L2(z,3)= X;

12 (z,4)= -n*0.025;%Put data in a matrix for loading
z=z+1;

if n==40

n=0;

else n=n+1;
end
end
end

end

x=1;

n=40;

for x=1:(g(1,1)-1)

a=data(x,2);
b=data((x+1),2);
if a>=n*0.025 && b<n*0.025 %in anterior region
if data(x-c,2)>data(x+c,2) %Gradient is negative

Ul(y,1)= a; %$Put data in a matrix for unloading
Ul(y,2)= data(x,3);
Ul(y,3)= x;
Ul(y,4)= n*0.025;
y=y+1;
if n==
n=40;

else n=n-1;
end
end
end

end

x=1;
n=40;
y=1;
for x=1:(g(1,1)-1)

a=data(x,2);
b=data((x+1),2);
if a<=-(n*0.025) && b>-(n*0.025 ) %In posterior region

if data(x-c,2)<data (x+c,2) %$Gradient is positive
U2(y,1)= a;
U2 (y,2)= data(x,3);
U2 (y,3)= x;%Put data in a matrix for unloading
U2(y,4)= -n*0.025;
y=y+1;

if n==

n=40;

else n=n-1;
end
end
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end

end

D-4 U Average
Rotencoder and APinterval return matrices which contain three cycles of loading and unloading. U
average averages each of the cycles into one and returns a laxity curve.

Average=zeros(1l,4);
g=size (Ul);
m=1;
Ulavg=zeros(1l,4);
Z=zeros (1l,4);
J=1;
ul=sortrows (Ul, 4) ;
for n=0:0.025:1

for x=1:(g(1,1)-1)

if Ul(x,4) ==n
Z(m,1)= Ul(x,1);
Z(m,2)= Ul(x,2);
Z(m,3)= Ul(x,3);
Z(m,4)= Ul(x,4);
m=m+1;

Ulavg(j,1)= (sum (Z(:,1)))/(£(1,1));
Ulavg(j,2)= (sum (Z(:,2)))/(£(1,1));
Ulavg(j,3)= (sum (Z(:,3)))/(£(1,1));
Ulavg(j,4)= (sum (Z(:,4)))/(£(1,1));

Z=zeros (1,4);
m=1;
j=j+1;
end
end
end
clear g m 72 7j;

g=size (U2);
m=1;
U2avg=zeros(1,4);
Z=zeros (1,4);
j=1;
for n=0:0.025:1
for x=1:(g(1,1)-1)

if U2(x,4) ==-n
Z(m,1)= U2(x,1);
Z(m,2)= U2(x,2);
Z(m,3)= U2(x%x,3);
Z(m,4)= U2(x,4);
m=m+1;
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end
if x==(g(1,1)-1)
f=size (Z);

U2avg(j,1)= (sum (Z(:,1)))/(£(1,1));
U2avg(j,2)= (sum (Z(:,2)))/(£(1,1));
U2avg(j,3)= (sum (Z(:,3)))/(£(1,1));
U2avg(j,4)= (sum (Z(:,4)))/(£(1,1));
Z=zeros (1,4);
m=1;
J=3+1;
end
end
end
clear g m 72 7j;
g=size(L1l);
m=1;
Llavg=zeros(1l,4);
Z=zeros (1,4);
j=1;
for n=0:0.025:1
for x=1:(g(1,1)-1)
if L1(x,4) ==n
Z(m,1)= L1(x,1);
Z(m,2)= L1(x%x,2);
Z(m,3)= L1(x,3);
Z(m,4)= L1(x,4);
m=m+1;
end
if x==(g(1,1)-1)
f=size (Z);
Llavg(j,1)= (sum (2(:,1)))/(£(1,1));
Llavg(j,2)= (sum (Z(:,2)))/(£(1,1));
Llavg(j,3)= (sum (Z(:,3)))/(£(1,1));
Llavg(j,4)= (sum (Z(:,4)))/(£(1,1));
Z=zeros (1,4);
m=1;
J=3+1;
end

end
end
clear g m 7 7j;

g=size (L2);
m=1;
L2avg=zeros (1,4);
Z=zeros(1,4);
j=1;
for n=0:0.025:1
for x=1:(g(1,1)-1)
if L2(x,4) ==-n
Z(m,1l)= L2(x,1);
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)

Z(m,2)=
Z(m,3)= L2(x%x,3);

Z(m,4)= L2(x,4);

m=m+1;
end
if x==(g(1,1)-1)

f=size (Z);
L2avg(j,1)= (sum (Z(:,1)))/(£(1,1));
L2avg(3,2)= (sum (Z(:,2)))/(f(1,1));
L2avg(j,3)= (sum (Z(:,3)))/(£(1,1));
L2avg (3, 4)= (sum (Z(:,4)))/(£(1,1));
Z=zeros (1,4);
m=1;
J=3+1;
end

end
end
Ulavg=sortrows (Ulavg, -4) ;
U2avg=sortrows (U2avg, 4) ;
Average = [Llavg;Ulavg;L2avg;U2avqg];
plot (Average(:,1),Average(:,2))
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APPENDIX E - Confocal Scanning Electron Microscopy Protocol

Sample Preparation:-

1. Prepare specimen by removing leg at the pelvis and stripping all musculature.
Disarticulate leg at the knee by transecting collateral and cruciate ligaments with no. 12
scalpel, taking care not to damage the articular cartilage.

3. With fine tweezers and scissors remove and surrounding soft tissue, in particular the

synovium, meniscus and remnants of cruciate ligaments.

Cut tibia with rongeurs at the midlength.

Using superglue affix to tibia holder.

Place PBS soaked gauze on tibial plateau to prevent dehydration, whilst adhesive hardens.

Fill cell culture well with PBS. Ensure all tibia plateaus are clean. Place tibia holder upside

down inside Nunc Lab-tek® cell culture well (Sigma Z734535).

8. If necessary allow tibia and PBS to come to room temperature.

Nowu e

CSLM Scanning Protocol (Leica SP5):-

9. Setthe 466 nm laser to 30% power and allow 30 minutes to reach steady state temperature.
10. Configure the microscope to allow full range in the z-direction.
11. Set the following parameters:
a. Gainof 625 V.
b. Offsetof -2 %
c. Photomultiplier to collect above 480 nm.
d. An additional photomultiplier can be set to collect reflection at 466 nm (signal not
used in analysis). This allows identification of unwanted material obscuring cartilage.
e. Image size of 512 x 512 and a laser speed of 400 Hz.
12. Using the fluorescent lamp locate the proximal and distal most regions and set to scan every
3.03 um.
13. Locate anterior, posterior, lateral and medial edges of the plateau, and set these as the
boundaries for a tile scan.
14. Scan, and repeat for all tibia in the holder.

Post-processing and Analysis

15. Import scans into Imagel. Remove reflection signal if second photomultiplier tube was used.
16. Apply a Gaussian filter with radius of 2.

17. Crop to desired plateau.

18. Remove unwanted soft tissue in ImageJ3DViewer.

19. Apply threshold.

20. Analyse using Bonel, for thickness and volume.

21. Thickness maps can be produced using BonelJ, and viewed in ImageJ3DViewer.
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APPENDIX F - Non Decalcified Histology Protocol

From Nikki Horwood at the Kennedy Institute of Rheumatology, London, UK:

*Safety precautions*
All work is to be carried out in a fume hood unless otherwise stated. Appropriate protective
equipment including gloves, lab coat and safety glasses must be worn at all times. Many of the

chemical used in this process are organic and may carry health risks especially if you are pregnant.

Consult the MSDS for further information on each chemical.

Preparing and Sectioning Bones in Plastic

Reagents required:

Methylmethacrylate Sigma M55909
Dibutylphthalate Sigma D2270
Benzoyl peroxide Sigma 517909

Anhydrous calcium chloride Sigma C1016
Sodium hydroxide

Acetone

Ethanol

Formaldehyde

Equipment required:

Glass separating funnel

Glass funnel

Glass scintillation vials Sigma V8255-500EA

Glass topped stirrer

Whatman filter paper circles

Retort stand

37°C dry incubator

Buehler twin beta grinder (sandpaper: fine is 320 Grit/P400 and the course is Grit P60)
Autocut microtome

A. Preparation of destabilised methylmethacrylate (dMMA)

. Make up 1It of 0.5% sodium hydroxide (NaOH) in dH,0

. Add 500m| of MMA to the separating funnel with 300ml of NaOH

. Cap tightly and shake vigorously for more than 20 seconds

. Place on the retort stand and allow it to settle

. Drain off NaOH (it’s heavier so will go to the bottom) into a beaker and discard
. Repeat steps 3-5 twice using all the NaOH

N o o b0 R

. Repeats steps 3-5 three times using dH,0 instead of NaOH
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8. Place ~100ml beaker full of anhydrous calcium chloride (CaCl,) into a folded filter paper in the
large glass funnel on the retort stand. Place a clean 500ml glass bottle under it and slowly filter the
washed MMA through CaCl, to remove all traces of water

9. Add a small amount of CaCl, to the bottle of dAMMA to absorb excess water, store at 4°C

B. Dehydration and infiltration of samples

1. Cull mice and remove rear legs from the hip joint and carefully strip of skin and muscle
2. Place in 4% formaldehyde in PBS overnight (or longer if required) at 4oC
3. Wash in PBS for 10 minutes
4. Put bones in 70% ethanol
5. Bone can be visualised using the faxitron if available to determine bone lengths and widths using
Imagel software
6. Trim bones to remove any remaining muscle and separate the tibia from the femur by cutting
through the knee joint, place into individual glass scintillation vials and dehydrate at 4°C for at least
1 hour in;

70% acetone

90% acetone

100% acetone

100% acetone (fresh), in all but the last step the acetone is reused.
7. Infiltrate for at least 3 nights in infiltrate mix;

90% dMMA

10% dibutylphthalate (DBP)

0.05% benzoyl peroxide (BPO)
8. Whilst the bones are infiltrating, make sure there are enough bases for embedding the bones.
Bases are made using spare infiltrate that is made into embedding solution by adding 5% BPO,
stirring and filtering through CaCl,. A plastic transpipette full (~2-3 mls) is placed in a used MMA vial
and left to set at 37°C overnight or longer.

C. Embedding samples (day 4 or later)

1. After the bones have infiltrated, make up embedding solution;
total volume = 5ml x number of samples + 10%
85% dMMA
15% DBP
4% BPO
(* dMMA and DBP can be made up in 100ml lots and stored at 4°C)
2. Cover with parafilm and place on a stirrer until the BPO is dissolved
3. Using a funnel and filter paper, filter through CaCl, into a clean dry glass beaker
4. Put ~5ml (2 transpipettes) of embedding solution on top of enough bases for the samples to be
embedded. Any spare embedding solution is used to make bases for later use.
5. Once the base has softened, remove the bones from the infiltrate and place into the embedding
vial with the ‘sharks fin’ (for tibiae) orientated towards the bottom of the vial. Press the bones in
firmly but carefully and close the lid tightly. Tip spare infiltrate back into a bottle and store at 4°C for
future use.
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6. Put vials in a plastic box, fill with water making sure the vials do not float and place at 37°C
overnight or longer.

D. Top layer on samples as a holding base (day 5 or later)

1. Once the sample is encased with plastic, use spare infiltrate to make a holding base
total volume = 7.5ml x number of samples + 10%
Add 5% BPO, cover with parafilm and stir until dissolved
Filter through CaCl,
2. Put 7.5ml of this solution into each vial. Use any spare to make bases for later use
3. Put vials at 37°C (no need for a water bath) for 1-2 nights.

E. Removing embedded bones from the vials (day 6 or later)

*Make sure that you are wearing safety goggles and thick rubber gloves*

1. When the holding base is solid (check with forceps), put the vials at -20°C for a minimum of 1 hour
2. Take samples out (up to 6 at a time), individually remove the lid and label, place the vial in a thick
zip lock bag and hit with a hammer to shatter the glass. Remove the sample from the bag, brush off
any remaining glass inside the bag and replace the label.

3. Using a hacksaw and vice clamped to the bench, cut off excess plastic from the top of the sample
(this was originally the base of the vial)

F. Grinding samples for sectioning

*Make sure that you are wearing safety goggles, thick rubber gloves and facemask*

1. Remove the label and grind flat on the coarse paper until the bone is showing, angle to reveal the
entire tibial face

2. Once the tibial face is showing, grind the sides so that minimal plastic is on the flat face at either
side of the tibia. Grind the top and bottom of the sample so that it can be inserted into the sample
holder on the microtome and finally grind the bottom and top edges into a teardrop shape. Replace
the label.

G. Plastic sectioning

1. Remove label, place the sample in the sample holder, secure tightly and angle to ensure that the
sections are cut evenly

2. Wet the sample with 40% ethanol and then cut 5um sections

3. Place the section on the slide (2/slide) and put one drop only of 95% ethanol on the section and
flatten onto the slide using a combination of tweezers and a fine paint brush

4. Cover the slide with a plastic square (made from empty tip bags baked at 37°C and cut
appropriately) followed by a spare glass slide over the top and clamp with a bulldog clip

5. Bake overnight at 37°C
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Slide preparation and staining of plastic sections

Reagents required:
Chromium potassium sulphate Sigma 243361

Gelatin Sigma 48723
DePex mounting medium VWR 361254D
2-Ethoxyethyl acetate (cellosolve) Sigma 00820
Toluidine Blue Sigma 89640

Fast green VWR 1.04022.0025
Safranin O VWR 1.15948.0025
Disodium phosphate Sigma S7907

Citric acid

Butanol

Toluene

Ethanol

Equipment required:

Slides, ground edge, frosted end VWR 631-1553
Coverslips 22x50mm VWR 631-0137
Glass staining dishes and jars

Osteomeasure software and microscope

A. Fol’s coating of slides

1. Dissolve 6g of gelatine in 288ml of dH,0 at 60°C

2. Make up 4g of chromium potassium sulphate in 20ml dH,0 at room temperature

3. Allow the gelatine to cool and add 120ml 95% ethanol followed by the dissolved chromium
potassium sulphate

4. Rack slides to be coated in a slide holder and dip for 60 seconds per rack

5. Dry overnight but leave for 2 nights if placing them in boxes for use to avoid slides sticking
together

B. General Staining Protocol

1. Select the best sections with no visible folds or cracks
2. Deplasticise in cellosolve for 2 x 25 mins
3. Rehydrate in graded ethanols for a minimum of 3 minutes each;
100% ethanol
100% ethanol
80% ethanol
60% ethanol
tap water
4. Stain with appropriate stain (see section C)
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5. Blot slides on both sides on filter paper
6. Pass the slides through;

butanol 1 (store at 37°C)

butanol 2 (store at 37°C)

50:50 toluene:butanol

toluene 1

toluene 2
7. Coverslip with DePex

C. Stains
* To be used at step 4 of the general staining protocol

Toluidine Blue — for general bone and cell architecture

1. Prepare toluidine blue buffer and stain;

Buffer -1.58g citric acid, 0.75g disodium phosphate, dH,0 to 1 Itr, pH 3.7 at RT
Stain - 2g toluidine blue O in 100ml of buffer, pH 3.7 at RT

2. Place slide in toluidine blue stain for 5 mins

3. Rinse x2 in toluidine blue buffer

Safranin O- for cartilage detection
1. Prepare the stains
Safranin O - 0.1% safranin O in dH,0
Acetic acid - 1% acetic acid in dH,0
2. Safranin O stain for 3 min, dip in acetic acid wash
3. Check for the balance of orange and green, can restain and wash as required
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