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Abstract

ABSTRACT

Evolution has led to specialised shapes for each individual joint which are created during prenatal
development through joint morphogenesis. Alterations or abnormalities in joint shape
development can severely compromise joint function and have long-term health implications.
Mechanical stimulation, due to fetal movements, plays an important role in the creation of joint
shapes and a reduction in fetal movements has been highlighted as a risk factor for bone and joint

shape malformation, which can lead to physical disability.

This doctorate explored the relationship between mechanical stimulation and joint
morphogenesis. A novel culture system was created in which embryonic chick hindlimb explants
were subjected to controlled and quantified magnitudes of movements. The morphology of the
knee joint from explants cultured under different mechanical conditions were compared to reveal
how the magnitude of applied movement affects key aspects of the developing joint. A complex
relationship was found between the magnitude of movement and the progression of joint shape
development. This study provided evidence, for the first time, that the amount of movement
experienced during development is a significant variable that impacts of the fate of prenatal joint
development. Whilst dynamic movements were applied to developing joints, potential
mechanotransduction pathways were tested for their involvement in modulating joint
morphogenesis. Blocking the action of both stretch activated ion channels and voltage gated
calcium channels produced joints shapes similar to those that had experienced no movement,

suggesting the stimulating effects of dynamic movement were not acted upon.

This research has provided a novel insight into how mechanical stimulation influences joint
morphogenesis which is extremely valuable for understanding of the etiology of congenital joint
conditions. Knowledge of how joints are first created is also valuable to the field of tissue

engineering for developing treatments to regenerate degenerated joints.
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CHAPTER 1
1. INTRODUCTION

1.1 EMBRYONIC JOINT MORPHOGENESIS AND MECHANICAL STIMULI

Morphogenesis is defined as the development of form and structure, or shape, during growth.
Joint morphogenesis therefore refers to the development of joint shape, which involves the
moulding of cartilage and bone into mature, functional and distinctive joint structures. The
complex shapes of the different types of synovial joints are formed from basic mesenchymal
materials during embryonic development. Correct formation at this stage is therefore critical for
joint function including smooth articulation during movement and tolerable transmission of
biomechanical loads through the joint structure. Every year 2-3% of newborns are affected by
some sort of congenital malformation worldwide (Corsello and Giuffre, 2012). The most
commonly occurring joint condition, developmental dysplasia of the hip (DDH), has an incidence
of 0.15-2.5% worldwide depending on the criteria used for diagnosis (Schwend, 2014). Abnormal
joint shapes can severely impact a patient’s life, limiting their range of motion and increasing the
chance of dislocation due to reduced joint stability. For those suffering from joint malformations,
such as DDH, there is also an increased risk of developing degenerative joint diseases such as
osteoarthritis (OA) due to abnormal articulation and load transmission (Sandell, 2012). With an
increasing life expectancy and an ageing population, joint diseases such as OA are becoming more

and more prevalent. Understanding prenatal joint formation is therefore significantly important
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for the creation of diagnostic and treatment tools to try and reduce the incidence of joint
abnormalities and consequently reduce the number at risk of developing degenerative joint

diseases in later life.

Mechanical stimulation has been identified as a crucial variable during embryonic development
to promote and direct normal joint formation. Clinical conditions of abnormal skeletal
development have been linked to situations where fetal movements were restricted in utero,
providing evidence for the importance of mechanical stimuli during development (Rodriguez et
al, 1988a, Rodriguez et al, 1988b). Furthermore, animal model based investigations have
continued to show detrimental effects on skeletal and synovial joint formation when the
mechanical environment was altered (as reviewed in Nowlan et al., 2007, Nowlan et al., 2010Db).
The majority of studies performed to date have removed or inhibited movements during
embryonic development and found synovial joints are under developed and lack fully defined
interlocking shapes. Despite the growing evidence supporting the theory that mechanical stimuli
are necessary for joint morphogenesis to occur correctly, its contribution is under researched. It
remains unclear how variations in mode, magnitude and frequency of mechanical stimuli alters

joint shape development.

This doctorate targeted this gap in scientific knowledge which has remained open for the last 80
years. The relationship between mechanical stimulation and joint morphogenesis has not yet
been characterised and it is unknown whether the contribution of mechanical stimulation to
promote joint shape development is linear, convergent or binary (Figure 1.1). Knowledge about
the relationship between mechanical stimuli and joint morphogenesis is valuable for a variety of
research areas. How different levels of movement affects normal joint shape development could
potentially be used clinically to identify patients at risk of developing congenital joint
malformations. How mechanical stimuli controls growth and development of joint structures can

also aid in creating OA treatments and help with cartilage tissue engineering, where the aim is to
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recapitulate developmental conditions in vitro to produce functional tissues in the lab for a

variety of uses.

b
-

Joint Morphogenesis
J

v

Mechanical Stimulation

Figure 1.1: The relationship between mechanical stimuli and joint morphogenesis remains a mystery.
No quantified data exists to determine if there is a linear, convergent or binary contribution of

mechanical stimulation to promote joint shape development.

1.2  OBJECTIVES AND HYPOTHESES

The aims of this doctorate were to experimentally characterise the effect of quantified mechanical
stimuli on prenatal joint morphogenesis and identify mechanotransduction mechanisms involved
in directing this process. In order to achieve these aims the following series of objectives were

determined:

e (reate a novel methodology to develop synovial joints in a controlled mechanical
environment.

e Select and optimise methodology to analyse joint shape development.

e Characterise the morphological events involved in normal joint shape development.

e Apply a variety of quantified movements to developing joints without inducing trauma.

o Compare and evaluate the progression of joint shape development following different levels
of mechanical stimulation to characterise the contribution of movement to joint
morphogenesis.

e Block mechanotransduction pathways in developing joints to assess their involvement in
joint morphogenesis.
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Through the course of this doctorate a novel culture system was designed and optimised which
allowed the embryonic chick hindlimb to be grown under a controlled environment with the
option to apply physiological movements to the developing knee joint. Protocols for three-
dimensional (3D) joint shape analyses were created for the chick knee joint to give qualitative
and quantitative evaluations of joint morphology. These protocols were used to analyse
physiological shape development of the embryonic chick knee joint to use as a reference to assess
the progression of joint morphogenesis in cultured explants. Different magnitudes of movement

were then systematically applied to developing knee joints to test the following hypotheses:

e Dynamic stimulation leads to a more developed joint shape than static conditions.
o Joint shape development is affected by movement magnitude in a dose dependent manner.
e The most physiological movement regime leads to a joint with the most normal progression

of shape morphogenesis.

Finally, the additions of mechanosensitive ion channel blockers in culture were used to impede

the regulation of ion concentrations during development to test the hypothesis:

e Mechanical stimuli that direct localised joint shape development are transduced through the

function of mechanosensitive ion channels.

This thesis presents the work carried out to complete these objectives and the results of the

experiments performed to test the proposed hypotheses.
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1.3  THESIS STRUCTURE

Chapter 2 - This chapter includes a thorough review of the current literature regarding synovial
joint formation and the role of mechanical stimuli during joint morphogenesis to place the

research carried out in this thesis in the appropriate context.

Chapter 3 - Methods used to prepare embryos for culture, image and analyse joint morphology
are described here. The exact step by step protocols used in the laboratory are attached in

Appendix 1.

Chapter 4 - This chapter describes the normal sequence of knee joint morphogenesis for the chick
embryo. This includes current knowledge along with new findings made during this doctorate to

characterise the emergence and shape development of key landmarks of the knee joint.

Chapter 5 - The new culture system developed as part of this doctorate is presented in this
Chapter. This includes the design of the culture system, calibration of knee joint movement and
the optimisation of culture conditions. Creation of this system formed a major part of this

doctorate.

Chapter 6, 7 & 8 - These three chapters present the different studies conducted to test the
hypotheses set out above. Chapter 6 compared joint shapes produced following dynamic and
static movement regimes. Chapter 7 explored the effect of varying movement magnitudes of the
knee joint during development. Chapter 8 tested the involvement of ion channels in transducing

mechanical stimuli for joint shape development.

Chapter 9 - In this chapter, the work carried out during the course of this doctorate is summarised
and put into the context of current scientific knowledge. Future studies that directly follow the

work of this doctorate are also proposed here.
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CHAPTER 2
2. BACKGROUND

2.1 THE ROLE OF THE SKELETON AND SYNOVIAL JOINTS

”

The skeleton is defined as “the bones or bony framework of an animal body considered as a whole
(Oxford English Dictionary). In vertebrates, the skeleton is divided into two parts: the axial
skeleton and the appendicular skeleton. The axial skeleton is composed of the vertebral column,
the rib cage and the skull. The appendicular skeleton attaches onto the axial skeleton and forms
the framework for the limbs including the shoulder and pelvic girdles. The main functions of the
skeleton are to provide support for the body, allow for movement, provide protection of vital
organs, for storage of minerals and produce blood cells. Synovial joints are found between
skeletal elements and allow the skeleton to move. There are six types of synovial joint, each
shaped to allow for different patterns of motion. These are planar, hinge, pivot, condyloid, saddle,
and ball and socket joints (Faller et al., 2004). A synovial joint consists of two or more bony
skeletal elements, articular cartilage, ligaments, synovium and a joint capsule (Faller et al., 2004).
The mammalian and avian skeletons contain many homologous elements but are each adapted
and shaped for different functions (Dumont, 2010). Correct formation of the skeletal elements
during embryonic development (skeletogenesis) is ultimately responsible for functional success
postnatally, with alterations in joint architecture being identified as a risk factor for joint

degenerative diseases such as osteoarthritis (OA) (Sandell, 2012).
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2.1.1 THE KNEE JOINT

To explore embryonic joint morphogenesis, it was necessary to choose a suitable developing joint
model and a method of applying mechanical stimulation. It was aimed to recreate a physiological
joint movement in vitro as opposed to applying a deformation or hydrostatic pressure to a
developing joint, since a biomechanical movement would be more comparable to physiological
conditions. The knee joint, is an accessible joint that can be manipulated along a single plane to
capture the majority of its biomechanical range of motion compared to other joints where the

biomechanics are more complex such as the hip.

The knee joint is a complicated anatomical structure, which is composed of many bony
interactions. There are four skeletal elements within the knee joint: the femur, tibia, fibula and
patella. In human anatomy, three joints exist between these four elements: the femoro-tibial joint,
the patella-femoral joint and the fibula-tibial joint (Blackburn and Craig, 1980). The knee joint is
classified as a condyloid joint which has two main degrees of freedom. The primary movement
allows for flexion and extension of the femur relative to the tibia/fibula about the sagittal axis
(Figure 2.1A). The secondary movement is medial-lateral rotational of the tibia/fibula relative to
the femur about the transverse axis and only occurs during large flexion of the joint (Figure 2.1B).
The knee joint also allows for some translational movement of the femur over the tibia/fibula
however these movements are small and often neglected to simplify the biomechanical

description of the knee.

The femoro-tibial joint connects the distal femur with the proximal tibia and the fibula-tibial joint
connects the supportive fibula to the tibia in humans (Figure 2.2A). In the chick skeleton, the
femur articulates with both the tibia (or tibiotarsus due to the fusion of tarsal bones to the distal
tibia) and fibula creating a femoro-tibial and femoro-fibular joint (Haines, 1942) (Figure 2.2B).
For the purpose of this doctorate the formation of these two joints were considered together as

the stifle and are referred to as the knee joint from here onwards.
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Figure 2.1: The motion of the knee joint can be simplified into two degrees of freedom. A) Anterior-
posterior flexion and extension about the sagittal axis which causes the lower limb to bend and
straighten. B) medial-lateral rotation of the tibia/fibula about the transverse axis which occurs

during large flexion turning the foot in and outwards.

Human Chick

Figure 2.2: Cartoon drawings showing the bony anatomy of the human and chick knee joint. The
femur articulates with both the tibia (tibiotarsus) and fibula in the chick whereas in humans the
femur only articulates with the tibia. Fe — femur; Pa — patella; Fib — Fibula; Tib — Tibia; FT — femoro-

tibial joint; FF — femoro-fibular joint.
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The shape of the knee joint is described as bicondylar due to the presence of two convex condyles
located on the distal femur. The medial and lateral femoral condyles articulate with the tibia and
the fibula respectively in the chick which both have slight concave profiles to create an
interlocking joint. Not a lot is known about the formation of the patella during development. A
recent study found that the patella initially forms as part of the femur which then separates due
to mechanical loading of the knee joint in the mouse (Eyal et al., 2015). In humans, it is believed
the patella forms as a cartilaginous structure within the quadriceps tendon and does not ossify
until after birth. Assessment of the development of the patella-femoral joint was not included in

this project.

2.2  APPENDICULAR SKELETOGENESIS

Bones are produced by the transformation of mesenchymal stem cells (MSCs) into cartilaginous
tissues and bone via the process of intramembranous ossification or endochondral ossification
(Gilbert, 2000). Intramembranous ossification involves the direct conversion of MSCs into bone
and occurs primarily for flat or short bones. Most of the long bones of the skeleton are created
first through the conversion of MSCs into cartilage which is then later replaced by bone, through

a process called endochondral ossification.

Skeletal positional identity is determined early during embryonic development through skeletal
patterning mechanisms (Yang, 2013). Skeletal patterning begins with migration of MSCs to sites
of the future skeleton (Lefebvre and Bhattaram, 2010). Skeletal progenitor cells are known to
arise from three locations in the developing embryo. The neural crest hosts a population of cells
which establish the craniofacial skeletal elements, the paraxial mesoderm gives rise to the
somites which produce the axial skeleton and the lateral plate mesoderm gives rise to the limb
elements or appendicular skeleton (Lefebvre and Bhattaram, 2010, Yang, 2013). Condensations
of skeletal progenitor cells form an outline of the skeleton termed the membranous skeleton
where they undergo a series of progressive cellular processes, including migration, adhesion,

proliferation, differentiation and growth (Hall and Miyake, 2000). In the case of the long bones,
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the MSCs undergo chondrogenesis and differentiate into chondrocytes leading to the formation
of a continuous cartilaginous skeleton (or primary skeleton) which eventually becomes the

osseous (bony) skeleton.

The appendicular skeleton develops proximal to distal, anterior to posterior and dorsal to ventral
(Yang, 2013). Proximal-distal outgrowth of the limbs initiates with the formation of a limb bud
headed by the apical ectodermal ridge (AER) which directs 3-dimensional (3D) development of
the limb segments. In each limb, the membranous skeleton forms a continuous ‘Y’ shaped
condensation corresponding to the humerus and forked radius and ulna in the forelimb and the
femur and forked tibia and fibula elements in the hindlimb (Storm and Kingsley, 1996, Pacifici et
al., 2005, Decker et al., 2014). Chondrogenesis, the process by which skeletal progenitor cells
construct the cartilage limb anlagen, initiates when MSCs stop proliferating and condense into
compact nodules (Gilbert, 2000). The mesenchymal tissue undergoes early differentiation into
chondroblasts which resume proliferation and start to produce cartilage extracellular matrix
(ECM) containing proteoglycans and glycosaminoglycans (Lefebvre and Bhattaram, 2010). As
chondroblasts mature, they differentiate further into chondrocytes and shape the cartilaginous
rudiments to give rise to a diaphysis (shaft) and two epiphyses (rounded end). Eventually,
chondrocytes undergo hypertrophy and stop dividing. Hypertrophic chondrocytes start to alter
the composition of the ECM they produce, adding collagen X, which enables it to become
mineralised by calcium carbonate (Gilbert, 2000). Eventually these terminal chondrocytes die
and their space is invaded by osteoblasts which lay down bone matrix in their place during
ossification (Lefebvre and Bhattaram, 2010). The primary ossification centre is found in the

middle of the diaphysis of long bones, followed by secondary ossification centres in the epiphyses.

The initial stages of formation of the appendicular skeleton in mammals and avian species are
similar during which a cartilaginous template of the skeleton is first laid out. It has to be
acknowledged however, that differences do exist in the process of ossification (Nowlan et al,,

2007). In mammals, the cartilage templates are turned into bone through endochondral
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ossification as described above, whereas in avian species the mature cartilage in the centre of the
long bones is resorbed to create hollow structures (Nowlan et al., 2010b). In both genera, the

periosteum is formed directly from MSCs by intramembranous ossification.

2.2.1 SYNOVIAL JOINT FORMATION

Synovial joints develop between the ends of long bone elements. MSCs that will form the future
joint follow an articular fate at the epiphyses of the long bones, where they differentiate into the
various joints structures through the process of joint formation (Lefebvre and Bhattaram, 2010).
The formation of the bony ends has four main stages: joint site determination, interzone
formation, cavitation and morphogenesis (Pacifici et al., 2005). Skeletal progenitor cells assigned
for joint formation migrate and condense at future joint locations which are believed to be
genetically predetermined (Figure 2.3A). The condensed area of progenitor cells forms a thicker
and more compact structure of cells orientated perpendicular to the long bone anlagen called the
interzone (Figure 2.3B). The formation of the interzone divides the continuous cartilaginous
template of the primary skeleton and is known to act as the signalling centre to control further
joint development and host the materials needed for the formation of all joint structures (Khan
etal, 2007, Decker et al., 2014). Cells in the interzone are closely packed together and structured
into three interconnected layers (Archer et al.,, 2003). The centre of the interzone differentiates
into articular chondrocytes to eventually become articular cartilage, whilst the outer layers
differentiate into normal chondrocytes and merge with the epiphyses of the long bones (Pacifici
et al,, 2005). The process of joint formation up to this point is believed to be preprogramed and

internally controlled.

Joint morphogenesis and cavitation (Figure 2.3C & D) are responsible for the creation of joint
shape and the individual skeletal elements. The articular shape of the joint starts to form before
cavitation has occurred and continues well after to create the joint shapes we recognise in mature
skeletons (Nowlan and Sharpe, 2013). Cavitation is the process of physical separation of the joint

and creation of individual skeletal elements (Figure 2.3D). Separation is induced by local
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production and accumulation of hyaluronan which causes a loss of tissue integrity in the
interzone leading to physical separation of the joint sides through programmed cell death
(Pacifici et al., 2005). Hyaluronan synthesis within the interzone has been associated with
movement of the joint during development (Archer et al, 2003). Separation of the skeletal
elements leads to the formation of a fluid filled joint cavity. Joint morphogenesis is the least

researched and least understood stage in early skeletal formation.

Joint Interzone . Cavitation +
. . Morphogenesis .
Specification Formation Morphogenesis
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Figure 2.3: Early joint development has four stages: joint site determination, interzone formation,
cavitation and morphogenesis. A) MSCs condense within a continuous anlage of skeletal elements at
the location of the future joint. B) Here they commit to an articular fate to form a dense interzone of

joint progenitor cells. C) The two ends either side of the joint location start to take shape through
morphogenesis. D) Eventually the two ends physically separate to create individual skeletal elements

and a joint cavity.
The mechanisms behind how specialised joint shapes are created are a mystery currently being
investigated. Pacifici et al. (2005) proposed 3 simple theories for how the two sides of a synovial
joint acquire their distinctive shapes: “1) the distal side would preferentially grow and protrude
into the proximal side; 2) the lateral portions of proximal side would preferentially grow and “wrap”
themselves around the distal side; 3) both events would occur simultaneously”, These theories

though, assume that cavitation has taken place before the joints are shaped, however, we know

45|Page



Chapter 2 - Background

that joint morphogenesis initiates before cavitation (Nowlan and Sharpe, 2013). Recently, it was
suggested that a change in rates of differentiation, proliferation, or migration could potentially all
be responsible for changes to joint shape (Brunt et al., 2015). The cellular mechanisms involved
in creating these complex shapes remains ambiguous to this day, but, it is strongly believed that

mechanical stimulation directly influences these cellular behaviours and joint morphogenesis.

2.3  CARTILAGE MECHANOBIOLOGY

Cartilage is composed of chondrocytes embedded in an ECM of collagen, proteoglycans and water.
There are three types of cartilage: hyaline cartilage, fibrocartilage and elastic cartilage. Hyaline
cartilage is produced during bone formation during endochondral ossification and makes up the
primary skeleton (Scheuer and Black, 2004). Hyaline cartilage is therefore involved in joint
formation and the type of cartilage of interest for this research. Fibrocartilage is a more fibrous
type of cartilage and appears in structures subjected to high impact forces such as the
intervertebral disk and meniscus (Fisher et al., 2007). Elastic cartilage, as the name suggests,
gives rise to structures able to deform and return to their original shape such as the external ear

and epiglottis (Fisher et al., 2007).

There is significant evidence that the development of the skeleton is regulated by mechanical
stimuli (stresses and strains) within pre-cartilaginous and cartilaginous tissues (Carter and
Wong, 2003, Nowlan et al, 2007, Kelly and Jacobs, 2010, Rolfe et al., 2013). Cartilage is
mechanically sensitive and responds to cell to cell and cell to matrix interactions within the local
environment (Kelly and Jacobs, 2010). Mechano-sensors such as stretch activated ion channels,
primary cilia and transmembrane proteins provide the means to transduce mechanical stimuli

into cellular responses which can regulate growth and maintenance of cartilage.

A vast number of studies have repeatedly shown that both MSCs and chondrocytes respond to
mechanical stimuli such as deformation, fluid flow, streaming potentials, hydrostatic pressure
and osmotic pressure (reviewed in O’Conor et al.,, 2013). Experimental evidence suggests that

mechanical stimulation can direct the fate of undifferentiated MSCs and is needed to trigger
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processes such as chondrogenesis and endochondral ossification (reviewed in Kelly and Jacobs,
2010, O’Conor et al.,, 2013). Remodelling of mature healthy joints shows that cartilage continues
to respond to mechanical stimuli throughout its entire life (Bader et al., 2011). Experimental
studies have repeatedly shown that dynamic loading of cartilage can enhance matrix production
and constant static loading can inhibit growth (reviewed in O’Conor et al., 2013). Insufficiently
loaded or high impact loading has also been shown to cause catabolic chondrocyte activity
causing cartilage degeneration (Bader et al., 2011). Whilst experimental studies provide evidence
for the different tissue responses to mechanical stimuli, computational mechanobiology theories
have tried to quantify the biological laws that govern responses such as differentiation,
proliferation and remodelling (Nowlan et al.,, 2007). In computational mechanobiological models,
itis generally agreed thatloading of cartilage by hydrostatic stress (compression) inhibits growth
and intermittent tensile strains accelerate growth and ossification (Carter and Wong, 2003).
Computational models of cartilage growth have been made based upon such rules to quantify the
mechanical stimuli (stresses and strains) involved during the development of synovial joints

(Giorgi et al., 2014).

Although strong experimental evidence exists for the mechano-sensitivity of cartilage at the
cellular scale in isolated circumstances, the exact role of mechanical stimuli during synovial joint
formation and morphogenesis at the tissue scale is under researched. The literature provides a
strong case for the importance of cartilage mechanobiology for correct joint formation, however,
no quantified data exists to map the relationship between mechanical stimulation and joint

morphogenesis.

2.4  THE ROLE OF MECHANICAL STIMULI DURING SYNOVIAL JOINT DEVELOPMENT

Clinical case studies highlighted the negative effect of abnormal fetal movements on skeletal and
synovial joint formation. Lowered mineral density (osteopenia) and physical defects in long
bones were reported in newborns whose fetal movements were restricted due to neuromuscular

diseases (Rodriguez et al., 1988a, Rodriguez et al., 1988b). Commonly occurring musculoskeletal

47 |Page



Chapter 2 - Background

abnormalities include developmental dysplasia of the hip (DDH), arthrogryposis and fetal
akinesia deformation sequence (FADS) (reviewed in Nowlan, 2015). Since clinical reports do not
allow for the assessment of the developmental mechanics involved, researchers have turned to
culture and animal models to experimentally explore the role of mechanics during skeletogenesis.
Computational models have also been used to quantify the contribution of different biophysical
stimuli during synovial joint formation. It is understood that only the later stages of synovial joint
formation (cavitation and morphogenesis) are affected by mechanical stimuli; synovial joint site
determination and interzone formation have both been shown to proceed even in the absence of
prenatal movements (Archer et al.,, 2003, Pacifici et al.,, 2005, Kahn et al.,, 2009). Researchers
initially concentrated on joint cavitation as a biomarker of normal and abnormal joint formation
as it could easily be identified using traditional histology methods. Interest in joint shape though,
has increased recently and newer studies have been able to comment on normal and abnormal
joint shapes using higher resolution imaging modalities. Below is a review of published literature

focused on the role of mechanical stimuli on joint morphogenesis.

2.4.1 CULTURE MODELS

Classic culture models involved isolating embryonic limb fragments and culturing them as
explants, or grafts on other embryos. This allowed researchers to study the consequences of
removing muscular activity during development (e.g. Fell, 1925, Murray and Selby, 1930). The
majority of these models were used to evaluate skeletal development of the long bones with only
a few studies focusing on synovial joint development. Hindlimb explants from four day old chick
embryos cultured for up to 17 days in vitro showed the location of the knee joint could be clearly
made out after four days of culture showing that the early stages of joint formation continued in
the absence of muscular activity (Fell and Canti, 1934). After six days of culture, fusion across the
joint site caused cartilaginous continuity between the three rudiments in the chick hindlimb (Fell
and Canti, 1934). This result exposed the consequence of removing movement during
development, which was corroborated with similar findings for seven day old embryonic chick
knee joints also cultured under static conditions for six days (Figure 2.4A) (Lelkes, 1958). The
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effects of static culture on joint development were confirmed to be due to the mechanical
environment when manual manipulation of the explants during culture led to cavitation and the
development of articular surfaces between the femur and tibia after six days (Figure 2.4B)

(Lelkes, 1958).

Unmoved (Static} Moved 5 times/day

Figure 2.4: A clear difference in joint formation was observed in seven day old chick knee joints
cultured for six days in vitro. A) Under static conditions the knee joint became fused (filled arrow)
and lost its recognised articular shape. B) Manual manipulation of the joints during culture allowed

for formation of a joint cavity and a defined articular shape. Adapted from Lelkes (1958).

This result confirmed that external passive mechanical stimulation promotes normal joint
development processes whereas explants experiencing no mechanical stimulation developed
abnormal joint features. More recently, a feasibility study was published which showed the whole
chick hindlimb could be cultured whilst mounted to a plastic hinge to apply flexion and extension
movements to the knee joint (Rodriguez and Munasinghe, 2016). The study however was not able

to comment on joint development due to methodological limitations.

2.4.2 ANIMAL MODELS

In vivo animal models have the advantage of keeping the developing joint in its native
environment. Controlling the mechanical stimulation of the developing joints, however, becomes
more challenging. In most cases this is achieved by reducing muscle activity through paralysis or

using specific genetic mutations where muscle contraction is affected. Embryonic synovial joint
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formation has mainly been studied using both the developing chick and mouse model, although

more recent studies have included the use of the zebra fish.

The chick embryo is a valuable animal model for developmental studies as paralysis can be
induced by dropping pharmacological agents into the egg or via surgical techniques such as spinal
cord destruction. Decamethonium bromide has been commonly used to induce rigid paralysis in
chick embryos during development causing the chick to go into a state of tetanus (all muscles
contracted) applying an unchanging static environment. Similar to in vitro discoveries, authors
described articular joints such as the knee, as becoming fused across the joint site and report a
loss of normal interlocking joint shapes following rigid paralysis (Figure 2.5) (Drachman and

Sokoloff, 1966, Hall and Herring, 1990, Hosseini and Hogg, 1991, Osborne et al,, 2002).

Pharmacological Surgical
Paralysis Paralysis

o

Figure 2.5: Joint development was compromised in immobilised chick embryos. Joint cavitation (red
arrows) was seen in control embryos (A), but did not occur in embryos following pharmacological (B)
or surgical paralysis (C). The shape of the articular ends of the femur (fem) and tibia (tib) were also
abnormal following immobilisation. Adapted from Drachman and Sokoloff (1966).

Looking closer at joint shape, Roddy et al. (2011b) found a consistent difference between the

shape of the distal femur in the chick knee joint after five days of paralysis. The resulting shape

of the paralysed knee was observed to be flattened and much smaller compared to controls
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(Figure 2.6). The largest difference was found to be the width of the intercondylar fossa which
separates the two femoral condyles on the ventral side of the femur (Roddy et al., 2011b). Rigid
paralysis of the chick embryo was recently shown to be a suitable model of DDH by affecting
morphogenesis of the hip joint (Nowlan et al,, 2014). Compared to age-matched controls, the
indentation of the femoral neck was missing in immobilised embryos obscuring definition of the
femoral head (Nowlan et al., 2014). Abnormal shapes of the proximal femur and acetabulum in
immobilised embryos were identified as markers of DDH and joint instability, further supporting
the consensus that prenatal movements are important for correct joint morphogenesis. The
consequences of removing spontaneous movements were also noted to be more severe after the
timepoint that cavitation should have occurred, suggesting that the process of joint separation

contributes to normal joint morphogenesis.

Similar effects of altered mechanical stimuli during joint morphogenesis have been observed in
the zebra fish jaw (Brunt et al., 2015). Reduced muscle mutants, flaccid paralysis (all muscles
relaxed) and rigid paralysis altered the alignment of the two skeletal elements in the jaw by
affecting the gap size on the medial and lateral sides of the joint (Figure 2.7). Differences in the
shape outlines also revealed a medial-lateral effect on joint morphogenesis where the Meckel’s
cartilage became very asymmetrical under altered mechanical conditions (Figure 2.7A) (Brunt et
al,, 2016). Interestingly, these shape abnormalities were also present in jaws from hyper-active

mutant fish experiencing excessive joint movements during development (Brunt et al., 2016).

51|Page



Chapter 2 - Background

Medial Lateral
C

B Control
Bimmob

Figure 2.6: Rigid paralysis in the chick embryo caused the shape of the distal femur to become
simplified. Arrow heads indicate regions of reduced outgrowth in the immobilised animals. Arrows
indicate flattening of rudiment surfaces. (A-D) after 4 days of immobilisation; (E,F) after 5 days

immobilisation. Adapted from Roddy et al. (2011b).
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Figure 2.7: The shape of the jaw from zebrafish was found to be abnormal under altered mechanical
environments. Outlines show the frontal shape of the A) Meckel’s cartilage (MC) element, B)
palatoquadrate (PQ) element and C) the two elements aligned together. The medial side of the MC
was elongated under altered conditions included hyper-activity. The biggest effect was found in the
alignment of the two elements which overlapped under altered mechanical conditions. Adapted

from Brunt et al. (2016).
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Mutant murine models allowed to develop in an undisturbed environment provide further
evidence for the importance of spontaneous movements during joint formation. Failure in the
separation of joint sides has been seen in muscle-less limb mouse embryos, particularly at the
elbow joint (Figure 2.8) (Nowlan et al., 2010a). The process of joint morphogenesis was also
reported as missing in mice with reduced limb muscle and muscle-less limb phenotypes Kahn et
al. (2009). Interzone specification was seen in mutant embryos but as development proceeded,
chondrogenic markers were increasing expressed, leading to joint fusion and the cease of normal

joint development (Kahn et al., 2009).

Control Muscle-less

Figure 2.8: Joint cavitation was missing in mutant muscle-less mice at the elbow joint along with the

development of articular joint shapes. Adapted from Nowlan et al. (2010a).

2.4.3 COMPUTATIONAL STUDIES

Computational models using cartilage growth laws have tried to predict how mechanical stimuli
affect joint shape development. The first simulation of joint morphogenesis was carried out by
Heegaard et al. (1999) to predict the surface shape of the finger joint. This study showed that
biological growth of the joint alone was not sufficient to produce an interlocking joint shape.
However, with the inclusion of hydrostatic stress due to joint motion the model was able to

produced one convex and one concave surface (Heegaard et al., 1999). Further research has
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shown that the inclusion of stresses generated during simple joint movements to simulated
cartilage growth laws can predict anatomically recognisable joint shapes from simple starting
configurations (Giorgi et al., 2014) (Figure 2.9). Simulation of normal and abnormal movement
on more advanced joint shapes, such as the hip joint, also revealed that symmetric movements
maintained a stable joint shape, whereas abnormal movements lead to a deformed asymmetric

acetabulum and femoral head (Giorgi et al,, 2015) (Figure 2.10).
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Figure 2.9: Joint morphogenesis can be predicted using mechanobiology theory for cartilage growth.
Applying A) single plane motion from 45° to 120° and B) multi plane motion from 40° to -40° to basic
geometries of two skeletal elements, joint shapes can be predicted that resemble the C) knee joint
and D) hip joint. Convex (arrowhead) and concave (arrow) profiles can be seen in both examples.

Adapted from Giorgi et al. (2014).
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Figure 2.10: Abnormal fetal movements in the hip joint leads to progressive opening of the
acetabulum whilst the femoral head loses sphericity. The predicted hip joint shape is similar to a hip

joint from an infant affected by DDH. Adapted from Giorgi et al. (2015).

Researchers have also applied finite element (FE) models to developing joints based on 3D joint
morphology to assess the distribution of biophysical stimuli across the joint region. When applied
to the chick knee joint, areas of increased biophysical stimuli matched localised areas of growth
measured experimentally during a simulated knee flexion and extension movement (Roddy et al.,
2011a). A consistent increase in biophysical stimuli over the medial condyle was observed which
matches its increased growth seen experimentally during the same stages of development (Figure
2.11) (Roddy et al,, 2011a). Using the same FE model, a comparison to rigid paralysis was also
made which revealed that under these conditions the levels of biophysical stimuli were reduced
and more evenly spread (Figure 2.11) (Roddy et al,, 2011b). Comparing the experimental results
with the FE models, it was proposed that a decrease in biophysical stimuli causes flattening of the

femoral condyles and simplification of shape in the developing chick knee (Roddy et al., 2011b).
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Figure 2.11: Predicted patterns of biophysical stimuli in matched areas of localised growth seen in
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normal development of the distal femur in chick embryos. Adapted from Roddy et al. (2011b).

2.5 SUMMARY

This chapter has presented a review of skeletogenesis, synovial joint formation and the role of
mechanical stimuli on joint morphogenesis from published literature. Cartilage is mechanically
sensitive and can adapt to changes in its environment to direct localised growth, resorption and
remodelling. The process of joint shape development is also clearly mechanically sensitive, with
multiple examples of abnormal joint formation under altered mechanical conditions found in
literature. In this thesis, research is presented that builds on existing knowledge of joint
morphogenesis using a novel culture model. Specifically, this research focused on investigating
the unknown influence of quantified movements on joint shape development to characterise the

relationship between mechanical stimulation and joint morphogenesis.
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CHAPTER 3

3. MATERIALS AND METHODS

Generic methods used throughout this thesis are explained in detail within this chapter.
Additional methods specific to individual parts of the thesis are explained within their relevant
chapters. The explant culture methodology developed and optimised during the course of this
doctorate is presented separately in Chapter 5. Step-wise protocols for the methods described

here can be found in Appendix I.

3.1 HARVEST AND DISSECTION OF EMBRYOS

Fertilised DeKalb White eggs were used throughout the doctorate (Henry Stewart & Co Ltd, UK).
During shipment and upon arrival, eggs were stored at 13°C to pause the initiation of embryo
development. To begin each experiment, eggs were transferred into Corti Semi-Automatic
incubators (The Incubator Shop, UK) and kept at 37.5°C (Figure 3.1A). Humidified conditions
were constantly maintained by keeping distilled water inside the incubators underneath the eggs.
During incubation, the eggs were turned once a day to mimic the natural behaviour of the mother
hen until the day of harvest. On the day of harvest, eggs were removed from the incubator and a
window was cut into the egg shell using curved scissors (Figure 3.1B). The embryo was lifted out
of the shell carefully using a perforated spoon. Vasculature membranes were severed at this point
using straight scissors to free the embryo from the contents of the egg. Each embryo was placed

in a 9cm plate containing sterilised phosphate buffered solution (PBS). Embryos were cleaned to
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remove any pieces of egg shell and remaining membranes using curved and straight forceps
(Figure 3.1C). Embryos were euthanized by decapitation using curved forceps and a scalpel.
Embryos were then transferred into the lid of the 9cm plate with fresh PBS for dissection under
a microscope (Leica EZ4HD). To dissect the hindlimbs, the embryo was positioned onto its front
to spread the limbs from the vertebral column. An incision was then made each side of the spine

on the medial side of the pelvis using a scalpel (Figure 3.1D).

Figure 3.1: (A) Fertilised eggs were incubated at 37.5°C in humidified incubators. Each egg was (B)
windowed to gain access to the embryo. (C) Membrane attachments (arrow) were removed from
the embryos to give clear visualisation of the hindlimbs. (D) Incisions were made either side of the

spine to dissect the hindlimbs from the embryo body.

Using curved forceps, the hindlimbs were then pulled away from the embryo body. All dissections
were carried out at room temperature. Immediately after dissection, hindlimb explants were kept
in warmed basal media (alpha - minimum essential media (GlutaMAX, Gibco) supplemented with

1% antibiotic antimycotic solution and 100uM Ascorbic Acid (Sigma, UK)) in preparation for
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culture, or serially dehydrated in ethanol for 3D shape analysis. All experiments were performed
in accordance with European Legislation (Directive 86/609/EEC), under which no license is

necessary when working with embryos younger than two thirds through gestation.

3.2 3D IMAGING OF EXPLANTS

Optical projection tomography (OPT) can be used to acquire 3D information of large biological
tissues (>2-3mm) in a non-destructive way (Sharpe et al., 2002). The advantage of using an
optical imaging system meant a higher resolution could be achieved compared to other imaging
modalities such as microscopic magnetic resonance imaging. Producing a 3D reconstruction of
the developing joints was crucial for further analysis to be carried out since specimens could be
virtually orientated, segmented and manipulated. A custom OPT system was used throughout this
doctorate (Figure 3.2). A 3D tomographic reconstruction was made using a collecting of
projections (images) acquired during a 360 degree rotation of a specimen. Explants needed to be

stained, embedded and scanned using the OPT machine to produce these projections.
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Figure 3.2: Image of OPT system used to create projections of explants. Explants were mounted to

the rotating stage and imaged using the sCMOS camera during a 360 degree rotation.

3.2.1 STAINING OF EXPLANTS
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Explants were stained to identify cartilage tissue and improve the contrast of the skeletal
rudiments. Alcian Blue and Alizarin Red dyes can be used to stain embryos as young as five days
for cartilage and bone respectively (Bronner-Fraser, 2008). In preparation for staining, it was
necessary to dehydrate the specimens. Immediately after harvest or culture, hindlimbs were
gradually dehydrated in 25%, 50%, 75% and 95% ethanol for 10 minutes each. To visualise the
cartilaginous skeletal rudiments each explant was then stained with 0.055% Alcian Blue (0.005%
Alcian Blue 8GX (Sigma-Aldrich, UK), 95% Ethanol and 20% Acetic Acid) for 5 hours and cleared
in 1% KOH for 2 hours at room temperature to remove any non-specific background staining.
Once cleared, specimens were then fixed in 4% paraformaldehyde (PFA) made in 1x PBS for 2
hours at room temperature. Specimens were not stained for bone since the joint region had not
yet mineralised due to the young age of the explants used. Once fixed, samples were stored in PBS
at 4°C. Due to cartilage’s high water content, the process of dehydration is often thought to induce
artefacts and deformations due to tissue shrinkage. To test this, a comparison of thigh and shank
segment lengths before and after staining for each day was performed. Measured lengths were
tested for normality using the Anderson-Darling test. The results revealed that measurements
made after staining were not normally distributed, hence a Wilcoxon rank-sum test was
performed to test if segments lengths were statistically significantly different before and after
staining. No statistical differences existed before and after staining (p-value > 0.05) (Figure 3.3).

All tests were performed using MATLAB (The MathWorks Inc., USA).
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Figure 3.3: Tissue shrinkage was not significant following dehydration and staining of explants. A)
overlays of unstained and stained explants before and after staining. No significant differences were
found between the B) length of thigh and C) length of the shank in stained and unstained explants
for 7 day (n = 12), 8 day (n = 20) and 9 day (n = 14) old embryos. Bars represent mean length. Error

bars represent standard deviation.

3.2.2 EMBEDDING EXPLANTS FOR IMAGING

Samples were prepared for OPT imaging following protocols outlined in Quintana and Sharpe
(2011). Each explant was embedded in low melting point agarose (LMPA). A 1% solution of LMPA
was made using sterilised distilled water on a heated magnetic stirring plate at 100°C. The molten
agarose was filtered through 0.4pm pore filter paper before use to remove any lumps and dirt
from the mixture. The filtered agarose was poured into 6¢cm dishes and two hindlimbs washed in
dH20 were placed adjacent to each other and submerged into the agarose (Figure 3.4A). As the
agarose cooled and solidified, the hindlimbs were suspended at a medium depth parallel to the
top and bottom surface of the agarose (Figure 3.4B). Once solid, each dish was transferred to cold
storage (4°C) for 2 hours. A scalpel blade was used to cut around each hindlimb to remove them
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from the 6cm dishes. Blocks were transferred into 9cm dishes for trimming. Hindlimb explants
were aligned so that the axis of rotation for imaging would run through the centre of the knee
joint. The agarose blocks were then cut parallel either side of the axis (Figure 3.4C). The top and
bottom of the agarose was squared off leaving a gap of at least 5mm below the specimen for
mounting to the OPT. Once trimmed each specimen block was dehydrated in 100% methanol for
24 hours and cleared in benzyl alcohol and benzyl benzoate (BABB) solution for a further 24

hours.

Figure 3.4: Explants were embedded in molten agarose for OPT scanning. A) hindlimbs were paired
and placed adjacent to each other in 6cm dishes. B) hindlimbs were submerged and suspended at
mid-depth parallel to the top and bottom surface of the agarose. C) the solid agarose was trimmed

to center the knee joint onto the axis of rotation (dotted line) used during imaging. Scale bars = 1cm.

3.2.3 OPTICAL PROJECTION TOMOGRAPHY SCANNING

Each specimen block was glued onto a steel chuck and mounted into the OPT scanner. The steel
chuck was positioned onto a permanent magnet stuck to the electric motor. The lens was adjusted
to bring the explants into focus and centred on the axis of rotation. Specimens were imaged in a
cuvette of BABB solution 400 times at 9 degree increments during a 360 degree rotation (Figure
3.5). Imaging in BABB solution meant the agarose blocks became optically transparent improving

the contrast and resolution of the stained rudiments.
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Figure 3.5: Illustration showing the concept of acquiring projections of the hindlimb explants.
Explants embedded in agarose were mounted to the electric motor and rotated to capture 400

images at 9 degree increments.

3.3 3D SHAPE AND SIZE ANALYSIS

The 400 projections for each explant were reconstructed into a stack of 2D tomographic slices
using a backscatter algorithm in a dedicated program called NRecon by SkyScan (Brucker
microCT, 2011). Projection images had a resolution of 18um/pix which was maintained during
reconstruction. Tomographic reconstructions were imported into Mimics (Mimics, v17.0,
Materialise NV, Belgium) and a mask was created to select the knee joint region. The mask was
then rendered into a 3D object (.stl). The distal femur, proximal tibia and fibula were virtually
segmented into separate 3D models and analysed independently. Once 3D models of the femur,
tibia and fibula for each explant were created they were aligned into a neutral flexed position.
The femur of each explant was orientated using the longitudinal axis and the axis of the lateral
condyle as a reference. First the femur was independently rotated into the frontal view until the
longitudinal axis was parallel with the y-axis (Figure 3.6A). In the lateral view, the femur was then
rotated about the x-axis so that axis of the lateral condyle was also parallel with the y-axis (Figure
3.6B). The tibia and fibula were also aligned in the frontal view by aligning their longitudinal axes
with the y-axis (Figure 3.6C) and then adjusted again in the lateral view so that the longitudinal

axis was still aligned with the y-axis (Figure 3.6D). Orientated 3D models were then presented in
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the frontal, lateral and medial views. To analyse and compare joint shapes, 2D joint shape profiles
were traced of the frontal femur, medial and lateral condyle, medial tibia and lateral fibula (Figure

3.7).
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Figure 3.6: 3D models of the distal femur, proximal tibia and fibula were aligned following the same
guidelines to ensure shape analysis was consistent. Rudiments were aligned in the frontal and lateral
views using their longitudinal axis and axis of the lateral condyle for the distal femur. Joint were

positioned into a neutral resting flexed position.

Joint shape profiles for each rudiment belonging to the same experimental group were pooled
together and overlaid. Each joint region was analysed independently across groups. The size of
the knee joint was analysed using the 3D models in ParaView (Ahrens et al., 2005). Eleven
measurements were made of the distal femur, proximal tibia and fibula in the frontal, medial and

lateral planes (Figure 3.7).
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Figure 3.7: 3D rendered model of the chick knee joint in a neutral flexed position. Medial, frontal and
lateral views of the joint were used to produce joint shape profiles and measure joint region sizes.

Adapted and reproduced from Chandaria et al. (2016)

3.4 HISTOLOGY AND IMMUNOHISTOCHEMISTRY

Hindlimbs for 2D morphology and cellular activity analysis were fixed in 4% PFA immediately
after culture for 2 hours at room temperature inside a fume cabinet. Explants were prepared for
cryopreservation by incubating in 15% sucrose in PBS overnight at 4°C followed by 30% sucrose
in PBS overnight at 4°C again. A final incubation at room temperature in an OCT-30% sucrose
(50:50) medium for 2 hours was performed before embedding the explants into OCT-30%
sucrose blocks. The hindlimbs were submerged into the embedding medium with the knee joint
facing upwards (Figure 3.7) so frontal section could be cut during cryosectioning. The blocks were
then flash frozen in dry ice and kept at 20°C for storage. Embedded explants were sectioned using
a cryostat at -18°C in the frontal plane. Cut sections were serially mounted to Superfrost™ Plus

slides (ThermoFisher Scientific, UK) for each specimen.
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Figure 3.8: Cultured explants were embedded in a medium of OCT and 30% sucrose and frozen over
dry ice. Explants were orientated to face upwards with the knee joint (circled) just below the surface

of medium ready for cryosectioning. Scale bar = 1cm.

3.4.1 HISTOLOGY STAINING

Histology staining was performed using Alcian Blue (Alcian Blue 8GX, Sigma-Aldrich, UK) and
Picro Sirius Red (Direct Red 80, Sigma-Aldrich, UK) to visualise the cartilaginous rudiments and
surrounding tissues respectively. Slides for histology were washed in PBS for 5 minutes twice
before being stained with Alcian Blue (0.025% Alcian Blue, 3% acetic acid in dH20) for 30 minutes
at room temperature. Slides were then washed in tap water for 10 minutes before being
counterstained with Picro Sirius Red (1% Direct Red in picric acid) for 10 minutes. Finally, slides
were washed in 0.5% acidified water for 10 minutes followed by PBS for 5 minutes before being
mounted using DPX mounting media (Sigma-Aldrich, UK). The cartilaginous rudiments were

stained blue and muscle fibres and connective tissues were stained pink.

3.4.2 PROLIFERATION ASSAY

Proliferating cells were identified using the mitosis marker phospho-Histone H3 (pHH3), as used
by Roddy et al. (2011a). Slides were washed in PBTD (PBS, 1% Tween (Sigma-Aldrich, UK), 1%

DMSO (Sigma-Aldrich, UK)) for 5 minutes at room temperature. Sections were then blocked (5%
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normal goat serum, 1% DMSO in PBS) for 2 hours at room temperature before being incubated
with anti-phospho-Histone H3 from rabbit ser10 (Merck Millipore, Germany) diluted 1:50 in
blocking solution overnight at 4°C. During incubation slides were kept in a humidified chamber.
Sections were then washed in PBTD for 30 minutes before a second incubation with goat anti-
rabbit secondary antibody, Cy3 conjugate (Invitrogen, USA) diluted 1:200 in blocking solution at
room temperature for 1 hour. A final wash in PBTD for 25 minutes was performed before
mounting slides using a DAPI fluoroshield medium (Sigma-Aldrich, UK). Under ultraviolet
excitation (~365nm) the DAPI mounting medium shows all cells in blue (~450nm), whilst under

green excitation (~560nm) the proliferating cells show up in red (~645nm).

3.4.3 LIVE DEAD ASSAY

Cell viability was assessed to identify cells undergoing apoptosis or necrosis. A terminal
deoxynucleotidyl transferase (TdT) dUTP nick-end labelling (TUNEL) detection kit for
cryosections (APO-BRDU-IHC, Bio-Rad Laboratories, USA) was used following the recommended
protocols (AbD Serotec, 2016). Slides were first washed in PBS for 15 minutes, and then incubated
with proteinase K for 10 minutes to permeabilise cellular membranes for antibody binding. To
reduce non-specific background staining, slides were incubated with a hydrogen peroxide
solution (30% H»0; diluted 1:10 in methanol) for 5 minutes. Slides were then incubated with
reaction buffer for 30 minutes at room temperature. A labelling solution was then applied to each
slide for 1.5 hours at 37°C. Slides were then rinsed in PBS and covered in blocking buffer for 10
minutes after which they were incubated with antibody solution (Biotin anti BrdU) for 1.5 hours
at room temperature. Slides were rinsed in PBS and covered in blocking buffer and conjugate for
30 minutes. Dead cells were then stained using a mix of DAB (3,3'-Diaminobenzidine) and urea
for 15 minutes at room temperature. This coloured dead cells brown. Methyl Green was used to

counterstain viable cells green for 3 minutes.
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CHAPTER 4

4. PHYSIOLOGICAL CHICK KNEE JOINT DEVELOPMENT

Parts of this chapter have been published in the Journal of Biomechanics (Appendix III)

(Chandaria et al,, 2016).

4.1 INTRODUCTION

In order to evaluate the progression of joint morphogenesis in joint explants cultivated in vitro, it
was important to first understand the physiological sequence of morphological events that occur
in the embryonic chick knee joint. The emergence of anatomical structures, such as femoral
condyles and soft tissue attachment points, has previously been reported for the chick knee joint
during development (O'Rahilly and Gardner, 1956, Roddy et al., 2009) along with the shape and
structure of the adult chick knee joint (Haines, 1942). However, the incremental shape changes

involved in the creation of these joint features were yet to be documented.

It has already been reported that the location of the chick knee joint and formation of the
interzone is evident by day 5.5 (HH28) as shown by a decrease in Alcian Blue staining between
the femur, tibia and fibula (Roddy et al., 2009). Individual movements of the hindlimbs start to
occur on day 6 (HH29) (Hamburger and Hamilton, 1951) when the first indication of a femoral
condyle emerges on the lateral side of the joint above the fibula (Roddy et al,, 2009). This is

followed by the clear visualisation of the three segments of the hindlimb: the thigh, shank and
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foot. At 6.5 days (HH30) the knee joint becomes flexed giving external identification of the
location of the knee joint with a bend between the thigh and the shank segments (Hamburger and
Hamilton, 1951). On day 7 (HH31), the medial condyle emerges alongside the developing lateral
condyle on the distal femur above the tibia (Roddy et al., 2009). Cavitation of the knee joint occurs

on day 8 (HH34) (Roddy et al., 2009).

Further detailed analysis of physiological knee joint morphogenesis was essential to evaluate the
finer differences in joint shapes of in vitro cultured explants and assess the progression of
development and comment on their normality. This chapter took a deeper look at shape

development of the distal femur and proximal tibia and fibula elements of the chick knee joint.

4.2 METHODS

Since the major morphology of the chick knee joint is created between day 7 and day 9 of
incubation, this was the period of development of interest for this chapter. Six embryos were
harvested after 7, 8 and 9 days of incubation under humidified conditions at 37°C following the
methodology described in Chapter 3.1. The hindlimbs were dissected from each embryo and
dehydrated serially in ethanol, stained for cartilage and prepared for 3D imaging following
protocols described in Chapter 3.2. A single hindlimb was chosen from each embryo to give a total
of six specimens for each age group. The chosen hindlimbs were reconstructed and analysed for
joint shape and size as described in Chapter 3.3. Joint region measurements were tested for
normality using the Anderson-Darling test. For joint region measurements that followed a normal
distribution, 1-way ANOVA was used to test for significant differences between each day. Where
significant differences existed, the Tukey-Kramer pairwise comparison was made to identify
which groups were significantly different from each other.For joint region measurements that
were deemed to not follow a normal distribution, the non-parametric Kruskal Wallis ANOVA was
used to test for significant differences between each day and a pairwise rank-sum post hoc test

was performed to identify which groups were significantly different. p-values less than 0.05 were
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considered significantly different. Statistical tests were performed in MATLAB (The MathWorks

Inc., USA).

4.3  RESULTS

All three skeletal rudiments were clearly identifiable in all samples as illustrated in Figure 4.1.
Morphological changes were observed from the 3D reconstructions over the three days of

interest and presented below for each rudiment.

Figure 4.1: 3D models of the embryonic chick knee joint at 7, 8 and 9 days.

4.3.1 THE DISTAL FEMUR

At 7 days, both femoral condyles can be identified as simple outgrowths from the distal femur
giving it a forked appearance in the frontal view (Figure 4.2A). The lateral condyle is the dominant
feature exceeding the size of the medial condyle by 38%, 45% and 39% on average in width,
height and depth respectively (Figure 4.3A & B). At 7 days, both condyles have a simple rounded
shape as shown by the shape profiles in the medial and lateral views (Figure 4.2B & D). At 8 days,
the lateral condyle still holds a slight dominance over the medial condyle (Figure 4.2F). The width,

height and depth of each femoral condyle remain similar to those measured at 7 days (Figure 4.3A
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& B). At 8 days, the shapes of the condyles have developed to create a slight posterior curl which
can be seen in the sagittal plane (Figure 4.2G & I). This curl of the condyle is more defined in the
lateral condyle than the medial condyle. The curling of the condyles leads to the creation of an
intercondylar fossa between the two protruding ends of each femoral condyle on the posterior
side of the joint (Figure 4.2F). At 9 days, the medial condyle has considerably enlarged and
appears similar to the lateral condyle giving the frontal femur a nearly symmetric appearance.
The difference in lateral to medial condyle size is now reduced to 20%, 20% and 12% in width,
height and depth respectively (Figure 4.3A & B). At 9 days, the posterior curls of the femoral
condyles are now more apparent and have increased the width of the intercondylar fossa (Figure
4.2L & N). The femoral condyles were significantly larger in all measurements at 9 days compared
to day 7 and 8 joints except for medical condyle width. (Figure 4.3A & B). The increase in size of
each femoral condyle leaves behind a channel like groove on the superior surface of the distal

femur between the two condyles to give the femur its recognisable condylar shape (Figure 4.2K).

4.3.2 THE PROXIMAL TIBIA

At 7 days, the shape of the tibia does not resemble anatomical images of a mature tibia. The
proximal end of the tibia appears to protrude posteriorly from the main shaft of the tibia giving it
a sloped articular surface (Figure 4.2C). At 8 days, the shape of the tibia has completely changed
with a rapid outgrowth on the anterior side of the rudiment (Figure 4.2H). It was assumed this
emergence forms the anterior tibial crest. At 9 days, the anterior tibial crest has further protruded
and lengthened the anterior-posterior depth by 20% and 55% compared to at 8 days and 7 days
respectively. The width and depth of the proximal tibial are significantly larger at 9 days
compared to 7 days (Figure 4.3C). The extension of the anterior tibial crest is accompanied by the
formation of a concave tibial plateau which can be made out in the medial shape profile of the

rudiment (Figure 4.2M).
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4.3.3 THE PROXIMAL FIBULA

The shape of the fibula is very simple and does not dramatically change throughout the three days
studied. At 7 days, the fibula appears rod-like with the proximal end rounded off in a convex dome
shape (Figure 4.2E). At 8 days, the top surface of the fibula appears to have flattened compared
to the previous day which can be noticed in the lateral view (Figure 4.2]). The anterior-posterior
depth of the epiphysis is significantly larger at 8 days compared to 7 days. The average depth
measures 22% larger at 8 days compared to the previous day (Figure 4.3D). This expansion of the
proximal end is even more pronounced at 9 days measuring on average 14% deeper than at 8
days. The average width and depth of the fibula become significantly larger at 9 days compared
to at 7 days (Figure 4.3D). At 9 days the shape of the proximal end of the fibula is similar to that
of day 8 resembling a flattening rod. It was also noticed the proximal end becomes slightly curled

in the posterior direction (Figure 4.20).

Frontal View Medial View Lateral View
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Figure 4.2: Normal shape changes occurring in the chick knee joint during development. Shape
profiles of 7, 8 and 9 day old chick embryo knee joints were outlined and overlaid (n=6). Hollow
arrows: posterior curl of condyles; * dorsal groove between the two femoral condyles; single edged
bars: intercondylar fossa; + concave curve of the tibial plateau; filled arrows: anterior tibial crest.

Adapted and reproduced from Chandaria et al. (2016).
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Figure 4.3: The increase in joint region size is most dramatic between days 8 and 9. Columns
represent mean size of joint regions (n=6). Error bars represent standard deviation. *p-values < 0.05;

**p-values < 0.01.

4.4 DISCUSSION

Shape development of the chick knee joint can be divided into several morphological events
which occur between day 7 and day 9 of incubation. The distal femur forks to create a lateral
protrusion followed by a medial protrusion, which eventually form the femoral condyles.
Individual enlargement of the condyles and posterior curl separates the two condyles on the
dorsal and ventral sides leading to the maturation of the femoral shape. The proximal tibia
undergoes a considerable shape change during the three days. Growth of the anterior tibial crest,

anterior-posterior elongation of the superior surface and creating of the tibial plateau are
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characteristics of tibial shape development. The fibula undergoes the least amount of shape
change. The dome shape of the proximal fibula becomes flatter as it matures and curls slightly in

the posterior direction.

The developing morphology of the chick knee joint has previously been described by Roddy et al.
(2009) for the cartilaginous rudiments and the soft connective tissues. While this gave an insight
into some of the morphological events included in knee joint morphogenesis, the description of
shape changes for the skeletal elements was not as detailed as this study. Their results showed
that morphogenesis proceeded with the appearance of rounded prominences of the articulating
surfaces on the distal femur (condyles) at day 6 and day 7 and the protrusion of the future cnemial
crest on the anterior surface of the tibia visible at 8 days (Roddy et al., 2009). In this chapter, a
closer investigation was applied to the shape of all three rudiments between day 7 and day 9 of
incubation and revealed finer shape changes not previously reported, such as the posterior
curling of the femoral condyles, the appearance of the intercondylar fossa and dorsal groove, the
emergence of the anterior tibial crest and the flattening of the fibula. From the data collected in
this study, the cnemial crest described by Roddy et al. (2009) was considered to actually be part
of the newly formed anterior tibial crest. The cnemial crest is a feature that exists in some avian
and reptile species and can be related to the tibial tuberosity in mammals (Hall, 2008, Shojaei et
al., 2015). This structure protrudes from the anterior tibial surface in the anterior-superior
direction and is considered as a separate structure that fuses to the tibia (Hall, 2008) for the

patella tendon to attach.

This chapter extended the current understanding of knee joint morphogenesis for chick embryo
over its developmental period. The sequence of morphological events for the distal femur and
proximal tibia and fibula was used as a reference to stage the progression of joint shape

development for explants cultured in vitro in further chapters of this thesis.
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CHAPTER 5

5 EXPLANT CULTURE METHODOLOGY

The method of soft tissue removal was performed following help and advice from Dr. James

Henstock.

5.1 INTRODUCTION

Fragments of embryonic skeletal tissues were first cultivated in the 1920’s when it was shown
that some of the biological processes, such as differentiation and cell division, operating in vivo
also operated in vitro (Strangeways and Fell, 1926). This ultimately led to the pioneering ‘watch-
glass’ technique of culturing whole embryonic chick limb buds in the concave surface of a glass
watch face (Fell and Robison, 1929). Limb bud explants from four day old embryos were
maintained in culture for up to six days (Fell and Canti, 1934). Explant cultures allow for the
preservation of natural tissue patterning and cell to matrix interactions which can be more
informative than traditional cell culture methods, which provide little information about the
morphological development of complete tissue structures (Zaman et al., 1992, Henstock et al.,
2013). Since these pioneering explant culture methods were published, in vitro culture
techniques have improved dramatically. Modern bioreactors enable repeatable cultivation of
skeletal tissue and application of controlled mechanical stimulation in ways that are not possible
in vivo (Cohen et al., 2005, Portner et al.,, 2005). In vitro culture of embryonic chick hindlimb

elements has been shown to be a versatile model for studying skeletal development (Smith et al.,
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2013), including the study of growth and resorption of cartilage and bone tissue, mineralisation
and the effects of chondrogenic and osteogenic media components (Roach, 1990, Kanczler et al.,

2012, Henstock et al., 2013).

This chapter details the design and optimisation of the culture system used to study embryonic
joint morphogenesis. A specialised culture setup was needed to apply mechanical stimulation to
the embryonic chick knee joint. This included the design of a support system that would hold the
hindlimb during culture and throughout stimulation regimes. The support system was designed
to work with a uniaxial compression bioreactor that would stimulate the knee joint in a
physiological manor. Calibration of the culture system under increasing compressive
displacement was also performed. Along with designing a support system, the culture conditions
needed to be considered and tested for optimal joint development in vitro. These included the

method of nutrient delivery, the effect of soft tissue presence and culture duration.

5.2  DESIGN OF CULTURE SYSTEM

5.2.1 THE BIOREACTOR

Bioreactors allow explant cultures to be contained within controlled environments with the
optional application of quantified mechanical stimuli. The Ebers TC-3 bioreactor (Don Whitley
Scientific, UK) was used throughout this doctorate. The TC-3 bioreactor could apply a uniaxial
compressive regime into three individual chambers simultaneously through a single driving
piston which attaches to each culture chamber (Figure 5.1). A total of three culture chambers
could be mounted to the bioreactor at any one time. The bioreactor could be operated in the
vertical or horizontal position. Custom compressive grips which span across the culture chamber
were included to distribute the compressive loads across the whole width of the chamber (Figure
5.1). The bioreactor ran in displacement control and could be programmed to run under cyclic

loading profiles.
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Figure 5.1: (A) Ebers TC-3 Bioreactor System. (B) Compression Culture Chambers. (Ebers Med

Tech SL, 2016)

5.2.2 FoAM SUPPORT SYSTEM

The process of creating a culture system that could apply mechanical stimulation to the
embryonic chick hindlimb was initiated during a Master of Research (MRes) program at Imperial
College London (Chandaria, 2013). This included the design of a support system to hold the
explants during culture and control the transfer of compressive displacements applied by the
bioreactor to the developing joint region. This work was carried out for intended use with a
magneto-mechano bioreactor initially, and then adapted during this doctorate for the new TC-3

bioreactor.

The support system needed to be designed to fit within the bioreactor’s culture chambers and
allow for the perfusion of culture media and its nutrients to the hindlimb explants. Polyurethane
foam scaffolds are widely used in tissue engineering and were chosen as the support material. It
can easily be sterilised using high temperature autoclaving and made to a variety of shapes.

Mechanical testing of various open celled polyurethane foams was conducted to establish the
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mechanical behaviour of the foam under compressive loading. Following the selection of foam
material, various options were designed for the arrangement of the hindlimb explants and foam

supports with an aim to induce physiological movements to the developing knee joint.

5.2.2.1 Mechanical Properties of Foam Supports

Foam supports of varying pore density were tested following guidelines from the American
Society for Testing and Materials (ASTM) for flexible cellular materials including urethane foams
(ASTM D3574-11, 2011). Each material was tested for “indentation force deflection (IFD)” and
“dynamic fatigue by constant deflection pounding”. IFD testing consists of measuring “the force
necessary to produce a designated indentation in the foam product” resulting in IFD values for a
specified strain, which are used as a measure of load bearing capacity. The ratio of IFD at
65%:25% strain is defined as the foam’s “support factor” which determines its cushioning quality.
A higher value suggests a better resistance to “bottoming out” (compression to a point where the
foam can no longer hold the load). Dynamic fatigue was calculated as the percentage change in IFD
at 25% strain before and after cyclic loading to 30% compressive strain, evaluating the material’s
durability by repeatedly being loaded under compression. A decrease in IFD after cyclic loading

is used as a measure of how much the material has fatigued.

It was expected that an increase in pore density would increase the stiffness of the foam,
increasing its resistance to deformation. Five types of foam were tested with various pore
densities of 12, 20, 30, 45 and 60 pores per inch (ppi). Three specimens were tested for each foam
density and the results averaged between them. Cylindrical samples (35mm dia. x 20mm) were
saturated in water and tested under confined compression conditions to mimic the environment
of the bioreactor chamber. Mechanical tests were performed using an Instron 5866 equipped

with a 50N load cell. Strain rates were matched to those specified in ASTM D3574-11 (2011).

To measure the 25% and 65% IFD each specimen was pre-flexed to 75% compressive strain twice
at 50mm/min and allowed to recover for 5 minutes. Specimens were then compressed to 25%

and 65% compressive strain sequentially at 10mm/min and held for 60 seconds to stabilise the
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load cell. Following the initial IFD tests, each specimen was cyclically loaded to 30% compressive

strain at 250mm/min under a triangular displacement profile. After 625 cycles, the 25% and 65%

IFD tests were repeated.

The support factor was calculated before and after fatigue cycling and revealed that repeatedly

loading the foam increased its stiffness for all specimens. As expected, the mean support factors

for the 5 samples generally increased with pore density. A pore density of 45ppi had the highest

consistent support factor and showed the least amount of fatigue (Figure 5.2 & 5.3). Therefore,

45ppi foam was decided to be the optimal choice for the foam support system.
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Figure 5.2: Cyclic loading improved the support factor for all foam types. 10ppi and 45ppi had the

highest support factors before and after loading. Support factors were calculated as the ratio of 65%

IFD/25% IFD before and after 30mins of cyclic loading to 30% compression. Error bars represent the

standard deviation.
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Figure 5.3: After 30mins of cyclic loading 45ppi foam showed the least amount of dynamic fatigue.
Fatigue was calculated as the percentage change in 25% IFD before and after 30mins of cyclic

loading to 30% compression. Error bars represent the standard deviation.

5.2.2.2 Foam and Explant Arrangement

An arrangement of the polyurethane foam and hindlimb explants was designed to hold explants
in place and transfer the compressive displacements from the bioreactor. It was noticed that
freshly harvested explants naturally adhered to the pore structure of the polyurethane foam
pieces. Over-manipulation or excess handling of the explants led to tissue damage which meant
trying to slide the hindlimbs into pre-cut holes or suspend them between pieces of foam was
impractical. The simplest way, which involved the least disturbance to the hindlimb, was to rest
the explant on the surface of the porous polyurethane foam. It was found that placing the hindlimb
on a piece of rectangular foam with its superior-inferior axis perpendicular to the top and bottom
horizontal edges of the foam would lead to the top and bottom of the hindlimb moving closer
together when compression is applied vertically. Releasing the foam would then return the
hindlimb to its natural resting position causing a flexion movement to occur at the knee joint.
Trials of this arrangement found that after multiple movements, the hindlimbs could move or

82|Page



Chapter 5 - Explant Culture Methodology

slide along the foam surface. Therefore, to counter this, a step was cut into the foam support
beneath the explant (Figure 5.4A). To stop the top of the explant sliding down towards the step,
a 27G needle was pinned through the pelvis into the foam support (Figure 5.4B). Cutting
rectangular pieces (35x20x15mm) of polyurethane foam (Sydney Heath & Son, UK) to the width
of culture chamber meant multiple explants could be loaded in a line horizontally. For
consistency, each hindlimb was positioned medial side down onto the lower level and oriented
with the distal end nearest the step (Figure 5.4B). This arrangement meant explants could be

loaded in vertical or horizontal orientations (Figure 5.4C).

—_

Figure 5.4: Schematic of the explant culture setup. A) Rectangular polyurethane foam supports were
cut to create a step along the horizontal axis. Measurements are in mm. B) Explants were positioned
onto the lower level of the foam and pinned into place. Explants were orientated medial side down
with the hip joint furthest away from the step. C) The culture setup could be compressed in both the

vertical or horizontal orientations. Adapted from Chandaria et al. (2016).
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5.3  VALIDATION AND CALIBRATION OF MECHANICAL STIMULATION

Movement of the explants during compression was validated and calibrated using a high-
resolution camera (HV-5080, HAVIT, China). A range of displacements were applied by the
bioreactor during calibration to quantify the magnitude of induced flexion movements
experienced by the knee joint. Freshly harvested 7 day old chick hindlimb explants were
positioned onto foam supports and loaded into a bioreactor chamber as described in the previous
section. Basal culture media was added to saturate the porous foam during loading. A total of six
explants were subjected to 1, 2, 3 and 4mm of cyclic compression for five minutes. A rest period
of five minutes was included between each magnitude of compression to allow the foam support
and hindlimbs explants to fully recover for the next test. A constant loading rate of 4mm/s was
maintained for all tests to remove any effect of strain rate on the mechanical behaviour of the
foam support. This was the maximum speed the bioreactor could travel at for the selected
magnitudes. The internal joint angle, between the long axis of the thigh and shank, was measured
using the angle tool in Image] (Schneider et al.,, 2012). Angles were measured for all six explants
from a single frame of minimum and maximum compression to give the internal knee angle before
and after compression respectively. Frames were randomly selected between four and five
minutes of stimulation. The change in flexion was then calculated as the difference before and
after compression and averaged for all explants. Analysis of the footage validated the flexion
movement about the knee joint and proved this to be a simple and repeatable method to hold the

limbs in the correct orientation without causing damage to the fragile tissues (Figure 5.5).

The bioreactor could induce 4+1.8 degrees (mean+SD) of flexion at 1mm of compression up to a
maximum of 22+5 degrees (mean+SD) of flexion using 4mm of compression to the developing
knee joint. Amongst the six explants, a range of flexion angles were measured showing some
variation in response to the applied compression as shown by the standard deviation in Figure
5.6. This was thought to be due to a combination of variation during the placement of hindlimbs

onto the foam and the natural variance in hindlimb size. The results show the change in knee
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flexion was linearly proportional to the magnitude of compression applied by the bioreactor
(Figure 5.6). Regression analysis of the raw data found a strong linear relationship between the

two variables (R2=0.79).

Compression of Foam

Figure 5.5: Increasing compression of the foam support resulted in a bending motion at the knee

joint as indicated by the decrease in internal knee flexion angle.
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Figure 5.6: Flexion angle increased linearly (trend line) with compressive magnitude. Flexion angles
of developing knee joints in explants experiencing 1 — 4mm of uniaxial compression. Error bars

represent standard deviation.
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5.4  OPTIMISATION OF EXPLANT CULTURE

Initial cultures showed that hindlimbs explants could be cultured for up to three days when
attached to the foam supports and completely submerged in basal culture media as shown by
complete Alcian Blue staining of the rudiments after culture (Figure 5.9). After three days the
hindlimbs explants were seen to deteriorate and fragment in culture showing signs of tissue
integrity loss and reduced Alcian Blue staining (Figure 5.9). Previously, Lelkes (1958) had shown
that the chick knee joint could be cultured for up to six days when excised from the hindlimb and
stripped of surrounding tissues before culture. It was therefore decided to test the culture
conditions used to improve future experiments. Three conditions were tested during
optimisation which included the method of nutrient delivery, effect of soft tissue presence and
culture duration. These conditions were tested in four individual experiments to find the optimal

culture conditions to promote normal joint development in vitro as much as possible.

3 days 6 days

po

Figure 5.7: Explants would start to deteriorate after 3 days of culture under submerged conditions
during initial experiments. Arrows indicate areas of reduced Alcian Blue staining of the femur and

proximal tibia. Images not to scale.
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All optimisation cultures were conducted under static conditions to remove any variation that
may be introduced by mechanical stimulation. For all cultures the preparation of explants for
culture was as described in Chapter 3.1. Embryos were harvested after seven days of incubation.
After dissection, hindlimbs from each embryo were immediately incubated in 1.5ml of culture
medium and kept at 37°C. Hindlimbs explants were mounted on rectangular pieces of
polyurethane foam as described previously (Chapter 5.2.2.2) and cultured in well plates rather
than the bioreactor since no stimulation was needed. Explants were cultured in basal media
consisting of alpha-minimum essential medium («MEM) GlutaMAX (Gibco, UK) supplemented
with 1% pen/strep (Sigma-Aldrich, UK) and 100mM ascorbic acid (Sigma-Aldrich, UK) in a 5%
CO; humidified environment. Basal media was replenished every 24 hours. Cultured explants
were processed and analysed for joint shape and size using methods described in Chapter 3.2 and
3.3. Six hindlimb explants were included for analysis from each experimental group. The four
cultures performed gave four experimental groups (groups 2-5) for comparison (Table 5.1). A
control group (group 1), of day 7 uncultured knee joints from Chapter 4, was also included as
controls to assess the change in shape during culture. The first two cultures, groups 2 and 3,
assessed the method of nutrient delivery with explants cultured submerged or at an air-liquid
interface. Comparisons of groups 3 and 4 assessed the effect of soft tissue presence with explants
cultured with their soft tissues intact or stripped. Finally, groups 4 and 5 were used to assess the
effect of culture duration with explant cultured for either three or six days. Cultures were
performed sequentially based on the results from the previous experiment. The method of
nutrient delivery was tested first, followed by the effect of soft tissue presence and finally, culture
duration was tested. Joint region measurements were tested for normality using the Anderson-
Darling test. For joint region measurements that followed a normal distribution, 1-way ANOVA
was used to test for significant differences between each condition. Where significant differences
existed, the Tukey-Kramer pairwise comparison was made to identify which groups were
significantly different from each other. For joint region measurements that were deemed to not

follow a normal distribution, the non-parametric Kruskal Wallis ANOVA was used to test for
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significant differences between each condition and a pairwise rank-sum post hoc test was
performed to identify which groups were significantly different. p-values less than 0.05 were

considered significantly different. Statistical tests were performed in MATLAB (The MathWorks

Inc., USA).
Grou Number Nutrient Soft Tissues Culture

P Analysed Delivery Duration

1 6 Uncultured Uncultured Uncultured

2 6 Submerged Intact 3 days

3 6 Air-Liquid Intact 3 days

4 6 Air-Liquid Stripped 3 days

5 6 Air-Liquid Stripped 6 days

Table 5.1: Groups of knee joints compared to optimise culture conditions. Group 1 included knee
joints from uncultured day 7 chick embryos. Comparisons of groups 2 and 3 were made to assess the
method of nutrient delivery. Comparisons of groups 3 and 4 were made to assess the effect of soft

tissue presence. Comparisons of groups 4 and 5 were made to assess the effect of culture duration.

5.4.1 NUTRIENT DELIVERY

The culture system could be used in either the vertical or horizontal orientation with the hindlimb
explants fully submerged in cultured medium or left at an air-liquid interface respectively.
Essentially, these configurations affect the microenvironment during culture, altering the method
of nutrient delivery, waste removal and gaseous exchange, which rely on diffusion to get into and
out of the developing joint region (DiMarco et al., 2014). Being fully surrounded by media means
the hindlimb explants have access to nutrients in the media from all sides, but are only exposed
to gases dissolved in the media (Figure 5.9). An air-liquid interface leaves half the hindlimb
explants in contact with media and the other half open to the culture atmosphere (Figure 5.10).
This allows for better gas exchange but reduces the capacity for nutrient delivery and waste

removal. An air-liquid interface has previously been reported to increase oxygen tension within
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cultured tissue and enhance viability and capacity for bone formation in a murine explant model
(Smith et al., 2010) and increase bone development in embryonic chick femora (Kanczler et al,,

2012).

Both submerged and air-liquid interface methods were tested over a culture period of 3 days
since this was known to be a viable amount of days the explants could spend in culture. For both
cases, equal amounts of culture media were used completely saturating the volume of the foam

support. Both orientations were conducted with whole intact hindlimb explants.

Submerged Air-liquid
// Hindlimb \\
| Foam and |
Media

\ Well plate /

Figure 5.8: Submerged and air-liquid interface culture setups. In submerged culture the explant is
fully surrounded by culture media with the hindlimb in the vertical position. At an air-liquid interface
the explant lies above the level media exposed to the culture atmosphere with the hindlimb in the

horizontal position.

Knee joints in the submerged group did not appear to have undergone any shape development
(Figure 5.12F-]) or size change (Figure 5.13) during the 3 days of culture when compared to shape
profiles from uncultured physiological day 7 joints (Figure 5.12A-E). Explants cultured at an air-
liquid interface however, showed some features of normal joint shape development as reported
in Chapter 4. These included the development of the anterior tibial crest and posterior curl of the

lateral condyle (Figure 5.12M & N). Slight separation of the femoral condyles was also observed
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in explants cultured at an air-liquid interface (Figure 5.12K). Joint shape development was
therefore more advanced in knee joints cultured at an air-liquid interface compared to those
cultured under submerged conditions. The size of the knee joint following 3 days of cultures
under both conditions did not significantly differ from uncultured day 7 knee joints (Figure 5.13).
Based on the progression of joint shape development, the air-liquid interface was deemed to be

advantageous over submerged conditions.

5.4.2 PRESENCE OF SOFT TISSUES

During early preliminary cultures, it was observed that the surrounding soft tissue in the
hindlimb explants were suffering necrosis after 3 days of static culture. The presence of
surrounding soft tissues around the cartilaginous rudiments was therefore thought to be a
limiting factor for development of the explant, since more tissues need to be maintained and
compete for nutrients. To test, this hypothesis, hindlimbs explants were cultured with their soft
tissues stripped away for 3 days at an air-liquid interface and compared to explants cultured with

the soft tissues intact from the previous experiment.

Soft tissues surrounding the rudiments were removed as described by Henstock et al. (2013)
immediately after dissection of the hindlimbs. Once dissected, the hindlimbs were placed on
sterile filter paper and rolled laterally using curved forceps. This process removed the skin and
soft tissues as they stick to the paper and are pulled away from the skeletal structure within the
hindlimb (Figure 5.11). Along with the skin and soft tissues, the digits of the foot were also often

removed, however, this was not considered an issue as the knee joint remained complete.
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Intact Removed

Figure 5.9: Removal of the soft tissues exposed the cartilaginous rudiments on the skeleton. Left
hindlimb (left hand side) left intact after dissection. Right hindlimb (right hand side) with the soft
tissues stripped after dissection. Both hindlimbs are from the same embryo. Digits of the foot were

also removed during the removal of soft tissue.

Comparing explants cultured at an air-liquid interface with their soft tissues intact (group 3) and
stripped away (group 4) confirmed the hypothesis that removal of tissue would promote
development during culture. Stripped knee joints had an amplified emergence of the anterior
tibial crest, a more defined lateral condyle and a flattened fibula (Figure 5.12R, S & T). The
removal of soft tissues saw a significant increase in the average anterior-posterior depth of the
lateral condyle, tibia and fibula (Figure 5.13) suggesting there was more capacity for growth in
stripped explants. Removal of the soft tissues before culture was therefore considered a valuable

process to advance joint development in vitro.

5.4.3 CULTURE DURATION

The pioneering study by Lelkes (1958) found differences in knee joint shape between moved and
unmoved chick explants only after six days of culture. It was therefore desired to extend the
culture period from 3 days to 6 days to allow more time for growth and shape development to
occur. Removing the soft tissues from explants had increased the development of the knee joint
in the previous experiment and removed the tissue undergoing necrosis after 3 days of culture
previously observed. It was therefore thought that this process would potentially extend the
viability of explants in culture. To test this, explants were cultured for 6 days at an air-liquid

interface with their soft tissues removed. Comparisons were made to explants cultured for 3 days
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from the previous experiment to assess if extending the period affected the final joint shape and
size. It was predicted that a longer period in culture would allow for more biological activity and
hence advance joint development further. It could however, have a negative effect and lead to a

decrease in explant survival.

Removal of soft tissues and culturing the explants at an air-liquid interface saw explants survive
the complete 6 days in culture. Comparing cultures of 3 days (group 4) and 6 days (group 5)
showed that doubling the time period explants spent in culture had no major effect on joint shape
development under static conditions (Figure 5.12U-Y). The knee joint showed the same
characteristics of shape development as explants cultured for 3 days, except for a subtle
appearance of a concave tibial plateau after 6 days which was not evident previously (Figure
5.12W).]Joint region sizes were also similar after the extended culture period, with only the lateral
condyle significantly larger in height compared to explants cultured for 3 days under similar

conditions (Figure 5.13).

5.4.4 SUMMARY

These optimisation experiments have revealed that an air-liquid interface favours normal joint
shape development more than submerged conditions. At an air-liquid interface, the removal of
soft tissues has also been shown to increase the size of joint features compared to when the soft
tissues are left intact. Using an air-liquid interface and removing the soft tissue also increased the
survival rate of explants for culture periods longer than 3 days. While, extending the culture
period from 3 days to 6 days under static conditions did not dramatically change joint shape
development, the longer culture period was favoured since differences between joints cultured
with and without movement were previously reported after six days of culture (Lelkes, 1958).
This concluded, that using an air-liquid interface, removing the soft tissues, and culturing explants

for 6 days is ideal for promoting joint shape development.
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Figure 5.10: Progression of joint shape development increased following the optimisation of culture
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conditions (n=6). An air-liquid interface, removal of soft tissues and 6 days of culture were
considered as optimal culture conditions. Hollow arrows: posterior curl of condyles; single edged

bars: intercondylar fossa; + concave curve of the tibial plateau; filled arrows: anterior tibial crest.

93|Page



Chapter 5 - Explant Culture Methodology

A} Medial Condyle B) Lateral Condyle

— H00

300 -
200 -
100 -

Slze {um)
Slze (um

Wiith Height Depth Wiith Height Depth

C) Tibia — D) Fibula

1000 -
800 -
600 -

400 -

Slze (um)

200 -

Width Depth Width Depth

B Groupl ®m Group?2 m Group3 m Group4 m Group5

Figure 5.11: Joint region sizes were seen to increase as culture conditions were optimised. An air-
liquid interface, removal of soft tissues and 6 days of culture produced the largest joints on average.
Group 1: uncultured day 7; group 2: submerged, intact, 3 days; group 3: air-liquid, intact, 3 days;
group 4: air-liquid, stripped, 3 days; group 5: air-liquid, stripped, 6 days. Columns represent mean
size of joint regions (n=6). Error bars represent standard deviation. *p-values < 0.05, **p-values <

0.01.

5.5  DISCUSSION

This chapter includes details of the creation of the culture system used to investigate
morphogenesis in embryonic chick knee joints in further chapters of this thesis. The custom
culture setup was designed to support multiple hindlimb explants during culture and allow for
the application of mechanical stimulation. Combined with uniaxial compression applied by the

bioreactor, the culture system could induce a flexion movement to the developing knee joints with
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a range of 4 to 22 degrees from rest. Optimisation cultures, conducted under static conditions,
found that growth and development of the knee joint was maximised when explants were
cultured at an air-liquid interface with the soft tissues removed for a period of 6 days. Under these
conditions, hindlimb explants will have the best chance to adapt to various signals during in vitro

cultivation.

A fully functional knee joint is typically able to both flex and extend from its resting position in
ovo, however, explants in the new culture system could only experience a flexion movement
under mechanical stimulation. Even though the system did not capture the complete range of
motion of the joint, the application of mechanical stimulation could still be explored and
compared relatively to other joints cultivated under similar stimulation regimes. The method of
attachment of the explants to the foam supports, also posed as a possible limitation since the
medial side of the tissue was constantly in contact with the pore structure. The increase in explant
size measured in the preliminary static cultures during optimisation however, gave confidence
that growth of the explants can continue despite the adherence to the unchanging foam structure.
The optimisation of culture conditions was a subjective process in which signs of normal joint
shape development were used to assess the progression of joint development in culture. This
could also potentially be a limitation of the culture system. Under static conditions, the
optimisation experiments showed how varied the final joint shapes can be when different culture
conditions are used. Therefore, when comparing joints developed, with and without stimulation,
the differences noticed could stem from the culture conditions used. This however, would only
make for relative changes as one would expect the culture conditions to affect both stimulated
and unstimulated explants in the same way. As long as the culture conditions used are consistent

with each experiment this should not impact future findings.

During the course of this doctorate another culture system was published where embryonic chick
hindlimbs were mounted onto plastic hinges and cultured in glass dishes (Rodriguez and

Munasinghe, 2016). Although explants were maintained in culture for up to 7 days, the method
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included major manipulation of the hindlimbs in order to stitch them to each hinge, of which the
effects were not documented. Since joint shape development was not assessed, the performance
of this model cannot be compared to the new culture system developed during this doctorate. The
culture system developed as part of this doctorate included minimal handling of the explants and
has been shown to produce joints with some signs of normal joint shape development. Since the
culture system was optimised under static conditions, it was not expected that explants would
show all the signs of normal shape development. It is difficult to compare the results of this
chapter to previous explant culture studies since most focused on joint cavitation rather than
joint shape (Fell and Canti, 1934, Lelkes, 1958) and cavitation was not assessed during culture
optimisation. However, similarities do exist between the joints cultured in this chapter and joints
developed in ovo under paralysed conditions. The shape and size of the medial femoral condyle
was observed to stay fairly consistent during the static cultures performed during optimisation,
which agrees with a recent study of in ovo immobilisation in the chick embryo where the medial
condyle was reported to be under-developed when dynamic muscle activity was blocked (Roddy
et al.,, 2011b). A narrowing of the intercondylar fossa was also observed under paralysis, which
matches the reduced separation of the femoral condyles in joints cultured in this study (Roddy et
al, 2011b). Other studies have reported a loss of interlocking joint shapes (Drachman and
Sokoloff, 1966), which match the very subtle appearance of the tibial plateau in explants cultured
for 6 days. Based on these similarities, joint morphogenesis in the new culture system conforms

to the literature giving confidence in its performance.

The work presented in this chapter has ultimately led to the creation of a novel explant culture
model to study morphogenesis of the chick knee joint. Further chapters utilised this culture model
in combination with mechanical stimulation to study changes in joint shape and the

mechanobiology of the developing joint.
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CHAPTER 6

6 THE EFFECT OF DYNAMIC MOVEMENT

6.1 INTRODUCTION

It has been shown in numerous animal studies that the removal of prenatal movements during
development leads to joint abnormalities (reviewed in Nowlan et al.,, 2010b). The removal of
spontaneous movements in the chick embryo has repeatedly been shown to hinder the
development of the knee joint and cause cartilaginous fusion across the joint site (Drachman and
Sokoloff, 1966, Osborne et al., 2002, Roddy et al., 2011b). Similar findings have also been found
during in vitro cultivation of the knee joint (Fell and Canti, 1934, Lelkes, 1958). The study of Lelkes
(1958) showed that manual manipulation of explants five times a day could counter these effects
and allow the joint to cavitate and develop articular surfaces between the femur and tibia. Since
this study was published, no other work has been published detailing the changes in joint

morphogenesis of a developing joint experiencing applied mechanical stimulation.

This chapter compares the shape and size of joints developed under static and dynamic
movement conditions. It was decided to replicate a dynamic stimulation regime that had
previously been used in chondrocyte micromass cultures. It was assumed that explants would be
able to tolerate higher deformations than cellular cultures, hence, a magnitude and rate of

deformation that has previously been used on cells would ensure that the explants survived and
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experienced no trauma or necrotic side effects. Elder et al. (2000) applied 1mm of compression
at 1Hz for 2 hours, 3 times per day, to chondrocytes and found an increase in matrix synthesis
compared to chondrocytes experiencing no stimulation. The same loading pattern was trialled in
this chapter to test if the applied mechanical stimulation was also able to promote growth and
development of the chick knee joint. It was hypothesised that dynamic stimulation would lead to
a more developed joint shape than static conditions. The progression of joint shape development
was assessed based on the characterised morphological changes observed in physiological joint

development presented in Chapter 4.

6.2 METHODS

6.2.1 EXPLANT CULTURE

Explants for culture were prepared as described in Chapter 3.1. Right hindlimbs of each embryo
were subjected to dynamic movement whist the left hindlimbs were cultured under static
conditions. Explants were cultured in basal media consisting of alpha-minimum essential medium
(aMEM) GlutaMAX (Gibco, UK) supplemented with 1% antibiotic antimycotic solution (Sigma-
Aldrich, UK) and 100mM ascorbic acid (Sigma-Aldrich, UK) in a 5% CO2 humidified environment.
Complete basal media was replenished every 24 hours. Explants were loaded into the bioreactor
chambers as described in Chapter 5.2.2.2 and maintained at an air-liquid interface, with their soft
tissues removed for a period of 6 days following protocols determined during culture

optimisation in Chapter 5.4.

6.2.2 DYNAMIC STIMULATION REGIME

The bioreactor was programmed to apply 1mm of compression at a frequency of 1Hz for 2 hours,
three times per day for the total culture period following a sinusoidal loading profile. This equated
to roughly 4 degrees of flexion at the knee joint as determined during calibration of knee flexion

in Chapter 5.3.
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6.2.3 JOINT SHAPE ANALYSIS

Cultured explants were either processed for 3D joint shape and size analysis or histology.
Explants for 3D joint shape analysis were stained with Alcian Blue and imaged using OPT as
described in Chapter 3.2 and 3.3. 3D reconstructions of each joint were virtually orientated into
a resting flexed position from which their shape profile outlines were drawn and overlaid. Joint
shape outlines were compared from the frontal, medial and lateral views of the joint.
Characteristics of joint morphogenesis were highlighted in each group based on data presented
in Chapter 4. Explants for histology were stained with Alcian Blue and Picro Sirius Red to assess

joint cavitation following protocols outlined in Chapter 3.4.

6.2.4 SPECIMEN NUMBERS

A total of twelve embryos were harvested after 7 days of incubation. Two dynamic cultures were
performed in the bioreactor each with six right hindlimb explants. A static culture of twelve
hindlimb explants was performed alongside the two dynamic cultures. For analysis, explants
were pooled together for the dynamic and static cultures. Explants damaged during processing
were discarded. A total of eight explants were used for 3D joint shape and size analysis for the
dynamic group and six explants were used for the static group. Six uncultured day 7 joints were
also included for comparison from data previously presented in Chapter 4. Two explants from the

dynamic and static group were used for histological analysis.

6.2.5 STATISTICAL ANALYSIS

Joint region measurements were tested for normality using the Anderson-Darling test. All joint
region measurements followed a normal distribution, hence a 1-way ANOVA was used to test for
significant differences between each group. Where significant differences existed, the Tukey-
Kramer pairwise comparison was made to identify which groups were significantly different from
each other. p-values less than 0.05 were considered significantly different. Statistical tests were

performed in MATLAB (The MathWorks Inc., USA).

99|Page



Chapter 6 - The Effect of Dynamic Movement

6.3  RESULTS

The static cultures analysed here are the same as those that were used in Chapter 5.4 for
comparison of 6 days to 3 days of culture, to examine the effect of culture duration on knee joint
development in vitro. As already stated in Chapter 5.4, under static conditions, the anterior tibial
crest, tibial plateau and posterior curl of the lateral condyle were present after 6 days of culture

(Figure 6.1H & I).

Explants that experienced dynamic stimulation showed more features of normal joint shape
development than those cultured under static conditions. The most striking difference in shape,
was noticed in the frontal shape profile of the distal femur between static and dynamic groups.
Following dynamic stimulation, both femoral condyles appeared similarly sized in the frontal
view with clear separation between them and only a slight offset in condyle height (Figure 6.1K).
In comparison, following static conditions, both femoral condyles appeared elongated and
narrowed superiorly (Figure 6.1F). A large offset between the top of the medial and lateral
condyle was also noticed in the static group (Figure 6.1F). The medial condyle was significantly
larger in width, height and depth following dynamic stimulation compared to both uncultured
day 7 and statically cultured explants (Figure 6.2A). The shape of the medial condyle was also
more advanced following dynamic stimulation, with evidence of a posterior curl in the medial
view which was not seen following static conditions (Figure 6.1L). The shape profile of the tibia
in the dynamic group showed the same features of joint shape development as the static group
with emergence of the anterior tibial crest and tibial plateau (Figure 6.1M). The upwards
projection in the static group however, was missing in the dynamic group which appeared to have
a flatter tibial surface (Figure 6.1H & M). No differences in joint shape were found on the lateral
side of the joint between static and dynamic groups. The lateral condyle and fibula were similar
in both shape and size in static and dynamic groups (Figure 6.1N & 0O) and significantly larger

after culture compared to uncultured day 7 joints (Figure 6.2B & D).
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Unfortunately, assessment of joint cavitation was inconclusive due to multiple unstained areas

surrounding the rudiments in both static and dynamic groups. This made it difficult to comment

on whether a lack of staining, normally identifying a joint cavity, was in fact a joint cavity or an

experimentally introduced artefact (Figure 6.3).
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Figure 6.1: Shape profiles of uncultured (n=6), static (n=6) and dynamic (n=8) knee joints reveal

differences in joint shape. Both cultured groups show signs of shape development compared to

uncultured joints. Squares: dominance of the lateral condyle over the medial condyle; Hollow

arrows: posterior curl of condyles; single edged bars: intercondylar fossa; + concave curve of the

tibial plateau; filled arrows: anterior tibial crest.
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Figure 6.2: Dynamically stimulated joints were significantly larger in size compared to joints in the
static group. Columns represent mean size of joint regions measured for uncultured (n=6), static
(n=6) and dynamic (n=8) groups. Error bars represent standard deviation. *p-values < 0.05; **p-

values < 0.01.
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Figure 6.3: Both statically cultured and dynamically cultured showed potential joint cavities. Images
are frontal sections of the knee joint. Arrows indicate areas of reduced staining which are present

around the rudiments and between rudiments. f — femur; fi — fibula, t — tibia.
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6.4  DISCUSSION

This chapter demonstrates the success of the new culture system in being able to culture the
embryonic chick hindlimb for 6 days with applied dynamic movement. The comparison of
statically cultured explants to dynamically stimulated explants showed clear evidence that the
development of the knee joint was promoted by mechanical stimulation compared to static
conditions. From Chapter 4, it was clear that the medial side of the joint undergoes rapid
development between day 7 and 9. The application of dynamic movements to explants in vitro
significantly increased the size of the medial condyle and generated more features of normal
shape development compared to static cultures. This suggests that dynamic movements are

needed to promote development of the medial side of the joint.

The movement regime used in this chapter is not representative of physiological movement
patterns for the chick embryo but was considered appropriate as a first attempt at quantitative
mechanical manipulation of explants during culture. Applying larger deformations to the explants
increases the chance of overloading the tissue and causing trauma or necrotic behaviours. The
displacement applied and timing of stimulation has previously been shown to support
chondrocyte differentiation and proliferation in vitro (Elder et al., 2000) and hence was thought
to be a tolerable regime for the hindlimb explants. Whilst dynamic movements are applied to the
explants, the culture media in the bioreactor chambers is being moved. This could have
potentially induced fluid flow over the explants and increased nutrient delivery by circulating the
otherwise stagnant media. The differences found between dynamic and statically cultured
explants, however, match those of immobilisation studies giving confidence that the response
seen in joint development were due to joint movements and not the circulation of culture media.
Joint regions, such as the medial condyle, which is reported to under-develop during immobilised
conditions (Roddy et al., 2011b), was small and simple under static conditions, whilst, the
application of dynamic movement saw this reversed in this study. Not being able to assess joint

cavitation is a limitation of the new culture methodology, but does not impede the analysis of joint
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morphogenesis. Since fusion between the femur and tibia had previously been reported in
immobilised studies (Drachman and Sokoloff, 1966) and in static cultures of the chick knee joint
(Lelkes, 1958) we assumed the process of soft tissue removal caused separation of tissues within

the explants leading to unstained areas within the joint region.

Static conditions in vitro and in ovo have previously been shown to have detrimental effects on
joint formation, whereas manipulation of explants during culture can counter act these effects
and abnormalities (Lelkes, 1958). The results presented in this chapter support the hypothesis
that the presence of mechanical stimulation during development leads to a more natural joint
shape. This chapter also shows the culture system is a viable model to explore the effect of applied
movement on morphogenesis of the chick knee joint. In the next chapter, the magnitude of

movement is adjusted to represent more physiologically appropriate flexion magnitudes.
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CHAPTER 7

7 THE EFFECTS OF MOVEMENT MAGNITUDE

Parts of this chapter have been published in the Journal of Biomechanics (Appendix III)

(Chandaria et al,, 2016).

7.1 INTRODUCTION

The quantitative relationship between mechanical stimulation and joint morphogenesis has not
previously been investigated. It is already clear that the development of the chick knee joint is
promoted by dynamic movement from previous immobilisation studies (Drachman and Sokoloff,
1966, Roddy et al., 2011b) and the experiments performed during this doctorate (Chapter 6).
However, it remains unclear how variations in mode, magnitude and frequency of fetal
movements affects joint shape development. Understanding how different magnitudes of
movement contribute to joint morphogenesis could potentially help to identify optimal amounts

of movement needed for normal joint formation.

It was theorised that the magnitude of movement experienced by a joint is a critical variable for
the progression of joint shape development. High magnitudes of joint movement could potentially
create more defined joint shapes compared to lower magnitudes due to an increase in mechanical

stimuli. However, higher magnitudes of joint movement could also over stimulate and unbalance
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biological activities and induce joint malformations compared to lower or less strenuous

magnitudes.

To evaluate how variations of movement magnitude affects joint morphogenesis, three
magnitudes of joint movement were applied to the developing chick knee joint using the newly
created culture system designed during this doctorate. The aim was to characterise the
relationship between the magnitude of applied movements and key aspects of fetal joint
morphogenesis for the first time. It was hypothesised that joint shape development would be
affected by movement magnitude in a dose-dependent manner, and that the most physiological
movement regime would lead to a joint with the most normal progression of shape
morphogenesis. An average-flexion movement regime mimicked normal flexion magnitudes of
the chick embryo in ovo, and two additional dynamic regimes of lower and higher flexion

magnitudes were studied.

7.2  METHODS

7.2.1 EXPLANT CULTURE

Hindlimb explants were prepared for culture after 7 days of incubation as described previously
in Chapter 3.1. Immediately after dissection, the soft tissues surrounding the knee joint were
removed as described in Chapter 5.4. Right hindlimbs of each embryo were subjected to dynamic
movement whist the left hindlimbs were cultured under static conditions as controls. Explants
were cultured in complete basal media (alpha - minimum essential media (a-MEM GlutaMAX,
Gibco) supplemented with 1% antibiotic antimycotic solution and 100uM Ascorbic Acid (Sigma,
UK)) which was replenished every 24 hours. Explants were mounted to foam supports and placed
into the bioreactor for dynamic stimulation as described in Chapter 5.2.2.2. Explants were

maintained at an air-liquid interface for a total period of 6 days.
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7.2.2 DyNAMIC MOVEMENT REGIMES

The three movement regimes were termed reduced-flexion, average-flexion and over-flexion
where 2, 3 and 4mm of compressive displacement were applied respectively, resulting in knee
flexion magnitudes of 93, 14+4.0 and 22+5.0 (mean*SD) degrees as determined during
calibration in Chapter 5.3. Observations of chick motility in ovo report an approximate mean knee
flexion of 12 degrees in 9-10 day old embryos (Watson and Bekoff, 1990). All dynamically
stimulated explants were loaded with a sinusoidal waveform at an average rate of 4mm/s for 2
hours, three times per day as previously used in Chapter 6. The inclusion of a rest period between
movement cycles replicated the activity-inactivity cycles observed in chick embryos in ovo

(Chambers et al,, 1995, Hamburger et al., 1965).

7.2.3 SPECIMEN NUMBERS

A total of 72 chick embryos were harvested after 7 days of incubation. Explants selected for
dynamic stimulation were split evenly across the three experimental groups. A total of four
cultures were performed for each of the three dynamically moved groups, with static control
cultures performed alongside each one. Explants were pooled together for the three experimental

groups and static controls to give four groups for analysis.

This meant a total of 24 explants were cultured for each experimental group and a total of 72
explants were cultured under static control conditions. During media changes, each culture
chamber was visually inspected for any signs of abnormal growth or infection. Contaminated or
infected cultures were discarded and repeated. During the course of this study, two dynamic
cultures and one static culture were repeated due to contaminations. Successfully cultured
explants were used either for 3D joint analysis or for cellular level analysis. Explants damaged
during processing were discarded. A total of 26, 7, 12 and 11 knee joints were analysed for shape
and size in the static, reduced-flexion, average-flexion and over-flexion groups respectively. An

additional two explants per group were used for cellular level activity assays, and within these
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samples, two sections from each of the two explants were used to quantify proliferation rates and

cell viability.

7.2.4 3D JOINT SHAPE AND SIZE ANALYSIS

Explants chosen for 3D shape and size analysis were processed following protocols described in
Chapter 3.2 and 3.3. To visualise the cartilaginous skeletal rudiments each explant was stained
with Alcian Blue and imaged using OPT. Shape profiles were traced for each knee joint and
overlaid within each group. Comparisons were made for each rudiment in the frontal, lateral and
medial view. Eleven measurements were made of the distal femur, proximal tibia and fibula, as

shown in Chapter 3.3.

7.2.5 IMMUNOHISTOCHEMISTRY ANALYSIS

Explants were prepared for cryopreservation and cryosectioning as described in Chapter 3.4. All
explants were sectioned at 10pm. Proliferating cells were identified using the mitosis marker
phospho-Histone H3 (pHH3), similarly to Roddy et al. (2011a). Background cells and proliferating
cells were visualised under UV and red fluorescence channels respectively. Cell viability was
assessed using a terminal deoxynucleotidyl transferase (TdT) dUTP nick-end labelling (TUNEL)
detection kit (APO-BRDU-IHC, Bio-Rad Laboratories, USA) using the recommended protocols also
described in Chapter 3.4 to identify cells undergoing apoptosis or necrosis. Dead cells were
stained brown and live cells were counter stained green. All sections were imaged at 100x
magnification (Brunel RX30F Microscope). The number of proliferating and total number of cells
were counted using the particle analysis function in Image] (U.S. National Institutes of Health,

USA). The number of dead cells was counted manually.

7.2.6  STATISTICAL ANALYSIS

All measurements were tested for normality using the Anderson-Darling test. Joint region size,
cell proliferation and cell viability were tested for significance differences between static,
reduced-flexion, average-flexion and over-flexion groups using 1-way ANOVA. Where significant
differences existed, a Tukey-Kramer pairwise comparison was made to identify which groups
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were significantly different from each other. For joint region sizes that were not considered
normally distributed a Kruskal Wallis ANOVA was performed followed by a pairwise rank-rum
test to identify significant differences between groups. p-values less than 0.05 were considered

significantly different. Statistical tests were performed in MATLAB (The MathWorks Inc., USA).

7.3  RESULTS

7.3.1 3D ]JOINT REGION SHAPES AND SIZES

The characteristics of physiological shape development described in Chapter 4 were used as
indicators to assess the normality of joints developed in vitro. The static controls in this study
were used to test for consistency between cultures conducted at different times in the laboratory.
The joint shapes of explants cultured under static conditions were similar to those previously
seen (Figure 7.1A-E). Briefly, the medial condyle remained substantially smaller than the lateral
condyle and was missing the posterior curl seen in normal shape development (Figure 7.1B). The
tibia had produced the anterior tibial crest but was lacking a definitive concave tibial profile
(Figure 7.1C). The lateral condyle and fibula showed a posterior curl (Figure 7.1D) and flattened

epiphysis (Figure 7.1E) respectively, as seen in normal shape development.

Knee joints developed in the average-flexion group showed more features of normal shape
development compared to the other dynamic stimulated groups. In the average-flexion group,
both femoral condyles developed a posterior curl (Figure 7.1L & N) and appeared most similar in
size with only a slight offset between the top of the femoral condyles (Figure 7.1K). While the
lateral condyle was slightly bigger than the medial condyle, the medial condyle was only 20% less
deep on average than its opposing lateral condyle, compared to 41% between condyles in static
controls. No significant differences were found in femoral condyle height or lateral condyle depth
between average-flexion and static controls (Figure 7.2A & B). Lateral condyle width was
significantly larger following average-flexion compared to static controls (Figure 7.2B), as were

the depth and width of the tibia (Figure 7.2C).
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Joint shape profiles and joint region size differed between the three dynamically moved groups
revealing an effect of movement magnitude on joint shape development. The relative size
differences between the depths of the femoral condyles were more pronounced in the reduced-
flexion group (40% on average) and the over-flexion group (34% on average) than in the average-
flexion group (20%, as reported above). Evidence of a dorsal groove between the femoral
condyles was observed in explants following average-flexion (Figure 7.1K), but not in any of the
other groups (Figure 7.1A, F & P). The intercondylar fossa was also clearly distinguishable
following average-flexion, but was distorted in both the reduced-flexion and over-flexion groups
(Figure 7.1F, K & P). While no significant differences were found between the intercondylar fossa
width between the different groups, there was greater variation in this joint region size in the
reduced-flexion and over-flexion groups than in the average-flexion group (Figure 7.2E). On
average, reduced-flexion joints were smaller than average-flexion joints, measuring significantly
smaller in lateral condyle and fibula width and medial condyle and tibia depth. Measurements of
joint regions in the over-flexion group were similar to those of the average-flexion group, except
for medial condyle depth, which was significantly smaller with a difference of 21% in the over-
flexion group compared with the average-flexion group (Figure 7.2A). Joint shape profiles in the
over-flexion group were noticed to be less consistent when overlaid compared to other groups
showing some variability in joint shape development following the larger movements (Figure
7.1P-T). In particular, measurements of the lateral condyle depth exhibited a large standard

deviation of 22% compared to 12% in the average-flexion group (Figure 7.2B).
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Figure 7.1: The average-flexion movement regime led to more normal progression of morphogenesis
than other movement regimes or static culture. Shape profiles of the 3D reconstructed joint regions
were outlined and overlaid for each cultured group. Static controls (n=26), reduced-flexion (n=7),
average-flexion (n=12), over-flexion (n=11). Squares: dominance of the lateral condyle over the
medial condyle; hollow arrows: posterior curl of condyles seen in moved explants; * dorsal groove
between the two femoral condyles; single edged bars: intercondylar fossa; + concave curve of the
tibial plateau; filled arrows: anterior tibial crest. Adapted and reproduced from Chandaria et al.

(2016).
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Figure 7.2: Significant differences in joint region measurements were most pronounced between the
average-flexion regime and static culture. Mean size of joint regions measured for static (n=26),
reduced-flexion (n=7), average-flexion (n=12) and over-flexion (n=11) explants. Error bars represent
standard deviation. *p-values < 0.05; **p-values < 0.01. ‘a’ indicates a difference of 10-15%, ‘b’
indicates a difference of 16-20% and ‘c’ indicates a difference of 21-35%, where differences
represent how much smaller the regions measured relative to the larger joint. Adapted and

reproduced from Chandaria et al. (2016).
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7.3.2  CELL VIABILITY AND PROLIFERATION

Cell viability within the distal femur was greater than 95% in all groups, demonstrating that high
cellular survival was maintained during the culture period. There were no significant differences
between groups for cell viability (Figure 7.3A). However, average-flexion and over-flexion
regimes led to significantly more proliferation than the static or reduced-flexion regimes (Figure
7.3B), with almost double the number of proliferating cells in the average-flexion regime

compared to the static or reduced-flexion groups.
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Figure 7.3: Average-flexion or over-flexion led to significant increases in cell proliferation, while
movement regime did not affect cell viability. Stained sections are shown from the average-flexion
group for live/dead and proliferating cells. Viability staining shows dead cells in brown and live cells

in green. Proliferation staining shows background cells in blue and proliferating cells in red. Scales
bars = 200um. A) shows live cell count as a percentage of total number of cells for each group. B)
shows the total number of proliferating cells in the distal femur for each group (n=4). Error bars

represent standard deviation. *p-values < 0.05; **p-values < 0.01. Adapted and reproduced from

Chandaria et al. (2016).
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7.4  DISCUSSION

This chapter explored the effects of movement magnitude on morphogenesis of developing joints.
The effects of three dynamic movement regimes and one static regime on chick knee joint
morphogenesis were compared and supported the hypothesis that joint shape development
would be affected by movement magnitude in a dose-dependent manner. The average-flexion
regime, which was most similar to physiological movement patterns in ovo, showed the most
progression of normal joint shape development when compared to the sequence of physiological
shape changes seen in normal embryos. Following average-flexion, the distal femur also
contained significantly more proliferative cells than explants which experienced reduced-flexion
or no movements, suggesting that the size and shape changes in this group were due to an
upregulation in mechanically-mediated proliferation rates. The average-flexion regime also
produced the largest joints with both femoral condyles significantly larger than statically-
cultured explants. These results reveal that the magnitude of movement is a critical mechanical
factor in driving joint morphogenesis. This study suggests that movements lower in extent than
those seen physiologically can still advance joint morphogenesis but fail to promote proliferation
and growth. The research also suggests that movement greater in extent than the physiological
range can promote proliferation and growth but can cause irregularities and distortions in joint
shape. Analysis of these three magnitudes supports the hypothesis that the most physiological
movement regime would lead to a joint shape that more closely approximated normal
development and further reveals a non-linear relationship between magnitude of movement and

joint shape normality.

The aim of this study was to compare the effects of different movement magnitudes on joint
morphogenesis, rather than to recreate physiological joint shapes in vitro. Joints developed in
vitro and joints developed in ovo are not directly comparable due to the absence of systemic
factors and differences in developmental environments. However, the relative comparisons made

between the different groups of joints developed in this study, did provide an insight into the
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quantitative relationship between mechanical stimulation and joint morphogenesis, which would
not be possible with in vivo experiments. The forces experienced within the joint explant due to
the applied movement regimes were not quantified due to the complexity of the culture system,
but can be assumed to increase with increased movement magnitude. It was believed that
movement, rather than load, was a better parameter to quantify the level of mechanical
stimulation, as it is more directly comparable to physiological conditions in vivo. A computational
model would be ideal to investigate the role of loading during joint morphogenesis and predict
how the compressive load applied to the foam support is transferred to the developing explants.
Conditioned medium can significantly increase chondrocyte differentiation, proliferation and
ECM synthesis (Elder, 2002, Kanczler et al., 2012) and could potentially amplify the differences
found in this study. However, variance in serum performance and biochemical activity would be

a possible confounding factor, hence a serum-free medium was used in this study.

The only recent study that applied mechanical stimulation in vitro to developing limb explants
did not report definitive findings on joint shape (Rodriguez and Munasinghe, 2016). The study
presented in this chapter was the first to explore the effects of mechanical stimulation on
chondrocyte viability and proliferation in embryonic joint explants cultured in vitro. Previous
studies have explored the relationship between mechanical stimulation and proliferation using
cellular micro-mass deformation culture models, but conflicting results have been reported.
Evidence exists for both increases (Elder et al., 2000) and decreases (Juhasz et al., 2014) in
proliferating cells following mechanical loading, and some studies found no differences at all
(Klumpers etal., 2015). The general consensus though is that mechanical loading of chondrocytes
improves chondrogenesis and ECM synthesis (Bian et al., 2011, Elder et al,, 2000, Sah et al., 1989,
Cohen et al,, 2005). The data from the current study suggests that mechanical stimulation does
affect proliferation and that a threshold for the level of stimulation exists, above which
proliferation was enhanced. This finding agrees with a recent meta-analysis of in vitro cultivation
of chondrocytes, which found that a threshold of loading exists for mechanically-mediated

enhanced cartilage proliferation and differentiation over a variety of animal species (Natenstedt
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et al,, 2015). For this experimental model, the threshold lies somewhere between the levels of
stimulation applied in the reduced-flexion and average-flexion groups. The findings that
proliferation is down-regulated in cases of static or reduced-stimulation agrees with Roddy et al.
(2011b) who showed a significant decrease in cell proliferation in the distal femur of immobilised

chick embryos.

In conclusion, the results of this study provide evidence that joint morphogenesis of the
embryonic chick knee joint is affected by the magnitude of movement experienced in vitro. The
most developed joint shapes were observed following a movement magnitude similar to those
observed in ovo. Above this, the joint shapes were seen to vary and even deteriorate, whilst below
this magnitude, joint shapes were similar to those of statically cultured explants. In the next
chapter, the average-flexion regime was employed to explore the mechanotransductory

pathways involved during joint morphogenesis.
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CHAPTER 8

8 THE ROLE OF MECHANOSENSITIVE ION CHANNELS

8.1 INTRODUCTION

The previous chapters have shown that movement can promote joint shape development.
However, the method of how mechanical stimuli is sensed and acted upon has never been tested
in tissue explants. Mechanical cues are converted into biological processes and cellular responses
through mechanotransduction. Physical deformation of chondrocytes in vitro has been shown to
generate a flux of calcium, sodium and potassium ions across the cell membrane which then
release intracellular messengers that activate cascades important for differentiation, growth and
survival (reviewed in Mobasheri et al., 2002). In particular, stretch activated ion channels and L-
type (long lasting activation) calcium ion channels have been shown to be involved in cartilage
growth and maintenance following induced deformations (reviewed in Mobasheri et al., 2002). It
was therefore thought that these mechanosensitive ion channels are potential candidates for the

mechanotransduction and regulation of joint morphogenesis.

Cell membranes are directly manipulated by external mechanical stimuli (Martinac, 2004) and
are heavily equipped with ion channels which are thought to be involved in the control of cell size
through volume regulation or control of cell division (Sachs, 1991). Ion channels provide gated

passageways for ions to cross the cell membrane and regulate intracellular and extracellular ion
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concentrations (Alberts et al., 1998). Calcium ion concentrations have been shown to fluctuate
during embryonic development and be involved in signalling sequential processes of
skeletogenesis (reviewed in Webb and Miller, 2003). Stretch activated ion channels open and
close based on physical tension in the cell membrane (Figure 8.1) and can be found in a variety of
specific and nonspecific forms that together allow for the transfer of both cations and anions into
and out of the cell (Alberts et al., 1998, Martinac, 2004). L-type calcium channels are voltage-gated
channels, meaning they open and close based on the membrane potential (Alberts et al., 1998)
(Figure 8.1).

Voltage-gated Stretch activated
channel channel

& N

Closed

Open

Figure 8.1: Voltage-gated channels and stretch activated ion channels open and close to regulate
transmembrane ion concentrations. Voltage-gated ion channels respond to changes in the voltage
difference across the membrane. Stretch activated ion channels respond to tension applied to the

membrane.
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The aim of the work described in this chapter was to test the involvement of stretch activated ion
channels and L-type calcium ion channels in the mechanotransduction of joint shape
development. It was hypothesised that mechanical stimuli that direct localised joint shape
development are transduced through the function of mechanosensitive ion channels. Previously,
it was shown that dynamic stimulation of developing chick hindlimbs promoted normal joint
shape development in vitro compared to static conditions. The average-flexion movement regime
from Chapter 7 was repeated in this chapter whilst the function of stretch activated ion channels
and L-type calcium ion channels were blocked independently. The resultant joint shapes were
then analysed and compared to assess if joint morphogenesis and the effects of dynamic

movement had been affected.

8.2 METHODS

8.2.1 EXPLANT CULTURE

Fertilised DeKalb White eggs were incubated for seven days, after which the chick embryos were
harvested and their hindlimbs dissected as described in Chapter 3.1. The surrounding tissues and
digits of the foot were removed and explants were cultured at an air-liquid interface as described
in Chapter 5.4. Explants were cultured on foam supports inside the bioreactor as described in
Chapter 5.2.2.2 and kept in complete basal culture media (alpha - minimum essential media (a-
MEM GlutaMAX, Gibco) supplemented with 1% antibiotic antimycotic solution and 100uM
Ascorbic Acid (Sigma-Aldrich, UK)). Explants were cultured for six days and the culture media

was changed every 24 hours.

8.2.2 DyYNAMIC MOVEMENT REGIME

The average-flexion regime from Chapter 7 was applied to all explants as it had previously been
shown to create the most developed joint shapes when compared to other magnitudes of
movement. This included 3mm of compression applied by the bioreactor, which resulted in a knee

flexion of 14+4.0 (mean+SD) degrees as determined during calibration in Chapter 5.3. Dynamic
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stimulation was applied for two hours, three times per day in a sinusoidal waveform at an average

rate of 4mm/s.

8.2.3 ADMINISTRATION OF ION CHANNEL INHIBITORS

The function of stretch activated ion channels was blocked using gadolinium chloride (GdCls)
(Sigma-Aldrich, UK) dissolved in 1M hydrochloric acid (HCI) (Sigma-Aldrich, UK). L-type calcium
ion channels were blocked using nifedipine (Nf) (Sigma-Aldrich, UK) dissolved in DMSO (Sigma-
Aldrich, UK). Both agents have previously been used in 3D chondrocyte cultures to block the
selected ion channels (Mouw et al., 2007). Two concentrations, one order of magnitude apart,
were chosen for the blocking agents, based on previously used doses in cell cultures (Mouw et al.,
2007). Low and high doses had a final concentration of 100uM and 1mM respectively for each ion
channel blocker. Vehicle controls were also performed to assess the impact of the solvent agents

used. Blocking agents were replaced every 24 hours along with the culture media.

A total of eight cultures were performed. Two cultures were treated as dynamic controls with no
blocking agents administered during the experiments. Two cultures were treated individually
with one of the blocking solvents only and termed vehicle controls. The remaining four cultures
were treated with either alow or high dose of blocking agent, giving two blocked stretch activated

ion channel cultures and two blocked calcium ion channel cultures.

8.2.4 SPECIMEN NUMBERS

Each culture included six explants. Both left and right hindlimbs were split across the cultures to
minimise the number of embryos needed for this study. During media changes, cultures were
inspected for visual signs of contamination and infection. All eight cultures were successful with
no incidence of infection recorded. Explants damaged during sample preparation or imaging were
notincluded in the final analysis. The two dynamic control cultures were pooled together to make
one group for analysis. A total of ten explants were included for analysis in the dynamic control
group. All six explants were included from the two individual vehicle control groups. For blocked

stretch activated ion channel cultures, all six explants from each dose were included in the final
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analysis. For blocked calcium ion channel cultures, five explants from each dose were included in

the final analysis. A summary of specimen numbers is presented in Table 8.1.

Group Number of Cultures | Explants Cultured | Explants Analysed
Dynamic Controls 2 12 10
GdClI3 Vehicle Controls 1 6 6
Nf Vehicle Controls 1 6 6
100um GdCl3 1 6 6
1mM GdCls 1 6 6
100um Nf 1 6 5
1mM Nf 1 6 5

Table 8.1: Number of cultures performed, explants cultured and explants used for analysis.

8.2.5 3D JOINT SHAPE AND SIZE ANALYSIS

All explants were processed for 3D joint shape and size analysis as described in Chapter 3.2 and
3.3. Shape profiles were drawn in the frontal, medial and lateral views for each culture group and
overlaid for each rudiment. Joint shape profiles from right hindlimbs were mirrored to match the
shape profiles of left hindlimbs. Comparisons were made between dynamic controls, HCI vehicle
controls, 100uM GdCl; and 1mM GdCl; to identify the effects of blocking stretch activated ion
channel function. Comparisons were made between dynamic controls, DMSO vehicle controls,
100pM nifedipine and 1mM nifedipine to identify the effects of blocking calcium ion channels.
Comparisons were made between dynamic controls, 1ImM GdCl; and 1mM nifedipine to identify

differences between blocking stretch activated ion channels and calcium ion channels.

8.2.6  STATISTICAL ANALYSIS

All measurements were tested for normality using the Anderson-Darling test. For normally
distributed data, joint region sizes were compared for significant differences between controls,
vehicles and drugged groups using 1-way ANOVA for each study. If significant differences were
identified, a Tukey-Kramer pairwise comparison was made to identify which groups were

significantly different from each other. For joint region sizes that were not considered normally
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distributed a Kruskal Wallis ANOVA was performed followed by a pairwise rank-rum test to
identify significant differences between groups p-values less than 0.05 were considered

significantly different. Statistical tests were performed in MATLAB (The MathWorks Inc., USA).

8.3  RESULTS

8.3.1 EFFECTS OF BLOCKING STRETCH ACTIVATED ION CHANNELS

Explants cultured with 1M HCI, the vehicle control for gadolinium chloride, showed the same
characteristics of joint shape development seen in dynamic controls following an average-flexion
regime (Figure 8.2F-]). A clear intercondylar fossa could be made out in the frontal view of the
distal femur along with evidence of a dorsal groove between the condyles on the superior surface
of the rudiment (Figure 8.2F). The offset between the top of the medial and lateral condyles
appeared minimal and similar in both dynamic controls and vehicle controls (Figure 8.2A & F).
Posterior curls were seen in both the medial and lateral condyles along with the development of
the anterior tibial crest and concave tibial plateau (Figure 8.2G, H and I). An increasing trend in
average lateral condyle height, depth, tibia width and depth was observed for vehicle controls
compared to dynamic controls, however no statistically significant differences were found

between the two groups (Figure 8.3).

Adding 100uM of GdClIs to the developing explants slightly altered the resultant joint shapes after
six days of culture. In the frontal shape profile of the distal femur, an increased offset between the
top of the femoral condyles was noticed along with the absence of the dorsal femoral groove
(Figure 8.2K). The femoral condyles, the anterior tibial crest, and tibial plateau all appeared
similar to controls, showing no difference in the medial and lateral shape profiles of the joint
following a low dose of gadolinium chloride (Figure 8.2L, M, N & 0). Joint region sizes measured
in explants cultured with 100uM of gadolinium chloride were similar to both dynamic and vehicle

controls with no significant differences (Figure 8.3).
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The higher dose, 1mM of gadolinium chloride, noticeably changed the final shape of the distal
femur in the frontal view (Figure 8.2P). Both femoral condyles appeared merged together with
no clear sign of separation. The medial and lateral condyles showed a posterior curl similar to
dynamic controls, however, for the lateral condyle this was not as defined as previously seen
(Figure 8.2Q & S). The shape of the tibia was also noticeably different, with no clear sign of the
anterior tibial crest or tibial plateau (Figure 8.2R). The average size of the joint regions following
the high dose of blocking agent were similar to those measured in other groups, with only the
average depth of the medial condyle and tibia significantly smaller than vehicle controls and the

low dose group (Figure 8.3A &C).

Frontal View Medial View Lateral View
500um Medial<—> Lateral Posterior<—>> Anterior Anterior<—> Posterior
Femur Medial Condyle Tibia Lateral Condyle Fibula
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Figure 8.2: The shape profiles of the distal femur and tibia were most affected following the
administration of gadolinium chloride. Shape profiles for each joint region were overlaid for each
group and analysed for characteristics of joint shape development. Dynamic controls (n=10),
gadolinium vehicle (n=6), 100uM gadolinium chloride (n=6), 1ImM gadolinium chloride (n=6).
Squares: dominance of the lateral condyle over the medial condyle; hollow arrows: posterior curl of
condyles seen in moved explants; * dorsal groove between the two femoral condyles; single edged

bars: intercondylar fossa; + concave curve of the tibial plateau; filled arrows: anterior tibial crest.
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Figure 8.3: Blocking of stretch activated ion channels reduced the average size of joint regions
following a high dose of 1mM gadolinium chloride. Bars represent the mean joint region size.
Dynamic controls (n=10), gadolinium vehicle (n=6), 100uM gadolinium chloride (n=6), 1mM
gadolinium chloride (n=6). Error bars represent the standard deviation. *p-values < 0.05, **p-values

<0.01.
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8.3.2 EFFECT OF BLOCKING CALCIUM ION CHANNELS

Using DMSO as a vehicle for nifedipine had little effect on joint shape in the medial and lateral
views of the joint (Figure 8.4G-]). However, a difference was noticed in the frontal view of the
distal femur. Separation of the femoral condyles was more varied and the shape of the
intercondylar fossa was shallower in vehicle controls compared to dynamic controls suggesting
some loss of shape definition on the ventral side (Figure 8.4F). The dorsal groove on the superior
side appeared as in dynamic controls. Other characteristics of normal joint development
including the posterior curl of the femoral condyles, the formation of the anterior tibial crest,
tibial plateau and flattened profile of the fibula were all similar in vehicle controls and dynamic
controls (Figure 8.4G, H, I & ]). An increasing trend in average medial condyle, lateral condyle,
tibia and fibula joint regions was seen in vehicle controls compared to dynamic controls, although
these were not statistically significant (Figure 8.5) except for lateral condyle height which was

significantly larger in vehicle controls compared to dynamic controls (Figure 8.5B).

Separation of the femoral condyles was further obscured following the administration of 100pM
nifedipine, with both the intercondylar fossa and dorsal groove difficult to distinguish in the
frontal femoral shape profiles compared to both control groups (Figure 8.4K). The shape of the
medial condyle also appeared to be affected by blocking the calcium ion channels, with no
posterior curl evident and a flattened articular end compared to controls (Figure 8.4L). The shape
profile of the tibia was also different with no distinguishable tibial plateau in some explants
(Figure 8.4M). The lateral side of the joint appeared unaffected with similar shaped lateral
condyles and fibulas compared to control groups (Figure 8.4N & 0). No differences in joint region
size were found following a low dose of nifedipine compared to either vehicle controls or dynamic

controls (Figure 8.5).

The high dose, 1mM nifedipine, considerably affected joint shape development. The distal femur
appeared very simplified with no clear definition of each individual femoral condyle in the frontal

view (Figure 8.4P). The width of the medial condyle was significantly smaller compared to vehicle
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controls with a difference of 35% (Figure 8.5A). The medial view of the joint also revealed the
posterior curl of the medial condyle was missing (Figure 8.4Q) and concave tibial plateau profile
had reduced in definition (Figure 8.4R). The formation of the anterior tibial crest was present and
appeared as seen in control groups. The lateral view of the joint did not reveal any major
differences in joint shape (Figure 8.4S & T). Several joint regions were measured to be
significantly smaller following a high dose of calcium ion channel blocker compared to vehicle
controls. These included medial condyle width and height (Figure 8.5A), lateral condyle height
and depth (Figure 8.5B), tibial width and depth (Figure 8.5C) and the width of the intercondylar

fossa (Figure 8.5E).
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Figure 8.4: The shape profiles of the distal femur, medial condyle and tibia were most affected
following the administration of nifedipine. Shape profiles for each joint region were overlaid for each
group and analysed for characteristics of joint shape development. Dynamic controls (n=10),
nifedipine vehicle (n=6), 100uM nifedipine (n=5), 1ImM nifedipine (n=5). Squares: dominance of the
lateral condyle over the medial condyle; hollow arrows: posterior curl of condyles seen in moved
explants; * dorsal groove between the two femoral condyles; single edged bars: intercondylar fossa;

+ concave curve of the tibial plateau; filled arrows: anterior tibial crest.
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Figure 8.5: Blocking of L-type calcium ion channels reduced the average size of joint regions
following a high dose of 1mM Nifedipine. Bars represent the mean joint region size. Dynamic
controls (n=10), nifedipine vehicle (n=6), 100uM nifedipine (n=5), 1mM nifedipine (n=5). Error bars

represent the standard deviation. *p-values < 0.05, **p-values < 0.01.
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8.3.3 COMPARISON OF BLOCKED ION CHANNELS

The joint shape profiles from both high dose group were compared to evaluate differences
between the action of stretch activated ion channels and L- type calcium ion channels during joint
shape development. The distal femur was similar in shape following the addition of gadolinium
chloride and nifedipine (Figure 8.6F & K). Both femora showed a narrowed distal femur in the
frontal view with a lack of separation on the superior surface and a reduced intercondylar fossa.
In both cases, the tibial plateau was also missing (Figure 8.6H & M). The lateral side of the joint
appeared unaffected in both groups, matching the shape profiles of dynamic controls and
displaying all the normal features of joint shape development (Figure 8.6, ], N & 0). The only
differences between the two high dose groups was that the posterior curl of the medial condyle
was affected following 1mM nifedipine alone (Figure 8.6L), whereas the tibial plateau was only
affected following 1mM gadolinium chloride (Figure 8.6H). The average joint region sizes
between the two high dose groups were also similar to each other and to dynamic controls, with
a single significant difference in average tibial depth between dynamic controls and 1mM
nifedipine as previously reported (Figure 8.7C). No significant differences were found between
the two high dose groups (Figure 8.7). Overall, it was determined that both high dose groups were

affected equally by the blocking of stretch activated ion channels and L-type calcium ion channels.
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Figure 8.6: Joint shapes were equally affected when cultured with a high dose of nifedipine and a

high dose of gadolinium chloride compared to dynamic controls. Shape profiles for each joint region

were overlaid for each group and analysed for characteristics of joint shape development. Dynamic

controls (n=10), 1mM gadolinium chloride (n=6), 1mM nifedipine (n=5). Squares: dominance of the

lateral condyle over the medial condyle; hollow arrows: posterior curl of condyles seen in moved

explants; * dorsal groove between the two femoral condyles; single edged bars: intercondylar fossa;

+ concave curve of the tibial plateau; filled arrows: anterior tibial crest.
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Figure 8.7: Joint region sizes were equally affected by a high dose of either gadolinium chloride (Gd)
or nifedipine (Nf). Bars represent the mean joint region size. Dynamic controls (n=10), 1mM
gadolinium chloride (n=6), 1mM nifedipine (n=5). Error bars represent the standard deviation. *p-

values < 0.05, **p-values < 0.01.
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8.4  DISCUSSION

In this chapter, it was attempted to block mechanosensitive ion channels that may be involved in
mechanotransduction and regulation of joint morphogenesis. Blocking agents were added into
dynamic cultures of the chick hindlimb to block the function of either stretch activated ion
channels or L-type calcium ion channels for a period of six days. In both studies, the shape of the
knee joint was altered compared to dynamic and vehicle controls where no blocking agents were
added. A major difference was found in the frontal shape profile of the distal femur with no clear
separation between the two femoral condyles, suggesting medial to lateral development was
most affected when either stretch activated ion channels or calcium ion channels were blocked.
The posterior curl and appearance of the medial condyle, emergence of the anterior tibial crest
and shape of the tibial plateau were also affected when either ion channel was blocked. In both
cases, joint shapes were considered under-developed compared to the control groups. Previously,
it was shown that joints developed under static conditions were also under-developed compared
to those cultured with dynamic stimulation (Chandaria et al,, 2016). Explants cultured in the
current study with a high dose of either gadolinium chloride or nifedipine showed similar joint
shape characteristics to joints cultured under static conditions. Differences were consistently
found on the development of the medial condyle and tibia when ion channels were blocked and
in previous static cultures (Chandaria et al., 2016), suggesting that the inactivity of the selected
ion channels removed the progressive effect of dynamic stimulation in developing explants. These
studies therefore provide evidence for the involvement of both stretch activated ion channels and

L-type calcium channels in mechanotransduction of joint morphogenesis.

The results of these studies have highlighted that the blocking agents administered during culture
affect joint shape development in the presence of applied movement. However, since no analyses
were performed to assess the performance of the ion channel blockers during these experiments,
it was unknown whether the ion channels were completely or partially blocked. This means the

differences observed in joint shape could not be directly linked to the inactivity of these ion
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channels. However, since both blocking agents have repeatedly been used to block the activity of
stretch activated ion channels and calcium ion channels in chondrocyte cultures (Guilak et al.,
1999, Wu and Chen, 2000, Yellowley et al., 2002, Mouw et al,, 2007), it was assumed that they
were operating in the same way in these tissue explants. Methods to monitor ion movement, such
as live calcium ion imaging (Yellowley et al., 2002), and measuring of membrane potentials, using
patch-clamp techniques are challenging to reproduce in explant tissues making it extremely
difficult to know if these concentrations were sufficient to block all ion channel activity. Another
limitation of this study was that two different solvents were used to administer each block agent.
This made it difficult to compare the effects of each blocking agent, especially since a slight
increase in trend for some joint region measurements were observed for each vehicle solvent.
The impact of these vehicle solvents was reversed in both studies when the blocking agent was
included limiting this side effect, giving confidence that the results observed were indeed due to
the action of the blocking agent rather than an amplified effect of the vehicle used. Finding a single
vehicle solvent that can be used to administer either blocking agent would be a great
improvement to this study. To fully complete the analysis, the blocking agents should also be
tested on static cultures. If no differences are observed in static culture with and without the
blocking agents, it would further strengthen the argument that mechanosensitive ion channels
are involved in sensing and transducing mechanical stimuli for joint morphogenesis. A combined
study where both blocking agents are administered together at the higher dose would also be of

interest for future studies to investigate if there is a cumulative effect on joint shape development.

Since no literature was found in which mechanosensitive ion channels were blocked in whole
tissue explants, it was difficult to evaluate the findings of this chapter against other research. The
results do, however, compare with results of chondrocyte culture studies in which
mechanosensitive ion channels were blocked whilst dynamic stimulation was applied.
Mechanical stimulation of chondrocytes was shown to increase the intracellular calcium ion
concentration (Guilak et al., 1999, Yellowley et al., 2002, Mouw et al., 2007), which normally

triggers the secretion of growth factors (Wong and Carter, 2003). In the presence of gadolinium,
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this increase was seen to vanish (Guilak et al., 1999, Yellowley et al., 2002), suggesting the influx
of calcium ions through stretch activated ion channels was disrupted. This would also mean the
release of growth factors would be affected. The reduction of medial-lateral growth seen in the
distal femur in this study when stretch activated ion channels were blocked could possibly also
be due to a decrease of calcium ion influx and release of growth factors. Mechanically induced
proliferation, differentiation and ECM synthesis has also been reported to decrease in the
presence of gadolinium (Wu and Chen, 2000, Chowdhury and Knight, 2006). A reduction in these
cellular processes was also reported in the presence of nifedipine (Wu and Chen, 2000,
Chowdhury and Knight, 2006, Mouw et al., 2007). This suggests a role for both stretch activated
ion channels and L-type calcium ion channels in regulating these processes. A reduction in cell
proliferation, differentiation and ECM synthesis are plausible scenarios for the reduced

development of the knee joint presented in this study.

The aim of this work was to test whether the actions of stretch activated ion channels and voltage-
gated calcium ion channels are involved in the mechanotransduction and regulation of joint shape
development. Following a dynamic movement regime known to stimulate joint morphogenesis in
vitro, the distal femur in the embryonic chick knee joint was found to be abnormally shaped when
either candidate ion channels was blocked appearing similar to previously reported statically
cultured joints. These results agree with previous findings that show both stretch activated ion
channels and calcium ion channels are involved in transducing signals for cartilage growth, and
furthermore provide new evidence to support the hypothesis that mechanical cues that direct
localised joint shape development and organisation are transduced through the function of these
channels. Further work can now be carried with confidence that these ion channels do play a

function role in the mechanoregulation of joint morphogenesis.
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CHAPTER 9
9 GENERAL DISCUSSION

9.1 INTRODUCTION

There is significant evidence to show that prenatal joint morphogenesis is sensitive to mechanical
stimulation as reviewed in Chapter 2. Previous studies have managed to convincingly show that
the reduction of spontaneous movement during development can severely impact the process of
synovial joint formation with abnormalities appearing during both joint cavitation and
morphogenesis. These studies highlight the sensitivity of synovial joint formation to the
mechanical environment, but do not explore the relationship between mechanical stimulation
and joint morphogenesis. This doctorate targeted this gap in scientific knowledge and explored
how variations in quantified movements of a developing joint impacted its final shape and
geometry. The research presented in this thesis investigated the quantitative relationship
between joint morphogenesis and mechanical stimulation through three independent studies

testing the following hypotheses:

e Dynamic stimulation leads to a more developed joint shape than static conditions.
e Joint shape development is affected by movement magnitude in a dose dependent manner.
e The most physiological movement regime leads to a joint with the most normal progression

of shape morphogenesis.
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e Mechanical stimuli that direct localised joint shape development are transduced through the

function of mechanosensitive ion channels.

The results of these studies agreed with these original hypotheses and led to three major
outcomes which are summarised and discussed below. These studies were not without
limitations, which are also discussed along with potential avenues for further research to expand

on the knowledge gained through the individual investigations.

Understanding how localised patterning of emerging joint structures is affected by changes in
developmental conditions, such as movement, is important for a variety of research areas.
Knowledge of how different levels of movement alter normal joint shape development could
potentially lead to the development of diagnostic criteria to identify patients at risk of developing
congenital joint malformations. This thesis has provided important understanding about the
aetiology of congenital joint abnormalities showing that the relationship between prenatal
movements and joint shape development is complex. Knowledge of how these critical anatomical
structures are formed is also important for researchers trying to regenerate damaged and
degraded tissues in patients with conditions such as OA. Tissue engineers are currently trying to
develop functional cartilage tissue from stem cells or progenitor cell populations and it has been
proposed that replicating the effects of mechanical stimulation during embryogenesis may be
required to achieve this aim (Foster et al., 2015). This research provides useful cues to the
cartilage tissue engineering field, in demonstrating that replicating the magnitude of

physiological fetal movements leads to the most normal progression of cartilage growth.

9.2 OUTCOMES AND CONTRIBUTIONS

The research presented in this thesis focused on the role of movement in directing joint
morphogenesis of the embryonic chick knee joint. The first major outcome of this doctorate was
the creation of a novel culture system that allowed the embryonic chick hindlimb explant to
develop in vitro whilst quantified physiological movement patterns could be applied to the knee
joint. Previously, researchers explored the influence of mechanical stimulation in synovial joint
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formation using both in vitro and in vivo animal models where natural embryonic movements
were either reduced or inhibited. In these studies, it was repeatedly shown that the process of
prenatal joint formation was abnormal with cases of fusion between opposing rudiments (Fell
and Canti, 1934, Lelkes, 1958, Drachman and Sokoloff, 1966, Osborne et al., 2002), and the loss of
articular joint morphology (Roddy et al., 2011b, Nowlan et al., 2014, Brunt et al., 2016). Whilst
providing evidence to support the theory that mechanical stimulation is crucial to normal joint
development, these studies could not characterise or quantify the relationship between the level
of mechanical stimulation experienced and joint shape development. The newly created culture
system addressed this limitation and was designed to apply controlled magnitudes of flexion to
the embryonic chick knee joint following a predetermined regime, thus providing a novel

methodology to explore how different movement patterns affect synovial joint formation.

The culture system was used to apply a passive physiological flexion movement to the developing
chick knee joint which was considered more appropriate than applying a force or deformation to
the tissue explant. Other bioreactor systems have applied hydrostatic pressure, compressive
deformations and shear loading to tissue explants and 3D chondrocyte cultures to also explore
the influence of mechanical stimuli on development (Portner et al., 2005, Henstock et al., 2013,
Smith et al,, 2013, Foster et al., 2015). However, when these stimuli are applied in vitro, they
cannot be easily compared to natural developmental conditions. Movement of the joint in vitro
and in vivo are more comparable making it a better variable to characterise with the progression
of joint formation. Using joint movement also makes the studies performed during this doctorate

relatable to real life scenarios where fetal movements can be monitored.

The ability to successfully culture developing joint explants using this system led to the second
major outcome of this research. This was the characterisation of the effects of movement
magnitude on joint morphogenesis. The differences in knee joint shapes from static and dynamic
cultures were similar to those previously described for in ovo paralysis studies giving confidence

in the performance of the culture system. The joint shapes produced were compared with the
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sequence of normal morphological shape changes recorded for the chick knee joint, and
supported the hypothesis that dynamic stimulation would lead to a more developed joint shape
than static conditions with more anatomical features present after culture. The developing chick
knee joint was subsequently cultured under a range of flexion magnitudes. This study provided
the first understanding of the relationship between mechanical stimulation and joint
morphogenesis and supported the hypothesis that joint shape development would be affected by
movement magnitude in a dose dependent manner. The results of this study revealed that
movements most similar to physiological magnitudes produced the most advanced joint shapes
when compared to the sequence of normal morphological shape changes. Joint shapes developed
under magnitudes of movement below the physiological range were similar to those cultured
under static conditions. Joint shapes developed under magnitudes of movements greater than the
physiological range were inconsistent and showed some irregularities, but still advanced joint
shape development. These results suggest a bell-shaped relationship between movement
magnitude and joint shape development supporting the hypothesis that the most physiological
movement regime would lead to a joint with the most normal progression of shape
morphogenesis (Figure 9.1). This new theorised relationship sits above a threshold of joint shape
development that occurs naturally even in the absence of external joint movements and is skewed

in the positive direction around an optimal magnitude of movement.
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Joint Morphogenesis

Magnitude of Movement

Figure 9.1: Following the studies of this thesis, a new theorised relationship between the magnitude
of movement and joint morphogenesis during development is hypothesised. This includes a non-
linear dose dependent bell-shaped curved which sits above a threshold, ‘t’, and is skewed around an

optimal magnitude of movement, ‘M,’'.

In this study, the final joint shape after six days of culture was used as the primary means of
measuring the progression of joint development. However, there are a range of other approaches
which could also be used to measure the development of the tissue explants in vitro. Differences
in joint shape occur due to changes in cellular activities such as proliferation, differentiation and
migration. Cell proliferation has already been linked with localised areas of growth within the
embryonic knee joint (Roddy et al.,, 2011a) and was seen to increase in the distal femur when
flexion at and above the physiological range was applied during studies performed as part of this
doctorate. Quantification of proliferation following different magnitudes of movement was
performed during this doctorate, but further investigation into other cellular processes, such as
differentiation or migration, could uncover potential changes responsible for the different joint
shapes observed. Differentiation and the process of chondrogenesis can be used a measure of

development by quantifying chondrogenic and hypertrophic markers as performed by Saha et al.
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(2016). Quantifying the localised proliferation and differentiation patterns along with the ECM
composition for different levels of mechanical stimulation could, together with the joint
morphology data, reveal how the process of morphogenesis is changing in each scenario
presented in this thesis. This research also opens new avenues to explore the signalling and
mechanotransduction of these cellular activities. Previous research has shown that activity of the
BMP, Wnt and Hedgehog signalling families are associated with processes of synovial joint
formation such as interzone formation, differentiation, proliferation and ECM production, and are
disturbed following changes in mechanical stimulation (Roddy et al., 2011b, Rolfe et al., 2014,
Bruntetal, 2017, Salva and Merrill, 2017). The experiments performed during this doctorate can
be repeated to explore the correlation between gene expression, matrix composition, cellular
activity and joint morphology shedding light onto how morphogenesis is regulated and what

signals are needed for normal joint development.

A range of joint shape changes following different movement regimes have been described in this
thesis. Knowledge of how the geometry of the joint changes following different developmental
conditions is important to understand how abnormal fetal movements lead to congenital joint
malformation conditions, such as DDH, which impairs joint stability and affects the normal range
of motion. Although each joint was developed in vitro, it is interesting to compare how the
differences in joint features might impact the kinematics to predict how these shape changes may
affect joint function. Description of the femoral articular surfaces from human cadaveric
specimens have previously been used to describe the motion of the knee joint (Martelli and
Pinskerova, 2002, Freeman and Pinskerova, 2005). However, the complicated 3D surfaces
involved make this a difficult prediction. Flatter condyle surfaces have been suggested to increase
translation capability, whereas increased condyle curvature suggests more freedom for rotation,
either about the transverse axis representing flexion or rotation about the vertical axis
representing internal and external rotation (Martelli and Pinskerova, 2002). In the human knee,
the shapes of the femoral condyles are often described by a medial and lateral circle that fits the

radius of the posterior portion of each condyle in the sagittal plane (Kurosawa et al., 1985,
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Martelli and Pinskerova, 2002, Williams and Logan, 2004). In the results of this study, the
posterior curls of the medial and lateral condyle were missing in joints cultured under reduced-
flexion and static conditions, suggesting a smaller posterior condyle radius, and therefore a
reduced capacity for flexion. This is not that surprising since these joints had experienced less
flexion during development than those which developed large posterior curls. It is then
interesting to ask, whether synovial joints are shaped for movements they have experienced
during the developmental period and therefore, whether all joint motions are needed to create a
fully functional joint. It is important to remember the differences in anatomy between the chick
and human knee joint, and take caution when comparing joint function based on human
kinematics and chick anatomy. However, by using the system developed for another animal
model system (such as developing mouse limbs for example), it would be possible to further
explore this hypothesis. Eventually, this research could form a bridge between the role of fetal

movements and functional development of the knee joint.

The third major outcome of this doctorate was the identification that mechano-sensitive ion
channels are involved in the regulation of joint morphogenesis. This was the first study to test the
action of stretch activated and calcium ion channels during joint shape development in complete
embryonic tissue explants. Following the administration of either ion channel blocker, both joint
shape and size were affected giving evidence that the flux of ions through stretch activated and
calcium channels are involved in signalling joint morphogenesis. This data supported the
hypothesis that mechanical stimuli that direct localised joint shape development are transduced
through the function of mechano-sensitive ion channels. The research contributes to the field of
cartilage mechanobiology by demonstrating that ion channel function also affects cartilage

organisation on the tissue scale as well as the cellular scale.

The cell membrane has long been identified as the site where mechanoreceptors form and
function (Mobasheri et al., 2002). In cartilage, chondrocytes sense and respond to their

mechanical environment through deformation of the ECM or changes in its molecular and ionic
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composition. Chondrocytes are equipped with an array of mechanoreceptors including ion
channels, primary cilia and integrins (Mobasheri et al., 2002, Millward-Sadler and Salter, 2004,
McGlashan et al,, 2006). Changes in intracellular and extracellular ion concentrations, integrin
activation and bending of primary cilia have all been linked to various cellular activity including
proliferation, differentiation and ECM production highlighting their involvement in chondrocyte
mechanotransduction (Hirsch et al., 1997, Mobasheri et al., 2002, Shao et al., 2012). Primary cilia
protrude from the cell membrane into the ECM and are equipped with integrins to interact with
ECM molecules (McGlashan et al., 2006). The structure of primary cilium is mechanically sensitive
with evidence of its length changing in response to mechanical deformation (McGlashan et al,,
2010). Integrins connect the cell surface to ECM components, such as collagen and fibronectin,
and mediate signals between the two through ligand and integrin binding (Millward-Sadler and
Salter, 2004). Antibodies can be used to block the availability of either ligands or integrins to form
new attachments (Millward-Sadler and Salter, 2004), however, this often causes apoptosis in cell
culture (Hirsch et al., 1997, Mobasheri et al., 2002) which could lead to the destruction of tissue
explants like those used in this doctorate. Stretch activated ion channels and L-type calcium ion
channels were chosen to be investigated in this doctorate due to ease and established
methodology of blocking their function in culture. As a pioneering study into
mechanotransduction in embryonic explants this was the most sensible option. Further studies
are still needed to fully understand the mechanobiology of cartilage and the associated pathways
involved during skeletogenesis. It is very plausible that primary cilia, integrins and
mechanosensitive ion channels all work in synergy to form a complex network of
mechanoreceptors to regulate signalling events involved in embryonic joint formation. Further
investigation into this exciting field will reveal important signalling relationships and lead to the

identification of specific signalling pathways involved in joint development.

The results presented throughout this thesis are summarised in Figure 9.2 using the series of
morphological events that were characterised for normal development of the chick knee joint as

a reference. Morphological events that were disrupted are highlighted for the different
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developmental conditions employed including static conditions, reduced-flexion, average-flexion,

over-flexion and the blocking of both stretch activated ion channels and L-type calcium ion

channels. The data gathered during this doctorate offers a unique insight into the anatomical

shape development of the chick knee joint, which contributes to the field of developmental

mechanobiology.
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Figure 9.2: Several morphological events were affected during embryonic chick knee joint

development when the mechanical conditions were altered except under average-flexion for which

all events were unaffected. Morphological events that were unaffected are highlighted in blue and

those that were affected are highlighted in red.
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9.3  LIMITATIONS AND FURTHER WORK

A common theme throughout this thesis was the comparison of 2D shape profile outlines to
qualitatively assess differences in joint shape from 3D reconstructed models. This meant the
assessment of differences in joint shape were subjective. Quantitative analysis could be applied
where each outline is converted into X-Y co-ordinates and compared using principal component
analysis and a non-parametric MANOVA to reveal significant differences in joint shapes between
groups as recently implemented by Brunt et al. (2016). However, this would only verify
differences already observed when the 2D profiles are overlaid. A better approach would be to
use 3D statistical shape analysis to compare anatomical landmarks between 3D models. In order
to do this, all 3D models need to be aligned to remove the effect of location and rotation of each
rudiment (Stegmann and Gomez, 2002). Using image registration techniques this is easily
accomplished using dedicated software packages. During this doctorate, image registration was
trialled, however, natural variations in each joint shape meant that once aligned and
superimposed, the joints were extremely distorted which often resulted in a loss of resolution of
fine shape characteristics. Due to these reasons, it was decided to continue with the 2D shape
profiles which meant each joint region could be aligned individually in different views. Following
the criteria set out in Chapter 3 to align each joint into the resting position, joint shape profiles
were consistently grouped together in frontal, medial and lateral views showing this method was

robust and repeatable.

Another theme of this work was that the evaluation of joint morphogenesis progression was
based on the final joint shape for each explant at the end of the culture period. No data was
collected to investigate the change in shape during the culture period itself. To do so, would
provide even further knowledge about the process of joint shape development, but would require
a considerably higher number of specimens to analyse after different time points of development.
Analysis of the final joint shape did, however, identify differences in joint morphology for

different mechanical conditions suggesting differences in the process of joint morphogenesis. The
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mechanical conditions known to cause these differences can now be further explored at different
time points and also at the cellular scale with confidence of identifying differences in both tissue
structure and cellular activity during development. A proposed method to advance this would be
to create a 4D imaging station similar to that created by Boot et al. (2008), in which explants can
be removed from the bioreactor chambers each day and scanned using OPT without terminating
development. This would allow for the capture of spatial and topographical information about

the developing hindlimb over the whole culture period.

The effect of the timing regime used to apply dynamic movements was never investigated during
the course of this doctorate which poses another drawback to this research. Explants were
stimulated constantly for two hours, three times per day at the same displacement rate, with only
the magnitude of movement being altered. This meant that the number of movements
experienced within a two hour activity window differed for each magnitude of movement. To
understand the implications of this, another study would be needed to characterise the effect of
movement frequency and number of movements experienced. Repeating the average-flexion
regime from Chapter 7, the frequency of movements could be adjusted to test if the number of
movements experienced during an activity window affects joint morphogenesis. Changing the
frequency of movements would mean explants would be moved at different rates and adjusting
the number of movements would mean the activity and rest periods would differ. Further
improvements can also be made to the culture system. As previously mentioned, the action of
applying compression to the explants circulates the culture media improving nutrient delivery.
Adding a perfusion system to the bioreactor would be an ideal way to ensure the culture media is
fully mixed at all times in both static and dynamic cultures. The compressive plates used to push
the foam supports could also be redesigned to grip the foam support and apply both a
compressive and tensile displacement. This may potentially induce both a flexion and extension

movement to the knee joint relative to the resting position.
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Finally, to fully appreciate the role of mechanical stimuli during joint morphogenesis, a
computational model of the experimental setup would be needed. Using geometric models of
uncultured knee joints, a simulation of the explants during a flexion motion can be applied to
predict the distribution of mechanical stress and strain across the joint region. This would add
detailed quantitative data to the relationship between joint morphogenesis and mechanical
stimuli. This would build on previous mechanobiological models of joint morphogenesis (Giorgi
etal, 2014), which can be validated against the experimental results and lead to a more accurate

picture of the mechanics involved during joint development.

9.4  CONCLUSIONS

This research has advanced the basic understanding of prenatal joint morphogenesis and
highlighted how specific mechanical parameters can alter the progression of joint shape
development. The consensus that mechanical stimuli influence joint morphogenesis has a
growing amount of supportive evidence. However, until now, no investigations have been
performed to characterise the relationship between joint morphogenesis and mechanical
stimulation. This thesis provides, for the first time, details about how joint morphogenesis
progression changes with joint movement, providing an innovative insight into the consequences
of altered mechanical conditions during development. The results reveal a non-linear, dose
dependent relationship which favours an optimal range of movement. Data has also been
presented to support the role of mechanosensitive ion channels to transduce and regulate signals
from mechanical stimuli needed for joint morphogenesis. These studies have provided a novel

insight into joint morphogenesis furthering our understanding of this marvellous phenomenon.
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Appendix I - Experimental Protocols

APPENDIX I - EXPERIMENTAL PROTOCOLS

Experimental protocols were created and optimised with the help of Ms. Samantha Martin.
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Alcian Blue - Alizarin Red - Protocol - FOR CHICK HIND LIMBS

Embryo”, Hogan et al., 1994)

Solutions:

0.01% Alizarin Red Stain in 1% KOH
4% Paraformaldehyde

0.01% Sodium Azide in PBS

Methods:

(Adapted from “Avian Embryology” Bronner-Fraser (2008) & “Manipulating the Mouse

0.055% Alcian Blue Stain (Make up at least 1 day before staining) in 95% Ethanol
with 20% Glacial Acetic Acid

Dehydrate and fix samples in Ethanol for 3-4 days before starting staining. Keep samples in sealed
flat containers during protocol.

CONCENTRATIONS OF ALCIAN BLUE AND CLEARING TIMES MAY DIFFER FOR DIFFERENT

TISSUE SAMPLES
. Time Time
Stage Te | Duration Started Ended
Stain samples in Alc_lan Blue Stain and leave RT | 5 hours
rocking gently
Wash samples with 95% Ethanol RT | 10mins
Submerge samples in fresh 95% Ethanol 40C | 24 hours
Submerge samples in fresh 95% Ethanol 40oC | 24 hours
Clear samples in 1% KOH RT Until
clear
Stain samples older than HH32 in Alizarin Red
L . RT 1 hour
Stain (if younger samples skip to stage8)
Clear samples in 1% KOH RT 1 hour
Fix samples in 4% PFA RT | 2hours
Store samples in 0.01% Sodium Azide 40C -

Results:

Blue - Cartilage

Red - Bone
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Preparation of Samples for OPT Imaging
(Protocol adapted from Quintana and Sharpe (2011))

Solutions:

Low melting point Agarose

Sterile dH20

100% Methanol

BABB (2:1 mix of benzyl alcohol and benzyl benzoate)

Methods: Samples should be fixed overnight in 4% PFA at 4°C before starting this protocol.

Dura Time Time
Stage T tion Stz:irte Ended

Prepare 1% low melting Agarose solution in
sterile water
Weigh out Agarose and add to bottle. Add volume of
sterile dH20 and microwave till all dissolved. Weigh
contents before and after heating to replace any
water lost. Watch out for over boiling.

micr
owa
ve

Filter Agarose Solution
Wait for Agarose to cool slightly and filter into clean
50ml tubes. Can store Agarose in tubes at 37°C for 1
day.

37°C

Embed Samples in Agarose
Pour out Agarose solution in 6cm dishes.
Wash samples in sterile dH20.
Wash samples in Agarose dish moving around to
remove bubbles.

Place limbs in new dish with Agarose. Wait for gel to RT
cool and orientate limbs with each other in centre of
dish, floating at a medium depth.

Once gel is solid, transfer to 4°C to set. If not going to
trim immediately after setting, add water to agarose
and cover with parafilm and foil. Store at 4°C.

Trimming
Using a blade cut square block around each sample
and remove into 9cm plates.
Align samples along axis of rotation and cut parallel
either side of sample using razor blade. RT
Cut top and bottom of sample also leaving 5mm on
one end for attachment to rotation stage.
Stand the sample up with 5mm end at the bottom.
Trim corners off to make octagonal shape.

Dehydrate samples
Place samples in glass vials with 100% methanol. RT 24
Replace methanol 2/3 times to ensure full hours

dehydration.

Clear samples
Replace methanol with BABB solution, place in fume RT 24
hood with foil lid. Make holes in foil for methanol to hours

evaporate.

Mount and Image Samples RT
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Remove specimen from sample into GLASS dish.
Dry bottom surface of block on paper towel.
Place glue on mount and block on top.

Wait for glue to set and then place in OPT scanner.
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Cryo Sample Prep

Samples should be fixed before embedding. 4% PFA 2 hour at RT. Store in PBS and embed within
couple of days.

Time

Stage Duration Temp Started

Clearing

Place samples in 15% Sucrose 0/N
Clearing

Place Samples in 30% Sucrose 0/N
Infiltration I

3 Place samples in 50:50 mix of 30% sucrose Until sinks (1-2hours) RT

and OCT
Embedding
Set up level platform in dry ice.
Label moulds for samples and half fill with -
4 50:50 30% sucrose and OCT mix lce
Place samples into blocks and orientate
Mark position of samples on moulds
Leave to set on dry ice
Section
Stick samples to chuck using OCT and leave to
cool
Trim block until can see sample
5| Setblade angle to 5° and cut section thickness -20°C
Label slides and keep ready to mount sections.
Keep slides at RT so sections melt onto glass
Use brush to pull sample over blade as cutting
to stop from rolling

40C

40C

Dry

-20°C

Notes:
e OCT sucrose mix will melt at RT. Keep frozen as much as possible.
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CRYOSECTION MORPHOLOGY STAINING
Alcian Blue:
Alcian Blue pH 2.5 0.025% Alcian blue in 3% aq acetic acid

Alcian blue 8GX ------ 0.025g

distilled water = eeeememeemeeeeeeeen 97.0 ml
glacial acetic acid ---------------- 3.0 ml
Dissolve the dye in the distilled water, add acid, mix well. Filter before use.
Picro Sirius Red Solution:
250 ml Picric Acid
0.25 g direct red
Acidified Water:
0.5% solution using acetic acid in water (tap or distilled)
Methods:
Incubate slides at RT for 1-2hrs to ensure sections stick to slides.
Stage To Duration Time Time
Started Ended
1 Wash in PBS RT S5mins
2 Wash in fresh PBS RT S5mins
3 Stain with Alcian Blue (0.025% RT 30mins

Alcian blue in 3% acetic acid)

4 Rinse gently with tap water RT 10mins

5 Stain with Picro Sirius Red RT 30mins
Solution

6 Wash 0.5% acidified water RT 10mins

18 Was in PBS RT 5mins
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PHH3 Immuno-fluorescent protocol CrvoSections
Solutions:

e Wash Buffer: PBTD - 1x PBS, 0.1% Tween 20, 1% DMSO

e Blocking: 5% Normal Goat Serum (NGS) in Wash Buffer

e Primary AntiBody: Anti-phospho-Histone H3 from rabbit (PHH3) ser10

e Secondary AntiBody: Cy3 anti-rabbit
Methods:
Allow sections to adhere to slides for 2 hours at RT before starting. If sample has not been fixed,
fix with cold acetone for 10mins and let dry for at least 20mins.

Time Time
Stage Te | Duration | Starte
d Ended
1 Hydrate Slides
RT S5mins
Submerge slides in PBTD
2 Blocking
Cover slides in blocking solution (200uL per slide) RT ZHr
in humid chamber. Parafilm on sides
3 Blot slides RT -
4 Incubate with primary antibody
Dilute antibody 1:50 in wash buffer.
Cover slides in primary antibody (200uL per slide) 4oC O/N
in humid chamber. Parafilm on sides
5 Wash in Wash Buffer RT | 30 mins
6 Incubate with secondary antibody in dark
Dilute antibody 1:200 in wash buffer
Cover slides in secondary antibody (200uL per RT 1Hr
slide) in humid chamber. Parafilm on sides
7 Wash in Wash Buffer RT | 25mins
8 Mount sections of slides with DAPI mounting RT i
media
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APO-BrdUTP Apoptosis Immuno protocol

(Taken from AbD Serotec (2016))

Methods: (fixed tissue)

Stage

To

Duration

Time
Starte

Time
Ended

1 | Rehydration

Immerse slides in:
° 1x PBS
Blot slides

RT

15’

2 | Permeabilisation of specimen

Dilute Proteinase K (pink cap) 1:100 in 10mM Tris
pH8

Cover slides in 100ul proteinase K working
solution

Rinse slides with 1x PBS

RT

10’ Don't
overincu
bate

3 | Inactivation of endogenous peroxidases

Dilute 30% H2021:10 in Methanol
Cover slides in 100uL of 3% H:0-
Rinse with 1x PBS

RT

5!

4 | Equilibration and end labelling reaction

Dilute 5x reaction buffer 1:5 with dH20
Cover slides with 100uL reaction buffer

Prepare labelling solution (for 1 slide)
. 10ul. 5x Reaction Buffer (green
cap)
. 0.75uL TdT Enzyme (yellow cap)
. 8uL. Br—dUTP (violet cap)
o 32.25ul Distilled H20

Carefully blot reaction buffer from samples
Immediately apply 50ul. of labelling solution to
slides

Cover with parafilm and put in humid chamber

Remove parafilm and rinse with 1x PBS

RT

37
°C

10-30°

1_
1.5hours

5 | Detection

Cover slides in 100uL blocking buffer (white cap)
Carefully blot blocking buffer from samples

Immediately cover slides with 100ul. Antibody
Solution prepared as (1slide):

o 5uL Biotin anti BrdU (orange cap)

o 95uL Blocking Buffer (white cap)
Incubate with Antibody solution in the dark

Rinse in 1x PBS
Cover slide in 100ul Blocking Buffer (white cap)

RT

RT

10’

1-
1.5hours
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Dilute 200x Conjugate (black cap) 1:200 in blocking
buffer (white cap) (for 1 slide 0.5ul. conjugate,
100uL blocking)

Blot blocking buffer from samples

Immediately apply 100uL of Conjugate to specimen
RT
Five minutes before time dissolve one DAB (amber
vial) tablet and one H;0,/Urea (amber vial) in 1mL 30’
TAP H20

Rinse slides 1x PBS

Cover slides with 100uL DAB solution RT

Rinse with H,0 and blot 15’

Counterstain

Immediately cover slides in 100uL of Methyl Green | RT 3
Counterstain (natural cap)

Press edge of slide against towel to draw off stain
Submerge slides in 100% ethanol briefly

Blot with towel

Wash in 100% ethanol

Blot with towel

Wash in Histoclear
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Kewweords:

Joint morphagenesis
Jnint shape

Explant culture

Chick knes {Stifle) joint
Mechanohiology

Mechanical forces due to fetal movements play an important role in joint shape morphogenesis, and
abnormalities of the jeints relating to abnermal fetal movements can have long-term health implications.
While mechanical stimulation during development has been shown to be important for joint shape, the
relationship between the guantity of mechanical stimulation and the growth and shape change of
developing cartilage has not been quantified. In this study, we culture embryonic chick limb explants
in vitro in order to reveal how the magnitude of applied movement affects key aspects of the developing
joint shape, We hypothesise that joint shape is affected by movement magnitude in a dose-dependent
manner, and that a movement regime most representative of physiological fetal movemnents will pro-
mote charactenistics of normal shape development. Chick hindlimbs harvested at seven days of incu-
bation were cultured for six days, under either static conditions or one of three different dynamic
movement regimes, then assessed for joint shape, cell survival and proliferation. We demonstrate that a
physinlogical magnitude of movement in vitro promotes the most normal progression of joint mor-
phogzenests, and that either under-stimulation or over-stimulation has detrimental effects. Providing
insight into the optimal level of mechanical stimulation for cartilage growth and morphogenesis is
pertinent to gaining a greater understanding of the eticlogy of conditions such as developmental dys-
plasia of the hip, and is also valuable for cartilage tissue engineering.

@ 2016 The Authors. Published by Elsevier Lid. This is an open access article under the CC BY-NC-ND

license [hitp://creativecommons.orgflicenses/by-ne-ndf4.0{.

1. Introduction

Each type of synovial joint has a highly specialised shape, and
alterations or abnormalities in the development of these shapes can
compromise their functionality. Reduced fetal movements are impli-
cated in musculoskeletal conditions of impaired joint shape develop-
ment, such as development dysplasia of the hip and arthrogryposis
(reviewed in Nowlan (2015)), However, it is unclear how the quantity,
timing and type of mechanical stimulation due to fetal movements
influence joint shape morphogenesis, This guestion is relevant
lifelong musculoskeletal health, as developmental joint abnormalities
can affect the joint's range of motion and the transmission of
mechanical loads, increasing the risk of degenerative joint diseases
such as osteoarthritis later in life (Sandell, 2012}, Furthermore, a better
understanding of how mechanical stimulation directs or determines
cartilage growth during prenatal development is highly relevant to
cartilage tissue engineering, in which the aim is to recapitulate the
developmental processes accurring in fetal rudiments,

* Corresponding author,
E-mail address: n.nowlan@imperial ac.ulk {M.C. Nowlan).

http: de dolorg/ 10000 6j jbiomech 201609029

Previous studies have explored the influence of mechanical
stimuli on skeletal development using animal models of reduced,
absent or abnormal fetal movements [reviewed in Mowlan et al.
(2010b)). While many of these studies focused on cavitation or
ossification rather than joint morphogenesis, we do have some
understanding of the effects of immobility on joint shape dewvel-
opment. In immaobilised chicks embryos, articular joints are often
fused across the joint site, and normal interlocking joint shapes are
lost (Drachman and Sokoloff, 1966; Hall and Herring, 1990;
Hosseini and Hogg, 1991; Nowlan et al,, 2014; Osborne et al., 2002;
Roddy et al, 2011b). Paralysis of zebrafish embryos leads to
alterations in jaw joint shape and inhibition of normal joint
function (Brunt et al.,, 2015}, Failure to produce joint cavities and
abnormal joint shapes have also been observed in ‘muscle-less’
mice embryos (Kahn et al., 2009; Nowlan et al., 2010a} along with
signs of irregular joint shape development in ‘reduced muscle’
mice embryos (Kahn et al, 2009, Early studies used in vitro cul-
ture methods to investigate the role of movement on joint
development, Explants from four day old embryos failed to form a
complete knee (stifle) joint after six days of static culture in vitro,
using the “watch glass" technique (Fell and Canri, 1934). However,
when six or seven day old embryonic chick knee explants were

0021-9290/2 2016 The Authors, Published by Elsevier Lid, This is an open access article under the CC BY-NC-ND license (http:{ \creativecommons.org licenses/by-nc-nd [4.00),
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cultured for six days by Lelkes (1958), manual manipulation of the
explants led to cavitation and development of articular surfaces
hetween the femur and tihia (or tibiotarsus). Since these pio-
neering papers were published, in vitro culture methods have
improved dramatically,. Modern bioreactors enable repeatable
cultivation of tissue and application of controlled mechanical sti-
mulation in ways that are not possible in vive (Cohen et al, 2005;
Partner et al,, 2005}, In vitre culture of embryonic chick hindlimb
elements has been shown to be a versatile model for studying
skeletal development (Smith et al, 2013), and a bioreactor system
has been used to apply cyclic hydrostatic pressure to promote
bone growth and mineralisation in embryonic chick femurs
(Henstock et al., 2013). A recent feasibility study showed the
whole chick hindlimb could be cultured whilst applying flexion
and extension movements to the knee joint (Rodriguez and
Munasinghe, 2016). Howewver, the cquantitative relationship
between mechanical stimulation and joint morphogenesis has not
been described, a deficit that is addressed in this current study,

In this study, a novel 30 explant culture system is used (o
investizate the development of the embryonic chick knee joint
under a range of flexion movement regimes, with the aim of
characterising the relationship between the magnitude of applied
movements and key aspects of fetal joint morphogenesis. It was
hypothesised that joint shape development would be affected by
movement magnitude in a dose-dependent manner, and that the
most physiological movement regime would lead to a joint with
the most normal progression of shape morphogenesis.

A 30 View
Step

15

;7”’ /
P !
. e AL )
k- A i’ 'y
el \

2. Methods
21, Characterisation of physiotagical knee morphology

To evaluate the progression of joint shape development in cultured explants,
wie first analysed the morphology of the knee joint over 7 to 9 days of incubatien, a
period of dramatic shape change for the joint, Limbs were processed for 30 shape
and size analysis as described below.

2.2 Preparation of explants for culture

Fertilised white Delalb eags (Henry Steweart & Co, UK) were incubated at 37 °C
under humidified conditions for seven days. Hindlimbs were harvested, the digits
remaoved, and the sofl tissues surrounding the diments removed a5 described by
Henstock et al. {2013). Preliminary experiments demonstrated that this step of soft
rissue rernoval increased the duration of time that the explant could be wviably
maintained in vitre (data not shown),

2.3 Explont culiure setup

Rectangular pieces (35 = 20 = 15 mm'] of polyurethans foam [Sydney Heath &
Son, UK] were wsed to support the hindlimb explants during culture, The foam
SUPPOIT was cut to create a step running herizontally along the top surface {Flg. 1A
Eacli hindlimb was positioned, medial side down, onto the lower level and orented
with the distal end nearest the step (Fig, 1B), Six specimens were placed on each
support (Fig. 18). Once positioned, each explant was pinned to the suppart using a
276 needle through the superior part of the pelvis to secure the limb. The foam
supports were transferred into a uniaxial compression bioreactor (Ebers TC-3,
Spain and flled with basal culture media (alpha - minimum essential media
[o-MEM GlutaMAX, Gibea) supplemented with 1% pen/strep, 1% Amphotericin B
and 100 pM Ascorbic Acid {Sigma, UK]). The explants were maintained at an
air-liquid interface, and the culture mediom was replenished every 24 h,

B Top View
Compression
Explant Pin
Lower Level —

/17

Step

Increasing Compression of Foam Support

Fig. 1. Dynamic explant culture seoup, A) A pelyurethane foam support was used to support the hindlimb explants during culture, The rectangular piece of foam was cut to
create a step along the horizontal axis, Measurements are in mm. 8] Explants were pesitioned onto the lower level of the foam and pinned inte place, Explants were
orientated medial side down with the hip joint furthest away from the step, C) Uniaxial compression of the foam support caused the hindlimb to bend at the knee joint

mirmnicking a flexion mation of the knee joint
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24, Applicetion of in vioo movement regime

The bioreactor was programmed to apply compressive displacement regimes o
the foam supports which caused the angle between the thigh and shank o
decrease, mimicking a fllexion motion of the knee joint [Fig. 105 A range of com-
pressive displacements were applied during calibration to quantify the amount of
flexion experienced at the knee joint, Six explants were subjected to 1-4 mm of
compression and their movernent patterns recorded using a high-definition camera
[ HY-5080, HAVIT, Chinal, The change in the joint angle was caleulated using Image]
(Schneider et al., 2012) to give the fexion magnitudes for each applied displace-
ment, An average -Mexion movement regime was designed in order 1o mimic nor
mal flexion of the chick embryo, and two additional dynamic regimes of lower and
higher magnitudes were also included. The three movement regimes were termed
reduced-flexion, aversge-flexion and over-fexion where 2, 3 and 4 mm of com-
pressive displacement were applied respectively, resulting in flexion magnitudes of
9+ 3, 14+ 4,0 and 22 + 5.0 (mean + 50 degrees, Ohservations of chick motility in
avg repart an approximate mean knee flexion of 12 degrees in 9-10 day old
embryes (Watson and BekolT, 19900 All dynamically stimulated explants wene
loaded with a sinusoidal waveform at an average rate of 4 mmjs for 2 b, three times
per day, replicating aspects of activity-inactivity cycles observed in ovo (Chambers
et al, 1985, Hamburger et al, 1965], and similar to stimulation patterns used in
in vitre micromass cultures (Bian et al, 2001; Elder et al, 2000), Limbs cultured
under the same conditions bt without dymamic stimulation wene used as controls,
Six days was chosen as the duration of the culture, as this allowed for sustained
viability of the explants and enabled sufficient time for shape morphogenesis
progress in vitro. { Supplementary Video 1 shows the culture system in action].

Supplementary material related to this article can be found enline at hitp: | \dx.
dod,org 1G]] blomech.2016,09.029,

25 Analysis

251, Specimen numbers

Thres knes joints from 7, 8 and 9 day non-experimental control embryos wene
analysed for physielogical joint shape and size. For the in vitra culture study. a total
of 72 chicks wers harvested at day 7. For each embryo, the right hindlimb was
subjected o movement and the left hindlimb was kept under static conditions.
Explants selected for dynamic stimulation were split evenly across the three
experimental grougs. A total of four coltures were pedformed for each group, with
static controls performed alongside each culture. Explants were pooled together for
the three experimental groups and static controls o give four groups for analysis,
This yielded a total of 24 explants cultured for each experimental group and a total
of 72 static contral explants, During media changes, each culture chamber was
visually inspected for any signs of abnormal growth or infection, Contaminated or
infected cultures were discarded and repeated. Successfully cultured explants were
used gither for 30 joint analysis or for cellular level analysis, Explants damaged
during processing were discarded. A total of 26, 7, 12 and 11 knee joints were
analysed for shape and size in the static, redvced flexion, average-lexion and over-
flexion groups respectively. An additional two explants per group were used for
cellular leval activity asgays, and within these samples, two sections from each of
the two explants were used to quantify proliferation rates and cell viability,

252 3D shape end gize analysis

To visualise the cartilaginous skeletal rudiments each explant was stained with
1555 Aleian blue for 5 h and cleared in 1% KDH for 2 1 af room temperature,
Samples were prepared for Optical Prajection Tomography (OPT) {Sharpe et al,

Medial

Frontal

Lateral

2002] wsing protocols outlined in Quintana and Sharpe (20113 30 maodels of the
limbs were rendered using Mimics {Materialise, Belgium ). Models were virtually
orientated into a Nexed resting position, where the tibia and Ghola were aligned
vertically and the fermur was flexed to align the ventral tip of the lateral condyle
wiith the dorsal surface of the fibula, Frontal, lateral and medial views of the joint
were traced to produce shape profiles for each specimen. Shape profiles for each
rudiment {femur, tibia and fibula] were grouped and analysed independently.
Eleven measurements were made of the distal femur, proximal tibia and fibula, as
listed in Fig. 2.

2534, Immunohistochemistry analysis

Limbs were fixed in 4% PFA immediately after culture for 2 h at room tem
perature. Explants were prepared for cryopreservation by incubating in 15% and
30% sucrose overnight at 4°C and then embedded and frozen in an OCT-30%
Sucrose [50:50] mediom over dry ice. All explants were sectioned at 10 pm at
=18 °C. Proliferating cells were identified using the mitosis marker phospho-
Histone H3 [pHH3), similarly to Roddy et al. (2011a) Cryosections were blocked (5%
normal goat serum, 1% D350 for 2 h ar room temperature before being incubated
with anti-phospha-Histone H3 from mbbit serld (Merck Millipore, Germany]
diluted 1:50 overnight at 4 *C. Cryosections were then incubated with goat anti-
rabbit secondary antibody, Cy3 conjugate (Tnvitrogen, USA) diluted 1:200 at sooim
temperature for 1 h, Sections were counter stained and mounted wsing a DA
flucroshield medium {Sigma, UK). Cell wiability was assessed using a terrninal
deoxynucleotidyl transferase (TdT) JUTP nick-end labelling (TUMEL] detection kit
{APO-BRDU-IHC, Bio-Rad Laborarories, USA) using the recommended protocels
{AbD Serotec, 2016] 1o identify cells undergoing apoptosis or necrosis, Dead cells
were stained brown and live cells were counter stained greens All sections were
imaged at 100x magnification, The number of proliferating and total number of
cells woere counted using the particle analysis function in Image) (L5 Mational
Institutes of Health, USA]. The number of dead cells was counted manually,

26 Stetistical anelysis

For all measured variables and quantities, 1-way ANOVA tests were performed
1o investigate iF significant differences existed bebween the four groups, I sig
nificant differences existed, a post-hoc Tukey-Kramer painwise comparison was
performed to identily specifically which groups were significantly different from
each other. p-values less than 005 were considered statistically significant.

3. Results
3.1. Physiological chick knee shape development

In the distal fermur at 7 days, both condyles can be identified as
simple outgrowths, with the size of the lateral condyle exceeding
that of the medial condyle by 60% in anterior-posterior depth
(Fig. 3A, B, D). At this timepoint, the proximal fibula and tibia
shapes resemble a simple rounded rod and in the case of the tibia
the rounded end appears to protrude posteriorly since the anterior
tibial crest is yvet to develop (Fig, 2C and E), At 8 days, the lateral
condyle remains bigger than the medial condyle (Fig. 3F), but has

Measurement Region

a Medial Condyle width
b Intercondylar Fossa Width
'3 Lateral Condyle Width
d Tibia Width

e Fibula Wicth

f Medial Condyle Depth
E hiedial Condyie Height
h Tihia Depth

I Lateral Condyie Depth
i Lateral Condyle Height
" Fibula Depth

Fig. 2. Joint regions measured. Eleven joint regions were defined and anabysed, Medial, frontal and lateral views of the knee joint wens used to visualise the anatomical

locations of each joint region.
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developed a posterior curl which can be seen in the sagittal plane At 9 days, the femoral medial condyle appears similar to the lateral
(Fig. 21} which also leads to the intercondylar fossa between the condyle, both exhibiting posterior curls seen in the sagittal profiles
femoral condyles becoming more distinet (Fig. 3F). The fibula (Fig. 3K, L. and N}, with the lateral condyle remaining slightly larger
remains rounded in shape but is 406 larger than at day 7 (Fig. 3] (16%) in anterior-posterior depth than the medial condyle, At this

At this point, the anterior tibial crest first becomes obvious, stage, the condyles are clearly separated by the intercondylar fossa
creating a concave tibial plateau in the sagittal plane (Fig. 3H). on the ventral side, and a channel like groove on the dorsal surface
Erontal View Medial View Lateral View
S00um
Mediali—se Lateral Fosteriors—s3 Anterior Anterior<—> Posterior
Famur Lateral Condyle Tibia Medial Condyle Fibula
A D E
F | J

Day B ‘Q n
o 7 >
K = L M »| N (4]
Fig. 3. Distinct shape changes occur in the knee joint shape of normal controls between 7 and & days of incubation, Shape profiles of 7 (A-E), 8 (F-]) and 9 (K-0] day old

chick embryn knee joints were outlined and overlaid (n=3), Hollow arrows: posterior curl of the condyles; * dorsal groove between the twa femoral condyles; single edged
bars: intercondylar fossa; filled arrows: emergence of anterior tibial crest,

Frontal View Madial View Lateral View
Midliabi—e Lataral Posterior<—s Antericr Anteriors—s Posterior
500um
Fermur Lateral Condyle Tibicy edial Condyle Fibula

D E -
Static Controls ) ¥ n
_ | ]
Reduced-Flexion i !
H 2 Ll w Fi

o
Average-Flexion ﬁ
.
T

Qwer-Flexion

Fig. 4. The average-flexion movement regime led to more normal progression of morphogenesis than other movement regimes or static culture. Shape profiles of the 30
recenstructed joint regions were outlined and overlakd for each cultured group. Squares: dominance of the lateral condyle over the medial condyle; hollow arrows: posterior
curl of condyles seen in moved explants; * dorsal groove betwesn the two femoral condyles; single edped bars: intercondylar fossa; + concave curve of the tibial platean;
filled arrowes: anterior tiblal crest.

173|Page



Appendix III - Published Work

VW Chandarie et al / foumal of Biomechanics 49 [2006) 3635-3642 3639

A" Medial Condyle

C_2s

(TS
LA

i

Width

Size jum)
~-E88888¢%8

Tibia

Size (um)
g

Width

LT
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Fig. 5. Significant differences in joint reglon measurermnents were most pronounced berween the average-flexion regime and static culture. Mean size of joint regions
measured for static, reduced-flexion, average-Nexion and over-Mlexion explants, Error bars represent standard deviation, *p-values = 005 p-values = 001, 2" indicates a
difference of 10-15%, ' indicates a difference of 16-20% and ¢’ indicates a difference of 21-35%, where differences represent how much smaller the regions measured

relative 1o the larger joint,

(Fig. 3K). The articular end of the fibula has flattened and curled
slightly in the posterior direction (Fig. 30). The anterior tibial crest
has further matured to lengthen the concave shape of the tibial
plateau,

3.2, 3D joint region shapes and sizes

The characteristics of physiclogical shape development
described above were used as indicators to assess the normality of
Jjoints developed in vitro. Under this classification system, the joint
shapes of explants cultured under static conditions were less
developed than any of the dynamically moved explants. In the
distal femur of statically cultured limbs, the medial condyle
remained substantially smaller than the lateral condyle, measuring
41% smaller on average in condyle depth (Fig. 4A, B and D). The
shape of the medial condyle was abnormal, appearing rounded
and missing the posterior curl seen in normal shape development
(Fig. 4B). In contrast, the lateral side of the statically cultured knee
joints exhibited features of normal development, in particular a
posterior curl of the lateral condyle (Fig, 4D} and flattening of the
proximal fibula (Fig 4E). While emergence of the anterior tibial

crest was detectable in static controls, the tibial plateau exhibited
only a slight concave profile in the medial view (Fig. 4C).

Joints cultured under dynamic movement regimes displayed
more features of physiclogical shape development than seen in
the static contrels. Of the three dynamic stimulation groups, the
average-flexion regime led to joint shapes which most closely
approximated normal shape development. In the average-flexion
group, bath femoral condyles developed a posterior curl (Fig. 4L
and N and were most comparable in size. While the lateral con-
dyle was still bigger than the medial condyle (as seen in the frontal
view of the distal femur) (Fig. 4K), the medial condyle was only
20% less deep on average than its opposing lateral condyle, com-
pared to the 41% difference between the condyles reportad above
for the static controls. The medial condyle was significantly larger
in width and depth following average-flexion compared to static
controls (Fig, 5A). No significant differences were found in femoral
condyle height or lateral condyle depth (Fig. 5A and B) between
average-flexion and static groups, The lateral condyle width was
significantly wider following average-flexion compared to static
controls (Fig. 5B}, as were the depth and widih of the tibia
(Fig. 5C).
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Differences in joint shape profiles and joint region measurements
were also observed between moved groups, The average-flexion
regime promoted the most normal progression of shape morpho-
genesis when compared (o reduced-flexion or over-flexion groups,
The relative size differences between the depths of the femoral
condyles were more pronounced in the reduced-flexion (40% on
average) and the over-flexion groups (34% on average) than in the
average-flexion group (206, as reported above). Evidence of a dorsal
groove berween the femoral condyles was only observable in
explants following average-flexion (Fig. 4K), but not in any of the
other groups (Fig. 4A, F and P). The intercondylar fossa was clearly
distinguishable following average-flexion, but was distorted in both
the reduced-flexion and over-flexion groups (Fig. 4F, K and P). While
no significant differences were found between the intercondylar fossa
widths between the different groups (Fig. S5E), there was greater
variation in this joint region size in the reduced-flexion and over-
flexion groups than in the average-flexion group (Fig. 5EJ. On average,
reduced-flexion joints were smaller than average-flexion joints,
measuring significantly smaller lateral femoral condyle and fibula
width and medial femaoral condyle and tibia depth. Measurements of
joint regions in the over-flexion group were not significantly different
to those of the average-flexion group, except for the medial condyle
depth, which was significantly smaller by 21% in over-flexion joints
compared with average-flexion [(Fiz. 5A). However, joint shape pro-
files in the over-flexion group were less consistent when overlaid
showing some variability in joint shape development following the
larger movements (Fg. 4P-T). In particular, measurements of the
lateral condyle depth exhibited a large standard deviation of 22%
compared o 12% in the average-flexion group (Fig. 5B). A 3D repre-
sentation of each experimental group is included in Supplementary
materials (Supplementary Videos 2-5),

Cell Viability A

cell Viability (%)

&R ER

[oa)

Proliferation

i of PHH3 Positive Cells

100

58
97

92

"

70

0

Appendix III - Published Work

VN Chandaria et al. / joumal of Blomechanics 49 (2006) 3635-3642

33, Cell viability and proliferation

Cell viability within the distal fernur was greater than 95% in all
groups, demonstrating that high cellular survival was maintained
during the culture period, and there were no significant differ-
ences between groups for cell viability (Fig. 6A). However, average-
flexion and over-flexion regimes led to significantly more pro-
liferation than the static or reduced-flexion regimes (Fig. GB), with
almost double the number of proliferating cells in the average-
flexion regime compared to the static or reduced-flexion groups.

4. Discussion

This research used in vitro culture of embryonic limb explants
to quantify, for the first time, the effects of movement magnitude
on morphogenesis of developing joints, The effects of three
dynamic movement regimes and one static regime on chick knee
joint morphogenesis were compared and supported our hypoth-
esis that joint shape development would be affected by movement
magnitude in a dose-dependent manner. The average-flexion
regime, which was most similar to physiological movement pat-
terns in ovo, showed the most progression of normal joint shape
development when compared to the sequence of physiological
shape changes seen in narmal embryos. Following average-flexion,
the distal femur also contained significantly more proliferative
cells than explants which experienced reduced-flexion or no
movements, suggesting that the size and shape changes in this
group were due to an upregulation in mechanically-mediated
proliferation rates, The average-flexion regime also produced the
largest joints with both femoral condyles significantly larger than
statically-cultured explants. The medial femoral condyle was the

Static Reduced  Awverage Ower
=%
¥
-
%
Stabic HReduced  Awerage Tver

Fig. 6. Average-flexion or over-flexion led to significant increases in cell proliferation, while movement regime did not affect cell viability, Stained sections are shown from
the average-flexion group for live/dead and proliferating cells. Viability staining shows dead cells in brown and live cells in green. Proliferation stzining shows background
cells in blue and preliferating cells in red. Scales bars—200 m. A} shows live cell count as a percentage of total number of cells for each group. B) shows the total number of
proliferating cells in the distal fermur for sach groop, Ervor bars represent standard deviation. *p-valoes < 005; " p-values < 001, (For interpretation of the references to color

in this figure legend, the reader is referred to the web version of this article)
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maost consistently affected region by mechanical stimulation, with
differences found in both shape and size berween moved and
unmoved explants. In the chick, the medial condyle articulates
with the tibia and the lateral condyle with the fibula (Roddy et al.,
2009). Since the majority of the significant differences between
the static and average-flexion regimes were on the medial condyle
and tibia, this suggests that average-flexion conditions pre-
ferentially promoted development of the medial side of the joint
as compared to statically cultured explants. These results highlight
the importance of movement during joint development and reveal
that the magnitude of movement is a critical mechanical factor in
driving joint morphogenesis. This study suggests that movements
lower in extent than those seen physiclogically can still advance
Joint morphogenesis but fail to promote proliferation and growth.
The research also suggests that movement greater in extent than
the physiclogical range can promote proliferation and growth but
can cause irregularities and distortions in joint shape, Analysis of
these three magnitudes supports our hypothesis that the most
physiological movement regime would lead o a joint shape that
more closely approximated normal development and further
reveals a non-linear relationship between magnitude of move-
ment and joint shape normality.

The aim of this study was to compare the effects of different
movement magnitudes on joint morphogenesis, rather than to
recreate physiological joint shapes in vitro. Whilst joints developed
in vitro and joints developed in ovo are net directly comparable,
the relative comparisons made between the different groups of
joints developed in this study do provide an insight into the
quantitative relationship between mechanical stimulation and
Joint morphogenesis, which would not be possible with in vivo
experiments. The forces experienced within the joint explant due
to the applied movement regimes were not gquantified due to the
complexity of the culture system, but can be assumed to increase
with increased movement magnitudes. We believe that mowve-
ment, rather than lead, is a better parameter to quantify the level
of mechanical stimulation, as it is more directly comparable to
physiological conditions in viva. A computational mode] would be
ideal to investigate the role of loading during joint morphogenesis
and predict how the compressive load applied to the foam support
is transferred to the developing explants, Conditioned medium can
significantly increase chondrocyte differentiation, proliferation
and ECM synthesis (Elder, 2002; Kanczler et al,, 2012} and could
potentially amplify the differences found in this study. However,
variance in serum performance and biochemical activity would be
a possible confounding factor, hence a serum-free medium was
used in this study.

While there are limited studies with which to directly compare
our findings te, aspects of the shape changes found for in vitro
cultured explants correlate with results found in in vivo models. In
pharmacologically immobilised chicks, similar abnormal shape
features found in statically cultured limbs were reported in the
knee joint, including a smaller medial condyle and a flatter, more
simplified distal femuor (Roddy et al, 2001b) The only recent
description of the effects of applying mechanical stimulation
i vitro o developing limb explants did not report definitive
findings on joint shape (Rodriguez and Munasinghe, 2006). This
current study is the first to explore the effects of mechanical sti-
mulation on chendrocyte viability and proliferation in embryonic
Joint explants cultured in vitro, Previous studies have explored the
relationship between mechanical stimulation and proliferation
using cellular micro-mass deformation culture models, but con-
flicting results have been reported (Elder et al., 2000; Juhdsz et al.,
2014; Klumpers et al, 2015). The data from the current study
suggests that mechanical stimulation affects proliferation and that
a threshold for the level of stimulation exists, above which pro-
liferation is enhanced. This finding agrees with a recent meta-

analysis of in vitro cultivation of chondrocytes, which found that a
threshold of loading exists for mechanically-mediated enhanced
cartilage proliferation and differentiation (Natenstedt et al,, 2015).
For our experimental model, this threshold lies somewhere
between the levels of stimulation applied in the reduced-flexion
and average-flexion groups, Our findings that proliferation is
down-regulated in cases of static or reduced-stimulation agrees
with Roddy et al. (2011b) who showed a significant decrease in cell
proliferation in the distal femur of immobilised chick embryos.

Tissue engineers are currently trying to develop functional carti-

lage from stem cells or progenitor cell populations and it has been
proposed that replicating the effects of mechanical stimulation
during embryogenesis may be required to achieve this aim (Foster
et al, 2015). This study provides evidence to support this theory,
and shows that physiological magnitudes of mechanical stimula-
tion in vitro are most beneficial,

In conclusion, we have shown that joint morphogenesis of the
embryonic chick knee joint is affected by the magnitude of
movement experienced in vitro. The most developed joint shapes
were observed under a movement regime similar to those
abserved in ova, Above this, the joint shape was seen to vary and
even deteriorate, whilst reduced-flexion produced shapes more
similar to those of statically cultured explants, This study reveals
for the first time, how the magnitudes of feral movements direct
and determine aspects of prenatal joint morphogenesis, with
important implications for understanding the etiology ol con-
genital joint abnormalities related to abnormal fetal movements.
Furthermore, this research provides useful cues to the cartilage
tissue engineering field, in demonstrating that replicating the
magnitude of physiological fetal movements leads to the most
normal progression of cartilage growth.
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