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Abstract

The superficial digital flexor tendon (SDFT) is one of the most frequently
injured tendons in Thoroughbred racehorses. Exercise associated factors
including hyperthermia are thought to lead to cellular dysfunction and cell death
of the resident tendon fibroblasts, the cells responsible for the repair of the

tendon lesions.

The main aim of this thesis was to investigate the sensitivity of SDFT
fibroblasts to hyperthermia and to compare this with the deep digital flexor
tendon (DDFT), a non-injury prone tendon. Understanding the physiological
mechanisms of the heat shock response in these cells e.g. the use of protein
markers will allow preventative strategies to be devised to protect these cells
from damage. | determined whether thermotolerance associated with the
induction of heat shock proteins (a survival mechanism that allows cells to
withstand a subsequent lethal shock) could be induced with both heat and cold

shock in these cells.

Firstly, the basal DNA damage levels were quantified in both SDFT and
DDFT fibroblasts as the cell culture environment is known to damage cells. My
research showed both SDFT and DDFT fibroblasts were susceptible to replication
induced DNA damage in vitro. The SDFT in particular had high levels of DNA

damage when cultured on a fibronectin matrix in ambient oxygen.

SDFT and DDFT fibroblasts were shown to be susceptible to a lethal heat
shock (52°C). When a preconditioned sub-lethal heat shock was given to both
tendons, induction of thermotolerance occurred and these cells survived a lethal
heat shock. Thermotolerance was induced in preconditioned cold shocked SDFT
fibroblasts but not in DDFT fibroblasts.

Finally, a useful protein marker, DAXX (that is involved in cellular stress
pathways as a transcriptional repressor and in apoptosis) was shown to disperse
into the nucleoplasm during a mild heat shock in SDFT fibroblasts. One of the
limitations of this thesis is that sample size was small and as a result, larger
numbers of animals will be required for future experiments to determine

whether my results are of biological significance.
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Errata

Introduction
1) On page 22, the reference for Figure 1.1 was stated with permission

from Smith and Goodship et al, 2004. This should be corrected to Smith et al,
2002.

2) The following references were omitted from these figures in Chapter 1.
These references have been inserted in the References Chapter. They are as

listed:

e Figure 1-3:

RICHARDSON, L., DUDHIA, J., CLEGG, P. & SMITH, R. 2007. Stem
cells in veterinary medicine - attempts at regenerating equine

tendon after injury. Trends in biotechnology, 25, 409 - 416.

e Figure 1-5:

ZHONG, S., SALOMONI, P. & PANDOLFI, P. P. 2000a. The
transcriptional role of PML and the nuclear body. Nat Cell
Biol, 2, E85-E90.

e Figure 1-6:

MAIURI, M. C., ZALCKVAR, E., KIMCHI, A. & KROEMER, G.
2007. Self-eating and self-killing: crosstalk between
autophagy and apoptosis. Nat Rev Mol Cell Biol, 8, 741-752.

o Figure 1-7:

TYEDMERS, J., MOGK, A. & BUKAU, B. 2010. Cellular
strategies for controlling protein aggregation. Nat Rev
Mol Cell Biol, 11, 777-788.
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Chapter 4
The following corrections have been made to these Figures in Chapter 4.
Figure 4.3

e The Amido Black blot from Hsp-72 replicate no. 3 has been

switched with the blot from replicate no.1.
Figure 4.8

e The Hsp-72 blots in the original version of the thesis had
been taken from an earlier experiment and placed with the
wrong Amido Black controls. The amended version contains
the correct Hsp-72 blots with their associated Amido Black

controls.
Figure 4-9

e The Amido Black blot from Hsp-72 replicate no.2 has been

switched with the blot from replicate no.1.
Figure 4-10

e The Amido Black blot from Hsp-72 replicate no. 2 has been

switched with the blot from replicate no.3.
Figure 4-11

e The third Hsp-72 blot and the Amido Black control were both

too smudged for use and it has been omitted.
Figure 4-12

e The Amido Black blot from Hsp-72 replicate no. 3 has been
moved to replicate no. 1. The correct Amido Black blot for

replicate no.3 has been duplicated twice in replicate no.1



and no.2. One of these duplicates has been moved to
replicate no.3. The Amido Black blot for replicate no.2 has

been added to the Figure.
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Cyclin-dependent kinase 2
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Casein Kinase 2

Chromosome region maintenance protein homolog
Connexin-43

3,3’-Diaminobenzidine
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Death-associated protein 6
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DNA damage response
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Dulbecco’s Modified Eagle’s Medium
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Double strand break

Extracellular matrix

Ethylenediaminetetraacetic Acid
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Endoplasmic Reticulum

ER-associated degradation
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FAS-associated protein with death domain
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FASTA
FBS
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G1

G2
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GD25
GRP-75
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HEp-2

HIKP2
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IMR-90
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IRE1
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Fast All
Foetal Bovine Serum
Fluorescein isothiocyanate
Fluorescence recovery after photobleaching
Gap 1 phase of the cell cycle
Gap 2 phase of the cell cycle
Glycosaminoglycans
Derived from murine embryonic stem cell line
Also known as HSPA9, a HSP-70 family member
78kDa Glucose-regulated protein
Glutathione
Guanosine Triphosphate
Histone 2A (member X)
Hydrogen peroxide
Hanks’ Balanced Salt Solution
Histone deactylases
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HelLa Cells

Homeodomain-interacting protein kinase 2
Horseradish peroxidase

Heat shock factor 1

Heat shock protein

Interleukin-1

Foetal human lung fibroblasts

Initosol triphosphate

Internal ribosome entry site
Inisitol-requiring kinase

Indium tin oxide



JNK

KEAP
Ki-67
Ki-S2
Ki-S2

L540 cells
LC3
LC3B-1I
LC3-1l
LIR

LSD
MALP-2
MCP
MDM2
MEF
miRNA
MMP
MPG
mRNA
mTCll
NAC
NC65 cells
NEMO
NES
NF-kB
NLS
NRF-2

NRK cells
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c-Jun N-terminal kinase
Kelch-like ECH-associated protein
Clone of TPX2
Antigen KiS2 also known as TPX2 (Targeting protein for XkIP2)

Clone of TPX2 - Ki denotes its derivation from the University of Kiel
Germany

Human Hodgkin lymphoma cell line
Light chain 3
LC3-phosphatidylethanolamine conjugate Il
Light chain 3-II

LC3-interacting region

Lithium dodecyl sulphate
Macrophage-activating lipopeptide
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Matrix Metalloproteinase
Mercaptopropionyl Glycine
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NF-kappa-B essential modulator
Nuclear Export Signal

Nuclear Factor kappa-light- chain-enhancer of activated B cells
Nuclear localisation signal

Nuclear E2 Related Factor

Normal rat kidney epithelial cell line
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Cyclin-dependent kinase inhibitor 1
Cyclin-dependent kinase inhibitor 1B
Passage 3
p38 Mitogen activated protein kinases
protein 53 or tumour protein 53
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Phosphate Buffered Saline
Pancreatic ER elf kinase
Post Heating
Propidium iodide
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Phosphatidyl Inositol 3’Kinase-related Kinases
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Promyelocyctic Leukaemia
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DNA repair protein RAD50/51
RIP Associated Ich-1/CED homologous Protein with Death Domain
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RNA Binding Motif Protein 3
Rapid, Efficient And Practical
Really Interesting New Gene
Receptor-Interacting Protein-1
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ROS

RT
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SDS-PAGE
SENP-1
ser46
SIM
SiRNA
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RING Finger Protein 4
Reactive Oxygen Species
Room Temperature

The Royal Veterinary College

Senescence-associated beta galactosidase
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Sodium Docedyl Sulphate - Polyacrylamide Gel Electrophoresis

Sentrin-specific protease-1
Serine 46

SUMO-interacting motif

Small interfering ribonucleic acid

Synthesis phase of the cell cycle

SQSTM1/p62 Sequestosome 1

SUMO
TAMA-26
TB
TEMED
TGF-B1
TLR
TNF
TORC1
TPX2
TRAF-6
Tris-HCl

U373MG
U937
UBA
UPR

Small ubiquitin like modifier
Mouse Sertoli cell line
Thoroughbred
Tetramethylethylenediamine
Transforming Growth Factor beta 1
Toll-like Receptors

Tumour Necrosis Factor

Target of rapamycin complex 1
Targeting protein for XKLP2

TNF receptor associated factor-6

Also known as THAM (tris(hydroxymethyl)aminomethane) -

Hydrochloric Acid

An astrocytoma cell line
Histiocytic lymphoma cell line
Ubiquitin-associated domain

Unfolded protein response
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VHL
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XBP1
XBP1s
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Ultraviolet light

Von-Hippel-Lindau tumour-supressor
Whole cell lysate

X-box binding protein 1

X-box binding protein 1 (spliced)

Phosphorylated Histone H2A, member X
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Chapter 1) Introduction

Large running mammals expend considerable energy to maintain speed
over distances. As the weight of the animal increases, the muscle mass must
increase to support the energy demands of the limbs (Goff and Stubbs, 2007),
(Alexander, 2002). To compensate for this, the horse has adapted by increasing
the length of the limb and by concentrating the bulk of the muscular mass on
the proximal forelimb. Long tendons replace muscles in the distal forelimb to
minimise the weight placed on the forelimb. This allows more economic muscle
force generation during exercise. Certain tendons of the forelimb e.g. the
superficial digital flexor tendon (SDFT) store elastic energy to minimise muscular
energy expenditure, (Alexander, 2002), (Biewener, 1998), (Wilson and
Lichtwark, 2011). The SDFT is the most frequently injured tendon in racing
Thoroughbreds (Ely et al., 2009). The exact cause for the high prevalence of

injuries in this tendon has yet to be fully elucidated.

A number of exercise associated factors including mechanical strain,
hyperthermia and ischemia are thought to be involved (Birch et al., 1997a),
(Hosaka et al., 2005), (Lavagnino et al., 2006), (Longo et al., 2008). In the adult
horse SDFT, the number of tendon fibroblasts is small with fewer than 300/mm?
(Stanley et al., 2007). The main functions of tendon fibroblasts are the
synthesis, remodelling and repair of the collagenous matrix and any loss of cells
through cell death or cellular dysfunction will therefore have a significant

impact on tendon healing.

The principal aim of this thesis was to understand how equine tendon
fibroblasts respond to various types of stress (particularly hyperthermia), thus

allowing preventative protective strategies to be devised.

1.1 Function of the SDFT

During normal weight bearing, the superficial digital flexor tendon (SDFT)
supports the metacarpophalangeal (MCP) and proximal interphalangeal joints
(PIP) during hyperextension in the stance phase of locomotion (Figure 1-1). It
also aids in the flexion of the digit during the swing phase (Denoix, 1994). The

SDFT acts as an energy storing tendon by converting both potential and kinetic
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energy into elastic energy during weight-bearing associated deformation of the
tendon. This reduces the need for muscular energy expenditure and increases
the efficiency of locomotion (Alexander, 2002). As such, it has been described as
a ‘biological spring’ but has to undergo large strains (percentage elongation) to
ensure appropriate elastic energy storage. Values of strain have been recorded
as high as 16.6% in the SDFT of galloping racehorses (Stephens et al., 1989). In
vitro measurements of tendon strain indicate that failure limits for this tendon
are between 12 and 20% (Riemersma and Schamhardt, 1985), (Wilson and
Goodship, 1991) suggesting that there is a low mechanical safety margin for this
tendon with consequent increased predisposition to injury when operating at
galloping speeds.

1.1.1 Function of the DDFT

The deep digital flexor tendon (DDFT) is another flexor tendon situated
under the SDFT in the metacarpal region of the distal forelimb (Figure 1-1). It is
also involved in the support of the MCP joint during exercise functioning to limit
over-extension. The DDFT is also responsible for flexing the digit in the late
swing phase of locomotion which is thought to decelerate the foot and allow the
hoof to contact the ground at the appropriate angle (Denoix, 1994), (Butcher et
al., 2009). Unlike the SDFT, the DDFT is not an energy storing tendon. The DDF
muscle actively contracts to power the stride cycle at high speeds (Butcher et
al., 2009). The DDFT therefore does not undergo the same strain values as the
SDFT during the walk, trot or canter, the values being approximately a fifth of
those of the SDFT. This tendon clearly has different biomechanical properties
and the difference in strain values between the two tendons and the suspensory
ligament is clearly depicted in Figure 1-2 (Platt et al., 1994), (Butcher et al.,
2009).
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Common digital

extensor tendon Superficial digital flexor tendon

Deep digital flexor tendon

Metacarpophalangeal Suspensory ligament

joint

Proximal interphalangeal
joint

Figure 1-1 Anatomy of the equine distal forelimb

This figure shows the location of the superficial and digital flexor tendons in the equine distal
forelimb. Image modified, with permission, from (Smith et al., 2002).

0 02 04 06 08 10 12 14 16 18 2.0
Time (Seconds)

Figure 1-2 The difference in biomechanics between tendons

Force (kNs) experienced by the SDFT, DDFT and the suspensory ligament (SL) in a pony at a
walk. Measurement of tensile force was facilitated by the implantation of a force transducer in the
body of the tendon(s). Elongation of the collagen fibrils during the walk led to deformation of a
deflector leaf in the transducer apparatus allowing force to be measured. The sudden force
increase at 0.8 seconds corresponds to collagen fibril elongation when the foot is placed on the
ground during the start of the walk stance. At 1.4 seconds, when the foot is being raised at the end
of the walk, there is loss of force associated with collagen fibril shortening. As shown in the figure,
the SDFT experiences 4/5"" more force than the DDFT. Graph reproduced with permission from
(Platt et al., 1994).
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1.1.2 Hierarchical structure of the SDFT

The SDFT is an organised, hierarchical structure composed of
longitudinally arranged fascicle bundles (Figure 1-3). Surrounding the outside of
the fascicle bundles is a thin, loose connective tissue sheath, the endotenon,
containing the blood vessels, lymphatics and nerves (Kannus, 2000), (Kastelic et
al., 1978). Above the endotenon, the entire tendon is covered by the epitenon, a
dense, fibrillar network composed of collagen fibrils oriented randomly in
various directions including obliquely, transversely and longitudinally. The
epitenon in turn is surrounded by the paratenon, a loose areolar connective
tissue that acts as an elastic sleeve allowing the tendon to slide against

neighbouring tissues (Kannus, 2000), (Jozsa et al., 1991).

The space between the fascicles and the endotenon is composed of an
inter-fascicular matrix, a loose connective tissue containing both collagen type
Il and proteoglycans. A recent study demonstrated that there was a 10%
difference in the failure strain between the SDFT (as a whole structure) and its
fascicles (Thorpe et al., 2012). It has been suggested that in order for the SDFT
to withstand strains of up to 16% during locomotion without rupture of the
tendon, the inter-fascicular matrix must undergo load-induced deformation. The
lower force experienced by the fascicles in comparison to the whole SDFT would
enable the fascicles within the interfascicular matrix to slide and thus make the

whole tendon more extensible (Thorpe et al., 2012).

The fascicles are composed of many longitudinally oriented collagen
fibrils, the major subunit of tensile strength in the tendon. When viewed
longitudinally with a polarised light source, the fibrils are shown to have a
characteristic planar, zig-zag waveform (the crimp). This feature allows the
fibrils to elongate with mechanical loading, providing the tendon with some of
its elasticity (Kastelic et al., 1978), (Wilmink et al., 1992). With age, the
collagen fibrils have a bi-modal distribution in the adult tendon with two major
fibril diameters. The larger diameter fibrils provide the tendons’ tensile strength
due to the formation of intra-fibrillar covalent cross-links between fibrils and
the smaller diameter fibrils provide inhibition of increased deformation under
constant load which contributes to the tendons’ elasticity (Parry et al., 1978b),
(Parry et al., 1978a).
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In the adult horse, the collagen fibrils make up 75-80% of the dry weight
of the tendon (Birch et al., 1999). The predominant form of collagen fibril is
type |, which makes up 95% of the total collagen mass (Goodship, 1993). Other
collagen isoforms include type lll, a smaller, weaker fibrillar collagen more
commonly associated with immature and damaged tendons (Dahlgren et al.,
2005a), (Birk and Mayne, 1997), (Williams et al., 1984). Small amounts of type V
collagen are found in normal tendon, mostly in the endotenon. Type Il collagen
is located in fibrocartilaginous regions exposed to large compressive forces e.g.
in those areas found close to joints (Buckley et al., 2013). The collagen fibrils
are embedded in an extracellular matrix composed of water and other non-
collagenous macromolecules including proteoglycans, glycoproteins and elastin
(Smith and Webbon, 1996). Although the function of the non-collagenous
components has not been fully elucidated, they do play an important role in
tendon biomechanics. For example, the proteoglycan decorin strengthens the
electrostatic cross-links between fibrils, participates in fibrillogenesis and binds
growth factors (Vogel et al., 1984), (Yamaguchi et al., 1990), (Smith and
Webbon, 1996).

Collagen fibrils are synthesised by tendon fibroblasts (tenocytes). The
pre-cursor collagen fibril exists as 300nm pro-collagen molecules with N- and C-
propeptides flanking the collagen domain. The pro-collagen is initially produced
in the endoplasmic reticulum, extensive post-translational modifications occur in
the Golgi complex followed by removal of the N- and C-propeptides. The N-
propeptide has been shown to be removed by N-proteinases including ADAMTS-2
in the Golgi or ER- Golgi intermediate compartment and the C-propeptide is
removed by C-proteinases including BMP1 tolloid proteinases in the post-Golgi
compartment. The latter removal is an important step in the formation of fibrils
required to initiate transport to the cell surface (Canty-Laird et al., 2012),
(Bellamy and Bornstein, 1971), (Bonfanti et al., 1998), (Colige et al., 2005),
(Scott et al., 1999), (Colige et al., 1997). During development, tendons have
been shown to exhibit a plasma membrane protrusion (fibropositor) which
excretes collagen fibrils into the ECM in parallel directions to maintain the
parallel geometry of the tendon. Fibropositors have been shown to be absent in
post-natal mice, where an increase in collagen fibril diameter takes place by

accretion of collagen from extracellular collagen sources (Canty et al., 2004).
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Triple | Collagen |Collagen| Primary Secondary | Tertiary fibre Tendon unit
helical fibrit fibre | fibre bundle | fibre bundle bundie

collagen (subfascicle)| (fascicle) (fascicle)

molecule
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Tendon fibroblast

Figure 1-3 The hierarchical structure of the tendon

This figure outlines the hierarchical structure of the equine SDFT. The diagram shows how the
collagen fibrils are arranged within the fascicles. The image is reproduced with permission from
(Richardson et al., 2007)
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1.1.3 Blood supply of the SDFT

The mid portion of the SDFT is supplied with blood from two main sources. The
intratendinous component comprises the medial and lateral palmar metacarpal
arteries coursing inside the medial and lateral borders of the tendon
accompanied by an internal anastomosing network of vessels (Smith, 2003). The
extratendinous component supplies blood from the paratenon. The small blood
vessels in the paratenon run in a transverse direction then branch several times
into smaller vessels coursing longitudinally along the tendon. These vessels
eventually enter the tendon via the endotenon. The intratendinous component
has been shown to be the main supply to the tendon area as ligation of these
vessels has resulted in lesions similar to those found in tendonitis (Kraus-Hansen
et al., 1992), (Stromberg, 1973), (Smith, 2003), (O'Brien, 2005).

1.1.4  Cell populations within the equine SDFT

The tenocytes (tendon fibroblastic cells) are the most common type of
cell found in tendon and are responsible for the synthesis, remodelling and
repair of the collagen matrix in response to mechanical load (Patterson-Kane et
al., 2012), (Waggett et al., 2006). Other cell types present in tendon include the
fibroblasts found in collagenous tendon sheaths, endotenon, epitenon and
paratendon in addition to endothelial cells and some chondrocytes in areas of

compression (Magnusson et al., 2003).

Mesenchymal stem cells are multi-potent cells capable of differentiating
into a number of different mesenchymal cell types (Lui, 2013) They have been
isolated from tendon tissue and induced to form various cell types including
osteogenic, chondrogenic and adipogenic lineages in vitro. No specific markers
exist for tendon stem cells in vivo which makes the localisation and utilisation of
these cells very difficult (Lui, 2013). In the rat Achilles tendon, tendon stem
cells have been localised to the peritenon, tendon-bone junction and the mid-
substance and in these areas, the labelled tendon derived stem cells were
sourced to vascular and non-vascular sites (Tan et al., 2013). The position of
tendon stem cells adjacent to the vasculature has been suggested to have
important biological implications including the rapid migration of stem cells to

distant sites where injury has taken place. Stem cells are able to respond quickly
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to immuno-modulatory signals released by the vascular system during the
injurious event. These roles are important for tissue healing and repair (Lui,
2013). Tendon-derived stem cells from mice have also been found between the
long, parallel collagen fibrils within the ECM (Bi et al., 2007). This latter study
was completed in vitro, with tendon stem cells being cultured on synthetic ECM
matrices including Matrigel. The localisation of tendon stem cells may differ in
vivo. Few studies have investigated the localisation of equine tendon-derived
stem cells in vivo and determined the most appropriate markers for their

identification.

1.1.5 Tenocytes (tendon fibroblasts)

Tenocytes have been classified into three different phenotypes: type |
with thin, spindle shaped nuclei, type Il, with more ovoid, cigar-shaped nuclei
(Figure 1-4) and type lll which retain characteristics of chondrocytes which have
round nuclei and visible nucleoli (Smith and Webbon, 1996).Type Il tenocytes
are typically found in areas where large compressive forces are experienced
(e.g. where tendons wrap around joints) (Smith and Webbon, 1996). Type | and Il
have been labelled tenocytes and tenoblasts respectively. It is thought that type
Il may be synthetically more active as demonstrated by the production of higher
amounts of procollagen type | and MMP1 (matrix metalloproteinase enzyme
responsible for the breakdown of type 1 collagen in the ECM) together with
higher proliferation and apoptotic indices. This is an indication that this cell
phenotype actively participates in the turnover of the ECM (Chuen et al., 2004).
Type Il tenocytes are predominately found in immature tendons and the
proportion of type | tenocytes increases with age in adult tendons. A larger
population of type Il tenocytes compared to type | in immature tendons suggests
that younger horses may demonstrate an increased ability to participate in
active remodelling of the tendon in response to mechanical load (Stanley et al.,
2008).

The tenocytes are aligned in longitudinal rows alongside the collagen
fibrils. Tenocytes are connected to each other within the longitudinal rows via
their cell bodies and between rows by long cytoplasmic extensions. At points of
contact, there are gap junctions which allow intercellular communication to

take place through the movement of ions, amino acids, nucleotides and second
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messengers (e.g. Ca%*, cAMP, cGMP, IP3) (McNeilly et al., 1996), (Fry et al.,
2001), (Goldberg et al., 2002). In connective tissues, this form of inter-cellular
communication has an important role in synchronizing the response of tendon
cells to mechanical load, which is a requirement for load-induced collagen

synthesis and matrix modification (Banes et al., 1999), (Waggett et al., 1999).

Gap junctions are composed of hexameric channels; the major structural
subunit being connexin proteins (Krysko et al., 2005). In horses, the two major
connexin proteins are Cx43 and Cx32 (Stanley et al., 2007), (Young et al., 2009).
Research undertaken in avian tendon fibroblasts discovered the two different
connexin gap junctions differentially modulate collagen synthesis in response to
loading as Cx43 and Cx32 were inhibitory and stimulatory to collagen secretion

respectively (Waggett et al., 2006).

The tenocytes are also linked to each other and to the matrix via
adherens junctions (Ralphs et al., 2002). Cells can sense mechanical signals from
the ECM through integrins, cell surface receptors found on the plasma
membrane. Integrins can mediate cellular adhesion to the ECM by binding to
junctional proteins (e.g. vinculin) to form focal adhesion complexes and to the
cell cytoskeleton. The assembly of focal adhesion complexes are stimulated by
the Rho family of GTPases (guanosine triphosphate). Integrins can also transmit
intracellular signalling cascades promoting transmission of the mechanical signal
(mechanotransduction) (Lee et al., 2002), (Hotchin and Hall, 1995), (Ko and
McCulloch, 2001), (Giancotti, 1997). Vinculin together with n-cadherin, are two
of the junctional proteins found in adherens junctions. These proteins help
tether actin stress fibres, a component of the cell cytoskeleton at cell-cell
contacts, which stabilises cells relative to each other and to their matrix (Ralphs
et al., 2002).



Figure 1-4 Tendon fibroblast phenotypes

The figure shows the two main tendon fibroblast phenotypes, type Il (A) and type | (B). Image
reproduced with permission from (Chuen et al., 2004).
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1.2 SDFT injury

1.2.1 Epidemiology

The most frequently injured tendon in Thoroughbred racehorses is the
forelimb superficial digital flexor tendon (SDFT). Injuries can vary from minor
partial rupture to complete bilateral rupture of the tendon. Lesions are typically
found in the core of the mid-metacarpal region, although they can be located
anywhere from the level of the proximal carpus to its branches of insertion
(Goodship, 1993), (Gibson et al., 1997), (Chesen et al., 2009). The prevalence of
this injury is between 11-30% in athletic horses and the incidence of SDFT
injuries in racehorses has been reported as being 0.6%-16.1% per 1000 race starts
(Goodship et al., 1994), (Williams et al., 2001), (Kasashima et al., 2004),
(Pinchbeck et al., 2004) and (Ely et al., 2009). The risk of injury is higher in
older racehorses with a sharp rise in incidence over 5 years of age (Perkins et
al., 2005), (Ely et al., 2009). Horses participating in the National Hunt have a
higher incidence of injury compared to those on the flat and the increased risk is
thought to be linked to the use of older horses, competing over longer distances,
racing over a number of seasons. Jumping over hurdles also places increased
strain on the tendon (Parkin, 2008), (Williams et al., 2001), (Meershoek et al.,
2001).

1.2.2 The concept of microdamage and degeneration of the
SDFT with age and exercise

Few cases of tendon rupture are based on a single traumatic incident,
instead being caused by numerous, repetitive bouts of high intensity exercise
leading to the accumulation of microdamage within the tendon core. Evidence of
subclinical age and exercise-induced microdamage has been documented in
horses. These include age and exercise associated elevations in type lll collagen,
age-related increased levels of sulphated glycosaminoclycans (GAGs) and
denatured collagen together with decreased exercise-associated collagen mass
average fibril diameter, collagen fibril disruption, decline in crimp angle and
length and reduced GAG formation in exercised horses (Birch et al., 1999),
(Birch et al., 2008a), (Patterson-Kane et al., 1997b), (Patterson-Kane et al.,
1997a), (Lin et al., 2005), (Riley, 2005).
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A ‘tendinosis cycle’ or tendonopathy has been reported describing a
continuum of pathology in which mechanical overloading and other exercise
associated factors can damage the matrix leading to reactive tendinopathy or
tendon injury. If the damage is severe enough, it can overwhelm cellular repair
processes, leading to irreversible dysfunctional cellular activity which can
weaken the matrix and predispose the tendon to rupture. There can be a
significant overlap of each of these stages leading to a merging of various
macroscopic and microscopic histopathological changes in tendon (Cook and
Purdam, 2009), (Leadbetter, 1992), (Patterson-Kane et al., 2012).

There is still some considerable debate as to why cellular repair processes
become saturated, whether it results from excessive matrix damage associated
with high intensity exercise, insufficient time between episodes of
racing/exercise for repair to take place, alterations in cellular synthesis patterns
or activity, cellular loss, or even changes to the composition of the matrix
(Patterson-Kane et al., 2012).

With increasing age, it has been suggested that SDFT tenocytes ‘switch
off’ their cellular machinery to minimise active tissue remodelling to maintain
the tendon within its optimal stiffness, essential for its role as an energy storing
tendon (Smith et al., 2002). This cellular “switch off” theory has been supported
by a study demonstrating that adult SDFT tenocytes were significantly less active
compared with immature tendon and other tendons of the distal forelimb. The
synthesis of type | and type Ill collagens and the expression of Cx43/Cx32
proteins per mm? were all significantly reduced in the SDFT tendon compared to
the common digital extensor tendon (CDET), where production of the above

proteins increased with maturation (Young et al., 2009).

The turnover of the collagenous matrix is much lower in adult SDFT
tendon accompanied by the accumulation of ‘old’ and denatured collagen
together with lower levels of MMPs, the matrix metalloproteinases or enzymes
required for breaking down the matrix. Collagen-linked fluorescence shows the
levels of collagen glycosylation in the tendon and therefore the age of the
tendon. These studies showed that there was a positive correlation of collagen
fluorescence with age in SDFT tendons (Batson et al., 2003), (Birch et al.,
2008b). The mean collagen half-life has been calculated at 198 years in the SDFT
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compared to 34 years in the CDET (Thorpe et al., 2010). The reduced synthetic
capacity and cell number of the SDFT have important implications for the ability

of the SDFT to repair damage especially in situations of high frequency exercise.

1.2.3 Influence of exercise-associated factors in the injury of
SDFT tendon

Many studies have investigated how mechanical and other exercise-
associated factors can contribute to matrix and cellular pathology in tendons. All
of these factors may directly or indirectly result in cell death and/or lead to
cellular dysfunction. Apoptotic cells have been seen in sites of ruptured equine
tendon (Hosaka et al., 2005).This may have serious ramifications in a sparsely
populated tendon requiring healthy cells for its normal function. High levels of
mechanical stress can cause cell death directly in tendon cells. This research
group used 20% mechanical strain in rat tail tibialis tendon for 6hrs, the timing
of which is non-physiological in vivo (Scott et al., 2005). When the tendon
experiences the maximal levels of force, isolated collagen fibril rupture is
thought to occur near the end of the linear portion of the load-deformation
curve, leading to alterations in cell-matrix interactions in the damaged portion
of the tendon. Stress deprivation in cells from the loss of cell-matrix tension has
been shown to up-regulate collagenase (MMP-13) expression and Caspase-3, one
of the proteases involved in the apoptotic cascade resulting in cell death only in
those areas where damaged fibrils are found (Lavagnino et al., 2006)
(Egerbacher et al., 2008).

Up to 95% of elastic energy is returned on elastic recoil of the tendon
however the remaining 5% is lost as heat leading to hyperthermia. During
galloping exercise, measurement of the peak temperature rise within the core of
the SDFT tendon has exceeded 43°C in vivo. The temperatures generated in vivo
could be higher as a number of factors can significantly increase the magnitude
of tendon force such as weight of the jockey, muscular fatigue and track fatigue
(Wilson and Goodship, 1994). Heat may also be inefficiently dissipated within
the tendon core as studies have shown the mid- to distal portions of the tendon
are poorly vascularised (Stromberg, 1973), (Kraus-Hansen et al., 1992), (Zantop
et al., 2003). The oxygen tension in the SDFT at rest or during exercise is still

unknown, but is thought to be low due to the poor vascular supply.
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Equine tendon fibroblasts are susceptible to cell death at temperatures
ranging from 45°C to 47°C after 10 mins of heating in vitro (Birch et al., 1997a),
(Burrows et al., 2009). This variation in temperature may reflect differences in
experimental conditions; Burrows et al used monolayers of tendon cells and
Birch et al used cell suspensions. Cell suspensions are known to be more heat-
resistant than adherent cells, therefore would require higher temperatures to
cause cell death (Smith et al., 1993). Gap junctional communication was
instrumental in the spread of heat-induced cell death as blockade of these
junctions with 18-8 glycerrhetinic acid minimised the percentage of apoptosis in
tenocytes (Burrows et al., 2009). This propagation of cell death has been seen in
other tissue types including burn wounds in murine skin. Connexin 43 specific
antisense oligonucleotides have been used to transiently downregulate Cx43
expression. When used for the treatment of burn wounds in mice, they have
significantly improved wound healing and minimised the spread of tissue damage
(Coutinho et al., 2005).

When the SDFT reaches maximum tensile load, it is thought that the
tissue undergoes a period of ischaemia. There is no known data on whether the
equine cells experience reduced blood oxygen tension at this time. Equine cells
do exhibit aerobic metabolism in vitro (Birch et al., 1997b). Reperfusion of the
tissue with restoration of normal oxygen tension following ischaemia will
produce elevated levels of reactive oxygen species (ROS) which may not be
harmful in normal tendon as the cells produce antioxidants to neutralise the
effects of the ROS. It may however be harmful to dysfunctional tenocytes and/or
the matrix when microdamage is present. ROS are known to damage the
connective matrix, affect the synthesis of matrix proteins and lead to decreased
tenocyte viability (Longo et al., 2008), (Tanaka et al., 1993), (Liang et al.,
2012). Exposure of human dermal fibroblasts to xanthine, a stimulant of ROS
release led to significantly lower collagen synthesis and increased GAG
production (Tanaka et al., 1993). A reduction in collagen synthesis was also
noted in rabbit anterior and posterior cruciate ligaments when treated with an
exogenous source of nitric oxide, however the medial cruciate ligament was not
affected, thus demonstrating that there are potential differences between
connective tissues in their response to ROS (Cao et al., 2000). When human

hamstring tendon fibroblasts were exposed to hypoxia (0.1% oxygen) for 48hrs,
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apoptosis was induced in 7.5% compared with 1.6% normoxic controls. Hypoxia
with serum starvation for 48hrs increased the percentage of apoptotic cells to
19.5% (Liang et al., 2012). All of the studies outlined above were conducted in

vitro: the situation with in the vivo environment may well be different.

Although the mechanical, temperature and oxygenation influences on the
cells and the matrix have been assessed as independent stresses, in vivo they
will all converge and the occurrence of more than one damaging pathway may
be more likely to lead to cell death and/or overwhelm the tendon fibroblasts’
ability to repair damage. The application of a double stress, mechanical stress at
9% cyclic strain with hyperthermia at 42°C for 6hrs or 24hrs in canine patellar
cells induced a significant increase in Caspase-3 activation and DNA
fragmentation. The length of experimental hyperthermia was non-physiological,
however shorter bouts of hyperthermia associated with repetitive exercise in a

tendon with microdamage may predispose it to rupture (Tian et al., 2004).

1.2.4 Does inflammation play a role in tendinopathy?

There has been some speculation as to whether inflammation plays a
strong role in the degenerative process of tendons. In studies of injured human
tendons, few inflammatory cells have been found, leading to the belief that
tendon injury is primarily a degenerative condition (Leadbetter, 1992), (Jarvinen
et al., 1997). Few subclinical tendon injury samples are available for
examination as they are rarely symptomatic in patients. A recent study
demonstrated an influx of inflammatory cells including mast cells and
macrophages in matched asymptomatic human subscapularis tendon from
patients with torn supraspinatus tendons. The histologic appearance of the
subscapularis tendon was suggested as being a model of early human
tendonopathy (Millar et al., 2010). In the horse, mast cells have been localised
to sub-acute SDFT injuries (3-6 weeks post injury) and the phenotype of the
mast cells have been characterised as the M1 M@ class which play a
predominately pro-inflammatory role in tissues (Dakin et al., 2012). Dakin et al
found there was a population change or alteration of phenotype in chronic
injuries where there were more M2 M@ mast cells (Dakin et al., 2012). This
latter group is associated with the dampening of the inflammatory response

through the production of anti-inflammatory cytokines such as Il-1 receptor
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antagonist (Mantovani et al., 2002). The persistence of an anti-inflammatory
influence in chronic injuries has been suggested as a potential cause of

incomplete resolution of the inflammation in tendons (Dakin et al., 2012).

Inflammatory mediators may have a role in the pathogenesis of tendon
injury and there is some evidence for this. Application of cyclic loading to
human patellar tendon cells led to the production of cytosolic phospholipase-A;,
prostaglandin E2 and cyclo-oxygenases 1 and 2 (Wang et al., 2004). Heat stress in
equine tendon fibroblasts at 42°C can elevate the production of several pro-
inflammatory cytokines including TNF-a. Heating was applied for 30-60 mins
(which is non-physiological in vivo) (Hosaka et al., 2006). The pro-inflammatory
cytokines IL-1 and TNF and prostaglandin E; are known to activate the
production of MMPs (Riley, 2005). Breakdown of the ECM by the MMPs will
normally allow the turnover and subsequent repair of the damaged tendon but in
tendons with microdamage caused by repetitive exercise, the production of pro-

inflammatory cytokines and MMPs may be harmful.

1.2.5 Clinical rupture: the problem with regeneration

Healing of an injured tendon is a lengthy process taking up to 9-18 months
depending on the severity of the initial injury (Smith et al., 2002). The resultant
scar tissue has reduced tensile strength and elasticity which persist for long
periods making it susceptible to re-injury. Areas adjacent to the scar tissue are
placed under higher compensatory stresses and strains and rupture typically
occur at the junction between damaged tissue and this compensatory, normal
tendon (Crevier-Denoix et al., 1997), (Oryan et al., 2012). Re-injury rates of 23-
67% have been recorded in various equine athletic sports, which have both
financial and welfare concerns (Marr et al., 1993), (Dyson, 2004), (O'Meara et
al., 2010).

There is no single effective treatment to repair tendon lesions,
lacerations and/or rupture. Many medical and surgical therapies have been used
with varying success including controlled exercise regimes, rest, ice therapy,
injection of recombinant growth factors, autologous plasma concentrates,

hyaluronan and polysulphated glycosaminoglycans together with superior check
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desmotomy amongst others (Petrov et al., 2003), (Dyson, 2004), (Dowling et al.,
2002), (Arguelles et al., 2008), (Bosch et al., 2010), (Fulton et al., 1994).

In recent years, there has been a strong interest in the use of stem cells
to recapitulate tendon development and growth as a form of regenerative
medicine. Stem cells have produced improvements in the histological
appearance of damaged tendons and re-injury rates are reportedly significantly
lower following their use. Study sizes have been small and stem cells injected
into adult tendons do not appear to revert to the regenerative capacities seen in
fetal tendon (Watts et al., 2011), (Marfe et al., 2012), (Smith, 2008),
(Beredjiklian et al., 2003), (Smith et al., 2013). A recent study showed there was
an improvement in the gross, functional and histological features of injured
tendon following treatment with equine bone marrow derived mesenchymal
stem cells suspended in marrow supernatant resulting in a smaller cross-
sectional area of the affected SDFT in comparison with saline injected controls,
better organisation of the collagen fibrils in the treated tendons, lower
cellularity of the affected area and reduced tendon stiffness (i.e. improved
elasticity) (Smith et al., 2013). One of the problems in interpretation of this
work is the lack of a third control containing mesenchymal stem cells in a
unconditioned supernatant as it is unknown whether the improvement in
histological features could be directly attributed to the effects of the
mesenchymal stem cells or the bone marrow supernatant which is known to
contain significant quantities of growth factors and other immuno-modulatory
agents (Takahashi et al., 2006). Another study demonstrated poor survival of
mesenchymal stem cells injected in vivo with less than 5% of stem cells being
detected in the tendon 10 days following injection. In contrast, the use of fetal
equine embryonic stem cells resulted in improved survival rates with at least
60% of injected cells being detected at the lesion sites (Guest et al., 2010). The
failure of complete regeneration of the tendon tissue gives credibility to the fact
that prevention of tendon injury will have a greater clinical impact than therapy

alone (Patterson-Kane et al., 2012).

1.3 Cellular injury and cell death pathways

Most of the current treatments for tendon injury and inflammation have

had mixed success rates and an understanding of how tendon fibroblasts respond
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to various exercise-related stresses will allow a hierarchy of cellular injury
pathways to be mapped out so that key areas can be identified and potentially

manipulated for the prevention of tendon injury.

As the use of large animal studies has significant technical, animal
welfare and cost issues, in vitro experimental systems are preferentially used to
investigate a number of stress associated pathways in equine tendon fibroblasts.
They are easy to use, tractable and amenable to both molecular and cellular
analyses especially when being used in a time-dependent manner (Patterson-
Kane et al., 2012).

Growth of cells in two- dimensional culture systems can place large
stresses on tendon cells as the supportive tissue micro-environment is lost. The
natural micro-niche which the tenocytes share with the ECM is diminished; the
tendon fibroblasts are grown in sheet like monolayers rather than in
longitudinally arranged rows and the cells are immersed in a highly oxygenated
liquid containing many nutrients and chemicals which differ from those present
in vivo (Rubin, 1997), (Halliwell, 2003). For example, there is a high sugar
content in cell culture media. Standard DMEM (Dulbecco’s Modified Eagle
Medium) contains 4.5g/L (25mM) glucose and in vivo this blood sugar level is
seen in diabetic horses. The normal blood sugar values in horses are between 3.4
mmol/L and 7.4mmol/L. (Aiello, 2012). The culture of rat Achilles tendon
fibroblasts in high glucose (12mM or 25mM) has been shown to lead to increased
expression of MMP-9 and -13 mRNA, the enzymes responsible for the degradation
of collagen (Tsai et al., 2013). Cell culture is routinely performed at ambient
oxygen (21%), however the oxygen tension in mammalian tissues is thought to
range from 1-6% (Halliwell, 2003). High oxygen tensions in culture can generate
genotoxic stress in cells which can ultimately lead to growth arrest and
premature cell senescence. A hostile tissue culture environment which induces
DNA damage to cells resulting in growth arrest and premature cell senescence is
known as “cell culture shock” (Wright and Shay, 2002).

A greater understanding of the mechanisms by which certain cell culture
cues can stress the tendon fibroblasts prior to the investigation of how exercise-
associated factors affect these cells would be beneficial and additionally provide

opportunities for the optimisation of the most appropriate culture conditions.
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1.3.1 DNA damage response

Phosphorylation of H2AX in cells

One of the most damaging insults to cells is double stranded breaks
(DSBs) in DNA. The formation of DSBs can occur in healthy cells as a result of
normal replication stress, however it can also be seen in response to insults
including UV light, radiation, drugs and hyperthermia (Ichijima et al., 2005),
(Rogakou et al., 1998), (Hunt et al., 2007), (Kurz et al., 2004). If left unrepaired
or repaired incorrectly, chromosomal aberrations, genomic instability and cell
death can result (Mah et al., 2010). Cells react to this threat by activation of the
DNA damage response (DDR) which detects DNA lesions and mediates the
signalling and recruitment of a host of proteins involved in the DNA damage
checkpoint and repair of the lesion. Key signalling proteins activated in response
to DSB induction are the protein kinases ATM (Ataxia telangiectasia mutated)
and ATR (ATM and Rad3-related). These two kinases mediate the activation of a
number of downstream signalling proteins, including the phosphorylation of the
histone H2AX at serine 139 (Rogakou et al., 1998), (Ward and Chen, 2001),
(Burma et al., 2001). H2AX is a variant of histone H2A in mammalian cells and
phosphorylation of this complex is one of the earliest events in the DNA damage
response to injury (Rogakou et al., 1999). In the first 30 mins of an injury,
phosphorylated H2AX stimulates the recruitment of a number of downstream
repair proteins to the site and allows chromatin restructuring to take place to
accommodate the extra proteins required for repair of the lesion. Each yH2AX
focus has several hundred yH2AX molecules at the DSB site, and the number of
foci has a strong correlation with the number of DSBs. This has been used to
quantify the latter in many experimental conditions. The yH2AX puncta are lost
as the DNA damage is resolved and repaired correctly (Rogakou et al., 1999),
(Paull et al., 2000), (Sedelnikova et al., 2002), (Bonner et al., 2008), (Rich et
al., 2013). The phosphorylation of H2AX also provides a generic downstream
readout of multiple cell stresses including inflammatory cytokine secretion and
the production of reactive oxygen species (Han et al., 2006). The investigation
of this injury response in SDFT fibroblasts is of value in evaluating the health of

the cells.
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1.3.2 Heat shock response

The heat shock response is one of the most important cellular defence
mechanisms protecting against an insult. It was originally described in 1962
following puffing of salivary gland chromosomes in Drosophila in response to
heat shock at 30°C (Ritossa, 1962). This appearance was caused by the activation
of genes in response to the heat stress and has since been correlated with the
production of heat shock proteins (Moran et al., 1978). The heat shock response
is not unique to heat stress and can be precipitated by other stimuli including
oxidative stress (Ahn and Thiele, 2003).

The transcriptional activation of heat shock proteins is controlled by a
family of heat shock factors (HSFs). The major isoform involved in the classical
heat shock response is HSF-1 in vertebrates as knockout mice homozygous for
HSF-1-/- were unable to produce inducible heat shock proteins in response to
heat stress (Xiao et al., 1999), (McMillan et al., 1998). One of the inducible heat
shock proteins in equine cells is Hsp-72 which has been shown to be up-regulated

in skeletal muscles during exercise (Poso et al., 2002).

HSF-1 exists in a monomeric form through its association with HSP 90 and
other co-chaperones in a multimeric complex which keeps it in its inactive form
(Zou et al., 1998), (Guo et al., 2001). The presence of unfolded proteins during
periods of cellular stress will compete for the HSP 90 binding sites, leading to
release of HSF-1, trimerization and its subsequent activation. Active HSF-1 has
the ability to bind to heat shock elements which ultimately leads to the
transcription of the heat shock proteins (Ananthan et al., 1986), (Baler et al.,
1993). HSPs can also act in a negative feedback loop by inhibiting HSF
transactivation capacity, an important control step in the modulation of the
duration and intensity of HSF activity correlating with the levels of protein
damage present (Baler et al., 1992), (Shi et al., 1998).

The rate of temperature increase may be important for the induction of
heat shock proteins as the rate of protein accumulation has been suggested to
be dependent on the number of working ribosomes, the rate at which the
ribosomes are working and the rate of protein degradation (Farewell and

Neidhardt, 1998). This suggests the rate of heating is an important concept in
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the study of heat shock protein induction, however there is very little data in

the literature on this topic.

A study has shown the peptide elongation rate of E.coli increased with
temperature from 25-44°C and it was suggested an increase in the presence of
unfolded proteins induced the production of heat shock proteins (Farewell and
Neidhardt, 1998). Another study has shown the higher the temperature used, the
faster the kinetics of Hsp-72 production. The time taken for Hsp-72 protein
levels to exceed the control values in A549 cells was 1hr for 41°C, 6hr for 39.5°C
and 24hrs for 38.5°C. These values may differ according to species (Tulapurkar
et al., 2009). The expression of Hsp-72 was quantified as being 0.5 fold/1°C
between 37-41°C. When the temperature was increased by one degree from 41
to 42°C, the expression increased to 2.4 fold/1°C (Tulapurkar et al., 2009).
These studies suggest that the higher the temperature used and the time taken
to achieve this temperature will lead to increased levels of unfolded proteins
and therefore lead to faster induction of heat shock proteins which will be

critical for the survival of cells exposed to a stressor.

Heat stress can shift the equilibrium between the level of normal and
denatured protein resulting in an accumulation of misfolded proteins in the cell.
To minimize the build- up of aggregated proteins, cells have adopted a universal
prosurvival strategy to protect themselves through the expression of the heat
shock proteins (HSPs) which can disaggregate and refold damaged proteins
(Samali and Orrenius, 1998). However, if the damage is too severe, it will result
in the activation of stress associated pathways resulting in cell death (Fulda et
al., 2010). Additionally, if the accumulation of damaged proteins exceeds
proteasomal capacity (HSPs are thought to target damaged proteins to this site)
it can lead to apoptosis as a study has shown that proteasomal inhibition led to

apoptosis in Ewing’s sarcoma cells (Soldatenkov and Dritschilo, 1997).

HSP-72 can protect against stress- induced cell death by inhibiting integral
proteins associated with Caspase dependent and independent apoptosis. The
abnormal accumulation of denatured proteins has been shown to activate the
stress associated kinase pathways, JNK and p38 kinases and the presence of HSP-
70 can prevent the activation of these pathways when cells are subjected to

heat stress (Gabai et al., 1997). HSP- 72 can bind to proCaspase-3, the inactive
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form of Caspase-3 responsible for the proteolysis of many structural and
functional proteins as well as nucleic acids during apoptosis (Jaattela et al.,
1998), (Komarova et al., 2004). The expression of HSP 72 can also block and/or
antagonize the recruitment of proCaspase-9 into the apoptosome (an activation
platform required to activate Caspase-9) and the release of apoptosis-inducing

factor from the mitochondria (Beere et al., 2000), (Ravagnan et al., 2001).

1.3.21 Thermotolerance associated with HSP-72 production

Induction of the heat shock proteins leads to the development of
“thermotolerance” which enables cells to adapt or withstand subsequent
hyperthermia or insults which would otherwise be lethal. Many studies have
demonstrated this adaptive ability in a range of cell types. U937 cells (histiocytic
lymphoma cell line) were exposed to a period of heat stress at 42°C for 1hr
before being recovered at 37°C for 6-8 hrs. Up-regulation of heat shock proteins
70, 90 and 27 was detected by western blot. Thermotolerance was demonstrated
when resistance to apoptosis (drop from 80% to 35%) was seen after the heat
shocked cells were then exposed to a range of damaging agents including
actinomycin-D, campothecin and etoposide (Samali and Cotter, 1996). The
thermotolerance phenomenon appears rapidly, with the expression of HSP-72
peaking within 4-6 hours followed by a gradual decline following exposure to the
event, often lasting 4-5 days (Laios et al., 1997), (Landry et al., 1982).

1.3.3 Promyelocytic leukaemia (PML) sensing systems

1.3.3.1 PML nuclear bodies (PML-NBs) and DAXX

PML NBs are spheres of approximately 0.1-1.0um in diameter and are seen
in the nuclear matrix of most cell lines. The PML protein is the key organiser of
the PML nuclear body and recruits a large number of partner proteins to this sub
nuclear hub (Figure 1-5). The ubiquitin-like SUMO-1 protein is essential for the
conjugation of the PML protein to the PML NB. Sumoylated PML in turn is
required for the interaction and tethering of partner proteins to the PML NBs,
one of which includes DAXX, (Zhong et al., 2000b), (Lallemand-Breitenbach and
de The, 2010),(Lin et al., 2006). PML NBs have a multitude of roles in the cell

including the regulation of transcription, apoptosis, senescence and are also
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involved in the DNA damage response and resistance to micro-organisms
(Lallemand-Breitenbach and de The, 2010). PML NBs are sensitive to cellular
stress and studies have shown that these sub-nuclear hubs are structurally
altered in response to viral infections (Maul et al., 1993), heavy metals and heat
shock (Nefkens et al., 2003). For example, exposure to arsenic trioxide led to an
increase in the size of each PML NB due to an increase in PML SUMOylation
(Maroui et al., 2012) and heat shock has been shown to result in dispersal of PML
protein and some of its partner proteins including DAXX into the nucleoplasm
(Nefkens et al., 2003).

In unstressed cells, DAXX is co-localised with SUMOlyated PML protein at
PML nuclear bodies. In immunofluorescent images, it can be visualised as
speckles within the nucleus (Zhong et al., 2000b). DAXX is a multi-functional
protein with roles as a transcriptional co-repressor, participation in cellular
stress response pathways and in apoptosis (Khelifi et al., 2005), (Kim et al.,
2003). It was first identified as a pro-apoptotic protein specifically binding to the
Fas death domain, a plasma membrane death receptor (Yang et al., 1997b).
DAXX has been shown to activate the JNK (c-Jun-N-terminal kinase) pathway
downstream of Fas by binding to ASK1 (apoptosis signal- regulating kinase 1)
leading to Caspase-8 initiated apoptosis in response to various stimuli such as UV
irradiation and hydrogen peroxide treatment (Chang et al., 1998), (Song and
Lee, 2003). Upon exposure to 80J/m? UV, DAXX depleted cells were more
resistant to cell death and the activation of the JNK pathway was significantly
impaired (Khelifi et al., 2005).

DAXX is known to repress the transcriptional activity of a number of genes
including that of p53 (Kim et al., 2003). During periods of cellular stress which
lead to DNA damage, ATM kinase has been shown to phosphorylate DAXX at
Ser564 which disrupts the ability of DAXX to stabilise Mdm2, (a ubiquitin ligase
complex which keeps p53 at low levels during basal conditions) thus promoting
the activation of p53 (Tang et al., 2013). Depending on the severity of the
genotoxic stress experienced by cells, p53 can activate the transcription of
genes which can determine cell fate e.g. at times of lethal stress, p53 can be
phosphorylated at Ser46 resulting in the induction of pro-apoptotic genes
including Puma and Bax (Oda et al., 2000).
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Dispersal of DAXX from the PML nuclear bodies has been shown to occur
following exposure of cells to various stressors including hyperthermia (Nefkens
et al., 2003). Heat shock causes the release of DAXX from the PML bodies via
enzymatic removal of SUMO-1 from PML by a SUMO-1 isopeptidase such as SENP-1
(Nefkens et al., 2003) (Figure 1-5). Thermal stress was shown to induce the rapid
release of DAXX from HEp-2 cells in less than 12mins when heated to a non-
lethal temperature at 42°C for one hour. DAXX dispersal was reversible after
recovery at 37°C (Nefkens et al., 2003). During the heat shock response, the
dispersal of DAXX into the nucleoplasm was shown to oppose the repression of
HSF-1 activation through its affinity for binding to trimerised HSF-1 i.e. DAXX
shifts the equilibrium from inactive to active HSF-1 resulting in the subsequent

production of heat shock proteins (Boellmann et al., 2004).
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Figure 1-5 PML NB and its response to cell stress

PML protein is the key organiser of the PML NB. The SUMOylation of PML (yellow S circles) is
essential for the interaction and tethering of partner proteins including DAXX to the site (A) When
the cells are exposed to cell stress e.g. heat de-SUMOylation of the PML protein releases DAXX
into the nucleoplasm (B). Image modified from (Zhong et al., 2000a).
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1.3.3.2 Caspase-2

Caspase-2 has been shown to co-localise to PML nuclear bodies and it is
tethered to this hub protein through its prodomain and its protease domains
(Tang et al., 2005). Caspase-2 is activated in response to various stressors; most
notably in response to heat shock in addition to cytoskeletal disruption and DNA
damage (Bouchier-Hayes et al., 2009). Caspase-2 is a member of the Caspase
family which participates in cellular apoptosis. The recruitment of Caspase-2 to
a multimeric complex is essential for the dimerization of the pro-form of
Caspase-2, a requirement for Caspase-2 activation and subsequent cellular
apoptosis (Bouchier-Hayes et al., 2009), (Tu et al., 2006). A lethal heat shock at
45°C for 1hr in Hela cells has been shown to lead to the activation of PIDD (p53
induced protein with a death domain), RAIDD (receptor-interacting protein (RIP)-
associated ICH-1/CED-3 homologous protein with a death domain) and Caspase-2
into the PIDDosome (the multimeric complex) (Bouchier-Hayes et al., 2009). The
production of stress- induced heat shock proteins is mediated by the activation
of HSF-1. The knock- out of HSF-1-/- in mouse embryonic fibroblasts led to these
cells being more sensitive to heat shock induced apoptosis compared to wild
type cells. Further work by the group showed that HSF-1 mediated Hsp-90
production inhibited Caspase-2 activation in response to heat shock (Figure 1-6)
demonstrating the important influence the heat shock proteins play in cellular
fate (Bouchier-Hayes et al., 2009).

1.3.4 Cell death pathways

1.34.1 Apoptosis

Apoptotic cells have been seen in horses with clinical SDFT lesions
(Hosaka et al., 2005). Caspase-3 is the main executioner protein responsible for
the breakdown of the cell during apoptotic cell death and this protein has been
used to identify apoptotic cells in tissue lesions (Pearce et al., 2009), (Yuan et
al., 2002). Formal validation of Caspase-3 antibodies is lacking in equine studies.
Two commercial cleaved Caspase-3 antibodies used in equine tissue studies have
not provided any convincing labelling of apoptotic cells in immunocytochemistry

or immunohistochemistry work by our lab group (Patterson-Kane et al., 2012).
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Apoptosis is a precise, co-ordinated energy-dependent mode of cell death
occurring during development, aging and the maintenance of normal cell
populations in tissues. Apoptotic cell death can be triggered by a number of
cellular insults, both physiological and pathological (Elmore, 2007). The
morphological changes of apoptosis are typically characterised by the
appearance of small, shrunken cells. Nuclear and cytoplasmic condensation is a
key feature of apoptotic cell death and the pyknotic nucleus often becomes
crescent shaped, after which nuclear fragmentation takes place. This is followed
by extensive plasma membrane blebbing, resulting in small membrane bound
fragments (apoptotic bodies) containing cytoplasmic organelles and pyknotic
nuclei (Rello et al., 2005), (Kerr et al., 1972), (Taatjes et al., 2008).

The deconstruction of the cell during the apoptotic cascade is typically
executed by a family of cysteine proteases -the Caspases. The Caspase family
can be classified into two groups depending on its mode of activation. The
initiator Caspases (e.g. Caspase-2, -8, -9, -10) contain a long pro-domain region
which is required for its oligomerization -facilitated autoactivation at multi-
protein complexes. In general they are responsible for the activation of the
executioner Caspases (e.g. Caspases-3,-7) and it is the latter group which
directly or indirectly cleaves key proteins and nucleic acids in the cell resulting
in cell death (Stennicke and Salvesen, 1998), (Elmore, 2007), (Sakahira et al.,
1998), (Boatright et al., 2003).

1.3.4.2 Intrinsic apoptotic pathway

The intrinsic apoptotic pathway is activated by various stimuli which
initiate a cascade of intracellular signals ultimately targeting the inner
mitochondrial membrane resulting in the opening of the mitochondrial
permeability transition pore, loss of mitochondrial transmembrane potential and
release of pro-apoptotic proteins sequestered within the inter-mitochondrial
membrane (Figure 1-6). The control and regulation of mitochondrial membrane
permeability is undertaken by the B cell lymphoma-2 (Bcl-2) family of proteins
which either promote or inhibit the release of proteins within the inter-
mitochondrial membrane, the most widely known being cytochrome c (Elmore,
2007), (Desagher et al., 1999), (Kluck et al., 1997), (Yang et al., 1997a). Once in

the cytosol, cytochrome c will activate the formation of the ‘apoptosome’, a
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large protein scaffold mainly composed of an adaptor protein Apaf-1 and
proCaspase-9. The apoptosome is the key scaffold platform essential for the
dimerization of proCaspase-9, a requirement for its subsequent recruitment and
activation in apoptosis. Caspase-9 has the ability to cleave Caspase-3 precursors
into its active form resulting in execution of the cell (Bratton et al., 2001), (Zou
et al., 1997) (Renatus et al., 2001).

1.3.4.3 Extrinsic apoptotic pathway

The extrinsic apoptotic pathway is characterised by activation of trans-
membrane receptors with their specific ligands resulting in the transduction of
pro-apoptotic signals from the cell surface into the intracellular environment
(Figure 1-6). The death receptors belong to the tumour necrosis factor (TNF)
receptor gene superfamily. Clustering of their associated ligands in an autocrine
or paracrine fashion at the cell surface is one of the essential features of this
mode of apoptotic cell death. Binding of the receptors with their ligands leads to
the recruitment of adaptor proteins on the cell surface, such as FADD which can
bind to pro-Caspase-8, which subsequently undergoes auto-catalytic activation
at a scaffold (DISC-death-inducing signalling complex). Caspase-8 has the ability
to activate the executioner Caspases and interact with various proteins involved
in the mitochondrial apoptotic cascade as there is some convergence of the
intrinsic and extrinsic apoptotic pathways (Elmore, 2007), (Locksley et al.,
2001), (Hsu et al., 1995), (Bajt et al., 2000), (Grunert et al., 2012), (Dickens et
al., 2012).
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Figure 1-6 The intrinsic and extrinsic apoptotic pathways

This figure outlines a diagrammatic overview of the extrinsic and intrinsic apoptotic pathways in the

cell. Image modified from (Maiuri et al., 2007).
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1.3.4.4 Necrosis

Necrosis is an uncontrolled passive mode of cell death utilizing energy
independent mechanisms resulting in morphological changes including, cell
swelling, karyolyis, generalized distention of the internal organelles and loss of
cell membrane integrity (Elmore, 2007). As necrosis can refer to the degradative
or autolytic processes after cell death has occurred, the term “oncosis” has
been proposed to describe a non-apoptotic mechanism of cell death where
karyolysis and cell swelling takes place prior to necrosis (Majno and Joris, 1995).
Rupture of the plasma membrane associated with necrosis releases the cells’
nuclear and cytoplasmic contents into the extracellular environment, a potent
chemotactic signal for the recruitment of inflammatory cells and mediators
leading to a widespread inflammatory cascade in the tissue (Hanus et al., 2013),
(Scaffidi et al., 2002), (Cohen et al., 2010).

1.3.5 Pro-survival pathways

1.35.1 p62 (sequestosome 1)

Autophagy is a “self-eating” process where the cell undergoes catabolic
degradation of its own cellular constituents. In healthy cells, autophagy is
responsible for the turnover of long- lived proteins or damaged organelles in the
cell. Autophagy can be activated by various types of cellular stress including
nutrient deprivation, oxidative stress and heat stress (Ishii et al., 1997), (Bjorkey
et al., 2005) (Mizushima et al., 2004), (Nivon et al., 2012). When autophagy is
activated, the cells form double membraned vesicles known as autophagosomes
which sequester damaged cell organelles or proteins for subsequent transport to
the lysosomes (Figure 1-7). The autophagosomes fuse with the lysosomes which
contain lysosomal acid proteases promoting the breakdown of cellular
constituents into ATP or compounds such as amino acids(Bjgrkey et al., 2005). As
a result of this, autophagy is thought of as a “cellular recycling factory” which
aids in the protection of cells against an insult and mediates damage control by

the removal of non-functional organelles and proteins (Glick et al., 2010).

One of the key proteins involved in autophagy is p62. In the cytoplasm,
p62 targets polyubiquitinated proteins for degradation by binding non-covalently
to ubiquitin via a C-terminal UBA domain (Vadlamudi et al., 1996). p62 acts as
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an adaptor protein, transferring its cargo to the autophagosome through its
attachment with LC3B-Il, a receptor on these double membraned bodies via the
LC3-interaction region (LIR). (Bjerkey et al., 2005), (Pankiv et al., 2007).

Autophagy is one of two protein turnover pathways employed by the cell.
The other is the ubiquitin proteasome system. This system consists of a series of
enzymes (E1-E3) linking chains of ubiquitin to proteins for degradation within the
26S proteasome. p62 is linked to this pathway through its ability to transport K63
polyubiquitinated proteins (attached to the C terminal UBA domain) to the
proteasome through a second motif at the N terminal PB1 domain (Seibenhener
et al., 2004).

p62 acts as a proteotoxic cell sensor as it prevents the build-up of protein
aggregates in the cytoplasm because these aggregates are cytotoxic for the cell.
The depletion of p62 in cultured neonatal rat ventricular myocytes expressing
mutant desmin protein was shown to decrease cell viability and exacerbate cell
injury through the accumulation of aggregated mutant protein (Zheng et al.,
2011). This protective response is especially relevant during periods of increased
protein misfolding which occurs in cells exposed to hyperthermia which causes

protein denaturation.

The expression of p62 has been shown to increase after exposure to
various stressors including oxidative stress, heavy metals and proteasomal
inhibition (Aono et al., 2003), (Ishii et al., 1997), (Pankiv et al., 2010). During
oxidative stress, p62 has been shown to activate NRF-2, a stress responsive
transcription factor responsible for the expression of anti-oxidant and
detoxification enzymes. NRF-2 is normally degraded very quickly via the
proteasome to keep it in its inactive form by attaching it to an adaptor protein
KEAP1. p62 binds KEAP1 during oxidative stress, allowing NRF-2 to escape from
the nucleus where it binds to the antioxidant response elements (Jain et al.,
2010), (Lee et al., 2003), (Watai et al., 2007). p62 also acts as an adaptor
protein in various intracellular signalling cascades such as linking aPKCs (atypical
protein kinase C) to NF-kB through its interaction with TRAF-6 which can
enhance cellular survival and proliferation (Sanz et al., 2000). Hence p62 plays
an important role in promoting cell survival during periods of cell stress and acts

as an important marker protein evaluating the cells’ response to injury.
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Figure 1-7 p62 transports ubiquitinated protein to the autophagosome

This figure shows the role p62 plays in transporting ubiquitinated protein to the autophagosomes.
This is achieved through its interaction with LC3B, one of the receptors found on the
autophagosome. The ubiquitinated proteins are eventually degraded in the lysosomes by
lysosomal hydrolases. Image reproduced with permission from (Tyedmers et al., 2010).
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1.3.5.2 The Unfolded Protein Response (UPR)

The endoplasmic reticulum is an organelle in mammalian cells responsible
for the synthesis, folding, modification and quality control of a humber of
proteins that are destined for the secretory pathway or for the extracellular
environment (Cao and Kaufman, 2012), (Kaufman, 2002). This organelle is
therefore especially important in secretory cells such as connective tissue
fibroblasts which produce large amounts of extracellular matrix proteins (Boot-
Handford and Briggs, 2010). The endoplasmic reticulum contains a number of
high fidelity processes such as the presence of protein chaperones (e.g.
BiP/Grp98) to prevent the accumulation of unfolded proteins in the lumen of the
ER. The accumulation of misfolded proteins in the ER leads to the activation of
the UPR, where signalling cascades activates an increase in ER folding capacity,
decreases protein synthesis within the ER and stimulates ERAD (ER-associated
degradation), the targeted destruction of misfolded proteins via the

proteasomes (Kaufman, 2002), (Cao and Kaufman, 2012).

There are three transmembrane protein sensors that detect the presence
of unfolded proteins in the lumen, the inositol-requiring kinase (IRE1),
pancreatic ER elF2a kinase (PERK) and activating transcription factor 6 (ATF6)
(Cao and Kaufman, 2012). All three protein sensors are kept in an inactive state
by binding to BiP, a protein chaperone and upon the presence of increased
amounts of unfolded proteins in the ER, become dissociated from BiP (Cao and
Kaufman, 2012). Once activated these kinases have important roles in the
adaptive response to misfolded proteins, e.g. the IRE1 kinase catalyses the
splice of X-box binding protein1 (XBP1) to XBP1s (s for spliced) and the latter is
responsible for the transcription of genes that increase the protein folding
capacity of the ER or those involved in ERAD. IRE1 has also been shown to be
associated with TNF-a, which can then lead to the downstream activation of

Jun-N-terminal kinase (JNK) and subsequent apoptosis of the cell or autophagy.

ER stress can occur with a nhumber of insults including heat shock, hypoxia
and metabolic dysfunction as a result of an increase in the concentration of
misfolded proteins and this in turn leads to the activation of the UPR to help
maintain protein homeostasis within the cell (Boot-Handford and Briggs, 2010).

The exposure of cells to persistent ER stress can lead to the activation of
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apoptosis to remove the damaged cells, through the up-regulation of IRE1
mediated JNK activation and additionally through the up-regulation of C/EBP-
homologous protein (CHOP, a transcription factor that activates several pro-
apoptotic factors such as Bim, a Bcl-2 family member) via PERK activation.
Studies have shown that ER stress can lead to pathology of connective tissues
including osteoarthritis. One study showed there was an increase in the
expression of ER stress associated proteins including phosphorylated PERK and
CHOP in addition to increased Caspase-3, an apoptotic marker in degenerate
osteoarthritis. Additionally, it was shown there was an increase in the levels of
these markers with the severity of the osteoarthritis (Takada et al., 2011), (Guo
et al., 2014). It is unknown whether ER stress plays an important role in SDFT
tendon pathology, however it is hypothesised that it will be playing a part, as
racehorses subjected to repetitive exercise will generate lots of damaged

proteins through exposure to heat stress.

1.4 The effects of cooling and the up-regulation of
key cold shock proteins

1.4.1 The use of cryotherapy

Various forms of cryotherapy such as ice baths and cooling wraps are
commonly used in the equine field. They can aid in treatment and prevention of
acute musculoskeletal and tendon injuries. The use of cryotherapy provides
analgesia, relieves swelling and inflammation of the affected tissue through
vasoconstriction, reduced cellular metabolism and reduction of the production
of inflammatory cytokines (Petrov et al., 2003), (Speer et al., 1996), (Van Eps et
al., 2012), (Van Eps and Pollitt, 2009), (Zhang et al., 2014).

There is no definitive method outlining the duration, required
temperature or the most appropriate application of cold shock therapy for the
treatment of tendon injuries and even less on whether injuries can be minimised
through preventative cryotherapy (Petrov et al., 2003). A number of
experimental studies have shown hypothermia can provide neuroprotection to
sensitive regions of the brain exposed to ischaemic injuries. Exposure of rat
brains to 30°C during 15 mins of forebrain ischaemia (induced by bilateral

occlusion of the common carotid arteries) prevented neuronal cell damage as
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shownf by reduced alkalosis and reactivity of astrocytes compared to their
normothermic counterparts (Chen et al., 1992). There appears to be a window of
opportunity during which hypothermia can exercise its protective effects in
damaged neuronal cells. When hypothermia was instituted after a 5 min
ischaemic event for varying lengths of time, the protection afforded to the
neuronal cells was proportional to the duration of hypothermia received. When
the hypothermic treatment was delayed for 1 and 3hrs following the ischaemic
event, the survival of the neuronal cells dropped from 77% to 49% with a 1hr
delay and no survival at all with a 3hr delay (Carroll and Beek, 1992). Improved
neuroprotection and functional outcome has been seen when the period of
hypothermia is extended for longer durations; even up to 48hrs (Yanamoto et
al., 2001), (Clark et al., 2008). There has been no published work on the

protective effects of cryotherapy on tendons in vivo and in vitro.

1.4.2 The cold shock protein RBM3 and its roles

Protection of cells with increasing length of cooling time is believed to
correlate with the production of cold shock inducible proteins including RBM3
(RNA binding motif protein 3) and CIRP (cold-inducible RNA binding protein)
(Dresios et al., 2005). A mild temperature downshift from 37°C to 32°C leads to
the expression of RBM3 mRNA, the maximal levels of which are produced at

18hrs of continuous cold shock and lasts for up to 36hrs (Danno et al., 1997).

Although cooling of cells leads to a general inhibition of protein synthesis
with a concomitant decrease in the metabolic rate, RBM3 can enhance the
translation of certain proteins allowing the cells to tolerate cold shock
conditions (Dresios et al., 2005), (Chappell et al., 2001). This protective effect is
not restricted to cooling as hypoxia can also increase RBM3 activity in cells
(Wellmann et al., 2004). Lowering the temperature not only subjects cells to
cold stress, it also increases the dissolved oxygen concentrations in the blood,
potentially leading to metabolic stress (Al-Fageeh and Smales, 2006). If
metabolic stress is able to up-regulate RBM3 expression, the subsequent
rewarming period following cold shock could induce free radical oxygen species

production and increased expression of RBM3.
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1.4.3 Hsp-72 and cold shock

Protection of cells through the activation of heat shock proteins may also
occur during the rewarming period from cooling to 37°C. A number of studies
have demonstrated Hsp-72 induction following cold shock in neonatal rat
cardiomyocytes and IMR-90 human diploid fibroblasts. The maximal expression of
Hsp-72 in neonatal rat cardiomyocytes after cooling (4°C for 1hr) was not as high
compared to heat shock (42°C for 1hr) (Laios et al., 1997), (Liu et al., 1994),
(Tveita et al., 2012). There is a paucity of data on whether thermotolerance can
be instituted following cold shock. The induction of thermotolerance is known to
take place following heat shock and it would be of interest to see if this could
occur with cold shock. If cold shock is able to protect cells from a subsequent
lethal stimulus, the application of ice packs prior to a race would be an easy

method to administer to horses in the field.

1.5 Aims of this work

The main focus of my research was to investigate the sensitivity of SDFT-
derived fibroblasts to hyperthermia in vitro (as this stressor is thought to be one
of the major contributors to cell death in tendon fibroblasts in racing

Thoroughbreds) and to compare this with the DDFT, a non-injury prone tendon.

1) My first aim prior to the investigation of heat shock in SDFT and DDFT
tendon fibroblasts was to quantify the basal cellular injury levels (by measuring
the percentage of DNA damage) acquired from culturing cells in vitro, as certain
environmental cues including high oxygen tensions (21%) can result in “cell
culture shock”. The use of high oxygen tensions was hypothesised to lead to
elevated levels of DNA damage in SDFT and DDFT fibroblasts and this response
may be mitigated or amplified with certain matrix types including collagen type

| and fibronectin.

2) For the heat shock work, | aimed to examine the expression pattern of
heat shock protein-72 in SDFT and DDFT fibroblasts by western blot over a range
of heat and cold shock temperatures ranging from 26-52°C and to determine if
thermotolerance could be induced in these cells following both heat shock and

cold shock. The SDFT was predicted to be faster to mobilise Hsp-72 production in
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comparison with the DDFT and as a result of this, be better at surviving a lethal

heat shock.

3) The identification and expression of protein markers (e.g. DAXX) which
are up-regulated during the early stages of heat and cold shock were also
determined. This could enable preventative strategies to be devised to minimise
cell death in tendon fibroblasts. It was hypothesised that the size of DAXX
puncta would be different when exposed to heat and cold shock i.e. smaller
during heat shock due to loss of DAXX into the nucleoplasm and larger with cold

shock as protein production is suppressed at cold shock temperatures.
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Chapter 2) Materials and Methods

2.1 Collection of tendon samples

The incidence of SDFT injuries increases with age in Thoroughbred horses
with a sharp rise in incidence over 5 years of age. For this reason, | sourced SDFT
and DDFT tendons from Thoroughbred horses between the ages of 2-7. Two
Thoroughbred (TB) racehorses were sourced from Weipers Equine Clinic at the
University of Glasgow. These horses were euthanased for reasons other than
tendon injury. One was a 6 year old TB gelding that presented for an over-reach
injury (not tendon related) and the other was a 7 year old TB racehorse that
presented for colic. The forelimbs of one foal that presented for a fracture was

also collected.

Two more TB horses (aged 5 and 7 years old) were collected from an
abattoir in Cheshire as the sample population at the University of Glasgow were
scarce. The disadvantage of obtaining horse legs from the abattoir were; the
history of the horses were unknown (medical and race history were not known),
only one set of horse legs (two forelimbs) could be transported back to the lab
at one time and the long time between transport of the limbs (5-6 hours) and
processing of the legs. A summary of all the horses collected during my thesis is

outlined in Table 1 below.

Following euthanasia of the horses (according to the most appropriate
welfare protocols), both forelimbs were severed at the radiocarpal joint. For
horses sourced from the abattoir, the whole leg (including the hoof) was kept,
wrapped in a number of tea towels then placed in a polystyrene box containing
ice. The ice was used to keep the limb cold and prevent post mortem
degeneration of the cells and tissues. For horses sourced from Weipers Equine

Clinic, the legs were processed straight away.



Horse/Foal

Age

Gender

Racehorse

Reason for

euthanasia
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Chapter of

thesis

Horse 1 7 years Gelding No Unknown Chapter 3
(abattoir)

Horse 2 5 years Mare No Unknown Chapter 3
(abattoir)

Horse 3 6 years Gelding Yes Over-reach Chapter 4
injury

Horse 4 7 years Gelding Yes Colic Chapter 5

Foal 1 2 days Female No Fracture Chapter 3

Table 1: List of the horses (and foal) used in my thesis

This table outlines the age, signalment, gender, whether it was a racehorse, reason for euthanasia,

and which chapter of my thesis the extracted cells were used for.

2.2 Preparation of tendon specimens for cell

culture

2.2.1 Tendon specimens

5 cm mid-metacarpal segments of the SDFT and of the underlying DDFT

were aseptically retrieved from both forelimbs of four TB horses (not occurring

at the same time). To retrieve the tendon segments aseptically, the mid-

metacarpal region of the forelimbs were shaved using electric clippers (Oster A5

Turbo 2 Speed) to remove all the hair then scrubbed with chlorhexidine

(HiBiScrub) to clean and sterilise the skin. Sterilising the skin minimises the

transfer of bacterial and fungal organisms from the skin to the tendon segments.

Following this, the limb was covered with surgical drapes and the skin was

incised with sterilised scalpel blades and forceps. The outermost connective
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tissues were removed to expose the SDFT tendon. Following the removal of the
SDFT tendon, the DDFT tendon was excised (it is found underneath the SDFT).
Following the excision of the tendon segments, they were placed into pre-
warmed DMEM (Dulbecco’s Modified Eagle’s Medium) (37°C) and harvested for

tendon fibroblasts immediately.

2.2.2 Extraction and culture of tendon fibroblasts by enzymatic
digestion

In a sterile cell culture hood, the tendon segments were washed with PBS
(Phosphate Buffered Saline) three times to remove any excess debris and hair.
Tendon fibroblasts were retrieved from the core of the mid-metacarpal region.
The exterior surfaces of the tendons were excised using a sharp single edged
blade (HD Hardware, #PS01). The exposed core was diced into 2mm? pieces
before being added to a 100ml flask containing a media solution consisting of
pre-warmed DMEM (37°C) and 1mg/ml pronase (Sigma, #P8811), a proteinase
enzyme derived from Streptomyces griseus which breaks down peptide bonds in
proteins into individual amino acids (Frackenpohl et al., 2001). This enzymatic
solution was placed on a magnetic stirrer at 37°C for 1 hour in an incubator (21%
oxygen, 5% C0O;) to ensure adequate mixing and to facilitate mechanical break-
down of the tendon tissue. The media solution was decanted and discarded after
one hour. Fresh media was added to the tendon pieces (40mls) followed by
0.25mg/ml collagenase type VIII (Sigma, #C2139) and 0.55mg/ml dispase
(Gibco/Life Technologies, #17105041) for another hour. Collagenase type VIl
cleaves the main polypeptide bonds within the native triple helical structure of
collagen (Harper, 1980). Dispase, a neutral protease or metalloprotease (from
Bacillus polymyxa) has a high efficiency facilitating the disassociation of
fibroblast cells from the extracellular matrix (Cruz et al., 1997). After the
digestion, the cell solution was strained through a 70um cell strainer (VWR UK,
#734-0003). The cells were pelleted by centrifugation at 1000rpm for 15 mins
and then re-suspended in pre-warmed DMEM (37°C). The remaining tendon
pieces were re-used and added to fresh media and enzymes, collagenase type

VIIl and dispase to obtain maximal numbers of cells.

The harvested tendon cells were maintained in DMEM supplemented with
10% heat inactivated foetal bovine serum (FBS, Gibco/Life Technologies, #10270-
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106) and 1% penicillin/streptomycin (P/S, Life Technologies, #15140-122).
Throughout my experimental work, DMEM with reduced glucose (1g/L) was used
(marketed as DMEM with low glucose, Life Technologies, #21885108). Standard
DMEM contains 4.5g/L glucose which approximates 25mM glucose and in contrast
there is only 5mM in low glucose DMEM. The normal blood glucose range for
horses is between 3.4mmol/L and 7.4 mmol/L (Aiello, 2012). Culturing horse
tendon fibroblasts in standard DMEM media is therefore abnormal as it would
mimic diabetic blood horse sugar levels. The culture of rat Achilles tendon
fibroblasts in high glucose (12mM or 25mM) has been shown to lead to increased
expression of MMP-9 and -13 mRNA, two of the enzymes responsible for the

degradation of collagen (Tsai et al., 2013).

The tendon fibroblasts were cultured in 60 mm cell culture dishes coated
with either 10ug/cm? type 1 collagen (Sigma, #C3867) or 1ug/cm? fibronectin
(Sigma, #F4759). When approximately 80% confluent (which took 7 days for SDFT
fibroblasts and 10-12 days for DDFT fibroblasts), the cells were passaged using
trypsin/EDTA 0.05% (Ethylenediaminetetraacetic acid, Life Technologies,
#25300054). The cells were either maintained in ambient oxygen by culturing
them in a standard incubator (37°C, 21% 0z and 5% CO;) or in 2% oxygen and 5%
C0O; with the balance provided by Nitrogen.

2.2.3 Extraction and culture of tendon fibroblasts by tendon
explant

After removing the external peripheral tissue from the tendon samples as
outlined above, the exposed tendon core was diced into 2Zmm tendon pieces.
The tendon pieces were placed onto collagen type | or fibronectin coated 60mm
cell culture dishes. The bottom of each cell culture plate was scored with a
scalpel blade to create 5 or 6 parallel lines to increase surface-adhesion of the
tendon pieces. Pre-warmed (37°C) complete DMEM containing 10% FBS and 1%
P/S (and reduced glucose) was added to the dishes. The dishes were then
transferred either to a standard incubator at 37°C (21% 02, 5% CO02) or in 2%
oxygen, 5% CO; with the balance provided by Nitrogen. The normal time for

explanted cells to achieve confluency was approximately 14 -21 days.
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2.2.4 Cell culture: “normoxic” oxygen (2% oxygen)

Culture of tendon fibroblasts in “normoxic” oxygen was performed by
placing the cell culture dishes inside commercially available plastic wide-mouth
containers which were subsequently gassed with a gaseous mixture containing 2%
oxygen, 5% CO2 and a nitrogen balance at 2 p.s.i. for 2 mins (Wright and Shay,
2006) (Figure 2-1). Flushing the containers with this gaseous mixture for greater
than 1 min was required to purge the atmospheric gas within the containers. The
containers were re-gassed one hour later (again using 2 p.s.i. for 2 mins) to
remove any remaining atmospheric gas in the containers (Wright and Shay,
2006). When not being used, the gaseous mixture was stored in a 50L tank
provided by BOC Industrial Gases (# 226943-L). 90% gaseous equilibration of
10cm cell culture dishes was shown to occur within 15 mins, however gas-liquid
equilibration was not achieved for at least 3 hours (Allen et al., 2001). To
minimise gas leakage from the containers, the rim of each of the containers was
smeared with silicon grease (Wright and Shay, 2006).These containers were kept
inside a standard CO; gassed incubator at 37°C. Media colour change (phenol red)
was checked daily to ensure non-leakage of the gaseous mixture from the
containers. Loss of the gaseous mixture, especially carbon dioxide would make
the media more alkaline thus changing media colour from red to yellow (Wright
and Shay, 2006). The 2% oxygen gas mixture was only used for the DNA damage,
replication and binucleate cell work as the cost of the tanks were too expensive

to use for all of the experiments in my thesis.



Figure 2-1 “Normoxic” oxygen (2%) incubators

This figure shows the tendon fibroblasts being gassed with normoxic (2%) oxygen.

64
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2.3 Immunocytochemistry

Tendon fibroblasts were seeded (3x 10° cells) onto type | collagen- or
fibronectin-coated glass coverslips inside cell culture dishes and cultured until
80% confluent (for immunocytochemistry work, the cells were cultured on

coated coverslips as this facilitated easy fixing and staining of cells).

To collagen coat glass coverslips (or cell culture dishes for experiments
not involving immunocytochemistry), a Type | collagen solution (Sigma, #C3867)
was diluted to a working concentration of 0.01% with sterile distilled water.
Following this, 10ug/cm? collagen was used to coat 60mm cell culture dishes.
The collagen solution inside the dishes was left at room temperature (RT) (inside
the cell culture hood to maintain sterility) for several hours to allow the
collagen to bind to the bottom of the dish. At the end of this period, excess fluid

was removed and the collagen-coated dishes were left to dry for an hour.

To coat the dishes with fibronectin (Sigma, #F4759), the stock solution
was diluted with HBSS (Hanks’ Balanced Salt Solution) (Life Technologies,
#14060040) and 1pg/cm?was used to coat 60mm cell culture dishes. Once the
fibronectin solution was added to the dishes, they were left at RT for
approximately 1 hr to allow the fibronectin to bind to the bottom of the dish. At
the end of this period, the fibronectin had dried onto the surface of the dish. If

there was any excess fluid, the solution was aspirated.

At the end of the experiments, the cells were fixed with 4%
paraformaldehyde/PBS for 5 min followed by permeabilization with 0.25%
Triton-X 100/PBS for 5 min. Blocking of non-specific binding was carried out
using 10% milk/PBS for 30 min at room temperature (RT). Primary and secondary
antibody incubations were carried out overnight at 4°C and 1 hr at RT
respectively. Secondary antibody reagents used were Alexa Fluor 555 and/or 488
conjugates (dilution 1:1000). Samples were washed using 0.2% Tween-20/PBS
throughout the protocol. Slides were mounted using Prolong-Gold anti-fade DAPI
(DAPI: 4’ 6-diamidino-2-phenylindole) (Life Technologies, #P36931). A negative
control was carried out with the immunocytochemistry experiments to make
sure no false positive results were generated. To achieve this, a couple of

coverslips were fixed and stained as per the immunocytochemistry protocol



66

described above however, no primary antibodies were used, just secondary

antibodies.

2.3.1 Immunocytochemistry methods for Chapter 3

2.3.1.1 Quantification of DNA damage and cell proliferation

To examine the basal cellular injury levels in passage 1 (P1) and passage 2
(P2) SDFT and DDFT fibroblasts from two horses, DNA damage was detected by
immunolabelling for phospho-yH2AX antibody in cells exposed to various cell
culture environments including two different oxygen tensions (20% and 2%
oxygen) and two matrix types (collagen type | and fibronectin). All antibody
details for immunocytochemistry work are recorded in Table 1 at the end of this

thesis chapter.

The link between DNA damage and replication is well- known to be bi-
directional (Burhans and Weinberger, 2007) & (Burhans and Heintz, 2009).
Therefore, TPX2, a marker for the G2, S and M stages of the cell cycle was used
as a single stain by immunocytochemistry to assess the replicative fraction in
both P1 and P2 SDFT and DDFT fibroblasts in different oxygen tensions (20% and
2% oxygen) and matrix surfaces (collagen type | and fibronectin).
Bromodeoxyuridine (BrdU) labelling was not used to quantify the replicative
fraction in tendon fibroblasts as it is toxic to cells and can induce multiple types

of DNA lesion resulting in premature senescence (Masterson and O'Dea, 2007)

There was a strong correlation between the percentage of DNA damage
and the percentage of replicating cells (see Chapter 3) therefore P1 and P2 SDFT
and DDFT fibroblasts were double stained for both phospho-yH2AX and TPX2.

The fluorescent single stain images were examined and imaged using an
inverted DM IRE2 confocal laser scanning microscope (Leica, Milton Keynes, UK).
Individual images were viewed using the x40 1.25 oil immersion lens and scanned
using the xyz mode creating a z-stack from two different lasers for two different
fluorescent wavelengths, a Helium Neon laser to detect 555nm (YH2AX or TPX2)
and UV laser to detect DAPI (461nm wavelength). Up to 5 fields of view were

imaged for each coverslip representing the different experimental conditions.
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Total numbers of cells positive for either phospho-yH2AX or TPX2 were counted
using ImageJ digital software for each field of view (Abramoff et al., 2004). Low
levels of DNA damage can occur normally during replication in cells, therefore
cells containing 7 or more YH2AX puncta were classified as DNA damaged. To
obtain the mean percentage of DNA damage or replication, the number of cells
positive for yH2AX or TPX2 was divided by the total number of cells for each

field of view followed by averaging each percentage from five fields of view.

2.3.1.2 Binucleate counts

A binucleate cell is formed when two daughter cells fail to undergo
cytokinesis (Wong and Stearns, 2005). SDFT and DDFT fibroblasts were retrieved
from two horses for this experiment. To assess the percentage of binucleate
cells at two different oxygen tensions (20% and 2% oxygen), cultured on two
different matrix types (collagen type | and fibronectin), P1 and P2 SDFT and
DDFT fibroblasts were fixed with 4% paraformaldehyde/PBS for 5 mins and then
treated with 5ug/ml CellMask (Life Technologies, #C10046) for 5 mins at 37°C to
demarcate the plasma membranes of the cells. After the staining procedure, the
cells were washed several times in PBS and 10ul of DAPI was added to detect
nucleic acid. The coverslips were imaged with the inverted DM IRE2 confocal
laser scanning microscope and a z-stack was generated as outlined in section
2.2.1.1 above. 5 fields of view were recorded for each experimental condition
and the number of binucleate cells was measured by counting the total number
of cells with two nuclei within one CellMask positive cell. For each field of view
the percentage of binucleate cells was calculated (number of binucleate cells
divided by the total number of cells) and this was averaged to obtain the mean

binucleate percentage.

2.3.1.3 p21 expression in SDFT fibroblasts

Replication-induced DNA damage may lead to the activation of DNA
damage checkpoints and an effector of this response is p53 phosphorylated at
serine 15. One of p53’ transcriptional targets is p21, a cyclin dependent kinase
inhibitor. A single immunostain for p21 was performed in SDFT foal fibroblasts.

Qualitative assessment of the single stain was made in triplicate.
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2.3.2 Immunocytochemistry methods for Chapter 4

2.3.2.1 RBM3 expression in SDFT fibroblasts

Immunocytochemistry was used to assess RBM3 expression during heating
and cooling of SDFT fibroblasts. SDFT derived fibroblasts from one horse were
cultured on collagen type | coated glass coverslips in 60mm cell culture dishes
until 80% confluent. At this point, each of the dishes was sealed with parafilm
(Sigma, #P7793) to prevent water leaking into the dishes and then subsequently
heated at 43°C for 15 mins in a waterbath (Grant, Cambridge). After the heating
period, the cells were left to recover at 37°C for 72hrs. A separate group of SDFT
derived fibroblasts was chilled continuously at 26°C or 32°C for 72hrs in the
water bath. At 1hr, 4hr, 24hr, 48hr and 72hrs of cold shock or in the recovery
phase post heating, the cells were fixed and stained with an anti-RBM3 antibody.
The SDFT fibroblasts were imaged with an inverted DM IRE2 confocal laser
scanning microscope using the x40 1.25 oil immersion lens as outlined in section
2.2.1.1. To quantify the mean intensity of RBM3 staining for each of the heating
or cold shock times, the nuclear RBM3 intensity of 20 random cells was measured
with the Leica confocal software. Using the profile function to measure pixel
intensity across a line segment, it allows the area of interest to be measured,
for example, the width of individual nuclei, where RBM3 intensity was greatest.

The mean pixel intensity from 20 cells was then calculated for each time point.

2.3.3 Immunocytochemistry methods for Chapter 5

2.3.3.1 Validation of DAXX and Caspase-2 in foetal Equine
Palate fibroblasts

To investigate whether there was immuno-positivity of equine PalF (foetal
palate fibroblasts) to DAXX or Caspase-2, PalF cells were cultured on glass
coverslips until 80% confluent and then heated at 46°C in the waterbath for 3
and 10 mins. At these times, the cells were fixed and stained for DAXX and
Caspase-2. All images were viewed and imaged using a 63x objective lens on an

inverted phase contrast Axiophot 2 microscope (Zeiss).
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2.3.3.2 Translocation of DAXX with heating and cooling

SDFT fibroblasts were cultured on collagen coated coverslips. Once 80%
confluent, they were heated on the heating rig (Figure 4-3) at 43°C for 3, 10 and
15 mins. At each of these time points, the cells were fixed and stained for DAXX
immediately using the immunocytochemistry protocol outlined above (section
2.2). These time points were chosen to see if DAXX would escape from the PML
nuclear bodies, a known feature of the heat shock response (Nefkens et al.,
2003). To ensure DAXX returned to its position at the PML bodies, a separate
group of SDFT fibroblasts was heated for 15 mins at 43°C and left to recover at
37°C for 10 mins, 15 mins, 1hr and 4hrs. The cells were fixed and stained for

DAXX at each of these time points.

To investigate whether DAXX has the ability to disperse from the PML
bodies during cold shock, SDFT fibroblasts were placed into a pre-chilled gassed
incubator at 26°C for 30 mins or 1hr then fixed and stained for DAXX immediately
at these times. To determine whether DAXX translocated into the nucleoplasm
during the rewarming period, another group of SDFT fibroblasts was chilled at
26°C for 1hr then allowed to recover at 37°C for 15 mins, 1hr and 4hrs. At each
of these time points, the cells were fixed and stained for DAXX. Once the cells
had been stained, they were viewed and imaged with an inverted phase contrast

Axiophot 2 microscope (Zeiss).

2.3.3.3 Quantification of DAXX puncta using Image J

To quantify DAXX puncta size in Image J, the image was split into three
channels, a red, blue and green. The image comes up as black and white,
however the red channel was used as this corresponded to the colour of the
fluorescent stain used and the puncta inside the nuclei could be visualised at a
bright intensity. The threshold value of the DAXX puncta was calculated (Image-
>Adjust->Threshold) and standardised for all of the experiments. To quantify
DAXX puncta size, the area of the DAXX puncta was calculated. To achieve this,
the area function was chosen from the Set Measurement tool (Analyse-> Set
Measurement) and the scale had to be set (Analyse->Set scale) by choosing the
unit of length (um) and the known distance was 0.00. Following this, the Analyse

Particles icon was used. The size range of the particles had to be standardised.
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To minimise the quantification of minute specs due to background noise and
extra-large particles (not DAXX puncta) caused by very bright patches of
secondary antibody, the particle size range was set (20-500 pixels). The
resultant summary table gave the average size of DAXX puncta. This
quantification step was repeated for each experiment (with five fields of view
for each). The data was added to Prism (GraphPad Prism, version 5.00), a
software program which calculated the mean DAXX particle size for each

experiment then graphed the data.

2.3.34 The expression of p62 in SDFT fibroblasts

Validation of the p62 antibody was carried out in equine SDFT fibroblasts
by fixing the cells followed by immunostaining with anti-p62 antibody. Different
batches of a rabbit polyclonal p62 antibody were shown to result in a different
distribution in SDFT tendon fibroblasts. Use of lot 14 or 15 p62 antibody showed
a predominately nucleolar distribution and in contrast, lot 16 was predominately
cytoplasmic. These differences can be seen in Figure 5-8. To highlight the
nucleolar expression of p62 with lot 14 or 15 antibody, SDFT fibroblasts were
fixed and stained followed by imaging with the inverted confocal laser scanning
microscope to achieve a single equatorial image of p62 in these cells. The
confocal laser scanning microscope was chosen to depict the localisation of
nucleolar p62 clearly. For all of the other images in Figure 5-8, an inverted

phase contrast Axiophot 2 microscope was used.

2.3.35 Bortezomib treatment

SDFT derived fibroblasts were cultured on collagen type | coated glass
coverslips until 80% confluent. Bortezomib, a proteasomal inhibitor leads to the
accumulation of lysine-48 linked polyubigitinated proteins together with an
increase in the expression of p62 in cells (Jia et al., 2012). To determine
whether p62 was responsive to bortezomib (LC Laboratories, #B-1408) in a dose
dependent manner, 1 nM, 5nM, 10nM and 100nM were added to monolayers of
SDFT fibroblasts overnight. Following treatment, the SDFT fibroblasts were
fixed and stained for p62 expression using the above protocol (section 2.2). All
images were captured with an inverted phase contrast Axiophot 2 microscope

(Zeiss).
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2.3.3.6 N-Acetyl Cysteine (NAC) treatment of SDFT fibroblasts
and concurrent NRF-2 staining

To determine the distribution of NRF-2 in control SDFT fibroblasts, a
group of SDFT fibroblasts from one horse was grown on collagen coated
coverslips until 80% confluent and then fixed and stained for NRF-2 (section 2.2).
A separate group of SDFT fibroblasts from the same horse was treated with 200
UM hydrogen peroxide, a source of oxygen free radicals as a positive control. A
third group of SDFT fibroblasts was treated with TmM NAC (N-acetyl cysteine)
(Sigma, #A7250), an anti-oxidant, for 48hrs to determine whether NRF-2 would
be prevented from translocating to the nucleus. At the end of each treatment,
the SDFT fibroblasts were fixed and stained for anti-NRF-2 antibody. Five fields
of view were captured from each coverslip (one representing each experimental
group) with the x40 objective on an inverted phase contrast Axiophot 2
microscope (Zeiss). To quantify the mean intensity of nuclear NRF-2 staining,
five fields of view from each coverslip were imaged with an inverted DM IRE2
confocal laser scanning microscope to create a z stack. The quantification of 75
cells for nuclear NRF-2 pixel intensity was completed with the Leica Confocal

software as described in section 2.2.2.1.

2.3.3.7 NRF-2 and Cx43

To verify NRF-2 co-localisation to gap junctions, a double stain using both
NRF-2 and Cx43 (one of the connexin proteins present in gap junctions) was
performed. SDFT cells were cultured on collagen coated glass coverslips until
80% confluent. The cells were fixed and stained for NRF-2 and Cx43 (section
2.2). The cells were viewed on an inverted DM IRE2 confocal laser scanning
microscope using x40 1.25 oil immersion lens and scanned to give a single

equatorial image.

2.4 Senescence staining

SDFT and DDFT derived fibroblasts were obtained from an adult
Thoroughbred horse (aged 10 years). SDFT derived fibroblasts were also
retrieved from a stillborn foal. The fibroblasts were cultured on glass coverslips

inside 6 well plates until 70% confluent. The DMEM media was removed from the
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6 well plate and the wells were washed with PBS twice. The protocol from a
senescence histochemical staining kit from Sigma (#CS0030) was followed. After
the cells had been fixed, stain was added to the cells and left to incubate at
37°C overnight without CO,. Positive cells stained blue. The SDFT and DDFT
fibroblasts were visualised and imaged using a 40x objective lens on an inverted

phase contrast Axiophot 2 microscope (Zeiss).

2.5 Comet assay

To determine whether replication induced DNA damage affects the
reparative ability of tendon fibroblasts, they were cultured on: 1) collagen type |
coated 60mm dishes until confluent 2) fibronectin coated 60mm dishes until
confluent 3) fibronectin coated dishes until 50% sub-confluent. Sub-confluent
tendon fibroblasts were maintained on a fibronectin matrix as the SDFT
fibroblasts were particularly susceptible to replication-induced DNA damage on
this matrix type as shown in our results in Chapter 3. Confluent cultures were
chosen to minimise replication induced DNA damage in cells that may otherwise
increase the basal levels of DSB damage and potentially affect the reparative
ability of the tendon fibroblasts.

DNA damage was induced by incubation with 200uM hydrogen peroxide
(H202) for 5 min on ice. To assess repair capacity, a separate group of tendon
fibroblasts was treated with H20; (Sigma, #H1009) followed by a 1 hr recovery
period at 37°C. Both treatment groups were compared with a control (untreated)
group. An alkaline comet assay was performed according to the manufacturers’
instructions (Trevigen Inc, Gaithersburg, MD, USA, #4252-040-K). This assay was
chosen as it is a more sensitive method for detecting the presence of both single
and double strand breaks, a feature of hydrogen peroxide induced DNA damage

(Driessens et al., 2009). All experiments were completed in triplicate.

The control (untreated) cells were trypsinised (0.05% trypsin/EDTA, Life
Sciences) immediately, re-suspended in PBS and 1X10° cells were embedded in
molten agarose at a dilution of 1:10 and placed onto individual sample areas on
a Trevigen Comet Assay slide. The cells had to be lifted and embedded in
agarose as quickly as possible to prevent trypsin induced DNA damage. The
“treated” SDFT and DDFT fibroblasts were incubated with 200uM H02 for 5 mins
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on ice and processed immediately as described above. The “recovery” group of
fibroblasts were treated with H;0;, rinsed with PBS and fresh media was added
to the cells. The cells were then maintained in an incubator for 1hr at 37°C

before being processed as above.

To allow the LMAgarose (low melting point agarose)/cell mixture to
solidify into a gel-like consistency, the slide was placed at 4°C for 10 mins. To
achieve gentle cell lysis, the slide was placed in a pre-chilled Lysis Solution
(Trevigen Inc, Gaithersburg, MD, USA) at 4°C for at least 30 mins, followed by
unwinding and denaturation of the DNA with an alkali for approximately 40 mins
(200mM NaOH, 1mM EDTA). Electrophoresis was used to migrate out the
damaged DNA from the “nucleoid” (a term used to describe the agarose
encapsulated DNAs from each individual cell). If a Trevigen Comet Assay ES I
tank is used for electrophoresis, it is important to ensure that only 850ml of
electrophoresis buffer solution is used to achieve a buffer height above the
slides of 0.4cm. Otherwise, the efficiency of electrophoresis will be poor. Each
run was standardised with control etoposide “damaged” cells with expected

comet tail grades (Trevigen Inc, Gaithersburg, MD, USA).

After 30 mins of electrophoresis (at 21V constant), the slide was washed
twice with distilled water and fixed with 70% ethanol for 5 mins. The slide was
dried at room temperature for 10-15 mins before staining with a fluorescent dye
(SYBR Green 1) for 5 mins at 4°C to enable visualisation of the DNA (30ul/ sample
area). To achieve maximal resolution of each sample the slide was left at 4°C
overnight to allow the agarose to dry completely. Images were viewed and
captured using a using a 40x objective lens on an inverted phase contrast

Axiophot 2 microscope (Zeiss).

2.5.1 Quantification of oxidatively damaged cells via comet assay

100 comets (individual cells) were randomly chosen from the control,
treatment and repair groups for both the SDFT and the DDFT. The degree of DNA
damage for each comet was quantified using a visual scoring system employing 5
categories ranging from 0 (no tail) to 4 (almost all DNA in tail). Summing the
scores of each of the individual comet values (0-4) gives an arbitrary total score

between 0-400, with the highest values representing the most severe damage
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(Collins, 2004). The total arbitrary scores taken from two TB horses were
averaged for the control, treatment and repair groups on both collagen and
fibronectin respectively. The data was added to Prism which graphed the mean

arbitrary scores for all of the experiments.

2.6 Choice of heat rig equipment

Much difficulty was experienced in finding the most appropriate heating
apparatus, the ideal qualities being low cost, accuracy, ease of use and
reproducibility. The first basic heating apparatus we considered for use in the

experiments was the unstirred standard laboratory water bath.

The advantages of the water bath were its ease of use and the fact that a
large number of cell culture dishes could be heated simultaneously. A type K
thermocouple attached to a digital reader (RS Components) was used to measure
media temperature inside control cell culture dishes through a small hole in the
top. The experimental heating of equine tendon fibroblasts was completed
simultaneously in separate test dishes as the creation of a hole on the top of the
dishes could have introduced bacterial contamination in the cell dishes. This
experimental set up only indirectly measured the temperature of the test

dishes.

Readings taken from the centre and edges of the control dishes suggested
that there was a temperature variation across the plate by as much as 2
degrees. There was also a clear difference in the morphology of the SDFT
fibroblast monolayer across the culture dishes, when heated up to 45°C for 10
mins in the water bath (Figure 2-2). At one end of the dish, the SDFT derived
fibroblasts were morphologically normal with isolated clusters of rounded up
cells. In the middle of the plate, there was an increase in the number of rounded
up cells and at the other end of the dish, where the temperature was highest,
the majority of the cells had become permanently detached from the surface

into the media which suggested that cell death had taken place (Figure 2-2).

We had a heating rig made to suit our specific needs by the Bioelectronics
group at the University of Glasgow. It was composed of 4 Peltier elements

positioned underneath a metal plate (Figure 2-3). The Peltier elements use the



75

principle of the “thermoelectric effect” whereby there is a difference in voltage
across the element creating a temperature gradient. The arrangement of the
four Peltier elements allowed rapid heating or cooling of the metal plate to take

place.

The Peltier elements were connected to a controller responsible for
temperature regulation by altering the voltage across the elements. A set of pre-
engineered temperature settings was used. In control dishes, the temperature of
the media was monitored constantly by a thermocouple inserted through a small
hole of the cell culture dish lid. The thermocouple was directly connected to the
controller through a port. One of the biggest limitations of this apparatus was
poor temperature regulation by the controller because fluctuations in the
temperature (by as much as one degree) were seen within control dishes. The
fluctuations in temperature were believed to be caused by electronic noise as a
result of random fluctuations in the electronic signal possibly through poor
insulation of the electronic circuits (pers.comm N.Mirzai). As a result,

unacceptable variation in temperature was recorded in replicate dishes.

Due to the significant limitations of the two sets of apparatus described
above, we decided to purchase a resistive heater from Cell MicroControls
(Norfolk, VA). This device uses current flow through a conductor to release
heat. The amount of current applied across the conductor can be varied and the
heat given off is proportional to the current and the electrical resistance of the
conductor. A glass plate coated with indium tin oxide (ITO) was the conductor
unit. This plate was enclosed to minimise changes to airflow which would

otherwise affect the temperature of the plate (Figure 2-4).

Two thermistors were used in this experimental set up. One was attached
to the glass plate using latex based glue (Copydex) and was thermally coupled to
the plate using a silicone based thermal compound. The second thermistor was
inserted through a minute hole in the cell culture dish lid where it measured the
temperature at the bottom of the dish (Figure 2-4). Both thermistors were
attached to a mTCIlI micro-Temperature Controller (firmware version V49H)
(Figure 2-4). For our purposes, a thermistor was chosen for its accuracy in the
detection of the temperature range being used in the experiments (37°C- 52°C).

Thermistor accuracy of the set temperature between 37°C and 50°C has been
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recorded as being approximately 0.2°C (pers comm H.Cornell). During the
calibration of the temperatures used in my experiments, there was greater
fluctuation in the temperatures measured so thermistor accuracy was slightly

lower (approximately 0.5°C).

The mTCIl micro-Temperature Controller was connected to the serial port
of a computer via a R5232 cable with a DB9 serial adaptor and the temperature
from the two thermistors was recorded every 5 seconds. This data was entered
into a software program (RealTerm version 2.0.0.70- Figure 2-5) which enabled
close monitoring of the temperature inside the cell culture dishes and
furthermore at the end of the heating period, a txt file with this data could be
downloaded into Microsoft Excel 2003. One of the advantages of this software
program was the ability to calibrate the heating rig prior to the experimental
work to calculate the accuracy of media temperature inside the cell culture
dishes. Each of the set temperatures being used for the experiments was
calibrated and graphed (Figure 2-6). The rate of temperature used in my
experiments was approximately 1-2°C/min as a study by Wilson and Goodship
showed there was a 2°C/min temperature rise within the SDFT during a galloping
session (Wilson and Goodship, 1994).The graphs in Figure 2-6 show the
reproducibility of the temperatures being used. There were two major
limitations of the apparatus, the first being the small size of the glass plate
allowing only one 60mm cell culture dish to be heated at one time. The second
was residual temperature variation across the plate as different morphological
changes were evident in cells at the centre of the dish versus the edge, as
reported previously with the other heating systems. For the cell death
experiments only the cells in the centre were counted as this was where the
thermistor was placed during the calibration of the rig. Despite the limitations of
the heating rig, it was easy to use, accurate, reproducible and the advantages

outweighed those of the two other sets of apparatus.
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Figure 2-2  Difference in cell morphology across the cell culture dish

There was a clear difference in the cell morphology across a 60mm cell culture dish. At position 1
the majority of SDFT fibroblasts were morphologically normal with small numbers of rounded up
cells on the dish. In position 2, which corresponds to the middle of the dish, there is an increase in
the number of rounded up cells. At the other end of the dish, in position 3, most of the SDFT

fibroblasts have permanently detached from the dish. Images were given with permission from T.
Rich.
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Figure 2-3 The tendon thermocycler heating apparatus

This heating apparatus was designed by the Bioelectronics group at the University of Glasgow. The
cell culture dishes (A) rest on a metal plate which is heated by 4 Peltier elements (B). The
controller (C) was responsible for temperature control by altering the voltage across the Peltier
elements. A thermocouple measured the temperature of the media and this information was
relayed to the controller through a port (D) on the controller. Only set temperatures could be used
with this equipment ranging from 20°C, 29°C, 37°C, 42°C, 45°C (E).
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Figure 2-4 Resistive heating rig from Cell MicroControls

This resistive heater was composed of a glass plate (A) coated with indium tin oxide (ITO), a good
conductor of heat. The plate was enclosed to minimise temperature fluctuations. Two thermistors
were used to calibrate the temperature of the liquid/media inside the cell culture dish (B) and the
glass plate (C). These two thermistors were attached to the mTCIl micro- Temperature Controller
(D). The controller was able to monitor the temperature of both surfaces (E). A RS232 cable
relayed 5s temperature readings from the controller to a computer (F).
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2.6.1 Calibration of the Cell MicroControls heating rig

One of the most important steps prior to the start of experimentation
with heat shock was calibration of the heating rig. The Cell MicroControls
heating rig (Norfolk, VA) had two thermistors, one attached to the glass plate of
the conductor unit and the other measuring media temperature through a
minute hole on the top of the cell culture dish. The thermistors would record
the temperature from these two areas every 5 seconds and transmit this data to
a software program (RealTerm (Version 2.0.0.70)). A snapshot of the RealTerm
software program can be viewed in Figure 2-5. At the end of the experiment,

the data was saved as a txt file which was then transferred to Microsoft Excel.

The first five rows (A-E) in Microsoft Excel contained A) data on the time
recorded B) the symbol T1 (1st thermistor recording media temperature) C) the
temperature recorded by T1 at that moment in time D) the symbol T2 (2"
thermistor- recording the temperature of the glass plate) and E) the

temperature recorded by T2 at that moment in time.

To place time 0 in a cell e.g. K1, the following calculation was put in the
fx icon of Excel =A1-(the data recorded in the first cell). This was repeated for
the whole A column e.g. for time 5 seconds, the calculation used was A2- (data

recorded) etc.

The temperatures recorded by the two thermistors did not have decimal
points. To correct this, a new column had to be created. In a new cell e.g. L1,
the following calculation was completed: =C1/10. By doing this, it would convert
a temperature reading of 351 to 35.1°C. This calculation was repeated for all

temperatures, e.g. =C2/10 etc.

All of the temperatures used in the experiments were calibrated 3 times.
For each temperature used in the experiments, (43°C, 47°C, 52°C) all three runs

were graphed (Figure 2-6).
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Figure 2-6 Calibration curves for the Cell MicroControls heating rig

SDFT fibroblasts were heated to (A) 43°C, (B) 47°C and (C) 52°C with the Cell MicroControls heat
rig. The temperature was recorded every 5 seconds for a period of 15 mins (900secs). These
calibration experiments were run in triplicate. A line graph was constructed outlining the
temperature in degrees over time in seconds. The rate of temperature increase was between 1-
2°C/min (see section 2.6).
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2.7 Measurement of Hsp-72 expression in SDFT and
DDFT fibroblasts with heating and cooling

2.7.1 Heat shock protocol

SDFT and DDFT tendon fibroblasts were seeded (1x10° cells) onto type |
collagen coated 60mm plates and cultured until confluent. The cells were
initially maintained in 5ml complete DMEM with 10% serum and 1% P/S (and low
glucose). 24 hours prior to the commencement of experiments, the serum levels
were dropped to 1%. Both low serum conditions and confluent cultures were
introduced to minimise replication induced DNA damage in the SDFT and the
DDFT. Throughout the heating experiments, the media (with 1% serum and 1%
P/S) was sourced from one bottle to minimise any variations between batches
that could have an effect on the experiments. The media was kept constant
during the heating and the recovery period i.e. it was not changed as this also

minimised any effect of new media on the experimental results.

Confluent cultures of tendon fibroblasts were heated for 15 minutes at
43°C, 47°C or 52°C on the heating rig. Following the heating period, the cells
were left to recover at 37°C for 1, 4, 24, 48 and 72 hrs. At each of the recovery
times the cells were detached by trypsin/EDTA 0.05% (Invitrogen), pelleted by
centrifugation (1000rpm for 5 mins) and lysed using RIPA buffer

(Radioimmunoprecipitation assay buffer) for western blot analysis.

2.7.2 Cold shock protocol

Confluent tendon fibroblasts were cooled in dishes inside a pre-chilled
gassed incubator set at 26°C. All cells were maintained in 20% Oz, 5% C02 with
the balance provided by Nitrogen i.e. atmospheric oxygen. 3 separate groups of
SDFT or DDFT derived tendon fibroblasts were cultured at 26°C for 1hr or 4hr or
16hrs then left to recover at 37°C for 1hr, 4hr, 24hr, 48hr and 72hrs. To
determine whether the tendon fibroblasts were capable of expressing Hsp-72
protein without a recovery period, SDFT and DDFT derived fibroblasts were
cultured at 26°C continuously for 1hr, 4hr, 24hr, 48hr and 72hrs. The tendon
fibroblasts were trypsinized (as above) and analysed for Hsp-72 expression by
western blot at each of the recovery time points or in the case of the cold

shocked cells, at each of the cold shock time points.
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2.8 Western blotting

2.8.1 Preparation of the cell lysate(s)

The cells were gently trypsinized from the plates (0.05% trypsin/EDTA).
The media from each plate was also collected to ensure any floating/detached
cells were included in the cell pellet following centrifugation at 1000rpm for 5
minutes. The resultant pellet was re-suspended in 100ul RIPA buffer (50mM Tris-
HCL pH 7.4, 150mM NaCl, 1mM EDTA, 1% v/v Triton X-100, 1% w/v sodium
deoxycholate, 0.1% w/v SDS) to ensure sufficient lysis of the cell membranes,
thus allowing proteins to be released from the cells. The RIPA buffer contains a
protease inhibitor cocktail (Roche #11836170001) to minimise endogenous
protease activity which could damage and/or denature the proteins in the
sample. The lysate was also kept on ice for 30 mins to minimise endogenous
protease activity during lysis of the cells. The cell lysate was centrifuged at
13,000rpm for 20 mins at 4°C and the supernatant was collected into a 1.5ml
Eppendorf. All samples were stored at -80°C when not being used. Freezing of
the samples at this temperature inhibited protease activity and allowed the

samples to be stored for longer periods of time.

2.8.2 The BCA Assay

The Bicinchoninic assay (BCA) was used to measure the total protein
concentration of each sample to ensure equal amounts of protein were loaded in
the western blot. This assay relies on the formation of a Cu?*-protein complex in
alkaline conditions resulting in the conversion of this cation to Cu*. The
absorbance (562nm) of this chromogenic agent (Cu*) is directly proportional to

the amount of protein in the sample (Walker, 1996).

A standard protein concentration curve was constructed using BSA (bovine
serum albumin) to increase the accuracy of protein measurement. A stock
solution of BSA at 1mg/ml was used to generate a range of dilutions at 200, 400,
600, 800 and 1000ug/ml. A 4% w/v solution of CuS04 (Sigma, #BCA-1) was diluted
1:50 with bicinchoninic acid (Sigma, #BCA-1). 25ul of each protein sample and
each BSA protein standard were added into individual wells of a 96 well plate,
followed by the addition of 200ul of the bicinchoninic acid solution. A negative

control consisting of 25ul of RIPA buffer and 200ul of bicinchoninic acid solution
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was included. The 96 well plate was kept at 37°C for 30 mins to catalyse the
Cu?+ reduction by the proteins in the sample. At the end of this period, the
absorbance of each protein sample was measured by a 96 well plate reader
(MultiSkan Ascent 96/384 plate reader, VA). Calculation of the final protein
concentration in mg/ml is achieved using the formula y=mx+c, where x is the

protein concentration.

2.8.3 Preparation of the SDS-polyacrylamide gel(s)

SDS-PAGE electrophoresis separates proteins out according to their
molecular weights. This process involves the migration of charged proteins
through a porous matrix (acrylamide gel) in the context of an applied electric
field. There are two gels used in SDS-PAGE electrophoresis, a stacking gel and a
resolving gel. The stacking gel has a lower pH and larger pore size in comparison
with the resolving gel. The pH, the ionic strength of the buffers used in the
stacking gels and pore size help to concentrate the protein samples into a tight
band. The pH of the resolving gel is higher, pore size is smaller and the ionic
voltage gradient is lost therefore the proteins are separated out according to

size (Srinivas, 2012).

The resolving polyacrylamide gel (10% polyacrylamide) was composed of
the following chemical ingredients: (3.3ml 30% Bis-acrylamide solution, 2.5ml
Tris-HCl buffer (pH8.8), 4.1ml distilled water, 0.1ml 10% SDS detergent, 100ul
10% ammonium persulphate (APS) and 10ul TEMED (N,N,N,N -
tetramethylethylenediamine). This chemical mixture was poured between two
75mm glass plates until the mixture polymerised and solidified. A stacking
polyacrylamide gel (5% polyacrylamide) was then poured on top of the resolving

gel.

The stacking gel was composed of the same ingredients as the resolving
gel but with different quantities which gives a different polyacrylamide gel
percentage (0.83ml 30% Bis-acrylamide solution, 1.26ml Tris-HCl (pH 6.8),
2.14ml distilled water, 0.05ml 10% SDS detergent, 100ul 10% APS and10ul
TEMED). Electrophoresis was performed with a Tris-glycine buffer (pH 8.3, 25mM
Tris, 192mM Glycine and 0.1% SDS) (Biorad, #161-0732EDU).
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2.8.4 Preparation of the protein samples followed by SDS-
electrophoresis

Each protein sample was diluted 50:50 with a Laemmli sample buffer
(277.8mM Tris-HCL (pH 6.8), 4.4% LDS (Lithium dodecyl sulphate), 44.4% (w/v)
glycerol, 0.02% bromophenol blue) (Biorad, #161-0747) followed by heating at
95°C for 5 mins. Heating the samples causes denaturation of the protein mixture
thus breaking down the 3D conformation of the protein and allowing the
antibody to access the epitope of interest (Simpson, 2006). 20ug of each protein
sample were pipetted into separate lanes. 5ul of a protein standard (Biorad,
#161-0374) was used. This product contains various molecular weight markers
and provides an indication of protein size on the gel. The electrophoresis was
commenced at 100V and allowed to run for one hour or until the proteins were

seen to reach the bottom of the gel.

2.8.5 iBlot of the polyacrylamide gel and preparation of the
nitrocellulose membrane

The proteins on the gel were “blotted” onto a nitrocellulose membrane
using an iBlot machine (Life Technologies). This procedure uses an
electroblotting technique where an electric field is applied to the gel which then
mediates the transfer of proteins from the gel to the membrane (Kurien and
Scofield, 2006). Following transfer of the proteins onto the nitrocellulose
membrane (Life Technologies,# IB301001), 15ml of 5% milk/PBS was added to
the membrane for 30 mins to allow blocking of non-specific binding to take
place. The primary antibody, Hsp-72 was added to 5% milk and left at 4°C
overnight with gentle agitation. The complimentary HRP-conjugated 2° antibody
was used at 1:1000 (Dako) for 1hr at room temperature. Washing of the
membranes was completed throughout the protocol with 0.2% Tween-20/PBS.
To allow visualisation of the protein bands, a chemilumiscent HRP substrate
(Immobilon, #WBKLS0500) was added to the nitrocellulose membrane for 5 mins.
The membrane was covered in cling film and exposed to x-ray film for

approximately 30 seconds.
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2.8.6 Loading control

Alpha Tubulin, a 50kDa cytoskeletal protein, is commonly used as a
loading control to ensure equal loading of protein samples has been achieved.
The following protocol was used to probe for alpha Tubulin: To remove the
chemiluminescent HRP-substrate, the membranes were stripped with 0.2M
sodium hydroxide for 15 mins before being re-blocked with 10% milk for 30 mins
to exclude non-specific binding of antibody. The primary antibody was left on
the membrane at a dilution of 1: 100,000 in 10% milk at 4°C overnight. The
membrane was then washed, probed for secondary antibody (Dako) at a dilution

of 1:1000 and processed as outlined above.

During the investigation of Hsp-72 expression in SDFT and DDFT
fibroblasts, it was discovered that there were differences in the expression of
alpha Tubulin in cold shocked lysates. Two bands were visualised on the western
blots, one at 50kDa and another at 55kDa. The band at 55kDa corresponded to
acetyl Tubulin, a cold shock post translational modification (Figure 2-7). As a
result of these differences, Amido Black was used as a loading control for all the
cold shock experiments. To keep the loading control the same, Amido Black was
also used for the heat shocked lysates, with one exception, for SDFT fibroblasts
heat shocked to 43°C. This experiment was the first of the Hsp-72 experiments
and due to insufficient time, it was not repeated to accommodate the Amido
Black loading control. Alpha Tubulin was used as a loading control for all other
experimental work in my thesis including Caspase-3 in Chapter 4 and p62 in
Chapter 5.

Acetyl tubulin

Alpha tubulin

Control 1hr 4hr 24hr 48hr

Figure 2-7 Post translational modification of alpha Tubulin with cooling

SDFT fibroblasts were exposed to 26°C for 1hr, 4hr, 24hr and 48hrs. Control cells were maintained
at 37°C. A western blot was carried out with the cold shocked lysates using two different
antibodies, an anti-alpha Tubulin antibody and an anti-acetyl Tubulin antibody. Alpha Tubulin was
identified as two bands at approximately 50kDa (lower panel). The slight increase in molecular
weight for these bands following cooling was attributed to acetylation, as confirmed by immunostain
(upper panel). The same amount of protein (20ug) was loaded into each lane.
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2.8.7 Amido Black protocol

Amido Black (40ml methanol, 10ml acetic acid and 0.1g w/v Amido Black)
was used to stain total protein on nitrocellulose membranes. The membrane
was rinsed with distilled water three times before 10ml Amido Black was added.
The stain was left for 5 mins at room temperature before it was destained with
several washes of distilled water. The images of the membranes were captured

using a scanner (Epson Perfection V33).

2.8.8 Caspase-3 western blot

To induce apoptosis in equine SDFT fibroblasts, two different drugs were
used namely, 20pug/ml etoposide (Sigma, #E1383), 0.5uM staurosporine and 1uM
staurosporine (Sigma, 54400). Each of these drugs was added to 60mm dishes
containing confluent SDFT fibroblasts overnight. At the end of the treatment
period, the cells displayed the features of apoptotic cell death including
cytoplasmic shrinkage, pyknotic nuclei and permanent cell detachment.
Following treatment with these drugs, the medium was removed from the cell
culture dishes and placed into a 50ml Falcon tube to collect all the floating dead
cells. The few remaining attached cells were removed with trypsin and added to
the 50ml falcon tube. The cells were pelleted by centrifugation (1000rpm for 5
mins) and lysed using 100ul RIPA buffer.

L540 cells, a human Hodgkin lymphoma cell line, were used as a positive
control as the anti- Caspase-3 antibodies specifically recognises the amino acid
residues 165-175 in the human version of cleaved Caspase-3. Various drug
treatments including 0.1pg/ml and 0.5ug/ml etoposide and 5nM bortezomib
were used to induce apoptosis in 3 separate groups of L540 cells cultured in T75
flasks. The drugs were added to 3 T75 flasks overnight. At the end of the
treatment period, the L540 cells were pelleted by centrifugation and 100ul RIPA
buffer was added to create a lysate. All lysates were stored at -80°C when not
being used. The western blot for Caspase-3 was carried out according to the
protocol outlined above. Two anti-Caspase-3 antibodies were used in the
western blot, one from Cell Signalling and the other from R and D Systems (The

details of antibodies used for western blot work are included in Table 2).
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2.8.9 p62 western blot

SDFT fibroblasts were grown in collagen type | dishes and cultured at 37°C
(21% 02, 5% CO2) until confluent. Once confluent, the cells were trypsinized and
spun down into a pellet by a centrifuge (1000rpm for 5 mins) before being added
to a RIPA buffer lysate. The expression of p62 was examined by western blot

using the above protocol (section 2.8).

2.8.10 REAP (Rapid, Efficient and Practical) cell fractionation

This method of cell fractionation splits cells into nuclear and cytoplasmic
components (Suzuki et al., 2010). This method was used to fractionate SDFT
tendon fibroblasts from one horse into 3 components: a whole cell lysate, a
cytosolic fraction and a nuclear fraction. SDFT fibroblasts were cultured on
collagen coated 10cm dishes until confluent. The media from the dishes was
removed and the cells were gently washed with ice-cold PBS to minimise
endogenous protease activity. The cells were scraped away from the surface of
the dish using a plastic cell scraper. 1ml of cell-rich PBS fluid was pipetted into a
1.5ml Eppendorf tube and then centrifuged for 10 sec in a table top Eppendorf
microfuge. The supernatant were removed from the sample and the cell pellet
was re-suspended with 900ul ice cold 0.1% NP-40 buffer followed by pipetting x 5
to ensure good mixing of the samples. 300pl of cell lysate was removed and
labelled as whole cell lysate (WCL). 100ul of 4x Laemmli sample buffer was
added to the WCL and then left on ice. The remainder of the NP-40 cell lysate
(600ul) was centrifuged for 10 secs and 300ul of the resultant supernatant was
removed and labelled as the cytosolic fraction. 100ul of 4x Laemmli sample
buffer was added to the cytosolic fraction followed by boiling of the sample at
95°C for 1 min which aids in the denaturation of proteins in the cytosolic
fraction. At the end of the boiling period, the cytosolic fraction was kept on ice.
The cell pellet of the initial NP-40 cell lysate was re-suspended in 1ml of ice-
cold 0.1% NP40 lysis buffer. The cell lysate was centrifuged for 10 sec then the
supernatant was removed. The cell pellet was re-suspended in180ul of 1x
Laemmli sample buffer and labelled as the nuclear fraction. This fraction was
kept on ice. The WCL and the nuclear fractions were sonicated for
approximately 5 secs to help break up the DNA followed by boiling of the
fractions at 95°C for 1 min. 10pul of the WCL fraction, 10ul of the cytosolic



90

fraction and 5pl of the nuclear fraction were loaded into a 10% polyacrylamide
gel and electrophoresed for 1hr at 100V. The membranes were western blotted
for p62 protein according to the protocol described above (section 2.8). Alpha
Tubulin, a cytoskeletal protein was used to ensure there was clean separation of

the nuclear and cytosolic fractions i.e. no contamination of fractions.

2.9 Thermotolerance in tendon fibroblasts associated
with heating and cooling

2.9.1 Protocol for heating and cooling SDFT and DDFT
fibroblasts

The lethal temperature required to kill SDFT cells was consistently 52°C
(see Chapter 4). Confluent SDFT and DDFT tendon fibroblasts were heated at
52°C for 15 mins on the Cell MicroControl heating rig and then left in recovery at
37°C for 1hr, 4hr, 24hr, 48hr and 72hrs. At each of these recovery times, the
cells were viewed and imaged using a 40x objective lens on an inverted phase

contrast Axiophot 2 microscope (Zeiss).

To determine whether thermotolerance would occur in response to a
lethal heat shock, a separate group of SDFT and DDFT fibroblasts were heated at
a sub-lethal temperature of 47°C for 15 mins followed by a short recovery at
37°C for 4hrs. Recovery at 37°C for 4hrs was chosen as this time co-incided with
high Hsp-72 expression levels in both SDFT and DDFT cells- see Chapter 4). The
pre-conditioned group was then exposed to a lethal temperature (52°C for 15
mins) followed by recovery at 37°C for 1, 4, 24, 48 and 72hrs. Throughout the

experimental work, a control group of cells kept at 37°C was used.

As it is unknown whether thermotolerance can be induced in equine
tendon fibroblasts in response to cold shock, SDFT and DDFT tendon fibroblasts
were pre-chilled by exposure to 26°C for 16hrs followed by 48hrs in recovery at
37°C. The length of recovery period at 37°C was chosen as it co-incided with high
Hsp-72 expression levels in both tendons-see Chapter 4). At the end of the 48hr
period, the cells were exposed to a lethal temperature at 52°C for 15 mins and
left in recovery for 1hr, 4hr, 24hr, 48hr and 72hrs.
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2.9.2 Quantification of cell death

Once the unconditioned or preconditioned SDFT and DDFT fibroblasts
were exposed to a lethal heat shock and left to recover at 37°C for the required
time, the media from each 60mm cell culture dish was removed and replaced
with 1ml 4% trypan blue (Sigma, #T8154) for 3 mins. After this period, the trypan
blue was emptied and rinsed with PBS several times. Fresh PBS was added to
each dish and the cells were viewed using a 20x objective lens on an inverted
phase contrast Axiophot 2 microscope (Zeiss). Each experiment was repeated
three times.

To determine the percentage of attached cells, the number of attached
cells was counted in 5 fields of view and this included all the cells with normal
morphology in addition to the refractile, rounded up cells. The number of trypan
blue positive cells was also counted. Trypan blue traverses compromised cell
membranes, one of the features associated with dead cells (Strober, 2001). The
percentage of attached cells at each experimental time point was calculated by
dividing the number of attached cells by the mean number of control cells. This
calculation was repeated for each of the five fields of view and then averaged to
provide the mean percentage of attached cells for that experimental time point.
This method was repeated for the percentage of trypan blue positive cells. A
representative 3-D column graph showing the mean percentage of attached cells
and positive trypan blue cells over 72hrs of recovery time for both the

unconditioned and preconditioned groups was created in Excel.

2.10 Protein sequence alignments

To determine whether there was protein sequence conservation between
species, an alignment of one or more sequences can be generated and
differences in the numbers and type of individual amino acids can be seen.
Protein sequence alignment was completed for the Caspase-3 protein in Chapter

4 and p62 protein in Chapter 5.

In Chapter 4, two anti- cleaved Caspase-3 antibodies from R&D Systems
and Cell Signalling (which specifically recognises the amino acid residues at 165-

175 in human Caspase-3) were used to determine whether there was species
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cross-reactivity of these antibodies in the horse. If validation of these antibodies
was achieved, one of these antibodies could be used to measure apoptosis in
equine tendon fibroblasts in response to a lethal heat shock. To determine
whether there was sequence conservation of cleaved Caspase-3 at the peptide
epitope (amino acid residues 165-175) in the horse and humans, an alighment of

the sequences was created.

In Chapter 5, to determine whether the NES (nuclear export signal) and
the two NLS (nuclear localisation signals) within the p62 protein sequence of the
human, mouse and the horse was conserved, a multiple protein sequence

alignment of the p62 protein was carried out.

To achieve alignment of the protein sequences between species, the
FASTA protein sequences were retrieved from the NCBI website

(http://www.ncbi.nlm.nih.gov/pubmed) and put into the ClustalW software

program (http://www.ebi.ac.uk/Tools/msa/clustalw2/) which aligns multiple

amino acid sequences together and highlights differences in individual amino
acids. Each species has a NCBI reference sequence code for each protein and this

was recorded in Table 1 below).


http://www.ncbi.nlm.nih.gov/pubmed
http://www.ebi.ac.uk/Tools/msa/clustalw2/

Protein NCBI Reference sequence code

Caspase-3 (Human) CAC88866.1

Caspase-3 (Equine) NP_001157433.1

Protein NCBI Reference sequence code

p62 (Human) NP_003891.1

p62 (Equine) XP_005599229.1

p62 (Mouse) AAH06019.1

Table 2: The NCBI reference sequence codes for the proteins used in multiple

sequence alignment work

The classic leucine rich NES sequence typically displays an amphipathic
alpha helical secondary structure with three hydrophobic residues on one side of
the helix and the fourth hydrophobic residue on the other side (la Cour et al.,
2004). To investigate whether the equine p62 NES sequence follows this classic
pattern, a helical wheel was created as this allows the proteins’ alpha helical
secondary structure to be viewed. The NES sequence of the equine p62 protein
was entered into the sequence icon of the following website

(http://www.tcdb.org/progs/helical wheel.php) and a helical wheel was

created. In the helical wheel, the hydrophobic residues were outlined in blue.


http://www.tcdb.org/progs/helical_wheel.php
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2.11 Immunohistochemistry

Three Thoroughbred SDFT tendons with lesions of varying severity were
obtained from biopsy samples with permission from Professor Janet Patterson-
Kane. All of the samples were formalin fixed paraffin embedded tissues and prior
to fixation, all the samples had to be deparaffinised and rehydrated. The
samples were hydrated three times with a Tris buffer (pH7.5 with 0.05% Tween)
for 5 mins each. Dewaxing of the tendon sections was achieved by immersing
them three times in Citroclear (HD Supplies, #HC5005) for 2 mins each followed
by immersion through graded alcohols (2 x absolute alcohol then 1x 70%
methylated spirits for 3 mins each). At the end of this, cold tap water was used
to rinse the alcohol from the tendon sections. Antigen retrieval is a technique
employed to break down the cross-linkages between proteins created during
formalin fixation. The presence of cross-links between proteins can mask the
epitope of interest (Syrbu and Cohen, 2011), (McNicol and Richmond, 1998).
Heat-mediated antigen retrieval was performed with a pressure cooker (Menarini
Access Retrieval Unit (Menarini Diagnostics, UK)). The tendon sections were
submerged in sodium citrate buffer (pH 6.0) for 1 min 40s at 125°C at full
pressure in the pressure cooker. The sections were then given a 5 min buffer
rinse (Tris pH7.5 with 0.05% Tween), before being loaded onto a Dako
Autostainer (Dako, UK) and given another buffer rinse. Blocking of endogenous
peroxidase activity was employed to reduce background staining by the addition
of Dako Real TM Peroxidase blocking solution (Dako, #52023) for 5 mins followed
by another 5 min buffer rinse. The primary antibody, p62 was diluted 1:2000
with Dako Real Antibody Diluent (Dako, #K8006) and placed onto the tendon
sections for 30 mins at room temperature. The primary antibody solution was
removed and the sections were washed twice for 5 mins each using the Tris-
buffer. The secondary antibody, an anti-rabbit HRP (horseradish peroxidase)
conjugate (Dako Real Envision, #K4065) was added to the tendon sections for a
further 30 mins at room temperature followed by another 2 x 5 mins buffer
rinse. A chromogenic agent, DAB (3,3’-Diaminobenzidine) (Dako,# K4065) which
recognises the HRP conjugated substrate was applied to the tendon sections
twice for 5 mins each to allow visualisation of the antigen complex in the
tendon. Excess agent was rinsed off with water three times. A counterstain, Gills

Haematoxylin, was added for 27 seconds to allow visualisation of the nuclei in
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the tendon, facilitating viewing of the surrounding cells. The slides were rinsed
in water and then dehydrated by passing them through alcohol of increasing
grades, in a reversal of the previous procedure i.e. 1x 70% methylated spirits and
then twice in absolute alcohol. The slides were cleared using Citroclear (3x for a
few seconds each) and mounted using DPX (a mixture of distyrene, a plasticiser
and xylene) mounting media (CellPath, #SEA-1304-00A).

2.12 Statistical analysis

2.12.1 Chapter 3

Calculated results in this chapter were recorded as the mean value. As
the data was not normally distributed, the following non-parametric test was
conducted, the Mann-Whitney U test for comparing the percentage of DNA
damage in different oxygen tensions and on different matrix types. This test was
also repeated for the percentage of replicative and binucleate cells respectively
in these different environmental conditions. Error bars in the graphs
represented the standard error. Statistical significance between results was

represented by *** p-value<0.001, ** p-value<0.01 and *p-value<0.05.

2.12.2 Chapter 4

The data in this chapter subjected to statistical analysis was the
expression of RBM3 in SDFT fibroblasts with heat and cold shock and the lethal
heat shock experiments in SDFT and DDFT fibroblasts. All of the result values
given were recorded as the mean value. The non-parametric Kruskal Wallis test
was used to compare statistical differences between the expression of RBM3 in
control cells with each of the recovery times following heat and cold shock. The
Kruskal Wallis test was also used to compare the percentage of attached cells at
each of the recovery time points following a lethal heat shock in comparison
with the control. The Mann Whitney was used to determine significant
differences in the percentage of attached cells between the unconditioned
versus preconditioned heat and cold shocked SDFT and DDFT fibroblasts.
Statistically significant results were represented by P-values as described in the

previous section.
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2.12.3 Chapter 5

In this chapter, two sets of data underwent statistical analysis, the first
being the comparison of DAXX puncta size in heat and cold shocked SDFT
fibroblasts versus those from unheated control cells. The second set of data
being analysed was the expression of nuclear NRF-2 in SDFT fibroblasts exposed
to various environmental conditions. To determine whether there were any
statistically significant results, the non-parametric Kruskal-Wallis test was used
for both sets of data. Error bars in the graphs represented the standard error.
Statistically significant results were represented by P-values as described in the

previous section.



Antibody

YH2AX
(Ser 139)

KiS2 (also
known as
TPX2)

(Ser1)5)

p21

RBM3

DAXX

Caspase-2

NRF-2

Cx43

p62

Manufacturer

Millipore

1: Abcam
(ab:32795)

2: Abcam
(ab:71816)

phospho-p53 Abcam

(ab:1431)

Calbiochem

Abgent
(AP7397¢)

Santa Cruz
(M-112)

Santa Cruz
(C-19)

Abcam
(ab:31163)

Chemicon

MBL
(PM045)

Clone

JBW301

18D5-1

EA10

RB18776

RN26

Source

mouse

monoclonal

mouse

monoclonal

rabbit

polyclonal

rabbit

polyclonal

mouse

monoclonal

rabbit

polyclonal

rabbit

polyclonal

rabbit

polyclonal

rabbit

polyclonal

mouse

monoclonal

rabbit

polyclonal

Dilution

IC: 1:1000

1C: 1:250

IC: 1:100

IC: 1:200

IC: 1:100

IC: 1:100

IC: 1:100

IC: 1:100

IC: 1:200

IC: 1:100

IC: 1:500

IHC: 1:2000
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Table 3:

Antibodies used for immunocytochemistry

98

The table provides comprehensive antibody details for immunocytochemistry experiments
throughout the thesis.

Antibody Manufacturer Clone Source Dilution
Hsp-72 Enzo Life C92F3A-5 mouse WB: 1:1000
Sciences monoclonal

Alpha tubulin  Abcam - rabbit WB:
(ab:18251) polyclonal 1:100,000
Acetyl- Abcam 6-11B-1 mouse WB: 1:1000
tubulin (ab:24610) monoclonal
Caspase-3 1: Cell - rabbit WB: 1:1000
Signalling polyclonal
(#9611)
rabbit
2: R&D - polyclonal WB: 1:100
Systems
(AF835)
p62 MBL (PMO45) - rabbit WB: 1:1000
polyclonal
Table 4: Antibodies used for western blot

The table provides comprehensive antibody details for western blot experiments throughout the

thesis.
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Chapter 3) The influence of the cell culture
environment on tenocytes from two tendons with
different injury susceptibilities

3.1 Introduction

Energy storing tendons including the superficial digital flexor tendon
(SDFT) are subject to high failure rates associated with exercise. These tendons
are finely-tuned “biological springs” which are also designed to withstand high
levels of force. The maintenance of tendon stiffness is paramount to this
function (Alexander, 2002), (Butcher et al., 2009), (Stephens et al., 1989),
(Riemersma and Schamhardt, 1985), (Wilson and Goodship, 1991). Reduced
matrix turnover and decline in the cellular activity of SDFT tenocytes occur with
maturity. It has been suggested that the tenocytes may ‘switch off’ their cellular
machinery to minimise tendon remodelling and maintain the matrix within
narrow optimal limits for strength and elasticity; this fine tuning comes at the
expense of adequate tendon repair in response to injury (Goodman et al., 2004),
(Birch, 2007), (Birch et al., 2008a). Repetitive loading of the SDFT together with
other exercise related factors such as hyperthermia and ischaemia/reperfusion
are thought to overwhelm the tenocytes’ reparative processes and/or induce
their dysfunction or death, leading to a weaker tendon predisposed to rupture
(Wilson and Goodship, 1994), (Farris et al., 2011), (Millar et al., 2012),
(Leadbetter, 1992), (Patterson-Kane et al., 1997b), (Maffulli et al., 2000),
(Pearce et al., 2009), (Flick et al., 2006), and (Jones et al., 2006).

The removal of cells (i.e. by enzymatic digestion or explant culture) from
their in vivo three-dimensional, mutually contacting arrangement within an
extracellular matrix (ECM) to in vitro culture in two-dimensional cell monolayers
leads to the generation of cellular stress as a result of radical changes in the
physical environment (Rubin, 1997). Cell culture is an inherently stressful event
generating multiple stresses including altered oxygen tensions, different matrix
types and/or stiffness, loss of mechanical signals and exposure to
unphysiological growth stimuli (Halliwell, 2003), (Hadjipanayi et al., 2009),
(Egerbacher et al., 2008), (Rubin, 1997).
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Prior to my study of the effects of exercise-related stress such as
hyperthermia on SDFT and DDFT fibroblasts, the basal behaviour of tendon
fibroblasts in standard cell culture conditions are required to be established.
The detection of subtle differences in damage readout in response to
hyperthermia using two biologically different tendons could be masked by
substantial cell culture induced injury. Understanding the levels of this culture
induced ‘noise’ and how it could be minimised was critical. Although there are
no published studies on the effects of culture conditions on markers of cell stress
in equine tendon fibroblasts, current culture protocols have been shown to lead
to rapid phenotypic drift (Yao et al., 2006b) and slow growth rates in human
tendon stem cells (Zhang and Wang, 2013). The underlying reasons for the rapid
phenotypic drift are unknown. Monolayer cell culture can generate genotoxic
stress leading to premature senescence (also known as “culture shock”)
(Halliwell, 2003), (Wright and Shay, 2002). Senescence is a characterised by a
reduction in cellular proliferation eventually leading to irreversible growth
arrest. It can be caused by shortening of the telomeres (replicative senescence)
as a result of repeated cellular divisions or from cellular stress caused by serum
starvation or oxidative stress (Yang and Hu, 2005), (Cristofalo, 2005), (Ye et al.,
2007), (Herbig et al., 2004). One of the primary causes of culture shock is the
use of ambient (atmospheric) oxygen tensions (21%) (Wright and Shay, 2006).
Virtually every published tenocyte study to date has employed cell culture under
oxygen tensions of 21% although in vivo oxygen tensions in tendon, a poorly
vascularised tissue, are only thought to approximate to 2-3% (Zhang et al.,
2010b), (Wright and Shay, 2006). Elevated levels of oxygen free radicals can
provoke DNA damage and/or alter the replicative characteristics of cells
(Burhans and Weinberger, 2007). These effects can be species specific. For
instance, murine fibroblasts cultured in 21% oxygen accumulated 3-4 fold more
DNA damage compared to growth at 3% oxygen, resulting in their premature
senescence (Parrinello et al., 2003). Immature cell types are equally susceptible
to oxidative stress. Mouse embryonic fibroblasts expressed 3-fold more DNA
damage at ambient oxygen and entered senescence more rapidly than WI-38
human fibroblasts (derived from foetal lung) (Parrinello et al., 2003). In general,
murine fibroblasts exhibited greater susceptibility to cell culture induced stress

than human fibroblasts.
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Composition of the matrix can also alter the behavioural characteristics of
tenocytes e.g. human tenocytes showed differences in proliferative rates and
matrix protein production when cultured on a variety of commercially available
extracellular matrix patches (Shea et al., 2010). Matrix stiffness has been shown
to be critical for cellular proliferation as human dermal fibroblasts cultured
free-floating in 3D collagen matrices showed no proliferation even after 8 days
of culture. On the other hand, attached fibroblasts seeded at the same density
initiated proliferation after a lag period of 4 days. Stiffer matrices with a density
of 20% collagen w/w led to rapid proliferation of dermal fibroblasts with no lag
phase (Hadjipanayi et al., 2009). Cells are able to sense mechanical signals
through a family of integrin receptors on the cell surface which closely connect
the actin cytoskeleton to the ECM through focal adhesion complexes. The
integrins can transmit intracellular signalling cascades into the cell, potentially
influencing cell fate. When GD25 fibroblasts (derived from murine embryonic
stem cell line) were cultured on fibronectin, collagen type Il or laminin, integrin
B1A promoted pro-survival signals in response to radiation genotoxicity (Cordes
et al., 2005).

It is unknown whether the effects of different matrix proteins such as
collagen type | or fibronectin found in normal and injured tendon respectively
can modulate or mitigate the effects of DNA damage caused by high levels of
oxygen free radicals in vitro. Similarly, data is lacking on whether these matrix

proteins can also influence the repair of damaged cells.

Binucleate cells were evident in equine tendon fibroblast monolayers
during my preliminary work with these cells. Although binucleate cells may arise
in cell culture, their frequency was abnormally high when culturing tendon
derived fibroblasts. Binucleation is a replicative stress occuring when there is a
failure of cells to undergo cleavage during mitosis (Wong and Stearns, 2005).
While karyokinesis occurs to replicate the genome, cytokinesis fails. A number of
mitotic defects were believed to potentiate binucleate cell formation leading to
G1 arrest (Wong and Stearns, 2005). Wong and Stearns showed that the G1 arrest
arising in binucleate cells was not provoked by aberrant centrosome number,
increased cell size and/or tetraploidy. Instead it was suggested that the addition
of anti-cytoskeletal drugs causing microtubule depolymerisation (typically used

in studies of binucleation) together with other cellular manipulations led to
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increased DNA damage that triggered cell cycle arrest (Wong and Stearns, 2005).
G1 arrest was attributed to the activation of a p53 associated DNA damage
checkpoint caused by the cytotoxicity of the drugs (anti-cytoskeletal drugs)
used, as less toxic doses led to the generation of binucleate cells which
subsequently re-entered the cell cycle and completed mitosis (Uetake and
Sluder, 2004), (Wong and Stearns, 2005). Some studies have shown that the type
of matrix surface is of importance in promoting the re-entry of binucleate cells
into the cell cycle and producing two monoclear, daughter cells (Uetake and
Sluder, 2004). This would suggest that there is some influence of matrix protein

on DNA damage, acting either by altering susceptibility to injury or its repair.

Regardless of the source of stress, DNA damage is a highly conserved end
product between species and therefore provides a useful method for measuring
the endogenous injury in cells exposed to ‘complex stress’ environments. Whilst
there are multiple types of DNA lesion, the double strand break (DSB) constitutes
the most lethal form of DNA damage in the cell which, if left unrepaired, leads
to apoptosis, genomic instability and cellular arrest (Rogakou et al., 1999),
(Gentile et al., 2003). One of the earliest biochemical events in the DNA damage
response is the phosphorylation of H2AX, a histone variant of H2A in mammalian
cells. Phosphorylated H2AX occurs for a megabase on either side of a DSB (to
induce an ‘open-chromatin’ state for repair) and serves as a reliable and useful
marker for the measurement of DSBs. Each yH2AX focus has several hundred
YH2AX molecules at the DSB site, and studies using irradiated cells have shown
there is a link between the number of y2AX foci and the number of DSBs. This
has been used to quantify the latter in various experimental studies. The yH2AX
puncta are lost as the DNA damage is resolved and repaired correctly. It has
therefore been used to monitor DNA repair which is experimentally useful
(Rogakou et al., 1999), (Sedelnikova et al., 2002), (Paull et al., 2000),
(Leatherbarrow et al., 2006), (Rich et al., 2013).

Oxidative damage to DNA can impair the replication of the genetic
material during the cell cycle and replicative stress in turn can damage DNA.
Exposure of cells to reactive oxygen species can spontaneously result in single
strand DNA breaks. In replicating cells, the double helix is unwound to allow DNA
strand template synthesis to take place. Inefficient DNA replication causes

replication forks to stall or stop because of genomic lesion repair. Single strand
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breaks at a replication fork can then lead to the production of double strand
breaks (Sirbu et al., 2011), (Burhans and Heintz, 2009), (Burhans and
Weinberger, 2007). As there is a close relationship between oxidative stress and
the acquisition of DNA damage, we predicted that replicating cells would be
most sensitive to cell culture induced stress. The monoclonal Ki-S2 is specific for
the microtubule-associated protein TPX2 (also known as p100). This reagent was
used to assess the replicative fraction in SDFT and DDFT fibroblasts. Unlike the
commonly used Ki-67 clone, Ki-S2 does not stain cells in the G1 phase, which
helps us to avoid overestimation of the replicative fraction through inclusion of

damage-induced G1 arrested cells (Rudolph et al., 1998).

There have been no published studies on the reparative ability of SDFT
fibroblasts in response to an exogenous oxidising genotoxic agent (such as
hydrogen peroxide). These data would be of value as defective repair in the
SDFT, in comparison to a second functionally distinct tendon, would suggest a

mechanistic route to microdamage accumulation leading to tendon failure.

The aims of this chapter were:

1) To establish the basal DNA damage and replicative fraction for cells
cultured from two functionally distinct tendons with different injury
susceptibilities at different oxygen tensions and on different matrix surfaces
(collagen type | and fibronectin). It was hypothesised that high oxygen
tensions would increase the percentage of DNA damage in both SDFT and
DDFT fibroblasts.

2) To understand if environmental cues (matrix/oxygen tension) influence
binucleation. As oxidative damage is thought to lead to DNA damage and cell
cycle arrest, it was hypothesised high oxygen tension would increase the
percentage of binucleates in SDFT and DDFT fibroblasts. The use of certain

matrix substrates e.g. fibronectin would reduce binucleation.

3) To determine DNA reparative ability following challenge by a DNA
damaging agent. As SDFT fibroblasts are known to have a poor healing rate in
vivo, it was hypothesised that the reparative ability of the this tendon would

be less than that of the DDFT, a non-injury prone tendon.
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3.2 Results

3.2.1 Tendon specific susceptibility to DNA damage

To test whether environmental variables such as oxygen tension and/or
matrix type could lead to “culture shock” and the accumulation of cellular
injury, the acquisition of DNA damage was measured. Immunostained yH2AX was
chosen as a reliable and sensitive marker of DSBs. The S-phase transition in
fibroblasts is known to result in low levels of reparable DNA damage which is
visible in these cells as low numbers of large YH2AX puncta. Therefore, only cells
containing 7 or more large YH2AX puncta were classified as severely damaged
and included in the quantification of DNA damaged cells (Ichijima et al., 2005),
(Rich et al., 2013). The quantification of immunostained yH2AX was used in
preference to binary live/dead biochemical assays including Annexin V/PI
staining as it provides a more sensitive and versatile indication of ongoing stress
in cells which may otherwise appear healthy by Annexin/PI. Importantly, the
DDR injury response also provides a global downstream read-out of multiple
relevant cell stresses, including inflammatory cytokine secretion (Han et al.,
2006), (Rodier et al., 2009).

The levels of DNA damage were quantified in passage 1 (P1) and passage 2
(P2) SDFT and DDFT fibroblasts cultured on two different matrix types (collagen
type 1 and fibronectin) and two oxygen tensions (20% and 2%). This experiment
was completed in two sets of horse tendons and the data obtained from them
were comparable. There were no significant differences in the percentage of
DNA damage between the two horses suggesting there was no inter-horse
variation in their susceptibility to DNA damage. Figure 3-1 shows the data from

both horses.

The culture of SDFT fibroblasts on fibronectin in ambient oxygen (21%
oxygen) was shown to result in a significant increase in DNA damage with
increasing time in culture, from passage 1 (P1) to passage 2 (P2) in both horses
(P-value: 0.0079) (Figure 3-1A). In contrast, the opposite was found in SDFT
fibroblasts cultured on collagen where the levels of DNA damage significantly
decreased with culture time (P1 to P2) (P-value: 0.0079 for horse 1 and P-value:

0.0317 for horse 2). In normoxic oxygen (2% oxygen), there was a trend for a
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decrease in DNA damage from P1 to P2 irrespective of matrix type in SDFT
fibroblasts (Figure 3-1A). As sample size was small, future experiments would
require larger numbers of horses to detect any potential significant differences

in the percentage of DNA damage with passage number in normoxic oxygen.

There were no significant differences in the DNA damage levels for DDFT
fibroblasts cultured on either matrix type or oxygen tension. However, there
was a trend for an increase in DNA damage from P1 to P2 irrespective of matrix
type or oxygen tension (Figure 3-1C). Again, sample size was small in these
experiments. A larger number of horses would be required for future
experiments to detect significant differences between different environmental

cues.

In general, when comparing the levels of DNA damage between the SDFT
and DDFT, initially the P1 SDFT fibroblasts contained higher levels of DNA
damage in comparison with the DDFT for either matrix type or oxygen tensions.
This is reversed in P2, where the levels of DNA damage in the SDFT fibroblasts
was lower than the DDFT cells, especially for those cultured on collagen in
ambient oxygen conditions. There was one exception to this rule: SDFT
fibroblasts cultured on fibronectin in ambient oxygen conditions exhibited

significantly higher DNA damage levels than the DDFT fibroblasts.

Two potential causes for the DNA damage detected by yH2AX are the
enzymatic digestion process used to extract the tendon fibroblasts from the
tissue and infection with Mycoplasma sp. (Sun et al., 2008). All testing for
Mycoplasma sp. was negative in our tendon fibroblast cultures. To assess
whether DNA damage could have been caused by the extraction of tendon
fibroblasts using enzymes, an alternative method of tendon cell isolation was
chosen. An explant method, where tendon fibroblasts migrate outwards from
tissue fragments into the surrounding environment was employed. The DNA
damage levels in SDFT fibroblasts cultured from explants were not significantly
different from those harvested by enzymatic means. For example, the
percentage of DNA damage in P1 SDFT fibroblasts cultured on collagen in
ambient and normoxic oxygen levels was 12.8% and 6.2% for the explants and

17.4% and 11.7% for harvested cells respectively.
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3.2.2 DNA damage is enriched in the proliferative fraction

When culturing the SDFT and DDFT fibroblasts in vitro, the growth rate of
the two different tendons were noted to be different. Following extraction of
tendon fibroblasts from the tendon core, the DDFT cells were slower to grow at
first then overtook their SDFT counterparts. This suggests that the increase in
DNA damage, at least in the DDFT may be attributed to replicative rate. To
investigate whether the replicative rate was causative in the acceleration of
DNA damage in both SDFT and DDFT fibroblasts, immunolabelling with a mouse
monoclonal antibody, clone KiS2, was used to assess the replicative fraction

under the same set of oxygen tension and matrix conditions.

There was a strong link between the replicative fraction and the
acquisition of DNA damage in both tendons (SDFT and DDFT) especially for those
cultured on collagen. For example, the percentage of replicating cells was
shown to be significantly lower in P2 compared with P1 for SDFT fibroblasts
cultured on collagen irrespective of oxygen tension (P-value: 0.0079). This
replicative profile was similar to that of DNA damage. This finding was seen in
both horses (Figure 3-1B).

For DDFT fibroblasts, there was a trend for an increase in the percentage
of replicating cells in P2 compared with P1 (irrespective of oxygen tension) and
this matched the DNA damage profile. However, the only significant difference
in the replicative profile between P1 and P2 was seen in those fibroblasts from
horse 1 cultured on collagen in ambient oxygen (P-value: 0.0079) (Figure 3-1D).

This again reflects a lack of sample size in these experiments.

When SDFT fibroblasts were cultured on fibronectin, the replicative
profile was similar to those of the DNA damage with one exception. P2
fibroblasts from horse 2 had a very low percentage of replicating cells when
cultured in ambient oxygen in comparison with horse 1. This may be an outlier
finding and could be related to experimental anomalies (Figure 3-1B). The
replicative fraction of P2 horse 1 fibroblasts in ambient oxygen was not as high

as expected as the DNA damage levels on this matrix was 2-3 times higher.
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For DDFT fibroblasts, there was a significantly higher percentage of
replicating cells in P2 compared with P1 in both horses when they were cultured
on fibronectin in ambient oxygen (P-value: 0.0317 for horse 1 and P-value:
0.0159 for horse 2) (Figure 3-1D). This matched the DNA damage profile where

there was an increase in the percentage of damaged cells with culture time.

In normoxic oxygen, the percentage of replicating cells does not increase
in horse 1 DDFT fibroblasts with culture time (one set of data is missing in horse
2) (Figure 3-1D). In contrast, the DNA damage levels were shown to increase
from P1 to P2 in the same oxygen tension. This suggests that replication
associated DNA damage response may be uncoupled on a fibronectin matrix in
both the DDFT and SDFT (where the DNA damage levels were also higher than
expected) irrespective of the oxygen tension. However, the significance of these

findings would need to be investigated by more work on a larger sample size.

The correlation between DNA damage and the percentage of replicating
tendon fibroblasts suggested that replication-induced genotoxic stress was
occurring in both tendons. To verify whether DNA injury occurred in the
replicative fraction of SDFT derived fibroblasts, a double stain of the DNA
damage marker YH2AX and the replicative marker TPX2 was chosen (Figure 3-2).
A polyclonal rabbit anti-TPX2 antibody was purchased for the co-localisation
experiments as KiS2 is a mouse monoclonal antibody specific for
p100/TPX2/REPP68 (YH2AX is also a mouse monoclonal antibody).

Very few non replicating cells were found to express puncta of YH2AX. To
extend these data further, the yH2AX/TPX2 fraction was assessed in SDFT
fibroblasts extracted from a foal; we hypothesised that cells derived from a very
young horse might express a greater replicative fraction and therefore acquire a
greater proportion of DNA damaged cells. For the foal, there was a 19% dual
replicative and damaged fraction as opposed to 13% in adult SDFT fibroblasts
taken from a 5 year old horse. The yH2AX/TPX2 fraction was also examined in
older horses; at 10yrs and 14yrs of age, where the fraction was calculated as

being 7% and 5% respectively.
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Figure 3-1 Measurement of DNA damage and replication in SDFT and DDFT fibroblasts

Graphs A and B show the percentage of DNA damage and the percentage of replicating cells in
SDFT fibroblasts over two passages (P1 and P2). Graphs C and D shows the percentage of DNA
damage and the percentage of replicating cells in DDFT fibroblasts over two passages. Two horses
were used for this experiment (Horse 1: H1 and Horse 2: H2). SDFT and DDFT fibroblasts were
cultured on fibronectin (blue) and collagen (red). The experiments were conducted in ambient
oxygen (light blue and light red respectively) and normoxic oxygen (dark blue and dark red
respectively). The percentage of DNA damage and replication was counted in 5 fields of view for
each experimental condition for both horses. The columns in the above graphs represent the mean
percentage of DNA damage or replication respectively.
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Figure 3-2 Dual stain for both yH2AX and TPX2 demonstrates the significant
association between replication and DNA damage.

SDFT fibroblasts were co-immunostained for TPX2 (green) and yH2AX (red) with a DAPI co-stain
(blue). The replicating SDFT fibroblasts (TPX2) expressed multiple yH2AX foci suggesting
replication induced DNA damage. Scale bar: 50um.
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3.2.3 Evidence of aberrant cytokinesis in SDFT fibroblasts

Genotoxic stress can be indicated by a number of different phenotypes
including micronuclei, stabilised p53 and abnormal mitoses. DNA damage can
lead to aberrant cytokinesis resulting in binucleation of cells (Wong and Stearns,
2005). Micronuclei are small extra-nuclear structures containing chromosomal
DNA thought to be created from mitotic errors producing lagging chromosomes
which are then ejected from the nucleus (Crasta et al., 2012). Replication-
induced DNA damage may also lead to the activation of DNA damage
checkpoints. A typical effector of this response is p53 phosphorylated at serine
15 (a phosphorylation specifically occurring in response to a DNA damage
activated kinase). p53 in turn activates the transcription of downstream targets
including that of p21, a cyclin dependent kinase inhibitor which ultimately leads
to cell cycle arrest (Loughery et al., 2014). The detection of injury (genotoxic
or cytoskeletal) can occur during interphase as well as at the latter stages of
mitosis. Injury detection at mitosis (for example unrepaired lesions or de-novo
breaks) can delay cytokinesis which then gives rise to binucleation (Wong and
Stearns, 2005), (Ichijima et al., 2010). Given the link between DNA damage and
binucleation, it was of interest to determine whether any of these phenotypes
could be detected and whether they were influenced by environmental cues-
namely the two different oxygen tensions and matrix surfaces. Data was

collected from two horses.

Binucleate cells (BN) were evident in all cultures (Figure 3-3). The
percentage of binucleate cells was significantly different between the two
horses. It is unknown whether this is due to inter-horse susceptibility to the
formation of binucleate cells or whether there were experimental differences

(Figure 3-4). Further work would have to be carried out with larger sample sizes.

The oxygen tension and matrix type did not influence the percentage of
binucleate cells with passage number (culture time). There was a significant
increase in the percentage of binucleate cells from P1 to P2 for horse 2 SDFT and
DDFT fibroblasts cultured in ambient oxygen irrespective of matrix type. This
data indicates this horse may be more susceptible to binucleate formation in this

oxygen tension.
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Aberrant nuclear morphology was detected in binucleate cells, by the
presence of micronuclei containing small amounts of damaged DNA. Figure 3-5
shows a binucleate cell with two blebs (containing damaged DNA positive for
YH2AX) extruding from its edges. Once these blebs have detached completely

from the nucleus, they will become micronuclei.

Further confirmation of p53 induced DNA damage checkpoint activation
was examined by investigating whether a transcriptional target of p53, p21 was
up-regulated. As seen in Figure 3-6, p21 was clearly expressed in SDFT cells, not

just in binucleate cells, but also in mononuclear cells.
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Figure 3-3 Binucleate SDFT fibroblasts

Binucleate cells in a monolayer of SDFT derived tenocytes (white arrows). Binucleate cells contain
two nuclei within one daughter cell. The SDFT fibroblasts were stained with CellMask which
outlined the cytoplasmic contents of the cells (red) and DAPI (blue) to stain nucleic acid.
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Figure 3-4 Binucleate cells were detected in all culture environments

The percentage of binucleate cells (BN) was recorded in two different oxygen tensions and matrix
types in SDFT (Graph A) and DDFT fibroblasts (Graph B) over two passages (P1 and P2
respectively). Two horses were used for this experiment (Horse 1: H1 and Horse 2: H2). SDFT and
DDFT fibroblasts were cultured in fibronectin (blue) and collagen (red) in either ambient (light blue
and light red respectively) or normoxic oxygen tensions (dark blue and dark red respectively). The
percentage of binucleate cells was recorded in five fields of view for each experimental condition
for both horses. The columns in the above graphs represent the mean binucleate percentage for
each experiment.
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Figure 3-5 Binucleate cell with bleb containing damaged DNA

Image shows binucleate cell positive for yH2AX (red). The cell was also co-stained with DAPI to
detect nucleic acid (blue). The binucleate cell contains two blebs attached to the nuclei (white
arrows). The blebs contain damaged DNA, as shown with the yH2AX stain.
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Figure 3-6 p21 expression in SDFT fibroblasts

SDFT fibroblasts were stained for p21 (red) and DAPI (blue). The two images were merged
(bottom box). Scale bar: 50um
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3.2.4 Increased lysosomal enzyme activity in tendon cells

Continued or chronic DNA-replication stress and the formation of DSBs is
believed to induce p53 mediated cell cycle arrest and senescence, thus
preventing the proliferation of damaged cells (Zheng et al., 2012), (Marusyk et
al., 2007). A senescent state implies the increased expression of lysosomal
degradation and therefore lysozyme (Lee et al., 2006). This can be detected by
a pH dependent beta-galactosidase stain. A senescence-associated beta
galactosidase stain therefore was used to indicate lysosomal activity in SDFT
fibroblasts from an adult horse. The majority of SDFT cells were positively
stained (Figure 3-7A). For DDFT cells from the same horse, the uptake of stain
was much lower and in positive cells, the staining was less intense (Figure 3-7B).
For fibroblasts from a foal SDFT, only one or two cells were positive per x20
magnification field for the senescence-associated beta-galactosidase stain
(Figure 3-7C).
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Figure 3-7 Senescence-associated beta galactosidase stain was strongest in adult SDFT

SDFT adult fibroblasts were positive for lysosomal activity following staining with a senescence-
associated beta galactosidase stain (Panel A). In comparison, staining was less intense in DDFT
derived fibroblasts from the same horse (Panel B) SDFT foal fibroblasts were almost entirely
negative for the stain (Panel C). SDFT fibroblasts were seeded at the same density for all samples
being compared. Scale bar: 100pm
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3.2.5 SDFT and DDFT fibroblasts showed comparable repair
capacities following exogenous oxidative DNA damage

Foci of yH2AX arise initially because of DNA breaks and will persist if these
breaks are not repaired (Lobrich et al., 2010). High numbers of foci may
therefore represent ineffective repair of these lesions, rather than increased
damage detection as high levels of DNA damage in our equine tendon fibroblast
monolayers did not result in cell death. To determine whether DNA repair was
defective in SDFT and DDFT fibroblasts, these cells were cultured until confluent
on both collagen and fibronectin at ambient oxygen. Confluency was chosen to
minimise replication induced DNA damage in the monolayers as hydrogen
peroxide (H202) was used as an injury stimulus to generate both single-stranded
and double stranded breaks (Driessens et al., 2009). Critically, oxidative damage
is also implicated in exercise-induced microdamage as it is believed ROS are
generated within the tendon tissue during high speed exercise (Millar et al.,
2012), (Longo et al., 2008).

The assessment of DNA repair in two functionally different tendons was
therefore assessed using the comet assay which is a sensitive and direct
biophysical method for detecting multiple types of DNA lesion and repair rates
(Collins, 2004). Detection of yYH2AX foci in cells is an indirect method of
measuring DNA repair in cells as it primarily detects genomic injury at the DSB
site and its presence also indicates that modification of the chromatin has taken
place to allow the accumulation of repair proteins to the site (Paull et al.,
2000). Knock -out mice lacking H2AX have been shown to repair DSBs at a less
efficient rate (Celeste et al., 2002), (Kinner et al., 2008). Therefore, the use of
anti- yH2AX antibodies by immunocytochemistry was not used to monitor DNA

repair.

DNA damage was induced by incubation with 200 uyM hydrogen peroxide
(H202) for 5 min on ice. To assess repair capacity, the H;0; treatment was
followed by a 1 h recovery period. Both treatment groups were compared with
untreated controls. Damaged DNA migrates away from the nucleoid (a term used
to describe the agarose encapsulated DNAs from each individual cell) following
the application of an electric field. When the damaged DNA was fluorescently

labelled, a ‘comet’ shape was visualised for each cell (Rich et al., 2013). The
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comet shape and tail size has been shown to correlate with the severity of DNA
damage (Collins, 2004). A visual scoring system employing 5 categories ranging
from class 0 (no tail) to class 4 (almost all DNA in tail) was used to quantify the
degree of damage in the SDFT and DDFT fibroblasts following treatment with
H20, (Figure 3-8). Summing the scores of each of the individual comet values (0-
4) gave an arbitrary total score between 0-400, with the highest values

representing the most severe damage (Collins, 2004).

Control cells were in class 0 as expected for both the SDFT and DDFT
fibroblasts cultured on collagen and fibronectin matrices (Figure 3-8). Following
a short burst of oxidative stress caused by 5 min of 200um Hz0, treatment,
confluent SDFT and DDFT cells on fibronectin and collagen showed similar levels
of DNA damage with the majority of scores in the ‘3’ range. The mean arbitrary
score for DNA damaged SDFT cells on collagen and fibronectin were 299 and 185
respectively. For DNA damaged DDFT fibroblasts on collagen and fibronectin, the
mean arbitrary score was 306 and 212 respectively (Figure 3-9). Following one
hour of repair, the DNA damage scores had fallen into the ‘1’ range for both
tendons (Figure 3-8). The ‘patterns’ of DNA damage induction and repair were

the same for either matrix protein using the SDFT or DDFT.

As replicative stress appears to have a role in the propagation of DNA
damage in both SDFT and DDFT cells, the comet assay was repeated using sub-
confluent fibroblasts (i.e. replicating) on a fibronectin matrix to determine
whether the cells’ replicative status would affect the repair of lesions caused by
H20,. (Figure 3-9). There was a higher level of (basal) damage in control, treated
and recovered subconfluent cells for both the SDFT and the DDFT fibroblasts on
fibronectin in comparison to confluent cells cultured on the same matrix. As
sample size was small, samples from a larger number of horses would be

required to determine whether this is a significant finding in subconfluent cells.
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Figure 3-8 Comet assay in SDFT and DDFT fibroblasts

Comet assay using SDFT and DDFT derived fibroblasts. Three treatment groups were used for
each tendon, a control group where cells were maintained at 37°C only, a treatment group where
cells were exposed to hydrogen peroxide for 5 mins on ice and a recovery group where the cells
were treated with hydrogen peroxide followed by one hours’ recovery at 37°C. The cells were
graded on the severity of DNA damage using a visual scoring system that employs 5 categories
from 0 (nothing in tail) to 4 (almost all DNA in tail). Images shown at x63 magnification.
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Figure 3-9 Quantification of DNA damage associated with the comet assay

Confluent SDFT (Graph A) and DDFT (Graph B) fibroblasts were cultured on collagen (red) and
fibronectin (blue). Subconfluent SDFT and DDFT fibroblasts were also cultured on fibronectin
(white) to determine whether the replicative rate of these cells would affect the repair of DNA
damaged cells. Two horses was used in this experiment (Horse 1: H1 and Horse 2: H2). The DNA
damage levels were quantified using the visual scoring system as shown in Figure 3-8. 100 cells
from the control, treatment and recovery groups were each quantified for both horses. Summing
the scores of 100 individual comet values (0-4) gives an arbitrary score of 0-400 with the highest
scores representing the most severe damage.
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3.3 Discussion

3.3.1 SDFT fibroblasts are sensitive to replication-induced stress
in certain culture conditions

One of the main findings in this section was that equine tendon fibroblasts
were very susceptible to replication induced DNA damage in vitro. Matrix type
appeared to have an important influence on the DNA damage response in both
tendons. My data suggests that there is a strong link between replication induced
DNA damage on a collagen matrix, however on fibronectin, replication may be
uncoupled with the DNA damage response. This latter statement was based on
my findings where the DNA damage levels would be higher than the replicative
fraction in both SDFT and DDFT fibroblasts e.g. in SDFT fibroblasts cultured on
fibronectin in ambient oxygen, the DNA damage levels were 2-3 times higher
than those of the replicative profile. However, sample size was very small and a
larger number of animals would be required to determine whether this is a

significant biological finding or not.

The exact cause for replication induced DNA damage is still unknown,
although the cell culture environment was thought to be a damaging influence in
both the SDFT and the DDFT. Two factors potentially causing DNA damage in the
monolayers were ruled out, one being the enzymatic extraction of tendon
fibroblasts as the tendon explants displayed comparable levels of damage. The
other possible factor was Mycoplasma sp. infection of the cultures. Mycoplasma
sp. can cause DNA damage detectable by yH2AX immunostaining (Sun et al.,

2008). All testing for infection was negative.

It is possible that the delay in processing of tendon samples and/or
transport conditions for bringing back horse tendons from the abattoir to the
laboratory (6-7 hour drive) was sub-optimal as the DNA damage levels were high
for both the enzymatically extracted cells and the explanted cells (derived from
the same horse). Work completed by my colleagues (post thesis) indicated that
the speed of enzymatic processing may be important for minimising the DNA
damage levels in equine tendon fibroblasts as cells enzymatically extracted from
a horse within 1 hour of death had a smaller number of large yH2AX puncta (Rich
et al., 2013).
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Despite the high levels of replication induced DNA damage in these cells,
very little cell death was present in the cell monolayers i.e. no apoptotic bodies
were visualised and there was an absence of the pan-nuclear yH2AX
immunostaining associated with cellular apoptosis (de Feraudy et al., 2010).
These results indicate that although the tendon monolayers appeared healthy as
cell death was sparse in the cultures, the growth of cells in vitro was still a
stressful environment for the tendon fibroblasts. This underlying cell culture
stress may easily be missed and more tests may be required to check the overall
health status of the cells.

As discussed above, the influence of matrix type played a strong role in
amplifying or mitigating the replication induced DNA damage response in SDFT
fibroblasts especially when cultured in ambient oxygen. P2 SDFT fibroblasts
expressed high levels of phosphorylated YH2AX when cultured on fibronectin in
ambient oxygen and by contrast, reduced levels of DNA damage when cultured
on collagen at the same oxygen tension. This suggests the SDFT may be more
sensitive to injury on a fibronectin matrix. Alternatively, it has been suggested
that fibronectin may promote increased DNA damage response signalling. De
Wever has recently demonstrated that fibronectin promotes DNA damage
recognition (DDR) in an a5 integrin dependent fashion together with increased
stimulation of the phosphatidylinositol 3-kinase pathway, one of the kinases
responsible for mediating the phosphorylation of H2AX at serine 139, resulting in
YH2AX foci formation (De Wever et al., 2011).

Two studies have shown that fibronectin has the ability to override cell
cycle entry checkpoints by suppression of the cyclin-dependent kinase 2 (Cdk2)
inhibitors p21cip/waf and p27Kip1 and induction of cyclin D1 (Jang and Chung,
2005), (Roy et al., 2002). This was not backed up in my data where quantitative
replication KiS2 studies showed the percentage of KiS2 positive SDFT fibroblasts
did not match the percentage of DNA damaged cells, the latter being 2-3 times
higher. This suggests fibronectin may potentiate the DNA damage signalling
response in SDFT fibroblasts. Again, a larger sample size would be required to
determine whether fibronectin does have the ability to amplify the DNA damage

response in equine fibroblasts.
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Conversely, fibroblast adhesion via a1 integrin to polymerised type |
collagen has been shown to inhibit the G1/S phase transition, repressing cellular
proliferation (Xia et al., 2008). These findings are consistent with the decreased

replicative fraction in P2 SDFT tendon fibroblasts on collagen.

The SDFT fibroblasts initially had a higher replicative fraction in P1 on
both matrices and oxygen tensions in comparison with DDFT fibroblasts. This was
reversed in P2 (with the exception of fibronectin at ambient oxygen for the
SDFT). One potential reason for the difference in the replicative fractions
between passages in SDFT and DDFT derived fibroblasts may result from the
greater number of SDFT cells extracted from the tissue during the enzymatic
extraction procedure. The extraction of DDFT derived cells from the tissue was
poor and resulted in very low cell numbers. As there was a difference in the
seeding density between tendons, the growth of the DDFT may lag behind those
of the SDFT and as proliferation of the cells correlated with DNA damage, this
could explain the pattern of damage in the two tendons with increasing culture
time. The enzymatic extraction protocol for DDFT derived fibroblasts will have
to be improved for future studies to optimise cell numbers at the start of all
experimentation work. During the preparation of the tendon core prior to
enzymatic extraction, it was noted that the DDFT tendon tissue was much softer
than the SDFT therefore a more gentle enzymatic digestion may be required,
either by shortening the time of digestion and/or using more appropriate
enzymes suitable for the extraction of DDFT derived fibroblasts from the tendon

core.

3.3.2 Binucleation was influenced by oxygen tension in SDFT
fibroblasts only

Binucleation is normally a rare event in mammalian cell culture (with the
exception of cardiomyocytes) and occurs when there is a failure of cytokinesis in
the later stages of mitosis (Stephen et al., 2009), (Wong and Stearns, 2005). The
use of cell synchronisation treatments in human diploid fibroblasts has been
shown to induce p53 associated G1 arrest in BN cells as a result of DNA damage
caused by the drugs used (Wong and Stearns, 2005). Our experimental work

demonstrated up-regulation of stabilised p53 and its transcriptional target, p21,
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in BN cells; however, the numbers of BN cells formed were not influenced by the
DNA damage levels (YH2AX levels).

The percentage of BN cells was shown to accumulate with culture time in
horse 2 SDFT and DDFT fibroblasts which indicates that this horse may be more
susceptible to the formation of BN cells. This horse also displayed an increased
BN number in comparison with horse 1. Further studies are required to
determine whether these differences between horses are due to different injury
susceptibilities between horses or whether there was a difference due to

experimental nuances.

The culture of rat embryonic fibroblasts on matrix coated surfaces
especially those using fibronectin, have been shown to rescue binucleate cells
and favour their re-entry into the cell cycle (Uetake and Sluder, 2004). Our
experimental work did not reveal any influence of matrix type on BN number,
but this may be a reflection of species specific differences in their predisposition
to BN formation (Uetake and Sluder, 2004), (Stukenberg, 2004).

3.3.3 Increase in lysosomal enzyme activity in adult SDFT
fibroblasts

Adult SDFT fibroblasts showed increased staining with senescence-
associated beta galactosidase (SA-B gal) in comparison to the DDFT and the foal
SDFT. The SA-B gal activity at pH 6.0 has been used as a marker of cell aging in
vitro (Dimri et al., 1995). One of the features of senescent cells is a reduction in
proliferation eventually leading to irreversible growth arrest (Maehara et al.,
2010). During our experimental studies, SDFT derived fibroblasts continued to
proliferate despite a large number of cells staining positive for the SA-B gal
marker. Other senescent phenotypes such as an increase in cell size (by two
fold) and a flattened morphology were not present in the SDFT cells (Lee et al.,
2006). Therefore, we propose that the SA-beta gal positive cells have not
entered a state of irreversible cell cycle arrest but instead are likely to be

expressing increased lysosomal activity (Lee et al., 2006).

The reliability of the aging assay has been questioned by a number of

authors for its lack of specificity as SA-B gal staining has been shown to be
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increased not only in cells with increased replicative age but also in quiescent
cells or serum starved cells. In senescent cells or in hydrogen peroxide treated
cells the increase in SA-B gal staining has been shown to be irreversible but
reversible in serum starved cells and other conditions (Yang and Hu, 2005),
(Cristofalo, 2005). The activity of SA-B gal has been attributed to the lysosomal
B-D galactosidase enzyme that is localised to the lysosomes. Maximal activity of
this enzyme occurs at pH 4.0-4.5. At pH 6.0, its activity is much lower (Zhang et
al., 1994). Senescent cells display higher levels of lysosomal B-galactosidase
activity due to an increase in lysosomal number and content, thus exceeding a
threshold level where the expression of this enzyme will be higher at pH 6.0
(Kurz et al., 2000), (Lee et al., 2006).

The reason for the increase in lysosomal activity in adult SDFT fibroblasts
is unknown. It could be caused by cell culture related stress producing an
increase in protein damage which is then targeted for degradation. Adult SDFT
fibroblasts retrieved from the in vivo environment where subclinical
microdamage could be present may be more likely to be aged or injured as a
result of repetitive exercise. As damaged proteins are more commonly found in
aged or injured cells, up-regulation of the autophagosome- lysosome systems
would already be in place to remove these proteins (Bjarkay et al., 2005). This
test needs to be repeated with more animals to determine whether this is a true
biological finding and most importantly, a more reliable marker for lysosomal

activity needs to be used.

3.3.4 The SDFT and DDFT had similar rates of repair

Comparable rates of DNA repair were noted in both SDFT and DDFT
fibroblasts irrespective of matrix type which suggests the SDFT does not exhibit
an impairment or deficiency in DNA repair due to intrinsic endogenous injury
caused by free radicals. Most of the DNA damage caused by hydrogen peroxide
treatment was repaired within one hour. Complete repair may have occurred if
the cells had been left to recover for longer. In general, these results show the
SDFT can repair genotoxic damage in response to a stressor, however this does
not equate to the complete repair of matrix damage which may potentially be
sub-optimal, especially when matrix turnover is known to be very slow (Thorpe

et al., 2010). Furthermore, my results are based on a small sample size and a



128

larger study would be required to determine whether both the SDFT and the
DDFT show a comparable rate of repair on these matrix types in response to an

oxidative stress.

The DNA damage levels in confluent SDFT monolayers cultured on
fibronectin were much lower than the sub-confluent cells on the same matrix
which suggests that the replicative status of the tendon cells may have an effect
on the ability of the tendon fibroblasts to repair damage. The tendon fibroblasts
are believed to have a low replicative rate in vivo as the turnover of the ECM is
very low (Batson et al., 2003). The introduction of SDFT tendon fibroblasts into
the cell culture environment may induce a de-differentiation state in vitro
producing a replicative phenotype (Zhang et al., 2010a) susceptible to genotoxic
stress and thus the repair processes may become overwhelmed. The influence of
small differences in the basal levels of DNA damage may alter the injury
threshold for these cells and as such future work will required to minimise the
levels of genotoxic stress in replicating cells (Rich et al., 2013). For example,
the use of low serum (1%) in cell culture media may slow down tendon fibroblast
proliferation through a reduction in the availability of growth factors and
nutrients thus minimising replication induced DNA damage (Rhudy and
McPherson, 1988). Another method for reducing tendon fibroblast proliferation
would be to culture tendon cells on slices of tendon matrix taken from the tissue
itself or use 3-D synthetic matrices that closely resemble the ECM in vivo. Within
the tendon, the tendon fibroblasts are located in small niches where they
interact with the collagenous and non-collagenous components of the ECM and
additionally with each other via a number of communication channels including
gap junctions and adherens junctions (Ritty et al., 2003), (McNeilly et al., 1996),
(Ralphs et al., 2002), (Rich et al., 2013). These interactions may be required for
tendon derived fibroblasts to maintain their differentiated status (i.e. slow

replicative state) in vitro.

There was a marked difference in results when comparing the low injury
levels of SDFT fibroblasts as assessed by the comet assay and the high levels of
immunostained yH2AX foci in P2 SDFT fibroblasts when cultured on fibronectin.
This difference may be a reflection of the methods used. Measurement of yH2AX
foci in cells may indicate that there is increased sensitivity to an injury rather

than an increase in DSBs. Phosphorylation of H2AX is mediated by ATM kinase in
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response to DNA DSBs leading to the activation and recruitment of a number of
repair proteins to the site of the break (Burma et al., 2001), (Paull et al., 2000).
Phosphorylation of H2AX has also been shown to occur when stress-induced
chromatin re-organisation takes place i.e. often without DNA breaks (Ichijima et
al., 2005). In contrast, the comet assay is a method which directly measures
multiple types of DNA lesions, such as single and double strand breaks,

incomplete excision repair sites and cross-links (Rich et al., 2013).

In summary, the data presented in this chapter suggests that both SDFT
and DDFT equine tendon fibroblasts are susceptible to replication induced
cellular injury in cell culture and this in turn could lead to rapid phenotypic
drift, slow growth rates, premature senescence (Yao et al., 2006b), (Zhang and
Wang, 2010), (Tsai et al., 2011). Genotoxic stress in tendon fibroblasts also gave
rise to a number of phenotypes including micronuclei, stabilised p53 and
binucleation. Tendon fibroblasts are commonly expanded in vitro to increase the
yield of tendon fibroblast-like cells for investigative purposes (Durgam et al.,
2011), (Taylor et al., 2009). Early passage cells with high levels of DNA damage
would not be suitable for experimental purposes and further investigation will be
required to find the most appropriate culture conditions for growing tendon
fibroblasts in vitro (Rich et al., 2013). Finally, the SDFT and DDFT fibroblasts
exhibited comparable repair capacities. This suggests the SDFT does not have

any deficiency in the repair of genotoxic DNA lesions.
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Chapter 4) Heat Shock Protein-72 and
thermotolerance in tenocytes

4.1 Introduction

Tenocytes are tendon fibroblasts responsible for the synthesis,
degradation, turnover and repair of the collagen rich tendon extracellular
matrix. Tendons are sparsely populated with less than 300 tenocytes per mm? in
the SDFT. A range of exercise-associated factors including tendon core
hyperthermia is known to have detrimental effects on tendon fibroblasts by
directly or indirectly causing cell death and/or cellular dysfunction (Wilson and
Goodship, 1994), (Farris et al., 2011), (Millar et al., 2012), (Leadbetter, 1992),
(Patterson-Kane et al., 1997b), (Maffulli et al., 2000), (Pearce et al., 2009),
(Flick et al., 2006), (Jones et al., 2006). Loss of tenocytes in a sparsely
populated tendon as a result of hyperthermia (Stanley et al., 2007) would be
predicted to have significant effects on the reparative and regenerative ability

of energy storing tendons.

The SDFT acts as an energy storing tendon by converting both kinetic and
potential energy into elastic energy during weight bearing associated
deformation. This increases the efficiency of locomotion. Approximately 5% of
elastic energy is lost as heat during elastic recoil of the tendon during exercise.
Heat generated within the tendon is inefficiently dissipated due to its poor
vascular supply resulting in temperatures as high as 45°C being recorded in the
tendon core of the SDFT in the distal forelimbs of galloping racehorses (Wilson
and Goodship, 1994), (Alexander, 2002). In contrast, the DDFT is not an energy
storing tendon, does not experience the same strain values (percentage
elongation) during exercise compared to the SDFT and as a consequence, is not
believed to be exposed to hyperthermic temperatures during exercise. This has

never been recorded in vivo, however.

Hyperthermic stress induces a variety of intracellular changes including
membrane fluidisation, transient cell cycle arrest and a change in cell form
manifested as rounding and shrinkage of cells caused by modifications in the
cellular cytoskeleton (Balogh et al., 2005), (Luchetti et al., 2004), (Bellmann et
al., 2010), (Gabai et al., 2000), (Zolzer and Streffer, 1995). One of the adaptive
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cellular responses to stress is the production of heat shock proteins. These
molecular chaperones aid in the refolding of damaged proteins and protect
against Caspase dependent and independent cell death (Chow et al., 2009)
(Gabai et al., 2000), (Jaattela et al., 1998).The production of inducible heat
shock protein 72 has been shown in several studies to participate in the
development of thermotolerance, a transient resistance to stress induced by
prior exposure to heat or other stressors. This provides cells with a survival
advantage against subsequent stresses, (Gabai et al., 2000), (Chow et al., 2009),
(Cheng et al., 2011).

There are no published studies to date which have quantified how heat
stress affects two biologically distinct equine tendons, the SDFT and DDFT e.g.
the induction and kinetics of Hsp-72 protein are unknown. There may be
differences between SDFT and DDFT fibroblasts in their ability to protect
themselves from a damaging heat shock. As the SDFT is routinely exposed to
elevated temperatures during high intensity exercise, it might be predicted that
it may be preconditioned (thermotolerant) and therefore less sensitive to a
subsequent lethal heat shock. Then again, the SDFT is notoriously injury prone

which suggests that preconditioning may be inadequate in these cells.

Whilst thermal preconditioning is well-known to provide a survival
advantage to cells prior to a lethal heat shock, it is not known whether
thermotolerance can also be achieved using cooling methodologies in equine
tendon fibroblasts e.g. a preconditioned cold shock prior to a lethal heat shock.
Cooling of IMR-90 human diploid lung fibroblasts and other cell types such as
neonatal rat cardiomyocytes has been shown to induce heat shock protein 72 in
the recovery phase following cold shock, however there was no data on whether
there was up-regulation of Hsp-72 during cold shock itself (Liu et al., 1994),
(Laios et al., 1997). Roobol and coworkers demonstrated that Hsp-72 induction
was not detectable in CHO-K1 (Chinese Hamster ovary) cells during cold shock or
its recovery (Roobol et al., 2009). There may be species specific differences in
Hsp-72 induction during cold shock and recovery. No data exists on whether Hsp-

72 induction takes place during cold shock in equine tendon fibroblasts.

Another reason for the poor induction of Hsp-72 during cold shock and

recovery may be due to the suppression of protein translation during cold shock
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which therefore limits the production of de-novo heat shock proteins. Cells
generally respond to moderate hypothermia (25°C-35°C) by suppressing protein
transcription and translation, reducing the metabolic rate in addition to
inhibition of ATP expenditure and consequent reduction in oxygen free radicals
(Al-Fageeh and Smales, 2006), (Neutelings et al., 2013). One of the survival
mechanisms cells employ during cooling is up-regulation of RBM3 (RNA binding
motif protein 3), a cold-shock inducible protein which has the ability to enhance
the translation of certain proteins (Dresios et al., 2005), (Pilotte et al., 2011).
Maximal levels of RBM3 mRNA production at moderate hypothermia (32°C) has
been shown to occur at 18hrs of cooling in NC65 cells (human renal carcinoma
cell line) which suggests that there may also be a time-dependent effect of de-

novo protein synthesis (Danno et al., 1997).

The up-regulation of RBM3 mRNA was shown to occur in murine
organotypic hippocampal slice cultures following exposure to moderate
hypothermia at 32°C but not severe hypothermia at 17°C. An increase in Pl
(propidium iodide), a marker of cell death was visible in brain sections cooled at
17°C for 24hrs which implies RBM3 may provide an important survival advantage

in cells exposed to cold shock (Tong et al., 2013).

Investigation into therapeutic hypothermia has been carried out in areas
of cardiology and neurology, for example in the treatment of strokes aiming to
reduce infarct size caused by ischaemia (Shintani et al., 2011). Recent studies
have shown that cold-shock induced neuroprotection from ischaemic injuries to
the brain was only instituted after prolonged periods of cooling (24hrs
hypothermia) (Shintani et al., 2011), (Maier et al., 2001) (Colbourne et al.,
2000).

Ice is commonly used to treat equine SDFT lesions to provide analgesia
and reduce swelling and inflammation of the tendon (Petrov et al., 2003). Ice
may be used to induce thermotolerance in the SDFT to aid in the protection of
tendon fibroblasts against various exercise- associated stresses including
hyperthermia. As neuroprotection associated with cold shock has been shown to
occur only with prolonged periods of cooling in rats (Shintani et al., 2011), it

might be predicted that the induction of thermotolerance in equine tendon
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fibroblasts would only occur following a long pre-conditioned exposure to cold

shock i.e. greater than 24hrs.

The aims of the work in this chapter were:

1) To determine the levels of induction and kinetics of Hsp-72 and RBM3
expression in SDFT and DDFT fibroblasts following heat shock and cold shock.
The SDFT was hypothesised to have a faster induction of Hsp-72 protein in
response to heat and cold shock as it is regularly exposed to heat stress in

vivo and in contrast, the DDFT is not.

2) To quantify cell death in SDFT and DDFT fibroblasts when exposed to a
lethal heat shock at 52°C. As the SDFT is routinely exposed to heat stress in
vivo, it was predicted the percentage of cell death would be less in

comparison with the DDFT.

3) To determine whether a pre-conditioning episode of heating at 47°C or
cooling at 26°C can provide a survival advantage when tendon fibroblasts are
exposed to a lethal heat shock. It was hypothesised that only a pre-
conditioned heat shock and not a pre-conditioned cold shock would protect
SDFT and DDFT fibroblasts from a lethal heat shock.
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4.2 Results

4.2.1 The tendon of origin and the Hsp-72 expression pattern
associated with heating

One of the aims of the work described in this chapter was to investigate
the induction and kinetics of Hsp-72 expression in the SDFT and the DDFT. In
vivo work completed in the SDFT tendon by Wilson and Goodship in 1994 showed
the mean peak temperature rise in the central core of the tendon was 43.3°C
and the highest temperature recorded in one horse was 45.4°C. No data exists on
whether a similar temperature rise occurs in the DDFT, although it would not be
expected to be as high because this tendon does not act as a “biological spring”.
Approximately 5% of the SDFT tendon’s elastic energy is lost as heat which is

dissipated in the tendon core during exercise (Alexander, 2002).

To determine the expression of Hsp-72 protein at 43°C, the average
temperature experienced in the SDFT, both SDFT and DDFT derived fibroblasts
were enzymatically retrieved from the tendon core and passage 3 (P3) cells were
heated to 43°C for 15 mins followed by recovery at 37°C. A western blot was
used to assess the expression of Hsp-72 protein over 72hrs of recovery. All
experiments were retrieved from one horse and conducted in triplicate. All
three replicates for this experiment are shown in Figure 4-5. When the western
blots were completed, little to no protein expression was present in the control
lysates. The pattern of Hsp-72 induction over 72hrs of recovery at 37°C was

achieved by comparison with the first heated sample at 1hr of recovery.

Tendon dependent differences in the expression of Hsp-72 were identified
when SDFT fibroblasts were heated to 43°C for 15 mins. At 43°C, the DDFT
derived fibroblasts did not induce Hsp-72 expression regardless of the length of
recovery time at 37°C (Figure 4-1). In contrast, there was induction of Hsp-72
from 4hrs post heating at 43°C in the SDFT with the expression levels remaining

high for a further 72hrs post heating (Figure 4-2).

To determine whether the induction pattern of Hsp-72 was similar in both
tendons when a higher temperature was used, SDFT and DDFT fibroblasts were
heated to 47°C for 15 mins. At this temperature, both the SDFT and the DDFT

expressed increased Hsp-72 levels at 4hrs post heating and the Hsp-72 protein
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levels remained elevated for a further 72hrs (Figure 4-3 and Figure 4-4

respectively).
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Figure 4-1. The expression of Hsp-72 protein in DDFT fibroblasts heated to 43°C.

DDFT fibroblasts were heated at 43°C for 15 mins and then recovered at 37°C for 1hr, 4hr, 24hr,
48hr and 72hrs. A western blot was created from the heated lysates at each of the recovery times
and immunostained for Hsp-72 protein (72kDa). The same amount of protein (20ug) was loaded
into each lane. This experiment was taken from one horse and repeated in triplicate.
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Figure 4-2. The expression of Hsp-72 in SDFT fibroblasts heated to 43°C

SDFT fibroblasts were heated at 43°C for 15 mins and then recovered at 37°C for 1hr, 4hr, 24hr,
48hr and 72hrs. A western blot was created from the heated lysates at each of the recovery times
and immunostained for Hsp-72 protein (72kDa). The same amount of protein (20ug) was loaded
into each lane. This experiment was taken from one horse (the same horse as for the SDFT) and
repeated in triplicate.
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Figure 4-3. The expression of Hsp-72 in SDFT fibroblasts when heated to 47°C
SDFT fibroblasts were heated at 47°C for 15 mins and then recovered at 37°C for 1hr, 4hr, 24hr,
48hr and 72hrs. A western blot was created from the heated lysates at each of the recovery times
and immunostained for Hsp-72 protein (72kDa). The same amount of protein (20pg) was loaded
into each lane. This experiment was taken from one horse (the same horse as for the above
experiments) and repeated in triplicate.
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Figure 4-4. The expression of Hsp-72 protein in DDFT fibroblasts exposed to 47°C
DDFT fibroblasts were heated at 47°C for 15 mins and then recovered at 37°C for 1hr, 4hr, 24hr,
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48hr and 72hrs. A western blot was created from the heated lysates at each of the recovery times

and immunostained for Hsp-72 protein (72kDa). The same amount of protein (20ug) was loaded
into each lane. This experiment was taken from one horse (the same horse as for the above

experiments) and repeated in triplicate.
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4.2.2 The tendon of origin and the Hsp-72 expression pattern
associated with cooling

No data exists on whether equine tendon fibroblasts are able to express
Hsp-72 during cold shock or its recovery. Previous studies have shown poor
induction of Hsp-72 with cold shock in comparison with heat shock in rat
cardiomyocytes and CHOK1 cells (Laios et al., 1997), (Roobol et al., 2009).
Protein transcription and translation are thought to be suppressed with cold
shock, therefore it is possible that longer exposure to cold shock may be
required for Hsp-72 production to occur. For this reason, during the investigation
of Hsp-72 expression with cold shock in equine tendon fibroblasts, a period of up

to 72hrs was chosen.

To investigate whether Hsp-72 could be induced during a period of cold
shock with no recovery, P3 SDFT and DDFT derived fibroblasts were continuously
chilled at 26°C for 72hrs in a gassed incubator. A western blot was used to
examine the expression of Hsp-72 at 1hr, 4hrs, 24hrs, 48hrs and 72hrs of cooling.
There was induction of Hsp-72 at 4hrs of cooling for the SDFT followed by a
sudden increase in the expression of Hsp-72 at 72hrs of cooling (Figure 4-5). In
the DDFT, the induction of Hsp-72 expression was much later, starting at 48hrs
of cold shock. (Figure 4-6). No cell death was visualised at any of the cold shock
time points, as there was no significant irreversible cell detachment or any of
the morphological features of cell death including shrinkage of cells or pyknotic

nuclei.

To determine whether there was a similar induction pattern of Hsp-72
expression when a recovery period was given after cold shock, SDFT and DDFT
derived fibroblasts were chilled at 26°C for 1 hr or 4hrs or 16hrs then allowed to
recover at 37°C for 72hrs. When the SDFT fibroblasts were chilled for 1hr at 26°C
and the cells recovered, significant Hsp-72 induction occurred at from 1-4hrs
post cooling and the levels remained high for a further 72hrs (Figure 4-7). When
4hrs of cold shock at 26°C was administered to SDFT derived fibroblasts and the
cells recovered, there was no increase in Hsp-72 expression levels with recovery
i.e. Hsp-72 levels remained high throughout the recovery period and were

already expressed at 4hrs of recovery (Figure 4-8).
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In comparison to the SDFT, there was delayed Hsp-72 expression for DDFT
fibroblasts exposed to 1hr or 4hrs of cold shock at 26°C followed by recovery
(Figure 4-9 and Figure 4-10 respectively). The expression of Hsp-72 protein in
DDFT fibroblasts was not seen until 48-72hrs post cooling. In contrast, there was
no Hsp-72 induction when either the SDFT or the DDFT were chilled at 26°C for
16hrs followed by 72hrs at 37°C (Figure 4-11 and Figure 4-12 respectively). High
levels of Hsp-72 levels were present in the early recovery period which indicates
that the levels of Hsp-72 may have already reached a plateau which was then
maintained throughout the entire recovery period. For SDFT fibroblasts, it was
noted there was a reduction in the Hsp-72 levels at 72hrs of recovery which

suggests the SDFT may have recovered from cold shock by this point in time.
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Figure 4-5. The expression of Hsp-72 protein in SDFT fibroblasts cooled at 26°C
continuously for 72hrs.

SDFT fibroblasts were exposed to 26°C continuously for 72hrs. A western blot was created from
cooled lysates at 1hr, 4hr, 24hr, 48hr and 72hrs and then immunostained for Hsp-72 protein
(72kDa). All data was retrieved from one horse (same as for above experiments) and experiments
repeated in triplicate. Amido Black was used as a loading control.
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Figure 4-6. The expression of Hsp-72 in DDFT fibroblasts cooled continuously at 26°C for
72hrs.

DDFT fibroblasts were exposed to 26°C continuously for 72hrs. A western blot was created from
cooled lysates at 1hr, 4hr, 24hr, 48hr and 72hrs and then immunostained for Hsp-72 protein
(72kDa). All data was retrieved from one horse (same as for above experiments) and experiments
repeated in triplicate. Amido Black was used as a loading control.
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Figure 4-7. The expression of Hsp-72 protein in SDFT fibroblasts given 1hr of cold shock
at 26°C followed by 72hrs of recovery at 37°C

Following the exposure of SDFT fibroblasts to 1hr of cold shock at 26°C, the fibroblasts were
recovered for 1hr, 4hr, 24hr, 48hr and 72hrs at 37°C. A western blot was created from lysates
generated at each of the recovery time points. All data was retrieved from one horse (as above)
and repeated in triplicate. Amido Black was used as a loading control.
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Figure 4-8. The expression of Hsp-72 protein in SDFT fibroblasts cold shocked at 26°C
for 4hrs followed by recovery at 37°C

Following the exposure of SDFT fibroblasts to 4hr of cold shock at 26°C, the fibroblasts were
recovered for 1hr, 4hr, 24hr, 48hr and 72hrs at 37°C. A western blot was created from lysates
generated at each of the recovery time points. All data was retrieved from one horse (as above)
and repeated in triplicate. Amido Black was used as a loading control.
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Figure 4-9. The expression of Hsp-72 protein in DDFT fibroblasts exposed to 1hr of cold
shock at 26°C followed by recovery at 37°C

Following the exposure of DDFT fibroblasts to 1hr of cold shock at 26°C, the fibroblasts were
recovered for 1hr, 4hr, 24hr, 48hr and 72hrs at 37°C. A western blot was created from lysates
generated at each of the recovery time points. All data was retrieved from one horse (as above)
and repeated in triplicate. Amido Black was used as a loading control.
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Figure 4-10. The expression of Hsp-72 protein in DDFT fibroblasts exposed to 4hrs

of cold shock at 26°C then recovered at 37°C for 72hrs

Following the exposure of DDFT fibroblasts to 4hr of cold shock at 26°C, the fibroblasts were
recovered for 1hr, 4hr, 24hr, 48hr and 72hrs at 37°C. A western blot was created from lysates
generated at each of the recovery time points. All data was retrieved from one horse (as above)

and repeated in triplicate. Amido Black was used as a loading control.
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Figure 4-11. The expression of Hsp-72 protein in SDFT fibroblasts following an

overnight cold shock at 26°C followed by recovery at 37°C

SDFT fibroblasts were exposed to 26°C overnight in a gassed incubator then left to recover at 37°C
for 1hr, 4hr, 24hr, 48hr and 72hrs. A western blot was created from lysates generated at each of
the recovery time points. All data was retrieved from one horse (as above) and repeated in
duplicate (The third blot and control for this experiment were too smudged for use and therefore
were omitted). Amido Black was used as a loading control.
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Figure 4-12. The expression of Hsp-72 protein in DDFT fibroblasts exposed to 26°C
overnight then recovered at 37°C.

DDFT fibroblasts were exposed to 26°C overnight in a gassed incubator then left to recover at 37°C
for 1hr, 4hr, 24hr, 48hr and 72hrs. A western blot was created from lysates generated at each of
the recovery time points. All data was retrieved from one horse (as above) and repeated in
triplicate. Amido Black was used as a loading control.
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4.2.3 The expression of the cold-shock protein, RBM3 in heated
and chilled equine tendon fibroblasts

To determine the pattern of RBM3 induction in equine tendon fibroblasts,
P3 SDFT monolayers were chilled continuously at either 26°C or 32°C in a water
bath for up to 72hrs. At 1hr, 4hr, 24hrs, 48hrs and 72hrs of cooling, the SDFT
fibroblasts were stained for anti-RBM3 antibody by immunocytochemistry. Two
hypothermic temperatures were chosen for this experiment to determine if
there would be any differences in the expression of RBM3 at the lower (26°C)
and upper (32°C) ends of the moderate hypothermic temperature range. It was
predicted that higher expression levels of RBM3 would be produced at a lower
temperature (26°C) in equine tendon fibroblasts. A water bath was used for
these experiments as rapid temperature changes were not required (i.e. from
37°C to 43°C in 15 mins as required in the heating experiments) and the cells
could be fixed and stained for RBM3 straight from the water bath. To determine
whether the expression of RBM3 was significantly higher with cold shock in
comparison with the control (cells maintained at 37°C), the Kruskal-Wallis non-

parametric test was employed.

The expression patterns for RBM3 at two mild cold shock temperatures
were different. At 32°C, the expression of RBM3 was biphasic. In the first hour of
cooling there was a significant increase in the expression of RBM3 from control
values (P-value: <0.05) and this was followed by a steep decrease in the
expression of RBM3 at 4hrs of cooling. The second increase in RBM3 expression
occurred at 24hrs of cooling and was significantly higher than the control (P-
value: <0.05). After 24hrs the expression of RBM3 decreased again (Figure 4-
13A).

In contrast, when SDFT derived fibroblasts were chilled at 26°C
continuously, RBM3 expression increased gradually from 1hr to 48hrs of cooling,
followed by a decrease by 72hrs of cooling (Figure 4-13B) With the exception of
the first hour, the expression levels of RBM3 during cold shock at 26°C were

significantly higher than the control levels.

To investigate whether RBM3 was induced with heating as well as cooling,
SDFT fibroblasts were heated at 43°C for 15 mins followed by recovery at 37°C
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for 72hrs. The expression of RBM3 at this temperature was also biphasic, with
expression peaks at 4hr and 48hrs post heating. Maximal expression of RBM3
occurred at 48hrs post heating (Figure 4-13C). The expression of RBM3 was
significantly higher at 4hrs, 48hrs and 72hrs of cooling in comparison with the

control.
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Figure 4-13. The pattern of RBM3 expression with heating and cooling in SDFT

fibroblasts

SDFT fibroblasts were chilled continuously at 32°C (graph A) or 26°C (graph B) for 1hr, 4hr, 24hr,
48hr and 72hrs in the water bath. Another group of SDFT fibroblasts (graph C) were heated at
43°C for 15 mins then given 1hr, 4hr, 24hr, 48hr and 72hrs recovery at 37°C. Control cells were
maintained at 37°C. The cells were immunostained for RBM3 at each of the cooling times (or
recovery times for heat shock) and the mean expression levels of RBM3 were measured from 20
cells for each time point. All data were retrieved from one horse. Kruskal Wallis was used to
determine any significant differences in RBM3 expression between cold shock (or heat shock
recovered cells) and the control. Error bars represent the standard error. Stars represent P-value:
<0.05).
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4.2.4 Choosing a lethal temperature for SDFT and DDFT
fibroblasts

One of the main focuses of the work in this chapter was to investigate
whether SDFT and DDFT fibroblasts can be protected from a lethal heat stimulus
using either a preconditioned heat or cold shock. Prior to this investigation, we
had to determine the lethal temperature resulting in significant cell death in the
equine tendon fibroblast monolayers. A number of assays were trialled to
quantify cell death in equine tendon fibroblasts. Hyperthermia is a well-known
inducer of apoptosis (Bellmann et al., 2010), (Chow et al., 2009), (Mosser and
Martin, 1992) resulting in morphological changes such as reduction in cell size,

condensed chromatin and fragmented nuclei (Mosser and Martin, 1992).

Caspase-3 is one of the major executioners responsible for driving
apoptotic cell death as it activates various proteases such as CAD (Caspase-
activated deoxyribonuclease) which breaks down chromosomal DNA resulting in
chromatin condensation (Sakahira et al., 1998). To determine whether there was
cross-reactivity of two anti- cleaved human Caspase-3 antibodies from R&D
Systems and Cell Signalling (which specifically recognises the amino acid
residues at 165-175 in human Caspase-3) with equine tendon fibroblasts, a
western blot was carried out. These two antibodies worked well when used with
human L540 cells (Hodgkin lymphoma cell line) but in contrast, did not work in
equine SDFT fibroblasts. The SDFT fibroblasts were treated with a range of drugs
known to induce cellular apoptosis including staurosporine, a competitive
protein kinase inhibitor which binds to the ATP components of protein kinases
resulting in inhibition of enzymatic activity (Prade et al., 1997) and etoposide, a
drug causing DNA breaks by inhibiting topoisomerase Il associated re-ligation of
DNA strands (Muslimovi¢ et al., 2009). Following treatment with the drugs, the
equine tendon fibroblasts displayed features of apoptotic cell death as there was
cell shrinkage, pyknotic nuclei and permanent cell detachment. No visible
protein bands were seen on the resultant western blot (Figure 4-14). There is a
single amino acid difference when comparing the peptide epitope in human and
equine Caspase-3 (Figure 4-15). This single difference may be the cause of the

epitope not being conserved between species.
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Upon the activation of apoptosis, the inactive pro-Caspase-3 is cleaved
into the large (17kDa) and small (12kDa) fragments of active Caspase-3
respectively (Nicholson et al., 1995). Human L540 cells were used as a positive
control for the detection of the cleaved Caspase-3. In this cell line, the larger
cleaved fragment of Caspase-3 is constitutively expressed and cell death is
prevented by continual proteolysis of the smaller fragment. Upon the induction
of apoptosis in L540 cells, treated cells contain both the larger and smaller
fragments of Caspase-3. When two apoptotic drugs, etoposide and bortezomib,
(a proteasomal inhibitor which leads to the build- up of aggregated proteins in
cells leading to cell death) were used in L540 cells there was a strong apoptotic
response. This was verified by seeing both the larger and smaller fragments of

cleaved Caspase-3 in the western blot (Figure 4-14).

As there was poor cross-reactivity of anti-cleaved Caspase-3 antibodies in
equine cells, other methods were used to measure apoptosis. Externalisation of
the phosphatidylserine residues on the outer plasma membrane is a classic
feature of apoptosis and can be detected using Annexin V in cultured cells
(Bratton et al., 1997). Annexin V-FITC worked well in SDFT tendon fibroblasts
using immunocytochemistry, however the membrane permeant nucleic acid dye,
propidium iodide, a marker for the detection of non-viable cells worked poorly
and bleached rapidly when attempting quantification of the number of positive

cells during fluorescence microscopy in these cells.

Thermal stress can induce alterations in cellular morphology characterised
by rounding and shrinkage of the cells as a result of modifications to the
cytoskeleton. Restoration of normal cellular morphology can occur following
exposure to heat stress, but if temperature magnitude and/or duration is lethal,
it will result in permanent cell detachment (Luchetti et al., 2004), (Coss et al.,
1996). As cell rounding and detachment was a consistent event in both SDFT and
DDFT tenocytes following heating, these morphological features were used to
measure sensitivity to heat. An advantage of using this method for detecting cell
death was that there was no presumption on the mechanism of cell death taking

place.

P3 SDFT fibroblasts were cultured on collagen coated matrices until

confluent to minimise replication induced DNA damage in the tendon
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monolayers. When these cells were heated at 43°C for 15 mins on the Cell
MicroControls heating apparatus, there were minimal effects on the cell
morphology of SDFT monolayers. Only small numbers of rounded up cells were
visible at 24hrs post heating as seen by the presence of bright refractile bodies
in the monolayers (Figure 4-16). These bodies may represent replicating cells
undergoing the process of mitosis and have ‘lifted’ from the plate during this

time.

Higher temperatures were employed to determine the “lethal”
temperature where cells would permanently detach from the cell surface. When
SDFT fibroblasts were heated to 47°C and 49°C for 15 mins, small numbers of
rounded up cells were attached to the cell surface at 1hr and 4hrs post heating.
Recovery from heat shock at these temperatures was rapid as there were few

rounded up cells present at 24hrs post heating (Figure 4-16).

At 52°C, the cells showed more pronounced hyperthermia-related changes
such as marked cell shrinkage, distortion of cell shape and blebbing. There were
numerous refractile rounded up cell bodies throughout the entire recovery
period. There was also evidence of cells detaching permanently from the dish as
the number of cells with normal fibroblast-like morphology was fewer with

increasing length of recovery time (Figure 4-16).
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Figure 4-14. Two anti-Caspase-3 antibodies from Cell Signalling and R and D
Systems did not detect cleaved equine Caspase-3

To determine whether Caspase-3 antibodies from Cell Signalling and R and D Systems cross-react
with equine SDFT fibroblasts, a range of overnight drug treatments were used to induce cell death
in both SDFT fibroblasts and L540 cells, a human Hodgkin lymphoma cell line (positive control).
Lanes 1 represents control L540 cells (no drug treatment). The larger cleaved fragment (17kDa) of
Caspase-3 is constitutively expressed in these cells. L540 cells were given 0.1ug/ml etoposide
(Lane 2), 0.5ug/ml etoposide (Lane 3) and 5nM bortezomib (Lane 4). The treated L540 cells have
two cleaved fragments of Caspase-3 (17kDa) and (12KDa). Lane 5 represents control equine
SDFT fibroblasts (no treatment). For the equine SDFT cells, a higher concentration of etoposide
was used to induce cell death at 20pg/ml (Lane 6). In addition to this, 0.5uM (Lane 7) and 1.0uM
staurosporine (Lane 8) were also used. No cleaved Caspase-3 fragments were detected in equine
SDFT fibroblasts. Alpha Tubulin (50kDa) was used as a protein loading control.



Human (CAC88866.1)
Horse (NP_001157433.1)

Human (CAC88866.1)
Horse (NP _001157433.1)

Human (CAC88866.1)
Horse (NP_001157433.1)

Human (CACB88B66.1)
Horse (NP_001157433.1)

Human (CACB88B66.1)
Horse (NP_001157433.1)

Human (CAC88866.1)
Horse (NP_001157433.1)

Figure 4-15. Protein sequence similarity between equine and human Caspase-3
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There is a single amino acid difference (highlighted in green) when comparing the peptide epitope
165-175 (red) in human and equine Caspase-3. The NCBI reference sequence code for the
human and equine Caspase-3 protein has been outlined adjacent to the species of interest.
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Figure 4-16. Differences in cellular morphology in SDFT fibroblasts according to
temperature

SDFT fibroblasts were heated on the Cell MicroControls heating rig at 43°C, 47°C, 49°C and 52°C
for 15 mins followed by recovery at 37°C for 1hr, 4hr and 24hrs. At each of the recovery times, the
morphology of the cells was viewed with a phase contrast microscope at 10x magnification. Control
cells were maintained at 37°C.
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4.2.5 “Thermotolerance” associated with the heat shock
response in SDFT and DDFT fibroblasts.

Thermotolerance is a well-known phenomenon which protects cells from a
subsequent lethal shock and is dependent on the production of heat shock
proteins (Chow et al., 2009), (Gabai et al., 2000). My previous set of
experiments showed high levels of Hsp-72 protein at 4hrs post heating for both
the SDFT and DDFT fibroblasts following exposure to 47°C for 15 mins. We
predicted the induction of thermotolerance in the tendon fibroblasts at this time
due to the high levels of Hsp-72 protein in these cells. Thus, for the pre-
conditioned heat shock experiments, both the SDFT and DDFT fibroblasts were
heated at 47°C for 15 mins followed by 4hrs of recovery at 37°C.

Quantification of the attached cell population following heat shock was a
good indicator of cell loss as permanent cell detachment resulted in cell death.
This was proved when the media containing detached cells (from a culture that
had been heated up to 52°C) was re-plated onto a fresh cell culture dish and
none of the detached cells re-attached to the cell surface (despite being left for

up to a week).

P3 SDFT fibroblasts were cultured on collagen coated matrices until
confluent. Unconditioned SDFT and DDFT fibroblasts were heated at a lethal
temperature of 52°C for 15 mins followed by recovery at 37°C for 1hr, 4hr,
24hrs, 48hrs and 72hrs. A separate group of SDFT monolayers was pre-heat
conditioned at 47°C for 15 mins (followed by 4hrs of recovery at 37°C) before

being exposed to the lethal temperature as outlined above.

To determine whether thermal preconditioning was able to minimise cell
death following a lethal heat shock in both SDFT and DDFT tendon fibroblasts,
the percentage of viable, attached cells was quantified over a period of 72hrs
after heating in preconditioned cultures and this was then compared with the
unconditioned cultures. The percentage of attached positive trypan blue cells, a
marker for the detection of non-viable cells was also calculated. Each
experiment was done in triplicate and the data was comparable between

experiments. A representative 2-D column graph showing the mean percentage
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of attached cells and positive trypan blue cells over 72hrs of recovery time for

both the unconditioned and preconditioned groups is shown in Figure 4-17.

When unconditioned SDFT derived fibroblasts were heated to 52°C for 15
mins, there was minimal cell loss in the first hour post heating. Although not
significant, there was a decrease in the percentage of attached cells from
approximately 100% to 72% in the first 4 hours post heating. Following this, the
percentage of attached cells continued to significantly decrease for a further
72hrs post heating until only 15% of cells were still attached to the cell culture
dish (Figure 4-17A).

When unconditioned DDFT fibroblasts were exposed to a lethal
temperature, there was a similar pattern of cell loss to the SDFT. The
percentage of attached cells decreased over time starting at 1hr post heating
followed by a significant loss of cells after 24hrs of recovery time in comparison
with the control (P-value: <0.001). The loss of cells in the DDFT cultures was not
as great when compared with the SDFT for example, at 24hrs post heating there
was 38% versus 61% of attached cells for the SDFT and DDFT respectively (Figure
4-17B). Sample size was small, so a larger number of animals would be required
to determine whether there is a significant difference in the susceptibility of
two different tendons to heat stress. There was a low percentage of adherent
trypan blue positive cells for both the SDFT and the DDFT during the heating

experiments.

Pre-conditioning both the SDFT and the DDFT monolayers with a sub-
lethal heat shock conferred a greater survival advantage to a subsequent lethal
heat shock. The percentage of attached cells was higher in preheated
fibroblasts for the SDFT and the DDFT in comparison with their unconditioned
counterparts. This finding was significant for both the SDFT and DDFT after 24
hours of recovery, for example, at 24hrs post heating the percentage of
attached cells in preconditioned SDFT fibroblasts was significantly higher at 79%
compared with 38% in unconditioned SDFT cells (P-value: <0.001) (Figure 4-17C).
For DDFT fibroblasts, the attached cell population at 24hrs post heating was
significantly higher at 90% in the preconditioned cultures compared with 61% in

unconditioned cultures (P-value:<0.001) (Figure 4-17D).
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In cold shocked cells, high levels of Hsp-72 protein were seen in SDFT and
DDFT cells exposed to 26°C overnight (16hrs) followed by 48hrs of recovery at
37°C. This cold shock protocol was used with the aim of inducing
thermotolerance in these cells prior to their exposure to a lethal heat shock at
52°C.

The mean percentage of attached cold shock conditioned SDFT fibroblasts
decreased with recovery time from 95% at 1hr of recovery, to 83% at 4hrs of
recovery, to 78% at 24hrs of recovery to 50% at 48hrs of recovery and 33% at
72hrs of recovery (Figure 4-17E). This experiment was done on a separate
occasion from that of the unconditioned SDFT cells. The mean percentage of
attached cells in the unconditioned group was 95% of cells at 1hr of recovery,
72% at 4hrs, 38% at 24hrs, 18% at 48hrs and 15% at 72hrs. When comparing the
cold conditioned cultures with the unconditioned cultures, the data indicates
there was some protection from cell death following a lethal heat shock in the
cold conditioned fibroblasts as cell loss was not as great in the first 24-48hrs of
recovery time. More data would have to be collected in side by side experiments

to confirm the significance of these findings.

When the percentage of attached cells was quantified over 72hrs of
recovery time in cold conditioned DDFT fibroblasts, it was calculated as being
90% at 1hr of recovery, 90% at 4hr of recovery, 70% at 24hrs of recovery, 54% at
48hrs of recovery and 41% at 72hrs of recovery (Figure 4-17F). In contrast, in the
unconditioned cold shocked DDFT fibroblasts, it was 86% at 1hr of recovery, 78%
at 4hr of recovery, 61% at 24hrs of recovery, 55% at 48hrs of recovery and 36% at
72hrs of recovery. These data indicate there was no protection conferred from
cooling at all in DDFT fibroblasts although a greater sample size would be

needed to confirm the significance of this finding in the DDFT.
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Figure 4-17. The percentage of attached SDFT and DDFT fibroblasts when exposed

to pre-conditioned heat and cold shock.

SDFT and DDFT fibroblasts were exposed to 3 different experimental conditions (1) an
unconditioned heat shock at 52°C for 15 mins (graphs A and B respectively) (2) a preconditioned
heat treatment (47°C for 15 mins followed by recovery at 37°C for 4hrs prior to exposure to 52°C
for 15 mins (graphs C and D respectively)) (3) a preconditioned cold treatment (26°C overnight
followed by recovery at 37°C for 48hrs prior to exposure at 52°C for 15 mins (graphs E and F
respectively)). The mean percentage of attached cells (blue) and trypan blue positive cells (red)
was quantified over 72hrs post heating in SDFT and DDFT fibroblasts. All data was retrieved from
one horse and repeated in triplicate. The Kruskal-Wallis test was used to determine whether there
were any significant differences in the percentage of attached cells between the control and
recovery times for both the unconditioned SDFT and DDFT fibroblasts. The Mann-Whitney test was
used to determine whether there were any significant differences in the percentage of attached
cells between the unconditioned and preheated SDFT and DDFT fibroblasts at time 4hr, 24hr,
48hrs and 72hrs. Significant differences at any of these time points are highlighted with stars (P-
value: *<0.05, ***<0.001).



163

4.3 Discussion

4.3.1 Calibration of the heating rig is an important criterion when
choosing a suitable apparatus for heating cells.

Before starting the research into the heat shock response in equine
tendon fibroblasts, a lot of time was devoted to finding an appropriate heating
apparatus that was reliable, easy to use and produced reproducible results. The
apparatus which best fulfilled these criteria was a resistive heater (Cell
MicroControls, (Norfolk, VA)). Ability to calibrate the heating rig was very
important especially for the measurement of cell culture media temperature.
The media temperature was only able to be indirectly measured in control cell
culture dishes heated simultaneously with the test dishes because the
introduction of a small hole on the top of test dishes would have introduced a
high risk of bacterial contamination of the cultures. The thermistor was very thin
and could easily fit inside a minute hole thus minimising heat loss compared to
other measuring probes including thermocouples which are significantly larger in
size. Thermistor accuracy has been recorded at +/- 0.2°C by the company that
manufactured it (pers.comm H.Cornell). In my experiments, the accuracy of the
temperatures being measured was lower than reported values (approximately
0.5°C) and this difference in thermistor accuracy may have been caused by a
number of factors including the type of experimental set up and variations in
environmental temperature. It was noted that the placement of the thermistor
tip on the bottom of the dish was important for the measurement of
temperature as slight tipping of the thermistor edge led to greater variations in

temperature by as much as 0.5-1.0°C.

There is large variation in the literature describing the variety of heating
equipment used for in vitro work. The most common heating apparatus used is
the water bath (Chow et al., 2009), (Kubo et al., 2005), (Bellmann et al., 2010),
(Roobol et al., 2009), (Wu et al., 2009), (Maytin et al., 1990), (McMillan et al.,
1998). Some authors do not mention whether any temperature calibration was
used (Wu et al., 2009), (Roobol et al., 2009), (McMillan et al., 1998). Other

groups record temperature calibration of the water bath only which does not
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equate to the temperature of the media surrounding the cells (Chow et al.,
2009), (Bellmann et al., 2010), (Kubo et al., 2005). Rarely has the media
temperature itself been recorded (Maytin et al., 1990). The time spent in
choosing the most appropriate heating apparatus was therefore a very useful
exercise as it exposed the pitfalls of temperature calibration on a wider scale. In
conclusion, the absolute values hitherto reported in the literature are probably

unreliable as accurate temperature readings were rarely available.

Although the final choice of heating rig best fitted our criteria, there
were still some limitations with this piece of equipment. These centred on the
small number of cell culture dishes which could be heated at any one time and
the temperature differential across the plate. One of the reasons for the
temperature differential could be due to a difference in the rate of heat
transfer at the edge versus the centre of the plate. The bottom of the cell
culture dish is not uniformly flat, the edge has a rim or lip leaving a hollow area
in the centre of the dish which traps air. The transfer of heat through plastic is
typically slower than through air and therefore could contribute to the observed

temperature differential across the cell culture plate.

4.3.2 The induction of Hsp-72 protein with heat shock in SDFT
and DDFT fibroblasts

There were tendon dependent differences when SDFT and DDFT
fibroblasts were heated to 43°C. At this temperature, there was no up-regulation
of Hsp-72 in the DDFT and in contrast there was rapid induction of Hsp-72
protein at 4hrs post heating in the SDFT. The Hsp-72 induction timeframe for the
SDFT corresponds with published data where peak induction of this protein has
been shown to occur at 4-6 hours post heating in neonatal rat cardiomyocytes
(Laios et al., 1997). This indicates that the induction of Hsp-72 in SDFT
fibroblasts is consistent with other sensitive cell types (i.e. cells that may be

more prone to injury).

Since the ability of a cell’s response to stressful stimuli is dependent on
the mobilisation and activation of stress responsive pathways to ensure the
organism’s survival (Judy et al., 2013), it may be that the more rapid the

response, the more sensitive the cells are to an injury. The SDFT is routinely
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exposed to various repetitive stresses associated with exercise including
hyperthermia and oxidative stress in vivo. As the heat shock proteins are
responsible for the refolding of damaged proteins in response to an insult and
additionally aid in the protection of cells against apoptosis (Mosser et al., 1997),
(Saleh et al., 2000), (Samali and Orrenius, 1998), (Samali and Cotter, 1996) it is
not surprising that the injury- prone SDFT was able to rapidly activate HSP-72 in
response to heat stress in comparison with the DDFT in these experiments. This
difference in Hsp-72 induction between the SDFT and the non-injury prone DDFT
also indicates that there is conservation of the two different phenotypes in vitro.
These preliminary experiments were based on the results of samples from one
horse and to confirm whether there are differences in the induction pattern of
Hsp-72 protein between the SDFT and DDFT in the wider Thoroughbred horse

population, a larger group of animals would need to be tested.

4.3.3 The induction of Hsp-72 protein with cold shock in SDFT
and DDFT fibroblasts

The experimental work in this chapter provides convincing evidence that
equine tendon fibroblasts were able to produce Hsp-72 protein during cold shock
itself and in the rewarming period post cooling. Although these findings are
completely novel in this area of research, they are based on the data from one
horse. There is large variation in the literature regarding the expression of Hsp-
72 during cold shock. Most studies have shown that Hsp-72 is only expressed
during the rewarming period following the cold shock and not during cold shock
itself. For example, in neonatal rat cardiomyocytes, maximal induction of Hsp-
70 was shown 4-6hrs post cooling (Laios et al., 1997). This most likely reflects
the type of experimental set up where measurements of Hsp-72 expression were
only recorded during the rewarming period. Another study in CHO-K1 (Chinese
Hamster Ovary cells) cells showed that there was no Hsp-72 production either
during cold shock or its recovery period (Roobol et al., 2009). Cullen and Sarge,
(1997) demonstrated that Hsp-72 mRNA levels can be increased in response to
cooling in mice, the extent of which differed according to the type of tissue
(Cullen and Sarge, 1997). This may indicate that there may be species specific
and tissue differences in the induction of Hsp-72. Another explanation for these
differences may be that the length of cold shock exposure in these cells was not

long enough e.g. the CHO-K1 cells were only exposed to 6hrs of cold shock
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(Roobol et al., 2009). My results showed that the production of Hsp-72 protein
only occurred after a prolonged exposure time (especially for DDFT fibroblasts)
at 48-72hrs of continuous cold shock at 26°C.

Although the reasons for the prolonged induction time for Hsp-72 protein
in cold shock temperatures are unknown, a number of factors may be involved.
The activation of HSF-1, a key transcription factor involved in the production of
heat shock proteins, may use different mechanisms of activation during cooling,
as hyperphosphorylation of HSF-1 which is important for heat shock was shown

not to occur with cold shock (Cullen and Sarge, 1997).

It is possible that the production of heat shock proteins is delayed during
hypothermic conditions. DAXX, a protein which is normally localised to the PML
NBs (Promyelocytic leukaemic nuclear bodies) in the nucleus of unheated cells
has been shown to oppose the repression of HSF-1 during heat shock through its
affinity to bind trimerised HSF-1. This prevents interaction of HSF-1 with its
multichaperone complex thus keeping it in the inactive state. On release from
this complex, HSF-1 is able to bind to heat shock elements leading to the
transcription of the heat shock proteins (Boellmann et al., 2004), (Zou et al.,
1998). DAXX has been shown to disperse from the PML NBs during heat shock in
human cells which is thought to allow its interaction with HSF-1 (Nefkens et al.,
2003). Hitherto there has been no data in equine tendon fibroblasts. DAXX
dispersal with heat and cold shock in SDFT and DDFT fibroblasts is described in
Chapter 5. As there was a delay in the production of Hsp-72 protein at
hypothermic temperatures in these cells, we have predicted DAXX dispersal from
the PML NBs does not take place at cold shock temperatures in equine
fibroblasts.

When a recovery period following cold shock was allowed, there was
much more rapid induction of Hsp-72 protein in the SDFT compared with the
DDFT. Numerous physiological changes occur during cooling which enable cells to
survive hypothermic conditions, such as lowering of protein synthesis, reduced
metabolic rate, inhibition of ATP expenditure and disassembly of the
cytoskeletal architecture (Dresios et al., 2005), (Al-Fageeh and Smales, 2006),
(Roobol et al., 2009). When cells are rewarmed, the resumption of metabolic

activities will enhance the levels of cellular oxygen free radicals in the cell
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which can damage proteins and organelles (Neutelings et al., 2013), (Rancourt et
al., 2002). This indicates that the SDFT may be more sensitive to the damage
associated with rewarming leading to faster Hsp-72 activation and mobilisation.
These results follow a similar trend to the heat shocked SDFT fibroblasts where

Hsp-72 activation was more rapid than in the DDFT.

With longer exposure to cold shock, especially overnight incubation
(16hrs) in the tendon fibroblasts, there were high levels of Hsp-72 protein in the
early recovery period post cooling in both tendons. This suggests that adaptation
to the cold shock may have occurred with the production of Hsp-72 taking place

during the cooling process.

4.3.4 Tendon-dependent difference in thermotolerance in
response to heat shock

Thermotolerance is a well-known phenomenon known to protect cells
against various types of stress and is attributable to the action of the heat shock
proteins (Chow et al., 2009), (Gabai et al., 2000). Both the SDFT and the DDFT
were able to exhibit thermotolerance in response to a lethal heat shock when
the cells were preconditioned at 47°C. The SDFT should be adapted to heat
stress as temperatures as high as 45°C have been recorded in vivo (Wilson and
Goodship, 1994). Despite high levels of Hsp-72 in SDFT fibroblasts, these cells
were more susceptible to a lethal heat shock in comparison with the DDFT
fibroblasts. Again, with the small sample size (one horse) more confirmatory

studies will be required in a larger population.

In vivo, SDFT fibroblasts are exposed to the effects of hyperthermia and
other exercise associated factors including oxidative stress. These may have
detrimental effects on the tendon fibroblasts including the induction of
irreversible cellular dysfunction, aging of the cells, overwhelming of the
reparative processes and/or cell death (Patterson-Kane et al., 2012). In chapter
3, we demonstrated that the SDFT fibroblasts had higher levels of lysosome
activity in comparison to the DDFT in standard cell culture conditions. This was
believed to be caused by high levels of protein damage as a result of the cell
culture environment. The exposure of cells to heat stress is well known to result

in oxidative stress, protein denaturation and phosphorylation of p53, all of which
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can lead to cell death (Mustafi et al., 2009), (Kim et al., 2005), (Neutelings et
al., 2013), (Lepock, 2003). The high levels of aggregated protein in the SDFT
fibroblasts caused by hyperthermic stress (in addition to those caused by the cell
culture environment) may lead to saturation of the autophagy pathways thus
sensitising these cells to heat shock related cell death (Bellmann et al., 2010),
(Nivon et al., 2009). The application of heat stress (40°C for 60-90 mins) in rats
was shown to result in the time-dependent activation of autophagy. Inhibition of
autophagy by 3-methyladenine (3-MA) led to aggravation of heat-induced
neurodegeneration of neurons in the cerebral cortex indicating that autophagy

plays a protective role in the survival of cells to an insult (Liu et al., 2010).

4.3.5 Thermotolerance only occurred for the first 24hrs post
heating in preconditioned cold shocked SDFT fibroblasts

When pre-conditioned cold shocked SDFT fibroblasts were exposed to a
lethal heat shock, there was some protection from cold shock in the first 24hrs
post heating. In contrast, this did not occur in the DDFT. This may be a
reflection of the differences in the amount of Hsp-72 protein between the SDFT
and the DDFT. The SDFT has been shown to mount a rapid response to Hsp-72
induction in the early rewarming period post cooling and this may result in a
time-related accumulation of Hsp-72 protein in these cells, thus providing a

greater advantage against a lethal heat shock compared with the DDFT.

In my results on equine tendon fibroblasts, the amount of heat shock
protein induced with cold shock in the SDFT and the DDFT was not as great when
compared with heat shock (this awaits verification as the data will have to be
collected in side by side experiments). The rate of temperature induction may
be an important requisite for the production of HSPs. Tulapurkar showed that
the expression of Hsp-72 protein was increased linearly in A549 lung epithelial
cells, where there was a 0.5 fold induction in Hsp-72 protein/1°C from 37-41°C.
In contrast, there was a 2.4 fold induction in Hsp-72 protein between 41°C- 42°C.
This suggests that there is a difference in the kinetics of Hsp-72 production

according to the temperature being used (Tulapurkar et al., 2009).
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4.3.6 The expression of RBM3 occurred with both heat and cold
shock in SDFT fibroblasts.

In our studies, the up-regulation of RBM3 protein was shown to occur not
only in cold shock but also with heat shock. RBM3 was strongly up-regulated
during moderate hypothermia, the pattern of which was discovered to be bi-
phasic at 32°C. At 26°C, there was an increase in the expression of RBM3 which
was maintained for a much longer period of time. The increase in RBM3
expression at lower temperatures may be an important determinant for cell
survival as lower temperatures result in a reduction in cellular proliferation,
reduction in ATP expenditure and protein translation (Al-Fageeh and Smales,
2006). One of the major roles of RBM3 is the ability to restore the translation of
proteins during a period of protein suppression (Dresios et al., 2005), (Chappell
et al., 2001). A recent study has shown RBM3 to be instrumental in the control of
miRNA biogenesis, a family of RNA proteins involved in the regulation of mRNA,

an important precursor step to protein production (Pilotte et al., 2011).

RBM3 has been shown to be up-regulated in response to various types of
stress including cold shock, serum deprivation and hypoxia (Chappell et al.,
2001), (Wellmann et al., 2004), (Wellmann et al., 2010). Two studies have shown
that an increase in RBM3 expression helps to protect cells against apoptosis
caused by serum starvation and exposure to hydrogen peroxide, a source of ROS
species in cells (Ferry et al., 2011) (Wellmann et al., 2010). Heat shock is
thought to induce oxidative stress in cells and this may in turn stimulate RBM3
expression (Kim et al., 2005). Our studies showed the expression of RBM3 protein
to be biphasic in SDFT fibroblasts following heating at 43°C. The biphasic
expression of RBM3 was slower in comparison with cold shock at 32°C (peaks of
expression occurred at 4hrs and 48hrs post heating compared with 1hr and 24hrs

during cold shock).

Heat stress (39°C) has been shown to down-regulate RBM3 mRNA and
protein production in BMA-1 bone marrow stromal cells, 3T3 fibroblasts and
TAMA26 Sertoli cells (Danno et al., 2000). Another study showed the expression
of RBM3 mRNA to be increased at 1hr of cold shock at 25°C and following
rewarming, there was a gradual decline in the RBM3 mRNA levels until 24hrs post

cooling where it returned to control levels (Neutelings et al., 2013). These
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findings are in contrast to our studies where heat stress led to an increase in
RBM3 protein expression. This may be a reflection of species specific or tissue
differences in RBM3 protein production. Additionally, Neutelings only
investigated the mRNA levels of RBM3 and these levels do not always correlate
with protein levels due to the varied post-translational modification of proteins,
differences in the half-lives of proteins and the significant amount of
error/background noise in mRNA and protein experiments (Greenbaum et al.,
2003). The sample size in my experiments was small and future experimental
work in this area will require larger numbers of animals to determine the impact

of heat stress on RBM3 expression.

4.3.7 Restoration of normal cellular morphology is a useful
predictor of cell fate following heat shock

One of the characteristic reactions to temperature stress in SDFT and
DDFT fibroblasts was an alteration in cellular morphology as result of
modifications to the cytoskeleton. Two of the main morphological alterations
visible in equine tendon fibroblasts were cell rounding and shrinkage. Cell
rounding typically arose at 1hr post heating and lasted until 24 hours post
heating and if the temperature was not lethal, the cells returned to their normal
cellular morphology (spindle shaped cells). The restoration of normal cellular
morphology following heat shock has been described as a useful predictor of cell
survival (Coss et al., 1996). If the temperature stress induced lethal injury, cell
rounding and shrinkage would lead to permanent cell detachment and death.
Loss of cell-ECM attachment is part of the apoptotic heat shock response and has
been termed anoikis (Frisch and Francis, 1994), (Luchetti et al., 2003). This
morphological response could be useful in future studies as a method of
detecting cell death in tendon monolayers without having to presume the exact

mechanism of cell death.

Cytoskeletal changes are thought to contribute to cell rounding during
heating. Collier demonstrated that there was generalised loss of intermediate
filament structure when chicken embryonic fibroblasts were exposed to heat
shock at 45°C for 3hrs that was reversible on recovery from stress (Collier and
Schlesinger, 1986). When a similar temperature was used in Chinese Hamster

ovary cells, actin microfilaments were found to be disrupted and microtubule
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disassembly was also prominent following hyperthermia (Coss et al., 1982),(Glass
et al., 1985).

Cold shock has also been shown to lead to depolymerisation of the
microtubules (Terasaki et al., 1986). One of the problems in our western blot
work was that alpha Tubulin displayed a different expression pattern in cold
shocked lysates with two bands, one at 50kDa and the other at 55kDa. Further
investigation of this additional band led to the conclusion that the 55kDa was
acetylated alpha Tubulin. The acetylation of alpha Tubulin has been shown to
occur in cold shocked cells (Piperno et al., 1987) however the function of
acetylated tubulin in cells is still yet to be understood. The acetylation of
microtubules has been shown to recruit Hsp-90 and its target proteins to the
microtubules which suggests that the microtubules are involved in the transport
of Hsp-90 chaperone proteins in the cell (Giustiniani et al., 2009). Alpha tubulin
would not be useful as a protein loading control for the quantification of protein

in cold shocked cells.

The heat shock proteins may play an important role in the stabilization of
the cytoskeleton and/or refolding of damaged cytoskeletal proteins following
heat stress. Exposure of human mesothelial cells to a noxious agent, peritoneal
dialysis fluid, led to significant disruption of the cytoskeleton. When cell lysates
were created using these cells, Hsp-72 was shown to re-localise from the Triton
soluble supernatant in control cells into the cytoskeletal fraction following
exposure to the peritoneal dialysis fluid. Re-exposure of mesothelial cells to the
same toxic agent did not prevent disruption of the cytoskeleton, but did speed
up its restoration within 4hrs of recovery (Endemann et al., 2007). This result
was similar to our research findings as cell rounding was not prevented in the
pre- heated SDFT and DDFT fibroblasts and indicates that this process is a
constitutive component of the cellular response to heat stress. Induction of Hsp-
72 occurred at 4hrs post heating for both 43°C and 47°C which closely
approximates the restoration of normal cellular morphology in tendon fibroblasts
suggesting that Hsp-72 plays an important role in the maintenance of
cytoskeletal function. Further work will be required to investigate this link more

closely.
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The percentage of trypan blue positive cells was very low in the heat and
cold shock experiments which suggests that the majority of these cells may have
washed away into the surrounding media. The trypan blue positive cells could
not be harvested from the supernatant when the cell culture media underwent
centrifugation, therefore very few injured and still attached cells were dye

permeant.

In summary, although the sample size was limited, the data presented in
this chapter suggested that there were tendon dependent differences in the
expression of Hsp-72 at both heat shock and cold shock temperatures. In
general, the SDFT displayed faster induction of Hsp-72 protein in comparison
with the DDFT. Despite high levels of Hsp-72 protein in SDFT fibroblasts, these
cells were more susceptible to a lethal heat shock compared with the DDFT. This
may be a reflection of the inability of the SDFT to cope with a lethal stimulus
and furthermore may indicate that in vivo, heat stress related cell death in a
sparsely populated tendon may be detrimental for the repair of tendon lesions.
Additionally, pre-conditioned cold shocked SDFT fibroblasts were able to protect
themselves for the first 24hrs following exposure to a lethal heat shock. In
contrast, no thermotolerance was seen in preconditioned cold shocked DDFT
fibroblasts. Finally, up-regulation of RBM3 was seen with both heat and cold
shock in SDFT fibroblasts. This protein may be important for the survival of these
cells in response to various temperature changes, although future research will

be required to determine its exact roles.



173

Chapter 5) Markers of injury sensing in equine
tendinopathy

5.1 Introduction

Complex biological defence mechanisms protect cells against various
types of stress. The heat shock response, a focus of the last chapter, is one of
these. Understanding the physiological mechanisms in the early phase of heat
shock and other injurious processes such as oxidative stress should enable the
future manipulation of these pathways to protect susceptible tendon fibroblasts
from injury and/or death. One of the ways to achieve this is to examine the
distribution and expression of various reporter proteins involved in these stress-

associated pathways.

PML NBs are stress-responsive nuclear hub proteins which become
structurally altered in response to various types of insults. PML protein is one of
the scaffold proteins required for the binding and retention of a number of
partner proteins at this nuclear hub, one of which is DAXX (Zhong et al., 2000b)
(see Figure 1-5). One of the earliest changes induced by heat shock is the rapid
dispersal of PML and DAXX from the PML NB into the nucleoplasm. One study
showed DAXX release from the PML NB took place within 12 mins of heating at
42°C in HEp-2 cells (human epithelial laryngeal carcinoma contaminated with
Hela cells) and reformation of the PML NB was equally rapid as this was shown
to occur within 30-45 mins after heat shock (Maul et al., 1995), (Nefkens et al.,
2003). This stress responsive pathway has not been investigated in equine cells
and it would be of great interest to see if DAXX dispersal occurs in response to
heat shock in equine tendon fibroblasts. Furthermore, no data exists on whether
DAXX dispersal from the PML NBs also occurs with cold shock in human, mice or

equine cells.

The production of heat shock proteins is regulated by HSF-1 (heat shock
transcription factor 1). Certain proteins can enhance the transcription capacity
of HSF-1 including DAXX which has a strong affinity for trimeric HSF-1, the
activated form of the HSF-1 transcription factor (Boellmann et al., 2004).
Previous work described in this thesis (chapter 4) demonstrated the strong

association between the production of heat shock proteins and the acquisition of
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thermotolerance in equine tendon fibroblasts exposed to a lethal heat shock at
52°C. The presence of increased levels of heat shock proteins in human cells has
been shown to have a negative feedback effect on HSF-1 activity and its
subsequent production of heat shock proteins (Shi et al., 1998). The negative
feedback effect on HSF-1 activity may in turn lead to a stress adaptable
response in which the release of DAXX from the PML NBs is inhibited in equine
tendon fibroblasts to prevent its nucleoplasmic association with trimeric HSF-1.
The production of Hsp-72 was delayed following cold shock especially with
prolonged cooling; therefore it was also predicted that DAXX would not be
available to regulate Hsp expression, possibly by being retained at the PML

bodies.

Exposure of mammalian cells to heat stress results in extensive protein
denaturation (Lepock, 2003). Protein denaturation is known to result in
activation of the heat shock proteins which are responsible for the refolding of
damaged proteins (Chow et al., 2009), (Madden et al., 2008). The presence of
denatured proteins following heat stress in HelLa cells has also been shown to
lead to the activation of NFkB transcription factor which in turn resulted in the
activation of autophagy and increased survival of the HelLa cells (Nivon et al.,
2009). The clearance of aggregated proteins and the refolding of damaged
proteins are of great importance in cells following exposure to an insult as these
proteins are cytotoxic and can trigger cell death (Bucciantini et al., 2002). The
protein turnover pathways such as autophagy could therefore be relevant pro-

survival mechanisms during hyperthermia in equine tendon fibroblasts.

One of the attractive reporter protein candidates for the investigation of
proteotoxic stress is p62 as it binds to protein aggregates in the cell and
transports them to the lysosomes for degradation. p62 binds to ubiqitinated
protein through its C-terminal UBA domain and attaches to the autophagosomes
via its interaction with LC3B-Il, an adaptor protein on the autophagosomes. The
autophagosomes then subsequently fuse with the lysosomes where protein
degradation takes place (see Figure 1-7) (Bjorkey et al., 2005), (Pankiv et al.,
2007), (Vadlamudi et al., 1996).

p62 as a proteotoxic cell sensor has been implicated in a number of

degenerative conditions including cardiomyopathies and neurodegenerative
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diseases such as Alzheimer’s or Parkinson’s disease. It is thought to have a
protective role in promoting cell survival as ablation of p62 in vitro was found to
increase cell injury and decrease cell viability as a result of the build-up of
aggregated proteins in rat ventricular myocytes expressing misfolded desmin
proteins (Zheng et al., 2011), (Schaeffer et al., 2012). p62 is often found in
neuronal inclusion bodies in Alzheimer’s disease. The sequestration of pé62 in
these bodies depletes cytoplasmic p62 thus limiting its availability to clear toxic
protein aggregates leading to an increase in the levels of damaged proteins in
the cell (Kuusisto et al., 2002), (Du et al., 2009a), (Salminen et al., 2012).
Metabolic stress in autophagy defective tumour cells resulted in the
accumulation of p62 in the cytoplasm together with increased oxidative stress
and activation of the DNA damage response. The addition of ROS scavengers led
to decreased p62 accumulation in the cytoplasm and increased cell survival
(Mathew et al., 2009). In summary, p62 contributes to cytoprotective autophagy
functions but can also drive ROS accumulation when autophagy is dysfunctional
(Hariharan et al., 2011). SDFT pathology is thought to be caused by high
intensity repetitive exercise resulting in dysfunctional cellular activity and/or
unrepaired matrix fatigue leading to the accumulation of microdamage in the
tendon matrix. Tendon microdamage has been described as a degenerative
condition (Patterson-Kane et al., 2012). No data exists on whether p62 is
expressed in SDFT lesions. If p62 is up-regulated in these lesions, it may be used

as a marker of proteotoxic stress in SDFT tendon injury.

p62 has a strong role in oxidative stress signalling in cells. p62 interacts
with NRF-2, a transcription factor mediating the production of anti-oxidants in
response to oxidative stress (Jain et al., 2010). Under normal cellular
conditions, NRF-2 is bound to cytoplasmic KEAP1 which promotes the
degradation of NRF-2 via the proteasome. Under conditions of oxidative stress,
p62 binds KEAP1 which frees NRF-2 to translocate to the nucleus where it binds
to antioxidant response elements (Jain et al., 2010), (Watai et al., 2007), (Lee
et al., 2003) (Theodore et al., 2008), (Sekhar et al., 2002). In chapter 3, the cell
culture environment was shown to be conducive to the creation of replication-
induced DNA damage in tendon fibroblasts, possibly as a result of increased

levels of exogenous and/or endogenous ROS. The localisation of nuclear NRF-2
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may therefore be a useful marker of oxidative stress in equine tendon fibroblasts

in vitro.

The aims of the work in this chapter were:

1) To investigate whether DAXX translocates from nuclear puncta into the
nucleoplasm in equine tendon fibroblasts during heat shock and cold shock.
As DAXX has been shown in human cells to translocate from PML NBs into the
nucleoplasm with heat stress, it was predicted the same response would

occur in equine cells and that the opposite would occur with cold shock.

2) To determine if DAXX translocation was stress adaptable with a subsequent
heat shock in equine tendon fibroblasts. DAXX is thought to play a role in
Hsp-72 production, it was hypothesised a negative feedback effect would
take place with a subsequent heat shock i.e. DAXX release from the nuclear

puncta into the nucleoplasm would be prevented.

3) To establish whether p62 was expressed in injured equine SDFT tendon.
SDFT pathology is a degenerative condition and proteotoxic stress may
contribute to this process therefore it was predicted p62 would be up-

regulated in these lesions.

4) To verify the localisation of NRF-2 in equine SDFT fibroblasts in a highly
oxygenated environment in vitro. The localisation of NRF-2 in SDFT
fibroblasts in vitro was predicted to be nuclear as the cell culture

environment could play a role in ROS-mediated cellular stress.

5) To determine whether the addition of an exogenous anti-oxidant agent
would alter the distribution of NRF-2 in SDFT fibroblasts. The addition of NAC
was hypothesised to shift NRF-2 from the nucleus back into the cytoplasm.
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5.2 Results

5.2.1 Validation of DAXX and Caspase-2 in Foetal Equine Palate
fibroblasts

Validation of two protein markers known to localise to the PML NBs, DAXX
and Caspase-2 was carried out in foetal equine PalF fibroblasts (PalF) as they
may be useful indicators of injury recognition by equine cells (Rich et al., 2013).
PalF cells were chosen for the validation experiments to help conserve equine
tendon fibroblasts due to small sample size (the PalF cells were kindly provided
by Dr. Elizabeth Gault with permission). Monolayers of equine PalF were heated
at 46°C for 10 mins and Caspase-2 and DAXX were shown to be up-regulated
and/or re-located into the nucleoplasm respectively (Figure 5-1 and 5-2).
Caspase-2, a member of the Caspase family critically involved in the initiation of
apoptosis in response to heat shock (Bouchier-Hayes et al., 2009) was shown via
immunocytochemistry to be up-regulated within 10 mins of heating, as
determined by the increased expression of nuclear Caspase-2 (Figure 5-1). DAXX,
a protein with multiple roles in the cell including regulation of transcription,
differentiation and apoptosis (Yang et al., 1997b), (Khelifi et al., 2005), (Oda et
al., 2000), (Kim et al., 2003) was visible in the nucleus as small, discrete puncta
in control cells maintained at 37°C. Punctate staining of DAXX in the nucleus
was thought to be consistent with its localisation at the PML NBs, however this
was not proven. DAXX was shown to disperse rapidly from the nuclear puncta
into the nucleoplasm within 3 mins of heating as there was reduced punctate
staining. At 10 mins of heating, DAXX punctate staining was still absent (Figure
5-2). These changes induced by heat shock to Caspase-2 and DAXX were very
rapid, which exemplifies the potential importance of each of these proteins as

early markers in the physiological response to heat.
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Control

10 mins heating

Figure 5-1 Caspase-2 distribution with heating in equine palate (Eq PalF) cells

Eq PalF cells were heated at 46°C for 10 mins. The cells were immunostained for Caspase-2 (red).
Control cells were maintained at 37°C. Images shown at x63 magnification. Scale bar: 25um
Inserts show magnification of individual nuclei x 3.
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Figure 5-2 DAXX disperses with heating in Eq PalF cells

Eq PalF cells were heated at 46°C for 3 mins and 10 mins. Control cells were maintained at 37°C.
The Eq PalF cells were immunostained for DAXX (red puncta). Images shown at x63 magnification.
Scale bar: 25um. Inserts show magnification of individual nuclei x 3.
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5.2.2 DAXX immuno-localisation during heat shock

DAXX is known to disperse rapidly from the PML bodies into the
nucleoplasm during heat shock in both human and mouse fibroblasts (Nefkens et
al., 2003). To verify whether this occurred in equine tendon fibroblasts as it
does in PalF fibroblasts, SDFT fibroblasts were heated to 43°C for 3 mins, 10
mins and 15 mins. This temperature was chosen as it corresponds to the mean
peak temperature recorded in the tendon core of galloping Thoroughbred
racehorses in vivo (Wilson and Goodship, 1994). In the unheated group of tendon
fibroblasts, DAXX was easily visualised as discrete puncta within the nuclei
(Figure 5-3). At 3 mins of heating, there was a slight decrease in punctate DAXX
expression. At 10-15 mins of heating, the majority of nuclei showed little
punctate DAXX expression and diffuse nucleoplasmic staining of DAXX
predominated. Upon closer examination, micropuncta and speckles of DAXX

were also evident (Figure 5-3).

The recovery phase post-heating was examined to see if DAXX returned to
its original position, at the nuclear puncta. Recovery from heating was rapid, as
DAXX was shown to re-form nuclear puncta as early as 10 mins post-heating
(Figure 5-4).
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Figure 5-3 DAXX dispersal was very rapid in SDFT tendon fibroblasts

SDFT cells were heated to 43°C for 3 mins, 10 mins and 15 mins. Control cells were maintained at
37°C. The cells were immunostained for DAXX (red puncta). DAXX puncta are larger in unheated
compared with heated cells. All data were retrieved from one horse and multiple fields of view for
each time point were examined. Images shown at x63 magnification. Scale bar: 25um. Inserts
show magnification of individual nuclei x 3.
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Figure 5-4 DAXX returned to the PML NBs very rapidly post heating

SDFT fibroblasts were heated at 43°C for 15 mins, before being returned to 37°C to recover for 10
mins, 15 mins, 1 hr and 4hr. The cells were stained for DAXX (red puncta). All data were retrieved
from one horse and multiple fields of view for each time point were examined. Images shown at
x63 magnification. Scale bar: 25um Inserts show magnification of individual nuclei x 3. PH: post
heating.
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5.2.3 Re-shocking SDFT fibroblasts did not prevent DAXX
dispersal

DAXX plays a central role in the expression of heat shock proteins during
heat shock (Boellmann et al., 2004). Increased levels of heat shock proteins in
cells are thought to have a negative feedback effect on subsequent HSF-1
transcriptional activity (Shi et al., 1998). Elevated levels of Hsp-72 were shown
to promote cell survival following exposure to a subsequent lethal heat shock
through the ‘thermotolerance effect’ in SDFT and DDFT fibroblasts (chapter 4).
This protective response may lead to a stress adaptive response where DAXX
release from the PML NBs is inhibited. To investigate whether DAXX dispersal
would occur following successive heat shocks at conditions under which adaptive
responses have previously been shown, monolayers of SDFT fibroblasts were
heated at 43°C for 15 mins, left to recover at 37°C and then re-shocked 24 hours
later. As shown in figure 5-5, re-shocking the SDFT fibroblasts did not prevent
DAXX dispersal from its position at nuclear puncta into the nucleoplasm at 10-15
mins of heating. This suggests DAXX re-localisation into the nucleoplasm is part
of the constitutive physiological (i.e. hard wired) injury response of the cell and

was not stress adaptable.
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Control 10 mins heat

15 mins heat

Figure 5-5 Reshocking SDFT fibroblasts did not prevent DAXX dispersal

SDFT fibroblasts were heated to 43°C for 15 mins before being returned to 37°C to recover for
24hrs. After this recovery period they were re-heated at 43°C for 10 mins or 15 mins only or given
lhr recovery at 37°C. Each test group was immunostained for DAXX (red puncta). Control cells
were maintained at 37°C. All data were retrieved from one horse and multiple images of each time
point were examined. Images shown at x63 magnification. Scale bar: 25um. Inserts show
magnification of individual nuclei x 3. PH: post heating.
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5.2.4 DAXX puncta size increased during the early hypothermic
period, with dispersal during the rewarming period only.

To determine whether DAXX re-localisation also occurred with cold shock
i.e. with a temperature differential and not just absolute temperature, SDFT
derived fibroblasts were chilled at 26°C for 10 mins or 30 mins. There was no
dispersal of DAXX from its position at nuclear puncta into the nucleoplasm at
either of these time points (Figure 5-6). The cold shocked cells were rewarmed
following 30 mins of cold shock at 37°C for 15 mins, 1hr or 4hrs. Dispersal of
DAXX into the nucleoplasm was thought to have taken place at 15 mins post

cooling as some of the DAXX puncta appeared slightly smaller.

To verify whether DAXX dispersal did occur in the rewarmed population of
cold shocked fibroblasts, the size of over 500 DAXX puncta was analysed with
multiple cells from one horse using the particle analysis function of Image J. The
average size of DAXX puncta in control cells was approximately 36 pixels which
dropped to 27 pixels at 15 mins post cooling (Figure 5-7). At 1hr post cooling,
the size of the DAXX puncta was still lower than control cells, at 30 pixels.
However by 4hrs post-cooling, the size of the puncta had completely returned to

control values (36 pixels).

As the measurement of DAXX puncta size using the particle analysis
function of Image J resulted in useful quantitative information in the rewarmed
SDFT fibroblast population, puncta size was also measured in the cold shocked
cells. At 10 mins of cold shock, DAXX puncta size was larger than the control
cells, increasing from 36 pixels to 45 pixels. However, at 30 mins of cold shock,
mean puncta size decreased slightly to 38 pixels (Figure 5-7). To determine
whether there were any significant differences between the control and any of
the cold shocked or rewarmed population of cells, the Kruskal-Wallis non-
parametric test was employed. Although, no statistical differences were seen in

these experiments, this could be attributed to small sample size.
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Control

10 mins cooling
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Figure 5-6 DAXX dispersal did not occur with cooling

SDFT fibroblasts were chilled for 10 mins or 30 mins at 26°C. Control cells were maintained at
37°C. At the end of the cooling period, the cells were stained for DAXX (red puncta). All data were
retrieved from one horse with multiple images of each time point examined. Images shown at x63
magnification. Scale bar: 25um. Inserts show magnification of individual nuclei x 3.
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Figure 5-7 DAXX puncta size changed with temperature

SDFT fibroblasts were cold shocked for 10 mins or 30 mins at 26°C with no recovery or given 30
mins of cold shock then left to recover at 37°C for 15 mins, 1hr or 4hrs. The size of over 500 DAXX
puncta was measured from multiple cells in one horse using the particle analysis function of Image
J for each group and the average was calculated to give the mean puncta size. DAXX puncta size
was shown to increase in size with cooling and decrease during the re-warming period. The error
bars represent the standard error for each treatment group. The Kruskal Wallis test was used to
determine whether there were any statistical differences between the control and any of the cold
shocked/rewarmed groups. No statistical differences were found.
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5.2.5 Different batches of p62 antibodies displayed different in
vitro cellular distributions

Prior to the start of investigative work, validation of the p62 antibody in
equine cells was completed as very little data exists on the use of p62 in equine
studies. In mouse embryonic fibroblasts, pé62 protein has been shown to localise
to round bodies in the cytoplasm, the autophagosomes (ltakura and Mizushima,
2011). In HeLa cells, both cytoplasmic and nuclear p62 have also been recorded.
In this study, approximately 85% of HelLa cells were positive for cytoplasmic p62
with weaker staining of nuclear p62. 15% of cells were shown to have similar
fluorescence intensities for p62 in both the nuclear and cytoplasmic
compartments (Bjerkey et al., 2005). The disadvantage of the latter study is that
HelLa cells are an immortal cervical carcinoma cell line and do not represent
normal primary fibroblasts. Several batches of a rabbit polyclonal anti-p62
(SQSTM1) antibody were purchased from the manufacturers (MBL International
Corporation -rabbit polyclonal, PM045). During the commencement of
immunocytochemistry work with p62, it was noted that different lots of this
antibody resulted in different distributions of p62 in SDFT fibroblasts. Staining
with lots 14 or 15 was found to have a strong nucleolar distribution with some
cytoplasmic speckling (Figure 5-8A). The DAPI stain is typically excluded from
nucleolar regions which, ordinarily allows their identification in primary cells
(Armstrong et al., 2001). The pé2 staining pattern was implicated as being
nucleolar as p62 was located within DAPI negative nuclear regions only (Figure 5-
8B). In contrast, no nucleolar staining was evident with lot 16 and only
cytoplasmic staining of p62 could be seen (Figure 5-8C). When the equine SDFT
fibroblasts were serum starved (1% fetal bovine serum for 48hrs) there was an
increase in the expression of pé62 at cytoplasmic puncta which indicates the
accumulation of p62 (bound to protein and organellar waste) in autophagosomes
(Bjorkay et al., 2005).

Two different anti-p62 antibody lots were used in a western blot to look
for differences in the banding pattern of p62. Multiple bands can indicate
multiple target proteins (i.e. isoforms), cross -reactive proteins, post-
translational modifications of the same target protein, denaturation and/or
aggregation of the protein (Burry, 2010a). Western blots generated from the two

anti-p62 antibody lots were compared. The western blot from lot 14 generated
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multiple bands clustered between the 64 and 51kDa markers (Figure 5-9). Two
higher molecular weight species were also seen at and above the 97kDa marker.
There was a similar banding pattern for lot 16, with a strong band at 51kDa and
another below the 64kDa marker (Figure 5-9). The two higher weight bands at
85kDa and 97kDa were also visible as well as an even higher molecular weight
species (around 191kDa). The high weight species may represent aggregated
p62, ubiquitinated p62 or even SDS stable dimers of p62 as the molecular weight
of this protein is 47kDa (Bartlett et al., 2011). The most likely explanation for
multiple bands of p62 in the western blots is the presence of cross reactive

proteins.
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Figure 5-8 The distribution of p62 in SDFT fibroblasts stained with anti-p62 antibody is
dependent on batch

SDFT fibroblasts stained with lot 14 or lot 15 anti-p62 antibody by immunocytochemistry showed a
predominately nucleolar stain (Image A). Image B shows the overlay of p62 in the nucleolus
(outlined in white line). Lot 16 anti-p62 antibody did not show any nucleolar staining and was
predominately cytoplasmic (Image C).
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Figure 5-9 A similar banding pattern of p62 protein in a western blot when two anti-p62

antibody batches were used

A western blot was carried out on a single RIPA buffer lysate generated from SDFT fibroblasts to
examine the banding pattern of p62 when two different anti-p62 antibody lots were used.
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5.2.6 Bortezomib, a proteasomal inhibitor induced the
translocation of p62 from the nucleus into the cytoplasm

To determine whether the p62 antibody is able to detect the correct
antigen, a functional test was chosen to see if it corresponded with the action of
p62 in cells. The increased expression of p62 in cells is typically linked to protein
handling stress. To induce a protein handling stress in the cytoplasm, the cells
were exposed to bortezomib, a proteosomal inhibitor, which leads to the
accumulation of lysine-48 linked polyubiquitinated proteins (Jia et al., 2012).
Proteasome inhibition is a useful methodology to generate a transient population
of ubiquitinated species in the cell; this population is then ordinarily targeted by
p62 for autophagic turnover. Translocation of p62 from the nucleus into the
cytoplasm has been shown to occur in L1236 cells (Hodgkin lymphoma cell line)
following treatment with bortezomib (R.Dean, pers comm). To test whether the
p62 immunopositive material in tenocyte nuclei was responsive to proteasome
inhibition, bortezomib was administered at a range of doses (1nM, 5nM, 10nM
and 100nM) to SDFT derived monolayers cultured on collagen coated glass
coverslips. Following an overnight treatment with bortezomib, the cells were

fixed and stained for p62 antibody.

p62 was predominately localised to the nucleoli in control cells (Figure 5-
10A). At the lowest dose (1nM) of bortezomib, the p62 signal was present in the
nucleoli, however small speckles could be seen throughout the cytoplasm in the
vast majority of cells (Figure 5-10B). The cytoplasmic speckles most likely
represent the expression of p62 at the autophagosomes (Bjgrkey et al., 2005). At
5nM of bortezomib, the cytoplasmic speckles increased in size (Figure 5-10C). At
higher doses of bortezomib, at 10nM and 100nM, large peri-nuclear aggregates of
p62 was visible in SDFT fibroblasts (Figure 5-10D and Figure 5-10E respectively).
The expression of p62 in the cytoplasm was dependent on the dose of
bortezomib and was shown to increase with higher concentrations of the drug.
This data indicates that this antibody detected the correct p62 protein, although
more tests would need to be carried out, such as the knock -out of the p62

protein in cells. The latter was not completed due to a lack of finances.
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Figure 5-10  The administration of bortezomib provokes p62 expression in the
cytoplasm at the expense of the nuclear fraction.

Untreated control SDFT fibroblasts (maintained at 37°C) (Panel A) were compared with SDFT
fibroblasts treated with a range of bortezomib doses 1nM (Panel B), 5nM (Panel C), 10nM (Panel
D), 100nM (Panel E) to determine the localisation of p62 in the cells.
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5.2.7 p62 expression is increased in chronic SDFT lesions.

p62 has been implicated as a proteotoxic cell sensor in a number of
degenerative diseases including Alzheimer’s disease (Zheng et al., 2011),
(Schaeffer et al., 2012), (Salminen et al., 2012), (Du et al., 2009b). The
exposure of the SDFT to repetitive exercise associated factors such as heat stress
may lead to an increase in protein damage and subsequent p62 expression. To
determine whether there was an increase in the expression of pé62 in injured
SDFT, two SDFT tendons with chronic lesions of several weeks to several months
duration were immunostained for p62 by immunohistochemistry. The history of

the tendon lesions was unknown for both horses.

Both horses displayed the typical features of chronic lesions in SDFT
tendons. There was expansion of the endotenon by differing numbers of small
blood vessels. The endotenon contained a few mononuclear cells particularly
macrophages and lymphocytes. The adjacent tendon matrix was aligned in a
longitudinal axis with minimal loss of collagen fibril alignment. The matrix was
highly cellular and the tendon fibroblasts were quite plump with double the
amount of cytoplasm than normal cells. The latter cells may represent activated
fibroblasts, type 2 tenocytes (Chuen et al., 2004), (Stanley et al., 2007). The
severity of the lesions in one of the horses was greater. The tendon matrix of
this horse contained areas of acellularity. An example of a chronic SDFT lesion
can be seen in Figure 5-11B (This section was retrieved from the horse with the
more severe lesion.) This lesion was compared with a section from normal SDFT
where the tendon fibroblasts were shown to be oriented longitudinally and the
thin, spindle shaped fibroblasts were also sparse within the tendon matrix
(Figure 5-11A).

The expression of p62 was predominately nuclear in both horses with
some cytoplasmic staining. p62 positive staining was particularly prevalent in the
horse with the more severe lesions. p62 positive cells were visualised throughout
the lesion, in the tendon matrix and the expanded endotenon (Figure 5-11C).
Within the tissue lesion, the connective tissue cells (pericytes) lining the blood
vessels, the infiltrative fibroblasts, the small numbers of inflammatory cells and

the resident tendon fibroblasts were all positive for pé62.
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p62 expression in chronic SDFT lesion

Figure 5-11 The expression of p62 in a chronic SDFT lesion

(A) A section taken from a normal SDFT. The normal tendon matrix shows the tendon fibroblasts
aligned in a longitudinal orientation and the fibroblasts are sparse in number within the matrix.
There are white tears in the tendon tissue and is the result of artefacts acquired during processing.
Image shown at x20 magnification. (B) An H and E section of a chronic SDFT lesion. Image shown
at x10 magnification. (C) The expression of positive p62 cells (brown) can be seen in the
endotenon and the tendon matrix from the same lesion. Image shown at x40 magnification.
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5.2.8 The addition of an exogenous anti-oxidant (N-acetyl
cysteine) did not alter the expression or localisation of NRF-
2 in SDFT cells

Exposure of cells to oxidative stress results in a cascade of events where
p62 binds to cytoplasmic KEAP1, which prevents NRF-2 from being degraded by
the proteasomes, allowing NRF-2 to translocate to the nucleus to participate in
the transcription of antioxidants (Jain et al., 2010). The localisation of nuclear
NRF-2 in cells could therefore indicate that these cells are undergoing a
significant oxidative insult. To investigate this, the distribution of NRF-2 was

examined by immunocytochemistry in SDFT fibroblasts.

In control SDFT fibroblasts, NRF-2 was predominately localised to the
nucleus, although there was some cytoplasmic staining present (Figure 5-12A).
This suggests the SDFT fibroblasts may be experiencing oxidative stress in the
cell culture environment. The ROS may come from a variety of sources including
high oxygen tensions or chemicals within the culture media which can be
oxidised (Halliwell, 2003). The NRF-2 was also localised to cytoplasmic puncta
and to plaques between SDFT fibroblasts, the latter potentially being sites of
gap junctions. The addition of hydrogen peroxide, a source of reactive oxygen
free radicals which would be expected to increase the nuclear expression of
NRF-2, did not appear to alter the nuclear expression of NRF-2 in SDFT
fibroblasts in comparison to the control cells (Figure 5-12B). However, when the
expression of nuclear NRF-2 was quantified for both the control and hydrogen
peroxide treated fibroblasts by Image J, there was a significant increase in the
mean nuclear NRF-2 expression when hydrogen peroxide was added to the SDFT
fibroblasts (P-value: <0.05) (Figure 5-13). Treatment with 1TmM NAC, a ROS
scavenger did not shift NRF-2 from its position in the nucleus (Figure 5-12C).
Higher doses of NAC were not used as cellular proliferation and viability were

compromised when doses greater than 1mM were used.
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Figure 5-12  The addition of NAC does not alter the distribution of NRF-2

To determine the localisation of NRF-2 in control SDFT fibroblasts, the cells were immunostained
for NRF-2 (red) and DAPI (blue). The far right panels show the merged images. The control group
of SDFT cells was compared with two groups, one group of SDFT fibroblasts was treated with
200uM hydrogen peroxide and a third group was treated with ImM NAC only. All data was
retrieved from one horse with multiple images examined for each treatment group. Images shown
at x63 magnification. Scale bar: 25um
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Figure 5-13  Measurement of NRF-2 expression in SDFT fibroblasts

Bar graph depicting the mean nuclear NRF-2 expression in SDFT fibroblasts. Control SDFT
fibroblasts were maintained at 37°C. A separate group of SDFT fibroblasts were exposed to 200uM
hydrogen peroxide. A third group of SDFT fibroblasts were treated with 1mM NAC only. Data was
collected from the one horse. Multiple technical replicates were taken (x75) for each treatment
group. To detect whether there were any statistical differences in the expression of nuclear NRF-2
between the control and the two treatment groups, the Kruskal Wallis test was employed. The
expression of NRF-2 was higher in the hydrogen peroxide treated group in comparison with the
control (P-value: <0.05). Error bars represent the standard error.
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5.2.9 Co-localisation of NRF-2 and Cx43 was seen at gap
junctions and other intracellular sites

In the last section, plaques of positive NRF-2 expression were visible
between cells, potentially in areas where gap junctions are located. To see if
Cx43, one of the proteins which make up the gap junction structure, co-localised
with NRF-2, a double immunocytochemistry stain was performed. There was a
very strong relationship between NRF-2 and Cx43, as NRF-2 was not only present
at gap junctions, it also co-localised with many of the intracellular Cx43

cytoplasmic speckles (Figure 5-14).
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Figure 5-14  Co-localisation of NRF-2 at gap junction plaques and Cx43 foci

SDFT fibroblasts were co-immunostained for NRF-2 (red), Cx43 (green) and DAPI (blue). There
was strong co-localisation of NRF-2 with Cx43, at gap junctions and Cx43 foci in the cytoplasm.
The merged Cx43 and NRF-2 foci appear yellow. To show the co-localisation of Cx43 and NRF-2
more clearly, an insert box has been added with x3 magnification of the small white box below it.
Images shown at x63 magnification. Scale bar: 47.62um.
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5.3 Discussion

5.3.1 DAXX re-localisation into the nucleoplasm occurred rapidly
during heat shock in SDFT fibroblasts

One of the main aims of this section was to determine whether equine
DAXX redistributes from nuclear puncta (thought to be PML NB) into the
nucleoplasm during heat shock as has been shown in human cells. This stress
response is conserved in equine tendon fibroblasts as DAXX dispersal into the
nucleoplasm occurred as early as 3 mins of heating at 43°C where there was a
slight decrease in DAXX puncta expression. At 10 mins of heating, in the majority
of cells, there was very little DAXX punctate expression. These experiments
show that this stress response was very rapid in equine tendon fibroblasts. In
human HEp-2 cells, the first recorded time point of DAXX dispersal occurred at
12 mins of heating at 42°C, therefore it is possible that loss of DAXX into the
nucleoplasm could take place at a much earlier time (Nefkens et al., 2003).
DAXX re-expression of nuclear puncta was equally rapid in SDFT fibroblasts and
took place as early as 10 mins post heating. Likewise, the first recorded time
point of DAXX re-localisation to the PML NB in HEp-2 cells is 30-45 mins post
heating (Nefkens et al., 2003). Again, this response could be even earlier in

human cells as was demonstrated in equine tendon fibroblasts.

The rapid re-localisation of DAXX to nuclear puncta following heat shock
was a useful marker of the cellular response to a mild heat shock. Future studies
will be required to determine whether the distribution of DAXX can be used to
predict cell fate when lethal temperatures are used, as failure of re-localisation
of DAXX to nuclear puncta and/or re-localisation to the cytoplasm may indicate
a threshold dependent response to heat stress. Re-localisation of DAXX to the
cytoplasm is thought to be associated with pro-apoptotic pathways including
ASK1 mediated cell death that is closely linked with the JNK signal transduction
pathways (Ko et al., 2001), (Song and Lee, 2003).

We sought to determine whether DAXX re-localisation was stress-
adaptable i.e. that there would be retention of DAXX at nuclear puncta during a
second heat shock. My work demonstrated that DAXX re-localisation into the

nucleoplasm is part of the constitutive heat shock response and not stress
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adaptable as DAXX re-localisation into the nucleoplasm took place with a

subsequent heat shock.

It was predicted that DAXX dispersal from nuclear puncta would be
inhibited with a second heat shock as studies have shown that increased levels of
Hsp-90 and Hsp-70 negatively regulate HSF-1 trimer formation and its
subsequent transactivation capacity (Shi et al., 1998), (Baler et al., 1992),
(Akerfelt et al., 2010). It is possible that two heat shock episodes were not
enough to generate a negative feedback response in equine tendon fibroblasts.
Future work could investigate whether a larger number of heat shock episodes
are required for a negative feeback effect to be instituted in these cells,
possibly leading to DAXX retention at nuclear puncta. All of my results were
obtained from one horse and much more extensive work would be required to
determine for example whether DAXX translocates as rapidly from nuclear

puncta into the nucleoplasm in a larger population of animals.

McDonough et al, 2009 identified reduced levels of soluble nuclear DAXX
in heat shocked mouse embryonic fibroblasts, an effect markedly enhanced by
its interaction with CHIP (carboxyl terminus of Hsc/Hsp-70 interacting protein).
CHIP was found to regulate the assembly of non-canonical ubiquitin chains which
renders DAXX insoluble and resistant to proteosomal degradation. This process
was transient, allowing DAXX to return to ‘control’ levels of soluble protein
within 30 mins. These data agree with our findings of DAXX re-expression as
nuclear puncta following heat shock (McDonough et al., 2009). Interestingly, this
group has also demonstrated CHIP bound to DAXX on its amino terminus
preventing the interaction of HIKP2 (homeodomain-interacting protein kinase 2)
with DAXX which is known to phosphorylate serine 46 on p53, a known activator
of the apoptotic pathway (McDonough et al., 2009). Future research would be
required to investigate DAXXs’ interaction partners in the nucleoplasm of equine
cells to identify how its activity is regulated during heat shock. Understanding
how DAXX is regulated during heat shock could allow manipulation of this
pathway to be undertaken with the ultimate aim of protecting susceptible SDFT

cells from injury.
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5.3.2 DAXX puncta size increased with cold shock in SDFT
fibroblasts

My experiments provide evidence that DAXX re-localisation into the
nucleoplasm did not occur during cold shock as DAXX puncta size was
quantifiably increased at 15 mins and 30 mins of cold shock at 26°C. This finding
has not been shown before in human or equine studies. The limitation of this
work was that it was based on data from one horse. Larger scale experiments
would be required to validate whether this is a significant biological response to
cold shock.

The reason for the increase in DAXX puncta size is unknown. DAXX has the
ability to interact with SUMO non-covalently through a C-terminal SUMO
interacting motif (SIM) and the SIM of DAXX is required for its association with
SUMOylated PML and localisation to the PML NBs (Lin et al., 2006). Treatment of
human cells (U373MG cells, an astrocytoma cell line) with arsenic trioxide has
been shown to increase the expression of SUMOylated PML leading to a
subsequent increase in size of the PML NBs (Maroui et al., 2012). An increase in
SUMOylated PML in turn has been shown to activate the recruitment of DAXX to
the PML NBs (Lin et al., 2006). There is some difference of opinion on the role of
DAXX function once targeted to the PML NBs. A recent study showed that
sorbitol treatment of cells led to CK2 kinase mediated phosphorylation of DAXX
SIM resulting in DAXX SUMOylation and increased interaction with SUMOylated
proteins. The authors concluded that the recruitment of SUMOylated DAXX to
the PML NB resulted in the repression of anti-apoptotic genes thus sensitising the
cells to stress induced apoptosis (Chang et al., 2011). In my own work, there was
no evidence of cell death in the equine tendon fibroblast monolayers during cold
exposure making this scenario unlikely, although repression of other genes may
be possible. Finally, Maroui and coworkers have shown that following the
treatment of U373MG cells with arsenic trioxide, the SUMOylation of PML and its
SIM are required for its interaction with RNF4 (RING (Really interesting New
Gene) Finger Protein 4), ubiquitination of PML, recruitment of proteasome
components to the PML NBS and proteasomal degradation of PML isoforms
(Maroui et al., 2012). This suggests that proteasomal degradation of PML and
potentially DAXX could take place at the PML NBs.
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The translation of proteins has been shown to be minimised during cold
shock with only enough production of essential proteins taking place to allow the
cell to function in hypothermic conditions (Dresios et al., 2005). One of the
proteins responsible for the regulation of protein translation during this time is
RBM3 and in chapter 4 of this thesis, the up-regulation of RBM3 in SDFT
fibroblasts first occurred in the first hour of cold shock at 26°C. Retention of
DAXX at the PML NBs may be essential for inhibition of its transcriptional
activities in cells to allow RBM3 and other cold shock proteins to regulate
protein translation during the hypothermic period. Future work will be required
to determine the fate of DAXX at the PML NB during the first 30 mins of cold
shock. For example, DAXX may be targeted for proteasomal degradation or may

undergo transcriptional silencing of its promoter genes.

5.3.3 p62 in injured tendons may be associated with the
healing response

My experiments demonstrated up-regulation of p62 in a SDFT lesion with
significant scar tissue and enlarged endotenon. Hosaka and coworkers have
previously shown immunopositive staining of four cytokines (IL-1a, IL-18, TNF-qa,
IFNY) in tenocytes, endothelial cells and vascular epithelial cells in injured
equine SDFT(Hosaka et al., 2002). The distribution of p62 positive cells in my
work matched the same set of cells in Hosakas’ research. p62 has been shown to
participate strongly in the regulation of cytokine release (Lee et al., 2011) and
also acts as an adaptor protein, linking protein kinase pathways, such as aPKCs
(atypical protein kinase C) to TRAF-6 which activates the release of NF-kB, a
major transcription factor involved in the activation of pro-inflammatory
cytokines including TNF-a, IL-18 and IL-6 (Sanz et al., 2000), (Lee et al., 2011),
(Tak and Firestein, 2001).

A study using siRNA against p62 in human keratinocytes found there was
significant inhibition of the release of inflammatory cytokines in response to
MALP-2, a stimulator of TLRs (Toll-like receptors) which are key recognition
molecules on the cell surface responding to extraneous stimuli including
antimicrobial pathogens. Interestingly, knocking out p62 also reduced the
proliferation and cell cycle progression of keratinocytes via reduced

phosphorylation of Akt and expression of cyclin D1/Cdk4 respectively (Lee et al.,
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2011). It is possible therefore that the presence of p62 in the scar tissue and
endotenon of equine tendon could be instrumental in the healing response to
injury. Indeed, a number of cytokines play an active role in the healing of equine
tendons, for example, TGF-B1 is secreted by the vascular cells and fibroblasts of
the endotenon during the initiation of the inflammatory phase where it
encourages matrix gene expression and cellular proliferation and its effects can
last for up to 24 weeks (Dahlgren et al., 2005b). Immunohistochemistry studies
would be required to confirm whether p62 and various cytokines (TGF-B, IL-1a,
IL-18, TNF-a, IFNy) are produced from the same cell types outlined above by
staining equine tendon sections from the same lesion. A limitation of this work
was the small sample size and only being able to retrieve tendon biopsy sections
from horses with chronic lesions. Early phase tendinopathy lesions are most
commonly asymptomatic in both horses and humans and for this reason when
biopsy sections are studied from symptomatic equine patients, the material

often represents chronic tendinopathy lesions (Millar et al., 2010).

5.3.4 Validation of p62/SQSTM1 antibody

A large component of this section was spent in the validation of our p62
antibody. The distribution of p62 in equine SDFT fibroblasts differed with
different batches of p62 antibody, one being predominately nucleolar (lot 14 or
15) and the other cytoplasmic (lot 16). A western blot from the two different
p62 antibody lots revealed multiple bands for both antibodies. Reasons for these
bands could be due to multiple isoforms, post-translational modifications of the
same target protein and aggregation of the protein. The most likely reason was

thought to be due to cross-reactive proteins.

Polyclonal antibodies are commonly used in immunocytochemistry work
because they are inexpensive to produce and the technology and skills required
for their production is not high. They are created when an injection of an
antigen into an animal generates a number of different B cell clones which
produce antibodies to different epitopes. As living animals only have a finite
life, when different animals are injected with the same antigen, the exact
epitopes generating antibodies will be different. Additionally, shared epitopes
on different proteins may target a protein that is not the antigen of interest.

Either of these reasons could explain the differences in my experimental results



206

(Burry, 2010b). The p62 used in my work was a polyclonal rabbit antibody.
Attempts to use a monoclonal mouse antibody failed as no immunopositive
reactions to p62 with this antibody were detected in equine SDFT fibroblasts.
Due to differences in the distribution of p62 between batches of antibodies, a
functional test was carried out (treatment of SDFT fibroblasts with bortezomib
to induce a protein handling stress in cells which then activates pé62 expression
in cells) to determine whether the antibody being used was indicative of
p62/SQSTM1 function. The test demonstrated there was every indication that
the antibody was detecting the correct p62/SQSTM1 protein as p62 was shown to
localise to cytoplasmic puncta which was thought to represent autophagosomes
where ubiquitinated proteins are sent to be degraded. Future experiments are
required to confirm the presence of autophagosomes alongside p62. Subsequent
work by our research group has verified the validation of the same p62/SQSTM1
antibody in equine tendon fibroblasts by knocking out the p62 protein (pers

comm, T.Rich).

5.3.5 The localisation of NRF-2 in the nucleus in SDFT fibroblasts
was indicative of oxidative stress in vitro

The presence of nuclear NRF-2 in SDFT fibroblasts suggested these cells
were undergoing a significant oxidative insult, which was not ameliorated by the
addition of an exogenous anti-oxidant agent (NAC). The cell culture environment
is strongly suspected to be the cause of the oxidative insult in SDFT fibroblasts.
It is not surprising that the SDFT fibroblasts were sensitive to ROS, as these
fibroblasts typically reside in an avascular tissue where oxygen levels are not
thought to exceed 2-3% (Wright and Shay, 2006), (Zhang et al., 2010b). The
reasons for the poor protective ability of NAC may be due to its being an
irrelevant protectant and/or the concentration used was insufficient for anti-
oxidant protection to take place. Two investigators have shown that it is
possible to prevent ROS mediated oxidative DNA damage upon the addition of an
anti-oxidant (Yedjou et al., 2010), (Baumeister et al., 2009). Li and coworkers
demonstrated a reduction in the translocation of NRF-2 into the nucleus when
NAC was added to RAW 264.7 cells (mouse leukaemic monocytic macrophage cell

line) after being treated with diesel exhaust particles, a potent oxidant (Li et
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al., 2004). The localisation of nuclear NRF-2 was therefore a useful indicator of
oxidative stress in SDFT fibroblasts. This data was based on a small sample size,
however when collated with the data in chapter 3, it does suggest the need to
re-design cell culture protocols for the culture of tendon cells including the use
of low oxygen tensions or changing the media type as DMEM (the media used in
our studies) contains high levels of iron Il nitrate, a pro-oxidant chemical
(Halliwell, 2003).

5.3.6 NRF-2 co-localisation with Cx43 protein in SDFT fibroblasts

One surprising finding was the co-localisation of NRF-2 to Cx43 proteins
intracellularly and at gap junction plaques. There has been very little work on
the link between NRF-2 and gap junctions. One of the major functions of gap
junctions is in the transmission of intracellular ions, amino acids, nucleotides
and second messengers (e.g. Ca%*, cAMP, cGMP, IP3) between cells (Goldberg et
al., 2002), (Fry et al., 2001). During periods of cellular stress, gap junctions can
propagate the spread of cell fate modulators between cells (the bystander
effect) which can result in cell death or survival (Lin et al., 1998), (Krysko et al.,
2004), (Yasui et al., 2000), (Krysko et al., 2005). The SDFT fibroblasts may be
communicating with each other to promote cellular survival whilst experiencing
an oxidative insult as no cell death was visualised in the monolayers during the
experimental work. Future research will be required to investigate the role

NRF-2 plays in Cx43 and/or gap junction expression or signalling.

In summary, DAXX was shown to translocate from nuclear puncta into the
nucleoplasm in response to heat shock but NOT cold shock and DAXX release into
the nucleoplasm is part of the ‘constitutive’ heat shock response. p62 was
shown to be up-regulated in both the endotenon and the tendon matrix of a
chronic SDFT lesion. SDFT fibroblasts were thought to be exposed to a significant
oxidative insult in vitro as NRF-2 was predominately found in the nucleus, a
marker of oxidative stress in cells. The addition of NAC, an anti-oxidant did not
alter NRF-2 distribution away from the nucleus. Additionally, we also discovered
co-localisation of NRF-2 at gap junctions, the role of which could be investigated
in future studies. The main limitation of my work was the small sample size used

in my experiments.
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Chapter 6) Limitations of the research in this thesis

There were a number of limitations associated with my research and they
have been outlined below. All of these limitations would have had an influence
on the biological significance of my work and future research will require a

larger number of animals to verify portions of my work.
1) Small tendon sample size

One of the biggest limitations of my thesis was the low numbers of horse
tendons used in my experimental work. As tendon injury is common in
Thoroughbred racehorses between the ages of 2-7, it was my aim to obtain horse
tendons within this target population. However, it was very difficult to find
horse tendons that fitted these criteria because of location (few Thoroughbred
horses were available in Scotland) and the specificity of the target population.
At the start of my PhD, | obtained horse tendons of varying breeds and ages from
Weiper’s Equine Clinic at the University of Glasgow which allowed me to
practice on the methodology of extracting fibroblasts from SDFT tendons. | was
lucky to obtain a couple of tendon samples from two TB racehorses that fitted
the correct criteria. However, very small numbers of TB horses were available
from the University of Glasgow and as a result of this, | had to look further
afield.

2) Long transport time prior to processing of samples

| was able to obtain another couple of TB racehorse tendons that fitted
the above criteria from an abattoir in Cheshire. As there were no laboratory
facilities nearby, the horse tendons had to be transported back to Glasgow in an
ice box to help minimise tissue breakdown post mortem. The ice box helped to
preserve the tendon tissues, however it is possible that the effects of the long
journey between Cheshire and Glasgow (approx. 5 hours) may have had an
underlying influence on the cells in situ (although the cells were processed
immediately upon arrival). There is some evidence to suggest this may be the
case as subsequent research work completed by the University of Glasgow horse
tendon research group demonstrated that there was a higher percentage of large

YH2AX puncta (associated with DNA damage) in fibroblasts sourced from the
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abattoir in comparison with cells that had been processed from the post mortem

room straight away (Rich et al., 2013).

3) Lack of history associated with TB horses sourced from
the abattoir

Another limitation of the use of tendon fibroblasts sourced from the
abattoir was the lack of history associated with each animal. It was unknown
whether the TB horses had ever experienced racing, and if they had, what that
history involved (such as distance, intensity of the racing and their standing in
the races) or furthermore, whether they had had any prior forelimb tendon

injuries.

4) Lack of tendon archive containing tendon lesions with

differing severity

Only small numbers of horse tendons could be processed at one time,
leading to difficulty in obtaining an archive of tendon lesions with a range of
disease severity. Being able to stain tendon lesions with differing severity by
immunohistochemistry would have been useful for certain components of this

work such as the distribution and intensity of p62 in vivo.

5) Low statistical significance of my research due to small

sample size

Low numbers of tendon samples, control samples and replicates in my
research will have had a negative impact on the statistical significance of
portions of my work. A larger sample size would have increased the significance
of my results as it would have been more likely to accurately reflect the
biological response from a bigger population of animals (Kalla, 2009). A higher
number of samples in my work would have also reduced the likelihood of Type |
and Type Il errors where you are more likely to obtain a false positive or a false
negative result respectively (Shuttleworth, 2008). A much larger number of

animals will therefore have to be used in future experiments to investigate the
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significance of my research for example; Does the culture of SDFT fibroblasts on

fibronectin consistently lead to high levels of DNA damage in ambient oxygen?

6) Sourcing the correct heating apparatus suitable for my

work

Another big limitation of my research was the amount of time spent on
finding the most appropriate heat shock apparatus for my research. Investigation
of the literature revealed there was no set method for the calibration and
heating of the media in which the cells are bathed in. As a result of this, it took
more than a year to find a heating rig that was not costly, easy to use, accurate
and most of all, reproducible. This valuable time could have been spent in the
acquisition of more data for my experimental research, however the work
looking into heating apparatuses proved useful as it opened up the pitfalls of the
lack of temperature calibration in research in general. In an ideal world, | would
have formed a collaboration with a structural engineer to help me design a good

heating rig suitable for my research at an early stage of my thesis.
5) Ideal scenario for completing my research

If the work could have been completed in an ideal fashion, a group of age
matched live horses would have been purchased (e.g. 10 control animals and 10
experimental animals) and housed in stables at the University of Glasgow. The
group of experimental horses would then be subjected to a set exercise regime
using treadmills over a period of time. All the horses would then be humanely
sacrificed (following the most appropriate welfare protocols) to obtain tendon
samples for both in vitro and in vivo work. This method has a number of
advantages including, a large sample number of both control and experimental
animals, the history of each animal would be known (e.g. its exercise history as
instituted by the treadmill regime) and better sample preservation post mortem.
The disadvantages of this method would be the cost as it is expensive to buy
horses and then house them for long periods of time. The time constraints of

following this method would be far beyond the scope of a PhD.
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Chapter 7) Conclusions and Future work

The SDFT is the most frequently injured tendon in racing Thoroughbred
horses. Repetitive loading of the SDFT together with other exercise associated
factors including hyperthermia are believed to overwhelm the tenocytes’
reparative abilities, lead to dysfunction of the tenocytes’ metabolic activities or
contribute to cell death (Patterson-Kane et al., 2012). One of the main aims of
this thesis was to investigate the sensitivity of SDFT derived fibroblasts to heat
stress and to compare this with another tendon, the DDFT which is biologically
and mechanically distinct. From this, we aimed to establish whether both heat
and cold shock could be used to induce thermotolerance (a phenomenon
associated with the induction of HSPs) in these cells. Additionally, another
important aim was to find the most appropriate protein markers participating in
the heat shock response in SDFT fibroblasts. Thus, from the latter two aims, the
evolution of a number of preventative strategies to minimise cell death in vivo

could be possible.

In Chapter 3, prior to the start of my heat shock investigations in SDFT
and DDFT fibroblasts, the basal levels of DNA damage in these cells were
quantified as the cell culture environment is known to be stressful to cells often
leading to phenotypic drift and premature senescence (Yao et al., 2006a),
(Burova et al., 2013), (Wright and Shay, 2002). My studies showed that the cell
culture environment led to replication induced DNA damage in both SDFT and
DDFT fibroblasts. The SDFT in particular was most susceptible to DNA damage
when cultured on fibronectin in ambient oxygen conditions. This indicates the
SDFT may be more susceptible to injury on a fibronectin matrix or alternatively,
fibronectin has been suggested to potentiate the DNA damage response
signalling in cells as it has been shown to increase stimulation of the
phosphatidylinositol 3-kinase pathway which leads to phosphorylation of H2AX at
the double strand break (De Wever et al., 2011).

One of the reasons for the high levels of DNA damage in SDFT fibroblasts
was believed to be due to defective repair of DSB lesions. My data showed the
SDFT showed comparable reparative abilities with the DDFT in response to

genotoxic DNA damage. However, this does not equate to the repair of matrix
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damage which may be sub-optimal especially in a tendon known to have low
turnover of the ECM.

My findings indicate that the cell culture environment may need to be
modified to lessen the effects of cell culture related DNA damage. The use of
collagen matrices, low serum and/or confluency was introduced for all cellular
experiments after chapter 3 in SDFT and DDFT fibroblasts to minimise replication
induced DNA damage in these cells. My data was also based on the results from
one horse and future work will require larger numbers of horses to determine

the significance of my findings.

In Chapter 4, the Cell MicroControls heating rig was used for heating SDFT
and DDFT fibroblasts in my research. This apparatus was found to be the most
suitable for my work as it indirectly measured cell culture media temperature of
the test dishes to 0.5°C accuracy. Most of the work reported in the literature
does not describe any measurement or calibration of media temperature which

raises the possibility that some published heat shock data may be inaccurate.

After exploratory work to determine a “lethal temperature” for tendon
fibroblasts (52°C), my heat shock research showed that both SDFT and DDFT
fibroblasts were able to survive a lethal heat shock when the cells were
preconditioned with a sub-lethal heat shock. My data suggests the SDFT may be
more susceptible to heat shock in comparison with the DDFT as cell loss was
greater, however more work would be required to verify this finding. The SDFT is
notoriously injury-prone in vivo and it would not be surprising to find these cells
are more susceptible to heat shock related cell death in comparison with a non-

injury-prone tendon.

The increased sensitivity of SDFT fibroblasts to heat stress related cell
death may be caused by saturation of the lysosomes (which target damaged
proteins for degradation) in response to protein damage caused by heat shock. In
Chapter 3, it was shown that unheated SDFT cells had higher levels of lysosomal
activity in vitro (as measured by the senescence associated beta galactosidase
stain) in comparison with DDFT cells and foal SDFT fibroblasts. The reasons for
these high levels of activity in unheated adult SDFT fibroblasts are unknown,

however it is possible cell culture related stress may increase protein damage in
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these cells and thus increasing the workload of the lysosomes. The accumulation
of protein damage as a result of the cell culture related stress and heat shock

may lead to saturation of the lysosomes.

The preconditioned cold shock SDFT and DDFT fibroblast (carried out prior
to a lethal heat shock) experiments were completed separately from the
respective unconditioned experiments. My data indicates that cold shock may
have induced thermotolerance for up to 24 hours post heating in SDFT fibroblasts
as the cell loss was not as great compared with the unconditioned cells. In
contrast, no thermotolerance was induced in DDFT fibroblasts as the percentage
of cell loss was similar for both the preconditioned cold shocked cells and the
unconditioned cells. Future work is required to verify these findings. The reason
for the induction of thermotolerance in SDFT fibroblasts was believed to be due
to its ability to rapidly mobilise Hsp-72 protein in the early recovery period post
cooling as shown in Figure 4-7, leading to a time associated accumulation of this
protein in cells. It is possible that the use of colder temperatures (below 26°C)
could be used to induce higher levels of Hsp-72 protein in these cells thus
allowing the thermotolerance effect to last for longer than 24hrs. Severe cold
shock temperatures were avoided in these experiments as studies in mouse
organotypic hippocampal slice cultures have shown that temperatures as low as
17°C had detrimental effects in cells including cell death (Tong et al., 2013).

In Chapter 5, we investigated the distribution of protein markers involved
in the heat shock response. In my studies, DAXX, a useful protein marker, was
visualised in equine SDFT fibroblasts. DAXX was shown to disperse from nuclear
puncta into the nucleoplasm during heat shock and this was reversible in the
recovery period post heating. The re-localisation of this protein during heat
shock was a useful marker of a mild heat shock response in equine tendon
fibroblasts. The dispersal of DAXX was thought to be part of the constitutive
heat shock response in equine tendon fibroblasts as re-shocking the cells a
second time led to the same response i.e. re-localisation of DAXX into the
nucleoplasm at the same time points. When the SDFT fibroblasts were cold
shocked, the size of the DAXX puncta increased rather than decreased (due to
heat shock related dispersal into the nucleoplasm) and the reasons for this were
unknown. However it was thought to be associated with the recruitment of DAXX

to the PML NBs to fulfil some function linked with the cold shock response.
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Finally, in this chapter, up-regulation of p62 was shown in chronic SDFT lesions
of a couple of Thoroughbred horses mostly in the tendon matrix and the
endotendon of the tendon. The reason for the up-regulation of p62 was thought
to be associated with the cytokine healing response of a healing tendon lesion,

however future work will be required to investigate this further.

Future work could focus on:

Chapter 3

1) More research is required to investigate the ways of reducing
replication induced DNA damage in equine tendon fibroblasts. One of the ways
this could be achieved may be to seed cells on a “natural” matrix, on tendon

slices taken from the tissue.

2) One of the limitations of this research was that the use of 2% oxygen
would ideally have been introduced for all of the experiments (as 20% oxygen is
non-physiological in vivo) but the expense of the appropriate oxygen tanks was
too great. Finding another experimental set-up where low oxygen could be used

relatively inexpensively would be useful.

Chapter 4

1) Improve the accuracy of temperature measurement by directly
measuring media temperature in the dish where the cells are located. A
possible design arrangement could involve the incorporation of a very thin

thermistor onto the inner surface of the cell culture dish.

2) Find the most appropriate cold shock equipment where media

temperature could be measured and calibrated easily.

3) Determine the cold shock temperatures which SDFT fibroblasts are able
to withstand without inducing adverse effects on the cells as there may be

greater expression of Hsp-72 protein at a colder temperature.
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4) Examine whether cold shock has beneficial effects when applied post
heating as studies in human stroke patients have shown that infarct size is

smaller when cold shock is given after an ischaemic event (Shintani et al., 2011)

5) Compare markers of lysosomal activity and cell death in unheated and
heated adult SDFT and foal SDFT fibroblasts (which had very little lysosomal
activity) to see if there are differences in lysosomal activity between the two
groups of cells and whether this could determine cell fate following heat shock.
A lysosomal marker that could be used is the MagicRed™ cathepsin kit (AbD
Serotec) which detects active lysosomal cathepsins, a protease enzyme (Pryor,
2012).

Chapter 5

1) Determine whether DAXX returns to the PML NBs following the
application of a lethal heat shock. This protein marker may then be used to
determine cell fate depending on its localisation in the cell at certain time

points post heating.

2) Examine the interaction partners of DAXX during heat and cold shock
and this will allow a fuller understanding of its function during this stress

response.

3) Source a larger number of equine tendons with varying severity of
lesions in the SDFT. One of the limitations of my work was the small sample size,
especially for the immunohistochemistry work with p62 staining. Most of the
early onset lesions in horses are asymptomatic and typically when lesions are
found, they tend to be chronic in nature (often several weeks to months after
the injury). Specimens from a tissue bank containing equine tendon lesions (of
varying severity) are available from a tendon group at the RVC (The Royal
Veterinary College) in London. If time had allowed, | would like to have
examined some of these tendon sections of varying degrees of severity and stain

them for p62 and other markers including cytokines.

In summary, my thesis has highlighted that SDFT fibroblasts are

particularly susceptible to heat shock related stress in vitro. Further study of the
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mechanisms of the heat shock response in these cells, such as with DAXX as a
marker, could be used to devise and evaluate future treatments to prevent cell
death in these cells as a result of heat shock. The induction of thermotolerance
for 24 hours by a preconditioning cold shock was an interesting finding and could
be of biological significance, however further work with a larger sample size are

required to determine this.
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