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ABSTRACT

Tendns and ligamens play key roles in the musculoskeletal system in both man and
animals Both tissues can often bimjured as result of contact based accident ageing and
disease, causing discomfort, pain andreased susceptibility to degenerative jpaisease.

To date,tendon andligament biology is relatively undstudied in healthy, nowliseased
tissues. This information mssential to understand the pathology of these tissues wital

for future development of tendon and ligament tisseagineeed structures.

This thesisaimsto investigatethe molecular and cellular differences between tendons and
ligaments around the canine stifle joinThe biochemical composition, structuradnd
morphologicalcharacteristics were identified betweethe different regions of the intra
articular cranial cruciate ligament (C@bhg extraarticularmedial collateral ligamentMCL)
and the positionallong digital extensor tendo{(LDETgand energy storinguperficial digital
flexor tendons (SDFT)Differencesin proteome compositionwere also assessed between
CCL and LDETelGisolated from canine CCL and LI@¥&Fe cultured ina 3D in vitro fibrin
culture model and measuredfor differencesin structural, biochemical and proteome

composition.

Statistical signifiant dfferencesin extracellular matrix (ECMjompositionin terms of
glycosaminoglyca(GAG)and elastin content were primarily detected in CCL in comparison
to the other three tissuesThe CCL was also found to have morphological differences
including €ss compact collagen architecture, differences in cell nuclei phenotype, and
increased (GAG) and elastin content. Proteoooimparisonbetween CCL and LDEBulted

in significantly abundanfibrocartilage proteinssuch ascollagen type Il, aggrecamerscan

and chondroadherinin CCL while the LDET was more abundant i@sporin and
thrombospondin4. 3D tndon and ligament constructs were able to recapitulate tendon
and ligamentous tissue characteristics particularly with regards to ECM proteins present
however both construct were less abundant in ECM protein and contaiaedreater
proportion of cellular proteinscorrespondng with low collagen and high level of DNA
content measured in both construct8D tendon and ligament constructs derived from
tendonand ligament cells had similar ECM, proteomic sindctural compositionindicating

that cell source may not be an important factor for tendon or ligament tissue engineering.
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CHAPTER 1

GENERAL INTRODUCTION



1.1 CONNECTIVE TISSUE

There are four basic types of tissuestire human or animal body, namely epithelial,
muscle, nervous and conneée¢ tissue. Of these, connective tissues are one of the most
abundant,being extensively distributed and encompasg avariety tissues with differing

functional propertiegVan de Graaff et al. 2010ortora and Derrickson 2013

In general, the key functiaof connectie tissues are to bind, suppodand strengthen
other body tissues, proteéand insulate internal organgnd serve as major transport with

the body (Van de Graaff et al. 2010ortora and Derrickson 20)13Connective tissues
consist of cells and an extracellular matrix (ECM) of fibres, fluid and ground subgtasse

and Pawlina 2006Tortora and Derrickson 20)13The role and function of the various
connective tissues is reflected in the types of cells, fibores and the character of ground
substance in theeCM(Ross and Pawlina 2006l'he groundsubstanceis a wstructured
material that fills thespace between cells anitbres of connective tissue and is primarly

composeddf water andproteoglycars and cell adhesion proteinfMarieb and Hoehn 2007

Connective tissueclassiication is not always cleadue to some similarity between
characteristics of the many tissues andtli®refore somewhat subjective and open to
dispute. Based on differences of composition and organisation of the cellular and ECM
component and functional properties, connective tissues could be classified into embryonic
connective tissue, connective tissymoper and specialised connective tissue subgroups

(Aughey and Frye 200Ross and Pawlina 200@-igure 1.1).
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Figure 1.1. Classification of connective tissues. Connective tissues are categorisec
subgroups based on differences in cellular and ECM composition, organisatiol
functional propertiesadapted fromRoss and Pawlina (200&)d Aughey and Frye (2001)



1.1.1 Embryonic connective tissue

Almost all connective tissisadevelop fromthe mesoderm, which is the middle embryonic
germ layer that forms through proliferation and migration of the mesodermal and specific
neural crest cells into primitive connective tissue referred to as mesenchjgoss and
Pawlina 200pMarieb and Hoehn 2007 The mesenchyme is established in the early embryo
and leads to theformation of several connective tissues such as cartilage, tendon or bone
(LordaDiez et al. 2014 It also develops intoother tissues e.g. muscle, vascular and
urogenital systemgRoss and Pawlina 2008Vlesenchymal tissue consist of unspecialised
cells that have a homogenous and spindle shap@ppearance and ECM witha sparse
arrangement of fine reticular fiboresnd ground substancéross and Pawlina 2006ortora

and Derrickson 2013

Another subtype of embryonic connective tissue is mucous connective tissue, which is
located in the umbital cord. The mucous connective tissue cells are widely scattered and
appear much likéibroblasts and are embedded inj@ly-like extracellular matrixknown as

2 K| NI 2 y@ugheydhd Erge 200Ross and Pawlina 2008ortora and Derrickson
2013.

1.1.2 Connective tissue proper

Within this category connective tisssasfurther categorised into loose connective tissue

and dense connective tissue.

1.1.2.1 Loose connective tissue

Looseor areolar connectiveissue is a cellular connective tissue with thigparse and
loosely arranged collagen fis, however ihas an amorphous ground substangsss and
Pawlina 200§ It contains many scattered cells of variotgpes and itis widespread
throughout the body surrounding vessels and ner@dsighey and Frye 20Q1Loose

connectivetissue has a spacefilling function between organs and structure®r instance



between skin and musculature and between suole fibres. It is found underneath epithelial

tissue ands alsoa component of lamina proprigY NR G A)6 M dy p

1.1.2.2 Dense connective tissue

Dense connective tissues have substantially less cells, but contain more fibres that are
thicker and more tightly packed together comparnedioose connective tissue. This subtype
can further be divided into dense irraetar andregular subcategorie§Aughey and Frye

2001, Tortora and Derrickson 2013

Dense Irregiar Connective Tissuéhis type of tissue contains sparse celigl little ground

substance, bug high proportion of collagen fibres that are usually irregularly arranged. The
fibres arearranged in bundles and run in more than one plamhis irregulaarrangement
allows tissues of this type to resist ersive stretching and extensiqRoss and Pawlina
2006 Marieb and Hoehn 20Q7 Examples of dense irregular connective tissueuaelthe
fascia, dermis of skiand thefibrous covering that surround some organs suchtlas heart

and kidney(Marieb and Hoehn 20Q7 ortora and Derrickson 2013

Dense Reqular Connea TissueThis type of tissue provides strong attachment between

various structures, which are able to withstand tension along long axis of {iboetora and
Derrickson 2018 Unlike in dense irregular connective tissue, collagen fibres are arranged in
parallel array and are tightly packed to provide maximunersgth. Ligaments and tendons

are examples of dense regular connective tissue, where ligament joins bone to bone and
tendon joins muscle to bon@Aughey and Frye 200Rcss and Pawlina 2006The structure

of tendon and ligaments are being examined in this thesis and willidgsissed in further

detail later on in this Chapter.

1.1.3 Specialised connective tissue

Spedalised connective tissuasclude cartilage, bone, adipestissue, blood, hemapoietic
tissue and lymphatic tissue. Similar to the other connective tissues, specialised connective

tissue consistsfacells and ECMhowever the celtharacteristics and the componesf the



ECMdiffer in quantity, type and organideaon (Ross and Pawlina 2006-or instanceone
feature that distinguishes bone from other connectitissuesis the addition of collagen
fibores and mineralsation of the bone matrix, giving isubstantial strength and rigidity
(Weatherholt et al. 201p Converselyploodis a connective tissue thatonsists oidifferent

types of cells anda liquid ECM, allowingt to travel and transport nutrierd, wastes,
enzymes, plasma proteirend hormones(Marieb and Hoehn 200/Tortora and Derrickson
2013. Another example of specialised connective tissue is cartilage, which contains
specialised cellschondrocytesthat maintain the ECM. Unlike other conntee tissues
cartilage does not contain nerseor blood vessels in its EC®Rartilage resistboth tension

and compressionas 1 is composed of large amounts of glycosaminoglycans, firmly bound

collagen fibres antlas ahighwater content(Marieb and Hoehn 2007

1.2 TENDON
1.2.1 Tendon function and gross structure

Tendonsare dense connective tissueand aredominated by regularly arranged collagen
fibres. Theyserve primarily to transfer the pull of muscles to bofBenjamin and Ralphs
1998. Theyalsoplay a fundamental role in loomotion, transferring the forces generated
by our muscles to the skeleton, and thus facilitating movem&treen 200P In addition,
they stabilise the joint, and act as shock absorber to limit muscle daftdggg et al. 2007
Some tendons have an additional energy storing functitsich when stretched under load
they then recoil. This lessens the energetic colsibocomotion, as a reduced muscular effort
is required to return the limb to the starting positigBirch et al. 2018 Examplesf energy
storing tendons are the human Achilles tendon and equine supertiagéhl flexor tendon
(SDFTjThorpe et al. 201Birch et al. 2018 However,tendons such as the humamterior
tibialis tendon and the equine common digital extensor tendon (CB&Turely to position
the limb and are relatively inextensible adlow efficient transfer of force from muscle to

bone and precise placement of the ln{Thorpeet al. 2012.

Macroscopically healthy tendons are white in colour and havéibro-elastic texture

(Kannus 200D They can vary remarkably in sleagnd sizendin the way they are attached



to the bone some tendon can be rounded awordlike, straplike bandsappear like or
flattened ribbons(Benjamin ad Ralphs 199Kannus 200Benjamin et al. 2008 The point
of unificationof tendon to the muscle is referred as themyotendinous junctiofMTJ) ad
the point of unificationof tendon with bone as theosteotendinous junction (OTJ)Ihe
connection of the proximal tendoaf a muscle to bone is called tmeuscle origin, andhe
distal tendonconnection is known aan insertion(Kannus 2000The MTJ is important for
force transmission of contracted muscle to tend(Benjamin et al. 200ZKostrominova et
al. 2009. At this region collagen fibres of tendon are inserted into deep recesses formed by
myocyte processes, which allows the temws that has been generated by contractile
proteins of muscle fibres to be transferred to the collagen fib@sarma and Maffulli 2005
The OTJ or enthesis is the interfacevbeen tendon and bone ant classified in to four
zones: fibrous tissue,birocartilage, mineralised fibrocartilage and bofi@enjamin et al.
1986 Benjamin et al. 1993 0schak and Zernicke 2009 he presence of fibrocartilage in
tendon is an adaptation to resist compression and/or shear fo{B&sjamin and Ralphs
1998).

1.3 LIGAMENT
1.3.1 Ligament function and gross structure

Ligament is anothedense regular connective, that joins bone to bofRoss and Pawlina
2006. Similar to tendons, ligaments vary in size, form, orientation and locaftwank
2004). Grossly, ligament appeawshite, firm, homogenous and fibroug~rank et al. 1986
Ligament can be categorisedtonat least two major subgroups; those found in the
musculoskeletal system (usuallyossing joints) and those connecting other soft tissues, for
instance the suspensory ligament in the abdomen. They are named based on the point of
bony attachment, shape, function, their relation to joints or surfaces and their relsttipn

to each other(Frank et al. 19856

Skeletal ligaments plagssential roles for accurate joint function. They passively ssaltihe
joint and are responsible for guiding movement of the joint through a normal range of

motion. They are responsible for preventing or blocking abnormal joint movement within



set limits. Another function oarticular ligament role in joint is in prajoception, which
providesfeedback relatingposition space of the joinand contributes to the coordinated
movementof the limbs(Frank 2004Birch et al. 2018

Ligament contains different regions similar to what hasen previously describeh
tendon. For instance the anterior cruciate ligamelmas a proximal origin from the femur
and a distal insertion otthe tibia (Zantop et al. 2006 Thedirect insertion or enthesis of
ligament to bone also conssstof four gradual transition zones as mentioned earlier
(Doschak and Zernicke 2005vhile indirect insertion bthe ligament passeslong the
surface of the boneather than bony or gradient transition zon&he cruciate ligamentsf
the knee jointare examples of ligaments with direct entheses at both the femural and tibial
insertions whilst medial collateral ligamentMCL has an indirect enthesis at the tibial
insertion(Woo et al. 200%

The formation of fibroartilagnous matrix in both tendon and ligament is thought to occur
at sites that are under compression. Cells in both tendon and ligament apable of
detecting changes imémechanical load and eordinate their response to alter the

composition of ECNBenjamin and Ralphs 1998

1.4 STRUCTURE OF TENDON AND LIGAMENT

1.4.1 Hierarchical structure

The collagen rich conposition of igamens and tendors are organised in a complex
hierarchical structure. This was first reported in tendon Kastelic et al. (1978who
summarised thatropocollagen molecules are synthesised by tenocytes therassiémbled

and grouped together in a highly ordered fashion to form fibrils, fikaed fascicle (fibre
bundles). Each fascicle is separated by a loose connective tissue of interfascicular matrix
termed endotendon. Grouped fascicles form thentire tendon, which is enclosed by
another connective tissueeferred to as epitenon (Figure 3.(Kastelic et al. 19%8In the
ligament the endotendon is referredot endoligament, andthe epitenon is called

epiligament(Chowdhury et al. 1991 0 et al. 2002



The orienation of collagen fibrilsends to bein the direction ofapplied force(Kastelic et al.
1978 relative to the axis of tendon or ligament. In tendon forces are appliea uniaxial
direction, resulting in parallel alignment afllagen fibrilsHowever in ligament collagen

fibrils are not as uniformly orientated as forcae applied in more than one directigAmis
1998 Rumian et al. 2007

Tropocollagen Microfibrils  Fibrils Fibre Fascicle Whole tendon/ligament
1.5 nm 10 nm 10-350 1-20 um 50-300 pm 15 mm
Nerves and

blood vessels|
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Interbundle cel Epitenon/Endoligament
Crimping Interfascicular cells

. Endotendon/Endoligament
Tenocytes/Ligamentocytes

Figurel.2. Hierarchical structure of teton and ligament. Imagiom Kastelic et al. (1978
andThorpe et al. (2012)



1.5 TENDON AND LIGAMENT COMPOSITION

1.5.1 Cells

Both tendon and ligament cells reside between collagere§ within the fascicle and at the
interfascicular regionglLo et al. 2002Clegg et al. 20Q7Figurel.2). In both tendon and
ligament the major cell type is the fibroblast which is responsible for the synthesis and
assembly of ECM moleculd3ozer and Duprez 20D5Fibroblasts are referred tas
tenoblasts/tenocytes in tendon and ligamentoblast/ligamentocytes in ligamend
comprises about 9095% of the cellular element of both tissu@sannus 2000Hoffmann

and Gross 2007 In tendonand ligamentdifferent morphological appearances of fibroblast
have been reporteqMurray and Spector 199%annus 2000Clegg et al. 200 mith et al.
2012 Other populatiors of cells are alspresent but in lover number (510%jRiley 2005
Hoffmann and Gross 20Dand include chondrocytelike cels (fibrochandrocytes) at the
bone originand insertion sites, synovial cells, and axdar cells(Kannus 2000Riley 2005
Hoffmann and Gross 20D7The existence of stem cells has also been documented in both

tendon (Bi et al. 200yand ligament tissu¢Zhang et al. 201

Cells in tendon communicate by intercellular communication sites known as gap junctions,
which are alsmecessary for strainduced collagen syhesis(McNeilly et al. 1996Clegg et

al. 2007. Connectionsoccur through cell cytoplasmic extensgthat extend for long
distances and connects to cytoplasmic extension of adjacent cells, forming an elaborate 3
dimensional structurgdMcNeilly et al. 1996 A similar intercellular communication system

has also been described ligament (Lo et al. 200R The detection of gap junctions in
association with these cell connections has also raised the possibility that cells coordinate
cellular and metabolic responses throughout ligament and tendissue via cellto-cell

communication(McNeilly et al. 1996Ralphs et al. 1998 0 et al. 2002
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1.5.2 Extracellular matrix

The ECM is the necellular structural network that is secreted by cells, and provides not
only essential physical scaffolding for the cellular constituents but also initiatenteds
biochemical and biomechanical cues that are required for tissue morphogenesis,
differentiation and homeostasi@enjamin and Ralphs 199%jaer 2004Frantz et al. 2010

The general ECM composition of tendon and ligament consists of water and collagens,
proteoglycanselastinand glycoproteinswhich are further described beloWBenjamin and

Ralphs 199,/Frank 2004Thorpe et al. 2013

1.5.2.1 Water

Tendon and ligament are composed twocthirds water (Frank 2004 Kjaer 2004 A
significant amount of thisis associated with proteoglycan(PGs) The water and
proteoglycars are thought to have spacing and lubricating sotecessary for the gliding of
the fibres in the ECM of ligament and tend@miel et al. 1995Kjaer 2004

1.5.2.2 Collagen

Collagen is the most abundant protein in the human body and makes 8% ofits total
protein content (Liu et al. 1995 Collagens are important fax wide rangeof functions
including tissue scaffolding, maintaining ttiesue structure, cell adhesion, chemotaxis, cell
migration and the regulation of tissue remodelling during growth, morphogenesis and
wound healing(Myllyharju and Kivirikko 20Q4Kadler et al. 2007 Tendon and ligament
contain approximately 780% dry weight collagen, of whict85-95% is type Collagen
(Frank 2004Kjaer 2004Riley 200%depending orthe typeof tendon or ligament.

Collagen Classifation- At least twenty eight collagens have been identifigianty and

Kadler 2005 Kadler et al. 200y they are grouped based on their stture and
supramolecular organgion into fibril forming collagensfjbril-associated collagenwith
interrupted triple helices (FACIT9)etworkforming collagens, transmembrane collagens,
anchoring fibrils, beadedléiment forming, endostatin producing collagens and others with

unique functiongKadler et al. 200){Table 1.1).
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Collagen type

Classification

Distribution

v
\%

Vi

Vi
VIii

Xl
Xl
Xl
XV
XV

XVI
XVII

XVIII
XIX

XX
XXI
XXII

XX
XXIV
XXV

XXVI
XXVII

Ectodysplasin
Gliomedlin

Fibril¢gforming
Fibriforming
Fibrikforming

Networkforming
Fibrikforming

Beaded
filamentforming
Anchoring fibrils
Network
forming

FACIT
Networkforming
Fibrikforming
FACIT
Transmembrane
FACIT
Endostatin

FACIT
Transmembrane

Endostatin
FACIT

FACIT
FACIT
FACIT

Transmembrane
Fibrikforming
Transmembrane

Beaded filament
forming
FibriHforming
Transmembrane
Transmembrane

Fibrils in tendon, bone, skin, cornea and blood vessels walls
Fibrils in cartilage

Forms heterotypic fibrils with type I collagen, especially in
embryonic skin and hollow organ

Network in basement membrane

Forms heterotypic fibrils with type I, especially in embryonic s
and in cornea

Ubiquitous distribution, especially in muscle

Fibrils inskin at the dermal/epidermal junction
5580SYSyiQa YSYONIyYS

Associated with type Il collagen fibril, especially in cartilage
Hypertrophic cartilage

Heterotypic fibrils with type I

Associated with type | fibrils

Neuromuscular junction, skin

Associated with type | fibrils

Specialisd basement membranes, close structural homology
XVIII

Specialised components of fithin 1 microfibrils and collagen
fibrils

Transmembrane component of hemidesmosomes, which atta
epidermis to basement membrane skin

Associated with basement membranes

Infrequent, localised to basement nmdrane zones; contributes
to muscle physiology and differentiation

Ubiquitous, most dominant in corneal epithelium

Wide spread expression pattern

Localised in specific tissue junctssuch as myotendinous
junction, cartiage and synovial fluid, hair follicle dermis
Limited tissue distribution

Expressed in tissues containing type | collagen

Precursor protein for CLAGollagenous Alzheimer amyloid
plague componet)

Expressed in testis and ovary of adult tissues

Widespread expressiogspecially in cartilage
Ectoderm
Myelinating Shwan cells

Table 1.1. Collagen types, classification and distribution. Table adapted fcamty and
Kadler (2005andKadler et al. (2007)
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Collagen Structurd 2 f £  3Sy Y2t SOdzZ Sa O2yairaid 2F GKNBS

in which each chain comprises a repeating- X6l triplet, where X and Y can beyamsidue
but are usually proline and hydroxyproline respectivelgn der Rest and Garrone 1991
Myllyharju and Kivirikko 2004 This triplet motif results in a lefianded helix that
intertwines with two other helices to form a right hand trighelical structurglvan der Rest

and Garrone 1991

Collagen fibrils are the principal source of tensile strength in mammalian tissue. Fibrils can

be identified by a characteristic banding pattern wéiinm axial periodicity. Fibrils can be

up to milimetres in length and range in diameter froh2 nm to approximately500nm,

depending onthe tissue and stage of developme(€anty and Kadler 200Kadler et al.

2000® ¢ KS (GKNBS L}RfeLISLIWARS hwm 2ahtefotimeQitd A ya O
or three different chains) oa homotrimer (three identical chaingRiley 205). Fibrillar

collagen type | is a heterotrimeric collagen, as itcossist (1 62 st ROBRK Sy hu OK
(Kadler et al. 2007 Heterotrimeic type | ollagen is the main constituerdf tendon and

ligament andcontributes to thehigh tensile strength of both tissues. Collagen type Il is
another fibrillar collagen present in both ligaments and tendénank 2004 Kjaer 2004

Riley 200% Collagen type Il is believed to regulate the size dageh type | fibrils and has

been demonstrated to be important for normal fibrillogenefi&adler et al. 20017 Type |l

collagen has been founa tbe predominately localised at endotend@@uance et al. 1977

Sodersten et al. 2033 Other types ofcollagen are also present but are present in much

lower amouns. These include the fibldr collagers type 1l and V, basement membrane

collagen type I\and beaded filament formingollagensVi, Xl and XI\(Frank 2004 Riley

2005

Collagen AssemblyCollagen biosynthesis is characted by the presence of an extensive

number of ce and posttranslationalmodifications of the polypeptide chair{&jaer 2004
The formation of collagen fibrils starts with the synthesis paflypeptide chains on
membrane bound ribosomesThe collagen polypeptidegre secreted into lumen of the
endoplasmicreticulum (ER) in which théollowing stepsoccur (Myllyharju and Kiviriki

2004
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a) Cleavage of the signal peptides
b) Hydroxylation of certain proline and lysine residues
Hydroxylation to 4hydroxyproline, ahydroxyproline and hydroxylysine is due to
action of the three hydroxylases; prodhydroxylase (P4H), prolineHydroxylase
(P3H) and lysine hydroxylase.
c) Glycosylation of some of the hydroxylysine residuesgdactosylhydroxylysine and
glucosylgalactosylhydroxylysine
d) Glycosylation of certain aspargine residues in the C or both N and C propeptides
e) Association of thre€ propeptides directed by specific recognition sequences
f) Creation of intramolecular and intermolecular disulfide bonds
After association of C propeptides and hydroxylation of around 100 proline residues, a
nucleus for the assembly of the triple helix isnfied in the &erminal region and the triple
helix is propagated towards the-tdrminus(Myllyharu and Kivirikko 2004 The procollagen
molecules are transported from the ER through the Golgi stacks and are aggregated during
transport to form secretory vesicles. Subsequently, the N and C propeptides are cleaved by
procollagen propeptides(Myllyharju and Kivirikko 2004 This process ofN and C
propeptides cleavage in tendonhas been described byanty and othersto occur
intercellulary,where N propeptides have been found to be remalearlier in he secretory
pathway than the @ropeptides(Canty and Kadler 200&antyLaird et al. 202). The ECM
secreted collagen molecules are assembled in fibrils in a quarter stagger pattern to-give D
periodic characteristics to the fibiKadler et al. 296, Canty and Kadler 20Q05This process
is also referred to as collagen fibrillogenesis. Several molecules are involved in the
regulation of tendon collagen fibrillogenesis such as collagen typesmigll leucine
proteoglycans and catage oligomeric matrix proteinlCOMP) (Banos et al. 2008
Formation & covalent crosslinks occurs within and between the formed tripécal
collagen molecules in fibrils (Figure 1(B)yllyharju and Kivirikko 2004Canty and Kadler
2005).
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Collagen CrosslinksAfter extracellular fibril formation, covalent crosslinkse formed

between collagen moleculegKielty and Grant 1993 The type of crosfink can vary
according to type of tissudgut is generally divided into threiypes; immature, mature and

non-enzymatidKnott and Bailey 1998

Tendon and ligament contain both of the immature hydroxylysine aldehyde derived cross
links and the lysine aldehyde derived créis&s. Ligament mainly contains hydroxyhes
aldehyde derived crodinks; whilst tendon has a higher content of lysine aldehydeveeri
crosslinks (Amiel et al. 1983 Ligament also poses significaamhount of type Il collagen

and a higher level of lysyl hydroxylation. This phenomenon might be due to the differences

in turnover rate between these two tissu¢dmiel et al. 1984

1.5.2.3 Elastic Fibers

Although collagen fibrils are the principal source of tensile strength in ligament and tendon,
(Canty and Kadler 20950ther noncollagenous components may cotbtite to the overall
mechanical function athe tendon andigament compleXBenjamin and Ralphs 199%rark

2004, Kjaer 2004 Thorpe et al. 20183

Elastc fibres are majorECMassemblies that provide elasticity and resilience to many
vertebrate tissus including arteries, lung, ligament, tendon, skin and elastin cartilage
(Mithieux and Weiss 20Q5Elastic fibres have d¢ast three critical functionst) important
mechanical properties in tissue elastecoil and reilience(Butler et al. 1978Eriksen et al.
2001, 2)regulation of cell functions such cell migrati@md differentiation(lto et al. 1997
Wendel et al. 2000 3) regulation of the activity of the growth factomGF family
(Charbonneau et al. 20Q4Feng and Derynck 20P5The arrangement, structure and
organisationof elastic fibresare reflectedin the function of the tissue. For instance, in
arteries, elastic fibres arerganised in concentric rirggwhile in the lung elastic fibres form
fine brancled network throughout the organ. In ligaments and tenddiiges are oriented

longitudinally, parallel to collagen fibriilithieux and Weiss 2005

Elastic fibres areamposedof a central crosdinked to core of elastin, surrounded by a

sheath of fibrillin rich microfibrils. The fibrillin microfibrils are formed first and act as a
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scaffold where secreted elastin molecules are deposited on the sufféiety 200§. The
absence of fibrillin microfibrilduring elastogenesigesults in elastin sheetsrather than

formation of elastidibres (Ross and Pawlina 2006

Molecular Composition Of Elastic FibrEkastin is the most abundant component of elastin

fibres and is extremely durable with little turnover in healthy tiss(@dghieux and Weiss

2005 Kielty 2009. Like collagen, elastin is righproline and glycine, but is not glycosylated

and contains some hydroxylysine but no hydroxyprol{Adberts et al.2002. Elastin is
secreted asm 6570 kDaprotein, whose length depends on alternate splicing asmtbrmed
through lysine mediated crosslinking. Tropoelastin has a multidomain structure with
repeating hydrophobic and lysimech crosslinking domains,aeh encoded by separate
exons. Crosslinked elastin is formed through the action of the enzyme lysyl oxidase (LOX)
and other members of this familfMithieux ard Weiss 2005Kielty 2009. Proteoglycans,
including biglycan have been detected within the elastin ¢@a&ccaranContri et al. 199
Moreover, it has been demonstrateithat the elastin assembly may be influenced by the

presence of sulphated proteoglycai€ozel et al. 2004

Microfibrils are considered to have a structurale in ligament and tendon and may have
key roles in cellular matrix interactiorféo et al. 1997 Wendel et al. 2000as well as in the
SEGNI OSt tdzf  NJ NB3dzZE F GA2Yy 2 EhatbdiheAwi el 8.NeBOX Yy 3 3 N
Microfibrils (MFs)are chiefly omposed ofthe structural glycproteins fibrillin1, fibrillin-2,

and microfibritassociated glycoproteih (MAGP1). Bundles of microfibrils are known as
oxytalan fibres. Collectively, oxytalan and elastin fibres are referred to as elastic fibres
(Kielty 2006 Smith et al. 201l The fibrillins are large proteins (350 &0romposed of
multiple calciumbinding growth factor (cbEGHke domans and several eigktysteine
containing (TB) motifgKielty et al. 2002 Kielty 2006. Fibrillinl and fibrillin2 have
overlapping expression patterns where fibriins strongly expressed in developing tissues,
whereas fibidiin-1 is expressed throughout lif@hang et al. 1994Charbonneau et al. 2003
Fibrillin 1 and 2 have been shown to-lozalise within MFs and may overlap in function
(Carta et al. 2006 The microfibril- associated molecul®AGR1, a 31kDA glycoprotein, is
most likely tobe astructural component andavidely co-localiseswith microfibrils(Cain et al.
2006). Other poteins associated witkelastinmicrofibrils include MAGR and latent TGF
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binding protein (LTBF), whichalso celocalise in certain tissuesuch asnuchal ligament

anddermis(Gibson et al. 199&ielty D06).

Elastic filbes arethought to account for about 2% of the dry weight of tendo(Kannus
2000 and ligamentFrank 200% however this canary between tendon and ligament type.
For instance nuchal ligamehts been found t@ontain 7.8%elastin(Uitto 1979, while the
ACL was found to contab? ehstin (Dodds and Arnoczky 19p4The distribution of elastic
fibres in bovine tendor{Grant et al. 201Band canine cruciate ligament complé&&mith et
al. 2012 has been described, with elasfibres being sparse and microfibrils abundant in
both tissue type. In bovine tendon both fibrillim1 and 2 were found to céocalise with
elastin(Grant et al. 2018 while in ligament the majority of fibrillin 2 fibres did not stain for
elastin (Smith et al. 201}l Thisdifferent localistion of fibrillin 2 between ligament and

tendon may demonstrate a fundamental difference between these two tissues.

1.5.2.4 Proteoglycans

Proteoglycans have numerous biological functions such as assembly anttmaatce of
ECM, participation in cell proliferation through interaction with growth factors, tumor cell
growth and invasionHalper 2014 In tendon andligament proteoglycans play a role in
collagen fibrillogenesis and organisation of collagen filfdtseang et al. 20Q9ranchi et al.
2007), and they interact with collagen fibres to yield viscoelastic propertiBees et al.
2000 Woo et al. 2006Franchi et al. 2007 Theyalso contributeto the fibril and fore
structural integrity perfornmgan important role alongside the fibrous elements of the ECM,
by forming interfibrillar linkagegFranchi et al. 2010 Proteoglycans ara special class of
glycoproteins that are heavily glycosylatemnsisting of a core protein with one or more
covalently attached glysaminoglycans (GAGs). The function of different proteoglycans is
determined by structure of the protein core and GAG chéierkinson et al. 2031 Most
GAGs consist of repeating units containing uronic acid (glucuronic acid or iduronic acid) and
an Nacetylated sugar (Mcetyl glucosamine or-Hcetyl galactosame). At least one of the
repeating units has a negatively charged carboxylate group, apart from hyaluronic acid,
which is not sulphatedStyrer 1998. The negatively charged carboxyl group of GAGs results

in the hydrophilic nature of proteoglycans, which provides lubrication and water retention
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(about 70% wadr) within tissuegFranchi et al. 20100 GAGs are slinguished according to
their sugar, the type of linkage between sugars, and the number and location of sulphate

groups(Alberts et al. 200R These are:

1. Chondroitin sulphate (C&8hddermatan sulphate (DS)
2. Heparan sulfatgHS)

3. Keratan sulphate (B)
4

. Hyaluronan

Chondroitin sulphateplays a role in articulacartilageand bone metabolism by controlling
cartilaginous matrix integrity and bone mineralisation. It contains disaccharide repeats of
glucuronic acid and Jdcetylgalactosamine(Bali et al. 200l Dermatan sulphate
proteoglycans are widely distributed in the ECM of skinrackendon and a wide variety of
connective tissues. Its chains are a variant of chondroitin sulphate and are-fge®to a
protein core via a serine xylogglactosegalactose structure(Rosenberg et al. 1986
Keratan sulphates primarily found in cornea and skeletal tissues and briis the only

GAG without uronic acid residueBhe hexsamine residue is commonly sulphated at its 6
position, butsulphationmay also occur at the-position of the galactose residu€goon and
Halper 200% Heparan sulphates present on the desurface of all human and animal cells.

It has a similar tetrasacchariddinkage as CS, and an analogous consensus sequence for
attachment to serine residug¥ oon and Halper 2005Hyaluonan serves as a lubricant and

is believed to have a role in resisting compressive forces in tissues and joints as well as being
an important component of joint fluidAlberts et al. 200R Within the GAGshyaluronan is
unique, as it does not conita a sulphate chain. In addition unlike the other GAGs,
hyaluronanis not covalently attached to thproteoglycan protein core and binds indirectly

to proteoglycangRoss and Pawlina 2006

The concentration of GAGs in ligaments and tendon can differ, and is thought to be related
to their viscoelastic properte Rabbit cruciate ligaments have been found to contath 2
times more GAG then any tendons studi@bgel et al. 1998 Amiel et al. (1984also found
similar differences between rabbit cruciate ligaments aeddons Achillesand patellar

tendong. In addition, a comparative study in an ovine model showed that treemiants
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(ACL and PCL) have a higher GAG content than tendons (LDET, SDFT{Ramdi&T et al.
2007).

Proteoglycans are usuallyvitied into two classes of small and large proteoglydatedper

2014). Theiroverall structure with their associated GAG chain is shown in Figure 1.4.

Small keucine Rich Proteoglycans (SLRPEEese proteoglycans are tissue organisers by

orientating and ordering collagen fibrils during ontogeny, wound healing, tissue repair and
interact with a number of surface receptors and growth factfiezzo et al. 2011 The
central part of SLRPs contains 10 leugich repeatsregion forming a parallel beta sheet
which comprises a site for collagen bindifitalper 2014 The SLRPs are dividided into five
classeqHalper 2014, however member®f the first two classes are only described in this

Chapter.

In tendon, SLRPs act to modulate formation and diameter of collagen fibrils during
fibrillogenesis(Parkinson et al. 2031 Thefour principal SLRPs in ligament and tendon are
decorin, biglycan, fioromodulin and lumicarllic et al. 2005 Yoon and Halper 2005

Decain is a class | member SLRP wither single dermatamr chondroitin sulphate at its
N-terminal region. At the leucine rich repeats region it contains binding sites for collagen
type I, Il, lll and (Halper 2014 Decorin also binds to other proteissich as transforming

ANR g GK T O@Firietdand et@lt IDFand epidermal growth factor (EGBantra
etal.2002® ! LI NI FNRBY O2ffl 3Sy FAoNRK {HildeBaSdeb 4 A a4z
al. 1991, normalises cell proliferation, stimulates the immune respof¥eon and Halper

2005 and can substitute for absent biglycéameye and Young 20p2

Biglycan is another member of class | SLRPs, has similar homology to decorin and also plays
important roles in collagen filllogenesis(Halper 2014 It has either two chondroitin or
dermatan sulphatechairs (Yoon and Halper 2003Halper 2014 and can interact with
collagen type [Schonherr et al. 199%and VI(Wiberg et al. 200R Together, biglycan and
aggrecan have beemdind to beincreased at the fibrocartilagous regions of tendo(Rees

et al. 2009.

Asporin is another member of class | SLRPs, but has no glycosaminoglycan chains attached

to its core protein(lkegawa 2008 Asporin competes witdecorinfor collagen binding with

20



the high affinity site located in the-términal part of the protein(Kalamajski and Oldberg
2010. Asporin also plays a role in biomineralisation as it has the ability to bind to calcium in

the polyaspartic Nerminal domain of the proteirfKalamajski et al. 2009

Fibromodulin and lumican ammembers ofclass || SLRPs that consist of four keratan chains
that arebound to thecore protein. Both SLRPS hajginding sites at the leucine rich region
for collagen | and Il, though these are different to the decorin binding(¥iben and Haer
2005 Halper 2014 Together decorin, biglycan, fiboromodulin and lumican SLRPsaplay
important roles in the organisation of collagen fibrils, as mice deficent in these SLRPs
demonstrated irrgular collages fibril diameters andreducedtensile strenghth of tendon
(Danielson et al. 1997Svenson et al. 1999Ameye and Young 200Zhakravarti 2002
Keratocan is another member of class Il SLRR&tocan and lumican together are the
major keratan sulfate containing SLRPRa&t are primarly found in the cornegCarlson et al.
2005. In the conea the keratocan has been found to highly glycolysated, while in the
tendon it is poorly sulphated. This SLRRilso likelyto play an important role in regulating

the collagenous matrix of tendgiRees et al. 2009

Large Aggregating ProteoglycanBroteoglycans that indirectly bind to hyaluranon form

giant macromolecules and are there referred to large aggregairoteoglycangRoss and
Pawlina 200% Aggrecan is one of large aggregating that contains numeromsdebitin and
keratan sulphate GAGs arttiree globular domains (G1,G2,G@jardingham and Fosang
1992. The CS and KS GAG chains are attached to spetsibetween the G2 and G3
domain, whist the G1 domain interacts with hyaluronafidardingham and Fosang 1992
Riley 2005 Aggrecan is most abundant in cartilage. A major function of aggrecan is its
capacity to retain water inhis tissue due to the presence of many negatively charged GAG
chains, which creates a strongly hydrophilic environméfiani et al. 2002Heinegard
2009.

Versican is anothelarge proteoglycan, present mvariety of soft tssues. It plays a role in

cell adhesion, proliferation, migration and ECM assembly, regulaifonell phenotype

(Wight 20032 and may be involved in chondrogenic changglsang et al. 2001 Versican

lacksa globular domain 2 and is divided insech 2y a {y2¢y | & D! Dh | yR
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binding domain(Wight 2003. Versican has been fodrin bovine ligament§Campbell et al.
1996 and intendon, where it forms an integral part of a pericellular matrix that orgasise
the tendon cells in linear arrays between collagen fasci@kesy et al. 2008 Versican has
been found to interact with other ECM proteins and plays a importaré i@ ECM
assemblyVersicaninteracts occurs with proteins such ds/aluronan tenascin Rfibrillin-1,
fibrillin-2 and elastic fiber§Wight 2003. It has been noted thatéfsican interacts witlihe
elastic fibe associatedrotein fibrillin-1 and celocalises with microfibrilisogai, Aspérg et

al. 2003.

In general proteoglycascomprise less than 3% of the dry weight of ligaments and tendons
(llic et al. 2005 Franchi et al. 20Q7Parkinson et al. 2031 The major proteoglycan in
tendons and ligament is decorin, which accounts for 80% and 90% of total proteoglycan in
respectively (Samiric et al. 20Q4llic et al. 200% The other SLRPs including biglycan
fiboromodulin and lumican havéeen detected in both tendon and ligamefRees et al.
2009 Yang et al. 2002 These SLRPs are primarilgali@d at the interfibrillar matrix, which
are able to bind to collagefibrils at specific sites in tendoifThorpe et al. 2018 Other
SLRPS thauch askeratocanand asporin have been less characterised in both tendon and
ligament. Keratocarhas been identified in boththe compresve and tensileregions of
tendon (Rees et al. 200%nd asporin inensile region oboth tendon and ligamen(Little et

al. 2014. The large aggregating proteoglysamersican ad aggrecan have been found to
be present at similar levels the tendon tensile region, though the versican might be

predominantin the tensile region ofigament(llic et al. 200%
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1.6 LIGAMENTS AND TENDONS OF THE KNEE JOINT
1.6.1 Functional anatomy

The knee joint (timfemoral joint) is the largest and most complex joint of the pod
(Tortora and Derrickson 20L3The knee joint is a synovial joilarmed between thethree
bones, tibia, femur and patellalt is a hinge joint allowing fowide range offlexion and
extension.The articulations consisbf the patellofenoral and tibiofemoral joint The joint
capsule witln the kneeis thin and attaches o the margin of the femur and tibia and
encloses the join{Gosling et al. 2008 The patellar tendon, medial collateral ligament
(MCL) and lateral collateral ligament (LCL), olkelinapliteal and arcuate poplitédigaments
are extracapsularThe patellar tendon itocated below the patella. linserts at the top of
the tibia and spreads ovéhe top of the patella where it connects tthe quadriceps tendon
(Figure 1.5)The MCL antdCL extend frorthe medial and lateral condysof the femur to
the medial condyle of the tibia and lateral side of the head of the fibula and provide stability

of the inner and ougr part of the knee, respectivelf ortora and Derrickson 2013

Knee ntracapsular ligaments include the anterior cruciate ligam@€L) and th posterior
cruciate ligament (BL). Theruciate ligaments (CLs) are the primary stabilisdrthe kee
joint which are attached to the tibia, located within th&nt capsule and are swunded by

a layerof synovium The ACL and PCL crosschaother andare in intimate contact, forming
the CL complefArnoczky and Marshall 197Woo et al. 2006Smith et al. 2011l The PCL is
twice the strength of ACL, anthfrequently injured (Kannus et al. 1991 The increased
strength of the PCL is thought to be with the laxgesssectional area of the PCL, and the

large broademoral attachmeni{Amis et al. 2006

The ACL playa fundamental role in joint stability being thenain restraint to anterior
translation of the tibiawith regardto the femur. It also functions as a keyecondary
restrairt to internal rotation whenthe joint is near full extension and restraint to valgus
angulation(Duthon et al. 2006 The ACL is enveloped the synovial membranérom the
kneejoint capsule originatingt the medial side of the lateral femoral condyle andingan
oblique course through the intercondylar fossa distoanteromedial to the insertion at the
medial tibial eminencéZantop et al. 2008Petersen and Zantop 20R7TheACLhas distinct

functional bands, which vary the tension among thigers in the ligament at different
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ranges of motion. The ACL is diffetiated into two distinct fibrebundles, namely the
anteromedial (AM) and posterolateral (PL) bun(@antop et al. 2006Petersen and Zantop
2007). The AM bundle is thought to be important as a restraint to anteposterior

translation of the knee, while the PL bundle is thoughtb® an important restraint to

rotational moments about the kne@Voo et al. 2005

Quadriceps —— @ Patella (reflected)
tendon o e Patellar

' . tendon
Anterior
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ligament
Posterior
Distal (_:ruciate
femoral Ilgament
condyle
"~ Tibial
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meniscus s ligament

_ ' Medial meniscus
Fibular \
collateral
ligament o
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Fibula Tibia

Figurel.5. Anatomy of thehuman knee joint. Imagadaptedfrom Calmbach and Hutchens (2003he
patellar tendon has been cut to allow observation of cruciate ligaments.

Translational animal models including mouse, rabbit, goat and sheep, pig, dog and horse are
used to study the human knee structurdsom this groupthe dog model ighought to be
the closest to a goldtandard animal model foknee osteoarthritis currently available

(Gregory et al. 2002 The canine stifle (knee) joint is remarkably similar to the human knee.
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Apart from sizethe macrascopic and microscopic anatomical usttures are verysimilar
(Cook et al. 2010As in the human knee joint, theanine stiflgjoint consiss of medial and
lateral femorotibial compartments and a pallofemoral compartment. The canine stifle
joint also contains similar structures such as the AZIL., menisci, mesgial ligament, fat
pad and patellar tendomo the human knee join{fCook et al. 2010 The major anatomical
difference is thatthe canine stifle joint consists ofsesamoid bones in the popliteus and
lateral and medial heads of the gastrocnemius musclesalmhg digital extensor tendon
(LDET}hat is intra-articulary located In the canine stifle jointthe ACLIs referred as the

cranial cruciate ligament (CCL) and is comparable to the huma(Aticzky 1988

In this thesis, the cane stifle jointwas the model chosen to examine knee joint tendon and
ligamentsincluding the intra-articular CCL, LDET and extaaticular MCLand SDFT are
studied The CChbriginates at lateral femoral condyleins diagonally acrosand is inserted

at the tibial eminence. The MCL runs its course from femur to tibia by fusing with the join
capsule and medial meniscu&vans et al. 19979 The LDE®riginates from the extensor
fossa on the lateral aspect of the femoral condgited runs lateral to the stifle joint and
becomes the muscle located along the lateral side of the tibree SDF muscle originates
from the lateral supracondylar tuberosity of the femur, and continues disially SDF
tendon. The SDF1wists across thamedial surface of the gastrocnemius musclgavels
distallyoverthe tuber calcaneand attaches on each side. It then afarther distally before
bifurcating at the tarsus and each of these tendons bifurcates to insert on the middle

phalanges of digitd, IIl, IV and (Evans et al. 1979

1.6.2 Blood suppy

Tendons and ligaments have a low blood supply in comparison with other associated tissues
such as the muscle, synovium or bd@Benjamin and Ralphs 199Blood supply and source

of vasculatureare different inspecifictendons such as Achilles tenddihmed et al. 1998

and posterior tibial tendor{Petersen et al. 2002Ligamens such as the ACL and MCL have

been reported to have differencein vascular anatom{Bray et al. 199D
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In this chapterwe will first describe the general blood supply in tenddiyamentand the
focus on AGLMClLblood suppy.

General €ndon Blood Supplyrhe vascularisation of tendon and the presence of vessels is

important for the normalfunction of tendon cells and the ability of tendons to repaiihe
vessels generally run longitudinally, parallel to the fascicle and within the endotenon
(h Q. NAX S.yTheblood pupply i tendons could occur frorthree main sources 1) the
musculotendinous junction; 2) the osteotendinous juction; 3) th&iegic system through

the paratenon or the synovial sheatGarr and Norris 198%enwick et al. 200Z5harma and
Maffulli 2005. At the musculotendinous junction the blood supply is from the superficial
vessels in surrounding tissues, in whpgrimysialvessels continue between the fascicles of
the tendon (Carr and Norris 198% Q. NAX 9.\Bload messels originating from the muscle
are not likely to extengpast the proximal third of tendonéSharma and Maffulli 2005In

the middle portion of tendon the main blood supply is via the paratenon, in which small
blood vessels run transversely towards the tendon, and branch several times before running
paralld to the long axis of tendon. The vessels enter tendon along the endotenon and the
arterioles run longitudinally flanked by two venulgs Q . NJA S.yTheblood pupply from

the osteotendinous region is lited, as vascular supplg at the lower one third of theand

there is no direct communication between éhvessels because of the avascular
fibrocartilaginous layer between the tendon and bofB=njamin et al. 198@Carr and Norris
1989 O'Brien 1992h Q. NA Sy Hnanp

Blood Supply In A@id MCLE Theanterior cruciate ligament is supplied by branchestod

lateral and medial inferior geniculate artery. Proximal and distal vessels support a synovial
plexus from which small vessels run into the ACL and align longitudinally parallel to the
collagen bundlegArnoczky 1985Zantop et al. 2006 Both ACL and PCL are covered by a
synovial membrane consistirgypplied withvesselsThe synovial essels divide it more
branches andorm a weblike network of periligamentous vessels ensheathing the entire
ligament. These periligamentous vessels then enter the ligament transversely and
anastomose with the networlof endoligamentousvesses. These vessels then reathe

attachmentof the ligament tathe femur and tibia(Arnoczky 1988
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The distribution of blood supply in the ACL is not homogenous, as the mid part of the
cruciate ligaments is less vasaisad than the proximal and distal parts. The PCL may have
a more substantial blood supply as they appear to have more epiligamentous vessels
(Arnoczky et al. 1979In the AClavascular zones aredated within the fibrocartilaginous
regions at the femoral and tibial insertion site and at the anterior part where the ligament
faces the anterior rim of the intercondylar fos@etersen and Tillmann 199Betersen and

Tillmann 2002

The ACLmay gain ntrition from the synovial fluid, as evethough the ACL has been
considered extrarticular due to he enveloping synovial epiligament, free passage of
macromolecules from intrarticular synovial fluid to the substance of the ACL has been

demonstrated(Kobgashi et al. 2006

The MCL is suppligdom the inferior medial geniculatartery, whichtravels longitudinally
transversely within and next to the substance of the liganm@®allace and Amiel 1991The
MCLis more vascularised than ACL, afas a relatively vascularised epiligament, with

vessels penetrating the mid substance reg{Bray et al. 2003

In the canine the LOEand SDFT blood supply is not well descritbéalvever in the horse
the blood supply ofSDFTis described to beafforded proximally and distally through
connection with arterial supply ahe SDFT muscle and by vessels carried through the digital
sheath. Tie tendon is least well vascularised withignrtiddle third and is dependent on the
paratendnous covering with this region, whicupplied by many branches arising from the
medial palmar arteryY NI dzaA rtl F ya gy Sid If d mdbopH

1.7 TENDON AND LIGAMENT INJURY AND DISEASE

1.7.1 Fatigue and stress

Tendonsand ligament encounter loads as parts @feryday activies These loasl can
either bedue to tenson, compression or shearing and can resuldifferent tissue strain
characteristics(Doschak and Zernicke 20094\ typical strairstress curve of tendon and

ligament comsists of a toe region @gion |, Figure 1.6), which is the result of the waviredss
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the collagen fibregcrimp) straightening out. The strain of the tissue a #nd of this region

has been reported to be between P&band 4%(Butler et al. 1978 In the elastic region
(Region Il, Figure 1.6)e tendon or ligament shows a relatively linear response to stress, as
the collagen fibres take up force, become more parallel and lose thavy or crimped
appearanceThe slope of the curvim this regionis often referred to as the elastic modulus
2N) 2dzy3Qa Y2RdzZ dza 2 F St lofihe xisSue {{Byidn 11, Sgu y R
1.6), fibre failures occustrain limit the strain of ths region(linear region) Higher levels of
strainbeyond the linear regiomesult in tensile failureand shear failure occurringetween

the fibresprogressiigto complete rupture Region IVFigure 1.6)(Butler et al. 1978Goh et

al. 2003 Doschak and Zernicke 2005

80
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Figurel.6 A typical tensile stresstrain curve for tendon and ligamenimagefrom Butler
and others.(Butler et al. 1978

Tendorsand ligamens have precise mechanical propertiesgopport theirspecific function

(Birch et al. 2013)Thisdifference inmechanical behavioucompared toother connective
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tissueshas beenshown between tendons such as, theuman Achilles tendonand the
anterior tibialis, withthe Achilles tendonpossessingultimate tensile strength (force tc
failure) of 4kN and anterior tibialis 1.5 kNDifferencesin mechanical propertiebave also
been shown in material strength (ultimatstresy and stiffnessbetween tendon and
ligament, such as the equine suspensory ligaméBL) SDFTand CDETwherethe SL was
found to containlower ultimate stress ancelastic modulus(Birch et al. 2013)Similar
findings havealso been reported between huma Achilles tendon, patellar tendor
meniscofemoraligamentand PCLwith both ligamens containng alower elastic modulus
and tensile strength than tendon@n et al.2004, Harner et al. Martin et al. 1998Jhese
diverse mechanical propertiesf tendons and ligaments aras result of adistinct matrix
compositionand structural alignment of these tissuasd contribute to the understanding

of how these two connectivagsues function.

1.7.2 Tendon and ligament injuries

Tendon and ligament injuries are increasingly common in human and in comparative species
such as the dog and horgBurt and Overpeck 200Adirim and Cheng 200&omerford et

al. 2011 Clegg 201p More than 30 milliontendoninjuriesare reported per year worldwide
(Maffulli et al. 2003, with 30-50% of these being sporftslated (Rees et al. 20091In
humans, Achillesyotator cuff and patellar tendomjuriesarethe most common andan be

as a result of trauma oroveruse (Moshiri and Oryan 20)3 Whilst in the horse, SDFT
lacerations are among the most common tendon injur{@korpe etal. 2010. Tendon
injuries are divided into acute and chronic injwiand are caused by intrinsic extrinsic
factors either aloneor in combination(Sharma and Maffulli 20Q5Acuteinjuries arecaused

by trauma or overload, wtst chronic injures arenot associated with one traumatic event,

but are caused by repeated microtrauma or overuse of tendon, whicthaight to be the
consequence of repeated exposure to Jdmagnitude forcgRiley 2004 The terminology

of chronic tendon pathologies isinclear Unless the presence of inflammation or
degeneration has been clearly demonstrated, most tendon pain and dysfunction is best
RSAONAOGSR a | WIiSYRAYy2LI 1KeQd LYy OKNRBRYAO
play a role. Intrinsic factos include ae, bodyweight, diseas@enderand extrinsic factors

include occupation, physical loaehvironmental conditions and fatigy®affulli et al. 2003
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Riley 2004 Histological observation of tendinopathies shows different features sagh
collagen fibre disorganisation, cell rounding, cell density change, increased
glycosaminoglycandeposition lipid accumulation and calcificatiofstrom and Rausing

1995 Movin et al. 1997Khan and Maffulli 199&Riley et al. 2001Riley 200%

The ACL is one of the most frequently injurBgamens (Woo et al. 200)) with ~37 tears
per 100,000 peopléGianotti et al. 200R The ACL together with the MCL accounts for 95%
of all multiligament injuries in the knee joifFunakoshi et al. 200,/resulting in significant
joint instability causing pain and immobility in the affected individ(bo et al. 199%
Injury also leads to significant functional impairment in athletes, and is associated with
induction of degenerative joint disease such as osteoarthritis (@&niel et al. 1994
Maffulli et al. 2003. ACL injury caused by trauma or contact sport only acafentabout

30 percent of ACL injuries. The remaining 70 percent of ACL tears are frogomaict
injuries (Cimino et al. 2010 Risk factors such as agdasegawa et al. 20}, 2gender
(Harmon and Ireland 2000roth and Cordasc2000), bodyweight(Uhorchak et al. 2003
and genetics (Posthumus et al. 20Q%re involved inthe pathogenesis ofnon-contact
ligament ruptures.Histological examination of degenerative Ads been shown to be
associated withan increase in cell number, disorientation of collagen f&reflammation
and GAGaccumulation and chondroid metapladilasegawa et al. 201Hasegawa et al.
2013). Chondroid metaplasias characterised by cells becoming more rounded with
chondroid transformation thatire being arranged in chaifgasseur et al. 198 Narama et

al. 1996 Comerford et al. 2006

1.8 HEALING OF TENDINOUS AND LIGAMENTOUS TISSUE

Tendon and ligament have slower healing ratesntlwdher connective tissues, most likely
due to the hypocellular and hypovascular nature of these tisglieger and Duprez 2005
The process of ligament andnigon healing is complex, with the responses of these specific
tissues being dramatically different and ranging from spontaneous healing to little or no

healing(Woo, Hildebrand et al. 1999ung, Fisher et al. 20D9

For instance, some ligaments such as the MCL have good healing potential whereas other

such as the ACdemonstrate poor healing, especially in the case of compléigament
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rupture (Murray 2009. Conventional ligament and melon healing occurs in three phases:

inflammation, proliferation, and matrix remodeling (Figure 1(Woo et al. 1999 Sharma

and Maffulli 2005James et al. 2008
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Figure 17. Typical tendon and ligament healing process. Image adaptedLlnomt al.

(2004)

In tendon the healing starts itih an inflammatoryhaemostasis stage, whererythrocytes,

platelets, neutrophils monocytes, and maophages migrate to the site of injury

Thenflammatory cellsengage in the phagocytosid aecrotic tissue and debrisreakng

down the blood clot(Lin et al. 2004James et al. 2008 During this phase, there is an

increasein DNA fibronectin, GAGswater and collagen type Il conte(itin et al. 200% In

the proliferative phasetype Il collagen and DNA reach their peak amountthe entire

reparative process. Within this stage the wound laescarlike appearance surrounded by

an extersive blood vessel netwvk. Water and GAGsontent remain high during this stage

(Sharma and Maffulli 20Q0@ames et al. 2008In the remoddling stage which begirs 6-8

weeks after injurythere is a decrease in celluigy, reduced ECMynthesis, and collagen

fibers begin to orient themselves longitudinally along the long axis of the tendon. As the

scar eners the maturation phase there is a notable reductiasf the type Il to type |
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collagen ratio, water, GAXand DNA concentratiofLin et al. 2004James et al. 20Q08The
repaired tendon tissue never achieves timeechanical properties it had prior to injury and
the biochemical and ultrastructural characteristics remain abnormal even at 12 mpaogts
injury (Miyashita et al. 1997Yang et al. 2003 Histologic studies of healing tissue have
shown higher cell nuivers and a less parallel collagen fibre organisatieroctor et al.
1997, Provenzano et al. 2001 These altered structural properties may contribute to
degenerative changes, inferior function, and an increased risk-ofiptire (Proctor et al.
1997, Rokito et al. 1999Lin et al. 2003 Matrix metalloprotenases KIMPs) are important
regulatas of ECM network remodéig and are alsaaltered during tendon and ligament
healing(Foos et al. 2001reland et al. 2001Riley et al. 2002Jones et al. 2006

The extra articular MCL tends to heal successfullyhilst the intra-articular ACL hapoor
healing capacityMurray 2009. This couldoe due to several factors such asadequate
blood supply ofthe ACL(Arnoczky et al. 1979Vasseur et al. 198%8Bray et al. 1996
presence of synovial fluiobayashi et al. 2006deficiencies in stimulation or intrinsic
deficiencies of cell migration or proliferatighlagineni et al. 199Zseiger et al. 1994Amiel
et al. 1995 Spindler et al. 1996 Murray et al. (2000)llustrated that following rupture
repair of the humarmACLundergoes four histologi¢gphasesjnflammation, epiligamentous
regeneration, proliferation, and remodelling, however thgalnent ends retracby forming
layers of synovial tissue over the ruptured surface, which may impede ligament repair.
Studieson ACL and MClhealing have denonstrated differences in terms of cellular
properties and proliferatior{Yoshida and Fujii 199€hun et al2003), stem celé properties
(Zhang et al. 20)1MMP expressionZhang et al. 200%nd lysyl oxidase expressi@Xie et
al. 2013.

As with tendons healing ofthe MCL been shown to heal with a scar that is histologically,
biochemically and biomechanically different to normal ligament. This scar is weaker and
larger and creeps more than normal ligamdmhornton et al. 200D Following healing of

the MCL differences in structure and function such as altered collagen {fpuil et al.
1987), failure of collgen crosslinks to maturérank et al. 1995 altered proteoglycans
(Plaas et al. 2000 presstence of small diameter collagen fibrilgrank et al. 1992and

increased vascularitiBray et al. 1996
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1.9 CURRENT METHODTEHNDON AND LIGAMERERIR AND TISSUE ENGINEERING

The wrrent methods of tendon and ligamentrepair dependon the grade d injury. In

tendon, injuries with mild tissue defesthave been found to respahto a gradual return to
exercisgSoroceanu et al. 201®oshiri and Oryan 20)3About 80 percent of patiestwith

mild tendon injury recover within 12 monghwith conservative therapyhowever surgery

may remay |y 2LJGA2Y AT GKS O2y @6sNiand @rgas 2063K S NI LI
Large tendon and ligament injuries require surgioeghtment and/or surgical reconstruction

(Ronel et al. 2004Maffulli et al. 2012 Moshiri and Oryan 2013 Surgical reconstruction
involves the useautograftsor allograftsas the current biological substitutes in large tendon

and ligament injuries(Rodrigues et al. 20)3 however both grafts have associated
limitations. For exampleACLreplacement with allogeneictissue which is fromdonor
recipients isassociated withan increasedisk of infection, disease transmissiand graft

rejection as well as limited tissue availabil{8trickland et al. 20Q3Robetson et al. 200%

Whilst ACL autogenous graft sourcies ACL injunarefrom G K'S LI ( Ac&nyfal B 2 6y
patellar or hamstring tendon, whictcan avoid complicatian associated witlthe use of
allografts. Limitationswith autografts include donor ste morbidity, anterior knee pain,

patella fracture, and residual hamstring weaknésartus et al. 200ITashiro et al. 2003

Tissue engineering of tendons and liganseaffers an attractive approach to treat tendon
and ligament rupture and could have the potential to provide an alternative graft source
that avoids the donor site morbidityna isreadily availabléRodrigues et al. 20)3A variety

of methods arebeing currently investigated for enhancingepair and regeneration of
tendon such as cell therapy, growth fact@asd gene therapySharma and Maffulli 2005
Moshiri and Oryan 2013Hirzinger et al. 2014 however thisthesis will only focuson

currently described scaffold based tendon and ligament tissue engineering strategies

The issue engineering approaekcommonly involvean artificial ECM (scaffold) onhwh
cells can proliferate and differentiate with subsequent new tissue genera@immedet al.
2008. The ideal scaffold should provide a high surface area foipaobliner interaction,
sufficient space for ECM regeneration, and minimal constraint duringtro culture. The

scaffold shouldbe biodegradable andesorb orce it has served st purpose withits
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degradation products not provokingflammation or toxicity when implanteah vivo(Freed
et al. 1994.

Current tissue engineering strategies for tendon and ligament involve the use of natural or
synthetic scaffolds that are biocompatible and biodegradabl€ommonly used synthetic
scaffoldsfor tendon and ligament tissue engineeringclude chemical substancesuch as
poly-a-hydroxyesters,polyglycolic acid (PLGA) or polylactic acid (RkKA&p et al. 2010
Rodrigues et al. 20)3 Advantages of synthetic scaffold include reproducibility of
mechanical and chermal propertes and degradatiomhrough hydrolysigKuo et al. 2010
Moshiri and Oryan 20)3Howeverthe lack of fundbnal groupsfor signalling molecules
the release of acidic bgroducts and unnatural polyesterinto the bloodstream during
degradation may cause potential complicatsofiKuo et al. 2010 Collage and fibrin are
amongst the natural scafblds. Both collagen and fibrin scaffolds allow cells to create three
dimensional (3D) structusein vitro (Kapacee et al. 2008Abraham et al. 2010 An
important trait of fibrin gelsthat may benefit tendon/ligament tissue engineeriig that
they allowcellsto freely migrate, proliferate, degrade fibrin and produce their own ECM
(Huang et al. 2005 In comparison to collagen scaffg]dthe fibrin scaffolds do not
suppresses ECM synthesis acahpromote greater collagen synthegiGrassl| et al. 2002A
recent comparison offibrin and collagen scaffofd using tendon progenitor cells
demaonstratedincreased tenogenic expression, improved ECM organisation and mechanical
properties with fibrin tissueengineered costructs (Breidenbach et al. 2034 This study
indicates that fibrinbased construd are more suitable for tissuengineered
tendon/ligament repair(Breidenbach et al. 20)4To date engineered tendon and ligament
constructs with fibrin scaffids have eencreated with cells from different species such rat
tendon (Calve et al. 2004 chick embryonic tendofKapacee et al. 200&alson et al. 2010
Paxton et al. 201,(Herchenhan et al. 20)2human bone marrow stem cel(&apacee et al.
2010, human adult ACiHagerty et al. 202) and human adult tendon cellgBayer et al.
2010, whilst in the dog tendorand ligament cellshave not previouslybeen cultued in 3D

fibrin culture.
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1.10 SUMMARY OF TENDON AND LIGAMENT COMPARISON STUDIES

Studies have demonstrated that while tendons and ligaments are composed of similar
proteins, they contain different proportian of ECM macromolecules. This has been
demonstrated in both rabbi{Amiel et al. 198%and ovine(Rumian et al. 200#endons and
ligaments. While the above studiessed biochemical analysis, a recent proteomic study
between human patellar tendon and AGQemonstrated differential protein expression of
several ECM proteind.ittle et al. 2014 These findingsnight relate to different functions
between these tissue types. However function can also be related to the dissimilar structure
of tendon and ligament sisue types. Structural differens®etween tendon and ligament
have been demonstrated to some extefity Amiel et al. (1984)Rumian et al. (2007and
Zhu et al. (2012)Amiel et al. (1984showed a different cell wrphology between rabbit
intra- and extraarticular ligaments and tendons, whiRumian et al. (2007gemonstrated
different collagen fibril diametexr between ovine tendons and ligaments, with ligaments
(ACL, MCL and LCL) containangreater proportion of smaller diameter fibrilZhu et al.
(2012) compared structural differences between human ACL and hamstrindote and
found a more complexarrangement of collagen fibres and a different proteoglycan and
distribution in ACLNeither of theabove mentionedstudies fullyexaminedthe distinct
morphological and structural characteristiesid the arrangement of ECM mponents
between tendons and ligamesat the different regions.

As highlighted in &tion 1.9, tendon and ligament fibroblasrom different speciehave
been used for the creation of tissue engineered tendon and ligament cons{Bayer et al.
2010 Hagerty et al. 20LHerchenhan et al. 20)3Howeverit is unknown whether tedon

or ligament cells retain thepecific identifiablecharacteristics of the originaissue. It is yet

to be determined whether the analogous tendon and ligament construefgoduce
specific phenotypic, biochemical andropeomic characteristics of the tendinous and

ligamentous tissugvhen culturedin vitroin 3D fibrin culture
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1.11 HYPOTHESIS AND AIMS

This study will address the hypothesis that canine tendons and ligaments around the stifle
joint will be different in tems of their cellular and ECM composition. This difference will be
reflected in a distinct cellular morphology, structural arrangement, localisation of ECM
molecules and proteome characteristics between tendons and ligaments. It is further
hypothesised tha canine tendon and ligament cells retain similar morphological, ECM
composition and proteomic characteristics to the original tendon and ligament tissue when

cultured in 3D fibrin culture.

To answer our hypothesis the airasd objective of this study ae to:

1. Determine measurable differences ¢ellular andECM macromoleculazomposition
between canine tendons and ligaments with regard to the location and function of
the tissue

2. ldentify structural and morphologicdlssue characteristis using asemtobjective
histological scoring system and identify the distribution and localisatiomef&CM
componentsn both tissue types

3. Determine whether canine tendon/ligament cells are able to recapitulate the
formation of tendinous or ligamentous tissue using 8ltures and characterise
whether 3D tendon and ligament constructs retain biochemical and morphological
characteristic of the original tissue

4. ldentify the differences between the proteomes of native tendon and ligament as

well as engineered tendon arnidament 3D constructs
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CHAPTER

GENERAL MATERIAL AND METHODS
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2.1 TISSUE COLLECTION

The canine cranial cruciate ligament QCL), medial collateral ligament (MCL), long digital
extensor tendon (LDET) and superficial flexor tendon (S@#Jyre 2.1)were harvested
from diseasdree cadaveric canine hindlimbsom skeletaly mature Staffordsire bull
terrier crosbreedson the same day cfuthanasiaThe dogs were euthanased for purposes
not related to this study and were clinical waste material donatedttie University of
Liverpool. Ethical approvalwas granted by the Veterinary Research Ethical committee

(VRECG64) to use material in this research project.
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Sample Tissues obtained

ID Left stifle Right stifle Experimenal testing protocol
A QCL, MCL,  CCL, MCL,
LDET and LDET and SDF
SDFT Both left and right knee tissues were used
biochemical andhistologicalanalysis
CCL, MCL, CCL, MCL,
B LDET and LDET and SDF
SDFT SamplesA, Band Cwereused for tssue
immunohistochemistryimmunofluorescence
C QCL, MCL,  CCL, MCL,
LDET and LDET and SDF
SDFT
D QCL, MCL,  CCL, MCL,
LDET and LDET and SDF
SDFT
E QCL, MCL,  CCL, MCL,
LDET and LDET amh SDFT
SDFT
F QCL and LDE COCL and LDET Letft stifle joint samples wereaised for cell
isolation aml creation tendon and ligament
G QCL and LDE CCL and LDET construcsfor biochemical analysis, histology an
mass spectrometry
H QCL and LDE CCL and LDET
Right stiflgoint tissues were only used for mass
I QCL and LDE CCL and LDET spectrometry
J CCL andlDET CCL and LDET TEM analysis was also performed withnstrucs

created from isolated cells frosampés F,G and
H of left stiflejoint

Table2.1. Tissue collectioand associated experimental t&sg purposesAll tissues were
obtained from skeletaly mature (<5 years) Staffordshire bull terriercrosdreeds with
disease free stifle joints.
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2.2 TISSUE PRERATION

2.2.1 Samples fobiochemstry, histology and

immunohistochemistryimmunofluorescerce analysiqChapters3 and 4

QCL, MCL, LDET and SiaEfle divided into proximal, middlend distal regiors (Figure 2.1)
In both LDET and SDFT aegidual musclavasremoved. TheAM and PL bundles in CCL
were not dissociated in this studifurther subdivision intohirds through eachlongitudinal
section allowed one third to be snap frozen in liquid nitrogemd stored at-80°C for
biochemical analysiand one third to befixed in 4% paraformaldehyde for histological
analysis. Thaemaining third was embedded ona cork disc in TissueTEK OCTSakura
Finetek; Torrance, CA, US#)ap frozen in isopentanand stored at-80°C until required for

analysis.

2.2.2 Samplesfor cell culture constructdevelopment andproteomics(Chapter 5and 6)

QCLand LIET were obtained for creation of tendon and ligament constructs and for
proteomic analysis. The left stifjeint tissues were used for cell culture addvelopmaent of
tendon and ligamentconstrucs, while the right stiflgoint tissues wereused for proteomic
analysigTable 21).

For proteomics analysistive LDE&nd CClissuesof the right stiflejoint were prepared by
firstly removing the LDETmuscle and washing three times in PBS. Tissuegre then
transferredinto clean eppendorfubes, snap frozen in liquid nitrogen @rstoredat -80°C

until further analysigSection 2.8).
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2.3 DEVELOPMENT OF TISSUE ENGINEERED LIGAMENT AND TENDON CONSTRUCTS

2.3.1 Cell isolation and processing

QCLs and LDETs were sectioned into small pieces of aromm’t Yy R LJ | OSR Ay 5 dz
modifiedEagl®@ & Y S R A dz¥fe téchrml@gesMD, USAcontainingl0% foetabovine

serum Gibco, Paisley, UK, 100 units/ml pencillin/streptomycin Penstrep, Life
technologies Paisley UK) 500 ng/ml Amphotericin Kife technolgies,PaisleyUK), 20mM

L-glutamire (Life Techonologies, Paisley UK) and Q% collagenase(Worthington,
LakewoodNJ. The solution was incubatext 37°Covernight and then filtered through 70

pum cell strainer(SLSYorkshire,UK). Following centrifugation at 110pm for 4 minutes,

cels were resuspended with I2ls of DMEM, 10% BBand antibiotics. Both Bghentocytes

and tenocytes were grown to ~9B)0% confluence at 3T in 5% a®on dioxide. Tenocytes

and liganentocytes were split no further thamthe 3rd passageprior to being usedin

construct set up.

2.3.2 Preparationof culture plates

Each well of a six well plate was coated wath-2 mm- thick layer(1.5 ml) of SYLGARD
(SYLG184,WPI, Hertfordshire UK and incubated overnight at 55°C to induce
polymerisation. Next, two short silk swires (0.8cm) (W328H, stures Ethicon, Bunzl
Healthcare London,UK) were pinned onto the coated platesth minutien insect pins (0.1
mm diameter) Fine Science Toolsterfocus td, Cambridge, UK). Sutureen pinnedat a
distance of 1cm. Priorto cedl seeding ach six well plate was sterigid by immersion in

100%ethanol for 1hourunder UV light.

2.3.3 Tendon and ligament construatevelopment

Both tenocytesand ligamentocyteswere removed from tissue culture flasks using trypsin
EDTA (LonzaJR, certrifuged at 300g for 10 min and re-suspendedinculture medium
containing DMEM supplemented with penicillibOQU/ml), streptomycin (10qug/ml), L-
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glutamine (2mM) and FCS (10%J.he cell density was measured, where i0of cell
suspension was pipetted tm a haemocytometer (Hawskley, Sussex, UK) and manually
counted.For threetechnicalreplicates offibrin construcs, 1.2 mls of 1.5x16 cells/ml were
resuspended ir250 pl of 20 mg/ml fibrinogen(F8630, Sigmaldrich, UKand 25ul of 200
U/ml thrombin (T4648,SigmaAldrich, UK 480ul of the mixture wasmmediatelydeposited
in each welland vigorously shaken to ensure even imgpand formation of dlat layer of the
fibrin gel.After the deposition of the mixture thelates were incubatedfor 30 minutes at
37°C, 5% Cg£o allowthe gels to setCell-fibrin layers werescored with a fine pipette tip to
prevent adhesion to the sidef the well then incubatedwith 2 mL culture medium (as
above) supplemented with-ascorbic acid phosphate (200 uM; SigmaAldrich, UK non-
essential amino acgiat 10 pl/ml (SigmaAldrich, UKand aprotinin at 1Qul/ml. The gel was
scored and media changed every two dayntilit had contracted to forma linear construct
betweenthe pinned suturesAll construcs were fullycontracted betweenthe fixedanchos

at fourteen days.

2.3.4 Harvesting of constructs

Gonstructsformed were excised from the plates using a scalpel bladé®th tendon and
ligament onstructs were washed for three times in PB&ap frozenn liquid nitrogenand
stored at-80°C until readyfor biochemical andoroteomic analysis. Constrigctvere also
fixed in 4% paraformaldehyde and 2.5% glutaraldehyde for histoletgining and

transmission electron microscopye@ion2.7) respectively
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2.4 BIOCHEMICAL ANALS'S

Double stranded DNA (dsDNAptal sulphated glycosaminoglycan (sGAG), total collagen

and elastin content were measuretihe detailof each assagre provided below.

2.4.1 Water content

Sampleswere thawed at room temperature and wet weight measured. diiain water

content and dry weight samplesere freeze driedovernight at-60°C and reweighe

2.4.2 Papain digesbn

A papaindigest was performed to determinghe dsDNA, totalcollagenand sulphated
glycosaminoglycans (sGAG) contehtigamentand tendon amples.Papain buffer 300 pl;

10 unit/ml papain(P4762, Sigmaldrich, UK)n sterile phosphate buffered saline (PBS) with
100mM sodium acetate, 2.4mMDTA and 5mM cysteine HCL, pH 5.8) was added to the
samples(5-20 mg dry weightwhich were thenincubaed for 24hrs at 60°QFarndale et al.
1986). The samples were vortex mixed several tinmauring digestion to ensure all tissue
was solubilisedOnce completelysolubilised samples were stored &0°Cuntil used for

analysis

2.4.3 Oxalicaciddigeston

Oxalicacid digeston was performed to extract the insoluble elastin from the tissue in the

form of solublecrosslinked LJ2 f & LIS LJG A RS S f -klastinATHis wadNdoaySy G a T
adding 750ul of 0.25M oxalic acid (35295, Sigafddrich, UK) and biieating samples to

95°C. They were centrifuged at 3000g for 10 minutes and the superhataracted. This

processwas repeated Jimesfor all tissues to extract all elastin
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2.4.4 Cellular content

2.4.4.1 Double stranded DNA content

Total DNA was measured using Quaint' Picogreen ® dsDNA reagent and kits (P7589,
Invitrogen, UK).QuantiT™ PicoGreen®IsDNA eagent is an ultrasensitive fluorescent
nucleic acid stain for quantitating double stranded DMAsolution (Singer et al. 1997
Triplicate aliquots of 10Qul of prediluted papaindigested ligament and tendon samples
were incubated with 10Qu QuantiT™ Picogreen® dsDNA reagdnt 5 minutesat room
temperature protected from the lightFluorescence was read oludrescencemicroplate
reader Bio-Tek FLX800at wavelength 480nm excitation and 520hm emission DNA
concentration was calculated bycomparing to a standard curve constructagsing
bacteriophage lambda DNgtandards from @L000ng/ml. DNA content was expressed as g

per mg dry weight tissue.

dsDNA standard curve
1200

1000 y = 0.0289x 10.649
R2 =0.997

800
600

400

Concentration (ng/ml)

200

0 5000 10000 15000 20000 25000 30000 35000 40000
Fluorescence

Figure2.2. Typical standard aue for dsDNA quantificatiorCA y I £ O2y OSy i
(200pl) ranging from 11000ng/ml were entered into wells of 9&ell plate in triplicate anc
100 pl QuantiT™ Reagent PicoGreémreagent dye was added into each well. After
minutes incubation he fluorescence value were read at 480 nm/520 nm excitation
emission.
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2.4.5 Extracellular matrix composition

2.4.5.1 Sulphatedglycosaminoglycan content

Total silphated GAG was measured using the ldifhethlylmethylere blue (DMMB) dye

binding assay, which forsn a complex that absorbs light and is measured
spectrophotometrically(Farndale et al. 199. In brief, 40 > faliquots of papainrdigested
ligamens and tendonsamples werglaced into aransparent flat bottomed 9éwvell plates.

From the stock solution of DMMB €y16 mg 19 dimethyl methyene blue, 2g sodium

formate, 2ml formic acid madeup to 1 lire dH,0, pH 3.5), 25@l was pipettel into each

sample and standard. Absorbance wasnediatelyread onthe spectrophotometer at a
wavelength of 570nm. The assay was calibratedy ihe use of standard®f shark
chondroitin sulphate €4384,Signa-Aldrich, UKup to 70> 3 k, ¥rfd sGAG concentration
obtained by comparison with the standard curéeD! D O2y OSYy iGN} GA2Y 41 &

per mg dry weight tissue.

Standard curve for sGAG
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Figure 23.Typical standard curve for sGAG quantificationFinal concentrationsof
chondroitin sulphate (4Qul) ranging from 670 ug/ml were entered into wells of 96 we
plate in triplicate and 25Qul DMMB assay dye added into each well. Absorbance
immediately read on a spectrophotometer at an absorbance ofrs70
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2.4.5.2 (ollagen ontent

Collagen content was calculated by measg the concentration of themino acid
hydroxyproline(Bergman and Loxley 1963 his assay involves the oxidatiby chloramine

T, coupled with dimethylaminobenzaldehyde (DMBA) reisglin a coloured product which

can be visualised at 550 nm usingpe&rophotometer.Aliquots of papain digested tissue

(100> fwere hydrolyed with 100 pl ofconcentrated {2 M) hydrochloric acid (HGLdried

and redissolved in 10 ml deionised water. Samples (1 ml) wera mixed with 1 ml diluent

(2 parts propar2-ol to 1 part deionisedwater), 1 ml of oxidant was adde(©.42 g
chloroamine T, 5 mileionised water water, 25 ml stock buffer) and the samples left to
stand for 20 minutes. Colour reagent (1 ml; 3 g DMBA, 4.5 ml 70% percholoric acid, 25 ml
propan2-ol) was then added and the samples left for 14 minutes befwating (70C, 20
minutes). Absorbance was read on a spectrophotometer (CECIL CE2040, CECIL instrument
limited) after allowing the samples to cool for 10 minutes. Concentration was calculated by
comparison to a standard curve prepared usiAgytroxyprolne standardg56250,Sigma

Aldrich, UK) from O0mn >3k Y f OFAYI 02y OS yias Naldulately 0 &/
assuminghydroxyproline to be present at 14%. The total collagen conteas then

expressed as a percentage of digsueweight (Rumian et al. 2007

Standard curve for hydroxproline assay

_. 10
£
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Q
£ 6 y = 9.2316% 0.2479
o —
o R? = 0.9993
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S
11; 2
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0 0.2 0.4 0.6 0.8 1 1.2

Net absorbance (550 nm)

Hgure 24. Typical standard curve for hydroxproline quantification. Final concentratior
hydroxyproline (Iml) ranging from (€L0t g/ml) were mixed with Iml diluent and 1 ml of
oxidant. Colour reagent was added arms@mplesincubated at 70°C for 20 minutes
Absorbance was read on a spectrophotometer at an absorbance afifd50
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2.4.5.3 Elastin content

Elastin was measured using the Fasfirdyebinding assay (Biocolor LtdN. Ireland)
previously described bgmith et al. (2013)The averagedry weight of sample used forthe
elastin assay was 14.3mg. Oxalic acid extracts were pooled together and were precipitated
with elastin precipitation reagent (trictoacetic acid and hydrochloric acid). Following
centrifugation (10000g) for 10 minutes, the precipitate was incubated on a mechanical
shaker with 1ml of elastin fastin dye reagent (5,10,18&@phenyl21,23porphine
tetrasulphonate) for 90 minutes tofat 2 4 N I O (i #elasyin add3he dye.Fgllowing
centrifugation (1000g) for 10 minutes, the bound dye was suspended #b0a pl of
dissociation agent (guanidine HCI and profdaml) and transferred to a 96 well plate after

10 minutes to ensure thatllbound dyehad passed into solution. Absorbance was
measured on the plate reader (Mulltiskan EMierma) at 550nm and compared to a
standard curve generated from known concentrations of alplestin. Elastin concentration

was expressed as a percentanfedry weight.

Standard curve for elastin assay
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Figure 25. Typical standard curve for elastin quantificatiolCA y I £ O2y OSy G NI G A
elastin (0100 ul) ranging from (€L00t g) were entered into 1.5ml eppendorf tubs,
precipitated with an equal volume of elastin precipitation reagent and incubated with

elastin bind dye complex. The bound dye was suspended2&@ipl of dissociation reagent

and transferred intoduplicate wells of a 96 well plate Absorbance was read on a
spectrophotometer at an absorbance of 560.
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2.5 HISTOLOGY STAIKH AND SCORING

2.5.1 Samplepreparation

Tendon and ligamentative samples(Table 21: Samples AE) and construstcreated from
isolated cell samples (Table 2.Bamples FJ) were fixed in 4% neutral buffered
paraformaldehyde(PFA and further processed by th®ivision of Veterinary Pathology,
School of Veterinary Sciencehere samples werlongitudinally embedded in paraffin, cut

in 4um sections and mounted on polylysiskdes

2.5.2 Histology staining

Histological sctions were stained wittHematoxilin andBosin H&B), Alcian blue periodic

I OAR { OKA T T sétain If additibrybRhe abfo¥e fmSrgdRd stains,tendon and
ligament constructs were also stainetdith Massoris trichrome. All histological sections
were visualised usingNikon eclipse 80i microscope and pictures were acquired with Nikon

DSL2 standalone control unit.

2.5.2.1 Alcian blue and periodic acid SchfAB-PAS) stain

The ABPAS was useir the detection of the areas rich in GA@ohn and Bancroft 1996
Sectiors were deparaffinised and rehydrated in two washes of xylene, 100% and 95%
ethanol for 10 minutes and two washes of ultrapure water for 5 minutes. Once rehydrated,
the slides wes stained in 1x Alcian blue (1Adcianblue, 3ml glacial acetic acid,79mls of
distilled water) for 3minutes. The slides were then washed in running water for 2 minutes,
rinsed in distilled water and treated with 0.5% periodic a¢#C6405 TCS Biosciences Ltd,
BuckinghamUK) for 10 minutesThe slides were thefurther washed in running tap water

for 5 minutes, rinsed irdistilled water, treated withSchiff'sreagent (3952016, Sigma
Aldrich, UKfor 15 minutes and washeid running tap wéeer for 5 minutes. The nuclei were
stained with MayerHaemalum for2 minutes andwashedin tap water for 5 minutes. The

slides were then dehydrated in two washes of 95% ethanol, 100% ethanol, and xylene for 10
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seconds in the first wash and 5 minutes in gecond. Once dehydrated, the slides were

coverslipped with OP.X (Din-butyl phthalate in xylengSigmaAldrich, UKmounting media

2.5.2.2 Miller@ stain

Miller@ stainwas usedto stain for elastic fibres(Miller 1977). In brief, sectionswere
deparaffinised and rehydrated, treated with 1% potassium permanganate for 5 minutes and
rinsed in distilled water. The slides were then decolouriseti% oxalic acid for 10 minutes
followed by abrief wash in running water and a rinse in 95% ethamaill the colour
disappeared The slides were stained witMiller@ stain (HS235, TCS Biosciences Ltd,
BuckinghamUK) for 3 hours rinsedin 95%alcohol to remove the excess stain and washed
in runnng tap water for 3 minutes.Slides were @unter stainedwith Van Giesor(HS780,
TCS, BiosciencésD, BuckinghamUK) for 4 minutes followed by dehydration andounted

with D.P.X.

2.5.3 Histology scoring methods

Histological sections of the CCMCL, LDET ar®DFT were scadeby a three part scoring
systemto assess the cells and extracellular matrix of the tissdissectiols were read by
two observers blinded tsection location and tissue type on two separate occasions at least

two weeks apart.

H&E H&E sctions were assessed to determine differences in terms of tissue architecture,
cell morphology, cell distribution, vascularization and inflammatidmescoringsystem was
modified from Stoll John et ak2011), whereby eab parameterwas numerically graded
from 0-2 based on changes seéor each parameter listedTable 2.2). For each parameter

the average score betweeinter and ntra-observerswas convertedinto percentage
distribution by counting the occurrence tife gradednumerical scores. Thisasmultiplied

by 100% andthen divided by the number of biological replicateSor instance forECM

organisation parameter, the presee of grade2 and 1 and GOscore was counted, the
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number of occurrence of eadarade waghen converted topercentage score as explained

above

Miller@ stain A modified scoring system frorBmith (2010)was usedto quantify the
differences in term of elastin and microfibril stainitg.brief, thedistribution and increased
staining in interfascicular, interbundle and ligamenitbstance regionsas well ashe extent

and degree of pecellular stainingvasscored For the generatistribution and presence of
pericellular staininga score between @ was given. For the interfascicular, interbundle,
intrabundle and pericellular staining a score fror3 Qvas avarded based on the extenof
staining0%-= 0, absent,-@5%= 1, staining percent in up to 25% of tissue5@%=2, staining
present in 2550 percent of tissue, >50%= 3, marked staining in above 50% of the tissue.
The overall score was added up for eacmpke, giving a range otD4. The average scase

within andbetweenobservers wasalculated(Table 2.3)

ABPASstain- a similar scoring system like tiMiller@ score waselfdevelopel based on
Smith (2010)to quantify differences in GAGstaining. For general GAGIistribution and
chondrocytic cell changshape a scorbéetween 31 was given. Fomore detailed location
of stainingi.e. interfascicular, intrbundle, substance and cellular staining, a score fredn 0
was awarded based on the exteof positivestaining The overall score was added up for
each sample, giving a range ol8. The average scorbgtween inter and intraobservers

were calculatal (Table 2.4)

91 OK LI N} YSGSNI 2F | 99 & GPANJKkopriguercaasstsbefl faa & O
agreement between inteand intraobserver scorings resultssingaY Sy Rl f fciodd O2 ST

concordance.
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1) Extrac#ular matrix organization of the wha ligament or tendon

Score
1

Wavy, compact and parallel arranged collagen fibre
(Normal collagen architecture and density)
In part compact, in part loose or not ordg
(Reduced density)
Loosely composed, not orderly
(Absent, minimal density)

2) Cellular shape, distribution and alignment

a)

= =4 =

Shape

Spindle shape (nhormal)
Mixed

Oval to round shape

Distribution

Normal distribution of cells

focal areas of elevated cell density

(Cell clustering or formation of cell chains)

Alignment

Uniaxial

Areas of irregular arranged cells

More than 50% of céivith no uniaxial alignment

3) Vascularity of the whole ligament and/or tendon

1
1

hypo-vascularied
hypervascularged (increased number
of smaller or larger capillaries)

H

Table2.2. H&E scoring sheadapted fromStoll, John et gR2011)
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1) Distribution and location of Microfibril staining Score
a) Distribution
1 Normal (sparse fibres throughout) 0
1 Increased

b) Location

>50%  2550% 0-25% 0%

M1 Interfascicular

>50%  2550% O0-25% 0%

1 Interbundle

>50%  2550% O0-25% 0%

M Substance

2) Pericellular staining

a) Pericellular deposition

1 not present 0
1 present 1
b) Degree of pericellular deposition >50%  2550% 0-25% 0%

Table2.3. Miller@ scoring sheet adapted from Smithlegg et a(2013.
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1) Glycosaminoglycadistribution and location

a) Overall
1 normal (absent) 0
91 Increased (focal or genersdid) 1
b) location

9 Interfascicular

1 Interbundle

>50%  2550% O0-25% 0%
>50%  2550% O0-25% 0%
>50%  2550% 0-25% 0%

I Substance

St f sAGK WOK2YRNRARQ OKIy3aSs

a) Cell shape
1 No change (webpaced, spindle shaped) 0
9 Oval to roundingf nuclei (halos around them) 1

b) Location of stain with cells

500, 0 -250 0
1 Around the cells 50%  2550% 0-25% 0%

Table2.4. Alcianblue-PAS scoringheet
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2.6 TISSUE IMMUNSETAINING

2.6.1 Immunohistochemistryfor cdlagens and proteoglycans staining

For collagen type I, Ill. VI, asporin, decorin, biglycan, keratocan, agreccan, and versican
immunostaning (Table 2. psquential sections of 4 Y T NP Y -emliedd&d$samples

(Table 2.1: Samples@ were deparaffinied and rehydratedn two washes of xylene, 100%

and 95% ethanol solution for 10 minutes and in two washes of ultrapure water for 5

minutes.

Endogenougperoxidase activity was blocked by incubating the tissue sectiatins3% HO,
for 10 minutes. After edogenous peroxidase blockd slidesvere washed two times fob
minutesin water andthen in Tris buffered saline (TBfy an additional 5 minutesSections
for decorin, biglycan, asporin, keratocan and versitamunostainingwere predigested
with chondroitinase ABC (Sigma) (0.5 U/ml) in 100 mM-HAIGE pH 7:-Z.4 for 30 minutes at

room temperature followed by two washes of 5 minutes in TBS.

Each section was subsequently blocked with p0@f 10% namal goat serum(PCN500,
Invitrogen CA, USAjor 1 hour at room temperatureto prevent nonspecific antibody
binding. The solution was replaced with 100fiprimary antibody diluted in TBFable2.5).
Theslides wereincubated overnight at 4°@fter incubatian, the sections were washed for
three times br 5 minutes in TB&nd incubatedvith appropriateof secondaryantibodyfor 1
hour at room temperature For the primary antibodies that were raised in rapli®Qul of
Zytochem Plus HRP polgr goat antirabbit was used as secondary antibo@UCO032
Zyomed system DB. For the primary antibodies that were raised mouse 100ul goat
antimouse was usedd\0545 SigmaAldrich, UKas secondary antibody

Following iubation with secondary antibodyhe slides were washediee times in TBS
before adding 80pl of 3,3 diaminonemzidine (Sigmafast DAB, Sigma Aldrich,) ¢ 1
minute. The slides were immersed irtnapure water for 5 minutesgcounterstained with
Mayer's Haemalum for 1minute and washedin tap water. The sectigwere then

dehydraed andmounted with D.P.X.
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As control, noAimmune polyclonal rabbit or mouse IgG (isotope contr@8bcam

Cambridge, Uxand buffer were used instead of the primary antibodies.

Everycollagen and proteoglycan antibody hbsen validated using western blot analysis
All immunohistological sectiawere examinedusing aNikon eclipse 80i microscopnd

imageswere acquiredwvith a Nikon DS.2 standalone control unit

2.6.2 Immunofluorescencdor elastic fibre staining

Elastic fioreammunostaining were assesseding sectins stained wittelastin,fibrillin 1 and
fibrillin 2 antibodies (Table 2.5previously described bySmith et al. (2011)(Table 2.1,
Samples A)). Elastin was dual stained with fibrillin 1 or fibrillin 2 togeth@able 2.5)
Longitudinal sectiongs um) of OCTembeddedsampleswere cut on a cryostatLgica ™

1900, adhered to polylL-lysine slide (polysine, VWR, U#ljowedto dry and stored at20°C

until required

Tissuesections were fixed for 20 minutes in 100% methanol&°C andhen rinsed three
times for 5 minutesin PBS This was followed byn overnight incubationat room
temperaturewith hyaluronidasg48001U/ml in PBSH3884 solution containinga protease
inhibitor cocktail (complete mini, Roche}ectiors were rinsed three times for 5 minutes
with PBSand thenblocked with 200 ul of 10% nomal goat serum (PCN5000, Invitrogen, CA,
USA) in PBf®r 1 hour at room temperature After blocking the goat serum walkained off
and the tissue sections wer@ancubated overnight at 4°Gwith 100 pl of primary elastin
antibody diluted in PBSThe sectios were washedthree timesfor 5 minutes in PB&nd
followed bya secondovernightincubation at 4°Cwith 100pl of fibrillin 1 or 2 antibody.
Slides were rinsed in theetimes in PBS for 5 minutefgllowed by secondary antibody
incubation (100ul) (antimouselgGor antirabbit IgG for 1 hour at room temperatureand
rinsed in PBS.

After washing, all section were incubated with DAPI (1:1000 diluted in PBS) (Invjtkdgan
for 5 minutes at room temperaturginsed with PBS and mounted with mounting media (
1400, Vector Laboratories, UK).
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Negative ontrols were included with rabbit and mouse Isotope IgG and normal serum in

place of primary antibodyElastin and fibrillin antibodies have previously been validated in

canine connective tissu&ith et al2017).

Sectiors were examined with confocal microscope(Nikon Ti Eclipgeand images were

captured with Nikon EZ 1free viewer(version 3.90, Nikon corporation)

Primary antibody Manufacturer

Secondary antibody

Collagen 1 (1:100) Abcam (ab292)

Collagen 11{1:100) Abcam(ab7778)

Collagen V(1:100) Abcam(ab6588)

Asporin (1:100) Abcam (ab58741)

Decorin(70.6)(1:50) Donated by B.Caterson/ C
HughegqCardif university)

BiglycanPR8A4) Donated by

(1:50) B.CatersofC.Hughes
Keratoca (KER-1) Donated by B.Catersog.
(1:50) Hughes

Agreccarn(7D1)(1:50) Donated by B.Catersé@.
Hughes

Versican (1:100) Hybridoma (12C5)

Elastin (1:100) Abcam(ab9519)

Fibrillin 1(1:50) Donated by B. Mecham
(Washington University)

Fibrillin 2(1:50) Donated by Tim RittyPenn
State University)

ZytoChemPlsi (HRP) Polymer aff@abbit
(zuco32)

ZytoChemPlus (HRP) Polymer debbit
(zuco032)

ZytoChemPlus (HRP) Polymer debbit
(zuco032)

ZytoChemPlus (HRPolymer antRabbit
(ZUC032)

Anti-Mouse 1gG(1:50) (A4416, Sigma, UK)

Anti-Mouse 1gG(1:50)(A4416, Sigma, UK)

Anti-Mouse 1gG(1:50)(A4416, Sigma, UK)

Anti-Mouse 1gG(1:50)(A4416, Sigma, UK)

Anti-Mouse 1gG(1:50)(A4416, §ma, UK)

Anti-Mouse IgG (1:500) (A11001
Invitrogen,USA)

Anti-Rabbit IgG (1:500) ( A11011,
Invitrogen,USA)

Anti-Rabbit IgG (1:500) ( A11011,
Invitrogen, USA)

Table2.5. Primary ad secondary antibodies usedtissue immunostaininfpr detection

ECM macromolecules.
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2.7 TRANSMISSION ELECTRON MICROSCOPY

Transmission etgron microscopy (TEM)f LDET and CCL construdtalfle 2.1 Samples +
H) was performed by Marion Pope the School oVeterinary Sciencdivision ofVeterinary
Pathology In brief, onstructs were fixed in 2.5% glutaraldehyde in 0.1M sodium cacueyl
buffer for about 8 hoursAfter three times vashing, this wasfollowed by a secondary
fixation and contrast stain with 1% osmium tetroxide &8 minutes Samplesvere stained
with 8% uranyl aceate in 0.6%6 maleic acid for90 minutes,dehydrated in ascendg
ethanol concentrations (50,70, 90,95%Nhd embedded inepoxy resin Ultrathin cross
sections (6660 nm) were cut witha Reichert Jung Ultracut oran ultramicrotome usinga
diamond knife.Cut cross sections arve then mounted on 200 mesh copper grids dan
aUFAYSR gAGK WwSey2f RQA .[IntageR wetdheladliniPRillps & G Ay
EM208S Transmission Electron Microscope at 80kV.
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2.8 PROTEOMIC ANALYSIS
2.8.1 Sample preparation

Both native LDETCland harvested tendon and ligament constructs samfleble 2.1
Samples B) were firstwashed withPB$snap frozen in liquid nitrogen argtored at-80°C
until required Prior to protein extraction all samples were freeze dried overniginid dry

weightwas measured

2.8.2 Protein extraction

All lyophilisedsamples were disrupted using micro-Dismembrator U(B.Braun Biotech.
International Germany. 200 pl of chondroitinase buffer (100nM Trisacetate, mini
protease inhibitor cocktail with EDA (Roche, UK ) containiagitiml chondroitinase ABC
(C290510 UN , SigmaAldrich, St Louise, MO) was addéd approximately 3mg of
dismembanated lyophilised tissueSamples wereghen placed in hybridizer roller tubat
37°C and incubatedor 6 hours.After chondroitinase treatment, samples were centrifuged
at 15000rpm for 15 minutes and media was removesD0 pl of GnHCL extraction bufféd
M guanidine HCL,06mM sodium acetate, 65nM DTT withmini protease inhibitor cocktail
tablet) was addedo the media removed from the samplesd incubatedfor 48 hoursat
4°C m ashaker. The samples were then centrifdgeg 15000rpm at 4°C for 15 minutes and
the soluble fraction removedBoththe soluble and insoluble fracti@were stored at-20°C.
The soluble fraction was used forin-solution trypsin digestion and analysday liquid
chromatography tandem mass spectrometry US/MS) (seeSection 2.8.5), but prior to
that protein concentration wasneasuredand an aliquot of eachsample runon a 4-12%
TrisBris SD®AGE gel (sectidh8.4).
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2.8.3 Proteinconcentration

The potein concentration of the samples waseasured withthe Piercé™ 660nm protein
assay(Thermo scientificHertfordshire, UK. Samples were diluted with water and 50l of
each sample was added a 96-well platewith 150 pl of the protein assay reagent. The
plate was shaken for 1 minutes and left to incubate at room temperature for 5 minutes.
Absorbance was measuredn a plate reader at 650 nm (Mulltiskan EX,Therma)
Goncentrationare calculated bycomparison toa standardcurve (Figure 2.6prepared using

BSA0-2 mg/ml).

standard curve for PIERCE™ 660 nm
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Met absorbance at 650nm

Figure 26. Typical standard curve for PIER$gotein assay Final concentrations of BS
(50 ul) ranging from (€t g/ml) were measured in @6-well-plate with 150l of protein
assayreagent Absorbancevas read on a spectrophoteeter at an absorbance of 650nm
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2.8.4 SDSPAGE and Silver stain

A 50ul (~5Qug) aliquot of the GnHCL soluble fraction was precipitated overnight with 100%

cold ethanol, centrifuged for 15 minutes &200 rpmspeedat 4°C and wshed with 90%
cold ethanol. Samples were -centrifuged for 15 minutes at maximum speed at 4°C. The
ethanol was discarded anitthe pellet air dried for 3 hours. The air dried pellet was then
resuspended in 2@l of 7M Urea, 2M Thiourea, 4% Chap andn3V Tris at pH 8. Once
mixed, 10ul of 2x SDS loading buffeontaining8% mercaptoethanolwas addedto the

samples

2.8.5 In-solution tryptic digestion and LBAS/MS

The soluble 4AMGnHClextracted proteins were sentb the Universityof LiverpoolCentre
for Proteone ResearcHhacility. h-solution tryptic digestionwas performed by one of the
technical team, Dr Deborah Simpson, who aksothe sampleson liquid chromatogaphy

tandem mass spectrometry

For tryptic digestion, the samples weref@d diluted to 0.5M with 100 mM ammonium
bicarbonate(AMBIQ and normalisedto the sample that hadowest protein concentration.
This gave about85 pg of protein from each samplehich werediluted to a volume of
160uLwith AMBIC Each proteirsamplewas supplemented with dyestion enhancer; 1Ql
Rapigest for 10ninutes at 80°C (Vdters, Manchester, UK)Protein samples were reduced
andalkylated with DTT (1l of 9.2mg/ml at 60°C for 10mintes) and then IAfAadded(10 pl
of 33mg/ml for 30min in the d& room temperature).Trypsin (D pl) was added and
incubated overnight at 37°@nd inactivated with0.5% trifluoroacetic acitbr 30 minutes A
desalting procedure (Zipp) on trypsin digested samplesaw performed About ~93 ng

protein per each sample was loaded bguid caromatography and mass spectrometry
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2.8.6 Liquid chromatography and tandem mass spectrometry

Liquid chromatographyseparation All peptide separations were carried out using an

Ultimate 3000 nano system (Dionex/Thermo Fisher Scientific). For each analys@ésrpie

was loaded onto a trap column (Acclaim PepMap 100m2x 75um inner diameter, ¢, 3

um, 100A) at 5uL/min with an aqueous solution containing 0.X%v) TFA and 2%(Vv/v)
acetonitrile. After 3 min, the trap column was setlime with an analyticatolumn (Easy

Spray PepMap® RSLC 15cm »umsinner diameter, @, 2 pm, 100A) (Dionex). Peptide
elution was performed by applying a mixture of solvents A and B. Solvent A was HPLC grade
water with 0.1%(v/v) formic acid, and solvent B was HPLC grade #cétad80%(v/v) with
0.1%(v/v) formic acid. Separations were performed by applying a linear gradient of 3.8% to
50% solvent B over 30 mitesat 300nL/min followed by a washing step (5 ratesat 99%

solvent B) and an equilibration step (10 miesat 3.8% solvent B).

Q Exactive setip- The Q Exactive instrument was operated in data dependent positive

(ESI+) mode to automatically switch between full scan MS and MS/MS acquisition. Survey

full scan MS spectran(z 300-2000) were acquired in the Orbitrap thi70,000 resolution

(m/z 200) after accumulation of ions to 1X1frget value based on predictive automatic

gain control (AGC) values from the previous full scan. Dynamic exclusion was set to 20s. The

10 most intense multiply charged iors HUO GSNBE &Sl dzSyaAaltfte Aazf
the octopole collision cell by higher energy collisional dissociation (HCD) with a fixed
injection time of 100ms and 35,000 resolution. Typical mass spectrometric conditions were

as follows: spray voltagel.9kV, no sheath or auxillary gas flow; heated capillary
temperature, 250C; normalised HCD collision energy 30%. The MS/MS ion selection

threshold was set to 1 x @ounts and a 2n/z isolation width was set.
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2.8.7 Proteomic dataanalysis

Proteomic data wa analysed for protein identification, labike quantification, and post
translation modificationsPEAK®software (\érsion 6, Bioinformatics Solutions, Waterloo,

/' FYEFRFO | YR -MSN®EVEE Bldnindandyrarhics) were used for data analysis.
Raw MS/MS data were imported intBEAKSwhere the peptides and proteirs were
identified. PEAK®earches were performed againsthe canine taxonomy in which protein
sequence database was imported from ensemble

(http://www.ensembl.org/info/data/ftp/index.html). Details ofPEAK®search parameters,

filter parameter and classification of protein categories is described in Chapterc@ofS

6.3.5).

For label free quantithve analysis PEAKS®ata searchresults were imported into
t NP 3 Sy SMS\ sbftward where statistical significant differentigl abundantproteins

were identified betweergroup comparisons (Chapter 6, section 6¢3.5

Posttranslatioral modifications wereassessedusing the PEAKSPTM finder algorithm

(Chapter 6, &ction 6.3.5¢)

2.9 GENERAL STATISTICAL ANALYSIS

Statistical analysis was performed on biochemical asdatsand histology scoring results
A one-way of analysis of variance (ANOW#)h Bonferroni posthoc testwas performed
using GraphpadPrism (version 6GraphPad Software, La Jolla Califorbi8A) A Univariate
analysis was also performed using SPB® SPSS Statistics, Version 2@l Chicagp The
significance level was set @<0.05and exact p-values arepresented for all data sets as

appropriate

For proteomic label free quantificationdata sets, oneway ANOVA was performed by
t NB 3 Sy SMSisdftwardldentified proteins were regarded as significant, withjusted
p-value to false discovgr(FDR)ate to be <0.05at greater than 2 fold change anghen

two or more peptidesvere identified.
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CHAPTER 3

A BIOCHEMICAL COMPARISON OF THE EXTRACELLULAR MATRIX
COMPOSITION OF TENDONS AND LIGAMENTS AROUND THE CANINE
STIFLE JOINT
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3.1 INTRODUCTION

Themacromolecular extracellular matrix composition of tendons and ligaments are similar,
however the precise matrix components cellular morphology and arrangement and
mechanical properties arepecialisedor the efficient functioning of each tissue typedn

for tissues within each type e.g. SDFT vs CDET (Rsuaian et al. 20QMienaltowski and

Birk 214). In general both tissues consist of cells and extracellular matrix (ECM), where
ECM has been reported to contain collagens-§020 of dry weight) and necollagenous
proteins including glycoproteins, proteoglycans and elaskime water contentof tendons

and ligaments ranges frorb5 to 70% anda substantial part of this is associated with
proteoglycans in the ECiBenjamin and Ralphs 199rank 2004Kjaer 2004Rumian et al.
2007).

The composition of tendon and ligaments is related to thepedfic function and
mechanical properties (Mienaltowski and Birk 2034 Composition and cellular
arrangements alters with different tendon and ligament types, locations and regions
(Mienaltowski and Birk 2034 This has been shown between different tendons and
ligaments in rabbit(Amiel et al. 1984 and sheep (Rumian et al. 2007 where altered
proportions of molecular components anddifferent collagen organisational structure was
found between tendons and ligament&umian et al. 2007 Specialised tendon types such
asthe energy storing SDFT apdsitional CDERavealso been shown to haveractural and
compositional differences, which relate tbffering functionof these tendongBirch 2007
Birch et al. 2008Franchi et al. 20Q9Thorpe et al. 2010Thorpe et al. 2012 While
ligaments at different locations around the knee joint such as the 4{atgécular anterior
cruciate ligament (ACL) and ex@dicular medial collateral ligament (MCL) have been
reported to have different collagenoatent (Fujii et al. 199% ultrastructural morphometry
(Hart et al. 1992 and cellular morphologyNewton et al. 199 Other ligaments with
discrete biomechanical properties including the Atbk, ligamentum teres of the hip (LT),
and the iliofemoral ligament (IH)ave been found tchave differencesn collagen type |,
elastin, fioromodulinand biglycanexpressionindicating molecular heterogeneity between
anatomically distinct ligaments with differing biomechanical dema(idsdaDiez et al.
2013. Regional variation of tendons and ligaments @atur as a result of changes in
mechanical loading, whereegions under mechanical compressioan exhibit increased
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fibrocartilaginous matrix composition(Benjamin and Ralphs 1998 Alterations in
hydroxyproline and collagen crosslinks, different locations (femoral and tibial insertions
and the midsubstance) within the ligaments and a tendon of the human KrHapada et al.
2014 have been reportedVogel et al. (1993)Jemonstrated different cell morphology and
increasa@ glycosaminoglycan (GAG) content in human posterior tibialis tendon at the
compressed regions wherig is subjected to more compressive forces. This phenomenon
has also been identified in tendons of other species such as théQlagla et al. 1987 cow
(Koob and Vogel 198and rabbit(Daniel and Mills 1988Heterogeneity in cell morphology

at different regions in canine cranial cruciate ligament (O@s)also beenreported,
indicating the adptation of ligament to mechanical or physiological environmemd

reflects variation in stresses and stra($snith et al. 201

The CCL isomparable to hman ACL(Arnoczky 198Band is proneto cranial cruciate
ligament disease (CCLD), where degenerative changes occur and result in altered
extracellular matrix (ECM) and cellular metabolism, reuvelly leading to a nowontact
injury (Comerford et al. 2011 This situation is closely analogaesthat in man where non
contact ACL rupture has beaeported (Serpell et al. 2012 Risk factors such as age,
hormonal influence and exercise have beenagpd for both human and dogwith non-
contact ACL injuryComerford et al. 201,1Serpell et al. 2012 An additional risk factor in
dogsfor non-contact injury is the genetic or breed predisposition, whaos-diseasedCCk

from dogs at high risk dogto CCLD (Labradors retriever) have an increased ECM
degeneration and collagen turnover compared to lowisk dog breeds (Greyhounds)
(Comerford et al. 2006 Ultrastructural differences with increasexllagen fibril diameters
and a fibrocartilaginous appearancef the ligamentswere identified in low risk dogs,
reflecting the higher maturation levels of collagen at the slower turnover rate and greater

adaptability to mechanical loadi@omerford et al. 2006

The distribution of ECivhacromoleculefave previously been identified in C@mith et al.
2013, however it remains unknown whether canine ligaments and tendons with different
functions around the canine stifle joint havsimilar or differentcompositions. Increased
knowledge of the normatomposition of these structurewill aid in our understandingof

the pathology of these tissuewith regard to function related injury and in thiture

development of tendon and ligament tisseagineered structures.
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3.2 HYPOTHESIS & AIM

The hypothesis inhis study was that canine int@md extra articular ligaments and flexor

and extensor tendons have a different cellular and biochemical composition. The aim was to
use the dog as the animal model for investigation and comparison of different tendons and
ligaments, due to its comparable nature to man and because of the species predisposition
to ligament disease and rupture. Normal (rdiseased) tendons and ligaments tissues were
used from a breed with moderate risk (Staffordshire bull terrier cross) t@Q&hitehair et

al. 1993. The objective was to measure the biochemical ECMpaosition of ligaments and
tendons with regard to location (extraand intraarticular), function (extensor and flexor)

and region (origin, middle, insertion).

Our aim was to us¢he dog as our animal moddbr investigation and comparison of
different tendons and ligamentsjue to its comparable nature to man and because of the
speciegredispositionto ligament disease and ruptur&lormal (nondiseased) tendosand
ligamens tissueswere used from a breed with moderate risk (Staffordshire bull terrier
cross) to CCLOWhitehair et al. 1998 The objective was to measure the biocherhie&€M
composition of ligaments and tendons with regard to location (exénad intraarticular),

function (extensor and flexognd region (origin, middle, insertion).
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3.3 EXPERIMENTAL PROCEDURE

The methods described below are those pertinent to this chaptore general detail g

described in Chapter; ZeneralMaterial andMethods.

3.3.1 Tissue extraction and preparation

Cranial cruciate ligament (CCL), medial collateral ligament (MCL), long digital extensor
tendon (LDET) and superficial extensor tendonHBDwere harvested from five paired
disease freecadaveric canine hindlimbs from Staffordshire bull terrier cross dogs on the day
of euthanasia. All harvested tissuéShapter 2, table 2.2)vere sectioned into proximal,
middle and distal seatins. Sectionghat were previously snap frozen and storé&D*Cwere
usedfor biochemical analysisTwo of the animals are female and three were mald&ll
animals wereskeletally matureage ranging betweeg-5 years old and body score between

2 and 3.

3.3.2 Water content

The water content was calculated as described Chapter 2, Sectio.4.1 The water

content was calculated and expressed as % of wet weight.

3.3.3 Biochemical analysis

Biochemical analysis wasnp@med on lyophilised tendon and ligametigsues from the

different regions, relevant to Chapter 2, Section 2.4.
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3.3.4 Cellular content

3.3.4.1 dsDNA content

Total dsDNA content was measured usimgQuantiT'™ Picogreen ® dsDNA reagent and kit
(Singer et al. 1997 relevant to Chapter 2 section2.4.4.1) DNA concentrations were
determined by comparing ta standard curve using bacteriophage lambda DNA standards

andexpressed as pug per mg dry weight tissue.

3.3.5 Extracellular matrix composition

3.3.5.1 Collagen content

Total collagen content wasndirectly determined by measuring theimino acid,
hydroxyproline(Bergman and Loxley 1963&s deschied in Chapter 2, &tion 2.4.52. The
hydroxyproline concentrations werealculated by comparison against hydroxyproline
standad curve and collagen content was calculasessuming hydroxyproline to be present

at 14%(Rumian et al. 2007

3.3.5.2 Elastin content

and dastin contentwas measuredon pooled xalic acid digested extractsing Fastin dye
binding assay (BiocolofChapter 2, Section, 2.5.3lastin concentratioeiwere determined
by comparing against the alpkaastin generated standard curweere expressedas a

percentage of dry weighSmith et al. 2018

3.3.5.3 sGAG content

Total sulphated glycosaminoglycan (SGAG) concentrations were measured ubimg

dimethylene blue (DMMB) dye binding asg&arndale et al. 1986 relevant to Chapter 2,
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Section 2.4.5.1sGAG concentrationsvere measured against shark chondroitin sulphate

andwere expressed gsg per mg dry weight tissue.

3.3.6 Statistical analysis

Data are presented as meansstandard error of the meanFor comparison between the
different locations statistical analysis using Gm&y ANOVA withBonferroni posthoc test

was performed using Graphpad Prism (version 6). The significant differdretereen

tissues was statistically analysed with SPSS (version 20) using a Univariate analysis with

Bonferroniposthoctest. For both analyesthe significance level was set p&0.05
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3.4 RESULTS
3.4.1 Water content

Theaveragewater contentwas60.7%+ 0.7 in CCL57%+ 1.4in MCL. 56.8%+ 0.9 LDETand
58.9%+ 0.6in SDFT (Table 3.1No statistically significant differences were foundvater
content between proximal, middle and distal regions between different tissuegFigure
3.1).

Water content
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Figure3.1. Box plot summaries of CCL, MCL, LDET and(8E8-paired)water content (%).
No statistically significant differencesere between the different locationsr between
tissues.
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3.4.2 DNA content

The meardsDNA content was 2:80.3ug per mg dry weight tissué CCL, 5.2 0.8 ug/ mgin

MQL, 38 +0.3ug/ mgin LDET and 80.3ug/ mgin SDFTTable 3.1)Betweenthe proximd,
middle and distal regions of tissues no statistically significant difference was found.
Significantly greater DNA content wisund in the MCL compared to CCL (p=0.012) and
SDFT (p=0.01TFigure 3.2).
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Figure3.2. DNA content (ug DNA/ mg dry weighf)the proximal, middle and distal regions

of CCL, MCL, LDET and SDBFET5 pairedValues are mean and error bars represent SEM.
DNA content was significantly higher in MCL in comparison to CCL (p=0.012) and SDFT
(p=0017). No statistically significant differences were found between different locatfons.
indicates p=<0.05.
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3.4.3 Collagen content

The averageadllagen as a percentage of dry weights65.6%+ 1.8 in CCL, 704+ 2.6 in
MCL, 71.2+ 1.4in LDET and 50.8%1.2 in SDF{Table 3.1) There were ncstatistically
significant differences in collagen contdmttween theproximal, middle and distal location

in each tissue. Howevethe SDFT had statistically significantly less collagen compared to

CCL (p=0.0001yYCL (p=0.0001) and LDET (p=0.0@Piure 3.3)

Collagen

100

collagen (%% / mg dry weight)

Tissue and location

Figure3.3. Total collagen content (% /mg dry weigbf)proximal, middle and distal regismof CCL,
MCL, LDET and SDRF 5 paired.Values are mean and embars represent SENNo variation was
found between locations, but SDFT was significantly lowe0.(Gp01) than ACL, MCL and LDET.
indicates p=<0.05.
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3.4.4 Elastin content

Elastin content (peentage of dry weight) was 4%+ 0.3 in CCL, 180.2 in M@, 2.4+0.2

in LDET and 2.9 0.2 in SDFTTable 3.1) There was no statistically significant variation
between proximal, middle and distal regions with the tissues. CClained significantly
higher elastin ontent when comparedto MCL (p=0.0001), LDEp=0.0001) and SDFT
(p=0.0001)Figure 3.4)

Elastin

Tissue and location

Figure3.4. Elastin content (% /mg dry weightf the proximalmiddle, distalregions of CCL.
MCL, LDET and SDR¥ 5 paired.Values are mean and error bars repent SEMNo
variationwas foundbetween the different locations within tissues, but CCL was significi
higher than MCL (p=0.0001), LDET (p=0.0001) and SDFT (p=0.0tfitxtes p=<0.05.
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3.4.5 sGAG content

ThemediansGAG comnt as pg/mg dry weight wal5.5+1.1 in CCL, 9.80.7 in MCL, 8.3

0.7 in LDET and 11#0.8in SDFTThere was no statistically significant difference found
between proximal, middle and dast locations.CCL had statistically greater sGAG content
compared to MCL (p=0.0001RET (p=0.0001) and SDFT (p=QBiure 3.5)
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Figure 3.5. sGAGcontent (ug sGAG/ mg dmnyeight) of the proximal, middle and distal
regiorsof CCL, MCL, LDET and SBET5 pairedValues are mean and errbars represent
SEM.No significant variation was found between proximal, middle and distal locations
within tissues, butCCL wasignificantly higherthan MCL, LDET and SDFTindicates
p=<0.05.
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Water dsDNA Collagen Elastin sGAG
(% per wet weight) (ug/ mg dry weight) (%/mg dry weight) (%/mg dry weight) (ug/ mg dry weight)

ACL proximal 61.1+1.2 2.6+0.3 67.1+25 5.1+0.4 15.1+2.2
ACL middle  59.5+1.4 2.6+0.4 681 +2.9 45+0.6 15.7+1.1
ACL distal 61.7+1.4 3.6 +0.7 61.9 + 3.8 43+0.7 15.7+1.9
MCL proximal 58.1+2.1 3.6+0.9 70.3+ 3.3 1.840.3 10.1+1.2
MCL middle ~ 57.1+2.9 6.7+15 76.6 + 3.2 1.5+0.2 11.1+1.7
MCL distal ~ 55.9+2.6 5.4+1.6 64.4+5.9 2.2+0.6 8.4+0.7

LDET proximal 60.3+ 1.2 2.8+0.6 715+ 1.8 2.4+0.4 10.2+1.3
LDET middle 55.9+ 1.6 4.6+0.3 725+ 2.4 2.5+0.4 8.1+1.1

LDET distal  54.3+ 1.6 3.9+0.9 69.5+ 2.8 2.3+0.5 6.6+1.2

SDFT proximal 58.1+1.2 3.5+0. 7 495+ 1.6 2.5+0.3 10.4+1.3
SDFT middle 59.2+ 0.5 2.8+05 54.1+ 1.9 2.8+0.4 11.9+15
SDFT distal ~ 59.3+1.2 2.7+05 48.8 + 2.5 3.3+0.3 10.7+1.2

Table3.1. Water content and tissue concentration DNA,collagen,elastin and sGA®f CCL, MCL, LDET &ildFTat proximal, middle and
distalregions.Valuesare mean (n = 5 paired)SEM.
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3.5 DISCUSSION

Determination of the contenof ECM macromolecules between different functional tendons
and ligaments will aid in finding tissue specific characteristics, hwhsc vital for
understanding the pathology of these tissues and fdufe development of regeneration

and reparativestrategies.In this study we have demonstrateddifferent ECM composition
between inter and extraarticular ligament andendon, but novariation was identified at
different regions in each tissue. CCL had significantly gréate® and elastin content
compared to the MCL, LDET and SDFT. Significantly higher DNA content was measured in
MCL, while SDFT had the lowest collagen conféné hgher sGAG content in CCL in our
study corresponds with previous comparison of the knee joint ligaments and tendons in
sheep(Rumian et al. 2007and rabbit (Amiel et al. 984), where intraarticular ligaments

had greater SGAG measurement than tendons and the exttiaular ligaments. Together

the increased sGAG and elastin content in CCL may be due to a greater requirement for

viscoelastic properties and elastic recogchanisms in CCL.

In this study, DNA concentratiowas measured to assess the tissue cellularity. Generally
tendons and ligaments have relatively few cells and have been documented asédliydar
structures(Lo et al. 2002Yin et al. 201pwith the vast majority of tendon and ligament cells
being tenocytes and ligaméocytes, respectivelyHoffmann and Gross 20R7Cells in
tendons communicate by intercellular communication sites known as gap junctions,
necessary for straimduced collagen synthes{sicNeilly et al. 1996 Thisfinding hasalso
been reported in meniscus, intervertebral di@ruedmann et al. 200Rand in the ovine
ACL and MC{Lo et al. 200% In this study a greaterNDA content in MCL indicatedragher
cellularity in MCL in comparisdo GQCLand SDFT. Although no correlation has been found
between high cell content and intercellular communication, this hHesoight indicate a
better cellcell communication in the MCIThisresult suppors a previous study, which
demonstrated that human MCL contained higher cell nursbesmpared to AC(Yoshida

and Fujii 1999 The same group identified different cellular properties including slower
growth rates and alower response to growth factorgr the ACLcompared to the MCL
(Yoshida and Fujii 1999A comparison study of the human ACL and MCL stem cells

demonstrated differential properties, with ACL stem sealkhibiting a lower capacity of
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colony formation, slower proliferatioand shorter period of selfenewal capabilityZhang
et al. 201). Together, these cellular differences between MCL and ACL may be indicative of

adifferent healing capacity between the two tissue types.

Collagensprovide major tensile strength and are the abundant proteinstendons and
ligaments by contributing to 780% of their dry weigh{Provenzano and Vanderby 2Q06
Mienaltowski and Birk 2034In general both tendons and ligaments have been reported to
contain collagen types |, II, lll, V, VI and Xl, ¢dnk 2004 Franchi et al. 20Q7
Mienaltowski and Birk 2034 By measuring the hydroxyproline content, of which 14% is
present in collagenBergman and Loxley 19%3total collagen can be quantified. The
collagen content in canine CCL, MCL, LDE® wet significantly different and ranged
between 6571% of dry weight tissues. Canine SDFT on the other had significantly less
collagen (p=0.0001) compared the other three tissuesyepresenting50.8% ofthe dry
weightof the tissue. This finding does hoorrespond witha study comparingvine tendons
(patellar, LDET and SDFT) and ligaments (cruciate ligaments, MCL a(iRub@an et al.
2007), and may be explained by the species differendd® ovine SDFT had collagen
content of 78.8% othe dry weightandcruciate ligament contained 558% collagen per dry
weight (Rumian et al. 2007 A similar concentration of collagen in equine SDFT (75.8% of
dry weight) has been reported, while tip@sitional CDET has been documented to congain
significantly higher collagen caerit (80.4% than the energy storing SDEThorpe 201

The different collagen content betwedhe energy storing SDFT and positional LDEHi$n
study is similar to that found ithe horse energy storinGDFT and positional CDERorpe
2010. Thefinding might indicate that the canine LDET is stiffer than SDFT, however the

ultimate tensile strength of each of these tendons has yet to be determined.

Elastc fibres are present in elastic connectitissuessuch as aorta and large arteries, skin,
lung, and ligamentgKielty 200§. A network of elastic fibres ithe ECM of these tissues
gives a required resilience that is needed for recoil after transient stréidhberts et al.
2002. Other reported functions of elastic fibres include impagtimechanical properties
(Butler et al. 1978Eriksen et al. 20QJand celiregulatory functionglto et al. 1997 Wendel

et al. 2000. The presence of elastic fibrdgeas been demonstrated in canine cruciate
ligament(Smith et al. 201)and in bovine tendor{Grant et al. 2018 A general estimate of

elastinin human tendon is 2% of the total dry weight tissuéKannus 2000 but in the
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human ligament it can range from 5%,tihve ACL(Dodds and Arnoczky 19947.3%in the
posterior longitudinal ligamen{Nakagawa et all994) and 1.P6 in theintervertebral dig
(Mikawa et al. 198p The measuremendf elastin content irthe present studywas similar

to that (Fastin assay) previously used in canine cruciate liga(®enith et al. 2018 but also
has been measured in a number of othimsues and specidtsayama et al. 2014.atimer et

al. 2014. This method measures alf the elastin including elastin precursor and degraded
elastin peptides in the tissuéd.he previous studyn canine cruciate ligament indicated an
average elatin content of 9.87%Smith et al. 2018 which is higher than the measured
elastin content 0#4.64% in this study. This may be as result of the different used dog breed
or exercise backgrow of the animad ascompared to the greyhounds dogs from a racing
background used bgmith et al. (2013)Although we did not have any information about
R23aQ SESNDAaa§in dontantlitheBCELwas foundto be similar to the
estimated reported human ACL elastin contdrtrtherwork is required to identify whether
exercise plays an important factoole and is associated with the increase of elastin
content. The hgher elastin content in CCL compared to the other three tissues may be due

to greater requirementor astretch and recoil mechanism of this tisgRemian et al. 2007

Proteoglycans consist of a core protein with one or more covalently attached GAGs, where
the function of different proteoglycans is determined by structure of the protein core and
GAG chaingParkinson et al. 20)1In tendon and ligament, proteoglycans are reported to
comprise aboutl% of dry weight tissue, were they are likely to contribute to the
biomechanical and structural properties of the tissesank 2004Yoon and Halper 2005
Halper 2014 Proteglycansplay arole in collagen fibrillogenesis and the organisation of
collagen fibrilgZhang et al. 20Q3-ranchi et al. 2007 They also interact with collagen fibres
to yield viscoelastic propertieRees et al. 20Q0Noo et al. 2006Franchi et al. 2007in
tendon and/or ligament. In the present sidy, the total SGAG contentvas measuredo
estimate the proteoglycan conterdf each tissue. The CCL resulted in 15ud¢&ng (0.15%)

dry weightof sGAG content, which was significantly more thia@a MCL, LDET and SDFT.
This value was slightly higher théme sGAG content previously measured in greyhound CCL
(0.081%/dry weightfSmith et al. 2018 which may be again as a result of breed difference
Theseresults supportprevious findings ira ligament and tendons comparison study in

sheep(Rumian et al. 2007and rabbit (Amiel et al. 198% where higher GAG content was
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found in cruciate ligaments compared Extraarticular collateral ligaments and several

tendons. The greater proteoglycans in CCL may allow for more slippage between collagen
fibrils and fibres, allowing a greater degree of deformatiBamian et al. 2007 This altered

viscoelastic property of CCL &va aA Iy AFeé |y FTRRAGAZ2YIf dakKz2O0;]
tissue. Together, the greater elastin and proteoglycan content in CCL may be important

contributors to mechanical specialisationtbe CCL.

Studies have shown variances of morphology and comipasiat different regions of
ligaments and tendonévogel et al. 1993Benjamin and Ralphs 199@/aggett et al. 1998
Vogel and Peters 2005The most proximal region of the human ACL contains round and
ovoid cells, whereas the middle region contam®re spindle shaped cells with higher
collagen density and distal part is mainly rich in chondroblasts and ovoid fibrofilagtson

et al. 200§. Thehuman ACLinterface at the femoral origin and tibial insertion siteas
been foundto differ in collagen fibre orientationand has more sulphated GAGs and
different collagen typs such type Il and XWang et al. 2006 A similar variation in cell
morphology, collagen fibre arrangement and GAG content also been reported in at the
different regions of human posterior tibialis tenddiogel et al. 1998 In human Achilles
mid-tendon and insertionWaggett et al. (1998jound more mRNZAxpression of collagen
type Il and aggrecan the fibrocartilaginousegions and more versican in the midsubstance
(Waggett et al. 1998 This was supportecby a more recent study, where it was
demonstrated that the distal region of rabbit Achilles tendon, which was chkosthe bone

had a more fibrocartiliginous tissue phenotype, with increased aggrecan expression
(Huisman et al. 20041n the present study, no statistically significant variatieas foundin

ECM macromolecules at different regions of ligaments and teadbimis might indicate that
there is nodifference between compressed and tensile regionscanine ligaments and
tendons or it could be that these differences cannotdetectedwhen measuring the total

content of main ECM macromolecules.
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3.6 CONCLUSION

Theresultsof this studydemonstratedno significantdifferencesbetween proximal, middle

and dstal regions of interand extraarticular ligamentand flexor and extensor tendons
around the canine stifle joint. Howevea, significanty higher sGAGand elastin content in
canineCClwas measuredn comparison to MCL, LDET and SDIch mayindicate that
there is more of a stretch and recoil mechanism and a greater degree of deformation
required in the intefarticular CCI(Rumian et al. 2007 These findings may be as result of

specifictissue physiologyipcation and adaptation to mechanical loading
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CHATER 4

THE MORPHOLOGICAL AND STRUCTURAL DIFFEARENCES
EXTRAQEULAR MACROMOLECULES DISTRIBBHTWNEEN TENDONS
AND LIGAMENTS AROUMNBE CANINE STIFLE JOINT
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4.1 INTRODUCTION

The collagefrich composition of ligament and tendon is arranged in a hieliaedistructure,
where collagen molecules are grouped together in a highly ordered fashion, forming fibrils,
fibres and fascicle@Kastelic et al. 197&lark and Sidles 1990horpe et al. 201 A group

of collagen fibres are referred to as bundles, divided by interbundle (IB) regaoms
bundles are ghuped together as fasciclesgparated by a surroundinlpose connective
tissue septa referredo as endotenon in tendon and endoligament in ligament or known as
the interfascicular matrix (IFMElark and Sidles 1998mith et al. 2012 The IFM has been
suggested to have a specialised structure that plays a role in facilitating sliding between

fascicles witin tendon(Thorpe et al. 201

Collagens fibrilgonfer theprincipal tensile strengtito mammalian connectivéissues and
definethe shape and form of tissues in which they oc(@anty and Kadler 20Q5Tendns
and ligaments mainly consists of type | collagen, but other collagens types including I, IlI,

V, VI, IX and XI are also pres@miank 2004Benjamin et al. 2008

Besides collagens, tend@md ligaments contain other necollagenous extracellulanatrix
(ECM)components such as proteoglycans and elastic filfB=njamin and Ralphs 1997
Frank 2004Kjaer 2004 Thorpe et al. 2013 ProteoglycangPGs)n tendons and ligament

are primarily responsible for thee viscoelastic behaviou(Benjamin and Ralph4997,
Benjamin et al. 2008 They are composed o protein core with one or more covalently
attached glycosaminoglycans (GAG) side ch@nsn and Halper 2005In the tendon the
majority of PGsare small leucine proteoglycans (SLRPS) with emathount of large
aggregatng PGssuch asaggrecan and versicafyoon and Halper 2003arkinson et al.
2011). Decorinis the most commorSLRIN tendon, where it constitutes 80% of the overall
proteoglycan conten{Samiric et al. 2004 Other SLRPS found in tendon include biglycan,
lumican, fibromodulin and keratocaRees et al. 20Q9In the ligament, decorin is also the
major constituent of proteoglycans, with the remainder also including biglycan, aggrecan
and versicarllic et al. 200h Furthermore, in the canine cruciate ligament the presence of
other SLRPS including lumican, fibromodulin, prolargin and osteoglycin has been
demorstrated(Yang et & 2012.
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Elastic fibres are composed of an elastin core covered with sheath of fioighin
microfibrils, which acts as a scaffold on which the secreted elastin molecules are deposited
(Kielty et al. 2002Kielty 2009. Elasic fibres are considered to hawe structural role in
tendon and ligament, where the distribution in canine cruciate ligan{®mtith et al. 201

and bovine flexor tendofGrant et al. 201phas been demonstrated.

As mentiored previously in Chapter 1 (Sectidril0), a different ECM composition between
tendon and ligament has been demonstrated in rabf@miel et al. 198%and in sheep
(Rumian et al. 2007 In this study, similar findings have already been observed between
canine tendons and ligaments around the stifle (knee) joint, where the canine cruciate
ligament (CCL) contained elevated proteoglyfgrased on SGAG measurement) and elastin

content (Chapter 3).

To date there arelittle data regarding thedistinct structural and morphological
characteristicsof different ligaments and tendonaround the kee stifle jointin humar

dog and how they areelated tothe ligament and tendorfunctional role Furthermore, the
distribution and localisation of ECM macromolecules in the ligament and teimdoan and
human has been not fully explored. Theskata will provide essentialinformation on the
fundamentalstructure of tendon and ligament tissuésading to increasednderstanding of
the function relationship between these tissues typasd will underpinfuture tissue

engineering and regeneration strategies.

4.2 HYPOTHESIS AND AIMS

In this study, the canine intrarticular cranial cruciate ligament (CQigs already been
shown to havea different ECM composition when compared to the extaaticular medial
collateral ligament (MCL), the positional long diggatensor tendon (LDET) and the energy
storing superficial digital flexor tendon (SDFT) (Chapter 3). This finding might indicate how
each tissue type functions in a distinct manner. However, the morphological differences and
arrangement of ECM macromoldes between tendons and ligamengound the knee

stifle jointhas yetto befully investigated.
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In this study it wasiypothesisedhat:

1. Canine CCL has a diverse structural property, with a greater abundance of
proteoglycan and elastic fibres in comparigorMCL, LDET and SDFT.

2. Canine tendon and ligament have a different distribution in ECM collagens,
proteoglycans and elastic fibres molecules and that there will be more proteoglycans

and elastic fibres present at the IFM in ligament than tendon.

The aim was to use tendons and ligaments around the canine stifle joint, due to the
O2YLI NIroftS ylFiddaNBE 2F (KS R2I@éokeét alAgpte c2Ay i
canine stifle is an interesting model as it is predisposed to-gwriact CCL injury
(Comerfordet al. 201}, which is analogous to the reported human ACL-oontact injuries

(Serpell et al. 2012 Furthermore, there is bBreed variationin ligament dsease and rupture
(Whitehair et al. 1998 In this study ormal non diseasedtendons and ligaments were

obtained from a breed with moderate risk (Staffordshire bull terrier cross) to cranial cruciate

ligament disease (see Chapter 3).
The objectives in this study were

1. To identify the differential structural characteristics of ligams (CCL and MCL) and
tendons (flexor and extensor) at the different regions (proximal, middle, and distal)
through semiobjective histological scoring analysis

2. To determine tendodigament differences irthe distribution and organisatiorof
collagens, poteoglycans and elastic fibreproteins using immunostaining

techniques.
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4.3 EXPERIMENTAL PROCEDURES

The procedures written below are an outline of the performed experiments. More detail of

the materials and methods of this section are described in Gnapt

4.3.1 Sample collection,issue extraction and preparation

Harvestedcranial cruciate ligament (CCL), medial collateralmmat (MCL), long digital
extensor tendon (LDETand superficial digital flexor tendonSOFT tissues(n=5 paired)
(Table 2.1)ere sectioned into proximal, middle and distal sections. Divided sections were
fixed in 4% paraformaldehyde @mbedded inOCT.Two of the animals were female and
three were male.All animals werekeletally matureage ranging betweeB-5 years old and

body score between-3.

4.3.2 Determination of morphological differences based on histology staining
4.3.2.1 Tissue preparation and histology staining

Fixed tissues in 4% paraformaldehyde were paraffin embedded and cut into 4um section
Sections were stained with haemexylin and eosin (H&E) for general observation of tissue,
Alcian blue/PAS (ABAS) for detection of GA@ancroft et al. 1996F Y R a A f f SN a
elastic fibregMiller 1971).

4.3.2.2 Objective measurements of histological parameters

A three part scoring system was used to assess the cells and extracellular matrix of the

tissues (Chapter 2, Table 2.1, 2.2 and 2B scoring system used for H&E staining was

modified fromStoll et al. (2011) Y R F2 NJ a A f £ S NBndith (3C10) Scarikgdf & G F Ay

ABPAS staining was developed in house, based on th&nath (2010) All sections were
read by two observers blinded to the section location and tissue type on two separate

occasions at least two weeks apart.
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4.3.3 Distribution of ECM macromolecules using immunostaining

Distributions of the mai ECM components were assessed on the-saibistance of CCL and
LDET (n=3) using immunohistochemistry and immunofluorescence ngtaiar different
collagentypes, proteoglycans and elastitbres. The antibodies used wereactive against
collagen type IJll, VI, aggrecan, versican, decorin, biglycan, keratocan and asporin, elastin,
fibrillin 1 and fibrillin AChapter 2, Table 2.5 for manufacturer, concentration gecondary
antibodies used)All antibodies(apart from elastin, fibrillin 1 and fibrilli2) were assessed
using immunohistochemistry methodology as described previously (Chapter 2, section
2.6.1), using 4um paraffin embedded sections. Frozen sections poh Svere used for
immunostainingof elastin, fibrillin 1 and fibrillin 2 (Chapter 2, secti2.6.2). The distribution

and arrangement of the selected collagens and proteoglycans were visualised Miiion

DSL2 standalone control unit, while elastic fibres were assessed with cihefocal

microscope (Nikon Ti Eclipse)

4.3.4 Statistical analysis

Hematoxillin and eosin histological scoring were individually assessed for each parameter

and presented asn average % score. For ABl { FYR aAffSNRa Fylfea.
accumulated together and the total score was presented with meastandard eror of the

mean. Each histological parameter was assessed for statistical significance and integrity of
agreement. Statistical analysis included comparison between the different locations
(proximal, middle, distal) and between different tissue types (mn@ad extraarticular

tendon and ligament)Normal distribution for each data set was assesasith Graphpad

Prism (\érsion § using Kolmogore®mirnov test.

For comparison between the different locations statistical analysis usingvaae ANOVA
with Bonfaroni posthoc test was performedusing Graphpad PrismThe significant
differences between tissues was sstically analysed with SPSSel&ion 20) using a
univariate analysis witla Bonferroniposthoctest. For both analysethe significance level

was set atp<0.05 The integrity of agreement was calculated for irtaamd interobserver
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of concordance for each histological parameter.

4.4 RESULTS

4.4.1 Morphological charateristics of intra and extraarticular tendons and ligaments

4.4.1.1 Histology H&E staining

ECM organisatiors The general architecture of collagen fibres bundles of both ACL and MCL
ligament was less tightly packdékdan bothLDET and SDFT tisgiégure 4.1Ar—d 4.1B). In

both the LDET and SDFT tendon the collagen fibres were more dense and compact with
parallel collagen fibres (Figures 4.2A and 4.2B,). The IF reg@L appeared to be ttker

than in the LDET and SDRvhere the IF region appeared narrowend the cells in this
region were closer to each other (Figure 4.2B). Histological scoring of ECM architecture
resulted in no statistically significant differerscdetween different regions of either
ligaments or tendons. Howeve@CL was significantly ifent in its architecture compared

to LDET (p=0.0001) and SDFT (p=0.036), where a more wavy, compact and parallel aligned
collagen architecture was observed on both the tendons (Figure 4.3A). This difference was
also observed when MCL, was compared WMDlET (p=0.0001)(Figure 4.3A).

Cell shape In general, heterogeneous cell nuclei phenotype was seen in all tissue samples
with a mixed population of rounded and spindle cell nuclei morphekdt was notable
however that there were more rounded and etigal cell nuclei in the CCL in comparison to

the other three tissues (Figure 4.1A). The MCL, LDET and SDFT substance cell nuclei were
more spindleshaped and also more elongatedthre LDET and SDFT (Figure 4.1B, 4.2A and

B). This observation was found toe statistically significant between LDET and ACL
(p=0.003), with the ACL having a more mixed cell shagaulation (Figure 4.3B). No
statisticaly significant difference was found between different locations within both

tendons and ligaments.

Cellular dstribution - Assessment of cellular distribution in the different tendons and

ligaments were considered normal if cells were not focally increased. This increased cell
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density was often seen at the IF regions in both tendons and ligameitkscells showng a
variationin length and orientation located at this region (4.1B and 4.2A and B). Statistical
analysis of cellular distribution showed no significant differences either between different

regions or between the tissuepX0.05)(Figure 4.3C).

Cell algnment - Alignment of cells was assessed based on orientation of cells along the
collagen fibre bundles. In tendons, in particular the LDET, the cells were mostly uniaxial and
parallel to collagen fibres bundles (Figure 4.2A). This finding was seendgasntly in
ligaments; the MCL and ACL cells were at timeaddo be moreirregularly aligned (Figure

4.1A and 4.1B Histological scoring of cell alignment demonstrated statistically significant
differencesin LDET thaMCL(p=0.034), idicating a morauniaxial alignment bcells in LDET
(Figure 4.3D). No statistical significant differenaesell alignment were foundetween

different regions in both tendons and ligaments tissues.

Vascularisation- Blood vessels were observed in both intead extraarticular tendons and
ligaments, however they were mainly found in the tendons, localised inlfhegions
(Figure 4.2B). Histological scoring results demonstraigdificantlymore blood vessels in
SDFT compared to ACL (p=0.0001), MCLOp#pand LDE (p=0.0001) (Figure3E). No
statisticaly significant differenceswere found at the different regions in tendons and

ligamentswith regard to their vascularisation

Inflammation - The presence ofnflammationin the tissueswas assessed based on the
presence ofinfiltrates of cells, suchas neutrophils, lymphocytes and macrophages. These
cellswere occasionally present in the epitenon of tendons and surrounding blood véssels
the interfasicular regions in tendon or ligament. Statistical analysis a$tdhogical
inflammation score resulted in significantly more infiltrate c@isSDFT compared to ACL
(p=0.0001), MCL (p=0.0001) and LDET (p=0.032). No stésistigaificantdifferences were
found between the different locations in both intrand exta-articular tendon and ligament
tissues(Figure 4.3F)
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CCL

CCL

MCL

MCL

Figure4.1. Representative images of histological staining of the-magion of CCL and MCL. H&Rirsihg of
CCL (A) anMCL(D). (Bar 100pum, 10X and 40X magnificatiprisgaments were found to have less tigh
packed collagen fibre bundles. This was observed more in CCL, where IF regions seemed more spacit
arrow in A) andascicles hadesscompact collagen fibres (orange arrow in A). Heterogeneous cell morphc
was found in both CCL and MCL, but cell nuclei morphologyprimsrily more rounded and more elliptica
shaped in CCL (white arrow in A), while MCL cell nuclei were mordesghmged (white arrovs in Dand B.

Alcian bluePAS staining of CCL) @hd MCLHE). (Bar 100um, 40x magnificatipnGlycosaminoglycans wet
mainly present at IF and at intewhdle regions (black arrows in B and lBcreased staining of GAGs in CCL
obsened with pericelular staining(white arrow B a & stdinfdNdd CCL)(@nd MCL(F).(Bar 100um, 40X
magnification$. Elastic fibres were located mainly in IF and interbundggores (black arrows in C any &d

orientated parallel aligned on collagéibres (whitearrows in C and)F
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LDET

Figure 42. Representative images of histological staining of the-ragion of LDET and SDFT. H&dining of

LDET (A) and SDFT).((Bar 100um, 10X and 40X magnifications). Both tendons appeared wavy and with
generally compact collagen fibres aitgltture (black arrow in A and )D Heterogeneous cell nuclei
morphology were present in LDET and SDFT, where cells in the IF regions wereundesl and seemed to

be increasd in number (white arrow D). Cell nuclei morphology in the IF region was mainly spindle shaped

in both tendons, but in LDET it also seemed more elongated (white arrow in A). Blood vessels were primarily
seen in SDFat IF regions (orange arrow in).Alcian bluePAS staining of LDER) @nd SDFT)(EBar 100um,

40x magnification). GAGs were mainly present in IF and at IB regions (blawk ar B and E No pericellular

GAG staining was identified in tend@ ® a Atéirfin§ NELDET )(@nd SDFT (F). (BaOOum, 40X
magnifications). The presence of elastic fibres was identified in LDET and SDFT located in IF and IB regions
(white arrow in F) and parallel aligned on agkn fibres (black arrosin F).
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Figure4.3. Histology scoring results of ECM organisation, cell shape, cell distribution, cell alignment, vascularisation and ioflan(®atECNV
organisation Both ACL and MCL collagen fibre architecture was less dense compareéd oR2y a® FLF ndnp Ga !/ [ = A«
more heterogeneous mix cell shape population was seen in ACL compared to LDET, which had more spiddiellshaglei. *p<0.05 vs ACL. (C) (
distribution was not significantly differentD] Cell alignmentLDET cells were significantly more uniaxial aligned along ttegea fibres compared t«
MCE w LF ndnp @& al{[5Cx9 0g |+l AaQ0def dFANSRGEAI GiFAT2fye Y2 NB O 40dzZ F NAaAaSR 0O2Y
MCL, +p<0.05 vs LDET. (F) Inflamma&FT had statistically more infiltrating inflammatory cells compared to the other three tissues. *p<(
I / [ 0.0b vs MCL, +p<0.05 vs LDET.
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4.4.1.2 Histological staining forglycosaminoglycan

Glycosaminoglans (AGs) were distributednhainly in IF and IB regions in both tendon and
ligaments. In the CCL, GAGs seemed to have a Hikslstructure with increased staining
subjectively noted at IF/IB regions and surrounding the cells (Figure 4.1C). Compared with
the @, in the MCL (Figure 4.1g LDET (Figure 4.2C) and SDFT (Figure 4.2D) less staining
for GAGs were was seentime IF and occasionally in IB region, with no staining for GAGs
surroundings the cells. Statistical analysis of the histological scoringifferedtial GAG
staining between ligaments and tendons, resulted in statistically highe?AB score in the

CCL than MCL (p=0.0001), LDET (p=0.0001) and SDFT (p=0.001)(Figure 4.4).

Alcian blue-PAS score

Alcian blue PAS score

é‘ba.e’ @é} b\" S‘*" @%ﬁ"a\
Cp,c,c:cf-' c?’@; Q‘oé‘o<&<§< &

Tissue and location

Figure4.4. Alcian bluePAS scordor CCL, MCL, LDET and SDf€feased staining was note
in CCL which was statisticadiignificant compared to MCL%0.0001), LDET (p=0.0001) &
SDFT (p=0.001). No statistically significant differences were found between the dif
regions.Values are average of accumulated score, error bars represent*fEM05
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4.4.1.3 Histologcal stainingfor elasticfibres

Subjectively histological staining showed motaséc fibresin CCL compared to the other
three tissues. Elastic fibres were mainlgdted between fascicles and fibre bundldzit

were alsofound aligned peallel to the collagen fibresand pericellulaly (Figure 4.2F).
Further description ofthe arrangement ofthe elastin and microfibrillar glycoproteins
fibrillin-1 and fibrillin 2 witlhn the tendon and ligament tissues is describedction 4.5.2.
Histological scoring demonstrated statistically more elastic fibres in CCL compared to MCL

(p=0.0001), LDET (p=0.0001) and SDFT (p=0.0001) (Figure 4.5).

Miller's score
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»
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& 3 &S « 4‘ <§" ,5

Tissue and location

Figure 4.5. Miller@ stainscore for CCL, MCL, LDET and SD¥dre elastic fibres were
identified in CCL compared to the other three tissues. Statistical anahewed
significanty more elastin fibres in CCL thaiCL (p=0.0001)LDET (p=0.@1) and SDF
(p=0.0001)No statisticdly significant differences were fourietween the differentregions
Values average of the accumulated score and error e sentsSEM *p<0.05
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4.4.1.4 Inter- and intra-observer agreementistologyscoring system

The integrity of ageement for both intra and intepbserver for each histology scoring

parameter was assessed using Kendal coefficient of concordance ar{dgbls 4.1) A

Kendal coefficient values ranges from 0O to 1 with values closer to 1 suggestidngebige

of agreement.

Intra-observer

Inter-observer

variation variation
Observers Obl Ob2 Obl and Ob2
ECM ACL 0.72 0.57 0.79
organisation MCL 0.7 0.83 0.83
LDET 0.89 0.65 0.85
SDFT 0.68 0.59 0.64
Cell ACL 0.65 0.66 0.77
morphology = MCL 0.81 0.86 0.88
LDET 0.71 0.54 0.72
SDFT 0.62 0.74 0.79
Cell ACL 0.82 0.66 0.8
distribution MCL 0.67 0.62 0.78
LDET 0.78 0.56 0.79
SDFT 0.58 0.45 0.54
ACL 0.71 0.43 0.74
Cell alignment MCL 0.78 0.73 0.89
LDET 0.81 0.61 0.74
SDFT 0.65 0.63 0.8
ACL 0.92 0.57 0.79
Vascularity MCL 0.65 0.49 0.77
LDET 0.91 0.73 0.9
SDFT 0.76 0.72 0.67
Inflammation ACL 0.63 0.61 0.61
MCL 0.64 0.58 0.77
LDET 0.79 0.87 0.79
SDFT 0.67 0.53 0.7
Tabled.l®d | 99 AO02NAYy3I YSYRIEfQa O2STFFAOASY
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Intra-observer

Inter-observer

variation variation

Observers Obl Ob2 Ob1l and Ob2
Alcianblue-PAS  ACL 0.55 0.59 0.69
score

MCL 0.58 0.63 0.66

LDET 0.64 0.61 0.65

SDFT 0.62 0.69 0.84
Millers score ACL 0.68 0.61 0.69

MCL 0.62 0.69 0.58

LDET 0.71 0.73 0.83

SDFT 0.76 0.65 0.82

Table42d YSyRIff Q&

Score.

O2STTAOASY Al {2 Tl yOR yaORINIRS NIDES

Y Sy R loéffici@m cori@ordance gavan average 0.71 and 0.64 for obl and dhfa-

observer variation, while ter-observervariationan average value of 0.75 was measured.

These indicated a good strength agreement between wdrad inter observers.
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4.4.2 Distribution of ECM macromolecules CCL and LDET
4.4.2.1 Negative controls

Negative controls were included for every antibody immunostaining. Primary
antibodies were raised either in rabbit or mouse. No immunostaining were detected
with negative controls of nospecific rabbit and mouse IgG or in the absence of

primary antibodies (Figure 4.6)

4.4.2.2 Collagens

1 Collagen typd immunostaining was intense in botBCL and LDET and had a similar
pattern distribution in both CCL and LDEAlthough the most marked
immunostainirg of collagen type | was presentfascicular regions and was aligned
along the fibres, the presence of collagen type | was also found between collagen
fibre bundles in both CCL and LOEiGure 4.7A and 4.7B)

1 Collagen type Il was mainly presentlIfhand IBregions of LDET, whilst in CCL
collagen type Il wasnore widespread and was found to be present in CCL

substancepetween collagen fascicles and fibre bundles (Figur€ 4nd 4/D).

1 Collagen type VI was mainly presented at the IF regions im®GiL and LDET (Figure
4.8A and 4.8B). Collagen type VI was found in close association with both CCL and
LDET cells being localised at the pdhitar regions of CCL and LDET, where they

formed a dense mesh around groups of cells (Figure 4.8B and 4.8D).

98



Figure4.6. Representative immunostaining pictures of negative controls. Bar 100pum and 40X magnifications. No immunostaining veas
in the absencef primary antibody with addition of secondary goattaabbit (A), secondary goat antimouse (Bhba IgG (C) and mouse Ic

(D).
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Figure4.7. Immunostaining of collagen | and Ill. Microscopic longitudieetions of canine CCL (A and B) and LD&Td(D).(Bar 100um and@X
magnifications).Collagen type | immunostaininggas mainly present in the alignedibres (black arrows in A and).C Collagen type I
immunostaining of CCL was present at both fascicular regions (black arBvamnd between IFFegions (white arrow i), while in LDET collage
type Il was pmarily found at IFegions (black arrow in D).
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Figure4.8. Immunostaning of collagen type VI. Microscopic longitudinal sections of canine C@E) ghd LDETCD). (Bar 100um and 40:
magnification$. Immunohistochemical localisation of type VI collagen. A marked immunostaining of type collagen VI was present agitives|
(black arrows in A and B). Collagen VI was also localised in close proximitgdo serd ligament cells (B and D).
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4.4.2.3 Proteoglycans
Large aggregating proteoglycans

1 Aggrecan was mostlpund at the interfascicular and interbundle regions of CCL and
LDET Marked immunostaining of aggreccan was observed inFategions of CCL
comparedto LDET. Aggrecan was highly localised around ligamento¢lyigare
4.9A and 49B). This perictllar immunostaining of aggrecan was not obseniad

tendon and could ba key feature characteristiof ligament cells.

1 Versicanwas found to bedistributed ketween collagen fascicles amdllagen fibre
bundles in both CCL and LDET (Figure 4.8C and 4.8D). A noticeable immunostaining
of versican was noted in CCL in comparison to LDET. Versican was not present on the
aligned fibres throughout tendon and ligametissue andwas not found to be

localised around ligaent and tendon cells (Figure £%nd 4D).
Small leucine rich proteoglycans

1 Decorin demonstrated markedimmunostaining in both CCL and LDET and was
present on the aligned collagen fibres at bothdaslar and IF/IB regions (Figure
4.10A and 4.10B)

1 Biglycanwas present at the IF region of LDET with a minor immunoreactivity and no
pericellular staining. However in the CCL biglycan was only found occasionally

surrounding rounded cells (Figure 4.10@i &.10D).

1 Keratocan was onlgbservedin the IFregionsof both CCL andDETalthough there

wasnoticeablemore immunoreactivityin the LDET4.11A and 4.11B).

1 Asporin immunostaining in LDET waghe IFregion and surrounding tenocytetn
the CCLwhilst asporin immunostaining was localised to the pericellular region
around most of ligament cellso IF staining of asporin was foufiigure 4.11C and
4.11D).
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Figure4.9. Immunostaining of aggrecan and versican. Micopsc longitudinal sections of canine CCL (A, C) akd (B, DYBar 100um. 10>
and 40X magnifications Aggrecan was mainly present between collagen fascicles and fibre bundles in both CCL and LDET (blaékaartk
B), though this was noticeablyigher in CCL. Immunosiaing of aggrecan was also noted surrounding ligament cells (white arrows
Similar to aggrecan, a marked immunostaining of versican was found at IF and IB regions of CCL and LDET (black armyytmoGghr
greater immunostaing was observed in CCL in comparison LDET. No pericellular staining of versican was obsigree@@lor LDET.
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Figure4.10. Immunostaining of decorin and biglycan. Microscopic longiidsections otanine CCL (A) Bnd LDET D). (Bar 100um. 40>

magnification3. Decorin immunostaining was present on the aligned collagen fibres (black arrows inCAartat thelFregions in both CC
and LDET (white arrow in A). Minor immunostaining of biglygas detected in both tissues, where biglycan was only occasionally pr

pericellularlyin CCL (black arrow 8jd at thelFregion in LDE{black arrow D)
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Figure4.11. Immunostaining of keratocan and@sin. Microscopic longitudial sections of canine CCL (AaBd LDETJ D).(Bar 100um. 40>
magnification3. Keratocan was present at the IF regions in both @GLLBET (black arrows in A and A&Sporin immunostaining was found
the IF regionwhite arrow in D)in LDET and surrounding tenocyigdack arrow in D)In CCL, asporin was omisesentpericellularly(black

arrow in B
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4.4.2.4 Elastic fibres
M Fibrillin 1 and fibrillin 2

Fibrillin 1 localised to the interfascicular region, running longitudinalibyng the CCL and
LDET in parallel alignment to collagen fibres and was higbéfised aroundigament and
tendon cells. Stronger immunofluorescenaas observed at interfascicular regions in both
CCL and LDET, where the fibres formed a fine irregulahwark (Figure 4.12A and C). The
pattern of fibrillin 2 distribution was similar to fibrillin 1. Fibrillin 2 was broadly orientated
parallel to collagen bundles with pericellular staining in both CCL and LDET. Fibrillin 2
immunostaining was also found foe more markedbetween fibres bundles and fascicles
(Figure 4.12 B and D). No differencetle distribution of fibrillin 1 and fibrillin 2 was
observed between CCL and LDET. Fibrillin 1 and 2 were unaffelitedng hyaluronidase

enzymatic treatment.

9 Elastin fibres and ctocalisation with fibrillin 1 and fibrillin 2

Elastin fibres were sparse in comparison to the fibrillin 1 and fibrillim&iuno-detection of
elastin fibres was enhancddllowing treatment with hyaluronidaseln both CCL and LDET
elastin fibres were found to bpredominantlypresent at the interfascicular or interbundle
regionsand arranged in a finetwisting meshwork either parallel or perpendicular to the
long-axis of the tissugFigure 4.13, white arrows in elastin images). kdsen fibres at this
region were cdocalised with either fibrillin 1 and 2 in both CCL and LDET (Figure 4.13 white
arrows in elastin + fibrillin 1 images). Elastin fibres were also found at CCL and LDET
substance where they were mostly oriented paraltecollagen bundles (Figure 4.13 orange
arrows in elastin images). At this region elastin fibres were commonrlyoadised with both
fibrillin 1 and fibrillin 2, where they were in close conjunction to the cells (Figure 4.13
orange arrows elastin + filin 1 and 2 images). In LDET it was occasionally noted that
fibrillin 1 and 2 were independent, as elastin was occasionally not found-tocatise with

fibrillin 1 and 2 (Figure 4.13 blue arrows in elastin+ fibrillin 1 and 2 images)
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4
Fibrillin 1 Fibrillin 1

Fibrillin 2 — | Fibrillin 2

Figure4.12. Immunostaining of fibrillin {A, B)and fibrillin 2(C, D)Microscopic longitudina
sections of canine CCL (A, C) and LDET (B8a). 50um. 40X and 60X magnificatipr
Fibrillin 1 and fibrillin Ared) were found to be dcalisedbetween collagen fascicles ar
bundles (orange arrows in A, B and D) with a parallel alignmethiettongaxis of the tissue
mainly surrounding the ligament and tendon cdltsiclei in blue)(white arrows in AB, C
and D).
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Fibrillin1 Elastin +Fibrillin 1

CCL

Elastin Fibrillin 2 Elastin Fibrillin 2

LDET

Elastin Fibrillin 1

LDET

Elastin Fibrillin 2

Figure 4.13. Immunostaining of elasti fibres with fibrillin 1 and 2. Microscopic longitudin
sections of canine CCL (A, B) and LDET (@d)H0um. 40Xmagnification$. Elastinfibre

(green)distribution was sparse in comparisém fibrillin 1 and fibrillin 2(red). In both CCL an
LDET, elastin fibres were mainly distributed in IF regions atocatised with fibrillin 1 and 2 &
this region (white arrows A, B, C and D). Elastin fibres were also found within the CCL al
fasciclesmostly parralel alignedand colocalised to fibrillin 1 and 2 (orange arrows and A, E
D). Occasionally in LDET not all elastin fibres were found-tacetise with fibrillin 1 and 2 (blu
arrows in C and D).
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4.5 DISCUSSION

Thisstudy hasdemanstrated different morphological characteristidsetweenthe liganent

and tendons that are imnd around he canine stifle joint. However ngignificant regional
differences within each tissuevere found A differential distribution of several ECM
proteins between tendon and ligamentwas observed which supportsthe second
hypothesis, that canine tendon and ligament hav distinct distributions of ECM
macromolecules. Analysis of histological sections of ligaments (MCL and CCL) showed that
they have a more losely aligned collagen fibre bundle architecture and different cellular
alignment compared to LDETigamers such as the CCL were also found to have a more
mixed population of cell morphologs than LDET. Vascularity was significantly more
abundant in SDFthan both CCL and MC&imilarly for inflammationSDFT was found to

have the highestnumber of infiltrative cells present compared to all three tisss
Immunostaining of the ECM macromolecules in CCL and LDET demonstrated a diverse
distribution in colagen type lll, aggrecan and asporin between the two tissue types. A more
marked intensity of aggrecan and versican staining was observed in CClater&d
distribution of collagens, proteoglycan and elastic fibores was observed at the fascicular
regions,interfasicular and pericellular regions between and within tendons and ligaments,
which may indicates the important role of ECM macromolecules for cellular function,

regulation of thecollagenous componestiscoelasticity and elastic recoil mechanism.

4.5.1 Morphological and structural comparison of the different tendons and ligaments
4.5.2 Histological findings

ECM organisationThe overall architecture of intraand extraarticular ligaments and
extensor and flexor tendons was assessed basetheralignment ofcollagen fibres and
spacing between fibre bundles and fascicles. Thea@G@IMCL had loosely arrangadd less
compact collagen fibres in comparistmLDETThis was more prominent in particular in the
CCL where more spacing between collagen fibre bungiéssobserved andvas statistically
significant when compared to both LDET and SDFT. This finding might indicate a more

complex structure of collagen fibre arrangement with regards to tiv ik CCL.Zhu et al.

109



(2012)demonstratedwith scanning electron microscopy an unditgiwave pattern know

as crimp, in théhuman ACLsemitendinous and graalitendonsin addition, an helical wave
pattern was also found ithe ACL, indicating a more complex arrangement of collagen fibres
in ACL, where tissue must resist multidirectional or unpredictable logding et al. 201

In the dog both patellar tendon and CQ@lave been found to have crimp and a helical wave
pattern of collagen fibres(Yahia and Drouin 1989 Crimp is involved in both
transferring/absorbing forces and recoiling of tendon and ligaméRtanchi et al. 2009

and different crimp patterns may reflect different mechanical roté ligaments(Franchi et

al. 201Q. Franchi et al. (2009femonstrated that the energy storing human vastus
intermedius tendon required greater elastic recoil and thereftwas larger crimp angkes
than that of both the positional rectus femoris and patellar tend&@mmilar results have
been found comparing thenergy storing equine SDFT and positional CBHETh et al.
2013. In this study the different collagen structural architecture between tendon and
ligament may be as result of the different axial foreg@pliedin these structures. Forces are
generally applied ira uniaxial direction in tendon resulting in parallel alignment collagen
fibrils, whereas in the ligament collagen fibrils are not as uniformly aligned due to a
multiaxial loading patterfAmis 1998Rumian et al. 2007 Further investigation withegard

to crimp pattern and collagen fibril diameter between canine intand extraarticular
ligament and extensor and flexor tendons in relation to functional and mechanical

properties of these tissues is required.

Cellular morphology Histological aalysis showed different cellular morphologies in all
ligament and tendon tissues throughout the different regions, indicating a heterogeneous
cellularity among these tissuasghich is likely to be aradaptation to tissue mechanics or
physiology (Benjamin and Ralphs 1998This finding supports the variation in cell
morphology previously reported in canine cruciate ligamég8mith et al. 201 The
majority of tendon and ligament cells are fibroblagBenjamin and Ralphs 199%vhich are
referred to as tenocytes intendon and ligamentocytes in ligame(ioffmann and Gross
2007). Apart from tenocytes, progenitor stem cells hadaen identified in human hamstring
tendon (Bi et al. 200yand in human ACL and M(@hang et al. 2011 Furthermore more
recently it has been showthat in mice Achilles tendothe epitenon andtendon substance

have different populations of progenitors cell{Mienaltowski et al. 2018 with a unique
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tenogenic differentiation(Mienaltowski et al. 2014 Thepresence ofheterogeneous cell
morphology in the ligaent and tendons in this studyay also be due to theccurrenceof
stem cell or progenitors cells. Though whether thetarscells reside in canine tendons and

ligaments yet needs to be identified.

The soring analysisesult for cellular morphology demonstrated more spindle shaped cell
nuclei in LDET in comparison to CCL which had more rounded and epileptically shaped cel
nuclei (p=0.003) The spindle shaped cell nuclei morphology of tencetye the canine
tendons from the currenstudy corresponds with other tendons from different species such
as thehorse(Clegg et al. 20Q7and rabbit(Amiel et al. 1984 Similar tathe presentfindings,
Amiel et al. (1984)plso found rabbit ACktontained more round and ovoidccells when
compaed to MCL, patellar and Achilles tendddurray et al. (2004jeported a majority of
fusiform and rounded ckhuclei in normal human ACL which were afsand in the canine
CCLusing histological analysisndicating similar intrinsic properties of the fibroblasts
between two speciesThe roundng and ovoid cell phenotype (chondrocytic) in tendon and
ligament becomesmore prominent where it approaches close the bone @rigin and
insertion regions) in ligamenDuthon et al. 200band at the osteotendinous junction in
tendon (Docking et al. 200)3and is likely to be as result of compressive forces. In the
human ACla chondrocytic cell phenotype along with GAG accumulation, disorientation of
collagen fibreandinflammation ha beenreported to be associated witdegeneration and
ageing (Hasegawa et al. 20)12The human AChas also been shown to havdifferent
cellular changesvith degeneration and ageing, where a decreas¢htotal cell number,
MMP-1, 3 and 13 expressiowas foundin normal ACL ageing but wascreased in
degenerated AC(Hasegawa et al. 20)3In the canineCCl.a chondrocyticcell phenotype
has been found ireeds with both dow (greyhound) and high risk (Labradoo$)igament
rupture (Comerford et al. 2006 The low riskCCLs also hadfidrocartilaginous appearance
with increased collagen fibril diametgrwhereas the high risk breed hagarkedchondroid
change similar to what has &en reported in humamCL with ageingnd degeneration
(Hasegawa et al. 20).2In thisstudy, the CCLs were normal (disease fraajl from young
skeletaly mature dogs less than 5 years of ap@t a moderate risk (Staffordshire bull
terrier cross)to ligament rupture.lt wasfound that the CCL ligamentotss throughout the

different regionsto have a more egjptical and round shaped cell nuclbeing mostly
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surrounded by GAGas stained withAlcian bluePA® ¢ KS & OK 2 y RaNd Ofé (i A O¢
ligamentocytenuclei in cell chains and lacunae were also noted at the proximal, middle and
distal regons of CCLThese findingparticularly in the low and moderate risk dog breeds to
ligament rupture may indicatethat chondroid change may be a normal finding and a
physical adaptation of CCL, rather than pathological degeneration. Nonetheless, further
studies are required to identify cells tyg ontogeny and the effect ofageing and
degeneratiionon canine CCstructure and whether thimatchesto the results reportedn

human AClgeing and degeneratioffasegawa et al. 20).3

Cellular distribution and alignmenin all tissues we found an increased cellular density in

the interfasicular regions, with cells displaying rounded nuclei morphology with no
particular orientation at this region. Although there was not any statistically significant
differences for cellular idtribution between different tissues, the CCL cells were more
clustered and aligned in chains corresponding to the chondrocytic appearance as discussed
earlier. Alignment of cells was assessed based on orientation of cells along thgerofibre
bundles The tendoncells were more uniaxial and pasellito collagen fibreswhile not all
ligament cells were aligned in the same direction. This finding was statistically significant
between MCL and LDET, which may be as result of different axial forcesdapgtieeen

these tissues.

Vascularity Tendons and ligaments generally have a poor blood sufdyjamin et al.
2008). Fibrocartilagnousregions of tendon and ligament are avascular, thére is some
indirect anastomosis between the vess@fetersen and Tillmann 199Benwick et al. 20Q2
h Q. NA S Benjaminepal. 2008 Several tendons including theclilles tendon, patella
tendon andsupraspinatus tendon appear to havegrens of reduced vascularity, where
avascular zonesan be associatedith degeneration and ruptur¢Fenwick et al. 2002 In
human ACL nehomogenous vascularity and areas of hypovascularity have alsa be
reported, which arewithin the core region of the AGPetersen and Tillmann 199Buthon
et al. 2009. This has also been reported in the degth the proximal region containing
greater number of vesselsalthough a normal canine CCL is consideredbwmrelatively
hypovasculafVasseur et al. 198Fayashi et al. 2091 This correspond® our findings of
low blood vascularityin nondiseasedCCLBlood vesselswhen presentwere found to be
mainly located in the interfascicular regionsof the different tendons and ligaments.
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Histological scoring analysis demonstrated SDFT to beststaliy more vascular in

comparison tA.DETMCLand CCL, indicative of a better blood supply in canine SDFT

Inflammation- In this studyfew inflammatory cells were found to be presenttime tendon
and ligaments examinedOccasionallynfiltrating cell, which were primarilynononuclear
type cells where found at the epitenon and close to blood vessels. fiftuiglg wasmost
evident in SDFTwhich also had the highest number of blood vessels bstagstically
higherin comparisonto LDET, MCL and CQhe role of vascularity and inflammation in
canine SDFT needs to be further explored with a focus on whether is itigssbavith

disease or normal physiology.

Pathologicatendons do notgenerally show signs of inflammatiohoweverit may play a

role in early initiation of the diseasfg.egerlotz et al. 20)2 Sudies have suggested that
inflammatory cytokines and mediatorsay play a roleontributing to diseasas they have
also been detected in painful posterior tibialis tendon and Achilles and rotator cuff tendons

(Nakama et al. 20Q@.egerlotz et al. 2012

GAG histological analysisThe accumulation of GAGs haveeb found to be associated
with human ACL degeneratiqilasegawa et al. 20}, 2Achilles tadinopathy (Riley 2008

and supraspimtustendinosis(Riley et al. 1994 although it has been shown to decrease in
supraspinatustendon with age(Riley et al. 199¢ This has also been found in dog, where
ruptured CCLs contained significantly higher G#&6Gtent when compared to intact CCLs
from the same breeqComerford et al. 2004 In the presentstudy,the GAGs were mainly
found at the IF and IB regions all tissue, but also pericellulgrin CCL. LDESDFT and MCL
displayed relatively little GAG stémg in comparison to CCL, which hagdnificantlyhigher
scores than the other three tissues (p=0.001). This finding corresponds with the increased
GAG catent found in CCL in comparison to MCL, LDET and SDFT ()alidesegawaet

al. (2012¥oundan increased deposition ofA&Ss in the human AGkith the development of
cartilage lesions, though no correlation was found betwe&GL ageing and mucoid
degeneration,asthey indicated that aelatively high percentage ofoung donos already

had mucoid degeneratianThis might also explain the high GAG content in our CCLs that
were obtained from young skeletally mature donors. The high GAG content in CCL is most

likely not as result opathological degeneratignbut is possibly relad due to thephysical
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adaption of the tissue to different mechanical loadinghich subsequently can lead to

alteredviscoelastic properes

Hastic fibres Histological staining oélastic fibreshas previouslybeen reportedin canine
CCL,demonstratng anincreasedquantity of stainingand elastin contentreported in a
breed (greyhound) which has a levgk of ligament rupture(Smith et al. 2018 These
greyhounds were all exercised anilma@eing exracing dogqSmith et al. 2018 Although

the exact effectof exerciseon elastin content in canineranial cruciate ligamentas not
been determined. Aurther study of the compason between dog breeds demonstrated
much less elastic staining in similarly aged moderatedl@and high risk breedtgbrador
retriever) (Smith 201Q. This finding mabpe suggestive of a fundamental difference between
breeds and may be due to the reduced production or increased destruofietastic fibres
(Smith 2010Q. In this studythe elastic fibre intensity staining in the C@has foundto be
similar to the previouslydescribed moderate risk breed (beaglgmith 201(. In both
tendonsand ligamens tissues elastic fibres were mainly present at the interfascicular and
interbundle regions but also found parallel aligned to collagen fibres. Comparison of the
G201t artfSNRa a02NB 0S06SSy GKS RAFTFSNBy
CClthan MCL, LDET and SDpF0(001) This finding supports previous biochemical results
showing a higher elastin content in CCL (Chapter 3) compared to other tendons and
ligaments. Overalhe higher elastin content in the CCL may be due to greater req@ntm

for astretch and recoil mechanism in this tissue.

Differences betweemegions Regional variation of tendons and ligamemsn alter as a
result of changes in mechanical loading, whergionsunder mechanical stressan exhibit

an increasedibrocartilaginous matrix compositioBenjamin and Ralphs 1998 he human

ACL has been reported to haaalifferent cellular morphology and collagen content at the
proximal, middle and distal regiorfPuthon et al. 2006 Ralphs et al. (199&)emonstrated
altered cellular morphology in rat Achilles tendon at different regiansile Waggett et al.
(1998)found more mMRNA expression of aggrecan and versican in fibrocartilaginous regions
compare to the miesubstance of the huan Achilles tendon. Howevaemp differencesvere

found betweenthe regionalvariancesof the levelsof matrix constituents in tendons and

ligaments using either histological analysis or biochemical ag€hapter 3) One possible
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explanation could be that during dissectiamly a fragment of each proximal and distal

region was analysed which may masgdlseddifferences between the regions.

4.5.3 Distribution and organisation of collagens, proteoglycaand elastic fibres in CCL
and LDET

In this study the distribution of the ECM macromolecules were assessed between CCL and
LDET as representative ligamie and tendors respectively. Both CCL and LDET were
primarily chosen based orthe findings of a different ECM compositiorn these tissues
(Chapter 3) and morphological and/or structural differences (as discussed above) in CCL. In
comparison to CCL, LDEEs been found to differ in terms of ECM content, structure and
cellular morphologyAs this positional tendon is also located in irér@icular in canine stifle

joint it was thereforeconsidered to bemore comparable tothe CCL. Théistribution and
organisation of ECM macromolecules were assessedhe middle regionof the tissuesas

no regional difference were found (Chapter 3 and as discussed above), bt alsoid any

of the fibrocartilage regions in both tissues.

Collagens

Distribution of collgen types I, 11l and Mh both tendon and ligamentCollages type | and

Il have been documented to be the major collagens in both tendon and ligament
(Mienaltowski and Birk 2034In the current studytype | collagen immunostainingas
found to be intense and mainlypresent inthe fascicular regions in both LDET and CCL.
Qollagen type Il was primarily located along the interfascicular and interbundle regions in
LDET, similar tthat previously reportedor normal equine SDHBodersten et al. 203&nd
human extensor carpi radialis brevis tend@uance et al. 19797 In CCL, collagen type lli
displayed increased immunostaining andwas found to be located not only between
collagen fibre bundles but also aligned on the fiendles. This finding agrees with
previous reports comparing rabbit cruciate ligament with patellar ten@amiel et al. 198%
and human ACL with patellar tenddhittle et al 2014. A quantitative studywan et al.
(2014) which used pimsirius red staining and tensile testing demonstrated théered

collagen type | and llfatio during ligament ageings correlated with the mechanical
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properties of ligaments asthe different type | and Il ratios weréound to be strongly
NEflFGSR (2 GKS |, 2dzy3Qa Y2 R dztrdid cureyThidifikdthg £ A y S
may indicate that different distribution of collagen type | and Ill in CCL laDHTin the

current studymay result in different mechanical behaviouarthe two tissue types, yet this

needs tobe further elucidated.

Collagen type VI has a ndibrillar organisation and isvidely expressed in most tissues,
including skeletal muscle, tendons and ligamegiisene et al. 19881t has been shown that
collagen type VI interacts with many ECM molesulincluding collagen I, Il, and XIV,
microfibril associated glycoprotein (MA@FP, perlecan, decorin, biglycan, chondroitin
sulphate, heparin and hyalurongiMienaltowski and Birk 2034In this study collagen type
VI immunostainingwas mainly found between fascicles and bundles, but also localised
around the CCL and LDET fascicular fibrobl&d differences in distribution were noted
between CCL and LDE®ricellular localisatiorof collagen type VI in both canine CCL and
LDETwere also foungdwhich supports previous findings human AC(Sardone et al. 2034
and human supraspinatus tendofThakkar et al. 2004 The absence of collagen type VI in
knockout micehas been shown to result in dysfunctional tendon collagen fibrillogerfkzis

et al. 201) andpoints to a critical role of collagen VI in both tendamsl ligamats.

Proteoglycans

Distribution of large aggregating and small leucine rich proteoglyeafifie major
proteoglycan in tendonsind ligament arghe small leucine proteoglycanl(RPS) decorin,
biglycan,fiboromodulin andlumican (Rees et al. 20Q9arkinson et al. 2011Yang et al.
2012. To date, ¢ther SLR8 are lessvell characterised in these tissues. For instantee
distribution ofkeratocan ha®only beendeterminedin bovinedigital flexor tendon(Rees et
al. 2009), while the distribution of asporin has not been previously elucidatedeither
tendon or ligamentLarge aggregating proteoglycans aggrecan and versican have also been
found at the tensional region of bovine deep digital flexor ten@Bees et al. 20Q@Rees et
al. 2009 and human AC[Little et al. 2014 In this study the presencand distributionof
aggreca, versican, decorin, biglycan, keratocan and aspoves demonstratedwith
immunostaining in both CCL and LDAfTincreased immunostaining of both aggrecan and

versicarwas foundin the midsulstanceregion of CCL compared to the midstamceregion
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in LCET. Both aggrecan and versican were localised mainly between fascicular and bundle
regiors, however aggrecamvas also found to be pericellulfyr locatedonly in CCLBoth
aggrecan and versican are large proteoglycans that bind to hyal{datper 2014
Aggrecan ishighly glycolysated with numeroushondroitin and keratan sulphat&AG
chains whichattracts counterions and functions tdold water within the tisue, resulting

in high tissue hydration that renders the tissue resistant to compressive loédiley 2005
Halper 2014 The structure ofversican is similar to aggrecabut lacks in one of the
globulardomain and contains much less GAES)(Riley 2005 An hcrease in versican
content leads to expansion of ECM and a greater viscoelasticifyeofellular matrix,
supporting cebshape changes required for cell proliferation and migraidalper 2014. In

the human Achilles tendona higher expression o&ggrecan haseen found at the
fibrocartilagnous regions where it is more associated with compressive forces, while
versican mRNA was more expressed in -suldstance regions when comparedto the
insertion region(Waggett et al. 1998 Together the increase of aggrecandawersican
immunostaining in thisstudy may indiate higher tissue hydration and viscoelastic
properties of CCL. In addition thencreased pericellular location of aggrecamy also
indicate thatthe CClLis subjected to more compressive forces throughout the tissue, which

could be due tats functional alaption to protect the tissue from damagRiley 200%

SLRPs have regulatory roles in collagen fibrillogenesis during tendon develdiinand) et

al. 2005 Chen and Birk 2033In the current work ganel of SLRPS that are well described
(decorin and biglycan) ankss described (keratocan and asponvgre analysedAsporin
was also examinethasedon our proteomic finding between CCL and LDET (Chapter 6).
Decorin acts to modulate collagen fibrillogenesis by binding to collagen fidestbom and
Heinegard 1993Parkinson et al. 20311t can bind to severabr severalcollagentypes
includingtype I, 11, lll, and&/I (Halper 2014 In the present study thelistribution of decorin

in both CCL and LD®&Es foundto be similaly intense, as it wasound in both fascicular
and between interfascicular regionsndicative of binding to collagen type I, Ill and VI. In
contrast to decorin, lglycanimmunostainingvaspresent inLDET interfasicular regions and
occasionally pericellulary in CCL. This findumgportsstudieswhere low mRNA expression
and immunostainingof biglycanwas observed in canine CQM{ang et al. 2002 Asporin is

the third member of class | SLRPs tlaatks GAG chains It competes for type | collagen
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binding with decorin via its leucine rich repeat domain with hajfinity (Kalamajski and
Oldberg 201D To dateasporin has onlyeen identified thorough proteomic analysis in
human ACL and patel tendon(Little et al. 2014 Here, aporinwas foundin the LDET at
interfascicular regions and peritglarly, whereas in CCLasporin was onlyfound
pericellulaty. Asporin has been found to bind to calcium and induces collagen
mineralization(Kalamajski et al. 2009but isa negative regulator oBMR2 or TGF activity

and could therefor play factor in OA progression as well as susceptibility to the disease
(Ikegawa 2008 In tendon and ligament the mechanism and role of aspstilhneeds to be
explored. Keratocan &member ofthe class Ifamily of SLRPS and has been identified at
both tensional and fibrocartilageusregiors in bovine deep digital flexor tendofRees et

al. 2009. The tendon keratocan isqorly sulphated, in contrast to corneal leocan, which

is highly glycosylategossiblyreflecting differences in functiorbetweenthese two tissues
(Rees et al. 20Q9Here, bw intensityimmunostaining of keratocan in both CCL and LDET
was found,presentonly between fascicles and fibre bundles. This finding corresponds with
a similar distribution of leratocan in bovine tendorendotenon (Rees et al. 20Q9 In
addition Rees et al. (2009Iso demonstrated ctocalisation of keratocan with collagen
type | at the endotenonndicating a role in theegulation of thecollagenous componeat

within this loose matrix in both tendon and ligament.

Elastin/Ehstic fibres

Distribution of Elastic fibre€lastic fibores are composed af elastin core and microfibrils

(fibrillin 1 and 2 (Mithieux and Weiss 2005 Previous studies have demonstrated the
distribution of elastin, fibrillin 1, and fibrillin 2 in canine cruciate ligamrmih et al. 201)

and bovine flexor tendoigGrant et al. 2018 Throughthe use ofour hisblogical analysis an

increase iRSt F a0A 0O FTAONBA Ay wasdemotsirdted(Jectionkd3.1.2)A £ £ S NI
Thenext aim was to identify the differences in distribution of elastic fibres between CCL and

LDET using specific tioody stainirg. In this part of the study, thebjective was to

determine whether tendon and ligament from the same species and breed have a different

or similar distributionof elastic fibres.Hbrillin 1 and 2was found to bealignedalongthe

long axisof the tissue andurrounding ligament and tendon cells. An increased intensity of
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staining was also noted at the interfascicular regions. The similar distribution of both
fibrillins may indicate cdocalisation of both fibrillilk and fibrillir2, which has been
previously shown in bovine tendofGrant et al. 2018 In comparison to fibrillinl and
fibrillin-2, elastin fibres were sparse and were more located at the interfascicular and
interbundle regions, but also found on CCL and LWiiin fascicles When elastinwas
present eitherin between collagen fibre bundles orientatedalong the fibresit was found

to colocalise with both fibrillinl and fibrillin2, where it was also in close conjunction to
cells. Thes findings supports the previouslydemonstrated elastic fibre distribution in
bovine tendon(Grant et al. 2018 but wasslightly differentto that previously reportedor
canine CCL, where elastin was found telagalise with fibrillin2, but not fibrillinl (Smith
2010. As discussed earlier, elastin content wasoafound be different beveen in this
study andSmith et al. (2013and these findings may be dueto breed difference. One
limitation of this part of thestudy was that the overall distribution of elatic fibres
throughout the depth of the tissuevas not presenteddue to software limitatios in
creating 3D images of different stack, asresult only represetative 2D image were

presented.

Studieshave shown that type VI collagen and elastic fibres iar close conjunction with
tendon cells(Thakkar et al. 20)4and ligameat cells(Sardone et al. 20)4nd are localised

at the pericellular mati. Finding in the current worlre consistent with these studies, and
may indicate dink between elastic fibres and collagen type VI. Apart from collagen type VI
and elastic fibresasporin (n both CCL and LDET) andragan (only in CClyere alsofound

to be distributed pericellularly Future work may address whether these protein ae
localisedaroundthe same cellTogether these proteins may play an important role time
microenvironment of both LDET and CCL cdllee increased distribution of elastic fibres at
interfascicular and interbundle regions may provide elastic rexvall offer stress protection

of blood vessels and nerves at this reg{@mant et al. 2018
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4.6 CONCLUSION

This study has demonstrated statistically significant structuraland morphological
differences between interand extraarticular ligamens and flexor and extensor tendasn
aroundthe canine stifle jointBy using estdished and newly adapted scoring systems we
have for the first time demonstratedsemiquantitative morphological andstructural
differences between theéCCland the othertendon and ligamentissues examined. These
differences include aless compact collage architecture, differences in cell nuclei
phenotype and increased staininipr GAGs and elastic fibrés CCLThese findingsay be

a normal and a physical adaptation of CClmtchanical loadingrather than pathological

degenerationas suggested biye author Hasegawa et al. (2013)

Adifferent distribution ofwas also found focollagen type lll, aggrecan, versican, asporin of
CCL in comparison to LDET. While different collagensnaiiy lead to different mechanical
properties, the increase dishution of aggrecan and versican may result to incretise
hydration and viscoelastic properties of CThgether these finding mayelate to different
functioning of CCL and LDET and indicate that CCL is subjected to more compressive forces,

resulting n different ECM composition and arrangement to protect the tissue from damage.

In both LDET and CCL collagens, proteoglycans and elastic fibres were either fascicular,
interfascicular and pericellulbrlocated. In particular ECM proteins including calagype

VI, elastic fibres, asporin and aggrecan (only in @@ly) play an important role in the
cellular function and microenvironment of both LDET and &Chese proteins were closely
locatedadjacent tocells. Differences ithe distribution and arragement of ECM collagen,
proteoglycans and elastic fibres between fascicular and interfascicular and/or interbundle
regiorsin both LDET and CCL is suggestive of different shear forces between regions during
deformation. Proteoglycars and elastic fibresn the interfascicle or interbundlenatrix may

be involved in the regulatiorcollagenous matrix and could enhance the lubrication of

collagen bundles and elastic recoil mechangrthis site
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CHAPTER 5

A COMPARISON OF THE EXTRACELLULAR MATRIX CONIBBSITI
NATIVE TENDON/LIGAMENT ANIDTENDON/LIGAMENT CONSTRUCTS
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5.1 INTRODUCTION

Tendon and ligamenhjuries can caussignificant joint instability, which may lead to injury
of other tissues and the development of degenerative joint dss(Woo et al. 1999
Dependingon whether tendon and ligament injury has resulted in partial or complete tear a
nonsurgical or surgical intervention is requiréat treatment. For instance hi nonsurgical
treatment of human Achilles tendon progressive physical therapy and rehabilitation is often
required (Soroceanu et al. 20)2nd is usually also perforrdgfor pre and post operative
ACL reconstructiofAdams et al. 200)2Strategies such as delivery of growth fact(volloy

et al. 2003 Thomopoulos et al. 20Q5or cell therapy(Alves et al. 200)1have been
considered to alter tendon and ligament repair aadcelerate the healing process. With a
complete tendon or ligament tear a surglénterventionis often necessaryt present both
autologous and allogec surgical treatments are used to treat tendon and ligament injuries,
but are associated with comphtions such asnfection (Robertson et al2006, chronic pain
(Spindler et al. 2004 decreased muscle strengttBeynnon et al. 2002and, donor site

morbidity (Mastrokalos et al. 2005

Tissueengineering can offer great potential in the treatment of tendon and ligament injury
by seeking a biological replacementtiwia fully regenerated autologenousssue that
mimics the natural structure antunction and has long term availabiliffRodrigues et al.
2013. The engineering approach involves the acquisitand cultivation of adequate cells,
growth-inducing stimuli and an artificial extracellular matrix (scaffold) in which cells can

proliferate and differentiate with subsequent new tissue generati@hmed et al. 2008

Fibrin is a naturascaffoldwith no toxic degradation or inflammatory reaction and can be
used as an autologous scaffoldr ffibroblasts from connective tissue to create larde-
dimensional (3D) structurdYe et al. 2000 Use of this biological material in tissue
engineerings advantageousomparedto synthetic polymers and collagen gels where gcost
inflammation, immune response anxicity may be significant drawbaqhmed et al.
2008. The generation of 3D tendon constructs using a fibrin gel from embryonic tendon
cells has been described I§apacee et al. (2008Yhis method was adapted from those
used previously byHecker et al. (2005and Huang et al. (200500 successfully culture

smooth muscle and skeletal muscle cefisvitro. Kalson et al. (2010Jemonstrated that
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tendon constructs produced with embryonic chicken tendon cells are able to form after 10
days under static conditimand produce mechanical properties similar to- #ldy old chick
embryonic temon. 3D constructs made with human adult tendon fibroblasts revealed the
cells to have the potential to produce a tendbke structurein vitro with aligned collagen
fibrils along the axis of tensiofBayer et al. 2010 3D tendon construst from adult cells
havealso been shown to develdprger collagen fibrils with increasing diameter resulting in
an increasing resistance toward tensile mechanical fo(eeschenhan et al. 20)3Human
adult ACL fibroblasts have also been useditro for creation of digament constructvhich
demonstrated an increasingpllagen contentor maximal tensile loadbllowing the addition

of transformy 3 3ANB g G K FI OG 2 Nllika grovth DaCtor IOFHaggry etaly & dzf A Y
2012. Overall, it appears that these construdtave the potential to be used in studies of
ligament and tendon regeneration and replacemedbwever it remairs unknownto what
extent 3D tendon and ligament constructs formed from tendon and ligament fibroblasts in

3D culture are able to recapitulate natitendon/ligamentous tissue characteristics.

5.2 HYROTHESIS & AIMS

Previously we have identified biochemical and stunat differences between canine intra

and extra articular ligaments and tendons and identified tissue specific characteristics
(Chapter 3 and 4). 3D constructs could provide an important role in tendon and ligament
repair and replacement, but can alsooprde insighton whether cells derived from
tendinous and ligamentous tissues have similar characteristics to original tissue when grown
in a 3D culture system. Cells grown in 3D fibrin cultures have been reported to produce their
own ECM systenfHecker et al. 2005 Therefore the biochemical characteristicef 3D
tendon and ligament constructs can be measured and compared to native tendon and
ligament tissue. We hypothesised th#here are that there aredifferences in ECM
macromolecules between native tendon and ligament tissue and 3D tendon and ligament
constructs.The aims of this study were to identify whether canine isolated tendon/ligament
cells are able to formin vitro 3D cultures and characterise the extent to which isolated

tendon/ligament cellsare able to recapitulate the formation of tendon/ligamentous tissue.
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5.3 EXPERIMENTAL PROCEDURES

An overview of the performed experiments is highlighted below. More detail on the

methodsis described ithe general material and methad®apter 2.

5.3.1 Tissue extraction

Cranial cruciate ligament (CCL) and long digital extensor tendons (LDET) were harvested
from five disease freekeletally mature Staffordshire bull terrier cross dogdaseeric canine
hindlimbs on the day ofeuthanasia(Table 2.1) Tissues were enzymaticaltigested

overnight Cells were isolated, cultured and splitho further than the & passage.

5.3.2 Creation of 3D tendon and ligamemonstructs

Tendon and ligament[3 constructs were createas described in Chapter Zction 2.3 3.
All constructs were fully contracted between the anchored points and were harvested at 14

days postseeding.

5.3.3 Histology staining

Tissue engineered constructs were fixed in 4% paraformafdiehparaffin embedded and

4 pm section cut. Sections were stained for hematoxilin and eosin (H&E) for general
observation of tissue structure, alcian blue/PAS{AB{ 0 F2NJ RSGSOlGA2y 27F
trichrome for collagen stainingBancroft et al. 1996 YR aAf f SNR&a adl Ay T
(Miller 1971).The methodology of these stains are explained in detaChapter 2, Section

2.5.2.
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5.3.4 Transmission electron microscopy (TEM)

Transmission electron microscopy was performed by Marion Ptgmhnician, Division of
Veterinary PathologySchool of the Veterinary Science (Chapter two, se@i@h Ultra-thin
transversesections were cut with a Reicherfung Ultracut on ultramicrotome with a
diamond knife. Images were acquired in a Philips EM208S Transmission Electron Microscope

at 80kV.

5.3.5 Biochemical analysis

Prior to biochemical analysisissue samples were deze dried overnight and their dry
weight was determined. For the measurement of sulphated glycosaminoglycan (sGAG),
collagen andDNA content, samples were papailigested whilst br elastin content

measurement tissue samples were digested with 0.25Mioxeid(Chapter 2, &ction 2.4).

5.3.5.1 dsDNA

QuantiT™ Picogreen ® dsDNA reagent was used to measured DNA content in the papain
digested sample¢Singer et al. 199{Chapter 2 Section 2.4.41). DNA concentrations were
determined by comparing to a standard curve constructed using bacteriophage lambda DNA

standards and expressed as pg per mg dry weight tissue.

5.3.5.2 Collagen

Total collagen content was determined by measuring the amino acid of hydroxyproline
(Bergman and Loxley 19%8hapter 2 Section 2.4.5.2) The hydroxyproline concentrations
were calculated by comparisoagainst a hydroxyproline standard curve and collagen

content calculated assuming hydroxyproline to be present at (B&mian et al. 2007
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5.3.5.3 sGAG

The dimethylmethylene blue (DMMB) dye binding as@&arndale et al. 1986vas used to
assesgChapter 2, &ction 2.4.5.1jhe concentration of sulphated glycosaminoglycan (sGAG)
in the samples.Concentratims were determined using sGAG calibration curves and
chondroitin sulphate as a standard. sGAG concentrations were expressgf@s mg dry

weight tissue.

5.3.5.4 Elastin

Elastin content was measured usithg Fastid™ dye-binding assapn the poled oxalic acid
extracts (Chapter 2, &ction 2.4.5.3) Unknown elastin concentration in the samples were
compared to a standard curve generated from known concentrations of adfdsin.

Elastin concentration was expressed as a percentage of dry W@iglth et al. 2018

5.3.5.5 Statistical analysis

Data are presented as meamstandard error of the mean (SEM) and statistically analysed
using Onewvay ANOVA with a Bonferroni pesbc carection using Graphpad Bm (\érsion

6). The significance level was sep&a.05
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5.4 RESULTS

5.4.1 Formation of 3D tendon and ligament constructs

CCL and LDET fibrobkastithin 3D ligament and tendon constructs displayadounded
morphology following seeding (Figure 5.1A and 5.bBj) began toform cellular extensions

1 day after being embedded into thébrin matrix Cellular arrangementinside the
constructs were more ordered and displayed elongated cell body extension after three days
of construct formation (Figure 5.1C and 5.1Dy).both 3D constructs fibroblastbecane

more organisedforming a parallel arrangement duringeECMformation (Figure 5.1E and
5.1F). Cellsvere initially seeded in aircular fibrin matrix which became fully contracted
beingat least partially replaced witkollagen fibrils. Acontinuous tendon or ligameHrtke

tissuewas formedbetween the sutures after 14 days post seeding (Figure 5.1G and 5.1H).
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Figure5.1. Canine CCL and LDET cells embedded in a 3Dgibri@hortly after embedding in fibrin CCL (A) and LDET (B) fibsalitgdayeda
rounded cell morphology(10x magnificationBar; 100un. After 3 day of construct formation both CCL (C) and LDET (D) firdisplayed
elongated cell bodieand longcellularextensiors. (4x magnificatiorBar: 1mmn). After 10 day®f incubationof CCL (E) and LDET (F) fibrob
were locatedbetween ordered aligned matrix4x magnificationBar; 1mm). At day 14 constructs were fully contracted and engineered tis:
were formed (G and H§4X magnificatioBar; 1mmn).
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5.4.2 Ultrastructure of 3Dtendon and ligament construct

5.4.2.1 Histology

H&E staining displayed a general loose and not orderly architecturetbfd® ligament and
tendon construcs with a high degree of cellulayitthat had no particular alignment

Towards the edgef the constructs, celhuclei hadmore fibroblasic morphology, whereas
in the centre of the constructghe cell nuclehad morerounded morphology(Figure 5.2A

and 5.3A).

ABPASdtaining displayed agas of blue staining indicating the presence of GA@sch
were mainly found next to collagen fibres. No pericellular staining was obsdRigdre

5.2B and 5.3B).

aAf f S NI ®Bothi3D kteddgn and ligament constructiemonstratedno elasticfibres,
though intriguingly some structures which strongly resembl#dod vessels were found in

several tendons and ligaments constructs (Figure 5.2C and 5.3C).

al aazyQa liddedihepRsérse dolfagen gtained blue) in both 3D tendon and
ligament onstructs Collagen fibres haalgenerally loose architecture and did reyppear to
be compact or dense witho particular orientation. Somereasof the fibrin matrix was
stained redin several 3D tendon and ligament constgjdhdicatng that the fibrinmatrix

was not fully degrade¢Figure 5.2D and BE).

5.4.2.2 TEM

The presences of collagen fibrils were further confirmed with TEM, whereby-péudesd
narrow diameter collagen fibrils were visible in the extracellular space. Collagen fibrils were
also foundto be located in collagen fibripositors (Figure 5.4 and 5.5), which are actin rich
plasma membrane protrusienthat mediate collagen fibril organisation in embryonic

tendon(Canty et al. 2004
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Figure5.2. Representative histology staining pictures of 3D LDET construat. () longitudinally sectioned micrographs. (A) H&E stail
indicated highly cellular structuref LDET construc(10X magnificationBar: 100um). (B) ABPAS stainingAreas of withGAGswvere observed
(black arrow) (40X magnificationBar: 100um). (C) Millers stainingNo Elastic fibresvere found, though gossible blood vesseVasfound
within the construct(black arrow) (40X magnificationBar:100pm). 6 50 al da 2y Qa G NA O Koze¥ Beressthihed Wue\arr
cells were stained dark blue. Collagen fibres appeared loosely composed with minimal déaXitsnagnificationBar: 100um).
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Figure5.3. Representative histology staining pictures of 3D CCL construg{DjApngitudinally sectioned micrographs. (A) H&E stail
demonstrated highly cellular structure of CCL constr¢®x magnificion. Bar: 100uNL (B) ABPAS staining. GAGs were identified (bl
arrow) magnification40xBar: 100uNJ6 / 0 a A f f SN & & Us-werg foyhdBbodlvesseliké dtrécilirdwas fFuRdo(dSk arrow
magnification(40x Bar: 100uMo 5 0 a | achogng ainingl Collagen fibres were stained blue and were general loose, but at some
collagen fibres seemed more dense (white arrow). Areas of red staining indicated the presence of fibrin matrix (black(40xc
magnification. Bar: 100uM
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Figure5.4. Representative pictures of transmission electron analgsD CCL construct. (2200x, (B) 24000x an€)28000x magnification
(A)}(C)transverse sectioned micrograph@ar: 0.5un). Collagen fibrils werddentified and appeared to bef a narrow diameter (~46nm)
Collagen fibrils were located in extracellular space (black arrow). Collagen fibrils were also found with plasma memtrtesi@npr&known
as collagen fibpositors (white arrows).
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Figure5.5. Representative transmission electron pictures of 3D LDET construrts8@0x , (BR2000x,(C)36000xtransverse sectionec

micrographs(Bar 0.5unm. ®llagen fibrils withuniformity can be seen beingainly identifiedin extracellular space (black arrow), but alsc
fibripositors (white arrow)
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5.4.3 Biochemical comparison between natiessuesand 3Dtendon and ligament

constructs

543.1 DNA content

3D tendon and ligamentonstrucs were foundto have significantly hgher DNA content
than both rmative tendon and ligament tissugp=0.0157and p=0.015 (Figure 5.5 DNA
averaged 2.92 0.32 mg/dry weight in native CCL and 394.1 mg/dry weight in native
tendon. 3D CCL and LDEDBnstrucs had an average of 10.61.57 and 9.82+ 1.46 DNA
mg/dry weight, respectively. No significant differences were found between the native

tendon and ligament orand between 3Dtendon constructs compared to ligament

construct.
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Figure 5. DNA content (ug/ mg dry weight). Values are mean and error bars represent
SEM. Ligament construct had significantly higher DNA content than both native tendon and
ligamert tissues (p=0.0046, p=0.015yhe DNA contenin tendon constructs was also
statistically significantly higher than native tendon (p=0.0157) and native ligament (p=0.012)
tissues. There were not any statistically significant differences between native tissues types
and 3D tendon and ligament constructs. * indicates p<0.05.
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5.4.3.2 Collagen cotent

The total collagen content showedtatisticaly significant differences between native
tendon/ligament tissue an@D tendon and ligament constructs (Figuré)5Both LDET and
CCL construsthad significantly lower collagen content than native tiss(jgs0.0001).The
CCL and LDET had average values of 661102 and 70.4% 2.8 of dry weightissue while
3D CCL and 3D LDET had average values oft ®®land 2.8% 0.71 of dry weightNo
significant variations were found between the two native tiss and between engineered

tissue types.
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Figure5.7. Collagen content/ mg % dry weight. Values are meach error bars represent
SEM. Collagen content in ligament and tendon constructs were batifisantly lower than
native tendon (p=0.0001) and ligament (p=0.0001). No significant differences were observed
between native tendon and ligament and between 3D tendon and ligament construct.

* indicates p<0.05.
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5.4.3.3 Total sulphated GAG content

sGAGontent (as pg/mg dry weightwasan average of 15.20.74 in native CCL, 8.29..03
in native LDET, 1441.97 in 3D CCL and 11t10.76 in 3D LDET. Native CCL contained
significantly more sGAG than LD§¥0.008). Only the 3D CCanstruct had statistidey

higher sGAG than native LD§¥0.029 (Figure 5.8
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Figure5.8. sGAG content (ug/ mg dry weight). Values are maath error bars represent
SEM. Ligament constriechadsignificantly higher tha native tendon (p=0.028). Significant
differences werefound between native ligament and tendon tissues types (p=0.008), but

not between engineered tissuesand + indicates p<0.05
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5.4.3.4 Elagin content

Elagin content wass.52 %t 0.58 in native CCR,42 %t 0.18 in native LDET, 9.474%.39 in

3D CCL and 14.26#©.49 in 3D LDET. Both 8nhdon and ligamentonstructs had higher
elastin content than both native tendon and ligament tiss(e=0.0001). Statistically
significant differences between natvCCL and LDET were foufp$0.0038) with CCL
containing significamy higher elastin. Between tissue engineered CCL and LDET cagstruct

the LDET construstontained significantly more elastin (p=0.0026) (Figug. 5.
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Figue 5.9. Hastin content(% mg dry weight).Values are meamand error bars represent
SEM. Nativéendon ligamenttissues vere significantly lowem elastin contenthan both
native LDET (p=0.0001) an@LC(p=0.00013D constrcts. Statistically gnificant difference
were foundbetween nativetendon and ligament (p=0.0038) and 3D tendon and ligament
construck (p=0.0026)F = b intligAtRs p&D.05
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5.5 DISCUSSION

This studyhas demonstratedthat 3D tendon ad ligament fibrin onstructs are able to
produce ECM macromoleculeBhe onstructs had a resemblance &n embryonic tendon

or ligament, containing high cellular content and collagen fibripositors. Collagen content in
both 3D termdon and ligament constructs wasgnificantlylower compared towhat was
measured innative tendon and ligament tissuéA high content of norcollagenous ECM
macromoleculesncluding SGAGs and elastin were measuredoth types of3D construcs,
indicatingthat these componens mature fasterthan cdlagenand might play an important

role in the development of 3D tendon and ligament constructs

5.5.1 Tendon and ligament construct ultrastructure

Linear 3D tendon and ligament construct were created fromature canine long digital
extensor tendon (LDE&nd canine cranial cruciate ligament (C@hjoblast usingin vitro

3D cell fibrin culturesConstrucs from both tissues displayeda high degree of cellularity
with collagen fibrils present and glycosaminoglycatesitified in histological sections. The
high degree of cellularity also corresponds to higher DNA content in both 3D tendon and
ligament constructs compared to mature native tendon and ligament tissubcative of a

high celto-matrix ratio in both 3D constructs. A high cell number could stieul
embryonic fibrillogenesisvhich have been identified ineonatal rat tendon(Calve et al.
2004, but also in human embryonic tendg€haplin and Greenlee 19y&sing electron
microscopy,Chaplin and Greenlee (197%yeviously demonstrated that human digital
embryonic tendon being as dighly cellular structure witifew small diameter collagen
fibrils. After 6 days, collagen fils developed in close proximity to the cells, whifter 95

days, the extracellular space was filled with longitudinal aligned collagen fibrils containing a
relatively high cell volume fraction and loose collagen packing def@higplin and Greenlee
1975. Comparing these electromicroscopypictures with our developed tendon and
ligament construct at 14 days peseeding, a resemblance is seen with the human
embryonicdigital tendonuntil about 60 days of gestation. The shorter period time for our
constructs may be explained by the fact that calls derived from mature adulissue and
ready to form ECM, whereas in the embryonic tendon the cells need to differentiate.
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Transmission electron microscopgsultsin this studyshowed that collagen fibrilg the
tendon and ligament constructsvere mainly located in extracellular space, but also
occasionally found in carriers, known as collagen fibripositGdlagen fibipositors are
plasma membrane protrusions that contain narrow diameter fibrils &age only been
found in embryonic tendon(Canty et al. 2004 Despite active procollagen synthesis,
fibripositors are absent in postnatal stages when fibrils increase in diameter by accretion of
extracellular collagerfCanty et al. 2004 Fibripositors have been found to be associated
with actin bundles suggesting cytoskeletal involvement in fibril assemblycaodlination

of collagen fibril alignment in tendo(Canty et al. 2006 Previous studies have identified
collagen fibripositors in embryonic tendon fibroblasts, which are actin rich plasma
membrane protrusios containng narrow collagen fibls and occuring in tendon only
during embryonic development when seeding of the ECM od€ansty et al. 2004Canty et

al. 200§. Together, the high cellularitend presence of collagen fibripositors reflect the
immature state of the constructm this study This finding correlates with observations in
rat tendon construcs obtained from postnatal tissu€Calve et al. 2004 chick embryo
tendon constructgKapacee et al. Z1B), and adult humartendon constructs(Bayer et al.
2010 Herchenhan et al. 2033 where the structural characteristicswere similar to

developing embryonic tendon.

5.5.2 Tendon and ligament construct ECM composition

Collagen contentThe function of collagen content of the tissue is to withstand tensile
forces(Canty and Kadler 2095andit may be assumed thah vitro generated tissues with
greater cdlagen concentration would besuperior by providing more resistance to
mechanical forcesHere, a dw collagen content in 3D tendon and ligament constsuwgts

found with only an average of 3.2% collagen in 3D tendon and ligament, whereas native
tissues had an average 67.7% collagen. This may be explained by the immature state of
constructs whereby collagen fibrillogenesis may still be in progress. Theratiatu of
human Achilles tendotis associated wittan increase of collagen fibril concentratiamd
diameter as well as the presence of fewer cells that display altecel morphology
(Strocchi et al. 1991 Anincrease in ECM, decreaisecellularity and different morphological

cell structure were also found with sheep tendon and ligament maturation, although
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ligament cell morphology remained the same during postnatal developridetler et al.
2009. To what extent 3D tissue engineeraegaiment and tendon are able to mature is not
fully known. HoweverPaxton et al. (2012)emonstrated a more dense structure and an
improved collagen content with chick embryonic construct when cultured over period of 5
weeks. This mprovement was also observed in adult human conssuict terms of
mechanical strength, stiffness, increase of collagen fibril diameter and density when
subjected to static tension for 5 weeklglerchenhan et al. 2013 Other studies have
identified that factors such as loadin@Paxton et al. 2012and addition of growth factors

& dzOK  |1lar ingubn@rowth factorl(IGF1) (Paxton et al. 201,(Hagerty et al. 2012can
AYONBI 4SS O2tftF3Sy O2yiGSyd AyisknbwniopayNdlein 02y & (
tendon development(Pryce et al. 2008and is thought to activate early growtlesponse
(EGR) 1 and henetal. 20000 ¢ DCi Kl & 06SSy RSY2yaidNr GdSR
expression in invertebrate tendon by binding @ollalpromoter (Lejard et al. 2011 A
significant decrease in collagen content of tendon and ligament has been detected in the
absence of EGR 1(Rejard et al. 201)1 In additioni 2 @, Bi&yerty et al. (201Zpund an
additive effect withIGF1lon the collagen content and maximal tensile load in human adult
ACL fibrin construst This was supported ke work ofHerchenhan et al. (20140 human

adult tendon construa, where IGFlincreased collagen fibril diameter, overall collagen
content and mMRNA gene expression adllagentype | and Il tenomodulin and cleraxis
(Herchenhan et al. 20)4Paxton et al. (2012neasured the effect of loading on tenddike
constructs derived from chick embryonic tendon and demonstrated that short cyclical
loading withdiverse stran rates and amplitudes resulted in an increaseollagen content
within the engineered graft. Together, these variations and factors can be considered in
future studies to get a better understanding of the development tendon and ligaments

Vivo.

GAGand elastin contentIn this study other noncollagenous ECM matrix components
including sulphated glycosaminoglycan (SGAG) and elastin in 3D tendon and ligament
construcst were measured Sgnificantly more sGAG and elastin were found native CCL

and asconmpared to native LDET, indicative grieater viscoelastic properties aradstretch

and recoil mechanism in C(Gllso described in Chapter 3 and HimilarsGAGcontentwas

identified in both 3D tendonconstrucs compared to native tissueSignificanly higher
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elastin conent was found in both 3D constrigatompared to native tissues. The high sGAG
and elastincontent in both 3D constructsuggest thathese ECM componentre rapidy
acquiredand mature much faster than the collagen matrix. Protecghgchave been known
to playrole in the regulation of tendon collagen fibrillogeneéifhang et al. 2005 During
tendon developmenthe absence of several small leucirieh proteoglycangausedlistinct
abnormalities, where different fibril diameter distributions with irregular profiles were
observed in mice tendaswith deficient lumican and fibromodulin in postnatal period
(Ezura et al. 2000 Small leucingich proteaylycans have also been shown to prevent later
fusion of collagen fibrilDanielson et al. 199 Raspanti et al. 2007Thedatain the present
study might indicate that the high GAG contemight play an important role in the
organisation of the collagen fibrils arttle development of 3D tendonnal 3D ligament

constructs.

Elastic fibres have previously been identifiacdcaninecruciate ligamerg (Smith et al. 2011

and bovine flexor tendor(Grant et al. 2018 Elastic fibres have important mechanical
(Butler et al. 1978Eriksen et al2001), cellregulatory(Ito et al. 1997 Wendel et al. 2000

and, recoil functions in tissuéRitty etal. 2003. Elastic fiboresare composed of an elastin
core covered witha sheath of fibrillin rich microfibrils, which acts as a scaffold@mvhich

the secreted elastin molecules are depositétielty et al. 2002Kielty 200§. Although
higher elastin contentvasidentified in both 3D tendon and ligament constructs, no elastic
fibres were detected in histological and TEM sections. Again this may be explained by the
embryonic state of the construc@nd agreeswith the work of Brown et al. (2012)where
elastic fibers were only etected at postnatal stage, while fibrillih and tropoelastin were
found to be present during embryonic developmenttive spinal ligament. Moreover, the
elastin assay does not distinguish between tropoelastin precursor, insoluble elastin and
degraded pepdes, which could mean that higher elastin conteam8Dtendon and ligament

constructs may be the tropoelastin precursor.

Elastic fibres are also major component of blood vesf@etis 199Band are therdore
stained withii KS a A f f |5 R studyatliel plfesedre of blood vesskeé structures
were also shown imoth 3D tendon and ligament construcgsA 0 K G KS aThis f SN a

might indicate that the enddtelial cells from the nativeehdon and ligamentissue are able
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actively remodebnce placed in3D culture.However further validations through antibody

immunostaining areequired to verify the presence of bloagssels

5.6 CONCLUSN

The resuls of this study shows thaBD tendon and ligament construsthave similar ECM
matrix compositionand are composed of different proportions of ECM proteins
comparisorto the native tendon and ligamerissue. The low cogentration of collagen and

high cellulaiity of the construct might be gplained by the embryonic naturef the tendon

or ligament constructs. The increased sGAG and elastin content in the engineered
constructs might indicate that these components mature faster than collagen matrix, as in
particularsGAG are important for collagen fibrillogenesis and might play an important role

in the development of engineerezbnnective tissueonstrucs.
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CHAPTER 6

PROTEOMIC COMPARISON OF TENDON, LIGAMENT AND 3D
TENDON/LIGAMENT CONSTRUCTS
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6.1 INTRODUCTION

Proteomicsis relatively a new technology that h&gen used widely in cancer, cartilage
biology(Polacek et al. 20)@nd osteoarthritis rese@h (RuizRomero and Blanco 20},Gut

also in several tendon and ligament stud{@shnson 2009Little et al. 2014 Peffers et al.
2014 .

The concept of the protme was firstdescribedoy Wilkinset al. (1996ps "theentire setof
proteins produced by the genomeor by a cell or tissue tyge The functional proteome is

the physiological state of a tissue represented by the protein complement of a given cell at a
given time, including the set ofllgproteins isoforms and modification&gle Hoog 2004
Proteomics seeks to determine proteitriecture, modifications, localaion, and protein
protein interactions as welsprotein expession levelgde Hoog 200% Mass spectrometry
(MS) is crrently the most versatiléechnology in achieving these objectiv@sebersold and
Mann 2003. MS allows identification and characterisation of thousands of proteins in a
complex mixture by performing chromatographic separation prior to MS detection

(Aebersold and Mann 200®omon and Aebersold 2006

6.1.1 Mass spectrometry

Separation of proteins and peptideBrior to MS separation of protein/peptides is required

and achieved by gel electrophoresis or gel free techniques which ailyrrmvolve liquid

chromatography (LC).

Two dimensional gel electrophoresis (2DE) is an example efbgeéd separation, where
proteins areseparated by isoelectric poi@nd by molecular weigh{Gorg et al. 2000Gyqi
et al. 2000. Subsequently proteins can be visualised by staining techniques, excised from

the gel and proteins can be identified by MS tecjuas.

Gel free separation involves the use of high performance liquid chromatography (HPLC) with
reverse phase C18 column, where peptides are separated according to hydrophobicity
(Wang et al. 2008 This is coupd to a mass spectrometer for online MS analysis and is

therefore high throughput method.
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The mass spectrometeit consiss of three main parts; the ion source, mass analyser, and

detector. After LC, peptides enter the mass spectrometer and are ionifhd. most
commonly used ionisation is electrospray ionisation (EBI) matrix-assisted laser
desorptionionization (MALDI). The produced ions are transferred to a mass analyser where
the massto-charge ratio 1f1/z) ratio is detectedAebersold and Mann 200Q8/atthiesen and
Jensen 2008 In tandem mass spectrometry (MS/MS), the ions of particular intergg

ratio are first selected in themass analyser and are then fragmented in the second
dimension of MS bygollision induced dissociation (CID). The peptide CID spectra are more
specificby mass mapping only as, in addition to the peptide mass, the pati&rn in the

CID spectrum also delivers information about peptide sequeffmbersold and Mann
2003. Examples of commonly used mass analysee quadrupole, ion traps (IT), timef

flight (TOF) androurier transform ion cyclotron (FMISYAebersold and Mann 2003 The
detector is final part of the mass spectrometer, where thé vs intensity plot or a mass

spectrumoutput is visualisedMatthiesen and Jensen 20P8

lon Source Mass analyser:
ESI or MALDI lon trap, TOF Detector
FTCR

Figure6.1. Outline diagram of masgectrometer adapted fromMatthiesen and Jensen
(2008)

6.1.2 Protein quantification

Protein identification can be achieved by comparing the peptide profile of the unknown
protein in comparison to theotecal peptide libraries generated from the sequences in the
different databaseqBarrett et al. 200% Proteins can beguantified through absolute or
relative quantification using either labblased or labefree methods. Absolute
guantification is a targeted approach, where MS peptide peaks are compared alongside
known internal standard concentratiorfKirkpatrick et al. 2008Bantscheff et al. 2097 This
guantification is used to calculate copy number or concaindn. On the othehand relative
guantification is used to define relative changes of protein between samples. This

guantification is based on spectral counting andusynga relative peak intensity approach
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(Bantscheff et al. 20Q7Zhu et al. 2010Bantscheff et al. 20)2 Spectral counting is only
used with labefree quantification and involves datdependent analysissuch as
WSELRYSYGALItfe Y2RATASR LBhiddms atl. 208pZtinyeRal.y O S
2010. The relative intensity peak approach is also used to quantify protein or peptide
abundance by calculating MS peak intendi§hu et al. 201D The abundance of each
peptide or protein is associated with the relative peak intensity (p@ak)(Zhu et al. 200p

Thereis a growing interest in applying lakete LEMS approachesin comparison tahe
isotope label method,abelree methods have several advantages. These inchigdeer
dynamic range of quantifation, reduced protein loadingractionation, sample handling,
and the ability to compare more conditions within one experim@ntscheff et al. 20Q7
Patel et al. 200p However it must also be noted that witadelree quantification it is

difficult to detect lowrabundance peptides as there is less sensiti{dtyu et al. 201

Tendon and ligament 3D fibrin constructs have beesated using cells from several species
such as chick embryonic tend@iapacee et al. 200&alson et al201Q Paxton et al. 2010
Herchenhan et al. 20)2human adult AC[(Hagerty et al. 2012and human adult tendon
cells (Bayer et al. 2010and caninetendon and ligamentcells in this thesis With the
collagen fibrils having the ability to grow in size and with strength approaching thdutf a
human tendon(Herchenhan et al. 20)3these fibrin constructs have the potential for
tendon and ligament replacement. However, date anunderstanding of theproteome
compositionof these tendon and ligamenlike structures is unknown. The ability of these
structures to retain similar proteome characteristics to the original tissue and whether
ligament and tendon fibroblasthave the ability to produce a distinct ligament and tendon
proteome phenotype has yet to be identified. In this study a gel free isgjwa technique
with label free quantification was used to identify differences in protein abundances

between samples.
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6.2 HYPHOTHESIS & AIMS

In the previous chapters (Chapter 3 andadfomparison between canine intrand extra
articular tendons and ligament wgserformed. Through biochemical analysis and semi
objective histological scoring, theanine cranial cruciate ligament (CCL) hamnificantly

more elastin and sulphated glysaminoglycan contenin comparison to long digital
extensor tendon (LDET), medial collateral ligament (MCL) and superficial digital flexor
tendon (SDFTChapter 3 and 4). We have also shown that isolated cells from tendon (LDET)
and ligament (CCL) growm 3D culture have been able to form 3D tissue engineered tendon
and ligament constructs with specific extracellular matrix (ECM) macromolebeleg
present (Chapter 5). The hypothesis in this part of the study was that native tendon and
ligament have dfierential structural protein expression and that 3D constructs formed from
tendon and ligament cells retain the proteome characteristics of the original tissues.
Therefore the study aimed to identify the differences between the proteomes of native
tendon and ligament as well as engineered tendand ligament 3D constructs. These
findings would represent a level of comparison between native and tissue engideere

ligaments and tendons that has not been previously reparted
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6.3 EXPERIMENTAL PROCEDURE
An overviewof experimental procedures is described below. For more detail of the

proceduressee general materiaand method (Chapter 2).

6.3.1 Tissue collection and preparation

The cranial cruciate ligament (CCL) and long digital extensor tendon (LDET) were harvested
from five paired diseas&ee cadaveric canine hindlimbs from skeletally mature
Staffordshire bull terrier dogs immediately afteuthanasia Tissues were used from both

the right and left stifles joint§Chapter 2 table 2.1) The right stifle joint tisses were used

for protein isolation and proteomic analysis of the native tissUdw left stifle joint tissues

were used for cell isolation and creation of engineered tissues, which were subsequently
used for protein isolation and proteomic analysis. Alinples were snap frozen in liquid

nitrogen and stored aB0°C until required for protein extraction.

6.3.2 Tendon andigament construct formation

The isolation of cells and the generation of 3D constructs is described in detail in the general
material and méhods (Chapter 2, Section 2.3). All constamere fully contracted between

the anchored poins and harvested at 14 days pes¢eding.

6.3.3 Protein extraction

Prior to protein extraction all samplewere lyophilised andthen disrupted usinga
dismembrator.Approximately 3mg of each dismembrenated sample were treated with 1
unit/ml chondroitinase ABC (1 unit/inland protein was extracted with M GnHCL
extraction buffer. The soluble fraction was used forsolution trypsin digestion and
analysed by liquid romatography tandem mass spectrometry {MS/MS). Protein
concentration was measured with the Pief¥e660 nm protein assay. For verification of

isolated proteins an aliquot of each samples was run ofid% Bislris SD®AGE gel.
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6.3.4 In-solution tryptic digestion and LEMS/MS

In-solution tryptic digestion and LKIS/MS was performedvith technical assistancéey
Deborah Simpsorat the University of LiverpoolCentre for Proteome Researcfacility
(Chapter, sectior?.8.5. In brief, samples were reduced, alkgdtand insolution tryptic
digested. Fbowing desalting using procedutbe digested peptide mixture was assessed
using labefree identification and gantification on LEMS/MS usingUltimate 3000 naio
system for peptide separatiowhich was coupled to @xactive instrument forandem mass

spectrometry.

6.3.5 Proteomic data analysis

a) Protein identification

Data was analysed with a PERK&novo and database search against the canine protein
sequence database to identify the protein composition of etisble. A separate run was
performed for each group (native ligament, native tendon, 3D ligament and 3D tendon) to
identify protein composition. Instrument configuration was set up as Orbitrap {Orbi)

and high collisional dissociation (HCD) fragmentatide following parameters were used

for the PEAKSsearch; parent mass error tolerance, 10.0 ppm; fragment mass error
tolerance, 0.1 Da, precursor mass search type, monoisotypic; enzyme, trypsin; max missed
cleavage, 1; non specific cleavage, 1; fixed mmatibn; carbamidomethylation, 57.02Da;
variable modification; oxidation, methionine, 15.99 Da, Hydroxylation, 15.99 Da; and
variable PTMs per peptide, 3. The results were filtered on the basis of the following
parameters; de novo average local confidescere (ALC) %) threshold, 50; protel®lgP>

20; False discovery rate (FDR) at peptide spectrum matches (PSMs), 1%; and unique
peptides> 2. The ensemble protein accessions were o Ingenuity Pathway Analysis
(IPA, Inguinity Systems, Redwood Ci#, GSA and gene symbol with protein description

and protein subcellular locations were then mapped. Tendon and ligeswemtain a wide

G NASGe 2F WY (HymedaadNabat20]RifteReiiab 2093aT0e matrisome is

a part of the proteome that exhilstthe complete complemerdf ECM proteingHynes and

Naba 2012 Matrisomal proteins include collagens, proteoglycans, glycoprotein and other
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proteins associated with ECM. Théore the Wlatrisome Projecthas beenused to classify
proteins info ECM categoriegHynes and Naba 2012Xaba et al. 2012 The remaining
proteins were categorisedccording to UNIPROT function descripti@®ne ontology (GO)

and protein network analysis was cadieut using the String bioinformatics tool.
b) Quantification of differential expressed proteins

BAFTFSNBYyGALLtt& SELINB&AASR LINEGSA-ME softndrdl B | y I
(Nonlinear dynamics) with data searched for protein identification in PEAKIS de novo

and database search agatnthe canine protein sequence database. After adjusting to 1%

false discovery rateFDR and unique peptides> 2, the search hits were imported into

t N23ISySaran F2NI £ 06St FTNBS |ritzingdibi all lefectédA 2 y & {
features using transformed normalized abundances for -say analysis of variance
(ANOVA). Identification of proteins with two or more peptides, greater than 2 fold
abundance andvith a q value (pvalue adjusted to FDR) <0.05 wensidered significant.
Quantitativeanalysis wasitially performed by comparing the four groups of tissue samples
together. After that pakwise comparisons were performed between native ligament and

tendon, native ligament and 3D ligament, native tendamd 3D tendon, and 3D ligament

and 3D tendon.

c) Comparison of postranslational modifications (PTMs) between native tendon and

ligament

Posttranslational modification of protein (PTMs) can modulate the protein function as it
can reguhte numerous facetof a protein includirg protein turnover and locakgion,
complex assembly, enzyme activiprotein-protein interactions and modulation ofarious
signalling cascade&arve and Cheema 20 IThe PEARSoftware includes the advanced
PEAKSPTM algorithm for identifying peptides with unspecified modificati¢Han et al.
2011). Using the parameters as detailed #ction 6.3.5a, a PEAKS PTM file for native
tendon and ligarant were used to compare PTMs of collagens, large proteoglycans and

small leucine rich proteoglycans between the two tissue types.
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6.4 RESULTS

6.4.1.1 Qualitative proteomes of native and tissue engineered tissues

A total of 3569, 3743, 4481 and 5790 peptides assigoetb7, 215, 442 and 56froteins

each with the presence of more than 2 unique peptides were identified in native ligament,
native tendon, 3D ligament and 3D tendon respectively (Table 6.1). Between both native
tissues and engineered tissue8 Proteins were common, which included both ECM and
cellular proteins(Figure 6.2 The common matrisomal proteins between tendon and

ligament native tissues and 3D constructs are highlighted in Table 6.2.

Identified proteins for each tissue were classified into nsammal proteins (Matrisome
Project) and intdhe other categories based on their functioBpplementary dataChapter
8, Table S1).

Native tissues (CCL and LDET) protein composition

The native ligament proteome consisted of 50% matrisomal proteing%hucleosome
related protein, 8.5% cytoskeleton and related proteins, 8.5% metabolic enzymes, 7.9%
proteins associated with translation and signalling, 4.8% proteins assoaiatiedmmune

and inflammatory response, 3.6% proteins associated with transpod membrane
activity, 2.4% proteins associated with chaperone, stress, and protein folding, 2.4% proteins
associated with detoxification, 1.2% proteins associated with development and 0.6%
associated withproteolytic activity (Figure 64). About 53% fonative ligament proteins
locations were annotated to extracellular space and the rest were distributed between the
cytoplasm, nucleus and plasma membrane (FiguBB).Ligament matrisomal proteins
were annotated as collagens (11), glycoprotein (27)tqoglycans (13), EGkégulators

(10), ECaffiliated (11), and ECidecreted factors (9). Analysis for String protein network
and gene ontology (GO) resulted in connected clusters around ECM proteins and matrisome
associated proteins with the principal genentology processes identified as ECM
organisation, wound healing and collagébril organisation (FDRdjusted pvalues of

3.75¢*" and 1.85€", 1.19¢&" respectively) (Figure 6)4
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The native tendon proteome contained 39.7% matrisomal proteins, ¥3.hucleosome
related protein, 10.7% cytoskeleton and related protein, 9.3% metabolic enzymes, 8.4%
protein associated with translation and signalling, 4.7% proteins associated immune and
inflammatory response, 4.2% proteins associated with transport aedtbrane activity,
4.2% proteins associated with chaperone, stress, and protein folding, 2.8% proteins
associated with detoxification, 2.3% proteins associated with development and 0.5%
associated with proteolytic activity (Figure3€). About 45% of protes locations were
annotated tothe extracellular space and the remainderthe cytoplasm, nucleus or plasma
membrane (Figure 8D). Similar to ligament, the proteforotein interaction in tendon was
mainly between ECM and other matrisome assodategoteins, with similar ontology
process identifiedsuchas extracellular matrix organisation, wouihealing, collagen fibril
organisition (FDRadjusted pvalues 1.53€% 1.94e'* 2.016* respectively) (Figure B).
Based on matrisome annotations, in tendoreth were collagens (11), proteoglycans (13),
glycoproteins (30), ECM regulators (11), E€&dreted factors (8dentified.

Tissue engineered tendon and ligament 3D constructs protein compositions

The ligament 3D construct proteome contained 23.1% prateiasociated with translation

and signalling, 15.2% as proteins associated with nucleosome, 14.3% matrisomal proteins,
12.4% cytoskeletal proteins and related proteins, 12.2% metabolic enzymes, 7.5% proteins
associated with transport and membrane activity,6% chaperones, stress and protein
folding, 3.6% proteins associated with detoxification, 2.0% proteins associated with immune
and inflammatory response, 1.1% proteins associated with biodegradative metabolism and
1.1% associated probvéytic activity (kgure 6.@\). The tendon construct consisted of 20.5%
proteins associated with translation and signalling, 16.6% metabolic enzymes, 14.6%
proteins associated with nucleosome, 11.9% matrisomal proteins, 10.7% cytoskeletal
proteins and related proteins, 828 proteins associated with transport and membrane
activity, 6.1% chaperones, stress and folding domains, 3.2% proteins associated with
detoxification, 2.7% proteins associated with biodegradative metabolism, 2.0% proteins
associated with immune and inflarmatory response, 1.6% as pratsi associated with

development andlL.2% as proteins associated proteolytic activity (Figus€)6.In both 3D
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constructs an average of 66.3% protein weassociated withcytoplasnic location
indicating high cellularity ofhese tissues (Figure@d and 66D). This was further confirmed
with String analysis whereby the main connected cluster was between ribosomal proteins
(Figure 67 and 68). There was also association between cytoskeletal proteins, metabolic
enzymes and heaahock proteirs. Principle ontology for 3D ligament and 3D tendon involved
translational elongation (FDRdjusted pvalues 3.71&°, 2.3¢%%), praein targeting to ER
(FDRadjusted pvalues 9.988% 1.75e) (Figure6.6 and 6.7). Matrisomal protein in 3D
ligament and 3D tendon consisted of 10 collagens, 18 glycoproteins and 1-tef§Glistors

in both, 8 and 9 proteoglycans, 11 and 13 E&fMiated, and 5 and 6 EGbkcreted factors

respectively.
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Tissues Identified Peptide Proteins  Unique

PSM sequences peptides
Native ligament 14956 3569 167 a4 e
MP CXH
Native tendon 14587 3743 215 59=2
00 XH
3D ligament 13805 4481 442 103=2
431>2
3D tendon 17009 5790 561 130=2

Table6.1.h S NI PEAKR2 T 6 84S aSI NDK NB&dzZ (a4 REB2 NI y I (.
/1] FYR [59¢ O2yaidNHOG®

Native
27 tendon

Figure6.2. Venn diagram of native (CCL/LDET) and 3D tissues with the total number of
proteinsidentified in each tissue as well as common proteins between the tissues.

154



ECM collagens

ECM proteoglyca8

ECM tycoproteins

ECM affiliated proteins

Secreted factors

Gollagen type ll, alpha 1
Gollagen type V, alpha 1
Gollagen type VI, alpha 2
Qollagen, type |, alpha 1
Gollagen, type |, alpha 2
Gollagen, type |, alpha 2
Gollagen, type V, alpha 2
Gollagen, typeVl, alpha 1

Gollagen, type VI, alpha 3

Gollagen, type XIllI, alpha 1

Asporin

Biglycan

Decorin

Heparan sulfate
Proteoglycan 2
Lumican
Osteoglycin
Proline/argininerich
end leucinerich
repeat protein

Dermatopontin

Dlastin microfibril interfacer 1

Fbrillin 1

Fbrinogen alpha chain
Fbrinogen beta chain
Fbrinogen gamma chain

Fbulin 1

Microfibrillar-associated protein 2
Milk fat globuleEGF factor 8 protein

Tenascin C
Thrombospondin 1

Transforming growth factor, beta

induced
Vitronectin

Annexin Al

Annexin A2

Annexin A4

Annexin A5

Lectin, galactosidéinding,
soluble, 1

Lectin, galactosidéinding,
soluble, 3

S100 calcium binding protein Al
S100 calcium binding protein Al
S100 calcium binding protein A4
S100 calcium binding protein A6
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A Native Ligament

I ECM glycoproteins
I ECM proteoglycans
I ECM affiliated proteins
B ECM collagen

O ECM regulators

O Secreted factors

Il Matrisomal proteins

B Nucleosome assembly, DNA, RNA binding and transcription proteins
[ Cytoskeleton and related proteins

I Metobolic enzymes

= Proteins associated with franslation and signaling

I Proteins associated with immune and inflammatory response
I Proteins associated with transport and membrane activity
Il Protein associated with detoxification

Il Chaperones, stress and folding proteins

I Proteins associated with development

I Protein associated with proteolytic activity

Number of proteis

Subcellular location

Il Extracellular space
O Cytoplasm

I Nucleus

[ Plasma membrane

Native Tendon

= Egm glycoprt;tems Bl Matrisomal proteins
proteoglycans B Nucleosome assembly, DNA, RNA binding and transcription proteins

I ECM afffated proteins I Cytoskeleton and related proteins

B ECM collagen B Metobolic enzymes

B £CM regulators [ Proteins associated with translation and signaling

O Secreted factors Il Proteins associated with immune and inflammatory response
[ Chaperones, stress and folding proteins
I Proteins associated with transport and membrane activity
Il Protein associated with detoxification
I Proteins associated with development
I Protein associated with proteolytic activity

Number of proteis

Subcellular location

I Extracellular space
[ cytoplasm

B Nucleus

1 Plasma membrane

Figure6.3. Overview of native ligament and tendon proteomes whigravsubdivided based o
matrisomal proteins and on functionA( § with the associated subcellular locations of t
proteins in both tissues(D).
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Figure6.4. String analysis of native canine CCL. Stronger associations are represel
thicker lines Two highly connected clusters were evident, with the first cluster betw
collagens, proteoglycanand elastin associated proteins (red circle) and second clt
between matrisome associated proteins (black circle). The main principal gene on
processes were identified as ECM organisation (p=3%5&ound healing (p=1.85&) and
collagen fibril organisation (p=1.193.
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Figure 6.5. String analysis of native canine LDET. ECM proteins (red circle) and mat
associated proteins (blackrcie) have the most evident proteiprotein interaction. The mair
principal gene ontology processes were identified as ECM organisation (F32w@und healing
(p=8.7e"®) and collagen fibril organisation (p=1%5}
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