
ESTABLISHING KEY COMPONENTSFOR TENDON REGENERATIONIN VITRO

Thesis submitted in accordance with the requirements of the University of

Liverpool for the degree of Doctorin Philosophy

by

Sarah Elizabeth Taylor

October 2009



ABSTRACT

Injury to tendons continues to be one of the mostsignificant diseases of the racing

Thoroughbred. Once tendons have sustained clinical injury they are unable to

regenerate the unique parallel fibre pattern and matrix content that confers the

propertyof tensile strength. The repair tissue has a different biochemical composition

and inferior biomechanical properties to the normal tendon and subsequently re-injury

rates are high. In the horse, clinical treatment with bone marrow derived mesenchymal

stromalcells (MSCs)is being increasingly used. However, scientific evidenceis currently

lacking regarding the cellular differentiation and fate of these cells. Unfortunately

there is a paucity of data regarding molecular markers that identify the phenotypeof a

tendon cell. The objectives of these experiments were to determine if quantitative

real-time polymerase chain reaction (qPCR) could identify key genes capable of

identifying cells with a tendon phenotype.

Functional tissue engineering requires three components;a cell source, a scaffold and

stimulation in the form of various growth factors to direct formation of the desired

tissue. Numerous growth factors are under investigation for use in tendon

regeneration but wearestill faced with the fundamental problem that the exact

molecular cues that direct embryonic tenogenesis have as yet to be fully elucidated.

Transforming growth factor beta (TGF-B) has three isoforms, each having differing

roles during tendon development and healing. It has recently been demonstrated that

TGF-B signalling is necessary for recruitment and maintenance of tendon progenitors

during tendon formation but is not essential for the induction of tendon progenitors.

Experiments were therefore designed to elucidate if TGF-B could enhance the culture

of equine MSCsin vitro and promote tenogenicdifferentiation. An essential step in the

engineering of tendonlike tissue is to mimic the structure of the nativetissue.It is now

possible to produce biomimetic scaffolds that have structural properties that mimic the

topography of the extracellular matrix (ECM) of tendon. Electrospinning is a simple

technique that allows fabrication of polymeric nanofibres with similar dimensions to

the natural ECM of tendon. Experiments were designed to investigate if aligned

poly(e)caprolactone nanofibres could enhance in vitro cell morphology and gene

expression of equine tendonfibroblasts (TF).

As no single molecular marker could be identified that was capable of discriminating

tendon from other musculoskeletal tissues it is therefore recommendedthat a panelof

marker genes (COL1A2, tenascin-C and scleraxis) are used to identify tenogenic

differentiation of MSCs and for functional tissue engineering studies. TGF-B; is capable

of modulating gene expression resulting in multiple stimulatory effects on gene

expression of MSCs and promoting tenogenic differentiation (enhancing COL1A2 and

scleraxis gene expression) in vitro. The enhancement of gene expression may be

effected through Smad2/3 since this molecule becomes phosphorylated within 30

minutes of TGF-B; stimulation of MSCs. Equine tendonfibroblasts are able to adhere,

integrate and survive on electrospun PCL nanofibres for up to 14 days in vitro. No

adverse effects on cell proliferation, gene expression or extracellular matrix production

wereidentified suggesting PCL nanofibres represent a suitable option to guidecellular

orientation during tendon regeneration.
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Chapter1: General Introduction and Literature Review

1.1. Introduction

The equine superficial digital flexor tendon (SDFT) operates very close to its

functional limit in the galloping horse (Wilson and Goodship 1991). As a result,

injury to this structure is relatively commonespecially in horses performing at

high speeds, with incidence rates of 10-30% or 0.6-9/1000 Thoroughbred

racehorse starts as reviewed by (Patterson-Kane and Firth 2009). Once tendons

have sustained clinical injury they are unable to regenerate the unique parallel

fibre pattern and matrix content that confers the property of tensile strength.

The repair tissue has a different biochemical composition and inferior

biomechanical properties to the normal tendon and subsequently re-injury

rates are high as reviewed by (Fortier and Smith 2008; Silver et a/. 2003).

Additionally the length of time a tendon takes to repair is usually between 9

and 12 monthsleading to performance animals requiring large periods of rest

out of training. The high incidence of disease, relatively poorintrinsic ability of

tendon to repair and length of time necessary for recuperation have

encouraged muchresearchin this area.

Recent success of mesenchymal stromal cell therapy in otherfields (Smithet al.

2003; Taylor et a/. 2007) has promptedthe use of potentially multilineage cells

to treat equine tendinopathy with the aim of producing a better quality matrix

repair with superior biomechanical properties to the typical scar tissue

produced during natural healing. Mesenchymal stromal cells (MSCs) can be

amplified in vitro for use in the clinical situation. Initial clinical results using

MSCs have been encouraging; 18% of horses sustaining re-injury comparing

favourably with 56% re-injury with conventional management (Smith 2008).



Very little is understood about how thesecells behave in vitro or in vivo and

how exactly they are driven towards a tenogenic phenotype. The aims ofthis

work were to study both tendon fibroblasts and mesenchymal stromal cells in

vitro in an attempt to establish key components that are necessary for

tenogenic differentiation of mesenchymal stromal cells.

1.2 Normal TendonStructure and Function

1.2.1. Tendonsof the equine distal limb

Tendons are structures that transfer forces from muscle to bone, whereas

ligaments join bone to bone. The tendons of the equine distal limb have

evolved to reduce muscle weight on the distal limb and promoteefficient

locomotion. In addition to facilitating movement they act as shock absorbers

storing energy allowing highly efficient locomotion (Wilson et a/. 2001).

Tendonshave a unique arrangementofparallel collagen fibres that confer the

property of tensile strength allowing them to transfer huge forces. Tendons

may have a positional role such as the commondigital extensor tendonor they

may function to store energy and promote efficient locomotion (Birch 2007;

Silver et al. 2003). The palmar aspect of the metacarpal region in the horseis

supported by the superficial digital flexor tendon (SDFT), deep digital flexor

tendon and the suspensoryligament (Figure 1.1).



Accessory ligament of the

superficial digital flexor
tendon (superior check

ligament)

     

 

et

Accessory ligamentof the

deep digital flexor tendon
inferior check ligament)

Commondigital ( igament)

extensor tendon

Superficialdigital
flexor tendon

Deepdigital flexor tendon

Musculus interosseus medius
(suspensory ligament) 

Extensor branch of the
suspensory ligament

Distal sesamoidean

ligaments

Figure 1.1: Anatomy of the tendons and ligaments of the equine distal limb.

With permission (Richardsonetal. 2007).

Collectively these tendonsact to facilitate locomotion and also support the

hyperextended metacarpophalangeal joint when the limb bears weight. Some

tendonsact as springs during the stance and swing phase of each stride and so

decrease the energetic cost of locomotion. In the horse, an animal that has

evolved for speed, this energy storing function is particularly important in the

SDFT.

1.2.2. Tendon Hierarchy

Tendons are composed of dense connective tissue populated with sparse

fibroblasts located within a highly ordered collagen rich extracellular matrix.

The structure and composition of the extracellular matrix are important for the
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physical properties of tendon. The smallest structural unit within the

hierarchical structure of tendonis the collagenfibril (20-300nm) that is formed

by quarter staggered microfibrils of type | collagen. Collagen fibrils aggregate

together to form fibres and then bundles of fibres (or fascicles (50-300,m)).

These fascicles are then bounded by loose connective tissue known as the

endotenon(Kastelic et a/. 1978). Grossly the tendon is surrounded by loose

connective tissue known as the epitenon or paratenon (Figure 1.2). The

diameterof collagenfibrils varies with age, site and species (Greenlee and Ross

1967; Moore and De Beaux 1987; Parry 1978; Patterson-Kane et al. 1997d).

The collagen fibrils are the principal source of mechanical strength in

connective tissues (Canty and Kadler 2002).

Tripio Collagen |Coilagon| Primary Secondary Tertiary fibre Tenden unit

helical fibril fibre fibre bundle fibre bundie bundle

collagen (subfascicte}| {fascicle} {fascicie)

molecule

fnm 20~150 nm|}1-20 wpm} 15-400 pm [20-1909 pm] 1-3 mm 2-42 mm

Aare

  

f

/

Tendon fibroblast

/

Blood vessel :

Epitenon

Figure 1.2: Tendon hierarchical structure. With permisssion (Richardson et al

2007).



1.2.2.1. Crimp

The alternating dark and light transverse bandsof collagen fascicles visualised

under polarised light microscopy is termed crimp (Diamant et al. 1972; Franchi

et al. 2007; Patterson-Kane et al. 1997c).

 

Figure 1.3: Polarised light micrograph of rat Achilles tendon. The crimp is

visualised as isosceles and scalene triangles. The crimp angle (a) reduces with

age. An increase in top angle (the obtuse angle) occurs when the tendonis

stretched comparedwith the relaxed tendon (Franchi et a/ 2007).

Wilmink et al. (1992) looked at the crimp angle and crimp period length of the

SDFT of Thoroughbreds and identified greater reductions on the both

parameters in the centre of the SDFT comparedto the periphery in horses over

10 years of age. Horses below 10 years of age have equal parametersof crimp

measurements, reductionsin the core of the SDFT before 10 years is therefore

considered abnormal (Patterson-Kane et al. 1997c). In a study of wild horses

that had not undergonetraining, there was a reduction in the crimp angle in

the central region with age, such that it was less than that in the periphery in

horses 10 years and over (Patterson-Kaneet al. 1997a).



Crimp is apparent in collagen fibres or bundles running longitudinally within

the tendon, however the running of collagen fibres along the course of a

tendonis not only parallel (as reviewed by Kannus 2000). Four types of fibre

crossing have been demonstrated; crossing of twofibres, crossing of twofibres

with onestraight running fibre, a plait with three fibres and encircling of two

fibres by anotherfibre (Jozsa et al. 1991; Jozsa et al. 1984).

1.2.2.2. ‘D’ periodicity

The ‘D’ periodicity refers to the 67nm banding pattern observed along the

length of the collagen fibril and identified by negative staining electron

microscopy (Figure 1.4). The periodicity is due to the quarter staggered repeat

of the collagen molecules within the collagenfibril (Silver et a/. 2003).

i i i 4 i i

nsecngmettpepeet N i   
  

Figure 1.4: ‘D’ periodicity seen under electron microscopy resulting from the

quarter staggered repeat of collagen molecules within collagen fibrils (Banos et

al. 2008).

1.2.3. Tendon Extracellular Matrix Structure and Function

Tendonis predominantly composed of water which makesup to twothirds of

the weight of the tissue (Birch et a/. 1998). The majority of macromolecules in

the ECM of tendon can be divided into three groups; collagens, proteoglycans

and glycoproteins (Yoon and Halper 2005).



1.2.3.1. Collagens

Collagen is the single most abundantprotein in all mammals accounting for

30% of all proteins. The collagens are typically 300nm triple helices composed

of three alpha polypeptide chains with N- and C-terminal non-collagenous

telopeptides in the mature processed collagen molecules. They are however

synthesised with N-and C- terminal propeptides (Banos et a/. 2008) which are

clipped off, leading to spontaneous aggregation of the collagen moleculesin

the extracellular environment.

Type | collagen is most abundantin normal flexor tendon (Burgeson and Nimni

1992; Canty and Kadler 2002; Williams et al. 1980) forming ~95% of total

collagen (Riley 2004). Collagen typeIll is the next most abundantcollagen and

in normal equine tendonstypeIII collagen appears to be restricted to the

endotenon and epitenon (Dahlgren et a/. 2005). Type V collagen is generally

found within the core of the heterotypic collagen fibril where it forms the

template for fibrillogenesis and modulates fibril growth (Birk et a/. 1990;

Waggett et a/. 1998). Type IV collagenis restricted to tendon blood vessels and

it is also co-distributed with type | collagen fibres in normal tendon (von der

Mark 1981). Collagen types II, IX, X and XI have been identified in small

amountsin bovine Achilles tendon (Fukuta et a/. 1998).

Collagens in the ECM arestabilised by the formation of enzyme-mediated and

non-enzymatic glycation derived cross-links. The mature enzyme-mediated

hydroxylysylpyridinoline (HP) crosslinks contribute to a tissue’s mechanical

function. Tendons have a high HP content compared to other soft tissues

(Bailey et a/. 1998) implicating a role in the mechanical strength of the tissue.

The equine SDFT has been shownto have more HP than the equine CDET(Birch

et al. 1999). The HP content of tendon does not changesignificantly after
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skeletal maturity (Bank et a/. 1999). However, non-enzymatic glycation of long-

lived proteins within the ECM results in the accumulation of advanced

glycation products such as pentosidine with age, consequently pentosidine

content can serve as a markerof the molecular age of the tissue (Bank etal.

1999).

1.2.3.2. Proteoglycans

Proteoglycans are composed of a core protein to which one or more

glycosaminoglycan chains are covalently attached. In the tension bearing

regions of bovine flexor tendon, proteoglycans form 0.2-0.5% of the dry weight

of tendon (Koob and Vogel 1987). Two groups of proteoglycans have been

identified in tendon:

e Small leucine rich Proteoglycans (SLRPs) which have a characteristic

conserved section of leucine-rich repeats. The SLRPs represent 90% of

the proteoglycans present in tendon. Decorin, keratocan, lumican and

fibromodulin are expressed in tensional tendon (Vogelet a/. 1994).

e The larger proteoglycans namely aggrecan and versican are more

abundantin tendonfibrocartilage (Rees et a/. 2009).

Decorin (Figure 1.5) is a 36kDa protein; the most abundant proteoglycan found

in tendon (Vogel and Heinegard 1985). Decorin has several functions; it binds

to fibrillar collagens and is able to modulate fibrillogenesis; decorin regulates

cell proliferation mainly by inhibiting proliferation and cell spreading; decorin

also stimulates immune responses (Yoon and Halper 2005). Decorin deficient

mice have defects in both skin and tendon; collagen fibrils from deficient

tissues have larger diameters and reduced mechanical strength (Danielson et

al. 1997; Zhang et al. 2006). Levels of decorin in the equine SDFT decrease

towards the metacarpophalangeal joint (Watanabe et al. 2005). Conversely

collagen fibril diameter increases in the equine SDFT possibly due to the

reduced inhibition of lateral fusion by the decreasing levels of decorin

8



(Watanabe et al. 2005). Site specific variations in proteoglycan content are

related to the mechanical history and function of the tendon. A predominance

of decorin is identified within the flexor tendons that experience mainly tensile

loads (Riley 2004). Levels of biglycan are high in the immediate post-natal

period with levels decreasing as development progresses while decorin levels

start lower and increaseasthe levels of biglycan decrease (Zhanget al. 2006).

 

Figure 1.5: Model structure of Decorin (Weberet al. 1996). Approximately 10

triple helical collagen molecules are able to course through the decorin

concavity.

Biglycan is a 38kDa SLRP thatis expressed in cartilage and calcified tissues at

higher levels than found in tendon. Decorin and biglycan are knownto bind to

the samesite on type | collagen andthis site is different to the commonsite at

which lumican and fibromodulin bind (Svensson et al. 1995). Biglycan deficient

mice acquire reduced bone masswith age thoughtto result from the reduced

ability of the bone marrow of biglycan deficient mice to produce marrow

precursorcells (Young et al. 2002).

Lumican and fibromodulin (38kDa and 42kDa proteins respectively) are also

SLRPs that can be detected both at the protein and mRNAlevel in human

Achilles tendon (Waggett et a/. 1998). Lumican and fibromodulin appear to

show similar relationship to decorin and biglycan. Lumican levels areinitially

9



high in the neonate and go onto decrease while fibromodulin levels start lower

but increase as development progresses towards maturity (Ezura et a/. 2000).

Lumican deficient mice do not show a tendon phenotype (Jepsen et a/. 2002).

Fibromodulin promotes the formation of large mature collagen fibrils. Mice

lacking fibromodulin show small diameter fibrils with impaired tendon

function; fibromodulin is therefore thought to contribute to tensile strength

(Jepsen et al. 2002).

Aggrecan oneof the large proteoglycans of tendonis linked to hyaluronan and

providesresiliency. Aggrecan is most abundant in the compressed regions of

tendon; for instance where the SDFT changes direction at the

metacarpophalangeal joint. There are only relatively low levels found in

tensional parts of tendon (Yoon and Halper 2005). Versican also has low levels

in tensional parts of tendon and is thought to increase viscoelasticity and

maintain cell shape (Yoon and Halper 2005).

1.2.3.3. Glycoproteins

Cartilage oligomeric matrix protein (COMP) is a pentameric glycoprotein found

in the ECM of young adult tendons. This five armed protein is also able to bind

to collagen and thought to playa rolein fibrillogenesis (Rosenberg et a/. 1998).

Humans with a mutation in the COMP gene (pseudoachondroplasia) show a

tendon phenotype leading to the hypothesis that COMP mayhavea structural

role in tendon. Yet mice deficient in COMP do not show a tendon phenotype

(Svensson et al. 2002). COMP has been identified in the gap region of the

collagen fibril (Sodersten et a/. 2007). Recent data demonstrate a newrole for

COMPin protecting cells against cell death (Gagarina et a/. 2008).
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Tenascin-C is a large glycoprotein produced by tendon fibroblasts and other

mesenchymal cells (Chiquet-Ehrismann and Tucker 2004). Tenascin-Cis an anti-

adhesive protein thatis highly expressed in compressive regions of tendon with

limited expression in tensile regions (Mehret a/. 2000) and therefore may be

useful as a fibrocartilage marker. Furthermore, tenascin-C is responsive to

mechanical stimulation and upregulated in inflammatory conditions including

acute tendinopathy (Riley 2008). Variations in the sequence of the tenascin-C

gene have been associated with Achilles tendinopathies (September etal.

2007).

Tenomodulin is a transmembraneprotein thatis specifically expressed in dense

connective tissues (Shukunami et a/. 2006). Mice lacking the gene for

tenomodulin display a severe decrease in tenocyte proliferation and a

disrupted collagen fibril structure (Docheva et a/. 2005). Tenomodulin has been

proposedas a differentiation marker for tenocytes (Shukunamiet a/. 2006).

1.2.4. Tendon cell morphology

Tendon cells have been described as tendon fibroblasts, tenoblasts and

tenocytes (Chuen et al. 2004; Ippolito et a/. 1980; Taylor et al. 2009). Tendon

cells in immature animals have been described as tenoblasts (Type 2 cells),

they have differing morphology varying from elongated to rounded to

polygonal (Kannus 2000). In the adult tendon cells known as tenocytes (Type 1

cells) become elongated and the cell number reduces (Ippolito et al. 1980).

Neonatal tendon has a high cell: matrix ratio, and this ratio decreases with

maturity and further with ageing as more matrix is laid down andcell numbers

decrease (Moore and De Beaux 1987). A resident population of mesenchymal

stromal cells within tendon has been identified in mice (Salingcarnboriboon et

al. 2003).
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1.2.4.1. Tenoblasts

The morphology of tenoblasts differs as does the shape of the nucleus which

can vary from ovoid to long and spindle shaped. The rough endoplasmic

reticulum (RER) and the Golgi apparatus are well developed but few

mitochondria are seen in the cytoplasm (Ippolito et a/. 1980; Moore and De

Beaux 1987). These morphologic features support the concept of high

metabolic activities in these cells namely high rate of synthesis of matrix

molecules. This is in agreement with increased expression of procollagen type|

found in these cells (Chuen et al. 2004; Ippolito et a/. 1980). The three main

pathways of energy metabolism (Krebs’, anaerobic glycolysis and pentose

phosphate shunt) have been identified in young tendoncells (Jozsa et al. 1979;

Tipton et al. 1975). Tenoblasts have been shown to express greater levels of

TGF-B,, BMP-12 and BMP-13 than tenocytes (Chuenet al. 2004).

1.2.4.2. Tenocytes

Tenocytes have been described as the elongated ‘adult’ version of the

tenoblast (Kannus 2000). Other researchers argue there is only indirect

evidence that tenoblasts convert to tenocytes during the ageing process as

reviewed by Patterson-KaneandFirth (2009). Tenocytes appear elongated with

an increased nucleus:cytoplasmic ratio, additionally their cytoplasmic

processes become longer and thinner during ageing (Moore and De Beaux

1987). The activity of the Krebs’ cycle and pentose phosphate shuntis thought

to decrease while the levels of anaerobic glycolysis remain the same i.e. there

is a move towards anaerobic metabolism (Jozsa et al. 1991). A general

reduction in tendoncellularity is observed with ageing (Tuite eta/. 1997).
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1.2.4.3. Tendoncells in horses

Three cell types wereinitially identified within equine tendon: type |, typeII

and typeIll tenocytes (Webbon 1978). Type | cells are the spindle shaped cells

that lie between collagen fibres and are found within the tensile region of the

SDFT. As the animal matures and then ages the type | cell becomes the

predominant cell type, with overall numbers declining with increasing age

(Batson et al. 2003; Webbon 1978). Tendonfascicles are sparsely populated

with cells in comparison to othertissuesandlittle is currently known about the

different cell types within tendon. TypeII cells are the most abundantcell type

in foetal tendon andit has been suggested that this type is metabolically more

active. Type II cells are the cigar shaped cells that also lie between collagen

fibres that can be found in tendon from young animals. TypeIII cells are those

with round nuclei that are located within the compressive region of the SDFT

or in areas of chondroid metaplasia. A fourth type of cell can be identified

within the endontenon with round nuclei and prominent nucleoli (Smith 2004).

Tenocyte density has been shownto be increased in the immature animal in

comparison to the adult (Stanley et a/. 2007). Exercise was not seen to have a

significant effect on tendon cellularity (Stanley et a/. 2008).

1.3. Tendon structure in development and disease

1.3.1. Tendon development/tenogenic differentiation

Tendon developmental biology remains a poorly understood area (Bi et al.

2007; Edom-Vovard and Duprez 2004; Tozer and Duprez 2005). Recent

advances are beginning to elucidate the exact molecular mechanisms

responsible for tenogenesis (Lejard et al. 2007; Murchison et al. 2007).

Scleraxis, a bHLH transcription factor was first recognised as a marker for

tendon and ligament progenitor cells (Cserjesi et a/. 1995) but early attempts

to create a scleraxis null mouse werelethal (Schweitzer et a/. 2001). Murchison
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et al. (2007) were thefirst to identify a genetic alteration in viable scleraxis null

mice that produced a tendondifferentiation phenotype; the force-transmitting

tendonsofthe limbs andtail varied in the severity to which they wereaffected,

ranging from dramatic failure of progenitor differentiation resulting in the loss

of segments or complete tendons, to the formation of small and poorly

organized tendons. Scleraxis has been identified in other tissues including

heart valve and perichondrium (Levay eta/. 2008; Taylor et a/. 2009).

Limb tendon progenitor cells originate in the lateral plate mesenchyme

adjacentto cartilage progenitors but distinct from the myogenic cells that are

derived from the dermomyotome (Chevallier et a/. 1977). Scleraxis expression

is then identified in the dorsal and ventral areas of the limb around central

cartilage cell condensations. As the tendon develops the rows of tendon

progenitor cells become pushed apart by newly synthesized collagen fibrils

(Benjamin and Ralphs 2000). Collagen fibril orientation is dependent on the

row-like orientation of tendon cells (Doane and Birk 1991). There are three

steps in tendon collagen fibrillogenesis; first the formation of short fibril

intermediates (7-15um in length), second thereis linear fibril growth where

fibril intermediates assemble end-to-end to form longerfibrils more consistent

with mature mechanically functional fibrils and thirdly there is lateral fibril

growthto generate large diameter fibrils (Zhang et a/. 2005).

Collagen fibrillogenesis commencesin the foetus but continues in the neonate

and immature adult until skeletal maturity is reached. In the equine neonate

the SDFT is comprised of homogenous moderate diameter fibrils (Parry et al.

1978). During growth a bimodal distribution offibril sizes develops within the

first year of life (Cherdchutham et a/. 1999). This changeinfibril distribution

appears to be influenced by exercise (see later). As the animal maturescell
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density decreases, the collagen content increases and the GAG content

decreases(Elliott 1965; Ippolito and Ponseti 1980).

1.3.2. Effects of Exercise and Ageing

1.3.2.1. Ageing

The incidence of SDFT tendonitis in horses has been shownto increase with

age (Kasashimaet al. 2004; Perkins et al. 2005). Additionally, in man there has

been an increase in Achilles tendinopathy recently identified in the elderly

(Jarvinen et al. 2005; Maffulli et a/. 1999a; Moller et al. 1996). Furthermore,

recentin vitro work assessing the effects of cyclic load on tissue explants from

both young and older horses identified that tendon taken from older horses

was moresusceptible to weakening (Dudhia et a/. 2007).

Tendonsfrom horses over 2 years of age havesignificantly stiffer mechanical

properties (Gillis et a/. 1995). Reductionsin the fibril crimp angle and length

associated with ageing may be responsible for the increased stiffness

encountered within the equine SDFT with age (Patterson-Kane et al. 1997b;

Patterson-Kaneet al. 1997c; Patterson-Kaneet al. 1997d; Wilminket al. 1992).

Alternatively reductions in collagen fibril size may be responsible for the

reducedstiffness (Gillis et a/. 1997; Parry et al. 1978; Reiser 1994). The rate of

collagen synthesis declines with age whereas cross link formation increases

with age (Bank et al. 1999; Davison 1978; Riley 2004; Ruiz-Torres 1978). Once

maturity has been reached there is no significant increase in the collagen

content which remains predominantly type | collagen. There is however, an

increase in the amountof type III collagen incorporated into the collagen

fibres, collagen fibres tend to becomelarger,stiffer and less elastic (Riley et al.

1994). Additionally accumulation of advanced glycation end-products (AGEs)
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results in the formation of permanent collagen cross-links and decrease in

collagen solubility with age (Riley 2004).

Age is commonly associated with an increase in proteoglycans particularly in

tendons which have high physical demands in humans(Riley et a/. 2001). This

contrasts with findings in the horse that indicate there is a reductionin levels

of GAGs with age (Birch et al. 1998; Birch et al. 1999a). Other Proteoglycans

such as cartilage oligomeric matrix protein (COMP)are low in the tensile SDFT

in the neonate, increase until skeletal maturity and then decrease after

maturation (Smith et a/. 1997).

1.3.2.2. Exercise

1.3.2.2.1. Exercise and cross-sectional area

There are conflicting reports in the literature regarding the increase in cross

sectional area of the SDFT as a result of exercise. Treadmill exercise of 2 year

old Thoroughbred horses demonstrateda significant increase in cross sectional

area of the CDET howeverthis effect could not be demonstrated for the SDFT

(Birch et al. 1999b). Similar findings have been reported in exercised swine

flexor and extensor tendons Wooetal. 1981; Wooetal. 1980. (Buchanan and

Marsh 2001) foundthat the Achilles tendon of guinea fowl did not hypertrophy

in response to long-term training. Pasture exercised Warmblood foals

developed SDFT witha significantly larger cross-sectional area than stall rested

foals (Cherdchutham et al. 2001), this effect was also seen in exercised

Thoroughbred foals (Kasashima et a/. 2002) but were not repeated in a recent

study in youngfoals (Moffat et a/. 2008).

1.3.2.2.2. Exercise and fibril diameter

Long term treadmill exercise of 3 year old Thoroughbreds induced a greater

number of smaller diameter (40nm) fibrils in the equine SDFT comparison to

control subjects that received only walking exercise alone (Birch et al. 2008;
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Patterson-Kane et al. 1997b). A similar study in the CDET showedthat unlike

the SDFT training did not accelerate the age-related degeneration changesin

fibril diameter (Edwards et a/. 2005). A further study assessing the effect of

exercise on fibril diameterin foals identified a delay in the appearance of small

diameter fibrils in Warmblood foals subjected to stall rest (Cherdchuthametal.

2001).

1.3.2.2.3. Exercise and proteoglycan content

Levels of GAGs have been showntoincrease in exercised chicks compared to

control chicks (Hae Yoon et al. 2003). Work from the same laboratory has

demonstrated an alteration in the proteoglycan profile in exercised chickens

with levels of decorin and hyaluronan increasing in areas of high tensile load

(Yoon and Halper 2005). Exercise is believed to accelerate the loss of the ECM

protein COMP (Dudhia et a/. 2007; Smith et al. 1997). Recent worklooking at

horses that have undergone 18 months of high intensity exercise

demonstrated a reduction in glycosaminoglycan content(Birch et al. 2008).

1.3.3. Functionally distinct tendons (CDET vs SDFT)

Recent work has focussed on the similarities and differences between

positional tendons (such as the CDET) and energy storing tendons(such as the

SDFT)(Birch et al. 2008; Stanley et a/. 2007). The properties reported focus on

a decrease in matrix turnover in the SDFT in comparison to the CDET(Clegg et

al. 2007). Different types of cross linking has been observed;

hydroxylysylpyridoline cross links can be found in the SDFT whereas

histidinohydroxymesdesmosinecrosslinks are found in the CDET. Higher levels

of carboxyterminal telopeptide of type | collagen are evident within the CDET

and higher levels of MMP-3 activity have been identified in the CDET both

supporting increased turnoverin this tendon (Birch 2007). Conflicting evidence

has been reported regarding the differences in cellularity between the two

types of tendon. Cellularity as determined by DNA content demonstrates
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increased cell number in the CDET however another group looking at cell

numbers using immunohistochemistry describe higher cellularity in the SDFT

(Stanley et al. 2007). Positional tendons have muscle with longer musclefibres

and smaller CSA in comparison to energy storing tendons that have large CSA

muscles with short muscle fibres (Birch 2007).

1.4. Tendinopathy

1.4.1. Historical perspective of superficial digital flexor tendonitis

Superficial digital flexor tendinopathy was formerly described as tendinitis due

to the hypothesised inflammatory nature of the condition. The term

tendinopathy is thought to more accurately encompass the degenerative

changes that occur since inflammatory cells have not been identified in

overuse tendons (Kjaer 2004). Many therapies have tried and failed to return

an injured tendon to full biomechanical function post injury historically

including percutaneous tendon splitting, carbon fibre implants and

percutaneousbar firing (Knudsen 1976; McCullaghet al. 1979).

1.4.2. Incidence and Prevalence

The reported incidence of SDFT tendinopathy varies between 10 and 30%

(Dowling et al. 2000; Goodship et al. 1994; Kasashima et a/. 2004; Lam et al.

2007; Marr et al. 1993; Williams et a/. 2001) and thereis also a high risk to

racehorses in training (Ely et a/. 2004). Re-injury rates are reportedly even

higher with up to 56% of racehorses sustaining further injury (Dyson 2004). Of

those horses that do return to racing up 70% of racehorsesin Japan failed to

return to their previouslevel of performance (Patterson-Kaneand Firth 2009).
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1.4.3. Aetiopathogenesis of equine SDFT tendinopathy

Clinical superficial digital flexor tendonitis varies from individual collagen fibril

slippage to single fibril or fibre rupture, through to complete rupture of the

whole tendon as the affected numberof fibres increases. It is now generally

accepted that tendon rupture is a sequel to preceding events that lead to

tissue microdamage (Patterson-Kane and Firth 2009). The exact cause of

extracellular matrix degeneration remains to be fully elucidated. There are

three main theories how this preceding microdamage occurs:

1.4.3.1. Mechanical overstimulation leading to degradation (Archambaultet al.

1995)

Traditional hypotheses are centred around the idea that repetitive strain

(below the injury threshold) produces excessive mechanical forces that

accelerate the degenerative change by physically disrupting the tendon matrix.

The excessive repetitive loading may cause damagethat cannotberepaired by

the tenocytes or it may occur with insufficient time for healing between

disruptive episodes so that cellular repair is overwhelmed as reviewed by

(Dowling et al. 2000; Patterson-Kane and Firth 2009). Poor conformation has

long been suspected to contribute to tendoninjury by increasing loads on the

SDFT (Evans and Barbenel 1975). More recent epidemiological evidence has

suggested there is an increased incidence of SDFT tendonitis in horses with

increasing metacarpophalangeal joint angle and carpal valgus (Weller et al.

2006). Another mechanism that may contribute to matrix degradation is that of

exercise induced hyperthermia; thermocouples placed within the equine SDFT

have measured temperatures of up to 452C during periodsof galloping (Wilson

and Goodship 1994). It was hypothesized that these increased temperatures

could result in cell death, however subsequent experiments have shownthat

tenocytes are able to survive these extreme temperatures(Birch et al. 1997b).

Although the cells may survive these temperatures it remains unknown what
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effects such temperatures have on cell metabolism and the existing matrix

(Wilson and Goodship 1994).

Ischaemia-reperfusion injury and tissue hypoxia have been suggested as

mechanisms of matrix degeneration. /n vitro studies would suggest that

tenocytes are resistant to hypoxia in comparison to other fibroblasts as

demonstrated when aerobic metabolism was blocked, cell proliferation was

not prevented (Birch et al. 1997a). The blood supply to the equine SDFT is

substantial and comparative to that of resting skeletal muscle and also

increases with exercise making the hypothesis of hypoxia less likely (Jones

1993). Ischaemia- reperfusion injury remains a speculative hypothesis. Another

contributing factor thought to be involved in the developmentof tendinopathy

is the presence of muscle fatigue (Butcheret a/. 2007).

Whentendoncells fail to adapt to increased mechanical stresses an imbalance

between matrix degradation and synthesis arises. The molecular pathology of

tendinopathy in man is well characterised with elevations in matrix

metalloproteinases (MMP) (-1, -2 and -23) and also elevationsin a disintegrin

and metalloproteinase with thrombospondin motifs (ADAMTS) (-2 and -3)

(Corps et al. 2008; Ireland et a/. 2001; Joneset a/. 2006). In the horse, elevation

of the proteolytic enzymes MMP-13 and MMP-1 has been reported in acute

tendinopathy (Clegg et a/. 2007). Application of tensile strain to explants of the

SDFT resulted in increases in MMP-2 and MMP-9 (Dudhia et al. 2007).

Overstimulation of tendon cells in vitro has been shown to induce

inflammatory enzymes (Banes et a/. 1995; Gardner et al. 2008; Wang etal.

2004). The magnitudes and durations of strain used in these experiments may

not beclinically relevant.
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1.4.3.2. Mechanical understimulation leading to degradation (Arnoczky etal.

2007)

Recently a new theory to explain the preceding tendon degeneration has been

published centred around the understimulation of tendon cells. This hypothesis

evolved as a result of perceived flaws in the overstimulation theory. The

magnitudes and durations of strain used in the overstimulation experiments

may not be clinically relevant. The use of confluent cells in the monolayer

systems studied mayresult in paracrine signalling that is not experienced in

normal tendonsthat are sparsely populated withcells. It has been shownthat

understimulation of tendoncells in situ has resulted in an increase in MMP-13

(Lavagnino and Arnoczky 2005; Lavagnino et al. 2006). This has led to the

theory degeneration may result from a loss of local homeostatic strain or

understimulation of tendoncells resulting in activation of the catabolic cascade

(Arnoczky et al. 2007).

1.4.3.3. Aberrant differentiation of resident stromal cells into fibrocartilage, fat

etc. resulting in a weakened structure (Wang et a/. 2007; Zhang and

Wang 2009)

Another proposed mechanism for tendon degeneration is the aberrant

differentiation of resident stromal cells leading to formation of lipids,

glycosaminoglycans and calcification that are often seen in human

tendinopathy (Zhang and Wang 2009). A population of stromal cells has been

identified in both human and mousetendon(Bi eta/. 2007).

1.4.4. Clinical pathology and histology of equine tendinopathy

Early post mortem studies in normal horses identified gross areas of

discolouration within the central core of the SDFT. Histological studies of these

subclinical injuries identified areas of low-grade pathological damage, ranging

from acellular areas, to chondroid metaplasia to cyst formation (Webbon

1978). Most SDFT injuries seen in the clinical situation occur bilaterally with
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one forelimb being more severely affected than the other. In suspected

unilateral cases blood flow studies have identified increases in the ‘normal’

contralateral tendon suggesting this limb is not totally unaffected (Jones 1993).

The most consistent finding in acute severe injury was the increase in cross

sectional area sometimes up to 200% of the corresponding contralateral

segment (Crevier-Denoix et al. 1997). Histological sections collected from

injured SDFT demonstrated activated tenocytes, angiogenesis, haemorrhage,

and infiltration of small numbers of leucocytes with loosely packed collagen

fibrils (Kobayashi et a/. 1999).

1.4.5. Current treatment options and prognosis in horses

A review article in 2000 concluded ‘Of the many treatments that have been

advocated thereis little evidence that any of them have enduring beneficial

effects’ (Dowling et a/. 2000), whilst almost ten years later another review

paper described the ‘lack of understanding of how to influence the healing

process with prognosis being largely dependenton the initial severity of injury’

(Patterson-Kane and Firth 2009). Dyson (2004) demonstrated that despite

medical therapy with intralesional B-aminoproprionitrile fumarate (BAPTN),

hyaluronan or polysulphated glycosaminoglycans there was no significant

difference in re-injury rates compared to managementwith controlled exercise

alone. Therapy with recombinant growth hormone does not augment the

biomechanical properties of the SDFT (Gerard et a/. 2005). Desmotomy of the

accessory ligament of the SDFT (ALSDFT) has been usedtotreat tendinopathy

of the SDFT however the increased risk of suspensory injury or re-injury

associated with this treatment question the validity of this form of treatment

(Gibson et al. 1997).
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Platelet rich plasma (PRP) has been shownto have anabolic effects on explants

cultures of the equine SDFT (Schnabel et a/. 2007) and also in human

monolayer cultures (de Moset al. 2008). One concern with the use of PRPis

promoting a potentially already over active fibrogenic response in healing

tendon injuries. The intra-lesional injection of bone marrow derived MSCs

demonstrates beneficial effects over conservative treatmentin initial studies

anecdotally (Smith 2008) warranting further investigation into the mechanism

of action of this technique.

1.4.6. Comparative conditions

There are both similarities and differences between Achilles tendinopathy in

man and equine SDFT tendinopathy (Birch et a/. 1998; Kjaer 2004). It is now

generally accepted that changes to the matrix precede clinical injury in human

Achilles tendinopathy (Ireland et a/. 2001) and in equine SDFT tendinopathy.

Mechanically induced microdamage has been proposed as a mechanism of

injury to human Achilles tendon (Rees et al. 2006). Achilles tendinopathy has

been increasing in the elderly in recent years (Jarvinen et a/. 2005; Maffulli et

al. 1999b; Moller et a/. 1996) similar to the situation in the horse where

increased age is associated with an increased incidence of tendinopathy

(Dudhia et al. 2007; Lam et al. 2007).

Achilles tendinopathy is associated with high body mass and leg-length that

can place tendons under abnormalor excessive loads (Kannus 1997). There is

thought to be a genetic aspect in some patients namely sequencevariations in

the genes encoding tenascin-C and collagen type VA1 are thought to be

associated with an increased incidence of tendinopathy (Septemberet al.

2007). Variants in the MMP-3 gene have also been associated with increased

risk of Achilles tendinopathy (Raleigh et a/. 2009).
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A microarray study of Achilles tendinopathy revealed up-regulation of 17 genes

and down-regulation of 23 genes(Ireland et a/. 2001). Large increases were

seen in collagens | and Ill and the proteoglycans; versican, biglycan and

perlecan but there was no changein decorin. Further changes were seen in

matrix metalloproteinase (MMP) expression, the greatest change being the

reduction in MMP-3 in painful tendinopathy and ruptured tendon(Ireland et

al. 2001). Recent work in normal and damaged equine tendons has

demonstrated similar reductions in MMP-3 expression (Clegg et a/. 2007).

There are however, somedifferences currently recognised between Achilles

tendinopathy in man and SDFT tendinopathy in the horse. Tendon pain is

described in chronic Achilles tendinopathy (Tan and Chan 2008) however,

tendon painis not a consistent feature in the horse with exception of the acute

phase of the disease.

1.5 Mesenchymal stromal cells

1.5.1. Cell based therapies and regenerative medicine

Mesenchymal stromal cells (MSCs) have the potential to revolutionise the

treatment of equine orthopaedic disease becauseoftheir ability to self-renew

and differentiate into various tissue lineages under specified conditions (Lee

and Hui 2006). The use of haemopoietic stromal cells for the clinical treatment

of leukaemia (e.g. bone marrow transplants) is already well established while

the use of MSCs is much morein its infancy. The goal in the therapeutic use of

MSCsin musculoskeletal disease is to harness the regenerative nature of these

cells focussing on the potential to grow new tissues and organs to replace

damaged or diseased tissue. In addition to in vitro experiments and in vivo
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studies in animals, in vivo studies on human patients seem to be showing

promise that stromal cell therapy can be beneficial in the treatment of

osteogenesis imperfecta and myocardial infarction (Horwitz et al. 2002;

Wollert et al. 2004). Currently degenerative diseases under investigation for

treatment with stromal cells in man are extensive, including diseases such as

osteoarthritis, diabetes mellitus, Parkinson’s disease, ischaemic heart disease

and retinal degeneration (Hows 2005).

1.5.2. Definition of a stromal cell vs a stromal cell

The term stromal cell wasfirst coined in the 19th Century by Edmund Beecher

Wilson who described stromal cell as a synonym for a mitotically quiescent

primordial germ cell (Wilson 1896). Stromal cells have also been described as

the natural units of embryonic generation, and also adult regeneration, of a

variety of tissues (Weissman 2000). It was in the 1960s that it was first

identified that bone marrow derived cells were capable of differentiating into

cells (osteoblasts) of mesenchymalorigin (Friedenstein and Petrokova 1966).

Stromal cells are able to differentiate into tissues from different germ lines

(mesoderm, ectoderm and endoderm) whereas stromal cells have a more

limited differentiation capacity. The term mesenchymal stromal cell is used

throughout this thesis where pluripotent capacity has not been demonstrated.

The ability of these bone marrow derived MSCsto differentiate into cells of

different lineages (osteoblasts, chondrocytes and adipocytes) (Figure 1.6)is

now widely established in many laboratories (Barry et a/. 2001; Jiang et al.

2002; Johnstone et al. 1998; Pittenger et al. 1999) and has been recently

demonstrated for equine bone marrow derived MSCs (Koerner et a/. 2006;

Vidal et al. 2006). Adult bone marrow derived mesenchymal stromal cells (BM-

MSCs) are found post-natally in the non-haemopoietic fraction of the bone

marrow stroma which comprises a heterogeneous populationofcells including
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reticular cells, adipocytes, osteogenic cells, smooth muscle cells, endothelial

cells and macrophages(Lee and Hui 2006).

MULTIPOTENT MSC

OSTEOBLAST CHONDROCYTE CO \ADIPOCYTE
MUSCLE CELL

  
  

TENOCYTE

Figure 1.6: Schematic representation of the multiple differentiation pathways

of multipotent mesenchymal stromal cells. Runx2 is the principal protein that

mediates the transcriptional control of osteogenesis, SOX9 is the equivalent for

chondrogenesis and PPARy is the equivalent for adipogenesis. MyoD is a

regulatory factor that controls myogenesis. Smad& and scleraxis are

transcription factors thought to be important in tenogenesis (Taylor et al.

2007).

1.5.2.1. Stem Cell terminology

Stem cells have two basic characteristics, firstly they are able to continually self

renew and secondlytheyare capable ofdifferentiating into multiple specialised

cell types (Baksh et al. 2004; Ryan et al. 2005). Truly totipotent stem cells are

able to create an entire organism, a property only of the early embryo (Fortier

2005; Lee and Hui 2006). Pluripotent stem cells harvested from the embryonic

blastocyst are capable of differentiating into cells of the three mammalian

germ lines (mesoderm, endoderm and ectoderm) under specific signalling
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conditions (Conley et a/. 2004). Multipotent is the term commonly applied to

adult stromal cells that are capable of differentiating into a limited numberof

different lineages (Lee and Hui 2006). Multipotent stromal cells that are

capable of differentiating into more specialised cell types (for example

osteocytes, chondrocytes and adipocytes) can be aspirated from the non-

haemopoietic fraction of the bone marrow (Pittenger et a/. 1999). Stromal cell

plasticity refers to the ability of adult stromal cells to acquire mature

phenotypesthat are different from their tissue of origin (Groveet al. 2004).

Transdifferentiation refers to the ability of a stromal cell committed to one

specific cell line to switch to anothercell type of a different lineage sometimes

across embryonic germ layers (Song et a/. 2006). For example a mesenchymal

stromal cell derived from the bone marrowthatis stimulated to become an

osteoblast with the relevant stimuli may be able to revert to different

phenotype such as an adipocyte following addition of stimulatory factors that

are appropriate for adipogenic differentiation (Song and Tuan 2004). To date

the exact pathways involved in transdifferentiation are unclear (Song et al.

2006).

Stem cell niches are specialised microenvironments that safeguard against

excessive stem cell production and progression to cancer but also allow

controlled replication for progenitor production and tissue repair when

necessary. The balance between quiescence and activity is the important

characteristic of a functional stromal cell niche (Moore and Lemischka 2006)

“Stemness” has been described as stromal cell potency- the cell’s breadth of

competencefor differentiation (Shostak 2006). Bone marrow MSCs harvested
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from adult mice have been described as multipotent adult progenitor cells

(MAPCs)by virtue of their ability to differentiate acrosscell lines representing

the three embryonic germ layers (Jiang et al. 2002). The breadth of

differentiation demonstrated by Jiang et al. (2002) showed that bone marrow

derived cells could develop into tissues of all the three germ lines

(haemopoietic cells, epithelium of the liver, lung and gut in additiontocells of

mesenchymal origin). Our current understanding of the molecular mechanisms

that maintain self renewal and control differentiation are not at a point where

“tissues could be made on demand”. However, advancesin identifying the

molecular signature of embryonic stromal cells (ESCs) has highlighted

pathways, such as those involving the transcription factors Wnt and Smad,

involved in the maintenance of “stromalness” (Tabibzadeh and Hemmati-

Brivanlou 2006).

1.5.3 Types of stem cells capable of forming musculoskeletal tissues

1.5.3.1. Embryonic stem cells

ESCs are the in vitro cultured pluripotent cells obtained from the inner cell

mass of the embryonic blastocyst (Bongso et al. 1994; Conley et al. 2004;

Laslett et al. 2003; Lee and Hui 2006). The human embryonic blastocyst is

formed approximately 5 days followingin vitro fertilization and comprises two

tissue types: the inner cell mass which, developsinto all tissues of the embryo

and its extra embryonic trophectoderm which contributes to structures of the

placenta (Kimber 2000). It is during this time that pluripotent ESCs can be

derived through immunodissection or physical microdissection (Conley et al.

2004; Laslett et al. 2003; Pera et al. 2003). The cells of the 5 days blastocyst in

vivo are able to proliferate and self renew for a transient period before they

becomerestricted to more specific and committed cell precursors. ESCs have

been cultivated from several species including the mouse, rat, human
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(Thomsonet al. 1998) and recently from the horse (Li et a/. 2006; Saito etal.

2006). Following isolation of ESC thesecells are transferred to co-culture with

murine or bovine embryonic fibroblasts also know as ‘feeder cells’ which are

necessary to ensure the ESCsretain their pluripotent ability. The mechanisms

and specific factors needed to maintain pluripotency remain unknown(Conley

et al. 2004; Gruen and Grabel 2006). A successful test of pluripotency of a

stable ESC line is its ability to differentiate into ectoderm, mesoderm and

endoderm wheninjected into animals (Thomson et a/. 1998). This is most

frequently demonstrated by the propensity to form teratomas wheninjected

into mice (Thomsonetal. 1998).

1.5.3.2. Mesenchymal stromal cells (MSCs)

Mesenchymal stromal cells were originally isolated from the non-haemopoietic

bone marrow stroma and havethe potential to differentiate into tissues of

mesenchymal origin including chondrocytes, osteoblasts, adipocytes,

fibroblasts and marrow stroma (Tuan et al. 2003). The ability of MSCs to

differentiate into many types of musculoskeletal tissue holds great possibilities

in the repair and regeneration of cartilage, bone and tendon. However, the

mesenchymal stromal cell fraction of the bone marrowonly constitutes 0.01-

0.001% of the nucleated cells found in the bone marrow (Pittengeret a/. 1999)

and in many cases, the numbers needed are much greater than can be

harvested directly from theseclinical aspirates. Techniques for expanding these

cells in culture are being developed although, as with ESCs the problem with

control of differentiation still exists. MSCs can be recovered from a wide range

of tissues from different ages (see Table 1.1). In the foetus, MSCs have been

isolated from a range of foetal tissues including spleen, lung, pancreas and

kidneys (In 't Ankeret a/. 2004). Circulating MSCs have also been foundin first

trimester foetal blood, liver and bone marrow (Kern et al. 2006; Lee et al.

2006). A growing bodyofliterature is suggesting that mid trimester MSCs may
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have better growth and plasticity properties compared to adult MSCs

(Gotherstrom et al. 2005; Guillot et a/. 2007).

Neonatal MSCs can be sourced from umbilical cord blood and Wharton’sjelly

(umbilical cord perivascular tissue). It has been reported that umbilical cord

blood contained a more primitive population of multipotent MSCs capable of

differentiating into cells of the three germ layers (Lee et a/. 2004). However,

MSCs from umbilical cord blood have been shown to have a reduced

adipogenic differentiation (Bieback et a/. 2004; Chang et al. 2006). Other

studies suggest umbilical cord blood MSCsretain their multipotentiality but

only have limited lifespan (Karahuseyinoglu et a/. 2007).

Adult MSCs have been sourced predominantly from bone marrow(Pittenger et

al. 1999) although, more recently, MSCs have been harvested from a wide

variety of other tissues (Table 1). The presence of MSCs in adult tissues other

than the bone marrow stroma maysuggest that these cells are further down

the lineage commitment pathway with a more limited potential for

differentiation (Tuan et al. 2003).

1.5.4. Isolation and culture of MSCs

In most cases, the isolation of MSCsrelies on the ability of the MSC to adhere

to tissue culture plastic and form colonies of cells when plated at low cell

densities (the number being defined the numberof colonies formed (the CFU-f

assay). This adherent property is used to separate MSCs from haemopoietic

cells that are removed with the media whenthe culture media is changed

usually 2 days after initial plating. Frequently the whole bone marrowaspirate

is subjected to fractionation on a density gradient solution such as Percoll.

Bone marrow aspirates in recent equine studies have yielded 6.4 + 3.4 x 10°/|
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nucleated cells in bone marrow aspirate (Smith et a/. 2003; Vidal et al. 2006)

which, is comparative to human bone marrowaspirates(Pittenger et a/. 1999).

Cells are then plated onto Petri dishes or tissues culture plates and grownin

standard culture media (Pittenger et a/. 1999) where they havea fibroblastic

morphology (Barry and Murphy 2004). Once the cells have grown to

confluence trypsin digestion allows collection of the cells for further

cultivation. Equine bone marrow aspirates have yielded 1-2 x 10° adherentcells

after 3 days culture (Fortier 2005) from 10ml of sternal bone marrowaspirate

(Smith et a/. 2003).

Although it is now generally accepted that the number of MSCs obtained from

the bone marrow reduces with age (people over ~30 years), site and disease

status (Majors et al. 1997) there arestill huge variations in the yield of stromal

cells from different individuals and even in aspirates obtained from the same

individual and the same site (Phinney et a/. 1999). Furthermore the

morphology and othercellular properties of even clonally isolated cells can

change (Okamotoet al. 2002) as bone marrow MSCs are expandedin culture

(Sekiya et a/. 2002). Small rapidly dividing cells with high multilineage potential

become larger slower growing cells with limited differentiation ability

(Digirolamoet al. 1999) as they are expanded through several passages.

1.5.5. MSC therapy for tendon

The use of MSCs to regenerate diseased tissue relies on the successful

extrapolation of in vitro differentiation to in vivo engraftment and long term

survival. Tissue engineering is thought to require at least 3 separate
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components — a scaffold in which the cells can survive, an appropriate

environment (humorally and mechanically) and a cell source (Tuan 2006).

1.5.6. In vitro tenogenic differentiation

In comparison with adipogenic, osteogenic and chondrogenic differentiation

little is currently known aboutthe signalling pathways involved in tenogenesis,

and studies investigating tenogenesis have beenlimited by the lack of unique

markers for tendon matrix. However, both MSCs and tendon-derived cells can

be induced to form an extracellular matrix that closely resembles tendontissue

in vitro (Smith, unpublished data). Recent literature would suggest that

tensional mechanical load of cells is necessary for the formation of optimally

organised tendon andligament matrix (Kuo and Tuan 2008).

1.5.7. In vivo tendon regeneration

There are a numberof experimental animal models which have demonstrated

efficacy of MSCs implantation over controls, usually using laceration modelsin

rabbits or rats (Awad et al. 2003; Younget a/. 1998). In a recent study using a

window modelin the rat patellar tendon, MSCs were better than controls or a

differentiated cell line (from a different species) in both mechanical

functionality and matrix quality (Hankemeier et a/. 2005). The use of

autologous MSCs has been described in the horse (Smith et al. 2003) which

utilises an autogenous adherent nucleated cell population recovered from

sternal bone marrow aspirates and expanded in the laboratory until

approximately 10x10° cells are available for implantation into the damaged

tendon underultrasound guidance. The techniqueis currently being used in

equine practice and while clinical experience suggests a positive effect on re-
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injury rates when compared to conventional management(Smith and Webbon,

2005), there are no published controlled studies proving efficacy to date.
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Table 1.1 Sources and differentiation potential of adult and neonatal MSCs.
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1.6 Functional tissue engineering for tendon repair

Functional tissue engineering (FTE) combines the fields of molecular biology,

biochemistry and biomechanics to design and develop products that can

enhance tissue regeneration. The essence of tissue engineering relies on the

combination ofcells, scaffolds and stimulation (growth factors) to induce tissue

self-regeneration in vivo (Bagnaninchiet a/. 2007). Both tendonfibroblasts and

mesenchymal stromal cells have been used for FTE of tendon. Collagen is the

most commonly used scaffold for tendon FTE, other materials include chitin

based scaffolds, porcine small intestinal submucosa (Woo et al. 1999), and

synthetic polymers such as polycaprolactone, polylactide-co-glycolide and

polyurethane (Kumbaretal. 2008). Stimulation can be divided into three areas;

chemical application of growth factors, gene therapy and mechanical

stimulation. Growth factor stimulation of tendon fibroblasts has been shownto

increase collagen production (Fu et a/. 2003) in vitro however, the correct

concentration and combination of growth factors have yet to be established in

vivo. Gene therapy has been shownto enhance tendonhealing in experimental

models (Majewski et a/. 2008). Application of tensile strain has been shown to

promote development of a tendon-like structure (Noth et a/. 2005). Many

improvements have been made in the field on tendon FTE yet there are

multiple future challenges that must be overcome before the experimental

work can betranslated into the clinical situation (Butler et a/. 2008).

1.6.1. Invitro culture of tendon fibroblasts

The first reported studies describing in vitro culture of avian tendonfibroblasts

date back to 1976 (Schwarz etal. 1976). It is relatively easy to cultivate tendon

fibroblasts in the laboratory, unfortunately the phenotype of tendon

fibroblasts in monolayer cultures deviates from the original cell phenotype

relatively rapidly as the cells are expanded over multiple passages (Bernard-
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Beaubois et al. 1997; Yao et al. 2006). It would appear that monolayer culture

fails to provide the cues that are necessary to recapitulate the cell phenotype

of a tendon fibroblast in vivo. Consequently culturing techniques have

developed to provide the additional cues including three-dimensional culture

and the application of tensile strain and growthfactors.

1.6.2. Mechanical stimulation of tendonfibroblasts in monolayerculture

There are several commercially available systems that allow the application of

controlled tensile strain to cells in monolayer cultures: The FlexerCell® System

(Banes et al. 1985), the Mechanical Cell Simulator (Vandenburgh 1988), the

Strainmaster (Schaffer et al. 1994). Additionally individual laboratories also

develop and validate experimental systems (Butler et a/. 2008; Neidlinger-

Wilke et al. 1994; Park et al. 2004). The FlexerCell® System is the most widely

available and also accommodates application of tensile strain to three-

dimensional cell cultures and was therefore chosenforusein this thesis.

1.6.2.1. Application of tensile strain using the FlexerCell® FX-3000 Tension Plus

System

The computerised Flexercell® FX-3000 Tension Plus system (Figure 1.7) can be

used with different combinations of culture plates and loading stations to

applying varying strain vectors to both two- and three-dimensional cell cultures

(Table 1.2).
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Figure 1.7: Flexercell® FX-3000 Tension Plus system

 

Flexcell Culture Plate / Loading Station Application Comparison
 

 

 

      
 

Culture Plate Style Culture Type Application Strain Vector Loading Stations
UniFlex™ Monolayer Cell Cultures Uniaxial AreTangle™
BioFlex® Monolayer Cell Cultures Equibiaxial Cylindrical

Tissue Train 3 Dimensional Tissue Culture Uniaxial ArcTangle™

Table 1.2: Flexcell International Corporation Tech Report 102.

http://www.flexcellint.com/documents/UniflexTechReport.PDF

The BioFlex™ plates contain a flexible silicone membrane onto whichthecells

are plated. These plates are used with various diameters of cylindrical loading

posts, the smaller the diameter of the loading post the larger values of tensile

strain can be generated whenthe vacuumis applied (Figure 1.8).
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Figure 1.8: Baseplate loaded with 4 BioFlex™ plates on cylindrical loading

stations for application of equibiaxial tensile strain.

The UniFlex™ plates also contain a flexible silicone membrane however they

are used with arctangle loading posts to generate uniaxial strain (Figure 1.9).
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Figure 1.9: UniFlex™ plate on arctangle loading stations for application of

uniaxial tensile strain.

Uniaxial strain is achieved on a centrally located rectangular portion of the

UniFlex™ plate (Figure 1.10).

 

Figure 1.10: Close up of a single well of a UniFlex™ plate demonstrating the

rectangular area of the silicone membranethat receives uniaxial strain.
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1.6.2.2. Selection of strain frequency, amplitude and duration in monolayer

culture

The experimental possibilities varying strain frequency, amplitude and duration

seem infinite especially when the variable of cell origin is added into the

equation. The focus therefore will be on tendon and ligamentfibroblasts and

MSCssubjected to tensile strains thought to be relevant to tendinous tissues.

The equine SDFT experiences forces of between 10 and 16% during galloping

(Stephens et a/. 1989). High strain amplitudes of 10% applied to MSCs have

been reported to induce genes representative of tendon phenotype whilst low

strain amplitudes of 3% have been reported to induce genes consistent with

osteogenesis (Chen et al. 2008). Strain amplitudes of 10% have been most

commonly used with the Uniflex™ (Hamilton et al. 2004; Henshaw etal. 2006;

Lee et al. 2007b; Matheson et al. 2006a; Matheson et al. 2006b, 2007a;

Matheson et al. 2007b) and Bioflex™ (Chen et al. 2007; Goodmanet al. 2004;

Lee et al. 2007a) monolayercell culture systems.

1.6.2.3. Selection of cell seeding density

1.6.2.3.1. Uniaxial:

Each well of the UniFlex™ six well plates has a surface area of 9.63cm? however

cells adhere to the central rectangular area that has a surface area of 3.68cm’.

Reported cell seeding densities vary from 4 x 10‘cells/well to 2 x 10°cells/well

(Chen et al. 2008; Hamilton et a/. 2004; Hannafin et al. 2006; Mathesonetal.

2007a). Some authorsallow thecells to attach to the culture plate membrane

for 24-72 hours before application of any tensile strain (Hamilton et al. 2004;

Hannafin et a/. 2006).

40



1.6.2.3.2. Equibiaxial:

Each well of the BioFlex™ six well plates has a surface area of 9.63cm’.Cells

have been seeding at varying densities varying from 1 x 10‘cells/well to 5 x

10°cells/well (Chen et al. 2007; Koike et al. 2005; Lee et al. 2007a; Liu et al.

2005; Long et al. 2002).

1.6.2.4. Cellular orientation and proliferation in strained monolayer culture

Static strain has been shown to havedifferent effects on cell orientation to

cyclical strain (Jungbauer et a/. 2008). Application of continuousstatic strain

results in cell orientation parallel to the axis of applied strain (Collinsworth et

al. 2000; Eastwoodetal. 1998). In contrast application of cyclical strain has

repeatedly resulted in cells aligning perpendicular to the axis of strain

(Neidlinger-Wilke et a/. 2002; Wang 2006). The differing cellular reorientation

responses seen by application of different directions on tensile strain

application occur concurrently with transient and sustained activation of the

JNK pathwayfor uniaxial and equibiaxial cyclic strain respectively (Kaunaset al.

2006).

1.6.2.4.1. Uniaxial strain and cell proliferation:

Cyclic tensile strain of 10% at 1Hz inhibited cellular proliferation and caused

the cells to become aligned perpendicular to the strain axis in both bone

marrow derived (Hamilton et al. 2004) and adipose derived (Lee et a/. 2007a)

stromal cells. Cell proliferation was reduced when either anterior cruciate

ligament or medial collateral ligament fibroblasts were subjected to 5% cyclic

strain on fibronectin and collagen type | coated plates (Hannafin et a/. 2006).

Other groups report no change in DNA content when strain was applied to

collagen type | coated plates (Mathesonet a/. 2007a).

41



1.6.2.4.2. Equibiaxial strain and cell proliferation:

The effect of equibiaxial strain on cell proliferation has produced inconsistent

reports in the literature. Increased cell proliferation has been described when

strain amplitudes of 5, 10 and 15% were applied to a cell line of MSCs for 48

hours (Koike et a/. 2005). Others report reduced proliferation after both 12 and

24 hours of strain using similar amplitudes (Song et a/. 2007). Cellular

proliferation rate has also been influenced by cell source when cells were

subjected to equibiaxial strains. Equibiaxial cyclic strain (9%) increased cell

proliferation in extensor tendon fibroblasts but did not have this effect on

flexor tendon fibroblasts (Goodmanetal. 2004).

1.6.2.5. Gene expression and protein productionin strained monolayerculture

Equiaxial and uniaxial strain result in differential effects on the gene expression

of BM-MSCs(Park et al. 2004). Some authors report cyclic mechanical strain to

be a weak inducer of gene expression hypothesising that the limited only two

fold differences in levels of gene expression werea result of fluid shear stresses

(Frye et al. 2005).

1.6.2.5.1. Uniaxial strain and gene expression:

Uniaxial stretch increased COL1A1 and COL3A1 expression in human ACL

fibroblasts. Application of cyclic uniaxial tensile strain (12%) to human

periodontal ligament fibroblasts for 24 hours has been shownto up-regulate

geneslinked to the osteoblast phenotype (BMP2, BMP6, ALP, SOX9) (Wescott

et al. 2007). Cyclic uniaxial strain has been shownto upregulate SM a-actin and

COL1A1 in MSCs(Park et a/. 2004). Cyclic uniaxial tensile strain has been shown

to down regulate the expression of mesenchymal stromal cell protein (MSCP)

and up-regulate the expression of MMP-3 in human MSCs (Chen et al. 2008).

Furthermore Cbfa1 and ALP (genes associated with osteogenesis) were up-
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regulated at 3% strains whereas COL1A1, COL3A1 and TNC (tendon/ligament

associated genes were up-regulated at 8% strain (Chen et a/. 2008).

1.6.2.5.2. Equibiaxial strain and gene expression:

Application of equibiaxial strain to human osteoblast-like cells had differential

effects on COL1A1 and COL3A1 expression depending on strain magnitude.

COL1A1 expression remained stable up to strains of 12.5% whereas COL3A1

began to decreaseatstrains greater than 5% (Liu et a/. 2005). Cyclic equibiaxial

strain has been shown to down regulate SM a-actin in MSCs. Lower

magnitudes of equibiaxial strain (0.8 and 5%) have also been shown to

stimulate osteogenic differentiation of MSCs (Koike et a/. 2005). It has been

reported that equibiaxial strain significantly increased COL1A1 and decorin

gene expression of posterior tibial tendon fibroblasts however the increase

reported wasless than twofold (Chenet a/. 2007).

1.6.3. Mechanical stimulation of tendon fibroblasts in 3D culture

Recent cell culture systems have focussed on the useof collagen or fibrin gels

seeded with tendon fibroblasts or bone marrow MSCs to study the gene

expression and phenotypeofthese cells. Several systems have been developed

for culturing tendon fibroblasts in a three dimensional, mechanically active

environmentincluding bioartificial tendon (BAT) (Garvin et a/. 2003), collagen

gel systems andcell-collagen gel-sponges (Butler et a/. 2008). Considerable

progress has been made on the development of the stromal cell-collagen

spongeconstructs (Butler et a/. 2008). Initial work focussed on the importance

of cell seeding density (Awad et al. 2003) andcell-to-collagen ratio (Juncosa-

Melvin et al. 2006; Juncosa-Melvinet al. 2005) identifying constructs seeded at

0.1 x 10° cells/mL in 2.6mg/mL of collagen gel had improved mechanical

properties. Subsequent work demonstrated that mechanical stimulation of
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these constructs further improved the mechanical properties (Juncosa-Melvin

et al. 2007).

1.6.3.1. Selection of cell seeding density, strain amplitude, frequency and

duration.

The original description of the Tissue Train™ system (Garvin et a/. 2003) used

cell seeding densities of 1 x 10°cells/mL and 2.5 x 10°cells/mL. The former

seeding density has been used subsequently with this system (Ferdousetal.

2008; Ferdous et al. 2007; Henshaw et al. 2006). More recently is has been

shown that a cell seeding density of 6 x 10’cells/mL resulted in more gel

contracture than a cell seeding density of 30 x 10*cells/mL (Sumanasinghe et

al. 2009a). The original description of the Tissue Train™ system (Garvin et al.

2003) recommended a strain amplitude of 1% at 1Hz for 1 hour/day.

Subsequent workhas used the system with strain amplitudes of 2.5% at 1Hz

for 2 hours/day (Henshaw et al. 2006) or alternatively 10% amplitude

(Sumanasinghe et al. 2009a), 1Hz for 4 hours/day. Following the initial 2 days

necessary to fabricate the gels culture duration varies from 5-14 days (Garvin

et al. 2003; Sumanasingheet a/. 2009a).

1.6.3.2. Cellular alignment and proliferation in strained 3D culture

Cellular orientation is dependent on mechanical load; cells within floating

collagen gels have a dendritic appearance with no cellular orientation (Grinnell

et al. 2003). Anchoring of a collagen gel to the loading posts of Tissue Train™

culture plates resulted in a linear orientation of the cells without the

application of tensile strain (Henshaw et a/. 2006). Cellular orientation within

collagen gels cultured using the Tissue Train™ system and subjected to uniaxial

strain is predominantly alignment with the principal strain direction in the mid-

section of the gel (Garvin et al. 2003). Cells seeded at 1 x 10°cells/mL
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demonstrated typical lag, log and stationary phases of a traditional growth

curve howevercells seeded at 2.5 x 10°cells/mL remained in a stationary phase

(Garvin et al. 2003). Cell viability was not affected by 10% strain in one study

(Sumanasinghe et al. 2009a). Another study reported an inhibition of cell

proliferation at a strain amplitude of 10% but cells did align parallel to the

direction of strain (Nieponice et a/. 2007).

1.6.3.3. Gene expression and protein productionin strained 3D culture

Collagen gels constructed in the TissueTrain™ system (Garvin et a/. 2003) were

shown to expresscollagens |, Ill and XII as well as aggrecan, fibronectin, and

tenascin. Another study reported the increased expression of IL-6 and IL-8 by

MSCscultured in the TissueTrain™ system (Sumanasingheet al. 2009b).

1.6.4. Biomaterials in soft tissue engineering

Biomaterials are implants used to direct, supplement and replace or help

restore normal tissue function. Research has shownthatliving systems are

controlled by molecular interactions at nanometre (nm) scales (Christenson et

al. 2007). Tendonis organised into a complex hierarchy of collagen fibrils that

span several scales from nm to cm. Nanoscale biomaterials hold the potential

to enhance the manipulation of cellular behaviour with the aim of enhancing

regeneration of soft tissues including tendon. In the horse the potential

application lies in the possibility of shorter convalescent times if such

biomaterials can hasten the speed of tendonrepair.

1.6.5. Electrospinning of nanofibres

Nanotechnologyis the use of structures from 1m down to 1nm (Kumbar etal.

2008). Electrospinning is an elegant technology that allows the scalable
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fabrication of polymer nanofibres. The chosen polymeris dissolved in a solvent

and a specific voltage and flow rate are applied to the polymer causing the

polymersolution to move towardsa collecting plate. As the polymersolution

moves towardsthe collecting plate it thins and stetches adopting nanoscale

dimensions. Many factors can influence the diameter of the polymer produced

including polymer viscosity, motion of the collecting plate, magnitude of

applied voltage and conductivity of the polymer (Kumbaret a/. 2008). Several

different polymers have been used for the fabrication of nanofibres for soft

tissue engineering including poly(lactide-co-glycolide), polyurethane and

poylcaprolactone.

1.6.6. Growth factor enhancementof tendon regeneration

Various growth factors are being investigated for use in tendon regeneration.

Growthfactors are protein signalling molecules believed to enhance healing by

stimulating cell proliferation, increasing extracellular matrix synthesis and

promoting vascular ingrowth. The growth factors most widely studied in

tendon and ligamenthealing include insulin-like growth factor-I (IGF-I), platelet

derived growth factor (PDGF), bone morphogenetic protein-12 (BMP-12),

transforming growth factor-B (TGF-B). Vascular endothelial growth factor

(VEGF), growth differentiation factor-5 (GDF-5) and basic fibroblast growth

factor (bFGF) (Fortier and Smith 2008). Bone morphogenetic protein-12 has

been shownto improve both Achilles tendon healing and rotator cuff repair in

rats and sheep respectively (Majewski et a/. 2008; Seeherman et al. 2008).

Growthdifferentiation factors -5, -6 and -7 are able to induce formation of

dense connective tissue when implanted intramuscularly in rats (Wolfman et

al. 1997).
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1.6.6.1. The transforming growth factor-B superfamily

The transforming growth factor-B superfamily contains more than 30

structurally related polypeptide growth factors including TGF-Bs-1-3, bone

morphogenetic proteins (BMP-1-20) and the growth differentiation factors

(GDF-5-7). The TGF-B superfamily has many functions including regulation of

embryonic development and ECM remodelling and cellular homeostasis

(proliferation, differentiation and apoptosis) (Gordon and Blobe 2008). BMP-

12, -13 and -14 are the human homologues of murine GDF-7, -6 and -5

respectively. GDFs -5, -6 and -7 form a subclass within the bone morphogenetic

proteins as they have a high degree of homologyin their signalling domain

(Mikic et al. 2008).

1.6.6.1.1. Transforming growth factor beta

Transforming growth factor beta has three isoforms, each having different

roles during tendon development (Kuo et a/. 2008) and healing (Chan et al.

2008). The different isoforms have differing spatiotemporal expression in

developing chick embryos. Notably TGF-B1 is not detectable in the tertiary

bundle from day 13 — 16 but TGF-82 and TGF-f3 are detectable at these time

points (Kuo et al. 2008) when the embryonic tendon is forming. All three

isoforms of TGF-B have been showntoincreasein vitro expression of COL1A1

and COL3A1 in humanpatellar fibroblasts (Klein et a/. 2002). In equine tendon

fibroblasts all three isoforms increase collagen XII production but TGF-B1

reduced collagen XIV production (Arai et a/. 2002). The different isoforms do

appearto havediffering effects of the contraction of collagen gels containing

tendon fibroblasts with TGFB-3 inducing increased gel contraction (Campbell et

al. 2004). TGF-B is a potent inhibitor of cell growth in most cell types (Huang

and Huang 2005).
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1.6.6.1.2. Bone morphogenetic protein twelve

Bone morphogenetic protein-12 (BMP-12) is also known as GDF-7 andcartilage

derived morphogenetic protein-3 (CDMP-3). BMP-12 has been shownto cause

the formation of tendon-like tissue when injected subcutaneously into rats

(Wolfman et al. 1997). Adenoviral transduction of MSCs and subsequent

injection into muscle in rats also showed the formation of tendon-like tissue,

although areasofcartilage-like tissue were also identified in these experiments

(Lou et al. 1999). BMP-12 deficient mice show an Achilles and tail tendon

phenotype (Mikic et al. 2006; Mikic et a/. 2008). Application of BMP-12 to

human patellar tendon fibroblasts has been shown to increase cell

proliferation and expression of COL1A1 and COL3A1. Transfection of MSCs with

BMP-12 promoted tenogenic differentiation. Ex vivo adenoviral transfer of

BMP-12 has been shown to improve Achilles tendon healing in a rat model

(Majewski et a/. 2008).

1.6.6.1.3. Bone morphogenetic protein thirteen

Bone morphogenetic protein-13 (BMP-13) is also known as (GDF-6) and

cartilage derived morphogenetic protein-2 (CDMP-2). Intramuscular injection

of BMP-13 transfected adenovirus has been shown to induce formation of

tendon-like tissue (Helm et a/. 2001). In healthy human patellar tendons, BMP-

13 is located in perivascular mesenchymal cells and tenoblasts in the regions of

active remodelling. BMP-13 is capable of increasing both cell proliferation and

gene expression of type | collagen in tendon fibroblasts in vitro. Chondrogenic

differentiation of BMP-13 transduced mouse MSCs has been demonstrated

(Nochi et al. 2004).

48



1.6.6.1.4. Bone morphogenetic protein fourteen

Growth differentiation factor-5 (GDF-5) is also a member of the TGF-B

superfamily, also known as bone morphogenetic protein-14 (BMP-14) and

cartilage derived morphogenetic-1 protein-1 (CDMP-1). GDF-5 deficient mice

have irregularly shapedcollagen fibrils in the Achilles tendon (Mikic et a/. 2001)

and tail tendon (Clark et a/. 2001). GDF-5 deficiency in mice has been shownto

delay Achilles tendon healing (Chhabra et a/. 2003).

1.7.Project Aims

Tenogenic differentiation of MSCS is poorly understood. In order to investigate

the molecular mechanismsof tenogenesis an understanding of how both equine

tendon fibroblasts and MSCs behave in 2D and 3D culture in necessary. Both

mechanical and chemical stimulation of MSCs have been shownto influence

their differentiation. Characterisation of the optimal culture protocol to enhance

tenogenic differentiation of MSCs will allow targeted cell based therapies for

equine superficial digital flexor tendinopathy to be improved. The overall

hypothesis was that three dimensional culture, tensile strain and growth factors

would enhance tenogenic differentiation of mesenchymal stromal cells. The

specific aims of this project were:

e To characterise markers that could be used to identify equine

tendon.

e To develop and characterise 2D and 3D culture systems to study

tendon fibroblast and MSCbehaviourin vitro.

e To analyse the effects of mechanical (tensile strain) and chemical

(growthfactors) stimulation on tendonfibroblasts and MSCs.

e To investigate the effect of culture of tendon fibroblasts on

orientated (polycaprolactone)scaffolds.
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CHAPTER2: Materials and Methods

2.1 Materials

2.1.1. Suppliers

Adobe Systems UK, Uxbridge. UK Photoshop version 7.0

Ambion (Europe) Ltd, Huntington, UK. Rna Later

Applied Biosystems, Warrington, UK. Primer express™ Version 1.3.1, SYBR

Green Mastermix 96 well PCR plates. HT 7900, HT 7300 real time PCR thermal

cyclers.

BDHLtd. Poole, UK. Chloroform, ethanol, propan-2-ol, methanol

Braun Mikro-Dismembrator Vessel, Braun Biotech International, Melsungen,

Germany

Cambrex Bioscience Wokingham Ltd, Wokingham,UK.

Cell Signalling Phospho-Smad2 antibody

Dunn labortechnik GmbH Thelenberg 653567 Asbach

http://www.dunniab.de/, Bioflex culture plates collagen | coated, Tissue Train

Culture System (FX-3000), Tissue train culture plates collagen | coated, Uniflex

culture plates collagen | coated.

Eurogentec, Seraing, Belgium. Genomicoligos.

Gibco, DMEM,foetal calf serum, fungizone

Invitrogen, Paisley, UK. 1Kb Plus DNA ladder, Type | bovine collagen 2mg/ml,

Molecular Probes Quant-iT™ Pico Green®dsDNAReagentandKits, LIVE/DEAD®

Viability/Cytotoxicity Kit *for mammalian cells*, XCell Surelock™ Mini-Cell,
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NuPAGE MESSDS Running Buffer (20x), NUPAGE Transfer Buffer (20x), NuPAGE

Novex Bis-Tris Mini Gels 1.0mm x 15 well, Alexofluor 568 anti-rabbit IgG,

Alexofluor 488 anti-mouse IgG

Minitab version 15

LabTech International, Acorn House, The Broyle, Ringmer, East Sussex, BN8

5NN, UK. Nanodrop 1000 Spectrophotometer.

PeproTech EC Ltd, PeproTech House, 29 Margravine Road, London, W68LL, UK.

Recombinant Human BMP-13/CDMP-2, Recombinant Human GDF-5 (BMP-

14/CDMP-1), Recombinant Human TGF-B3.

Promega, Southampton, UK. M-MLV Reverse Transcriptase, Random hexamers,

oligo DTs, 5 x RT buffer, RNasin®Plus RNAse Inhibitor, Set of dATP, dCTP, dGTP

and dTTP.

Qiagen Ltd, Crawley, West Sussex, UK. RNeasy Plus Mini Kit, RNase-Free DNase

Set.

R&D Systems http://www.rndsystems.com/ Recombinant Mouse GDF-7.

Roche Applied Science, Lewes, UK. primer design

Scaffdex, Kalkunkatu 21 B, 33330 Tampere,Finland. CellCrown™12, nonsterile.

Sigma, Poole, UK. Agarose, ampicillin, BSA, dexamethasone, 1,9-

dimethylmethylene blue, DMSO, ITS, 10x MEM powder, papain,

paraformaldehyde, safranin O, 0.05% trypsin.

S-Plus v6.1

Syngene Cambridge, UK. GeneSnap Advanced Image capture software.

Vector Laboratories Inc, Peterborough, UK. Vectorshield.

51



2.2. Methods

2.2.1. Collection of equine tissue samples

2.2.1.1. Dissection of equine SDFT and CDETforcell culture

A linear skin incision was made along the palmar aspect of the entire

metacarpal region. The subcutaneoustissues were dissected to allow removal

of the skin from the leg. Sterile gloves were worn from this point on and a new

sterile scalpel and pair of dissecting forceps were used. The parenchyma was

dissected from the palmar aspect of the SDFT until the fibres of the tendon

were visible. The SDFT wastransected in the mid-metacarpal region (Figure

2.1) to allow collection of approximately a 1cm (proximo-distal) section of

SDFT. The cross sectional segment of SDFT wasplaced into 10mlof sterile HBSS

and labelled. The CDET wasalso transected in the mid-metacarpal region and a

similar piece of CDET wascollected and placed into 10mlof sterile HBSS. Tissue

samples were transferred to the cell culture hood for further processing and

collagenase digestion.
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Figure 2.1: Photograph demonstrating area of SDFT collected for collagenase

digestion.

2.2.1.2. Collection of equine SDFT, metacarpophalangeal joint cartilage and

metacarpal III bone for RNA extraction

Equine SDFT was collected using the same protocol as described above except

the samples were placed into Sml of RNA-later. The metacarpophalangeal joint

was then luxated following sharp transection of the collateral ligaments.

Cartilage was collected from the distal surface of the third metacarpal bone

using a scalpel and placed into RNA-later. Cortical bone was collected from the

distal aspect of the third metacarpal bone using a hack saw to create 10mm x

5mm x 2mm segments that were placed directly into 5m! of RNA-later. All

samples were obtained within 4 hours of euthanasia and stored at 4°C for 24

hours and then transferred to -80°C for further storage.
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2.2.1.3. Aspiration of equine sternal bone marrow

Immediately following euthanasia a 10 x 10cm* area over the sternum was

clipped and aseptically prepared just caudal to the elbow. A No.11 scalpel

blade was used to make a stab incision over a sternebra. A 12g jamshiedi

needle was introduced into the stab incision and advanced until contact with

cortical bone is made. The jamshiedi needle is then advanced through the

cortical bone of the sternebra 1.5cm to the medullary cavity. A 20ml syringe

pre-loaded with 5000IU of heparin was connected to the jamshiedi needle and

10-15ml of bone marrow was aspirated. The aspirated sample wastransferred

to a 20ml universal prior to immediate density gradient centrifugation (see

below).

2.2.2. Mammalian Cell Culture

2.2.2.1. Collagenase digestion of equine tendon

Collagenase solution was prepared using 0.05g of collagenase type II in 50mlof

DMEM containing 5% FCS, ampicillin and amphotericin. This solution was

sterile filtered using a 0.2um porefilter. The tendon tissue (1cm?) was washed

twice in sterile HBSS and morselised into 2mm? pieces using a scalpel. The

morselised tissue was placed into 15mlof collagenase solution and agitated at

37°C overnight. The collagenase solution containing the digested tendon was

filtered through a 0.4um sieve. This solution was centrifuged at 1100rpm for 4

mins, the supernatant was removed from thecell pellet and the cell pellet

resuspended in Sml of tendon culture media (see below for recipe).

Centrifugation was repeated and thecell pellet resuspended in Sml of tendon

culture media. Cells were counted using a haemocytometer and plated into

T75 tissue culture flasks at 5000cells/cm’.
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2.2.2.2. Maintenance of equine tendonfibroblasts in monolayerculture

Tendon fibroblasts were maintained in tendon culture media with media

changes every 3-4 days. Cells were passaged or frozen when they reached 80%

confluence and seeded into T75 at 5000cells/cm’.

2.2.2.3. Derivation of equine bone marrow mesenchymal stromal cells

Five millilitres of neat bone marrow aspirated into a heparinised syringe was

layered onto 10ml of Histopaque (1077) in a sterile falcon within the tissue

culture hood. A density gradient centrifugation was carried out at 400g for 30

minutes. The adipose layer was then removed from the surface via careful

pipetting. The interface below the buffy coat representing the mononuclear

cell fraction was collected and placed into a new sterile falcon. The cell

suspension was mixed with 5ml of tendon culture media and centrifuged at

300g for 10 minutes. The supernatant was removed and the cell pellet

resuspendedin 5mlof culture media. All of the cell suspension was then placed

into a T75 culture flask and an appropriate amount of tendon culture media

added. The BM-MSCs were then cultured at 37°C, 5% CO, for 48 hours at this

time the media was changed to removethe non-adherentcells.

2.2.2.4. Maintenance of equine bone marrow mesenchymalstromal cells in

monolayerculture

Bone marrow mesenchymal stromal cells were maintained in tendon culture

media with media changes every 3-4 days. Cells were frozen when they

reached 80% confluence or seeded into T75 at 5000cells/cm?.

55



2.2.2.5 Multilineage differentiation of equine tendon fibroblasts and

mesenchymal stromal cells

2.2.2.5.1. Colony forming unit (CFU) assay

Adherent multipotent mesenchymalcells grow to form colonies whenplated at

low density (18cells/cm’). Cells were plated at low density into 6 wells plates

(185cells/well) and cultured in standard culture media for 10 days. Media was

changed every 3-4 days. Colonies were then fixed and stained with 0.1%

methylene blue and counted. The colonies were then photographed and

analysed using Gene Tools image analysis software (Syngene, Cambridge, UK).

2.2.2.5.2. Osteogenic differentiation of equine cells

Following colony formation as described above osteogenic induction was

achieved using osteogenic media (DMEM-Ham’s F12, 10% FCS, 1%

penicillin/streptomycin, 0.2% amphotericin, 10mmol/L B glycerophosphate,

20nmol/L dexamethasone and 5QOug/ml sodium 2-phosphate ascorbate)

(Pittengeret al. 1999; Vidal et a/. 2006) that was changed every 2-3 days until

nodules formed. Cells were then fixed and stained for Alizarin Red.

2.2.2.5.3. Adipogenic differentiation of equine cells

Following colony formation adipogenic induction was achieved using the

following protocol. Three days of adipogenic stimulation with DMEM-Ham’s

F12 containing 3% FCS, 5% rabbit serum 1% penicillin/streptomycin, 0.2%

amphotericin, 33pmol/L biotin, 1pmol/L insulin, 1pmol/| dexamethasone and

0.5mmol/L IBMX. The following 3 days used the same media constituents

without addition of IBMX. Cells were then fixed with 100% cold ethanolfor 5

minutes and stained with Oil Red O.
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2.2.2.6. Tryptic release of monolayercells from tissue culture plastic

Monolayer cells were washed twice with HBSS before incubating with 0.05%

trypsin-EDTA solution (67I/cm?, 5ml/T75 culture flask) at 37°C, 5% CO, for 5-

10 minutes. Once cellular detachment was observed underthe microscope, the

trypsin-EDTA solution was neutralised with tendon culture media containing

10% FCS (67uI/cm’, 5ml/T75 culture flask). The cells were pipetted up and

down repeatedly to form a single cell suspension and transferred to a sterile

falcon. The cell suspension was centrifuged at 1100rpm for 4 minutes and the

cell pellet was resuspended in an appropriate volumeofcell culture media

following cell counting.

2.2.2.7. Freezing and thawingofcells

Followingtryptic release of monolayer cells, the cell pellet was resuspended in

cryopreservation media (1 x 10°cells/ml) (tendon media containing 10%

DMSO). The cells were frozen downin 1ml aliquots in 1.5ml Cryogenic Vials at

a rate of 1°C decrease in temperature per minute and stored at -80°C.

Cells that had been stored at -80°C wererapidly thawed by placing them at

37°C for 2-3 minutes. The cells were transferred to a T75 culture flask and 19ml

of warm (37°C ) tendon culture media was added.

2.2.2.8. Counting of cells

Ten microlitres of the trypsinised cell suspension was transferred to each

chamber of a haemocytometer. y= number of cells counted in

haemocytometer square (repeated four times and average taken).

total volume of cell suspension (10ml) x (y x 10°)Total numberof

cells counted

57



2.2.2.9. Calculation of cell population growthkinetics

Population Doubling = Log, (No. Confluentcells

No. Cells seeded

2.2.2.10. Culture of tendon fibroblasts on poly(€)caprolacone nanofibres

Poly(€)caprolacone (PCL) nanofibres were fabricated through electrospinning.

PCI was dissolved in acetone (10%w/v) within a needle tipped syringe. A

constant flow rate of 0.05ml/min and a voltage of 20kV wasapplied from the

needle tip to the collecting plate. The distant between the needle tip and the

collecting plate was 15cm. All types of nanofibre construct were collected onto

a rotating mandrel using the parameters described in Table 2.1.

 

Mandrel width Mandreldiameter Rotation speed

(cm) (rpm)  

  

_Random mesh

Aligned mesh
sania

       
Table 2.1: Electrospinning parameters used to create nanofibre constructs.

Nanofibre constructs were stored in 100% ethanol and soakedin culture media

(DMEM, 10% FCS, 1% penicillin/streptomycin and 0.2% fungizone) for 24 hours

prior to cell seeding. Nanofibre constructs were anchored at the base of low

binding cell culture plates using scaffdex inserts. Tendon fibroblasts were

expanded in monolayer to increase cell numbers. Foetal tendon fibroblasts

were seeded at 1 x 10°cells/constructs, neonatal tendon fibroblasts were

seeded at 1 x 10°cells/construct and adult tendon fibroblasts were seeded at 5

x 10°cells/construct. Cells were cultured on nanofibre constructs for 14 days

with media changes every 3-4 days. Samples were collected for analysis

following 1, 5 and 14 daysin culture.
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2.2.2.11. Growth factor stimulation of tendon fibroblasts and bone marrow

mesenchymal stromalcells

2.2.2.11.1. Growth factor stimulation of tendon fibroblasts and bone marrow

mesenchymal stromal cells — cell proliferation

Tendon fibroblasts and mesenchymal stromal cells were seeded into 6 well

plates at a density of 5000cells/cm*. Cells were cultured for 24 hours in media

containing 10% FCS followed by 24 hours in media containing 1% FCS. Cells

were stimulated with growth factor medium for 4 days. Growth factor media

were made up freshly before each use and reapplied every 48 hours. Four

different growth factors were evaluated; rhTGF-B3, rhBMP-12, rmBMP-13 and

rhBMP-14. rhTGF-83 was evaluated at two concentrations; 0.5ng/ml and

Sng/ml, rhBMP-13 was evaluated at three concentrations; 1ng/ml, 10ng/ml

and 100ng/ml, rmGDF-7 was evaluated at 5ng/ml and 50ng/ml and rhGDF-5

wasevaluated at 0.5ng/ml, 5ng/ml and 50ng/ml. Each variable was measured

in duplicate for 3 individual donors.

2.2.2.11.2. Growth factor stimulation of tendon fibroblasts and bone marrow

mesenchymal stromal cells — gene expression

Tendon fibroblasts and mesenchymal stromal cells were seeded into 6 well

plates at 5000cells/cm*. Cells were cultured in media containing 10% FCS until

cells were 80% confluent, cells were then cultured in media containing 1% FCS

for 24 hours. Cells were stimulated with growth factor medium for 4 days.

Growth factor media were made up freshly before each use in DMEM

containing 1% FCS, 1% penicillin/streptomycin and 0.2% amphotericin. Growth

factor media was reapplied every 48 hours. Four different growth factors were

evaluated; rhTGF-B3, rmBMP-12, rhBMP-13 and rhBMP-14. rhTGF-B3 was

evaluated at two concentrations; 0.5ng/ml and 5ng/ml, rhBMP-13 was

evaluated at three concentrations; 1ng/ml, 10ng/ml and 100ng/ml, rmBMP-12

was evaluated at 5ng/ml and 50ng/ml and rhBMP-14 was evaluated at
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0.5ng/ml, 5ng/ml and 50ng/ml. Each variable was measured in duplicate for 3

individual donors.

2.2.2.12. Application of strain to monolayercultures of tendon fibroblasts and

bone marrow mesenchymal stromalcells

Equibiaxial strain application

Tendonfibroblasts and MSCs wereisolated as described in section 2.2.1. Cells

were plated at a density of 5000cells/cm* in 6 well Bioflex™ culture plates with

35mm diameter silicone bottomed wells bonded with type | collagen. Thecells

were allowed to adhere overnight in 10% serum, media wasreplaced with 1%

serum. Equibiaxial strain was applied at a magnitude of 10% cyclical strain and

a frequency of 1Hz for 8 hours using the FX-3000 Flexercell strain unit and

25mm circular loading posts. The cells were then rested for 16 hours and the

straining regime repeated.

Uniaxial tensile strain application

Tendon fibroblasts and MSCs were isolated from 3 donors as described in

section 2.2.1. Cells were plated at a density of 50,000cells/well in 6 well

Uniflex™ culture plates with an adherenttype | collagen coated surface area of

3.65cm*. The cells were allowed to adhere for 3 hours before the addition of

3ml of media containing 10% serum for 72 hours. Media wasreplaced with 1%

serum for 24 hours (To). Uniaxial tensile strain was applied at a magnitude of

5% cyclical strain and a frequency of 1Hz for 8 hours using the FX-3000

Flexercell strain unit and arctangle loading posts. The cells were then rested for

16 hours and the straining regime repeated. Cells were collected for analysis

following thefirst 8 hours application of strain (T,) and following the second 8

hours applicationofstrain (T2).
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2.2.2.13. Three dimensional culture of tendon fibroblasts and bone marrow

mesenchymal stromal cells in collagen gels

2.2.2.13.1. Fabrication of collagen gels

Tendon fibroblasts were harvested from the tensional area of the SDFT as

described above and cultured until confluent in monolayer flasks. Collagen gels

were created based on a method described previously (Garvin et al 2003).

Briefly, following trypsinisation cells at the end of passage one were counted

and re-suspended in 90% type | collagen gel containing 10% ten times DMEM

(Sigma) at a density of 1 x 10°cells/mL. Two hundred microlitres of the collagen

cell suspension were cast in a trough mold (Trough loader, Flexcell

International) centrally located in a collagen type | coated Tissue train culture

plate (Flexcell International). The collagen gels were cultured at 5% CO, in a

humidified incubator at 372C for 24 hours prior to the addition of DMEM

containing 10% FCS, penicillin/streptomycin and fungizone. Control constrained

but unstrained cell seeded collagen gels were then cultured without dynamic

load for 5-14 days.

 

 

 

  
 

 

  

 

 

Figure 2.2: Experimental baseplate setup for Tissue train experiments; collagen

gels in blue wells were seeded with 100% tendon fibroblasts, collagen gels in

the reds wells were seeded with 50% tendon fibroblasts and 50% MSCs and
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collagen gels in the yellow wells were seeded with 100% MSCs. Strain was

applied to the plates with a white background and plates with a black

backgroundservedas unstrained constrained controls.

2.2.2.13.2. Application of strain to collagen gels

Uniaxial cyclical tensile strain was applied using the arctangle loading posts and

the Flexercell FX-3000 system set to a strain magnitude of 11%, a frequency of

1Hz and duration of 1 hour/day.All strained collagen gels were subjected to

cyclical tensile strain for 1 hour/day for 5 days. Unstrained but constrained

control gels were cultured in identical collagen coated Tissue train culture plate

in the same incubatorfor 5 days.

2.2.3 Molecular Biology

Molecular biology techniques were based on the gold standard techniques

previously published (Nolan et a/. 2006).

2.2.3.1. RNA extraction from tissue

RNA wasextracted using phenol/guanidine HCI reagents (TriReagent™, Sigma)

and isolated using published methods (Clementset a/. 2006; Renoetal. 1997).

Tissue samples were pulverised for 1 minute at 2000 oscillations/minute in a

liquid nitrogen cooled dismembranator (Braun Mikro-DismembranatorVessel).

A 1mL aliquot of phenol/guanidine HCI reagents (TriReagent™) was added to

the powdered tendon,cartilage or bone. 200pl of chloroform was added to the

microcentrifuge tube and the samples were allowed to separate at room

temperature for 10 minutes, prior to centrifugation at 4 °C, 12 000g for 10

minutes. 375ul of the aqueous phasewastransferred to a clean eppindorf tube

to which an equal volume of 70% cold ethanol was added. This solution was

mixed by gently pipetting up and down. RNAwasextracted from the aqueous

phase using a commercially available RNA purification kit (RNeasy Mini Kit).

700u| of sample mixed with ethanol were transferred to an RNeasy spin
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column and collection tube. Samples were subjected to centrifugation at 8

000g for 15 seconds. The flow through wasdiscarded from the collecting tube

after each centrifugation. 350ul of RW1 buffer was added to the RNeasyspin

column, which wasthen subjected to centrifugation for 15 seconds. On column

DNase digestion wascarried out as described in 2.2.3.2. 500u! of RPE buffer

were addedto each spin column and the samples subjected to centrifugation

at 8 000g for 15 seconds. A further 500u! of RPE buffer was added and

centrifugation repeated this time at 8 000g for 2 minutes. The spin columns

werethen transferred to clean collection tubes and centrifuged at 8000g for 1

minute. The spin columns were then transferred to a further clean collection

tube and 30-50ul of RNase free water was added to each sample. The samples

were then centrifuged at 8000g for 2 minutes. The spin columns were then

discarded and the RNA containing water transferred to a clearly labelled

eppendorffor storage at -80°C.

2.2.3.2. On-Column DNase digestion with RNase-free DNase

DNase enzyme wasprepared by adding 70! of RDD buffer to 10! of DNase 1

(per sample e.g. for 20 samples; 1470u! was added to 210pl of DNase 1

enzyme). 80ul of the DNase 1 incubation mix was addeddirectly to the RNeasy

spin column membrane and incubated for 15 minutes at room temperature.

350ul of RW1 buffer were then added to the RNeasy spin column and the

samples subjected to centrifugation at 8 000g for 15 seconds.

2.2.3.3. RNA extraction from cells

RNA wasextracted using phenol/guanidine HCI reagents (TriReagent™, Sigma)

and isolated using published methods (Reno et al 1997; Clements 2006).

Confluentcells in T75 culture flasks were released using trypsin as described in

section 2.2.2.5. The complete cell suspension was subjected to centrifugation

at 400g for 4 min. The supernatant was removed and discarded and the cell
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pellet resuspended in 1ml of TriReagent solution to lyse cells. TriReagent™

(1ml) was added to each well of 6 well plates. The samples were vortexed and

transferred to -80°C until RNA extraction could be carried out. RNA was

extracted from each 1mL aliquot of TriReagent as described in 2.2.3.1.

2.2.3.4. Reverse transcription of RNA

Levels of RNA were measured using the ND-1000 spectrophotometer

(Nanodrop Technologies). 1p! of RNA sample was loaded on to the Nanodrop

pedestal and the sample absorbance at 260nm and 280nm wasdetermined. A

260:280 ratio between 1.9-2.1 were indicative of ‘pure’ RNA. 1g RNA was

added to ipl of random primers, in microeppendorf tubes and heated at 702°C

for 5 minutes. Reverse transcription was performed using M-MLV according to

the manufacturers’ instructions. Briefly, Sul of 5x RT buffer, 1.25yl dATP

(10mM), 1.251 dCTP (10mM), 1.251 dGTP (10mM), 1.25y1 dTTP (10m™), 0.6!

Rnase inhibitor and 1! M-MLV RT enzyme were added to each sample.

Samples were then heated at 37°C for 60 minutes followed by 95°C for 5

minutes. Samples were then placed onice before storage at -20°C until relative

quantification of gene expression.

2.2.3.5. Quantitative PCR

2.2.3.5.1. Design of equine qPCR primers

Transcript sequences were obtained from the National Centre for

Biotechnology Information (Bethesda, MD, USA) (Tables 2.2 and 2.3). Equine

sequences werealigned to human, bovine and canine sequencesusing online

software (www.ebi.ac.uk/Tools/clustalw/, www.ensembl.org/) to predict

equine exon boundaries. Primers were designed using Primer Express software

and selected to span predicted exon boundaries where possible. BLAST

searches were performedfor all sequences to confirm genespecificity. Target

and reference gene primers were synthesized by Eurogentec. All primers were
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validated using a standard curve of five serial dilutions so that all primer

efficiencies were between 95-105% (Tables 2.2 and 2.3).

2.2.3.5.2. Optimisation of qPCR primer concentrations

A normal PCR reaction was performed using primer concentrations of 300nM

and 900nM to optimise the concentration for future qPCR experiments. The

cDNAwasselected according to expected high levels expression of the primer

to be optimised. Each PCR with a primer concentration of 300nM was made as

follows; 12.5ul of ABI MasterMix, 2.5ul of 34M forward and reverse primer mix

(15u! of 100M forward primer, 15ul of 100uM reverse primer and 470ul of

sterile DEPC water), 5ul of sterile DEPC water and 5yul cDNA. Normal PCR

reactions were carried out on a Px2 Thermal Cycler (Thermo™)PCR machine

with the following cycling conditions:

50°C for 2 min

95°C for 10 min

95°C for 15 sec 40 cycles

60°C for 60 sec

PCR products were mixed with DNA loading buffer and loaded onto a 1% TAE

agarose gel (1g agarose, 100ml of 1x TAE buffer and Syl ethidium bromide)

calibrated with a 100bp DNA ladder. Optimal primer concentrations were

selected based upon strong amplification of the gene product without any non-

specific amplifications and minimal presence of primer dimers.

2.2.3.5.3. Validation of equine qPCR primers

A serial dilution of cDNA template was prepared by adding 10u! of cDNA

(0.1p1g/pl) to 90! of DEPC waterin a 200pl eppindorf tube labelled #1. 90ul of
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DEPC water were added to 4 more 200ul eppindorf tubes labelled #2-5. 10ul

from tube #1 was added to 90ul of DEPC waterandlabelled tube #2; this tube

was then vortexed and centrifuged to achieve complete mixing of the cDNA.

This step was repeated for ten- fold dilutions added to tubes #3, #4, #5. Enough

master mix for 13 wells was madeas follows to allow for each primer to be

validated; 13 x (12.51 ABI SYBR Master Mix, 2.5u! 3M forward and reverse

primer mix and 5ylsterile DEPC water). Eight primer pairs were validated per

96 well plate, or 32 primer pairs per 384 well plate. Reaction volume in each

well for 384 well plates was 10ul (4.611 of cDNA, 5ul of Power SYBR mastermix,

0.11 of DEPC water 0.15u! of 3uM forward primer and 0.15ul of 34M reverse

primer). Reaction volume in each well for 96 well plates was 25ul (Sul cDNA,

12.5u| Power SYBR mastermix, 5.0! DEPC water, 2.5ul of 34M forward and

reverse primer mix). The cycling conditions comprised 10 min polymerase

activation at 95°C and 40 cycles at 95°C for 15 sec and 60°C for 60 sec. Data

were then analysed using Sequence Detection Systems Software v2.2.1

(Applied Biosystems) for the 7900 machine and Sequence Detection Systems

Software v1.4 (Applied Biosystems) for the 7300 machine. A standard curve

was generatedplotting the Log of the concentration of cDNA against the cycle

threshold; the optimal slope of this curve being -3.32 to generate a primerable

to amplify with 100% efficiency. Primers with efficiencies between 95-105%

were denoted as acceptable; those falling out with this range were redesigned

(Tables 2.2 and 2.3). A melt curve wasapplied to all products to ensure specific

amplification of a single product.

66



 

Gene name Gene symbol Sequence

  

 

__

18S ribosomal 18S 5’GGCGTCCCCCAACTTCTTA3’

subunit AJ311673 3’GGGCATCACAGACCTGTTATTGS’
cae

ce

   

os a

Succinyl SDHA 5’ACAGAGGAATGGTCTGGAATACTGA3’

dehydrogenase DQ402987 3’ GTGAGCACCACGTGACTCCTTS’

Complex, subunit

A

Hypoxanthine HPRT1 5’GGCAAAACAATGCAAACCTT3’

Phosphoribosyl-  AY372182 3’CAAGGGCATATCCTACGACAAS’
transferase

a

   

        =

HIRA interacting HI RPS 5/TTGCATCTGGCTTACCCTTAG3’

protein 5 NM_001002755 3’CCACAACTTCATCATCTICTICAS’

Isoform 2

 

sequences.
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Gene name Gene symbol Sequence
=

      

 

    

   
“CollagenTypell COL2A1_— 5/TCAAGTCCCTCAACAACCAGATC3’
(a1) chain NM_00108176 3’GTCAATCCAGTAGTCTCCGCTCTTS’

4

   
CollagenTypeV  COLSA1_ ~~ -5/TCCTTCAAAGTGTACTGCAACTICA3’

(a1) chain XR_036195 3/GATTCTGGCCCCCTCAGACTS’

   

     

   

 

Biglycan BGN 5/TGAAGCTCAACTACCTGCGAATC3’
NM_00108183 3’AGATGGAGTICATTCAGGGTCTCTS’

9

Decorin DCN 5/CATCCAGGTTGTCTACCTTCATAACA3’
AB106279 3’CCAGGTGGGCAGAAGTCATTS’

    

  

 

‘Lumican LMC. ~—_ S'GTGTCAAGACAGTAAGGATTCAAAGC3’
NM_00108178 3’CAATGCCAAGAGGAAAGTAAACGS’

0

 

  

 

“Tenomodulin TMD ~—_ 5'ACGTGACCATGTATTGGATCAATC3
AB059407 3’CACCATCCTCCTCAAAGTCTTGTS’

= : - uss C1 Gi ~ s

      

 

       

Versican VCN 5’TGACGTCATGTACGGGATTGA3’
 

68



 

XM_001504636 5’AGTGAAACACAACCCCATCCA3’

  

  

Scleraxis 5’TCTGCCTCAGCAACCAGAGA3’

3’TCCGAATCGCCGTCTTTCS’

   

   

ST

  

"Peroxisome PPARG 5’AAGAGTACCAAAGTGCGATCAAAGT3
proliferator- XM_001492411 3’GTGCAGCTGAGTCTTTTCTGAATAATS’

Activated

receptor gamma

       
  

    
   

Runt homology RUNX2 5’CTGGGCCATGTGTATGATIIGT3’

domain 2 XM_001502519 3’TTTTGACCTGATATAGAGTGCATGGTS’

        
    

 

     - XR_03 vcr 3GCTCTTGG '
Transforming TGFBR1 5’GCTCAGGTTTACCATTGCTTIGTIC3’

growth factor NM_004612 3’TTTGCCAATGCTTTICTTGTAACACS’

Beta receptor 1

   

  
   
Transforming| TGFBR3 ~ 5'GGAGAAGCACCCCCAGAAG3’
growth factor NM_003243 3’CTGCATCATGGCCCAGATTAS’
Beta receptor 3
 

Table 2.3: A list of target gene annotations, accession numbers and primer

sequences.

2.2.3.5.4. Selection of optimal reference genes

The most stable pair of reference gene primers was selected using three

normalization strategies; geNorm, Normfinder and Bestkeeper (Andersenetal.

2004; Pfaffl et al. 2004; Vandesompele et al. 2002). Reference genestability

packages were downloaded from geNorm:

http://medgen.ugent.be/~ivdesomp/genorm/, Normfinder:
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http:www.mdl.dk/publicationsnormfinder.htm/ and Bestkeeper:

http://www.wzw.tum.de/gene-quantification/bestkeeper.html. geNorm

generates a stability value (M) via pairwise comparisions and a pairwise

variation value (V) (Vandesompele et a/. 2002). If the M values wereall less

than 0.5 and V values were less than 0.15 predicted by geNorm and then a

single reference gene usually GapDH was used as all reference genes were

considered to be equally stable across the samples of cDNA tested. Normfinder

generatesa stability value and calculates inter- and intra-group standard error

for each genebefore selecting the best reference genes (Andersenetal. 2004).

Bestkeeper determinesthe co-efficient of variation (r’), standard deviation and

percentage covariance and then the user must make a decision to select the

best gene based onthesevariables (selecting for a high r’, and a low standard

deviation and covariance)(Pfaffl et a/. 2004).

2.2.3.5.5. Quantitative PCR

Real time RT (qPCR) assays were performedin triplicate using the 7900HT Fast

Real-Time PCR System (Applied Biosystems) in 384 well plates. Reaction

volumein each well was 10ul (4.6ul of cDNA, Sul of Power SYBR™ Mastermix ,

O.1p! of DEPC water 0.15! of 104M forward primer and 0.15pl of 104M

reverse primer). The cycling conditions comprised 10min polymeraseactivation

at 95°C and 40 cycles at 952°C for 15sec and 602°C for 60sec. Data was then

analysed using Sequence Detection Systems Software v2.2.1 (Applied

Biosystems). Alternatively qPCR assays were performed in duplicate using the

7300HT Fast Real-Time PCR System (Applied Biosystems) in 96 well plates.

Reaction volumein each well was 25ul (5.0! of cDNA, 12.5y1 of Power SYBR™

Mastermix , 5.0ul of DEPC water 1.25yl of 3M forward primer and 1.25ul of

3uM reverse primer). The cycling conditions comprised 10min polymerase

activation at 95°C and 40 cycles at 952C for 15sec and 60°Cfor 60sec. Data was

then analysed using Sequence Detection Systems Software v2.2.1 (Applied
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Biosystems). Relative expression of target genes was calculated using the

comparative Ct method (2°) (Pfaffl 2001).

2.2.4 Histological Characterisation

2.2.4.1. Preparation of 4% paraformaldehyde

Twogramsof paraformaldehyde powderweredissolved in 25mlof (2x) PBS at

60°C for 30 minutes. Twentyfive millilitres of deionised water was then added

to the above solution and placed on ice. Once cool the paraformaldehyde

solution wasfiltered through a 0.45filter and kept at 4°C for up to 4 weeks.

2.2.4.2. Fixation of monolayercells

Media was removed from thecell culture plates and the cells were washed

twice with PBS and then fixed with cold molecular grade methanolfor 24 hours

at -20°C. Methanol was then removed and samples were rehydrated with PBS

to preserve epitopes.

2.2.4.3. Fixation and sectioning of tissue and collagen gels for routine histology

Tissue samples and collagen gels were fixed in 4% paraformaldehyde and kept

at 4°C prior to processing. Tissue samples were cut so that they would fit into

histological crates for processing. Collagen gels were placed directly into

histological crates in a linear fashion. The samples were dehydrated through

increasing concentrations of ethanol and subsequently embeddedinto paraffin

wasto allow 5um sections to be cut with a Jung Biocut 2035 rotary microtome

(Leica Instruments).
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2.2.4.4. Fixation of collagen gels for immunohistochemistry

Collagen gels were halved longitudinally and mounted in O.C.T. on cork discs

and then frozen in isopentane cooled over liquid nitrogen. Mounted collagen

gels were removedfrom the isopentane andstored in aluminium foil at -80°C

until cryosectioning. Cryosections were made at a thickness of 301m and

allowed to air dry. Cryosections were stored at 4°C prior to

immunohistochemistry.

2.2.4.5. Fixation and processing for scanning electron microscopy

Samples were gently rinsed twice in PBS and then fixed with 1.5%

glutaraldehyde in 0.1M phosphate buffer for 30 minutes at 4°C. Waste

glutaraldehyde wasstored in a sealed bottle in fume hood. Samples were then

rinsed twice in 0.1M phosphate buffer and then dehydrated througha series of

ethanol steps, taking care to prevent cells from drying out in between each

step:

2x3 minutes 50%

2x3 minutes 70%

2x3 minutes 90%

2x5 minutes 100%

Samples were then placed in hexamethyldislazine (HMDS) for 5 minutes, which

was replaced with fresh HMDSfor a further 5 minutes and then allowed to

completely evaporate within the fume hood. Samples were then sputter

coated with gold and stored in a dry dust free environmentprior to imaging.
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Phosphate buffer was made as a stock of 0.2M and stored at 4°C (15.6g

NaH,PO,.2H,O, 14.2g NayHPO,, 500m! H,0 at pH 7.3).

2.2.4.6. Histochemical analysis of monolayercells

2.2.4.7. Methylene blue staining

For the colony forming unit assay, colonies were stained with 0.1% methylene

blue using the following protocol. Culture media was removed from each well

and colonies were washed twice with PBS. Colonies were then fixed with cold

100% ethanol for 5 minutes and then stained with 0.1% methylene blue at

room temperature for 30 minutes. Excess methylene blue was rinsed away

with slowly running tap water.

2.2.4.8. Alizarin red staining

Alizarin red stain was made using 0.1g of Alizarin red in 10ml of Ultra pure

waterat pH 4.2 the solution wassterile filtered through a 0.2umfilter. Culture

media was removedandcells were washed twice with PBS. Cells were fixed in

cold 4% formaldehyde for 10 minutes. The formaldehyde was removed and

cells were washed twice with ultra pure water. The Alizarin red stain was

applied for 5 minutes and then washedoff twice with ultra pure water. The cell

culture plates were then left on an orbital shaker for 60 minutes at room

temperatureprior to imaging.

2.2.4.9. Oil red O staining

Oil Red O stock was madeat 0.5% in isopropanol. A working solution of 6ml of

stock and 4ml of ultra pure water wasfiltered through filter paper. Culture

media was removed and cells were washed oncewith PBS.Cells were fixed in

4% formaldehyde for 5 minutes then washed once with ultra pure water

before adding the working solution of Oil Red O for 60 minutes at room
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temperature. Oil Red O was then removed and cells were washed once with

waterbefore imaging.

2.2.4.10. LIVE/DEAD assessmentofcell viability

Cell viability was assessed using the Molecular Probes LIVE/DEAD

Viability/Cytotoxicty Kit for mammaliancells. Live cells are detected based on

the presence of ubiquitous intracellular esterase activity, determined by the

enzymatic conversion of the virtually non-fluorescent calcein AM to the

intensely green fluorescent calcein (excitation 495nm/emission 515nm).

Ethidium homedimer-1 assesses plasma membraneintegrity, entering cells

with damaged membranesand subsequently undergoing 40-fold enhancement

of flurorescence upon binding to nucleic acids producing bright red

fluorescence in dead cells (excitation 495nm/emission 635nm). Reagents were

used at 4uM of ethidium homodiner-1 and 2uM calcein AM. 20ypl of the

supplied 2mM ethidium homodimer-1 was added to 10mlof PBS. The solution

was vortexed to ensure thorough mixing before adding 5yl of the supplied

4mM calcein AM. 500u! of combined LIVE/DEADassay reagents were added to

each well of 6 well culture plates and incubated at room temperature for 45

minutes. Labelled cells were then viewed undera fluorescence microscope.

2.2.4.11. Immunohistochemistry

Cryosections mounted on coverslips were rehydrated in PBS for 10 minutes

and allowed to dry. Sections were blocked with 5% goat serum for 1 hourat

room temperature. Excess goat serum was removedbygently tappingtheslide

and the sample wasincubated with the primary antibody (vimentin 1:200) for 1

hour at room temperature. Slides were washed three times in PBS for 5

minutes to remove the primary antibody before incubating with the secondary

antibody (Alexofluor 488 at 1:500) for 1 hour at room temperaturein the dark.

Slides were washed three times in PBS for 5 minutes to remove the secondary
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antibody before adding DAPI counterstain and viewing using a Nikon Eclipse

80i microscope.

2.2.5. Biochemical Analysis

2.2.5.1. Hydroxyproline analysis

Cell culture media was removed and discarded. Scaffolds of PCL nanofibres

were recovered and placed into apex tubes containing 6M HCI. Samples were

incubated at 110°C overnight to cause hydrolysis. Samples were then

lyophilised. The hydrolysates were reconstituted in 120yl distilled water.

Samples were then centrifuged at 8000g for 10 minutes. 30pu! of samples was

thenpipettedin triplicate onto a 96 well plate. 70ul of diluents (100m! propan-

2-ol and 50 ml water) and SOul of oxidant (0.7g chloramines T, 10m! water and

50mof stock buffer) were added to each well. The 96 well plate was placed on

a plate shaker for 5 minutes to mix samples. 125ul of colour reagent (7.5g

dimethylamino benzaldehyde, 11.25ml perchloric acid [60%] and 62.5ml

propan-2-ol) was added to each well. Samples were mixed on a plate shaker

and then incubated at 70°C for 15 minutes. Sample absorbance was then

determined at 550nm.

2.2.5.2. PicoGreen DNAassay as a measureofcell proliferation

The picoGreen DNAassayused an ultra sensitive fluorescent nucleic acid stain

to quantify double-stranded DNA. A DNAstandard curve wascreated for every

96 well plate used. The DNA standard wasdiluted 1:50 in Tris-HCl (10m™),

EDTA (1mM)at pH 7.5 (TE buffer) to give a concentration of 2ug/ml DNA.For

the DNA standard curve the 2ug/ml DNAstock wasdiluted in 1.5ml eppindorf

tubes as shownin Table 2.4 in triplicate.
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Vol. of 1x TE Vol. of 2ug/ml_ Vol. of diluted ~=Final DNA Conc.in

(pl) DNAstandard reagent(pl) final Vol. (ng/ml)

(nl)

 

90 . 10 400 "100

 

97.5 05 100 25

 

“100 oO —-:400 0
 

Table 2.4: Protocol for preparing standard curve.

Samples were diluted in TE buffer as follows; 270ul of TE buffer was added to

30ul of sample in labelled 1.5m! eppindorf tubes. 96 well plates were loaded

with 100ul/well in triplicate starting with the most concentrated standard in

A1. Once all standards and samples had been loaded the light sensitive

picoGreen ds reagent wasdiluted 1:200 and 100uIof the diluted picoGreen ds

reagent was added to each well using a multichannel pipette. Samples were

incubated for 2-5 minutes at room temperature and mixed well. The

fluorescence of standards and samples was read using a Heffer Dyna Quant

200 spectrofluorometer at 480nm excitation and 520nm emission. A standard

curve was generated in Excel from the readings obtained from the standard.

Concentrations of DNA were thencalculated using the standard curve in ug/ml.

2.2.5.3. Protein analysis

2.2.5.3.1 Protein extraction

Protein was extracted from monolayer cell cultures of TF and MSCs. Cell

culture media was removedfrom wells of six well plates and cells were washed
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twice with PBS. Cells were lysed by adding 500ul of SDS loading buffer, a cell

scraper was applied to each well and the extract was then transferred to

labelled eppindorfs and stored on ice before freezing at -20°C prior to

polyacrylamide gel electrophoresis.

2.2.5.3.2 Polyacrylamide gel electrophoresis (PAGE)

Protein abstracts were defrosted and agitated to shear DNA. One ul of

mercapto-2-ethanol was added to each protein extract and heated in the

heating block at 80° for 5 minutes. Samples were again agitated and

transferred to ice. Samples were then loaded on to pre-cast Nu PAGE Novex 4-

12% Bis-tris mini-gels containing 15 well. A biotinylated protein ladder was

added to confirm transfer and confirm molecular weights. Mini gels were run in

an XCell Surelock™ Mini-Cell with NuPAGE MES SDS Running buffer for 35-

40mins at 200kV.

2.2.5.3.3. Western Blot

Proteins were transferred onto nitrocellulose membranes via electrotransfer

using NuPAGE transfer buffer and the XCell Surelock™ Mini-Cell at 30kV for 75

minutes.

2.2.5.3.4. Immunodetection

Following transfer nitrocellulose membranes were washedwith Tris buffered

saline (TBS) with 0.1% Tween for 5 minutes. Nitrocellulose membranes were

then incubated with blocking buffer (TBS, 0.1% Tween, 5% milk powder) for 1

hour at room temperature. They were then washed 3 times with TBS-Tween

for 5 minutes before overnight incubation with the primary antibody (Phospho-

Smad2diluted 1:500 in TBS, 0.1% Tween, 5% BSA)at 4°C.
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2.2.6. Statistical Analysis

2.2.6.1. Determination of Normality

The majorfactor in determining whichstatistical test was carried out wasif the

experimental data was normally distributed. A Kolmogorov-Smirnov Normality

test was carried out using Minitab v15. Where appropriate, data was

transformed, log base 10 (log;o).

2.2.6.2. The two-sample student’s t-test

Significant differences in normally distributed data from unrelated samplese.g.

normal versus diseased tissue gene expression wereidentified using ANOVA.

2.2.6.3. Mixed effects linear regression

Where data were normally distributed significant differences in gene

expression were determined using a mixed effects linear regression modelto

allow for clustering of samples within individual horses using S-Plus software

version 6.1. Any data that departed from normality were log base 10 (logio)

transformed. Thelevel of significance was set at P<0.05.
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CHAPTER3: Developmentandvalidation of molecular

biological techniques applied to equine tissue andin vitro

cell culture systems

3.1 Introduction

Quantitative polymerase chain reaction (qPCR) allows the numerical

measurementof gene expression levels and constitutes a combination of three

steps; reverse transcription of RNA into complimentary DNA (cDNA),

amplification of cDNA using PCR and finally detection of quantification and

amplification in real time (Gibson et a/. 1996). Quantitative PCR is the most

sensitive method for detecting low levels of mRNA, unfortunately there are

inherent problems associated with the reproducibility and specificity of this

sensitive technique (Bustin 2000). Quality control is essential to reduce these

inherent errors as results depend on template quantity, quality and optimal

assay design. Whereasthe reverse transcription (RT) step is highly variable an

optimised PCRstep is remarkably reproducible (Nolanet a/. 2006).

A further confounding factor is the technique selected to normalise data. The

current gold standard when normalising to an endogenous reference gene

combines evaluation of a panel of several reference genes together with a

method for selecting reference genes with the most stable expression (e.g.

geNorm, Normfinder or Bestkeeper) (Nolan et a/. 2006). Normalisation to a

single reference genecan leadto relatively large errors in a significant number

of samples tested. Application of geNorm a method to determine the

geometric mean of multiple reference genes allows accurate normalisation of

data, which is especially important when studying the biological relevance of

small expression differences (Vandesompele et a/. 2002). There are several

other software packages that allow calculation of the most stable reference
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genesincluding Normfinder (Andersen et al. 2004) and Bestkeeper (Pfaffl et al.

2004); Normfinder uses a model based approachto assessthe inter- and intra-

group variation of individual reference genes. In contrast, geNorm and

Bestkeeper use a pairwise approach to identify the most stable pair of

reference genes. There is no consensus for the selection of the optimal

software package therefore use of the three different methods togetheris

thought to allow selection of the most stable reference genes (Ayers et al.

2007).

The aims of these studies were (1) to develop and validate equine primers for

use with SYBR™Green qPCR (2) determine the appropriate reference genes

that should be used for the various qPCRstudiesin this thesis and (3) carry out

quality control analysis of repeatability of qPCR across ten 384 well plates.

3.2 Verification of RNA quantity andintegrity

The integrity of all RNA samples was determined using the Nanodrop™

spectrophotometeras described in section 2.2.3.4. A 260/280 ratio of 1.9-2.1

was considered indicative of pure RNA (Figure 3.1). The concentration of RNA

in ng/ul was usedto allow dilution of the RNA samples so that 1g of RNA was

added to every reverse transcriptase reaction.
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Figure 3.1: RNA quality assessment use the Nanodrop for progressively

passaged cells in monolayer culture. 260/280 ratio should be between 1.9 and

2.1 to indicate pure RNA.

3.3 Primer design and validation for equine use

3.3.1 Primer design and validation for equine reference genes

Equine primers were designed and validated as described in sections 2.2.3.5.1-

3. Reference gene selection was based on what had been published in the

horse and other species (Bogaert et al. 2006; Maccoux et al. 2007). Initially a

standard PCR reaction was carried out to determine optimal primer

concentrations (300nm vs 900nm). The products of the PCR reaction were then

run on an agarose gel (Figure 3.2), single bright band confirming good

amplification of a single product.
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Figure 3.2: Agarose gel depicting primer products for equine reference genes.

Lane 1 1kb ladder, lane 2 SDHA 300nm, lane 3 SDHA 900nm, lane 4 ACTB

300nm, lane 5 ACTB 900nm,lane 6 TUBA1 300nm, lane 7 TUBA1 900nm,lane 8

HPRT1 300nm, lane 9 HPRT1 900nm, lane 10 GnR2I 300nm, lane 11 GnR2Il

900nm,lane 12 18S 300nm,lane 13 18S 900nm.

Primer efficiency was validated using a ten-fold dilution series as described in

section 2.2.3.5.3 (Figure 3.3). Melt curve analyses were performed forall

primer validation assays to identify amplified products and distinguish them

from primer dimmers and other small amplification artifacts (Figure 3.4). The

slope of the standard curve wascalculated using Applied Biosystems HT7900

software v2.2.1 for primer validations carried out on 384 well plates (Figure

3.5).

Amplification Plot

Amplification Plot

 

1.000 E+1

1.000

 

1.000 E1

4
1.000 E2

1.000 E-3   1.000 E4
 

 

 

Detector: |G Roche | Plot: ARn vs. Cycle xi Threshold: 0.20  
 

Figure 3.3: Amplification plot for primer validation of exon spanning GapDH.

Each ten fold dilution should result in an increase of 3.32 cycles.
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Dissociation Curve

     
 

1.500 B1

1,000 E1

:
2
6
oa

5.000 2

ce

8 65.0 70.0 75.0 80.0 95.0 90.0

Ps Temperature (C)

Detector: [GAP "y| Plot: (Derivative *| Step: [Stage 1, step 3|

Figure 3.4: Melt curve analysis of GapDH, the presence of a single peak

confirming the presence of amplified product without primer dimers or other

small amplification artifacts.
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Figure 3.5: The slope of the standard curve (SCS) was calculated using Applied

Biosystems HT7900 software v2.2.1. The SCS for GAPDH shownis -3.32 and the

R’=0.998. Therefore the efficiency of the GapDH primer = 24-3.3173738 =

100.32%.
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The recommended rangefor the slope of the standard curve (SCS)is -3.2 to -

3.5 with an R’>0.98 (Nolan et a/. 2006). This equates to primer efficiencies

between 88 and 108%. For primerefficiencies between 95 and 105% the SCS

rangeis -3.25 to -3.39. Table 3.1 demonstrates the SCS for each reference gene

primerpair and the calculated efficiency.

 

Gene scs Efficiency Sequence

(%)
    
     

      

  
    

     

_AF157626 AGGS’
185 3.24 103.3 5’GGCGTCCCCCAACTTCTTA3’
AJ311673 3’GGGCATCACAGACCTGTTATTGS’ee neelheanaddieliied

     
“5’ACAGAGGAATGGTCTGGAATACTGA3’
3’ GTGAGCACCACGTGACTCCTTS’

‘SDHA -3.29 101.5 r
DQ402987

ee
       

   

 

  

  

  

       

      
 

 

CCCGTGCACACCA
 

“HPRT1. —i(w;:s«C8«SS—«s«<DL ~ 5’GGCAAAACAATGCAAACCTT3’
AY372182 3’CAAGGGCATATCCTACGACAAS’

 

5 CAGTCCCAAT
         

 

  

       

 

    

  

  

 

_NM_00 \ATGATCTTGCCCTTCAAGTS’
~HIRPS 5’ TTGCATCTGGCTTACCCTTAG3’
NM_001002755 3’CCACAACTTCATCATCTTCTTCAS’ncenmnnamee, area aS

standard curve of a ten-fold dilution series using six dilutions of cDNA.

3.3.2 Primer design and validation for equine target genes

Primer efficiency was validated using a ten-fold dilution series as described in

section 2.2.3.5.3 (Figure 3.6). Melt curve analyses were performedforall

primer validation assays to identify amplified products and distinguish them

from primer dimers and other small amplification artifacts (Figure 3.7). The
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slope of the standard curve wascalculated using Applied Biosystems HT7300

software v1.4 for primer validations carried out on 96 well plates (Figure 3.8).

Poor amplification (Figure 3.9) and multiple peaks in the melt curve analysis

(Figure 3.10) resulted in primer pairs being discarded and no longerused e.g.

COL1A1. Equally multiple bands on the agarose gel consistent with

amplification of more than one product resulted in the primer pair being

discarded (Figure 3.11). Table 3.2 demonstrates the SCS for each target gene

primerpair and the calculated efficiency.
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Figure 3.6: Amplification plot for primer validation of exon spanning COL1A2.

Each ten-fold dilution of cDNA results in an increase in cycle numberof3.32.
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Dissociation Curve
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Figure 3.7: Melt curve analysis of COL1A2 primer demonstrating a single peak

representing amplification of only one product.
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Figure 3.8: The slope of the standard curve (SCS) wascalculated using Applied

Biosystems HT7300 software v1.4 The SCS for COL1A2 shownis -3.31 and the

R’=0.9997. Therefore the efficiency of the COL1A2 primer = 24-3.310328 =

100.81%.
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Figure 3.9: Amplification plot of primer validation for COL1A1 primer. Noteall

amplification occurs at a high Ct and there is no increase in Ct related to

dilution of cDNA, likely as a consequence of amplification of more than one

product(see Figure 3.10).
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Document: 20.7.07standard curves sds (Standard Curve)

Figure 3.10: Melt curve analysis of COL1A1 primer pair. Note the appearance of

multiple peaks in the melt curve indicating the presence of multiple products

melting at different temperatures. This primer set was discarded and a new

primer set designed andvalidated.
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Gene scs___ Efficiency Sequence

(%)

 

   

_(CATCCATAGTGCATCCTTGATTAGGa
5’TCAAGTCCCTCAACAACCAGATC3’

3’GTCAATCCAGTAGTCTCCGCTCTTS’

2Erae

 

  

   

  

  

    

  

COL2A1 _
NM_001081764

  

5!TCCTTCAAAGTGTACTGCAACTTCA3’

3’GATTCTGGCCCCCTCAGACTS'

~COLSA1
XR_036195

 

  

   

5"TGAAGCTCAACTACCTGCGAATC3’|

3’AGATGGAGTTCATTCAGGGTCTCT5

oeTATGGAA3’

 

DCN t—‘ié«CS 100.1 5!ICATCCAGGTTGTCTACCTTCATAACAS? .
3’CCAGGTGGGCAGAAGTCATTS’

 

5’5 GTGTCAAGACAGTAAGGATTCAAAGC3’

3’GRATIGCERRERSEAASTANCES

  

  

   

74. ~~OSNCGTSAGCETGTATIGOATOMMC!
3.38 3/CACCATCCTCCTCAAAGTCTTGTS”

5!PEACETCRTOTACEGEATTGAS? .
5’AGTGAAACACAACCCCATCCAS'

 

   

   5’TCTGCCTCAGCAACCAGAGA3’

3’TCCGAATCGCCGTCTTTCS'  

   

 

5AAGAGTACCAAAGTGCGATCAAAGT3’

3’GTGCAGCTGAGTCTTTTCTGAATAATS’  

  - 5’CIGGGCCATGTGTATGATTTGT3"

XM_001502519 3.36 3’TTTTGACCTGATATAGAGTGCATGGTS’
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 OMD — _ 1034 += = S'CAAATTCATCAACCCCIGAANZ
_XR_035840 326 __ 3/CTTCATCTGGCTCTTGGTCAS’
TGFBR1 a 98.8 5’GCTCAGGTTTACCATTGCTTGTTC3’
XM_001494907 3.34 3’TTTGCCAATGCTTTCTTGTAACACS’
TGFBR2 "= 9500 SCATGAGCAACTGCAGCATCAD’
XM_001490930 3.4003/CTTTCTCCATACAGCCACACAGAS!
TGFBR3 s 104.6 5’GGAGAAGCACCCCCAGAAG3’
XM_001917671 3.22 3’CTGCATCATGGCCCAGATTAS’
 

Table 3.2: Target gene primer efficiency calculated from the SCS of a ten-fold

dilution series using six dilutions of cDNA.

oe " 6 / 8 9 10 111213 14 1516 17 1819

 

Figure 3.11: Agarose gel of primer products for target genes using primer

concentrations of 300nm and 900nm. Lane 1 1kb standard, lanes 2&3 COMP,

lanes 4&5 decorin, lanes 6&7 lumican, lanes 8&9 fibromodulin, lanes 10&11

tenomodulin, lanes 12&13 PPARya note the absence of bandsindicating no

amplification, lanes 14&15 PPARyb, lanes 16&17 COL1A1 note formation of

more than one bandindicating amplification of more than one product, and

lanes 18 & 19 COL1A2.

3.4 Determination of optimal reference gene for use in equine

musculoskeletal tissue and cell culture systems

It was hypothesised that the three different software packages would not

predict that the same reference genes were the most stable in equine

musculoskeletal tissue and cell culture systems. Data were transformed using

the comparative Ct method (Hellemanset a/. 2007; Vandesompeleetal. 2002)

and these values were used as input data for geNorm software

http://medgen.ugent.be/~jvdesomp/genorm/. geNorm uses the geometric

meanof transformed data to calculate the moststable pair of reference genes.
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For application of Bestkeeper (Pfaffl et a/. 2004) Ct values were directly

imported into downloaded bestkeeper software

http://www.wzw.tum.de/gene-quantification/bestkeeper.html. Bestkeeper

also uses a pairwise selection but uses the raw Ct values. Output measures of

covariance, standard variation and coefficient of variation (r?) allow the userto

select the best pair of reference genes.A high co-efficient of variation indicates

patterns of reference gene expression are similar between the different

reference genes used. Low standard deviation and covariance indicate low

levels of inter- and intra-sample variation. For application of Normfinder

(Andersen et a/. 2004) Ct values were transformed using the comparative Ct

method before input into Normfinder software

http:www.mdl.dk/publicationsnormfinder.htm/. Normfinder uses a model

based approachtoassessinter- and intra-group variation calculating the most

stably expressed genefrom stability coefficients and standard error values.

3.4.1. Application of geNorm, Normfinder and BestKeeper as tools to

determine the most stable reference genesfor equine tissues

To determine reference gene stability in adult equine musculoskeletal tissue

matched tissue samples of tendon, cartilage and bone were collected from

three cadavers within 4 hours of euthanasia and placed into RNAlater as

described in section 2.2.1.2. Superficial digital flexor tendon wasalso collected

from three equine foetuses and 2 equine yearlings to allow investigation of

reference gene stability in developing equine tissues. Tissues were also

collected from diseased equine superficial digital flexor tendon (3 acute and 3

chronic) to investigate reference genestability in diseased equine tendon. RNA

was extracted using phenol/guanidine HCI reagents (TriReagent™, Sigma) and

isolated using published methods (Reno et al 1997; Clements 2006). Tissue

samples were pulverised for 1 minute at 2000 oscillations/minute in a liquid

nitrogen cooled dismembranator (Braun Mikro-Dismembranator Vessel). A
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1ImL aliquot of phenol/guanidine HCl reagents (TriReagent™) was addedto the

powdered tendon,cartilage or bone. 200ul of chloroform was added to the

microcentrifuge tube and the samples were allowed to separate at room

temperature for 10 minutes, prior to centrifugation at 4 °C, 12 000g for 10

minutes. 375pl of the aqueous phase wastransferred to a clean eppindorf tube

to which an equal volume of 70% cold ethanol was added. This solution was

mixed by gently pipetting up and down. RNAwasextracted from the aqueous

phase using a commercially available RNA purification kit (RNeasy Mini Kit) as

described in section 2.2.3.1. On column DNase digestion was carried out as

described in 2.2.3.2. Reverse transcription of RNA to form cDNA wascarried

out as described in section 2.2.3.4 using random primers. qPCR analysis for

three reference genes (GapDH, ACTB and SDHA) was determined using an

Applied Biosystems HT7900 thermal cycler as described in section 2.2.3.5.5.

The cycle threshold (Ct) values were obtained using HT7900 software version

2.2.1.

3.4.1.1. Application of geNorm, Normfinder and BestKeeper as tools to

determine the most stable reference genes for normal equine musculoskeletal

tissues

GeNorm identified Glyceraldehyde-3-phosphate dehydrogenase (GapDH) and

succinate dehydrogenase subunit A (SDHA) to be the two most stably

expressed reference genes across normal tendon,cartilage and bone samples

(M=0.045, V=0.027) (Table 3.3).
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Sample Reference M Value V Value

Genes (Gene stability) (Pairwise stability)

     

  
Developing  GapDH 0.031 0.020

Tissue ACTB

 

Monolayer - GapDH | 0.059 0.085

Culture SDHA

 

  
Table 3.3: Reference gene stability and pairwise stability coefficients

determined by geNorm for equine musculoskeletal tissues, diseased tendon,

developing tendon, monolayer and three dimensional cultures of equine

tendonfibroblasts.

Normfinder predicted SDHA as the most stable reference gene (Table 3.4).

Bestkeeper produced high coefficients of variation (r’) for all three reference

genes tested in normal equine musculoskeletal tissues demonstrating that the

expression of the expression patterns were comparable. Unfortunately the

covariance and standard deviation were high demonstrating that expression

levels were not stable between samples(Table 3.5).

 

Gene Stability Standard

name value error

 

ACTB 0.679 0.176

 

Table 3.4: Stability coefficients and standard error determined by Normfinder

for normal equine musculoskeletal tissues.
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Coefficient of variation Standard deviation of Ct Covariance

 

Table 3.5: Coefficient of variation (r’), standard deviation and covariance

determined by Bestkeeperfor normal equine musculoskeletal tissues.

3.4.1.2. Application of geNorm, Normfinder and BestKeeper as tools to

determine the most stable reference genes for normal tendon, developing

tendon and diseased tendon
 

GeNorm identified GapDH and ACTB to be the two moststably expressed

reference genes across developing and diseased tendon samples (M=0.031,

V=0.020 and M=0.056, V=0.057 respectively). Normfinder predicted GapDH as

the most stable reference gene (Table 3.6). Bestkeeper produced moderate

coefficients of variation (r’) for all three reference genes tested in developing

and diseased tendon demonstrating that the expression of the expression

patterns were moderately comparable. Unfortunately the covariance and

standard deviation were high demonstrating that expression levels were not

stable between samples(Table 3.7).

 

Gene Stability Standard

name value error

 

Table 3.6: Stability coefficients and standard errors determined by Normfinder

for normal, developing and diseased equine tendon.
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Coefficient of variation Standard deviation Covariance

 

Table 3.7: Coefficient of variation (r’), standard deviation and covariance

determined by Bestkeeperfor normal, developing and diseased tendon.

3.4.2. Reference genestability in unstrained monolayer cultures and three
 

dimensionalcollagen gels.

To determine reference genestability in monolayer cultures equine tensional

tendon fibroblasts were harvested by collagenase digestion and cultured for 5

passages in 10% DMEM. Confluentcells from each passage werereleased using

Tri-Reagent for subsequent RNAextraction. Finally three dimensional collagen

gels were constructed using equine tendon fibroblasts based on the method

described by Garvin et al. 2003. RNA wasextracted from passage one and

passage 5 cells and from cells within collagen gels following lysis with 1ml Tri-

Reagent as described in section 2.2.3.3. Reverse transcription was carried out

as described in section 2.2.3.4 and qPCR analysis for three reference genes

(GapDH, ACTB and SDHA) wasdetermined using an Applied Biosystems HT7900

thermal cycler as described in section 2.2.3.5.5. The cycle threshold (Ct) values

were obtained using HT7900softwareversion 2.2.1.

GeNorm identified GapDH and SDHA to be the two most stably expressed

reference genesacross both the 2D and 3D in vitro cultures (M=0.059, V=0.085

and M=0.017, V=0.013 respectively). Normfinder predicted GapDH as the most

stable reference gene (Table 3.8). Bestkeeper predicted a high coefficient of

variation for GapDH (Table 3.9) in agreement with the two other reference

gene selection packages for the in vitro monolayer and three dimensional

cultures of equine tendon fibroblasts. Bestkeeper identified the worst
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coefficient of variation and highest covariance for ACTBindicating this is not a

goodreference geneforthesein vitro culture systems (Table 3.9).

 

Gene Stability Standard

name value error

   Table 3.8: Stability coefficients and s

for monolayer and three dimensional cultures of equine tendonfibroblasts.

 

Gene name Coefficient of variation Standard deviation of Ct Covariance

(r’) (%)

  

  

Table 3.9: Coefficient of variation (r’), standard deviation and covariance

determined by Bestkeeper for monolayer and three dimensional cultures of

equine tendon fibroblasts.

3.4.3. Reference genestability in equine cells undergoing equibiaxial or uniaxial

strain

Reference gene stability was determined in strained monolayer culture

systems using RNA extracted from cells cultured in the Bioflex™ (equibiaxial

strain) and Uniflex™ (uniaxial strain) culture systems as described in section

2.2.2.12. RNA extraction, reverse transcription and qPCR werecarried out as

described previously. Expression levels of 6-8 reference genes (ACTB, GapDH,

Gn2L1, HIPRS, HPRT1, MRSP7, SDHA, TBP) were determined using an Applied
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Biosystems HT7900 thermal cycler. The cycle threshold (Ct) values were

obtained using HT7900 software vesion 2.2.1. The three reference gene

stability software packages were used as described above to determine the

optimal reference gene(s).

3.4.3.1 Reference gene stability in equine cells undergoing equibiaxial strain

within Bioflex™ culture plates

GeNorm determined SDHA and ACTBto be the most stable pair of reference

genes tested (M value = 0.23 (Figure 3.12). Expression levels of all the

reference genes tested when using the Bioflex™ system wasstable with all M

values being less than 1.5 (Table 3.10). The pairwise stability value V remained

less than 0.15 indicating that use of a second or additional gene would not be

necessary (Figure 3.13).

 

Table 3.10: M values for the 8 reference genes produced following geNorm

analysis of Bioflex™ samples. All M valuesare less than 1.5.
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Average expression stability values of remaining control genes
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Figure 3.12: Average expression stability values of reference genes (geNorm)

for cells cultured in the Bioflex™ system. This graph shows the output from

geNorm plotting the stability value against the reference genes in order of

stability. The most stable pair is SDHA and ACTB.

Determination of the optimal number of control genes for normalization
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Pairwise Variations

Figure 3.13: Pairwise selection selected ACTB and SDHAto be the most stable

genes whenusing the Bioflex™ system. All V values are less than 0.15 indicating

no added benefit from introducing additional reference genes.

Normfinder selected ACTB to be the most reference gene when using the

Bioflex™ system based onthestability value (0.158) and standard error (Table
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3.11). All the stability values and standard errors werelow in this case with the

exception of TBP.

 

Gene Stability Standard

name value error

 

 

Table 3.11: Normfinder reference genestability values and standard errorsin

the strained and control cells cultured in the Bioflex™ system. Normfinder

determined the best reference gene to be ACTB with stability value of 0.158.

The highest coefficient of variation determined by Bestkeeper when using the

Bioflex™ system was 0.98 (Gn2L1) however, Gn2L1 had the second highest

covariance. GapDH and HRPT1 had the second andthird highest coefficient of

variation and the lowest standard deviation and covariance (Table 3.12) and

therefore offered the beststability.
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Gene name Coefficient or variation Standard Covariance

(r?) deviation (%)

 

GAPDH 0.96 0.60 2.22

 

HIRP5 —S>—O.88 0.80 2.39

 

MRSP7 0.92 1.11 3.32

 

TBP 0.81 . 136— 3.91
 

Table 3.12: Coefficient of variation (r’), standard deviation and covariance

determined by Bestkeeperfor the Bioflex™ culture system.

3.4.3.2. Reference gene stability in equine cells undergoing uniaxial strain

within Uniflex™™ plates

GeNorm determined GapDH and ACTBto be the moststable pair of reference

genes tested (M value = 0.23 (Figure 3.14). Expression levels of all the

reference genes tested when using the Uniflex™ system wasstable with all M

values being less than 1.5 (Table 3.13). The pairwise stability value V remained

less than 0.15 indicating that use of a second or additional gene would not be

necessary (Figure 3.15).
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Table 3.13: M valuesfor the 6 reference genes tested using cDNAcreated from

cells cultured using the Uniflex™ system. Again all M values are less than 1.5.
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Figure 3.14: Average expression stability values of reference genes (geNorm)

for cells cultured in the Uniflex™ system. This graph shows the output from

geNorm plotting the stability value against the reference genes in order of

stability. The most stable pair is GapDH and ACTB.
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Figure 3.15: Pairwise selection selected ACTB and SDHAto be the most stable

genes when using the Uniflex™ system. All V values are less than 0.15

indicating no added benefit from introducing additional reference genes.

Normfinder selected GapDH to be the most reference gene based on the

stability value and standard error (Table 3.14). All the stability values and

standard errors were low in the Uniflex™ culture system.

 

Gene Stability Standard

name value error

 

GAPDH 0.120 0.034

 

HPRT1 0.129 0.035

   
SDHA 0.299 + ~—0.058
 

Table 3.14: Normfinder reference genestability values and standard errors in

the strained and control cells cultured in the Uniflex™ system. Normfinder

determined the best reference gene to be GapDH with a stability value of

0.120.
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All reference genes had high coefficients of variation in the Uniflex™ system

demonstrating comparable reference gene patterns (Table 3.15). The standard

deviations and covariance were moderate indicating moderate variation

between samples(Table 3.15).

 

Gene name Coefficient of variation Standard Covariance

   
  

deviation (%)

150
 

Table 3.15: Coefficient of variation (r’), standard deviation and covariance

determined by Bestkeeperfor the Uniflex™ system.

3.4.3.3. Reference genestability in equine cells undergoing uniaxial strain

within TissueTrain™™ plates

Normfinder selected ACTB to be the most reference gene based on thestability

value and standard error (Table 3.16) for cells cultured in the TissueTrain™

culture system. All the stability values and standard errors were low in the

TissueTrain™ culture system.

 

Gene Stability Standard

name value error

 

Table 3.16: Normfinder reference gene stability values and standard errorsin

the strained and controlcells cultured in the TissueTrain™ culture system.

102



All reference genes had good coefficients of variation in the TissueTrain™

system demonstrating comparable reference gene patterns (Table 3.17)

between GapDH and ACTB. The standard deviations and covariance were

moderateindicating moderate variation between samples(Table 3.17).

 

Gene name Coefficient or variation Standard Covariance

(r?) deviation (%)

 

“GAPDH 0.95 1.42 727

 

        ae

Table 3.17: Coefficient of variation (r’), standard deviation and covariance

determined by Bestkeeperfor the TissueTrain™ culture system.

As GapDH wasselected most frequently in both the Uniflex™, Bioflex™ and

TissueTrain™ culture systemsby all three normalisation techniques (Table 3.18)

and the V value determined by geNorm wasless than 0.15, GapDH was

selected as the most stable reference gene and used to calculate the relative

gene expressionin these strained cell culture systems.

 

Normalisation Most stable pair Most stable pair Moststable pair

Technique Bioflex™ system Unif
= =

lex™ system TissueTrain™Y:
=

             
   
Normfinder  ACTB~ ~ GapDH ACTB

Table 3.18: Most stable pair of reference genes determined by all three

normalisation methods whencells were cultured in the Bioflex™, Uniflex™ and

TissueTrain™ culture systems with and without application ofstrain.
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3.4.4. Reference genestability following growth factor application to equine

cells in monolayercultures

RNA wasextracted from monolayercells as described in Chapter 2 (Materials

and methods) and reverse transcription was carried out using random

hexamers. Diluted cDNA was used for qPCR using the HT 7900 machine

(Applied Biosystems) and 384 well plates. Eight reference genes were analysed

to determine the most stable reference gene(s). The reference gene stability

packages geNorm, Bestkeeper and Normfinder were used to calculate

reference gene stability. TBP and HIRP5 had the lowest M valuesidentified by

geNorm (1.242 and 1.345 respectively) (Table 3.19) and wereidentified as the

moststable pair of reference genes by geNorm (Figure 3.16). Pairwise stability

values wereall >0.15 (Figure 3.17) and therefore the average of two reference

genes was recommendedforusein calculating relative gene expression levels

of target genes.

104



 

 
  

 

  
 

 

 

  
 

 

 

  
 

 

   
 

 

 

 

  
 

 

 

  
 

                 

” | Le
selec
@ be fe pe > |

a2
7
oo

Sle7
ib
3 a

ek
TIz =
EP 2si haf

&
a

2k ot be
i S
2 nN2 38 + =be! io

oe fmm lees few

Fs VII] 1S2
8 ay) isSher nfes fe a.
mh et

co hce |ensbeof neon fess
TIPISIAIS aS a
ry a fo 8
whereeleet $

aie baler fe

Z
- a

23

~

athe ber lott alot lettllerfecler| | 5
ASSPaes) |sah leshctehas ealesheshegit| | £
BOHM IS Oe = &

te
YQ

o

Table 3.19: M values of the eight reference genes tested. Note the M value for

GapDH was >1.5 and therefore GapDH was notidentified to be a suitable

reference gene when growth factors were applied to monolayer cultures of

equine TF and MSCs.
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Average expression stability values of remaining control genes
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Figure 3.16: Average expression stability values of reference genes (geNorm)

for equine TF and MSCs cultured + growth factors in monolayer cultures. This

graph showsthe output from geNorm plotting the stability value against the

reference genesin orderof stability. The most stable pair is TBP and HIRPS.

Determination of the optimal number of control genes for normalization
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Figure 3.17: Pairwise selection selected TBP and HIRPSto be the moststable

genes for equine TF and MSCscultured + growthfactors in monolayer

cultures. All V values are > 0.15 indicating two reference genes should be used

for normalisation.

  

Normfinder demonstrated HIRPS and TBPto have the lowest stability values

(0.147 and 0.147 respectively) but ACTB and MRSP7 hadthe lowest standard

error (0.168 and 0.168 respectively) HIRP5 was selected as the most stable

reference gene based on thestability value and standard error (Table 3.20) for

equine TF and MSCscultured + growth factors in monolayercultures.
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Gene Stability Standard

name value error

  

  
48S i (iti‘iéiés4CtC*”;” 0.385
 

Table 3.20: Stability coefficients and standard errors determined by

Normfinder for equine TFs and MSCscultured + growthfactors.

The highest coefficient of variation determined by Bestkeeper was 0.99

identified in five of the eight reference genes (ACTB, HIRP5, MRSP7, TBP and

18S). 18S, TBP and HIRPS showed the lowest covariance (6.37%, 8.89% and

9.51% respectively) (Table 3.21). TBP and HIRPS were therefore considered to

have the best stability equine TF and MSCs cultured + growth factors in

monolayercultures.

 

Gene name Coefficient or variation Standard Covariance

(r’) deviation (%)

 

GAPDH 0.97 2.32 13.11

 

HIRPS 0.99 2.52 9.51

 

~ MRSP7 . 0.99 3.16 11.73

 

188 © 0.99 0.84 6.37
 

Table 3.21: Coefficient of variation (r’), standard deviation and covariance

determined by Bestkeeperfor equine TFs and MSCscultured + growthfactors.
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Whenall three normalisation software packages were considered together

HIRPS and TBP were considered to be the optimal pair of reference genes

when equine TF and MSCs were cultured in monolayer + growth factor

application (Table 3.22). As the pairwise selection produced a stability

coefficient greater than 0.15, target genes were normalised to the average

expression of TBP/HIRPSforall experiments to which growth factor stimulation

wasapplied. Additionally, geNorm identified a high M value for GapDH (1.534)

indicating GapDH is not the optimal reference gene for experiments using

growthfactorstimulation.

 

Normalisation Moststable pair

Technique With growthfactors

 

   

       

 

 —=—<.——™—™r—r—CCUsit

Table 3.22: Most stable pair of reference genes determined by all three

reference gene stability packages when cells were cultured + growth factor

application. HIRP5 and TBP were the mostfrequently selected combination and

were therefore used for target gene normalisation.

3.4.5. Reference genestability following equine cell culture on

polycaprolactone nanofibres

RNA wasextracted from the aqueous phase using a commercially available

RNA purification kit (RNeasy Mini Kit) as described in section 2.2.3.1. On

column DNase digestion was carried out as described in 2.2.3.2. Reverse

transcription of RNA to form cDNA wascarried out as described in section

2.2.3.4 using random primers. Eight reference genes were analysed to

determine the most stable reference gene(s). The reference gene stability

packages geNorm, Bestkeeper and Normfinder were used to calculate

reference gene stability. TBP and HRIPS wereidentified as the most stable pair

of reference genes by geNorm (Figure 3.18). Pairwise stability values were all
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<0.15 indicating that use of a second or additional gene would not be

necessary(Figure 3.19).
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Figure 3.18: Average expression stability values of reference genes (geNorm)

for equine TF and MSCs cultured on PCL nanofibres. This graph shows the

output from geNormplotting the stability value against the reference genesin

orderof stability. The most stable pair is TBP and HIRPS.
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Figure 3.19: Pairwise selection selected ACTB and SDHAto be the moststable

genes for equine TF and MSCscultured on PCL nanofibres.All V values are less

than 0.15 indicating no added benefit from introducing additional reference

genes.
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Normfinder found HPRT1 to have the loweststability values (0.039) and lowest

standard error (0.039). HPRT1 was therefore selected by Normfinder (Table

3.23) as the most stable reference gene for equine TF and MSCscultured on

PCL nanofibres.

 

Gene Stability Standard

name value error

 

   
02776

0.166 0.041

: | 0213 0.046

ACTB 0.307 0.058
 

Table 3.23: Stability coefficients and standard errors determined by

Normfinder for equine TFs and MSCscultured on PCL nanofibres.

The highest coefficient of variation determined by Bestkeeper was 0.98 for

HPRT1 for equine TFs and MSCscultured on PCL nanofibres. MRSP7, HIRPS and

TBP showed the lowest covariance (4.07%, 4.15% and 4.30% respectively)

(Table 3.24). TBP and HPRT1 were therefore considered to have the best

stability for equine TF and MSCs cultured on PCL nanofibres.

Table 3.25 shows a summary of the reference gene selection for gene

expression analysis usedin this thesis.
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Gene name Coefficient of variation Standard deviation Covariance

 

“ . :
HPRT1 0.98 0.99 4.32

 

SDHA 0.97 1.08 454

      
ACTB 0.90 0.89 5.12
 

Table 3.24: Coefficient of variation (r’), standard deviation and covariance

determined by Bestkeeper for equine TFs and MSCscultured on PCL

nanofibres.

 

Sample geNorm Normfinder Bestkeeper Reference gene(s)

i

 

x

Monolayer . GapDH GapDH GapDH . GapDH

Culture SDHA ACTB

 

Uniflex™ GapDH _GapDH HRPT1 = ~—S~<GapDH
Culture ACTB MRSP7

   

_ a _ oo

Growth Factor TBP HIRPS 18S TBP

Stimulation HIRPS TBP HIRPS

 

culture systems
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3.5. Calibration of qPCR between multiple 384 well plates

A sample of passage oneflexor tendon fibroblast CDNA was made from RNA

extracted from donor2 of the monolayercultures used for chapter 4. The DNA

content of the 1/9 diluted sample was measured using the Nanodrop and

found to be 163ng/ul. This samples was included in triplicate on all ten 384

well plates as a calibrator sample to determinestability of master mixes used

for the qPCR analysis of growth factor experiments from all three donors. The

average cycle thresholds of TBP and HIRPS for the calibrator cDNA were

plotted + the standard error (Figure 6.7). The variation of cycle threshold across

all ten 384 wells plates was <1.5 Ct.
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Figure 3.20: The average cycle thresholds of TBP and HIRPS5 for the calibrator

cDNA were plotted + the standard error for each of the ten 384 well plates

used. The variation of cycle threshold acrossall ten 384 wells plates was <1.5

Ct.

Thestability of reference gene primers were assessed across the ten 384 well

plates by calculating the coefficient of variation for the cycle threshold values

of the calibrator sample used on everyplate (Figure 3.21). The TBP primerpair

had a coefficient of variation of less than 2 and the HIRPS primer pair had a
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coefficient of variation of 2.24 therefore even small changes in expression level

could be considered significant.

 

Reference Gene Primer Coefficients of Variation

   
TBP HIRPS    

Figure 3.21: Primer coefficients of variation for TBP and HIRPS calibrator

sample cDNAacross ten 384 well plates. The TBP primer pair had a coefficient

of variation of less than 2 and the HIRPS primer pair had a coefficient of

variation of 2.24 therefore even small changes in expression level could be

considered significant.

3.6 Discussion

This work has demonstrated some agreement in reference gene selection

between the three software packages geNorm, Normfinder and Beskeeper but

this agreement was not absolute. Generally at least 2 of the three software

systems would find agreement allowing selection of the most stable reference

genes. It has previously been reported that comparison of the three software

packages reduces the risk of co-regulation of reference genes (Ayers et al.

2007) and the work in this chapter would agree with this. In contrast to other

published work (Wood et al. 2008) Normfinder did not always agree with

Bestkeeper particularly when a larger panel (6-8) of reference genes were
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tested. The current work supports the work of Maccoux et al. (2007) where the

two software programmes (Bestkeeper and geNorm) based on pairwise

selection of reference genes show highlevel of agreement.

Interestingly GapDH wasidentified as one of the most stable reference genes

in vitro while Normfinder found ACTB to be the most stable reference gene

when comparing normal and diseased tendons. Bestkeeper identified GapDH

to be the most stable of the three genes tested in this chapter whenall

samples were compared together. However, Bestkeeper demonstrated a high

covariance for ACTB indicating large variation between samples. Whenall

samples were considered using geNorm software, the most stable pair of

reference genes was GapDH and ACTB.Goodcorrelation was found between

different software programmesfor the current samples.

The gold standard has been described using 6-8 reference genes to determine

optimal stability (Nolan et a/. 2006). Other literature reports the use of 2-4

reference genes to improve the accuracy of quantification (Vandesompele et

al. 2002). Unfortunately, it should be noted that cost can influence the number

of reference genes used practically particularly when carrying out analysis of

multiple genes. The only cell culture system in which GapDH wasfound to be

inappropriate was whencells were stimulated with growth factors. However,

earlier work in this thesis only used the three reference genes; GapDH, ACTB

and SDHA which mayexplain the bias towards selection of GapDH.

Whenanalysing cellular responses to agents that cause multiple changes in

gene expression proper validation of reference genes for qPCR is important.

Santos and Duarte (2008) examined the effects of neurotropin BDNF on

hippocampal neurons using both geNorm and Normfinder and highlighted TBP

to be one of the more stable reference genes whilst GapDH was notstably

expressed. These findings are in agreement with the current work where

application of growth factors to equine cells resulted in regulation of GapDH

such that GapDH should not be used for gene expression normalisation.
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Interestingly TBP was foundto be stably expressed when growthfactors were

applied to equine tendon cells and MSCs.

Application of cyclic strain to lung fibroblasts and epithelial cells resulted in

variation of reference gene expression within and betweencells types (Pinhu et

al. 2008). This does not agree with work in the current chapter that found

minimal difference in reference gene stability across the different straining

systems used and the twodifferent types of equine cells tested. This may

reflect differences in straining regimen between the current study and the

workby Pinhu et a/. 2008.

3.7 Conclusions and future work

The results of the current experiments would encouragethe use oflarge panel

(6-8) reference genes and all three software packages to determine the best

reference geneswith the least co-regulation particularly for experiments using

growth factor stimulation. Whilst GapDH appearedstable in the strained cell

culture systems this was not the case for experiments using growth factor

stimulation.
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CHAPTER4: Gene expression markers of tendonfibroblasts

in normal and diseased tissue compared to two and three

dimensional culture systems.

4.1 Introduction

The poorclinical outcome associated with tendon injury and the limited

capacity for regeneration of injured tendon haveresulted in a growing interest

in the use of tissue engineering approaches for tendon therapy in both man

and animals (Richardson et al. 2007). Objective demonstration of successful

regeneration requires the identification of markers of tenogenesis. There is a

paucity of data regarding molecular markers that identify the phenotype of a

tendoncell (Riley 2008; Taylor et a/. 2009). For tissue engineering purposesit

essential that specific end points can confirm the engineered constructs have

developed into the desired tissue. Tissue engineering of cartilage can be

represented by evaluation of gene expression of COL2A1 and SOX9. The

equivalent genesfor identification of bone would be Runx2 and osteopontin

(Barbero et al. 2003). Unfortunately there is no equivalent gene identified for

tendon to date. Scleraxis a beta helical loop homeobox (bHLH) transcription

factor, has been mooted as an important gene in tendon neoformation

(Murchison et al. 2007). Scleraxis has been identified in other tissues including

heart valve (Levay et al. 2008). Verification of the success of tendon tissue

engineering is currently based on histological analysis and biomechanical

testing. Identification of pertinent gene expression would be beneficial in

confirmingcell differentiation to a relevant tendoncell phenotype.

Collagen type | forms 95% of the collagen content of normal adult tendons, the

remaining 5% constitutes small amountsofcollagen typesIll, V, VI, XIl and XIV

(Riley 2005). Following acute rupture of the human Achilles tendon or equine

SDFT gene expression ofcollagen types|, Ill and V is increased (Clegg et al.

2007; Dahlgren et al. 2005; Eriksen et a/. 2002; Molloy et a/. 2006). Tenascin-C
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is also upregulated following tissue wounding (Sharma and Maffulli 2005) and

in degenerate tendinopathy(Riley et a/. 1996). Other important tendon matrix

componentsinclude the small leucine rich proteoglycans (lumican, decorin,

biglycan and fibromodulin). The role of these smaller matrix components has

been demonstrated to be important in collagen fibrillogenesis (Ezura et al.

2000). In addition the glycoproteins such as cartilage oligomeric matrix protein

(COMP)and tenascin-C are thought to play a role in collagen fibrillogenesis

(Chiquet-Ehrismann and Tucker 2004; Halasz et al. 2007; Smith et a/. 1997).

COMPis an extracellular matrix glycoprotein that is abundant in tissues

subjected to load. Levels of COMP increase until skeletal maturity is reached

after which time levels gradually decline (Smith et a/. 1997). Tenomodulin is a

type Il transmembraneglycoprotein that is preferentially expressed in dense

connective tissues. Mice lacking tenomodulin have tendons with a disrupted

fibril structure and exhibit severely reduced tenocyte proliferation (Docheva et

al. 2005). Tenomodulin has been reported to be a good phenotype markerfor

tendon fibroblasts (Shukunamiet a/. 2006). Decorin is a member of the SLRPs

that have been shown to be important in control of collagen fibrillogenesis

(Zhang et al. 2006). Recent investigations have highlighted scleraxis as a

specific marker of tendon progenitor cells (Bi et a/. 2007; Murchison et al.

2007; Schweitzer et a/. 2001). Furthermore, scleraxis null mutant mice have

distinct tendon defects (Murchison et a/. 2007). Osteonectin is a glycoprotein

found within the ECM of bone secreted by osteoblasts and is able to bind

calcium. Osteopontin is a glycoprotein found in bone and formspart of the

inorganic component of bone. Osteomodulin is a keratan sulphate

proteoglycan found in the ECM of bone and thought to be a marker of

osteoblast maturation (Ninomiya et al. 2007). SOX9 is a transcription factor

important in chondrocyte regulation and is frequently used to identify

chondrogenicdifferentiation (Barbero et a/. 2003).
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In the current study 11 genes were selected as representative of tendon,

cartilage and bone and quantified in these musculoskeletal tissues to identify

which of these genes were most discriminating for a tendon phenotype. In

addition, the genes that identify chondrogenic and osteogenic differentiation

(Barbero et a/. 2003) were also quantified. Genes with preferential expression

within tendon were also included; COL1A2, COL3A1, COMP, decorin,

tenomodulin and tenascin-C. The expression of key genes which could identify

an adult tendon phenotype were then characterised both in clinical cases of

tendinopathy of the equine SDFT, as well as during tendon development.

Furthermore the expression profile of these genes was characterised in-vitro in

both monolayer and three dimensional (3D) cultures of tendon fibroblasts to

identify whether such modelsfully recapitulate the tendon phenotype.

4.2 Identification of target marker genes to discriminate tendon from

cartilage and bone

Target gene expression in adult equine musculoskeletal tissue collected from

matchedtissue samples of tendon,cartilage and bone. Samples werecollected

from three cadavers within 4 hours of euthanasia and placed into RNAlater as

described in section 2.2.1.2. Superficial digital flexor tendon wasalso collected

from three equine foetuses and 2 equine yearlings to allow investigation of

target gene expression in developing equine tissues. Tissues were also

collected from diseased equine superficial digital flexor tendon (3 acute i.e. < 1

month duration and 3 chronic i.e. > 6 months duration) to investigate target

gene expression in diseased equine tendon. To determine target gene

expression in monolayercultures equine tendonfibroblasts were harvested by

collagenase digestion and cultured for 5 passages in 10% DMEM.Confluent

cells from each passage were released using Tri-Reagent for subsequent RNA

extraction. Finally three dimensional collagen gels were constructed using

equine tendon fibroblasts based on the method described by Garvin et al.

(2003). All target gene expression was normalised to the average expression of
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two reference genes GapDH and ACTB using the comparative Ct method (see

chapter 3.4).

4.2.1 Gene expression of tendon, bone and cartilage markers in adult tissues

Figures 4.1, 4.2 and 4.3 show the data obtained for expression levels of genes

presumed to be associated with tendon, bone and cartilage respectively.

Scleraxis showed significantly higher expression in tendon than in bone

(P=0.002) (Figure 4.1), and whilst higher levels of expression were identified in

tendon than cartilage this did not reach statistical significance. As expected,

significantly higher COL1A2 was expressed in both tendon and bonethan in

cartilage (P=0.01 and P=0.008, respectively) (Figure 4.1). Tenomodulin was

identified in both tendon and bone but could not be detectedin cartilage. No

significant difference could be identified in the levels of tenomodulin

expression in tendon and bone. Tenascin-C expression wassignificantly lower

in tendon than in bone (P=0.02). COMP expression was significantly higher in

tendon than in bone (P=0.02) but no difference in expression wasidentified

between tendon and cartilage (Figure 4.1). Decorin expression washighestin

cartilage (P=0.03) and lowest in bone (P=0.02). Osteopontin, Runx2 and

osteomodulin were able to discriminate between tendon and bone (P=0.003,

P=0.03 and P=0.01, respectively) (Figure 4.2) but Runx2 was the only

hypothesised bone marker that distinguished between bone and cartilage

(P=0.007). Of the cartilaginous markers, only COL2A1 was significantly lower in

tendon than in both bone and cartilage (P=0.005 and P=0.0003). Cartilage

showed higher expression of COL10A1 and SOX9 than tendon (P=0.01 and

P=0.005 respectively) (Figure 4.3). From the matched normaltissue samples a

panel of COL1A2, scleraxis and tenascin-C were selected as the most

discriminating genes of tendon phenotype.

119



 

      

&
m@Tendon

2
4s
£ . Bone
a
4
fed

2 Cartilage
g a4
oO

£
&
au i
~~4 34

z
md

8.04

COLIA? Scleraxis Tenascin-C COMP Decorin Tmd

Figure 4.1: Gene expression of normal tendon, bone and cartilage samples.

Gene expression of COL1A2, scleraxis, tenascin-C, COMP and decorin in

matched samples of tendon, cartilage and bone harvested from normal adult

horses. Relative gene expression data is represented graphically as log

transformed values. P values were generated using a mixed effects linear

regression modelto allow for clustering within individual donors.
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Figure 4.2: Gene expression of osteopontin, osteonectin and osteomodulin in

matched samples of tendon, cartilage and bone harvested from normal adult

horses. Relative gene expression data is represented graphically as log

transformed values. P values were generated using a mixed effects linear

regression modelto allow for clustering within individual donors.
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Figure 4.3: Gene expression of COL2A1, COL10A1 and SOX9 in matched

samples of tendon, cartilage and bone harvested from normal adult horses.

Relative gene expression data is represented graphically as log transformed

values. P values were generated using a mixed effects linear regression model

to allow for clustering within individual donors.

4.2.2. Selection of most discriminating marker genesin adult tissue

The matched adult samples of tendon, cartilage and bone showthetensional

SDFT to express high levels of COL1A2 and scleraxis and low levels of tenascin-

C in comparisonto the other tissues. Bone also expresseshigh levels of COL1A2

but contrastingly low levels of scleraxis and high levels of tenascin-C. In

contrast, cartilage expresses moderate amounts of COL1A2, scleraxis and

tenascin-C (Figure 4.4).
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Figure 4.4: The genes mostdiscriminating for a tendon phenotype werehigh

expression of COL1A2 and Scleraxis and low expression of tenascin-C.

4.3 Identification of target marker genes in developing and diseased equine

tendon

4.3.1 Expression of most discriminating marker genes in developing tendon

Expression of COL1A2 washigher in the foetal tissues compared to mature

tendon relative to reference gene mRNA (P=0.01). There was increased

tenascin-C expression in skeletally immature tendon in comparison to adult

tendon (P=0.02) (Figure 4.5).
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Figure 4.5: Gene expression of developing tendon. Gene expression of COL1A2,

scleraxis, tenascin-C in SDFT collected from foetuses, yearlings and adults. P

values were generated ANOVAfor normally distributed log transformeddata.

4.3.2 Expression of most discriminating marker genes in diseased tendon

Acute tendinopathy producedsignificant changes in gene expression. Tenascin-

C expression was greatly increased in acutely diseased tendon in comparison to

normal tendon (P=0.0001), although expression of scleraxis and COL1A1 did

not vary. Chronic tendinopathy resulted in a gene expression profile similar to

that of normal tissue with no significant difference in the expression of

tenascin-C (Figure 4.6).
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Figure 4.6: Gene expression of COL1A2, scleraxis, tenascin-C in acute and

chronic disease in comparison to normal adult tendon.

4.4 Use of candidate markergenesforin vitro culture systems

4.4.1 Two dimensional monolayercultures

Scleraxis gene expression was decreased compared to normal adult tendon at

passage 1 of monolayer culture of tendon fibroblasts and this significant

decrease was maintained at passage 5 (P=0.002 and P=0.004 respectively)

(Figure 4.7). No significant differences in COL1A2 and tenascin-C expression

were identified between normal tissue and the 2D in vitro culture systems.

Tenomodulin gene expression levels were not detectable in the in vitro cells.
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Figure 4.7: Gene expression of COL1A2, scleraxis, tenascin-C in 2D and 3D in

vitro culture in comparison to normal adult tendon. (2D P1= passage 1

monolayer culture, 2D P5=passage 5 monolayerculture, 3D=tendonfibroblasts

cultured in collagen gels). P values were generated using a two sample

student’s t-test for normally distributed log transformed data.

4.4.2 Three dimensional cultures within collagen gels

Placing tendon fibroblasts into a three dimensional collagen matrix resulted in

increased expression of type | collagen (P=0.03) compared to passage one

monolayer cells. No significant difference was identified between levels of

COL1A2 and tenascin-C expression by 3D cultured tendon fibroblasts and

normal adult tendon. However, 3D cultured tendon fibroblasts showed

significantly reduced expression of scleraxis (P=0.03) in comparison to normal

adult tendon but no significant difference from monolayer cultures (Figure

4.7).
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4.5 Discussion

This study has confirmed that a panel of ‘marker’ genes are required to identify

tendon cell phenotype from other mesenchymal tissues. The matched adult

samples of tendon,cartilage and bone showthe tensional SDFT to express high

levels of COL1A2 and scleraxis and low levels of tenascin-C in comparison to

the other tissues. Bone also expresses high levels of COL1A2 but contrastingly

low levels of scleraxis and high levels of tenascin-C. In contrast, cartilage

expresses moderate amounts of COL1A2, scleraxis and tenascin-C. Tendon

regions with a fibrocartilagenous phenotype that are subjected to compressive

loads have been shownto havehigher levels of tenascin-C (de Palmaet al.

2004; Mehret a/. 2000; Vogel et al. 1986), for example at the myotendinous

and osteotendinous junctions (Jarvinen et a/. 2000). Low levels of tenascin-C

within the mid-body of the normal equine SDFTidentified in the current study

are likely to be a reflection of the tensile loads placed on this region of the

tendon. The presence of scleraxis within equine cartilage may be a

consequence of the inclusion of the perichondrium in the samples of the

cartilage, a tissue that is derived from scleraxis expressing cells (Asou et al.

2002).

Scleraxis has been described as being an important marker of tendon

neoformation, however, there is currently no evidence that scleraxis can

induce tendon neoformation (Aslan et a/. 2008). Murchison et al (2007) clearly

demonstrated the importance of scleraxis as a transcription factor during

tendon development with scleraxis null mutants exhibiting severe defects in

the force transmitting tendons. It has been suggested that scleraxis is

important in directing condensations of tendon progenitor cells to form the

force transmitting tendons (Murchison et a/. 2007). The current experiments

did not identify any significant increase in levels of scleraxis expression in mid-

gestational foetal tendons compared to normal adult tendons.It is possible

that once the tendon phenotypeis established during developmentthere is no
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further changein scleraxis expression. Alternatively, translational control of the

protein maydiffer between developing and adult tendons. Scleraxis expression

showed no significant difference between normal and diseased tendons.

Tendon samples collected from horses with naturally occurring acute

tendinopathy of the SDFT did not show significant increase in COL1A2,this

may be a result of the large range in expression levels in the normal adult

tendon samples, leading to large standard errors. In man, increased expression

of type | collagen has been a consistent finding in acute tendinopathy (de Mos

et al. 2007). Tenascin-C was significantly increased in the acutely diseased

samples; this is consistent with the appearance of tenascin-C during the

inflammatory phases of wound healing (Chiquet-Ehrismann and Tucker 2004;

Sharma and Maffulli 2005).

Increased type-I collagen has been reported in chronic degenerate Achilles

tendinopathy (Alfredson et a/. 2003;Ireland et a/. 2001) this is at variance with

the findings of the current study that identified no significant difference

between gene expression of COL1A2 in normal adult tendon and tendinopathy

of the SDFT of more than 6mths duration in the horse. This may reflect

differences in clinical condition between painful degenerate Achilles tendons

and healed non-painful chronic tendinopathy of the equine SDFT. Levels of

tenascin-C mRNA from chronic tendinopathy were notsignificantly different

from normal adult SDFT demonstrating that levels of tenascin-C may only

increase transiently in acute injury then to return to normal levels. These

findings are at variance with some of the human literature describing

degenerate tendons(Riley 2008; Riley et a/. 1996) where increased tenascin-C

may be associated with roundcells and a morefibrocartilaginous phenotype or

a different disease state.

Monolayer culture of tendon fibroblasts provides a simple method to study cell

phenotype. Recent investigations have highlighted significant differences in

cellular gene expression in monolayer compared with three dimensional
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cultures (Sawaguchi et a/. 2006). The gene expression profile of tendon

fibroblasts in monolayer culture has recently been shown to alter with

progressive passaging (Yao et al. 2006). The current experiments have

highlighted further differences between monolayer tendon fibroblasts and

those found in adult tendon. Scleraxis expression is decreased at both passage

one and five in monolayer cultures of tendon fibroblasts, hence neither have a

gene expression profile that recapitulates what is found in normal tendon.

Three dimensional cell culture methods are thought to more closely mimic the

in vivo cellular environment (Garvin et al. 2003; Sawaguchi et al. 2006).

Unfortunately whilst increasing the expression of COL1A2 in agreement with

the work of others (Zhang et a/. 2008) expression of scleraxis was not retained

whenthesecells were cultured in three dimensional collagen gels. The in vitro

models used in the current study did not fully recreate the adult tendon

phenotype. Further work is warranted to identify a culture system that more

closely resembles adult tendon. Recently embryonic tendon fibroblasts

cultured in a three dimensional fibrin gel (Kapacee et a/. 2008) were able to

maintain a tendon developmental phenotype in the fibrin gel as defined by

electron microscopy. Other three dimensional culturing systems have been

extensively investigated biomechanically (Butler et a/. 2008) however, the gene

expression of these alternative systems has yet to be reported. Clearly, the

importance of recreating the transcriptomic profile of normal tendonrelative

to the functional properties of the engineered tissue requires further

evaluation.

4.6 Conclusions and Future Work

As no single molecular marker was capable of discriminating tendon from both

bone andcartilage in the current studyit is recommendedthat multiple genes

are used to identify tenogenicdifferentiation. The current experiments would

suggest high expression of COL1A2 and scleraxis and low expression of
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tenascin-C are most representative of the normal adult tendon phenotype.

Furthermore, this work refutes the use of tenomodulin as a good marker of

equine tendonfibroblasts as similar levels were identified in both tendon and

bone. A genome wide screen mayin the future identify specific markers of

tendon phenotype. Whether they are maintained in cultured fibroblasts will

also need to be determined.
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CHAPTER5: Development and characterisation of 2D and 3D

in vitro culture systems for equine tendon fibroblasts and

mesenchymal stromalcells

5.1. Introduction

Tendons are composed of dense connective tissue characterised by sparse

fibroblasts located within a highly ordered collagen rich ECM. Native tendon

fibroblasts synthesise large amounts of collagen type | that maintains the

property of tensile strength (Canty and Kadler 2002). In addition to collagen

the ECM is comprised of proteoglycans and glycoproteins. The large

proteoglycans; aggrecan and versican provide resiliency whereas the small

leucine rich proteoglycans (SLRPs); decorin, biglycan, lumican and fibromodulin

regulate tendon fibril morphology (Yoon and Halper 2005). When human

Achilles tendoncells are transferred into an in vitro environment they begin to

synthesise increased amounts of collagen typeIll at the expense of collagen

type 1 (Yao et al. 2006); these changesalso occur in avian and rabbit tendon

cell culture (Bernard-Beaubois et al. 1997; Schwarz et al. 1976). Rapid

phenotypic drift has also been demonstrated for other cell types including

chondrocytes andintervertebral disc fibroblasts (Chou et a/. 2006; Darling and

Athanasiou 2005).

Fibroblasts within tendons are able to respond to mechanical load by altering

the pattern of expression of ECM proteins (Banes et a/. 1999). Experimental

conditions can be moretightly controlled in vitro therefore these systems are

often used to study how tendon fibroblasts respond to mechanical load.

Application of tensile strain to monolayer cultures has been shownto increase

production of collagen type | (Chen et a/. 2008; Lee et al. 1999; Yang etal.

2004; Zhang et al. 2008). The effects of tensile strain on other matrix

componentsis less well characterised and requires further investigation (Gupta

and Grande-Allen 2006; Wang 2006).
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Traditionally cells have been cultured in 2D on tissue culture plastic howeverin

this environment only 50% (at most) of the cell surface is able to interact with

its environment (Grinnell 2003). Cells cultured in 3D matrices experience a

more complex physical environment moreakin to the situation in vivo. Tendon

cells cultured in 3D collagen gel adopt an aligned phenotype and express

similar genes to those found in native tendon (Garvin et al. 2003). Mechanical

stimulation of collagen gel constructs has been shownto increase expression of

collagen type | (Juncosa-Melvin et al. 2007).

In recent years there has beenincreasingclinical interest in use of methods to

influence cell behaviour which aim to improve the quality of tendon repair

subsequent to injury (Smith and Webbon 2005), with specific interest in

understanding the basic biological steps involved in synthesis of matrix

relevant for tendon repair, and how specific cell types can be influenced to

undergo relevant mesenchymaldifferentiation. Injection of MSCs has been

shown to improve the biomechanics of tendon repairs in laboratory animal

models (Awad et al. 1999; Young et a/. 1998). Parallel study of MSCs and

equine tendon fibroblasts may help elucidate the mechanisms of tenogenic

differentiation and also identify if MSCs provide a suitable cell type for tendon

regeneration and tissue engineering purposes.

The aimsof the studies described in this chapter were (1) determine the effect

of progressive passage on gene expression of equine tendonfibroblasts (2) to

confirm the multipotency of bone marrow derived MSCs and tendon derived

fibroblasts, (3) determine the effect of strain application on cell viability, cell

proliferation and morphology of both tendon fibroblasts and MSCs in

monolayerculture and (4) determinethe effect of 3D culture andtensile strain

application on gene expression and cell morphology of tendon fibroblasts and

MSCs.
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5.2. Progressive passaging of flexor and extensor tendon fibroblasts in

monolayer

It was hypothesised that progressive passaging of fibroblasts from flexor and

extensor tendons would demonstrate an altered phenotype in monolayer

cultures. For the cell culture experiments tendon samples werecollected from

5 adult (age 5-10yrs), mixed breed horses subjected to euthanasia for clinical

reasons. All tendons were free of pathology on clinical and post mortem

examination. Ethical approval was obtained prior to commencementof the

study with the owners giving informed written consent. Tendons were

collected within 5 hours of euthanasia from three different sites, SDFT at the

level of the mid-metacarpus (tensional), the SDFT at the level of the

metacarpophalangeal joint (compressive) and the CDETat the level of the mid

metacarpus (extensor) (Figure 5.1). Samples were cut into 2x2x2mm pieces and

subjected to collagenase (0.1%) digestion overnight in DMEM containing 5%

FCS on an orbital shaker at 372C. Collagenase was replaced with DMEM and

tendon fibroblasts were allowed to proliferate. Cells were then cultured in

75cm’ flasks in DMEM containing 10% FCS, penicillin/streptomycin and

amphotericin at 5% CO, and 37°C until approximately 90% confluent before

passaging. Culture medium was changed every 3-5 days. Once cells were sub-

confluent, they were released from flasks with trypsin (0.05%), counted and

seeded into flasks at 5000cells/cm’. One millilitre of Tri-Reagent was added to

the remaining cells for subsequent RNA extraction, these samples were stored

at -80 °C. This cycle was repeated 5 times for the 3 different sites to obtain

cells up to passage 5. RNA extraction, reverse transcription and qPCR were

carried out as described in section 2.2.3. Population doublings were calculated

used the equation described in section 2.2.2.9.
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Figure 5.1: Tendon fibroblasts were harvested from areas of tendon with

different functional origins; the tensional SDFT (red arrow), compressive SDFT

(yellow arrow) and the CDET(white arrow).

5.2.1. Cell population growthkinetics

Tendon fibroblasts harvested from the three different functional origins

demonstrated an increasein cell population growth kinetics until passage 5. At

passage 5 a reduction in the population doublings/day was apparentforall

locations (Figure 5.2). There was no significant difference in the population

doublings between different cell sources.
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Figure 5.2: Graphical representation of cell population growth kinetics. Cells

from the three different sites showed increased population doubling rates up

to passage 5 following which there was a decline in cell population

doublings/day at passage 5, indicating that at least some of the cells may be

entering a more senescent phenotypeatthis point.

5.2.2. Gene expression of progressively passaged tendonfibroblasts

All gene expression levels in the progressively passaged studies were quantified

relative to GapDH

5.2.2.1. Collagen gene expression in passaged TF from different functional

origins

Extensor TF retained the higher levels of gene expression of COL1A2 and

COL3A1 (Figure 5.3) seen in tissue (Chapter 4) whenthese cells were cultured

in monolayer over 5 passages in comparison to tensional TF (P=0.02 and

P=0.005 respectively). No alteration in levels of collagen gene expression was

noted with progressive passaging. Surprisingly the levels of COL3A1 expression

werehigherthan the levels of COL1A2 gene expression in TF harvested from all

sites. Extensor TF showedhigherlevels of scleraxis expression than tensional

TF (P=0.02) irrespective of passage number and whenclustering within donoris

accounted for using a linear regression mixed effects model. Tensional TF
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expressed higher levels of tenascin-C than both compressive and extensor TF

(P=0.01 and P=0.005respectively) (data not shown).
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Figure 5.3: Cultured extensor tendon fibroblasts demonstrated significantly

higher levels of gene expression of both COL1A2 and COL3A1 (*P=0.02 and

**P=0.005 respectively).

5.3.2.2. Decorin expression reduces with progressive passage of TF from

different functional origins

Progressive passaging of tenocytes harvested from all three sites showed a

significant (P=0.0001) reduction in the gene expression of decorin with increased

passage number(Figure 5.4). An increase in the expression of decorin was noted

at passage three in the cells taken from the all three separate sites. No

significant alterations in the gene expression of COL1A2, COL1A3, lumican,

fibromodulin and COMP were observed with increased passage number. No

significant difference in gene expression of COL1A2, COL1A3, lumican,

fibromodulin and COMPwasidentified between different tendons.
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Figure 5.4: Levels of decorin gene expression decrease with progressive

passaging of TF sourced fromall three different functional origins (tensional,

compressive and extensor) (P=0.0001). There is an uplift in levels of gene

expression at passage3 in all cell types.

5.3. Multipotency of equine tendon fibroblasts and mesenchymal stromal

cells

The Mesenchymal and Tissue Stromal Cell Committee of the International

Society for Cellular Therapy has proposed three criteria to identify MSCs

(Dominici et al. 2006); adherence to tissue culture plastic, specific surface

antigen expression, multipotent differentiation potential. Whilst multipotency

and adherenceto tissue culture plastic have previously been demonstrated for

equine MSCs(Vidal et a/. 2006). the identification of antigen expression in the

horse is hampered by the limited availability of species specific antibodies to

detect appropriate CD markers(Tayloret al. 2007). The adherence of MSCs and

tendon fibroblasts isolated to tissue culture plastic was evaluated using the

colony forming unit assay. It was hypothesised that equine tendonfibroblasts

and MSCs would adhere and form colonies and that they would be
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multipotent. Multipotency of these cells was determined through assessment

of osteogenic and adipogenic potential (as described in section 2.2.2.5.)

(Pittenger et al. 1999; Vidal et a/. 2006).

5.3.1. Colony forming unit assay for equine tendon fibroblasts and

mesenchymal stromal cells

The linear relationship between the numberofcells plated and the numberof

colonies formed suggests that fibroblast colonies originate from a single cell.

Whencells are plated at low density (185 cells/cm’) only a small proportion,

typically less than 15%, adhere and proliferate to form colonies (Castro-

Malaspina et al. 1984). Tendon fibroblasts were harvested from three horses

from the tensional and compressive areas of the superficial digital flexor

tendon (SDFT) and also the commondigital extensor tendon (CDET)(Figure 5.1)

as described in section 2.2.2.1. Bone marrow MSCs werecollected from 2

horses as described in section 2.2.2.3. Cells were plated at low density (185

cells/cm’) into 6 well plates in duplicate and cultured for 10 days with media

changes every 3-5 days. The colonies were then photographed and analysed

using Gene Tools image analysis software (Syngene, Cambridge, UK). A paired t

test was used to calculate if there wassignificant difference in the rate of

colony formation between tendonsof different functional origins (collected

from the same donor) and a 2-sample t test was usedto calculate if there was

significant difference in the rate of colony formation between tendon

fibroblasts and MSCs(collected from different donors).

The average rate of colony formation of equine tensional tendon fibroblasts

was 26%,indicating a subpopulation ofcells with self-renewing capacity in vitro

(Figure 5.5). The numberof colonies formed for the different cell types are

presented in Figure 5.6. The average rate of colony formation for tensional,

compressive, and extensor tendon fibroblasts was 27%, 19% and 22%

respectively. The average rate of colony formation for MSCs was 28%.

Tensional tendon fibroblasts formed coloniesat a significantly higher rate than
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extensor tendon fibroblasts (P=0.015). Tensional tendon fibroblasts formed

colonies at a significantly higher rate than compressive tendon fibroblasts

(P=0.012). There was no difference in colony forming rate betweentensional

tendon fibroblasts and MSCs (P=0.708). Tendon fibroblasts from the tensional

SDFT formed compact colonies, whereas MSCs tended to form sparse colonies;

additionally CFU-f’s seeded with 50% tendon fibroblasts and 50% MSCs formed

phenotypically distinct colonies (Figure 5.7).

Tensional SDFT   
Figure 5.5: Image produced following analysis using “gene tools” software

allowing colonies to be counted, 49 colonies were counted from an initial

seeding density of 185cells/well. The average rate of colony formation forthis

well = 59/185 = 26%.

139



 

 

CFU-f Assay

60 |

50 -

z 40 -

5
S 30 -
&
c

2 20 -

8
10 -

0 |__

PIMSC  
 

Figure 5.6: Average number of colonies formed when tendonfibroblasts from

different functional origins and MSCs were plated at low density

(185cells/cm’). P1T=passage one tensional tendon fibroblasts, P1C=passage

one compressive tendon fibroblasts, P1E=passage one extensor tendon

fibroblasts and P1MSC=passage one MSCs.

50:50

 

  
Figure 5.7: Methylene blue staining of CFU-f_assay; cells grown for 10 daysin

culture medium following seeding at low density demonstrates compact colony

formation by tendon fibroblasts (TF), sparse colony formation by MSCs and

multiple cell types in the 50:50 co-cultures. Scale bar =1mm.
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5.3.2. Osteogenic differentiation of tendon fibroblasts and mesenchymal

stromalcells

Under osteogenic conditions cells proliferated rapidly and formed densely

packed colonies. In culture, raised dense granular areas appeared within

individual colonies. As cells increased in number with time multiple layers of

cells formed. Under conditions supportive of osteogenic differentiation both

tendon fibroblasts and MSCs stained positively with Alizarin Red stain in

comparisonto controls (Figure 5.8).

 
CFU-O TF Alizarin Red CFU-O MSC

Figure 5.8: Alizarin Red staining of tendonfibroblasts (A & C) and MSCs (B & D)

following culture in osteogenic medium (A & B) and in control medium (C & D).

Scale bar = 100um. Nodule formation can be seen staining red with Alizarin

Red in the cells cultured in osteogenic medium (A & B).
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5.3.3. Adipogenic differentiation of tendon fibroblasts and mesenchymal

stromalcells

Under adipogenic conditions intracellular accumulation of lipid droplets could

be detected by positive stain results with Oil Red O stain. Whereas cells

cultured in control media did not stain positive with Oil Red O (Figure 5.9).

 
CFU-A TF Oil Red O CFU-A MSC

Figure 5.9: Oil Red O staining of tendon fibroblasts (A & C) and MSCs (B & D)

following culture in adipogenic medium (A & B) and in control medium (C & D).

scale bars = 100um.

5.4 Application of strain to 2D cultures of tendon fibroblasts and

mesenchymal stromalcells

It was hypothesised that equine TF and MSCs would (1) align perpendicular to

the direction of strain in monolayer cultures, (2) strain application would not

result in cell death and (3) that strain would increase expression of

extracellular matrix related genes relevant to a tendonfibroblast phenotype.
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5.4.1. Use of the Bioflex system

Tendonfibroblasts and MSCs wereisolated as described in section 2.2.1. Cells

were plated at a density of 5000cells/cm?in 6 well Bioflex™ culture plates with

35mm diametersilicone bottomed wells bonded with type | collagen. The cells

were allowed to adhere overnight in 10% serum and then media wasreplaced

with that containing 1% serum. Equibiaxial strain was applied at a magnitude of

10% cyclical strain and a frequency of 1Hz for 8 hours using the FX-3000

Flexercell strain unit and 25mm circular loading posts. The cells were then

rested for 16 hours and thestraining regime repeated. The Live/Dead assay

was carried out as described in section 2.2.5.3 immediately whenstraining

ceased.

5.4.1.1. Cell viability and reorientation following application of equibiaxial

tensile strain

Cell viability was assessed using the Molecular Probes LIVE/DEAD

Viability/Cytotoxicty Kit for mammalian cells. Detection oflive cells is based on

the presence of ubiquitous intracellular esterase activity, determined by the

enzymatic conversion of the virtually non-fluorescent calcein AM to the

intensely green fluorescent calcein. Ethidium homedimer-1 assesses plasma

membrane integrity, entering cells with damaged membranes and

subsequently undergoing 50-fold enhancementof fluorescence upon binding

to nucleic acids producing bright red fluorescence in dead cells. The protocol

used is described in section 2.2.5.3. Validation of the technique wascarried out

using passage one tendon fibroblasts grown in monolayerusing standard tissue

culture plastic. Calcein was validated usinglive cells and ethidium homodimer

was validated using cells that had beenkilled by fixation in 100% ethanolfor 10

minutes(Figure 5.10).
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Phase contrast no stain

Calcein AM stain for

live cells

Ethidium homodimer

stain for dead cells 
Figure 5.10: Optimisation of Live/Dead Assay.Live cells stain with green calcein

AM and deadcells (treated with 100% ethanol for 10 minutes) stain red with

ethidium homodimer.

Application of 10% cyclical equibiaxial strain produced variable results; cells

from donor 1 showedreorientation perpendicular to the axis of strain in the

strained samples whereasstrain did not havethis effect on cells from donor 2

(Figures 5.11, 5.12 and 5.13). Subjectively there was no increasedcell death

following application of equibiaxial tensile strain for either donor.
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Figure 5.11: Live/dead assay following culture of tendon fibroblasts (TF) on the

Bioflex plates (donors 1&2) + strain. Strain appears to cause the TF to align

perpendicular to the direction of applied strain (arrow) and has minimaleffect

on cell viability for donor 1. In contrast, strain has no effect on the orientation

of cells from donor2 but did increase cell proliferation. There was no increase

in the numberof dead cells for either donor. Stains as labelled in Figure 5.10.
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Figure 5.12: Live/dead assay following culture of tendon fibroblasts co-cultured

with MSCs (50:50) on the Bioflex plates (donors 1&2) + strain. Strain appears to

cause thecells to align perpendicular to the direction of applied strain and has

minimal effect on cell viability for donor 1. In contrast, strain has no effect on

cell proliferation or orientation of cells from donor 2. There was no increasein

the numberof dead cells for either donor. Stains as labelled in figure 5.10.

146



 
Figure 5.13: Live/dead assay following culture of mesenchymal stromal cells

(MSCs) on the Bioflex plates (donors 1&2) + strain. Strain appears to cause the

MSC to align perpendicular to the direction of applied strain and has minimal

effect on cell viability for donor 1. In contrast, strain has no effect on the

orientation of cells from donor 2 but did increase cell proliferation. There was

no increase in the numberof dead cells for either donor. Stains as labelled in

figure 5.10.
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5.4.1.2. Cell proliferation following application of equibiaxial tensile strain

Cell proliferation was determined using the picoGreen DNA Assay (Molecular

probes™) as described in section 2.2.5.3. Strain resulted in a reduction in cell

proliferation of tendon fibroblasts, MSCs and the co-cultured tendon

fibroblasts and MSCs from donor1 (Figure 5.15). As this was not carried outin

triplicate, statistical analysis could not be undertaken. Application of

equibiaxial tensile strain to tendon fibroblasts and MSCs from donor2 resulted

in increased levels of cell proliferation (Figure 5.15). Interestingly the

proliferating cells from donor 2 did not re-orientate themselves perpendicular

to the axis of strain. In contrast the ‘non-proliferating’ cells from donor 1 did

re-orientate themselves perpendicular to the axis of strain in a similar manner

to that described in the previous section.
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Figure 5.14: Application of equibiaxial tensile strain to tendon fibroblasts (TF),

mesenchymal stromal cells (MSCs) and co-cultures of tendon fibroblasts and

MSCs (50) from donor1 resulted in a reductionin cell proliferation as indicated

by total DNA content determined by the picoGreen DNAAssay.
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Figure 5.15: Application of equibiaxial tensile strain to tendon fibroblasts (TF)

and mesenchymal stromal cells (MSCs) from donor2 resulted in increased cell

proliferation as indicated by total DNA content determined by the picoGreen

DNAAssay. The sameeffect was not seenin the co-cultures from donor2.

5.4.1.3. Gene expression; matrix related genes following application of

equibiaxial tensile strain

All gene expression levels from cells strained with equibiaxial strain on

Bioflex™plates are expressed relative to the average expression of GapDH (see

Chapter3).

Application of 10% equibiaxial tensile strain did not affect the gene expression

of COL1A2 in tendon fibroblasts, MSCs or co-cultures from donor 1 (Figure

5.16). COLSA1 gene expression was reduced by the application of strain in

tendon fibroblasts, MSCs and co-cultures from donor 1 (Figure 5.17). COMP

gene expression increased in response to equibiaxial tensile strain most

predominantly in the tendon fibroblasts. MSCs consistently expressed lower

levels of COMP than tendonfibroblasts (Figure 5.18). Gene expression levels of
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any of the genes tested were not affected by the application of equibiaxial

tensile strain to tendon fibroblasts, MSCs or co-cultures from donor2.
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Figure 5.16: Gene expression levels relative to GapDH of COL1A2in cells (Donor

1) cultured on the Bioflex plates for 58 hours + the application of strain. Strain

resulted in a decreasein the levels of expression of COL1A2.

 

COLSA1gene expression following 48hrs

culture on Bioflex plates + strain

@ Strain

@ Control

Lo
g
Re

la
ti

ve
G
e
n
e

Ex
pr
es
si
on

TF 50 MSC   
Figure 5.17: Gene expression levels relative to GapDH of COLSA1in cells (Donor

1) cultured on the Bioflex plates for 58 hours + the application of strain. Strain

resulted in a decrease in the levels of expression of COLSA1 most profoundly in

the tendon fibroblasts.
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Figure 5.18: Gene expression levels relative to GapDH of COMPin cells (Donor

1) cultured on the Bioflex plates for 48 hours + the application of strain. Donor

2 failed to show any response. Strain resulted in an increase in the levels of

expression of COMP most profoundly in the tendon fibroblasts. Thereis a five

fold difference in COMP gene expression between strained TF and strained

MSCs.

5.4.2. Use of the Uniflex system

Tendon fibroblasts and MSCs were isolated from 3 donors as described in

section 2.2.1. Cells were plated at a density of 50 OOOcells/well in 6 well

Uniflex™ culture plates with an adherenttype | collagen coated surface area of

3.65cm’. The cells were allowed to adhere for 3 hours before the addition of

3ml of media containing 10% serum for 72 hours. Media was replaced with 1%

serum for 25 hours(To). Uniaxial tensile strain was applied at a magnitude of

5% cyclical strain and a frequency of 1Hz for 8 hours using the FX-3000

Flexercell strain unit and arctangle loading posts. The cells were then rested for

16 hours and the straining regime repeated. Cells were collected for analysis

following the first 8 hours application of strain (T,) and following the second 8

hours application of strain (Tz). The Live/Dead assay was carried out as

described in section 2.2.5.3 immediately whenstraining ceased (T,) for donor

3. Cells were collected at the three time points (To, T; and T2) for the picoGreen

DNAAssayas described in section 2.2.5.3 for donor2. Cells were collected into
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Tri-Reagent at T, and Tz for gene expression analysis from all three donors

(section 2.2.3).

5.4.2.1. Cell viability and reorientation following application of uniaxial tensile

strain

Cell death was not increased by the application of uniaxial tensile strain to

tendon fibroblasts (Figure 5.19) or MSCs (Figure 5.20). Cell orientation was

variably affected by strain in both cell types. Cells in some areas of the well

appearedto align perpendicular to the direction of applied strain but in other

areas did not respond. Assessment was hindered as the degree of cell

confluence exhibited across the wells of Uniflex plates was not uniform.

 
Figure 5.19: Images of Live/Dead assay following culture of tendon fibroblasts

on Uniflex plates + application of 8 hours (T,) uniaxial tensile strain. Somecells

align perpendicular to the direction of strain (left images) but others do not

align (centre). No increase in number of dead cells was observed with the

application of uniaxial tensile strain.
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Figure 5.20: Images of Live/Dead assay following culture of MSCs on Uniflex

plates + application of uniaxial tensile strain. Some cells align perpendicular to

the direction of strain but others (wherecells are more confluent) do notalign.

5.4.2.2. Cell proliferation following application of uniaxial tensile strain

Application of Uniaxial tensile strain showed a trend towards increased cell

proliferation in both tendonfibroblasts (Figure 5.21) and MSCs(Figure 5.22) at

T,. Interestingly in both the Bioflex and Uniflex culture systems, cells that were

exhibiting increased proliferation rates did not align perpendicular to the axis

of applied strain. Tendon fibroblasts continued to show increased rates of

proliferation at T2 when unixaial tensile strain was applied in comparison to

unstrained control tendon fibroblasts. In contrast MSCs showeda reduction in

cell proliferation at Tz. The control tendon fibroblasts did not exhibit a typical

growth pattern (an increase in cell numbers rather than no increase) indicating

that the serum reduction influenced the stage of the cell cycle holding the

tendon fibroblasts in Gp. The MSCs had overcome this effect by T, and

exhibited increasedcell proliferation at this time point.
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Figure 5.21: Cell proliferation of tendon fibroblasts culture on Uniflex plates +

application of uniaxial tensile strain. Strain (red line) resulted in an increase in

cell proliferation compared to control(blue line).
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Figure 5.22: Cell proliferation of MSC culture on Uniflex plates + application of

uniaxial tensile strain. Strain (red line) resulted in an increase in cell

proliferation compared to control(blue line) at 25 hours.
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5.4.2.3. Gene expression; matrix related genes following application of uniaxial

tensile strain

All gene expression levels from cells strained with uniaxial strain on

Uniflex™plates are expressed relative to the average expression of GapDH(see

chapter 3). Contrary to what was hypothesised 5% uniaxial strain had no

significant effect on the gene expression levels of any of the extracellular

matrix genes evaluated (COL1A2, COL3A1, COL5A1, BGN and TNC)In either the

TFs or MSCs. MSCs from three donors consistently produced higherlevels of

gene expression than TF for all the extracellular matrix related genes analysed

(Figure 5.23) (COL1A2; P=0.0003, COL3A1; P=0.001, COLSA1 P=0.0001, BGN;

P=0.0001 and TNC; P=0.0001). Not unexpectedly, COL1A2, COL3A1 and BGN

gene expression levels were higher at the second time point (T2) than the first

(T1) (Figure 5.23) (P=0.05, P=0.007 and P=0.002 respectively) for both cell

types.
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Figure 5.23: 5% Uniaxial strain had no significant effect on the gene expression

of either cell type. Equine MSCs consistently produced significantly (*) more

COL1A2 and COL3A1 than equine TF in the Uniflex system (P=0.0003 and

P=0.001 respectively). Higher levels (*) of matrix gene expression were

detected at the second time point (T2) for both cells types (P=0.05 and P=0.007

for COL1A2 and COL3A1 respectively).

5.5 Application of tensile strain to 3D collagen gel cultures

It was hypothesised that application of strain to both TF and MSCs cultured in

three dimensional collagen gels would (1) result in cellular alignmentparallel to

the axis of tensile strain, (2) enhance extracellular matrix gene expression and

(3) promote an elongated fibroblast morphology similar to what is seen in

native tendon.

Tendon fibroblasts were harvested from the tensional area of the SDFT from 3

donors as described in section 2.2.1 and cultured until confluent in monolayer

flasks. MSCs were collected from the sternal bone marrow of 3 donors.
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Collagen gels were created based on a method described previously (Garvin et

al 2003). Briefly, following trypsinisation, cells at the end of passage one were

counted and suspended in 90% type | collagen gel, 10% ten times DMEM

(Sigma) using 1 x 10°cells/mL. Collagen gels were seeded with 100% TF, 50% TF:

50% MSCs or 100% MSCs. Two hundred microlitres of the collagen cell

suspension werecast in a trough mold (Trough loader, Flexcell International)

centrally located in a Tissue train culture plate (Flexcell International). Once the

gel cell suspension had been pipetted into the culture plates the gels were

allowed to set for 3 hours before adding culture media (DMEM containing

10%FCS, 1% penicillin/streptomycin and 0.2% amphotericin B). The collagen

gels were cultured at 5% CO, in a humidified incubator at 37°C for 25 hours

prior to the addition of DMEM containing 10% FCS, 1% penicillin/streptomycin

and 0.2% amphotericin B. Control constrained but unstrained cell seeded

collagen gels were then cultured without dynamic load for 5-15 days. Loaded

gels were subjected to 1 hourof sinusoidal 10% uniaxial tensile strain at 5Hz

per 25 hours.

Collagen gels were collected following 5 days of culture. One gel of eachcell

type wasstained using the Live/Dead Assayas describedin section 2.2.5.3. Two

gels of each cell type were collected into freshly prepared paraformaldehyde

(5%) prior to dehydration and embedding in paraffin wax and sectioning at

5um. Sectioned samples were then stained with haematoxolin and eosin for

standard light microscopy. Some of the gels were reserved for

immunohistochemistry. One collagen gel of each cell type was halved and

mounted in O.C.T. on cork discs and then frozen in isopentane cooled over

liquid nitrogen. Mountedcollagen gels were removed from the isopentane and

stored in aluminium foil at -80°C until cryosectioning. Cryosections were made

at a thickness of 304m andallowedto air dry. Cryosections were stored at 5°C

prior to immunohistochemistry. The two remaining gels of each cell type were

harvested into Tri-Reagent for molecular analysis as described in section 2.2.3.
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5.5.1. Live/Dead Assay of 3D collagen gels

The Live/Dead stain appeared to penetrate through the gel and wasable to

bind to, and identify, live and dead cells accordingly (Figure 5.24). Some

autofluorescence was observed from the type | collagen gel, however,

individual cells fluoresced more intensely and could be discriminated from the

background autofluorescence. The majority of the cells within the collagen

stained green indicating cell survival. There were also significant numbers of

cells staining red, as although the numberof dead cells was not changed by the

application of 11% tensile strain. Direct microscopy using x5 magnification

provided a good method to monitor gel contraction with time (Figure 5.25).

Direct light microscopy was not a good techniqueto focus on the 3D aspects of

the cell processes as notall areas of the 3D construct were in focus at the same

time thus limiting quantification (Figure 5.26).

 

TF Control TF Strain MSC Control MSC Strain

Figure 5.24: Live/Deadstaining of collagen gels seeded with tendon fibroblasts

or MSCs. Somecell death was apparentin both strained and control gels. Scale

bar =1mm.
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1day Sdays 14days

Figure 5.25: Live/Dead staining of tendon fibroblasts seeded into constrained

collagen gel culture without the application of tensile strain. Note the

progressive gel contraction with time and the viability of cells (green stain) at

15 days. Scale bar=1mm.

Figure 5.26: Light microscopy of collagen gels (right) and gels stained with

calcein AM (left). It is not possible to focus onall cells within the 3D collagen

gel using conventional light microscopy. Scale bar =100um.
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5.5.2. Tissue Train gene expression; matrix related genes

All gene expression levels from cells within the three dimensional Tissue Train™

are expressed relative to the average expression of GapDH and SDHA.

5.5.2.1. Tissue Train gene expression; matrix related genes — effect of cell type

Co-culture of tendon TF with MSC resulted in increased gene expression of

COL1A2 compared to TF or MSCscultured alone (P=0.05, P=0.05 respectively)

(Figure 5.27). MSCs expressed higher levels of tenascin-C and lower levels of

COMP thanTF (P=0.009, P=0.05) (Figure 5.28).
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Figure 5.27: COL1A2 gene expression levels in collagen gels seeded with tendon

fibroblasts (TF), mesenchymal stromal cells (MSC) and 50:50 co-cultures of TF

and MSC (50). Co-cultures demonstrated significantly (*) increased levels of

COL1A2 than either TF or MSC seeded collagen gels (P=0.05, P=0.05

respectively).
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Figure 5.28: COMP and Tenascin-C gene expression levels in collagen gels

seeded with tendon fibroblasts (TF), mesenchymal stromal cells (MSC) and

50:50 co-cultures of TF and MSC (50). MSCs expressed higher levels of

tenascin-C and lower levels of COMP than TF (P=0.009, P=0.05).

5.5.2.2. Tissue Train gene expression; matrix related genes — effect of tensile

strain

Application of uniaxial tensile strain to 3D collagen gels resulted in significantly

decreased COL3A1 and COL5A1 expression (COL3A1; P=0.02 and COL5A1;

P=0.001) (Figures 5.29 & 5.30) but did not significantly affect COL1A2 gene

expression. Tensile strain also significantly reduced the expression of biglycan

(P=0.01) but did not alter the expression of decorin significantly (Figure 5.30).

Thrombospondin-5 and tenascin-C gene expression levels were decreased by

the application of strain (P=0.05 and P=0.05 respectively) (Figure 5.32). Gene

expression of COMP, decorin and versican were not affected by the application

of uniaxial tensile strain. Strain reduced the ratio of COL5A1:COL1A2 (P=0.02)

(Figure 5.33).
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Figure 5.29: Relative gene expression of COL1A2 was notaltered by the

application of strain in any of the cell seeded collagen gels (P=0.06). COL3A1

expression was significantly (*) reduced by application of tensile strain

regardlessof cell type (P=0.02).

Key for figures 5.29-5.35: TFC=unstrained collagen gel seeded with tendon

fibroblasts, TFS=strained collagen gel seeded with tendon fibroblasts,

50:50C=unstrained collagen gel seeded with 50% tendon fibroblasts and 50%

mesenchymal stromal cells, 50:50S=strained collagen gel seeded with 50%

tendon fibroblasts and 50% mesenchymal stromal cells, MSCC=unstrained

collagen gel seeded with mesenchymal stromal cells and MSCS=strained

collagen gel seeded with mesenchymal stromalcells and MSCS.
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Figure 5.30: COLSA1 expression wassignificantly reduced by application of

tensile strain regardless of cell type (P=0.001). Levels of COMP gene expression

were notsignificantly affected by the application of tensile strain. COMP was

100 fold lower in equine MSCs than equine TF.
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Figure 5.31: Tensile strain significantly (*) reduced the expression of biglycan

(P=0.01) but did not significantly effect the expression of decorin.
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Figure 5.32: Tenascin-C (TNC) gene expression was significantly reduced (*)

with the application of tensile strain (P=0.05).
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Figure 5.33: The ratio of COL5A1:COL1A2 wassignificantly reduced (*) by the

application oftensile strain (P=0.02).
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5.5.3. Tissue Train gene expression; transcription factors

All gene expression levels from cells within the three dimensional Tissue Train™

are expressedrelative to the average expression of GapDH and SDHA.

5.5.3.1. Tissue Train gene expression; transcription factors — effect of cell type

The adipogenic and osteogenic transcription factors PPARG and Runx2 were

expressed atsignificantly higher levels when MSC were cultured alone in 3D

collagen gels in comparison to either 100% TF cultures or 50:50 cultures of TF

and MSCs (P=0.005 and P=0.0001 respectively). This suggests that co-culture of

MSCswith TF within 3D collagen gels is suppressing adipogenic and osteogenic

differentiation of MSCs possibly in favour of a tenogenic phenotype. There was

no significant difference in levels of scleraxis gene expression between the

different cell types.

5.5.3.2. Tissue Train gene expression; transcription factors — effect of tensile

strain

Application of strain to collagen gels resulted in decreased levels of Runx2 and

SOX9 (P=0.01 and P=0.005) suggesting cyclical uniaxial tensile mechanical

signals are important stimuli for suppressing these transcription factors that

are associated with chondrogenic and osteogenic differentiation (Figure 5.34).

Interestingly, scleraxis and PPARG were notsignificantly affected by tensile

strain (Figure 5.35).
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Figure 5.34: Tensile strain resulted in significantly reduced (*) levels of Runx2

and SOX9 (P=0.01 and P=0.004 respectively).
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Figure 5.35: Tensile strain did not significantly affect the levels of gene

expression of scleraxis and PPARyin the current system.

5.5.4. Histological appearanceof strained and unstrained 3D cultures of tendon

fibroblasts, mesenchymal stromal cells and co-cultures

Cells within the collagen gels had an ovoid nucleus with long cytoplasmic

processes consistent with the fibroblastic appearance of tendonfibroblasts in

vivo. No differences in cell phenotype were apparent betweensections that

had been subjected to tensile strain and unstrained controls. No differencesin

histological appearance were identified between cells originating from

different sourcesor following co-culture (Figures 5.36. and 5.37)
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Figure 5.36: Haematoxalin and Eosin stained histological sections of collagen

gels seeded with tendonfibroblasts (a&b) and MSCs (c&d) subjected to tensile

strain (b&d) or unstrained controls (a&c). Scale bar = 100m
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Figure 5.37: Haematoxalin and Eosin stained histological sections of collagen

gels seeded with tendonfibroblasts (a&b) and MSCs (c&d) subjected to tensile

strain (b&d) or unstrained controls (a&c). Scale bar = 100m.All cells adopted

an elongated phenotype.

All cell types exhibited variable cell morphology within the collagen gels

differing in the number and direction of fibropodia (Figures 5.38 and 5.39).

There was noconsistent difference between cell types or betweenstrained and

control samples (Figure 5.40).
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Figure 5.38: Immunohistochemistry of tendon fibroblasts cultured within 3D

collagen gel adopting variable phenotypes. Nuclei stained with DAPI (blue),

cytoskeleton stained with vimentin (green).

 
Figure 5.39: Immunohistochemistry of tendon fibroblasts cultured within 3D

collagen gel adopting variable phenotypes. Nuclei stained with DAPI (blue),

cytoskeleton stained with vimentin (green).
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Figure 5.40: Immunohistochemistry of mesenchymal stromal cells cultured

within 3D collagen gel adopting variable phenotypes. Nuclei stained with DAPI

(blue), cytoskeleton stained with vimentin (green).

5.6 Discussion

Progressive passaging of equine tendon fibroblasts

Tissue engineering constructs are usually seeded with large numbersofcells

that are obtained through expansion of cells in monolayer culture. Recent

experiments have shownthat phenotypic drift can occur rapidly even at early

passage of tenocytes, chondrocytes and fibrochondrocytes (Darling and

Athanasiou 2005; Gunja and Athanasiou 2007; Yao et al. 2006). Significant

differences were identified in the gene expression of decorin resulting from the

progressive passaging of equine tenocytes in monolayer culture. More

importantly, these experiments identified significant differences between
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tissue and in vitro gene expression of equine tenocytes even at passage one,

suggesting dedifferentiation may result from removalof these cells from their

three dimensional matrix in tissue into monolayerculture.

Dedifferentiation of rabbit tenocytes in monolayer culture as evidenced by

reduction of COL1A1 and decorin expression has previously been described

(Bernard-Beaubois et al. 1997). The current experiments using equine

tenocytes sourced from three different functional sites also identified a

significant reduction in expression of decorin with increasing passage number

suggesting some degree of dedifferentiation; it is difficult to explain the

increase in decorin expression seen at P2. In contrast however, no significant

difference in COL1A2 or COL3A1 gene expression wasidentified with increasing

passage number.This contrast could result from the maintenanceof collagen

expression in monolayerculture in equine tenocytes compared with rabbit or

avian tenocytes (Bernard-Beaubois et al. 1997; Schwarz et al. 1976).

Alternatively it may represent selection of an increased proportion ofcollagen

producing cells in mature equine tendon compared with embryonic avian

tendon and immature rabbit tendon.

Multipotency of equine tendon fibroblasts and MSCs

The colony forming unit assay was originally described to assay the percentage

of adherentfibroblasts from a human bone marrowaspirate that form colonies

of mesenchymal stromal cells (Castro-Malaspina et al. 1984). This assay has

been adapted for use in tendon fibroblasts with up to 15% of rat tail tendon

fibroblasts forming colonies whenplated at low density (Scutt etal. 2006). The

current experimentsidentified a higher rate of colony formation from tensional

equine tendon fibroblasts (26%). This was not significantly different from

passaged mesenchymalstromal cells that formed colonies at a rate of 28%.In

contrast tendon fibroblasts sourced from extensor and compressive equine

tendon regions had

a

significantly lower rate of colony formation (22% and

19% respectively). The figures for equine extensor tendonfibroblasts are closer
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to whatis seen in the rat tail tendon, another positional tendon. It is possible

that the injury prone SDFT has a higher proportion of progenitor cells than

positional tendons.

The current work demonstrates both osteogenic and adipogenic potential of

equine MSCsin agreementwith the published literature (Vidal et a/. 2006). The

current work also demonstrates that equine SDFT has a population ofcells with

multipotent capacity similar to what has been demonstrated in mice

(Salingcarnboribooneta/. 2003).

Application of strain to 2D cultures of tendon fibroblasts and MSCs

The workcarried out in the current chapter culturing equine primary cells with

and without the application of either uniaxial or equibiaxial tensile strain

highlighted a numberof difficulties. One of these difficulties was the variation

in response of primary cells to being cultured in serum deprived media

resulting in difficulties interpreting the cell proliferation data. The cells from

different donors also appeared to behaveinconsistently with regardsto cell

orientation on application of tensile strain.

The hypothesis that cells would align perpendicular to the axis of tensile strain

was not proven when uniaxial strain was applied to equine cells. When

equibiaxial tensile was applied to equine cells, cells from donor one re-

orientated perpendicular to the direction of tensile strain howeverthis finding

wasnot re-created whencells from donor two were used. This is consistent

with disparity between reports in the literature. Cell alignment perpendicular

to the direction of strain is reported for MSCs (ST2 cells a bone marrow stromal

cell line) subjected to cyclic equibiaxial tensile strain for 2 days (Koike et al.

2005). It is possible that cells from a cell line have a more uniform phenotype

and therefore a more consistent response than primary equine cells. Re-

orientation was not identified by other workers using the Flexercell™

equibiaxial straining system (Goodmanet al. 2004; Park et al. 2004). In contrast
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the majority of reports describing use of cyclic unixaial tensile do describe

cellular orientation perpendicular to the direction of applied strain (Hamilton

et al. 2004; Lee et al. 2007b; Zhang et al. 2008). More recent work has

identified the importance of cell contact and degree of confluence as a co-

factor contributing to how cells respond to tensile strain (Jungbauer et al.

2008). It is possible that the application of uniaxial tensile strain failed to elicit

a response becausethe cells were at varying levels of confluence when the

experiment was performed. Furthermore, variable effects in cell alignment

were seen across one well of the Uniflex™ strain application. Another

possibility accounting for the differencesin cell orientation seen would be the

diverse population of cells yield when using primary cells derived from

collagenase digestion. Poor precision of tensile strain application for the FX-300

system may account for the limited experimental repeatability seen in this

work.

Application of tensile strain may stimulate the release of growth factors that

help keep the cells actively dividing resulting in the increase in cell proliferation

observedin these cells after 48 hours of culture. No increase in cell death was

observed when equine cells were cultured in either of the two dimensional

culture systems contrasting with the work of Zhang et al. (2008) who reported

cell loss during thefirst three hours of culture of rat MSCs subjected to uniaxial

tensile strain. This difference. may reflect the different time course selected

between experiments. Yet again inconsistent cell proliferation results were

obtained when equine primary cells were subjected to both equibiaxial and

uniaxial cyclic tensile strain. There are contradictory reports in the literature of

the effect of tensile strain on cell proliferation; some reporting reduced cell

proliferation on application of uniaxial strain (Hamilton et a/. 2004; Hannafin et

al. 2006; Lee et al. 2007b) and others reporting no effect at all (Zhang et al.

2008). An increase in cell proliferation was reported following application of

equibiaxial strain (Koike et a/. 2005) but this was refuted by the more recent

workof Songet al. (2007).
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Strain consistently had no effect on ECM gene expressionlevels in either of the

two dimensional culture systems used in the current study. Various reports

describe increases and decreasesin levels of gene expression of a plethora of

genes(Koike et al. 2005; Lee et al. 1999; Park et al. 2004) howevera lot of the

published work is poorly described. One of the more recent papers describes

up-regulation of tendon related genes using strain rates of 10% and up-

regulation of bone related genesat strain rates of 3% for human mesenchymal

stromal cells (Chen et a/. 2008). This result was not borne out when equine

MSCs were used in the current study. Other work carried out applying

equibiaxial strain to equine tendon cells did not find any significant effect of

strain (Goodmanetal. 2004) but addition of transforming growth factor beta

did increase the production of collagen type | and Ill.

Application of strain to 3D co-cultures of tendon fibroblasts and MSCs

The cells seeded within both control and strained constrained collagen gels

showedglobal orientation parallel to the longitudinal axis of the gel when

evaluated histologically. This is consistent with previous work examining MSCs

and smooth muscle cells cultured within a fibrin gel (Nieponice et al. 2007);

floating gels demonstrated randomly orientated cells while the static and cyclic

stress groups showedcellular alignment parallel to the direction of stress or

strain. The degree of cellular orientation visualised using vimentin

immunohistochemistry was similar between different cell types and also

betweenstrained and control samples.

Early studies assessing gene expression of tendon cells cultured using Tissue

Train™ culture plates demonstrated expression of genes consistent with a

tendon phenotype (Garvin et al. 2003). More recent studies have

demonstrated that strain was necessary to maintain scleraxis expression in

Tissue Train™ culture plates (Kuo and Tuan 2008). Scleraxis expression was not

altered by the application of cyclic tensile strain to 3D collagen gels in the

current studies (Taylor et a/. 2009). There was only a relatively small change
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(twofold) in scleraxis gene expression in the study by Kuo and Tuan (2008). The

current work identified significant down regulation of several matrix genes

(COL3A1, COL5A1, COMP, TNC and BGN) when 10% cyclical tensile strain was

applied to collagen gels seeded with either TF, MSCs or 50:50 co-cultures of TF

and MSCs. Interestingly gene expression of COL1A2 and DCN were not

significantly affected by tensile strain in the same experiments. These results

contrast with the work of Kuo and Tuan (2008) whoreport an increase in ECM

gene expression. The disparate results may be a consequence of different

strain magnitudes betweenthe study by Kuo and Tuan (2008)(1%) and chapter

5 (10%).

The significant down regulation of osteogenic (Runx2) and chondrogenic

(SOX9) transcription factors and the maintenance of expression of the

‘tenogenic’ transcription factor is an encouraging finding of equine cells

cultured in 3D collagen gels subjected to tensile strain. High strain magnitudes

have been reported to increase gene expression of COL1A1 and COL3A1

associated with a tendon phenotype and low strains to increase osteogenic

genesin a 2D culture system (Chenet a/. 2008) but this has not been reported

previously for the 3D culture system usedin the current work.

There were marked differences in the levels of expression of COMP and

tenascin-C between equine TF and equine MSCs. Equine MSCs demonstrated

low expression of COMP in comparison to MSCsa finding that has not been

previously reported for MSCs. Additionally equine tensional TF express low

levels of tenascin-C but MSCs express high levels of tenascin-C. Furthermore

the co-culture system using 50% TF and 50% MSCs appeared to promote

expression of similar genes to that of culture of 100% TF suggesting MSCs can

be influenced by the surrounding cell phenotype.
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5.6 Conclusions and Future Work

Three dimensional cultures of equine cells within collagen gels appears to be a

more robust but time consuming culture system producing more consistent

results than the two dimensionalculture systemstested.
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CHAPTER 6: Application of growth factors to 2D and 3D

cultures of equine tendon fibroblasts or mesenchymal

stromalcells

6.1 Introduction

Functional tissue engineering requires three components; a cell source, a

scaffold and stimulation in the form of various growth factors to direct the

formation of the desired tissue (Butler et a/. 2008). Mesenchymalstromal cells

are available commercially to treat clinical tendinopathy (Smith 2008) however,

this technology is currently relatively crude as it does not use any humoral

stimulation to direct these potentially mulitpotent cells towards a tenogenic

phenotype. Various growth factors are underinvestigation for use in tendon

regeneration but wearestill faced with the fundamental problem that the

exact molecular cues that direct embryonic tenogenesis have as yet not been

fully elucidated. Recent scientific advances are providing insight into the

molecular developmental biology of tendons but knowledge is significantly

lagging behind whatis known about both boneandcartilage development.

Transforming growth factor beta (TGF-B) has three isoforms, each having

different roles during tendon development(Kuo et a/. 2008) and healing (Chan

et al. 2008). Each of the different isoforms have specific spatiotemporal

expression in developing chick embryos. Notably TGF-B; is not detectable in

the tertiary bundle from day 13 — 16 but TGF-B, and TGF-B;3 are detectable at

these time points (Kuo et al. 2008). Pryce et al. (2009) have recently

demonstrated that TGF-B signalling is necessary for recruitment and

maintenance of tendon progenitors during tendon formation but not necessary

for the induction of tendon progenitors.All three isoforms of TGF-B have been
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showntoincrease in vitro expression of COL1A1 and COL3A1 in humanpatellar

fibroblasts (Klein et a/. 2002). Given the recent developmental data published

by Kuoet a/ (2008) it was hypothesized that equine tendon fibroblasts would

respond to TGF-B3 and furthermore that tenogenic differentiation of equine

MSCs would be favoured following stimulation with TGF-B3. The intracellular

signalling of TGF-B has been widely described; with phosphorylation following

binding of TGF-B ligand to receptors allowing activation of intracellular Smad

signalling (Figure 6.1). This signalling pathway has not been investigated in

equine TF and MSCs.

 
Figure 6.1: Schematic diagram demonstrating formation of binding of TGF-B to

TGFBR2 and recruitment of TGFBR1 to allow phosphorylation of SMAD2 and

SMAD3followed by combination with SMAD4so allowing nuclear translocation

and DNA transcription. Additionally the intracellular signalling following

BMP12-14 activation of the TGFBR2-TGFBR1 complex via SMADs 1,5&8 is

demonstrated.
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Three other membersof the transforming growth factor beta superfamily have

been shown to promote tenogenic differentiation; bone morphogenetic

protein-14 (BMP-14) (also known as GDF-5), BMP-13 (also known as GDF-6)

and BMP-12 (also knownas GDF-7).

BMP-12 has been shown to form tendon-like tissue when injected

subcutaneously into rats (Wolfman et al. 1997). Adenoviral transduction of

MSCs with BMP-12 and subsequentinjection into muscle in rats also showed

the formation of tendon-like tissue, although areasof cartilage-like tissue were

also identified in these experiments (Lou et a/. 1999). BMP-12 deficient mice

show an abnormalAchilles and tail tendon phenotype; a small but significant

reduction in mean fibril diameter (Mikic et al. 2006; Mikic et a/. 2008).

Application of BMP-12 to human patellar tendon fibroblasts has been shown to

increase cell proliferation and expression of COL1A1 and COL3A1 (Fu et al.

2003). Transfection of MSCs with BMP-12 promoted tenogenic differentiation

(Wangetal. 2005). Ex vivo adenoviral transfer of BMP-12 has been shown to

improve Achilles tendon healing in a transection rat model (Majewski et al.

2008).

Intramuscular injection of BMP-13 transfected adenovirus has been shown to

induce formation of tendon-like tissue (Helm et a/. 2001). BMP-13 is capable of

increasing both cell proliferation and gene expression of type| collagen in

tendonfibroblasts in vitro (Wonget al. 2005).

Bone morphogenetic protein 14 (BMP-14) is also a member of the TGF-B

superfamily, BMP-14 deficient mice have irregularly shaped collagen fibrils in

the Achilles tendon (Mikic et a/. 2001) and tail tendon (Clark et a/. 2001). BMP-

14 deficiency in mice has also been shown to delay Achilles tendon healing

subsequentto tendontransection (Chhabraetal. 2003).

Tendon fibroblasts dedifferentiate in culture therefore it is necessary to

investigate which growth factors promote and maintain a tenogenic
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phenotype. The aims of this chapter were to elucidate the effects of various

growth factors (TGF-B3, BMP-12, BMP-13 and BMP-14)oncell proliferation and

gene expression of equine tendonfibroblasts and equine mesenchymal stromal

cells in monolayer and three dimensional cultures. The hypotheses were that

(1) TGF-B3 would increase cell proliferation and enhance tenogenic gene

expression of both cell types, (2) BMP-12 would increasecell proliferation and

enhance tenogenic gene expression of both cell types, (3) BMP-13 would

enhancecell proliferation but may enhancea cartilaginous phenotype and (4)

BMP-14 wouldinhibit cell proliferation.

6.2 Effect of growth factors on cell proliferation in monolayer cultures of

tendonfibroblasts and mesenchymalstromalcells

Equine TF were derived from the SDFTby collagenase digestion as described in

chapter 2 (Materials and Methods). Subconfluent cultures of passage onecells

were released using tryptic digestion and seeded into 6 well plates at

5000cells/cm*. Cells were cultured for 24 hours in media containing 10% FCS

followed by 24 hours in media containing 1% FCS. Cells were stimulated with

growth factor medium for 4 days or cultured in 1% FCS as unstimulated

controls. Growth factor media were made up in DMEM containing 1% FCS,

penicillin, streptomycin and amphotericin freshly before each use and

reapplied every 48 hours. Four different growth factors were evaluated; rhTGF-

Bs, rhBMP-12, rmBMP-13 and rhBMP-14. rhTGF-B3 was evaluated at two

concentrations; 0.5ng/ml and 5ng/ml, rmBMP-12 wasevaluated at 5ng/ml and

50ng/ml, rhBMP-13 was evaluated at three concentrations; 1ng/ml, 10ng/ml

and 100ng/ml and rhBMP-14 wasevaluated at 0.5ng/ml, 5ng/ml and 5Ong/ml.

For cell proliferation experimentscells were released with trypsin and collected

for DNA Assay as described in chapter 2 (Materials and Methods) at To, Ti (48

hours stimulation with growth factor) and T, (96 hours stimulation with growth

factor). DNA concentration was measuredintriplicate for each time point and

growth factor used.
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6.2.1. Effect of donor when culturing equine TF and MSCs under serum

deprived (1%FCS) conditions

Both TF and MSCsfrom thedifferent donors did not continueto proliferate in a

uniform manner when serum was reduced from 10% to 1% therefore

evaluation of the effect of TGF-B3 was difficult to interpret (Figure 6.2). TGF-B3

was evaluated at two concentrations; 0.5ng/ml and 5ng/ml on TF and MSC

collected from 3 different donors. Furthermore BMP-13 and BMP-12

stimulation was only carried out on donors 4 and 5 wherethe controlcells

were not proliferating and therefore the effect of BMP-13 and BMP-12 oncell

proliferation could not be determined.
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Figure 6.2: Cell proliferation of TF and MSCs whencultured in 1% FCS for 24

hours (To), 72 hours (T;) and 120 hours (T2) from 3 different donors as

determined by the picoGreen assay for total DNA. There is a difference in

response betweendifferent donors. Both TF and MSCsfrom donor3 continued

to proliferate however MSCs from donors 4 and 5 did notproliferate in these

conditions. TF from donors 4 and 5 showed somecell proliferation at T; but a

reduction in cell numbersby Tp.
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6.2.2. Effect of TGF-B3 concentration on cell proliferation

Evaluation of donor 3 wherecontrolcells did continue to proliferate in control

serum deprived conditions demonstrated that TGF-B3 was having a variable

time dependenteffect on TF and MSC(Figure6.3).
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Figure 6.3: Cell proliferation of TF and MSCs from donor 3 + TGF-B3. Both

concentrations TGF-B3 (0.Sng/ml or Sng/ml) reduced thecell proliferation of TF

at 48 hours but increased cell proliferation of TF at 96 hours. Whereas

0.5ng/ml TGF-B3 had no effect on cell proliferation of MSCs at 48 hours but did

reducethecell proliferation of MSCs at 96 hours.
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At 48 hours (T,) TGF-B3 inhibited cell proliferation of TF but at 96 hours (T2)

TGF-8; appeared to stimulate proliferation of TF. At 96 hours (Tz) TGF-B3

inhibited cell proliferation and MSCs at both concentrations. Increased

concentrations (Sng/ml c.f 0.5ng/ml) of TGF-B3; showed a more profound

inhibition of cell proliferation at 48 hours (T,) in both cell types. Statistical

analysis was not possible as only cells from one donor continuedto proliferate

under serum deprived conditions.

6.2.3. Effect of BMP-14 concentration on cell proliferation

BMP-14 appeared to reducecell proliferation of both TF and MSCs from donor

2 at all concentrations used (Fig 6.4). BMP-14 also subjectively altered the

appearance of tendonfibroblasts to become shorter and more rounded, BMP-

14 was not usedin any further cell proliferation experiments.
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Figure 6.4: Cell proliferation of TF and MSCs from donor 2 + BMP-14 (1ng/ml,

10ng/ml or 100ng/ml) following 48 hours culture (a) and 96 hours culture (b).

Control cells were cultured in 1%FCS. All concentrations B MP-14 reduced the

cell proliferation of TF and MSCs.
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6.2.4. Effect of BMP-13 and BMP-12 oncell proliferation

BMP-13 and BMP-12 stimulation wasonly carried out on donors 4 and 5 where

the control cells were not proliferating and therefore the effect of BMP-13 and

BMP-12 on cell proliferation could not be determined.

6.2.4. Effect of TGF-B3 and cell seeding density on cell proliferation

Cells cultured with TGF-B3 were noted to have reduced proliferative capacity in

donor 3. DNA assays were performed to quantify the effect of TGF-B3 and cell

seeding density on cell proliferation on cells harvested from donor 6. Upon

confluence at passage 1, TFs were seeded in 24-well plates in triplicate at

seeding densities of 500 cells/cm, 1000 cells/cm’, 2500 cells/cm? and 5000

cells/cm’ in either the absence or presence of 0.5ng/ml TGF-B3 or Sng/ml TGF-

B3. DNA assays werecarried out in triplicate at To, T1 and T> as described in

section 6.2. Figure 6.5 shows that control TFs from donor 6 continue to

proliferate despite the reduction of serum to 1%. Application of TGF-B3 at a

concentration of 0.5ng/ml resulted in reduced cell proliferation when cells

were seeded at 5000cells/cm’ at both time points.
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Figure 6.5: Effect of cell seeding density when equine TF are cultured in

monolayerwith TGF- B3.

6.3 Effect of growth factors on gene expression in monolayer cultures of

tendon fibroblasts and mesenchymalstromalcells

Equine TF were derived from the SDFT bycollagenase digestion as described in

chapter 2 (Materials and Methods). Subconfluent cultures of passage onecells

were released using tryptic digestion and seeded into 6 well plates at

5000cells/cm?. Cells were cultured in media containing 10% FCS until cells were
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80% confluent, subsequently cells were cultured in media containing 1% FCS

for 24 hours. Cells were stimulated with growth factor medium for 4 days.

Growth factor media were made up freshly before each use in DMEM

containing 1% FCS, 1% penicillin/streptomycin and 0.2% amphotericin. Growth

factor media was reapplied every 48 hours. Four different growth factors were

evaluated; rhTGF-B;, rhBMP-13, rmBMP-12 and rhBMP-14. rhTGF-B3 was

evaluated at two concentrations; 0.5ng/ml and 5ng/ml, rhBMP-13 was

evaluated at three concentrations; 1ng/ml, 10ng/ml and 100ng/ml, rmBMP-12

was evaluated at 5ng/ml and S5Ong/ml and rhBMP-14 was evaluated at

0.5ng/ml, 5ng/ml and 50ng/ml. The cells were disrupted using 1ml of Tri-

reagent and stored at -80°C until RNA extractions could be carried out.All

experiments werecarried outin duplicate for a minimumof3 different donors.

6.3.1. Effect of TGF-B3 concentration on ECM gene expression

Application of TGF-B3 to monolayer cultures of equine TF did not have any

significant effect on gene expression of COL1A2, conversely a significant

increase of COL1A2 gene expression was seen on application of both

concentrations of TGF-B3; to monolayer cultures of equine MSCs (P<0.05)

(Figure 6.6).
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Figure 6.6: Application of TGF-B3; to monolayer cultures of equine MSCs

resulted in significant increases in COL1A2 gene expression (*=P<0.05) but had

no effect on equineTF.

TGF-B; application to equine MSCs had a dose dependanteffect on the gene

expression of COL3A1 but onlysignificantly increased expression of COL3A1 in

equine TF at the higher concentration (S5ng/ml) (Figure 6.7).
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Figure 6.7: Application of TGF-B; to monolayer cultures of equine MSCs

resulted in significant increases in COL3A1 gene expression in a dose

dependant manner (*=P<0.05, **=P<0.005) but only had an effect on equine

TF at the higher concentration of 5ng/ml (*=P<0.05).

Application of TGF-B3 significantly (P<0.005) increased the gene expression of

COMPin both cell types but only at the higher concentration (Sng/ml) (Figure

6.8). Even with application of TGF-B; at 5ng/ml equine MSCs expressed less

than 1% of COMP levels in comparison to that expressed by equine TF.
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Figure 6.8: Application of 5ng/ml TGF-B3 significantly (**=P<0.005) increased

the levels of gene expression of COMPin bothcell types. N.B. COMP levels are

considerably lower in MSCs.

TGF-B3 had opposing effects on the expression of the TGF-B receptors in the

two different cell types (Figure 6.9). Application of TGF-B3 significantly

(P<0.005) increased the gene expression of TGFBR1 in both cell types but only

at the higher concentration (5ng/ml) (Figure 6.9). Application of TGF-B3

significantly (P<0.05) decreased the gene expression of TGFBR2 in TF at

0.5ng/ml and also significantly decreased expression of TGFBR2at the higher

concentration of 5ng/ml (P<0.005) (Figure 6.9). TGF-B3 had no significant effect

on thelevels of gene expression of TGFBR2 in MSCs.
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Figure 6.9: Application of the higher concentration of TGF-B3 resulted in

increased gene expression of TGFBR1in both cell types (**=P<0.005). TGF-Bs3

had no significant effect on the levels of gene expression of TGFBR2 in MSCs

but interestingly reduced the expression of TGFBR2 in equine TF (**=P<0.005).

TGF-B3 application at the higher concentration 5ng/ml did significantly (P<0.05)

increase the gene expression of the tendon progenitor markerscleraxis in both

cell types (Figure 6.10).
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Figure 6.10: Increased levels of the tendon progenitor marker scleraxis were

identified in both equine TF and MSCsfollowing application of 5ng/ml TGF-B3

(*=P<0.05).

6.3.2. Effect of TGF-B3 and time on ECM geneexpression

Cells were cultured for 24 hours in media containing 10% FCS followed by 24

hours in media containing 1% FCS. TGF-B3 at either 0.5ng/ml or Sng/ml was

applied every 48 hours throughout the experiment. Samples were collected

into Tri-Reagent at 4, 8, 24, 48, 72 and 96 hoursafter initial stimulation with

TGF-83 and frozen at -20°C until RNA extractions could be carried out. No

significant effect was seen in gene expression of COL1A2, COL3A1, COMP, SCX,

TGFBR1 or TGFBR2at the different time points.
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6.3.3. Effect of BMP-13 concentration on gene expression

The highest concentration of BMP-13 resulted in significantly increased gene

expression of COL3A1 in both TF and MSCs (P<0.005) (Figure 6.12). A small but

significant increase in COMP gene expression was detected when BMP-13 was

applied to TF at Sng/ml and 50ng/ml (P<0.05 and P<0.005 respectively) (Figure

6.12). All the other genes investigated (COL1A2, SCX, TGFBR1 and TGFBR2)

showed noevidence of regulation by BMP-13.
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Figure 6.11: Gene expression of COL3A1 in equine TF and MSCtreated with

0.5ng/ml, Sng/ml and 50ng/ml BMP-13 in comparison to controls. Significant

increases in gene expression were only detected following application of

50ng/ml in both cell types (**=P<0.005).
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Figure 6.12: Gene expression of COMP in equine TF and MSC treated with

0.5ng/ml, 5ng/ml and 50ng/ml BMP-13 in comparison to controls. Significant

increasesin gene expression were only detected in the TF following application

of Sng/ml and 50ng/ml of BMP-13 (*=P<0.05, **=P<0.005).

6.3.4. Effect of BMP-12 concentration on gene expression

No significant effects on gene expression (COL1A2, COL3A1, COMP, SCX,

TGFBR1 or TGFBR2) were identified on application of BMP-12 at 5ng/ml and

50ng/ml to equine TF and MSCs.
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6.4. Smad 2/3 mediated signalling in equine tendon fibroblasts and

mesenchymalstromalcells in monolayer

Equine TF were derived from the SDFT by collagenase digestion as described in

chapter 2 (Materials and Methods). Subconfluent cultures of passage onecells

were released using tryptic digestion and seeded into 6 well plates at

5000cells/cm?. Cells were cultured in media containing 10% FCS until cells were

80% confluent, cells were then cultured in media containing 1% FCS for 24

hours. Cells were stimulated with growth factor medium for 4 days. Growth

factor media were made up freshly before each use in DMEM containing 1%

FCS, 1% penicillin/streptomycin and 0.2% amphotericin. Growth factor media

was reapplied every 48 hours. rhTGF-B3 was evaluated at two concentrations;

0.5ng/ml and 5ng/ml, Cells were lysed by adding 500uI of SDS loading buffer, a

cell scraper was applied to each well and the extract was then transferred to

labelled eppendorfs and stored on ice before freezing at -20°C prior to

polyacrylamide gel electrophoresis. All experiments were carried out in

duplicate on a minimum of 2 different donors. Polyacrylamide gel

electrophoresis, western blotting and immunodetection were carried out as

described in sections 2.2.5.3.2, 2.2.5.3.3 and 2.2.5.3.4 respectively.

6.4.1. Phosphorylation of Smad2in response to TGF-B3 in TF and MSC

Phosphorylated Smad2 was detected in the protein extracts of MSCs from

donor one to which TGF-B3 had been applied 30 minutes following application

of TGF-B; and continued to be detected for 24 hours (Figure 6.13).

Phosphorylated Smad2 wasdetected in protein extract from MSCs from donor

2 to which TGF-B3 had been added 90 minutesfollowing application of TGF-B3

and continued to be detected at 8 hours following TGF-B3 application (Figure

6.14). Phosphorylated Smad2 was not detected in the un-stimulated control
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MSCsfrom either donors. In contrast phosphorylated Smad2 wasnot detected

in the TF following application of TGF-Bs3 (Figure 6.15).
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Figure 6.13: Western blot of Donor 1 MSCsfollowing stimulation with 5ng/ml TGF-B3.

Phosphorylation of Smad2 is activated by 30 minutes and remains active at 4, 8 and 24

hours.
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Figure 6.14: Western blot of Donor 2 MSCsfollowing stimulation with 5ng/ml TGF-B3.

Phosphorylation of Smad2 is activated by 90 minutes and remains active at 4 and 8

hours.
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Figure 6.15: Donor 2 TF following stimulation with 5ng/ml TGF-B3. Phosphorylation of

Smad?is not evident in TF. Reproduction of Western blot poor dueto presence offolds

within plastic bag covering blot. Block arrow indicates level of bands.
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6.5. Effect of TGF-B; and tensile strain on ECM gene expression in 3D co-

cultures of tendon fibroblasts and mesenchymalstromalcells

Tendonfibroblasts were harvested from the tensional area of the SDFT and

cultured until confluent in monolayer flasks. Collagen gels were created based

on a method described previously (Garvin et al 2003). Briefly, following

trypsinisation cells at the end of passage one, were counted and suspendedin

90% type | collagen gel, 10% ten times DMEM (Sigma) using 1 x 10°cells/mL

(50% TF and 50% MSCs). MSCs and TF were harvested from 3 horses subjected

to euthanasia for reasons other than musculoskeletal disease. Two hundred

microlitres of the collagen cell suspension werecast in a trough mold (Trough

loader, Flexcell International) centrally located in a collagen type | coated

Tissue train culture plate (Flexcell International). The collagen gels were

cultured at 5% CO, in a humidified incubator at 37°C for 24 hours prior to the

addition of DMEM containing 1% FCS, penicillin/streptomycin and fungizone

with the addition of TGF-B3 (Sng/ml) or without TGF-B3 (controls) (Figure 6.16).

All gels were strained. Uniaxial cyclical tensile strain was applied using the

arctangle loading posts and the Flexercell FX-3000 system set to a strain

magnitude of 11%, a frequency of 1Hz and duration of 1 hour/day.All strained

collagen gels were subjected to cyclical tensile strain for 1 hour/day for 5 days.

 

 

 

  
 

  

 

 

Figure 6.16: Baseplate set up with arctangle loading posts to allow application

of tensile strain to collagen gels seeded with TF and MSCs cultured in media +

TGF-B3. Black background indicates addition of TGF-B3; white background

indicates controls.
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Following 5 days of culture with or without TGF-B3 samples werecollected into

Tri-Reagent for gene expression or fixed in paraformaldehydefor histological

analyses.

6.5.1. Effect of TGF-B3 on gel contraction

Grossly, the collagen gel to which strain and TGF-B3 had been applied exhibited

more gel contraction than the ones to which strain alone had been applied

(Figure 6.17).

 

Figure 6.17: Photographsof collagen gels following 5 days application of strain

+ TGF-B3. Subjectively TGF-B3 increased gel contraction.

6.5.2. Effect of TGF-B3 on cellular morphology

TGF-B3 encouraged cellular elongation in addition to gel contraction as can be

seen in Figures 6.18 and 6.19.
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Figure 6.18: Histological sections of collagen gels containing 50% equine TF and

50% equine MSCsculture in the Tissue Train for 5 days with the application of

cyclic tensile strain. Haematoxalin and Eosin (A&C) and Periodic Acid Schiff

(B&D), scale bar = 100um. Sections A&B were cultured with TGF-B; in the

media and sections C&D were cultured with control media. TGF-B; promoted

cellular elongation and collagen gel contraction.
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Figure 6.19: High power Haematoxalin and Eosin stain of collagen gel

stimulated with TGF-B3; in the media. Scale bar = 100um. Cells adopted an

elongatedfibroblastic appearance similar to a native tendon fibroblast.

6.5.3. Effect of TGF-B3 on ECM geneexpression

Application of TGF-B3 to three dimensional collagen gels seeded with equine TF

and MSCs also resulted in increased gene expression. Both COL1A2 and

COL3A1 gene expression wassignificantly increased following application of

TGF-B; (P=0.02 and P=0.01 respectively) (Figure 6.20). Gene expression of

COMP and COLSA1 werealso significantly increased following addition of TGF-

B3 to the culture media (P=0.003 and P=0.0001 respectively) (Figure 6.20).
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Figure 6.20: Application of 5ng/ml TGF-B3 to three dimensional collagen gels

seeded with equine TF and MSCs resulted in significantly increased gene

expression of COL1A2, COL3A1, COL5A1 and COMP (*=P<0.05, **=P<0.005).

Gene expression of the transcription factor scleraxis was increased by

application of TGF-B; (P=0.0004) but gene expression levels of the

chondrogenic transcription factor SOX9 were not significantly increased

following application of TGF-B3 (P=0.942) (Figure 6.21).
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Figure 6.21: TGF-B3 addition to the culture media of strained collagen gels

seeded with equine TF and MSCssignificantly increased the tendon progenitor

transcription factor scleraxis (**=P<0.005) but had no significant effect on

levels of the chondrogenic transcription factor SOX9 (P>0.05).

6.6. Discussion

Cell proliferation in monolayer cultures

Fibroblast proliferation is an important component of wound repair of any

tissue. In the healing tendon the reparative phase of fibroblast proliferation

andscar tissue synthesis begins within a few daysof injury. Tendon scar tissue

has inferior biochemical and biomechanical properties to normal tendon and

consequently tendonre-injury rates are high. Enhancementof the biochemical

properties of tendon scar tissue should allow improvement of biomechanical

properties with a subsequent reduction in re-injury rates. To achieve this aim it

is important to understand how TF and MSCs respondto the different growth

factors that are available to augmentrepair.

Results of work in the current chapter were hampered by donor variation;

MSCs from certain donors (donors 4 and 5) failed to continue to proliferate in

serum-deprived conditions and therefore analysis of the effect of TGF-B3 was

difficult to interpret. Primary tendon fibroblasts also showed unpredictable

behaviour whencultured in serum-deprived conditions with cells from donors
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4 and 5 showing evidence of proliferation at 48 hours but not at 96 hours.

Reduced cell viability has been reported following serum depletion in cardiac

fibroblasts (Leicht et a/. 2001).

For donor three, where control cells were actively proliferating in serum

deprived conditions, application of 5ng/ml TGF-B; inhibited cell proliferation of

MSCs at both 48 and 96 hours compared to un-stimulated controls. Both

0.5ng/ml and 5ng/ml TGF-B3 inhibited tendon fibroblast proliferation at 48

hours and this is consistent with the work of others that used TGF-B; on

cultured equine tendon fibroblasts (Goodman etal. 2004). Inhibition of cell

proliferation has also been demonstrated on application of any of the three

isoforms of TGF-B to cultures of dental pulp fibroblasts (Chan et a/. 2005).

Conversely other workers report an increase in cell proliferation attributable to

TGF-B3 in mesenchymal stromal cells derived from the cranial suture (Jameset

al. 2009).

The doses of growth factor used in the current thesis were chosen based on

workin the publishedliterature (Fu et a/. 2003; Nakamuraet al. 2003; Wong et

al. 2005). The current work identified a reductionin cell proliferation following

application of BMP-14 to either TF or MSCs. Other workers (Nakamura et al.

2003) identified a dose-dependent increase in cell proliferation with the

application of BMP-14 to periodontal ligament fibroblasts. However, the doses

wheresignificant changesin cell proliferation were identified were 200ng/ml

and 1000ng/ml (two to ten times higher than the highest dose used in the

current study). An increasein cell proliferation following application of BMP-13

to humanpatellar ligament fibroblasts has been reported in the literature

(Wonget al. 2005) as has application of BMP-12 to human patellar ligament

fibroblasts (Fu et al. 2003) although these findings could not be replicated in

the current studies with any donor.
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Gene Expression in monolayer cultures

The scar tissue formed subsequent to injury has inferior biochemical

composition namely increased amount of COL3A1 and proteoglycans. The

multifunctional cytokine TGF-B3 is capable of modulating gene expression,

indeed the current work has identified multiple stimulatory effects of TGF-B3

on gene expression in both TF and MSCs. Increased expression of COL3A1 was

identified in equine TF in the current study and this is in agreement with the

findings of Klein et al. (2002) that found a similar response in rabbit flexor

tendons. Both COL1A2 and COL3A1 weresignificantly increased in equine MSCs

following application of TGF-B3. Recently, it has been highlighted that distinct

flexor tendon cells sourced from separate areas respond differently to TGF-B;;

cells sourced from the endotenon actually showed reduced expression of

COL1A1 and COL3A1following stimulation with TGF-B3 (Klass et a/. 2009).

Increased expression of COMP has previously been described following

application of TGF-B; to equine tendon fibroblasts (Goodmanetal. 2004) but

an increase in COMP following application of TGF-B3 to both equine TF and

MSCsis encouraging and has not been previously reported. Of note howeveris

the level of COMP gene expression that remains significantly lower in equine

MSCs even following stimulation with TGF-B3. It has recently been

hypothesised that COMP is able to reducecell death (Gagarinaetal. 2008) so

an increase in this gene would be beneficial following regenerative cellular

therapies.

Elevations in the tendon progenitor marker scleraxis have been described

following application of TGF-B, to murine fibroblasts (Pryce et a/. 2009). The

findings of the current work are in agreement with the work of Pryce et al

(2009); as both equine TF and MSCs demonstrated a significant increase in

scleraxis expression following application of 5ng/ml TGF-B3. Interestingly MSCs

were able to respond to the lower dose of 0.5ng/ml and still produce increased
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levels of scleraxis whereas tendon fibroblasts did not produce significantly

increased scleraxis in response to application of S5ng/ml TGF-B3.

Whilst application of 5ng/ml TGF-B3 appeared to have a stimulatory effect on

the expression of TGFBR1 the converse was seen for TGFBR2 (although

statistical significance was only identified in the TF). Reduction in TGFBR2 may

however be detrimental to wound healing as a recent TFGBR2 knock out

mouse demonstrated severely impaired wound healing (Dentonet a/. 2009).

The stimulatory effect of applying BMP-13 appeared weaker than application

of TGF-B3 in the current experimental design although small but significant

increases in COL3A1 and COMPgene expression wereidentified. Previous

studies have identified increased COL1A1 expression following application of

BMP-13 (Wonget al. 2005) but this finding was not replicated in the current

work.

Smad2/3 signalling in equine TF and MSCs

The current experiments are the first to identify activation of the Smad

signalling pathway in equine cells. Smad 2/3 phosphorylation has been

demonstrated in human lung fibroblasts following application of TGF-B;

(Webberet al. 2009b). Similar to the current findings Webberet al (2009a)

report activation of Smad2 within 30 minutes and also report maintained

phosphorylation of Smad for 24 hours. Activation of Smad 2/3 was not

identified in equine tendon fibroblasts but was detected in equine MSCs. The

differences in these results could be a consequence of different receptor

profiles present on the different cell types. Regulation of TGF-B3 signalling is

complex

TGF-B3 application to three-dimensional cultures

The apparentincrease in gel contraction seen following application of TGF-B3

to the collagen gels in the current study is consistent with previous work
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(Campbell et a/. 2004) that evaluated the responseof collagen gels seeded with

human patellar ligament fibroblasts to TGF-B; and TGF-B;. Other studies have

reported an increase in gel contraction following application of TGF-B, to

collagen gels seeded with fibroblasts (Chen et al. 2006; Kobayashi et a/. 2005).

Kobayashi et al. 2005 report an increase in apoptosis in response to TGF-B, and

also report that the increase in gel contraction is mediated by Smad3signalling

(Kobayashi et a/. 2006).

There are limited comparable studies of TF and MSC behaviour in collagen gels

stimulated with TGF-B3. The current work identified upregulation of several

genes associated with a tenogenic phenotype including COL1A2, COL3A1,

COLSA1, COMP andSCX providing promising evidence that application of TGF-

8; during MSC expansion may promote differentiation towards a tendon

phenotype. Encouragingly, there was no increase in the chondrogenic

transcription factor SOX9 in the current culture system. Other workers have

demonstrated that TGF-83 inhibits chondrogenesis (Jin et a/. 2008) and that

TGF-B3 maintains phenotypeof intervertebral disc cells in organ culture (Risbud

et al. 2006).

6.7. Conclusions and future work

In conclusion TGF-B3 appears to be beneficial to promote cellular elongation,

gel contraction and to enhance tenogenic gene expression when equine TF and

MSCsare cultured in collagen gels subjected to cyclic tensile strain.

TGF-B; has demonstrated promising results when equine TF and MSCs are

cultured in vitro. It would be interesting to compare the effects of the three

different isoforms of TGF-B (TGF-B;, TGF-B, and TGF-B3) especially in the light

of recent literature highlighting the importance of TGF-B, and TGF-B3 in tendon

development (Kuo et a/. 2008) and also in recruitment and maintenance of

tendon progenitor cells (Pryce et a/. 2009). Further work is required to
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determine if preconditioning equine MSCs with TGF-B; would be beneficial

prior to therapeutic administrationin clinical cases.

As Kobayashiet al. (2005) report an increase in apoptosis in collagen gels with

TGF-B, it would be worthwhile comparing the effects of TGF-B3 and TGF-B; to

determineif TGF-B3 resulted in less apoptosis that TGF-B;. Comparisonoflevels

of COMPin response to the two different isoforms and comparison of DNA

content would be interesting particularly in the light of the finding that

increased COMP mayprotect cells from apoptosis (Gagarinaet a/. 2008).
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CHAPTER7: Theinfluence of poly(e)caprolactone nanofibre

meshes on the gene expression and cellular orientation of

equine tendonfibroblasts

7.1. Introduction

Functional tissue engineering (FTE) involves the use ofcells, a scaffold and

stimulatory factors to promote tissue regeneration. An essential step in the

engineering of tendonlike tissue is to mimic the structure of the native tissue.

It is now possible to produce biomimetic scaffolds that have structural

properties that mimic the topography of the ECM of tendon (as reviewed by

Ashammakhiet a/. 2008; Doroski et a/. 2007). Electrospinning is a simple and

scalable technique that allows fabrication of polymeric nanofibres that have a

diameter less than 1pm. Nanofibre constructs generated by this method are

able to support cell adhesion and guide cellular behaviour. Electrospun

nanofibre matrices show similar morphological properties to the collagen fibrils

in natural ECM characterised by ultrafine continuous fibres with similar

dimensions and a high surface area to volumeratio (Kumbaret a/. 2008).

Poly(e)caprolactone (PCL) is a polyester that is degraded by hydrolysis over 104

weeksin vitro. For tissue engineering purposes, PCL nanofibres should support

cellular adhesion and growthinitially encouraging differentiation towards the

desired cellular phenotype; for tendonoustissue an elongated cell phenotype

able to produce an organised collagen rich ECM is desirable. Once the cells

mature and have laid down sufficient matrix to allow tissue function the

synthetic polymer should be degraded safely. PCL nanofibres specifically have

been shown to support skin, bone, nerve, smooth muscle cells (Chew et al.

2008; Choi et al. 2008; Ghasemi-Mobarakehetal. 2008; Venugopalet a/. 2008)
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and therefore should have many of the material characteristics to support the

growth of tendon fibroblasts.

Equine tendons typically take 12-18 months to remodel and heal post-injury

(Crevier-Denoix et al. 1997). PCL was selected because it has a long

degradation period. Additionally PCL is Food and Drug Administration (FDA)

approved andalso has no delayed inflammatory productslike other potential

biomaterials such as polylactic acid. Furthermore the breakdown products are

short chains of capronic acid a naturally occurring metabolite.

This study was performedto identify if (1) equine tendon fibroblasts could

adhere and survive on PCL nanofibres (2) assess if aligned nanofibre constructs

favour development of an elongated cell type with similar morphology to a

native tendon fibroblast and (3) determineif aligned PCL nanofibres promoted

tenogenic differentiation and expression of genes associated with a tendon-like

phenotype.

7.2. Fabrication of poly(€)caprolactone nanofibres

Electrospun nanofibres were fabricated using PCL dissolved in acetone within a

needle tipped syringe at a concentration of 10% (wt/vol). The PCL solution was

electrospun using a high voltage power supply at 20kV between the needle

tipped syringe and the grounded collecting plate. The solution was delivered

with a 50ml polypropylene syringe through an 18 gauge needle at a flow rate

of 0.05ml/min using a syringe pump. Fibres were collected onto a grounded

mandrel at a distance of 15cm from the syringetip (Figure 7.1). Variation of the

mandrel dimensions and rotating speeds allowed fabrication of nanofibres with

different orientations (Table 7.1).
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Figure 7.1: Schematic illustration of electrospinning setup. The mandrel can be

rotated at various speeds to allow fabrication of nanofibres with different

orientations.

 

Mandrel width Mandrel diameter Rotation speed

 

   

 

(cm) (cm) (rpm)

|2 . ae0

9 65 4800

 

Table 7.1: Parameters used to fabricate nanofibre constructs.

7.2.1. Fabrication of 2-dimensional meshed nanofibre constructs

Twotypes of 2D nanofibre mesh constructs were fabricated; random mesh and

aligned mesh. Randomly orientated fibres were collected using a mandrel

width of 9cm and diameter of 6.5cm that was rotated at a speed of S5Orpm.

Aligned nanofibre constructs were collected using the same mandrel but a
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different rotation speed (1800rpm). Once the applied electric field surpasses a

critical threshold the electrostatic force tends to exceed the viscoelastic force

and the surface tension of the polymer droplet causing a fine charged polymer

jet to be forced towards the collecting plate. Whilst in transit the polymer

strands become separated out (‘splaying’) giving rise to a ultra-fine dry fibres

(Murugan and Ramakrishna 2007). 2D meshed constructs were then anchored

to the baseof scaffdex inserts and stored in 100% ethanol.

7.2.2. Fabrication of 3-dimensional nanofibre bundles

Nanofibre bundles were fabricated using a different rotating mandrel; the

dimensions were width 0.3cm and diameter 12cm with a rotation speed of

500rpm. The aligned nanofibres were removed from the rotating mandrel and

gently rolled into bundles. Bundles were then cut to lengths of ~3cm and

anchoredto the base of scaffdex inserts and stored in 100% ethanol.

7.3. Effect of poly(e)caprolactone nanofiber meshes on cellular morphology

and orientation

Tendonfibroblasts were collected from the tensional area of equine superficial

digital flexor tendons by collagenase digestion from foetal, neonatal and adult

horses. Cells were proliferated in media containing 10% foetal calf serum with

1% penicillin/steptomycin and 0.2% amphotericin B. Cells were frozen and

thawed as describedin section 2.2.2.6.

PCL nanofibre scaffolds were anchored to the base ofsix well low bindingcell

culture plates using scaffdex (CellCcrown™12) inserts and were soakedin cell

culture media (described above)for 24 hours before cells seeding. Foetal cells

were harvested from a mid trimester foetus, neonatal cells were harvested

from a

7

daysold foal and adult cells were harvested from a 10 year old mare.

Foetal cells were seeded at a density of 1 x 10° cells per construct. Neonatal
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cells were seeded at a density of 100 000 cells per construct. Adult cells were

seeded at a density of 500 000cells per construct, cell culture media was

changed every 3-4 days. Samples were collected for analysis at three time

points; following culture for 1 day, 5 days and 14 days. Six constructs of each

type (aligned mesh, random mesh and bundle) were seededwithcells for SEM

analysis at each time point. Samples were gently rinsed twice in PBS and then

fixed with 1.5% glutaraldehyde in 0.1M phosphate buffer for 30 minutes at

4°C. Waste glutaraldehyde wasstoredin a sealed bottle in fume hood. Samples

were then rinsed twice in 0.1M phosphate buffer and then dehydrated through

a series of ethanol steps, taking care to prevent cells from drying out in

between each step. Samples were then placed in HMDSfor 5 minutes, which

was replaced with fresh HMDSfor a further 5 minutes and then allowed to

completely evaporate within the fume hood. Samples were then sputter

coated with gold and stored in a dry dust free environment prior to imaging.

Cellular morphology and orientation was evaluated using scanning electron

microscopy (SEM).

Foetal cells seeded at a density of 1 x 10° cells per construct became confluent

by the 5 days time point and therefore were not used for further analysis.

Neonatal cells seeded at 100 000 cells per construct were difficult to detect

using SEM at the earlier time points (Figure 7.2). The optimal seeding density of
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500 000 cells per construct was therefore used for culture of adult cells.

 
Figure 7.2: SEM images of constructs 24 hours following seeding onto

nanofibre constructs; random (a-c), aligned (d-f) and nanofibre bundles (g-i).

Scale bar represents 20m. Cells seeded onto randomly aligned nanofibres

appeared to spread whereascells seeded onto aligned and nanofibre bundles

adopted an elongated phenotype more typical of a tendon fibroblast. The

differences in cell seeding density can also be appreciated. Foetal cells (a,d&g)

were seededat a density of 1 x 10° cells per construct, neonatal cells (b,e&h)

were seeded at a density of 1 x 10° cells per construct and adult cells (c,f&i)

were seededat a density of 5 x 10° cells per construct.

7.3.1. Scanning electron microscopy of tendonfibroblasts cultured on aligned

and random meshesof PCL

Adult cells were able to adhereto all constructs after just 24 hours in culture

(Figure 7.3 a, d&g). Cells seeded on to the randomly orientated mesh appeared

to spread (Figure 7.3 c,d&e); in contrast cells seeded onto aligned constructs

became elongated along the longitudinal axis of the orientated nanofibre

constructs (Figure 7.3g-i).

213



 
Figure 7.3: Scanning electron micrographs of PCL constructs following culture

of adult tendonfibroblasts on aligned PCL mesh(a-c), randomly orientated PCL

mesh (d-f) and PCL nanofibre bundles (g-i) at time points 1 day (a,d&g), 5 days

(b,e&h) and 14days(c,f&i). Cells seeded onto aligned nanofibres and bundles

elongate along the direction of the nanofibres, whereas cells seeded on to

randomly aligned nanofibres spread and lack orientation. Subjectively the

numberofcells on the construct appears to increase with culture period.

Cell density subjectively, increased with time in culture (Figure 7.3). Adult cells

appeared to becomeconfluent culture for 14 days. It was difficult to determine

if cells were producing matrix or becoming confluent from the SEM images

alone (Figure 7.3). Anotherpossibility for the appearance of the SEM imagesat

14 days would be degradation of the construct therefore as a control

constructs were cultured in tendon media for 14 days withoutcells (Figure 7.4

a-d). No degradation of the PCL nanofibre constructs was observed following

14 days culture in tendon media withoutcells.
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Figure 7.4: Scanning electronmicrographs of PCL nanofibres following 14

days of culture in DMEM, 10% FCS, penicillin/streptomycin and

amphotericin withoutcells. (a) & (b) bundle of PCL nanofibres and (c) & (d)

random PCL mesh. (a) & (c) scale bar = 10m and (b) & (d) scale bar =

50um. No degradation of the constructs by tendon media was observed.

Beadsof PCL as a result of the electrospinning process can be seen (arrow).
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In addition to cell proliferation, the tendon fibroblasts were able to contract

the 3D nanofibre bundle diameter (Figure 7.5 a-f). Adult tendon fibroblasts

cultured on PCL bundles adopted an elongated morphology orientated along

the direction of the nanofibers.

 
Figure 7.5: Scanning electron micrographs of adult tendon fibroblasts cultured

on PCL bundles for 1 day (a&b), 5 days (c&d) and 14 days (e&f) demonstrating

contraction of the nanofibre bundle diameter. Scale bar =50ym (a, c&e), scale

bar =5um (b, d&f).
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Figure 7.6: Scanning electron micrographs of adult tendon fibroblasts cultured

on PCL bundles for 1 day (a&b), 5 days (c) and 14 days (d) demonstrating

different cell morphologies.

7.3.2. Effect of PCL on cell viability and cellular proliferation of tendon

fibroblasts

7.3.2.1. Cell viability of tendon fibroblasts cultured on PCL

Neonatal tendonfibroblasts were seeded at a density of 500 000cells / scaffold

and cultured on random mesh,aligned mesh and nanofibre bundlesin addition

to monolayer cultures as described in section 7.3. The Molecular Probes

LIVE/DEAD assay wascarried out on the nanofibre constructs as described in

section 2.2.4.3. Reagents were used at 4M of ethidium homodiner-1 and 2uM

calcein AM. 20ul of the supplied 2mM ethidium homodimer-1 was added to

10m! of PBS. The solution was vortexed to ensure thorough mixing before

adding Spl of the supplied 4mM calcein AM. 500uI of combined LIVE/DEAD
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assay reagents were addedto each well of 6 well culture plates and incubated

at room temperature for 45 minutes. Labelled cells were then viewed undera

fluorescence microscope.

Cells could be visualised following 1 day in culture. An increased numberof

dead cells were apparent on the PCL constructs in comparison to standard

monolayer cultures (Figure 7.7). Unfortunately when this assay was repeated

at 5 days significant difficulties were encountered due to the autofluorescene

of PCL and thusit was notable to identify the labelled cell fluorescence and no

data wasavailable for analysis as a result (Figure 7.8).

 
Figure 7.7: Live/Dead Assay following 1 day of culture on random (a,d&g),

aligned (b,e&h) and monolayer controls (c,f&i) of neonatal tendonfibroblasts.

Scale bar represents 100m. Phase contrast microscopy (a-c), fluorescence

microscopyforlive cells (d-f) and fluorescence microscopy for deadcells (g-h).

Subjectively there appears to be more deadcells visible when they are cultured

with the nanofibre constructs.
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E

Figure 7.8: Live/Dead Assay following 5 days culture in monolayer (a,d&g), on

 
aligned (b,e&h) and randomly orientated nanofibre meshes(c,f&i) of neonatal

tendonfibroblasts. Visualisation of the tendonfibroblasts on the nanofibre

constructs wasnotpossible due to autofluorescence.

7.3.2.2. Cell Proliferation on PCL nanofibres

PCL nanofibre scaffolds were anchoredto the base of six well low bindingcell

culture plates using scaffdex inserts and were soakedin cell culture media for

24 hours before cells seeding. Adult cells collected from a 10 year old mare

were seeded at a density of 500 000cells per construct, cell culture media was

changed every 3-4 days. Samples were collected for analysis at three time

points; following culture for 1 day, 5 days and 14 days. Two constructs of each

type (aligned mesh, random mesh and bundle) were seeded with cells for

analysis ofcell proliferation at each time point. The picoGreen DNA assay used

an ultra sensitive fluorescent nucleic acid stain to quantify double-stranded

DNA. A DNAstandard curve wascreated for every 96 well plate used. The DNA
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standard was diluted 1:50 in Tris-HCl (10mM), EDTA (1mM) at pH 7.5 (TE

buffer) to give a concentration of 2ug/ml DNA.For the DNAstandard curve the

2ug/ml DNAstock wasdiluted in 1.5ml eppindorf tubes as shownin Table 2.4

in triplicate.

Samples were diluted in TE buffer as follows; 270ul of TE buffer was added to

30ul of sample in labelled 1.5ml eppindorf tubes. 96 well plates were loaded

with 100ul/well in triplicate starting with the most concentrated standard in

Al. Once all standards and samples had been loaded the light sensitive

picoGreen ds reagent wasdiluted 1:200 and 100yIof the diluted picoGreen ds

reagent was added to each well using a multichannel pipette. Samples were

incubated for 2-5 minutes at room temperature and mixed well. The

fluorescence of standards and samples was read using a Heffer Dyna Quant

200 spectrofluorometer at 480nm excitation and 520nm emission. A standard

curve was generated using a linen of best fit (y=ax +c) in Excel from the

readings obtained from the standard. Concentrations of DNA were then

calculated using the standard curvein pg/ml.

Cells were able to survive and proliferate on all three PCL scaffolds (Figure

7.10) but there was no difference seen betweendifferent scaffolds. Statistical

analysis was not carried out as the experiment was only performed for one

donor
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Figure 7.10: Cell proliferation on PCL nanofibres was slow over the initial five

days especially on the nanofibre bundles but had increased by the 14 days time

point.

7.4. Effect of PCL on ECM gene expression by tendonfibroblasts

Tendon fibroblasts were collected from the tensional area of equine superficial

digital flexor tendons by collagenase digestion from foetal, neonatal and adult

horses. Cells were amplified in DMEM containing 10% foetal calf serum with

1% penicillin/steptomycin and 0.2% amphotericin B. Cells were frozen and

thawedas described in chapter 2 (2.2.2.6.).

PCL nanofibre scaffolds anchored to the base of low binding cell culture plates

using scaffdex inserts were soaked in cell culture media for 24 hours before

cells seeding. Adult cells from three donors were seeded at a density of 500
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000 cells per construct, cell culture media was changed every 3-4 days.

Samples werecollected for analysis following culture for 14 days.

7.4.1. Gene expression of tendon fibroblasts cultured on random, aligned

meshes and bundles of PCL

RNA wasextracted from cells from three donorsfollowing 14 days culture on

scaffolds using phenol/guanidine HCl reagents (TriReagent™, Sigma) and

isolated using published methods (Reno et al 1997; Clements 2006). A 1mL

aliquot of phenol/guanidine HCI reagents (TriReagent™) was added tothe well

containing the nanofibre scaffold. 200pI of chloroform was added to the

microcentrifuge tube and the samples were allowed to separate at room

temperature for 10 minutes, prior to centrifugation at 4 °C, 12 000g for 10

minutes. 375yl of the aqueous phase wastransferred to a clean eppendorf

tube to which an equal volume of 70% cold ethanol was added. This solution

was mixed by gently pipetting up and down. RNA wasextracted from the

aqueous phase using a commercially available RNA purification kit (RNeasy

Mini Kit) as described in section 2.2.3.1. On column DNase digestion was

carried out as described in 2.2.3.2. Reverse transcription of RNA to form cDNA

was carried out as described in section 2.2.3.4 using random primers. qPCR

analysis for eight reference genes (section 3.4.5) was determined using an

Applied Biosystems HT7900 thermal cycler as described in section 2.2.3.5.5.

The cycle threshold (Ct) values were obtained using HT7900 software version

2.2.1. As the pairwise stability coefficient determined by geNorm wasless than

0.15 and all stability coefficients (M values) were low, all target gene

expression was normalised to the expression of GapDH using the delta Ct

method. Statistical analyses were carried out using a mixed effects linear

regression modelusing S-Plus software.

No significant differences in gene expression of the extracellular matrix genes

COL1A2, COL3A1 (Figure 7.11), decorin, biglycan (Figure 7.12) or tenascin-C

(Figure 7.13) were detected between equine TF cultured on monolayer tissue
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culture plastic and the aligned, random or bundles of PCL nanofibres. Similarly

no significant differencesin the levels of expression of the transcription factor

scleraxis could be detected.
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Figure 7.11: COL1A2 and COL3A1 gene expression of tendon fibroblasts

cultured in monolayer in comparison to culture on random andaligned PCL

nanofibre mesh and PCL nanofibre bundles. No significant changes in gene

expression wereidentified.
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Figure 7.12: Decorin and biglycan gene expression of tendon fibroblasts

cultured in monolayer in comparison to culture on random and aligned PCL

nanofibre mesh and PCL nanofibre bundles. No significant changes in gene

expression wereidentified.
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Figure 7.13: Scleraxis and tenascin-C gene expression of tendon fibroblasts

cultured in monolayer in comparison to culture on random and aligned PCL

nanofibre mesh and PCL nanofibre bundles. No significant changes in gene

expression were identified.

7.5. Effect of PCL on ECM matrix production

PCL nanofibre scaffolds were anchoredto the base ofsix well low binding cell

culture plates using scaffdex inserts and were soakedin cell culture media for

24 hours before cells seeding. Adult cells from a single donor were seeded in

triplicate at a density of 500 000 cells per construct, cell culture media was

changed every 3-4 days. Two constructs of each type (aligned mesh, random

mesh and bundle) were seeded with cells for analysis of hydroxyproline

following 14 daysofcell culture.
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7.5.1. Hydroxyproline assay

Cell culture media was removed and discarded. Scaffolds of PCL nanofibres

were recovered and placed into apex tubes containing 6M HCI. Samples were

incubated at 110°C overnight to cause hydrolysis. Samples were then

lyophilised. The hydrolysates were reconstituted in 120ul! distilled water.

Samples were then centrifuged at 8000g for 10 minutes. 30y1 of samples was

then pipettedin triplicate onto a 96 well plate. 70ul of diluents (100ml propan-

2-ol and 50 ml water) and 50ul of oxidant (0.7g chloramines T, 10ml water and

50mlof stock buffer) were added to each well. The 96 well plate was placed on

a plate shaker for 5 minutes to mix samples. 125yl of colour reagent (7.5g

dimethylamino benzaldehyde, 11.25ml perchloric acid [60%] and 62.5ml

propan-2-ol) was added to each well. Samples were mixed on a plate shaker

and then incubated at 70°C for 15 minutes. Sample absorbance was then

determined at 550nm.

Equine TF cultured on PCL bundles produced ten fold less hydroxyproline

relative to DNA than TF cultured on PCL nanofibre meshes(Figure 7. 14).
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Figure 7.14: Hydroxyproline content per DNA for equine TF cultured for 14 days

on PCL nanofibrescaffolds.

7.6. Discussion

The current studies have demonstrated that equine tendon fibroblasts are able

to adhere and survive on electrospun PCL nanofibres for up to 14 daysin vitro.

No adverse effects on cell proliferation, gene expression (compared to

monolayer cultures) or ECM production wereidentified between the different

PCL scaffolds suggesting PCL nanofibres could represent a suitable option to

guide cellular orientation during tendon regeneration.

In the current study equine TF seeded onto randomly orientated PCL nanofibre

meshes appeared to spread and did not demonstrate any polarity whereas

equine TF cultured on aligned PCL nanofibre meshes demonstrated cellular

orientation along the axis of the PCL nanofibres. This finding is consistent with

the work of several other groups that have studied the cellular orientation of

various cell types on different electrospun polymers. The fibrous architecture
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of meniscal fibroblasts was shownto determine cellular polarity but there was

no significant difference in ECM deposition between aligned and random PCL

nanofibres (Baker and Mauck 2007). Alignment of nanofibrous constructs had

been reported to support and direct Schwann cell (Chew et a/. 2008) and

neonatal cerebellar stromal cell development (Ghasemi-Mobarakeh et al.

2008) and myotube development(Choi et a/. 2008). Interestingly in the study

by Ghasemi-Mobarakehet al. (2008)cells showed better orientation along the

aligned PCL nanofibres than the PCL/gelatin nanofibres. (Moffat et a/. 2009)

reported rotator cuff fibroblasts exhibited an elongated phenotype when

cultured on aligned poly lactide-co-glycolide (PLGA).

At the initiation of the current studies there waslittle published information

providing informed selection of an appropriatecell seeding density. Baker etal.

(2007) seeded PCL nanofibres with 10 x 10° meniscal fibrochondrocytes per 25

x 5mm PCL construct therefore initial experiments with foetal TF were carried

out using a seeding density of 10 x 10°. This resulted in cells becoming

confluent too quickly and therefore the seeding density was reduced to 1 x 10°

however, this resulted in difficulties in identifying cells at the earlier time

points therefore a compromiseof 5 x 10° cells per construct was used for the

adult TF. More recent studies report the use of lower cell seeding densities 10 x

10°cells/well of a 24 well plate (Ghasemi-Mobarakeh et a/. 2008) and 3 x

10‘cells/cm? (Moffat et al. 2009).The latter two studies were using

PCL/gelatine and PLGA nanofibres respectively that are less hydrophobic than

PCL and therefore should allow cell attachment morereadily.

Considerable difficulties were encountered using the Molecular Probes

LIVE/DEADcell viability/cytotoxicity assay for analysis of cells cultured on PCL

nanofibres. The autofluorescence of the PCL could not be sufficiently gated to

allow assessmentofcell viability at the 5 and 14 days time points. The use a

confocal microscope may have the potential to overcomethis problem. This in

contrast to previous work (Baker and Mauck 2007) that used the sameassay to
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evaluate constructs at 3 and 7 days. The PCL constructs in the study by Baker

and Mauck (2007) appeared to have a less dense PCL nanofibre structure than

in the current study.

The current studies demonstrate that equine TF can survive and proliferate on

all three types of nanofibre construct tested. Cell proliferation was slowest for

the nanofibre bundles over the initial 5 days but then increased over the

remaining 9 days so that no difference in DNA content was apparentat 14 days

between any of the constructs. Equine TF appear to survive and proliferate

more readily than fibrochondrocytes as Baker and Mauck (2007) report only

8ng/ml of DNA following 14 days culture in comparison to 52.4yg/ml, 38.92

ug/ml and 31.1yg/ml of DNA (bundle, random and aligned respectively)

following 14 daysculture in the current study despite similar seeding densities.

Ghasemi-Mobarakeh et al. (2008) report no difference in cell proliferation

between random and aligned PCL constructs but a higher level of cell

proliferation on aligned PCL/gelatine constructs; however, these differences

could be due toinitial cell adherence numbers.

The current studies found no significant differences in COL1A2 or COL3A1 gene

expression levels between any of the constructs tested following 14 days

culture. This is consistent with the findings of Moffat et a/. (2009) that found no

significant difference in COL1A1 and COL3A1 gene expression of rotatorcuff

fibroblasts cultured on random and aligned PLGA. Other groups haveidentified

up regulation of gene expression on aligned PCL nanofibres (Chew et al. 2008)

however, the genes upregulated were myelin specific proteins from Schwann

cells.
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7.7. Future work

It would be interesting to examine if PCL nanofibres could guide MSC

orientation in a similar way to that seen for TF. Furthermore it would be

beneficial to assess protein deposition using immunohistochemistry or

proteomic analysis.
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CHAPTER8: General Discussion and Conclusions

8.1 General Discussion

The main aim of this thesis was to investigate differentiation of mesenchymal

cells under the effect of tensile load on generating a tendoncell phenotype in

both 2D and 3D culture as load is important in tendon remodelling. The first

problem encountered wasselecting a method to define tenogenic phenotype.

Secondly the factors needed to drive tenogenesis have not been established to

date. Our data determined that tensile load was not sufficient to drive

differentiation of MSCs towards a tenogenic phenotype. This is perhaps not

unsurprising as in utero tendon formation is not dependent on loading.

Therefore other potentially complimentary stimulatory factors were evaluated,

in particular, specific growth factors which have been identified in other

studies to have a potential role in tenogensis.

The initial work developed a panel of extracellular matrix primers to allow

qPCR assessment of extracellular matrix genes and transcription factors in

equine tendon andin tendon fibroblasts in vitro. qPCR is a highly sensitive

technique that can be subject to problems with reproducibility and specificity.

Quality control is therefore essential to reduce these inherent problems (Nolan

et al. 2006). Quality control was carried out at several levels in all of the

molecular biological techniques used in this thesis. Primers were designed to

span exon boundaries where possible to reduce amplification of genomic DNA.

Optimal primer design and efficiency was validated using standard curves to

reduce under and over amplification of product that may lead to erroneous

results. All primers included were between 95-105% efficient. All RNA samples

were DNase treated before reverse transcription to avoid amplification of

genomic DNA. RNA template quantity and quality was assessed using the
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nanodrop spectrophotometer to ensure pure RNA production and allow the

same amountof RNA (11g) to be addedto eachreverse transcription reaction.

Many quantitative qPCR studies normalise target gene expression to the once

accepted ‘universal’ reference gene GapDH. The use of GapDHasa ‘universal’

reference gene has been questioned by some reports in the literature

(Maccoux et al. 2007; Nolan et al. 2006). It has been demonstrated that

normalisation to a single reference gene can lead to relatively large errors

particularly if only small alterations in levels of gene expression are being

considered (Vandesompele et a/. 2002). There are several software packages

(including geNorm, Bestkeeper and Normfinder) that usestatistical analysis to

determine reference gene stability but there is no consensus recommending

the optimal package (Ayers et al. 2007) therefore a combinationof all three

software packages were usedto select the optimal reference gene(s) for usein

the experimentscarried out in this thesis. GapDH wasoften selected as one of

the most stable reference genes in the in vitro experiments. However, in the

earlier experiments the stability of only three reference genes (GapDH, ACTB

and SDHA) was assessed and this may have biased their conclusions.

Furthermore, the experiments carried out using growth factors highlighted the

importance of appropriate reference gene selection. GapDH had an M value

greater than 1.5 predicted by geNorm suggesting other genes (TBP/HIRPS)

should be used for normalisation of gene expression of tendonfibroblasts and

MSCsthat have been stimulated with growthfactors.

One of the fundamental problems in assessing tenogenic differentiation is the

paucity of molecular markers to identify a tendoncell phenotype (Taylor etal.

2009). The results of chapter four demonstrate that there is currently no single

marker gene that can identify equine tendon phenotypein contrast with the

situation in bone and cartilage where the transcription factors (Runx2 and

SOX9 respectively) are well established (Barbero etal. 2003). Scleraxis (SCX)

was originally thought to be a transcription factor important for tenogenesis
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(Murchison et al. 2007; Schweitzer et al. 2001) however more recent studies

have demonstrated that SCX is not necessary for tendon cell induction butis

needed for maintenance and recruitment of tendon cells (Pryce et a/. 2009).

Work in chapter four failed to identify any significant difference in levels of

scleraxis expression between tendon and cartilage refuting its use as an

isolated marker for tendon phenotype. In addition, SCX expression has been

identified and believed to promote COL1A2 expression and fibrosis in cardiac

fibroblasts (Espira et al. 2009).

Chapter four confirmed that a panel of ‘marker’ genes are required to identify

tendon cell phenotype from other mesenchymal tissues. The matched adult

samples of tendon,cartilage and bone show thetensional SDFT to express high

levels of COL1A2 and SCX and low levels of tenascin-C (TNC) in comparison to

the other tissues. Bone also expresses high levels of COL1A2 but contrastingly

low levels of SCX and high levels of TNC. In contrast, cartilage expresses

moderate amounts of COL1A2, SCX and TNC (Taylor et a/. 2009). The panel of

marker genesidentified in equine tensional SDFT wasfurther studied in equine

TF and MSC cultured in vitro. Equine TF harvested from the tensional SDFT

consistently demonstrated low TNC expression in vitro, in contrast to this

equine MSCscultured in vitro consistently demonstrated higher expression of

TNC. Another consistent pattern of gene expression noted throughout this

thesis was the large difference in levels of COMP expression between equine

TF and equine MSCs with TF expressing high levels of COMP and MSCs

expressing low levels of COMP indicating that levels of COMP expression may

useful as one of a panel of markers to identify tenogenic differentiation of

MSCs.

The in vitro culture of equine TF and MSCs provides a controlled setting to

investigate how the different cell types respond to differing environmental

cues. It is essential to realise however that the in vitro environment may

provide different stimuli to those that occur in vivo. Progressive passaging of
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cells has been shown to affect cell phenotype. Dedifferentiation of rabbit

tenocytes in monolayer culture as evidenced by reduction of COL1A1 and

decorin expression has previously been described (Bernard-Beaubois et al.

1997). The experiments in chapter five using equine TF sourced from three

different functional sites also identified a significant reduction in expression of

decorin with increasing passage number suggesting some degree of

dedifferentiation. In contrast however, no significant difference in COL1A2

gene expression wasidentified in the work in chapterfive in agreement with

Yao et al. (2006). Recently, Almarza et al. (2008) identified that medial

collateral ligament fibroblasts continued to produce more COL1A1 gene

expression over 5 passages than anterior cruciate ligament or patellar tendon

fibroblasts in a rodent model. Other genes measured (COL3A1, fibronectin,

MMpP-13 and TIMP-3) did not change expression levels over five passages from

any cell type. Gunja and Athanasiou (2007) found that bovine meniscal

fibrochondrocytes demonstrated increased COL1A1 expression with increasing

passage but showed reduced COMP and COL2A1 gene expression. The

conflicting reports in the literature describing increase, decrease and no

change in COL1A1 gene expression with progressive passage may simply reflect

different fibroblast subtypes being predominantly selected for in the different

studies. For example those reporting increased COL1A1 may have unknowingly

selected for cells that produce highlevels of collagen when multiple fibroblasts

subpopulationsare collected by collagenase digestion of tendon.

Traditionally cells have been cultured in 2D on tissue culture plastic howeverin

this environment only 50% (at most) of the cell surface is able to interact with

its environment (Grinnell 2003). Cells cultured in 3D matrices experience a

more complex physical environment moreakin to the situation in vivo. Tendon

cells cultured in 3D collagen gel adopt an aligned phenotype and express

similar genes to those found in native tendon (Garvin et al. 2003). Chapterfive

examined the differing effects of two dimensional and three dimensionalin

vitro cultures on both equine TF and MSCs. The workcarried out in chapter five
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using two dimensional culture of equine primary cells + the application of

either uniaxial of equibiaxial tensile strain highlighted a numberofdifficulties.

One ofthesedifficulties was the variation in response of primary cells to being

cultured in serum deprived media resulting in difficulties interpreting the cell

proliferation data. Reduced cell viability has been reported following serum

depletion in cardiac fibroblasts (Leicht et a/. 2001).

The cells from different donors also appeared to behave inconsistently with

regard to cell orientation on application of both equibiaxial and uniaxial tensile

strain. This is consistent with disparity between reports in the literature. Cell

alignment perpendicular to the direction of strain is reported for MSCs

subjected to cyclic equibiaxial tensile strain for 2 days (Koike et al. 2005). Re-

oreientation was not identified by other workers using the Flexercell™

equibiaxial straining system (Goodmanetal. 2004; Parketal. 2004). In contrast

the majority of reports describing use of cyclic unixaial tensile strain do

describe cellular orientation perpendicular to the direction of applied strain

(Hamilton et al. 2004; Lee et al. 2007b; Zhang et al. 2008). More recent work

has identified the importanceofcell contact and degree of confluence as a co-

factor contributing to how cells respond to tensile strain (Jungbauer et al.

2008). It is possible that the lack of response seen whencells from the current

work werecultured with the application of uniaxial tensile strain failed to elicit

a response because they were over-confluent. Alternatively, the variable

effects in cell alignment seen across one well of the Uniflex™ plates may

represent non-uniform strain application. Another possibility accounting for

the differencesin cell orientation seen would be the diverse populationof cells

yielded whenusing primarycells derived from collagenase digestion.

Equine cells cultured in three dimensional collagen gels subjected to tensile

strain appeared to respond moreconsistently than those cultured in either of

the two dimensional systems. Cellular alignment was morereliably orientated

parallel to the direction of tensile strain in agreement with published studies
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(Nieponice et al. 2007). Furthermore, cell phenotype appeared elongated and

more representative of whatis found in native tendon in vivo suggesting the

three dimensional culture method is preferable to the two dimensional

systems to study cellular behaviour. One difference between the 2D and 3D

experimental designs was the presence of a serum deprived environment. The

cells cultured in the 2D systems were subjected to serum deprivation; this in

itself could account for some of the donor variability seen in the 2D culture

systems.

ECM geneexpression of cells in the collagen gels was consistently reduced in

the gels subjected to 10% cyclical tensile strain for 1 hour per day for 5 daysin

total in comparison to unstrained constrained controls. The magnitude of

tensile strain was chosen as it was hoped to represent a similar magnitude to

what equine tendoncells experience in vivo whena horseis exercising (Wilson

and Goodship 1991). Sumanasinghe et a/. (2009a) demonstrated that cell

viability was not affected by 10% tensile strain for 4 hours/day in the same

culture system, however they did show up-regulation of pro-inflammatory

cytokines at this strain rate. Other published studies have used a lowerstrain

rate (1%) but report verylittle difference in levels of gene expression between

strained and unstrained collagen gels (Ferdouset al. 2008; Garvin et al. 2003;

Kuo and Tuan 2008). The study of Kuo and Tuan (2008) compared gene

expression levels in strained collagen gels to static two dimensional cultures on

tissue culture plastic rather than control collagen gels therefore the results are

not directly comparable.

The significant down regulation of osteogenic (Runx2) and chondrogenic

(SOX9) transcription factors and the maintenance of expression of the

‘tenogenic’ transcription factor (SCX) is an encouraging finding of equine cells

cultured in 3D collagen gels subjectedto tensile strain. High strain magnitudes

have been reported to increase genes associated with a tendon phenotype and

low strains to increase osteogenic genes in a 2D culture system (Chenetal.
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2008) but this has not been reported previously, howeverthis was identified in

the 3D culture system used in the current work.

TGF-B signalling occurs through a numberof complex interactions that lead to

alterations in gene expression. The actions of TGF-B vary depending oncell

type and specific isoform of TGF-8. TGF-B; has been shownto preventscarring

in some experimental models (Shah et a/. 1995) and has therefore been

described as anti-fibrotic in contrast to the pro-fibrotic isoforms (TGF-B; and

TGF-B,). In the current experiments TGF-B; did appear to result in more

collagen gel contraction than seenin the control gels. It would be interesting to

establish if there are differential effects between TGF-B3 and TGF-B, in equine

TF seeded into collagen gels as has been demonstrated for human patellar

fibroblasts with TGF-B, causing a greater degree of gel contraction (Campbellet

al. 2004). The studies described in chapter six demonstrate significant up-

regulation of COL3A1 in both equine TF and MSCsandsignificant up-regulation

of COL1A2 in MSCs. TGF-B3 producedless of an increasein collagen III protein

expression in rabbit endontenoncells than TGF-B; but this was not analysed

statistically (Klein et a/. 2002). It would be interesting to compare theeffect of

TGF-B; and TGF-B3 on the COL1A2:COL3A1 ratio as healing tendon often

demonstrates an increase in collagen type III during scar formation which is

slowly remodelled to collagen type |. Culturing MSCs with TGF-B3 prior to

implantation may havethe potential to improve the COL1A2:COL3A1ratio.It is

likely that the situation is complicated by the interaction of the different

isoforms of TGF-B and the spatial distribution of TGF-B receptors in vivo. It has

recently been shown that the three isoforms of TGF-B do interact with each

other in rat patellar tendon fibroblasts (Chan et a/. 2008).

Studies in chapter six demonstrated down regulation of TGFBR2 gene

expression in equine TF stimulated with TGF-B3. TGFBR2 is the constitutively

active part of the heteromeric transmembrane receptor. Down regulation of

this receptor may result in reduced action of the pro-fibrotic TGF-B; so having
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the potential to reduce scarring in injured tendons. Complete obliteration of

the TGFBR2 receptor in gene knock out mice actually has deleterious effects on

woundhealing (Dentonet a/. 2009).

The experiments in chapter six are the first to identify activation of Smad

signalling in equine cells following stimulation with TGF-B3 demonstrating

species cross reactivity of the phosphor-Smad2 antibody. Smad2

phosphorylation wasevident just 30 minutes after stimulation with TGF-B3 and

remained active atall time points tested in equine MSCs consistent with what

has previously been demonstrated following TGF-B; stimulation of human lung

fibroblasts (Webberet a/. 2009a). TGFB-Smadsignalling is capable of activating

cell-type-specific responses and this can be achieved at three levels; the

variants of the TGFBR1 receptor (ALK4, ALK5, ALK7, ALK1, ALK2, ALK3 and

ALK6) and the TGFBR2 receptor (TGFBRII, ACTRII, ACTRIIB, BMPRII AND

AMHRII); specificity of the receptor Smad interaction and specificity in the

nucleus as reviewed by (Schmierer and Hill 2007). The TGFBR primers used in

this thesis were for the ALK5 variant of the type | receptor and the TGFBR2

variant of the type Il receptor. The relative expression of TGFBR2 washigher

than ALK5 in both equine TF and MSCs. It would be interesting to determine

the gene expression of the other receptor variants in equine TF as this can have

profoundeffects on responseto TGF-ligands.

The final element of successful functional tissue engineering involves the use of

a scaffold to provide a frameworkforcellular elements and growth factors. The

workin chapter seven investigated the suitability of poly(e)caprolactone (PCL)

nanofibres to provide such a scaffold for equine TF and MSCs. Equine TF

seeded onto randomly orientated PCL nanofibre meshes appeared to spread

and did not demonstrate any polarity whereas equine TF cultured on aligned

PCL nanofibre meshes demonstrated cellular orientation along the axis of the

PCL nanofibres. This finding is consistent with the work of several other groups

that have studied the cellular orientation of various cell types on different
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electrospun polymers (Baker and Mauck 2007; Choi et a/. 2008; Ghasemi-

Mobarakeheta/. 2008; Moffat et a/. 2009).

Autofluorescence of PCL was problematic when the molecular Probes

LIVE/DEAD assay wasusedto assesscell viability on the scaffolds used in

chapter seven.An alternate method of assessing cell viability should be used in

future studies for example evaluation of expression of some of the genes

involved in apoptosis and cell death (caspase, p53). Although the equine TF

were able to survive and proliferate on the PCL nanofibre scaffolds no specific

enhancementsof tenogenic gene expression were detected in the experiemtns

described in chapter seven indicating additional cues are necessary to induce a

tenogenic phenotype. It would be interesting to evaluate equine MSC

behaviour on PCL nanofibres + stimulation with TGF-B.

8.2 Conclusions and Future Work

Several problems and pitfalls of the culture of primary equinecells have been

highlighted by the work in this thesis. Experimental addition of specific

environmental cues may improve differentiation of equine mesenchymal

stromal cells but as yet the two environmentalcues testedin this thesis failed

to drive convincing tenogenesis. Tensile strain application of three dimensional

cultures did improve cellular morphology and orientation and also inhibited

expression of chondrogenic and osteogenic transcription factors but

unfortunately also resulted in down regulation of some of the key extracellular

matrix genes. Growth factor stimulation with TGF-B3 did enhance ECM gene

expression of MSCs favouring a more tenogenic phenotype but failed to

recapitulate the levels of COMP detected in equine TF. Furthermore a decrease

in TGFBRII expression was detected in TF to which TGF-B3 had been applied and

it is unknown what effect this may have on healing of equine tendonsin vivo,

although the same phenomenonwasnotdetected in the equine MSCs.
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Primary equine cells (both TF and MSCs) appear to respond differently to

serum deprivation hampering interpretation of results. It would be worthwhile

identifying the effect of serum deprivation on clonal populations of both cell

types and further studying the phenotype of thosecells able to tolerate serum

depletion. Characterising the gene expression profile of clonal cells would also

increase the understanding of the heterogenous population of cells that are

isolated following collagenase digestion of equine SDFT. Different fibroblast

populations have beenidentified within the lung andalso skin (Ali-Bahar et al.

2004; Breen et al. 1990). It would be intriguing to evaluate if these different

clonal populations of equine TF showed different TGFBR protein expression

using immunohistochemical techniques on monolayercultured cells especially

following stimulation with various isoforms of TGF-B.

The preliminary workcarried out investigating the use of the 3D culture system

for equine TF and MSCsis promising. Further work is neededto investigate the

application ofdifferent strain magnitudesfor different durations and the effect

this may have on tenogenicdifferentiation of MSCs. The addition of TGF-B3 to

the culture media can be advocatedsince scleraxis expression was significantly

increased yet there was no evidence of chondrogenic differentiation as

demonstrated by no increase in SOX9 gene expression.

This work has highlighted several areas of future work that would be beneficial

to the understanding of equine tendinopathy and tendon regeneration.

Monitoring of the level of the TGF-B receptors has not been carried out for the

equine SDFT in acute and chronic disease particularly since TGFBRI| has been

shown to be up-regulated in chronic Achilles tendinopathy (Fenwick et al.

2001). It would be interesting to assess the interaction of the various isoforms

of TGF-B in equine TF and MSCs as TGFBR3 (betaglycan) has been shownto

enhance the affinity of TGF-B, (Esparza-Lopez et a/. 2001) and interactions

between the TGF-B isoforms have been reported in rat patellar fibroblasts

(Chan et al. 2008). Optimising the appropriate concentrations at which the
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isoforms interact may provide further potential for enhancing tenogenic

differentiation of MSCs.

TGF-B3 application to monolayer cultures of equine TF and MSCs at a

concentration of 5ng/ml is capable of increasing gene expression ofscleraxis.It

would be prudent to evaluate if the same concentration of TGF-B3 applied to

monolayer cultures increased the expression of other transcription factors

(SOX9 and Runx2) that promote chondrogenic and osteogenic differentiation,

before pretreatment of MSCs could be recommendedforclinical use as this

situation would not be desirable in healing equine tendons.

The phosphorylation of Smad2 demonstrated in chapter six may not be the

only intra-cellular signalling mechanism activated by TGF-B3 in equine MSCs. To

further investigate intra-cellular signalling the inhibitor SB431542 (a potent and

selective inhibitor of the type | TGF-B receptors; ALK4, ALKS5 and ALK7) could be

used to determine if gene expression changes were abolished by inhibition of

Smad2 phosphorylation. Alternatively the contribution of the p38MAPK intra-

cellular signalling pathway could be evaluated using the p38 inhibitor

SB203580 to determineif TGF-B3 activated this intracellular signalling pathway

to effect changes in gene expression in equine MSCs.
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