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Abstract
 

Rupture of the cranial cruciate ligament (CCL) in dogs and the anterior cruciate

ligament (ACL) in human beings, with ensuing development of osteoarthritis (OA)

is a common orthopaedic problem in these species. Many risk factors have been

identified in the development of cruciate rupture and OA; these include obesity,

trauma, gender, age and genetics. Differences in physiological hormonelevels have

been associated with some of these risk factors.

Obesity is a majorrisk factor for OA and leptin levels are positively correlated to fat

mass. Morerecently, it has been shownthat the tissues of the synovial joint express

leptin and the leptin receptor, indicating that leptin may have an autocrine or

paracrine role in thesetissues.

Histological studies of canine CCL confirmed that the ligament comprises dense,

collagen bundles between which the cells are organised in linear arrays along the

length of the ligament. Some samples exhibited chondroid like changes. Distributed

within the tissue were numerous blood vessels, suggesting that systemic

concentrations of hormones and cytokines, such as tumour necrosis factor-alpha

(TNFa), could reach the cells within the igament.

CCL cells in culture were shown, by gelatin zymography, to express latent MMP-2

but not active MMP-2,orlatent or active MMP-9. Growth hormone, relaxin and 178

oestradiol showed no significant change in MMP-2 levels. 10 ng/ml of TNFa
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showed a significant upregulation of MMP-2 alone, and the same response when in

combination with leptin.

Real-time reverse transcriptase polymerase chain reaction (qRT-PCR) studies were

undertaken to determine the most appropriate reference genes for measuring changes

in relative expression of target genes. Real-time PCR showed that MMPs-1, -3 and —

13 mRNAexpression in canine CCL cells was significantly increased whentreated

with TNFa and there was no additional change in expression when TNFa was

combined with lug/ml leptin. No significant change was observed in MMP

expression when canine CCLcells were treated with any of the concentrations of

leptin. An increase in MMP-13 enzymeactivity after treatment with TNFa wasalso

confirmed by fluorogenic substrate assay. No MMP-1 enzyme activity was observed

after treatment with TNFa.

Canine CCL cells were unresponsive to recombinant humanleptin concentrations of

10, 100 and 1000 ng/ml as measured by expression of the target genes investigated.

However, the cells were shown to express the long intracellular form of the leptin

receptor at the gene and protein level and this receptor may be regulated by TNFa.

The cDNA fragment obtained for canine leptin receptor was sequenced and

deposited in Genbank (NCBI).
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Chapter 1: Literature review

1.1 An overview

The canine cranial cruciate ligament (CCL) and the analogous human anterior (ACL)

are important stabilising ligaments in the knee joint in these species. The CCL

consists primarily of type I collagen, providing great tensile strength. The collagen,

combined with other extracellular matrix (ECM) components, allows this complex

tissue to perform its function as a restraint of specific knee joint motions. Factors,

which increase or decrease any number of these ECM molecules may alter the

structural integrity ofthe CCL and ultimately lead to failure ofthe ligament.

It is also well established that rupture of the CCL is a contributing factor in the

development of secondary knee osteoarthritis (OA) in dogs and humanbeings, which

can result in a chronic and debilitating disease. Risk factors identified for CCL

rupture, include gender, genetics, increasing age, and obesity.

Previously published peer-reviewed papers and anecdotal clinical evidence indicate

that hormones mayplay a part in connective tissue metabolism, in vitro and in vivo.

Recently, leptin and other proteins produced by adipose tissue have become a major

focus of biological research. To our knowledge,little is known about the expression,

distribution and regulation of leptin and its receptors in cruciate ligaments of any

species. This research will contribute to knowledge in the rapidly growing area

researching the link between obesity and orthopaedic disease and hopefully, provide

an insight into possible targets for therapeutic intervention.
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Cranial cruciate ligament disease is one of the most common orthopaedic problems

in dogs. It often leads to complete or partial rupture of the cranial cruciate ligament,

which rapidly progresses to OA of the knee (stifle) joint, even after surgical

intervention (Bennett and others, 1988, Innes and others, 2000) The clinical

presentation ofOA is chronic lameness, restricted movement and pain in the affected

joint, and therefore, a reduced quality of life. CCL rupture in the dog has long been

recognised as a clinical problem in veterinary practice, first documented by Carlin in

1926. In 1952, Paatsama published a treatise (Paatsama, 1952) on ligament injuries

of the canine stifle, which progressed the current understanding and treatment of

CCL rupture in the dog. A survey of veterinary orthopaedic conditions in UK

reported that CCL rupture was the third most commonorthopaedic condition behind

“fracture” and “arthritis” (Ness and others, 1996). In addition, a paper from USA

estimated the annual spend on treating CCL injury in the USA in 2003 was $1.32

billion (Wilke and others, 2005). However, despite this, there still does not appearto

be a completely effective intervention, surgical or otherwise, that can return full

function to the canine knee following CCL rupture (Aragon and Budsberg, 2005).

Post-traumatic osteoarthritis, occurring, for example, after ACL injury is one of the

major causes of disability in human beings in industrialised countries and has a

significant impact on the economies of such nations through healthcare costs and loss

of work days for affected people. It was estimated that 5.6 million individuals in the

United States are affected by posttraumatic OA sufficiently severe to have caused

them to present for care by an orthopedic lower-extremity adult reconstructive

surgeon. Furthermore, based on the relative prevalence of OA versus rheumatoid

arthritis, and their relative impacts as assessed by the SF-36 (Short-Form 36) lower-
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extremity physical composite scores, about 85.5% of the societal costs of arthritis in

USA are attributable to OA. The corresponding aggregate financial burden,

specifically ofpost-traumatic OA, is $3.06 billion annually, or approximately 0.15%

of the total U.S. health care direct cost outlay (Brown andothers, 2006)..

In human beings, it is well established that there is a link between anterior cruciate

ligament (ACL) rupture and the onset and progression of OA (Roos and others,

1995). In dogs, the onset of OA following CCL rupture appears to be inevitable

(Pond and Nuki, 1973, Innes and Barr, 1998). Although the mechanisms underlying

naturally-occurring CCL rupture are not well understood, the canine Pond-Nuki

transection model of OA has been used to gain an understanding of the patho logy

that results from CCL failure with a view to preventing and developing novel

treatments in the management of OA in humans and dogs . The Pond-Nuki model

has long beenestablished as a model for the development and progression ofOA and

there are many similarities between the pathological changes observed to those in

human knee OA, such as the formation of osteophytes and biochemical and

metabolic changes (Brandt and others, 1991, Adams and Brandt, 1991, Venn and

others, 1993a, Gilbertson, 1975).

It is highly likely that there are several different initiators of CCL degeneration in

dogs, all having the same end result of CCL rupture and development of OA. The

purpose of this chapter, therefore, is to review the current understanding of CCL

rupture and OA. With an emphasis on the regulation of CCL metabolism with

particular focus on hormonalinfluence and biologically active proteins produced by

adipose tissue, which have been recently termed ‘adipokines’. Although the link
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between obesity and human knee OAis well-established (Felson, 1995, Felson and

Chaisson, 1997, Coggon and others, 2001), this is less well researched in canine OA.

Lifetime studies in dogs have indicated that overweight and obesity are associated

with a greater degree of OA incidence and progression compared to lean controls

(Kealy and others, 1997, Huck and others, 2009, Kealy and others, 2000, Runge and

others, 2008), the knee joint has not featured in these studies. There are some

epidemiological data that suggest that bodyweight may be associated with CCL

rupture in dogs (Brown and others, 1996) but the contribution of overweight or

obesity to CCL rupture remains largely unexplored. More recently, the hormonal

secretions from white adipose tissue have been highlighted as potential contributors

to the development of human OA (Berry and others, 2011, Dumond and others,

2003b, Gandhi and others, 2010, Hu and others, 2011). Thus there are compelling

reasons to explore the potential link between obesity and CCLrupture.

Firstly, this introduction will outline the structure and function of the CCL including

biomechanics, the extra-cellular matrix metabolism of the CCL, synovial joint

pathology, risk factors for CCL rupture, and what factors have previously been

shownto influence the metabolism of the CCL.
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1.2 Structure and Function of the synovialjoint

1.2.1 Structure ofthe stifle (or knee) joint

The canine knee(stifle) joint is actually composed of two major articulations: the

femur and tibia communicate at the femorotibial joint, and the patella communicates

with the femur via the femoropatellar joint. The joint contains intra- and

extracapsular supporting ligaments, as well as medial and lateral menisci which

stabilise the femur on the tibia, distribute load, and limit exposure of the tibial

cartilage and underlying bone to adverse mechanical loads. The entire knee joint is

surrounded by a synovial capsule which contains the synovial fluid and the synovial

cavity also contains adipose tissue (the infrapatellar fat-pad; Hoffa’s fat-pad), the

patellar and patellar ligament. The synovial joint contains synovial fluid, which

provides lubrication to allow smooth movement during motion, and a source of

nutrients to the structures existing within it, such as the CCL and caudalcruciate

ligament (CaCL), medial and lateral meniscus and articular cartilage. The articular

cartilage covering the tibial plateau and femoral condyles and trochlear provides a

smooth surface that allows the joint to move in an almostfrictionless manner. The

menisci of the joint are two, semi-lunar, fibrocartilaginous structures located between

the articular surfaces of the tibial plateau and the femoral condyles. The menisci have

a role in load bearing, correcting incongruencies in the articular cartilage, and

dissipating load across the kneejoint.

1.2.2 Location and function of the ligaments in the knee joint.

The knee joint in stabilised by intra- and extracapsular ligaments. The intra-capsular

ligaments are the CCL and the CaCL, and these are the anatomical equivalents of the

anterior (ACL) and posterior (PCL) cruciate ligaments in humans whichserveto link
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and stabilise the femur and tibia (Denoix, 1989, Strocchi and others, 1992, Arnoczky

and Marshall, 1977). The CCL attaches to the caudal lateral part of the

intercondyloid fossa of the femur and runs diagonally in a cranial, medial and distal

direction. It attaches distally in the cranial intercondyloid area of thetibial plateau.

The CCL limits internal rotation of the tibia with respect to the femur, prevents

excessive cranial translational motion of the tibia, and prevents hyperextension

(Arnoczky and Marshall, 1977). The extra-capsular medial and lateral collateral

ligaments (MCL and LCL respectively), run along the outside of the synovial joint

and providelateral stability.

1.2.3 Structure and function of the CCL

The CCL appears as a dense, white fibrous tissue with a 90° twist (Arnoczky and

Marshall, 1977) through the mid-section and has three distinct sections, medial and

proximal fibrocartilage attachment zones and the mid-section. The middle third of

the ligament shows properties of compressive-tendon fibrocartilage. Almost the

entire ligament is covered with an epiligamentous tissue which consists of the

synovia intima and loose connective tissue (Hayashi and others, 2004). The CCL

crosses the CaCl in the mid-section and at this point the synovia intima is absent

from the covering ofthe CCL (Hayashi and others, 2003a).

The CCLactually functions as two bands of tissue comprising a craniomedial band

and caudolateral band (Arnoczky and Marshall, 1977). The craniomedial bandis taut

in both flexion and extension, and the caudolateral band whichis taut in extension

only .The division between these two bands is not equal, with the majority of the

ligament being caudolateral component. The organization of the collagen fascicles is
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in a longitudinal direction from proximalto distal, with the fascicles of the cranial

medial band in a spiral formation, rotating outwards (Hayashi and others, 2004,

Smith and others, 2011). As the CCL twists through 90° during normal movement

there is compression of tissue. As stated earlier, rupture of the CCL in adult dogs

most commonly occurs in the mid-section of the ligament (Jerram and Walker,

2003).

The ultra-structure of the CCL has been examined using electron and light

microscopy (Yahia and Drouin, 1989, Comerford and others, 2006b). The CCL is

comprised of collagen fibrils of approx 400A that are grouped into 20um wide

bundles of collagen fibres, separated by columns of cells within fibrous capsules.

Some authors (Arnoczky and Marshall, 1977) commented that these fibres are then

organized into fascicles and subfascicles enclosed in sheaths of connective tissue

called endoligament, epiligament and paraligament. However, in contrast, Clarke and

Sidles, (Clark and Sidles, 1990) discussed only two orders of separation in the

CCL/ACL: ‘bundles’ separated by cells, and ‘fascicles’ separated by different

amounts of membraneaccording to the species. The fascicle contains both bundles of

the basic collagen fibril of the ligament, and the fibroblasts, the cells that produce the

ECM components of the ligament. Within the fascicles, the bundles of collagen

fibrils are said to exhibit ‘crimp structure’. Crimp is only seen in dense connective

tissues and during load, the crimp is lost before elongation and eventual rupture of

the fibrils (Hayashi and others, 2004).

There are three major regions of the stress-strain curve of ligaments: 1) the toe, or

toe-in, region, 2) the linear region and 3) the yield and failure region (figure 1.1).

During activity, most ligaments function in the toe and linear regions. These
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constitute a nonlinear stress-strain curve, since the slope of the toe-in region is

different from that of the linear region.

Stress

  
Strain

Figure 1.1: Representative stress / strain curve for ligaments and tendons

In terms of structure-function relationships, the toe-in region represents "un-

crimping" of the crimp in the collagen fibrils. Since it is easier to stretch out the

crimp of the collagenfibrils, this part of the stress-strain curve showsa relatively low

stiffness. As the crimp is removed from the collagen fibrils, the collagen fibril

backbone itself becomesstretched, which gives rise to a stiffer material properties

under load. With increasing load, as individual fibrils within the ligament begin to

fail, damage accumulates, stiffness is reduced and the ligament structure begins to

fail. Thus a key conceptis that the overall behaviour of ligaments depends on the

individual crimp structure and failure ofthe collagen fibrils. Therefore, the ‘crimp’

provides a buffer in which elongation can occur without irreversible fibre damage to
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the ligament, effectively a ‘shock absorber’ along its length (Yahia and Drouin,

1988, Yahia and Drouin, 1989).

Studies on ovine CCL cells have proposed that another cell type, myofibroblasts,

which are contractile fibroblastic cells containing alpha-smooth muscle actin could

be responsible for maintaining tissue integrity in mature ligament through crimp

formation (Weiler and others, 2002). Myofibroblasts may also play a role in

retraction and lack of healing of the ruptured ACL (Murray and others, 2000). The

appearance of crimp has been notably reduced in CCL ligaments from older animals

and also in ruptured ligaments (Hayashi and others, 2003a).

1.2.4 Viscoelastic properties of ligaments and tendons

Another important aspect of ligament and tendon biomechanics is viscoelasticity.

Viscoelasticity is a time-dependent mechanical behaviour. The relationship between

stress and strain is not constant but depends on the time of displacement or duration

of load. There are two major types of behaviour characteristic of viscoelasticity:

‘creep’ and ‘stress relaxation’. Creep contrasts with an elastic material which does

not exhibit increased deformation no matter how longthe load is applied. The other

major characteristic of a viscoelastic material is hysteresis (Yahia and Drouin, 1990),

or energy dissipation. This means that if a viscoelastic material is loaded and

unloaded, the unloading curve will not follow the loading curve. The difference

between the two curves represents the amount of energy that is dissipated, during

loading.
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1.2.5 Effect of age on ligament biomechanics.

Most studies on structure-function relationships in ligaments and tendons come from

comparisons of mechanical properties and histology/biochemistry of ligaments and

tendons from young versus old animals. For example, in rattail tendons, the diameter

of collagen fibrils increases with age from skeletally immature to mature animals;

there is a corresponding increase in the ultimate tensile strength of the tendons. Ina

study ofNew Zealand white rabbits at 1.5 months, 4-5 months, 6-7 months, and 12-

15 months, it was determined thatthe stiffness and strength ofboth the mid- ligament

substance and the ligament bone attachment increased with increasing maturity in the

femur-medial collateral ligament-tibia complex (FMTC) (Woo and others, 1990).

The change in ligament attachment strength was due to rapid remodelling of bone

near the insertion site in younger animals. As the strength of the ligament insertion

increases, failures change from being avulsion failures to being mid-substance

failures (Frank and others, 1999).

The above observation has also been noted in the ACL of humans with age from

childhood to adulthood also increasing the mechanical properties of ligaments and

tendons. However, material properties of ligaments decline with ageing after young

adulthood. One study found that structural properties of the femur-ACL-tibia

complex (FATC) decreased by 2-3 times for older versus younger adult knees In

that study, investigators tested FATC from adult cadaver knees with an average age

of35 and older cadaver knees with an age of 76 . The linearstructuralstiffness of the

ACLdecreased both whentested at 30 degrees of knee flexion and whentested along

the axis of the FATC. The structural stiffness in the ligament axis averaged 183
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N/mm for the younger group but only 158 N/mm for the older group. Tests under

flexion were 150 N/mm and 129 N/mm for the younger and older group respectively.

1.2.6 Effects of exercise on ligament biomechanics

Exercise and increased load on tendons and ligaments is believed to alter their

structural make-up and lead to increased mechanical properties. The affect of

exercise on swine digital tendons and the FMTC was studied (Woo and others,

1981). Animals were run on a track at speeds of 6 to 8 knhr for an average of

40km/week for 3 months and 12 months. The short term group showednosignificant

changes in mechanical properties for either the tendons or the FMTC. There was an

increase in cross-sectional area of the tendon as well as a 22% increase in tensile

strength. For the FMTC, however, there was little change in most mechanical

properties, although there was a significant increase in maximum load to failure

when normalized by animal weight.

1.2.7. Immobilisation

Immobilisation of a joint for a long period of time leads to significant changes in

joint structure and function, including decreased range of motion for the joint

(Yasuda and Hayashi, 1999).The effects on both ligaments and tendons can be

considerable (Newton and others, 1995). In these studies, the knee joint was

immobilised and mechanical properties of the CCL were determined. In specimens

from knees that had been immobilised, the cross-sectional area of the ligament was

74% of the control value. The stress-strain curve wasaltered slightly, and the strain

at failure increased 32-40%. The modulus and stress at failure did not decrease

significantly. Histological and ultrastructural evaluation demonstrated changes in the
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shape and intracellular makeup of the fibroblasts from the ligament after

immobilisation and his cellular response may account for the alterations in the

mechanical properties of the CCL.

1.2.8 Nerve and blood supply of the CCL

Studies have confirmed the presence of mechanoreceptors in the canine CCL, the

proximal third containing a greater number of receptors than the middle and distal

thirds (Arcand and others, 2000). Although neuromuscular control is also important

in the maintenance of joint stability, the relevance of the location of these

mechanoreceptorsis currently unknown. Studies in rabbits have shown a decrease in

density of these receptors with ageing (Aydog and others, 2006). Importantly, he

innervation of the CCL appears to regulate proprioception (Kapreli and

Athanasopoulos, 2006).

Aside from delivery ofnutrients and biologically active proteins from the synovial

fluid, the CCL also receives nutrients and growth factors from blood vessels. Many

researchers have commented on the relationship of the poor healing capabilities of

the CCL and the sparse vascularisation in the mid-section of the ligament. The

distribution ofblood vessels in the ACL and CCLis not homogeneous (Petersen and

Tillmann, 1999b, Arcand and others, 2000, Tirgari, 1978). In general, the CCL is

relatively avascular, with the blood supply of the ligament arising from the middle

geniculate artery and not from the enthesis (Tirgari, 1978, Arnoczky, 1983).

1.2.9 Intercondylar notch (ICN)

The intercondylar notch (ICN) is located between the condyles of the femurdistal to

the trochlear groove, with both the caudaland cranial ligaments found within it. The
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size of the ICN in both humans (Davis and others, 1999, Shelbourne and others, 1998,

Shelbourne and others, 2007, Shelbourne and Kerr, 2001)and dogs (Comerford and

others, 2006a, Fitch and others, 1995) has been proposedas a factor that may influence

susceptibility to cruciate rupture (Quasnichka and others, 2005) . The ACL/CCL may

be subjected to impingement from a narrowed or narrowed ICN causing structural

changesin that section of the CCL. Narrowed ICNs were found in breeds predisposed

to CCL rupture which was proposed to cause increased impingement or compression

on the ligament (Comerford and others, 2006a). Some researchers propose that a

narrowed ICN is the result of degenerative changes and remodeling already taking

place. However, studies of human ACL found nosignificant difference in notch width

index in humans when adjustments were made for body weight (Anderson and others,

2001).

1.2.10 The enthesis of the CCL and the intra-articular fat pad

The CCL has a diverse cell population along the length of the ligament and

associated with this cellular diversity, different tissue compositions exist. The

attachment sites of ligament to bone are termed as insertion sites, osteotendinous

junctions or ‘entheses’ (Benjamin and Ralphs, 2001la). The fibrocartilagenous

entheses are often subjected to compression and heavy loads, thus, their structure

reflects their function; type II collagen is part of their composition(Benjamin and

Ralphs, 2001b). Most tendons and ligaments have fibrocartilaginous entheses,

consisting of four zones of tissue at their bony attachments; dense fibrous connective

tissue, uncalcified fibrocartilage, calcified fibrocartilage and bone. In humans, the

entheses are frequently subject to overuse injuries called enthesopathies, which are
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thought to be due to degenerative, rather than inflammatory changes (Benjamin and

others, 2006).

Synovial joints contain a surprising amount and numberofsites of adipose tissue

deposition (Shaw and others, 2007). In this paper, it was reported that many

ligaments and tendons rest on a bed on ‘insertional angle fat’ which is highly

innervated and vascularised. This fat can form a very close association with

ligament. To date, it is unclear what role the fat pad plays in the stifle joint. The

presence of adipose tissue at entheses contribute to the generation of pain due to the

nerve supply (Duri and others, 1996, Benjamin and others, 2004c). It could provide a

protective, cushioning role, but also in light of the recent advances in our

understanding of adipose tissue, may also provide a local source ofadipokines, many

of which are inflammatory mediators and inflammatory cell populations, such as

macrophages (Surmi and Hasty, 2008).

1.2.11 Cells of the canine cranial cruciate ligament

As reviewed by Hayashi and co-workers (Hayashi and others, 2004), the cells of the

CCLare fibroblast-like and are alternatively termed ligamentocytes. These cells are

responsible for the production and maintenance of the extracellular matrix (ECM).

The fibrocartilagenous entheses as described above have different cell populations

and ECM compositions to that of the mid-section of the CCL. The cells of the CCL

are either fusiform, ovoid or spheroid (Hayashi and others, 2004, Murray and

Spector, 1999) and are arranged in linear arrays along the length of the ligament.

Different types of fibroblasts occur in different parts of the ligament and the

cytoplasmic processes of the fusiform cells are attached to the extracellular collagen
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and follow the crimped waveform of the fibrils(Hayashi and others, 2003a). Some

researchers have termed the appearance of spheroid cells as ‘chondroid metaplasia’,

howeverit is not entirely clear if these spheroid cells represent a true change in cell

phenotype, or are the result ofdecreased cell- matrix interaction due to degradation or

remodelling of the pericellular matrix (PCM). Hayashi and colleagues (Hayashi and

others, 2004)reported an increase of spheroid cells in ruptured CCL. The morphology

of fibroblast cells depends upon attachment to the ECM,and most fibroblasts need to

be attached to a substrate in order to proliferate. Apoptosis due to loss of attachment

is termed ‘anoikis’ (Gilmore, 2005, Reddig and Juliano, 2005). Thus, the altered

morphology of these cells may represent a pro-apoptotic phenotype, or simply cells

which have altered interaction with the ECM. The spheroid morphology is

reminiscent of chondrocytes which reside in an environment experiencing

compressive load. Spheroid cells may therefore, represent an adaptation to

compressiveload.

Comparative studies of the CCL of other species show that there is significant inter-

species variation in the histology of the CCL (Murray and others, 2004). The cells

and ultra-structure of the canine CCL have been shown to be most similar to that of

the human ACLwith respectto cellular organisation and distribution when compared

to bovine or ovine ligaments. These findings support the use of canine CCL cells for

comparative studies relating to the human ACL.

1.2.12 Pericellular matrix

The pericellular matrix (PCM)is the environment directly surrounding the cells of

the connective tissues, providing a physiological microenvironment for the cells and
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this matrix may assist in transmission of mechanical signals via mechanically

induced signal transmission and cell-cell communication. The PCM of canine tendon

contains type VI collagen, fibrillin and the proteoglycan versican (Ritty and others,

2003). Cell attachment to the surrounding matrix in connective tissue is largely

mediated by intregrins and other cell adhesion molecules. Differences exist in the

expression of the integrins between the CCL and the MCLofthe rabbit ligaments as

detected using monoclonal antibodies directed against the integrin subunits beta 1,

alpha 5, alpha 6, and alpha v (Schreck and others, 1995). Between 3 and 7 days, the

wounded medialcollateral ligament demonstrated an increase in staining for the beta

1, alpha 5, and alpha v subunits on the fibroblasts, within the repair site, and on

capillary endothelium. Increased staining was most marked for the beta 1 subunit and

less marked for the alpha 5 and alpha v subunits. The alpha 6 subunit stained

exclusively vascular structures within the healing medial collateral ligament. In

marked contrast, the anterior cruciate ligament, which does not mount an effective

repair response, demonstrated no comparable alteration of integrin expression from

baseline levels.

13 Extracellular Matrix (ECM)

The extracellular matrix is a complex mix of structural and functional proteins,

providing a scaffold for tissue regeneration and maintenanceafter injury. The cells of

the ligament determine the composition of the ECM of the CCL and, in the case of

the ligament, the major cell type present are the fibroblasts within the body of the

ligament, cells in the basement membrane of the blood vessels, and cells in the

surrounding synovium. There mayalso be important differences between cells found

intra- and inter-fascicularly. Proteins such as growth factors and cytokines in the
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synovial fluid and other surrounding tissues may also influence extracellular matrix

metabolism,acting directly on the cells.

The composition of extracellular matrix of connective tissues varies, depending on

the function it is required to fulfil, or by pressures applied to the cells that influence

the synthesis and degradation of the ECM molecules. The main components of ECM

of CCL include collagens, which provide tensile strength and structure; elastic

elements for recoil and return after loading; proteoglycans and glycosaminoglycans

which provide hydration and sequestration of growth factors as well as other

glycoproteins. The ECM components are interwoven with blood vessels and nerve

supply in a complex structure. Alterations in ECM metabolism will ultimately

change the structure and therefore the functioning of the tissue and may lead to

disease. The cells providing the ECM are constantly responding to internal and

external pressures and adapting the composition accordingly to maintain

homeostasis. Additionally, the ECM components may entrap or sequester growth

factors and cytokines and therefore may be an importantlocal source of these factors

during development, growth and repair of connective tissues (McCawley and

Matrisian, 2001b).

13.1 Collagen

The most abundant protein in humans and animals is collagen. Forty-two separate

and distinct polypeptide chains make up the currently known 27 types of collagen

which aretranslated from genes onatleast 15 chromosomes. Their interaction witha

multitude of molecules is represented by the identification of more than 20 proteins
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with collagen like domains (Boot-Handford and Tuckwell, 2003, Brown and Timp],

1995)

Collagen fibrils represent the main source of mechanical strength of ligaments and

other connective tissues. The fibrils of collagen in the ECM of ligament and tendon

are arranged ina very ordered 3-dimensionalscaffold and the collagen fibrils are in

parallel arrays along the length of the tissue, with the predominant collagen in

ligament being type I and about 1% of the collagen existing as type III with the

remainder of collagen types being type V and type VI, with increasing amounts of

type II collagen localised to the fibrocartilagenous enthesis.

It is recognised that collagen not only providesthe structural backbone of connective

tissues, but also has manyother biological functions which will be described in detail

in the following sections. Collagens are central to many processes, but the functions

of ECM are dependent on a complexset of interactions. These interactions involve

macromolecular interactions, interactions with different cellular components and

interactions with adjacent ECM. The specificity of the interactions is determined at

many levels, including regulation at the genomic level, biosynthesis and post-

translational modifications and protease processing.

Collagens are not only responsible for tissue integrity and stability, but also regulate

cellular differentiation and morphogenetic processes during development and tissue

remodelling (Gelse and others, 2003a). In addition, alterations in collagen

metabolism can result in a large spectrum of diseases, including common disorders

like osteoarthritis, atherosclerosis and fibrotic diseases. Genomic analysis will further
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the understanding of the structure, evolution, and functions of collagens and their

interplay with other matrix macromolecules and should help to direct new studies of

collagen functions.

1.3.2 The collagen family (Gelse and others, 2003b)

Collagen types are classified on the basis of their molecular structure and

supramolecular organisation. Theseclassifications include; fibril forming collagens,

fibril associated collagens (FACIT), network forming collagens, anchoring fibrils,

transmembranecollagens and basement membranecollagens (see table above). The

fibril forming collagen family represents 90% of all collagen in tissues, with typeI

and V forming the predominant structural component of bone, tendon and ligament

and types II and XI predominantin articular cartilage. The tensile strength of these

collagens is a main contributorto the stability and structural integrity ofthese tissues.
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(Gelse and others, 2003b)

Table 1. Summary of collagen types with encoding genes and tissue distribution

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Type Genes Tissue distribution

Fibril forming collagens

I COLIAI Bone, dermis, tendon, ligaments, cornea

COL1A2

I COL2A1 Cartilage, vitreous body, nucleus pulposa.

Il COL3A1 Skin, vessel wall, reticular fibres of most tissues

(lungs, liver spleen etc.)

Vv COLSA1 Lung, cornea, bone, foetal membrane, together with

COLSA2 type I collagen

COLSA3

Basement membrane COL4A1

collagens COL4A2

COL4A3 Basement membranes

IV COL4A4

COL4A5

COL4A6

Microfibrillar co llagen COL6A1 Widespread, dermis, cartilage, placenta, lungs, vessel

VI COL6A2 wall, intervertebral disc

COL6A3

Anchoringfibrils VII COL7A1 Skin, dermal — epidermal junctions; oral mucosa,

cervix.

Hexagonal network

forming collagens

VUl COL8A1 Endothelial cells, Descemets membrane

COL8A2

x COLIOAI1 Hypertrophic cartilage

FACITcollagens

IX COL9A1 Cartilage, vitreous humor, cornea

COL9A2

XI COLI12A1 Perichondrium, ligaments, tendon   
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XIV COL9IAI Dermis, tendon,vessel wall, placenta, lungs, liver

 

 

 

 

 

XIX COLI9AI Human rhabdomysacrcoma

XX Corneal epithelium, embry onic skin, sternal cartilage,

tendon

XXI COL21A1 Bloodvessel wall

Transmembrane

collagens

XI COLI3A1 Epidermis, hair follicle, endomysium, intestine,

cartilage, lungs, liver,

 

 

 

 

 

XVII COLI7A1 dermal- epidermal junctions

Muttiplexins

XV COLI5A1 Fibroblasts, smooth musclecells, kidney, pancreas

XVI COLI6A1 Fibroblasts, amnion, keratinocytes

XVII COLI8A1 Lungs,liver, endostatin (essential in development of

XVII eye).

XXII     
 

7.3.2.1 Fibrillar collagens - typeI, I, Ill, V and XI collagen.

The fibril forming collagens are characterised by their ability to aggregate into highly

organised supramolecular structures. Electron microscopy reveals these fibrillar

structures are staggered into a characteristic binding pattern with a periodicity of

70nm. The majority of researchers have placed most of ther emphasis on type I

collagen, as it is the most abundant collagen in tissues such as_ bone, ligaments,

tendons, skin, cornea, and interstitial connective tissue. There are only a few

exceptions, including, hyaline cartilage, brain and vitreous body (Gelse and others,

2003b)
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7.3.22 TypeI Collagen

The type I collagen triple helix is usually found as a heterotrimer, containing two

identical @1-chains and one @2-chain. Jn vivo thesetriple helical fibres are associated

with type III (in skin andreticular fibres) and type V collagen (in bone, tendon and

cornea) (Ottani and others, 2002). The distribution of type I collagen confers great

tensile strength to these tissues. In tendons, ligaments and fascia, type I collagen

provides tensile stiffness and in calcified tissue it provides load bearing andtensile

strength. Type I collagen fibrils in ligament and tendonalign in a linear orientation

along the longitudinalaxis of the tissue.

7.3.2.3 Type II collagen

Type II collagen is predominantly found in hyaline cartilage, where 80% of total

collagen content is type II cartilage. The type II collagen fibrils interact with small

amounts of type XI and IX collagens; the minor collagens are thought to limit the

diameter of fibrils to 15-50 nm, in addition to other non-collagenous proteins. Type

II collagen is also found in vitreous body, the corneal epithelium and the nucleus

pulposus of the intervertebral disc(Shoulders and Raines, 2009). It has also been

observed during developmental stages of embryonic epithelial-mesenchymal

transitions (Gelse and others, 2003b).

The type II collagen triple helix is usually found as a homotrimer of three al(II)

chains, which interact to form a molecule similar to the size and with similar

biomechanical properties to type I collagen. However, when compared to type I

collagen chains, type II collagen molecules have a higher content of hydroxylysine,

glucosyl and galactosyl residues, which mediate interactions with proteoglycans and

help give the hyaline cartilage its hydrated structure and functional ability to
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withstand compression (Grynpasand others, 1980). Type II collagen is also a major

component of fibrocartilagenous entheses (attachment sites to bone) of the

ACL/CCL (Benjamin and Ralphs, 2001b).

7.3.2.4 Type Ill collagen

Type III collagen ts usually distributed in type I collagen containing tissues, the one

exception of this is bone (Reddi and others, 1977). The homotrimeric molecule of

three alpha-1 (III) chains often forms mixed fibrils with type I collagen which are

commonly found in elastic tissues and is an important part of reticular fibres in the

interstitial tissue of the lungs (Konomi and others, 1981) , liver, dermis, spleen, and

blood vessels (Carrasco and others, 1981).

7.32.5 Type VandXI collagen

Types V and XI are a subfamily of fibril forming collagens which consist of a

heterotrimers of three different alpha chains (a1, a2, a3). The a3 chain of type XI

collagen is encoded by the same gene as the al chain of typeII collagen and the only

difference is the degree of hydroxylation and glycosylation (von der Mark, 1999).

Hetero fibrils are formed between types I and IIJ combining with type V collagen.

Type V_ is thought to function as the core structure with type I and HI polymerising

around the structure. The expression of type XI co-distributing with type II collagen

is predominantin articular cartilage (Mendler and others, 1989).

Research has shown there may bea tissue specific distribution of type V and XI

collagen chains forming a sub- family of these types of collagen fibrils (Yamazaki

and others, 1997). Type V and XI collagens have large amino terminal non-

collagenous domains which are only processed partially after secretion and their

incorporation into heterofibrils is thought to control fibrillar assembly, growth and
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diameter. Type V collagen and type XI collagen are thought to act as a core structure

of fibrils for types I/II or type II collagen heterotypic-fibrils, respectively (Kobayasi

and Karlsmark, 2005).

7.3.2.6 Collagen type VI - a microfibrillar collagen

Type VI collagen contains a large numberofcross links and comprises of a network

of beaded filaments, interwoven with other collagen fibrils, elastic fibres and other

proteins (Wu et al, 1987). It is an important component of the pericellular matrix in

cartilage and tendon. A heterotrimer of three different a chains (a1, a2, and a3) make

up the type VI collagen fibril. The a chains are of varying lengths; the a3 chain

contains large, N- and C globular domains andis nearly twice as long as the other

chains (Sipila and others, 2007) . The N and C terminal domains can undergo

alternate splicing and inter- and extra-cellular posttranslational processing. Type VI

collagen fibril assembly occurs inside thecell, firstly by the formation of overlapping

dimers, then formation of tetramers. After secretion by the cells, the type VI

tetramers aggregate into micro-fibrillar structures of fine fibrils of a periodicity of

110 nm (Gelse and others, 2003b) . These structures are present in all connective

tissues with the exception ofbone.

Type VI collagen is different to the other collagens in that it has short triple helical

domains and larger N- and C-terminal domains, in particular alpha-3. These larger

domains are subject to alternative splicing and post-translational modifications both

intra and extra-cellular (Weil and others, 1988). The primary fibrils of type VI

collagen assemble into antiparallel, overlapping dimers, then align in a parallel way

to form tetramers (Sipila and others, 2007). Following secretion in to the ECM,type

VI tetramers aggregate to filaments and form an independent micro- fibrillar network
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in almost all connective tissue, except bone. The expression of type VI collagen is

shownto be increased in cartilage samples from humans and dogs with signs ofearly

OA(Arican and others, 1996). This indicates that type VI collagen may be involved

in inflammationor the early healing response.

7.3.2.7 Collagen types XandVII - short chain collagens

A role for type X collagen in the process of endochondral ossification has been

identified (Fuerst and others, 2009); it is a characteristic component in areas of

cartilage hypertrophy, in the foetal and juvenile growth plate and in the ribs and

vertebrate. The expression of type X collagen is reduced in the calcified region of

adult articular cartilage. During development, type X collagen is co-expressed with

type II collagen (Vornehm and others, 1996).

7.3.28 The FACIT collagens

Fibril-Associated Collagens with Interrupted Triple helices (FACIT) are the least

studied group of collagens and are currently thought to co-localise with type I and

type II collagen. They include the collagen types [X, XII, XIV, XIX and XX.

The structure of these FACIT collagens has characteristic 'collagenous' domains

interrupted by short, non helical domains, and are also associated with the surfaces of

fibrils.

The heteromeric complex of type IX collagen is co-distributed with type II collagen

in cartilage and the vitreous body, comprising three different a chains. The type IX

collagen molecules are bound periodically along the surface of type II collagen

(Walchli and others, 1994).

37



Types XII and XIV eallapens share sequence homologies and therefore structural

properties to type [X collagen, they have also been found to co-distribute with type I

collagen fibrils in tissues including skin, tendons, periosteum, lung, liver and blood

vessel walls (Walchli and others, 1994) (Walchli et al, 1994).. Tissue specific

distribution of the FACIT collagens has been identified, however much of the

function of this family ofcollagens has yet to be discovered.

Type IX is knownto be a heterotrimeric molecule of three different alpha chains.

The triple helical segment has four globular domains (NC-1 — NC-4), with a hinge

region in NC-3 which allows for the interaction with type II collagen fibres,

proteoglycans and other matrix molecules (Vanderrest and Garrone, 1991).

1.3.3 Collagen synthesis, processing and excretion

7.3.3.1 Synthesis ofcollagens

Collagens are synthesized as longer precursor proteins called pro-collagens. When

the triple helix is secreted from the fibroblast, the globular ends which maintain the

solubility of the molecule soluble are cleaved. The resulting linear, insoluble

molecules spontaneously assemble into the quarter staggered fibrils (Gelse and

others, 2003b). The fibril forming collagensare characterised by their ability to form

quarter staggered fibril arrays ofbetween 25 and 400nm in diameter. Investigations

using electron microscopy have revealed that the fibrils have a characteristic banding

pattern of individual collagen monomers with a periodicity of approx 70 nm called

the D-period.

The N-propeptide is thought to be involved in the regulation of primary fibril

diameter. Covalent cross linking of the collagen molecules and linking to other ECM
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molecules, involves the short, non helical telopeptides of the processed collagen

molecules. The globular structure of the C- propeptide is stabilized by intra-chain

disulphide bonds. Experimental studies have shownthat other factors including the

enzyme, petidyl-prolyl cis-trans isomerase (PPI) and the collagen-specific chaperone,

HSP47, are also important regulators of collagentriple helical formation (Gelse and

others, 2003b).

Type I pro-collagen contains an additional 150 amino acids at the N-terminus and

250 amino acids at the C-terminus. The C-propeptide is thought to play an important

role in the initiation of the formation of the triple helix by assisting in the assembly

of the three « chains into trimeric collagen monomers forming multiple intra-chain

disulfide bonds (Danielsen, 1987).

The biosynthesis of collagen is a complex and multi-step process and can be

regulated at many stages, including transcription, pre and post translational

modifications and secretion. The turnover of collagen is regulated by a myriad of

physiological processes, including the influence of mechanical and biochemical

influences including hormonesand collagen degrading enzymes (Brown and Timp],

1995).

Collagen biosynthesis requires an unusually large number of co-translational and

post-translational modifications, many of which are unique to collagens and proteins

with collagen-like sequences. All collagen molecules have onestructural similarity, a

right handed triple helix, consisting of three alpha chains. The structure of the helix

is governed by the primary sequence of the chains. An essential componentofall
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collagen helices ts the characteristic Gly-X-Y repeat. The X and Y components of

this repeat are usually proline and hydroxyproline, respectively. Each of the alpha

chains has a left-handed helix of 18 amino acid residues per turn, due to steric

hindrance of neighbouring proline residues. The stability of the triple helices 1s

provided by the formation of intra-molecular hydrogen bonds. Proline and lysine

residues are modified by post-translational enzymatic hydroxylation. The content of

4-hydroxyproline is essential for the formation of hydrogen bonds. The alpha chains

assemble around a central axis so that all glycine residues are positioned in the

interior of the triple helix. The Gly- X-Y repeat is the predominating motif in fibril

forming collagens (I, II and II) and producestriple helical structures ofup to 300 nm

long containing approx 1000 amino acids. The main triple helical structures are much

shorter in other collagen types and may contain non-triple helical interruptions, e.g.

the collagentriple helices of types VI and X contain about 200 or 460 amino acids,

respectively (Brown and Timp] 1995, Gelse and others, 2003b)

FACIT collagens contain several non-collagenous domains interrupting the triple

helix. These domains mayact as hinge regions, binding sites, or sites for cleavage by

specific proteolytic enzymes. The non-collagenous domainsof type IV, VI, VII, VIII

or X are thought to be involved in the formation ofnetworks and aggregation.

In collagen types II, VII, VII and X these helices are formed by three identical o

chains (homotrimers) and in collagen types I, IV, V, VI, [X and XI they are formed

by two or more different a chains. In contrast to the highly homologous, collagenous

domains of different collagen families, the non-collagenous domains vary greatly and
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reflect the structural and functional diversity of the different collagen types (Brown

and Timp], 1995).

7.3.3.2 Procollagen processing

The procollagen metalloproteinases are responsible for cleavage of the N- and -C

propeptides to generate collagen from its precursor procollagen (Leung and others,

1979). ADAMTS-2 is the alternate name for the procollagen N-proteinase. Bone

morphogenic protein (BMP-1) has been found to be identical to procollagen C-

proteinase (Kessler and others, 1996).Spontaneous fibril assembly has been observed

in triple helical collagen molecules that have had the N- and C- propeptides removed.

A review (Canty and Kadler, 2002) assessed the hierarchical assembly of collagen

fibrils in the chick tendon. Collagen fibril formation demonstrated the appearance of

short ‘collagen early fibrils' which preceded the appearance of longer more mature

fibrils. This review concluded that type I collagen was the only fibrillar collagen in

chick, embryonic tendon. Morerecently, the same authors have proposed that during

development, fully organised collagen fibrils in the tendon are deposited in the

matrix in the direction of stress by cells called fibrilpositors (Canty and Kadler,

2005).

7.3.33 Transcription andtranslation

The transcription and translation of the specific collagen types depends primarily on

the predominant cell type in the tissue, but is also dependent on other factors,

including cytokines and growth factors, and mechanical load. Bone formation in

adults has been shownto be stimulated by TGF-beta and insulin-like growth factors.
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In other fibroblast containing connective tissues, fibroblast-growth-factors (FGF) are

also important.

Most collagens contain complex intron/exon patterns, with from 3 to 117 exons. The

fibrillar collagens contain on average 50 exons, multiple transcription initiation sites

and there can be alternate splicing of exons, which occurs in many collagen types

(Ramirez and others, 1985). Alternate splicing of collagen exons wasfirst identified

in type II collagen exons, a longer form of which is expressed by chondroprogenitor

cells, and a shorter form where exon 2 is excluded and which is the main type II

collagen gene expressed in adult articular cartilage. Recent research has

demonstrated 17 different transcripts for type XIII collagen andcollagen types VI,

XI, XII are also known to undergo alternative splicing to give heterogeneous

collagen products. Otherpre-translational modifications include capping at the 5’ end

and polyadenylation at the 3” end of the pre-mRNA, the mature mRNA 1s then

translated in the cytoplasm by the rough endoplasmic reticulum into pre-procollagen

molecules.

7.3.3.4 Post-translational modifications ofcollagen

The first stage of post-translational modification of collagen involves cleavage of the

signal peptide by signal peptidases. The collagen molecule then undergoes further

post-translational modifications including hydroxylation of proline and lysine

residues involving the enzymes,prolyl 3- hydroxylase, prolyl 4- hydroxylase and lysyl

hydroxylase. The formation of the intramolecular hydrogen bonds of collagen to

forma stable monomer and then collagen fibril is determined by the presence of 4-

hydroxyproline. The thermalstability of the triple helices and therefore the strength
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of the tissue is dependent on the extent of hydroxylation; approximately 50% of the

proline residues in fibrillar collagens contain a hydroxyl group at position 4.

7.3.3.5 Hydroxylysine

Lysyl hydroxylation is a prerequisite for the formation of stable intra- and inter-

molecular cross links in collagen fibrils. The lysyl/hydroxylysines can also

accommodate the addition of glycosylation groups mediated by transferases to give

glycosyHhydroxylysine and glucosylgalactosyl hydroxylysine.

7.3.3.6 Extracellular processing and modification

The formation of stable covalent cross-links by the collagen fibrils is crucial in

sustaining the structural integrity of the tissue involved. The formation of fibrils has

mainly been examined in vitro, where it has been observedthat the fibrillar collagens

spontaneously aggregate — termed fibril ‘self assembly’ (Kadler and others, 1987) .

Hydrophobic and electrostatic interactions are thought to be involved in this process

of self assembly and the characteristic quarter staggered collagen monomers, which

then may assemble into five-stranded fibrils and subsequently larger fibrils. The

orientation and structure of these fibrils is dependent on the tissue type. In ligaments

and tendons the type I collagenfibres align parallel to each other, along the direction

of greatest strain in the tissue. In skin and cartilage, the collagen fibres appear more

random, with a complex, inter-woven, lattice structure, allowing the tissue to resist

multidirectional tensional loads.
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1.3.4 Glycosaminoglycansand Proteoglycans

About 1% of the dry weight of ligament tissue comprises glycosaminoglycans

(GAGs) and proteoglycans which have the ability to bind water and are responsible

for the hydration and lubrication of tissues (Rees and others, 2000) . The structure of

proteoglycans involves one or more GAG chains attached covalently to a protein

core. The most commonproteoglycans and GAGs in tendonare: biglycan, versican

and decorin; and dermatan sulphate, chondroitin sulphate and keratan sulphate,

respectively. The most prevalent proteoglycan in ligament ts decorin (accounting for

80%). Studies on rabbit cruciate ligaments have shownthat these ligaments contain

up to four times the amount of GAGsand large and small proteoglycans compared to

tendon. This mayreflect the difference in the function required of ligament compared

with tendon. Small leucine-rich proteoglycans (SLRPs) which comprise decorin,

fibromodulin and lumican are knownto bind to the surface of collagen fibrils, with

decorin having a different bindingsite to that of fibromodulin and lumican (Hedbom

and Heinegard, 1993) . The three above mentioned SLRPsare all found in embryonic

chick tendon (Birk and others, 1995, Ezura and others, 2000) . It is proposed that

these molecules are involved in collagen fibril growth and assembly by preventing

lateral fusion of collagen fibrils in experiments using knock-out mice (Ezura and

others, 2000).

Graham and colleagues (Graham and others, 2000) studied the presence of

proteoglycans during fibril assembly, and found them presentprior to fibril assembly

and not after, as previously thought. These studies suggest that these proteoglycans

which are boundto early fibrils are acting as ‘building blocks’ for matrix assembly.
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1.3.5 Matrix metalloproteinases and Matrix turnover

The family of matrix metalloproteases (MMPs), also known as matrixins, are

associated with a wide variety of normal and pathological conditions that involve

matrix degradation and remodeling, including arthritis, cancer and cardiovascular

disease (Bramono and others, 2004, Murphy and Nagase, 2008) ). The expression

and activation of these enzymes are regulated by many factors, one of whichis their

endogenous inhibitors, tissue inhibitors of matrix metalloproteases (TIMPS)(Murphy

and Willenbrock, 1995). The human genome has 24 matrixin genes which include a

duplicated MMP-23 gene, therefore there are 23 different MMPs. MMPsare also

found in the fruit fly, nematode, sea urchin and plants (Murphy and Nagase, 2008).

MMPsare a family of zinc metallo-endopeptidases and play a crucial role in the

turnover of collagen and other ECM molecules and have the ability to act upon all

components of the ECM but also are involved in release of sequestered growth

factors, proteolysis of adhesion molecules, cytokines and receptors (Bramono and

others, 2004) . They are secreted by the cells of connective tissue in response to

inflammation, remodelling and mechanicalstresses. Collagenolytic activity was first

reported in 1962 by Gross and Lapiere in tadpole tissues which were undergoing

metamorphosis (Gross and Lapiere, 1962). The tadpole tissues were rapidly

remodelling the ECM, hence triggering apoptosis, cell differentiation and growth.

Because of this discovery, many researchers turned their attention to this processin

humantissues because the degradation of collagen is important in wound healing,

tissue regeneration, and diseases such asarthritis, cancer, atherosclerosis, aneurysms

and tissue ulcerations.
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All MMPScontain a zinc binding active site which is HEXXHXXGXXH andare

referred to as 'metzincins' because all contain a conserved methionine residue that

forms eight turn residues downstream from the active site and which supports the

active site cleft structure around the catalytic Zn°*. A distinguishing feature of

MMPs, compared to other metzincins, is the primary structure of the catalytic

domains. The MMPsare synthesized as pre-proenzymes and the signal peptide is

removed during translation to generated pro-MMPs. The propeptides have the

cysteine switch motif PRCGXPD in which a cysteine residue coordinates with the

catalytic Zn°* in the catalytic domain, keeping the proMMPs inactive (Van Wart and

Birkedal-Hansen, 1990).

Extracellular matrix remodeling is the result of multiple concurrent processes that vary

according to the initiating stimulus. Remodeling involves the synthesis and deposition

of ECM components and proteolytic degradation. Numerous proteases have been

implicated in the proteolytic degradation of the ECM; the most prominent are the

MMP family. Matrix metalloproteinases contribute to connective tissue development,

as exemplified by the defects in bone and cartilage in mice deficient for MMP

membrane type 1 (MT MMP-1, or MMP-14) and MMP-9. Several MMPs are

expressed during wound healing, and mice deficient in MMP-3 and are defective in

woundrepair ofthe epidermis and trachea (McCawley and Matrisian, 2001a)

Studies on tendon graft healing for CCL repair have highlighted that blockage of

MMPs by alpha-2-macroglobulin can improve healing and the interface tissue

contained more mature and an increase in numberofcollagen fibres (Demirag and

others, 2005).
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Matrix metallproteinase are thought to facilitate cell proliferation by mediating

release of growth factors by proteolysis of ECM components. In addition, MMPs

cleave non- matrix proteins associated with growth factors. For example, insulin-like

growth factor binding proteins are activated in this way (Holly and others, 1993).. In

addition, MMPsdirectly cleave and activate growth factors, including TGFB, IL-1,

or their receptors (McCawley and Matrisian, 2001a).

It was originally proposed that the role of the MMPs was to maintain turnover of

collagen but later work demonstrated that MMPsare capable of degrading other

components of the ECM.Based on their specificity for ECM proteins, collagenases,

gelatinases, stromelysins and matrilysins are responsible for tissue destruction in

joint disease (Birkedalhansen and others, 1993, Bramono and others, 2004, Takaishi

and others, 2008, Tanaka and others, 1998). MMPsare secreted from cells as pro-

enzymesandtheir synthesis is regulated by hormones, growth factors and cytokines.

MMP activity is controlled at three levels: transcription, proteolytic activation of the

zymogen form, and inhibition of the activated enzyme by endogenous inhibitors

(Murphy and others, 1999, Murphy and Willenbrock, 1995, Murphy and others,

1994) (Murphy and others, 2002).

One of the most studied groups of MMPs is the collagenases. Native fibrillar

collagens can only be degraded byspecific collagenases (MMP-1, -8 and —13) at

specific sites, generating % and % fragments. MMPs —2 and —9 further degrade the

and % collagen fragments (Bailey and Paul, 1998). MMP-1 (collagenase-1)

preferentially cleaves collagen III>I>II MMP-8 (collagenase-2) I>II>III, and MMP-
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13 (collagenase-3) II>III>I. The efficiency of MMP-13 for type 1 collagen

hydrolysis was similar to that of MMP-1 and MMP-8) (Knauperand others, 1996).

The gelatinase, MMP-2, can act on fibrillar collagens but with a lowerefficiency

than that of other collagenolytic MMPs. Steomelysin-1, MMP-3, can bind to, but

does not appearto cleave, fibrillar collagen.

Much emphasis has been put on the ‘degenerative’ role of MMPs, buttheir actionis

also an important factor in correct development and maturation of tissue. Le

Graverand and colleagues assessed MMP-13 expression during both maturation and

in response to injury, in the MCL of the rabbit using RT-PCR and western blotting

(Le Graverand and others, 2000). A significant increase in MMP-13 mRNA was

detected during early phases of tissue maturation (29 days in utero and 2 months of

age), when compared to later phases (5 and 12 month old rabbits). The pattern of

expression was recapitulated follow MCL injury, with the greatest expression of

MMP-13 observed three weekspost- injury in the MCLscarandarticular cartilage. In

the menisci and synovium, highest levels were at eight weeks post-injury. The high

MMP-13 levels were contemporaneous withthe observation of the largest collagen

fibril diameter. These results indicate that MMP expression is regulated by a number

of variables and high levels of expression occur in situations when connective tissue

remodelling is very active, Le. during maturation and healing.

Recently, it was reported reported that MMP-2 and -9 expression was undetectable in

the synovial fluid and CCL of young Beagles with intact CCL, whereas in dogs with

ruptured CCL, they were both present (Muir and others, 2005). MMP-2 was also

presentin synovialfluid ofolder dogs with intact CCL. Also older Beagles, and dogs
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with ruptured CCL, expressed an increase in MMP-3 compared to younger dogs.

MMP-13 wasonly present in the ligament of animals with ruptured CCL.

After an ACL/CCLrupture, the torn fibres may disappear over time, which might be

caused by the proteolytic enzymes in the synovial fluid (Comerford and others,

2004). It has been reported that shortly after a CCL injury, MMP-13 and MMP-3 was

elevated with an absence of TIMP-1 expression (Bluteau and others, 2002) . Finally,

ex-vivo studies (Yang and others, 2008) demonstrated that MMP-2 is elevated in the

CCLand synovium after injury in a time-dependent manner.

Reverse transcriptase PCR revealed that nine MMPs and all four TIMPs are

expressed in the human ACL (Foosand others, 2001a). These MMPs are MMPs1-3,

-7, -9, -11, -14 and -17 (collagenase-1, gelatinase A, stromelysin-1, matrilysin,

gelatinase B, stromelysin-3 and membrane types -1 and -4, respectively). Genes for

MMPs-8, -10, -12, -13, -15 and -16 did not appear to be expressed at detectable

levels. Using gelatin zymography, studies have detected MMP-2, MMP-9 and

TIMPs-1 and 2 in canine CCLs (Comerford and others, 2005). The expression of

proMMP-?2 wassignificantly higher in ruptured CCLs, although it is not knownif

these changes occur prior to ligament rupture or are part of a reparative process.

Another study also indicated that pro- and active forms of MMP-2 weresignificantly

greater in the impinged areas of the CCL of the breeds predisposed to ligament

rupture, such as the Golden and Labrador Retrievers, when compared to non-

predisposed breed suchas the Greyhound (Comerford and others, 2006a).

49



7.3.5.7 MMPsynthesis and secretion

All MMPsare translated with a NHo-terminal hydrophobic sequence of 18-30

residues that is responsible for trafficking of the enzyme through the endoplasmic

reticulum and the Golgi apparatus, and for its subsequent secretion into the

extracellular space. The signal sequence and propeptide domain must be removed

from the latent enzymeto initiate MMPactivation. A conserved cysteine residue in

the propeptide domain is responsible for chelation of the active zincsite.

Activation and secretion is achieved by cleavage in a pro-protein convertase

recognition sequence located between the propeptide and catalytic domain. The

propeptide domain, N-terminal to the catalytic domain, consists of about 80 residues

arranged in three a-helices, and is responsible for enzyme latency. This domain

contains the sequence motif PRCGVPD (also called the ‘cysteine switch’ motif).

MMP activity is controlled at several levels, of which gene expression is important

and is modulated by a variety of growth factors and cytokines. A number of

individual polymorphisms of MMPgenes have recently been described with some

disease associations (Wang and others, 2011, Decock and others, 2011, Barash and

others, 2010, Back and others, 2010, Arakaki and others, 2009, Fingleton, 2006,

Clark and Parker, 2003).

Inflammatory cytokines in the synovial joint, including IL-1 and TNFa, which

could have a local effect on tissues such as the CCL, may originate from the

inflammatorycell population interacting with synovial cells (Doom andothers, 2008)

. Other factors shown to increase MMPexpression include growth factors platelet-
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derived growth factor (PDGF), fibroblast growth factor-2 (FGF-2), epidermal growth

factor (EGF), prostanoids, nitric oxide and cytokines. Transforming growth factor

beta (TGF-B) and the cytokines IL-4, IL-13 and IL-10 can downregulate MMPs.

All MMPs (except the MT-MMPs, stromelysin-3 and epilysin) probably become

activated in a step-wise manner outside the cell by proteolytic cleavage. Interactions

of the MMPswith their specific natural inhibitors, the TIMPs, predominantly involve

the enzymecatalytic domains and the N-terminal three disulphide bonded loops of

the TIMPs. Oneinteraction that has been assessed is that ofMMP-2, MT1-MMP and

TIMP-2. The interactions of the TIMPs with MT1-MMP are involved in the

mechanism for MT1-MMP activation of pro-gelatinase to form a tri-molecular

complex (McCawley and Matrisian, 2001a)

1.4 Pathology ofthe CCL

1.4.1. Anoverview of ACL/CCL rupture and its consequences

In humans, ACLruptureis typically caused by acute traumato the knee joint, such as

sporting injuries, but evidence indicates that it can also rupture without any

identifiable trauma to the joint(Hill and others, 2005). The ACL is different to other

ligaments in thatit lacks the ability to repair in vivo. The majority ofCCL ruptures in

dogs appearto be associated with pathological degeneration over time and notacute,

traumatic rupture; often both stifle joints can be affected (Whitehair and others,

1993, Comerford and others, 2011, Griffon, 2010).
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Strom (Strom, 1990) identified that partial rupture of the CCL is accountable for 25-

31% ofstifle lameness and typically involves the craniomedial band near the femoral

origin. Anecdotal evidence suggests that partial tears tend to progress to complete

tears, resulting in stifle instability and OA (Jerram and Walker, 2003).

Rupture of the ACL in humanbeingsleads to significant joint instability, and to

many patients progress to symptomatic knee OA, with an initial inflammatory phase

and the formation of osteophytes (Lohmander and Roos, 1994, Amin and others,

2008, Conaghan and others, 2006, Amin and others, 2004, Hill and others, 2003).

Management of acute ACL rupture in human beings remains controversial, with the

need for surgery being a particular issue. Although previous meta-analyses suggested

that surgery resulted in better outcomes compared to conservative management

(Mohtadi and Grant, 2006, Hinterwimmerand others, 2003), a recent prospective

study comparing physiotherapy to surgery, failed to show any differences (Frobell

and others, 2010) .

1.4.2 Cellular and ECM changes in CCL pathology

Several studies have compared the histological differences between non-ruptured and

ruptured ACL/CCLin humanbeings (Lotz, 2010, Murray and others, 2000) and dogs

(Comerford and others, 2011, Hayashi and others, 2004, Hayashi and others, 2003a).

Differences in cell number, cell type, and transformation from ovoid to spheroid cell

phenotype have been observed. In addition, ruptured ligaments undergo

hyalanisation, fibrous tissue invasion, necrosis, loss of parallel orientation of

ligament bundles, and loss ofcrimp (Hayashi andothers, 2004).
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Someresearchers have observed that the appearance of chondrocyte like cells, with

perinuclear halo preceding chondroid metaplasia in early pathological changes in the

CCLs (Narama and others, 1996, Hayashi and others, 2003a) These changes are

particularly prominent in CCLsfrom larger, older animals.It has been proposed that

alteration of the ECM from densecollagen fibre type to that more akin to cartilage

seemed to be associated with a predisposition of dogs to CCL rupture. However,

recent studies have observed anincrease in fibrocartilagenous tissue in ligaments

from breeds not pre-disposed to rupture (the racing Greyhound) compared with CCL

tissue from dogs which have a high prevalence of rupture (Labrador Retriever)

(Comerford and others, 2006b), which suggests that the appearance of fibrocartilage

may not be a contributing factor to CCL rupture. Large proteoglycan deposition in

fibrous tissue occurs in response to intermittent and compressive and shearing forces

(Petersen and Tillmann, 1999b) . The appearance of fibrocartilage may be an

adaptation to increased load (Benjamin and Ralphs, 1998b).

Hayashi and co-workers (Hayashi and others, 2003b, Hayashi and others, 2003a)

proposed that the ruptured CCL mainly undergoes a proliferative epiligamentous

repair response, although bridging scar was not seen between the ruptured ends of

CCL. Studies on the human ACL showthat the response to injury follows a typical

sequence: anintial inflammatory response, epiligamentous repair phase, proliferative

response, and a remodeling phase, with a reduced number of myofibroblasts (Murray

and others, 2000). However, as with the scar tissue formed in other connective

tissues, the fibres are more disorganized and the ligamentonly retains 40% of its pre-

injury strength and contains smaller diameter collagen fibrils.
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Vasseur and colleagues (Vasseur and others, 1985) conducted an extensive

histological study on intact canine CCLsretrieved randomly from dogs post mortem.

The ligaments were graded according to severity of histological changes and the

categories were as follows: Grade 0 (no changes), Grade I (mild degenerative

changes including failure in the maintenance of primary collagen bundles, small

acellular areas with early chondroid metaplasia of surviving ligamentocytes), Grade

II (moderate degenerative changes defined as up to half of ligament substance

affected, large areas of acellular fibres with extensive chondroid metaplasia), Grade

III (severe degenerative changes defined as over half of ligament affected). There

was a positive correlation between the histological score and increasing age

(>Syears) and bodyweight (>15kg) in these dogs.

The poor healing capability of the ACL/CCL mayrelateto its rather isolated location

within the synovial space. Other ligaments sch as the MCL of the knee/stifle, are

surrounded bysoft tissues and these are able to provide a blood supplyto the healing

ligament. Anotherpossible reason for the poor healing capability of the ACL/CCLis

the differential expression of integrin subunits compared to other healing ligaments

of the knee (Bhargava and others, 1999) ; the integrin subunits are responsible for

attachment and adherence to specific ECM molecules. In addition, differences in

rates of proliferation in vitro have also been observed betweenintra-articular (CCL

ands CaCL) and extra-articular ligaments. (MCL, LCL) (Hannafin and others, 1999)

. However, thess differences becameinsignificant with serial passaging of the cells in

culture.

Studies on human ACL have shown injured ligament cells express much higher

levels, but still proportional, of mRNA for type I and type III collagens, and higher
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quantities of mRNA for biglycan and TIMP-1 compared to healthy ligaments (Lo

and others, 1998). Ruptured canine CCLs have a significantly higher concentration

of immature collagen cross links, total and sulphated GAGs, and water

content(Comerford and others, 2005) ; these findings suggest an upregulation of

matrix turnover. In summary, it appears that the CCL in dogs, or ACL in humans,

differ metabolically both post-rupture and also relative to other ligaments within the

kneeorstifle.

1.4.3 MMPexpressionin joint disease

Influences on cellular responses in articular tissues may be both mechanical and

chemical. In particular, MMPs in synovial fluid may influence the response of cells

in the surrounding tissue, such as articular cartilage and ligaments. And MMP

regulation may contribute to the rapid onset of secondary OA frequently observed

after CCL rupture in dogs.

There is ample evidence to implicate MMPs in joint diseases in mammals. An

increase in the enzymes involved in collagen turnover, combined with a decrease in

the synthesis of collagen will decrease the collagen content and alter the strength and

material properties of the ligament, which mayincreasethe risk of rupture. MMPs-2

and -9 are elevated in joint disease in dogs and horses (Clegg and others, 1997a,

Clegg and others, 1997b, Coughlan and others, 1995) and a significant difference in

proMMP-2 expression has been observed in CCLs between pre-disposed and non-

predisposed dogs (Comerford and others, 2005) and also in ruptured and non-

ruptured ligaments. MMP-13 is elevated in the synovial fluid in human knee OA

(Ishiguro and others, 1999) andMMP-3 (stromelysin-1) is also elevated shortly after
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injury and expression was shownto be increased in canine OAarticularcartilage by

immunohistochemical analysis (Kammermann and others, 1996)

In 2001, Foos and colleagues (Foos and others, 2001a) determined the expression of

MMP and TIMP genes in the adult human ACL (sampled from total knee

arthroplasty) by the use ofRT-PCR. These studies showed that mRNA encoding for

MMPs-1, -3, 7, -9, -11, 17 and 18 were expressed. The mRNA for MMP-8,10, -12, -

13, -15 and -16 were undetectable by the methods used. In healthy ligaments,

mRNAexpression wasalso observedfor all the known TIMPs.

MMP-13 expression during maturation and in response to injury in the MCLofthe

rabbit has been assessed using RT-PCRand western Blotting. A significant increase

in MMP-13 mRNA wasdetected during early phases of tissue maturation (29 days in

utero and 2 months of age), when comparedto later phases (5 and 12 month old

rabbits). The pattern of expression wasrecapitulated follow MCL injury, the greatest

expression of MMP-13 observed 3 weeks post injury in the MCLscar andarticular

cartilage. In the menisci and synovium, highest levels were a 8 weeks post injury (Le

Graverand and others, 2000) . These results indicate that MMP expression is

regulated by a number of variables and that high levels of expression occur in

situations when tissue remodelling is very active, Le. during tissue growth and

healing.
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1.5 Factors that contribute to pathology.

CCLrupture in dogs often seems to occur without obvious trauma to the joint and in

the course of normalactivity. Factors which alter the strength of the ligament will

alter the load required to rupture during normalactivities. There are many candidate

factors that may be involved in the pathogenesis of CCL disease and OA andit is

likely that both initiation and progression of the disease is multifactorial. Some of the

proposed risk factors include breed, gender, bodyweight, exercise levels, hormones,

and co-morbidities such as diabetes mellitus (Duval and others, 1999, Jerram and

Walker, 2003, Whitehair and others, 1993, Slauterbeck and others, 2004).

1.5.1 Oestrogen and ligament metabolism

It is well known that female hormones effect the composition and structure of a

variety of tissues. Oestrogen has a significant effect on the development on the

formation of bone, muscle and connective tissue (Mamalis and others, 2011,

Wattanaroonwong and others, 2011, Jonsson and others, 2007, Komatsuda and

others, 2006, Liu and Luo, 2005, Yu and others, 2001, Liu and others,

1996)Neutered dogs are also at a higher risk of CCL rupture (Duval and others,

1999, Slauterbeck and others, 2004). but the exact mechanism of whythis occursis

not well understood, Whilst this mayindicate that sex hormones have an important

role in the maintenance of joint tissues, the confounding effects of neutering on

bodyweight mustalso be considered..
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In vivo studies found that load to failure of the CCL in ovariectimized rabbits was

significantly increased when rabbits treated with an oestrogen supplement

(Slauterbeck and others, 1999). This study suggests that oestrogenmay have a

protective role on the ACL. Normal physiological and pharmacological levels of

oestrogen were found to decrease collagen synthesis from fibroblasts in the rabbit

ACL up to 40% and 50% of controls respectively (Slauterbeck and others, 1999).

Nuclear localization of receptors for oestrogen and progesterone has been shown in

human ACL specimens (Liu and others, 1996), which indicates a potential role for

these hormonesin the regulation ofACL turnover. Studies on the ACLin rabbits and

humans have shown the presence of oestrogen and progesterone receptors in

ACL/CCLtissue in both males and females and that alteration of receptor expression

occurs during pregnancy (Sciore and others, 1998). It therefore seemslikely that

these receptors are also present in the canine CCL. However, other studies have

indicatedthat only cells isolated from the female ACL were responsive to oestrogen

in vitro (Frank and others, 1999).

Oestrogen response elements have been shown to regulate MMP synthesis and

activation in tumour cells, and cells of other connective tissues such as bone. The non

genotropic effects of sex steroids on cells from non-reproductive tissues such as bone

have been demonstrated in vitro with physiological concentrations even though there

are relatively low levels ofreceptors in these cells (Kousteni and others, 2001)

However, anin vivo study of the effects of ooestrogen, or a selective ooestrogen

receptor agonist at physiologic levels, on ovariectomized sheep showed no difference

in ACL and MCLlaxity and strength when compared to the control group (Strickland

and others, 2003)
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1.5.2. Immunopathological mechanisms and CCL rupture

Some authors have reported immune-mediated changes associated with CCL

rupturein dogs (Niebauer and Menzel, 1982, Hewicker-Trautwein and others, 1999,

Lawrence and others, 1998) IgG deposition was four fold higher and IgM eight fold

higher in dogs with spontaneous cruciate ligament rupture (Lawrence and others,

1998). A high risk of rupture is associated with inflammation of the synovium and

adaptive or degenerative changes in the ECM of the CCL (Hayashi and others,

2003a). However, it remains unclear whether these immune-mediated changes

precede, or are secondary to, CCL rupture.

It has been reported that synovitis is often a prominent feature in human

OAparticularly post-traumatic OA (Liu and others, 2010, Roemer and others, 2010,

Sutton and others, 2009). Inflammatory cell populations have been observed in the

synovial fluid. Adipokines, such as leptin and TNFa have been shownto be present

at increased concentration in human knee OA (Presle and others, 2006, Dumond and

others, 2003a, Juma and others, 2002, Westacott and Sharif, 1996) and post-

traumatic OA in other species (Kamm and others, 2010). In addition, leptin receptor

deficient mice showed a delayed resolution of zymogen- induced inflammation in the

knee (Busso and others, 2002).
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1.5.3 Age

Histological differences in CCL morphology have been observed in dogsolder than

seven years (Narama and others, 1996, Vasseur and others, 1985) , implicating age as

a risk factor for CCL rupture. Biomechanical studies have also shown that CCLs

from older dogs have a decreased load to failure (Vasseur and others, 1985). As with

other ligaments and tendons, the material properties are altered with increasing age.

Some of these changes include adaptive or degenerative changes such as tensile

stiffness, resulting from a decrease in elastic properties and a loss of cells, or a

change in cell phenotype, which will ultimately influence the ability of the cells to

maintain tissue strength. A decline in serum levels of many hormones 1s observed

with increasing age (Matsumoto and others, 2000) , which may suggest a link

between some hormones and the maintenance ofconnective tissue integrity.

1.5.4 Breed

Breed has been identified in several epidemiological studies of canine CCL rupture

(Duval and others, 1999, Whitehair and others, 1993). Breeds such as Labrador

Retriever, Rottweiler and St Bernard have a higher incidence of CCL disease and

tend to develop the disease at a younger age. whereas breeds such as the Greyhound

and Old English Sheepdog, rarely suffer CCL rupture. More recently, studies have

shown that CCLs from large breeds suchas the Labrador Retriever were significantly

different, in terms of ECM featurescompared to lower risk breeds (Comerford and

others, 2005). However, these comparisons are between breeds that have quite

different lifestyles.
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1.5.5 Joint conformation as a risk factor for CCL rupture

It has been proposed by some researchers, that joint conformation and tibial plateau

angle (TPA) may be important risk factors for CCL rupture. The association with

TPA remains a controversial issue (Reif and Probst, 2003, Comerford and others,

2011, Mostafa and others, 2009, Buote and others, 2009, Cabrera and others, 2008).

In humans, varus malalignment maybe a contributing factor to the developmentof

knee OA when humanpatients are overweight or obese (Sharma and Chang, 2007,

Sharma and others, 2000).

1.6 Obesity and orthopaedic disease

Anexcess ofbodyfat is an increasing problem in both human and dog populations in

the developed world. Recent studies from Australia have highlighted that 33.5% of

domestic dogs are overweight and 7.6% are classified as obese (McGreevy and

others, 2005).

Obesity results from an excess of adipose tissue as a consequence ofan imbalance in

net energy expenditure versus food intake. However, several factors can contributeto

the onset ofobesity including genetics, lack of exercise, increased food consumption,

and comorbiditiessuch as hypothyroidism and hypoadrenocortism. ‘Obesity’ is

defined in humans as a body mass index (BMI) of > 30 kg/m? and ‘overweight’ is

defined as a BMI > 25 kg/m. In dogs, the wide variation in breed conformations

precludes the use of a BMIand therefore a semi-objective‘body condition score’ is
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used to grade overweight and obesity. One example is a nine-point scale witha score

of nine being morbidly obese (Laflamme, 1997) On this scale, an ideal condition

score is 4-5. More recently a 7-point system has been established which shows a

good correlation with total body fat content as assessed by dualenergy x-ray

absorptiometry (German and others, 2006).

Adipose tissue as an active endocrinetissue, responsible for the synthesis and release

of over 50 biologically active proteins, termed ‘adipokines’ (German and others,

2010, Wood and Trayhurn, 2006, Trayhurn, 2005c) including many involved in

inflammation, such as TNFa, interleukin-1 and interleukin-6. Because of this new

evidence, obesity is now considered a sustained mild inflammatory state (Antuna-

Puente and others, 2008).

In both human beings and dogs, excess adipose tissue in obesity can lead to a

multitude of health problems including type 2 diabetes mellitus, dyslipidemia,

cardiovascular disease, urinary disorders, reproductive disorders, some cancers, and

orthopaedic conditions such as osteoarthritis.

This section will focus on the role of excess adipose tissue in osteoarthritis. Obesity

has long been recognized as an important risk factor in the development and

progression of human orthopaedic diseases such as osteoarthritis (Felson, 1995,

Felson and others, 2000, Hart and Spector, 1993, Hochberg and others, 1995, Hu and

others, 2011). In obesity, both mechanical loading and biochemical factors may be

altered in overweight and obese patients with an increased expression in

inflammatory cytokines produced by adipose tissues. Combined, these may have
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significant implications for the turnover of the ECM and the maintenance of the

structural integrity ofjoint structures, including the ACL/CCLandarticularcartilage.

. In dogs, a studies by Kealy and collegues of 48 Labrador Retrievers assessed the

effect of excess food consumption (controls were fed 25% less than the experimental

group), on radiographic evidence ofOA in hip, shoulder, elbow andthestifle (Huck

and others, 2009, Kealy and others, 2000, Kealy and others, 1997, Lawler and others,

2008, Runge and others, 2008). Overall, they concluded that the prevalence and

severity of OA wassignificantly reduced in the control group and therefore, food

intake can have a profound effect on the incidence and progression of OA. The other

main findings from this study on foodrestriction was that the animals weighedless,

had lower body fat, lower serum triglycerides, lower insulin and glucose and very

importantly had a significant increase in mediun lifespan. Therefore, the reduction in

orthopaedic disease observedis likely to be due to a decrease in body fat levels.

The increased incidence of hand OA in obese human beings, together with the

reduction in symptoms of hand OA following weight loss, suggests that mechanical

factors do not explain all of the association between obesity and OA (Felson and

Chaisson, 1997, Oliveria and others, 1999)

1.6.1. Tumournecrosis factor-alpha (TNFa)

Tumour necrosis factor-alpha (TNFa) is a multifunctional pro-inflammatory

cytokine, secreted predominantly by monocytes/macrophages, that has effects on

most organs of the body including effects on lipid metabolism, coagulation, insulin

resistance, and endothelial function (Tracey and Cerami, 1993) TNFa wasoriginally

known as cachexin or cachectin (Beutler and others, 1985). It is a cytokine, and is
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known to be involved in systemic inflammation, apoptotic cell death, cellular

proliferation, differentiation, tumourigenesis and viral replication. The main role of

TNFa is in the regulation of immunecells and it is mainly produced not only by

macrophages but also by fibroblasts, endothelial cells, mast cells and neuronaltissue.

It is produced as a 212 amino acid, type II transmembrane protein. A soluble form is

created by proteolytic cleavage by the metalloprotease TNFa-converting enzyme

(TACE) (Black and others, 1997). High amounts of TNFa are released in response to

lipopolysaccharide from bacterial cell walls and IL-1 (Tracey and Cerami, 1993).

TNFa is synthesized as a 26-kD membrane-bound protein (pro-TNF) that is cleaved

by processing enzymes to release a soluble 17-kD TNF molecule. The soluble

molecule can then bind to its main receptors TNFR (TNF-55) and TNFR2 (TNF-75)

(Bemelmans and others, 1996). TNFa induces neutrophil proliferation during

inflammation, but it also induces neutrophil apoptosis upon binding to the TNF-55

receptor. Interestingly, low levels of TNF a mayassist in the maintenance of

homeostasis by regulating the body’s circadian rhythm, and stimulate remodeling or

replacement of injured or senescent tissue by stimulating fibroblast growth (Tracey

and Cerami, 1993).

The local inflammatory response to TNFa is due to its actions as an acute phase

protein, which initiates a cascade of cytokines and increases vascular permeability,

therefore recruiting macrophages and neutrophils to the site of infection Transgenic

mice deficient in TNFa experience septic shock when infected with gram negative

bacteria () which demonstrates the important immuneresponse function of TNF a.
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Table 2: Systemic effects of TNFa in acute vs chronic exposure

 

ACUTE, HIGH DOSE CHRONIC, LOW DOSE

 

Shock andtissue injury Weight loss

 

 

 

 

Catabolic hormone release Anorexia

Vascular leakage syndrome Protein catabolism

Adult respiratory distress disorder Lipid depletion

Gastro intestinal necrosis Hepatosplenomegaly

 

Acute renal tube necrosis Subendocardial inflammation

 

Adrenal hemorrhage Insulin resistance

 

Decreased muscle membranepotentials Enhancerate of tumour metastasis

 

Disseminated intravascular coagulation Acute phaseprotein release

  Fever  Endothelial activation

 

TNFa, along with other inflammatory mediators, was found to be increased in a

time-dependent manner after CCL rupture in the rat, this also coincided with an

elevation ofMMP-2 expression (Tang andothers, 2009).

The highest levels of inflammatory cytokines were detected in human knees within

24 hours of ACLinjury (Irie and others, 2003), and the levels decreased thereafter. In

addition, in a separate study, IL-1B and TNFa were significantly higher in patients

with ACL ruptures than in the contralateral knees (Marks and Donaldson, 2005). In

this study a greater degree of chondral damage was seen with the higher

concentrations of IL-1B and TNFa. These studies support those by Cameron and co-

workers who described significantly increased synovial fluid concentrations of IL-6,

IL-8, TNFa and keratan sulphate following ACL rupture (Cameron and others,
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1997). As ACL injury became chronic, the above mentioned mediators decreased but

still remained considerably elevated three months after injury (Cameron and others,

1997).

The role ofTNF in OA has been reviewed (Fernandes and others, 2002b). TNFa has

been shownto significantly upregulate MMP-3 mRNA in humansynovial cells and

chondrocytes . Human articular chondrocytes from osteoarthritic cartilage express

significantly higher numbers of the p55 TNFa receptor which may explain the

susceptibility of cartilage to TNFa stimuli. Furthermore, osteoarthritis chondrocytes

produce more TACE mRNAthan normalcartilage.

In dogs,the literature around TNFa in joint disease is somewhatconflicting. The role

ofTNFa in experimental OA in dogs was highlighted by Venn and colleagues (Venn

and others, 1993a) although a similar study by Hay and colleagues (Hay and others,

1997)reported TNFa concentrations in synovial fluid that were lower than those in

control dogs. Other reports also highlight the role of TNFa in canine joint disease (de

Bruin and others, 2007, Fujita and others, 2006, Hegemann and others, 2005,

Kammermann and others, 1996) but further work will be required to investigate the

exact role ofTNFa..

1.6.2 Leptin

Adipose tissue releases a large number of peptide hormones and cytokines

collectively known as ‘adipokines’. Many of these adipokines are linked to

inflammation, and the inflammatory response. It is now accepted that obesity is a
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sustained mild inflammatorystate. Some of these adipokines released include, leptin,

TNFa, IL-1, IL-6, IL-18, c-reactive protein, vascular endothelial growth factor

(VEGF), and manyothers (Trayhurn, 2005a).

Leptin is a 16kDa protein predominantly synthesized and secreted by white adipose

tissue (Trayhurn and others, 1999) and it exerts a multitude of regulatory functions

including energy utilization and storage, regulation of various endocrine axes, bone

metabolism, and thermoregulation (Lago and others, 2008). It also regulates food

intake and energy expenditure by acting on receptors in the hypothalamus.

Recently leptin and its receptors have been located on many other tissues, which

indicates a peripheral role for the actions of leptin in addition to the central actions.

However, adipocytes of white adipose tissue are thought to be the main source of

leptin in the circulation butit is becoming increasingly evident that manycell types

express leptin and its receptors including gastric mucosa, skeletal muscle, placenta,

bone marrow andthe pituitary gland.

The obese mouse (0) wasfirst reported in the 1950s and the diabetic mouse (db) in

the 1970s. Both ob and db mice share a common phenotype characterised by

hyperphagia, low energy expenditure, obesity developing in early life, insulin

resistance and symptomsof diabetes. In 1994, scientists at Rockefeller University

successfully cloned and identified the ob gene, which encodes leptin (Zhang and

others, 1994a). Homozygous ob/ob mice lack functional leptin. The db gene,

encoding the leptin receptor was discovered a yearlater, using expression cloning of

mousebrain and positional cloning of db locus in mice (Tartaglia and others, 1995a).
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Administration of leptin to ob deficient mice resulted in weight loss which was

initially thought to be a breakthrough in the treatment of obesity (Halaas and others,

1997). Initial research focused on the central actions of leptin on the hypothalamus,

because leptin receptor expression is abundant in the brain. However, leptin is now

regarded as a pleiotropic hormone, with central and peripheral effects involved in

reproduction, angiogenesis, lipid homeostasis, and immune function (Trayhurn and

others, 1999). Leptin belongs to the family of long-chain helical cytokines and has

structural similarity with interleukin-6, prolactin, growth hormone, IL-12, IL-15,

granulocyte colony-stimulating factor and oncostatin M. Becauseofits dual nature as

a hormone and cytokine, leptin links the neuroendocrine and the immune systems

(Otero and others, 2006).

Serum levels of leptin are elevated during obesity (Paolisso and others, 1998,

Sagawa and others, 2002), It is proposed that this is due to leptin resistance and the

disruption of a negative feedback pathway. Serum leptin levels in obese Beagle dogs

are three fold higher than those from dogs in a normal weight range (Ishioka and

others, 2002). It has been demonstrated that leptin levels in dogs correlate to their

body condition score and are independent of breed, age or gender (Ishioka and

others, 2007). In addition, large breeds of dogs such as the Great Dane and

Rottweiler have been shown to have higher levels of circulating plasma leptin (10-

12ng/ml) compared to smaller breeds (2ng/ml) (Ishioka and others, 2007).

Three of the most extensively studied adipokines, namely leptin, adiponectin and

resistin, have all been detected in synovial fluid from joints affected with rheumatoid

arthritis or osteoarthritis (Toussirot and others, 2007). Presle and colleagues
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examined the contribution of the synovium, infrapatellar fat pad, meniscus,

osteophyte, cartilage and bone to the adipokine pool in humanjoints (Presle and

others, 2006). The study measured adipokines in the conditioned medium of these

joint tissues in culture. The synovium and infrapatellar fat pad were the major

sources of adipokines, but osteophytes also released large amounts of leptin. They

also assessed the soluble leptin receptor and found that the deficiency of this receptor

further increased the difference in bioactive leptin levels between serum and synovial

fluid. Female subjects in this study were observed to have higherlevels of free leptin

in the joint. However, the ACL was not examined in this study. Another study also

confirmed leptin overexpression in OA cartilage and its correlation with the degree

ofcartilage destruction and increased leptin expression by osteophytes (Dumond and

others, 2003b); this study also highlighted higher leptin levels in female patients

compared with males. Leptin expression in chondrocytes from OA cartilage was

muchgreater than those from normalcartilage (Dumond and others, 2003b). Growth

factors, IGF-1 and TGFB were also examined and were found to be related to leptin

expression. Animal studies showedthat leptin strongly stimulated anabolic functions

of chondrocytes and induced the synthesis of IGF-1 and TGFB at the mRNA and

protein level (Dumond and others, 2003a).

In addition to comparing the expression of leptin and leptin receptor in OA cartilage,

and noting similar findings to the above, Simopoulou and colleagues (Simopoulou

and others, 2007) observed that leptin had a detrimental effect on chondrocyte

proliferation and induced IL-1 production, and MMP-9 and MMP-13 protein

expression. Furthermore, leptins mRNA expression in advanced OAcartilage was

significantly correlated with BMIofthe patients. A correlation between a decrease in
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serum leptin levels, weight loss and a self reported improvementin physical function

in osteoarthritis arthritis was reported (Miller and others, 2004).

7.6.2.1 Regulation ofleptin synthesis and secretion

Plasma leptin correlates with body fat content and is usually increased in obese

subjects (Trayhurn and others, 1999, Trayhurn, 2001, Teichtahl and others, 2005). In

humanbeings, induced fasting and weightloss result in a reduction of leptin levels

(Christiansen and others, 2005). Other factors which have been shownto increase ob

gene expression and leptin production in adipose tissue and skeletal muscle are high

intracellular concentrations of glucosamine, TNFa, insulin, glucocorticoids and IL-1

(Zhang and others, 1994a, Trayhurn and others, 2000, Trayhurn, 2001).

Plasma leptin concentrations have a circadian rhythm, are regulated by fasting

plasma insulin concentrations, and also differ between males and females. Sex

hormones havea role in regulating plasma leptin levels (Paolisso and others, 1998).

Oestradiol has been shown to promote the replication of adipose cells in culture

(Roncari and Vanrobin, 1978). Several in vivo studies show that short-term

physiological oestrogen replacement increases serum leptin levels in postmenopausal

women independently of changes in fat mass (Lavoie and others, 1999). This study

demonstrates that ooestrogen replacement therapy during 2 months in

postmenopausal womenslightly, but significantly, increases total serum leptin levels.

This observation suggests a role for ooestrogen in the regulationof leptin.
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7.6.22 Leptin receptors

The leptin receptor (LEPR) is a single membrane spanning protein that mediates the

effects of leptin. It is homologous to class 1 cytokine receptor. In humans, the full

length, leptin receptor transcript spans 20 exons; most other species which express

LEPR have 18 or 19 exons (NCBI). Several membrane-bound variants of the leptin

receptor have been described (Halaas and Friedman, 1997) named LEPRa,-b,-c, -d

and —e, arising as a result of alternative splicing of a single leptin receptor gene.

According to the presence or absence of domains, they can be classified simply as

long forms, short forms, and secreted or soluble forms. Generally they differ in the

length of their cytoplasmic intracellular domains. Of the known membrane bound

isoforms, LepRa-e, all have identical extracellular domains of around 800 amino

acids, which are encoded by exons 1-14 of the leptin receptor gene. The extracellular

domain contains two cytokine-like receptor motifs and four fibronectin type II]

domains. Only one of the two putative leptin binding motifs is involved in binding

leptin and this is done with an affinity in the nanomolarrange.

All of these isoforms also have in common, a 34 amino acid transmembrane domain,

encoded by exon 16. However, the difference between the isoforms lies in the

intracellular domain, which is of variable length as a consequence of very complex

alternative splicing (Chua and others, 1997). The short forms, LEPRa, -c, -d have a

short intracellular domain of around 30-40 amino acids, whereas the long isoform,

LEPRb, hasanintracellular domain of around 300 amino acids. Initially, this was

considered to be the only functional form as it contains several motifs involved in

interactions with other proteins and signalling pathways (Tartaglia and others, 1995a)
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but hetertrimers with LEPRa are also capable of intracellular signalling (Bacart and

others, 2010).

There is some ambiguity regarding the origin of the soluble isoform of the leptin

receptor (LEPRe) as it has been reported to be generated either by alternative

splicing, such that it does not include the transmembrane domain for anchoringto the

membrane,but also by ectodomain shedding ofa membrane soluble isoform (Ge and

others, 2002). The soluble form is believed to transport leptin across the blood brain

barrier for its interaction with the long form in the hypothalamus. In addition, it may

function as a buffering system for free circulating leptin to ensure that sufficient is

maintained in the circulation (Tu and others, 2008, Ribiere and Plut, 2005). During

weight loss in humans, the expression of LEPReis increased.

7.6.2.3 Formation ofleptin receptor variants

The gene encoding the leptin receptor, uses alternative splicing to generate a family

of peptides. In the mouse, the genes coding exons show characteristic splice sites

termed donors and acceptors, so that the intervening introns can be removed during

processing of the gene’s mRNA. Exons 14 and 17 of the leptin receptor have such

sites, but immediately beyond a splice donor site lies further expressible code:

extensions designated 14’ and 17’. The mechanism of3’ terminal exon selection in

mice useseither the suppression ofa splice donorsite (Re and Re)or theselection of

competing 3’ splice acceptor sites (Ra and Rb). Exons 14’ and 17’ are terminal exons

with termination codons followed by polyadenylation sites (Chua and others, 1997).

This study revealed that the sequence 3’ of human exon 14’ contains no
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polyadenylation signal and was unable to detect a transcript corresponding to LEPRe

(soluble) in humantissues. The soluble form in this case may be generated by post-

translational proteolytic cleavage of membrane-bound forms ofLEPR.

Variants -e and -c of LEPR are formed by recognising 14-14’ and 17-17’,

respectively, as 3’ terminal exons and ignoring the consensus splice donorssites at

the starts of exons 14’ and 17’, using the splice donor sites of 14° and 17’, with

competition between 3 terminal exons 18a and 18b to complete their respective

mRNAs, forms variants LEPRa and-b.

At the protein level, the characterisation of the leptin receptor has been equally

complex with manyvariations reported regarding the molecular weights of the various

isoforms. This is partly due to glycosylaylation and dimerisation. The soluble form

was shownto have a molecular weight of 145kDa comparedto the predicted molecular

weight based on a primary sequence of 93kDa (Haniu and others, 1998)as a result of

excessive glycosylation at its C terminal end. Lammert and co-workers (Lammert and

others, 2001) identified two putative soluble leptin receptors with molecular weights of

140kDa and 110kDa which were decreased to 90kDa and 60kDaafter deglycosylation.

The location of the leptin receptors is mainly in intra-cellular compartments or pools

(Barr and others, 1999) with only up to 20% expressed on the surface of LEPR

transfected HEK 293, COS-7, and HeLa cells (Couturier and Jockers, 2003a). LEPR

internalization is thought to be coupled to removal from the membrane by ligand-

independent, constitutive endocytosis via clathrin coated vesicles (Sweeney, 2002).

The transmembrane domain has been found to be importantin intracellular retention in
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the biosynthetic pathway, with involvement ofthe cytoplasmic domain (Belouzard and

others, 2004). Consistent with being a class 1 cytokine receptor, LEPRb contains the

intracellular motif required for it to act through the Janus kinase (JAKS) and signal

transducers and activators of transcription (STATS). With binding to the membrane

bound receptors, leptin can initiate signal transduction via intracellular signaling

pathways. LEPRb contains intracellular regions required for activation of the

JAK/STATsignal transduction pathway (Hegyi and others, 2004) and in particular

STAT3. In addition to utilizing the JAK/STAT pathway, and consistent with the

pleiotropicrole of leptin, it can also use signaling pathways utilized by insulin. These

pathways include; phosphoinositide 3-kinase, protein kinase-b, protein kinase-c,

extracellular signalregulated kinase, mutagen protein activated kinases,

phosphodisesterase, phospholipase C and nitric oxide (Wauman and Tavernier, 2011,

Waumanandothers, 2008).

In conclusion, leptin and its receptors participate in very extensive and complex

signaling pathways. The presence of the receptor is being discovered on an ever

increasing number of cell types, suggesting that some of leptin’s actions must be

fundamental to the biology of many cells and tissue types. In particular, leptin

receptors have been identified on chondrocytes, and leptin treatment was shownto up-

regulate the expression of TGF and IGF-1, indicating an anabolic effect on matrix

turnover (Dumondand others, 2003a).
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1.7 Ossification of ligaments

Changes in ligament biochemistry mayresult in ossification of the tissue. Studies

have shown an association between ossification of spinal ligaments and

hyperleptinaemia (Tahara and others, 2005). In particular, ossification of the

posterior longitundinal ligament of the spine (OPLL)is characterised by ectopic bone

formation in the spinal ligament and often coexists with ossification of several other

spinal and articular ligaments. Ectopic ossification mayalso appear in tendon asseen

in studies on fibromodulin and biglycan knockout mice (Ameye and others, 2001,

Ameye and others, 2000). The mice in this study were genetically modified to be

deficient in these aforementioned small- leucine rich proteoglycans (SLRPs). It is not

currently known if the ACL/CCL undergoesossification.

1.8 Hypothesis and Aims

With the increasing evidence for hormonal alteration of connective tissue

metabolism, the preliminary aimsof this study are to investigate the cellular response

ofCCLcells inculture to stimulus by leptinand TNFa. Generally, TNFa promotes a

matrix degradative response in tissue, hence it was included in the study to confirm

that this response also applies to CCL cells and also, to see whether leptin synergises

with TNFa, or regulates TNFa- mediated responses.

There are currently very few studies examining the effects of hormones on the

regulation of matrix molecule expression in the canine CCL. Because obesity 1s

becoming increasingly common in dogs and humansit is important to determine the
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ECMresponse of the CCL cells to some of the factors produced by adiposetissue.

To date, there has been no research on the expression of leptin and leptin receptor in

the ACL/CCL of any species. Also, the response in terms of ECM synthesis and

degradation by these cell types to adipokines, TNFa and leptin has not been

examined. The expression of MMPs,collagen, leptin and leptin receptor (LEPR) in

canine CCL will be examinedin this study.
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2 Histological analysis of the CCL

2.1 Introduction

Cells within connective tissues are embedded within their extracellular matrix which

generally consists of structural macromolecules such as collagens, proteoglycans,

elastin and other non-collagenous glycoproteins. As described in chapter 1, the

hierarchical organisation and the function of ligaments and tendons, require that the

structural components are arranged optimally from sub-microscopic levels up to the

gross tissue level. The organisation and maintenance of the tissue is dependent on the

cellular component. The CCLis an example of a dense connective tissue andas such,

the cells are dependent on the provision of nutrients and growth factors from nearby

sources suchasblood vessels and synovial fluid.

The cells within the CCL are predominantly fibroblast-like and, at a microscopic

level, are sparsely dispersed along the length of the ligament. Previous studies have

observed that the cells of the cruciate ligament are not homogenous along the length

of the ligament. They also vary amongst species with the cell density, blood vessel

density and cell shape within the canine CCL reported to be most similar to the

human ACL (Murray, 2009, Murray and Spindler, 2005). The morphology of the cell

types is ovoid, fusiform or spherical However, the appearance of rounded cells

within the canine CCL has been noted. The appearance of these rounded cells has

been termed ‘chondroid metaplasia’ (Hayashi and others, 2004, Vasseur and others,

1985) indicating a phenotypic change towards a chondrocyte-like cell; according to

somestudies, this change in morphologyrepresents a pathological response.
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It has been speculated that the change in cell phenotype may be a response to the

forces placed upon the cells, an adaptive response, such as compression of the mid-

section of the CCL caused by the 90° twist in the mid-section, possibly exacerbated

by impingement at the intercondylar notch (Comerford and others, 2006a).

Alternatively, a change in cell shape mayalso be dueto the loss of attachment to the

surrounding peri-cellular matrix (Niland and others, 2001). Possibly, systemic,

physiological factors such as growth factors, hormones and inflammatory cytokines

mayalso drive the cells towards an altered phenotype.

The interaction between a cell and its pericellular matrix has been proposed to be

fundamentalto cell viability. Fibroblast cells have been shownto require attachment

to matrix in orderto proliferate and differentiate, with loss of attachmentresulting in

an apoptotic process termed ‘anoikis’ (Niland and others, 2001).

The organisation of ECM within the CCL showsa unidirectional arrangement of

collagen fibres or bundles along the length of the ligament, resisting the tensional

forces to which the CCL is subjected. Both tendons and ligaments are also known to

exhibit a ‘crimp’ pattern which allows for the initial stretch or strain of the tissue in

response to minimal load. This initial deformation is due to elasticity provided by

elastic fibres, composed predominantly of elastin, within the tissue. However, the

relative distribution of elastin to the collagen and cellular components of the CCL is

currently unknown. In order to understand how the matrix and cellular components

deform and respond to biomechanical load, it is important to elucidate their

organisation.
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Studies on the canine flexor digitorum profundus tendon (Ritty and others, 2003)

have observed that the tendon cells are arranged in linear arrays, surrounded by a

pericellular matrix (PCM) consisting of type VI collagen, fibrillin-2 and the

proteoglycan, versican. The cells were observed to be encased in arrays of up to

1000um in length. However, within the current literature, this organisation has not

been explored with respect to the CCL.

The aims of the studies outlined in this chapter were to use histological staining to

determine the organisation of cells within the body of the CCL, to determine the

proximity ofCCL cells to sources of nutrients and growth factors and with particular

relevance to the studies described in this thesis, to the adipocytokines TNFa and

leptin.

Further, the aims of the studies herein, included histological assessment of the CCL

cell arrangement in relation to collagen bundles and elastin, and finally the use of

limited enzymic digestion of the CCL tissue to investigate the integrity of cell

organisation within pericellular matrix.
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2.2 Materials and methods

2.2.1 Tissue preparation for histology

Tissues were obtained from macroscopically normal joints of adult dogs of mixed

breeds, euthanatized for reasons other than degenerative joint disease. This study was

performed with consent from owners for the use of animal tissue for research

purposes in accordance with ethical guidelines from the Faculty of Veterinary

Science, University of Liverpool and Petsavers, British Small Animal Veterinary

Association (BSAVA). Details of the animals are given in Appendix 1.

The ligaments were dissected intact, with both functional bands and including the

entheses. The ligaments were bisected longitudinally and placed in cassettes. The

ligament tissue was chemically fixed within the cassettes by immersion in 4%

formalin for 48-72 hours prior to paraffin embedding. 511m sections of paraffin

embedded tissue were cut and were mounted on glassslides.

2.2.2 Histological stains

Staining procedures were undertaken in the University of Liverpool, Department of

Veterinary Pathology, using routine reagents and protocols, under the guidance of

Professor Anja Kipar and Tony Brandwood.
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2.2.3 Haematoxylin and eosin staining

In order to determine the general morphology of the tissue, sections were stained

with haematoxylin and eosin (H&E) stain. Nuclei and other basophilic structures

appear blue, whereas cytoplasm and acidophilic structures are light to dark red. Sum

sections were dewaxed in xylene for five minutes and were subsequently washed by

immersion in fresh xylene and gradually rehydrated by immersion in a sequence of

baths containing ethanol of decreasing concentration downto distilled water.

Sections were then stained in Mayer's Haemalum for five minutes, washed in running

tap water for six minutes, then stained in Eosin working solution for two minutes.

Sections were transferred directly to 95% alcohol for one minute and repeated two

more times. Sections were immersed in three more dishes of absolute ethanol then 3

dishes of xylene and finally mounted in D.P.X.

2.2.4 Masson’s Trichrome staining

Masson’s trichrome was used to examine the presence of collagen fibres in ligament

tissue. Whentissue is stained, nuclei appear black while collagen, whereas amyloid

and mucin stain green. 511m sections were dewaxed and rehydrated as described

earlier. Subsequently, the sections were stained in celestine blue for five minutes,

rinsed with water and stained with Mayers haemalum for five minutes. The stain was

allowed to develop in tap water for six minutes before being stained with cytoplasmic

stain for seven minutes and then rinsed in water. The slides were placed in 1%

phosphomolybdic acid to differentiate for five minutes and again rinsed in water.

Finally, the sections were counterstained in 2% light green stain in 1% acetic acid for
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five minutes, differentiated in 1% acetic acid for 1-2 minutes to remove excess green,

blotted dry and mounted

2.2.5 Confocal microscopy andcell imaging.

Cell imaging techniques were performed to explore the association between cells,

and also betweencells and their pericellular matrix. These studies were undertakenat

the University of Liverpool Centre for Cell Imaging, underthe guidance of Dr. Dave

Spiller.

Tissue digests were prepared from healthy CCL obtained post-mortem with owners’

consent from macroscopically normalstifle joints of adult dogs. Enzymatic digestion

was performed using 0.1% (w/v) solutions of bacterial collagenase (Type II,

Invitrogen), prepared in serum-free DMEM/F12 at 37°C for up to 12 hours. Digests

were evaluated using light microscopy and confocal microscopy (Zeiss LSM 510

Meta), using calcein AM stain as an indicator of viable cell activity and propidium

iodide uptake to detect non-viable cells. The digests were visualised using LSM 5

Image browsersoftware.
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2.3 Results

2.3.1 Histological analysis of the cellular organisation within the

CCL.

To investigate the organisation of cells within the mid-section of the CCL,

histological analysis was undertaken using H&Estain for general cell morphology

and arrangement. Forthese studies, the CCL wasdissected from eight adult dogs and

consistent features amongstall dogs are described.

Figure 2.1 and 2.2 show that within the CCLofall of the adult dogs investigated, the

cells were predominantly ovoid and were sparsely distributed throughout the

ligament. The majority of the cells visible within the sections appeared to be arranged

in linear arrays which were parallel to bundles of collagen fibres. As can be seen in

figure 2.1B in areas where the parallel organisation of the collagen bundles was lost,

or were mixed with bundles of collagen at a different angle e.g. the twist at the mid-

section of the ligament, the arrangement of cells within arrays wasless apparent.

As shown in figure 2.2A, some spheroid cells are present which may indicate

chondroid-like changes in phenotype. Again, at a higher magnification, figure 2.2C

shows that in regions where the collagen bundles exhibited ‘crimp’, the cells

remained parallel to the collagen. Within the ligamenttissue, areas of irregularity

with respect to matrix and cell orientation were observed (Figures 2.3 and 2.4). Areas

of higher cell density were found within the body of the ligament(e.g. figures 2.3C,

2.4A and 2.4C) and are probably associated with the intraligamentous blood vessels;

this is particularly prominent in the section shownin figure 2.4A. Otherareas of high
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cell density are found in the periligamentous synovium, as seen in figures 2.3D and

2.4D.

To summarise, staining revealed that the heterogeneous cell population within the

canine CCL is predominantly ovoid in shape and arranged within linear arrays.

Spheroid cells were present in areas ofdisorganised or disrupted tissue.

 
Figure 2.1 (A-D) Haemotoxylin and Eosin staining of caninecranial cruciate ligament

sections isolated from adult mixed breed dogs(fixed in 4% paraformaldehyde). Bar

represents 100 micron A. B. C. D. Black arrowsindicate cells. Cells predominantly appear

in linear arrays along the length ofthe ligament.
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Figure 2.2 Haemotoxylin and Eosin staining ofcanine cruciate ligamentsections isolated

from adult mixed breed dogs(fixed in 4% parafomaldehyde). Bar in A and B represents 40

micron, Bar in Cand D represents 100 micron. Image A demonstrates the ‘crimp ing’

structure characteristic ofthe CCL.
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Figure 2.3 Haemotoxylin and Eosin staining ofcaninecruciate ligamentsections

isolated from adult mixed breed dogs (Bar represents 100 microns). A, B and C:

blood vessels in the canine CCL (red arrows). D: synovium of CCL area at edge of

ligament(green arrow) with a higher cell density than the body ofthe ligament.
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Figure 2.4 Haemotoxylin and Eosin staining of caninecruciate ligament sections and

associatedtissues, isolated from adult mixed breed dogs. (fixed in 4% paraformaldehyde).

A. (Bar represents 40 micron) basement membranecells ofthe bloodvessels within the

CCL(red arrow). B. (Bar represents 100 micron) basement membrane cells of the blood

vessels within the CCL (red arrow). C. Black arrows showsanarea ofhigh cell number

which is a blood vessel. D. Irregular cell orientation and high numberof cells (black

arrows).
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2.4 Histological analysis of collagen within the CCL.

To evaluate the organisation of both collagen bundles, staining of CCL section using

Massons Trichrome was used. This stain interacts with collagen yielding a green

colour. The main component of CCLis collagen, as shown by dense green staining

in all samples (Figures 2.5 and 2.6,). The characteristic ‘crimp’ pattern is observed in

figures 2.6 A, B, C. Cells witha spheroid appearance are present in areas of ligament

tissue which have less collagen deposition, as determined by density of green (Figure

2.6D). Areas of much highercell density and reduced crimping and collagen content,

compared to the majority of the ligament, were observed in regions running either

side of the crimped region as seen in Figure 2.6 A-C. Areas of highercell density and

reduced staining were apparent around what appeared to be blood vessels of various

sizes (Figure 2.5B) and the periligamentous tissue (Figure 2.5A). To summarize,

areas of dense staining indicate that the collagen andelastic fibres are associated with

‘crimp’ and these regions are relatively acellullar. Regions of reduced collagen were

associated with an increase in cell number, howeverit is not clear if there is an actual

increase in cell number in these intraligament areas or that these regions have been

exposed due to matrix degradation, making them morevisible.

88



 
Figure 2.5 MassonsTri-chromestaining for collagen fixed in 4% paraformaldehyde.

(Bar represents 100 micron). Masson’sstains collagenfibres green, cells dark blue. A,

Linearorientation of cells, with greater cell density at periphery. B, Blood vessel(red

arrow) at edge ofthe CCL. C. & D, Cells appearin linear arrays along the length ofthe

ligament in betweenareas of dense collagen (green).
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Figure 2.6 Massons Tri-chrome staining ofCCL sections (fixed in 4%

paraformaldehyde). A. B.&C, Cells appearin linear arrays along the length ofthe

ligament. Wavy appearanceis the characteristic ‘crimping’ ofconnective tissues that

are subjected to a high load. Bar represents 100 micron. D, Heterogenouscell

population. Cells of ovoid and spheroid appearance(black arrows) in the CCL. Bar

represents 40 micron.
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2.5 Image analysis of cellular arrays prepared from the CCL by

collagenase digestion.

The arrangement of the cells of the ligament within longitudinal arrays led us to

consider whether the matrix around the cells retained this organisation. In our

attempts to isolate CCL cells in order to establish cell cultures (as described in

subsequent chapters), we noted that some commercially available bacterial

collagenase preparations were not able to digest the ligament tissue fully, even with

extended periods of digestion and mechanical agitation. When viewed under light

microscopy, the undigested material consisted largely of arrays of cells, apparently

retained by a pericellular matrix as shown in Figure 2.8A. Therefore, to examine this

further, partially-digested tissue was investigated using cell imaging techniques with

the assistance of Dr. D. Spiller at the Centre for Cell Imaging, University of

Liverpool.

When viewed by confocal microscopy, the cell arrays were elongated, with some

alrays measuring over 500 microns in length (Figure 2.7B). The ligament cells

appeared to be contained within a distinct pericellular matrix. While the cells were

contained within a continuouspericellular matrix, most of the cells were not in direct

contact with othercells, either becausethis reflects the situation in the intact ligament

or because the connections between were subject to proteolytic degradation by the

impure bacterial collagenase preparations that were used.
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In order to determine whether the cells within the arrays remained viable, Propidium

iodide and Calcein AM were used to stain and differentiate between viable and non-

viable cells, respectively. It was observed that there was increased staining for non-

viable cells in areas ofPCM disruption (Figures 2.7C and D). Using thesestains,it

was noted that some viable cells also exhibited cytoplasmic cellular processes (figure

2.8A) even after an extended period of tissue digestion. It was also noted that the

cells contained in these arrays have a more rounded appearance(figures 2.7, 2.8, 2.8)

than those observed during H&E staining. Within somearrays, intercellular matrix

that had resisted digestion but the relatively impure bacterial collagens was evident

(Figure 2.8A and 2.9A), possibly indicating tracts along which cell-cell

communication, or direct connection or interaction occur.
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Figure 2.7 Image analysis of cellular arrays prepared from the CCLby collagenase

digestion. Bar represents 10 micron. Images B - D obtained using the Ziess Meta AM

confocal micrscope. Green calcein AM staining of viable cells. A, Preliminary photo of

cellular arrays and surrounding pericellular matrix in CCL image was obtained using an

adapted light microscope and digital camera. Bar represents 10 micron. B, Cellular arrays

of the cells with the CCL, Bar represents 50 micron. C, Viable cells (green) stained with

calcein AM and non-viablecells (red), stained with propidium iodide which were

envelopedby pericellular matrix. Bar represents 20 micron D, Non-viable cells (red)

cells in the CCLare present in areas where PCM hadbeendisrupted.
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Figure 2.8 (A-D). Imageanalysis of cellular arrays prepared from the CCLbycollagenase

digestion. Bar represents 10 micron. All images were obtained using the Ziess Meta AM

confocal microscope. Green calcein AM stain uptakeinto viable cells. We cannot determine the

exact cell type of these cells originating fromthe canine CCL, l6hrs after bacterial collagenase

digestion. A. & B, Cruciate cells display cellular cytoplasmic processes(stained green). Bar

represents 10 microns. C, Cruciate ligamentcell (cytoplasm is green) enveloped bypericellular

matrix (yellow arrows). Bare represents 10 micron. D, Linear array of CCL cells, showing

possible areas ofcell-cell communication (pink arrows). Bar represents 20 micron
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Figure 2.9 Imageanalysis ofcellular arrays prepared from the CCL by collagenase

digestion. All images obtained using Ziess Meta AM confocal microscope. Red bar

in A represents 5 micron. A, Cells obtained from the canine CCL. B, C & D,

Linear array of CCL cells. Scale bar represents 20 micron.

95



2.6 Discussion

The pericellular matrix of cartilage defines the chondron and appears as a halo

around individual chondrocytes. However, in canine tendons the micro-fibrillar

arrays of the pericellular environment extend for up to 1000 micronsin length along

the load bearing axis of the tendon (Ritty and others, 2003) and the cells of the

tendon are encased within the PCM where it associated with versican and type 2

fibrillin (Ritty and others, 2003). In this study we have investigated the organization

cells within the canine CCL and found the organization of the arrays to be similar to

that of the tendon.

Benjamin and Ralphs (Benjamin and Ralphs, 1997) reported that the cells of ligament

and tendon exhibit cytoplasmic cell processes that form elaborate three dimensional

networks throughout the ECM. They hypothesised that these processes along with

gap-junctions could form the basis of an important load sensing system allowing the

tendon to modify the ECM. Cell processes were observed in the CCL in the cell

imaging studies in this chapter, which agrees the work done by Benjamin and Ralphs,

and show that these structures may also be important to the CCL in transmitting the

mechanical loading signals to the cells, and also the cells response to these external

mechanical pressures. It should also be noted that exercise and immobilisation have a

dramatic effect on ligament and tendon biomechanical properties, and relatively short

periods of immobilisation can weaken the structural and material properties of

tendons and ligaments. In addition, in areas of compression, fibrocartilage may

develop.
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A weakening of the structural properties ofthe CCL maybeattributed to the loss of

elastin in the CCL. Yahia and Drouin (Yahia and Drouin, 1990) measured energy

absorption of the area within the hystereis loops before and after elastase treatment.

Their results showed that the energy absorption before preconditioning was not

modified by elastase treatment, but it was significantly reduced after preconditioning,

thus showing the importance of elastin in the mechanical properties of the canine

CCL.

The results of this chapter showed that the middle region of the canine CCL contains

blood vessels of various sizes and that the distribution is not homogenous; these

blood vessels presumably act to supply nutrients and growth factors to the CCL,

although studies on rabbit ACL dispute the role of these vessels in maintaining

ligament metabolism (Bray and others, 2003). Petersen and Tilmann (Petersen and

Tillmann, 1999b, Petersen and Tillmann, 1999a) observed that there are three

avascular zones in the human ACL:bothfibrocatilagenous entheses, and a third zone

devoid of blood vessels is located in the distal zone of fibrocartilage adjacentto the

roof of the intercondylar fossa. They also observed that the blood supply of the ACL

arises from the middle geniculate artery, forming a periligamentous network around

the ligament which penetrates the ligament in a horizontal direction. It is

hypothesized that a variation in blood vessels in each ligament froma variety of dogs

may be dueto the ligament having undergone micro-rupture and an attempt at repair,

where an increase in blood supply and growth factors would be required to assist in

the inflammatory and repair processes.
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In addition to the middle geniculate artery, it is also proposed that the vascularisation

of the ACL also arises from the vessels of the intrapatellar fat pad and adjacent

synovium (Arnoczky and others, 1979, Arnoczky, 1985). The extremities of the ACL

have more vascularisation than the middle section and thearteries at the ligamentous-

osseous junctions of the ACL do not significantly contribute to the ligament’s

vascularity.

A more recent study (Kobayashi and others, 2006b) analysing the blood vessels of

the canine CCL using advanced techniques including, SEM (microangiogram

scanning) and transmission electron microscopy, observed that the blood vessels

feeding into the ACL were predominantly coming from vessels originating from the

synovium attached to the ligament near the tibial and femoral bone insertions of the

ACL.

In summary, these studies show that the organisation of collagen is consistent with a

structure that has to transmit heavy tensile loads. The organisation of the cells within

arrays is consistent with the need for them to elicit a coordinated response, when

exposed to load. The composition of the pericellular matrix warrants further

investigation to determine whetherit is similar to that described for the canine digital

flexor tendon (Ritty and others, 2003). Finally, the presence of numerous blood

vessels within the CCL suggest that in vivo, the CCL cells obtain at least some of

their nutrients via this route. It follows therefore, that the cells will be exposed to

systemic as well as locallevels of circulating growth factors, inflammatory cytokines

and hormones.
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3 Real-time PCR analysis of MMPsandcollagen in

CCL cells in response to TNF alphaand leptin.

3.1 Introduction

Collagen is the major structural component in ligament and tendon tissue. Therefore,

any alterations in collagen expression or alterations in the enzymes which degrade

collagen may haveserious implications for the structural integrity of the tissue and

predispose the tissue to rupture. Many factors may contribute to the altered

metabolism of CCL cells, which in turn affects remodelling of the ECM which may

have a detrimental effect on the tissue.

The group of matrix degrading enzymes, matrix metalloproteinases (MMPs) have

previously been shownto bealtered in tendon pathology (Dalton and others, 1995,

Riley, 2008, Jones and others, 2006a, Riley, 2005, Riley and others, 2002a). As

discussed in Chapter 1, several studies have highlighted the expression of MMPsand

collagen in the ACL andit is likell that expression is broadly similar in the canine

CCL. An extensive RT-PCR study has been conducted on the expression of MMPs

and TIMPs in the human ACL (Foos and others, 2001a). This study detected nine

proteases which were MMPs1-3, 7, 9, 11, 14, 17 and 18. However, expression of

genes for MMP-8, 10, 12, 13, 15 and 16 was undetectable in the ACL.

In order to assess the relative contribution of the effectors of matrix turnover, the

technique of using real-time detection of polymerase chain reaction (PCR) products
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is widely employed. To date, limited studies have utilised this technique to

investigate the effects of exogenous factors on the metabolism of CCL cells.

Quantitative real-time PCR is used because of its high sensitivity, good

reproducibility and wide quantification range. However, the choice of target genes

and also of reference genes both need to be considered.

3.2 Choice of target genes MMP-1, MMP-3 and MMP-13 and Type

I, If and II collagen

The choice of target genes used in these studies was derived mainly from

considering changes that occur in the CCL and ACL in vivo. The following section

describes how this list ofcandidate genes was derived from theliterature.

The collagenases MMP-1 and —13 are implicated in the degradation of collagens in

destructive joint disease (Burrage and Brinckerhoff, 2007). MMP-13 is increased in

articular cartilage undergoing degradation (Goldring and Marcu, 2009). After an

ACL/CCLrupture, the torn fibres may disappear over time, which might be caused

by the proteolytic enzymes in the synovial fluid. It has been reported that shortly

after CCL transection in a rabbit models, MMP-13 and MMP-3 expression was

elevated with an absence of TIMP-1 expression (Bluteau and others, 2002, Attia and

others, 2010). In addition, the upregulation of MMPsin synovialfluid after human

ACL and canine CCL injury is well-recognised (Lohmander and others, 1993,

Lohmanderand others, 1994, Fujita and others, 2006). However, it has also been

reported that a significant down regulation of MMP-3 occurs in pathological vs.

healthy human Achilles tendon (Ireland and others, 2001).
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TypeI collagenis the main structural componentofthe CCL, so a downregulation of

type I collagen synthesis will potentially have a profound effect on the strength of

the ligament.

Col2al encoding type II collagen expression may be implicated in the adaptive or

pathological changes that are observed in ACL/CCL undergoing ‘chondroid

metaplasia’, mainly associated with older animals and large dog breeds which are

predisposed to rupture. An increase in col2a/ expression may be a marker of

phenotypic change in these cells. Type II collagen 1s associated with articular

cartilage and the fibrocartilagenous regions of ligament, suchas the entheses and the

regions where ligament is compressed (Milz and others, 2005, Benjamin and Ralphs,

1998a).

Finally, smaller diameter collagen fibrils are associated with type III collagen

expression, whichis also a marker of increased collagen turnover. Increased type H

collagen synthesis is reported during repair of ligament and tendon (Liu and others,

1995, Riley, 2008, Riley and others, 1994)

Therefore, the aims of the studies outlined in this chapter were to investigate whether

adipokines could alter the expression of MMPs-1, -3, -13 and colla2, col2al, col3al

at the transcriptional level using SYBR green real-time PCR to assess gene

expression changes.
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3.3. Materials and Methods

3.3.1 Tissue collection

Ligament cells were obtained from macroscopically normaljoints of adult dogs of

mixed breeds euthanatized for reasons other than degenerative joint disease. This

study was performed with consent from owners for the use of animal tissue for

research purposes in accordance with ethical guidelines from the Faculty of

Veterinary Science, University of Liverpool and Petsavers, British Small Animal

Veterinary Association (BSAVA). Details of the animals are given in Appendix 1.

Tissue collected for use in mRNA analysis experiments was collected within 24

hours ofeuthanasia.

3.3.2 Isolation and culture ofCCL cells

The monolayer cultures used in these experiments were generated by overnight

digestion of the mid-section of the CCL at 37°C using 0.1% (w/v) bacterial

collagenase type I (Gibco) with gentle mechanical agitation. Care was taken to avoid

the inclusion of tissue other than the ligament body. After digestion, arrays of cells

in collagenase-resistant pericellular matrix were recovered by centrifugation at

1000xg for 10 mins. The cell pellet was resuspended in complete tissue culture

medium (phenol free DMEM/F12 supplemented with 10% foetal calf serum [FCS]

and L-glutamine, penicillin 10000 units/ml, streptomycin 10000 g/ml and

amphotericin B, 250 g/ml).
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Cells contained within arrays were allowed to attach to 75cm” cell culture flasks and

outgrowth and proliferation of the cells as monolayer cultures was observed. After

reaching greater than 70% confluence, approximately 7 days after establishment of

the primary culture, adherent cells were harvested after digestion with 0.25%

Trypsin/EDTA in phenolfree, calcium and magnesium free Hanks buffered saline

solution (HBSS). Cells were resuspended after passing through a 40um cell strainer

to remove any matrix remaining from original digest. Cells were subsequently grown

in monolayeruntil fully confluent in 75cm’ and 175cnr plastic flasks in DMEM/F12

antibiotics and 10% FBS.

3.3.3 Cryopreservation ofCCL cells

Whencells at passages 1-4 reached approx 80% confluence, they were treated with

trypsin/EDTAand resuspended in 10% FCS. They were then centrifuged at 400 rpm;

the conditioned media from the flasks was kept (stored at —20°C) for re-use on cells

when thawed from cryostorage. Cells were stored at 3 x 10° cells/ml ina mixture of

70% DMEM/F12/20% FBS/10% DMSOin liquid nitro gen until required.

3.4 Gene expression investigation to determine the response of

CCLto leptin and TNFa.

The CCL cells were seeded in 12-well plastic tissue culture plates at a 1:2 split ratio.

CCL cells grown in monolayercultures took 10-14 days to reach 100% confluence.

Experiments were performed 7 days after this period; this allowed cells to synthesize

some matrix and adhere to culture plates, preventing cells lifting during medium
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changes. Optimization experiments showed that the cells were able to withstand

serum free conditions better if allowed to synthesize some matrix, indicating that

matrix plays a role in cell survival.

Cells were used during passages 2-6 and grown until 100% confluent. Media were

changed, supplemented with 100uM_  ascorbic-2-phosphate and specified

concentrations of recombinant canine TNFa or recombinant humanleptin (Sigma),

prepared according to manufacturers’ instructions.

Canine recombinant TNFa (rcTNFa) was prepared to a stock solution of 10ug/ml in

phosphate buffered saline (PBS), and stored at —20°C until required. Recombinant

canine TNFa was used at 10ng/ml final concentration in experiments. The

concentration used ofTNFa was determined by previous cell culture studies in other

cell types (BurkeGaffney and Hellewell, 1996, Kim and others, 2006). Concentrated

stock solutions of leptin were stored at —80°C until required for use. Leptin dilutions

were prepared in medium to required concentrations from these stock solutions prior

to use. Humanleptin shares 85% peptide sequence similarity with canine leptin. At

the time of these studies, canine recombinant leptin was not commercially available.

Recombinant human leptin (rh-leptin) was prepared according to suppliers

instructions.

3.4.1 Isolation of DNA-free RNA from cell culture samples
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TRIZOL® reagent (Invitrogen) was used routinely for the isolation of total RNA

from cells and tissues. The reagent is a monophasic solution ofphenol and guanidine

isothiocyanate that maintains the integrity of the RNA during cell and tissue

disruption. Addition of chloroform, followed by centrifugation, separates the

solution into an aqueous phase and an organic phase. RNA remains exclusively in

the aqueous phase. After transfer of the aqueous phase, the RNA is recovered by

precipitation with isopropyl alcohol According to the manufacturer, the predicted

yield ofRNA from 1 x 10° cultured fibroblastsis 5 -7 pg.

For all samples, a Dnase (Promega) digestion step was included in order to prevent

the possibility of amplifying contaminating genomic DNA during PCR, The Dnase

activity was removed after this digest using silica membrane based mini-spin

columns (Qiagen RNeasy) using the clean-up protocol supplied by the manufacturer.

Cells were grown in monolayer culture until 100% confluent (passage 2-6) as

described in cell culture methods above. Cell layers were washed with HBSS, minus

phenol (Gibco), then lysed and removed from 75cmculture flask using TRIZOL

(1ml/1-3 x10° cells). Samples were then pipetted into Rnase/Dnase free

microcentrifuge tubes and stored frozen at —80°C until required.

RNA was extracted using adaptations of protocols supplied by manufacturers.

Briefly, chloroform was addedto tubes at 0.2ml chloro form/1 ml TRIZOL®,then the

sealed tubes were shaken vigorously for 15 seconds. After standing at room

temperature for 3 minutes, tubes were centrifuged at /2,000g for 15 min at 4°C. The

colourless, aqueous upper phase containing the RNA wasplaced in anothertube to

which isopropanol precipitation (0.5ml isopropanol/Iml original volume of
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TRIZOL®) was added and left overnight at -70°C for RNA precipitation. Tubes

were then centrifuged at /2,000g to pellet the precipitate, and then washed with

100% and 75% ethanol, each time being centrifuged at < 7500g. The pellet was then

dried for 10 min ina tissue culture hood and redissolved in 50 ul of water. A 7pl

aliquot of this RNA waskeptaside for assessment by agarose gel electrophoresis on

1% (w/v) agarose Tris-acetate-EDTA (TAE) gels containing ethidium, to determine

the integrity and purity ofRNA extracted.

In order to eliminate contamination by genomic DNA, the remainder of the RNA (43

ul) was incubated with Rnase inhibitor (Rnasin) (Iu), 10 x buffer (Sul) and RQI

Rnase-free Dnase (ll) (all supplied by Promega). To ensure consistency in

pipetting, a master mix ofthese reagents was prepared and equivalent amounts were

added to each tube containing RNA. Samples were then incubated for 15 minutes at

37°C. The volume of treated RNA was then increased to 100pl by adding 50ul of

Rnase free water. 350ul of RLT (containing 2-mercaptoethanol) buffer and

subsequently, 250ul of ethanol was added, mixing thoroughly after each reagent.

This mix was then put in a spin column (supplied in Rneasy kit, Qiagen) and

processed according to manufacturer’s protocol to obtain purified DNA-free RNA.

3.4.2 Preparation of cDNA

3.4.2.1 Principles ofcDNA synthesis
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Double stranded cDNA is morestable andless susceptible to degradation than single

stranded RNA, therefore making it more suitable for use in PCR reactions. mRNA is

copied to cDNA by reverse transcriptase using an oligo dT primer (random

oligomers mayalso be used). Oligo dTs, or random hexamers, can be used in the

cDNAsynthesis, dependent on which region (5’ or 3”) that the gene specific primers

flank. Oligo(dT):2-1s primer hybridises to the poly(A) tail of mRNA. It is

phosphorylated on the 5’ end to facilitate cloning ofcDNA.

34.22 Reagents usedin first strand cDNA synthesis

SuperScript™ II RNase H-reverse transcriptase (Invitrogen) is an engineered version

of Moloney Murine Leukaemia Virus (M-MLV) reverse transcriptase (RT) with

claimed reduced RNase activity and increase thermalstability. It can be used to

synthesize first strand cDNAat higher temperatures than conventional M-MLV RT,

providing increased specificity, higher yields of cDNA, and more full length

product. Commercially available enzymeis supplied with 5X first strand buffer (250

mM Tris/HCL, ph8.3, 375 mM KCL; 15mM MgCb) and 0.1 M DTT. RNase

inhibitor is added and is available during the reaction to reduce degradation ofRNA

by Rnase enzymes.

3.4.2.3 Preparation of cDNA using SuperScript II RNase H- Reverse

Transcriptase.

The preparation of cDNA wascarried out as follows: cDNA was prepared using 5-

10ul total pre-prepared RNA (up to 51g). This was added to an aliquot of master

mix containing final volumes per RNA sample of I pl oligo(dT)i2-18 at 0.5pg/pl
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(Promega), | ul of 1OmM dNTP mix (cat CII4G, Promega) and water to achieve a

total volume of 12 ul, which was heated to 65°C for 5 mins, then quickly chilled on

ice. To this, 4 ul of 5x first-strand buffer (Invitrogen), 2 ul 0.1M of DTT (Invitro gen)

and 11 Rnasin (Promega) was added and gently mixed. After being heated to 42°C

for 2 mins, | pl per sample of SuperScript™ II (Invitrogen) was added and the mix

heated for a further 50 mins at 42°C. The reaction was inactivated, by heating to

70°C for 5 minutes, to give the cDNA template used in the RT-PCR reactions

described below.

3.4.3 Principles of Primer design

For the PCR amplification of candidate genes, several rules of oligonucleotide

primer design were applied. Firstly, all primers were specific to the gene of interest.

Primer sequences in this study that were designed by primer design software were

entered into sequence alignment software (BLAST ‘search for short nearly exact

match’; www.ncbinlm.nih.gov) to ensure that it was specific for canine gene of

interest. Secondly, the primer design software Primer Express (Applied Biosystems)

was used to select primers with annealing temperature (Tm) values between 50—60

°C. The annealing temperature is the temperature at which the primer binds to the

cDNA templates and is dependent on the length and composition of the primer

sequence. T;, vales were checked using the formula: Tm = 4(G+C)+2(A+T)°C

An annealing temperature that is too low will allow non-specific binding and

amplification of unwanted products, whereas if the Tis too high it mhibits binding

of the primers. Forward and reverse primers were selected with similar Tm (within
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2°C). When the primers were first used in a PCR reaction the Tm was set at 2°C

below the Tm values calculated by the Primer Express software. Where possible,

primers were designed with a G/C content of 45-60% and sequences were checked

to ensure that they did not contain significant complementary sequences with

themselves, which may cause formation of hairpins, and complementary sequences

with each other, increasing the chance of primer dimer formation. Finally, primers

were designed to overlap intron/exon boundary to reduce the chance of unwanted

genomic DNA amplification, which dramatically reduces the amplification

efficiency. All primers used in this study were synthesized by and purchased from

Euro fins MWG/Operon.

3.4.4 Principles of real-time PCR

The SYBR green dye chemistry uses SYBR green dye, a highly specific, double-

stranded DNA binding dye, to detect PCR product as it accumulates during PCR

cycles. An increase in fluorescence intensity is proportionate to the amount ofPCR

product produced. The advantages of the SYBR green method, over the Taqman®

method of real-time PCR, are the reduced set-up and running costs because no probe

is required. However, the SYBR green method can give false positives because

SYBR green can bind to any double-stranded DNA, it can bind to non-specific

double stranded DNA sequences.

3.4.5 Preliminary studies of CCL cell gene expression by

recombinant humanleptin and recombinant canine TNFa
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Initial studies were undertaken as described above. Triplicate flasks of CCLcells

obtained from two mixed-breed dogs were incubated with 10ng/ml reTNFa, or

10ng/ml rh-leptin (10 ng/ml), or a combination ofboth reTNFandrh-leptin (10ng/ml

of each), or untreated controls, for 24 hours in serum free medium. RNA was

isolated and cDNA wasprepared simultaneously using oligo (DT)j2-1s primers as

described above.

Aliquots of cDNA template used in real-time PCR were diluted 10 times before use.

lul oftemplate was amplified in a 25] reaction ona MJ Research Opticonreal-time

PCR machine (School of Biological Sciences, University of Manchester) using a

SYBR green core Kit (Eurogentec, Seraing, Belgium).Gene-specific primers for

selected MMPsand collagen genes (table 3.1) were used at a final concentration of

300nM. The primers for MMPs and collagen, were obtained from Professor James

Cook and Dr Aaron Stoker at University of Missouri, Columbia. For these initial

studies, the primers designed by the same group to canine glyceraldehyde-3-

phosphate dehydrogenase (GAPDH) were used in order to determine levels of

expression of target genes relative to GAPDHasa reference gene. Primerspecificity

was confirmed bya single amplification peak using melting curve analysis.

3.4.6 Statistical analysis in preliminary real-time PCR studies

Relative expression levels were normalised to GAPDH and calculated using the

Mean 2 ~*°T method. Any wells that were greater than 25% outside of mean values

-AC9 T
were excluded from the calculations. Mean values from triplicate wells of

Delta CT values from real-time PCR were subjected to statistical analysis using the
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software, GraphPad Prism. One way analysis ofvariance (ANOVA) and Bonferonni

post-hoc test with values p < 0.05 were consideredstatistically significant. Oneway

analysis of variance (ANOVA) assumesthat the data are from populations with a

Gaussian (normal distribution). Graphpad Prism (www.graphpad.com) tests this

assumption with a Bartlett’s test.

111



Table 3.1 Primer sequencesusedin real-time PCR for candidate genes.

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Gene and Primer Sequence 5’ to 3’

MMP-1_F CCT AGA ACC GTG AAG AGC AT

MMP-1_R CAG GAA AGT CAG CTG CTA TC

MMP-3_F ATG GCA TCC AGT CCC TGT AT

MMP-3_R AAA GAA CAG GAA CTC TCC CC

MMP-13_F TCT GGT CTT CTG GCT CAT GC

MMP-13_R GGT CAA GAC CTA AGG AGT GG

COLIF TGC ACG AGT CAC ACT GGA GC

COLIR ATG CCG AAT TCC TGG TCT GG

COL 2F GGC CTG TCT GCT TCT TGT AA

COL2_R ATC AGG TCA GGT CAG CCA TT

COL3_F GGC CTG TCA GAA CAT CAC AT

COL3_R CAC ATT CAT TTG ACC CCA TC

GAPDHF GTG ACT TCA ACA GTG ACA CC

GAPDH_R CCT TGG AGG CCA TGT AGA CC     
3.4.7 Further studies of regulation ofCCL target gene expression

by reTNFaandrh- leptin.

For these further studies, it was decided to expand the rh-leptin concentration range

used to stimulate the CCL cells, with and without TNFa. For these studies, it was

also decided to a) re-validate the primer pairs used previously for the target genes

and b) to explore further the choice ofreference genes used in the studies.
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Aliquots of cDNA template used in real-time PCR were diluted 100 or 1000 times

before use. |ul of template was amplified in a 10uIl reaction on an Applied

Biosystems 7900 fast real-time PCR machine and SDS 2.2.1 software using a SYBR

green core Kit (Eurogentec, Seraing, Belgium). Gene-specific primers for selected

MMPsandcollagen (table 3.1) were used. The primers for the genes of interest were

the sameas those used above in the preliminary studies. The reference genes used in

these studies were as used and validated as previously published (Woodandothers,

2005)(table 3.2).

3.4.8 Calculation of efficiencies of real-time PCR reactions

In order to be able to quote relative gene expression values as accurate, it is

necessary to calculate the efficiency of PCR assays to ensure that the target genes

and reference genes are amplified equivalently. Therefore, the efficiencies of real-

time PCRreactions for each of the target gene primer pairs were calculated using the

classical calibration dilution curve and slope calculation (P faffl, 2001).

In order to undertake this study, cDNA wasprepared as above from two identical

confluent CCL cell cultures, one of which had been treated with reTNFo in serum-

free DMEM for 24 hours, while the other was left as untreated control. The

methodologies for RNA and cDNApreparation are as described previously. The

cDNAprepared from two cultures was pooled and diluted ten-fold in sterile water. A

10x dilution series (10°, 10, 10°, 104, 10° and 10°°) of the pooled cDNAin water

was prepared and used to generate concentration curves against which each of the

target gene primerpairs could be tested. The PCR reaction was as described abo ve.
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The slope of the standard curve obtained was noted and corrected for inhibition of the

reaction by removing highest concentrations of template (10°' and 107dilutions) for a

high copy number gene or removing the highest dilutions if the target template was

very limited, giving high and inaccurate C; values. Using the remaining dilutions, the

slope of the dilution curve was noted and used to calculate the reaction amplification

rate and efficiency, using the formula

Efficiency = -1 + 10 “l/slope)

The calculation was undertaken using the calculator available at

www-.stratagene.com/techtoolbox/cale/qpcr_slope_eff.aspx accessed through

www.gene-quantification.de/efficiency. html.

3.4.8.1 Method ofnormalisation

Preliminary qRT-PCR studies were conducted using GAPDH as the housekeeping

gene, and the genes of interest normalised to this gene. However, since thosestudies,

several authors (Gilsbach and others, 2006, Vandesompele and others, 2002) have

commentedthat it is best to conduct the experiments using several housekeeping genes

and then use an algorithm in a software programme such as Genorm©, Normfinder©

or Bestkeeper© to work out which gene gives the most stability amongst sample

groups. The purpose of normalisation is to remove the non-biological variation as

much as possible as reference genes do not have constant expression under all

experimental conditions, therefore, careful assessment is required a to whether a

certain reference geneis stably expressed in the experimental system understudy.
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Genorm© (Vandesompele and others, 2002) (medgen.ugent.be/~jvdesomp/genorm/)

determines the most stable reference genes froma set of tested genes ina given CDNA

sample panel and calculates a gene expression normalization factor for each sample

based on the geometric mean ofa numberof reference genes. Genorm©calculates the

gene expression stability measure, M, for a reference gene as the average pair wise

variation, V, for that gene with all other tested reference genes. Stepwise exclusion of

the gene with the highest M valueallows for ranking of the tested genes according to

their expression stability. The gene of interest data is then divided by the appropriate

normalization factor.

Normfinder© (Andersen and others, 2004) (www. md1.dk/publicationsnormfinder. htm)

is an algorithm for identifying the optimal normalisation gene among set of

candidates. It ranks the set of candidate normalisation genes according to their

expression stability in a given sample set and a given experimental design. The

algorithm is a mathematical model of gene expression and usesa statistical framework

to estimate not only the overall expression variation of the candidate normalisation

genes but also the variation between sample subgroups of the sample set.

Normfinder© provides a stability value for each gene, which is a direct measure for

the estimated expression variation enabling evaluation of the systematic error

introduced when using the gene for normalisation. The input data is ona linear scale,

therefore the delta-CT method is used to transform the CT values to linear scale

expression quantities.

Bestkeeper© software (Pfaffl and others, 2004) (Pfaffl et al., 2004) (www.gene-

quantification.de/bestkeeper.html) determines the best suited housekeeping reference
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genes and combines them into an index. The index can then be combined with target

genes to decide whether they are differentially expressed under an applied treatment.

All data processing is based on crossing points.

For these studies, 12-well plates of confluent CCL cells obtained ftom three mixed

breed dogs were incubated with either rh- leptin (10, 100 and 1000 ng/ml), or 10 ng/ml

rcINFa, or a combination of both reTNFa (10ng/ml) and rh-leptin (1000ng/ml), or

untreated controls for 24 hours in serum free medium. RNA was isolated and cDNA

was prepared simultaneously using random hexamer primers as described above. In

order to compare several reference genes, the cDNAs from all three individual dogs

were analysed, with each plate containing seven reference genes and the genes of

interest.

The seven reference genes chosen in this new study were based on previously

published canine data (Wood and others, 2008). The selected housekeeping genes

were as follows: S7 — mitochondrial ribosomal protein; SDHA — succinate

dehydrogenase complex, sub unit A, flavoprotein (Fp); CG14980-PB; GAPDH -

glyceraldehyde-3-phosphate dehydrogenase; RPL13A - ribosomalprotein L13a; IMP -

inosine monophosphate and HIRA histonecell cycle regulation defective homolog A.

The primer sequencesforall of these reference genes are given belowin table 3.2
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Table 3.2 Reference gene primer sequences

 

Gene and Primer Sequence 5’to 3’

 

 

 

 

 

 

S7_F AGT GCA GGG AGA AGA AGC AC

S7_R CAG CAG CTC GTG TGA CAA CT

SDHA_F GGT GGC ACT TCT ACG ACA CC

SDHA_R ATG TAG TGG ATG GCG TCC TG

RPL13A_F CTG CCC CAC AAG ACC AAG

RPLI3A_R GGG ATC CCA TCA AAC ACC T

 

CG14980-PBF GCA GGA AGG GAT TCT CCA G

 

CG14980-PB_R GGG TCC AGT AAG AAA TCT TCC ATA A

 

 

 

 

 

GAPDH_F CTG GGG CTC ACT TGA AAG G

GAPDH_R CAA ACA ATG GGG GCA TCA

HIRA_F AAT TCA GAA CAT GCT GCA ATT TTA

HIRA_R TGA TTC ATC ATC CAT AAC CTG TTC

IMP_F CGC TGC CTC TTT CAA ACA T

 

IMP_R TTT GGC CTC ATC TTC ACT GAG   
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3.55 Results

In order to examine the effects of rh-leptinon MMPgeneexpression, CCL cells were

treated for 24 hours with 10ng/ ml rh- leptin, or rh-leptin combined with reTNFa or and

rcITNFa alone as shownin figure 3.1. The results were then normalised to GAPDH.

Real-time PCR analysis using SYBR green detection showed a significant increase

(P<0.001) in mRNA expression levels for MMP-1, MMP-3 and MMP-13 following

incubation with reTNFa alone, and rh-leptin combined with reTNFa. A greater than

10-fold increase in mRNAexpression relative to GAPDH wasobserved for MMP-1

and MMP-13 when CCLcells were exposed to rcTNFa alone, or reTNFa combined

with rh-leptin, and a greater than 100-fold was observed in mRNA expression for

MMP-3. The gene changes observed using a combination of rcTNFa treatment were

not significantly different (P<0.05) from those treated with reTNFa alone. These

results also show that the relative expression for MMP-13 was lower than the

expression of MMP-1 and MMP-3. Of the genes studied, MMP-3 had the highest

expression by CCLcells in culture.

This experiment was repeated and results confirmed in cDNAsynthesized from two

different dogs. To summarise, rcTNFo. significantly increased mRNA expression of

MMPs-1, -3 and —13 in canine CCL cells. No change was observed with rh-leptin

treatment alone.

118



 

 

 

 

   
 

       
 

10 =

MMP
expression
eas to 4 B untreated

mRNA
expression

sel Bleptin

O TNF

0.01 + £

Ocomb.

0.001 4 Lep+TNFalpha

0.0001 + T 
MMP-1 MMP-3 MMP-13

MMPexpression   
 

Figure 3.1 SYBR green real-time PCR for MMP-1, -3 and -13 mRNAexpression in CCL cells

after incubation with rh-leptin and reTNFa. cDNA waspreparedfrom triplicate, in vitro CCL cell

cultures. CCL cells were incubated for 24 hours with serum free (phenol free) DM EM/F 12

medium +/- treatment (10ng/ml rh-leptin and 10ng/ml reTNFa) prior to RNAisolation and

preparation ofcDNA.Significant difference in untreated samples compared to reTNFa and

rcTNFa in combination with rh-leptin. (*P<0.001) +/- S.D. bars. No significant difference was

observedin leptin treated groups and no significant difference (>0.05) between TNF alone vs. TNF

3.5.1 Efficiencies of PCR reactions

As described in the methods, the efficiency of each target gene PCR reaction was

calculated in order to ensure that they were comparable and equivalent to the

efficiency of the reference gene amplification. Using a range of cDNA concentrations,

a standard curve was generated from the concentrations that showed neither inhibition
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of the PCR reaction, nor too low a copy numberofthe target gene as shownin figure

Beds
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Slope: -3.0156894
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R2: 0.0912573   
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Figure 3.2: standard curve for MMP-3 . The slope of the standard curve wasusedto calculate both the

amplification and efficiency of the PCRreactions as seen below(table 3.3). All of the target gene

assays were Suitable for use in real-time PCR relative gene expression analyses, varying in efficiency

from 96.8 to 105.8% and amplifications of 1.968 to 2.058. These values for amplification were

subsequently used for calculations of relative gene expression.
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Table 3.3: Calculation of efficiency and amplification of target gene real-time PCR assays.

 

 

 

 

 

 

 

  

cDNAdilutions used in calculation

Primer par 1 0"! 1 07 1 o> 1 07 1 0° 1 me Slope Amplification Efficiency (%)

MMP-=1 v V v =3.19 20358 TUS.8

MMP-3 V V V V V -3.28 2018 TOI.8

MIMP-13__|_V V Vv =3.2T ZUZZ TUZZ

COLT v Vv Vv V -32T 2.049 T1049

COLZ V V Vv v -3.24 ZU35 TUS.)

OL3~ Vv Vv Vv “34 1.968 96.8         
 

3.5.2 Identification of the best reference genes for use in real-time

PCR analyses

cDNAprepared from CCL cells exposedto a range of rh-leptin concentrations, with or

without reTNFa, were utilised for these analyses (n=3 dogs). cDNA for each dog was

diluted such that both target and reference genes would be detectable, to accommodate

for low and high copy number genes. The three methods of identifying the best

housekeeping genes, Genorm, Bestkeeper and Normfinder were used to analyse the

raw data obtained from real-time PCR amplification of the cDNA samples with each

reference gene assay. Using Genorm analysis, it was found that that the M values

ranged from 0.67 to 0.45. The lowest M values were obtainedacrossall three dogs and

all six treatment groups for RPL13A, IMP and HIRA, indicating these to be the

reference genes ofchoice (figure 3.3).
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Figure 3.3 Results of Genorm analysis of most stable genes and normalisation factor for three dogs

across six treatments. Plot ofM values obtained for seven potential reference genes using Genorm

analysis ofcDNA obtained from 3 dogs exposedtosix different treat ments. The reference genes used

were S7 — Mitochondrial ribosomal protein ; SDHA — Succinate dehydrogenase complex, sub unit A,

flavoprotein (Fp); CG14980-PB; GAPDH- Glyceraldehyde-3-phosphate dehydrogenase;RPL13A -

Ribosomal protein L13a; IMP - Inosine monophosphate and HIRA histonecell cycle regulation

defective homolog A The moststable genes across the three dogs are RPL13A, IMP and HIRA.

Using the Bestkeeper algorithm to identify the most stable reference genes acrossall

cDNA samples (table 3.4), again all reference genes were fairly stable, with the

coefficient of correlation (r) ranging between 0.847 and 0.938. The genes with the

highest r value are the most stable and as for the Genorm analysis, IMP, HIRA and

RPL13A were identified as the most suitable genes for normalisation of the genes of

interest.
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Table 3.4: Calculation of the most suitable genes using Bestkeeper©.

Results obtained for seven potential reference genes using Bestkeeper analysis of

cDNAobtained from 3 dogs exposedto six different treatments. The reference genes

used were S7 — Mitochondrial ribosomalprotein ; SDHA — Succinate dehydrogenase

complex, sub unit A, flavoprotein (Fp); CG14980-PB; GAPDH- Glyceraldehyde-3-

phosphate dehydrogenase;RPL13A - Ribosomal protein L13a; IMP - Inosine

monophosphate and HIRA - histone cell cycle regulation defective homolog A The

most stable genes across the three dogs are RPL13A, IMP and HIRA.

 

 

 

Gene Geomet} Min value Max value| St. dev Coefficient

correlation

S7 25.39 23.56 27.10 0.88 0.849

SDHA 23.75 22.21 25.62 0.75 0.847

  

aa 0.930

<_—iz

_ (Be Be 0.938

CG14980-PB 25.46 23.87 27.30 0.76 0.914

  

  

 

 

GAPDH 18.60 17.15 20.70 0.76 0.850        
Finally, the third method for identifying the best reference gene for normalisation

was used to analyse the cDNA samples. The stability values obtained are shown in

table 3.5. Again, using this analysis, RPLI3A and IMP were found to be very stable

acrossall treatments in the three dogs.
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Table 3.5: Calculation of the most stable reference genes using Normfinder

Results obtained for seven potential reference genes using Bestkeeper analysis of

cDNAobtained from 3 dogs exposed to six different treatments. The reference genes

used were S7 — Mitochondrial ribosomal protein ; SDHA — Succinate dehydro genase

complex, sub unit A, flavoprotein (Fp); CG14980-PB; GAPDH- Glyceraldehyde-3-

phosphate dehydrogenase;RPL13A - Ribosomal protein L13a; IMP - Inosine

monophosphate and HIRA - histone cell cycle regulation defective homolog A The

most stable genes across the three dogs are RPL13A and IMP.

 

Housekeeping gene Stability value

 
 

 
 

 

 

 

 

 

GAPDH 0.272

CG14980-PB 0.299

HIRA 0.343

SDHA 0.380

S7 0.498     
In summary, across all three analyses, RPL13A and IMP were found to be most

stably expressed, with HIRA being stably expressed according to two out of three

analyses. GAPDH, which was used in the preliminary study, nonetheless also

showed goodstability. However, for the subsequent experiments, it was not included

as a reference gene. A normalisation factor generated using the Genorm analysis for

the three most stable expressed genes was usedto calculate relative gene expression

levels.
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3.5.3 Effects of reTNFa and rhleptin of the expression of target

genes in CCL cells

As described in the methods section, CCL cells from three individual dogs were

treated with rhleptin (10, 100 and 1000 ng/ml), or reTNFa (10 ng/ml), or rh-leptin

(1000ng/ml) and reTNFa (10 ng/ml) in combination, alongside untreated controls.

The cDNAderived from these cells was diluted to ensure amplification of both low

and high copy genesin real-time PCR.Relative levels of target gene expression were

calculated using the reference genes identified in the previous section. The responses

of each dog to the treatments are presented individually as there appeared to be a

varied response between animals in some treatment groups. Dog| is represented by

the grey column, dog 2 by the white column and dog 3 bythe black column in the

following graphs. All treatment groups were analysed using GraphPad Prism using

one way ANOVAand Bonferroni’s post hoc test for each individual animal.

3.5.4 Regulation of MMP-1 gene expression by rh-leptin and

rcTNFa

Because MMP-1 is an important enzyme in the degradation of type I collagen, which

is the major component of the CCL, regulation of MMP-1 gene expression was

examined using real-time PCR. There was some variability in MMP-1 gene

expression in CCL cells from different animals when incubated with 10ng/ml

rcTNFa. Dog 1 showed nosignificant change in expression in any of the treatment

groups, whereas dogs 2 and 3 showeda significant up regulation of MMP-1 gene
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expression (P<0.001 and P<0.05, respectively) when incubated for 24 hours with

rcINFa. Dogs 2 and 3 showed no significant change in any of the other treatment

groups (>0.05) as shownin figure 3.4.

3.5.5 Regulation of MMP-3 gene expression by rh-leptin and

rcTNFa

As outlined in the introduction MMP-3 expressionis elevated after ligament injury.

A significant (P<0.01) 100-fold increase in MMP-3 expression was observed in all

three dogs when treated with 10ng/ml reTNFa, and rcTNFa (10ng/ml) combined

with rh-leptin (1000ng/ml) compared with the untreated control for 24 hours, as

shownin figure 3.5. There was nostatistically significant change in the other rh-

leptin treatment groups comparedto the control groups.

3.5.6 Regulation of MMP-13 gene expression by rh-leptin and

rceTNFa

A significant (p<0.05) ten-fold increase in gene expression was shownin all three

dogs when treated with reTNFa, and reTNFa combined with rh-leptin, as shownin

figure 3.6.
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3.5.7 Regulation of CollA2 gene expression by rh-leptin and

rceTNFa

Because the ECM of CCL is mostly comprised of type I collagen, any change in

expression may compromisethe strength of the ligament. Figure 3.7 shows in dog 1

a significant down-regulation of Co/A2 was observed between treatment groups, rh-

leptin 100ng/ml, rhleptin 1000ng/ml, and reTNFa alone when compared to control

(P<0.01, P<0.001 and P<0.001 respectively). In dog 2 significant upregulation of

Coll A2 expression was observed in rh-leptin 10 ng/ml vs. the control group.

However, a significant downregulation was observed in the groups 100ng/ml rh-

leptin (P<0.01), 1000ng/ml rhleptin, reTNFa combined with leptin 100ng/ml, and

rcINFa. alone (all (P<0.001) when compared to 10ng/ml rh-leptin. There was no

significant downregulation when the treatment groups were compared with the

untreated control in dog 2.

In dog 3, there was a significant upregulation of Col/A2 expression in the 1000ng/ml

group when compared to the untreated control. A significant downregulation was

observed in dog 3 in the treatment groups rh-leptin 1000ng/ml combined with

rcoTNFa, and reTNFa alone when compared to 1000 ng/ml rh-leptin (P<0.001).

There was nostatistical significance observed in the other treatment groups when

compared to the untreated control group.

3.5.8 Regulation of Col2A/ gene expression by rh-leptin and

rcTNFa
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Anincrease in expression of Coll A2 mayindicate a change towards a chondrocyte-

like phenotype because type II collagen a marker of hyaline cartilage. There was no

statistically significant change across anyofthe treatment groups for Co/2A/ mRNA

expression in dog 1 and dog 3. However, in dog 2 a significant increase was

observed in response to rh-leptin 10ng/ml when compared to the control group

(P<0.01). There was no change in the 100ng/ml, 1000ng/ml rh-leptin, rh-leptin

combined with rcTNFa, and reTNFa alone treatment groups when compared to the

untreated control, as shownin figure 3.8.

3.5.9 Regulation of Col3A/ gene expression by rh-leptin and

rcTNFa

There was nostatistically significant difference across any of the treatment groups

for CoBA1 expression in dog 1 and dog 2. However, in dog 3, a significant

upregulation of CoBAl mRNA was observed (P<0.01) in the untreated control

compared to reTNFa alone as shown in figure 3.9.
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Fig.3.4 Relative gene expression changes in CCLin res ponse to ar ange of rh-leptin

concentrations and reTNFa; MMP-I (n= 3 dogs expressed as mean + SEM). Caninecranial

cruciate ligament cells cultured for 24 hours with rh-leptin (10, 100 and 1000ng/ml) and reTNFa

(10ng/ml) alone and in combination with rh-leptin. Y axis is relative gene expression, normalised to

housekeeping genes RPL13A, IMP and HIRA.
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Fig.3.5 Relative gene expression changes in CCLin res ponse to arangeof rh-leptin

concentrations and reTNFa; MMP-3 (n= 3 dogs expressed as mean + SEM ). Canine cranial

cruciate ligamentcells cultured for 24 hours with rh-leptin (10, 100 and 1000ng/ml) and reTNFa

(10ng/ml) alone and in combination with rh-leptin. Y axis is relative gene expression, normalised to

housekeeping genes RPL13A, IMP and HIRA.
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Fig.3.6 Relative gene expression changes in CCL in res ponse to a range of rh-leptin

concentrations and reTNFa; MMP-13 (n= 3 dogs expressed as mean + SEM ). Canine cranial

cruciate ligament cells cultured for 24 hours with rh-leptin (10, 100 and 1000ng/ml) and reTNFa

(10ng/ml) alone and in combination with rh-leptin. Y axis is relative gene expression, normalised to

housekeeping genes RPL13A, IMP and HIRA.
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Fig.3.7 Relative gene expression changes in CCLin res ponse to a range of rh-leptin

concentrations and reTNFa; Type I collagen (n= 3 dogs expressed as mean + SEM ). Canine

cranial cruciate ligamentcells cultured for 24 hours with rh-leptin (10, 100 and 1000ng/ml) and

reTNFa (10ng/ml) alone and in combination with rh-leptin. Y axis is relative gene expression,

normalised to housekeeping genes RPL13A, IMP and HIRA.
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Fig.3.8 Relative gene expression changes in CCLin responseto a range ofrh-leptin concentrations and

rcTNFa; TypeIl collagen (n= 3 dogs expressed as mean + SEM ). Canine cranial cruciate ligament cells

cultured for 24 hours with rh-leptin (10, 100 and 1000ng/ml) and reTNFa (10ng/ml) alone and in

combination with leptin. Y axis is relative gene expression, normalised to housekeeping genes RPL13A,

IMP and HIRA.
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Fig.3.9 Relative gene expression changes in CCL in responseto a range ofleptin concentrations and

TNF; TypeIII collagen (n= 3 dogs expressed as mean + SEM ). Canine cranial cruciate ligamentcells

cultured for 24 hours with rh-leptin (10, 100 and 1000ng/ml) and reTNFa (10ng/ml) alone and in

combination with rh-leptin. Y axis is relative gene expression, normalised to housekeeping genes

RPL13A, IMP and HIRA.

3.6 Summary of results

In two of the three dogs, a 10-fold increase and statistically significant increase

(p<0.01) in MMP-1 mRNAexpression from CCL cells treated with reTNFa, and

rcINFa combined with rh-leptin. For MMP-3, a 100-fold increase (p<0.001) was

observed in all cells treated with reTNFa, and reTNFa combined with rh-leptin. For

MMP-13, a 10-fold increase was observed (p<0.05) in all three dogs after treatment

with with reTNFa, and reTNFa combined with rh-leptin, when compared to the

untreated control.
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3.7 Discussion

In these experiments, q(RT- PCR wasused to provide a read out of the effect of the

candidate adipokines, leptin and TNFa on canine CCL cells in culture. The

limitations of qRT-PCR include that it can only be used for target genes, unlike

microarrays, which can identify expression changes at the level of the whole

transcriptome. Also, changes observed at the gene level cannot be assumed to mirror

changes at the protein level with many points of post-transcriptional control

possble.

In the early in this chapter, no response of rh-leptin on canine CCL cells could be

observed. This might have been because the concentrations of rh-leptin used were too

low or that the candidate genes used to detect a response were not sensitive to

influencebyleptin. In addition, effects on the candidate reference gene, GAPDH, may

have confounded the results. Therefore, for subsequent studies, it was decided to

expand the range of rh-leptin concentrations and to ensure that the qRT-PCR wasas

accurate as possible by re-calculating PCR assay efficiency and identifying the best

reference genes. Given the extent of upregulation of MMP genes in response to

rcTNFa alone, it was unlikely that a less stable reference gene would have mucheffect

on the overall result. Nevertheless, if there were subtle changes in the level of

expression of collagen genes, both the efficiency of the PCR assays and the selection

of the most stable reference genes were of paramount importance.
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At the time of these studies, recombinant canine leptin was not available and it is

therefore possible that the failure to observe a response of CCL cells to leptin was due

to lack of sequence homology between canine and human leptin. To the author’s

knowledge, there are still no studies examining the effect of leptin on ligamentcells

from other species, although it was recently shownthat leptin reduced adipogenesis in

and periodontal ligament stem cells (Um andothers, 2011).

Studies in kidneys have shown that two other cell types do increase their expression

of ECM in response to leptin. In glomerular endothelial cells leptin stimulates

cellular proliferation and type IV collagen production and in mesangial cells leptin

up regulates the synthesis of type I collagen synthesis through signal transduction

pathways involving phosphatidylinositol-3-kinase (Wolf and others, 2002).

Transgenic mice with leptin over expression demonstrated an increase in collagen

type IV and fibronectin mRNAin the kidney (Wolf and Ziyadeh, 2006). In hepatic

stellate cells, leptin was shownto significantly increase gene and protein expression

for type I and type III collagen. Leptin increased collagen I and III messenger RNA

(mRNA)transcript levels by over 280% and 160% and protein production by 45

and 84, respectively at concentrations of30 -50 ng/ml, with no significant effect was

seen when 10 ng/ml was used (Choudhury and others, 2004). This study also showed

that leptin did not affect expression of MMP-1 and TIMP-1 in hepatic stellate cells.

These experiments indicated that TNFa is able to affect a gene expression response

from canine CCL cells in terms of MMP-1, -3 and -13. These results are perhaps

expected, although novel. There is increasing interest in the role of pro-inflammatory

cytokines, such as TNFa, in the homeostasis and pathology of tendon and ligament
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(Schulze-Tanzil and others, 2011). Experiments in the supraspinous ligaments of cats

showedthat relatively high magnitude cyclic loading of these ligaments induced an

upregulation of inflammatory cytokines including TNFa (D'Ambrosia and others,

2010). BY slight contrast, recent studies failed to show an apoptotic effect ofTNFa on

canine CCL cells in culture (Forterre and others, 2011).

It is important to note that ifa result is statistically significant it may not meanthat it

is clinically, or scientifically relevant. It must be considered how large a difference

would be considered biologically relevant, and this comes down to scientific

judgement and one has to consider the context of the experiment. It might be argued

that, because the MMP mRNAexpressions in these experiments were increased 10-

100 fold, this could be considered biologically relevant, because a 50-100% increase

in MMP expression wasobserved in healthy versus inflamed joints (Tchetverikov

and others, 2005). However,it is less easy to make such an argument for the changes

in collagen expression observed these experiments, although one might argue that

collagen gene expression maybeless responsive than MMPgenes.

In naturally-occurring canine CCL rupture, a significant association exists between

pro-inflammatory cytokines such as TNFa and expression of MMP-3 in synovial

fluid (Fujita and others, 2006). MMP-3 is proposed to have a significant role in

depletion of proteoglycans from articular cartilage in joint pathology. The

observations reported here imply that the CCL maya significant contributor to the

levels ofMMP-3 in synovialfluid. Increased expression ofMMP-3 mRNAhasalso

been observed in intact CCLs from older beagles when compared to younger animals

(Murand others, 2005).
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Synovial fluid levels of TNF alpha and IL-6 have also been associated with early

experimental OA (Venn and others, 1993b) and it has been shown that MMP-1, -3

and -13 are increased in synovial fluids after rupture (Fernandes and others, 2002a).

The investigation of MMPs in humantendons (Achilles and rotator cuff) has been

extended to include real-time analysis of MMPs 1 to 23 as well as activity

measurements for MMPsin tissue extracts (Riley and others, 2002b, Jones and

others, 2006b).

Previous studies on human ACL tissue samples have shown the mRNA expression

of MMP-1, MMP-3 and MMP-9,but were negative for MMP-13, when using RT-

PCR (Foosand others, 2001b), however, MMP-13 expression may have been too

low for the sensitivity of standard PCR methods used. Also, the preparation of

cDNA from isolated CCL cells may have a higher copy numbers due to increased

number of cells compared to a relatively acellular section of tissue. Expression

differences could also be due to the fact there may be different mRNA expression

profiles in whole tissue compared with cell culture samples.
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4 Investigation ofMMP enzymeactivity by

CCLcells in response to leptin and TNFa

4.1 Introduction

Theactivities ofMMP-2, but not MMP-9,are reported to be similar to the

collagenases, in that MMP-2 can cleavenativefibrillar collagens typesI, II and III

(Aimes and Quigley, 1995, Visse and Nagase, 2003). MMP-2 and MMP-9,as

gelatinases, further degrade the collagen molecules and disruptfibril architecture.

MMPs-2 and -9 are able to digest gelatin because they contain three fibronectin type II

repeats that bind to collagen/gelatin.

Ina previous chapter, MMP-1 and MMP-13 were examined using real-time PCR.

Therefore, it was decided to determine if their observed change in gene expression was

translated into altered levels ofenzymeactivity.

Pro-inflammatory cytokines are known to stimulate MMP synthesis and activation

(Visse and Nagase, 2003). The inflammatory cytokines, IL-1 and TNFa are potent

inducers of MMP-1 which itself is responsible for the proteolytic cleavage and

hence, activation, of MMPs-2 and -9. MMPs-2 and -9, also known asgelatinases A

and B respectively, have been found to be associated with alterations in ECM

turnover in connective tissue, including CCL (Comerford and others, 2004,

Comerford and others, 2005, Muir and others, 2005).
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4.2 Hormonal Regulation of connective tissue

While biomechanical factors are obviously implicated in CCL disease, the potential

contribution of systemic factors, such as hormones cannot be overlooked. The

endocrine system plays an essential role in the in vivo regulation of metabolic

processes. If this homeostatic balance is disrupted there are obvious detrimental

effects in body function. In porcine cartilage for example, the ECM undergoes

changes similar to physiological ageing tissue after ovariectomy (Claassen and

others, 2002), indicating that oestrogen may exert a protective effect from

degradative mediators in tissue. With respect to the ACL, the six-fold increased risk

for ACL non-contact ACLinjury in female athletes has raised interest in the potential

effect of female hormones on ACL metabolism (Baker, 1998, Ireland, 1999, Moeller

and Lamb, 1997, Slauterbeck and others, 2002, Zazulak and others, 2006). In

addition, the increased risk for CCL rupture in neutered dogs also raises the issue of

a possible effect of sex hormones(S lauterbeck and others, 2004).

Remodelling changes, involving the actions of hormones, may affect the ECM

structure and biomechanics of the CCL and predispose the ligamentto increased risk

of rupture. In support of the putative role of hormones on ligament turnover, studies

have shown that human ACL cells express mRNA for the receptors for relaxin and

oestrogen (Faryniarz and others, 2006). Furthermore, relaxin treatment is associated

with a reduction in load to failure of the porcine CCL (Dragoo and others, 2009,

Dragoo and others, 2003). In addition, oestrogen receptors and effects of oestrogen

on the material properties of the rabbit CCL have been demonstrated (Hattori and

others, 2010, Komatsuda and others, 2006). However, studies in rats and mice failed
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to find similar effects of oestrogen (Warden and others, 2006). Nevertheless, human

ACLcells are equipped with oestrogen receptors and respond to treatment with 17

beta-oestradiol (Liu and others, 1997, Liu and Luo, 2005).

4.2.1 Oestrogen

It is well known oestrogen has a significant effect on the development on the

formation of bone, muscle and other connective tissue. Results from Romani and

colleagues (Romani and others, 2003) indicate there is a significant correlation

between oestradiol, oestriol and progesterone in ACL laxity. Furthermore, the

phenomenon of increased knee laxity in pregnant womenhas been correlated to

serum oestrodiol concentrations (Charlton and others, 2001). The role of hormones in

the remodeling of the cruciate ligament is further supported by the finding that

normalphysiologic and pharmacological levels of oestrogen were found to decrease

collagen synthesis from fibroblasts in the rabbit ACL by up to 40% and 50% of

controls (Liu and others, 1997).

With respect to mechanical consequences of the hormone-driven matrix remodeling,

in vivo studies found that load to failure of ligament tissue in ovariectomized rabbits

was significantly decreased (P<0.02) whentreated with an oestrogen supplement

(Slauterbeck and others, 1999), again indicating that higher oestrogen concentrations

may have a deleterious effect on the CCL. The effects of ooestrogen are also

suggested to playa role in other joint problems in the dog. For example, significant

differences in oestradiol levels of German Shepherd pups with hip dysplasia

compared to non-dysplastic have been reported (Kasstrom and others, 1975);

oestradiol levels were found to be lowerin hip dysplastic animals. Interestingly, hip
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dysplasia is another disorder associated with ligamentlaxity (Smith, 1997, Smith and

others, 1993).

However, in clinical population studies of the effects ofoestrogen on joint disorders in

the dog, there is often limitation in the conclusions that can be drawn. For example,a

study suggesting that there is an increased risk of CCL rupture in neutered dogs

compared to intact animals, there was no allowance made for other confounding

factors such as bodyweight of the dogs with ruptured CCL beingsignificantly greater

than those ofthe aged-matched control dogs (Duval and others, 1999)..

4.2.2 Relaxin

Relaxin is the main hormone involved in relaxation of the pubic symphysis during

parturition (Bani, 1997b). This change occurs rapidly before parturition, and relaxin

levels return to normal soon after parturition. Recently relaxin has also been reported

to influence the growth and differentiation of breast cancercells in culture and it also

regulates the release of other hormones from the pituitary gland (Bani, 1997a, Bani,

1997b). Recent immunohistochemical studies have shown evidence of relaxin

receptors in the ACL in women but not men (Dragoo and others, 2003). Klein

(Klein, 1972) showed there was an increase in elastic stiffness of the ACL shortly

after parturition, resulting in a shorter, steeper portion of the stress-strain curve.

Relaxin has also been shown to induce a transitory laxity in ACL replacement

allograft during pregnancy and this is related to collagen fibril organisation and

diameter (Blecher and Richmond, 1998).
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Interestingly, relaxin and oestrodiol appear in the serum of suckling canine pups and

supplementation with these hormones increased the degree of hip duysplasia in pups

(Steinetz and others, 2008, Goldsmith and others, 1994). This observation supports

the evidence from other species that relaxin has a role in the modulation of ligament

ECMturnoverand ligamentlaxity.

The role of relaxin in the metabolism of the ECM of ligaments such as the

ACL/CCLis yet to be investigated. To date, it is not known what effect that relaxin

has on the in vitro expression of ECM molecules of the CCL and the enzymes

involved in their turnover.

4.2.3 Growth Hormone

Growth hormone (GH)is a polypeptide hormone synthesized and secreted by the

anterior pituitary gland. It stimulates growth and cell reproduction in humans and

other animals. The major isoform of human growth hormone is a protein of 191

amino acids with a molecular weight of 22 kDa. The structure includes four helices

necessary for functional interaction with the GH receptor. Growth hormone is

structurally and apparently homologousto prolactin. GH secretion is controlled by

negative feedback from circulating concentrations of GH and insulin-like-growth

factor-1 (IGF-1).

Many GHactivities are modulated through the IGFs. IGFs play a general role in

integrating growth, development and lifespan, particularly as critical regulators of

connectivetissue cell function (Freemont and Hoyland, 2007). There is evidence that

the aged phenotype results froma deficiency of GH, and subsequently IGF-1. Recent
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investigations have revealed that, in the elderly human being, the situation 1s

compoundedby an increase in serum IGF-binding proteins, which not only sequester

IGFs but also have direct anti-IGF effects (Frystyk, 2005). In particular, IGFs and

other growth factors are known to have stimulatory effect on CCL cells in terms of

proliferation and ECM production (Desrosiers and others, 1995). The signalling and

local availability of IGF-1 is disturbed in canine knee OA following CCL rupture

(Fernihough andothers, 2003 )

4.2.4 Leptin

The 16kDa hormone leptin, and its receptors, are central to maintaining energy

homeostasis and bodyweight. AS already discussed, obese dogs and humans have

elevated levels of serum leptin (Ishioka and others, 2007, Ishioka and others, 2002).

Plasma leptin concentrations in humanbeingsare closely related to body fat content,

have a circadian rhythm,are regulated by fasting plasma insulin concentrations, and

differ between males and females (Trayhurn, 2001, Trayhurn, 1996, Trayhurn and

others, 2000)

With the increasing evidence for hormonal alteration of connective tissue

metabolism, the aims of this study were to investigate the MMP synthesis and

activation response of CCL cells in culture to hormonal stimuli, and secondary

studies were to examine the stimulus by increased concentrations of leptin and

TNFa. In particular, the synthesis and activation of MMPs-2 and -9 and the

production of MMP-1 and -13 activities were investigated in the conditioned

media of these cells.
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4.3 Material and methods

4.3.1 Preparation of hormones

Hormones were prepared according to manufacturers’ instructions and stored at -

80°C until required for use. Hormone dilutions were prepared from these stock

solutions immediately prior to use. Porcine growth hormone (GH), which has an

identical primary sequence to canine GH (Secchi and others, 2001), was used in

experiments and was a kind gift from Dr. A Parlow from National Hormone and

Peptide Program, USA. Concentrations used in experiments were 0.5, 5 and 50

ng/ml.

Recombinant human leptin was obtained from Sigma and prepared and stored

according to the manufacturer’s instructions. Concentrations used were Sng/ml and

50ng/ml in the initial studies, and then increased to 10ng/ml, 100ng/ml and 1000

ng/ml in subsequentstudies.

178 oestradiol (Sigma) was reconstituted in absolute ethanol to a concentration of

3.67 x 10° andstored at -20C until required. Concentrations used in experiments

were 3.67 x 10°™ to 3.67 x 10°1°M.

4.3.2 Principles of gelatin substrate zymography

Gelatin is a known substrate for MMP-2 and MMP-9. This fact is exploited in the

technique of gelatin zymography by incorporation of porcine gelatin into a modified
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SDS-PAGE mini gel Electrophoresis is followed by activation of MMPs by APMA.

The assay is run with purified MMPs-2 and —9 as standards. The incubation of the

gel in appropriate buffers allows for the visualization of gelatin-degrading enzymes

at pictogram quantities. If latent (proform) or active MMP-2 or MMP-9is present at

detectable levels in tissue culture medium, bandsofproteolysis will be visible.

4.3.3 Methodofgelatin zymographgy

Cell conditioned media from CCL cells was removed from cultured cells after 72

hours, diluted 1:1 in 2x non-reducing sample buffer and incubated for 1 hour at 37C.

Samples were loaded onto SDS-PAGEgels froma range of lp to 1511 to determine

the optimum loading volume. BioRad II mini gels were prepared as described above,

with the resolving gel containing 1% w/v gelatin (1.5M TRIS/HCL pH 8.8, SDS,

APSand 7.5% v/v acrylamide).

MMP-2 and MMP-9 standards (purified in our laboratories by Di Isherwood and

Sue Bell) were run on each gel. Electrophoresis was run at 200v (BioRad

systems). After electrophoresis, the gels were placed in washing buffer (2.5%

Triton X-100 in 50mM Tris/HC1 pH 7.5) for 1 hour at room temperature on an

orbital shaker (to remove SDS). After 16hr incubation at 37°C in proteolysis

buffer the gels were exposed to 0.2% Coomassie blue solution for 1 hour and then

destained (Methanol/Acetic acid) to visualize the areas of gelatinolyic activity.

Visible bands on gels were semi-quantatively analysed using the densitometric

analysis program from Scion image (NIH freeware).
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4.3.4 MMPFluorogenic substrate assay principles

In order to determine if CCL cells in culture express collagenase activities,

medium samples from CCLcell culture samples are treated with APMA,then

incubated with a fluorogenic collagenase substrate. The selection of

fluorophore is made so that both excitation and emission are in the visible

wavelength region. The rationale for this specific dye selection is that

biological materials contain molecules that both absorb and fluoresce in the

UV wavelength domain; this autofluorescence can hinder determination of

small amounts of activity present in samples and reduce the reliability of the

activity determination.

43.5 Fluorogenic substrate assay method

Collagenase activity was measured in the medium of CCLcell cultures (n=3 dogs).

CCLcell cultures in serum-free medium (serum was found to interfere with the

fluorimeter readings) were exposed to treatment for 24 and 72 hours. Recombinant

human leptin was used at 10ng/ml, 100ng/ml, 1000 ng/ml. Recombinant canine

TNFa was used at 10ng/ml Conditioned media from these samples (3 replicate

wells) were examined for MMPactivity (active) using a fluorogenic substrate assay.

Aliquots of medium werepre-incubated with APMA for 1 hour then incubated with

either a MMP-1 fluorogenic substrate (Calbiochem Cat. No. 444219; DNP-Pro-Cha-

Abu-Cys(Me)-His-Ala-Lys(N-Me-Abz)-NHp [Cha = b-cyclohexylalanyl; Abu = L-a-

aminobutyryl; Abz = 2-aminobenzoyl] Excitation max. ~280 nm, Emission max.
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~360 nm), or MMP-13 fluorogenic substrate (Calbiochem cat. No. 44235) MCA-Pro-

Cha-Gly-Nva-His-Ala-Dpa-NH2 [Cha=L-cyclohexylalanine; Dpa=3(2,4-

dinitrophenyl)-L-2,3-diaminopropionyl; NVA= L-norvaline], excitation ~325 nm,

emission ~393 nm).

Samples of conditioned medium were pipetted into 96-well black plates then

incubated with 0.5 mM final concentration of APMA in assay buffer (assay buffer

contained 50 mM hepes, 200 mM NaCl 1 mM CaCbkand 0.01% Brij, pH to 7.3).

After incubation for 1 hour with APMA to activate latent enzyme, the substrate was

added to give a final concentration of 10 uM for both the MMP-1 and MMP-13

substrate. Relative fluorescence units (RFU) were measured at 37C, at 30 minute

intervals for 120 minutes on a FLX 800 plate reader, after the 1 hour pre- incubation

with APMA.

4.4 Statistical analysis

Mean values from triplicate wells of cell culture plates were subjected to one-way

analysis of variance (ANOVA)and Bonferonni’s post-hoc test with values p < 0.05

consideredstatistically significant. One-wayanalysis of variance (ANOVA)assumes

that the data come from populations with a Gaussian (normal) distribution, GraphPad

Prism (www.graphpad.com) wasusedto test this assumption with a Bartlett’s test.
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45 Results

4.5.1 Investigation of MMP-2 and MMP-9 enzymeactivity in

canine cruciate ligament cells using Gelatin zymography.

Gelatin zymography is capable of detecting latent and active MMP-2 and MMP-9.

Firstly, optimal loading volumes were determined for gelatin zymography to ensure

the gel was not saturated and to ensure that the loading quantity fell on the linear

section of the densitometric response curve (figure 4.1a and 4.1b).

In all experiments undertaken, all media from all the samples showed latent MMP-2

expression but neither active MMP-2,norlatent or active MMP-9.

In order to investigate the effects of rh-leptin on MMP-2 and MMP-9 enzyme

activity, studies using gelatin zymography with concentrations of rh- leptin at Ong/ml

5ng/ml and 50ng/ml were conducted as shown in figure 4.2. The CCL cells were

incubated for 72 hours with the two concentrations ofrh-leptin. These results showed

no significant change in latent MMP-2 with treatments Sng/ml and 50 ng/ml of rh-

leptin when comparedto the untreated control

As discussed in the introduction to this chapter, there is epidemiological evidence to

suggest a role for oestrogen in the metabolism of the ACL because females have a

greater incidence of ACL rupture. In order to determine if oestrogen had anyeffect

on canine CCL cells, concentrations of 3.67 x 107 and 3.67 x 10° M of178

oestradiol were added to CCL cultures and incubated for 72 hours. No significant
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difference was observed in the 178 oestradiol treatment groups when compared to

the untreated control as shownin figure 4.3.

 

Figure 4.1 a and b. Determination of optimum loading quantity for gelatin

zymography. Loading quantities of conditioned media from CCL cell culture samples incubated with 50

ng/ml growth hormonepriorto loading mto gel. 10u1 (Lanes | and2), 81 (lanes 3 and 4), 6u1 (lanes 5 and 6), 4ul

(lanes 7 and 8). 2ul (lanes 9 and 10), MMP-2 standard (lane 11), MMP-9 standard (lane 12). This graph was

conducted to determine optimum loading concentrations of sample, so that the sample was not saturated. a

volumethat fell within the linear section ofthe graph was usedfor semi-quantative analysis.

 

Linear curve of Growth hormone

90000

80000

70000

60000

50000

40000

30000

20000

10000

A
U
C

 

0 2 4 6 8 10 12

Volume (ul) ofconditioned media    
150



 

 

700 -

600 -

500 -

400 -;

300 -

200 -

100 - 

 

untreated 5ng/mlleptin 50ng/mlleptin

 

Figure 4.2 Gelatin zymographyofconditioned medium following treatment with leptin.

Graph ofenzyme activity (arbitary units) of latent MMP-2 following incubation for 72 hours

with rh-leptin at 0, 5 and 50ng/. There was nosignificant difference between treatment groups

and control (untreated) (P > 0.05 one way ANOVA). ). The data presented here is

representative of4 independent experiments using CCL cells from individual animals. X axis

represents AUCvalue.
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Figure 4.3 Gelatin zymographyofconditioned medium following treatment with 17B

oestradiol . Graph of enzymeactivity (arbitary units) of latent MMP-2 following incubation for 72

hours with 17B oestradiol 3.67 x 10” and 3.67 x 10° M. There was nosignificant difference

between treatment groups and control (untreated) (P > 0.05 one way ANOVA).). The data presented

here is representative of4 independent experiments using CCL cells from individual animals. X axis

represents AUC values.
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Figure 4.4 Gelatin zymographyof conditioned medium following treatment with relaxin.

Graph of enzymeactivity (arbitary units) of latent MMP-following incubation for 72 hours

with relaxin at 0, 10 and 100 ng/ml. Nosignificant difference between treatment groups and

control (untreated) (P > 0.05 one way ANOVA).Thedata presented here is representative of4

independent experiments using CCLcells from different animals. X axis represents AUC.
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Figure 4.5. Gelatin zymographyofconditioned medium following treatment with growth

hormone. Graph of enzymeactivity (arbitary units) of latent MMP-2 in canine CCLcell

conditioned media (1% serum) incubated for 72 hours with growth hormone(concentrations shown

on graph). There was nosignificant difference between treatment groupsandcontrol (untreated) (P >

0.05 one way ANOVA). X axis represents AUC values.

154

 



12345 678 9 10 11 12 1314 12345 678 9 10 11 12 1314

 

Figure 4.6 Gelatin Zymography. This figure shows the zymogram obtained for the CCL cell-

conditioned medium from oneofthree dogsused in this study. Gel A. Lane 1. MMP-9 marker. Lane

2. MMP-2 marker. Lanes 3-5 untreated control. Lanes 6-8, 1000 ng/mlleptin. Lanes 9-11 1000ng/ml

leptin combined with 10 ng/ml TNF alpha andlanes 12-14, 10 ng/ml TNF alpha.

Gel B. Lane 1 MMP-2 marker. Lane 2 MMP-9 marker. Lanes 3-5 untreated control. Lanes 6-8 10

ng/ml leptin. Lanes 9-11 100ng/mlleptin and Lanes 12-14 1000ng/mlLeptin. The figure shows

overloaded samples with saturation ofgelatine digestion, requiring further dilution for accurate

analysis.
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Figure 4.7 Gelatin ZymographyThis figure shows the zy mogram obtained for the CCL cell-

conditioned medium from oneofthree dogs usedin this study, as shown in figure 4.6, diluted ten-

fold. Gel A. Lane 1: MMP-9 marker. Lane 2: MMP-2 marker. Lanes 3-5: untreated control. Lanes 6-

8: 1000 ng/ml rh-leptin. Lanes 9-11: 1000ng/ml rh-leptin combined with 10 ng/ml rc TNFa and lanes

12-14, 10 ng/ml reTNFa. Gel B. Lane 1: MMP-2 marker. Lane 2: MMP-9 marker. Lanes 3-5:

untreated control. Lanes 6-8: 10 ng/ml rh-leptin. Lanes 9-11: 100ng/mlrh-leptin and Lanes 12-14:

1000ng/ml th-leptin.
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Figure 4.8 Representative area under curve data from Scion image (NIH) obtained from the samples

shownin figure 4.7
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Figure 4.9 Results from Gelatin Zy mography. Area under curve from CCLcells from three individual

dogs (dog | grey, dog 2 white, dog 3 black). 1000ng.ml Leptin combined with TNF alpha and TNF

alpha alone comparedto untreated control produceda statistically significant response. * P< 0.001.

(one way ANOVA,Bonferroni's Multiple Comparison Test).
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Figure 4.10 Results from Gelatin Zymography.Area under the curve from CCLcells from three

individual dogs (dog | grey, dog 2 white, dog 3 black). No significant changes in any ofthe treatment

groups. (One way ANOVA,Bonferroni's Multiple Comparison Test).

Similarly, there is evidence to suggest that relaxin may have an effect on ACLcells

because relaxin receptors have been identified in the human ACL. CCLcells were

treated with 10ng/ml and 100ng/ml ofrelaxin and incubated for 72 hours. The media

samples were then analysed by gelatin zymography and showed no significant

difference in any of the treatment groups when comparedto the untreated control as

shownin figure 4.4.

Growth hormone levels are increased in large breed dogs, which have a greater

incidence oforthopaedic disease. However, concentrations of 5ng/ml and 50ng/ml of

growth hormone had no significant effect on CCL MMP-2 expression (fig. 4.5).
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It was sometimes observed during the studies that media from one of the animals had

an increased latent MMP-2 expression and the gel was saturated (e.g. fig. 4.6).

Therefore, the media samples were diluted 10 fold (fig. 4.7) so that the saturation did

not masktrue findings.

To obtain numerical values to subsequently plot on a graph, the samples were

subjected to analysis by Scion Image and ‘area under the curve’ (AUC) values were

obtained. An example of these is shownin figure.4.8.

Because rh-leptin did not elicit a significant response when using 5ng/ml and

50ng/ml, and some journal papers had used up to 1000ng/ml leptin, it was decided

for further experiments to use rcTNFa (10ng/ml), both alone and in combination

with leptin (fig. 4.9), and also a greater concentration of leptin (10ng/ml, 100ng/ml

and 1000ng/ml) (fig 4.10). reTNFa was included as a potential positive control

although it too was not knownto have an effect on CCL MMP-2 and -9 expression.

Also, it was included to see whether rh- leptin, rather than stimulating MMPactivity,

may have a role in suppressing TNF-driven MMP upregulation of activity. Graphs

4.9 and 4.10 show meanvalues (+/- SEM) from three individual animals (dog 1 grey

bars, dog 2 white bars and dog 3 black bars). A significant change (P<0.001) was

observed in the ‘rh-leptin combined with rcTNFa’ and the “TNF alpha alone’

treatment groups when comparedto the untreated control as shownin figure 4.9. No

significant change was observed between the ‘rh-leptin and reTNFa’ and the ‘TNF

alone’ treatment groups when comparedto each other. Nosignificant difference was

observed between the leptin 10ng/ml, 100ng/ml, and 1000ng/ml treatment groups

when comparedto the untreated control (fig. 4.10).

159



To conclude, only latent MMP-2 was expressed after 72 hours incubation with all

treatment groups. An increase in latent MMP expression was observed with a

combination of rh-leptin and reTNFa, and reTNFa alone, however no significant

change was observedin any of the leptin only treatment groups.
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Figure 4.11 MMP-1 Fluorogenic substrate assay of conditioned medium from Canine cranial

cruciate ligamentcells treated for 72 hours and incubated with APMA prior to incubation with

fluorogenic substrate for MMP-1. Graph showsuntreated control and 10 ng/ml TNFalpha over 90

minutes. No change in detectable enzymeactivity was observed over the 0 to 90 minute time course.
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4.5.2 MMP-1 Fluorogenic substrate assay

As demonstrated in chapter 3, two of the three dogs (dogs 2 and dog 3) showed a

significant up regulation ofMMP-1 mRNAexpression after 24 hours incubation with

rh- leptin combined with rcTNFa, and rcTNFa alone. Therefore, it was decided to use

the medium from dog 3 to examine whether the change in gene expression was

translated in to protein expression. The medium sample used wastaken at 72 hours to

ensure enough time for proteins to be synthesized. However, MMP-1 activity was

undetectable during the time course, as demonstrated by a flat line for both the

untreated control and the reTNFa treatment groups from 0 minutes to 90 minutes as

shownabovein figure 4.11. Therefore, there was no detectable significant difference

between treatment groups for MMP-1 activity when cells were incubated with

treatment groups for 72 hours.
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Figure 4.12 MMP-13 Fluorogenic substrate assay of conditioned medium from canine CCL cells

treated for 24 hours and incubated with APMApriorto incubation with fluorogenic substrate for

MMP-13. Graph showsuntreated control and 10 ng/ml reTNFa over 120 minutes.
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Figure 4.13 MMP-13 Fluorogenic substrate assay ofconditioned medium from canine CCLcells

treated for 72 hours and incubated with APMApriorto incubation with fluorogenic substrate for

MMP-13. Graph showsuntreated control and 10 ng/ml reTNFa over 120 minutes.
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Figure 4.14 Fluorogenic substrate assay for total MMP-13 activity in conditioned medium from

Canine cranialcruciate ligamentcells treated for 24 hours with 10, 100, 1000 ng/mlof rh-leptin and

1000 ng/ml rh-leptin combined with 10ng/ml rcTNFa and re TNFa alone. Data shown as mean values

+/- S.E.M. No significant difference in any treatment groups when comparedto the untreated control

(one way ANOVA,Bonferonni’s post-hoc test).
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Figure 4.15 Fluorogenic substrate assay for total MMP-13 activity in conditioned medium from

Canine cranial cruciate ligament cells treated for 72 hours with 10, 100, 1000 ng/mlof leptin and 1000

ng/ml rh-leptin combined with 10ng/ml reTNFa and re TNFa alone. Data shown as mean values +/-

S.EM bars. A significant difference was observedin treatment groups rh-leptin 1000+ rcTNFa and

rcTNFa alone when comparedto the untreated control (*P<0.05 one way ANOVA,Bonferonni’s

post-hoctest).

4.5.3 MMP-13 Fluorogenic substrate assay

In the previous chapter, it also was shown that all dogs showed a significant up

regulation of MMP-13 gene expression after a 24 hour incubation with rh-leptin

combined with reTNFa, and rceTNFa alone. Therefore, a fluorogenic enzymeactivity

assay for MMP-13 was conducted on the media from a 24 hour and 72 hour

incubations to examine protein expression. The samples were incubated with rh-

leptin at 10ng/ml, 100ng/ml and 1000ng/ml and rcTNFa combined with 1000ng/ml

th-leptin. Relative fluorescence readings were taken at time points 0, 30, 60, 90 and
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120 minute intervals and plotted ona graph. It was observed that the media samples

from cells incubated for 24 hours with untreated and reTNFa showed anincrease in

fluorescence over time of approx 1.5 fold as shown in figure 4.12. However, there

was no difference between the untreated control and rcTNFzatreatment groups.

The media samples from cells which were incubated with treatment groups for 72

hours (fig. 4.13) demonstrated a four-fold increase in fluorescence reading with

untreated control and an eight- fold increase with rcTNFa over the 120 minute time

course. The 24-hour and 72-hour treatment groups were also run at different

sensitivity settings, 24 hours wasat sensitivity 150, and 72 hours wasat sensitivity

100. When the 72-hour incubation group was read using sensitivity setting on the

plate reader of 150, the reading exceeded the detectable level for the fluorimeter

machine. This demonstrates that the 72-hour treatment group had a greater amount of

relative fluorescence, therefore a greater amount of MMPactivity than the 24-hour

treatment group.

It was determined from the time course that the 72-hour treatment group was the

most suitable to use to compare activity between treatment groups because it gave a

difference in untreated control compared with rcTNFa, whereas the 24-hour

treatment group did not (fig. 4.14).

In the 72-hour treatment group, a significant increase (p<0.05) in MMP-13 activity

was observed with both reTNFa combined with rh-leptin, and rcTNFa alone, when

compared to the untreated control group (figure 4.15). No significant change was

observed between rh-leptin combined with reTNFa when compared to reTNFa
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alone. No significant change was also observed in any of the rh-leptin treatment

groups when comparedto the untreated control (P>0.05 one way ANOVA).

4.6 Discussion

The CCLcell preparations produced only latent MMP-2 in vitro, it was observed that

one of the dogs analysed had increased levels of MMP-2 and required dilution 10

fold as the gel was saturated. The reason for the observation of variation between

MMP-? expression by cultured CCL cells from different dogs is unknown; it could

be speculated that the CCL samples exhibiting high levels of MMP production may

have been borderline pathological. No detectable MMP-9 expression was observed in

CCLcell cultures.

Expression and activation ofMMPsand collagens may be dependent onthe substrate

to which the cells are attached. Ritty and Herzog (Ritty and Herzog, 2003) showed

that tendon fibroblasts in culture express MMP-9 mRNA whenadhered to type I

collagen substrate. Recently, Muir and colleagues (Muir and others, 2005) reported

that MMP-2 and -9 expression was undetectable in Beagles with intact CCL, whereas

in dogs with ruptured CCL they were present. Also older beagles expressed an

increase in MMP-3 compared to younger dogs. The absence of a well-organised

matrix substrate may have influenced some of the findings described here, and this

must be considered a limitation of the study. Similarly, as dogsare difficult to age, it

is possible that the age profile of the dogs used here introduced a variable in terms of

total amounts ofenzymeactivity synthesised bythecells.
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Comerford and co-workers (Comerford and others, 2005) showed that proMMP-?2in

rupture-susceptible breeds of dogs was increased. Our findings would suggest that

this is not due to the actions of hormones, which is consistent with the findings that

leptin fails to alter the expression of MMP-2 and MMP-9 incells from endometrial

tissue (Quinton and others, 2003). However, in studies on OA-prone guinea pigs,

elevated pro- and active MMP-2 activity levels in the CCL were significantly

correlated with CCL laxity (Quasnichkaandothers, 2005).

The role of leptin in regulating MMPexpression has been explored in othertissues.

Incubation of human aortic smooth muscle cell with high concentrations of leptin

enhanced the proliferation and MMP-2 expression in these cells (Li and others,

2005). The concentration of leptin used in orderto elicit a significant response in

those studies was the same (1000ng/ml) as those used on the CCL cell cultures in the

studies described herein. However, leptin concentrations as used in the current study

did not produce a significant effect on MMP production. In agreement with our

findings, it was found in studies using epithelial and stromal cell cultures with

varying concentrations of leptin (0-1000 ng/mL) that leptin had no significant effect

on cell proliferation or levels of MMP-2 or MMP-9 production (Quinton and others,

2003).

Despite the gene expression changes described in chapter 3, neither rh-leptin nor

rcTNFa. treatment elicited a MMP-1 response in the experiment, as detected by the

fluorogenic substrate assay for MMP-1; this may have been due to the assay not

being sensitive enough for the MMP-1 to be detected, or that there are endogenous

TIMPspresent whichinhibit the activation ofMMP-1.
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Total (active and latent) MMP-13 activity was present, able to be activated by

incubation with APMA,and significantly up-regulated by rcTNFa. However, this

fluorogenic substrate also is capable of detecting MMP-1 and MMP-8. While we

cannot rule out MMP-8activity, the MMP-1 assay suggests that MMP-13 was being

produced bythe cells in response to reTNFa. The presence of MMP-13 activity in

the CCLis a novel finding.

An extensive RT-PCR study has been conducted on the expression of MMPsand

TIMPs in the human ACL (Foos and others, 200la). This study detected nine

proteases which were MMPs1-3, 7, 9, 11, 14, 17 and 18. However, expression of

genes for MMP-8, 10, 12, 13, 15 and 16 was undetectable in the ACL with the

method used.

Collectively, the studies described in this chapter indicate that the actions of leptin

are probably specific to each cell type. The lack of effect seen in our studies may

indicate that the concentration of leptin used was not high enoughorthat the target

proteins were not affected by rh-leptin. The most likely major limitation of this

experimental work is the use rh- leptin on canine cells, which is a possible reason for

the negative results seen with rh-leptin. Also, to test the efficacy of human leptin,

control humancell line could have been used, e.g. to assess the effects of leptin on

known signalling pathways of STAT phosphorylation using Western blotting.

Further, the use of a recombinant canine leptin preparation, if it were available,

would be more appropriate (Iwase and others, 2000). Further studies are needed to

address these issues.
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5 Identification of leptin and identification and

regulation of leptin receptor in the canine cruciate

ligamentcell

5.1 Introduction

Leptin was cloned in 1994 by Friedman and colleagues (Zhang and others, 1994b)

and wasinitially proposed to act centrally on the hypothalamusto control food intake

and thermogenesis. Leptin is synthesised primarily by adipocytes and, in both

humans and dogs, it has been shownthat serum leptin levels are positively correlated

to body fat content. In obese Beagles, serum leptin levels were found to be three-fold

higher (approximately 9ng/ml) than in Beagles of a normal weight (approximately

3ng/ml) (Ishioka and others, 2002). Since then, there has been increasing evidence

for a wider, peripheral role for leptin, including in connective tissue metabolism. For

example, recent studies have shownthat chondrocytes in cartilage express both leptin

and the long intra-cellular signalling form of its receptor, LEPRb. Furthermore, up-

regulation of leptin synthesis is observed in chondrocytes during the early stages of

OA (Dumond and others, 2003b). In addition, it has been shownthat leptin is

synthesised by other tissues within the synovial joint such as meniscus,cartilage,

synovium, fat-pad and osteophytes. The amount of free, unbound leptin within the

synovial fluid is greater than serum levels (Presle and others, 2006). However, in that

study the investigators did not assess the contribution of the cruciate ligamentsto the

adipokine poolin the synovialfluid.
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Obesity is regarded as an importantrisk factor in the development and progression of

human knee OA (Coggonand others, 2001). Associations between bodyweight and

progression of symptomatic knee OA in humans have been reported (Coggon and

others, 2001, Englund and Lohmander, 2004, Felson, 1996, Felson and Chaisson,

1997, Hart and Spector, 1993, Hochberg and others, 1995, Oliveria and others, 1999,

Spector and others, 1994), with weight loss reportedly leading to improvement of

symptoms (Messier, 2008). While the alleviation ofsymptomsby weight loss may be

expected in a weight-bearing joint if the effect of obesity were purely mechanical,

this does not explain the improvement observed in non-weight bearing joints such as

in the hands (Felson and Chaisson, 1997). One study in particular reported that loss

of fat mass, rather than actual bodyweight is important in reducing the symptoms of

knee OA (Toda and others, 1998). This suggests that there may be adipose-tissue

derived, systemic factors contributing to joint pathology in OA. As further support

for a systemic effect, bodyweight is associated with both bilateral as well as

unilateral OA (Hochberg and others, 1995).

Adipose tissue is no longer viewed as a relatively inert tissue that provides a

cushioning role and energy store. It is known to be an active endocrine organ

(Trayhurn and Wood, 2004). Adipose tissue is the site of synthesis and release of

over 50 knownbiologically active proteins. These adipokines include leptin and the

pro-inflammatory cytokines, IL-1B and TNFa.In fact, obesity is now regarded as a

sustained mild inflammatory state, resulting in chronic exposure to inflammatory

mediators that may be detrimental to tissues.
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In this chapter, studies are described which test the hypothesis that cells in the canine

CCLexpress leptin, and its receptor, and that expression of the receptor is regulated

by the adipokines, leptin and TNFa...

5.2 Aims

1. To determine if CCL cells, both within intact tissue and when isolated in

culture, express leptin and leptin receptor mRNA.

2. To determine whether the expression of LEPRb is regulated by the

adipokines, TNFalpha andleptin.

3. As leptin did not appear to elicit a response in the matrix gene expression

experiments, it was decided to examine which, if any of the leptin receptors

were present in the cultured CCL cells and also to examine the presence of

leptin itself because leptin may have an autocrineeffect.
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5.33. Materials and Methods

5.3.1 Sources of animals

The tissue was obtained from dogs as described in previous chapters.

@

5.3.2 Leptin Receptor isoform B primerdesign.

All primers used in the experiments described in this study were designed takinginto

account the general criteria described in Chapter 3. However, in the case of leptin

receptor primers, it was necessary first of all to identify a reasonably accurate

sequence for the target gene. In particular, there was also the need to consider which

of the leptin receptor isoforms would be targeted. For the purpose of this study, we

focussed on the long isoform of the receptor, containing exons 14-19, because this

isoform spans the membrane andis involved in signal transduction intracellularly.

The first set of primers used (primer pair 1) were based on human sequences as

published previously (Laud and others, 2002) because the full canine LEPR sequence

was not available when the study began. The sequences of this primer pair (Primer

Pair 1) were in the forward direction, 3’ccagaaacatttgagcatct 5’, and in the reverse

direction, 3’caaaaacacaccactctct 5’, both with a calculated Tm of 56°C. This primer

pair however, did not overlap an exonjunction(figure 5.1).
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Figure 5.1 Diagram of sequence to be amplified by LEPR primers

Because the primer pair 1 were both located in exon 19, it was not certain that the

primers were amplifying mRNA only. Therefore, gene-specific primers were

redesigned to span the exon boundary of exons 18 and 19 (primer pair 2). This wasto

exclude amplification of genomic DNA.

The full canine sequence also became available on in January 2005 (Lindblad-Toh

and others, 2005) and the sequence for LepR was found from the following entry in

http://www.ensembLorg/Canis_familiaris/Search/Summary?species=Canis_familiari

8S,

 

Ensembl protein family: ENSFM00250000002386

Ensembl protein family ENSFM00250000002386 [RECNAME: FULL=|LEPTI

RECEPTOR); SHORT=LEP R; ALTNAME: FULL=OB |RECEPTOR}; SHORT=OBR;

ALTNAME: CD_ANTIGEN=CD295; FLAGS: PRECURSOR] has 157 members: 40    



The sequence for exons 18 and 19 of canine LepR were identified and entered into

the Primer Express (Applied Biosystems, Life Technologies) primer design

programmeto automatically design primers to amplify this region. Out ofthe primer

pairs generated, the primer sequences selected for subsequent experiments (primer

parr 2 in figure 5.1) were

Forward 5’°CAGAAGCCAGAAACATTTGAGC a and Reverse

S’°GTGTGAGCAACTACTCTGGAGG 3’ to amplify a 750bp sequence overlapping

the junction between exons 18 and 19.

5.3.3. Leptin primers

The sequence for canine leptin was available (Iwase and others, 2000) and sourced

from GenBank (accession number AB020986). Primers were designed using the

bioinformatics software (Primer Express, Applied Biosysytems, Life Technologies),

using the nucleotide sequence for canine leptin. After a series of primer pairs were

generated, the sequences were entered into BLAST (NCBI) ‘short nearly exact

match’, to ensure that they were specific to canine leptin. The sequence for the

primers selected were: Forward 5’ AGCAAAACATCAGCCTTTCC 3’ and

Reverse 5’ AACACGTTCTCCTACCTCC3’.

5.4 RT-PCRamplification ofcDNA from canine CCL cells using

primers designedfor canine leptin and LEPRb

Amplification of DNA sequences by the polymerase chain reaction (PCR) utilises

Taq polymerase, a thermostable enzyme from Thermus aquaticus that is resistant to
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denaturation at high temperature. HotStarTaq PCRtechniques focus on the inhibition

of polymerase activity during reaction preparation. By limiting polymeraseactivity

prior to PCR cycling, non-specific amplification is reduced and target yield is

increased.

In these studies, aliquots (11) of cDNA template (synthesis described above) were

routinely amplified by PCRin total reaction volumes of251 the balance consisting

of a master mix containing molecular grade water, dNTPs (Abgene), 10xPCR buffer,

Q buffer, the relevant primers and HotStarTaq DNA polymerase (Qiagen).

The 10x PCR Buffer supplied with the polymerase (Qiagen) contains both KC] and

(NH4).SOq4, reportedly giving a wider temperature window for specific annealing

and a greater tolerance to variable Mg’ concentration. Q-Solution facilitates

amplification of difficult templates by modifying the melting behaviour ofDNA.

TABLE 5.1 Composition of PCR master mix

Reagent (ul) Per sample Final concentration

H20 ad

10x Buffer 2.5 1x

Q buffer 2.5

DNTPs 20M 1.0 200uM ofeach

Primers 50uM f 0.25 ofeachF andR 2.0u.M

Taq 0.13 1.25U/ml

TOTAL 24.0ul

Plus | pl ofcDNA.
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All reagents were added to a 0.2ml thin walled PCR tube for amplification. Control

samples were included in all PCRreactions. Negative control samples were prepared

by excluding reverse-transcriptase from the cDNA synthesis reaction and were

included to ensure no amplification from genomic DNA,as well as a negative water

control (1,1 ofwater instead of cDNA). Forall the RT-PCR amplifications of canine

cDNA using leptin and LEPRb primers, reaction conditions were as follows:

incubation of reaction mix containing the RNA and master mix components at 15

min at 95°C to activate/deprotect the HotStarTaq enzyme, followed by up to 40

cycles of heating for 30 sec at 95°C (to denature the double stranded DNA), 30 sec at

annealing temperatures of 56°C for the LEPR primers and 54°C for the Leptin

primers, and 30 sec at 72°C to allow elongation ofproducts. At the end of 40 cycles,

a step was added to allow heating of the reaction mix for 10 min at 72°C to allow all

PCR products present in the mixture to be elongated. These reactions were carried

out ina PCR thermocycler (Geneamp PCR System 9700; Applied Biosystems). PCR

amplification products were viewed by agarose gel electrophoresis immediately, or

stored at 4°C for up to 7 days.

5.4.1 Visualisation ofRT-PCR products by agarose gel

electrophoresis.

Agarose gels (1.2% w/v) were prepared from 1.2 g agarose (BioRad) heated to

melting in 100 ml 1x TAE buffer (GibcoBRL). After the agarose had cooled and

prior to casting, 6ul of ethidium bromide (final conc. 0.6g/ml) were added. Gels

were loaded with 10,l/lane of each sample mixed with 6x loading buffer (Abgene),
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with one lane containing 5ul of 100bp marker (Abgene) and run at 120v for approx

45 minutes. Gels were viewed using a UVlight transilluminator (Genetic Research

Instrumentation) and photographed by a Polaroid camera. If a single band of

expected molecular weight was observed, samples were prepared for sequencing to

identify the product.

5.4.2 Sequencing and alignment ofRT-PCR products generated

from canine CCL cDNA

To ensure sufficient amounts of PCR products were available for purification and

sequencing, identical samples were amplified in triplicate, run ona gel to check that

the PCR amplified sufficient amounts of product and then the remainder of the

samples were diluted two-fold. Primers used for amplification were also used as

sequencing primers. Products were sequenced by LARK Europe Sequencing

Services (Essex, U.K.).

The returned sequences were viewed using Chromassoftware package (Techylsium),

exported in FASTA format and checked for alignment (forward and reverse), using

the BLAST ‘Align two sequences’ facility on NCBI (BLAST,

http://www.ncbinlm.nih.gow/BLAST/) with sequences showing > 99% homology

during alignmentconsidered valid sequencingdata.

These sequences were then aligned using multiple sequence alignment

(www.ebi.ac.uk/ClustalW) with each other and the pre-existing published sequence

on NCBI and EnsEMBL. Multiple sequence alignment was performed between
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species to check homology and for presence of single nucleotide polymorphisms

(SNPs) in the region of the canine LEPR amplified.

Sequencing and multiple sequence alignment was performed on RT-PCRproducts

using both sets of LEPR primersand leptin primers.

5.55 Treatment ofCCL cultures for Real-time PCR and Western

Blotting

CCLcell cultures (n=3 dogs) were exposed to treatment for 24 hours for real-time

PCR, and 72 hours for western blotting studies. For initial studies, either rh- leptin

was applied at 5ng/ml and 50ng/ml, rcTNFa at 10ng/ml, or a combination of rh-

leptin at 50ng/nl and 10ng/ml reTNFa. Untreated controls were included throughout.

For subsequent studies, rh-leptin was used at 10ng/ml, 100ng/ml, 1000ng/ml and

rcTNFa wasused at 10 ng/ml.

5.5.1 Real-time PCR

CCLcells cultured as above were used to generate RNA and cDNAasdescribed in

previous chapters. For initial studies, GAPDH wasused as the reference gene but for

subsequent studies, the reference genes identified in Chapter 3 were used to calculate

relative expression of the LepRb gene. The efficiency of the leptin receptor real-time

PCRassay wascalculated to be 96.8%.
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5.5.2 Preparation of CCL samplesfor protein analysis

CCLcells cultures as above were extracted with ice-cold phosphate buffered saline

(PBS), containing protease inhibitors (AEBSF 2mM, EDTA | mM,Bestatin 130uM,

E-64 14 uM, Leupeptin | uM, Aprotinin 0.3 uM). Cell culture samples from 12-well

plates were scraped into 1 ml of the above solution and aspirated through a 20-gauge

needle to shear cells, then incubated on ice for 45 minutes. Following centrifugation

at 10,000g for 10 mins at 4°C, the pellet was mixed with Iml of PBS/protease

inhibitor cocktail and centrifuged again for 10 min at /0000g. The resuspendedpellet

was combined with 1x non-reducing loading buffer and heated to 65°C for 30 mins.

5.6 Identification of leptin receptor protein in CCL cell culture

samples receptor by immunoblotting

The expression of the leptin receptor at the protein level in cell culture samples was

investigated by immunoblotting. After processing as described in the methods

chapter, extracts ofCCL cell cultures were resolved by SDS-PAGEandtransferred

onto nitrocellulose membrane. Subsequently, the membranes were sequentially

incubated with a rabbit polyclonalanti-rat leptin receptor antibody (Abcam5593)ata

dilution of 1:2000 and a horseradish peroxidise (HRP) labelled goat anti-rabbit IgG

secondary antibody ata dilution of 1:250000 prior to development of the blot using

enhanced chemiluminescence.
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5.6.1 SDS-Polyacrylamide gel electrophoresis

Proteins were separated using established methods of SDS-PAGE under non-

reducing conditions. Gels were cast using the BioRad Mini-Protean system with the

resolving section containing 7.5%(w/v) polyacrylamide (37.5T:1C-), 0.375M

Tris/HCL pH 8.8 containing 0.1% w/v SDS, ammonium persulphate (APS) and

tetramethylethylenediamine (TEMED). The stacking gel contained 4% (w/v)

acrylamide, 0.123 M Tris/HCL, pH 6.8 with 0.1% (w/v) SDS, again polymerised by

the addition of APS and TEMED. Samples previously mixed with equal volumes of

(2x) sample buffer were loaded onto the gel (15ul) per sample with marker lanes

containing 5ul standard protein molecular weight markers (See Blue Plus2,

Invitrogen). Gels were run at 200V for approximately 45 minutes, or until the dye

front had reached the bottom of the gel. Duplicate gels were run for each batch of

samples, one for protein determination and the other for western blotting.

Proteins were visualised by staining the gel in 0.2% Coomassie blue, in 7.5% (v/v)

acetic acid and 10% methanol for 60 minutes, then destained in 30% methanol, 7%

acetic acid and distilled water for 30 minutes.
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5.6.1.1 Transfer of proteins from SDS PAGE gel onto PVDF membrane

and western blotting.

White side

_—

 

sponge

 

 

Blotting paper

 

 

— PVDF membrane 

— Polyacrylimade Gel 

 

 

 

 

|
Te

Black side *

Figure 5.1: Preparation of blotting apparatus. Black side represents the cathode. Flow of currentis

cathode to anode.

The polyvinylidene difluoride (PVDF) membrane for each gel to be transferred was

soaked for 10 min in 100% methanol prior to assembly of apparatus. The transfer

process was run at 100V for 1 hour in transfer tanks containing ice-cooled transfer

buffer. Once transferred, membranes were rinsed in PBS, pre-incubated in blocking

buffer (5% w/v skimmed milk powder in PBS / 0.1% v/v Tween 20) for 1 hour. Blots

were then cut with one section for incubation with primary antibodyand the other for

the negative control The blots were incubated witha rabbit polyclonal, anti-rat leptin

receptor antibody (Abcam 5593) (1:1000 in PBS/Tween), overnight at room

temperature. Negative control blots were incubated in PBS/Tween, without primary

antibody. Blots were washed twice in PBS/Tween and then incubated with secondary

antibody goat anti-rabbit IgG Horseradish peroxidase (HRP) conjugate, diluted
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1:2000 (Biosource ALI4404) for 1 hour at room temperature. Subsequently, blots

were washed for 1 hour (6x) in PBS/Tween.

5.6.1.2 Western Blot analysis of LEPR protein expression in CCL cells in

culture.

The ECL™detection system was obtained from Amersham. This system allows for

high sensitivity non-radioactive detection of less than lpg of antigen, conjugated

with HRP labelled secondary antibodies. The primary antibody is designed to

recognise a peptide sequence unique to the protein of interest. The problem with

many commercially available proteins is that they have not been tested for cross-

reactivity with canine, as was the case with the anti-leptin receptor antibodies

currently available. The rabbit anti-rat leptin receptor antibody (Abcam 5593)

recognises the rat leptin peptide sequence (below) andis reported to cross-react with

the corresponding human sequence (Abcam website, anonymous review 224 Jan

2008).

RAT KEIQWKTHEVFDAKSKSA

HUMAN KE VQWKMYEVY DAKSKSV

Abcam 5593 anti- leptin receptor antibody recognises region amino acid residue 569-

586 ofthe canine peptide sequence on EnsEMBL,spanning exons 10 and 11 of the

canine sequence. This region is commonto all isoforms of the leptin receptor.

Therefore, this antibody maydetectother isoforms, not just LEPRb.
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To confirm that any bands detected were the long form of the leptin receptor, a

limited supply of an antibody specific to this isoform became available commercially

(rabbit anti-human leptin receptor-long, cat no 4781-L, Linco Research Inc). This

antibody was used in western blotting at a dilution of 1:200 alongside the AbCam

antibody.

5.7 Immunohistochemistry for leptin receptor

For the in situ demonstration of leptin receptor expression in the CCL, a rat anti

peptide antibody and the peroxidase anti-peroxidase (PAP) method were applied

according to immunohistochemical protocols previously established by Anja Kipar,

Department of Veterinary Pathology, University of Liverpool. Immunohistochemistry

was performed by the Histology Laboratory, Veterinary Laboratory Services, Faculty

ofVeterinary Science.

Sections were deparaffinised in xylene for 10 min and rehydrated for 3 minutes each in

2 x isopropanol and 1 x 96% ethanol Subsequently, consecutive sections from each

case underwent hyaluronidase and citrate buffer pre-treatment, respectively, for

antigen retrieval/epitope unmasking.

Hyaluronidase pre-treatment included washing with PBS and incubation for | hour at

room temperature with bovine testicular hyaluronidase (1 mg/ml) in PBS containing

protease inhibitor cocktail, then washed again with PBS. This was followed by

inactivation of endogenous peroxidase by 30 min incubation in methanolwith freshly
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added 0.5% H202 (Perhydrol 30%, Merck) at room temperature, followed by washing

with TBS(see Appendix II).

For citrate buffer pre-treatment, slides first underwent inactivation of endogenous

peroxidase (see above), were washed in TBS, and were then incubated for 25-30

minutes in pre-warmedcitrate buffer (pH 6.0, see Appendix) at 97°C. Slides were then

cooled for 15-20 min at room temperature and were subsequently washed with TBS.

Slides were put into cover plates m Sequenza racks (Shandon) and washed with TBS.

Non-specific binding of antiserum was blocked with 50% swine serum in TBS for

10 minutes.

Slides were incubated at 4°C for 15-18 hours with rabbit anti-leptin receptor (Abcam;

1:100 in 20% swine serum in TBS), then washed with TBS, followed by incubation for

30 min at room temperature with swine anttrabbit IgG (1:100 in 20% swine serum in

TBS; DAKO Cytomation), washed with TBS and incubation for 30 min at room

temperature with PAP (rabbit; 1:100 in 20% swine serum in TBS; DAKO

Cytomation). Slides were then washed with TBS and taken out ofthe cover plates.

After a 10 minutes incubation (with continual stirring) with 3,3’ diaminobencidintetra-

hydrochloride (DAB, Fluka) and 0.01% H202 (30%, see above) in 0,1 M

imidazole/HC1 buffer (pH 7.1; see Appendix) at room temperature, slides were

washed with TBS 3 x and distilled water once for each 5 min and subsequently

counterstained for 10 seconds with Papanicolaou’s haematoxylin (see Appendix).
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After 5 minutes blueing in tap water, slides were dehydrated in ascending ethanol and

2 x xylene and mounted with coverslips. As negative controls, consecutive sections,

pre-treated with citrate buffer, were incubated with TBS alone instead of the primary

antibody.
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5.8 Results

5.8.1 Identification of the long form of the Leptin receptor (LEPRb)

mRNAintissues of the canine knee joint and in CCL cells in

culture.

To investigate the effects of leptinon CCL cells, it was essential to know whetherthe

cells of the canine CCL expressed the molecular machinery (such as the receptor)to

allow leptin to potentiate a response. The long intracellular signalling form of the

leptin receptor (LEPRb) was examined in tissues of the canine stifle joint because

this isoform is knownto participate in intracellular signalling pathways. As described

in the gene expression section, cDNA was prepared from canine knee joint tissues,

(cartilage, CCL, meniscus and muscle) and also from CCL cell cultures samples

from adult dogs of mixed breeds.

At the time of these studies, the canine genome sequencing project had not been

completed. Therefore, primers were initially designed based on human LEPRb

sequences (Laud and others, 2002, Kutoh and others, 1997). The sequences of the

forward and reverse primers (Primer Pair 1) used to amplify the canine LEPRb were

3’ccagaaacatttgagcatct-5’ and 3’caaaaacacaccactctct -5’, respectively. Using primer

pair 1, RT-PCR amplification of LEPRb cDNAyielded a single product of 572 bp

using cDNAprepared from tissues of the canine knee joint (Figure. 5.2) and CCL

cell culture samples (figure 5.3). This product was of the expected size, as calculated

from the human LEPRb sequence (NCBI GenBank Accession number U43168).
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Figure 5.2: Agarosegel analysis of the 572 bp product generated using primerpair | to amplify

LEPRb cDNAfrom canine stifle joint tissues. Lane 1, 100 bp molecular weight marker. PCR

Amplification products were produced using cDNA from CCL(lanes 2 and 3), articular

cartilage (lanes 5 and 7), the medial meniscus(lane 8) and muscle (lane 9). Lanes 4 and 6 no sample

dueto errors with sample loadingin to gel.

 

1 2 3 4 5 6 7 8

Figure. 5.3 Agarose gel electrophoresis ofPCR product obtained using cDNAprepared from

CCL cells in culture using primerpair 1. Four separate CCL cultures at various passages were all

positive (lanes 2-5). Lane 6no sample. Negative controls (lane 1) and molecular weight markers

(lanes 7 and 8) were also included.
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LEPRb mRNAwasexpressed in all CCL cultures investigated, irrespective of the

type or breed of the individual donor dogs orthe length of time, or serial passages, in

culture. The PCR product (amplicon) was purified and sequenced using both PCR

primers to obtain sequence in the forward and reverse directions in order to eliminate

sequencing errors. Subsequently, it was submitted to GenBank

(http://Awww.ncbi.nlm.nih.gov/) and included on their database (Accession number

AY753649).

In order to compare the sequence obtained for canine LEPRb with other mammalian

species, the sequences were analysed using an alignment programme (BLAST,

http://www.ncbinlm.nih.gov/BLAST/). A high degree of sequence homology was

observed with the LEPRb sequence from other mammalian species, as shown in

figure 5.4. The sequence homologies at the nucleotide level were 87%, 85%, 86%,

83% and 84% to sequences from Bos Taurus (cow), Homo sapiens (Human), Ovis

aries (sheep), Mus musculus (mouse) and Rattus norvegicus (rat) respectively.
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CanisAY753649

CanisAB190512

Susscrofa_AF092422

Homosapiens_U43168

BosTaurus_AB199589

Musmusculus_U58863

—————-AC-GAATC-GTGATATTTGGTCCTCTTCTTTTGGAA

TTTGAGCATCTTTTTATCAAGCATACAGAATCAGTGATATTTGGTCCTCTTCTTTTGGAA

TTTGAGCATCTTTTTATCAAGCACACAGAATCAGTGACATTTGGCCCTCTTCTTTTGGAG

TTTGAGCATCTTTTTATCAAGCATACAGCATCAGTGACATGTGGTCCTCTTCTTTTGGAG

TTTGAGCATCTTTTTATCAAGCATACAGAATCAACGACCTTTGGTCCTCTTCTTTTGGAG

TTTGAGCATCTTTTTACCAAGCACGCAGAATCAGTGATATTTGGTCCTCTTCTTCTGGAG

RIISISJOOk

CCTGAAACCATTTCAGAAGATATCAGTGTTGACACATCATGGAAGAATAAAGATGAGATG

CCTGAAACCATTTCAGAAGATATCAGTGTTGACATATCATGGAAGAATAARAGATGAGATG

CCTGAAACCATTTCAGAAGATATCAGTGTTGATACATCATGGAAAAATAAGGATGAGATG

CCTGAAACAATTTCAGAAGATATCAGTGTTGATACATCATGGAAAAATAAAGATGAGATG

CCTGAAACCATTTCAGAAGATATCAGTGTTGATACATCATGGAAAAATAAAGATGAGATG

 
CCTGAACCCATTTCAGAAGAAATCAGTGTCGATACAGCTT ARATAAAGATGAGATG

FOI ISISIIS ISI II SII TG OG OIGISISa JODOIo

GTGCCAACAACTATGGTCTCTCTGCTTTTGACAACTCCGGATCTTGAAAAGGGTTCTATT

GTGCCAACAACTATGGTCTCTCTGCTTTTGACAACTCCGGATCTTGAAAAGGGTTCTATT

GTGCCACCAACTACAGTCTCTCTACTCTTGACAACTCCGGACCTTGAAAAGAGTTCAATT

ATGCCAACAACTGTGGTCTCTCTACTTTCAA( -~-CAGATCTTGARAAGGGTTCTGTT

 

GTGCCAGCAACTACAGATGCTCTACTTTTGACGACTCCAGATCTTGAAAA TCTATT

GTICCCAGCAGCTATGGTCTCCCTTCTTTTGACCACACCAGACCCTGAAAGCAGTTCTATT

BkRk okok ei tok

TGTATCCGTGATCAGCACAACAGTGCTAACTTCTCTGAGCTGGAGAGCACCGTGGTAACC

TGTATCCGTGATCAGCACAACAGTGCTAACTTCTCTGAGCTGGAGAGCACCGTGGTAACC

TGTATTAGTGACCAACGCAGCAGTGCCCACTTCTCTGAGGCTGAGAGCATGGAGATAACT

TGTATTAGTGACCAGTTCAACAGTGTTAACTTCTCTGAGGCTGAGGGTACTGAGGTAACC

TGTATTAGTGACCAATGCAGCAGTGCTCAATTCTCTGAGGCTGAGAGCACAGACATAACC

TGTATTAGTGACCAGTGTAACAGTGCTAACTTCTCTGGGTCTCAGAGCACCCAGGTAACC

A RRR te koOk ho& tk ok ee

CGTGAGGATGAGGGCAGGAGGCAGCCCTCTGTTAGATATGCCACCCTCCTCACCAGCTCT

CGTGAGGATGAGGGCAGGAGGCAGCCCTCTGTTAGATATGCCACCCTCCTCACCAGCTCT

CGTGAGGATGAAAATAGAAGACAGCCCTCTATTAAATATGCCACCCTGCTCAGCAGCCCT

TATGAGGCCGAAAGCCAGAGACAACCCTTTGTTAAATACGCCACGCTGATCAGCAACTCT

TGTGAGGATGAGAGCAGGAGACAGCCCTCTGTTAAATATGCCACCCTGCTCAGCAACTCT

TGTGAGGATGAGTGTCAGAGACAACCCTCAGTTAAATATGCAACTCTGGTCAGCAACGAT

Hkte Fok to tet oo i tok RR doko oe

ABAATCAAGTGAAATTGAGGAAGAGCAAGGGCTTATAAACAGCTCAGTCAGCAAATGCTTC

AAATCAAGTGAAATTGAGGAAGAGCAAGGGCTTATAARACAGCTCAGTCAGCAAATGCTTC

AAATCAGGTGAAACTGAGCAAGAGCAAGAACTTGTAAGTAGCTTGGTCAGCAGATGCTTC

AAACCAAGTGAARACTGGTGAAGAACAAGGGCTTATAAATAGTTCAGTCACCAAGTGCTTC

AAATCAGGTGAAACTGAGGAGGAGCAAGGACTTATAAATAGCTCAGTCAGCARATGCTTT

AARACTAGTGGAAACTGATGAAGAGCAAGGGTTTATCCATAGTCCTGTCAGCAACTGCATC

Bk Okkk ROek +e Rak Re OOF

TCTAGCAAAAATTCTCTACCAAAGGGTTCTTTTTCTAACAGCTCATGGGAGATAGARACT

TCTAGCAAAAATTCTCTACCAAAGGGTTCTTTTTCTAACAGCTCATGGGAGATAGAAACT

TCTAGCAGCAATTCCCTACCGAAAGAGTCTTTCTCGAATAGCTCATGGGAGATAGAAACC

TCTAGCAAAAATTCTCCGTTGAAGGATTCTTTCTCTAATAGCTCATGGGAGATAGAGGCC

TTGAGCAACAATTCTCCACCAAAGGATTCTTCCTCTAAGAGATCATGGGAAATAGAAACC

TCCAGTAATCATTCCCCACTGAGGCAGTCTTTCTCTAGCAGCTCCTGGGAGACAGAGGCC

tke RRR & * otk ok Ok kk iOk tok ok

CAGGCATTTTTTATATTATCAGATCAGCATCCCAATATAATTTTGCCACACCTTCCATTC

CAGGCATTTTTTATATTATCAGATCAGCATCCCAATATAATTTTGCCACACCTTCCATTC

CAGGCCTTTTTTATTTTATCAGATCAGCATCCCAATATGACTTCACCACACCTTTCCTTC

CAGGCATTTTTTATATTATCAGATCAGCATCCCAACATAATTTCACCACACCTCACATTC

CAGGCATTTTTTATATTGTCAGATCAACATCCCAATATAATTTCACCACACCTTCCGTTC

CAGACATTTTTCCTTTTATCAGACCAGCAACCCACCATGATTTCACCACAACTTTCATTC
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CanisAY753649 TCAGA TTGGATGACCTTTTGAAACTT TTTTCCT GAARAATAATGGT 514

CanisAB190512 TCA TTGGATGACCTTTTGAAACTT TTTTCCT TAATGGT 675

Susscrofa_AF092422 TCH TTGGATGAACTTATGAAGTTT \TTTCCCCAAAGAACATAATGAC 1032

Homosapiens_U43168 TCE TTGGATGAACTTTTGAAATT \TTTCCCTGAAGAAAATAATGAT 1029

BosTaurus_AB199589 TCAGAAGGCCTGGATGAACTTTTGAAACTTGAGGGAAATTTCCCTGAGGAAAATAATAAT 1181

Musmusculus_U58863 TC TGGATGAGCTTTTGGAACT' AGTTTTCCT: \TCACAGG 1557

Rk orek tek kok dann ink kk nk RR

CanisAY753649 GAAAGGTCTGTCTATTATTTAGGGGTCACCTCAATCAAAA, TGGTGGTTTT 574

Canis AB190512 GAAAGGTCTGTCTATTATTTAGGGGTCACCTCAATCAAAAARAGAGAGAGTGGTGTGTTT 735

Susscrofa_AF092422 GAAAGGTCTGTCTATTATTTAGGAGTCACCTCAATCAAAAAGAGAGAGAGTGATGTGTTT 1092

Homosapiens_U43168 BAAARAGTCTATCTATTATTTAGGGGTCACCTCAATCE 'GGTGTGCTT 1089

BosTaurus_AB199589 GAAA-GCCTGTCTATTATTTAGGAGTCACTTCAATCAAAA 'GATGTGTTT 1240

Musmusculus_U58863 GAGAAGTCTGTCTGTTATCTAGGAGTCACCTCCGTCAACAGAAGAGAGAGTGGTGTGCTT 1617

RO OG dg JonG GGG Gon dnctk ok

Canis AY753649 TT 578

CanisAB190512 TTGACTGACGAGTCCCAAGTGTTGTGTCCGTTCCCAGCCCACTGTITTATTCACTGACATC 795

Susscrofa_AF092422 TTGACTGATGAGTCAAGAGTGCGGTGCCCATTCCCAGCCCACTGTTTATTCGCTGACATC 1152

Homosapiens_U43168 TTGACTGACAAGTCAAGGGTATCGTGCCCATTCCCAGCCCCCTGTTTATTCACGGACATC 1149

BosTaurus_AB199589 TTGACCAATGAGTCAAGAGTGTTGTCCCCATTCCCAGCCCACTGTTTATTCACTGACATC 1300

Musmusculus_U58863 TTGACTGGTGAGGCAGGAATCCTGTGCACATTCCCAGCCCAGTGTCTGTTCAGTGACATC 1677

tee

Canis AY753649

CanisAB190512 AGAATCCTCCAGGATAGTTGCTCACACCTTGTAGAAAATAACTTCAATTTAGGAACTTCT 855

Susscrofa_AF092422 AAARATCCTCCAGGAGAGCTGTTCACACCTTGTAGAAAATAATTTCAATTTAGGAACTTCT 1212

Homosapiens_U43168 AGAGTTCTCCAGGACAGTTGCTCACACTTTGTAGAAAATAATATCAACTTAGGAACTTCT 1209

BosTaurus_AB199589 AGAATCCTCCAGGACAGTTGCTCACACCTTGTAGAAAATAACTTCAACTTAGGAACTTCT 1360

Musmusculus_U58863 AGGATCCTCCAGGAGAGATGCTCACACTTTGTAGAAAATAATTTGAGTTTAGGGACCTCT 1737

Figure 5.4: Sequencesfor several different LEPRb sequences were obtained from NCBIand aligned

using ClustalW (www.ebi.ac.uk/ClustalW) to show sequence homology between mammalian species.

Subsequent analyses of LEPRb expression were facilitated by the availability in the

(http ://www.ncbinlm.nih. gov/genome/guide/do g/ andpublic domain

http ://www.ensembLorg/Canis familiaris/index.html) of the canine genome

sequence. Alignment with the canine genome sequence revealed that the primers

based on the published human sequence (primer pair 1) that were being used to

amplify LEPRb were both located in exon 19. A second primerpair (primerpair 2)

was designed to amplify a region that spanned the intron between exons 18 and 19 in
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order to exclude the possibility of the product being amplified from genomic DNA.

This precaution wasin addition to the removal of contaminating genomic DNA from

total RNApreparations by digestion with Dnase.

The forward primer (3’-cagaagccagaaacatttgagc-5’) spanned the junction between

exons 18 and 19, to overlap the intervening intronic sequence in genomic DNA.

Used with the reverse primer 3’ gtgtgagcaactatcctggageg 5’, a single product of the

expected size (658bp) was amplified by PCR and analysed by agarose gel

electrophoresis (Figure 5.5).
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Figure 5.5 Agarosegel electrophoresis of PCR product obtained using cDNA prepapred from CCL

cells in culture using primerpair 2. Eight separate CCL cultures at various passages wereall positive

(lanes 2-9). Molecular weight markers (lanes 1) and negative controls (not shown) were also included.

Samples were run in duplicate (not shown).

5.8.2 Bioinformatics analysis of the exon organisation of the canine

leptin receptor gene.

In order to investigate whether there were any sequence irregularities that may

indicate the presence of a polymorphic site within exon 19, cDNA prepared from

nine different canine CCL cell cultures from adult dogs of mixed breeds were

subjected to RT-PCR and five of these were purified and sequenced. These

sequences were aligned with known sequence from NCBI

(http://www. ncbi.nlm.nih. gov/genome/guide/do g/) and EnsEMBL

(www.ensembLorg) (Fig. 5.6) using ClustalW (www.ebiac.uk/ClustalW). All

samples, except the sample from canine 2 were shown to have identical nucleotide

sequences for the region amplified. The sequence obtained from ensemble was also

shown to differ in two nucleotide bases. The sample from ‘dog 2” may have a SNP or
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sequencing errors; it is more likely a sequencingerrorif it is found at the beginning

or end of the region sequenced. Subsequent translation with ExPASy Translate

software program (http://ca.espasy.org) revealed that if it was a SNP it would not

alter the protein sequence and so would not have functional consequence.

When the canine genome sequence was published, it was observed that the exons 2

and 3 in the canine transcript appear to be fused (Dylan Clements, personal

communication). Therefore, the full canine LEPR transcript has 19 exons and the

humantranscript contains 20 exons.

It was also noted during the sequence alignment studies, that the transcript for other

mammals had varying exon numbers from 18-27 exons (EnsEMBL.org). The

significance of this finding is unknown, but may have important implications in

future studies of the leptin receptor across species.
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CLUSTAL W (1.83) multiple sequence alignment
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CA TCATG GAAGA ATAAA GATGA GATGG TGCC AACAA CTATG GICTC TCTGC TTTTG ACAA

cA ATAAAGATGA TGCC AACAA CTATG GTCTC TCTGC TTTTG ACAA

cA ATAAA GATGA TGCC AACAA CTATG GICTC TCTGC TTTTG ACAA

cA ATAAA GATGA GATGG TGCC AACA, TCTC TCTGC TITTG ACAA 

CA TCATG GAAGA ATAAA GATGA GATGG TGCC AACAA CTATG GICTC TCTGC TTTTG ACAA,

CA TCATG GAAGA ATAAA GATGA GATGG TGCC AACAA CTATGGTCTC TCTGC TTTTG ACAA

TA TCATG GAAGA ATAAA GATGA GATGG TGCC AACAA CTATG GTCTC TCTGC TTTTG ACAA

CT CCGGA TCTTG AAAAG GGTTC TATTT GTAT CCGTG ATCAG CCCAA CAGTG CTAAC TICT

CT CCGGA TCTTG AAAAG GGTTC TATTT GTAT CCGTG ATCAG CACAA CAGTGCTAAC TICT

CT CCGGA TCTTGAAAAG GGTTC TATTT GTAT CCGTG ATCAG CACAA CAGTGCTAAC TICT

CT CCGGA TCTTG AAAAG GGTTC TATTT GTAT CCGTG ATCAGCACAA CAGTGCTAAC TTCT

CT CCGGA TCTTGAAAAG GGTTC TATTT GTAT CCGTG ATCAG CACAA CAGTG CTAAC TICT

CT CCGGA TCTTG AAAAG GGTTC TATTT GTAT CCGTG ATCAGCACAA CAGTGCTAAC TICT

CT CCGGA TCTTG AAAAG GGTTC TATTT GTAT CCGTG ATCAG CACAA CAGTGCTAAC TICT

CT GAGCT GGAGA GCACC GTGGT AACCC GTGA GGATG AGGGC AGGAG GCAGC CCTCT GTTA

CT GAGCT GGAGA GCACC GTGGT AACCC GTGA GGATG AGGGC AGGAG GCAGC CCTCT GTTA

CT GAGCT GGAGA GCACC GTGGT AACCC GTGA GGATG AGGGC AGGAG GCAGC CCTCT GTTA

CT GAGCT GGAGA GCACC GTGGT AACCC GTGA GGATG AGGGC AGGAG GCAGC CCTCT GTTA

CT GAGCT GGAGA GCACC GTGGT AACCC GTGA GGATG AGGGC AGGAG GCAGC CCTCT GTTA

CT GAGCT GGAGA GCACC GTGGT AACCC GTGA GGATG AGGGC AGGAG GCAGC CCTCT GTTA

CT GAGCT GGAGA GCACC GTGGT AACCC GTGA GGATG AGGGC AGGAG GCAGC CCTCT GTTA

 

GA TATGC CACCC TCCTC ACCAG CTCTA AATC AAGTG AAATT GAGGA AGAGC AAGGG CTTA

GA TATGC CACCC TCCTC ACCAG CTCTA AATC AAGTG AAATT GAGGA AGAGC AAGGGCTTA

GA TATGC CACCC TCCTC ACCAG CTCTA AATC AAGTG AAATT GAGGAAGAGC AAGGGCTTA

GA TATGC CACCC TCCTC ACCAG CTCTA AATC AAGTG AAATT GAGGA AGAGC AAGGG CTTA

GA TATGC CACCC TCCTC ACCAG CTCTA AATC AAGTG AAATT GAGGA AGAGC AAGGGCTTA

GA TATGC CACCC TCCTC ACCAG CTCTA AATC AAGTG AAATT GAGGA AGAGC AAGGGCTTA

GA TATGC CACCC TCCTC ACCAG CTCTA AATC AAGTG AAATT GAGGA AGAGC AAGGGCTTA

 

TA AACAG CTCAG TCAGC ARATG CTICT CTAG CAAAA ATTCT CTACC AAAGGGTICT TITT

TA AACAGCTCAG TCAGC AAATG CTTCT CTAGCAAAA ATICT CTACC AAAGG GTTCT TITT

 TAAACAGCTCA TICT TCT TTTT

TA AACAGCTCAG TCAGC AAATGCTTCT CTAG CAAAA ATTCT CTACC AAAGGGTICT TTTT

TA AACAG CTCAG TCAGC AAATG CTTCT CTAG CAAAA ATTCT CTACC ARAGGGTTCT TTTT

TTA AACAG CTCAG TCAGC AAATG CTTCT CTAG CAAAA ATTCT CTACC AAAGG GTICT TTTT

TA AACAG CTCAG TCAGC AAATG CTICT CTAG CAAAA ATTCT CTACC AAAGGGTICT TTTT

 

 

 CTAACAGCTCAT AACTC AGGC ATTTT TTATA TTATC AGATC cA

CT AACAG CTCAT GGGAG ATAGAAACTC AGGC ATTTT TTATA TTATC AGATC AGCAT CCCA
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Figure 5.6: Nucleotide sequencealignment of Leptin receptor isoform b, PCR product (Genbank

submission AY753649) from cDNAprepared from one individual canine using primer pair | (Study

1) and PCRproduct from cDNAprepared from 5 individual cell culture samples (canine 1-5) using

primerpair 2. A ligned with canine boxer sequence on www.ensembl.org.

5.9 Real-time PCR analysis ofLEPRb gene expression andits

regulation by the adipokines, TNFa andleptin

Leptin and TNFaare both produced by adipocytes and it was hypothesised that these

adipokines would regulate LEPRb mRNAexpression in CCLcells. CCL cells were

incubated with 10ng/ml, 100ng/ml, 1000ng/ml rh-leptin and 10ng/ml reTNFa, alone
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and in combination, for a period of 24 hours prior to mRNA and cDNApreparation.

Primers were designed (Primer Express software, Applied Biosystems) to amplify a

200bp region of LEPRb mRNAto allow semi-quantitative measurement of LEPRb

mRNAexpressionlevels, using real-time PCR analysis.

For the purpose of this and subsequent studies it was decided to use a SYBR green

detection system. This is a universal detection system because SYBR green will bind

to any double stranded amplified DNA. Hence, the specificity of the reaction is

dependenton good design ofprimers.

The initial studies used 10ng/ml of rh-leptin and 10ng/ml reTNFoa and the AACt

method for determining changes in gene expression ofa target gene, in this case

LEPRb, relative to an endogenous control or ‘housekeeping’ gene, GAPDH.

GAPDH, used as the reference gene initially, had similar enough efficiencies to

apply this method. As shown in Figure 5.7, incubation of the cells with reINFa

resulted in significant (P<0.05) down-regulation of LEPRb mRNAexpression. The

actual reTNFa-induced decrease in LEPRb mRNAexpression wasoverten-fold.

There was no significant effect (p>0.05) observed in LEPRb mRNAexpression in

canine CCLcells treated with 10 ng/ml rh- leptin. There was also no difference in the

response to 10ng/ml reTNFa in combination with 10 ng/ml rh-leptin, relative to

rcTINFo alone. Melting curves of SYBR green qPCR products showed one peak,

confirming the presence ofa single amplified product.
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Figure 5.7: Preliminary studies relative to GAPDH expression. SBYR greenreal-time PCR for

LEPRb in CCLcells after incubation with leptin and TNF alpha. cDNAprepared from triplicate, in

vitro CCL cell cultures. CCL cells were incubated for 24 hours with serum free (phenolfree)

DM EM/F12 medium +/- treatment (10ng/mlleptin and 10ng/ml TNF alpha)prior to RNA isolation

and preparation of cDNA.Significant differences were observed in untreated samples compared to

TNFalpha and TNFalphain combination with leptin. *P < 0.01 (one way ANOVA, Bonferroni's

Multiple Comparisontest) +/- S.D. bars. No significant difference (>0.05) between TNFalonevs.

TNF in combination withleptin.

As described in previous chapters, the selection of the most appropriate reference

genes allows for more robust calculation of changes in relative gene expression.

Therefore, using cDNA prepared from cells treated with rh leptin at 10ng/ml,

100ng/ml, 1000ng/ml and rcTNFa at 10ng/ml, gene expression analysis was

undertaken as described in chapter 3 using the reference genes IMP, HIRA and

RPL13A. The results for cDNA samples from three dogs are shownin figure 5.8.

197



 

 

0.1

0.01

lo
g

re
la

ti
ve

g
e
n
e
n
e
x
p
r
e
s
s
i
o
n

0.001   

 

0.0001
control leptin 10 leptin 100 leptin 1000 1000+TNF TNF

treatment group

Figure 5.8 Real time PCR.Data from three individual dogs are presented separately as there was

variability between each animal. Relative gene expression changes normalised to IMP, HIRA and

RPL13A.

A significant down regulation was observed in dog 1 (grey column) in the *10ng/ml

rcTNFa combined with 1000ng/ml rh-leptin’ versus the untreated control group

(P<0.05). A significant down regulation of leptin receptor mRNA wasobserved in

dog 2 (white column) between the reTNFa group when compared to the untreated

control (P<0.01) and no significant change was observed across any of the treatment

groups in dog 3 (black column).

5.10 Immunoblotting of the pellet fraction of extracted CCL cells

Using the antibody obtained from Abcam (figure 5.9B and figure 5.10A and 5.10B),

three molecular weight species were obtained of 180kDa, 76kDa and 27kDa(figure

5.9). The latter two also appeared onthe blot in which the primary antibody had been

omitted (figure 5.9A), indicating that they were the result of binding secondary
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antibody non-specifically. This antibody detects all forms of the leptin receptor and,

when the blots were stripped and re-probed with the long form-specific receptor

antibody (Linco) (see figure 5.9 C and 5.11), it was observed that the highest

molecular weight band was the same molecular weight band confirming that the long

form of the leptin receptor was present in CCL cells. The specific band of molecular

weight of 181 kDa corresponds to the glycosylated form of LepRb as observed by

Guerra and colleagues (2008); they reported a band of 170 kDa. Differences could be

due to species differences, or experimental variation due to molecular weight

standards. This study was repeated with protein ftom three individual CCL cultures.

Although not indicated on the figure, the CCL extracts were from cells treated with

rh-leptin and rcTNFa. The results, however, were inconclusive with respect to

regulation of leptin receptor protein, as observed in the gene expression studies.

A B C

Figure 5.9 Westem Blot showing immunoreactivity with primary antibodyforall isoforms of the

leptin receptor (Abcam 5593)(B) and long form specific primary antibody (Linco)(C). The negative

control is shown in (A). Highest band molecular weight approx. 181kDa, two non-specific lower

bands of 76 kDa and 27 kDa.
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A B

Figure 5.10 Westem Blots showing immunoreactivity with leptin receptor for all isoforms primary

antibody (Abcam 5593). The highest band molecular weight is approx 181kDa. Two nonspecific

lower bands of 76 kDa and 27 kDa.

Figure 5.11 Western Blot showing immunoreactivity with Linco LepRb-specific primary antibody.

Highest band molecular weight approx 181kDa. Two non specific lower bands of 76 kDa and 27 kDa.
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5.11 Leptin mRNA expression in CCL cells in culture.

Leptin expression has previously been identified in other connective tissue cells,

such as chondrocytes, and expression appears to be upregulated in osteoarthritic

articular cartilage. As well as investigating the expression of the receptor, cDNA

obtained from canine CCLcells was also used to explore the expression of leptin

itself. Investigations using RT-PCR and primers for canine leptin demonstrated that

CCLcells in culture express a 250bp band corresponding to the RT-PCR product

size expected (fig 5.12). Subsequent purification, sequencing and alignment

(ClustalW and BLAST)ofthe PCRproduct revealed that canine CCL cells in culture

(passage 2-6) express mRNA for leptin. This is a novel finding for cruciate ligament

cells in any species.

 

4 2 3 4 5 gente. 5.12:

Agarosegel electrophoresis of PCR product obtained using cDNA prepared from CCLcells in culture

using primers designed to amplify a 250bp region of leptin mRNA in the canine. Five individual CCL

cultures at various passages wereall positive (lanes 2-6). 100bp Molecular weight marker(lane 1) was

also included.

5.12 Identification of leptin receptor in CCLsections by

immunohistochemistry
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Having identified the presence of leptin receptor immunoreactive species by

immunoblotting in CCLs from cell culture samples, it was logical to confirm that

cells expressed the leptin receptor in situ within the intact CCL tissue, To determine

the specific localisation of LEPR in CCL tissue sections, studies were conducted

using immunohistochemistry (IHC) techniques on CCL tissue removed from adult

dogs of mixed breeds, and fixed immediately in 4% paraformaldehyde. The IHC

studies were undertaken using the expertise and facilities available within the

Department ofVeterinary Pathology, University of Liverpool

During the optimisation stages, digestion of the matrix using bovine testicular

hyaluronidase and the use of other antigen unmasking procedures were explored.

Antileptin receptor antibody (Abcam 5593) was used at 1:500 dilution. The majority

of the ovoid cells of the canine CCL, showed positive staining (brown) for LEPR

(Figs. 5.13 A-E). Staining appeared to be predominantly cytoplasmic with only a few

cells clearly having cell membrane immunoreactivity. The sparsely interspersed

ovoid cells running parallel to the fibres of the CCL had light to moderate intensity

ofLEPR antibodystaining.

The tissue sections shown in Figure 5.13 A and B displayed increased density of

cells and increased leptin receptor staining in some areas. The increased density and

cell number appeared to be associated with areas of disrupted extracellular matrix

surrounding the cells, although such an observation cannot be quantitative, because

tissue disruption mayresult in unmaskingofthe epitope identified by the antibody.
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Figure 5.13 A-F Immunohistochemicalanalysis ofleptin receptorin canine cranial cruciate ligament. Tissue was

fixed in 4% formalin. andleptin receptor antibody as used previously in western blot (Abcam 5593) at a dilution of

1:500. Areas stained brown (mainly cytoplasmic) were positive for leptin receptor (black arrows). A and E

(magnification 100x) increased cell number (density), changein cell morphology (rounded appearance) and increased

LEPRstaining in cytoplasmic region. Areas ofpossible tissue and crimp disruption are indicated by red arrows E—

sparse distribution ofCCL cells moderate leptin receptorstaining interspersed with characteristic crimped collagen

fibrils. F— shows possible nuclear staining for LEPR
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As this wasthe first time that this antibody was reported to be used on caninecells,

and given the complexity of the receptor isoforms, it was not possible to predict

expected molecular weights for immunoreactive bands. However, according to the

literature, the molecular weight of the leptin receptor isoforms in any species remain

inconclusive and this may be due to glycosylation differences and reported

dimerization (Devos and others, 1997, Haniu and others, 1998). In the studies

reported within this chapter, the bands were not very well focussed within the gel nor

after transfer on to the blot - an indication of their carbohydrate content. The

extracellular domain of the leptin receptor is responsible for the formation of

homodimers which can occur independently of ligand binding (Haniu and others,

1998). It has been reported that leptin receptors exist as constitutive dimers 60% of

the time, in the absence of leptin (Couturier and Jockers, 2003b). However, these

authors speculated that leptin receptor activation may be based on ligand-induced

conformational changes rather than ligand- induced dimerization.

A limitation of the immunohistochamical leptin receptor staining reported herein 1s

that there are no true controls shown. Sometimes non-specific protein binding is

observed. Therefore, if the experiment was repeated a ‘non-sense’ antibody, or an

appropriate animal serum would be usedto alleviate this problem. Becausethe leptin

receptor antibody in these studies produced several bands on the immunoblots, it

could be that more than one isoform exists in the canine CCL as a result of

alternative exon usage,or that post-translational modifications have occurred.
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Sequence alignment (www.ensemble.org) of the peptide sequence of LEPR antibody

(Abcam 5593) revealed that the leptin receptor antibody recognises a region within

exon 11, which correspondsto a region in the extracellular domain which is common

to all leptin receptor isoforms, including the soluble isoform. Therefore, this

particular antibody can detect all known isoforms of the leptin receptor. BLAST

(http://www.ncbi.nlm.nih.gov/BLAST) analysis was conducted on the LEPR

immunogen peptide sequence provided by Abcam to ensure that the anti-leptin

receptor antibodydid not recognise any other proteins in the dog.

A literature search on the canine leptin receptor isoforms, following the completion

of these experiments, revealed that it is not currently known whatsize the leptin

receptor is in canine cells and also how many isoforms exist. There are six known

isoforms in the mouse andfive in the human being.

In the previous chapter, only expression of LEPRb mRNAwasassessed in the CCL,

so it is not confirmed whether the canine CCLcells also express mRNA for other

leptin receptor isoforms. The largest molecular weight product observed in

immunoblots may be the dimerized form (Couturier and Jockers, 2003b) of the leptin

receptor, as this has been reported to occur in other species and cell types. However,

with respect to the bands of the other molecular weights, it is unclear from the

current published data on other species what these maypotentially be. The majority

of the published data on immunoblotdetection of leptin receptor isoforms is on the

soluble form of the leptin receptor, LEPRe. There are no published data to compare

these findings with respect to the molecular weight and post-translational
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modifications such as dimerisation, glycosylation, or phophorylation of the leptin

receptor in any cell type in the dog.

Our studies also show the staining for LEPR in the CCL is predominantly

intracellular or cytoplasmic. Leptin may be able to bind to intracellular receptors or

the hormone/receptor complex may subject to internalisation. These findings are

consistent with a recent study conducted on Hela cell lines which shows that the

leptin receptor undergoes rapid internalisation and intracellular retention, witha half

life ofjust two hours even in the absence of ligand binding (Belouzard and others,

2004).

The increased staining density for leptin receptor and increased cell number observed

in some CCL sections may be due to a genuine up-regulation of LEPRb.

Alternatively, that disrupted matrix has revealed previously masked cells and leptin

receptors present in the CCL. Studies on hypertrophic articular cartilage samples

(Dumond and others, 2003b) showed that LEPR expression is increased in OA

compared to those samples from healthy joints. An increase in LEPR expression in

actively remodelling tissues may be a response to an increase in energy requirements

during attempted tissue repair. The expression of LEPR in the canine CCL shows

that leptin may have a fundamental role in remodelling of ligament and other

connective tissues, or that increase in leptin receptor expression maybe a responseto

a phenotypic changein the cell. Hyperleptinaemia and leptin receptor mutations have

been shownto be associated with ossification of spinal ligaments in humans (Tahara

and others, 2005). Ossification is a distinct calcified change in ligamentstructure,

with a subsequent change in elasticity of the tissue.
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The studies described here also showedthat cells with increased staining intensity for

LEPR also had a more rounded appearance than the majority of cells in the CCL

sections. This was possibly due to a loss of attachment to matrix or a change in cell

phenotype. Rounded cells with increased LEPRstaining also appear to be associated

with areas of non-linear fibres, which mayrepresent the centre of the 90° twistin the

middle of the CCL where compression of the ligament tissue may be occurring.It is

hypothesized that a change in cell phenotype may be associated with remodelling

and precede degeneration and failure of the ligament.

In conclusion, this is the first time research has shownleptin receptors identified by

immunohistochemistry in cruciate ligaments, or any ligaments of any species.

Further work is required to elucidate the full implications of these findings. Other

connective tissue cells, such as chondrocytes in cartilage, have previously been

shown to express leptin and its receptor with the long intra-cellular domain LEPRb

(Dumond and others, 2003b).

The importance of the expression of LEPRb and leptin mRNA expression by CCL

cells is currently unknown, but may indicate that leptin plays a much wider role in

the metabolic functions of cells in peripheral tissues than initially proposed. Local

production of leptin by ligament fibroblasts themselves, and also leptin and LEPRb

expression by cells in swrounding tissues, such ascartilage, meniscus, fat-pad and

muscle, suggests that leptin may act in an autocrine or paracrine manner. It is

hypothesized that if leptin acts in an autocrine manner, it could be a main factor in

maintaining homeostatic energy balanceofcells.
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These results combined indicate a local source and potential autocrine or paracrine

role for adipokines, which maybe of particular importance in a joint such as the

knee, where a considerable amountof fat is often found in very close proximity to

the other synovial joint tissues. Adipose tissue at the entheses of cruciate ligament

and the infrapatellar fat-pad mayalso contribute to the sensation ofjoint pain, and

mayalso be a source of inflammatory mediators (Benjamin and others, 2004a).

Recently, it has been shownin a hepatic carcinomacell line (HepG2), that leptin can

inhibit the expression of both the long isoform and a short isoform of its receptor

(Liu and others, 2004). Expression of the LEPRa and LEPRbis also regulated by the

glucocorticoid, dexamethosone (Liu and others, 2004) and the hormoneprogesterone

(Koshiba and others, 2001). The results of the studies described in this chapter,

however, showed no significant effect on receptor regulation by leptin, which is

inconsistent with a previous study (Liu and others, 2004). The lack of response with

respect to receptor regulation in canine CCL cells when incubated with leptin may be

due to the concentration used or the cell type examined. Recombinant humanleptin

may also not be specific enough to elicit a response, due to species specificity

problems. At the time of these studies, recombinant canine leptin was not

commercially available. A significant finding in our studies was that reTNFa

significantly down-regulated LEPRb expression. This is the first time any research

has shown the potential downregulation of leptin receptor by the inflammatory

cytokine, reTNFa in anytissue.
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Regulation of leptin receptor expression by rcTNFa is an important finding in

connective tissue research. TNFa has been shownto be elevated in the synovialfluid

shortly after rupture of the CCL and is probably involved in the early inflammatory

response. Adipokine regulation in the synovial joint tissues may have important

implications for the treatment and surgical repair of ruptured CCL. Further, it may

aid our understanding of the systemic contribution of obesity and adipokines to the

turnover and pathology ofCCL rupture and OA.

209



6 Discussion

6.1 General Discussion

The overarching hypothesis that ‘hormones and adipokines can influence the

turnover ofCCL extra-cellular matrix by altering expression ofMMPsand collagen,

and that alterations in structural composition of the ECM through regulation by

these factors contributes to weakening, laxity and subsequent rupture of the

ligament’ was tested to some degreein the previous chapters ofthis research.

The initial outline of this project was to examine CCL cells from distinct groups of

dogs, with respect to sex and age. However, dueto difficulties in obtaining tissue and

being able to determine the exact age of the mixed breed dogs, the project direction

had to change quite early in the studies. Tissue was obtained from randomly selected

adult dogs of mixed breeds and the cells subsequently isolated and grown in cell

culture. Therefore, the possibility that age, breed and gender may have influences on

any findings has not been explored.

The histological studies conducted in chapter 2 of this PhD thesis confirmed that the

CCLhas a sparse blood supply, with vessels of varying sizes and orientation being

apparent. From a comparative perspective, the vasculature in the human ACL and

canine CCL is currently thought to originate from the middle geniculate artery in the

synovium and also possibly Hoffa’s fat-pad (Kobayashi and others, 2006a,

Scapinelli, 1997, Simank and others, 1995). Blood vessels are a route, aside from the

synovialfluid, that the cells within the substance of the CCL may derive nutrients
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and be exposed to growth factors and hormones, which include the adipokines, leptin

and TNFa. As a consequence of using mild digestion of the CCLtissue, preliminary

evidence was obtained that the CCL cells are maintained in longitudinal array by a

pericellular matrix, which contains components which are not digestible by

collagenase.

Onestudyassessed the differential concentrations ofadipokines within synovialfluid

relative to serum levels (Presle and others, 2006). Free leptin concentration was

significantly higher in synovial fluid, but as a consequence of decreased levels of the

soluble leptin receptor. Therefore, the synovial fluid pool may have a greater

contribution to the effects of leptin on tissues than the systemic pool available from

the circulation. With regard to production of leptin locally within the human knee

joint, the same authors determined that other tissues, notably the fat-pad and

osteophytes are sources of leptin. Their study however, did not assess the

contribution of the ACL (ruptured or healthy) to the adipokine pool in the synovial

fluid. The research presented in this thesis, suggests that the CCL may also be a

contributor to the levels of leptin in the synovial joint, as leptin expression was

confirmed by RT-PCR in CCLcells in culture. The confirmation of its expressionat

the protein level, however, was limited by the lack ofa cross-reactivity of antileptin

antibody preparations.

Relaxin produces a dose-dependent induction of MMPs,specifically MMP-1, MMP-

3, MMP-9, and MMP-13 in cell isolates and tissue explants from fibrocartilaginous

temporomandibular joint (TMJ) (Kapila and others, 2009). The induction of these

MMPsis accompanied by lossof collagen and glycosaminoglycans (GAGs), which

211



was blocked by a MMP inhibitor. These authors also found the targeted in vivo loss

of collagen and GAGs in TMJ discs of ovariectomized rabbits treated with beta-

oestradiol relaxin, or both hormones together. However in our studies, relaxin and

oestrogen had no effect on MMP-2 or MMP-9 enzymeactivity, as shown by gelatin

zymography. Further studies on the effects of the hormones relaxin, oestrogen and

growth hormone on CCL cells may include examining the transcriptome by

microarray or candidate genes by real-time PCR.

In these studies, it was shown that MMP-13 is expressed by CCL cells and its

expression is significantly up-regulated at the gene and protein level in response to

TNFa. However, no change was observed in the leptin treatment groups. In addition

to collagen, MMP-13 also degrades the proteoglycan, aggrecan, giving it a dual role

in matrix destruction (Fosang and others, 1996). Expression ofMMP-2, MMP-3 and

MMP-9,are also elevated in arthritis and these enzymes degrade collagen and non-

collagen matrix components of the joints (Burrage and Brinckerhoff, 2007). These

results support the notion that TNFa inhibition could be an important target in CCL

disease and OA (Calich and others, 2010, Iannone and Lapadula, 2010, Magnano and

others, 2007).

As shown in Chapter 5, CCL cells express leptin receptor, indicating that the CCLis

likely influenced byleptin, and could therefore be affected by increased levels of

leptin in the synovial fluid. The findings that both leptin and its receptor are

expressed by cruciate ligament cells are novel, and indicate that leptin may have an

autocrine/paracrine role in this tissue. Further work is required to determine the
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expression of leptin and LEPR in the human ACLandalso factors which may

contribute to their regulation in the CCL/ACLandothertissues of the synovialjoint.

As stated above, it has been proposed that autocrine and/or paracrine mechanisms

may exist for the local action of leptin and other adipokines in the synovial jointand,

whilst recent studies confirmed that the fat-pad and synovium were a source of the

adipokine mediators, it was found that osteophytes actually produced much greater

amounts (Presle and others, 2006). Furthermore, chondrocytes from articular

cartilage from osteoarthritic joints produced significantly greater amounts of leptin

than those from healthy joints (Dumondand others, 2003b). Recent evidence suggest

that shifts in the phenotype of chondrocytes can cause important alterations in

expression of adipokines and their receptors, including leptin (Francin and others,

2011). Several researchers have commented that elevated levels of leptin synthesis

and expression appear to be associated with joint pathology and thus may be a

contributing factor to the initiation and progression of pathological changes in OA

(Katz and others, 2010, Gandhi and others, 2010). Conversely, it could also be

argued that these increased levels of leptin observed in areas of tissue undergoing

active remodelling and hypertrophy are a response to the cells’ increased metabolic

demands and mayindicate that leptin is involved in the inflammatory response and

tissue repair in the OA joint. In addition to the fat-pad, adiposetissue is also present

at the endtheses of ligaments, where it may be a source of adipokines and pain

mediation (Benjamin and others, 2004b).

Leptin has previously been shownto be involved in angiogenesis (formation of new

blood vessels), bone developmentand tissue healing, as reviewed (Fruhbeck, 2006).
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Therefore, leptin may play a role in the formation of blood vessels in areas of

osteophyte formation, which appear more vascularised than tissues in healthy joints.

Leptin may also play a role in revascularisation of damaged CCLas an attemptat

repair, although the CCL or ACL doesnot undergo successful repair, but this may be

due to loss of the integrity of the ECM structure as a scaffold for the reparative

process.

Studies on leptin and its receptors have progressed rapidly since the first published

journal on the cloning of leptin (Zhang and others, 1994b) and the longintracellular

form of the leptin receptor (Tartaglia and others, 1995b). Following the cloning of

leptin in 1994 by the Friedman laboratories, it is now established that leptin has a

extremely wide variety ofphysiological roles, including energy homeostasis, growth

and development. Also, the link betweenleptin and manydiseasestates continuesto

strengthen (Trayhurn, 2005b). Research into the role of leptin in cruciate ligament

metabolism is new, despite the vast literature relating to leptin. Existing literature

investigating the role of leptin in ligament metabolism relates mainly to ossification

of supraspinous ligaments (Tahara and others, 2005, Ikeda and others, 2011). These

studies discussed the phenomenon of hyperleptinemia in these patients and also a

genetic mutation in leptin receptor which maypreventleptin signalling.

The research undertaken in this thesis also showed that the mRNA expression of the

long intracellular form of the leptin receptor, (LEPRb) can be significantly

downregulated by physiological levels of TNFa. Thesignificance of this finding is

unknown. However, this downregulation ofLEPRb maybe one of many factorsthat

contribute to leptin resistance. Leptin resistance in obesity is associated with reduced
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leptin receptor expression (Zhang and Scarpace, 2006). Other ways that leptin

resistance may develop include defects in leptin signalling caused by genetic

mutations in the intracellular domain of the leptin receptor. Therefore, it may be is

speculated that leptin resistance, rather than excess leptin, may be detrimental to the

cells of the synovial joint. Leptin plays a crucial role in oxidising intracellularlipids

and in obesity, ‘ectopic lipid deposition’ is observed, that is, lipid in cells whereit is

not usually seen.

Hyperleptinaemia maybe associated with leptin resistance, as is similarly observed

in insulin resistance, where hyperinsulinaemia is also noted, both utilising negative

feedback pathways. Exercise and weight loss in Wistar rats have been shown to

restore both insulin and leptin sensitivity in these animals (Flores and others, 2005).

The soluble leptin receptor is increased in weight loss (Lammert and others, 2001,

Miller and others, 2004), possibly as a mechanism of delaying the metabolism and

clearance of leptin, as the unbound form is currently considered the active form of

leptin.

TNFa is upregulated in obesity (Sethi and Hotamisligil, 1999, Spiegelman and

others, 1995). The effect of weight loss on TNF and soluble TNF receptor

concentrations varies amongst published reports (German and others, 2009, You and

others, 2004, Miller and others, 2008, Nicklas and others, 2004, Ryan and Nicklas,

2004) but, overall, there seems to be a reduction in either TNF a or soluble receptor

associated with weight loss. According to data in this thesis, reduction in TNFa at a

cellular level, might relieve suppression of the long isoform (LEPRb), and leptin

sensitivity accordingly restored. Obviously, there are many other factors to consider
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in the development of leptin resistance, such as the role of other adipokines, but this

mechanism may be one wayin whichsucheffects are realised..

The results from the real-time PCR studies shownin the previous chapters indicated

that CCL cells in culture respond to the inflammatory cytokine, TNFa by

significantly, both statistically and, arguably, biologically upregulating MMPs-1, -3

and -13 expression. Anincrease and co-localisation in TNFa and MMP-3 expression

has been observed in hypertrophic chondrocytes from canine osteoarthritic cartilage

(Kammermann and others, 1996). TNFa has been previously shown to increase

MMP-3 secretion in uterine fibroblasts in a time dependent manner (Braundmeier

and Nowak, 2006). The regulation ofMMPactivity by a pro-inflammatory mediator,

such as TNFa, that is shownto be increased in synovialfluid in early OA (Fernandes

and others, 2002b, Venn and others, 1993a, Penninx and others, 2004) and also in

inflammation and obesity (Hamminga and others, 2006, Trayhurn and Wood, 2004),

has important implications for our understanding of the role of this mediator in

stimulating the release ofMMPs from the CCLand the contribution of CCL-derived

MMPsin to the synovial fluids and turnover of ECM in otherintra-articular tissues

and knee joint pathology.

Chapters 3, 4 and 5 outlined leptin receptor expression and the effects of leptin on

ECM components. Even though these studies have shown the CCL cells possess the

machinery required for leptin to initiate a response through its receptor, no

significant response was observed in mRNA regulation of any of the target

molecules selected for investigation when CCL cells were incubated for 24 hours

with physiological concentrations of rh-leptin. The target ECM molecules for

analysis by real-time PCR were the collagenases, MMP-1 and MMP-13, MMP-3
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(stromelysin-1), and typesI, II and III collagen. There are several reasons whyleptin

at 10ng/ml, and at higher concentrations of 100ng/ml and 1000ng/ml, might have

failed to initiate a significant response. The possible reasons for this include: a), the

leptin used was human recombinant leptin because canine leptin was not

commercially available, and there may have been a problem with species specificity,

b), the concentration of leptin used in the investigations may not have been high

enough; other researchers have used leptin in in vitro studies at concentrations up to

1000ng/ml. The mean leptin concentration in serum of obese dogs was 9ng/ml

(Ishioka and others, 2007) synovial fluid concentrations in humans were in the range

of9 -18 ng/ml (Presle and others, 2006).

Therefore, much more work needs to be done on the potential role of leptin on the

turnover and metabolism of ligaments, with particular emphasis on the ACL/CCL

and the developmentand progression of obesity related-OA in humans and dogs.

It is currently under debate if ACL/CCL rupture and joint laxity is a cause or

consequence of idiopathic OA. A recent study observed that over 20% of patients

with symptomatic knee OA had rupture of the ACL, and half of the patients with

ACLrupture in this study could not recall trauma to the knee joint (Hill and others,

2005) If degradation and failure of the ACL is occurring at the same time as

degenerative changes in OA,it is essential that intervention and treatment of knee

joint disease includes not only therapies to prevent cartilage loss but also therapies

that include treating the pathological changes in the ACL.
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From the results and evidence presented here, it is likely that there are many

contributing factors to the onset and development of knee OA in humanbeings and

dogs, and thatall the tissues in the synovial joint contribute to joint pathology; the

ACL/CCLis a tissue that has been rather neglected in its possible role in human knee

OA,whereasits role in canine knee OA is central and has been considered important,

but its patholo gy is still idiopathic.

Currently, one of the most effective ways of treating OA of the knee joint m human

patients is through weight loss (Felson and others, 1992, Messier and others, 2005,

Miller and others, 2006, Richette and others, 2011), and recent studies have

attempted to examine the best way to achieve weight loss and reduce symptomatic

OAbydietary modifications, lifestyle (exercise) and the two combined.In onestudy,

an average weight loss of 5% over 18 months in overweight and obese adults with

knee OA resulted in an 18% improvement in function (Messier and others, 2005).

Weight loss in humans has been shownto reduce the levels of inflammatory

mediators, such as TNFa, c-reactive protein, IL-6 and leptin (Penninx and others,

2004).

Obesity is a growing problem in companion animals, both cats and dogs (German,

2010, German, 2006). As in human beings, OA in these species is perceived to be a

disorder that is worsened by obesity (Huck and others, 2009, Kealy and others, 2000,

Kealy and others, 1997, Kealy and others, 1993, Kealy and others, 1992).

Furthermore, as in humanpatients, the current pharmacological treatment for OA in

dogs and cats is primarily to treat the pain associated with symptomatic OA

(Sanderson and others, 2009, Innes and others, 2010). It is proposed that the research
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reported in this thesis contributes to knowledge in the growing field of systemic

inflammatory factors associated with obesity in the search for effective therapeutic

regimensfor the prevention and treatment of CCL disease and OA. This research has

shown the novel expression of leptin and the LEPRb receptor in canine CCLcells,

and also that the cells of the CCL respond in vivo to the inflammatory mediator

TNFa by increasing expression of MMP-1, -3 and -13 gene and enzymeactivity.

Arguably, these molecules remain as potential targets in the treatment of CCL

disease and OA.

6.2 Further studies

A major limitation of this work was the unavailability of recombinant canine leptin

(rc-leptin) for use in the cell culture experiments. Therefore, rh-leptin was used

throughout. Ideally, future experiments would be repeated with rc-leptin whenit

becomes available. A research laboratory has successfully isolated and cloned canine

leptin (Iwase and others, 2000) as mentioned in chapter 3, but this is not

commercially available at the time of writing. Another approach would beto culture

human ACLcells and assess the effects of rh-leptin on matrix molecules such as

collagen and MMPs. Toassesif leptin was biologically active it would be advised to

look at activation of intracellular signalling pathways, such as STAT

phosphorylation.

Further studies would involve assessment of the contribution of the inflammatory

adipokines, TNFa and IL-6 on leptin receptor regulation. In addition, further

investigations are required to determine the expression of the other leptin receptor

isoforms in the knee joint, and also how doesleptin elicit a response throughits
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receptors and the intracellular signalling pathways utilised; such an approach may

lead to the identification of therapeutic targets. More comprehensive tools for

identifying leptin-regulated genes and proteins, such as microarrays or proteomic

technologies would be very valuable in identifying the activities of leptin on

ACL/CCLcells and determining its roles in the regulation of ACL/CCL metabolism

and matrix integrity.
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