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Abstract 

 

 

Pathological conditions of cartilage resulting from acute injury are a major cause of 

morbidity.  Surgical intervention, in most cases, does not repair cartilage to its native 

mechanical resilience. The potential benefits of non-invasive approaches for cartilage 

repair and regeneration are enormous.  Mechanical stimulation in normal joint loading is 

required to maintain homeostasis of cartilage.  The micromechanical forces generated by 

low intensity pulsed ultrasound (LIPUS) have been used clinically to accelerate bone 

fracture healing. LIPUS has been reported to increase extracellular matrix formation by 

cultured chondrocytes.     

 

An optimal agarose hydrogel encapsulation system for the application of LIPUS and 

analysis of extracellular matrix (ECM) changes was selected and parameters such as 

varying culture serum and growth factor supplementation were investigated.  Outcome 

measures included cell number, glycosaminoglycan synthesis and collagen synthesis.  

Signal transduction processes resulting from LIPUS and their relation to the temporal 

development of the chondrocyte pericellular matrix (PCM) were investigated.  Outcome 

measures included PCM and cytoskeletal immunohistochemistry and quantification of cell 

and matrix regulatory factors.   

 

LIPUS accelerated the re-establishment of proteoglycan in 20% culture serum, with a 

greater amount of sulphated glycosaminoglycans (sGAG) at day 5 of culture.  However, 

the final content of sGAG within the matrix was not differentially increased after day 9 by 

LIPUS.  Thus, LIPUS accelerated matrix accumulation of sGAG, but did not 
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fundamentally change the amount. LIPUS did not accelerate the onset of total collagen 

production, but did enhance total collagen content at later time periods.  Transducers of the 

LIPUS signal are described in early culture periods, coinciding with the temporal 

development of the PCM. 

 

This work provides evidence that LIPUS limited in its application to cartilage repair as a 

stand alone therapeutic application. 
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Chapter 1.  Introduction 

 

1.1.  Structure and function of cartilage 

 

Cartilage is a firm avascular support tissue that has three important functions  [1; 2].  It 

provides a flexible, yet tough structure to regions such as the thoracic cage and the ear lobe.  

It has resistance to mechanical forces and forms the low friction surface of articulating 

joints and acts as template during the development of most bones.  These functions are 

achieved through a specialised extracellular matrix (ECM) that forms the major component 

of the tissue.   Chondrocytes, the cells of cartilage, synthesise and maintain this matrix. 

 

 

1.1.1.  Classification 

 

Variations in collagen, proteoglycan, non-collagenous protein and water composition 

within the ECM gives rise to three classes of cartilage.  Each cartilage type has differing 

functional roles, which will be discussed below. 

 

1.1.2.  Fibrocartilage 

 

Fibrocartilage is found in the menisci, temporomandibular joint, intervertebral discs, the 

pubic symphysis, around joint capsules and some ligament to bone connections through 

cartilage.  It functions to provide resistance against compression and shear forces.  The 

matrix is composed of type I collagen fibres that provide elasticity and toughness.  Type II 

collagen is also located at various anatomical sites and with varying ratios relative to type I 
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collagen.  These collagen fibres may be arranged into lamellae such as in the annulus 

fibrosus of the intervertebral disc, where circular lamellae provide mechanical strength.  

The fibrocartilage cells [3] are arranged singularly or in rows between the collagen fibre 

bundles and have been referred to as fibroblasts or chondrocytes [4], or even 

fibrochondrocytes [5], depending on the whether the cells originated from fibrous tissue or 

hyaline cartilage. 

 

1.1.3.  Elastic 

 

Elastic cartilage is present in the auricle of the ear [6] and the epipglottis [2] where it acts 

as a flexible support structure that returns to its original form after mechanical deformation.  

The ECM is composed of type II collagen and proteoglycan, with the inclusion of an 

elastic fibre network [7].  The constituents of elastic fibres are an elastin core surrounded 

by fibrillin microfibrils [8].  These elastic fibres are concentrated around the chondrocytes 

which are localised in clusters known as isogenous groups.  

 

1.1.4.  Hyaline and articular 

 

The adult skeleton utilises hyaline cartilage in the larynx, trachea, respiratory bronchi, 

nasal septum, sternal rib ends and on the surface of most articulating joints.  Hyaline 

cartilage has several functions.  It provides a tough support structure, but allows for some 

flexibility.  In the developing skeleton, hyaline cartilage functions as a template for bone 

during endochondral ossification and forms the epiphyseal growth plate.  Hyaline cartilage 

has a greater proteoglycan and water content than fibrocartilage.  The ECM is composed of 

predominantly type II collagen, together with types IX and XI.  Proteoglycan is non-
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covalently bound to hyaluronan to form proteoglycan aggregates.  The chondrocytes are 

located in groups within the matrix.  Mitotic divisions of immature chondrocytes form cell 

groupings that later secrete matrix around themselves into the surroundings.  These cells 

further divide and differentiate forming a cluster of mature cells surrounded by a thin 

border of ECM.   

 

Except in the specialised articulating hyaline cartilage of diarthroidal joints, a dense 

supporting tissue surrounds the perimeter of the tissue.  This outer layer is rich in type I 

collagen and is known as the perichondrium tissue.  It is a source of immature 

chondrocytes (chondroblasts) that are similar in morphology to mature fibroblasts and 

form new cartilage during growth.  Hyaline cartilage can grow as a result of interstitial 

growth from the mitotic division of cells, which uses ECM to expand the distance between 

each cell and appositional growth at the perimeter whereby chondroblasts are recruited and 

differentiate into chondrocytes  [9]. 

 

Articular cartilage is aneural, avascular and alymphatic specialised form of hyaline 

cartilage located on the diarthroidal joint surfaces.  Articular cartilage is not surrounded by 

a perichondrium and is exposed to the synovium at its superficial layer.  Cellularity is low, 

ranging from one to ten percent of the total tissue volume, depending on age and 

anatomical location [2; 10].  Its purpose is to provide low friction, articulating surfaces that 

are resistant to the repetitive mechanical forces of locomotion.  Articualr cartilage, as 

assessed by its material characteristics, is considered to be porous, permeable and soft [11].  

It has two phases, a solid phase of ECM and a fluid phase of ions dissolved in water.  The 

ECM and embedded cells are organised by both zone and region [12]. 
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1.2.  The extracellular matrix of articular cartilage 

 

The ECM provides structural support, acts as a supply of growth factors [13] and provides 

cell signalling cues.  The matrix is organised both through its own innate self-assembling 

ability and the activities of embedded cell that continuously remodelled their surroundings  

[14-16].  This is usually governed through specific cell surface receptors and binding 

epitopes for the matrix.  Muir described the ECM of cartilage as a fibre-reinforced gel [17].  

The major components, by dry weight, of cartilage ECM are collagen, proteoglycan and 

non-collagenous proteins. 

 

1.2.1.  Collagens 

 

Collagen is composed of a repeating (Glycine-X-Y)n amino acid sequence with proline and 

hydroxyproline frequently included at the remaining X and Y positions.  They can be 

classified as fibrillar or non-fibril forming [18], as detailed in Table 1.  The polypeptide 

chain has an alpha helix structure that forms a triple helix supramolecule, although there 

may be non-helical domains along the length.  The high number of cross-links within and 

between collagens gives them their mechanical strength [19].  There are more than twenty 

types of collagen [20] and most types have been described in the different cartilages.  The 

collagens act as an organised structure providing continuous tension against the osmotic 

pressure of the hydrated proteoglycans and act as framework that secures the proteoglycan 

within the matrix.  In articular cartilage they also give resistance against shear forces.  
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The collagens of cartilage 

Fibrillar Non-fibrillar 

Types I, II, III, V and VI Types VI, IX, XIII, XIV, XVI, and XX 

 

Table 1.  Fibrillar and non-fibrillar classification of the cartilage collagens 

 

1.2.1.1.  Fibrillar  

 

The fibrillar collagens of cartilage are types I, II, III, V and XI [21].  These collagens are 

synthesised as precursor molecules (pro-collagens) and are converted into fibrils outside 

the cell through intracellular and extracellular post-translational modifications [17]. Type I 

and type II collagen provide tensile strength [22] and they form heterofibrils with type V 

and type III or type XI respectively as reviewed by Kielty [23].  Type II collagen has a 

higher hydroxylysine content that assists in its interaction with proteoglycans [24] and its 

fibrils are of a smaller diameter in comparison to type I collagen [17].  The type II collagen 

messenger RNA has two splice variants referred to as IIA and IIB.  Splice variant type IIA 

collagen is an immature form associated with potential chondrogenesis [25] and can be 

found in prechondrogenic cells [26], developing intervertebral discs [27], perichondrium 

[18] and osteophytes [28] while type IIB is used to characterise commitment to the 

chondrocyte lineage and demarcates mature cartilage.  Type III collagen is 

characteristically associated with tissue repair, where it may have a role in protecting the 

tissue by crosslinking type I and type II collagen  [29].  It is expressed in healthy articular 

cartilage and at times during osteoarthritis when type I collagen is not being expressed [30; 

31].  Type III collagen, associated with type I, is common in elastic tissues [32].  Type V 

collagen is suggested to be a core around which types I and III form heterofibrils [33].  
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Type XI has a role in fibril diameter control [34] and is found in association with type II 

collagen in articular cartilage, where it too is proposed to form a core for heterofibrils [24]. 

 

1.2.1.2.  Non-fibrillar  

 

The non-fibrillar collagens of cartilage are VI, IX, XIII, XIV, XVI and XX.  Type VI is a 

thin, microfibrillar collagen which has many disulphide bridges and serves to form 

filaments that intertwine with other collagen fibrils [35].  It is expressed in the pericellular 

region of tendon fibrocartilage [36] and articular cartilage [4].  Type VI collagen is 

upregulated in osteoarthritis [37] and has been suggested to be involved in collagen-

proteoglycan relationships in fibrocartilage [4; 38].  Types IX, XII, XIV and XX are fibril-

associated collagens with interrupted triple helices (FACIT) which are located on the 

surface of collagen fibrils [18; 39].  These collagens act to control the diameter of large 

collagen fibres [40].  As such, type IX is associated tangentially on the surface of type II 

collagen [41].  It represents up to two percent of the total collagen in adult articular 

cartilage and is particularly notable in the superficial layer and the territorial matrix [42; 

43].  The smallest diameter fibrils in hyaline cartilage are decorated with type IX collagen 

in preference to decorin [44].  The type IX alpha-two chain of this collagen is bound to a 

carbohydrate molecule and as such can be classed as a proteoglycan.  Type XII and type 

XIV collagen is found associated with type I in regions such as the perichondrium [22]. 

Type XII collagen is also found in fibrocartilage entheses undergoing repair, where it has 

been proposed to aid interactions with collagen type I or other matrix constituents [45].  

Type XX collagen is found in sternal cartilage [46].  Type X collagen is a short chain that 

forms a hexagonal network and which assists in mineralisation as described by Schmid 

[47].  Foetal chondrocytes that have undergone hypertrophy express type X collagen 
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mRNA [48], which is detectable before mineralisation occurs [49].  It is suggested to bind 

and store calcium ions for later use [17].  Type X collagen is expressed in the epiphyseal 

growth plate [50], articular fibrocartilage [51] and calcified fibrocartilage [52]. However, it 

has also been found in areas which are not undergoing calcification such as normal menisci 

[53] and the superficial layer of healthy articular cartilage [54].  Type XIII is a 

transmembrane collagen of chondrocytes as described by van der Rest [18].  Type XVI 

collagen [55] is found in hyaline cartilage associated with the type II collagen fibril [18]. 

 

1.2.2.  Glycosaminoglycans (GAGs) 

 

Glycosaminoglycans (GAGs) are repeating disaccharide units of uronic acid and a 

hexosamine sugar.  They are usually sulphated via sulphotransferase enzymes forming a 

polyanion with dense negative charges.  Sulphated GAG can be abbreviated to sGAG.  An 

exception is hyaluronan, which is not sulphated.  The GAGs are divided into four classes; 

chondroitin/dermatan, keratan, heparan and the non-sulphated hyaluronan.  GAGs are 

bound to a protein core by a xylose-galactose-galactose-glucuronic acid linkage to form 

proteoglycans.  An exception is hyaluronan which does not bind to a protein core. 

 

Chondroitin sulphate (CS) it is composed of a repeat disaccharide with a β1,3 glycosidic 

bond of N-acetylgalactosamine and glucuronic acid.  CS monosaccharides can be without 

sulphation or sulphated at either, or both, the C4 or C6 position of the N-

acetylgalactosamine.  Each chain is up to 30 repeating disaccharide units in length and has 

a mass of 15 kDa [56].  The CS chain is terminated with an N-acetylgalactosamine residue 

that is commonly sulphated  [57].  CS is the most abundant GAG of articular cartilage and 

can represent up to ninety percent of the total [56].  It is largely associated with the major 
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aggregating proteoglycan of articular cartilage as discussed below.  CS also resides on 

proteoglycans located on the chondrocyte cell surface and pericellular matrix of articular 

cartilage  [58]. 

 

Keratan sulphate (KS) is composed of disaccharide units of galactose linked to N-

acetylglucosamine through a β1,4 bond.  The chain length is shorter than that of 

chondroitin sulphate being between 5 and 10 kDa in articular cartilage [56].  KS chemical 

structure and sulphation are variable [56], with sulphation at the C6 hydroxyl groups of 

galactose or N-acetylglucosamine  [59].  KS is commonly co-localised with chondroitin 

sulphate, on the major aggregating proteoglycan of articular cartilage. It can represent up 

to 32% of the sulphated GAGs in the articular artilage of the aged human knee  [60]. KS is 

also found associated with proteoglycans located in articular cartilage that are proposed to 

regulate collagen fibril organisation, growth factor binding and extracellular matrix 

enzymatic cleavage. 

 

Dermatan sulphate (DS) is composed of a repeating disaccharide formed from a β1,3 

glycosidic bond between N-acetylgalactosamine and L-iduronic acid.  It can be sulphated 

at the C2 position of iduronic acid.  Each chain has a mass of 20 to 50 kDa [61].  DS 

residues are associated with proteoglycans that control collagen fibril diamaeter and are 

postulated to regulated growth factor binding and extracellular matrix enzymatic cleavage 

in the pericellular matrix of articular cartilage [62]. 

 

Heparan sulphate (HS) is a more variable disaccharide composed from glucosamine and 

either D-glucuronic acid or L-iduronic acid.  The acetyl groups are removed and 

substituted with N-sulphates.  HS residues are located on several key proteoglycans located 
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in the chondrocyte pericellular matrix that are involved in growth and regulatory factor 

binding in articular cartilage  [63].  They are also involved in the stabilisation and 

organisation of cartilage ECM  [64; 65]. 

 

Hyaluronan (HA) is a disaccharide of N-acetylglucosamine and glucuronic acid.  It can 

reach up to 4 million kDa in mass  [66].  HA constitutes approximately one percent of 

articular cartilage extracellular matrix.  It is suggested to have an overall stabilising effect 

within the ECM through its association with other matrix components [17].  HA interacts 

with the major proteoglycan of articular cartilage to form aggregates [67] which aids in the 

retention of aggrecan in the ECM and is essential for load bearing.   

 

1.2.3.  Proteoglycans 

 

Proteoglycans are complex carbohydrates that consist of a protein core backbone 

covalently attached to GAGs [61].  They are involved in cell adhesion, growth factor 

binding and ECM hydration through their GAG residues.  Proteoglycans are assembled in 

the Golgi apparatus where the core proteins’ serine residues are xylosylated to GAG chains.   

 

1.2.3.1.  Aggregating proteoglycans 

 

Cartilage tissues express a characteristic set of proteoglycans, with specific tissue 

distribution [58].  The aggregation procedure increases the overall size of the proteoglycan 

molecules, thus preventing their movement within the collagen matrix.  This serves to fix 

the negatively charged GAGs within the collagen network [68]. 
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Aggrecan is a CS proteoglycan.  There are one hundred chondroitin sulphate and fifty 

keratan sulphate molecules linked to a single core protein.  Although not unique to 

cartilage, aggrecan is considered characteristic of chondrogenesis [69].  Its function is to 

provide osmotic resistance to compressive loads.   

 

The protein core is around 2 kDa in size.  Along the protein core, O-linked and N-linked 

oligosaccharides are attached.  This core protein binds to hyaluronan with strong affinity 

(KD in the order of 10-8 M [70]).  The link protein is a small glycoprotein of 45 kDa size 

[71].  It stabilises the aggrecan to hyaluronan bond [72] by binding simultaneously to both 

molecules. This aggrecan-link protein-hyaluronan grouping forms the aggregating 

proteoglycan of cartilage.  

 

Aggrecan is secreted into the ECM where it undergoes self-assembly into a supramolecule.  

The ability to form aggregates varies with age and disease state [73].  Foetal cartilage 

aggregates can consist of three hundred aggrecan molecules [56].  Aggrecan has a 

molecular weight of around 230 kDa and consists of three globular domains, herein G1, G2 

and G3, and two interglobular domains (IGD) [58].   

 

The amino terminus consists of the G1 domain that interacts with hyaluronan and link 

protein  [15; 68].  Tandem repeats of the G1 binding moiety links aggrecan to hyaluronan  

[67].  The carboxyl terminus is formed from a G3 domain that consists of two epidermal 

growth factor-like sequences and a C-type lectin module, together with a complement 

regulatory protein motif  [15].  As an individual ages, the proportions of aggrecan without 

a G3 domain increases.  The extended IGD region between G2 and G3 is rich in keratan 

sulphates (carboxyl terminus side of G2) and chondroitin sulphate (amino terminus side of 
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G3) respectively [15].  The second shorter IGD is located between G1 and G2 and its 

function has not been fully characterised.   

 

Aggrecan is synthesised with the aid of thirty or more enzymes performing co-translational 

and post-translational modifications [58].  During the endoplasmic reticulum to cis Golgi 

processing stream, xylosylation is the first step in the CS modification of the core protein.  

These CS molecules are mostly sulphations of the 6-O-hydroxyl of galactosamine.  The 

ratio of 6-sulphation to 4-sulphation increases from less than one in foetal aggrecan to 

greater than twenty in adolescence [74]. 

 

Perlecan is a self-aggregating HS proteoglycan common in basement membranes  [75], yet 

it has also been found in the growth plate and the PCM of adult articular cartilage [76].  It 

consists of five protein motifs as described by Iozzo et al. [77] with the amino terminal 

involved in glycosaminoglycan attachment.  Perlecan can bind to matrix components 

laminin and fibronectin, while integrin proteins on the cell membrane act as its receptor.  

The PCM of adult articular cartilage has a greater concentration of this proteoglycan and it 

has been suggested to be involved in columnar organisation of the growth plate [78; 79], 

chondrogenesis, maintenance of the chondrocyte phenotype in vitro and chondrocyte 

metabolism [79]. 

 

1.2.3.2.  Non-aggegating proteoglycans 

 

Non-aggregating proteoglycans of cartilage have roles such as matrix assembly and 

maintenance, they can be separated into the cell surface adhesion molecule and the small 

leucine rich proteoglycans. 
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Small-leucine rich proteoglycans (SLRPs) are a family of proteoglycans that can be 

subdivided into three classes, as reviewed by Iozzo [13].  They are short in length and have 

less GAG additions [4].  Class I SLRPs members found in cartilage are decorin and 

biglycan.  Decorin consists of either a chondroitin or a dermatan sulphate side chain on the 

amino terminus side, which is suggested to aid collagen fibril-to-fibril spacing.  The 

concave shaped protein core is proposed to grasp one of the collagen triple helices at its 

gap zone.  Although decorin is associated with type II collagen it has not been shown to 

alter fibril diameter in knockout studies [58].  It is expressed in epiphyseal cartilage and the 

PCM and interterritorial matrix articular cartilage.  Knockout gene mice studies have 

shown that lack of decorin reduces tensile strength of skin and tendon [80].  Decorin binds 

to growth factors and may assist in controlling their activity.  Biglycan has two chondroitin 

or dermatan sulphate side chains.  It is weakly expressed in epiphyseal cartilage and is 

expressed in the pericellular matrix of articular cartilage [81].  It has been suggested to be 

involved in the regulation of bone formation [82] and the control of collagen or elastic 

fibril formation during foetal development [83].   

 

Class II SLRPs found in cartilage include fibromodulin, PRELP and lumican.  

Fibromodulin consists of up to four keratan sulphate side chains [84] and is suggested to 

function as a decorating proteoglycan that may aid fibril diameter control.  Messenger 

RNA levels are increased in ageing articular cartilage [85].  Proline arginine-rich end 

leucine-rich repeat protein (PRELP) has a conserved protein sequence to fibromodulin and 

lumican.  It is suggested to be involved in matrix organisation [86].  Lumican is a keratan 

sulphate proteoglycan, which again increases in age as detected by its messenger RNA 

levels [85]. 
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Epiphycan is a Class III SLRP expressed in epiphyseal cartilage [87].  It is a small 

dermatan sulphate proteoglycan that has been proposed to be involved in organisation of 

the matrix in the growth plate and in particular the zone of flattened chondrocytes [88]. 

 

1.2.4.  Non-collagenous proteins and glycoproteins 

 

In addition to the previously described matrix components, articular cartilage contains 

numerous ECM species that, although less ambundant, have important regulatory roles in 

cell-matrix interactions and ECM architecture.   

 

CD44 is a single pass, type I transmembrane protein with an extracellular binding domain 

that is involved in chondrocyte to matrix interactions and signal transduction [89].  There 

are many tissue specific isoforms of CD44 controlled through exon splice variations [90].  

It is a cell surface receptor for hyaluronan [91], chondroitin sulphate [92], collagen [93] 

and fibronectin [94] and thus has important interactions with the ECM [95].  A change in 

the length of the hyaluronan fragment which acts as a ligand for CD44 may switch the 

biological effect stimulated in the cell from adhesion to signalling [96].  CD44 can mediate 

internalisation of hyaluronan which is then degraded by chondrocytes [97; 98] thus 

controlling accumulation in pericellular matrix.  The amino terminus extracellular domain 

is highly glycosylated and thus CD44 can be considered a proteoglycan.  As such it can 

bind and present growth factors and chemokines [99]. 

 

Annexin V (anchorin CII) is a cell surface protein that binds chondrocytes to collagen in 

articular cartilage [100].  It is involved in apoptosis and calcification of hyaline cartilage 
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through matrix vesicle nucleation [101].  Annexin V is upregulated in osteoarthritis [102].  

Tenascin-C is a large glycoprotein [103] that is suggested to be involved chondrocyte 

adaptation to mechanical compression [104].  This may be as a result of the ability of 

tenascin-C to reduce cell adhesion to the ECM [105].   

 

Laminin is a glycoprotein that can modulate cell adhesion.  It is located in the pericellular 

environment of fibrocartilage cells [106] and is postulated that,  through the studies on 

endothelial cell laminin-binding proteins [107], it may be involved in modulating the 

response to shear force by chondrocytes [4].  Fibronectin is a glycoprotein whose function 

in cartilage is not fully understood although it may be involved in signal transduction as it 

can bind to cell surface integrins.  The levels of cartilage fibronectin are increased during 

osteoarthritis [108] and the protease digestion fragments of fibronectin are implicated in 

modulating cytokine activity [109]. 

 

1.3.  Zone organisation 

 

Within articular cartilage, four zones can be differentiated between the joint surface and 

the subchondral bone.  They are known as the superficial, middle, deep and calcified zones 

as shown in Figure 1a.  The thickness of the zones is joint and species dependent.  Cell 

number decreases from the superficial zone towards the subchondral bone [110; 111].  The 

size and morphology of the chondrocytes show variation between zones [112], together 

with differences in metabolism [113].  There are also zonal changes in collagen fibril 

alignment and thickness, proteoglycan content and hydration.  
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Figure 1a.  Zone organisation of articular cartilage.  From the joint cavity, articular 

cartilage can be subdivided into the superficial zone, middle zone, deep zone and the zone 

of calcified cartilage (haematoxylin and eosin stained histological section adapted from 

http://www.lab.anhb.uwa.edu.au/mb140/CorePages/Cartilage/Images/arc04he.jpg Used 

under licence.) 

 

1.3.1.  Superficial zone 

 

This is the thin outer zone of the articulating joint, representing up to twenty percent 

(approximately 200 μm [19]), of the surface to bone total depth.  The exposed interface is 

generally considered smooth and is in contact with the lubricating synovial fluid.  The 
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surface has small pores allowing solute diffusion.  It is highly hydrated [2], with up to 85% 

water content.  The zone has fine collagen fibrils and embedded chondrocytes aligned at a 

tangent to the surface, with the cells adopting a flattened morphology.  These closely 

packed collagen fibrils, which constitute a major component of the matrix are 

approximately 20 nm in diameter [12].  The small fibril diameter aids the ability to 

counteract tensile stresses by providing flexibility and a reduction in defect propagation 

[114].  These characteristics provide the greatest tensile strength of all the zones [115] and 

result in resistance to shear and compressive forces.  The proteoglycan content is notably 

low [116], while the collagen content is higher than other layers. 

 

1.3.2.  Middle zone 

 

This zone has a higher composition of proteoglycan that is homogenous in distribution [56]. 

The cell density is lower than that of the superficial zone and the cells have a more 

rounded morphology.  The collagens fibrils are directed broadly and obliquely toward the 

surface.  This is proposed to aid both proteoglycan retention and resistance to 

multidirectional compressive forces  [2].  The fibrils are thicker in structure at around 40 

nm and greater  [117].  This zone represent up to sixty percent of the total articular 

cartilage depth. 

 

1.3.3.  Deep zone 

 

The deep zone lies between the middle zone and the calcified cartilage.  It represents 

around thirty percent of the surface to bone depth.  Within this layer the cellularity reaches 

its lowest level [118] and the chondrocytes have a columnar arrangement.  Collagen fibrils 
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are at their largest width at around 120 nm in diameter [12].  The collagen fibrils are 

generally directed upwards, towards the articulating surface.  Proteoglycan composition is 

at its highest and water content is lower at around sixety five percent [11].  Located 

between the deep zone and the calcified cartilage is what is referred to as the tidemark.  

This is an uneven, variable boundary consisting of fibrils that are suggested to anchor the 

deep zone to the calcified cartilage.  At the tidemark shear stresses reach their peak [56]. 

 

 

1.3.4.  Calcified zone 

 

This zone integrates the deep zone cartilage with the subchondral bone.  The chondrocytes 

are small and situated in lacunae  [10].  These cells can become hypertrophic and express 

type X collagen, which aids in the mineralisation of the surrounding matrix  [17].  The 

large collagen fibrils, directed towards the surface, pass through this zone and anchor into 

the subchondral bone.  This is proposed to give mechanical strength against shear forces  

[10].  The inner interface is bound to the subchondral bone.  

 

 

1.4.  Regional organisation 

 

There is also regional organisation of the ECM extending outwards from around the 

chondrocytes as a result of variation in matrix components and their arrangement (Figure 

1b). 
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Figure 1b.  Regional organisation of articular cartilage.  ECM is described as 

pericellular, territorial, or interterritorial depending on its localisation around an 

individual chondrocyte (figure modified from Poole (1997)  [119]). 

 

1.4.1.  Pericellular region 

 

The pericellular matrix (PCM) is a thin surround encircling the chondrocyte cell membrane 

[120] containing fine collagen fibrils and proteoglycan.  It has been reported to be between 

2 and 6 µm thick in ex vivo specimens  [12; 121; 122] and contains twice the concentration 

of proteoglycan [56], namely aggrecan [123], decorin [124] and type VI collagen [125].  

Type VI collagen forms a fine microfilament mesh [126], and its exclusive localisation to 

this region is often used to define the pericellular matrix [127].  Type VI collagen binds to 

both decorin and hyaluronan, and to integrin cell signalling receptors on the cell surface.  

The presence of type IX collagen and laminin has also been proposed as notetable 

components of this region, particularily in light of studies based on the type VI collagen 
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knockout mouse [128].  The PCM has been proposed to function as a protective layer 

against mechanical forces by modulating hydration of the matrix around the cell.  The 

mechanical properties of the PCM are significantly different to both the surrounding 

extracellular matrices and to the chondrocyte itself.  It also aids in retaining metabolites 

close to the cell [10] and the sequestering of growth factors.  Others have referred to the 

PCM as creating a microenvironment involved in cell anchoring and mechanical signalling 

[18].  The chondrocyte and its associatd PCM together form the chondron [129]. 

 

1.4.2.  Territorial region 

 

Outside of the chondrocyte’s PCM there is the territorial matrix.  Huber [10], citing the 

work of McCarty and Hoopman [130], described the collagen fibres as thin and pointing 

outward from the inner matrix.  Meachim and Stockwell [120], as reported by Huber  [10], 

cited that CS proteoglycans are rich in this region.  At the interface with the interterritorial 

region the territorial matrix forms a mesh of fibrils [56]. 

 

1.4.3.  Interterritorial region 

 

This region is located within the deep zone only and surrounds the territorial matrix.  It 

results from the enzymic breakdown of aggrecan forming cleaved products that are not 

released from the matrix.  As this region has the greatest volume, its own mechanical 

properties dominate those of the articular cartilage.  It is differentiated by histological and 

ultrastructure methods as described by Poole [131].  The matrix has the highest 

proteoglycan levels of all the regions, particularly KS proteoglycan as Meachim and 

Stockwell reported [120].  There are thick arch-like collagen fibres around the 
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chondrocytes in this zone that were first described by Benninghoff in 1925 (cited by 

Huber) [10]. 

 

1.5. The chondrocyte 

 
The function of the chondrocyte is to oversee the synthesis and turnover of the cartilage 

ECM [17]. 

 
 
1.5.1.  Microscopic appearance 
 
 
 
Microscopically chondrocytes are ovoid in form, although they can change in shape from 

spherical to flattened morphology.  They are variable in size up to 30 μm [2], with an 

average of 13 μm in adult human articular cartilage [132], and are smallest at outer limit of 

the cartilage [120].  At the ultrastructure level the chondrocyte has an irregular plasma 

membrane which folds to form cell processes. These cell processes do not usually form 

junctions with other cells and thus chondrocytes are isolated spatially within the matrix.  

The Golgi complex and rough endoplasmic reticulum are prominent, indicative of the high 

metabolic activity of the cell.  Glycogen and lipid are common in the cytosol [2].  

Chondrocytes do not undergo cell division in the adult skeleton, except in pathological 

disease states  [2]. 
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Figure 2b.  Ultrastructure of an articular chondrocyte.  Transmission electron 

micrograph of an articular cartilage chondrocyte showing prominent Golgi complex and 

rough endoplasmic reticulum (reproduced from Archer and Francis-West, 2003 [133]). 

 

1.5.2.  Metabolism 

 

The avascular nature of cartilage requires that nutrients and waste diffuse to and from the 

outer surface of the cartilage mass.  The chondrocytes operate at low oxygen tensions - 

from ten percent at the surface to less than one percent moving inwards [133; 134].  Low 

oxygen tensions (anoxia) have been associated with increased cartilage specific matrix 

production and cell proliferation, together with altered profiles of inflammatory and 

signalling molecules in chondrocytes  [135; 136]. In anoxic environments, anaerobic 

glycolytic pathways are utilised in which glucose is metabolised to lactate  [2]. 
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1.5.3.  Lineage,  growth and their regulation 

 

The chondrocyte is a specialised mesenchymal cell that is highly differentiated.  In the 

embryo, chondrocytes originate from lateral plate mesoderm.  A flattened cell layer [137] 

(epithelium) is initiated to surround the condensation nodule of chondroprogenitor 

mesenchymal cells and that later goes on to form the periosteum.  The condensation of 

mesenchymal cells results from increased cell density caused by the coming together of 

cells [138] and utilises cellular adhesion molecules [139].  This cell grouping is in the 

shape of the final tissue and is known as anlagen.  Concomitantly vasculature is removed 

[140].  These cells are now committed to the chondrocyte lineage; they develop a round 

morphology, and change their ECM production to the characteristic type II collagen and 

aggrecan of cartilage.  Further mesenchymal cells are recruited and undergo differentiation 

to expand this initial cartilage.  The two ends of this cartilage mass will differentiate into 

hyaline cartilage at a later stage of development.  Articular cartilage chondrocytes are 

stable in this phenotype and may survive for the lifetime of the host.  Chondrocytes of the 

epiphyseal growth plate become hypertrophic and reach their terminally differentiated state 

leading to mineralisation, vascularisation and the formation of bone. 

 

The chondrocyte lineage and growth is regulated by interactions between growth factors 

and the ECM [141; 142].  The transforming growth factor betas (TGFβs) superfamily of 

growth factors includes the individual TGFβs, the bone morphogenetic proteins (BMPs) 

and the growth and differentiation factors group (GDFs) [143].  They are involved in 

formation of the skeleton [144] and act through serine threonine kinase receptors [145].  

TGFβs control embryonic limb formation and chondrogenesis and, in mature cartilage, 
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ECM anabolism [146].  BMPs stimulate chondrogenesis during development [147] and 

have an anabolic effect on mature cartilage [148; 149].  Insulin-like growth factors (IGFs) 

increase chondrocyte proliferation and ECM formation [150].  They have been described 

as the most important anabolic agents in normal cartilage [151; 152]. Fibroblast growth 

factors (FGF) are a family of polypetides that regulate chondrocyte proliferation and 

differentiation and are implicated in cartilage homeostatis and growth  [153].   

 

TGFβ is one of the most studied growth factors of articular cartilage that has been 

described to have effects on the growth and repair of articular cartilage.  TGFβ, a member 

of the transforming growth factor superfamily, has fundamental influences on chondrocyte 

ECM formation and differentiation.  TGFβ is present at high levels in articular cartilage 

and has been shown to increase the amount proteoglycan produced in vitro [154; 155].  

Generally, TFGβ is associated with an increase in chondrocyte proliferation, proteoglycan 

and type II collagen synthesis  [156].  TGFβ can inhibit matrix degradation through the 

stimulation of inhibitors of ECM degrading enzymes  [156].  TGFβ has also been 

suggested to work in synergy with mechanical loading to further enhance proteoglycan 

synthesis  [157; 158].  

 

However, it is important to note that the effects of TGFβ on chondrocytes is dependant on 

the culture system and experimental conditions employed  [156].  The presence of cell 

culture serum can have divergent effects on the TGFβ induced proliferation and 

proteoglycan synthesis  [159]. 

 

The fine structure of the ECM can be altered by TGFβ, such as a decrease in collagen 

crosslinking, while the endogenous presence of type II collagen has been show to enhance 
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the effect of TGFβ on chondrocytes  [160].  TGFβ can reduce the total amount of cell 

associated matrix, but simultaneously increase the local concentration of matrix by 

decreasing the volume occupied by ECM molecules  [161]. 

 

TGFβ can also control interaction and adhesion to the ECM with both the type and amount 

of cell surface integrins of chondrocyte modified with supplementation  [162].  In addition 

TGFβ has been shown to enhance cell stiffness through cytoskeletal changes [162].  The 

proliferative state and cell cycle has been indicated in mediating the response of 

chondrocytes to TGFβ  [156].  Also the timing of TGFβ supplemention has an effect on 

stimulation of chondrocyte, with continuous supplementation having opposing changes 

compared to transient addition  [163].  The transport of TGFβ to the chondrocyte can be 

influenced by serum-carrier proteins  [164] and sequestering by binding protein within the 

ECM, which can concentrated the growth factor, even to levels associated with catabolic 

effects  [163].  Lastly, cross talk between cell signalling pathways involved in TGFβ 

response have been implicated in the divergent effect on chondrocyte metabolism. 

 

1.6.  Control of extracellular matrix turnover 

 
1.6.1.  Matrix metalloproteinases (MMPs) 

 

Matrix metalloproteinases (MMPs) are zinc-dependent proteases, which act to degrade the 

ECM and direct its remodelling  [165-167].  ECM species such as collagens, fibronectin, 

and proteoglycans are degraded by MMPs  [167].    MMPs are also involved in regulation 

of growth factors, cytokines, cell surface proteoglycans, adhesion proteins and enzymes  

[168; 169].   
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MMP activity is controlled at the level of transcription, translation, activation and 

inhibition  [170].  MMPs are inhibited by molecular species such as tissue inhibitors of 

matrix metalloproteinases (TIMPs)  [167] and α2-macroglobulin  [171].  The concentration 

of active MMPs in healthy cartilage is very low  [172].  An imbalance in the level of MMP 

and TIMP can lead to overall catabolism of the ECM.  MMP-9 and MMP-13 are associated 

with matrix degradation in disease states of osteoarthritis and rheumatoid arthritis, through 

the actions of both chondrocytes and synovial cells  [173].  

 

MMPs are synthesised and secreted in an inactive form that become active outside the cell 

by proteolytic cleavage.  MMP synthesis is regulated by growth factors, proinflammatory 

cytokines, and mechanical loading.  Further, the products of ECM degradation such as 

fibronectin and type II collagen fragments can themselves induce MMP expression and 

secretion  [109]. 

 

MMPs are subdivided and classified as collagenases, gelatinases, stromeolysins, and 

membrane-associated MMPs (membrane type MMPs, refererred to as MT-MMPs herein)  

[165]. The collagenases digest native collagens and aggrecan, while gelatinases digest 

fibronectin and aggrecan  [165].  Stromelysin and MT-MMPs digest proteoglycans 

including aggrecan, fibronectin, and collagen. 

 

 

1.6.2.  Tissue inhibitors of matrix metalloproteinases (TIMPs) 

 

Four classes of  TIMPs have been described that range in molecular size from 21 to 29kDa  

[174].  TIMPs in partnership with MMPs control matrix turnover and remodelling.  The 
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TIMP polypeptide regulates MMPs by binding to the active site in an equilmolar 

stoicheometry  [167]. TIMP-3 additionally inhibits the family of enzymes that degrade 

aggrecan (aggrecanases)  [174].  TIMP expression is governed by growth factors and 

cytokines  [174].  There is marginally more TIMP compared to MMP in cartilage.  This 

relationship is reversed in osteoarthritic diseased tissue  [175]. 

 

TIMP-2 binds to MMP-2 with the greatest association  [174].  TIMP-2 can sequester and 

activate pro-MMP2, through the formation of a complex with MT1-MMP (MMP-14)  

[176].  Pro-MMP-2 is not easily activated by other MMPs, thus the paradoxical role of 

TIMP-2 acting an enhacer of MMP-2 activity, rather than an inhibitor, is important.  

Excess TIMP-2, inhibits pro-MMP-2 activation, by its effect on MT1-MMP  [174].  It has 

been suggested that TIMPs are less mechanically responsive, than MMPs  [177].  However, 

TIMP-1 is sensitive to mechanical forces such as fluid shear  [177].  TIMP-2 is responsive 

to cyclic strain  [178] and shear  [179].  TIMPs have additional effects on cell growth, 

apoptosis, migration and differentiation  [180].  

 

1.7.  Biomechanics 

 

1.7.1.  Water and counter ions 

 

Water accounts for the largest constituent of articular cartilage at between sixty five and 

eighty five percent of the wet weight.  This proportion may increase during disease to more 

than ninety percent [56].  Approximately seventy percent of this water is located within the 

microscopic pores of the ECM [56].  Within the water are dissolved inorganic ions such as 

sodium, calcium, potassium and chloride.  The cartilage proteoglycans (and to a lesser 
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extent collagen) are hydrophilic and they act to pull water into cartilage tissue.  Each 

sGAG disaccharide contains up to two negatively charged groups, SO3
- and COO-

   [181].  

To maintain electroneutrality, positively charged counter ions are paired with opposing 

glycosaminoglycan charges.  Thus, there is a concentration of ions within the cartilage 

tissue and a swelling pressure is generated that is known as the Donnan osmotic pressure 

[11].  A second reason for the hydrophilic nature of cartilage is that proteoglycans swell in 

water as their increased volume is driven by entropy.  The ECM, and in particular collagen, 

provides opposing resistance to this swelling. 

 

1.7.2.  Mechanobiology 
 

Articular cartilage is exposed to compressive, tensile and shear forces during movement.  

The peak stress amplitudes on cartilage during stair climbing are up to 20 MPa [182].  

Compression of cartilage in response to long term static physiological loads are between 

15 and 40 percent [183], while dynamic compression is lower at around a few percent 

[184].  These forces result in cell and matrix deformation, intra-tissue fluid flow, fluid-

induced electric field potentials, pressure gradients and physiochemical changes within the 

cartilage [184].   

 

The mechanical stimulation in normal joint loading is required to maintain homeostasis of 

the cartilage [185-187].  It has been shown that immobilisation of joints results in cartilage 

atrophy [188; 189] while mechanical loading during normal exercise has a positive effect 

[186; 190].  Chondrocytes can respond to changes in mechanical load by regulating ECM 

synthesis [191] and it has been shown that weight bearing regions of joints have more 

proteoglycan [192]. 
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Studies in vitro have characterised the response of chondrocytes to different mechanical 

loading force regimes [193].   The cellular mechanisms by which ECM changes occur have 

been reported to include gene expression up-regulation, growth factor synthesis and 

metabolic effects [164; 184; 194; 195]. 

 

1.7.3.  Mechanotransduction 

 

Mechanically liable structures such as blood vessels, lymphatics and nerves, that could not 

withstand extreme mechanical compression, are not present in cartilage [2; 4].  This 

aneural and alymphatic nature of cartilage means that chondrocytes make little use of these 

pathways to transmit physiological signals [11].  It has previously been discussed that 

mechanical stimuli are essential for the maintenance of healthy cartilage and thus 

chondrocytes must be able to detect physical changes in their environment.  This process 

involves detection of the force at the cell surface and transmission of the signal inside the 

cell, its conversion to a biological signal that is directed to effector cells and signalling 

back from the ECM resulting from the changes induced [196]. 

 

 

The conversion of mechanical forces into biological signals is known as 

mechanotransduction [197].  In chondrocytes, several transmembrane proteins are 

implicated to be involved in this process such as stretch activated ion channels, CD44, 

annexin V and integrins [198].  The integrins are glycoproteins that have a large 

extracellular domain, a single pass transmembrane region and an intracellular end [199].  

The extracellular domain can bind to specific matrix components such as collagen and 

fibronectin.  Mechanical signals are detected by the extracellular domain and are 
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transmitted to the intracellular end.  The cytosolic tail end interacts with the cytoskeleton 

causing intracellular signalling mechanisms to be induced  [200].  

 

1.8.  Cellular transduction of mechanical cues and their effect on cell phenotype and 

ECM turnover. 

 

Mechanical forces encountered within the physiological range are key determinants of 

cartilage homeostasis  [201].  Mechanical stimulation directs ECM formation through its 

effect on transcription, protein activation, growth factors and cell differentiation  [202; 

203]. 

 

Forces such as static and dynamic loading, compression, shear, fluid flow, and tension 

have been examined with respect to cartilage model systems  [164; 204-206].  It is the 

chondrocyte that detects and affects these mechanical cues.  Mechanotransduction in 

chondrocytes has been show to involve the cytoskeleton, integrins, stretch-activated ion 

channels, direct cell organelle compression, prostanoids, G proteins, receptor tyrosine 

kinases and Mitogen-activated protein kinases  [202; 204; 207-209]. 

 

Mechanotransduction in chondrocytes has been show to result in modulation of 

proinflammatory factors and growth factor secretion  [210-212].  These can lead to both an 

increase and decrease in matrix synthesis and degradation, leading to cartilage tissue 

growth or homeostasis.  Mechanical forces above the normal physiological range, or the 

disregulation of these forces following disease modification, may result in a net loss of 

ECM  [213; 214]. 
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1.8.1.  Cytoskeleton 

 

The cell cytoskeleton is a fibrous network composed of actin microfilaments, microtubules 

and intermediate filaments [215].  The cytoskeleton is involved in cell organelle movement  

[216], migration  [217], endocyotosis  [218], secretion  [219], matrix assembly  [220], cell 

division , intracellular trafficking  [221], cell signalling  [222], adhesion  [223] and cell 

shape [224].   In chondrocytes the cytoskeleton modulates chondrogenesis, proliferation, 

intracellular trafficking and mechanotransduction [225].  In articular cartilage, cytoskeletal 

elements such as actin, vimentin, and tubulin show diversity in their organisation within 

the zone architecture  [226; 227] 

 

1.8.1.1.  Actin 

 

Actin is a 42 kDa protein consisting of two structural domains.  It is involved in cell 

motility and attachment [228].  Actin is located beneath the cell plasma membrane as 

dense cortical structure, with an irregular network extending away from the cortical region 

towards the cell nucleus [229].   

 

Ex vivo, the cellular localisation of actin microfilament was shown to be localised to a 

dense peripheral cortex underneath the plasma membrane, with a higher intensity of 

immunostaining in the superficial zone of articular cartilage [230].  Isolated bovine 

articular chondrocytes encapsulated in agarose have a similar cortical arrangement of actin 

microfilaments to in vivo  [231], with a 2µm punctate cortical shell under the plasma 

membrane of chondrocyte in agarose being described  [207].   
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It has been reported that chondrocytes in agarose, show a high degree of variability in their 

cytoskeleton [226; 232].  Cytoskeletal elements have been shown to undergo changes in 

structure over time in culture [225], specifically actin microfilaments are dynamic and 

undergo continuous remodelling and rearrangement within the cell  [215]. 

 

When the chondrocyte cell shape is not constrained by ECM, such as in monolayer culture, 

actin microfilaments are usually associated in a linear form that are thought to to indicate 

continuous tension  [233].  Thus the in vitro organisation of actin microfilaments is 

dependent on chondrocyte cell shape  [234; 235].  This organisation of actin in so-called 

stress fibres prevents the expression of differentiated chondrocyte phenotype markers  

[236-238].  Disruption of the interaction of the chondrocyte and its substratum can induce 

and maintain cell differentiation  [236; 239].   

 

The chondrocyte cytoskeleton is responsive to strain, fluid flow, osmotic loading  [240] 

and hydrostatic pressure  [225].  In response to these forces, the cytoskeleton deforms, 

changes organisation, is constructed and deconstructed [227].  Elements of the 

cytoskeleton are suggested to transmit signals from the ECM through its connection to 

integrin receptors  [227].  In areas of greater in vivo cell deformation, cytoskeletal elements 

show stronger histological staining  [230].   

 

Thus there is evidence that the actin cytoskeleton can act as a pathway for 

mechanotransduction in chondrocytes [207].  The downstream effects of actin cytoskeleton 

re-organisation are induction of cell signalling pathways that may result in changes to 

chondrocyte phenotype, PCM interactions, ECM synthesis and degradation.  Actin 
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remodelling can lead to increased MMP-2 levels [241], while actin disruption has been 

shown to result in a reduction of the assembly and pericellular retention of ECM  [242]. 

 

1.8.1.2.  Paxillin 

 

Paxillin is a modular multi-domain adaptor protein that integrates and disseminates 

messages from integrins and growth factors  [243].  It functions to regulate ECM adhesions 

assembly, turnover and signaling  [244; 245].  Paxillin, together with other adaptor proteins, 

have been described as a temporal control mechanism for focal adhesion complex turnover  

[245].  Similarily, paxillin double negative genotypes show a slow turnover of matrix 

adhesions  [245].  Thus, as a multi-domain adaptor proteins paxillin act as a scaffolding 

molecule and is used to recruit an array of signaling intermediate molecules to discrete 

regions of the cell  [243]. 

 

Paxillin oversees cell adhesion and growth factor control of intracellular signaling 

pathways and thus integrates multiple signaling pathways and directs the cell gene 

expression response to external stimuli  [243].  Although, paxillin is largely associated 

with focal adhesions, it is also located in the cytoplasm and nucleus  [246].  Paxillin itself 

can influence nuclear transcription and has been shown to take part in direct signaling from 

the plasma membrane to nucleus  [247]. 

 

Tyrosine-phosphorylation of paxillin is used as a regulatory mechanism for high matrix 

adhesion turnover rates  [243].  Membrane depolarisation, hypertonicity, stretch and shear 

stress induce paxillin tyrosine phosphorylation  [243].  Paxillin translocates from the 

cytoplasm to concentrate in focal adhesions in response to tension applied to cells  [248].  
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Shear stress  has been demonstrated to stimulate turnover and overall growth of upstream 

focal adhesions in endothelial cells, where recruitment to newly formed focal adhesions is 

suggested to bind cells to a surface with greater force  [249]. 

 

Paxillin regulation is dependent on hormonal and growth factor control.  Growth hormone, 

insulin-like growth factor and platelet-derived growth factor stimulate paxillin tyrosine 

phosphorylation [243].  TGFβ has been reported to stimulate paxillin indirectly through 

serine/threonione kinases [250].  Nitric oxide can initiate dephosphorylation of paxillin  

[243]. Disruption of substrate adhesion signals cause a rapid paxillin tyrosine 

dephosphorylation [251]. 

 

Paxillin interacts with numerous proteins capable of modulating the actin cytoskeleton, 

while filamentous actin binding proteins link to paxillin [245].  Phosphorylation of paxillin 

may be crucial to controlling actin microfilament reorganisation  [243]. 

 

1.8.2.  Prostaglandin E2 (PGE2) 

 

Prostagladins E2 (PGE2) is a lipid signalling molecule synthesised by the sequential action 

of the cyclooxygenase and  prostaglandin E synthase enzymes from an arachidonic acid 

precursor  [252].  Phospholipase A2 aids arachidonic acid release from cell membranes  

[253].  Cyclooxgenase (COX) enzymes mediate the formation of prostaglandin 

enderperoxide H2 (PGEH2) from arachidonic acid  [254].  PGE2 is synthesised from 

PGEH2 by the action of prostaglandin E2 synthase  [255]. 
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The cell signalling of PGE2 is through EP receptors, a subset of cell surface G-protein 

coupled receptors  [256; 257].  EP1 through to EP4 have been described that act through 

inositol phosphate or cyclic AMP  [256; 258].  EP2 has been cited as the most prominent 

PGE2 receptor in articular cartilage  [259], where the use of an EP2 agonist increased DNA 

synthesis in 2D and 3D culture.  The catabolic effect of PGE2 in osteoarthritis cartilage was 

shown to be via the EP4 receptor, where the blocking of PGE2 signalling through this 

receptor prevented cartilage degradation [260]. 

 

 

PGE2 synthesis can be both constitutive or in response to signalling events such as those 

induced by growth factors, signalling cascades, osmolarity and mechanical transduction.  

In disease states such as osteoarthritis and rheumatoid arthritis, PGE2 is commonly 

associated with cartilage catabolism and inflammation  [261].  Innate release of PGE2 is 

higher in osteoarthritic cartilage  [209] and in this case, PGE2 is cited to enhance chronic 

inflammation.  

 

However, PGE2 has been show to maintain homeostasis, induce anabolism, and even have 

anti-inflammatory effects in chondrocytes  [262]. Low concentrations of PGE2 in vitro 

have been associated with anabolic effects  [263], while in growth zone cells PGE2 

increases differentiation and anabolism  [264]. 

 

PGE2 acting on NFκB may result in a resolution of acute inflammation  [265].  PGE2 may 

also upregulate collagen type II expression  [266] and reduce MMP-1 expression  [267].  

Inhibition of COX-2, that reduces PGE2 synthesis, can increase MMP expression  [268].  In 

chondrocyte micromass culture, PGE2 had a moderate effect on collagen type II expression, 
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with a small initial increase in expression at 7 days while sGAG staining increased was 

increased at later culture (14-21 days)  [269].   PGE2 is postulated to act on chondrocyte 

maturation, whereby there is a suppression terminal differentiation  [270].  PGE2 

upregulates orphan nuclear receptor expression in chondrocytes, that directly suppress 

MMP-1 expression and indirectly MMP-3 and MMP-9 [262]. These diverse effects of 

PGE2 are likely to be due to mediate by early transcription factors  [262]. 

 

 
1.9.  Injury, repair and regeneration 

 

Although articular cartilage can provide a lifetime of healthy joint ambulation, mechanical 

forces above certain thresholds can cause injury to cartilage  [271].  Chondrocyte death and 

cartilage fissures have been induced by impact loads of greater than 25MPa [272].  

Fractures of the calcified cartilage zone and fissures, spanning from the articular surface 

into the middle zone, can result from a single application of these forces [273].  The 

orientation and rate of application of a force are important factors, in addition to the 

magnitude, in causing a traumatic injury [271].  Buckwalter and Brown [271] have 

classified these traumatic injuries to cartilage into three groups.  Firstly, damage to only the 

cells and ECM, but not the articular surface.  Secondly, ruptures or fractures of the 

cartilage, and lastly, the osteochondral fractures of both cartilage and subchondral bone.  

For these different degrees of injury, cartilage has varying abilities to heal itself.  It has 

been argued that for these injuries, no surgical intervention has been proven to prevent 

later development of osteoarthritis [274]. 

 

Partial thickness defects of articular cartilage do not heal themselves [275] and often 

enlarge overtime to form debilitating injuries [276].  This is because partial thickness 
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injuries do not penetrate the vasculature of the subchondral bone.  This would induce the 

tissue regeneration cycle of inflammation, repair and remodelling.  There is no fibrin clot 

formation or significant cell migration into the defect [277].  Mature cartilage has only an 

extremely limited capacity for self-repair [278; 279].  Cell division within mature cartilage 

is negligible and although some chondrocytes proliferation clusters can be found in defect 

sites, this initial response is short lived [275].   A potential migration of progenitor cells 

from the synovial membrane, along the articular surface to the defect site has been 

described [280], but this proves unsuccessful in the healing process due to the anti-

adhesive properties of the native cartilage [281; 282]. 

 

Full thickness defects that are of a sufficiently small diameter may repair spontaneously.  

Blood from the marrow of the subchondral bone fills the defect site and a fibrin clot is 

formed immediately [283] that initially fills the site, but within a couple of days retracts 

away from the cartilage layer [277].  This clot contains cells of the immune system that 

further recruits other cells.  Within seven days mesenchymal stem cells have migrated 

along the fibrin clot fibrils and have taken its place.  These progenitor cells differentiate 

into chondrocytes and form ECM.  After about two months, a repair tissue resembling 

cartilage is present that extends overtime towards the surface.  This repair tissue continues 

to regenerate up to around six months, by which time the articular surface is approximately 

continuous with that of the defect, but it does not integrate with the native cartilage [275].  

There is a tendency for the newly formed cartilage to be more fibrocartilagenous in nature, 

which is mechanical inferior.  After approximately one year the newly formed repair tissue 

is prone to undergo degeneration through fibrillation and fissure formation [284]. 
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There are a number of surgical interventions for focal chondral and subchondral lesions of 

articular cartilage.  Debridement is the removal of fibrillated cartilage and chondral flaps.  

This provides a smoother articulating surface and prevents mechanical catching [285].  

Bone marrow stimulation techniques are a group of surgical procedures that purposefully 

cause damage to the vascularised subchondral bone, which results in the release of 

reparative cells.  These methods include microfracture [286], subchondral drilling [287] 

and abrasion arthroplasty [288]. 

 

Implantation techniques use isolated chondrocytes [289] or cartilage tissue itself to repair 

the defect [117].  Autologous cell implantation involves the isolation of chondrocytes from 

the patient’s own chondral biopsy and the ex vivo expansion of these cells in monolayer 

[290; 291].  The chondrocytes are then placed into the defect site underneath a sutured 

periosteal graft.  Cartilage tissue implantations include the techniques of autogenous 

transplants [292], that include osteochondral mosiacplasty procedures [293; 294], and 

osseoarticular allographs [295; 296].   

 

The success of these surgical techniques is dependant on the patient’s age, the size of the 

defect and its anatomical location [297].  The techniques that involve autologous 

implantation can result in donor site morbidity.  The repair tissue can vary between 

fibrocartilagenous to hyaline-like.  Repair tissue resulting from individual autologous 

chondrocye implantations has been cited to result in hyaline and mixed hyaline tissue 

compositions in 70% of cases, with the remaining composed of fibrocartilage  [298].  Non-

hyaline cartilage repair tissue generally proves to be biochemically and mechanically 

inferior to normal cartilage.  This can lead to degeneration at the repair site within a year 

and the clinical outcome can be poor [117; 297; 299; 300]. However, it has also been 
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reported that ACI can result in an 88% ‘good to excellent’ outcome rate and a long-term 

success up to 11 years  [301; 302]. 

 

 

1.10.  Low intensity pulsed ultrasound 

 

Ultrasound is a form of non-ionising radiation travelling as a mechanical wave.  Its 

frequency is around 20 kHz and is above the range that can be interpreted by the human 

ear [303].  Ultrasound is generated in medicine by the piezoelectric effect.  Passage of 

electricity through a transducer made of an aligned polarised ferroelectric ceramic, such as 

lead zirconate titanate, results in ultrasonic waves.  This is due to the electric field 

interacting with charges of the crystal lattice, causing a change in size and generation of a 

mechanical wave.  The ultrasound beam is dependent on the shape and size of the 

transducer aperture.   

 

Ultrasound is used in medicine for both therapeutic and diagnostic uses.  Therapeutic 

applications include high intensity focused ultrasound treatment of tumours, lithotripsy of 

kidney stones and diathermy physiotherapy uses.  In diagnostics, such as sonography, 

ultrasound in the range of 1 to 10 MHz is used and higher frequencies can be used in 

acoustic microscopy of cells [304].   

 

The physical properties of the biological tissue such as propagation speed, density and 

elasticity are known to affect the progression of the wave.  With reference to cartilage, 

several physical and biochemical properties have been implicated in modulating the 
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propagation of ultrasound such as its compressive stiffness and viscoelasticity [305], ECM 

content [306], fibril orientation [307] and surface roughness [308].  

 

Ultrasound has the potential for both thermal and mechanical effects on the tissue, while 

the tissue can alter the properties of the ultrasound wave and this is what is detected during 

diagnostic applications, with different tissues interacting in different ways.  Acoustic 

radiation forces acts on a body as a result of the conversion of momentum from the sound 

wave [304].  These radiation forces gives rise to acoustic streaming, that is when, within a 

fluid medium, there is bulk fluid flow [304].  This is suggested to be one of the 

mechanisms involved in the therapeutic action of low intensity ultrasound.  

 

Characteristic impedance is exhibited when the ultrasound meets a boundary between 

tissues of different properties.  At this point some of the incident ultrasound is reflected or 

scattered giving rise to echoes that are utilised in diagnostic work.  Attenuation of 

ultrasound occurs as it passes through a body as a result of absorption, reflectance and 

scattering.  Attenuation increases in an approximately linear relation to frequency increases.  

Absorption of ultrasound results in the conversion of mechanical energy into heat.  

Intensity is a measure of the amount of energy contained with the ultrasound wave as it 

passes through a body.  It is defined as the rate of energy flow through an imaginary plane 

of one square centimetre [309]. 

 

1.10.1.  LIPUS effects in bone fracture healing 

 

Low intensity pulsed ultrasound (LIPUS) was approved for clinical use in the USA by the 

Food and Drug Administration in 1994 for accelerated healing of fresh fractures.  The 
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clinical application range was expanded in 2000 to the treatment of established non-unions.  

Clinical trials indicated that the speed of clinical healing of fresh tibial fractures was 

increased by 24 percent [310], while time to union was 38 percent faster [311].  Research 

into the underlying mechanisms suggests positive effects on angiogenesis, chondrogenesis 

and osteogenesis during fracture healing [312].  

 

Rubin [312] has described the orginal work of Corradi and Cozzolino [313; 314] who used 

continuous wave ultrasound in the 1950s.  Their work reported an increase in callus 

formation when ultrasound was used to treat radial fractures in a lapine model  [313].  The 

same investigators showed an increased periosteal callus in human patients  [314].  In 

1983, Dyson and Brookes used pulsed ultrasound at an intensity of 500 mW/cm2 in rodent 

bilateral fibular fractures which resulted in improved healing [315].  Xavier and Duarte 

used ultrasound at 30mW/cm2 for 20 minutes per day to treat non-unions with success in 

70 percent of patients [316].  This was championed as a method to provide therapeutic 

mechanical stimulation of a fracture site without risking gross loading bearing.  Later, 

Duarte used the same ultrasound signal parameters and a lapine fibular osteotomy model to 

show that cortical bridging was accelerated [317]. 

 

Reuter et al.  [318; 319] investigated continuous wave ultrasound at an intensity of 100 

mW/cm2 to show positive bone healing in a lapine osteotomy model.  Rubin [312] reported 

the work of Klug et al.  [320; 321] who used ultrasound at 200 mW/cm2 in a lapine model 

to improve healing of closed lower extremity fracture by 18 percent.  Pilla et al. used a 

lapine tibial osteotomy model to show that tortional strength and stiffness increased more 

quickly when pulsed ultrasound (20 minutes per day) of 30 mW/cm2 and at a carrier 

frequency of 1.5 MHz (1 kHz repetition, with a 0.2 duty cycle giving a 200 μs pulse width) 
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was applied [322].  Wang et al. investigated the optimal carrier frequency in a rodent 

closed femoral shaft fracture model using pulsed ultrasound (15 minutes per day) at 30 

mW/cm2 and frequencies of 0.5 MHz or 1.5 MHz (1 kHz repetition, 0.2 duty cycle) [323].  

The 1.5 MHz frequency resulted in greater stiffness compared to controls and both 

frequencies improved maximum torque to failure.  Jingushi et al., as cited by Rubin et al.  

[324], used a rodent femoral fracture model to investigate the repetition rate and duty cycle 

of the ultrasound wave.  The work confirmed that a duty cycle of 0.2 and a 1 kHz 

repetition rate was optimal for bone formation. 

 

1.10.2.  LIPUS effects on chondrocytes. 

 

It has been proposed that one of the most significant factors in accelerated fracture healing 

using LIPUS is mediated through stimulation of chondrocytes [325; 326].  Through the 

earlier work on LIPUS in bone fracture healing and more recent studies specifically 

investigating therapeutic ultrasound in cartilage repair, there is now a body of evidence in 

support of chondrogenic effects.  Studies have investigated LIPUS mediated effects on 

ECM formation, cell proliferation, differentiation and signalling of the chondrocyte lineage. 

 

Aggrecan messenger RNA levels have been shown to be elevated in response to LIPUS 

treatment in isolated chondrocytes, cartilage explant cultures and in vivo fracture healing 

studies  [323; 327-331].  Aggrecan protein was increased between 10 and 20% in both 

hyaline and endochondral ossification regions of an embryonic chick sternum model [332].  

In a later study by the same group, isolated chondrocytes were used from the embryonic 

distal chick sternum, cultured in alginate, with no increase in aggrecan levels above those 

of the control [333]. 
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Collagen type II mRNA levels were shown to be increased in both a rodent fracture model 

[327] and in vitro using isolated chondrocytes [333; 334].  Collagen type II mRNA levels 

were stimulated by between 10 and 20% in both hyaline cartilage and endochondral 

ossification zones in the study previously described [332].  In alginate cultures of isolated 

chondrocytes [333], a lower ultrasound intensity resulted in a significant increase in 

collagen type II mRNA compared with a higher intensity, which did not generate a 

significant change. 

 

Type X collagen mRNA expression was suppressed in alginate cultured isolated distal 

embryonic distal chick sternum experiments and isolated chondrocytes  [331; 333].  

Collagen X protein was similarly affected in this work and that of Huang et al. [335] who 

used a rodent osteoarthritis model.  In hypertrophic chondrocytes of the proximal 

embryonic chick sternum, used in explant culture, collagen X protein levels were increased  

[332]. 

 

 

GAG synthesis has been shown to increase both in vivo, explant culture and in isolated 

chondrocytes after exposure to LIPUS [335; 336; 336; 337].  Chondroitin sulphate 

synthesis per cell was increased after LIPUS treatment in isolated lapine chondrocyte [325].  

In the same work, the chondroitin-6-sulphate to chondroitin-4-sulphate ratio was shown to 

increase, which the authors proposed related to aggrecan maturation. 

 

The majority of work investigating cell proliferation following LIPUS in cartilaginous 

tissues and isolated chondrocytes has indicated that there is no effect [323; 325; 327; 328; 
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338].  Zhang et al.  [333] reported an increase in proliferation of isolated alginate-cultured 

chondrocytes at the lower intensity of 2 mW/cm2 compared to controls.  Proliferation was 

reduced at 30 mW/cm2 compared to controls and the previously described low intensity 

group, suggesting that proliferation is dependent on intensity.  Wiltink [339] used an 

explant culture of murine foetal long bones undergoing endochondral ossification and an 

ultrasound intensity of more than 100 mW/cm2.  It was reported that proliferation was 

increased, as judged histologically by the length of the zone of proliferation.  Huang [335] 

used ultrasound at 2500 mW/cm2 in an in vivo osteoarthritis model that resulted in increase 

proliferation of chondrocytes in the superficial and middle zones of articular cartilage. 

 

 

There are several studies indicating that LIPUS can modulate cell differentiation in 

chondrocytes and their precursor cells [338; 340-342] as determine by histological analysis, 

rate of mineralisation and mature ECM synthesis.  Of note, Zhang et al.  [332] reported 

that, in explant culture of chick sternae, terminal differentiation to hypertrophic 

chondrocytes was enhanced in the endochondral ossification region by LIPUS.  

Importantly, in the hyaline cartilage region, that does not mineralise in vivo, there was no 

stimulation of the chondrocytes to further differentiate and undergo hypertrophy.  This is 

evidence that LIPUS will not provide the stimulus to differentiate chondrocytes further 

than that is developmentally regulated. 

 

More recently LIPUS has been applied to mesenchymal stems cells  [337; 342-344].  

Schumann et al.  [343] showed that markers of chondrogenic differentiation were 

enhanced by LIPUS in human mesenchymal stem cells pellet cultures, however the length 

of treatment duration was critical.  Similary, in an alginate culture of lapine mesenchymal 
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stems cells chondrogenic markers were increase by LIPUS treatment, with the expression 

of inhibitors of matrix degradation enzymes (TIMP-1) also increased [344].  Cui et al 

applied LIPUS to a polymer scaffold seeded with mesenchymal stem cells implanted into 

the nude mouse in vivo model [337].  In this system it was shown that total 

glycosaminoglycan and collagen levels were increase in response to LIPUS, and that there 

was a concomitant increase in compressive strength. 

 

The effects of LIPUS on aggrecan and collagen mRNA levels were demonstrated to be 

TGF-beta mediated in neonatal pellet cultures of rodent chondrocytes  [345]. 

 

The changes described above are likely to be caused by a range of mechanisms such as 

mechanotransduction and increased mass transport.  Cell signalling mechanisms reported 

in various cell types exposed to LIPUS include integrin, cytoskeletal, protanoid and growth 

factor mediated effects  [331; 346; 347]. The chondrocyte cell signalling pathways that 

have specifically proposed in mediating the response to LIPUS in chondrocytes are 

calcium ion intracellular release and influx [330; 348; 349]. 

 

1.11.  Aims and objectives 

 

Pathological conditions of cartilage resulting from acute injury are a major cause of 

morbidity.  Surgical intervention, in most cases, does not repair cartilage to its native 

mechanical resilience.  This increases the likelihood of the developing degenerative joint 

disease. Millions of people worldwide suffer from trauma to cartilage and cartilage 

degeneration. With such a significant worldwide health problem, the potential benefits of 

non-invasive strategies for cartilage repair and regeneration are enormous. 
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This thesis shall address; 

 

-  appropriate culturing systems for application of  LIPUS and to measure cell and ECM 

changes  

 

-  effects of varying serum and TGFβ and their interactions with LIPUS 

 

-  potential LIPUS transduction mechanisms and their relation to the temporal development 

of chondrocyte PCM 
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Chapter 2.  Materials and methods 

 

2.1.  Materials 

 

2.1.1. Reagents 

 

DMEM-F12, foetal calf serum (heat inactivated), Fungizone, gentamycin, ITS+ and 

Picogreen Dye were from Invitrogen, UK.  Vectashield Hardset mounting medium was 

from Vector Labs, UK.  Pronase E was from VWR International, UK.   

 

All other reagents were procured from Sigma-Aldrich, UK. 

 

2.1.2.  Primary antibodies 

Antibody Raised in Manufacturer/reference 

Type VI collagen Rabbit Rockland, Inc.  

Chondroitin-6-sulphate Mouse Chemicon Europe, Ltd. [350] 

Type II collagen Mouse Abcam plc. 

Keratan sulphate Rabbit Rockland, Inc. 

Paxillin Mouse Millipore UK, Ltd. 

Hyaluronan Not applicable Seikagaku Corporation 

 

Table 2. Fluorophore-assisted carbohydrate electrophoresis (FACE) reagents 

 

Glycosaminoglycan hydrolases and eliminase enzymes, C-Kit and D-Kit (Seikagaku 

Corporation) saccharides standards were from AMS Biotech, UK. 
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2.2.  Cell culture 

 

2.2.1.  Media 

 

Digest medium (DM) consisted of DMEM-F12 basal media supplemented with 50 µg/mL 

gentamycin, 2.5 ng/mL Fungizone and 50 µg/mL ascorbic acid-2-phosphate. 

 

Completed culture medium (CCM) consisted of DM supplemented with foetal calf serum 

(FCS) at 2, 10 or 20% (v/v). 

 

Serum-free media consisted of basal DMEM-F12 medium supplemented with 1% (v/v) 

ITS+, 1 nM dexamethasone and 1.25% (w/v) bovine serum albumin. 

 

2.3.  Tissue preparation and chondrocyte isolation 

 

2.3.1.  Cartilage tissue preparation 

 

Bovine thoracic limb joints were obtained from an abbatoir within 3 hours of slaughter. 

Animals were aged up to 30 months.  Full depth bovine cartilage, minus the calcified zone 

and the underlying subchondral bone, was dissected from the articulating surface of the 

trochleal humerous and head of the radius.  Cartilage pieces were placed into digestion 

medium to prevent tissue drying and diced finely into 1 to 3 mm pieces. 
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2.3.2.  Chondrocyte isolation 

 

Chondrocytes were isolated using a previously published method  [187].  Briefly, the diced 

tissue was sequentially digested with 700U/mL Pronase E for 1 hour at 37oC on a 

rotating mixer. After 1 hour, 100U/mL collagenase XI and 0.1mg/mL for Dnase I were 

added and the cartilage digested for 16 hours to release chondrocytes from the ECM  [351].  

Chondrocytes from the supernatant were strained through a sieve of 70 µm pore size, 

washed and pelleted three times in 10% (v/v) CCM by centrifugation at 750gav.   

 

Cell viability was determined by Trypan Blue exclusion.  Briefly, 10 µL of the final 

chondrocyte suspension were mixed with buffered Trypan Blue dye and a Neubald 

haemocytometer was used to count the number of viable cells that excluded the dye.  All 

experiments used chondrocytes with a viability > 98%. 

 

2.4.  Alginate encapsulation  

 

2.4.1.  Cell preparation 

 

Alginate encapsulation was achieved using a previously published method  [352]. Isolated 

chondrocytes were encapsulated in 1.2% (w/v) alginate in 0.15M sodium chloride to a final 

concentration of 4 x 106 cells/mL.  The alginate was passed through a 21 gauge needle into 

the 0.15 M sodium chloride/102 mM calcium chloride solution pH 7.4.  Beads were left to 

polymerise for 10 minutes and then washed three times with 0.15M sodium chloride and 

then DMEM-F12. 
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2.4.2.  Culture 

 

The alginate beads (40 per well) were overlayed with 6 mL of 20% CCM and allowed to 

equilibrate at 37oC in a humidified atmosphere containing 95% air and 5% CO2 for 16 

hours.  Media were exchanged third second day.  Spent media were frozen at –20oC for 

biochemical analysis. 

 

 

2.4.3.  Sampling 

 

Alginate beads were removed from the well using a sterile round-edged spatula and de-

polymerised by incubating them into 0.15M sodium chloride/55mM sodium citrate 

solution containing 10mM ethylenediaminetetraacetic acid (EDTA), pH 6.7.  Samples and 

culture medium were frozen at –20oC for subsequent analysis. 

 

 

2.5.  Agarose encapsulation 

 

2.5.1..  Cell preparation 

 

Agarose encapsulation was performed using a previously published methodology [187].  

Isolated chondrocytes were encapsulated in 3% (w/v) low melting agarose to a final cell 

concentration of 4 x 106 cells/mL.  A cell-free agarose layer was cast in the empty well of a 

six well culture plate.  When set, a central region of 24 mm diameter was carefully 

removed.  The agarose-cell suspension was aliquoted to a height of 3 mm within the centre 
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of a six well tissue culture plate well and allowed to gel at 4oC for 20 minutes.  Thus, the 

central agarose-cell suspension of 24 mm diameter was surrounded by a cell-free agarose 

surround.  

 

2.5.2.  Culture 

 

The agarose layer was overlayed with 2.5 mL of CCM and allowed to equilibrate at 37oC 

in a humidified atmosphere containing 95% air and 5% CO2 for 16 hours.  Media were 

exchanged every second day. 

 

 

2.5.3.  Sampling 

 

Agarose cores of 6 mm diameter were removed from the central region of the well, which 

was the 22 mm effective radiating diameter of the transducer, using a dermal punch 

(Medisave, UK) and snap frozen in liquid nitrogen for subsequent biochemical analyses.  

Agarose cores were melted at 70oC, cooled and then digested for 40 minutes at 37oC with 

10U/mL agarase to release cells and their associated matrix from the agarose  [353]. 

 

 

2.6.  Application of low intensity pulsed ultrasound (LIPUS) 

 

Low intensity pulsed ultrasound (LIPUS) was generated using the Sonic Accelerated 

Fracture Healing System™ Model system 2A (Smith & Nephew Ltd., York) modified for 

research purposes to apply ultrasound to six-well culture plates via six transducer heads 
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(Figure 5).  Ultrasound was applied to the base of the tissue culture plate using a high 

viscosity coupling gel as an interface.  The ultrasound intensity was 30 mW/cm2 at a 

carrier frequency of 1.5 MHz (200 μs burst duration with a repetition rate of 1 kHz).  The 

treatment duration was for 20 minutes every 24 hours.  The intensity and frequency of the 

ultrasound signal could not be varied on this transducer model.  A variable box was not 

available throughout the duration of this study.  Control samples were placed on the 

transducers in the exact same manner without the application of LIPUS (refered to as a 

sham insonation herein). 

 

 

Figure 5.  Application of LIPUS.  Ultrasound was applied to the base of six-well culture 

plate using a coupling gel as an interface. 

 

2.7.  Analytical methods 

 

2.7.1.  Sample preparation for assays 

 

Samples were digested with 5U/mL proteinase K in 100 mM ammonium acetate, pH 7.0, 

at 60oC for 6 hours with agitation.  The enzyme was then inactivated by heating it to 95oC 

for 10 minutes. Undigested material was removed by centrifugation at 10,000gav and 

samples were stored at –20oC until analysed. 
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2.8..  Glycosaminoglycans 

 

2.8.1..  Dimethylmethylene blue dye assay for total sGAG 

 

The glycosaminoglycans (GAGs) were analysed using a previously published method  

[354]. Sulphated GAGs were detected spectrophotometrically in the digestion products by 

the 1,9-dimethylmethylene blue (DMMB) dye method. DMMB detects the presence of 

negatively charged anions which complex with the dye molecule, thus altering its 

absorbance  [355].  The formation of this complex results in change in the maximum 

absorbance peak towards 525 nm and is known as a metachromatic shift. 

 

50 µL sample or standard were mixed with 200 µL of 32mg/L DMMB dye in 40 mM 

glycine buffer at pH 3.0, in a 96-well plate.  The plate was read immediately on a Victor™ 

1420 multilabel counter (Wallac, UK).  Absorbance values were read against a standard 

curve plotted from 0, 2, 10, 50, 100 and 200 µg/mL bovine tracheal chondroitin sulphate 

standards.  For alginate encapsulated samples, the above procedure were modified using a 

pH of 1.5 to account for interference from the hydrogel itself, as previously described  

[356]. 

 

2.8.2.Fluorophore-assisted carbohydrate electrophoresis (FACE) 

 

The profile of the GAGs synthesised by agarose encapsulated chondrocytes were analysed 

for the internal and end-chain terminal saccharide composition using the previously 

described method of Fluorophore-Assisted Carbohydrate Electrophoresis (FACE) [357; 
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358].  GAG specific enzymes were used to produce digestion products with free reducing 

groups.  These reducing groups can be fluorescently tagged then electrophoretically 

separated and identified using a panel of pre-defined co-electrophoresed saccharide 

standards. 

 

 

Figure 3.  Generation of hyaluronanidase-digested saccharides and chondroitinase-

digested saccharides. Saccharide enzymatic digestion reaction products (adapted from 

Calabro et al.  [60]. 

 

 

2.8.2.1.  Preparation of saccharide standards 
 

Saccharide standards for use in FACE were prepared as previously described  [354].  

Unsaturated Chondro-Disaccharide and Unsaturated Dermato/Hyaluro-Disaccharide Kits 

were used to provide individual saccharides. 
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Abbreviation Saccharide 

NAcGal N-acetylgalactosamine 

NAcGal6S N-acetylgalactosamine-6 sulphate 

 NAcGal4S N-acetylgalactosamine-4 sulphate 

NAcGal4,6S N-acetylgalactosamine-4,6 sulphate 

DiHA hyaluronan disaccharide 

Di0S unsulphated chondroitin sulphate 

disaccharide 

Di6S chondroitin-6 sulphate disaccharide 

Di4S chondroitin-4 sulphate disaccharide 

Di2S chondroitin-2 sulphate disaccharide 

Di4-6S chondroitin-4,6 sulphate disaccharide 

Di2-6S chondroitin-2,6 sulphate disaccharide 

Di2-4S chondroitin-2,4 sulphate disaccharide 

Di2,4,6S chondroitin-2,4,6 sulphate disaccharide 

  

 

Table 3.  Saccharide abbreviation table. 

 

Saccharides were enzymatically digested and fluorescently tagged as described below. 

 

2.8.2.2.  Generation of hyaluronanidase-digested saccharides  
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Proteinase K digested samples were further purified by double ethanol precipitation to 

remove high levels of glucose and excess salts resulting from the culture medium.  

Samples were lyophilised and resuspended in 100 mM ammonium acetate at pH 7.0 prior 

to analysis. 

 

100mU/mL hyaluronidase Streptococcus dysgalactiae (SD) digestion at 37oC for 3 hours 

catalysed enzymatic elimination of the hyaluronan polymer into its constituent 

disaccharides. 

 
 
2.8.2.3.  Generation of chondroitinase-digested saccharides. 
 
 
100mU/mL chondroitinase ABC digestion at 37oC for 3 hours catalysed enzymatic 

elimination of the chondroitin polymer into its constituent disaccharides.  Additional 

samples were subsequently digested with 100mU/mL chondro-4-sulphatase, 100mU/mL 

chondro-6-sulphatase and combined 100mU/mL chondro-4-sulphatase/100mU/mL 

chondro-6-sulphatase for 12 hours at 37oC.  These additional digestions result in de-

sulphated disaccharides of chondroitin and were used to confirm the presence or absence 

of 4-sulphation and 6-sulphation patterns.  Non-reducing end termini from the 

chondroitinase ABC digest were analysed using a previously described method of mercuric 

ion treatment  [359]. Samples were treated with 17.5 mM mercuric acetate in 50 mM 

sodium acetate, pH 5.0, for 30 minutes at room temperature and then mercuric ion was 

removed by passage through a Dowex H+ ion exchange column. 

 

 
2.8.2.4.  FACE separation of saccharide digestion products 
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Free reducing groups in the samples were derivatised with the fluorescent tag 2-

aminoacridone (AMAC) [60].  A 5 uL aliquot of 12.5 mM AMAC in acetic acid/DMSO 

(3:17 ratio v/v) was added to lyophilised enzyme digests and incubated at room 

temperature for 10 minutes.  An equal amount of 1.25 M sodium cyanoborohydride was 

then added and the samples incubated for 16 hours at 37oC.  The reaction was terminated 

by the addition of glycerol to a final concentration of 20% and samples stored at –80oC.   

 

Samples saccharide standards were electrophoretically separated on a high percentage 

polyacrylamide gel [360] at 400 V using a Tris-borate and Tris-HCl running buffer system.   

Electrophoresis was performed at 4oC. 

 

Electrophoresis was carried out using a TVR-1000K vertical gel (Scie-Plas, UK) with 10 

cm plates, 0.75 mm spacers and wells of 0.5 cm. Gels were cast using a 10 ml volume of 

acrylamide/bis-acrylamide monomer (resolving gel of 25% acrylamide by total weight / 

3.75% of total weight cross-linker) in 187.5 mM Tris-borate and 187.5 mM Tris-HCl 

buffer solution. Polymerisation was initiated with a 5 uL volume of N,N,N’,N’-

tetraethylenemethylenediamine (TEMED) and 50 uL volume of 10 % (w/v) ammonium 

persulphate. The surface of the resolving gel was rinsed with 150 mM Tris-HCl pH 8.8. A 

stacking gel of 5 mL volume (5 % acrylamide by total weight /1.5 % bis-acrylamide 

monomer cross-linker) was applied to the resolving gel surface in 360 mM Tris-HCl 

buffer.  Polymerisation was achieived with 10 uL of TEMED and 50 uL of 10 % (w/v) 

ammonium persulphate.  The wells were rinsed with 150mM Tris-borate, pH 8.8 

electrophoresis buffer.  Gels were gels pre-electrophoresed at 400 V for 10 min to 

stabilised the current. A 5 uL sample was loaded and the gels were electrophoresed at 400 
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V for a further 85 min. Fluorescent bands were visualised using UV illumination at 365 

nm. 

 

2.8.2.5..   FACE quantitation 

 

An absolute standard of a saccharide of defined concentration was used to compare the 

concentration of differing batches of commercial standards and to account for the previous 

published known variation in commercial saccharides standards [361].  Enzyme-digested 

appropriate substrate controls, including those derived from spiking and extraction from an 

agarose hydrogel were performed.  Gel-to-gel variation was monitored using a saccharide 

standard of absolute known concentration. 

 

Digital images were captured using a GelDoc-It CCD camera (UVP Inc) at an aperture of 

f-stop 3 and exposure times from 0.4 to 4 seconds.  One image was exposed so that all 

pixels were within the linear 12-bit depth required for quantification and a second image 

was taken with greater exposure to reveal less abundant saccharides.  Digital images were 

captured as 12-bit depth TIFF files and quantified in LabWorks (UVP Inc.).  

 

2.9.5.  Total collagen 

 

2.9.1.  Hydroxyproline 

 

Collagen is composed of a repeating (Glycine-X-Y)n amino acid sequence with proline and 

hydroxyproline frequently included at the remaining X and Y positions.  Hydroxproline 

was analysed using a previously published method  [362].  The imino acid hydroxyproline 
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that represents approximately 10% amino acid residues in collagen was assessed using a 

modification of the Grant method  [362].  Proteinase K digest products were hydrolysed 

with 6N hydrochloric acid to release hydroxyproline residues.  The hydroxyproline 

residues were then oxidised using chloramine to form a pyrrole group that reacts with the 

chromogen substrate dimethylaminobenzaldehyde (pDAB).   

 

A 50 µL volume of sample or standard was added to the well of a 96-well microtitre plate.  

100 µL of 56 mM Chloramine-T and 100 µL 1.7 M pDAB were added in succession and 

the plate incubated at 60oC for 45 minutes.  The plate was read immediately on a 

Multiskan microplate reader (Thermo Scientific, UK).  The absorbance of the chromogen 

was then read spectrophotometrically at 540 nm to determine the concentration against a 

standard curve plotted of 0, 1, 2, 4, 6, 8 and 10 µg/mL hydroxyproline. 

 

2.10.  Deoxyribonucleic acid 

 

2.10.1.  Picogreen dye 

 

DNA was quantified spectophometrically using the Picogreen™ dye (Invitrogen, UK), that 

binds to double stranded DNA, and form a fluorescent complex through proposed 

intercalation and groove binding of the DNA polymer  [363].   

 

Samples (10 µL) were added to 215 uL of 10 mM Tris-EDTA, pH 7.4.  An equal volume 

of Picogreen dye, dissolved in DMSO, was added. Fluorescence emission counts at 535 nm 

were read against a standard curve plotted using 0, 25, 250, 2500 and 25000 pg/mL lambda 
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DNA.  Cell number was calculated using the previously reported amount of 7.7 pg of DNA 

per chondrocyte [364; 365]. 

 

2.11.  Immunohistochemistry. 

 

2.1.1.  Type VI collagen 
 
 
Agarose cores were cut into 0.5 to 1 mm thick slices using a scapel and fixed in 4% (w/v) 

paraformaldehyde in 0.1M phosphate buffer saline (PBS), pH 7.4, for 30 minutes at room 

temperature [366].  The slices were then washed three times in PBS and stored in 0.14M 

NaCl/10mM Tris-HCl pH 7.4 (NT buffer) with 1% (w/v) BSA and 0.05% (w/v) sodium 

azide.  Enzyme pre-digestion was used to unmask antibody epitopes.  The slices were 

incubated in testicular hyaluronidase (2mg/mL) in 0.1M Tris-HCl buffered to pH 5.0 at 

room temperature for 90 minutes.  The slices were washed in cold 0.1M Tris-HCl pH 5.0.  

The primary antibody, rabbit anti-collagen VI, was diluted to 1 in 500 in NT buffer 

supplemented with 5% (w/v) BSA and applied for for 18 hours at 4oC with agitation.  The 

slices were washed for 5 hours with NT buffer with 1% (w/v) BSA.  Secondary antibody, 

FITC-conjugated-anti-rabbit, was diluted to 1 in 500 with NT buffer and 5% (w/v) BSA 

was applied overnight at 4oC with agitation.  After incubation, slices were washed with NT 

buffer with 1% (w/v) BSA for three hours and the chondrocyte nuclear DNA 

counterstained with 3 µM propidium iodide. After incubation, the slices were mounted on 

glass slides in Vectastain Hard-Set Fluorescent Mountant.  Slides were viewed with UV 

epifluorescence using a FITC filter (490 nm excitation, 535 emission). 

 
 
2.11.2.  Chondroitin sulphate 
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The procedure was carried as previously describe for type VI collagen (Methods 2.5.1) 

exception for the following modifications.  Enzyme pre-digestion to unmask epitopes 

consisted of washing three times for 20 minutes in 0.1M Tris-Acetate pH 8.0.  Agarose 

cores were incubate in 0.2 U/mL chondroitinase ABC in 0.1M Tris-Acetate pH 8.0 at 37oC 

for 3 hours and then washed three times 20 minutes in 0.1M Tris-Acetate pH 8.0, with a 

final wash in cold 0.14M NaCl/10mMTris-HCl pH 7.4 for 20 mins.  Samples were 

incubated with monoclonal mouse 1o antibody anti-chondroitin-6-sulphate (MK-302) at 

1:250 dilution. An anti-rabbit secondary antibody was used. 

 
 
2.11.3.  Keratan sulphate 
 

The procedure was carried out as previously describe for type VI collagen (Methods 

2.11.1) exception for the following modifications.  There were no enzyme pre-digestion 

required for unmasking purposed.  The 1o antibody, mouse anti-keratan sulphate (EFG-11), 

was incubated at 1:500 dilution.  An anti-rabbit secondary antibody was used. 

 
 
2.11.4.  Type II collagen 
 

The procedure was carried as previously describe for type VI collagen (Methods 2.5.1) 

except for the following modifications. Enzyme pre-digestion to unmask epitopes 

consisted of washing three times for 20 minutes in cold 0.1M Tris-HCl pH 5.0.  Agarose 

cores were incubate in 2mg/mL testicular hyaluronidase in 0.1M Tris-HCl pH5.0 at room 

temperature for 2 hours.  Samples were incubated with 1o antibody, rabbit polyclonal anti-

collagen II  (Ab300), at 1:100 dilution. 
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2.11.5. Hyaluronan 
 
 
Agarose cores were fixed in 2% paraformaldehye/PBS pH 7.4 and dissected into slices of 

0.5 mm thickness and fixed for 30 minutes at room temperature.  Slices were washed for 

10 minutes in PBS (repeated three times).  Enzyme pre-digestion to unmask hyaluronan 

binding sites with the aggrecan proteoglycan were conduction based on a modification 

from a previously published method  [367].  Samples were washed in 0.1M Tris-HCl pH 

8.0 for 20 minutes, followed by incubation in 0.1M Tris-HCl pH 8.0 for 20 minutes at 4oC.  

Agarose slices were equilibriated with pre-chilled 20U/mL Proteinase K for 20 minutes at 

4oC.  Samples were incubated for 25 minutes with Proteinase K at 37 oC.  Slices were 

washed with pre-chilled 0.1M Tris-HCl pH 8.0 on at 4oC for 20 minutes (repeated three 

times in total).  A final wash was conducted for 20 minutes in 0.1M Tris-HCl pH 8.0.  A 

negative staining control consisted of pre-digesting samples with 2mg/mL testicular 

hyaluronidase in 0.1M Tris-HCl buffered to pH 5.0 at 37oC for 1 hour followed by 

washing in 0.1M Tris-HCl pH 8.0 for 20 minutes.  Non-specific binding was blocked with 

0.14M NaCl/10mMTris-HCl pH 7.4/1% normal horse serum (NHS) at 4oC for 3 hours 

with continuous agitation on an orbital mixer.  A biotinylated hyaluronan binding protein 

(bHABP) was applied at 2µg/mL in 1% NHS/PBS pH 7.4.  An additional negative staining 

control consisted of incubating with omission of the bHABP.  Samples were incubated at 

4oC overnight with continuous agitation followed by washing five times, 1 hour each with, 

1% NHS/PBS (4oC, with agitation).  Agarose slices were then incubated with Cy2-

conjugated-streptavidin at 1 in 500 dilution in 1% NHS/PBS pH 7.4.  Samples were 

incubated for 48 hours at 4oC, with agitation, in the dark.  Slices were washed with 1% 

NHS/PBS for 1 hour (4oC, with agitation).  Samples were then wash and cell nuclei 

counterstained with 3 µM propidium iodide in 1% BSA/PBS pH.7.4 for 1 hour at 4oC, with 

agitation.  Slices were washed for one hour with 1% BSA/PBS followed by washing for 20 
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minutes with PBS pH 7.4 (4oC, with agitation).  Agarose slices were equilibrated with 

DABCO/PVA moutant (2.5% 1,4-diazabicyclo[2.2.2]octane, 10% polyvinyl alcohol, 5% 

glycerol and 25 mM Tris buffer, pH 8.7) at 4oC with agitation and then mounted on glass 

slides.  Slides were viewed with UV epifluorescence using a FITC filter (490 nm excitation, 

535 emission). 

 
 
2.11.12.  Confocal imaging 
 

Confocal microscopy was conducted on an inverted Olympus Fluoview microscope.  Laser 

excitation was at 488 nm with emitted light recorded above 500 nm. 

 

2.13.  Cytoskeletal staining 

 

2.13.1.  Actin edge index 

 

Chondrocyte-agarose cores, 20 minutes post-ultrasound treatment, were fixed for 15 

minutes in 4% paraformaldehyde/Dulbecco PBS containing 5mM ethylene glycol 

tetraacetic acid (EGTA) and 1mM MgCl2 at pH 6.0.  The cores were then washed three 

times in PBS for 5 minutes.  Agarose slices, 0.5 mm thick, were permeabilised for 10 

minutes in 0.2% Triton X-100 at 4oC.  Samples were then washed three times in PBS for 5 

minutes each and blocked for 1 hour in 1% BSA/PBS.  Agarose slices were then incubated 

with 1µg/mL FITC-phalloidin for 3 hours with gentle agitation.  Nuclear DNA was 

couterstained with 3 uM propidium iodide in 1% BSA/PBS.  Slices were washed for 1 hour 

in 1% BSA/PBS pH 6.0.  After incubation, the slices were mounted on glass slides in 

Vectastain Hard-Set Fluorescent.  Slides were viewed with UV epifluorescence using a 

FITC filter (490 nm excitation, 535 emission). 
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Confocal microscopy was conducted on an inverted Olympus Fluoview microscope using 

a 40X objective.  Laser excitation was at 488 nm with emitted light recorded above 500 nm.  

A 6X digital zoom was utilised, with an image size of 1024x768 pixels. Quantification was 

performed based on a previously described method  [225].  Confocal z-series from the 

centre to the periphery of the chondrocyte were recorded at a z-spacing of 1 µm.  An 8 µm 

region of interest was selected from the centre of individual chondrocytes.  A custom 

digital Sobel filter of 11 by 11 pixel kernel size was performed in the Scion Image software 

package (Scion Coporation).  An edge index was derived using the previously published 

method.  The number of edge pixels above a 20% threshold intensity were measured in 

relation to the total pixel count. 

 

Figure 5.  Actin edge index image analysis. An 8-bit grey scale z-stack of an individual 

chondrocyte was constructed (a).  A digital Sobel filter edge detection filter was applied to 

the image (b).  The resultant image processed to separate edge associated pixels above a 

preset threshold. 

 

 

2.13.2.  Paxillin foci 

 

Chondrocyte-agarose cores, 20 minutes post-ultrasound were fixed for 15 minutes in 4% 

paraformaldehyde/Dulbecco PBS containing 5 mM EGTA and 1mM MgCl2 pH 6.0. 
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Agarose cores were washed three times in PBS.  0.5 mm slices were incubated in testicular 

hyaluronidase (2mg/mL) in 0.1M Tris-HCl buffered to pH 5.0 at room temperature for 90 

minutes.  The slices were washed in cold 0.1M Tris-HCl pH 5.0.  Agarose slices were 

permeabilised for 10 minutes in 0.2% Triton X-100 at 4oC.  Samples were washed three 

times in PBS for 5 minutes each and then blocked for 1 hour in 1% BSA/PBS.  Samples 

were incubated with primary antibody mouse anti-paxillin (5H11) diluted 1:80 in 1% 

BSA/PBS for 48 hours at 4oC with gentle agitation.  Slices were washed in 1% BSA/PBS 

for 1 hour.  Nuclear DNA was counterstained with 1% BSA/PBS with 3 µM propidium 

iodide and then washed for 1 hour in 1% BSA/PBS.  After incubation, the slices were 

mounted on glass slides in Vectastain Hard-Set Fluorescent.  Slides were viewed with 

UV epifluorescence using a FITC filter (490 nm excitation, 535 emission). 

 

Fields of view consisting of populations of chondrocytes within the same focal plane were 

visualised by using a low power objective and wide confocal aperture.  A digital image of 

1076 x 768 pixel size was captured and propidium iodide stained nuclei were counted 

using a cell counting application for the ImageJ software package (National Institutes of 

Health).  Paxillin foci positive chondrocytes as a proportion of the total cell population 

were then subsequent recorded. 

 

2.14. Enzyme-linked immunosorbent assay (ELISA) 

 

2.14.1.  PGE2 release 

 

Quantification of PGE2 was determined using a commercial ELISA kit (Amersham 

Biosciences UK Ltd.) and was based on competition between unlabelled PGE2 and a fixed 
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quantity of peroxidase labelled PGE2 for a limited number of binding sites on a PGE2 

specific antibody. The amount of peroxidase labelled ligand bound by the antibody was 

inversely proportional to the concentration of added unlabelled ligand. 

Tetramethylbenzidine (TMB)/hydrogen peroxide substrate absorbance at 450 nm with 

wavelength correction set at 540 nm was measured. 

 

2.14.2.  Cell-associated PGE2  

 

Quantification of PGE2 was determined using a commercial ELISA kit (Amersham 

Biosciences UK Ltd.) as previously described (Methods 2.14.1).   Media and agarose cores 

were sampled at 5 and 2 hours post-LIPUS respectively treatment over time periods up to 9 

days.  Agarose cores were incubated on ice for 20 minutes in Dulbecco's phosphate 

buffered saline with 0.4 µM indomethacin.  Samples were then heated to 70oC for 7 

minutes to melt the agarose gel, cooled and incubated with agarase (20U/mL) for 15 

minutes at 37oC.  The cells were separated by centrifugation at 2000 gav for 5 minutes.  

Loss of PGE2 by extraction from agarose was validated at 6%.  Media and cell-associated 

PGE2 was measured using the provided lysis reagent which disrupts cell membranes and 

interaction with soluble binding factors.  Trypan blue dye exclusion was used to confirm 

cell membrane lysis. 

 

2.14.3.  TIMP-2 

 

Quantification of TIMP-2 in cell culture media was determined using a commercial ELISA 

kit (Calbiochem UK Ltd.) based on competition between unlabelled TIMP-2 and a fixed 
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quantity of peroxidase labelled TIMP-2.  Tetramethylbenzidine (TMB)/hydrogen peroxide 

substrate absorbance at 450 nm with wavelength correction set at 540 nm was measured. 

 

2.15. Collagenase/gelatinase activity assay. 

 

 
Zinc-dependent collagenase/gelatinase activity was detected in the presence of a 1,10-

phenanthroline, a general MMP inhibitor.  In this assay, the intensity of the fluorescence 

was proportional to the reaction time and enzyme concentration.  The substrate was a self-

quenched fluorescent FITC-gelatin conjugate.  Culture media aliquots were re-constituted 

into 0.4mM 1,10-phenanthroline, 0.05M Tris-HCl, 0.15M NaCl, 5 mM CaCl2 and 0.2mM 

sodium azide reaction buffer at pH 7.6.  Fluoresence emission counts (relative fluorescence 

units, RFU herein) were measured after 24 hours incubation at room temperature on a 

Victor™ 1420 multilabel counter (485 nm excitation/ 535 nm emission). 
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Chapter 3.  Effect of LIPUS on two chondrocyte hydrogel encapsulation systems 

 

3.1.  Introduction 

 

Experimental culture systems for the study of chondrocytes have conventionally consisted 

of two-dimensional monolayers or three-dimensional systems of tissue explants or 

hydrogel encapsulation  [164; 205; 206; 236; 368-372].  Cartilage tissue explant cultures 

have been used as model systems to study the effects of mechanical forces on chondrocytes 

in relation to their natural matrix environment  [191].  Monolayer culture of chondrocytes 

leads to rapid and progressive loss of the cell phenotype  [373].  However, the presence of 

the native ECM is associated with an increased number of ill-defined variables, such as 

magnitude of cell deformation, hydrostatic pressure, osmotic pressure and streaming 

potentials  [374].  Hydrogel encapsulation circumvents these limitations and allows 

coupling between defined independent experimental parameters to be investigated with 

greater reproducibilty and analytical precision  [351; 368].  Commonly used hydrogels 

matrices are alginate  [370; 370; 375] and agarose  [373].  Alginate is a polysaccharide 

polymer of mannuronic and gluluronic acid that undergoes gelation in the presence of 

divalent cations  [370].  Chondrocytes cultured in alginate have been maintained in a stable 

phenotype for extended periods  [371].  Alginate bead culture allows chondrocytes to 

reconstruct an ECM with comparable features to the native cartilage tissue, remain 

responsive to growth factors and is easily compatible with many downstream biochemical 

and molecular analytical techniques  [352].  Agarose is a polysaccharide that can form 

thermoreversible hydrogels  [351] and has been widely used to maintain chondrocyte 

phenotype over extended culture periods  [112; 236].  Cell shape is maintained in a 

spherical morphology and an ECM is elaborated around individual cells over time in 
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culture  [236].  The aim of these studies were to evaluate agarose and alginate hydrogels 

for their ability to maintain the chondrocytes phenotype by controlling cell shape and 

prevent overt cell proliferation, together with providing a suitable system for the analysis 

of ECM matrix changes. 

 

3.2.  Experimental design 

 

Bovine chondrocytes were encapsulated in agarose and alginate matrices as described in 

Methods 2.3 and exposed to LIPUS, with controls sham insonated.  At time points of up to 

28 days, agarose constructs and alginate beads were analysed for DNA content.  These 

time points were chosen as the ECM elaboration around individual chondrocytes, in these 

systems, take up to three weeks to reach a plateau, with earlier time points based on a 

preliminary published study that suggested changes in GAG content in response to LIPUS 

occurred at day 9  [376].   

 

3.3.  Statistical analyses 

 

For alginate, four beads from each well were combined and analysed.  This was repeated 

four times.  For agarose, three cores from each well were analysed.  Where appropriate, 

results are represented as mean ± the standard error of the mean (SEM).  Statistical 

differences between LIPUS and control were analysed using the unpaired student t test 

(significance level p < 0.05) 
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3.4.  The effect of LIPUS on sGAG synthesis and retention by alginate encapsulated 

bovine chondrocytes 

 

Two percentages of alginate, 1.2% and 2%, were compared.  Cell number, sGAG synthesis 

and retention in the alginate bead were assessed.  Bovine chondrocytes were encapsulated 

in 1.2% (w/v) alginate at 4 x 106 cells/mL and LIPUS was applied for 28 days.  Media was 

exchanged every third day and samples were assessed after 0, 2, 7, 14, 21 and 28 days. 

 

Figures 6A-C represent data obtained for 1.2% alginate encapsulated chondrocytes.  Up to 

day 7 cell number (Figure 6A) was constant in both the LIPUS and control. From days 7-

14 cell number increased two fold in both LIPUS and control.   From days 14-28, there 

was a further increase in cell number in both LIPUS and control.  sGAG normalised to cell 

number (Figure 6C), was relatively constant up to day 21 after which there was a two fold 

increase in sGAG synthesis.  There was no significant difference between the LIPUS and 

control samples at the conclusion of the experimental period. 
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Figure 6.  sGAG synthesis and retention by alginate beads.  The effect of LIPUS 

treatment on cell number, total sGAG, and cell number normalised to sGAG content in 

1.2% alginate (n=4). 

 

Figures 6D-F represent data obtained from the surrounding culture medium.  Three times 

as much sGAG was lost to the media (comparing C with F).  With LIPUS treated samples 

there was a 4 fold increase in total sGAG accumulation in the media (Figure 7B).  
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Figure. 7.  sGAG release into media surrounding alginate beads.  The effect of LIPUS 

treatment on total sGAG, and cell number normalised to sGAG released to culture media 

sampled from 1.2 (panels B and C) and 2% (panels F and G) alginate hydrogels.  Cell 

numbers indicates that original derived from beads.  Bars represent +/- S.E.M (n=4). 
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Figure. 8.  sGAG release into media surrounding 2% alginate beads.  The effect of 

LIPUS treatment on total sGAG, and cell number normalised sGAG released to culture 

media sampled from 2% alginate hydrogels (panels E-G).  Figures redrawn with low 

range scale to allow clearer visualisation of reduced sGAG loss to media.  Cell number 

indicates that originally derived from beads.  Bars represent +/- S.E.M (n=4). 

 

Bovine chondrocyte were subsequently encapsulated in 2.0% alginate at 4 x 106 cells/mL 

and LIPUS treatment was applied to them over 28 days as before.   
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Figures 6D-F represent data obtained for 2% alginate encapsulated chondrocytes.  The cell 

number was relatively constant up to day 7, when there was a 4 and 3 fold rise in cell 

number in control and LIPUS samples respectively.  This was reduced between days 7 to 

14 by a fold change decrease of 3 and 4 fold in control and LIPUS treated samples (Figure 

6D).  From day 14 onwards there was a slow, increase in cell number over time, with a 

greater increase in cell number within control samples (2 fold) compared to LIPUS (1.5 

fold).   

 

The sGAG normalised to cell number data in 2% alginate showed a concomitant sharp 

reduction in both LIPUS and control samples at day 7 as would be expected from the 

increase in cell number (Figure 6F).  After this reduction, sGAG normalised to cell number 

increased again, but reduced linearly over time in culture with LIPUS treated samples 

having a greater amount of normalised sGAG.  Total sGAG increased up to day 7, 

coinciding with maximum cell number per bead, and then remained broadly constant from 

day 14 for the rest of the culture period.  

 

Figures 7D-F represent data obtained for media derived from 2% alginate encapsulated 

chondrocytes.  The loss of sGAG to the media at a 2% concentration of alginate was 

greatly reduced (Figures 7E-F and 8H-I).  In control samples, at day 28, there was a 9 fold 

greater amount of sGAG in the alginate compared to the media, whereas in LIPUS treated 

samples there was a 5.5 fold difference.  Thus LIPUS treated samples had increased loss of 

sGAG to media.  In media from control samples, there was a delay period of total sGAG 

accumulation up to day 7.  At this point there was an increase in sGAG, which then 

reached a plateau after day 21.  In LIPUS treated samples total sGAG within the media 

increase linearly from the start of the culture period without a delay period, and continued 
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without the plateau at the conclusion of the experimental period.  Total sGAG within the 

media of 2% alginate samples was greater in LIPUS treated samples at all time points 

compared to controls. 

  

Cell number increases in the alginate encapsulation system was problematic because 

clusters of cells that broke free from the alginate bead represent a population of cells that 

were not directly analysed.  Therefore we selected an alternative hydrogel for evaluation.  

Agarose was chosen because of its abilty to maintain phenotypically stable chondrocytes, 

of which elaborate ECM is retained around the cell  [236]. 

 

3.5.  The effect of LIPUS treatment on sGAG synthesis and rentention by agarose 

encapsulated bovine chondrocytes 

 

Cell number, sGAG synthesis and retention in an agarose hydrogel were assessed.  Bovine 

chondrocytes were encapsulated in 3% agarose at 4 x 106 cells/mL and LIPUS applied to 

them over a 23 days culture period.  Media was exchanged every second day.  After 0, 2, 5, 

9, 12, 16 and 23 days, sGAG and cell number were assessed in the agarose and the 

surrounding culture media. 

 

Figures 9A-C represent data obtained for agarose encapsulated chondrocytes.  Cell number 

remained largely constant for the period of the experiment and there was no effect of 

LIPUS over controls as regard to cell number (Figure 9A).  Both sGAG per cell and total 

sGAG increased over time in culture in both LIPUS and control samples (Figure 9C).   

Figures 9D-F represent data obtained for media derived from agarose encapsulated 
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chondrocytes.  The loss of sGAG to the media was minimal, but did increase at later time 

points. 
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Figure. 9.   sGAG synthesis and retention in agarose and release to surrounding media.  

The effect of LIPUS treatment on cell number, total sGAG, and cell number normalised to 

sGAG content in 3% (panels A-C) agarose and media (panels E-G) samples.  Bars 

represent +/- S.E.M. from three core relicates (n=3). 

 

 3.6.  Discussion 
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Less sGAG was lost from 2% alginate than 1.2% alginate.  Despite this, 2% alginate 

retained less cells than 1.2% alginate.  The reduction in loss of sGAG to the media in 2% 

alginate is likely to be because of the decreased pore size of the alginate at this 

concentration that would assist in maintaining ECM components around the cell.  It is 

believed that chondrocytes undergo mitotic divisions to form clusters in this system, as has 

been reported for rabbit chondrocytes maintained in alginate  [352], various alginate 

brands  [377], and at lower cell seeding densities  [378]. Once these cluster reached a 

critical size, then it is proposed that the mechanical properties of the 2% alginate was 

insufficient to contain the volume of these clusters and hence cell number in the beads was 

reduced.  The loss of large cell clusters from the body of the main alginate bead was 

observed microscopically during experimentation. 

 

LIPUS may have increased the likelihood of cell clusters located at the periphery of the 

beads from breaking away from the bead surface by acoustic pressure mechanical 

purtubation.  Alternatively, LIPUS may have reduced cell number by another means such 

as reducing cell attachment, and therefore reducing cell proliferation through altering cell 

shape  [236].  Prevention of cell attachment in monolayer by LIPUS has previously been 

reported, although involved the use of a high intensity signal  [328]. 

 

The increase in total sGAG loss to the media in 2% alginate encapsulation, may be due to 

enhanced mass transport of matrix molecules out of the beads due to standing waves or 

bulk fluid streaming  [312], that may move culture media around the beads.  This was not 

observed with 1.2% alginate beads, where the pore size may be less limiting on mass 

transport.   
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In agarose, ECM molecules aggregate around the chondrocyte as their diffusion is 

inhibited by the pore size of the agarose.  Thus the analysis and clear interpretation of the 

effects of LIPUS of alginate encapsulated chondrocyte in both concentrations of alginate 

was troublesome, and thus the agarose system was used for further studies. Agarose 

encapsulation retained more chondrocytes and ECM and hence was the preferred system 

for further work. 
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Chapter 4.  Differential effects of serum on LIPUS-treated agarose encapsulated bovine 
chondrocytes 
 
 
4.1.  Introduction 

 

Foetal calf serum concentration has been used to control the rate of PCM formed in an in 

vitro agarose systems, and hence cell deformation and recovery from mechanical loading  

[374].  In previous studies, 20% foetal calf serum demonstrated significantly increased 

synthesis.  By day 6 in culture, chondrocytes had formed a PCM that had a proposed 

function as a protective shell, where as in DMEM medium media alone, matrix synthesis 

was less.  Increased serum levels have been used to enhance ECM content of hydrogels 

containing chondrocytes  [379].  Again, a 20% concentration of serum has been suggested 

to be saturating for low cell density cultures, resulting in maximal biosynthetic activity. 

[379] 

 

Basal cell culture media for chondrocytes provide a source of amino acids, vitamins, 

inorganic salts and a carbon source  [380].  Conventionally, these are supplemented with 

animal sera such as foetal calf serum.  Serum for cell culture contains a milieu of more 

than one thousand constituents that have been poorly characterised, including proteins, 

electrolytes, lipids, carbohydrates, hormones, enzymes and growth factors  [381].  Culture 

serum can thus induce changes in cell proliferation, differentiation, inactivate toxic 

compounds and control substrate attachment. 

 

The physical properties of the culture system can be influenced by serum such as pH, shear 

stress, viscosity, osmolarity and gas delivery rates  [382].  Serum can also influence 

membrane permeability, cellular transport and response to mechanical signals.  It has been 
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shown that serum can mediate positively and negatively the effects of fluid flow in bovine 

articular chondrocytes  [383] and influence the timing of the response with other cell types  

[384].  ECM proteoglycan synthesis is increased by serum in bovine cartilage slices  [385] 

and can control the rate and type of molecule synthesised [Dorfman, 1981].  The activity of 

glycosaminoglycan synthetic enzymes are also enhanced by high serum levels  [385; 386].  

The batch variation between serum lots and the requirement for a consistent, chemically 

defined medium has lead to the development of serum-free culture media.  These 

commonly consist of defined components such as insulin, transferrin, selenium, ascorbic 

acid and dexamethasone that can maintain chondrocyte viability and metabolic activity. 

 

The overall the homeostasis of chondrocyte extracellular matrix is a net result of intricate 

interactions and feedback between the presence of existing matrix components, growth 

factors and mechanical forces  [387].  Thus, with a suitable agarose encapsulation system 

now selected for ECM analysis, the following work investigated the effects of varying 

culture serum and TGFβ concentration and the interaction with the mechanical stimulation 

by LIPUS. 

 

4.2.  Experimental design 

 

Bovine chondrocytes were encapsulated in agarose and exposed to LIPUS, with controls 

sham insonated.  CCM containing 0, 2, 10 and 20 % (v/v) foetal calf serum was used to 

culture chondrocytes. At time points of 0, 2, 5, 9, 12, 16 and 23 days, agarose constructs 

were analysed for collagen and glycosaminoglycans, which was normalised to DNA 

content. 
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4.3.  Statistical analyses 

 

Three to four agarose cores from each well were analysed.  The experiment was replicated 

up to three times.  Where appropriate, results are represented as mean ± the standard error 

of the mean (SEM).  Statistical differences between LIPUS and control were analysed 

using the unpaired student t test (significance level p < 0.05) 

 

4.4.  Dimethylmethylene blue (DMMB) assay for total sGAG 

 

Bovine chondrocytes were encapsulated at 4 x 106 cells per mL in 3% (w/v) agarose and 

LIPUS was applied to them over a 23 day period.  Agarose was overlayed with culture 

media supplemented with 0, 2, 10 or 20% serum.  Media were exchanged every second day.  

After 0, 2, 5, 9, 12, 16 and 23 days, sGAG and cell number were assessed. 

 

Figure 10, panels A-D, show the effect of LIPUS on cell number with varying serum 

concentrations.  At 0% serum, cell number decreases broadly over time in control cultures.  

In LIPUS treated samples cell number is maintained.  At 2% serum, cell number is 

constant in LIPUS treated samples.  Control samples show increased cell number, thus 

LIPUS seem to inhibit an increase in cell number increases.  With 10% serum, cell number 

is broadly constant with an upwards trend.  LIPUS has no effect on cell number at 10% 

serum.  At 20% serum, decrease in cell number at day 5, upwards trend from then onwards.  

No effect of LIPUS on cell number, between ultrasound and controls was seen.  At day 2, 

increase in cell number seen with LIPUS at all serum concentrations except 10% serum. 
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Figure 10.  sGAG increased by LIPUS in 20% serum.  The effect of LIPUS on cell number (panels A to D), total sGAG (panels E to H), and 

normalised sGAG (panels I to L) in agarose encapsulated bovine chondrocytes with 0, 2, 10 and 20% serum. Bars represent +/- S.E.M (n=10). 
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Figure 10, panels E and I, show the effect of LIPUS on sGAG with 0% serum.  At 0% 

serum, sGAG normalised to cell number (normalised sGAG) was approximately one-third 

of that attained by 20% serum.  The rate of normalised sGAG accumulation increased 

between day 9 and 12.  LIPUS had no effect on this rate change at 0% serum.  LIPUS had 

no effect over controls with respect to normalised GAG at this serum concentration.  Total 

sGAG showed a similar trend with a jump between day 9 and 12.  However, in control 

samples total GAG remained constant after day 12, while LIPUS treated samples 

continued to accumulate greater total sGAG over controls.  By day 23, at the conclusion of 

the experiment, LIPUS treated samples had about 50% more total GAG. 

 

 

Figure 10, panels F and J, show the effect of LIPUS on sGAG with 2% serum.  At 2% 

serum, normalised sGAG was similar to that attained by 20% serum.  The rate of 

normalised sGAG accumulation increased from 0.04 to 0.09 ng per cell between day 2 and 

5, respectively.  LIPUS had no effect on the timing of this rate changes, but did increase 

the magnitude of the increase at day 5.  In control samples, the normalised sGAG 

accumulation rate followed a slow then fast upwards progression. However, with LIPUS 

the rate of accumulation of normalised sGAG was accelerated and followed a linear 

increase between day 5 and day 16.  The magnitude of the normalised sGAG accumulated 

was greater between days 5 and 23, being statistically significant at days 5 (p < 0.05).  At 

day 16 LIPUS samples reach a plateau, however normalised sGAG was greater at day 23 

than for the control samples.  Total sGAG does not replicate such marked jump between 

days 2 and day 5, and there is no difference in total sGAG between control and LIPUS 

samples during the experimental period. 
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Figure 10, panels G and K, show the effect of LIPUS on sGAG with 10% serum.  At 10% 

serum, normalised sGAG was again similar to that attained by 20% serum.  The rate of 

normalised sGAG accumulation jumped between day 2 and 5, and between day 9 and 12. 

 

The slow then fast upwards progression was more biphasic and staggered in nature.  There 

was a marginal increase in normalised sGAG at day 5 in LIPUS samples over controls.  

There was no effect of LIPUS on total sGAG over controls.  The biphasic accumulation 

was not as marked when total sGAG was analysed.  At 10% serum, there was no plateaux 

effect with respect to total sGAG. 

 

Figure 10, panels H and L, show the effect of LIPUS on sGAG with 20% serum.  At 20% 

serum, normalised sGAG showed a similar biphasic increase in both LIPUS and control 

samples.  At day 5 there was a significant increase in sGAG content in LIPUS-treated 

samples (Day 5, 36%, p < 0.001).  There was a plateau in normalised sGAG accumulation 

after day 12.  Between day 2 and 12, in LIPUS treated samples, there was trend to linearise 

normalised sGAG accumulation compared to controls.  Thus LIPUS was in effect 

accelerating normalised sGAG accumulation.  Total sGAG followed an rapid increase in 

controls, where in LIPUS samples there was a trend towards a linear increase.  There was 

no plateau in either LIPUS or control samples with respect to total sGAG. 

 

4.5.  Fluorophore-assisted carbohydrate electrophoresis 

 

Bovine chondrocytes were encapsulated at 4 x 106 cells per mL in 3% (w/v) agarose and 

LIPUS was applied to them over a 23 day period.  Agarose was overlayed with culture 
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media supplemented with 20% serum.  Media was exchanged every second day.  At day 5 

chondroitin sulphate levels were quantitated. 
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Figure 11.  LIPUS decreases chondroitin-4-sulphate levels at day 5.  The effect of LIPUS 

on chondroitin sulphate disaccharides in day 5 agarose encapsulated bovine chondrocytes 

with 20% serum. Bars represent +/- SD.  Di0S, unsulphated chondroitin; Di4S, 4-

sulphated chondroitin; Di6S, 6-sulphated chondroitin; US, ultrasound; CON, control.  

(n=4). 

 

4.6.  Effects of serum on collagen synthesis by agarose encapsulated bovine 

chondrocytes. 

 

Bovine chondrocytes were encapsulated at 4 x 106 cells per mL in 3% (w/v) agarose and 

LIPUS was applied to them over a 23 day period.  Agarose was overlaid with culture 
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media supplemented with 0, 2, 10 and 20% serum.  Media was exchanged every second 

day.  After 0, 2, 5, 9, 12, 16 and 23 days, total collagen and cell number were assessed.   

 

 

Figure 12, panels E and I, show the effect of LIPUS on total collagen with 0% serum.  At 

0% serum, total collagen production was extremely limited.  Total collagen normalised to 

cell number (normalised total collagen) attained at day 23 was only at a level achieved by 

day 5 in 2 and 10% serum.  Figure 12, panels F and J, show the effect of LIPUS on total 

collagen with 2% serum.  At 2% serum, total collagen production was not impeded.  The 

increase in total collagen is linear up to day 16.  Between day 16 and day 23, there was an 

increase in total collagen production. 

 

 

Figure 12, panels G and H, show the effect of LIPUS on total collagen with 10% serum.  

At 10% serum, total collagen increased up to a plateau at day 16.  There was no marked 

increase after day 16 as in 2% serum.  Total collagen levels were similar to those attained 

at 2% serum. 
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Figure 12.  LIPUS increased total collagen in 20% serum.  The effect of LIPUS on cell number (panels A to D), total collagen (panels E to H), 

and normalised collagen (panels I to L) in agarose encapsulated bovine chondrocytes with 0, 2, 10 and 20% serum. Bars represent +/- S.E.M 

(n=4-9).  *, p<0.05. 
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Figure 12, panels H and L, show the effect of LIPUS on total collagen with 20% serum.  

At 20% serum, there was an increase in the accumulation rate of collagen per cell between 

days 2 and day 5.  The collagen per cell at day 5 in 20% serum is comparable to that 

attained at day 12 in 2% serum, a further 7 days later.  Control samples show a stabilisation 

and then second jump in collagen per cell between day 9 and 12, after which the level 

reaches a plateau.  In contrast, LIPUS treated samples show a constant linear increase from 

day 5 to day 23.  After day 9, the amount of collagen in the LIPUS-treated samples was 

significantly greater than that of the controls (Day 23, 44%, p < 0.05).  At day 23 LIPUS 

treated samples had a greater collagen per cell than controls, with no evidence of a plateau 

effect. 

 

 

4.7.  Effect of LIPUS on sGAG content in agarose encapsulated bovine chondrocytes 

with varying TGFβ concentrations and 2% serum. 

 

Bovine chondrocytes were encapsulated at 4 x 106 cells per mL in 3% (w/v) agarose and 

LIPUS was applied to them over a 23 day period.  Agarose was overlaid with culture 

media supplemented with 2% serum and 0, 0.01, 0.1, 1.0 and 10 ng/mL of TGFβ1.  Media 

was exchanged every second day.  After 0, 2, 5, 9, 12, 16 and 23 days, sGAG and cell 

number was assessed. 

 



101 
 

 

0

100

200

300

400

C
el

l n
um

be
r 

( x
 1

0
3 )

0

15

30

45

60

To
ta

l s
G

A
G

 (n
g)

0 2 5 9 12 16 23
0.0
0.1
0.2
0.3
0.4
0.5
0.6

sG
A

G
 p

er
 c

el
l (

ng
)

0 2 5 9 12 16 23 0 2 5 9 12 16 23 0 2 5 9 12 16 23

Number of days in culture

0.0 ng 0.01 ng 0.1 ng 1.0 ng
A B C D

F G H I

K L M N

Control
Ultrasound

0 2 5 9 12 16 23

10 ng
E

J

O

**
***

**
**

* ** ** ** ** ** *

*

* **
** ***

*** **

*

*

*

 



102 
 

Figure 13.    Varying effects of TGFβ with 2% serum on cell number.  The effect of LIPUS on cell number (panels A to E), total sGAG (panels 

F to J), and normalised sGAG (panels K to O) in agarose encapsulated bovine chondrocytes with 2% serum supplemented with 0, 0.01, 0.1, 1, 

and 10 ng/mL TGFβ1. Bars represent +/- S.E.M (n=3-6).  *, p<0.05; **, p<0.01; ***, p<0.001. 
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At 2% serum and without TGFβ, cell number dropped after 5 days, but this decrease was 

more prominent in LIPUS treated samples at this time point.  Cell number was constant 

until day 16, at which point there was an increase in cell number of control samples.  At 

day 23, there was no difference between cell of LIPUS and control samples.   

 

At 2% serum and with 0.01 ng per mL TGFβ1, cell number dropped steadily over time in 

control samples.  At day 2, cell number in LIPUS samples was maintained.  However, 

between day 2 and 5, LIPUS treated dropped more rapidly.  From day 9 onwards, LIPUS 

and control samples had similar cell numbers. 

 

At 2% serum and with 0.1 to 10 ng per mL TGFβ1, cell number is reduced gradually over 

time in culture in control samples.  In LIPUS treated samples, cell number decreases more 

rapidly, between day 0 and day 2.  At day 2 and day 5, LIPUS treated samples had a 

reduced cell number in comparison to control samples.  At later time points, both LIPUS 

and control samples had similar cell numbers.  With greater TGFβ1 supplementation (1 ng 

and 10 ng per mL) there was a trend in the increase in cell number at later time periods. 

 

 

At 2% serum and with 0 and 0.01 ng per mL TGFβ1, sGAG normalised to cell number 

(normalised sGAG) shows a slow then rapid progression in control samples.  In LIPUS 

treated samples the accumulation of sGAG was accelerated and there was a linear increase 

in normalised sGAG up to day 16.  At day 23 the sGAG levels actually decreased in 

LIPUS treated samples, so there may have been a pulse-chase effect, with loss of excess 

sGAG to media. 
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At 2% serum and with 0.1ng to 10 ng per mL, accumulation of normalised sGAG is linear. 

 

 

4.8.  Effects of serum and TGFβ on collagen snthesis by agarose encapsulated bovine 

chondrocytes. 

 

Bovine chondrocytes were encapsulated at 4 x 106 cells per mL in 3% (w/v) agarose and 

LIPUS was applied to them over a 23 day period.  Agarose was overlaid with culture 

media supplemented with 2% serum and 0, 0.01, 0.1, 1.0 and 10 ng/mL of TGFβ1.  Media 

were exchanged every second day.  After 0, 2, 5, 9, 12, 16 and 23 days, total collagen and 

cell number was assessed. 

 

At 2% serum without TGFβ1, there was an accumulation of normalised total collagen from 

day 2 onwards.  However, the level of total collagen at 2% serum, remained constant and 

reached a plateau after day 9. 

 

With 2% serum with 0.01 to 10 ng per mL TGFβ1, in both LIPUS and control samples, 

collagen per cell accumulation was detected later on in the culture period, at day 9.  There 

was no difference in the accumulation of collagen per cell between LIPUS and control 

samples at 0.01 ng per mL and 10 ng per mL TGFβ1 supplementation.  At 2% serum, 0.1 

ng and 1 ng per mL TGFβ1, there was more normalised collagen per cell in LIPUS treated 

samples than controls at day 16. 
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Figure 14.  No effect of TGFβ with 2% serum on total collagen.  The effect of LIPUS on cell number (panels A to E), total collagen (panels F 

to J), and normalised collagen (panels K to O) in agarose encapsulated bovine chondrocytes with 2% serum supplemented with 0, 0.01, 0.1, 1, 

and 10 ng/mL TGFβ1. Bars represent +/- S.E.M.  n=3-6.  *, p<0.05; **, p<0.01; ***, p<0.001. 
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4.9. Discussion 

 

The previously described effects of LIPUS on cell proliferation have been diverse  [323; 

325; 326; 333; 340; 345; 388].  However, the use of a monolayer culture systems  [335; 

345; 389] and of a higher intensity ultrasound signal  [326; 329] seem to have increased the 

likelihood of an increase in cell number.  Most studies were conducted at 10% culture 

serum and showed no enhancement in cell number by LIPUS.  In an agarose culture 

system, at 20% serum, there was no enhancement of cell proliferation by LIPUS reported  

[376], which is in agreement with our results.  A direct comparison of varying serum 

concentration on cell number, with respect to LIPUS, has not previously been reported. 

 

 

LIPUS may maintain a stable cell number in serum-free conditions by either an effect on 

cell viability or cell proliferation.  Cell viability and cell proliferation could be increased 

by enhanced culture medium component diffusion resulting from LIPUS, such as 

dexamethasone present in serum-free culture media.  Dexamethasone has been previously 

shown to increase both cell viability and DNA synthesis in chondrocytes  [390; 391].  The 

greater amount of sGAG at later time points in serum-free culture is likely to be due the 

increased cell number available to produce ECM. 

 

At 2% serum concentration, the marginally reduced DNA content of LIPUS treated 

samples compared to controls at later time point may be due to an effect on chondrocyte-

substrate attachment.  LIPUS may have an effect on chondrocyte attachment to the 

surrounding ECM and hence control the cell shape-phenotype relationship [330].  

Alternatively, the enhanced sGAG per chondrocyte in LIPUS treated samples could 
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indicate a shift from DNA synthesis to matrix production.  Chondrocytes surrounded by a 

more elaborated PCM are less likely to undergo cell division. 

 

The effect of higher concentrations of culture serum may be to mask or change the timing 

of these effects on cell number and sGAG  [379].  At 20% serum, LIPUS increased sGAG 

at day 5 of culture, this is the point within the agarose system that the pericellular matrix 

becomes sufficiently mechanical robust to prevent direct cell deformation  [369].  Thus 

mechanical perturbation by LIPUS may have a discreet time window within which to have 

a direct mechanical effect on chondrocytes  [376]. 

 

The effect of LIPUS on chondroitin sulphate at day 5 in 20% serum was an increase in 

Di6S compared to Di4S (Figure 11).  This difference in sulphation could be due to 

maturation.   [392].  A similar increase in 6-sulphation has been described for mechanically 

loaded chondrocytes  [393]. 

 

The presence of 20% serum was conducive to maximal total collagen synthesis within this 

system and the time periods studied.  From day 9 onwards LIPUS increased the amount of 

total collagen within samples.  This may be due to LIPUS enhancing collagen production 

at an inherent switch over point within the chondrocyte agarose culture system from 

fundamental pericellular matrix synthesis to territorial and inter-territorial matrix 

elaboration.   

 

LIPUS may enhance this by increased diffusion of culture media and serum components  

[164; 379] such as growth factors that aid collagen synthesis.  The presence of the inter-

territorial matrix has been reported to provide sufficient stiffness of the chondrocyte matrix 
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environment to again allow mechanical forces to be applied to the cell, that had previous 

been shielded by the pericellular matrix  [369]. 

 

The effect of LIPUS with respect to varying TGFβ concentrations was a diverse range of 

enhancement and inhibition of DNA content and matrix synthesis.  The presence of TGFβ 

already inherently within 2% serum, together with other growth factors, most likely 

resulted in these confounding results  [156]. 

 

Mechanical forces that act on convective transport enhance the movement of large solutes 

such as growth factors  [164; 379].  The hydraulic permeability of agarose-chondrocyte 

hydrogels has previously been reported to decrease to one-tenth during prolonged culture  

[205].  The effects of compressive mechanical forces have thus been more pronounced at 

later time points in culture when more matrix had been elaborated, as was the case with 

LIPUS and total collagen production. 
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Chapter 5.  Chondrocyte transduction of the LIPUS signal and its relation to 

extracellular matrix synthesis 

 

5.1. Introduction 

 

Mechanical forces induce signalling cascades from the ECM to the cell, while the cell, in 

response, initiates signalling mechanisms to instigate synthesis and degradation of the 

ECM via effector molecules.  Mechanical forces can be transduced by mechanism such as 

prostaglandin signalling and cytoskeletal re-organisation in chondrocytes.  While effector 

molecules such as MMPs and TIMPs act downstream to regulated overall ECM turnover.  

Multiple signalling pathways are likely to be involved in parallel, with interaction between 

various signalling molecules and pathways.  It is the overall sum of these actions that 

maintain chondrocyte synthesis and degradation of ECM, and its homeostasis. 

 

During mechanical loading, the cell cytoskeleton deforms, changes organisation, is 

constructed and deconstructed  [227].  The chondrocyte cytoskeleton is responsive to 

strain, fluid flow, osmotic loading  [394] and hydrostatic pressure  [225].  In areas of 

greater in vivo cell deformation, cytoskeletal elements show stronger histological staining  

[230].  Actin microfilaments are dynamic and undergo continuous remodelling and 

rearrangement within the cell  [215].  Elements of the cytoskeleton are suggested to 

transmit signals from the ECM through its connection to integrin receptors  [227].  In other 

mesenchymal cell types, such as osteoblasts and osteocytes disruption of the actin 

cytoskeleton, resulted in prostanoid signalling  [395], however this has not been 

demonstrated in chondrocytes to date. 
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Actin microfilaments can convey mechanical compression to the cell nucleus  [396].  

Mechanical forces applied to chondrocytes encapsulated in agarose result in remodelling of 

actin microfilaments  [207].  This effect is reversible after 60 minutes post loading, since 

studies demonstrated that there is no difference between loaded and non-loaded cells was 

detected.  It has been suggested that depolymerisation of actin located cortically, that is at 

the periphery of the cell, may reduce the cell stiffness allowing the cell membrane to 

distort  [397].  Compression resulted in a reduction of cortical recombinant green 

fluorescent protein labelled actin intensity and slower fluorescence recovery after 

photobleaching, which was linked to upregulated gene expression of  actin 

depolymerisation proteins  [398]. 

 

Independently of mechanical perturbation, the actin cytoskeleton shows variation during 

the time course of an in vitro cell culture period.  This may be as a result of factors such as 

cell cycle progression or elaboration of ECM.  It has been reported that chondrocytes at 

day 0 in agarose culture showed no pronounced organisation of actin microfilaments in 

either superficial or deep zone isolated chondrocytes, however between days 3 to 14 there 

is a marked increase  [226].  Using a histomorphometry index to objectively quantify actin 

microfilament organisation, there was an initial increase in edge index of organisation, 

however at  day 7 there was a reduction in edge index  [225].  Concurrent observations 

showed that in early culture up to day 2, punctate actin units were associated with the cell 

periphery.  At later time points of between three and seven days, plaques and ridges of 

dense actin were described  [225].  In explant culture, up to day 1 there was not a marked 

actin organisation, however there was an increase between days 1 and 7, but with no 

subsequent changes up to day 21  [229].   This diversity and temporal change in actin 

organisation may result from different stages of cell replication cycles, procedures for 
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chondrocye isolation, cells originating from different articular cartilage zones, changes in 

metabolism or pericellular matrix elaboration in vitro  [225; 226; 229; 230; 232; 399]. 

 

 
In cultured cells, paxillin is localised to regions of cell adhesion to the ECM that are 

referred to as focal adhesions  [244].  Paxillin immunostaining was punctuate and 

membrane associated in  ex vivo articular cartilage  [400].  Suspension culture 

chondrocytes had smaller punctuate foci labellled for paxillin, however the number of 

punctuate areas was greater, and was comparable to that found in ex vivo tissue sections. A 

cytoplasmic pool of non-plasma membrane associated paxillin staining has been described  

[401].  Paxillin immunofluorescence staining of bovine cartilage explants had the greatest 

intensity in the deep zone compared to the superficial zone  [402].  An effect of the ECM 

environment has been demonstrated, with increased type II collagen expression in 

suspension culture associated with a concomitant increase in expression of paxillin  [403]. 

 

Mechanical regulation of MMPs has been described in cartilage explants and chondrocytes, 

as reviewed by Blain [177].  An increase in MMP expression and activation has been 

reported following in vitro cyclical compression loading of articular cartilage.   Uniaxial, 

cyclic compression of 1 kPa, at 1 Hz, for 30 minutes significantly increased MMP-3 and 

MMP-13 gene expression [404].  Static compression of bovine cartilage explants increased 

MMP-3, -9 and -13 expression within 24 hours.  MT-MMP gene and protein levels were 

shown to be temporally upregulated in response to cyclic compression of bovine 

chondrocytes in vitro  [404]. 

 

In some studies, gene expression levels of MMPs have indicated no alterations in response 

to mechanical loading, however there may be changes in MMP secretion or activation  
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[405].  MMP-2 and -9 activity and expression was increased in mechanically loaded 

cartilage explants (0.5Mpa, 1Hz, 3 hours)  [172].  A shear stress of 16 dyn/cm2 applied to 

monolayer chondrocytes resulted in an upregulation of MMP-9  [406].  Fluid shear of 1.6 

Pa altered gene expression levels of MMP-2, -3, and –13 in monolayer cultured 

chondrocytes  [407]. 

 

It has been suggested that TIMPs are less mechanically responsive, than MMPs [177].  

However, TIMP-1 is sensitive to mechanical forces such as fluid shear  [177], while TIMP-

2 has been shown to be responsive to cyclic strain  [178] and shear  [179].  TIMPs have 

addition effects on cell growth, apoptosis, migration and differentiation  [180].  Recent 

work has shown that TIMP-2 can promote cell adhesion through upregulation of 

cytoskeleton regulatory signalling molecules in endothelial cells [408], however this has 

yet to be investigated in chondrocytes.  

  

PGE2 synthesis can be both constitutive or in response to signalling events such as those 

induced by growth factors, signalling cascades, osmolarity and mechanical transduction.   

The microsomal PGES-1 enzyme synthesis in articular and costal cartilage has been show 

to be mechanoresponsive in response to load  [209].  Static load increases PGE2 synthesis 

in articular cartilage chondrocytes  [409].  Cyclic tensile strain and dynamic compression 

in agarose cultured chondrocyte up to 48 hours inhibit the release of PGE2  [410; 411].  

Fluid-induced shear applied intermittently for one hour increased PGE2 release in 

chondrocytes [412], while dynamic compression in the presence of GRGDSP (a 

fibronectin mimetic peptide), without IL-1β as an inflammatory mediator, marginally 

upregulated PGE2 release in agarose encapsulated chondrocytes  [413]. 
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In the following studies, the previously observed changes in chondrocyte ECM 

development were investigated in relation to potential cell transduction and effector 

mechanisms that were in response to mechanical stimulation by LIPUS. 

 

5.2.  Experimental design 

 

Bovine chondrocytes were encapsulated in agarose and exposed to LIPUS, with controls 

sham insonated. CCM containing 20 % (v/v) foetal calf serum was used to culture 

chondrocytes. At time points of 0 between and 23 days, agarose constructs and media were 

analysed for pericellular matrix elaboration, PGE2, cytoskeletal organisation and zinc-

dependent collagenase/gelatinase activity, which was normalised to DNA content, where 

appropriate. 

 

5.3.  Statistical analyses 

 

Three or four cores or media samples from up to four separate experiments were analysed.  

Where appropriate, results are represented as mean ± the standard error of the mean (SEM).  

Statistical differences between LIPUS and control were analysed using the unpaired 

student t test (significance level p < 0.05) 

 

5.4.  Effect of LIPUS on elaboration of the PCM in agarose encapsulated bovine 

chondrocytes 

 

Bovine chondrocytes were encapsulated at 4 x 106
 cells per mL in 3% (w/v) agarose and 

LIPUS was applied to them over a 23 day period. Agarose was overlayed with culture 
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media supplemented with 20% serum.  Media was exchanged every second day. After 0, 2, 

5, 9, 12, 16 and 23 days keratan sulphate, chondroitin-6-sulphate, collagen type II, collagen 

type VI and hyaluronan localisation were fluorescently labeled. 

 

5.5.  Immunofluorescent localisation of the temporal chondrocyte pericellular matrix 

development 

 

At day 0, chondroitin sulphate (Figure 17) was localised to the presumed chondrocyte cell 

surface giving a ruffled appearance (Figure 15), and which may represent active matrix 

synthesis of CS-substituted proteoglycans at the cell surface.  Additionally, in close 

proximity to the cell, an intense halo of pericellular staining was observed (Figure 15).    

Keratan sulphate was present from day 0 of culture (Figure 17), initially as a diffuse 

staining with dispersed stippling in close proximity to the presumed cell surface.  By the 

second day of culture, the keratin sulphate extracellular matrix had formed a strong 

staining pericellular halo around the encapsulated bovine chondrocyte cell membrane 

(Figure17). Hyaluronan was rapidly re-established from matrix-denuded freshly isolated 

chondrocytes, with staining apparent from day 0 in culture (Figure 18).  Hyaluronan 

staining appeared as a pericellular halo, which became diffuse overtime in culture, as 

matrix staining extended further from the plasma membrane of the chondrocyte cell.
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Figure 15.  Pericellular matrix organisation.  Representative elaboration of the pericellular matrix in agarose encapsulated bovine 

chondrocytes. The development of keratan sulphate (KS), chondroitin-6-sulphate(CS), collagen types II (II), collagen type VI (VI) and 

hyaluronan (HA) were determined using fluoresence staining from 0 to 23 days. Fluoroscein-conjugated secondary antibodies (green) indicate 

positive staining. Nuclei were counterstained with propidium iodide (red). Control staining consisted of omitting the primary antibody.  Scale 

bar is 10 microns. 
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Figure 16.  Temporal organisation of pericellular type VI collagen. Representative organisation of pericellular type VI collagen matrix in 

agarose encapsulated bovine chondrocytes.  The organisation of type VI collagen pericullar staining from day 0 onwards. Fluoroscein-

conjugated secondary antibodies (green) indicate positive staining. Control staining consisted of omitting the primary antibody.  Scale bar is 10 

microns. 
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Figure 17. Temporal chondrocyte 

pericellular matrix development.  The 

effect of LIPUS on elaboration of the 

pericellular matrix in agarose 

encapsulated bovine chondrocytes. The 

development of keratan sulphate (KS), 

chondroitin-6-sulphate (CS), collagen 

type II (II), and collagen type VI (VI) were 

determined using immunofluoresence 

staining from 0 to 23 days. -, indicates 

without LIPUS treatment.  +, indicates 

with LIPUS treatemnt.  Fluoroscein-

conjugated secondary antibodies (green) 

indicate positive staining. Nuclei were 

counterstained with propidium iodide 

(red). Control staining consisted of 

omitting the primary antibody.  Scale bar 

is 20 microns. 
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Figure 18. Temporal chondrocyte hyaluronan pericellular matrix development.  The effect of LIPUS on elaboration of the hyaluronan 

pericellular matrix in agarose encapsulated bovine chondrocytes. The development of hyaluronan staining from 0 to 23 days was localised. -, 

indicates without LIPUS treatment.  +, indicates with LIPUS treatement.  Fluoroscein-conjugated hyaluronan binding protein (green) indicate 

positive staining. Nuclei were counterstained with propidium iodide (red). Control staining consisted of omitting the hyaluronan-binding protein 

(-ve) and a hyaluronidase (Hyase) pre-digestion.   Scale bar is 10 microns. 

. 
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Type II collagen was localised around the cell as a meshwork surrounding the cell, in early 

culture up to day 2 (Figure 15).  From day 2, type II collagen was elaborated to form a 

pericellular matrix halo around the cell, with a more diffuse staining pattern extending 

away from the cell after day 12, which may represent development of the territorial matrix.  

Type VI collagen was present at day 0 of culture (Figure 17), forming the previously 

describe ‘cargo net’ structure spanning around the cell  (Figure 16)  [414].  At day 9, 

extensions from the now strong pericellular matrix halo were observed, and may be 

analogous to the spoke structures previously described  [414].  At day 12, a second outer 

rim of staining had developed around the chondrocytes, with the previously described 

spokes spanning inbetween.  The extent of the ECM composed of types II and VI collagen 

appeared to be greater in response to LIPUS treatment than controls by day 23 (Figure 17). 

 

5.6.  Effect of LIPUS on rate of PGE2  release to media in agarose encapsulated bovine 

chondrocytes 

 

Bovine chondrocytes were encapsulated at 4 x 106
 cells per mL in 3% (w/v) agarose and 

LIPUS was applied to them over a 9 day period. Agarose was overlayed with culture media 

supplemented with 20% serum.  Media was exchanged every second day. After 1, 2, 5 and 

9 days the rate of extracellular PGE2 released to the media was quantified. 
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Figure 19. Decreasing PGE2 release over time.  The effect of LIPUS on rate of PGE2 

release to agarose encapsulated bovine chondrocytes with 20% serum. US, ultrasound 

treated samples; CON, control.  Bars represent +/- S.E.M of media sampled from three 

wells ( n=3). 

 

The rate of PGE2 release to media decrease over time in culture for both control and LIPUS 

(Figure 19).  Between days 1-9 the rate of PGE2 released to the media decrease by 54% in 

both control and LIPUS treated samples.  At day 2, there was 41% increase in the rate of 

PGE2 released to the media in LIPUS treated samples compared to controls, however this 

was not statistically significant (p=0.27).  There was no difference in the rate of PGE2 

released to the media between control and LIPUS treated samples after day 2. 

 

5.7.  Effect of LIPUS on cell associated PGE2 in agarose encapsulated bovine 

chondrocytes 
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Bovine chondrocytes were encapsulated at 4 x 106
 cells per mL in 3% (w/v) agarose and 

LIPUS was applied to them over a 9 day period. Agarose was overlayed with culture media 

supplemented with 20% serum.  Media was exchanged every second day. After 0, 1, 2, 5 

and 9 days cell associated PGE2 was quantified. 
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Figure 20. Cell-associated PGE2 reduced by LIPUS.  The effect of LIPUS on cell 

associated PGE2 in agarose encapsulated bovine chondrocytes with 20% serum. US, 

ultrasound; CON, control.  Bars represent +/- S.E.M.  from three agarose core replicates 

(n=3). 

 

In Figure 20, cell-associated PGE2 decreased overtime in culture in both control and 

LIPUS.  Between days 0-9 there was a 79% decrease in cell-associated PGE2 in control 

samples and a 57% decrease in LIPUS treated samples (p=0.06 and p=0.1, respectively).  
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At day 0, 1 and 2, there was a reduction in cell-associated PGE2 in LIPUS treated samples 

compared to controls by 55, 66, and 49% respectivley.  This was statistically significant at 

day 1 (p=0.039). 

 

5.8.  Effect of LIPUS on actin cytoskeletal staining in agarose encapsulated bovine 

chondrocytes 

 

Bovine chondrocytes were encapsulated at 4 x 106
 cells per mL in 3% (w/v) agarose and 

LIPUS was applied to them over a 9 day period. Agarose was overlayed with culture media 

supplemented with 20% serum.  Media was exchanged every second day. After 0, 2, 5, and 

9 days F-actin localization was localized using fluorescent phalloidin staining and 

quantified using image analysis of histomorphometric edge index of individual cells. 
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Figure 21. Actin organisation decreases up to day 5.  The effect of LIPUS on actin 

cytoskeletal staining in agarose encapsulated bovine chondrocytes with 20% serum.  US, 

ultrasound; CON, control.  Bars represent +/- S.E.M from image analysis of individual 

cells. n=4-9. 



124 
 

 

The edge index of actin organisation decreased over time in culture up to day 5 in both 

control and LIPUS treated samples.  Control samples decreased markedly by 79% between 

day 2 and day 5, while LIPUS treated samples decreased 31% from day 0 to day 2, and 

28% between day 2 and day 5.  At day 5, LIPUS treated samples had a 96% greater edge 

index of actin organisation than controls samples, however this was statistically not 

significant (p=0.17). 

 

5.9.  Effect of LIPUS on paxillin cytoskeletal staining agarose encapsulated bovine 

chondrocytes 

 

Bovine chondrocytes were encapsulated at 4 x 106
 cells per mL in 3% (w/v) agarose and 

LIPUS was applied to them over a 9 day period. Agarose was overlayed with culture media 

supplemented with 20% serum.  Media was exchanged every second day. After 0, 2, 5, and 

9 days paxillin intracellular localisation was determined using immunostaining and 

quantified by image analysis. 
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Figure 22.  Paxillin foci positive chondrocytes.  The effect of LIPUS on paxillin cytoskeletal staining in agarose encapsulated bovine 

chondrocytes. -, indicates without LIPUS treatment.  +, indicates with LIPUS treatment.  Fluoroscein-conjugated secondary antibodies (green) 

indicate positive staining. Nuclei were counterstained with propidium iodide (red). Control staining consisted of omitting the primary antibody 

(-ve).  Scale bar is 100 microns. 
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Figure 23.  Paxillin foci positive chondrocytes.  The effect of LIPUS on paxillin cytoskeletal staining in agarose encapsulated bovine 

chondrocytes. -, indicates without LIPUS treatment.  +, indicates with LIPUS treatment.  Fluoroscein-conjugated secondary antibodies (green) 

indicate positive staining. Nuclei were counterstained with propidium iodide (red). Control staining consisted of omitting the primary antibody 

(-ve).  Scale bar is 10 microns.
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Figure 24. Paxillin foci positive cells increased by LIPUS.  The effect of LIPUS on 

paxillin cytoskeletal staining in agarose encapsulated bovine chondrocytes with 20% 

serum. Bars represent +/- S.E.M from image analysis of  individual cells from four fields 

of view ( n=4). 

 

Paxillin immunostaining revealed both diffuse cytoplasmic and punctuate foci in bovine 

chondrocytes.  The number of paxillin foci positive cells decreased in both control and 

LIPUS treated samples over time in culture.  In control samples, foci positive cells 

decrease from 47% at day 0 to 2% at day 9.  While, in LIPUS treated samples, foci positive 

cells decrease from 71 % at day 0 to 12% at day 9.  At day 0, LIPUS treated samples had a 

50% greater number of paxillin foci positive cells than control samples (p=0.03).  At day 2, 

LIPUS had a 74% greater number of foci positive cells, however this was not statistically 
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significant (p=0.1).  At day 5, there was no significant difference between control and 

LIPUS treated samples. 

 

5.10. Effect of LIPUS on TIMP-2 release to media in agarose encapsulated bovine 

chondrocytes 

 

Bovine chondrocytes were encapsulated at 4 x 106
 cells per mL in 3% (w/v) agarose and 

LIPUS was applied to them over a 23 day period. Agarose was overlayed with culture 

media supplemented with 20% serum.  Media was exchanged every second day. After 0, 2, 

5, 9, 12, 16 and 23 days TIMP-2 released to the media was quantified. 
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Figure 25. TIMP-2 release decreases during culture.  The effect of LIPUS on TIMP-2 

release to media in agarose encapsulated bovine chondrocytes with 20% serum. US, 

ultrasound; CON, control. Bars represent +/- S.E.M from four samples of media (n=4). 
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In control and LIPUS treated samples, the concentration of TIMP-2 released in to the 

media peaked at day 2 and then remained largely constant until day 12.  At day 16 onwards 

there was a decrease in the concentration of TIMP-2 released to the media.  There was no 

statistically significant difference between control and LIPUS treated samples. 

 

5.11.  Effect of LIPUS on collagenase-gelatinase activity in agarose encapsulated bovine 

chondrocytes 

 

Bovine chondrocytes were encapsulated at 4 x 106
 cells per mL in 3% (w/v) agarose and 

LIPUS was applied to them over a 23 day period. Agarose was overlayed with culture 

media supplemented with 20% serum.  Media was exchanged every second day. After 0, 2, 

5, 9, 12, 16 and 23 days inhibition of collagenase-gelatinase within the media was 

quantified using a fluorescent substrate. 
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Figure 26. Transient timing-specific protease activity.  The effect of LIPUS on 

collagenase-gelatinase activity in agarose encapsulated bovine chondrocytes with 20% 

serum. US, ultrasound; CON, control.  Bars represent +/- S.E.M of four media samples 

(n=4). 

 

The RFU ratio between control and LIPUS treated samples remained largely constant at a 

ratio of 1 (± 4%), except for a period of culture between day 2 and day 4.  At between day 

2 and day 4, there was an 11% inhibition of zinc-dependent collagenase-gelatinase activity 

in LIPUS treated samples compared to controls (p=0.003). 

 

5.12.  Discussion 

 

At day 23 in culture, LIPUS increased the territorial extent of types II and VI collagen 

ECM in agarose encapsulated bovine chondrocytes as compared to controls (Figure 17).  

This is consistent with the data derived from the total collagen assay previously described 

(Chapter 3., Figure 12,. panel L).  An increase in type II collagen staining in LIPUS 

treated chondrocytes has previously been reported  [329; 336]. 

 

Cell-associated PGE2 was reduced in response to LIPUS treatment up to day 5, reaching 

statistical significance at day 1 (Figure 20,).  Although, there was a greater rate of PGE2 

release to media in LIPUS treated samples at day 2 compared to controls this was not 

statistically significant.  The low stability of PGE2 and dwell time within the agarose 

before reaching the cell culture media may dampen the detection of extracellular changes.  

An increase in PGE2 release in response to LIPUS in osteoblast has been described  [347]. 
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The edge index of actin cytoskeletal organisation decreased over time up to day 5, 

suggesting a reduction in actin organisation (Figure 21).  This decrease in organisation of 

actin was initiated earlier in LIPUS treated samples.  At day 5 this decrease in organisation 

was halted in LIPUS and control samples, with LIPUS having a greater organisation 

compared to control samples.  After day 5, actin organisation increased to levels similar to 

those at day 0.  The formation of actin stress fibres in monolayer cultured fibroblasts in 

response to LIPUS has been reported  [346]. 

 

Mechanical forces can advance the cell cycle and it is known that actin organisation is 

affected by the stage in the cell cycle  [415].  Actin organisation changes may be related to 

cell cycle or to phenotype changes, including articular chondrocyte zonal phenotype 

convergenced that has been described in cultured of chondrocytes.  With respect to 

mechanical forces, the polymerisation of actin has been shown to be blocked by forces of 

5-15 kPa  [416].  Actin de-polymerisation has been described in response to hypo-osmotic 

stress (volume-decrease)  [417; 418]. 

  

Paxillin foci positive chondrocytes decreased over time in culture (Figure 24).  The initial 

high level of paxillin foci positive cells is suggestive of chondrocytes detecting change in 

their environment.  Freshly isolate chondrocytes are denuded of ECM and thus are likely to 

be more sensitive to mechanical forces and do not have the growth factor buffering and 

sequestering actions of the PCM.  They are also likely to be undergoing osmotic change, as 

they adapt to the de novo encapsulation environment.   

 

Over time in culture, PCM elaboration is known to reduce direct cell compression and act 

as a regulator of growth factor presentation to the chondrocyte.  In LIPUS treated samples, 
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there were a greater number of paxillin foci positive cells up to day 5 (Figure 24).  This 

suggests that after day 5, chondrocytes were not detecting change in their local 

environment through involvement of paxillin signalling in this culture system.  This is 

likely to be due to elaboration of mechanical or biochemical functionally mature PCM.  

Re-distribution of paxillin into focal adhesions in monolayer cultured fibroblasts in 

response to LIPUS has been documented  [346]. 

 

There was no obvious effect of LIPUS on TIMP-2 release to media (Figure 25). Within 

this agarose system, TIMP-2 release to media was highest during early culture periods, but 

reduced over time in culture.  This may be due to a decrease in synthesis rate or an increase 

in sequestering by ECM molecules, that hold TIMP-2 with the local matrix environment. 

 

There was greater inhibition of zinc-dependant proteinase activity in the media of agarose 

cultures between day 2 and day 4 in LIPUS treated samples (Figure 26).  This suggests that 

zinc-dependent metalloproteinase activity was greater between these discreet time points in 

the media from the LIPUS samples compared to controls.  This could be due to increased 

synthesis, cell secretion, pro-enzyme activation, or diffusion into the culture medium.   

 

In light of the previously described increase in total GAG synthesis at day 5 in LIPUS 

treated samples compared to controls (Chapter 3., Figure 10., Panel L), this could be 

explained by the reduced activity of zinc-dependent proteases around the chondrocytes’ 

local environment caused by the mechanical perturbation.  Expulsion of latent MMPs has 

been reported after 30 minutes of loading in cartilage explants [172].  Alternatively, the 

increase in zinc-dependent protease activity, may induce a matrix turnover cycle, by which 

overall ECM is increased by sequential matrix degradation and formation.  Pericellular 
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tissue degradation has been postulated to be required for the induction of aggrecan and 

type II collagen expression  [419].  Also, loss of cell-matrix contact has been suggested to 

result in increased ECM synthesis  [404].  Alternatively, a proposed release of growth 

factors from sequestering proteoglycans can lead to ECM synthesis in response to focal 

matrix degradation. 
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Chapter 6.  Discussion 

 
 
6.1.  Conclusions 
 
 
The agarose system was shown to be the most appropriate encapsulation method for the 

conduction of the LIPUS studies.  The agarose pore size constrained the ECM products 

within close proximity to the chondrocyte, where they coalesced to form a functional 

matrix.  The mechanical properties of 3% agarose was sufficient to maintain the spherical 

nature of chondrocytes and thus prevent overt cell proliferation and loss of phenotype. 

 

The chondrocyte-agarose culture system was characterised up to 23 days of culture.  

Isolated chondrocyte, denuded of pericellular matrix, rapidly re-established a pericellular 

matrix.  Hyaluronan and proteoglycans were synthesised from day 0 onwards, with sGAG 

content reaching a plateau by day 9.  Collagen species were synthesised from early time 

points in culture, constituting assembly of the pericellular matrix.  At time points from day 

9 onwards, there was an inherent switch in the system, where type II collagen synthesis 

increases and is accumulates in the territorial matrix. 

 

Early culture periods were characterised by higher initial PGE2 and TIMP-2 release, with 

the greatest proportional of paxillin foci positive chondrocytes, irrespective of LIPUS 

treatment.  This was likely to be due to the loss of the native pericellular matrix in freshly 

isolated cells, which must represent a grossly unnatural state for chondrocytes.  The 

primary aim of the chondrocyte was to re-establish the native pericellular matrix, which is 

achieved before day 9 of culture. 
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LIPUS accelerated the re-establishement of the proteoglycan component of the pericellular 

matrix in 20% serum, with a greater amount of sGAG at day 5 of culture.  However, the 

final content of sGAG within the pericellular matrix was not differentially increased after 

day 9 by LIPUS.  Thus it can be suggested that LIPUS accelerated pericellular matrix 

accumulation of sGAG, but did not fundamentally change the amount of matrix. 

 

With respect to total collagen accumulation within the territorial matrix of LIPUS treated 

chondrocytes, there was an enhancement of the amount of collagen at day 23 of culture.  

Total collagen deposition by chondrocytes was clearly affected by serum concentration in 

this agarose system, and is thus a rate limiting factor.  The presence of 20% serum resulted 

in markedly more total collagen synthesis.  LIPUS did not accelerate the onset of total 

collagen production, but did appear to enhance total collagen content at late time periods. 

 

The transduction of the LIPUS signal buy means such as cell-associated PGE2, paxillin 

organisation, and zinc-dependent collagenase/gelatinase mechanisms were only noticeable 

in early culture periods, prior to day 5.  This coincides with the timing in development of 

the PCM, which becomes mechanically robust by day 6 of culture [369] and might have 

acted in addition as a buffer zone that sequestered effector species such as enzymes, 

inhibitors, growth factors or autocrine/paracrine signalling molecules.  Thus the effect of 

LIPUS on sGAG content in chondrocytes may be self-limiting as a result of the elaboration 

of a functionally mature pericellular matrix that prevented direct cell deformation or 

buffered the autocrine/paracrine effects.  At later time points, the effect on total collagen 

may have been a result of the indirect mechanical effects, such as an increased rate of mass 

transport on culture serum supplied growth factors or diffusion of waste products.  The 

enhancement of chondrocyte ECM formation in culture by chemotransport mechanisms 
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induced by mechanical forces has been previously postulated.  In reality, it was likely that 

the LIPUS signal simultaneously affects multiple different mechanisms. 

 

The components of the LIPUS signal that contribute to the changes in ECM synthesis of 

chondrocytes have previously been poorly characterised.  It would be useful to characterise 

the relationship between the intensity of the LIPUS signal and the force exerted on the 

chondrocytes.  We would postulate than chondrocytes may require a greater force to be 

applied, in order to induce direct cell signalling, compared to other cell types such as those 

found in bone that have been reported to be responsive to LIPUS intensities of 30 mW/cm2. 

 

Also the response of cells in two dimensional monolayer and three dimensional culture to 

mechanical forces could be divergent.  In the work reported here, we have used a three 

dimensional agarose culture system as this represents a more native environment.  

However, in this system the chondrocytes may be under less cell tension compared to 

previous studies in monolayer cell, and thus the optimal LIPUS signal intensity may need 

to be increased in order to optimise chondrocyte cellular responses . 

 

The consideration of the LIPUS signal as being composed of at two frequency distinct 

components that effect different aspects of the cell environment has been proposed  [420].  

Here it was suggested that the carrier frequency may have mechanical perturbation effects 

on a molecular level interacting with species such as ions, while the repetition rate 

frequency may be associated with units of a cellular size.  The cell unit size has been 

shown to increase overtime due to both cytoplasmic volume changes and pericellular 

matrix elaboration. 
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The proportion of cells within the population sample that directly detect and transduce the 

LIPUS signal has not been characterised.  It would be interesting to physically map the 

presence of node points of the in any ultrasound standing waves, where there would be no 

displacement of chondrocytes and thus no mechanical stimulation. 
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