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Abstract

A dult m esenchymal stem cells (MSCs) offer great potential in tissue 
engineering applications as they can be directed to differentiate along 
num erous lineages to produce a range of skeletal tissues, including the 
chondrogenic lineage. The importance of m echanical loading for the 
m aintenance o f skeletal tissues is well reported. The aim  of this thesis was to 
dem onstrate that the application of cyclic tensile strain to M SC-seeded 
collagen-GA G scaffolds regulates the chondrogenic differentiation process, in 
the presence of chondrogenic growth factors.

A custom -designed multistation bioreactor was developed to apply cyclic 
uniaxial tensile strain to 3D constructs. Firstly, the chondrogenic 
differentiation of the M SCs using TGF-|31 was demonstrated. To apply cyclic 
tensile strain, the cell-seeded scaffolds were uniaxially clam ped between 
stainless steel grips. This allowed for an investigation into the importance of 
cell-m ediated contraction for the differentiation process. Inhibition of 
contraction through clamping resulted in a reduction in the rate of GAG 
synthesis. The application of physiological loading of 10% strain at 1 Hz 
reversed this process and resulted in an increase in the rate of GAG synthesis. 
An investigation into the m echanotransduction process dem onstrated that 
stretch-activated ion channels were involved in m ediating the differentiation 
process.

A computational model was developed to investigate the biophysical stimuli 
developed within the scaffold during cyclic loading. The results demonstrated 
that the m agnitudes of fluid flow and strain developed were sim ilar to those 
previously reported to regulate chondrogenic differentiation, therefore 
indicating that these stimuli were the main regulators of in the 
m echanoregulation of the differentiation process.

Characterisation o f intracellular signalling pathways involved in TG F-pl and 
IG F -1-induced chondrogenic differentiation dem onstrated the differential 
involvem ent o f the M APK and PI3-kinase in involved in the chondrogenic 
differentiation o f adult MSCs, in 2D and in the 3D collagen-GA G scaffold. 
These intracellular studies provide further knowledge o f possible downstream 
pathways of m echanosensitive m em brane receptors involved in the 
m echanotransduction and m echanoregulation of M SC differentiation.

In summary, this thesis dem onstrates that the collagen-GA G scaffold is 
suitable for the induction of the chondrogenic differentiation o f MSCs. 
Furthermore, the effects of mechanical constraint and m echanical stimulation 
on matrix synthesis has implications for tissue engineering strategies used in 
the clinical repair of articular cartilage defects. Investigations into 
m echanotransduction and intracellular signalling provide new knowledge on 
pathways involved in mechanical and growth-factor-induced chondrogenic 
differentiation in adult MSCs.
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1.1 General Overview

Tissue engineering has been defined as “an interdisciplinary field that applies 

the principles of engineering and life sciences toward the development of 

biological substitutes that restore, maintain, or improve tissue or organ 

function” (Langer et al., 1993). Tissue engineering approaches involves 

seeding living cells within a three-dimensional (3D) matrix to generate 

replacem ent grafts for m usculoskeletal defects. One area o f intense research is 

cartilage tissue engineering. Articular cartilage is an aneural, avascular, highly 

organised load bearing tissue which has limited reparative abilities and, when 

damaged due to degenerative diseases like osteoarthritis or by sporting injuries, 

is unable to repair itself. This can ultimately lead to jo in t dysfunction and 

severe pain. Tissue engineering offers the potential to generate cartilaginous 

constructs to repair such damaged tissue.

Articular cartilage defects can be classified into partial or full thickness lesions, 

and full thickness lesions may penetrate the underlying subchondral bone 

(Jackson and Simon, 1999). Penetration of the subchondral bone allows access 

of mesenchymal stem cells (MSCs) in the bone marrow. M SCs infiltrate the 

cartilage defect and differentiate into cells that can form a repair tissue. 

However, the procedure often fails because a fibrocartilaginous tissue is 

formed and not a desired, cartilage tissue (Jackson and Simon, 1999; Redman 

et al., 2005). Numerous techniques and strategies have been explored to 

prom ote cartilage repair. These include:

(i) arthroscopic repair procedures, such as abrasion 

arthroplasty and m icrofracture, which stimulate bleeding 

from the bone marrow into the defect to form blood clots 

and subsequent repair tissue,

(ii) soft tissue grafts where periosteum  or perichondrium  tissue 

is transplanted into the defect,

(iii) autogenic osteochondral graft transfer,

(iv) cell transplantation-based repair in the form of autologous 

chondrocyte implantation (ACI).
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Unfortunately, none of the techniques listed above have resulted in a 

successful, long-term repair o f articular cartilage. Current research is now 

focusing on using natural matrices fabricated from collagen or hyaluronan as 

cell carriers in a technique known as matrix-induced autologous chondrocyte 

implantation (MACI) (Redman et al., 2005). The M ACI technique involves 

implanting autologous chondrocyte-seeded matrices into defects and securing 

them in situ with fibrin glue, and this has demonstrated promising results 

(Bartlett et al., 2005; Behrens et al., 2006; Kuroda et al., 2006; M arlovits et al., 

2005; Trattnig et al., 2005; Zheng et al., 2007).

An important requirement for cartilage health is mechanical loading. More 

than 100 years ago. Pick observed that “joints which are subject to 

degeneration through disuse, require plentiful movement carried out under 

pressure, in order to maintain the cartilage surface” (Pick, 1904; quote taken 

from W ong and Carter, 2003a). Variable mechanical stimuli are generated 

within cartilage tissue during normal physiological loading. Shear stress and 

high fluid flow is most dominant at the surface where high hydrostatic pressure 

and low fluid flow occurs at the depth (see Pig. 1.1). These stimuli are 

perceived and transduced by chondrocytes resulting in the regulation of 

cartilage matrix synthesis. Attention is now being paid to using mechanical 

stimulation in tissue engineering approaches to maximise tissue generation. 

This has subsequently led to interest in determining how loading effects cell 

synthesis.
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Figure 1.1: Schematic representation o f the in vivo mechanical environment

o f articular cartilage under joint loading and motion. Joint loading causes an 

increase in flu id  pressure within cartilage. This results in high flu id  flow  in the 

superficial zone and low flu id  flow  through the depth o f the tissue due to 

confinement by the subchondral bone and adjacent cartilage. Fluid exudation 

results in compaction o f  the solid matrix at the suface and cells are exposed to 

compressive strains. Joint motion in this area also imposes cyclic tensile 

strains tangential to the surface, just outside the contact area (Wong and 

Carter, 2003a).

1.2 Chondrogenic differentiation and mechanoregulation

Chondrogenesis is the earliest phase of skeletal development and involves the

differentiation of MSCs into chondrocytes. This is a multistep process

involving the recruitment of mesenchymal chondroprogenitor cells, their

condensation and differentiation into chondrocytes, and the formation of an

extracellular matrix (ECM) that is characteristic of cartilage (de Crombrugghe

et al., 2000). The subsequent development of the musculoskeletal system is

regulated by the coupling of biochemical and biomechanical factors. The

chondrogenic differentiation of MSCs also occurs in vivo during the repair

process of fracture healing in bones (Ozaki et al., 2000) and in osteochondral
4



defect repair (Kim et al., 1991; Shapiro et al., 1993). The importance of 

mechanical loading on the quality of such repair tissues has been demonstrated 

in vivo. This has led to the development of mechanoregulation algorithms 

which are incorporated into finite element models of tissue defects, to predict 

tissue differentiation and tissue formation due to mechanical stimulation 

(Lacroix et al., 2002; Kelly et al., 2005). Tissue engineering approaches have 

incorporated bioreactors to apply loading regimes to constructs to maximise 

cell synthesis, and subsequentially investigate mechanoregulatory mechanisms 

involved in the chondrogenic differentiation of MSCs in vitro (Huang et al., 

2004a; Huang et al., 2005; Mouw et al., 2007a). The application of 

mechanical loading regimes to cell seeded scaffolds generates a range of 

biophysical stimuli at a local level around cells, and computational modelling 

offers a technique to quantify precisely the biophysical stimuli which leads to 

changes in cell metabolism and matrix synthesis.

Chondrocytes are the only cell type present in cartilage. However, they have a 

limited proliferative capacity and this is leading to a shift in focus from 

chondrocytes to adult mesenchymal stem cells (MSCs) in the repair of 

cartilage. MSCs are available from bone marrow and adipose tissue, and have 

recently been identified in the placenta, umbilical cord, and other adult skeletal 

tissues. MSCs have a good proliferative capacity in vitro and can be 

manipulated to differentiate along numerous lineages, including the 

chondrogenic lineage. Scaffolds provide a 3D carrier to contain cells and 

newly synthesised matrix. Currently, scaffolds fabricated from naturally 

derived materials are under investigation for cartilage defect repairs. The use 

of MSCs in a collagen gel to clinically treat a cartilage defect was highlighted 

in a recently published article by Kuroda et al. (2006). They aspirated bone 

marrow-derived MSCs from the iliac crest of a 31 year old male athlete, 

expanded them in vitro, and seeded the MSCs into a collagen gel. This MSC- 

collagen construct was implanted it into a large full-thickness defect in a 

weight bearing area of the athlete’s femoral condyle. Good results after one 

year of implantation and the athlete successfully resumed full sporting 

activities (Kuroda et al., 2006). This demonstrates the progress that has been 

achieved and the techniques currently under investigation in the repair of 

cartilage.
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M any growth factors have been implicated in the chondrogenic differentiation 

o f M SCs in vitro, and include m em bers of the transforming growth factor-beta 

(TGF-P) superfamily and insulin-like growth factor 1 (IGF-1) (Indrawattana et 

al., 2004; W orster et a i ,  2001). Although it is well documented that certain 

growth factors induce the chondrogenic differentiation o f M SCs in monolayer, 

pellet form or seeded in various types o f natural and synthetic scaffolds, little is 

known about the intracellular signalling pathways that are involved in the 

differentiation process. Some researchers who have investigated intracellular 

signalling in response to certain growth factors have used chondrocytic cell 

lines or chick limb bud mesenchymal cells (Fujita et al., 2004; Hidaka et a i ,  

2001; Nakamura et al., 1999; Oh et al., 2000; Oh and Chen, 2003). However, 

little information is known about signalling pathways involved in the 

chondrogenic differentiation o f growth factor-treated bone-marrow derived 

adult MSCs, and this information is crucial if cartilage tissue engineering with 

M SCs is to be successful.

The m echanotransduction process by which MSCs sense a mechanical signal at 

the cell membrane and translate it into a particular biological response remains 

one of the most fundamental questions of mechanobiology. Proposed 

m echanism s include activation o f stretch-activated ion channels (Hughes et al., 

2005; Wu et al., 2000) or integrin receptors (Chowdhury et al., 2004), which 

have been shown to m ediate chondrocyte mechanotransduction. 

M echanotransduction involves not only the mechanoreceptors at the cell 

m embrane, but also the subsequent activation o f intracellular signalling 

pathways which results in the regulation of specific transcription factors to 

regulate gene expression. Therefore, multiple signalling mechanisms can be 

invoked during a mechanoregulatory response. Figure 1.2 illustrates several 

such mechanisms that are proposed to be involved in chondrocyte 

m echanotransduction.
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Figure 1.2: Possible mechanotransduction signalling pathways in

chondrocytes. CD44 ( ])  and Anchorin C l I  (3) are transmembrane proteins 

binding the cell to hyaluronan and collagen II  in the ECM, respectively. 

Integrins (2) are proteins linking the cell membrane to the ECM. Activation o f 

integrins through binding o f ligands or transmission o f mechanical forces can 

cause an assembly o f focal adhesion complexes which can trigger several 

intracellular signalling pathways. Cells can react to changes in nitric oxide 

production (4). Stretch-activated ion channels (5) can result in increased 

intracellular calcium levels resulting in phosphorylation o f certain molecules 

or the release o f intracellular stores o f growth factors (6) which can then result 

in activation o f intracellular signalling pathways upon binding to specific 

growth factor receptors located in the cell membrane (7). Such pathways can 

lead to synthesis and/or activation o f specific transcription factors, leading to 

changes in gene expression and cell synthesis (adapted from Wong and Carter, 

2003a).
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1.3 Aims of this thesis

The overall objective o f this work is to provide a better understanding of the 

chondrogenic differentiation of mesenchymal stem cells (MSCs) in response to 

mechanical loading in a 3D environment. Not only does the author wish to 

demonstrate a regulatory effect of mechanical forces, but also to understand the 

regulatory signalling mechanisms involved.

1. The first objective is to demonstrate that chondrogenic differentiation 

can be induced in M SC-seeded collagen-GAG scaffolds cultured in the 

presence of T G F-p i. If successful, this would allow for further 

investigations into the mechanoregulation of chondrogenic 

differentiation within this model.

2. Next, it is hypothesised that cyclic tensile strain applied to M SC-seeded 

collagen-GAG scaffolds will regulate chondrogenic differentiation in 

the presence o f T G F-p i, as assessed by the rate o f sulphated-GAG 

synthesis. It is further hypothesised that stretch-activated ion channels 

are involved in the m echanotransduction process.

3. It is expected that complex biophysical stimuli patterns are developed 

within the collagen-GAG scaffold during experimental loading. 

Therefore, a poroelastic finite element model will be developed to 

quantify fluid flow, pore pressure and local strain fields developed 

during loading. This will allow a more quantitative study o f how 

biophysical stimuli regulate chondrogenic differentiation.

4. In addition to investigating the effect o f cyclic loading on the 

chondrogenic differentiation of M SCs, the author will investigate 

underlying intracellular biochemical signalling mechanisms involved in 

T G F-pi and IGF-1 growth-factor mediated chondrogenic 

differentiation. This will be carried out in 2D on plastic and in the 3D 

collagen-GAG scaffold, under static culture environments. 

Specifically, the author will investigate the involvement of:
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a. p38 and extracellular signal-regulated kinase (E R K l/2) which 

are members of the m itogen-activated protein kinase (MAPK) 

pathway and

b. the phosphatidylinositol-3 kinase (PI3-kinase) pathway.

In summary, this thesis dem onstrates that the chondrogenic differentiation of 

MSCs can be mechanoregulated, and that stretch-activated ion channels are 

involved in the mechanotransduction process. Furthermore, demonstration of 

intracellular pathways involved in growth-factor m ediated chondrogenic 

differentiation will provide insight into signalling pathways that may be 

downstream of m echanosensitive m em brane receptors. Knowledge of the 

biophysical stimuli developed within the scaffold during cyclic tensile loading 

will provide insight into the m agnitudes of mechanical stimuli that regulate cell 

processes. The author envisages that the work will therefore impact on the 

future development of bioreactors for conditioning MSCs in 3D scaffolds prior 

to in vivo implantation.
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2.1 Articular Cartilage

2.1.1 Structure and Composition of AC

The basis for skeletal development is the initial formation of a cartilaginous 

model which is derived from the condensation and differentiation of 

mesenchymal stem cells, as illustrated in Figure 2.1 (de Crombrugghe et a i, 

2000; Goldring et a i ,  2006). Long bones are formed from this precursor 

cartilaginous model in a process known as endochondral ossification. 

Calcification of the cartilaginous rudiment leads to bone formation, with the 

chondrocytes which have hypertrophied, being replaced with bone cells. 

Growth plates advance unidirectionally and the calcification of cartilage into 

bone continues resulting in the formation of long bones, while the layers of 

cartilage at the ends of the long bones develop into articular or hyaline 

cartilage. Articular cartilage constantly undergoes degradation and repair. 

Homeostasis is maintained through a complex variety of (i) mechanical 

stimulation, (ii) growth factors such as IGF-1 and TGF-P which induce matrix 

synthesis and (iii) enzymes such as matrix metalloproteinases which control 

degradation.

oerichondDLinn ^
ojflcooe

malgfstion * 0 0 0 8detormmalion condensation d i f S e r c n i i a t i o n

uncondensed
m esenchym e

prechondrogenic
condensed

m esenchym e

ch o ndrocy tes

cartilage
olom ent

Figure 2.1: Schematic illustrating the steps involved in chondrogenesis.

MSCs form  a prechondrogenic condensed mesenchyme and the cells 

differentiate into small immature chondrocytes which begin to synthesise a 

cartilaginous matrix. The chondrocytes become hypertrophic and an 

ossification centre begins to form  in the centre o f the rudiment initiating the 

process o f long bone formation (Pizette et a i, 2000).
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Unlike bone, articular cartilage is avascular and aneural, so when damaged due 

to trauma or disease has limited reparative abilities. Chondrocytes reside in 

lacunae and comprise less than 5 or 10% of the volume of the tissue, thus 

providing cartilage with one of the lowest cell densities than any other tissue in 

the body. The ECM is primarily composed of collagen II and proteoglycans, 

but also contains traces of collagen types VI, IX, X and XI. The collagen, of 

which 90-95% is collagen type II, provides tensile strength to the matrix 

(Temenoff et a l ,  2000). The proteoglycans consist of a protein core to which 

chains of unbranched polysaccharides known as glycosaminoglycans (GAGs) 

are attached. GAGs have a negatively charged sulfate or carboxylate group 

and therefore they repel each other, but attract water. There are many types of 

GAGs found in articular cartilage including hyaluronic acid, chondroitin 

sulfate, keratin sulfate, dermatan sulfate and heparin sulfate (Temenoff et a l ,  

2000).

Articular cartilage is characterised by its high content of the proteoglycan 

aggrecan which attracts a high content of water due to its negative charge, 

therefore providing cartilage with good compressive resistance and ability to 

dissipate stress under high impact. Aggregating proteoglycans, or aggrecans, 

contain monomers which consist of a protein core to which chondroitin 

sulphate and keratin sulphate chains attach (Fig. 2.2). Aggrecan monomers 

exist as proteoglycan aggregates in cartilage, and do not exist independently. 

Proteoglycan aggregates consist of a single chain of hyaluronan (a non- 

sulphated GAG) to which around 100 aggrecan monomers attach. The 

presence of link protein acts to stabilise the structure (Roughley, 2006). 

Additionally, cartilage also contains a number of small leucine-rich repeat 

proteoglycans such as decoran, biglycan, and fibromodulin which function to 

maintain the integrity of the tissue and to modulate metabolism (Roughley, 

2006; Temenoff et a i ,  2000).
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Figure 2.2: The structural domain o f  aggrecan showing the core protein with 

3 globular domains (G1-G3), attachm ent regions fo r  keratin sulphate (KS) and  

chondroitin sulphate (C Sl and CS2), interaction sites fo r  link protein (A) and  

hyaluronan (B1 and B2) at the G7 domain. Taken from  Roughley (2006).

In terms o f the dry weight o f cartilage, aggrecan and collagen II make up 35% 

and 60% of the tissue, respectively. The high water content in cartilage, due to 

the presence of the negatively charged GAGs, results in a fluid phase that 

comprises up to 80% of the wet weight of the tissue (Tem enoff et a l ,  2000). 

The collagen and proteoglycan matrix provide the tissue with unique tensile 

and compressive properties, allowing joints to withstand large forces. As 

cartilage is avascular, it receives its nutrients through diffusion or the exchange 

of fluid with synovial fluid when pressure and subsequent fluid gradients are 

developed within the tissue during dynamic loading.

The structure of articular cartilage can be divided into four zones: superficial, 

middle, deep and calcified as illustrated in Figure 2.3, with each zone 

containing its own set o f specific characteristics, as outlined in Table 2.1. 

Although cartilage has a relatively simple composition in terms of matrix 

components and its single cell type, it is clear that articular cartilage is a highly 

organised tissue with each layer contributing to properties required to 

withstand biomechanical joint, specifically stress dissipation and deformation. 

An insight into the complexity o f the structure and function of articular 

cartilage allows for an appreciation of the challenges presented in tissue 

engineering to develop suitable repair tissues.
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Figure 2.3: Zonal organisation in articular cartilage {Mow et a i, 1980}

Table 2.1: Characteristic features o f zonal organisation in articular cartilage 

(LeBaron et a i, 2000; Temenojf et a l, 2000)

Zone Characteristics

Superficial Zone ■ Thinnest zone

(SZ) ■ Flattened chondrocytes

■ Collagen arranged tangentially to articular surface

Interme(Jiate ■ Rounded chondrocytes

Zone ■ Larger collagen fibrils than SZ arranged randomly

(IZ) ■ Contains less collagen and more PG than the SZ

Deep Zone ■ Largest zone

(DZ) ■ Largest diam eter collagen fibrils, aligned 

perpendicular to AS

■ Most PG and least water content

■ Rounded cells, stacked in colum ns perpendicular to 

AS

Calcified Zone ■ Transition zone from hyaline cartilage to bone

(CZ) ■ Few cells

■ Abundance of calcium salts, therefore promoting 

bone growth
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2.1.2 Biomechanical properties of articular cartilage

Cartilage is viscoelastic, i.e. the stress and strain developed in the tissue during 

loading is time dependent. Due to the interaction of the solid and fluid phases 

during loading, cartilage tissue exhibits creep when subjected to a constant 

force and stress relaxation during an applied constant displacement. It is a 

heterogeneous material, and exhibits different mechanical properties through 

the depth of the tissue. Cartilage has a very low perm eability, which has been 

found to be ~10 ’  ̂ m ^N s (Vunjak-Novakovic et a l ,  1999), and when cartilage 

is subjected to loading a pressure gradient develops. This causes the flow of 

fluid from areas of high pressure to areas of low pressure, resulting in the 

developm ent of large drag forces which resist the applied load. In vivo, 

articular cartilage is subjected to

(i) static and dynamic loading,

(ii) shear which results in a range of biophysical stimuli such as 

compression, tension, hydrostatic pressure, and

(iii) fluid flow.

These stimuli develop differentially in each of the layers of cartilage, as 

illustrated in Figure 1.1. The range and m agnitudes o f mechanical stimuli 

developed is transduced to the chondrocytes within the matrix resulting in 

changes in cell synthesis, and ultimately, cartilage homeostasis.

Common tests carried out to determine the mechanical properties of articular 

cartilage include confined compression, unconfined compression and 

indentation. In confined compression the cartilage is surrounded on all sides. 

A permeable platen is used to compress samples so that fluid can escape during 

compression. In unconfined compression samples are placed between two 

platens and can bulge radially when compressed. Confined and unconfined 

compression tests allow for the calculation of the aggregate modulus and the 

Y oung’s modulus, respectively. Due to the viscoelastic property of the tissue, 

stress relaxation tests are generally perform ed and the modulus of the tissue 

calculated from equilibrium stress values after stress relaxation has occurred. 

The Poisson’s ratio of the material can be calculated when the aggregate and 

Y oung’s moduli are known using a form ula developed by Korhonen et al.
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(2002). Kelly et al. (2007) carried out confined and unconfined compression 

tests on chondrocyte/H yaff'' constructs cultured for 20, 30, 40 and 80 days. 

The biochemical compositions in terms of collagen II, collagen I and GAG 

contents were determined for each mechanically tested construct. Results 

demonstrated correlations between mechanical testing and biochemical 

composition results, and found that collagen II and GAG content could be 

successfully used as indicators of the m echanical properties of tissue 

engineered constructs (Kelly et al., 2007).

Table 2.2: M echanical properties and composition percentages fo u n d  in

bovine cartilage explants

Native Cartilage (2-3 week old bovine calves)

M echanical Behaviour

Aggregate Modulus (MPa) 0.949+0.021 “

Hydraulic Permeability (xlO-15 m 4/Ns) 2.72+0.641 "

Dynamic stiffness (MPa @ 1 Hz) 16.8±1.14"

Construct Composition

Water (%) 82.8+0.93 *’

Cell content (%)

wet weight 0.66+0.09

dry weight 3.79+0.5 ”

GAG content (%)

wet weight 7.05+0.56'’

dry weight 41.0+2.21 *’

Total Collagen content (%)

wet weight 10.7+0,91

dry weight 61.8+3.51

Type II collagen (%)

o f total collagen 90 .3+ 17 .9 '’

a -  Vunjak-Novakovic et al. (1999) 

b -  Freed et al. (1997)
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2.1.3 Clinical techniques and the requirement of tissue engineering

As cartilage is unable to repair itself when damaged, much focus has been 

directed towards the engineering of a cartilage-like tissue to facilitate 

replacem ent and/or repair of this tissue. Many techniques have been developed 

which are used clinically in an attempt to aid cartilage regeneration, for partial 

thickness (chondral) or full thickness defects (osteochondral), as outlined in 

Chapter 1. However, due to the complexity of the problem and complications 

that arise, researchers continue to strive towards the developm ent of better 

techniques that will guarantee a full, long-term solution to repair damaged 

cartilage. Therefore, there is a focus on tissue engineering strategies to use 

cells and various biomaterials to create implantable constructs in an attempt to 

aid in the treatm ent o f damaged cartilage.

Much focus has been directed towards the use of chondrocytes to generate a 

repair tissue in vitro, prior to implantation (Hollander et a i ,  2006) or simply, to 

inject chondrocytes directly into the defect area in vivo in the autologous 

chondrocyte implantation technique (ACI) (M arlovits et a l ,  2006). Tissue 

engineering studies involving chondrocytes are important as they provide 

valuable knowledge o f cell function and synthesis. Chondrocyte studies have 

developed techniques in terms of experimental approaches and analysis that are 

now used in studies investigating the chondrogenic differentiation of MSCs. 

M echanoregulation is an important param eter of cartilage homeostasis. 

Cartilage responds favourably to normal physiological loading, however 

abnorm ally low or high loads can result in unfavourable outcomes. It has been 

shown in animal models that imm obilisation can alter proteoglycan synthesis, 

which results in thinning and softening o f articular cartilage (Vanwanseele et 

a l ,  2002). Similarly, overloading can be as detrimental due to an increased 

risk of developing osteoarthritis, for example, in people involved in high 

impact sports, heavy lifting or squatting (Conaghan, 2002).

This literature review will provide an overview of biochemical and 

biomechanical chondrocyte-based studies that have been published to date and 

how they contribute to approaches currently im plem ented in stem cell-based 

m echanoregulation approaches. Possible m echanotransduction pathways and



downstream intracellular signalling m echanism s associated with

m echanoregulated cell synthesis will also be reviewed.

2.2 Cartilage tissue engineering

Functional tissue engineering strategies generally use a generic approach which 

involves using the following three factors:

(i) cells which are capable o f producing matrix molecules 

specific to the tissue of interest,

(ii) a three-dimensional biomaterial to provide structural support 

and anchorage to cells, possibly representing their native 

extracellular matrix, and

(iii) growth factors which provide cells with specific signals that 

ultimately modulate gene expression and protein synthesis 

in cells.

Chondrocytes have been the obvious choice of cell source for tissue 

engineering approaches for many years. However, chondrocytes are not found 

in abundance in the body and when cultured in 2D they begin to dedifferentiate 

and produce collagen type I instead of collagen II (Tem enoff et a l ,  2000). 

Therefore, this cell type requires a 3D environm ent to maintain their 

differentiated phenotype and function. Chondrocytes are available from 

articular cartilage, but can also be obtained from nasal and auricle cartilage. 

These alternative sources have also been investigated to determine their 

potential and suitability for articular cartilage repair (Kafienah et al., 2002; van 

Osch et a l ,  2004). For in vitro experiments, studies involving articular 

chondrocytes have been sourced from humans and animals; however the 

sourcing of cells from animals carries fewer difficulties especially in terms of 

ethics and frequency of harvesting.

2.2.1 Use of serum  in culture

The type of culture medium that cells are exposed to is important. Serum 

contains adhesion molecules, growth factors and hormones for cell growth,
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division and maintenance (LeBaron et a i ,  2000) and has been demonstrated to 

be required for the in vitro culturing o f most types o f adult stem cells (Heng et 

al., 2004). However, there are many factors present in serum in variable, 

unknown concentrations and these may have a negative influence on 

differentiation (van Osch et al., 2002). There is also a considerable degree of 

interbatch variation, leading researchers to opt for serum-free medium. The 

absence of serum when culturing stem cells has resulted in cells that have a 

lower m itotic index which become apoptotic and display poor adhesion 

qualities (Heng et al., 2004). However, the reduced proliferative potential of 

stem cells in the absence of serum could be overcome in a well-defined, 

supplem ented culture medium containing com binations of cytokines or growth 

factors (Heng et a i ,  2004). Interestingly, a study carried out by van Susante et 

al. (2000) investigated different concentrations o f serum (10%, 5%, 2.5% and 

no serum) on the growth factors IGF-1, TGF-P2 and BM P2, in a chondrocyte- 

alginate model and found that reduced and no-serum levels significantly 

reduced ['^^S] incorporation, m eaning lower GAG synthesis. One interesting 

approach taken in a recent study by Kuroda et al. (2006), which involved the 

transplantation of autologous M SCs into a chondral defect, was to obtain 

autologous serum  from the patient which was subsequently added to the MSCs 

for in vitro expansion. Alternatively, some researchers have recently opted to 

expand M SCs in culture and then use serum-free medium for differentiation 

studies (Alhadlaq et al., 2004; Elder et al., 2000; Elder et al., 2001; Erickson et 

al., 2002; Fortier er a/., 1998; Scherer er a/., 2004; Takahashi et a l ,  1998).

2.2.2 Biomaterials

As chondrocytes require a 3D m orphology to maintain their phenotype and 

function, cartilage tissue engineering strategies have implem ented a wide 

variety of biom aterials and gels in order to: (i) study chondrocyte metabolism 

under various culture conditions or (ii) to create a functional tissue with the 

view of implantation. An ideal scaffold is three-dimensional, biodegradable, 

non-toxic, biocom patible, non-im munogenic and easy to manufacture 

(Cancedda et al., 2003). Scaffolds m ust have a high porosity, a good 

interconnected pore network and high perm eability to permit the transport of
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nutrients and wastes. They should also be able to provide anchorage to cells 

and newly synthesised ECM components, be able to withstand biomechanical 

loading, even possibly represent native ECM (Le Baron et a l ,  2000).

Scaffolds fabricated and currently used in tissue engineering studies are 

derived from natural and synthetic materials including collagen, alginate, 

agrose, fibrin, hyaluronan, chitosan, polyglycolic acid (PGA) and poly(L-lactic 

acid) (PLLA), and poly-lactic-glycolic acid (PLGA) to name a few. The most 

commonly used natural polym er is collagen, in particular collagen type I. 

Collagen I is a widely available fibrillar protein, and at neutral pH and 

physiological temperatures, it polymerises into a stable gel (Hunter et al., 

2002). van Susante et al. (1995) compared chondrocytes cultured in collagen I 

and alginate gels. Results found an increase in proliferation in collagen gels 

compared to alginate, however chondrocytes dedifferentiated into fibroblast

like cells after 6 days in culture, and proteoglycan synthesis was lower than 

that obtained from alginate gels (van Susante et al., 1995). Collagen II has also 

been used as a carrier as this protein is the main collagen type found in 

articular cartilage. Type I and type II collagen-GAG matrices were compared 

in terms of chondrocyte function and phenotype by Nehrer et al. (1997) and it 

was found that type II collagen matrices permitted the maintenance of a 

spherical chondrocytic shape, compared to m osdy elongated cells in type I 

sponges. Additionally, GAG content normalised to DNA content was higher in 

type II sponges (85 |im  pore size), although a smaller pore size (20 jam) in the 

type I matrices resulted in increased biosynthetic activity compared to larger 

pore size (85 |im) (Nehrer et al., 1997). This indicates that cells do respond to 

the substrate in which they are seeded, making the engineering of a specific 

tissue more complicated in terms of all variables available for any given study.

2.2.3 Collagen-GAG scaffolds

Collagen-GAG scaffolds are m anufactured using a freeze-drying process and 

possess many qualities that make them suitable for tissue engineering 

applications. These have been successfully used to regenerate skin and have 

also been implem ented to enhance peripheral nerve regeneration (Chamberlain
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et a i ,  2000; Yannas, 1992). Depending on the final temperature of freezing, 

scaffolds with different pore sizes can be obtained, as illustrated in Figure 2.4 

(O’Brien et a i ,  2004; O ’Brien et a l ,  2005). The scaffolds are fabricated from 

natural materials, typically bovine tendon collagen type I and shark 

chondroitin-6-sulphate, however, porcine collagen II-GAG scaffolds have also 

been fabricated (Nehrer et a i ,  1998). For the collagen type I-GAG scaffolds 

used in this thesis, the final tem perature of freezing was reduced to -40 °C to 

produce a scaffold with equiaxed pore size and a low variation in mean pore 

size, as outlined by Farrell et al., 2006. Much work has been carried out in 

type I and type II collagen-GAG scaffolds for cartilage tissue engineering 

applications in in vitro and in vivo experiments. Areas of investigation have 

included chondrocyte-m ediated contraction of matrices (Lee CR et al., 2000), 

influence of collagen type and pore size (Nehrer et al., 1997), effects of 

specific growth factors on chondrocyte metabolism (Veilleux el al., 2005), and 

the chondrogenic differentiation of M SCs in the scaffold (Farrell et al., 2006).

P  Final

 ̂ tem perature of 

^  Freezing (°C)

Mean pore 

size (fim)

Figure 2.4: Effect o f  fin a l temperature o f  freeze drying on the mean pore size 

o f collagen-GAG scaffolds. ESEM  image showing equiaxed pore structure 

achieved using a constant cooling rate technique (see O ’Brien et al. (2004) 

and the mean pore sizes achieved by using different fin a l temperature o f  

freezing (O ’Brien et al., 2005).
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The ability of chondrocytes to contract collagen-GAG m atrices has been well 

documented, and was found to be linked to the presence o f a-sm ooth muscle 

actin (a-SM A), an isoform responsible for contraction of smooth m uscle cells 

and myofibroblasts (Lee CR et a l ,  2000). A relationship between scaffold 

contraction and chondrocyte biosynthesis in collagen-GAG scaffolds has been 

presented by some researchers (Lee CR et al., 2001; Vickers et al., 2006; 

Veilleux et al., 2004; Veilleux et al., 2005). The expression of a-SM A has 

been identified in both chondrocytes and M SCs in these scaffolds, and cell- 

mediated contraction of the scaffold is therefore attributed to the presence of a- 

SMA in these cells (Kinner et al., 2001; Kinner et al., 2002). In 2002, Kinner 

et al. demonstrated that M SC-seeded in collagen-GAG scaffolds, treated with 

T G F-pi, increased their a-SM A contents and this also corresponded to an 

increase in matrix contraction. It has been shown that chondrocytes that 

express a-SM A still retain the phenotypic traits of chondrocytes in that they 

produce collagen II. Chondrocytes contract the scaffold by collapsing the 

pores of the matrix which can affect migration, proliferation, nutrient flow and 

the shape of construct (Zaleskas et al., 2004).

In 2001, Lee CR et al. demonstrated that the presence of a-SM A in 

chondrocytes m ediated the contraction of collagen-GAG scaffolds, and that the 

cross linking density of these scaffolds could be increased to a point where 

contraction was prevented as the scaffold resisted the contractile forces exerted 

by the cells. Interestingly, collagen II synthesis was evident only in the 

scaffolds that underwent greater degrees of contraction. The work o f Lee CR 

et al. (2001) was further developed by Vickers et al. (2006) who investigated 

chondrocyte behaviour in a range of collagen II-GAG scaffolds that were heat 

and chemically treated to increase the cross-linking density, therefore 

increasing scaffold stiffness. They found that scaffolds with lower cross 

linking resulted in increased cell mediated contraction, cell density, and 

collagen II synthesis. Therefore, they concluded that the best model entailed a 

‘dynamic pore reduction’ approach whereby scaffolds would initially have 

pores large enough to maximise cell seeding, yet m aintain a mechanical 

stiffness low enough to facilitate contraction and therefore, maximise cell 

synthesis.
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An in vivo experim ent was carried out by Nehrer et al. (1998) to evaluate 

repair tissue in chondral defects as a result of im planting autologous articular 

chondrocyte-seeded type I and type II collagen-GAG matrices. Upon 

examination o f the repair tissue, there appeared to be less GAG and type II 

collagen synthesised in the type I compared to the type II collagen matrices 

(Nehrer et a i ,  1998). The application of these collagen-GAG scaffolds have 

recently been shown to support osteogenic and chondrogenic differentiation of 

mesenchymal stem cells (Farrell et al., 2006), further highlighting the 

versatility of these matrices for many applications in tissue engineering studies.

2.2.4 Integration of tissue engineered cartilage

The integration of tissue engineered constructs into native cartilage tissue has 

been investigated in vitro. Obradovic et al. (2001) investigated the integrative 

properties of chondrocyte-seeded PGA scaffolds cultured for 5 days or 5 

weeks, press fit into rings o f native cartilage and cultured in a rotating 

bioreactor for 1 to 8 weeks. Immature constructs culture for 5 days prior to 

insertion into cartilage rings were mechanically w eaker but integrated better 

than both cartilage explants and constructs precultured for 5 weeks. Trypsin 

treatment of adjacent cartilage also contributed to an improvement in 

integration. It is believed that proteoglycans inhibit cell adhesion. Trypsin 

treatm ent of the interface surface removes GAG and allows the proliferation 

and m igration o f cells from engineered constructs into the native tissue, thus 

helping to overcom e this problem  (Obradovic et al., 2001). Tognana et al. 

(2005) investigated the integration o f chondrocyte-hyaluronan meshes press- 

fitted into cartilage and bone rings and cultured for up to 8 weeks in a rotating 

wall vessel. It was found that integration was better for construct-bone 

composites than construct-cartilage composites, and that this correlated with 

lower GAG content found in bone. Enzymatic treatm ent of cartilage lesions 

with chondroitinase has been proposed to improve cell attachm ent and promote 

integration between native cartilage and repair tissue (Jackson and Simon, 

1999). Similarly, van de Breevaart Bravenbooer et al. (2004) carried out 

experiments to analyse integration and interfacial strength between cartilage 

explants which were enzym atically treated with hyaluronidase and collagenase
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to rem ove matrix elements. They found that interfacial strength increased from 

0.84 M Pa to 1.32 M Pa with enzyme treatment, and that histological integration 

also improved with treatment.

From this it can be proposed that in the tissue engineering of cartilage, a fully 

mature piece of cartilage which contains similar properties to native cartilage 

may not be completely desirable. It may be more appropriate to develop 

constructs from appropriate cell sources and scaffold types, culture them in a 

defined medium in vitro for a small time period prior to implantation into 

defects to ensure maximal integration between the defect and the construct.

2.2.5 Mechanoregulation of chondrocytes

Many culture systems and bioreactors have been used to investigate 

chondrocyte function and ECM synthesis with respect to mechanical 

stimulation. Bioreactors have been, and continue to be, developed to condition 

tissue engineering constructs under physiological loading conditions, in the 

presence or absence of growth factors to stim ulate cells in vitro. M any 

chondrocyte sources and matrix carriers such as scaffolds, gels and even 

cartilage explants have been utilised to investigate the mechanoregulation of 

chondrocyte biosynthesis. It must first be appreciated that depending on the 

3D environm ent of the cells, the biophysical stimuli developed as a result o f a 

particular loading regim e will differ. For example, the stimulation of 

chondrocytes in a cartilage explant will be different from that experienced by 

chondrocytes seeded in a collagen gel due to mechanical differences in the 

substrates, namely the Y oung’s modulus, permeability, porosity and m icro

architecture. The specific differences between such culture systems are not 

often investigated. In other words, loading regim es are often selected to 

represent physiological loading conditions. However, the stimuli developed at 

a local level around cells are often not considered, and this may vary 

extensively depending on the 3D matrix housing the cells. Additionally, no 

standard evaluation techniques set out to allow researchers to determine the 

quality of engineered constructs, providing difficulty when comparing various 

studies. Another issue is due to intrinsic cell behaviour in that the ability o f
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chondrocytes to proHferate and synthesise can vary depending on cell source, 

joint location and age (Darling and Athanasiou, 2003). Nonetheless, much 

information has been gained in relation to chondrocyte behaviour from 

bioreactor-based studies. A range of stimuli including static and dynamic 

compression, tension, pressure, fluid flow and shear have been investigated, as 

outlined in Table 2.3. Additionally, the substrate, scaffold or gel used in each 

experiment is also detailed in Table 2.3. It can be seen from Table 2.3 how the 

experimental approaches have changed over the years, with a move from 

cartilage explants and high density cultures to agarose and alginate gels, and 

more recently to fabricated polymer and collagen scaffolds. There has also 

been a move from utilising animal-sourced cells to using human cells. This is 

an important transition and is necessary for future approaches to use tissue 

engineering strategies clinically in the treatment of patients.

The effects of compression on chondrocyte metabolism have been widely 

studied. Many researchers that have investigated the effects of static 

compression on chondrocyte biosynthesis have reported reductions in matrix 

synthesis compared to free-swelling controls (Kim et a i ,  1994; Buschmann et 

a l ,  1995; Davisson et a i ,  2002a). Dynamic compression has delivered more 

positive results compared to static compression experiments. During dynamic 

compression, physical phenomena such as hydrostatic pressure gradients, intra

tissue fluid flow and streaming potentials within the tissue can be induced (Jin 

et a l ,  2003). It is difficult to assess the individual effects of each of these 

stimuli as they occur simultaneously, but dynamic loading at certain 

amplitudes and frequencies has been shown to increase biosynthesis. Recent 

studies have employed combined stimuli systems to benefit from the 

advantages of each individual stimulus. Demarteau et a l  (2003a) designed a 

computer-controlled bioreactor to expose constructs to compressive 

deformation at various strains and frequencies, along with simultaneous 

medium stirring at 30 rpm. The purpose of the medium stirring was not to 

stimulate the cells with fluid shear, but to increase the supply of nutrients and 

removal of wastes around constructs. Using this bioreactor, Demarteau et al. 

(2003b) investigated the effect of dynamic loading on GAG synthesis in 

chondrocyte-seeded PEGT/PBT scaffolds that were cultured for either 3 or 14 

days prior to loading in the presence of prostaglandin F2a to enhance the
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redifferentiation and deposition o f a cartilaginous matrix. Intermittent 

compression was applied for a total of three days and involved cycles of 2 

hours of sinusoidal deformation followed by 10 hours without. A frequency o f 

0.1 Hz was employed with 5% strain amplitude superimposed on a 5%  strain 

offset. The peak stress of 20 kPa m easured during loading was similar to cell- 

free scaffolds indicating that the scaffold provided all the mechanical stiffness 

of the construct. The DNA content did not change within the time frame of the 

experiment indicating that no change in cell proliferation occurred. GAG 

synthesis, accumulation and release responded positively to cyclic loading. 

However, it was found that compression stim ulated GAG accumulation only if 

the GAG content prior to compression was sufficiently high (i.e. in constructs 

that were initially cultured for 14 days). This indicates that the ECM plays a 

role in (i) modulating the response of cells to mechanical loading and (ii) in 

retaining newly synthesised matrix components. The developm ent of the ECM  

was found to vary with different donor cells (Demarteau et a i ,  2003b). 

Bonassar et al. (2001) investigated the effect o f dynamic compression on 

articular cartilage explants while also using a biochem ical regulator, IGF-1. 

IGF-1 is present in biologically active concentrations in the synovial fluid and 

in articular cartilage and is believed to help induce articular cartilage repair. 

An increase of 180% in protein synthesis and 290% in proteoglycan synthesis 

was obtained when dynamic compression of 3% strain and 0.1 Hz frequency 

was used in conjunction with IGF-1. It is possible that the dynamic 

compression improved the transport of IGF-1 into the matrix to the 

chondrocytes inducing a greater response by the cells to produce matrix 

molecules (Bonassar et al. 2001).

Cartilage undergoes tensile surface strains during loading in vivo (see Fig. 1.1). 

A recent study by Connelly et al. (2004) investigated the influence of different 

amplitudes of cyclic tensile loading on chondrocyte-seeded fibrin constructs. 

Computational poroelastic finite elem ent modelling of the experimental set-up 

was also used to determine the pressures, fluid flow and principal strains 

developed within the constructs when subjected to loading of 5%, 10% and 

20%, at frequencies of 1 Hz. Experimental results found that tensile loading 

had no effect on protein synthesis com pared to unloaded controls. 10% and 

20% loading inhibited proteoglycan synthesis to the same extent, and 5%
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displacem ent had no effect. The finite elem ent models illustrated that a wide 

range o f stimuli were developed within the fibrin gels at the different levels of 

displacem ent. For example, at 10% displacem ent, fluid velocity magnitude 

ranged from  0 to 20 |am/s with corresponding negative pressures of ~ -40 Pa, 

while m axim um  principal strains ranged from 0.93 to 5.2%. Although these 

models provide a good insight into the biophysical environm ent that the cells 

are exposed to during tensile loading in this experimental set-up, the actual 

strain transferred from the matrix to each cell is still unknown and may be 

significantly lower than the values given in terms of scaffold strains.

Despite experim ental differences in the m agnitude of loading, the experimental 

set-up used, time points investigated, choice and age o f cells, scaffold 

em ployed etc., many of the experiments involving m echanical stimulation 

show that chondrocytes are m echanosensitive and increases in matrix synthesis 

can be m anipulated using mechanical loading (see Darling and Athanasiou, 

2003 and M cM ahon et ah, 2004 for reviews).
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Table 2.3: Studies investigating mechanical loading on chondrocytes/cartilage explants

M echanical stimulus

Static compression

Dynamic compression

Loading Cell source Matrix Reference

Graded levels up to 50% e Bovine

Graded levels up to 50% e  Bovine

Graded levels up to 24 MPa Canine

50%  e Bovine

0%, 25%, 50% , 24hrs Bovine

0.63 to 10.4% E at frequencies o f 0.001-0.1 Hz for 23 hrs Bovine

-3 %  dynamic e  amplitude, 0.1-1.0 Hz, superimposed on 25% static Bovine

offset

0.5-24 MPa, 1 Hz for 2-24 hrs Canine

15% E at 0.3, 1 and 3 Hz for 48 hrs Bovine

2-3%  sinusoidal e  amplitude, 0.1 Hz in the presence or absence o f IGF- Bovine

1, for up to 48 hrs

5% amplitude superimposed on 10% or 50% static offset at 0.001 or Bovine

0.1 Hz

24hrs o f 50% static followed by 24hrs at 25% ± 4%, 1 Hz Bovine

10% E , 1 Hz, 3 hrs/daily, 5 days/week for 4 weeks Bovine

5% am plitude superimposed on a 5% static offset at 0,1 Hz, 2 hrs Human

loading, 10 hrs relaxation for 3 days

3% dynamic compression superimposed on a 10% static offset at 0.1 Canine

Hz for 24 hrs following 2, 7, 14 or 30 days o f free-swelling culture

Explants

Agarose

Explants

PGA

Collagen I gels

Explants

Agarose

Cartilage explants 

Agarose

Cartilage explants 

PGA

Collagen I gels

Agarose

PGET/PBT

Collagen II scaffold

Kim el al. (1994) 

Buschmann el al. (1995) 

Torzilli et al. (1997) 

Davisson et al. (2002a) 

Hunter et at. (2002)

Kim el al. (1994) 

Buschmann et al. (1995)

Torzilli et al. (1997)

Lee DA ei a t  (2000) 

Bona.ssar et al. (2001)

Davisson et al. (2002a)

Hunter et al. (2002) 

Mauck et a t  (2002) 

Demarteau et a t  (2003b)

Lee CR et al. (2003)
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Tension

Hydrostatic pressure

Strain-induced shear

Fluid-induced sliear

10% e, 1 Hz for 8 hrs 

5.5%  E , 0.2 Hz, 24 hrs

Deformed cell coaled coverslips for up to 24 hrs 

5% e, 10 cycles/hr OR 17% e, 10 cycles/min, for 24 hrs

9% e, 0,5 Hz, 3 hrs/day for 3 days 

5% , 10%, or 20% , 1 Hz, 48 hrs

5 M Pa for 1.5 or 20 hrs at frequencies ranging from 0,0164 to 0,5 Hz 

3,5 or 7 MPa, 5,sec/15 sec on/off cycle for 20 mins every 4 hrs for 5 

weeks

1 ,5 , 10 MPa at I Hz for 4 hns/day for 1 or 4 days 

5 MPa, 0,5 Hz, 3hr.s/day for 3 days 

1 % shear, 0,1 Hz for 12 hrs

1 - 3% shear e, 0,01 to 1,0 Hz, 0 -  10% compressive offset for 24 hrs 

0,5%  to 6%, 0,1 Hz for 24 hrs

2% shear, 1 Hz, 400 cycles every 2nd day, for up to 4 weeks

RWV for 3 mths on Harth followed by 4 mths on Earth or Ihe MIR 

space shuttle

Seeded in spinner llasks, then RWV at 30 rpm for time intervals 

between 4 and 40 days
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Chick embryo 2D elastin membranes Lee RC el al. (1982)

Chick embryo Monolayer sheet o f cells De Witt e ta l.  (1984)

Rat 2D plastic coverslips Uchida et a i  (1988)

Bovine 2D silicone coated with 

collagen 1

Fukuda et al. (1997)

Bovine 3D alginate W ong et al. (2(X)3b)

Bovine Fibrin gels Connelly el al. (2004)

Bovine Cartilage explants Parkkinen el at. (1993)

Equine (adult and PGA nonwoven mesh Carver and Heath (199*;

juvenile cells)

Human High density culture Ikenoue ei al. (2003)

Bovine 3D alginate W ong et al. (2003b)

Bovine Cartilage explants / 

monolayer cultures

Frank et al. (2000)

Bovine Cartilage Explants Jin e ra /, (2001)

Bovine Cartilage Explants Jin el al. (2003)

Bovine Porous calcium 

polyphosphate (CPP) 

substrates

Waldman el al. (2003)

Bovine PGA Freed et al. (1997)

Bovine PGA disks Freed el al. (1998)



M ixed flasks and R W V  for 6 w eeks

R o ta ting  co n e  v iscom ete r, 1.6 Pa shear stress for 24, 48 o r 72 hrs 

M ixed llasks (6 w eeks) and R W V  (up to 7 m onths)

1 |,im/s perfusion  for up to 4  w eeks

R W V  for ce ll-P G A  cu ltu ring  o f  5 days o r  5 w eeks, then PGA 

co n stru c ts  w ere su tu red  to cartilage exp lan ts rings and cultu red  for a 

fu rth er 1-8 w eeks in the  RW V

S eeded  at - 5 0 0  |.im/s, the cultu red  in 10 (im /sec for one  w eeks, 

fo llow ed  by 2 days o f  eith er 10 |xm/s and 170 ).un/s 

A T D C 5 and ch o n drocy te-seeded  PG A  scaffo lds cu ltu red  in RW V  for 

21 days in the presence  o f  TGF-(33 and  insulin

3D  m atrices exposed  to d irec t o r free-flow  perfusion  at 0, 0 .1 , 0.3 and I 

m l7 m in

M ixed  flasks and R W V  for 6 w eeks

R o ta ting  cone v iscom eter, 1,6 Pa shear stress for 24, 48 o r 72 hrs 

M ixed flasks (6 w eeks) and RW V  (up to 7 inon ths)

I ^im/s perfusion  for up to 4  w eeks

R W V  for cell-F’G A  cu ltu ring  o f  5 days o r  5 w eeks, then PGA 

co n stru c ts  w ere su tu red  to cartilage exp lan ts rings and cultu red  for a 

fu rther 1-8 w eeks in the  RW V

S eeded  at ~5(X) i^im/s, the cu ltu red  in 10 (am/sec for one w eeks, 

fo llow ed  by 2 days o f  e ith er 10 nm /s and 170 |.im/s 

A T D C 5 and  ch o n d rocy te-seeded  PG A  scaffo lds cultu red  in RW V  for 

21 days in the presence  o f  T G F-p3  and insulin

3D  m atrices exposed  to d irect o r free-flow  perfusion  at 0, 0 . 1, 0.3 and 1 

mLVmin
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B ovine PG A

B ovine and H um an H igh density  C u ltu re  

B ovine PG A  constructs

B ovine PG A

B ovine PG A  and cartilage  exp lan ts

to form  d isc -rin g  constructs 

fo r in tegration  experim ents 

O vine PGA

H um an PGA

Bovine C ollagen  I/I 11 sponges

B ovine PG A

B ovine and H um an H igh density  C ultu re

B ovine

B ovine

B ovine

O vine

PG A  constructs 

PG A

PG A  and cartilage  exp lan ts 

to form  d isc -ring  constructs 

for in tegration  experim ents 

PGA

H um an PG A

V unjak -N ovakov ie  e ta / .  (1999) 

L ane S m ith  el al. (2000)

M artin  et al. (2000)

Pazzano  el al. (2000)

O bradov ic  ei al. (2001)

D avisson et al. (2002b)

T are  et al. (2(X)5)

F rey ria  el al. (2005)

V un jak -N ovakov ic  el al. (1999) 

L ane S m ith  et al. (2000)

M artin  el al. (2(K)0)

Pazzano  et al. (2000)

O bradov ic  el al. (2001)

D avisson et al. (2002b)

T are  el al. (2005)

B ovine C ollagen  I/Ill sponges Freyria  et al. (2005)



2.3 Mesenchymal Stem Cells

Stem cells are an undifferentiated cell type which are capable of undergoing 

multilineage differentiation and self-renewal. Stem cells can originate from 

embryonic or postnatal tissues. Em bryonic stem cells can be derived from the 

inner cell mass o f the blastocyst. These cells are described as pluripotent as are 

capable o f developing into cell lineages of all three embryonic germ layers:

(i) endoderm  (liver, pancreas, thymus, thyroid, lung)

(ii) mesoderm  (bone, cartilage, muscle, heart and kidneys), or

(iii) ectoderm  (skin, brain, eyes and neural tissue) (Duplomb et a i ,

2006).

However, much controversy surrounds the use o f human embryonic stem cells. 

They carry many social and ethical issues, and legal constraints prevent the use 

of these cells in many countries at present. An alternative source of stem cell is 

of postnatal origin, and these are referred to as mesenchymal stem cells 

(MSCs). M SCs are pluripotent cells present in many adult mesenchymal 

tissues including bone marrow, adipose tissue and muscle. Alexander 

Freidenstein discovered the non-haem atopoietic M SCs of bone marrow in 

1974, which adhere to plastic. This enabled them to be separated from the non

adherent haematopoietic cells present in bone marrow. These cells exhibit a 

homogenous population of spread, fibroblast-like m orphologies which fonned 

colonies during m onolayer expansion. This gave rise to their original term of 

“colony form ing unit-fibroblast (CFU-F)” or “marrow stromal fibroblasts” 

(Minguell et a i ,  2001). Presently, there are still different terms by which 

researchers refer to this population of cells including ‘marrow stromal cells 

(MSC), ‘m esenchymal stem cells’ (MSC) or ‘m esenchymal progenitor cells’ 

(MFC) (M inguell et a l ,  2001). Regardless o f the term used to describe this 

cell population, the plasticity of the population has been demonstrated in that 

MSCs can be directed to form cell types specific to various tissues such as 

cartilage, bone m uscle and fat. Com m itm ent and differentiation of MSCs 

along a specific lineage is generally described as being a unidirectional, 

multistep process. The term transdifferentiation is a term used to describe 

processes whereby a specific type of cell is directed to turn into another cell

type. As described by Song et al. (2004), “transdifferentiation is a process
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whereby one cell type committed to and progressed along a specific 

developmental lineage switches into another cell type o f a different lineage 

through genetic reprogram m ing” . They also showed the plasticity of M SCs 

and how they could be directed along one lineage (e.g. osteogenic lineage) and 

then switched to differentiate along either the adipogenic or chondrogenic 

lineage (Song et a l ,  2004). It was believed until recently that stem cell 

differentiation was restricted not only to specific lineages but also to the germ 

layer that they originated from (Caplan et a l ,  2001). However this is now 

being challenged. It has now been demonstrated that cells from one germ layer 

can be directed to turn into cells from another germ layer. For example, bone 

marrow cells to neuronal cells (Mezey et al., 2000) and adipose-derived M SCs 

to cells of the neuronal (Kokai et al., 2005) and hepatic lineages (Talens- 

Visconti et al., 2006). Ultimately the function of M SCs in the body is to 

control its capacity to remodel, repair and rejuvenate various tissues (Caplan et 

al., 2001).

2.3.1 Characterisation of MSCs

MSCs isolated from bone marrow, have good proliferative potential and can 

differentiate to produce a range of tissues, and are therefore under investigation 

in regenerative medicine. It is reported that only 0.001 -  0.1% of cells in adult 

human bone marrow comprises of MSCs (Pittenger et al., 1999). Identification 

of a range of surface markers allows for characterisation of this cell population 

(W rana et a l ,  1992). Although M SCs express a range o f surface antigens that 

can react with a num ber of antibodies to identify surface specific 

characteristics, a specific m arker for M SCs has yet to be discovered. Problems 

with current surface markers available for identifying stem cells is that other 

cell types may also express these proteins (Pittenger et al., 2004). However, 

many surface markers used by researchers to identify M SCs are useful to 

understand some features o f the cell population under investigation. Table 2.4 

lists many surface markers that were found to be positive and negative on 

human MSCs.

33



Table 2.4: Positive and negative human MSC surface markers (adapted from  

Pittenger et a l, 2004)

Human MSC Surface Markers 

Positive Negative

CD 13, CD29, CD44, CD51, CD54, 

CD58, CD71, CD73, CD90,

CD 102, CD 105, CD 106, C D w ll9 , 

CD 120a, CD 120b, CD 123, CD 124, 

CD 126, CD 127, CD 166, p75,

TGFblR, TGFbllR

CD3, CD4, CD6, CD9, CD 10, 

C D lla , CD14, CD15, CD18, CD21, 

CD25, CD31, CD34, CD36, CD38, 

CD45, CD49d, CD50, CD80, CD86, 

CD95, CD117, CD 133

This would be an exhaustive and expensive list of markers to test on a cell 

population. Two of the most commonly used surface markers widely used 

include CD90 (Thy-1) and CD 105 (Endoglin) (Pittenger et al., 1999; Kinnaird 

et a l, 2004; Rochefort et al., 2005; Djouad et al., 2005; Hung et al., 2002).

Many researchers working with MSCs continue to use the plastic adherence 

properties of this cell population to isolate them from other non-adherent cell 

types present in bone marrow. However, some techniques are now available to 

aid in the isolation of these cells including Percoll density gradient 

centrifugation, flow cytometry which is performed on a fluorescent activated 

cell sorter (FACS) and magnetic bead isolation. Percoll enriches the 

population of cells by allowing mononuclear cells to be isolated. FACS and 

magnetic bead isolation both use antibodies to select cells expressing specific 

surface markers. For FACS, specific antibodies are conjugated to fluorophores 

which allows cells expressing a specific marker to be separated from other cells 

types. With magnetic bead isolation a similar approach is taken except that 

small magnetic beads are conjugated to antibodies allowing specific cells to be 

isolated by passing a cell suspension through a column containing a magnet. 

Positive or negative isolation may be used for either of these techniques, for 

example, positively labelled CD90 cells could be isolated and expanded, or

34



cells negative for CD45, a haematopoietic cell marker, could be removed from 

the population and the rem aining cells expanded. For example, Kinnaird et al. 

(2004) used magnetic beads to isolate CD34 and CD45 positive cells. They 

then cultured the negative fraction separately and used FACS to quantify the 

expressing of specific MSC antigens. They found that the negative bead 

fraction (i.e. the M SCs) were 99.1+0.1% positive for CD90 and 89+2.1% 

positive for CD 105. Similarly Campioni et al. (2006) enriched bone marrow 

human MSC populations by rem oving CD45 positive cells. They used FACS 

to quantify the hom ogeneity of the rem aining MSCs which were 85 + 5% 80 + 

11% for CD90 and CD 105, respectively. None of these studies carried out 

FACS analysis on MSCs that were not further purified after plastic adherence 

expansion, to determine how effective the additional isolation techniques were.

2.3.2 Chondrogenic Differentiation of MSCs

The growth-factor induced differentiation of bone marrow MSCs from many 

different species has been well documented. The m ulti-lineage potential of 

MSCs make them an attractive cell source for engineering tissues such as 

cartilage and bone (Fig. 2.5). The ability of human M SCs to differentiate along 

the adipogenic, chondrogenic and osteogenic lineages was first described by 

Pittenger et al. (1999), when cultured under defined culture conditions that 

were favourable to these three different lineages. A sample of various growth 

factors that have been used to induce differentiation along m ultiple lineages is 

outlined in Table 2.5.

The differentiation of M SCs along the chondrogenic lineage has been 

demonstrated in vitro using a number o f growth factors in various 3D 

environments such as pellet cultures, gels and scaffold types (Aung et a l ,  

2002; Awad et al., 2004; Bosnakovski et al., 2004; Huang et a i ,  2004a; Huang 

et al., 2004b; Im et al., 2006; Indrawattana et al., 2004; M ouw et al., 2007a; 

Pound et al., 2007; Schmitt et al., 2003; Yoo et al., 1998). Chondrogenic 

differentiation can be influenced by specific growth factors or cytokines. 

These include the bone m orphogenic proteins (BMPs) and members of the 

TGF-P superfamily, fibroblast growth factors (FGFs), IGF-1, Indian hedgehog,
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and others (de Crombrugghe et a i ,  2000). These factors trigger intracellular 

signalling pathways which result in elevated gene expression and synthesis of 

cartilage matrix molecules. The differentiation of M SCs into chondrocytes is 

controlled by specific transcription factors (de Crom brugghe et a i ,  2000). 

Sox9 is one such transcription factor and has been found to be abundantly 

expressed in mesenchymal condensations prior to chondrocyte differentiation, 

and continues to be expressed during cartilage deposition (Lefebvre et a i ,

1997). However, it is completely suppressed in hypertrophic chondrocytes (de 

Crom brugghe et a l ,  2000). It has been found experimentally that this protein 

is a m aster transcription factor for chondrogenic differentiation as it controls 

the expression of a series of chondrocytes-specific m arker genes such as 

C ol2al, Col9a2, C oll la2  and aggrecan (de Crombrugghe et a i ,  2000).

It was previously reported by Hanada et al. (2001) that rat periosteal cells did 

not undergo chondrogenic differentiation in a pellet culture system in the 

presence of TG F-pi and dexamethasone. However, many studies have 

achieved successful results using T G F -p i, in the presence and absence of 

dexamethasone (Barry et al., 2001; De Bari et al., 2001; Johnstone et al.,

1998). There is some controversy in literature regarding the use and the 

effectiveness of glucocorticoids in cultures. For example, Johnstone et al. 

(1998) describes how the addition of lO'^M dexamethasone facilitated 

chondrogenic differentiation in 25% of rabbit BM SC pellet cultures. This 

result was greatly improved with the subsequent addition of T G F -p i. In 2006, 

Derfoul et al. demonstrated that dexamethasone treatment of human MSCs 

upregulated cartilage gene expression, and increased collagen II and 

proteoglycan synthesis in the presence o f T G F-pi. It is reported that 

glucocorticoids maintain the chondrocyte phenotype and enhance proteoglycan 

synthesis, but that they may stim ulate or suppress growth depending on the 

culture conditions or the chondrocyte phenotype (see refs in Fujita et al., 

2004). Fujita et al. (2004) describes an inhibitory effect o f dexamethasone in 

insulin-induced chondrogenic differentiation in ATDC5 cells, by inhibiting 

nodule formation and reducing proteoglycan synthesis and collagen II 

expression in a dose dependent manner. Although Fujita et al. (2004) outlines 

that the effects of glucocorticoids on prechondrogenic cells at the early stage of 

chondrogenic differentiation remains unknown, dexamethasone has been
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successfully used in chondrogenic differentiation growth factor cocktails 

(Barry et a i ,  2001; Huang et al., 2004a; Indrawattana et al., 2004; Im et a l, 

2006; Yoo et al., 1998).

A timescale for the synthesis of a cartilage matrix as a result of TGF-p-induced 

chondrogenesis in pellet culture is shown in Figure 2.6 (Barry et al., 2001). 

The synthesis of matrix components is divided into three stages, 0-6 days, 6-8 

days and 8-21 days, and is described in terms of gene expression, protein 

synthesis, GAG synthesis and GAG accumulation.
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Figure 2.5: Illustration o f the multilineage potential o f MSCs which can result 

in the formation o f tissues such as bone, cartilage and muscle when signalled 

with appropriate stimuli. Adapted from  Caplan et al. (2001).

37



Table 2.5: List o f stimuli that have been used to induce differentiation along 

multiple lineages. Differentiation is induced by using combinations o f the 

stimuli listed (Minguell et a l, 2001; Barry et a i, 2003; de Crombrugghe et a i, 

2000).

Differentiation to: Stimuli

Chondrocytes TGF-pl, TGF-P2, TGF-P3, IGF-1, 

BMP-2 Ascorbic acid, Dexamethasone

Ostoblasts Dexamethasone, P-glycerophosphate, 

ascorbic acid

Adipocytes Dexamethasone, insulin, 

isobutilmethylxanthine, indomethacin

Tenocytes BM P-12

Smooth muscle cells PDGF-BB

Skeletal muscle cells 5-Azacytidine

Cardiac muscle cells bFGF

I II III

Coitafem J m M \A  
CoMagem X  mILSA 
ym ie tM  V,mdtNA 
KenacM V.mtMMA

Max nM v  r<S.-T4S 
Imcrrase m  imrorf. 
Biftfycam pmtHn e c n

FibrvmaivMH n i lX J  
A a r tc tK  firHeia <ort 
Siari o f  CAC occrnnmiatum

COMPmRlsA 
V'enicaa froteia cort 
Decoria prvttin  co n

Time (days)

Figure 2.6: Defined sequence o f events in the chondrogenic differentiation o f  

MSCs in pellet culture, treated with TGF-fi isoforms. The process is divided 

into three stages. Stage 1 (0-6 days) shows the expression o f GAG, mRNA 

expression and protein synthesis, during stage II (6-8 days) collagen II gene 

expression is observed as are increases in f^^S] sulphate incorporation. In 

stage III, GAG accumulation proceeds, leading to the formation o f /nature 

chondrocytes (Barry et al., 2001).
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2.3.3 Mechanoregulation and Tissue Differentiation

The effect of mechanical forces on the morphogenesis of the musculoskeletal 

system has long been appreciated in the scientific community. For example, 

the effect of muscle contractions in the embryonic developm ent of chicks has 

been shown to be of vital importance to the normal developm ent of limbs (see 

Nowlan et a l ,  2007). Similarly, forces generated in the developed skeletal 

system throughout life are critical in the differentiation, growth and 

maintenance of normal tissue function (Henderson and Carter, 2002). 

Mechanical loading can initiate a series of cellular responses which can 

modulate cell synthesis. This could be as a result o f directly deforming the cell 

or by triggering certain cell membrane receptors, which activates a series of 

intracellular signalling pathways, resulting in changes in gene expression and 

ultimately, the synthesis o f ECM molecules. Such mechanotransduction 

processes are further discussed in Section 2.4.2 below. As summarised by van 

der M eulen and Huiskes in 2000, mechanobiology involves the regulation of 

biological processes by cell signalling generated by mechanical loading.

Many mechanoregulation theories have been proposed to describe the possible 

effects of mechanical loading on stem cell differentiation. Pauwels (1941) first 

described MSC differentiation into fibrous tissue and hyaline cartilage due to 

cellular deformation and hydrostatic pressure, respectively (as described by 

W einans and Prendergast, 1996). Combinations o f these stimuli were proposed 

to form fibrocartilage. Subsequent intramembranous or endochondral 

ossification was proposed to form lamellar bone (Fig. 2.7).

Other mechanoregulation models were proposed by Claes and Heigle (1999) 

and Prendergast et al. (1997). Claes and Heigle (1999) proposed a tissue 

differentiation theory to predict tissue formation in a fracture callus. Strains 

less than 5% and hydrostatic pressure between -0.15 and 0.15 M Pa were 

proposed to induce intramembranous ossification. Hydrostatic compressive 

pressure greater than -0.15 M Pa and compressive or tensile strains of less than 

15% resulting in endochondral ossification. All other conditions result in the 

formation o f connective tissues or fibrocartilage (see Fig. 2.8).
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Figure 2.7: Tissue differentiation model proposed by Pauwels (1941),

predicting the formation o f fibrous and cartilaginous tissue due to strain and 

hydrostatic pressure, with subsequent bone formation. Taken from  Weinans 

and Prendergast (1996).
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Figure 2.8: Mechanoregulation theory predicting tissue differentiation in a 

fracture callus as a result o f strain and hydrostatic pressure. Taken from  

Claes and Heigle (1999).
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In 1997, Prendergast and co-workers proposed a mechanoregulation model 

predicting the differentiation pathway of M SCs when subjected to octahedral 

shear strain and fluid flow (Fig 2.9). This theoretical model has been 

successfully implemented into computational models to predict tissue 

formation in a range of applications including osteochondral defect repair 

(Kelly et a i ,  2005), scaffold prediction for osteochondral repair (Kelly et al. 

2006) and fracture healing (Lacroix and Prendergast, 2002).

Although numerous mechanoregulation theories have been proposed in relation 

to MSC differentiation and subsequent tissue formation, relatively few 

experiments have been carried out with MSCs in vitro to corroborate the 

accuracy of such models. As mentioned, computational models have been 

developed of some in vivo situations where tissue repair occurs (e.g. 

osteochondral and fracture repair). These have been successfully developed 

and present a better understanding of the impact and importance of mechanical 

loading on tissue repair and development. With the growing need for tissue 

engineering constructs for implantation and the possibility o f preconditioning 

such implants prior to surgery in bioreactors, researchers are beginning to use 

computational techniques to investigate biophysical stimuli developed 

experimentally that would help to further understand relationships between 

differentiation and mechanical stimulation. An important consideration that 

must be taken into account when carrying out 3D experimental work to test 

such mechanoregulation models is that substrate strain does not equal cell 

strain (Pedersen et al., 2005). In this thesis, strains o f 5%  and 10% strain are 

applied to highly-porous 3D matrices. However, cells can attach to single or 

multiple struts resulting in 2D or 3D attachments and therefore experience a 

range of strains that most likely are significantly less than the applied strain. 

This is discussed in more detail in Chapter 9, Section 9.5.
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Figure 2.9: Tissue differentiation model proposed by Prendergast et al.

(1997). (A) Strain and flu id  flow  will regulate the fa te o f MSCs, and can result 

in transdifferentiation between tissue types depending on how the biophysical 

stimuli change within a developing tissue (see dashed line). (B) Limits applied 

to the biophysical stimuli, showing the local environment required to induce 

specific tissue differentiation.
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2.3.4 Mechanical stimulation of MSCs

The effects of mechanical stimulation on chondrocyte biosynthesis have been 

investigated in many systems. In recent years some researchers have 

investigated the effects of compression, hydrostatic pressure and tensile strain 

on the chondrogenic differentiation of embryonic and adult-derived MSCs. 

Table 2.6 outlines specific parameters employed in these in vitro experiments 

in terms of cell source, scaffold choice, loading regimes, presence or absence 

of serum and growth factors, and the main outcomes from each experiment. 

Unlike the findings of Elder et al. (2000), Takahashi et al. (1998) found that 

static compressive force promoted chondrogenesis in embryonic limb bud 

MSCs with an upregulation in the transcription factor Sox9, type II collagen 

and aggrecan and inhibition of IL-ip, a repressor of collagen II and aggrecan. 

This result is also the opposite of what has been found with mature 

chondrocytes, where static forces inhibited the synthesis of cartilage matrix 

molecules (Kim et al., 1994; Buschmann et al., 1995; Davisson et al., 2002a). 

Elder et al. (2001) also found that dynamic compressive loading of chick limb 

bud cells in agarose induced differentiation along the chondrogenic lineage. 

Limb bud cells are obtained from embryonic tissue and are likely to behave in 

a different manner to MSCs derived from adult tissue. As the focus of this 

thesis is on adult MSCs, the author will focus only on studies that have 

investigated the effects of mechanical stimulation on adult MSCs herein.

The mechanoregulation of adult MSCs undergoing chondrogenic 

differentiation has been demonstrated in using intermittent hydrostatic pressure 

(Angele et al., 2003; Miyanishi et al., 2006; Scherer et al., 2004) and cyclic 

compressive loading (Angele et al., 2004; Campbell et al., 2006; Huang et al., 

2004a; Huang et al., 2005; Mouw et al., 2007a). From Table 2.6 it can be seen 

that most studies have used pellet, agarose or alginate cultures. The only study 

to use a tissue engineered scaffold fabricated from naturally derived materials 

in a dynamic loading environment was by Angele et al. (2004), who used a 

hyaluronan-gelatin composite. Additionally, chondrogenic growth factors 

were used in many of these experiments. In fact, this environment better 

replicates in vivo situations and is therefore beneficial in that it allows for
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investigations into how mechanical stimulation influences MSCs in a 

chondrogenic environment.

In 2004 and 2005, Huang et al. dem onstrated that cyclic compressive loading 

alone was a sufficient stimulus to promote the chondrogenic differentiation of 

MSCs in agarose gels, without the addition of chondrogenic factors (Huang et 

al., 2004a; Huang et al., 2005). Cyclic loading in the presence of TGF-pi 

enhanced collagen II gene expression compared to the TGF-pi group only. 

Cyclic loading also increased endogenous levels of TGF-pi to levels achieved 

in static cultures following TGF-pi treatm ent (Huang et al., 2004). The 

production o f endogenous TGF-pi could potentially further regulate signalling 

in cells by autocrine or paracrine mechanisms. In 2005, Huang et al. (2005) 

found an upregulation in gene expression and protein synthesis for TGF-P 

receptors I and II, TGF-P 1, Sox9 and c-Jun in M SC-agarose constructs exposed 

to 15% dynamic compressive loading. Huang et al. (2004a) also implemented 

a biphasic computational model to analyse the m agnitudes of biophysical 

stimuli (strain, axial fluid velocity and fluid pressure) developed in the agarose 

disk under 10% dynamic, unconfined compression at a frequency of 1 Hz (see 

Figure 2.10). M aximum fluid pressure of 0.1 kPa was believed not to be a 

factor in the m echanical-induced differentiation. Axial strains of 4 to 14% 

were similar to that previously observed to modulate chondrocyte biosynthesis, 

and fluid flows of 0 -  9 |im/sec were of the same order o f m agnitude as that 

developed in articular cartilage during loading (Huang et al. 2004a).

The direct deform ation of the cells may also have been a factor in the 

mechanoregulatory response and it has been demonstrated that cells in agarose 

gels do deform under compression (Knight et al., 1998). The entrapment of 

cells in hydrogels such as agarose results in the cells obtaining a spherical 3D 

morphology. Knight et al. (2001) found that after 1 day o f static 20% 

compression applied to chondrocyte/agarose constructs, chondrocyte diameter 

had also compressed to -20% . W ith dynamic compression they found that the 

compression of cells decreased with increasing num ber o f cycles (Knight et al., 

1998). This shows that with a viscoelastic substrate and viscoelastic cells, the 

application o f mechanical loading to such constructs is a com plicated process.
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Additionally, cells may adapt to their mechanical environment and become 

desensitised to an applied load (Martin et a i, 2002).
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Figure 2.10: Schematic o f the bioreactor (A) and loading configuration (B) 

used by Huang et al. (2004a) in cyclic dynamic compression experiments o f 

MSCs seeded in agarose gels. The magnitudes o f axial strain, flu id  velocity 

and flu id  pressure developed within the agarose discs during loading o f 10% 

strain applied at 1 Hz were determined using finite element modelling and are 

illustrated in C, D and E.
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Table 2.6: In vitro experiments carried out to investigate the ejfect of mechanical loading on the chondrogenic differentiation o f MSCs and embryonic 

limb bud cells

M echanical

Stimulus
Cell source

Culture

Medium
3D environment Loading Regime Main Results Refs

Static compressive 

loading

Dynamic

Compression

M ouse

em bry o n ic  lim b Serum  

bud

Chicic lim b bud 

cells

C hick  lim b bud 

cells

H um an M FC s

Serum

Serum

S erum -free 

T G F -p i ± D e x

C ollagen  1 gels

A garose

A garose

H yaluronan-gelalin

com posites

1, 1.5 and 2 kPa ( -2 0 -3 0 %  e ) 

for up to 10 days

Static (4.5 kPa) o r dynam ic (9 kPa 

peak stress at 0 .33  H z) for 2 hrs daily  

for 3 days, fo llow ed by 5 days o f  sta tic 

culture

Effect o f  duration  (12 , 54 and 120 

m ins da ily  at 0 .33 H z) and frequency 

(0.03 to 0.33 Hz for 2hrs daily) fo r 3 

days at m axim um  stress o f  9.25 kPa, 

follow ed by 5 days o f  sta tic  cu ltu re  

0.33 H z, 8 kPa, 4 hrs/day  for 7days, 

(fo llow ed by 7, 14 o r  21dys o f  sta tic 

culture)

S tatic  force prom oted  chondrogenesis by T akahash i

up regu la ting  S ox9, co llagen  II and aggrecan . el al. (1998)

S tatic  load ing  had little  effect on d ifferen tia tion , 

w hereas dynam ic  load ing  doubled  [^^S] su lphate  

incorpora tion  com pared  to contro ls.

M axim um  syn thesis in G A G  w as ach ieved  at a 

frequency o f  0.33 Hz, and dura tions o f  54 and 

120 m ins.

Increases in chondrogen ic  gene expre.ssion and 

m atrix  com ponen ts w ere observed  in loaded  vs 

un loaded  scaffo lds afte r 2 1 days.

E lder et at. 

(2000)

E lder ei al. 

(2001)

A ngele et 

al. (2004)
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Dynamic

Compression

contd.

Stepwise tensile 

strain

Serum -free , 5%  static offset + 10% e, 1 Hz, 4hrs/dy
R abb it M SC s A garose gel

T G F -p i +  Dex for 3, 7 and 14 days

5%  sta tic  offset + 15%  e, I Hz,
R abbit M SC s S eru m -free  A garose gels

4 lirs/day for 2 days

S erum -free , 15% e, 1 Hz, cycles o f  1.5 lirs loading
H um an M S C s A lg inate  cu ltu re

T G F-P3  and 4.5 hrs recovery , for 4 o r 8 days

S erum -free , 10% e, 1 Hz for 3 hrs o r 20 hrs,
B ovine  M S C s A garose  gel

T G F -p i ±  D ex fo llow ing 8 o r 16 days o f  sta tic  cu ltu re

M icrom ass cu ltu re  8%  e -l- 3%  e daily  for up to 3 days, i.e.
Rat lim b  bud Serum

on 2D  silicone  total o f  17% c

TGF-(! and load ing  increases chondrogen ic  

m arkers. Ix iad ing  a lone  w as su ffic ien t stim u lus 

to p rom ote  chondrogenesis .

C om pressive  load ing  upregu la ted  early  

responsive genes exp ression  and protein 

syn thesis o f  chondrogen ic  m arkers, w ithou t 

grow th  factors.

A fter 8 days, niR N A  expression  for 

chondrogen ic  m arkers w as u p regu la ted  in the 

T G F-P 3 , d ynam ically  com pressed  group.

L oading  has no effect a fter 8 days o f  sta tic  

cultu re . I^oading after 16 days stim ula ted  gene 

expression  and  m atrix  syn thesis in the presence 

o f  T G F -p i+ D e x . D ex enhanced  the response.

S tepw ise  m echanical stretch  (shear stre.ss on cell) 

resu lted  in dow nregu la tion  o f  chondrogen ic  

m arkers and th is w as found to be m ediated  

th rough ce ll-m atrix  in tegrins, a 2 , a5  and p i .

H uang et at. (2004a)

H uang  el at. (2005)

C am pbell et al. 

(2006)

M ouw  et al. (2007a)

O nodora  et al. 

(2005)
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H y d r o s ta t ic  Seru m -free
H um an M F C s P e lle t cu lture

p r e ss u r e  D e x  +  T G F -p i

H um an M S C s

B o v in e  b on e  

m arrow  c e lls

S eru m -free , D ex  

+T G F -P 3

C a lf  Serum  

D e x -h T G F -p i

P e lle t cu lture

M on o layer / 

P elle t cu lture

5 M Pa , I Hz, 4h rs/d y  for s in g le  (d ay  1 

or 3 ) or m u ltip le  (days 1-7) load in g , 

plus static  culture to d ays 14 or 28

0 .1 , 1 and 10 M Pa, 1 H z, 4  hrs/day for 

3 , 7 and 14 days

3 0  o n , 2 m in s o ff , 0 .2  M Pa on d ays 2 

and 5 on ly . 10 days total, a lso  in 5%  

O2

S in g le  day o f  loa d in g  had no  e ffec t. M u lti-d ay  

load in g  resulted  in increases in p ro teog lycan  and  

co lla g e n  con ten t at 14 and 2 8  days.

D ifferen t le v e ls  o f  H P d ifferen tia lly  m od ulated  

ch o n d ro g en es is , e .g .,  G A G  and co lla g e n  con ten ts  

increased  w ith in creasin g  pressure. A t 10 M Pa, 

G A G  and co lla g en  increased  o v e r  3 , 7 and 14 

days o f  cu lture.

N o  ch o n d ro g en es is  in m on olayer . 5%  O 2 o r  5 %  

0 2 + H P  not su ffic ien t to ind uce ch o n d ro g en esis  

in p e lle ts , h o w ev er  th ey  support d ifferen tia tion  

in the p resen ce  o f  the ch o n d ro g en ic  m ediu m .

A n g e le  e /  a t.  (2 0 0 3 )

M iyan ish i e t  al.  

(2 0 0 6 )

Scherer e t al .  (2 0 0 4 )
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2.4 Cell Signalling in Chondrogenesis

Intracellular signalling involves a complex cascade of events which is involved 

in cell survival, proliferation and differentiation. The process of cell signalling 

involves activation of receptors in the cell membrane which results in the 

activation of intracellular signalling cascades involving phosphorylation events 

which lead to changes in gene expression and cell fate. Kinases are enzymes 

that modify other proteins through phosphorylation, i.e. the addition of a 

phosphate group thereby activating proteins and changing their function with 

the cell.

2.4.1 Transmenibrane Growth Factor Receptors

In terms of directing the differentiation and synthesis of chondrocytes and 

MSCs, there are a number of membrane proteins involved in signal 

transduction. For growth factor mediated cell responses (e.g. IGF-1 and TGF- 

P), cells contain growth factor receptors which are specific for each type of 

growth factor. For example, the IGF-I receptor is the primary m ediator o f IGF- 

1 action. The IGF-I receptor has a heterotetram eric configuration consisting of 

an a-subunit located extracellularly and a P-subunit which anchors the receptor 

in the cell membrane, and consists of a tyrosine kinase dom ain located in the 

cytoplasm (see Fig. 2.11). Upon binding o f the growth factor to the IGF-I 

receptor, autophosphorylation of the tyrosine residue occurs. This activates the 

receptors intrinsic tyrosine kinase resulting in the phosphorylation of other 

tyrosine-containing substrates, thereby transmitting signals at the cell surface to 

the nucleus (Le Roith et a i ,  1995). The operational m echanism  behind the 

function of the TG F receptor is different from the IGF-I receptor. The TGF-P 

receptor is a serine-threonine kinase receptor consisting of two distinct 

transmembrane proteins -  type I and type II receptors (Fig. 2.12). Ligands, or 

soluble growth factors, interact with the type II receptor, which then recruits 

the type I receptor forming a heteromeric complex. The type II receptor, which 

is always active, phosphorylates the type I receptor thereby activating its kinase 

domain resulting in intracellular cascades (Attisano et a i ,  2000; W rana et a i ,  

1992).
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Figure 2.11: Schematic illustrating the structure o f the IGF-I heterotetrameric 

receptor consisteing o f an a-subunit in the ECM and a /^-subunit in the 

cytoplasm, linked by disulfide bonds. The function o f the cysteine rich domain 

is high-affinity IGF-I binding. The tyrosine kinase dom.ain is important fo r  

autophosphorylation resulting in activation o f tyrosine kinase and the 

subsequent activation o f downstream molecules. Adapted from  Le Roith et al. 

(1995).
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Figure 2.12: Illustration o f the TGF receptor activation. (A) the

transmembrane type II receptor is active, even without growth factor  

activation, (B) growth factor binds to type II receptor, (C) type II receptor 

recruits the type I  receptors form ing a heteromeric complex, (D) type I  

receptor is phosphorylated by the type II receptor permitting downstream  

activation o f  pathways via its kinase residue. Adapted from  Padgett et al. 

(1997).
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2.4.2 M echanotransduction

M echanotransduction is a process where mechanical signals are perceived by 

cells and converted into biochemical signals thereby regulating cell synthesis 

and metabolism. M ediators of mechanotransduction processes have been 

demonstrated in many cell types, and an overview of such mediators is 

presented in Figure 2.13. M any components within cells, and linking cells to 

the ECM, are involved in mechanotransduction and respond when subjected to 

mechanical stimuli such as tension, compression, shear, fluid flow and 

pressure. For example, applied compression and tension applied to cell-seeded 

constructs could be sensed by (i) stretch-activated ion channels, which open in 

response to membrane distortion allowing influxes o f cations into cells or (ii) 

integrins, which link cells to the extracellular matrix (Chowdhury et al., 2006; 

Hughes et al., 2005; Katsumi et a i ,  2005; M obasheri et a l ,  2002; Wu e/ a i ,  

2000). O ther ion channels such as TREK-1 and voltage-operated calcium  

channels have been demonstrated to be m echanosensitive in a range o f cell 

types (Hughes et al., 2006; M agra et al., 2007). Additionally, hydrostatic 

pressure, compression and tension could result in changes in the cell shape and 

volume, thereby initiating intracellular biochemical responses through 

deformation of the cytoskeleton.
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Figure 2.13: M ediators o f  cellular mechanotransduction. M any cellular and  

extracellular components have been proposed in m echanotransduction  

processes such as the ECM, cell-ECM  and cell-cell adhesions, m em brane  

components such as stretch-activated ion channels, cytoskeletal elements and  

nuclear structures (Ingber, 2006).
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2.4.2.1 Stretch-activated ion channels

Stretch-activated ion channels open in response to mechanical forces, allowing 

influxes of cations such as Ca "̂ ,̂ Na"  ̂ and K"̂ , which can trigger multiple 

signalling cascades within cells, leading to changes in gene expression and 

thus, cell synthesis. In particular, they have been indicated to have a high 

perm eability for divalent cations such as calcium (Hughes et ah, 2005). Direct 

electrophysiological studies, and indirect pharmacological studies have 

identified stretch-activated cation channels in articular chondrocytes, and these 

have been implicated in chondrocyte m echanotransduction by numerous 

researchers (Guilak et al., 1999; Pingguan-M urphy et al., 2005; Pingguan- 

Murphy et al., 2006; Sanchez et al., 2003; W ilson et al., 2004; W right et al., 

1996; Yellowley et al., 1997). Calcium is an ubiquitous second m essenger in 

cells and is involved in controlling cell function. It has also been demonstrated 

to regulate cell activities by initiating phosphorylation events and activating 

intracellular kinase cascades (Mobasheri et al., 2002). For example, Liedert et 

al. (2006) describes protein kinase C (PKC) and Ras as calcium  dependent 

kinases which can subsequentially activate the M APK pathway.

Gadolinium  (Gd^"^) is reported as being a broad and non-specific inhibitor of 

stretch-activated cation channels (Caldwell et al., 1998; M obasheri et al., 

2002), and has been used in many studies to investigate the involvement of 

these ion channels in m echanotransduction studies. Gadolinium blocks stretch- 

activated ion channels by binding to a site in the perm eation pathway for Na"̂  

and Ca"  ̂ (McBride et al., 2000). It has been found to displace calcium and 

other ions from specific and non-specific membrane binding sites, and can also 

block L-type voltage-gated calcium  currents. However, gadolinium  has been 

shown to have a higher affinity for stretch-activated ion channels than voltage- 

gated ion channels (Sadoshim a et al., 1992), and is currently the most effective 

stretch-activated ion channel inhibitor available.

Although much work has been carried out on various cell types in relation to 

stretch-activated ion channels, it remains unclear as to how mechanical stimuli 

interact with these channels to influence the perm eability of the pores (Hughes 

et al., 2005). It is possible that tension created in the lipid bilayer activates
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these channels directly. However, it is also possible that these ion channels are 

direcdy linked to the cytoskeleton and that changes in the mechanical integrity 

o f the cytoskeleton may result in increased tension in the cell membrane, thus 

regulating the ion channels (Hughes et al., 2005). A s mentioned, activation o f  

stretch-activated ion channels permits an influx o f calcium into the cell. It has 

also been proposed by El Haj et al. (1999) that this influx o f  calcium through 

stretch-activated ion channels could sufficiently affect the membrane potential 

to activate T-type low  voltage operated calcium  channels (VOCC), which in 

turn could trigger L-type high voltage activated channels, resulting in a greater 

influx o f calcium into cells (El Haj et al., 1999; Hughes et al., 2005).

2A.2.2 Mechanotransduction in Chondrocytes

Pharmacological agents are available to identify the involvem ent o f specific 

mechanisms during mechanical loading as illustrated in Table 2.7. In a study 

by Wu et al. (2000) intermittent 5%  uniaxial cyclic strain o f  1 Hz applied to 

chondrocytes seeded in collagen sponges increased proliferation via stretch- 

activated ion channels and voltage-gated calcium channels, while calcium  

channels only were involved in the stretch-induced regulation o f chondrocyte 

maturation. This shows that it is possible for more than one mechanism to be 

involved in mechanotransduction processes. In 2004, Chowdhury et al. 

demonstrated the involvem ent o f integrins in increased SO4 (GAG) and [ H] 

thymidine (D N A ) incorporation as a result o f 15% dynamic compression  

applied to chondrocyte/agarose constructs in the presence o f TGF-P3. The 

addition o f a peptide, GRGDSP, which com petes for the a5p i integrin, 

suppressed the com pression-induced stimulation in GAG and D N A  synthesis. 

In 2003, Fanning et al. demonstrated that dynamic com pression o f articular 

cartilage explants stimulated phosphorylation o f E R K l/2 , p38 and JNK. 

However, they did not investigate mechanotransduction at the cell membrane.
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Table 2.7: Pharmacological agents used in mechanotransduction studies

Agent Blocks Ref

Gadolinium Stretch-activated ion channels Wu et al. (2000) 

Wu er al. (2000) and
Nifedipine L-type calcium channels

El Haj etal. (1999)

Tetrodotoxin Sodium channels Wu et al. (2000)

4-aminopyridine Potassium channels Wu et al. (2000)

GRGDSP peptide a5pi integrin Chowdhury et al. (2004)

2.4.23 Mechanotransduction in MSCs

Studies by Angela et al. (2004), Campbell et al. (2006), Huang et al. (2004a), 

Huang et al., (2005), Miyanishi et al. (2006) and Mouw et al. (2007a) have 

demonstrated that it is possible to regulate the chondrogenic differentiation of 

MSCs using mechanical loading. However, the mechanisms behind the 

mechanotransduction processes at the cell membrane, to elicit specific cell 

responses, were not investigated in these studies. Nonetheless, Huang et al. 

(2004a) found that cyclic compressive loading of 10% strain, promoted an 

increase in endogenous TGF*pi gene expression levels, which could lead to 

autocrine or paracrine responses. In 2005, Huang et al. further investigated 

this work and found that 15% compressive loading promoted gene expressions 

and the corresponding protein synthesis for TG F-pi, Sox9, c-Jun and the TGF- 

P type I and II receptors. This demonstrates that the TGF-P signalling pathway 

was promoted during the dynamic loading of the MSCs. The phosphorylated 

TGF-P type I receptor can initiate TGF-P signalling by activating the Smad 

pathway (Huang et al., 2005). Additionally, c-Jun is downstream of the stress- 

activated protein kinase/c-Jun N-terminal kinase (SAPK/JNK) and ERK in the 

MAFK signalling pathway (Huang et al., 2005). This demonstrates the 

possible involvement of the SMAD and MAPK signalling pathways in the 

mechanotransduction processes of MSCs undergoing chondrogenic 

differentiation due to applied compressive loading.
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TGF-P has been shown to be involved in the phosphorylation o f receptor- 

activated Smad proteins, Smad 2 and Smad 3. These Smads form a complex 

with Smad 4, and translocate to the nucleus where they regulate gene 

expression patterns involved in chondrogenesis (Attisano et a i ,  2002; Mouw et 

al., 2007a). M ouw et al. (2007a) investigated pSmad 2/3 levels in MSC- 

agarose constructs, cultured for 16 days with and without chondrogenic 

medium (TGF-pi + dexamethasone). They found that dynamic loading 

applied for one hour upregulated pSmad 2/3 levels in basal and TGF-pi 

groups. M ouw et al. (2007a) proposes that the activation of downstream 

targets due to TGF-P signalling may amplify the effects of 

mechanotransduction thereby increase the m echanosensitivity of the cells. 

They also propose that mechanical stimulation may modulate TGF-P signalling 

in a similar m anner to that described by Huang et al. (2005), described above.

Huang et al. and Mouw et al. have demon.strated some intracellular signalling 

mechanisms involved in the m echanoregulation of MSCs undergoing 

chondrogenic differentiation due to applied mechanical stimulation. However, 

these studies did not investigate any signalling m echanism s involved in the 

mechanotransduction process at the cell membrane. However, this portrays the 

complexity of the m echanotransduction process in cells, which involves not 

only activation of m echanosensitive membrane receptors, but the cascade of 

intracellular signalling events which are subsequentially activated. Although 

mechanotransduction pathways have been well characterised in other cell 

types, this highlights that the exact mechanisms involved in 

mechanotransduction processes in MSCs undergoing chondrogenic 

differentiation have yet to be fully demonstrated.

2.4.3 MAPK and PI3-kinase Signalling Pathways

Two signalling pathways that are implicated in chondrogenic differentiation, 

which will also be investigated in this thesis, are the m itogen-activated protein 

kinase (MAPK) and phosphatidylinositol 3-kinase (PI3-kinase). The M APK 

pathway plays a key role in a range of cellular responses including 

proliferation, differentiation and apoptosis. The m ajor M APK subtypes
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include E R K l/2 , p38 and JNK, a stress-activated protein kinase (Oh et a i ,  

2000) (see Fig. 2.14). Like the PI3-kinase pathway, M APK events are 

regulated by phosphorylation cascades. For example, activation of ERK 

follows the serial phosphorylation of R af and MEK. R af kinases activate 

M EK l and MEK2. M EK l and 2 then activate ERK l and ERK2, their only 

downstream  targets by dual phosphorylation. ERK activation results in 

dissociation from MEK, and it then targets various nuclear, cytosolic and 

cytoskeletal substrates (Bobick and Kulyk, 2006). This cascade of 

intracellular signalling is downstream  of an array o f possible membrane 

receptors such as receptor tyrosine kinases, integrins and ion channels (Bobick 

and Kulyk, 2006).

The PI3-kinase pathway is activated in response to a num ber of growth factors 

including, IGF-1 (Golden and Insogna, 2004). PI3-kinases are a class of 

enzym es that phosphorylate phosphatidylinositol and its derivatives (Golden 

and Insogna, 2004). Autophosphorylation of the tyrosine residue in the IGF 

receptor, as described in Section 2.4.1, associates with PI3-kinase (Myers et 

a l ,  1993). The PI3-kinase then phosphorylates phosphatidylinositol (Ptdlns), 

PtdIns(4)P, and PtdIns(4,5)P2 on the free 3 position of their structures resulting 

in increases in PtdIns(3)P, PtdIns(3,4)P2 and PtdIns(3,4,5)P3 resulting in a 

cascade of signalling events within cells (Golden and Insogna, 2004). One 

downstream  m olecule of the PI3-kinase pathway is Akt, also known as protein 

kinase B (PKB). This is a serine-threonine protein kinase which has been 

shown to be crucial in proliferation and cell survival. This is proposed to be in 

part due to the inhibition o f caspase-9, a pro-apoptotic m olecule (Golden and 

Insogna, 2004). Akt is recruited to the cell m em brane where it binds to 

PtdIns(3,4)P2 and PtdIns(3,4,5)P3, and exposes threonine-308 and serine-473 

residues for phosphorylation by 3-phosphoinositide-dependent kinase 1 (PDK- 

1) (Hidaka et a i ,  2001; Xuan Nguyen et al., 2006). The active p-Akt 

subsequently induces the phosphorylation of a number of nuclear and cytosolic 

proteins which are involved in the regulation o f cell metabolism, growth and 

survival. It is now believed that the p-Akt m olecule then translocates to the 

nucleus, however the m echanism  underlying this phenomenon remains 

relatively unknown (Xuan Nguyen et al., 2006).
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Although various signalling pathways are described independently from each 

other in linear sequences, the concept of cross-talk has evolved where separate 

cascades in different pathways can interact with each other (Schneiderbauer et 

a i,  2004). Studies have investigated the effects of specific growth factors on 

chondrogenesis of chondrocytes, cell lines and mesenchymal cells, and 

intracellular signalling pathways involved in such processes (see Table 2.8). 

The most common method of investigating the involvement of signalling 

mechanisms is by using various inhibitors, as presented in Table 2.8. Due to 

different cell types, culture conditions, growth factor concentrations and other 

experimental differences, it is difficult to directly compare results in such 

studies. However, it is clear that researchers are moving towards using human 

cells in 3D constructs compared to using cell-lines in monolayer culture, to 

obtain a better understanding of cell signalling that may be more representative 

of that occurring physiologically in vivo.

ERKl/2 and p38 have been demonstrated to have positive and negative 

regulatory effects on chondrogenic differentiation. For example, in the IGF-1 

induced chondrogenesis of chick limb bud mesenchymes, phosphorylation of 

ERKl/2 was shown to decrease as chondrogenesis increased, whereas p38 

activities increased (Oh et a i ,  2000). However, Tuli et al. (2003) found that in 

TGF-pi-induced chondrogenesis of human MSCs in pellet culture, inhibition 

of ERK and p38 both resulted in the downregulation of a number of cartilage 

specific genes which included collagen II, Sox9 and aggrecan. Starkman et al. 

(2005) reports that increased phosphorylation of Akt and ERK were observed 

over 60 mins in IGF-1 treated chondrocytes. However, Oh and Chun (2003) 

who used chick limb bud mesenchymal cells reports that ERKl/2 

phosphorylation at day one was significantly reduced in the presence of IGF-1 

and dramatically decreased thereafter over 5 days of analysis. Different time 

scales may have been a factor in these studies. In terms of cross-talk between 

signalling pathways. Oh and Chun (2003) show that upon treatment with the 

PI3-kinase inhibitor, LY294002, chondrogenic differentiation was inhibited 

and a reduction in p-ERK was observed in IGF-1 treatment limb bud cells. 

This shows that ERKl/2 was regulated by the PI3-kinase pathway. Relatively 

few cell signalling studies have been carried out on undifferentiated adult 

MSCs, directed to undergo differentiation with different growth factors.
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Overall, it can be appreciated that cell signalling is a com plicated bioprocess 

and depending on cell types, culture conditions, growth factors and inhibitors 

used, and concentrations o f pharm acological agents employed, it is difficult to 

compare results from different studies. In addition, the time points at which 

different factors are analysed contribute to this especially when analysing the 

phosphorylation events o f specific m olecules as they can be expressed in a 

transient manner.
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Figure 2.14: Mitogen-activated protein (MAP) kinase cascades. ERKl/2 and 

p38 have been reported to have opposite roles in cartilage differentiation (Oh 

et a l, 2000). Schematic adapted from  Pearson et al. (2001).
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Table 2.8: Overview o f  cell types, culture conditions and signalling pathways investigated in relation to the chondrogenic pathway

R e fe re n c e C ell ty p e C u ltu re

c o n d itio n s

G ro w th

F a c to r

S e ru m S ig n a llin g  P a th w a y  

(-i-Inhil)itors)

R e su lt

N akam ura  et al. 
(1999)

A T D C 5 ch o n d ro g en ic  m ouse 
em b ry o n ic  carc in o m a cell line

2D  m onolayer GDH-5
BM P-2
T G F -p i

No MHK (PD 98059), p38 
(S B 2 0 2 I9 0  and P D 169316)

All g row th  factors stim u la ted  phosphory la tion  o f  
ERK  and p38. p38 inh ib ito r suppressed  
d ifferen tiation

O h el al. (2000) C h ick  lim b bud  m esenchym al 
cells

2D
m icrom ass
culture

N one Yes E R K l/2  (Pi:>98059) and p38 
(SB 203580)

Inhibition  o f  ER K  enhanced  chondrogenesis , 
inh ib ition  o f  p38 suppressed  it

H idaka et al. (2001) A TD C 5 2D 3 00 ng/ml 
IG F-I

Yes P13K (L Y 294002  and 
W ortm annin)

C ells p roduced  P td ln s(3 ,4 ,5 )P j and syn thesised  
G A G , both  w ere suppressed  w ith PI3K  inhib itors.

T uli e la l .  (2003) H um an M SC s Pellet 10 ng/ml 
T G F-(il

p38 (SB 203580), MKK 
(Pi:)98059), JN K  (SP 600125)

p38 and ER K  inh ib ition  inh ib ited  expression  o f 
co llagen  II, sox9 and aggrecan  exp ression  and o thers

O h and C hun  (2(X)3) C hick  lim b bud  cells 
R abbit a rticu la r chondrocy tes 
R abbit cartilage  exp lan ts

2D
m icrom ass

5 0-200  ng/ml 
IG F -1

No PI3K  (L Y 294002), E R K I/2  
(PD 98059), p38 (S B 203580)

IGF-1 increased  p38 ac tiva tion  and reduced  ERK , 
and w as m ediated  by the P I3K  pathw ay

F ujila  el al. (2004) A T D C 5 2D 10 ng/m l 
insulin

No PI3K D ex inh ib ited  in su lin -induced  chondrogenesis in a 
do se-dependen t m anner, and  reduced  p-A K T

Ix e  JW  el al. (2004) H um an M SC s A lginate TGF-(!3 Not
given

M E K 1 /2 (U 0 I2 6 ) M EK  inh ib ition  dow n-reg u la ted  co llagen  II gene 
expression , but not aggrecan.

S larkm an el al. 

(2005)

H um an ank le  a r ticu la r cartilage  
ch o n drocy tes

2D  m onolayer 
and 3D  
alg inate

0 .2 -  50 
ng/m l IGF-1

No PI3K  (L Y 294002  and 
W ortm annin), M E K  (PD 98059 
and U 0 I2 6 )

IGF-1 activated  PI3K  and ER K . M EK  inhibs 
b locked  IG F -stim ulatied  p -E R K , but d id n ’t decrease 
p ro teog lycan  syn thesis

M ouw  el al. (2007) B ovine  C h o ndrocy tes A garose N one 10%
FBS

K* channel, Ca** channel, 
S tre tch-activated  ion channel, 
and in tracellu lar Ca^* store 
release

Inhib itors d ifferen tia lly  in fluenced  responses. 
G ado lin ium  trea tm ent increased  pro tein  and sG A G  
syn thesis rates w ith dynam ic  com pression . N f o r  Tg 
treatm ent upregu la ted  p ro te in  but not sG A G  
syn thesis w ith dynam ic  com pression
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3.1 Mesenchymal stem cell isolation and culture

3.1.1 Harvesting MSCs

Y oung adult m ale W istar rats (approx. 2 0 0 -2 5 0 g ) w ere used in this study. The 

anim als w ere bred at the B ioR esources unit o f  Trinity C ollege Dublin and were 

sacrificed by C O 2 asphyxiation. A nim als w ere left in a C O 2 filled  chamber for 

five m inutes and w ere then retrieved for dissection.

The area around the hind lim bs w as sprayed liberally with 70% alcohol, the hip 

jo ints w ere d islocated, and the fur and skin w as rem oved with scissors. The 

tw o legs w ere then rem oved from the body using a scalpel. The femur w as 

dislocated from the tibia at the knee jo int and all surrounding m uscle w as 

rem oved. The fem ur w as placed in a Petri dish with sterile pre-warmed  

D u lb ecco ’s M odified E a g le’s M edium  (DM EM ; Sigm a-A ldrich), 

supplem ented with 2% penicillin /streptom ycin  (G ibco BR L, D ublin), 10% 

Foetal B ovine Serum (FBS; G ibco BRL, D ublin), 0.5%  1-Glutamine (G ibco  

BRL, D ublin), 0.5%  G lutam ax (G ibco BRL, D ublin) and 1% non-essential 

am ino acids (G ibco BRL, Dublin). T o isolate the tibia, the A ch illes tendon and 

all other tendons in this area were severed, the foot w as levered aw ay to release 

the distal tibia and was pushed towards the knee. The kneecap w as then 

rem oved along with any rem aining m uscle tissue, freeing the tibia w hich was 

then placed in a Petri dish with sterile pre-warm ed supplem ented DM EM , 

along with the femur. O nce all bones w ere rem oved they w ere transferred to a 

laminar flow  hood to maintain sterility.

3.1.2 Cell isolation, culture and passaging

B ones were cut at both epiphyses and the marrow w as flushed with a 25 gauge  

needle attached to a 10ml syringe into a 50m l falcon tube using pre-warmed  

(37°C) supplem ented DM EM . The marrow from different anim als w as flushed  

into separate falcon tubes. W hen the marrow w as extracted from  all bones, the 

suspension w as centrifuged at 650 g for 5 m inutes at 22 °C. The supernatant 

was discarded and the pellet was resuspended in 10 ml o f  supplem ented
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DMEM, by aspirating the suspension through 16 gauge, 18 gauge and 20 gauge 

needles, three times each, to obtain a single cell suspension. The suspension 

was plated onto a Petri dish by passing it thorough a 40 jam sterile nylon mesh 

to remove any cell clumps and any remaining small tissue fragments. The Petri 

dish was placed in an incubator at 37 °C and 5% CO 2 for 30 minutes. The 

supernatant was then removed and put into a 50 ml falcon tube, and the 

adherent cells remaining in the Petri dish were discarded. The cell suspension 

was counted using a haemocytometer, and diluted accordingly with 

supplemented DMEM, to give a cell suspension of approximately 5 x 10  ̂

nucleated cells per 75 cm^ tissue culture flask. After 24 hours the culture 

medium in the flasks was replaced to remove non-adherent cells. The flask was 

rinsed once with supplemented DMEM and then 10 ml supplemented DMEM 

was added to the flask. Culture medium was replaced every three to four days. 

Cells were maintained at 37“C in a humidified incubator with 5% CO2 and 95% 

air.

When cells reached 80-90% confluency, as assessed by visual inspection under 

an inverted microscope, cells were passaged at lower densities into new culture 

flasks. Flasks were rinsed twice in prewarmed sterile phosphate buffered saline 

(PBS; Sigma-Aldrich). 5 ml of Trypsin EDTA (Sigma-Aldrich) was added to 

each flask and incubated for 5 minutes at 37°C to allow cells to detach. The 

cultures were examined under an inverted light microscope to determine that 

they had sufficiently detached from the surface. The flask was knocked once 

on the side to release any remaining attached cells. The suspension was poured 

into a 50 ml tube (Sarstedt), the flask was rinsed twice with 5 ml of 

supplemented DMEM and this was also added to the 50 ml tube. The cell 

suspension was centrifuged at 650 g for 5 min at 22 °C. The supernatant was 

discarded and the pellet was resuspended in 10 ml of supplemented DMEM. 

The suspension was aspirated through a 20 gauge needle three times to obtain a 

single cell suspension and for passage 2, the cells were replated into T75 

culture flasks (Sarstedt) to redistribute the cells. For any further passaging the 

cells were replated into T175 flasks (Sarstedt) at half their original density to 

allow for proliferation. Cultures were maintained at 37°C in a 95% air 5% CO2 

incubator. Supplemented DMEM was changed every 3 to 4 days.
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3.2 Characterisation of MSCs

C ells w ere plated onto 2D  plastic coverslips, w ere cultured for 2 days in 

D M EM  and fixed w ith 4% paraform aldehyde. Im m unocytochem istry was 

carried out to probe for reported M SC surface proteins, CD 105 (E ndoglin) and 

C D 90 (T hy-1). C ells w ere perm eabilised w ith 0.1%  Triton-XlOO in Tris- 

buffered saline (TBS, 10 nM  Tris-HCL, 150 nM  N aC l, pH 7 .4 ) for 10 m inutes 

at room temperature, fo llow ed  by incubation w ith a b locking buffer (20% new  

born ca lf serum, 2% bovine serum album in, 0.1%  triton in T B S ) for 2 hours at 

room temperature to b lock non-reactive sites. Primary antibody o f  C D  105 

(1:500  dilution, Santa Cruz B iotechnology) and C D 90 (1:500 dilution, A beam ) 

were applied to ce lls  and incubated overnight at 4  °C. C ells w ere w ashed three 

tim es with TB S and incubated with a biotinylated anti-rabbit and anti-m ouse  

IgG secondary antibody (1:50  dilution. V ector Labs), for C D 105 and C D 90, 

respectively , for 1 hour at room temperature, fo llow ed  by a 1 hour incubation  

with ExtrAvidin-FITC (1:50 dilution) for 1 hour at room temperature. C ells  

were w ashed several tim es in deionised H 2O, m ounted using V ectash ield , and 

exam ined by fluorescence m icroscopy (497 nm excitation, 520  nm em ission).

F low  cytom etry was also used to determ ine the percentage o f  ce lls  expressing  

the C D 90 epitope. C D 45, a marker o f  haem atopoietic stem cells, w as used as a 

negative marker. C ells w ere trypsinised after 3 w eeks o f  expansion, 

centrifuged at 650g  for 5 m inutes at 22°C  to create a pellet. A  single cell 

suspension w as obtained by adding a volum e o f  m edium  and passing the ce lls  

through a 20 gauge need le three tim es. The total number o f  ce lls  was 

determ ined using a haem ocytom eter. The ce lls  w ere centrifuged again under 

the sam e settings, the supernatant w as carefully rem oved and the ce lls  w ere 

resuspended in 3 m is o f  b locking buffer (PB S, 50%  PC S) and incubated on ice 

for 20  m inutes to block non-reactive sites. C ells w ere centrifuged, the 

supernatant w as rem oved, 2m ls o f  FA C S buffer (PB S, 2% heat inactivated ca lf 

serum, 0.09%  sodium  azide, pH 7 .4 ) w as added and a single  cell suspension  

w as obtained by aspirating the ce lls  three tim es through a 20 gauge needle. 

This step w as repeated again to wash the ce lls  and rem ove any rem aining  

blocking buffer. The cells w ere centrifuged again, resuspended in a specific
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volum e o f FA CS buffer to obtain a cell density o f 3 x 10^ cells/m l and left on 

ice to set up the fluorochrom es. 2 )il o f  phycoerythrin  (PE)-conjugated m ouse 

anti-rat C D 90 (Thy-1) m onoclonal antibody and fluorescein isothiocyanate 

(F IT C )-conjugated m ouse anti-rat CD45 m onoclonal antibody (BD 

B iosciences) w ere pipetted into a U -bottom ed 96 well plate. In addition, 2 ^1 

o f PE- and FITC -conjugated m ouse IgG],K m onoclonal im m unoglobulin 

isotype controls were pipetted into the 96-w ell plate (see Table 3.1). 100 |al of 

the cell suspension (i.e. 300,000 cells) was added to  each well o f  the 96 well 

plate and vortexed gently. The plate was incubated for 45 m inutes at 4°C in 

darkness. The cells were then w ashed three tim es by centrifuging the 96 well 

plate at 650g for 5 m inutes at 4°C using m icroplate centrifuge adaptors, 

rem oving the supernatant, adding 200 |xl o f FACS buffer to each well and 

vortexing gently to disrupt the cell pellet. The cells were then centrifuged 

again, resuspended in a 200 |il o f  FACS buffer, then transferred to a FACS 

tube containing another 300 |il o f FACS buffer, leaving a density o f 300,000 

cells in 500 |il. All sam ples were kept on ice and covered w ith foil to prevent 

cell clum ping and the decay o f the fluorochrom es. Results w ere acquired on 

the flow' cytom eter (CyAn™  AD P, D akoC ytom ation Ltd) with 488 nm and 633 

nm lasers and 10,000 events w ere collected for each sam ple. Analysis was 

carried out using the CyA n™  software.

Table 3.1: Plate set-up for  FACS analysis

PE- FITC- CD 90
Unstained

CD90 CD45 +
FITC PE FITC+PE

Control
antibody antibody CD45

Isotype Isotype Isotypes
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3.3 Seeding and Culturing MSCs

3.3.1 2-D plastic coverslips

2D plastic and glass coverslips were used to study the differentiation of the 

MSCs along the chondrogenic pathway using IGF-1 and T G F-pi, and to 

investigate the involvement of the ER K l/2, p38 and PI3-kinase pathways in 

intracellular signalling involved in the differentiation process.

When culture flasks reached 80-90% confluency, MSCs were detached using 5 

mis of prewarmed Trypsin EDTA (Sigma-Aldrich) as described previously, 

and cells were centrifuged at 650 g for 5 minutes at 22°C. The supernatant was 

discarded and the pellet was resuspended in 2 mis of supplemented DMEM by 

passing the suspension through a 20 gauge needle three times. W hen a single 

cell suspension was achieved the cell density was determined using a 

haemocytometer. The cell suspension was diluted to give a cell density of 

125,000 cells/ml. 200 |al of the cell suspension was applied to 13 mm diameter 

coversiips in 24-well plates (i.e. 25,000 cells/coverslip) and left for 1 hour in 

the incubator at 37°C to allow for attachment, afterwhich 1 ml of prewarmed 

DMEM was applied to each well. After two days all medium was removed 

and cells were cultured in the presence of the IGF-1 (100 ng/ml; Sigma- 

Aldrich) or TGF-pi (5 ng/ml; Sigma-Aldrich). The growth-factor cocktails 

were further supplemented with ascorbic acid (50 }xM; Sigma-Aldrich) only, or 

ascorbic acid and dexamethasone (100 nM; Sigma-Aldrich) as indicated in the 

results sections. Inhibitors for p38 (10 |iM SB203580; Calbiochem), ER K l/2 

(2 |iM U0126; Calbiochem), and PI3-kinase (2 |iM and 5 |iM LY294002; 

Calbiochem) were used to investigate signalling mechanisms. Samples were 

cultured for 14 days, afterwhich they were fixed with 4% paraformaldehyde 

(pH 7.4; Sigma-Aldrich) for 30 minutes, and stored in the fridge in PBS prior 

to analysis.
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3.3.2 3-D scaffold seeding

In order to assess the behaviour of MSCs in a 3D environment the scaffold that 

was employed in this study was a collagen-GAG scaffold. These scaffolds 

were fabricated by Mr. Matthew Haugh, Royal College of Surgeons in Ireland, 

using a freeze-drying procedure as outlined in O ’Brien et al. (2004) and Farrell 

et al. (2006). Scaffolds were fabricated by mixing type I collagen from bovine 

tendon and shark chondroitin-6-sulphate in acetic acid to form a slurry which 

was freeze-dried at -40°C. The formation of ice-crystals formed an 

interconnected network leaving a highly porous scaffold upon sublimation 

under a vacuum. The scaffold was cross-linked at 105°C to sterilise and stiffen 

the collagen network. A final freezing temperature of -40°C results in the 

formation of interconnected pores with an average pore size of 95.6 |im 

(O ’Brien et al., 2004).

Cell seeding took place after 3 weeks of MSC expansion in 2D. In preparation 

for seeding, 6-well plates were coated with 2 mis of autoclaved agarose (2% 

Agarose in dH20) to prevent cells from attaching to the plastic and encourage 

scaffold attachment. A single cell suspension of MSCs was obtained as 

detailed in Section 3.1.2, counted using a haemocytometer and diluted to 

achieve cell densities of 1 x 10^ cells/ml. Sections of the collagen-GAG 

scaffold (10 mm , Royal College of Surgeons in Ireland, Dublin) were placed 

onto the agarose coated plates and 150 p.1 of the cell suspension was added in a 

drop wise fashion. The scaffolds were incubated for 30 minutes to allow cells 

to attach, turned over using fine-tipped tweezers and seeded with another 150 

|il of the cell suspension. Samples were incubated for a further 30 minutes 

after which 2 mis of prewarmed supplemented DMEM was added to each well. 

After 2 days, medium was removed and 2 mis of fresh medium was added to 

control samples.

3.3.2.1 Induction o f  chondrogenic and osteogenic differentiation

To induce chondrogenic differentiation, 2 mis of supplemented DMEM with 

10 ng/ml TG F-pi (Sigma-Aldrich), 50 |iM ascorbic acid (Sigma-Aldrich) and 

100 nM dexamethasone (Sigma-Aldrich) was added to the MSC-seeded

68



scaffolds. Medium was replaced every 3 to 4 days. Samples were maintained 

in culture for 1, 2, 3 or 6 weeks depending on the experiment carried out (see 

Table 3.2.

Table 3.2: Analysis and time points used fo r  3D culture set-up

Analysis Time point

[■’■̂S] sulphate incorporation 1, 3 and 6 weeks

Collagen II synthesis 3 and 6 weeks

Toluidine Blue 3 and 6 weeks

Cell-mediated contraction analysis 2 week culture (to coincide with 2

weeks for dynamic experiments, see

Section 3.5)

As a positive control to investigate if osteogenic differentiation was induced in 

intermittent cyclic tensile loading experiments (see Section 3.5.1), static 

control samples were treated with the osteogenic supplements 10 mM P- 

glycerophosphate, 10 nM dexamethasone and 50 |iM ascorbic acid as described 

by Farrell et al. (2006) and probed for collagen I synthesis.
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3.4 Design of Multi-station Bioreactor

This aim  o f this project was to determ ine how  m echanical stim ulation effected 

the d ifferentiation o f M SCs along the chondrogenic lineage. In order to carry 

out this investigation, a uniaxial m ultistation bioreactor was designed and 

fabricated  to facilitate cyclic tensile loading o f a 3D scaffold. The choice of 

m aterial that was used in this system  was very im portant to ensure that all 

com ponents w ere non-toxic, biocom patible and could w ithstand the harsh 

conditions o f high hum idity  and tem perature o f an incubator. The main 

com ponents o f the bioreactor include:

(i) clam ping system

(ii) m edium  baths with individual wells for each sam ple and

(iii) m otor assem bly, including the cam /follow er/spring assem bly

(Fig. 3.1).

The spring provides the displacem ent, and this is controlled by pulling the 

fo llow er onto the cam, w ith rotation o f the cam  controlled by the DC motor. 

The m otor assem bly is sealed in a stainless steel box and contains 2 ports to 

w hich silicone tubing is attached, and leads to the exterior o f  the incubator. 

O ne end o f the tubing is attached to a 5 volt DC com puter fan, which draws air 

out o f the box. This air is replaced with sterile air drawn through a filter 

attached to the end of the o ther piece o f silicone tubing. This allows for fresh 

air to circulate around the assem bly and prevent any toxins being released into 

the incubator w hich could lead to cell death. Eccentric cam s with various 

offsets allow for a range o f strains to be applied to sam ples. Tw o 

interchangeable m otors, w ith d ifferent gear assem blies allow  for a greater 

voltage step-dow n, allow ing sam ples to be carried out at frequencies in the 

range o f 0.1 Hz to IH z. The bioreactor can also be adjusted to facilitate sam ple 

lengths o f 20, 30 and 40 mm.

T he m edium  bath was fabricated from  316 stainless steel, w hich contains a 

very low percentage o f carbon, therefore reduced the potential o f the m etal to 

rust. The m edium  bath consists o f five individual wells allow ing for sam ples 

to be cultured in d ifferent m edium  conditions. A dditional PDM S inserts were

70



fabricated to further reduce the volume of medium required for each well for 

shorter sample lengths of 20mm, leaving 8 mis as the total volume of medium 

required for each well.

The clamping frame was designed so that it could be completely detached from 

the motor assembly to facilitate the easy insertion of samples into the system. 

Samples are clamped between two stainless steel plates that are secured 

together with two screws. Stainless steel retaining bars allow for the frame to 

be held rigid for (i) the clamping process and (ii) for the transport of the system 

to the rig (Fig. 3.1 A). A stand-alone static culturing frame was designed to 

hold one clamping frame and medium bath (Fig. 3 .IB). This facilitates the 

static culturing of samples prior to a clamping frame being inserted into the 

stretching rig for mechanical stimulation. The static frames contain a 

spring/release mechanism which when locked in place holds the clamping 

frame in the medium bath and when released, raises the clamping frame above 

the height of the bath so that both apparatus can be easily removed. The 

culturing frame can then be inserted into the multistation bioreactor (Fig. 3.1C) 

for cyclic loading experiments. A summary of the specifications of the rig are 

listed in Table 3.3, and were based on previous bioreactor studies obtained 

from literature

Table 3.3: Specifications o f  the muUtstretching rig indicating the range o f  

loading conditions available

Variable Range

Strain (%) 2.5, 5, 10, 15

Frequency (Hz) 0.1 - 1

Sample length (mm) 20, 30, 40
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Motor Cam/

Follower

Assembly

Retainin

Medium BathScaffold

Figure 3.1: Design images o f (A) damping frame containing collagen-GAG scaffolds, showing the retaining bars which are removed prior to 

stretching, (B) clamping frame slotted into static culture frame with individual wells in the medium bath fo r  each construct, (C) 5-station uniaxial 

multistation bioreactor fabricated fo r  use in the dynamic tensile loading experiments, showing the motor, cam, follower and spring assembly.



3.4.1 Characterising the Bioreactor

Characterisation of the bioreactor was carried out to verify functionality. A 

spirit level was used to ensure that all samples were positioned horizontally 

when clamped between grips (Fig. 3.2A). To ensure that the cams were 

providing accurate displacement, a dial gauge was used to determine the exact 

displacement provided by each cam in the bioreactor (Fig. 3.2B), and the 

percentage error was calculated based on three repeated measures of each cam 

(Table. 3.4).

Figure 3.2: Characterisation o f  the bioreactor. (A) Clamping fram e in the 

static culture fram e showing spirit level used to ensure samples were 

horizontal when clamped and (B) clarifying displacement o f  each cam using a 

dial gauge.

Table 3.4: Measured displacement and percentage error calculated fo r  each 

o f the manufactured cams designed fo r  the multistation bioreactor

Cam Rise (mm)
M easured displacement 

(mm)
% Error

0.5 0.545 9

1 1.09 9

1.5 1.55 3.33

2 2.09 4.5

3 3.06 2

4 4.08 2
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3.4.2 Collagen-GAG scaffold/Silicone Membrane design

Since the collagen-GAG scaffolds were extremely flexible when hydrated, 30 

mm X 10 mm dry sections were attached to similar sized pieces of silicone at 

the extreme ends only using liquid polydimethylsiloxane (PDMS) (Fig. 3.3). 

Silicone strips were cut out using a double-bladed scalpel, 10 mm in width, to 

ensure equal thickness. The strips were sterilised with alcohol and placed in 

the laminar flow hood to dry. A 1:10 ratio of liquid PDMS (Sylgard 184, Dow 

Coming) was mixed and transferred to the flow hood. Liquid PDMS was 

applied to the ends of each silicone strip (5mm each side) to leave a 20 mm 

length of silicone with no PDMS. The PDMS was sterilised under UV for 1 

hour, afterwhich 30 x 10 mm sections of scaffold were placed on top of each 

silicone/PDMS strip. Samples were covered with tin foil and left at room 

temperature for 48 hours to allow the PDMS to cure prior to use in culture 

experiments.

To verify that the attachment of the collagen-GAG scaffold to silicone using 

liquid PDMS was not toxic to cells, MSCs were seeded into collagen-GAG 

scaffolds attached to silicone membranes with liquid PDMS. After three weeks 

of culture, the bulk of the scaffolds were sliced off the silicone and the 

remainder was stained with toluidine blue to identify cells. As illustrated in 

Figure 3.4, cells at the scaffold/silicone interface were viable after this time 

period, thereby demonstrating that the scaffold/silicone set-up maintained cell 

viability.

Stainless Steel Grips

Collagen-GAG scaffold 

PDMS

Silicone Strip

Figure 3.3: Schematic illustration o f the collagen-GAG/silicone construct.

The dry scaffold is attached to the silicone strip at the extreme ends only with 

PDMS, then seeded in situ when placed into the bioreactor.

20 mm
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■ - - A  m .

Figure 3.4: Toluidine blue histology illustrating the presence o f  live cells on a 

collagen-GAG scajfold/silicone interface. The scaffold was attached to the 

silicone with PDMS which was left to cure fo r  48 hours. Cells were seeded 

and cultured fo r  2 weeks in normal medium. The scaffold was cut o ff  and the 

above image shows viable cells at the PDMS interface thereby demonstrating 

that the construct is not toxic to the cells.

3.5 Dynamic Culture Conditions

3.5.1 Intermittent Loading Regime with No Growth Factors

Dry scaffold/PDMS constructs were clamped into static frames leaving a grip- 

to-grip length of 20 mm. 550 |j 1 of a cell density o f 1 x 10  ̂ cells/ml was 

seeded onto each scaffold. Constructs were incubated for 60 minutes to allow 

for cell attachment, then flooded with DMEM. M edium was replaced with 

DMEM after 2 days, with half the medium being replaced every 3 to 4 days 

thereafter. Constructs were left under static conditions for 7 days to allow for 

cell migration. One clamping frame was transferred into the bioreactor and 

subjected to an intermittent loading regime of 5% or 10 % strain at 1 Hz for 3 

or 14 days. Medium was changed twice weekly. These time points were 

selected to capture the expression of Sox9 and collagen I which are early 

chondrogenic and osteogenic markers, respectively. The earlier time point of 3
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days was chosen detection of cell synthesis at this stage would considerably 

reduce the length of time required to carry out further experiments. The strains 

and frequencies were selected to represent normal physiological loading in 

cartilage.

3.5.2 Continuous Dynamic Loading in Chondrogenic Medium

Dry scaffold/PDMS constructs were clamped into static frames leaving a grip- 

to-grip length of 20 mm. 550 |j 1 of 2x10^ cells/ml cell density was seeded onto 

each scaffold. Constructs were incubated for 60 minutes to allow for cell 

attachment, then flooded with DMEM. Medium was replaced with 

chondrogenic medium (10 ng/ml T G F-pi, 50 |iM ascorbic acid and 100 nM 

dexamethasone) after 2 days, with half the medium being replaced every 3 to 4 

days thereafter. Constructs were left under static conditions for 7 days to allow 

for cell migration. One clamping frame was transferred into the bioreactor and 

subjected to a continuous loading regime of 10% strain at 1 Hz for 7 days. To 

assess the involvement of stretch-activated ion channels, constructs were 

cultured in the presence of 10 pM  gadolinium chloride (Gd'̂ "̂ , Sigma Aldrich) 

for the 7 days of stretching. Free-swelling control samples were cultured 

concurrently to investigate the effect of clamping over 14 days in culture. 

Analysis of cell-mediated contraction was also assessed in the free-swelling 

conditions, as detailed in Section 3.6.

The five culture conditions investigated were:

(i) free-swelling control ^

(ii) clamped

(iii) clamped -i- Gd̂ "̂

(iv) stretched (10% s, IHz)

(v) stretched -I- Gd’̂"̂

+ Chondrogenic 

 ̂ growth factors

J
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3.6 Analytical Techniques

3.6.1 Paraffin wax embedding of scaffold samples

At the end of specific study time points, scaffolds were fixed with 4% 

paraformaldehyde (pH 7.4; Sigma-Aldrich) for 30 minutes. Scaffolds were 

transferred to labelled cassettes and were placed in a Histokinette (Type FE 

7326; British American Optical Company). Here, they were dehydrated by 

sequentially soaking them in 70% alcohol, spirit alcohol, absolute alcohol, 

xylene and finally in molten paraffin wax. The scaffolds were then orientated 

in paraffin wax in metal mouldings, the lid of the labelled cassette was 

detached and placed on top of the cassette, and the wax was left to solidify on a 

chilled surface.

3.6.2 Sectioning of embedded samples

Frosted-topped glass slides (Sparks) were coated in a subbing solution (0.5% 

gelatine and 0.05% chromatum in dH20; Sigma-Aldrich) which promotes 

sample attachment to the glass, and allowed to dry overnight. Slides were 

sequentially labelled for each scaffold prior to slicing. W ax embedded 

scaffolds were cut into ribbons of 10 |jm  sections on a microtome (Ernst Leitz 

Ltd., Germany) and placed into a waterbath at 60°C. Three sections were then 

transferred to each subbed glass slide and placed in an oven at 60°C overnight 

to allow for attachment of sections to the slides.

3.6.3 Alcian Blue histology and quantification

The degree of chondrogenic differentiation in 2D was evaluated by staining 

with alcian blue which labels sulphated-GAGs. Cells were washed with PBS 

and stained with 1% alcian blue 8GX (Sigma-Aldrich) in 0.1 M HCL 

overnight. Samples were washed extensively with distilled water to remove 

any unincorporated dye and viewed under a light microscope (Olympus Model 

CH-2; Mason, Dublin). For quantification analysis, incorporated dye was 

removed by adding 150 |al of 6 M guanidine-HCL for 6 hours at room
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tem perature and the optical density o f the extracted dye was m easured at 620 

nm on a spectrophotom eter.

3.6.4 Toluidine blue staining of 3D scaffold sections

T oluidine blue staining was carried out on sectioned scaffolds to exam ine cell 

viability and m igration. W ax em bedded sections were de-w axed in xylene for 

10 m inutes and rehydrated by passing them  through absolute alcohol, spirit, 

70% alcohol and deionised H 2 O for 30 seconds each. S lides w ere placed in 

250 m is o f 1% toluidine blue (S igm a-A ldrich) for 10 m inutes. This was 

follow ed with six washes in deionised H 2 O to rem ove any unincorporated dye. 

Sam ples w ere dehydrated by passing them  through 70%  alcohol, spirit, 

absolute alcohol and xylene, and m ounted using DPX (BD H  Laboratory 

Supplies) and glass coverslips (S igm a-A ldrich) and view ed under a light 

m icroscope (O lym pus M odel C H -2; M ason, D ublin).

3.6.5 Immunocytochemistry for collagen II, Sox9 and collagen I and p- 

AKT in 2D or 3D

To determ ine if the M SCs w ere com m itting to the chondrogenic or osteogenic 

lineages, sam ples were probed for expression o f the proteins Sox9, a cartilage- 

specific transcription factor, collagen II or collagen I. A dditionally , p-A kt, a 

dow nstream  m olecule o f the P I3-kinase pathw ay was probed in 2D IGF-1 

treated M SCs.

For 3D scaffolds, 10 |j.m sections o f obtained as described in Section 3.7.2, 

w ere dew axed in xylene, rehydrated  by passing through absolute alcohol, 

spirit, 70%  alcohol and deionised H 2 O. 2D coverslips were w ashed once with 

PBS then both 2D and 3D sam ples were treated as follow s. Sam ples were 

circled with a PA P pen and cells w ere perm eabilised with 0.1%  Triton-XlOO in 

Tris-buffered saline (TBS, 10 nM  Tris-H CL, 150 nM  N aCl, pH  7.4) for 10 

m inutes at room  tem perature, and were refixed w ith 4%  paraform aldehyde for 

30 m inutes. Sam ples were incubated with blocking buffer (20%  new born calf
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serum, 2% bovine serum album in, 0.1%  triton in T B S) for 2 hours at room  

temperature to block non-reactive sites. Primary antibody w as applied to ce lls  

and incubated overnight at 4°C  in a hum idified chamber; see Table 3 .4  for list 

o f  antibody dilutions and suppliers. Sections were w ashed three tim es with  

T B S to wash o ff  any unbound antibody and incubated with a biotinylated  

secondary antibody for 1 hour at room temperature, fo llow ed  by a 1 hour 

incubation with ExtrAvidin-FITC (1:50 dilution; V ector Labs) at room  

temperature (see Table 3.5 for secondary antibody inform ation). C ells were 

w ashed several tim es in deion ised  H 2O, m ounted using V ectashield , and 

exam ined by fluorescence m icroscopy (497 nm excitation, 520  nm em ission), 

or by confocal m icroscopy. p-Akt quantification w as carried out using the 

confocal m icroscopy software. The nucleus o f  each cell w as individually  

outlined using the drawing tools. The average fluorescence value obtained per 

cell w as used as an indication o f p-A kt activity.

Table: 3.5: Details o f primary and secondary antibodies used fo r

immimocytochemistry and immunohistochemistry analysis

Antigen Primary Antibody Secondary Antibody

C ollagen II
Polyclonal goat (1:500; 

Santa Cruz B iotechnology)

Biotinylated anti-goat 

IgG( 1:100; V ector Labs)

Sox9
Polyclonal rabbit (1 :250; Biotinylated anti-rabbit

Santa Cruz B iotechnology) IgG (l:100; V ector Labs)

C ollagen  I
Polyclonal goat (1:100; 

Santa Cruz B iotechnology)

Biotinylated anti-goat 

IgG( 1:100; V ector Labs)

P-AK T  

(Thr 308)

Polyclonal rabbit (1:500; A beam )
B iotinylated anti-rabbit 

IgG( 1:100; V ector Labs)
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3.6.6 [^^S] sulphate radiolabelling

To determ ine the rate o f G A G  synthesis as an index o f chondrogenic 

d ifferentiation in 3D collagen-G A G  scaffolds cultured in static or dynam ic 

culture conditions, constructs were labelled with 5 or 10 |iC i/m l o f [^^S] 

sulphate during the final 24 hours o f culture. 10 |aCi/ml [ '̂^S] sulphate was 

em ployed in initial static experim ents investigating the chondrogenic 

differentiation  o f M SCs in the scaffold. Subsequent experim ents involving 

dynam ic loading, and their paired free-sw elling controls, used 5 |iC i/m l [^^S] 

sulphate due to the large volum es of culture m edium  required per sample. 

C onstructs w ere w ashed three times in pre-w arm ed PBS to rem ove any 

unincorporated radiolabel, and w ere subsequendy digested in 200|al o f papain 

solution (1 m g/m l papain, 0.2 M NaCl, 0.1 M N a-acetate, lOmM  cysteine HCl, 

50m M  N a2-E D T A , 50 |Jg/ml chondroitin sulfate), fo r 6hours at 60°C. 

D igestion using the papain enzym e results in the liberation o f the G A G  chains 

from the surrounding tissue and scaffold, allow ing for quantification o f  the 

[^^S] sulphate-bound G A G  chains to be quantified. The digest was centrifuged 

at 10,000 rpm  for 10 m inutes and the volum e o f the supernatant was m easured. 

H alf the supernatant was transferred into clean ependorfs and it was incubated 

with 0.1%  cetylpyrinidium  chloride (CPC) overnight at 37°C to precipitate out 

the G A G  and to further elim inate any unbound radiolabel. The rem aining 

volum e o f the digest was frozen at -80 for DNA quantification (see Section 

3.7.7).

Follow ing CPC incubation, the solution was centrifuged at 10,000 rpm  for 10 

m inutes, the supernatant was rem oved and the precipitate was w ashed by 

adding 0.5 ml o f 0 .05%  C PC , vortexing and centrifuging the sam ple at 10,000 

rpm. This was repeated three times. Each tim e, the supernatant was kept for 

analysis to ensure that the CPM  of the supernatant was negligible on the final 

wash. A fter the final spin, 0.5 ml o f 2 M NaCl with 15% ethanol was added to 

each sam ple and incubated at 37°C to dissolve the precipitate. The final 

solution was transferred into scintillation vials (Sarstedt) containing 4 m is of 

scintillation fluid (O ptiphase, Perkin E lm er) and the counts per m inute (CPM ) 

were obtained in a liquid scintillation counter (Tricarb 2100, Packard).
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3.6.7 DNA Quantification

The H oechst 33258 dye is a b isbenzim idazole fluorescent dye that is relatively  

selective  for double-stranded D N A  (d sD N A ). The dye binds to the A -T  base 

pairs in d sD N A  resulting in an increase in fluorescence. To interact with  

D N A , the H oechst 33258  dye requires at least four consecutive A -T  base pairs 

and requires d issociation  o f  D N A  from  proteins o f  the nucleoprotein com plex  

proteins (Kim  e t  al,  1988). Kim et  al.  (1988) also report that (i) repeated  

freeze-thaw  cycles resulted in no significant change in fluorescence  

enhancem ent and (ii) that the fluorescence decreased by less than 5% over a 

period o f  2 hours, illustrating the stability o f  the dye and d ye-D N A  com plexes.

Double-stranded ca lf thym us D N A  is com m only  used to develop  a standard 

curve over specific  quantities o f  D N A . H ow ever, for the purpose o f  this 

experim ent a standard curve o f  was obtained using the rat M SC s em ployed  in 

the experim ents. M SC s, expanded in m onolayer for 3 w eeks were trypsinised, 

centrifuged at 650g  for 5 m ins and resuspended in a volum e o f  DM EM . The 

exact number o f  ce lls  in the suspension was quantified using a 

haem ocytom eter. The cell suspension w as then centrifuged at 650g  to create a 

pellet and a specific  volum e o f  papain solution (1 m g/m l papain, 0 .2  M NaC l, 

0.1 M N a-acetate, lOmM cysteine HCl, 50m M  N a2-E D T A , 50  |ag/ml 

chondroitin sulfate) w as added to the pellet to give a cell density o f  1 x 10^ 

cells/m l. The ce lls  w ere d igested  in the papain overnight at 60°C  to extract the 

D N A  from the cell nucleus and frozen at -80  until required.

A stock solution o f  1 m g/m l o f  H oechst 33258  (Sigm a-A ldrich) in deionised  

H2O w as kept in a foil-w rapped container at 4  °C. A  w orking assay solution  

containing a final H oechst dye concentration o f  0.1 |ig /m l w as prepared by 

diluting the stock solution in a TN E buffer stock solution that contained lOnM  

Tris, 1 mM  N a2E D T A , 0.1 m M  N aC l, pH 7.4, im m ediately before use. M SC
o r

digests and [' S]-labelled  sam ples w ere rem oved from  the freezer and thawed  

on ice. A  standard curve w as created by m ixing aliquots, in triplicate, ranging  

from 10 |il to 70  f̂ l o f  the d igest with 200  |al o f  the working H oechst solution, 

to g ive a standard curve ranging from 10 ,000  ce lls  to 70 ,0 0 0  ce lls. Sam ples 

were initially placed in ependorfs, m ixed gently using a vortex, spun down
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gently using a bench-top centrifuge and then transferred into flat-bottomed 

black 96-well plates. The cell number for each of the [^'^S|-labelled samples 

was measured in triplicate by mixing 10 (il of each sample with 200 |il of the 

working dye solution in ependorfs as described above, and pipetted into flat- 

bottomed black 96-well plates. Fluorescence was determined on a fluorescent 

plate reader (Fluroskan Ascent, Germany) was at an excitation of 355 nm and 

emission of 460 nm. A background count was also determined by analyzing 

the fluorescence of 10 |al papain solution mixed with 200 p.1 of the dye. The 

average fluorescence for each sample measured in triplicate was obtained and 

the background papain reading was subtracted from all other readings.

3.7 Measurement of Scaffold Contraction

To quantify contraction, 13mm diameter pieces of collagen-GAG scaffolds 

were punched out using a stainless-steel punch. 6-well plates were coated 

with 2 mis of autoclaved agarose (2% Agarose in dH20) so that cells would not 

attach to the plastic plate. A single cell suspension of MSCs was obtained as 

detailed in Section 3.1.2, and a cell density of 2 x 10^ cells/ml was obtained. 

The sections of scaffold were placed into 6-well plates, and 200 |il of cell 

suspension was seeded onto each scaffold and incubated for 30 minutes. The 

cell density and the volume of medium for the scaffold area were based on that 

used for the continuous stretching experiments. Scaffolds were turned over 

and another 200 )j1 of cell suspension was seeded onto the other side of the 

scaffold. The scaffolds were incubated for a further 30 minutes after which the 

wells were flooded with 2 mis of DMEM. After 2 days, the culture medium 

was replaced with control or chondrogenic medium (TG F-pi, ascorbic acid and 

dexamethasone) and cultured for 14 days with the medium being changed 

every 3 or 4 days thereafter.

In order to quantify contraction of the scaffolds, digital images were taken of 

each scaffold using a scale bar printed on plastic to allow for post processing. 

The average diameter was determined by calculating the total cross sectional 

area of digital images using UTHSCSA ImageTool (http://ddsdx.uthscsa.edu/). 

Contraction was determined by analysing the change in diameter after 14 days
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of culture com pared to the initial d iam eter at day 0 (seeding), m inus the 

contraction o f cell-free scaffolds over the sam e tim e period.

3.8 Cell Attachment Analysis

The degree of m echanical stim ulation that M SCs experience when seeded in 

the collagen-G A G  scaffold depends on how  the cells attach to  the struts o f the 

scaffold. The cells could sit rounded on a strut or span across tw o or m ore 

struts. In order to investigate this further a technique was im plem ented to 

fluorescently  label the M SCS and the scaffold so that cell attachm ent could be 

analysed using confocal m icroscopy (Zeiss LSM  510 M ETA).

M edium  from a flask o f M SC cells, cultured for 3 w eeks in m.onolayer, was 

rem oved and cells were incubated for 20 m inutes w ith 10 |j M  Cell T racker 

G reen™ , CM FD A  (5-chlorom ethylfluorescein diacetate; C 2925; M olecular 

Probes), a cell fluorescent cell tracker, in DM EM . This tracker diffuses 

through the m em brane o f live cells is cleaved by cytosolic esterases which 

releases the fluorescent product, resulting  in a fluorescent cytoplasm . A fter 

incubation o f the dye with the cells, the m edium  was rem oved, cells were 

washed tw ice with prew arm ed PBS, and 5 mis o f trypsin was added to detach 

the cells from  the flask as described previously. The cells were then 

transferred to a falcon tube, centrifuged at 650g for 5 m ins, resuspended in a 

volum e o f m edium , counted on a haem ocytom eter, and centrifuged again. The 

cells were then resuspended in a specific volum e o f m edium  to give a cell 

density o f  20 x 10^ cells/m l.

C oncurrently, the scaffold was labelled with an am ine-reactive fluorescent dye,

A lexa Fluor®  633 carboxylic acid, succinim idyl ester (A 20005; M olecular

Probes). The succim inidyl esters o f  the A lexa F luor dye binds to prim ary

am ines located on peptides and proteins (M olecular Probes Online M anual).

As the scaffold is fabricated from  biological m aterials, nam ely, bovine tendon

collagen I and shark chondroitin-6-sulphate, the A lexa F luor dye will bind to

the protein in the scaffold allow ing visualisation o f the architecture o f the

individual struts when view ed using the confocal m icroscope (Zeiss LSM  510

M ETA). Initially, 10 mm^ sections o f scaffold w ere hydrated in PBS for 45
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mins at 37°C. The PBS was removed and 2 |iM of Alexa Fluor 633 in PBS 

was applied to the scaffolds and incubated at 37°C for 20 mins. The dye was 

removed and the scaffolds were washed twice with prewarmed PBS and 

soaked in medium until required.

Labelled scaffolds were placed into 6-well plates, coated in 2% agarose to 

prevent cells from attaching to the plastic. Any excess medium was removed 

using a pipette. 10 (j 1 (i.e. 200,000 cells) of the CM FDA-labelled MSCs was 

pipetted in a drop-wise fashion onto the top of each scaffold and incubated for 

15 minutes in the incubator at 37°C. The scaffolds were overturned, and 10 nl 

of the cell suspension was pipetted onto the other side of the scaffold. 

Scaffolds were left in the incubator at 37°C for 2 hours to allow for cell 

attachment, after which the wells were flooded with 2 mis of DMEM. 

Scaffolds were cultured for 2 days prior to confocal imaging to allow for some 

migration into the scaffold.

After 2 days in culture, scaffolds were removed from the incubator and viewed 

immediately in the confocal microscope (Zeiss LSiM 510 META). The 

CM FDA-labelled cells were viewed at excitation and emission wavelengths of 

497 and 520 nm, and the Alexa Fluor-labelled scaffold was viewed at 633 nm 

and 650 nm. The multitrack function allowed for sequential cell and scaffold 

frames to be taken. Imaging was set up so that z-stacks of 22 nm depths were 

obtained with sequential images taken 2 nm apart, and viewed with a x20 

objective lens. For each scaffold, three z-stacks were taken from 3 different 

locations on one side of the scaffold.

3.9 Mechanical Testing of Collagen-GAG scaffold

The material properties of the materials to be used in experimental work is 

necessary for the Finite Element (FE) modelling. Tensile tests were performed 

on the collagen GAG scaffold in order to obtain a value for the Y oung’s 

modulus. Confined and unconfined compression tests were performed to 

obtain a value for the Poisson’s ratio.
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Tensile tests were performed on the Zwick ZOOS materials testing machine 

using a 5N load cell. All samples were hydrated in saline solution for 20 

minutes prior to testing. Samples were strained to failure at a rate of 1% every 

6 seconds (this rate was also employed by Pek et al. (2004) for unconfined 

compression tests of the same material). The Young’s modulus was 

determined from the slope of the stress-strain curve.

Confined and unconfined compression tests have been successfully used to 

determine values for the aggregate modulus (H a) and Young’s modulus (Es), 

respectively. These two values are related to each other by the Poisson’s ratio 

(Us), as illustrated in Equation 3.1 (Korhonen et al., 2002):

Confined compression tests were performed using a 5N load cell on the Zwick 

materials testing machine. 4 mm diameter scaffold sections were cut using a 

dermal punch. These samples were inserted into the confined compression 

chamber. This chamber was then filled with saline solution and allowed to 

stand for 20 minutes to ensure that the samples were fully hydrated. Excess 

fluid was then removed with a tissue. The porous filter was then lowered into 

the chamber until a very small force was recorded. This indicated that the filter 

was resting on the surface of the specimen.

Unconfined compression tests involve compressing a sample between two flat 

platens, allowing the sample to bulge radially. 8mm diameter samples of the 

scaffold were cut out using a dermal punch. Samples were then placed on the 

bottom platen in the test setup. Saline solution was poured into the beaker until 

it nearly covered the sample. The sample was left to fully hydrate for 10 

minutes. The top platen was lowered until a very small force was recorded, 

indicating that the platen was touching the sample.

Confined and unconfined tests were performed under the same loading 

protocol. Samples were compressed to 50% of their initial thickness at a strain

4
(3.1)
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rate of 1% every 6 seconds. Samples were then held at 50% strain for 10 

minutes until stress relaxation occurred and the equilibrium force remained 

constant. It is this equilibrium force value that is used to determine the value 

for stress. This is then used to determine either the compressive modulus or 

the Young’s modulus for the confined and unconfmed compression tests, 

respectively. Ideally three ramp and hold cycles should be performed for each 

compression test, but this was not feasible with this particular material due to 

very small forces being generated and the limits of the 5N load cells on the 

Zwick testing system.

3.10 Mechanical Testing of Chondrogenic-treated collagen- 

GAG scaffolds

MSCs were seeded in collagen-GAG scaffold as described previously (see 

Section 3.3.2). Briefly, a cell density of 1 x 10^ cells/ml was used and 150 |̂ 1 

of this cell suspension was seeded onto each side of 10 mm" scaffolds. 

Scaffolds were cultured with and without the chondrogenic growth factors 

TGF-pi (10 ng/ml), dexamethasone (100 nM) and ascorbic acid (50 jiM), for 

three weeks.

Constructs were removed from the incubator for mechanical testing as required 

and subjected to unconfmed compression tests on the Zwick Z005 materials 

testing machine. Samples were compressed between two frictionless platens in 

a bath containing 0.9% saline solution. An initial ramp of 20% was applied to 

the samples, followed by a 10 minute waiting period to allow for the forces to 

equilibrate. Two further ramp and hold displacements of 10% were applied. 

The equilibrium forces measured after each waiting period were used in 

calculations to determine the Young’s modulus of the constructs, (see Fig. 5.6, 

Chapter 5).
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3.11 Poroelastic Computational Modelling

A poroelastic finite element (FE) model of the collagen-GAG scaffold was 

developed using the Abaqus FE system to quantify the biophysical stimuli 

(fluid flow, pressure and strain) developed during cyclic tensile loading of 

10%. Scaffold sections of 20*10*3.5 mm (length*width* thickness) are 

employed in these studies. An illustration of the collagen-GAG scaffold 

clamped uniaxially between the grips in the clamping frame is shown in Figure 

3.5. Severe deformation of the scaffold occurs upon clamping of the scaffold 

between the stainless steel grips (see Fig. 3.5A).

To model the scaffold geometry in Abaqus 6.5-6, one quarter of the model is 

required due to symmetry (10*5*3.5 mm), as illustrated in Figure 3.5B. At the 

grip interface, there is a curvature on the grips with accounts for 1 mm of the 

length of the scaffold. Along with the severe deformation of the scaffold at the 

grips, it is not expected that cells would be viable in the 2 mm close to the grip 

interface. Therefore, the model geometry was created to replicate 8*5*3.5 mm 

from the central axis of the scaffold, as depicted in the shaded blue area in Fig. 

3.5B. The geometry was modelled to include a curvature to replicate the 

deformation caused as a result of the applied compressive force during 

clamping, as shown in Figure 3.6A. The scaffold was modelled using 4590 

C3D8P pore fluid/stress 8-noded brick elements. Appropriate symmetry 

boundary conditions were applied as illustrated in Figure 3.6B-E. In the 

experiments, the scaffold was supported by the silicone strip. Therefore, the 

nodes on the bottom face of the scaffold were restrained in the y-direction (Fig. 

3.6C). The x-axis and z-axis symmetry is presented in Figures 3.68 and D. 

The pore pressure was set to zero at the external nodes on the top and side face 

of the scaffold (Fig. 3.6E). This means that fluid may flow in or out of the 

modelled region at these faces.
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Figure 3.5: Dimensions fo r  FE model based on actual scaffold geometry in 

experimental work. (A) Side view o f clamped scaffold showing severe 

deformation at grips. The scaffold is compressed by 40% bet\\>een (i) and (ii) 

and this is taken into account when applying material properties fo r  

permeability to the FE model. (B) Top-down view o f fu ll scaffold section 

clamped in grips showing symmetry (red lines) and 8 x 5  mm area (blue), 

which was the region modelled in the poroelastic finite element analysis.
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Figure 3.6: Illustration o f  the FE model o f showing a quarter model o f  the 

collagen-GAG scaffold (A). Symmetry faces, depicted by the red marks, are 

exhibited in B, C and D. Zero pore pressure was applied to two faces shown in 

E to allow free  flu id  flow  at these surfaces.
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The physical clamping of the scaffold reduces the permeability across the 

length of the scaffold, and this was taken into account when applying material 

properties to the FE model. For the 8 mm length of scaffold modelled, it was 

determined that the scaffold was compressed by 40% from height (i) to height 

(ii) shown in Figure 3.5A. Therefore, when applying the material properties to 

the model the permeability was reduced from no strain at the top of the model 

to 40% strain at maximum compression. O’Brien et al. (2006) determined 

experimental permeability values for the collagen-GAG scaffold under various 

amounts of compression as shown in Table 3.6. A linear fit to the values cited 

by O’Brien et al. (2006) was obtained (see Fig. 3.6). This linear fit was used to 

calculate permeability values for 2% compressive strain increments, and this 

was applied to parallel rows of elements as demonstrated in Figure 3.7 to 

account for the 40% compression of the scaffold induced by the clamping. The 

five other material parameters required for the poroelastic model are presented 

in Table 3.7.

The experimental conditions were simulated by applying 10% strain (0.8 mm 

displacement) to the model at a frequency of 1 Hz in time steps of 0 .1 s, and 

employed the non-linear geometry option to account for the large 

deformations. The quarter model generated is illustrated in Figure 3.7.

Table 3.6: Experimentally derived permeability' values fo r  the collagen-GAG 

scaffold with a mean pore size o f 96 pm under compressive strain (from 

O ’Brien et al., 2007)

Applied compressive strain (%) Permeability (*10''** m' /̂Ns)

0 0.598+0.17

14 0.568+0.146

29 0.365+0.114

40 0.222+0.166
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Figure 3.6: Linear fit to experimentally measured permeability values o f

O ’Brien et al. (2006), as illustrated in Table 3.5 above.

Table 3.7: Material properties used to model the coUagen-GAG poroelastic 

finite element model

Parameter Value

Young’s Modulus (kPa) 2.625

Poisson’s ratio 0.33

Fluid compression modulus (MPa) 2300

Solid compression modulus (MPa) 6

Porosity 0.995
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Figure 3.7: Reduced permeability due to compression o f the scaffold during 

clamping. Permeability was set at 0.66*W’̂  m*/Ns in the ‘No Strain' elements 
outlined in (A). This value was reduced for each subsequent row o f elements 
as the strain increased by increments o f 2% to a nwximum compression o f 
40%, as outlined in (B). Values were determined from the linear fit presented

in Figure 3.6.
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4.1 Brief

A plastic adherence technique was employed to isolate MSCs from other cells 

in bone marrow. This technique is widely used but is reported to produce a 

heterogenous population of cells. Therefore, immunocytochemisty and flow 

cytometry were used to analyse the cell population after three weeks of 

monolayer expansion to verify the presence of MSCs in the cell population.

4.2 Results

The MSC cultures were expanded in monolayer for 3 weeks (passage 4) prior 

to use in differentiation studies. The MSCs displayed characteristic colony 

forming units as discussed in Section 2.3, Chapter 2, and took on a 

characteristic fibroblastic-like morphology.

Immunocytochemistry was carried out to probe for the expression of the cell 

surface markers CD90 (Thy-1) and CD 105 (Endoglin), as detailed in Chapter 

3. Cells stained positive for CD90 and CD105 as illustrated in Figures 4.1 (i) 

and (iii), respectively. Negative controls were employed where the cells were 

stained using the same protocol; however, the cells were incubated with 

blocking buffer instead of the primary antibody. Negative staining was found 

in these samples, which verifies that the immunostaining procedure was 

accurate (see Figures 4.1 (ii) and (iv)).

In order to further examine the MSC population, flow cytometry was used to 

probe for the expression of CD90 (Thy-1) and CD45. In this case, the CD45 

serves as a negative control as this is a reported marker of haematopoietic stem 

cells, and not MSCs (Pittenger et al., 2004). The MSC population expressed 

the CD90 epitope and not CD45, as illustrated in Figure 4.2. Further analysis 

of the raw data provided quantitative values for flow cytometry and showed 

that 96.9 + 0.4% of the cells were positive for CD90, as illustrated in Table 4.1. 

As expected, the expression of CD45 was negligible with <3% staining 

positive.
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Figure 4,1: Verification o f MSCs in culture through CD90 and CD105

immunocytochemistry. Positive CD90 (i) and CD 105 (Hi) staining was found  

in MSC cultures, (ii) and (iv) sen ’e as negative controls as no primary 

antibody was added. Representative o fn -4 .
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CD45-FITC
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Figure 4.2: Flow cytometry analysis showing CD90 positive cells. 

Representative o f n=7.
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Table 4.1: Quantification o f CD90 and CD45 from flow cytometry analysis

Epitope % Cells Sample Size

CD90 9 6 .9 1 0 .4 7

CD45 2 .6 5 1 0 .8 7

4.3 Conclusions

The presence of MSCs in the cell population has been demonstrated. Although 

a plastic adherence technique was the only method used to separate the MSCs 

from other cell types present in bone marrow, results demonstrate that although 

a homogenous population of MSCs was not obtained, 96% of the cells did 

express the CD90 marker. Immunocytochemistry also provided strong 

evidence of the presence of both the CD90 and CD 105 epitopes, two reported 

markers of MSCs. Verification of the presence of unspecialised MSCs in the 

cell population permits differentiation studies to be investigated.
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5.1 Brief

Prior to investigating the effect o f mechanical loading on the chondrogenesis of 

MSCs, static culture experiments were carried out to demonstrate the 

chondrogenic potential of MSCs seeded in a collagen-GAG scaffold and 

treated with specific chondrogenic growth factors (10 ng/ml TGF-(3l, 50 |iM  

ascorbic acid and 100 nM dexamethasone). Along with biochemical analysis 

of cell synthesis at different time points in culture, mechanical testing was 

carried out to determine if  the newly synthesised matrix contributed to an 

increase in construct stiffness.

5.2 Results

5.2.1 Collagen II and GAG synthesis in static cultures

Control and chondrogenic-treated constructs were cultured for periods of 1, 3 

and 6 weeks and assessed for chondrogenic activity, namely collagen II and 

GAG synthesis. Collagen II synthesis was stimulated in chondrogenic-treated 

constructs compared to controls after 3 and 6 weeks of culture, respectively 

(Figs. 5.1 and 5.3). It is interesting to note that some cells in the control 

scaffold are also positive for this protein, indicating that the cells may be 

undergoing spontaneous differentiation along the chondrogenic lineage in the 

collagen-GAG scaffold (Fig. 5.1 (i) and 5.2 (i)).

Toluidine blue histology on 3 week and 6 weeks sections identifies the location 

of cells within scaffold sections. At both time points it is apparent that there is 

a higher density o f cells located around the periphery o f the scaffolds (Figs. 5.2 

and 5.4). However, compared to the 3 weeks, cells in the 6 week constructs 

penetrated through the entire scaffold and they also take on a more rounded 

morphology which is characteristic o f chondrocytes. After 6 weeks of culture 

in a chondrogenic medium a metachromatic effect was evident around the 

periphery o f the scaffold as illustrated in Figure 5.4 (ii and iv), compared to 

untreated controls (i and iii). M etachrom asia is the change in the colour of the
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toluidine blue dye from a blue to a purple colour, and occurs in the presence of 

negatively charged proteoglycans.

Figure 5.1: Collagen II immunostaining in MSC-seeded collagen-GAG

scaffold after 3 weeks o f culture. MSC-seeded scaffolds were cultured in (i) 

control and (ii) chondrogenic medium fo r  3 weeks (n=6). The increase in 

fluorescence shows collagen II synthesis in the chondrogenic-treated construct 

compared to the controls.

Figure 5.2; Toluidine blue histology in MSC-seeded scaffolds cultured fo r  3 

weeks. An increase in cell number was evident in chondrogenic treated 

constructs (ii) compared to controls (i). An increase in cell density and 

elongated cell morphology was evident in the chondrogenic treated samples 

(ii). Representative o f n=6.
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Figure 5.3: Collagen II immunostaining in MSC-seeded collagen-GAG  

scaffold after 6 weeks o f culture. MSC-seeded scaffolds were cultured in (i) 

control and (ii) chondrogenic medium fo r  6 weeks (n=3). As negative controls 

control (Hi) and chondro-treated sections (iv) were stained without applying 

primary antibody. Fluorescence shows positive collagen II staining in (ii) and 

some evidence o f spontaneous differentiation with positive collagen II staining 

in the control (i).
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Figure 5.4: Toluidine blue histology in MSC-seeded scaffolds cultured fo r  6 

weeks. In 6 week chondrogenic treated constructs (ii), toluidine blue staining 

displayed a metachromatic effect illustrating the presence o f a cartilaginous 

matrix which was more pronounced around the periphery (iv, see arrows), 

compared to controls in (i and Hi). The cells in (ii and iv) also have a rounded 

morphology and are surrounded by the accumulated matrix. Representative o f 

n=3.
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5.2.2 [ S] radiolabelling for 1, 3, and 6 week samples

To obtain quantitative data regarding cell biosynthesis, [' S] sulphate 

incorporation was used to investigate the rate of GAG synthesis in the final 24 

hours of culture. GAG synthesis was increased at 1 (p < 0.05), 3 (p < 0.01) and 

6 (p < 0.05) weeks in chondrogenic-treated constructs compared to controls, as 

illustrated in Figure 5.5(A). Although there is not a significant difference in 

the rate o f GAG synthesis in chondrogenic constructs at each time point, the 

metachromatic effect seen in toluidine blue histology on 6 week constructs 

(Fig. 5.4) and not in 3 week constructs (Fig. 5.3), shows that GAG 

accumulation within the scaffold is taking place over time.

The average total cell num ber per scaffold after 1, 3 and 6 weeks in culture is 

shown in Figure 5.5(B). At the 3 and 6 week time points, there is a significant 

difference in the total cell num ber per scaffold in the chondrogenic-treated 

constructs compared to controls. It must be noted that the initial cell seeding 

density o f 300,000 cells was not reflected in cell attachment. Cell numbers 

after 1 week in culture indicate that cell attachm ent was only around 50% 

(Figure 5.5(B)). Therefore, a more efficient m ethod of cell seeding may be 

required to achieve maximum benefit.
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Figure 5.5: ['̂ ‘’S] sulphate incorporation in the final 24 hrs o f culture and total 

cell numbers per scaffold after 1, 3 and 6 weeks o f culture. Increased [^^S]- 

sulphate incorporation into free-swelling chondrogenic treated constructs 

compared to controls is evident in the final 24 hrs o f culture, after 1, 3, and 6 

weeks o f culture (A). Increase cell numbers per scaffold is evident in 

chondrogenic treated constructs after 3 and 6 weeks o f culture compared to 

controls (B), indicating that cells in the conditioned medium had a greater 

proliferative capacity. One-way ANOVA, *p < 0.05, **p < 0.01
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5.2.3 Mechanical Testing in Unconfined Compression on 3 week 

cultured samples

Unconfined compression tests were performed on control and chondrogenic 

treated constructs cultured for 3 weeks. Although not significant, the 

production of collagen II and GAG synthesis did contribute to an increase in 

construct stiffness as illustrated in Figure 5.6 (0.4+0.15 kPa vs 7.8+5.11 kPa; p 

> 0.05; n=3). However, this result was not significant due to the low sample 

size.
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Figure 5.6: Compressive Young’s modulus fo r  control and chondro-treated 

constructs following 3 weeks o f culture. An illustration o f  the strain-time 

protocol applied during testing in illustrated in (A) and a corresponding stress

time graph is shown in (B). A plot o f a typical equilibrium stress-strain curx’e 

obtained from  stress-relaxation tests is presented in (C) fo r  a control and a 

chondrogenic-treated sample. The slope o f the linear fits  through these data 

points returns a value fo r  the Young’s modulus. The Young’s modulus fo r  

control and chondrogenic-treated samples is presented in (D). (n=3, p = 0.3, 

Student’s paired t-test).
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5.3 Conclusions

Results clearly show that M SC-seeded collagen-GAG scaffolds treated with 

chondrogenic growth factors (TG F-pi, dexam ethasone and ascorbic acid) do 

undergo chondrogenic differentiation. Cartilage matrix components were 

synthesised, namely collagen type II and proteoglycan (glycosaminoglycan), as 

assessed using imm unohistochem istry, histology and [ S] sulphate 

radiolabelling after 3 and 6 weeks in culture. Some evidence of spontaneous 

differentiation was observed with collagen II immunohistochemistry. In 

chondrogenic-treated constructs cells displayed a more rounded morphology 

after 6 weeks of culture compared to 3. This coincided with the deposition o f a 

proteoglycan matrix surrounding the cells, as assessed using toluidine blue 

staining. Cellular penetration throughout 6 week chondrogenic cultured 

constructs was also displayed. Analysis of cell numbers using the Hoechst 

analysis show significantly more cells in treated constructs at the 3 and 6 week 

time points compared to controls, indicating that TG F-pi exerts a proliferative 

response in the cells. M echanical testing indicated that the synthesised matrix 

at the 3 week time point contributed to an increase in matrix stiffness.

Although a homogenous cartilaginous graft was not demonstrated with a 

matrix assembling evenly across the entire scaffold, these results do 

demonstrate that the MSCs are capable of undergoing differentiation under the 

stated conditions. By demonstrating the chondrogenic differentiation potential 

of the MSCs in this scaffold, further studies to investigate the effects of cyclic 

tensile strain on M SC-seeded collagen-GAG scaffolds were permitted.
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6.1 Brief

Much work has been carried out to study the effects of mechanical loading on 

chondrocyte metabolism in native cartilage explants, gels and in tissue 

engineered scaffolds. The effects of mechanical loading on the differentiation 

of adult M SCs is a relatively uninvestigated area. This Chapter presents work 

carried out to study the effect of intermittent and continuous cyclic tensile 

loading on the differentiation of M SCs in a 3D collagen-GAG scaffold.

6.2 Results

6.2.1 Verification of cell viability and migration in the collagen-GAG  

scaffold

As outlined in Chapter 3, a m ethod of attaching the scaffold to silicone strips 

was designed in order to physically support lengths o f scaffold when hydrated. 

Therefore, seeding of such scaffolds can occur from one side only. M SCs were 

seeded into clam ped scaffolds and cultured statically for 7 days. They were 

then subjected to a continuous loading regime of 10% 8 at 1 Hz, or maintained 

clamped, for a further 3 days (i.e. a total o f 10 days in culture). Toluidine blue 

histology o f these constructs dem onstrated cell viability and migration in 

clamped and stretched scaffolds (see Fig. 6.1 A and B). No apparent difference 

was observed between the two groups. In each case, a higher cell density was 

observed at the top of the scaffold where the seeding took place, with reduced 

cell density through the depth o f the scaffold as the cells migrated.
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A

Figure 6.1: Verification o f cell viability and cell migration in scaffolds

attached to silicone strips in scaffolds statically clamped fo r  10 days (A) and 

scaffolds subjected to 7 days o f static culture followed by 10% continuous 

cyclic strain fo r  3 days (B).

6.2.2 Intermittent Loading Regime

Intermittent loading regimes of 5 and 10% cyclic strain were applied to 

constructs for 4 hours daily for 3 or 14 days following 7 days o f static culturc. 

No growth factors were added to these constructs, so cells had the ability to 

differentiate along multiple lineages including the chondrogenic or osteogenic 

lineages. Constructs were embedded, sliced into 10 |iM sections and analysed 

for Sox9 and collagen I imm unoreactivity to determine if differentiation 

occured along the chondrogenic or osteogenic lineages, respectively.

Results showed that neither 5% nor 10% cyclic strain applied for 3 or 14 days 

induced osteogenic differentiation as assessed with collagen I 

immunohistochemistry. Collagen I immunohistochemistry was found to be 

negative in clam ped and 10% strained scaffolds after 3 days o f loading (see 

Fig. 6.2 (i) and (ii)). Osteogenic-treated M SC-seeded scaffolds were used as 

positive controls to demonstrate the ability o f the M SCs to undergo 

osteogenesis, and positive collagen I staining was evident in these samples as 

illustrated in Fig. 6.2 (iii). A negative control for this was to carry out 

immunostaining on a section of osteogenic-treated scaffold without applying 

primary antibody (Fig. 6.2 (iv)).
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Sox9 is a transcription factor expressed in cells undergoing chondrogenic 

differentiation and is required for collagen II formation. 

Immunohistochemistry for the Sox9 protein was negative in 5% strained 

constructs after 3 and 14 days, and in 10% strained constructs after 3 days. 

Positive Sox9 staining was observed under a loading regime of intermittently 

applied 10% cyclic strain, for 4 hours daily for 14 days as demonstrated in 

Figure 6.3 (ii), compared to the clamped control (i). However, this was 

observed in one sample set out of four only.

50 um

Figure 6.2: Negative collagen 1 immunohistochemistry following 3 days o f  

intermittent cyclic tensile strain o f 10%. Negative collagen 1 was found in (i) 

clamped control and (ii) 10% stretched construct fo r  4 hours daily fo r  3 days 

at 1 Hz (n=4). MSC-seeded scaffolds cultured in osteogenic medium (10 nM  

dexamethasone, 0.5 mM ascorbic acid and 10 mM fi-glycerophosphate) sensed 

as a positive control (Hi). A negative control consisted o f the osteogenic 

treated scaffold stained without the application o f the primary antibody (iv). 

This result was also obtained fo r  constructs subjected to 14 days loading 

(images not shown).
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Figure 6.3: Positive Sox9 immunohistochemistry due to intermittent cyclic

strain o f  10% applied fo r  14 days. Sox 9 immunohistochemistry is negative in 

clamped control (i) and positive in a construct subjected to 10% strain fo r  14 

days at IH z (ii) (n = l  our o f  4). A section o f  cartilaginous rat trachea was used  

as a positive control (Hi).
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6.2.3 Continuous Loading Regime

A limitation o f using imm unohistochem istry in scaffold sections is that a very 

small sample o f scaffold is analysed with respect to the full size o f the scaffold 

employed. Additionally, the poroelastic FE m odelling demonstrated that 

different biophysical stimuli patterns are developed in different areas of the 

scaffold which increases the difficulty in determining specific cell responses. 

As dem onstrated in Chapter 4, [ 'S] sulphate radiolabelling was successfully 

used to analyse the rate o f GAG synthesis in chondrogenic-treated statically 

cultured constructs. Therefore, the next set of experiments was designed to use 

the quantitative radiolabelling technique to determine how mechanical 

stimulation effected the chondrogenic differentiation of MSC in the collagen- 

GAG scaffold. In these experiments, the cell density was doubled to 2 x 10  ̂

cell/ml. This was to increase the seeding efficiency and to increase cell-to-cell 

contact which is an important factor in chondrogenesis.

6.2.3.1 Effect o f  Clamping on GAG synthesis

The addition of the chondrogenic growth factors (10 ng/ml T G F-p i, 50 |j M 

ascorbic acid and 100 nM dexamethasone) significantly increased GAG 

synthesis in static free-swelling constructs, compared to controls (p < 0.01, 

One-way ANOVA), as demonstrated in Figure 6.4. Uniaxial clamping o f the 

constructs in chondrogenic medium resulted in a significant reduction in the 

rate of GAG synthesis, compared to the free-swelling chondrogenic-treated 

group (p < 0.01, One-way ANOVA). Clamping o f the scaffolds impeded cell- 

mediated contraction and this result demonstrates the importance of scaffold 

contraction for chondrogenic differentiation and cell synthesis. A study was 

carried out in free-swelling scaffolds to determine if  1-sided or 2-sided seeding 

influenced GAG synthesis to determine if this may have an effect on the 

reduced GAG synthesis found in clamped constructs compared to free-swelling 

chondrogenic-treated group. Instead of distributing the cells on two sides of 

the scaffold the same cell density in the same volume was applied to one side 

o f the scaffold only. No significant change in cell synthesis was observed with
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1- or 2-sided seeding as shown in Figure 6.5 (n=4, p = 0.67, Student’s unpaired 

t-test).
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Figure 6.4: Free-swelling chondrogenic treated samples had a higher rate o f  

GAG synthesis compared to free-swelling controls and iiniaxially clamped 

constructs cultured in chondrogenic medium following 14 days in culture. 

f^^S] sulphate incorporation was added to cultures fo r  the fina l 24 hours o f 

culture and normalised to cell content per scaffold. Free-swelling 

chondrogenic constructs exhibited a significant increase in GAG synthesis 

compared to free-swelling controls. Uniaxial clamping impeded cell-mediated 

contraction and this resulted in a significant reduction in GAG synthesis 

compared to the free-swelling chondrogenic group (n=9). One-way ANOVA, 

Student-Newman-Keulspost hoc test, **p < 0.01.



Top Side only 2-Sides

+ Chondrogenic GFs

Figure 6.5: No ejfect was observed when scaffold were seeded on 1 side or 2 

sides and cultured in chondrogenic medium fo r  14 days, as assessed by [^^S] 

sulphate incorporation. Student’s unpaired t-test, p = 0.67, n=4.
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6.2.3.2 Effect o f  continuous 10%  cyclic strain on GAG synthesis

The application of continuous 10% cyclic strain abrogated the clamp-induced 

reduction in GAG synthesis (p < 0.01, One-way AN OVA) (Fig. 6.6). The 

effect of applying cyclic strain meant that (i) the cells were no longer 

maintained in a clamped, static environm ent and (ii) that the cells may have 

responded to the biophysical stimuli developed within the 3D matrix during 

applied loading. The stimuli developed in 3D constructs are a combination of 

tension, compression, shear strain, fluid flow and hydrostatic pressure. The 

application of cyclic strain restored GAG synthesis levels to that observed in 

the free-swelling chondrogenic treated samples (p > 0.05).
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Figure 6.6: Cyclic tensile strain increased the rate o f GAG synthesis

compared to clamped controls in the fina l 24 hours o f culture, following 7 days 

o f loading which was preceded with 7 days o f static culture. 10% tensile 

loading restored the chondrogenic potential o f the cells to levels similar to that 

obsen’ed in the free-swelling chondrogenic-treated controls. This provides an 

indication that loading may regulate the chondrogenic activity o f the cells. 

One-way ANOVA, Student-Newman-Keuls post hoc test, ** p  < 0.01, n -  10



6.2.3.3 Involvement o f  Stretch-Activated Ion Channels in 

Mechanotransduction

To investigate one possible m echanism  involved in the mechanotransduction 

process, 10 |j,M gadolinium chloride (Gd'^" )̂, a stretch-activated channel ion 

blocker, was added to cultures. A pilot study was carried out to initially show 

that gadolinium  did not induce cell death and did not modulate GAG synthesis 

in free-swelling chondrogenic controls. No change was found in free-swelling 

chondrogenic treated constructs when cultured with 10 |j,M gadolinium, as 

illustrated in Figure 6.7 (p=0.64, Student’s unpaired t-test, n=3). W hen

gadolinium  was added to the clamped group, no difference was observed in 

GAG synthesis as expected (Fig. 6.8). However, the addition of gadolinium to 

constructs subjected to 10% continuous cyclic loading resulted in a significant 

reduction in the rate of GAG synthesis. This demonstrates a role for stretch- 

activated ion channels in the transduction of mechanical signals into a 

biochem ical signal at the cell membrane (see Fig. 6.8, p < 0.05, One-way 

ANOVA). The fact that the addition of gadolinium to the loading group did 

not completely abolish GAG synthesis, and the fact that the ‘clampcd+Gd'^"^’ 

and ‘loading-t-Gd^"^’ are still significantly different from each other demonstrate 

that signalling via stretch-activated ion channels is not the only method of 

mechanotransduction in this system. No significant difference was found 

between the total cell number in clam ped and loaded constructs as shown in 

Figure 6.9 (p=0.08. Student’s unpaired t-test).
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- Gadolinium + Gadolinium

+ Ciiondrogenic GFs

Figure 6.7: Gadolinium has no effect on chondrogenesis in free-swelling

statically cultured constructs. Student’s unpaired t-test, p -  0.64, n=3.

Clamp + Gd

+ Chondrogenic GFs

Figure 6.8: Involvement o f  stretch-activated ion channels in the

mechanoregulation o f chondrogenic differentiation. The addition o f  

gadolinium to the clamped group had no effect on the rate o f GAG synthesis (n 

= 4). The addition o f Gd^^ reduced the rate o f GAG synthesis in stretched 

constructs, thereby showing a means o f mechanotransduction during 

differentiation (n=5). One-way A N  OVA, Student-Newman-Keuls post hoc test, 

* p  < 0.05, **p  < 0.01.
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Figure 6.9: Total cell number per construct in clamped and stretched groups 

(n = 10, p  = 0.08, Students unpaired t-test).

6.2.4 Scaffold Contraction

Cell-mediated contraction was demonstrated to benefit cell responses, as 

clamping o f chondrogenic-treated constructs significantly reduced the rate of 

GAG synthesis (see Fig. 6.4). In order to quantify the degree of scaffold 

contraction taking place in free-swelling constructs, digital images were taken 

at various time points over a 14 day period of cell-free, control and 

chondrogenic-treated scaffolds. The average diam eter was quantified for each 

scaffold at various time points (Fig. 6. lOA) and the percentage of contraction 

occurring in each group over time was determined (Fig. 6. lOB). After 14 days 

in culture, cell-free scaffold contracted by 20 + 1.7% (Mean ± SEM, n=4). 

M SC-seeded scaffolds cultured free-swelling in the absence or presence of 

chondrogenic growth factors contracted by a further 15.4 ± 1.15% and 26.9 ± 

2.2%, respectively (Fig. 6.11, n=4, p < 0.001, one-way ANOVA).
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Figure 6.10: Contraction in free-swelling cell-free, control and chondrogenic- 

treated MSC-seeded scaffold over 14 days o f culture. (A) Digital images 

illustrate the differences in diameter o f control (i) and chondrogenic-treated 

(ii) samples after 14 days o f culture. The initial diameter o f dry, unseeded 

scaffolds was 13 mm. (B) The time-dependent contraction o f cell-free, control 

and chondrogenic-treated MSC-seeded scaffolds at time points over 14 days o f  

culture. This was determined by calculating the average diameter using 

ImageTool™ o f digital images taken at different time points, as presented in 

(A).
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C ell-free Control Chondro

Figure 6.11: Quantification o f scaffold contraction in cell-free, control and 

chondrogenic-treated groups after 14 days o f culture. Cell-free scaffolds 

contracted by 20±1.7%. Control and TGF-fil-treated constructs contracted by 

a further 15.4+1.15% and 26.9±2.2%, respectively. **p < 0.01, ***p < 0.001, 

n=4. One-way AN OVA with Student-Newman-Keul post hoc test.

6.3 Cell Attachment in the Collagen-GAG scaffold

Attachment o f the M SCs within the collagen-GAG scaffold is important in 

terms o f the mechanical signals they perceive during cyclic tensile loading. 

Implementation o f a live cell imaging technique provided a m ethod by which 

cell attachment could be quantified. Fluorescent labelling o f the scaffolds and 

MSCs with 2 |iM  Alexa Fluor 633 and 10 |iM CM FDA, respectively allowed 

imaging to be carried out on a confocal m icroscope (see Fig. 6.12). Cells were 

cultured for 2 days prior to imaging to allow for attachm ent and some 

penetration into the scaffold. A series o f x20 objective z-stacks were obtained 

from 9 locations on 3 seeded scaffolds, and an average of 45 cells were 

counted per z-stack. Analysis o f m ultiple z-stacks, and alternating between (i) 

cell and scaffold views or (ii) cell only views (see Fig. 6.12) allowed for 

attachment to be quantified. The attached cells were not perfectly rounded 

within the scaffold, but appear to take on a fibroblastic-like m orphology (see

1 2 0



Figure 6.12). As the cells were capable of contracting this matrix over time, it 

is likely that this would then contribute to the cells obtaining a more desired 3D 

morphology which is characteristic of chondrocytes.

An example of cells attached to one strut (A) or >1 strut (B) is presented in 

Figure 6.13. Analysis of the images found that 24 + 2.5% of cells were 

attached to only 1 strut, where as 76 + 2.5% were attached to multiple struts 

(i.e. >1 strut), as presented in Table 6.1.

lOO |,im

Figure 6.12: Alexa Fluor 633-labelled scaffold (A) and CMFDA-labelled 

MSCs (B). The labelled scajfold and cell images are combined in (C). Image 

(D) is an enlarged image o f (B) where elongated and rounded cells can be 

viewed. Cell attachment was quantified by determining the percentage o f cells 

attached to one strut only, or more than one strut, as illustrated in Figure 6.13.
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Figure 6.13: Cell attachment was quantified based on single strut attachment 

(A) or multiple strut attachment (B), as illustrated in Table 6.1.

Table 6.1: Percentage o f MSCs attached to one strut or multiple struts in the 

collagen-GAG scaffold. Results were obtained following analysis o f a total o f  

9 z-stacks in which a minimum o f 45 cells was counted per z-stack.

1 strut > 1 strut

Mean (%) 24 76

SEM 2.56 2.56
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6.4 Conclusions

In this Chapter results have been presented on the application of intermittent 

and continuous loading regimes to M SC-seeded collagen-GAG scaffolds. 

Intermittent loading without the addition of chondrogenic growth factors 

appeared to induce Sox9 expression, an early m arker o f chondrogenesis, in a 

sample cyclically strained for 4 hours daily at 10% strain at I Hz, for 14 days. 

However, this result was not consistently repeatable.

The application of a continuous loading regim e in the presence of 

chondrogenic growth factors was implemented, and [^^S] sulphate 

radiolabelling was employed to analyse the rate of GAG synthesis for complete 

scaffolds upon harvesting. A preliminary study dem onstrated that cell 

synthesis was not affected by seeding scaffolds on one side only. The negative 

effect of uniaxial clamping, which impeded cell-m ediated contraction, was 

demonstrated as it significantly reduced the rate of GAG synthesis compared to 

free-swelling chondrogenic treated controls. This may have implications for 

chondral repair techniques where seeded constructs are implanted directly after 

seeding and sutured or glued into place. The application o f 10% cyclic tensile 

strain to clamped constructs for 7 days at I Hz provides an indication that these 

cells are mechanoresponsive as an increase in the rate o f GAG synthesis was 

observed.

It is expected that numerous mechanotransduction pathways are active in this 

model. The involvement of stretch-activated ion channels in the 

mechanoregulation of chondrogenic differentiation was demonstrated. The 

results also demonstrated that the addition of gadolinium  did not completely 

abrogate the effect of strain, as a significant difference rem ained between the 

clamped and stretched groups in the presence of gadolinium . This indicates 

that other m echanotransduction pathways are active in the model. For 

example, it is possible that integrins and cell deform ations are also involved in 

mechanotransduction at the cell membrane, in addition to stretch-activated ion 

channels.
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Quantification o f contraction in free-swelling scaffolds increases our 

understanding o f the importance of cell contraction in terms o f cell synthesis. 

Com pared to cell-free scaffolds, which contract by 20%, chondrogenic treated 

constructs contract by a further 27% (i.e. a total o f nearly 50% contraction over 

a period o f 14 days). W hen this is considered in terms of the reduced GAG 

synthesis due to uniaxial clamping, a better understanding is achieved in 

relation to the environment that the cells require to achieve maximum 

synthesis. By contracting the matrix, the differentiating M SCs which are 

turning into chondrocytes (as demonstrated by production o f a cartilage like 

matrix) need to contract their surrounding matrix, possibly to achieve a desired 

3D morphology, which is characteristic to phenotype of the chondrocyte. As 

illustrated in the confocal images presented above, the cells do not have 

rounded morphologies in the scaffold, but begin to take on a fibroblastic-like 

shape. By exerting forces on the scaffold, the cells can collapse the pores 

which would eventually lead to an environm ent by which they can become 

more rounded and less fibroblastic. If contraction o f the matrix is inhibited the 

cells may be inhibited from obtaining a 3D morphology, with this being 

reflected in reduced synthesis.

Cell attachm ent using confocal m icroscopy provided a mechanism by which 

quantification of cell attachment to the struts of the scaffold could be obtained. 

This information has been inputted into m icro-FE models to further investigate 

cellular strains based on (i) cell attachm ent to the struts o f the scaffold and (ii) 

the applied global strain (see Stops et al., 2007). This approach then provides 

additional information, along with the poroelastic FE results, to form a better 

understanding of the biomechanical stimuli the cells are exposed to during 

cyclic strain in the scaffold.

Experim ental work has shown that cyclic tensile loading may positively 

regulate the chondrogenic differentiation o f the M SCs, and that this is mediated 

through stretch-activated ion channels. Computational approaches provide a 

better understanding of the m icro-environm ent the cells are exposed to in order 

to determine the magnitudes o f stimuli to which the cells respond to.

124



Chapter 7

Results IV

Mechanical Properties of the Collagen-GAG Scaffold and 

Poroelastic Finite Modelling

7.1 Brief.................................................................................................................126

7.2 Results............................................................................................................ 126

7.2.1 Mechanical properties of the collagen-GAG scaffo ld ....................126

7.2.2 Poroelastic Finite Element M odelling.................................................129

7.3 Conclusion..................................................................................................... 138

125



7.1 Brief

In this Chapter results obtained from mechanical testing o f the scaffold and the 

poroelastic FE modelling is presented. Confined and unconfined compression 

tests were perform ed on the scaffold to indirectly determine a value for the 

Poisson’s ratio. Tensile tests were performed to determine the modulus of the 

scaffold in tension. This, along with the Poisson’s ratio value was then 

inputted into the poroelastic computational model to quantify the biophysical 

stimuli developed within the scaffold when subjected to cyclic tensile loading.

7.2 Results

7.2.1 Mechanical properties of the collagen-GAG scaffold

7.2.1.1 Confined and Unconfined Compression

A typical force-tim e curve obtained from  a confined compression test on the 

scaffold is illustrated in Figure 7.1, from which the equilibrium force value was 

used to calculate the modulus o f the scaffold. An aggregate modulus of 580 

kPa and a Y oung’s modulus o f 387 Pa was determined through confined and 

unconfined com pression tests, respectively (p < 0.05, see Table 7.1). These 

values were used to calculate a Poisson’s ratio o f 0.33 using equation 3.1, 

Chapter 3.
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Figure 7.1: Representative force-time curve obtained from a confined

compression test. The scaffold was compressed to 50%, and the equilibrium 

force value was obtained after a 10 minute stress-relaxation period to 

determine the modulus o f the tissue.
126



Table 7.1: Aggregate and Young’s modulus values obtained fo r  the collagen- 

GAG scaffold through confined and unconfined compression tests, respectively.

T est# Aggregate modulus Young’s modulus

(Pa) (Pa)

1 466 396

2 613 387

3 585 360

4 653 390

Average 580 387

SEM 40.3 7.97

Student’s paired t-test P = 0.02

Poisson’s Ratio 0.33

7.2.1.2 Tensile tests o f the collagen-GAG scaffold

Tensile tests were carried out on the collagen-GAG scaffold to determine the 

Young’s modulus in tension. Due to the collagen present in the scaffold it was 

expected that the tensile properties would be greater than those in compression. 

The tensile modulus was determined by applying a linear fit to the stress-strain 

data points as illustrated in Figure 7.2. An average tensile modulus of 2.625 + 

0.225 kPa (Mean ± SEM) was obtained from the results, as presented in Table 

7.2.
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Figure 7.2: Representative stress-strain curve obtained from  tensile tests on 

the collagen-GAG scaffold.

Table 7.2: Tensile Modulus values obtained fo r  the collagen-GAG scaffold

Test Tensile Modulus (kPa)

1 2

2 2.6

3 3

4 2.9

Average 2.625

SEM 0.225
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7.2.2 Poroelastic Finite Element Modelling

Results for the poroelastic FE model were analysed according to the scheme 

illustrated in Figure 7.3. Briefly, four paths were created from the nodes along 

the axes highlighted in blue in Figure 7.3, and fluid flow, pore pressure and 

maximum principal strains was analysed in these areas. Results were taken at a 

maximum applied strain o f 10% during the tenth cycle.

The maximum principal strain and fluid flow is displayed for the node 

positioned at ‘A ’ is displayed in Figure 7.4 ( ‘A ’ corresponds to the centre node 

on the top of the scaffold if  the entire scaffold were modelled). It can be seen 

from this illustration that a maximum principal strain of 8% was achieved, and 

that the fluid velocity comes to an equilibrium flow after ~8 cycles. A 

maximum fluid velocity o f 7,7 )im/s was developed under an applied strain of 

10% during the tenth cycle, as illustrated in Figure 7.4.

Maximum principal strains along the four pathways (as outlined in Figure 7.3) 

under 10% strain during the tenth cycle are presented in Figure 7.5. For 

pathways 1, 2 and 4, the maximum principal strain averaged at -8% . 

However, along path 3 (i.e. along the curved edge at the top of the scaffold), 

the maximum principal strain ranged from 7.1%-23.3%.
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Figure 7.3: Illustration o f the FE model o f the colleen-GAG scaffold and the 

applied boundary conditions showing (A) front view and (B) rear view. Four 

Paths (1-4) are highlighted fo r  which biophysical stimuli were analysed. The 

point ‘A ’ in (A) is the starting point fo r  paths 1, 2 and 3, whereas point ‘C ’ in 

(B) is the starting point fo r  plots associated with path 4.
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Figure 7.4: Fluid flow pattern and maximum principal strain for the node 

located at point ‘A ’ in Figure 7.3(A) on the top side o f the scaffold. A steady 

cycle offluid flow is achieved after ~8 cycles.
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Figure 7.5: Maximum principal strain along each o f the four pathways.

Maximum principal strain is -8%  along paths 1 (A to B), 2 (A to C) and 4 (C 

to E). However, in path 3 (A to D) a significant increase in strain to 23.3% is 

generated in the region where the applied displacement is prescribed, close to 

point ‘D ’. The average maximum principal strain fo r  the four pathways was 

calculated as 8.57 ± 0.002%.
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Under an applied tensile strain o f 10%, a negative pressure was predicted 

within the scaffold, as illustrated in Figure 7.6. As fluid flows from areas of 

high pressure to low pressure, fluid flows into the model as illustrated in 

Figures 7.7 and 7.8.

D'stance (mm;

Figure 7.6: Pore pressure profile under 10% strain. During tensile strain the 

pressures are negative within the model. The pressure is 0 at the periphery (as 

set in the boundary conditions) and ranges from  74 to 150 Pa across the 

bottom o f the scaffold, as illustrated in the attached graph.
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Figure 7.7: Vector plot illustrating the direction o f flu id  flow  under a tensile

strain o f 10% in the y-z plane along the centre axis o f  the scaffold. A negative 

pressure results in flu id  flowing into the scaffold. The magnitude o f the flow  is 

highest around the periphery o f the scaffold.
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Figure 7.8: Vector plot illustrating the direction o f flu id  flow  under a tensile

strain o f 10% in the x-y plane along the centre axis o f the scaffold. The 

magnitude o f flu id  flow is highest around the periphery o f the scaffold and 

flows into the scaffold due to the negative pressure developed within the model. 

The direction o f flow  changes through the depth o f the scaffold and flows 

towards the direction o f loading with increasing depth.
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Fluid flow profiles developed within the scaffold under 10% strain showed that 

a maximum fluid velocity of ~8 )am/s was developed around the periphery of 

the scaffold, with much lower fluid flows developed through the depth of the 

scaffold (see Figure 7.9).

An illustration of the fluid flow profiles developed within the scaffold along 

each of the four pathways is presented in Figures 7.10-7.13. Along Path 1 a 

maximum fluid flow of 7.7 )j,m/s was developed at the periphery and reduced 

to zero through the depth of the scaffold, whereas pore pressure was zero at the 

periphery and reduced to a negative pressure of 70 Pa at the base of the 

scaffold (see Figure 7.10). For Path 2, fluid flow across the top of the scaffold 

was consistent at 7.7 |j,m/s and reduces to zero at the edge of the scaffold (Fig. 

7.11). Pore pressure at the periphery of the scaffold was set as a zero 

magnitude boundary condition, therefore maintained a zero level. Path 3 

follows the curvature of the scaffold which was due to the compression of the 

grips, and passes through sets of elements where the permeability has been 

reduced in steps from a permeability value corresponding to 0% strain at the 

centre of the scaffold, to permeability corresponding to 40% strain at the face 

where the deformation was applied (see Figure 3.7, Chapter 3). This resulted 

in a reduction in fluid flow of 7.7 |xm/s at the nodes closest to point ‘A’ to 5.2 

)am/s as the permeability was reduced across the length of the scaffold. The 

fluid flow then increased to 19 |im/s close to the nodes located at ‘D ’ (Fig. 7.9 

and 7.12). This increase in fluid flow corresponded to an increase in negative 

pore pressure in this region of the scaffold as illustrated in Figure 7.6. Finally, 

Path 4 takes on a similar but opposite profile to Path 2. Pore pressure was set 

as a zero magnitude boundary condition at all these nodes as it is along an 

exterior face. Fluid flow was zero at the comer edge of the scaffold but 

increased to a flow of 7.7 |a.m/s through the depth of the scaffold (Fig. 7.13). 

The average fluid velocity throughout the scaffold under 10% strain was 

computed as 1.75 |am/s.
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Figure 7.9: Magnitude o f flu id  flow  in the scaffold at a maximum o f 10% 

strain during the ICf'̂  cycle. A flu id  flow  o f -  8 /.im/s is developed at the top (A 

and B) and side (B) o f the scaffold at the free surfaces where the pressure was 

set to zero. Small flu id  flows are developed through the depth o f the scaffold 

with values approaching zero tow’ards the base, as illustrated in A.
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Figure 7.10: Fluid flow  and pore pressure developed along Path 1 during 

10% applied strain on the l(f'' cycle. Fluid flow  was highest at the periphery 

o f the scaffold where the pressure was set to zero; and pressure was highest at 

the base o f the scaffold as flu id  flow  can not flow  out in this region due to the 

scaffold/silicone interface.
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Figure 7.11: Fluid flow  and pore pressure developed along Path 2 during 

10% applied strain on the 10 '̂' cycle. A flu id  velocity o f  7.7 pm/s was 

maintained across the top o f the scaffold and reduced to zero at the edge. The 

pressure was set to zero along this path as a boundary condition in the model.
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Figure 7.12: Fluid flow  developed along Path 3 during 10% applied strain on 

the 10th cycle. Fluid flows o f 7.7 pm/s developed at the start o f  the path. As 

the permeability was reduced to reflect the applied strain during clamping, the 

flu id  flow  also reduced to 5.2 ptn/s. An increase in pressure across the base o f 

the scaffold from 75 to 150 Pa (see Fig. 7.5) resulted in an increase in fluid  

flow  to 19 pin/s. The pressure was set to zero along this path as a boundary 

condition in the model.
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Figure 7.13: Fluid flow  developed along Path 4 during 10% applied strain on 

the 10'^ cycle. Fluid velocity was zero at the peripheral edge o f the scaffold 

but increases to and was maintained at 8.1 pm/s through the depth o f the 

scaffold. The pressure was set to zero along this path as a boundary’ condition 

in the model.

137



7.3 Conclusion

From the confined and unconfined compression tests, a Poisson’s ratio o f 0.33 

was calculated for the collagen-GAG scaffold. Tensile tests yielded a tensile 

Young’s modulus o f 2.625 kPa, which is comparable to tensile test results 

obtained by Harley et al. (2007). Compared to a compressive Y oung’s 

modulus of 387 Pa, this demonstrates that the collagen-GAG scaffold is stiffer 

in tension than in compression. This is due to the presence of collagen type I 

in the scaffold which provides a greater stiffness in tension than in compression 

due to the triple helix form ation o f the collagen fibrils. The tensile modulus 

value and the calculated Poisson’s ratio were used as material properties in the 

poroelastic FE model o f the scaffold.

The poroelastic model has provided information relating to the heterogeneous 

distribution o f principal strains, fluid flows and pore pressures developed 

within the scaffold under an applied tensile strain of 10%. From the results 

presented, it can be seen that m agnitudes o f fluid velocity range from 0 to 19 

(im/s, with the pore pressure ranging from 0 to 150 Pa. The maximum 

principal strains obtained along each of the four selected pathways ranged from 

7.1 to 23.3%. The average fluid velocity computed for the complete model 

under a maximum of 10% strain was 1.75 i^m/s. These computed values are 

within the ranges o f fluid velocities and strains previously reported to induce 

changes in chondrocyte metabolism.

The results from  the computational m odelling provide insight into the 

biophysical param eters to which the cells in the scaffold are exposed to when 

subjected to cyclic tensile loading. Chapter 9 provides a detailed discussion 

linking the calculated stimuli in terms o f strain, fluid flow and pressure 

presented here with results obtained from  experimental work, and this is 

compared to other such related work presented in literature.
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8.1 Brief

The underlying intracellular signalling mechanisms involved in growth-factor- 

induced differentiation o f adult MSCs are poorly understood. In this Chapter 

the effects of TG F-pi and IGF-1 on the chondrogenic differentiation of MSCs 

is presented. The involvement of the M APK pathway, specifically p38 and 

E R K l/2 , and the PI3-kinase signalling pathway are investigated in 2D. 

Additionally, the involvement of p38 signalling in T G F-pi, and PI3-kinase 

signalling in IGF-1-induced chondrogenic differentiation in the 3D collagen- 

GAG scaffold will is presented.

8.2 Effect of dexamethasone on IGF-1 and TGF-pi induced 

chondrogenic differentiation in 2D

The use of glucocorticoids such as dexamethasone is commonly used in 

chondrogenic differentiation cocktails. However, dexamethasone is also 

reported to have a negative effect on the normal growth and development of 

cartilage (see Section 9.6.5 in Chapter 9 for further information). Therefore, 

this set of results was to investigate if dexamethasone had any effect on the 

chondrogenic differentiation of the MSCs in the presence of TG F-pi or IGF-1.

To investigate the effect of dexamethasone, 100 nM dexamethasone was added 

to cultures over the 14 day culture period. Analysis o f the results showed that 

the addition of dexamethasone did not significantly change the chondrogenic 

potential of the cells in terms of GAG synthesis, for both growth factors (Fig. 

8 . 1).

Therefore, in the results presented in the following Sections, samples cultured 

in the presence of TG F-pi experiments were performed in the presence of 

dexamethasone. For the IGF-1 experiments, all conditions were examined in 

the presence and absence o f dexamethasone. The reason for this is due to an 

increase in cell death when IGF-1 treated samples were cultures with the PI3- 

kinase inhibitor and dexamethasone. This is described in detail in Section 8.4.
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Figure 8.1: Ejfect o f dexamethasone on IGF-1 and TGF-pi treated samples,

quantified fo r  GAG synthesis by extracting Alcian Blue using guanidine HCL 

and numerically quantifying the absorbance at 620 nm. (A) GAG synthesis in 

2D in presence o f IGF-1 + Dex cultured fo r  14 days, n=13, p > 0.05, Student’s 

t-test and (B) GAG synthesis in 2D in presence ofTG F -fil ± Dex cultured fo r  

14 days, n=4, p > 0.05, Student’s unpaired t-test.
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8.3 Involvement of ERKl/2, p38 and PI3-kinase in the

chondrogenic differentiation of MSCs cultured in 2D in 

the presence of TGF-pi

8.3.1 Involvement of ERKl/2 and p38 in TGF-pi induced

chondrogenic differentiation

For all experiments carried out in 2D, the TG F-pi growth factor was used at a 

concentration of 5 ng/ml compared to 10 ng/ml for 3D experiments. Cells in 

2D exposed to 10 ng/ml were found to detach from the coverslips to form 

pellets. This phenomenon was also observed by Bosnakovski et al. (2005).

To analyse chondrogenic differentiation alcian blue histology and 

quantification was used to assess sulphated GAG synthesis, and 

immunohistochemistry to detect collagen II synthesis. Results show that 5 

ng/ml T G F-pl, in addition to 50 ^.M ascorbic acid and 100 nM dexamethasone, 

increased GAG synthesis compared to controls (Fig. 8.2 i and ii). An increase 

in collagen II immunoreactivity was also evident in TGF-|31-treated samples 

compared to controls (Figure 8.4 i and ii). The addition of 2 |iM U0126, which 

blocks the M EK I/2 pathway and the subsequent phosphorylation o f E R K l/2 , 

had no effect on GAG (Fig. 8.2 ii and iv) or collagen II synthesis (Fig. 8.4). 

However, the addition o f 10 jiM SB203580 significantly reduced GAG 

synthesis compared to the TG F-pi group, thereby demonstrating involvement 

of p38 in TG F-pi-induced chondrogenic differentiation (Fig. 8.3 ii and iv). 

Blocking the p38 pathway was also found to reduce synthesis of the collagen II 

protein (Fig. 8.4 iv). Interestingly, there was some small nodule formation in 

the control samples which also stained positive with alcian blue staining for 

GAG (Fig. 8.2 i and 8.3 i). This indicates that spontaneous chondrogenic 

differentiation is occurring and may be due either to the presence of serum in 

the medium, or due to cell-to-cell contacts. Collagen II synthesis was not 

evident in these control samples, as illustrated in Figure 8.4 (i).
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Figure 8.2: ERKl/2 signalling is not involved in TCF-^l-induced

chondrogenic differentiation. (A) Alcian blue quantification and (B) 

representative histology pictures showing MSCs cultured fo r  14 days in the 

absence (i and Hi) or presence (ii and iv) o f chondrogenic growth factors 

(TGF-pi, dexamethasone and ascorbic acid). Cells were also cultured in (Hi 

and iv) with 2 pM  U0126. U0126 did not inhibit GAG synthesis in (iv)

compared to (ii). Repeated measures one-way ANOVA with Student-Newman- 

Keulposthoc test. n=7, * * p < 0.01
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Figure 8.3: p38 signalling is involved in TGF-jil-induced chondrogenic

differentiation. (A) Alcian blue quantification and (B) representative histology 

pictures showing MSCs cultured fo r  14 days in the absence (i and Hi) or 

presence (ii and iv) o f chondrogenic growth factors (TGF-fil, dexamethasone 

and ascorbic acid). Cells were also cultured in (Hi and iv) with 10 pM  

SB203580. SB203580 inhibited GAG synthesis in (iv) compared to (ii).

Repeated measures one-way ANOVA with Student-Newman-Keul posthoc test. 

n=7, * p < 0.05
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Figure 8.4: Blocking the p38 pathway, and not ERK, reduced Collagen II 

synthesis in TGF-/31 treated MSCs. MSCs were cultured fo r  14 days in the 

absence (i) or presence (ii, Hi and iv) o f chondrogenic growth factors {TCF-fil, 

dexamethasone and ascorbic acid). Cells were also cultured in the presence o f 

2 pM  U0126 (Hi) and 10 pM  SB203580 (iv). Blocking the p38 pathway (iv), 

and not ERK (Hi), was found to reduce collagen II synthesis. Representative o f 

n=4.

8.3.2 Involvement of PI3-kinase in TGF-pi-induced chondrogenic 

differentiation

To investigate the possible involvement of the PI3-kinase pathway in T G F-pi- 

induced chondrogenic differentiation, two LY294002 inhibitor concentrations 

o f 2 |j,M and 5 |iM  were used. Two inhibitor concentrations were used as it 

became apparent for the IGF-1 cultures, cultured in the presence of 

dexamethasone, that cell death was induced using the higher concentration (see 

Section 8.4.2. Therefore both concentrations were used to maintain

consistency. Results found that this signalling pathway was not involved in 

T G F-pi-induced differentiation, as a significant increase in GAG synthesis 

was still evident with the addition o f the PI3-kinase inhibitor, as illustrated in 

Figure 8.5.
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Figure 8.5: PI3-kinase signalling is not involved in TGF-/31-induced

chondrogenic differentiation. (A) A ldan blue quantification and (B) 

representative histology pictures showing MSCs cultured fo r  14 days in the 

absence (i, Hi and v) or presence o f the chondrogenic growth factors TGF-fil, 

dexamethasone and ascorbic acid (ii, iv and vi). Cells were also cultured in 

(Hi and iv) with 2 pM LY294002 and in (v and vi) with 5 pM  LY294002. 

LY294002 treatment did not inhibited s-GAG synthesis in (iv and iv) compared 

to (ii). Repeated measures one-way ANOVA with Student-Newman-Keul 

post hoc test, n -7 , * p < 0.05, * *  p < 0.01

147



8.4 Involvement of ERKl/2, p38 and PI3-kinase in the

chondrogenic differentiation of MSCs cultured in 2D in 

the presence of IGF-1

8.4.1 Involvement of ERK and p38 in IGF-1-induced chondrogenic

differentiation

IGF-1 treatm ent o f M SCs resulted in an increase in collagen II synthesis 

compared to controls, as illustrated in Figure 8.6. Treatment of M SCs with 

IG F-1 resulted in a significant increase in GAG synthesis compared to controls 

in the absence (Figs. 8.7 i and ii) and presence (Fig. 8.8 i and ii) of 

dexamethasone.

To investigate the involvement of the E R K l/2  pathway, 2 f^M U0126 was 

added to cultures. For M SCs cultured in IGF-1 without dexamethasone, 

blocking the E R K l/2  pathway resulted in a reduction in GAG synthesis. This 

result was not significant compared to the IGF-1 only group. However, the 

significant increase between the control and IGF-1 groups was not evident 

when cultured in the presence of U0126, thereby demonstrating some 

involvement o f the E R K l/2  pathway in the differentiation process (Fig. 8.7). 

W hen dexamethasone was present in the IGF-1 treated cultures, a more 

obvious and significant decrease in GAG synthesis was observed following 

E R K l/2  inhibition (Fig. 8.8).

Figure 8.6: Collagen II immwiohistochemistry in (i) controls and (ii) IGF-1

treated MSCs, cultured fo r  14 days. Representative o f n=5.
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Figure 8.7: ERKl/2 signalling is involved in IGF-l-induced chondrogenic 

dijferentiation in the absence o f dexamethasone. (A) Alcian blue quantification 

and (B) representative histology pictures showing MSCs cultured fo r  14 days 

in the absence (i and Hi) or presence (ii and iv) o f chondrogenic growth factors 

(IGF-1 and ascorbic acid). Cells were also cultured in the presence o f 2 pM 

U0126 in (Hi) and (iv). U0126 did not significantly inhibit GAG synthesis in

IGF-I treated samples. However in the presence o f U0126, IGF-1 treatment 

did not exhibit a significant difference compared to the control group showing 

a role fo r ERKl/2 signalling (see (A)). Repeated measures one-way ANOVA 

with Student-Newman-Keul posthoc test. n=7, * **  p < 0.001
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Figure 8.8: ERKl/2 signalling is involved in IGF-1 -induced chondrogenic

differentiation in the presence o f dexamethasone. (A) Aldan blue 

quantification and (B) representative histology pictures showing MSCs 

cultured fo r 14 days in the absence (i and Hi) or presence (ii and iv) o f 

chondrogenic growth factors {IGF-1, dexamethasone and ascorbic acid). 

Cells were also cultured in the presence o f 2 pM U0126 in (Hi) and (iv). 

U0126 inhibited GAG synthesis in (iv) compared to (ii). Repeated measures 

one-way AN OVA with Student-Newman-Keul posthoc test. n=5, * p < 0.05, **

p < 0.01
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W hen the potential role o f the p38 pathway was assessed, 10 |iM  SB203580 

treatment resulted in a significant decrease in GAG synthesis in cells treated 

with IGF-1 in the absence (Fig. 8.9) and presence (Fig. 8.10) of 

dexamethasone. This demonstrates that p38 is involved in IGF-1-induced 

chondrogenic differentiation of MSCs.
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Figure 8.9: p38 signalling is involved in IGF-1-induced chondrogenic

differentiation in the absence o f dexamethasone. (A) Alcian blue quantification 

and (B) representative histology pictures showing MSCs cultured fo r  14 days 

in the absence (i and Hi) or presence (ii and iv) o f chondrogenic growth factors 

IGF-1 and ascorbic acid). Cells were also cultured in the presence o f 10 fuM 

SB203580 in (Hi) and (iv). SB203580 inhibited GAG synthesis in (iv)

compared to (ii). Repeated measures one-way ANOVA with Student-Newman- 

Keul posthoc test. n=7, * p <0.05, * * *  p < 0.001
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Figure 8.10: p38 signalling is involved in IGF-l-induced chondrogenic

differentiation in the presence o f dexamethasone. (A) Alcian blue 

quantification and (B) representative histology pictures showing MSCs 

cultured fo r 14 days in the absence (i and Hi) or presence (ii and iv) of 

chondrogenic growth factors (IGF-1, dexamethasone and ascorbic acid). 

Cells were also cultured in the presence o f 10 ptM SB203580 in (Hi) and (iv). 

SB203580 inhibited GAG synthesis in (iv) compared to (ii). Repeated 

measures one-way ANOVA wnth Student-Newman-Keul posthoc test, n-5, * p 

< 0.05, * * p < 0.01
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8.4.2 Involvement of PI3-kinase in IGF-l-induced chondrogenic 

differentiation

The addition of 2 |aM and 5 |a,M o f the LY294002 inhibitor significantly 

reduced GAG synthesis in IGF-1 treated samples compared to the IGF-1 only 

group, demonstrating involvement of the PI3-kinase pathway in IG F-l-induced 

chondrogenic differentiation (Fig. 8.1 lA ). In the IG F-1-treated group, cellular 

condensation and matrix synthesis was clearly evident, as illustrated in the 

representative alcian blue histology (Fig. 8.1 IB, ii). Reduced nodule formation 

was evident with the addition of the LY294002 inhibitors, as illustrated in 

Figure 8.1 IB (iv and vi). This inhibition o f chondrogenic differentiation with 

LY294002 treatm ent was also evident in the synthesis of the collagen II 

protein, as illustrated in Figure 8.13. In the presence o f dexamethasone, the 

addition o f 2 |xM LY294002 also significantly reduced GAG synthesis 

compared to the IGF-l-i-Dex group. However, the addition of dexamethasone 

to the IGF-1 treated group in the presence of 5 LY294002 resulted in

significant cell death, as illustrated in Figure 8.12B(iv).

Confocal microscopy was used to determine if IGF-1 treatm ent induced the 

phosphorylation o f the Akt m olecule and if this was mediated through the PI3- 

kinase pathway. Results show that an increase in p-Akt was evident in IGF-1 

treated samples compared to controls at day 14, where p-Akt was evident in the 

nucleus o f the cells (Fig. 8.14). W ith the addition of 2 |xM and 5 |iM 

LY294002 to the IGF-1 treated groups, the upregulation and translocation of 

the p-Akt molecule was not evident. This demonstrates that IGF-1 signalling 

resulted in activation o f the Akt molecule, and that inhibition of the PI3-kinase 

pathway did not permit phosphorylation of the Akt molecule to occur. 

Quantification of the fluorescence o f p-Akt in the nucleus o f the cells is 

presented in Figure 8.15. These results further demonstrate that IG F-l-induced 

chondrogenic differentiation o f M SCs increases phosphorylation of the Akt 

molecule and that this molecule translocated to the nucleus of the cells. 

Additionally, it demonstrates that this was m ediated by the PI3-kinase 

pathway, as the fluorescence o f p-Akt in the nucleus was significantly reduced 

in the presence of LY294002.
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Figure 8.11: P13-kinase is involved in IGF-l-induced chondrogenic

dijferentiation in the absence o f dexamethasone. (A) Alcian blue quantification 

and (B) representative histology pictures showing MSCs cultured fo r  14 days 

in the absence (i, Hi and iv) or presence (ii, iv and vi) o f chondrogenic growth 

factors (IGF-1 and ascorbic acid). Cells were also cultured in the presence o f 

2 pM  LY294002 (Hi and iv) and 5 pM  LY294002 (v and vi). LY294002 

treatment inhibited GAG synthesis in (iv and iv) compared to (ii). Repeated 

measures ANOVA with Student-Newman-Keul posthoc test. n=7, * p < 0.05,

**p < 0.01
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Figure 8.12: PI3-kinase is involved in IGF-l-induced chondrogenic

differentiation in the presence o f dexamethasone. (A) Alcian blue 

quantification and (B) representative histology pictures showing MSCs 

cultured fo r  14 days in the absence (i, Hi and iv) or presence (ii, iv and vi) o f 

chondrogenic growth factors (lGF-1, dexamethasone and ascorbic acid). 

Cells were also cultured in the presence o f 2 pM  LY294002 (Hi and iv) and 5 

pM  LY294002 (v and vi). LY294002 treatment inhibited GAG synthesis in (iv 

and vi) compared to (Hi and v). However, 5 pM  LY294002 in the presence o f 

dexamethasone was found to increase significant cell death pictured in (vi). 

Repeated measures one-way ANOVA with Student-Newman-Keul posthoc test. 

n=5, * p < 0.05, * * p < 0.01

156



vi

3 0  |.ini

Figure 8.13: Collagen II immunohistochemistry is induced in IGF-1 treated 

MSCs and inhibited in the presence o f LY294002. MSCs cultured fo r  14 days 

in the absence (i, Hi and iv) or presence (ii, Hi and iv) o f chondrogenic growth 

factors (IGF-1, dexamethasone and ascorbic acid). Cells were also cultured in 

the presence o f 2 pM  LY294002 (iv) and 5 pM  LY294002 (vi). LY294002 

treatment inhibited collagen II synthesis in (iv and vi) compared to (ii). 

Representative o f n=5.
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Figure 8.14: p-AKT was induced in IGF-1 treated MSCs and was mediated by 

the PI3-kinase pathway. MSCs cultured fo r  14 days in the absence (i, Hi and v) 

or presence (ii, iv and vi) o f  the chondrogenic growth factors IGF-fil and 

ascorbic acid. p-AKT positive staining was observed in the nucleus o f IGF-1 

treated cells in (ii, see arrows) compared to controls (i, see arrow heads). 

Reduced p-AKT intensity and translocation to the nucleus was obserx’ed in 

cells cultured with 2 pM  LY294002 (Hi and iv) and 5 pM  LY294002 (v and vi) 

(see arrow heads fo r  empty nuclei).
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Figure 8.15: Quantification o f p-Akt fluorescence in the nucleus o f the cells 

{see Fig. 8.14). IGF-1 -induced chondrogenic differentiation o f MSCs resulted 

in an increase in the phosphorylation o f Akt, which was found to be located in 

the nucleus o f the cells. This response was suppressed upon treatment with 2 

juM or 5 pM  LY294002, which blocks the P13-kinase pathway. One-way 

ANOVA with Student-Newman-Keulposthoc test. n=40, ***p  < 0.001
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8.5 Involvement of p38 and PI3-kinase in TGF-pi and IGF- 

1-induced chondrogenic differentiation of MSCs in a 3D 

collagen-GAG scaffold

From the 2D experimental results it was clearly evident that (i) p38 was 

significantly involved in TG F-pi induced differentiation and (ii) the PI3-kinase 

pathway was a potent regulator of intracellular signalling in IGF-1 induced 

chondrogenic differentiation. Therefore, these conditions were taken into the 

3D environm ent to determine if growth-factor induced differentiation in the 

collagen-GAG scaffold would result in the stimulation of the p38 and PI3- 

kinase intracellular signalling pathways, in a similar m anner to that which 

occurred in 2D.

The rate of GAG synthesis for these samples was analysed by using the [^^S] 

sulphate radiolabelling technique in the final 24 hours o f culture. Treatment 

with 10 ng/ml TG F-pi significantly increased the rate of GAG synthesis in the 

collagen-GAG scaffold compared to controls, as illustrated in Figure 8.16. 

W hen the p38 pathway was inhibited using 10 |iM SB203580, the rate of GAG 

synthesis was significantly reduced.

Treatm ent with 100 ng/ml IGF-1 significantly increased the rate o f GAG 

synthesis in the collagen-GAG scaffold compared to controls (Fig. 8.17). The 

addition of 2 |aM and 5 |iM  LY294002 significantly reduced the rate of GAG 

synthesis in a dose-dependent manner.

These results indicate that similar intracellular signalling pathways are 

involved in the chondrogenic differentiation of M SCs when the cells are 

cultured in both the 2D and 3D environments.
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Figure 8.16: Involvement o f p38 signalling in TGF-fil-induced chondrogenic 

differentiation o f MSCs in the collagen-GAG scaffold. TOF-pi treatment
35increased [ S] incorporation compared to controls, and this was prevented 

when the p38 pathway was blocked with 10 pM  SB203580. Repeated measures 

one-way AN OVA with Student-Newman-Keul posthoc test. n=7, *** p  < 0.001
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Figure 8.17: Involvement o f the PI3-kinase pathway in IGF-1-induced

chondrogenic differentiation o f MSCs in the colIagen-GAG scajfold. IGF-1 

treatment increased [^^S] sulphate incorporation compared to controls, and 

this was reduced in a dose-dependent manner upon treatment with 2 pM  and 5 

pM  LY294002. Repeated measures one-way ANOVA with Student-Newman- 

Keulposthoc test. n=7, *p  < 0.05, **p  < 0.01, ***/? < 0.001
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8.6 Conclusion

This chapter clearly demonstrates that TG F-pi and IGF-1 both induce 

chondrogenic differentiation of M SCs by synthesising cartilage-like matrix 

components, GAG and collagen II. The addition of dexamethasone to cultures 

in the presence of IGF-1 or TG F-pi did not result in a significant change in 

GAG production. Results demonstrate the differential involvem ent of some 

intracellular signalling pathways involved in growth-factor induced 

chondrogenic differentiation in 2D. In particular, results show that IGF-1- 

induced chondrogenic differentiation is mediated through each o f the pathways 

investigated; E R K l/2  and p38 M APK pathways, and the PI3-kinase pathway. 

Unlike chondrogenic differentiation stim ulated by IGF-1 treatment, TG F-pi 

does not involve activation o f the PI3-kinase pathway. In TG F-pi-treated  

samples, inhibition o f the E R K l/2  pathway did not significantly affect GAG or 

collagen II synthesis. However, a clear involvement of the p38 pathway was 

evident in T G F-pi-induced chondrogenic differentiation of M SCs in 2D. 

Spontaneous chondrogenic differentiation was observed in the control samples 

which may have been as a result of the presence of serum in the culture 

m edium, or due to cell-cell interactions. However, this warrants further 

investigations.

IGF-1 treatm ent resulted in an increase in p-Akt and this m olecule was shown 

to reside in the nucleus. Blocking the PI3-kinase pathway with the LY294002 

inhibitor was also found to significantly reduce the phosphorylation of Akt. 

Upon LY294002 treatment, a significant reduction in p-Akt imm unoreactivity 

in the nucleus of the cells was evident, further demonstrating that IGF-1- 

induced chondrogenic differentiation o f M SCs is regulated through the PI3- 

kinase pathway.

The MSCs showed great sensitivity to the concentration of the LY294002

inhibitor used. Two concentrations of 2 |iM  and 5 )aM LY294002 were used.

Trial investigations found that 10 |j.M LY294002 induced significant cell death

in the M SCs (data not shown). The 5 }xM concentration was found to be the

highest that could be used over the 14 day time period, and occasionally this

concentration was found to induce some cell death in a small number of
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samples. This cell death was only found in the control samples (i.e. Control + 

5 |iM  LY294002) and was not observed in the corresponding IGF-1 + 5 |iM 

LY294002 samples. However, when dexamethasone was added to IGF-1 

cultures in the presence of the LY294002 inhibitor, there appeared to be a 

synergistic effect and significant cell death was observed.

Results for experiments carried out in the 3D collagen-GAG scaffold showed 

that IGF-1 and TG F-pi significantly increased the rate of GAG synthesis 

compared to controls. Like the 2D environm ent, IGF-1 induced chondrogenic 

differentiation was shown to be dependent upon the PI3-kinase pathway. 

Similarly, TG F-pi-induced chondrogenic differentiation was demonstrated to 

be regulated via the p38 pathway. This demonstrates that results obtained from 

a 2D environm ent are useful to investigate intracellular mechanisms. Although 

the cells had a different underlying substrate to attach to, and would conform to 

different m orphologies in 3D, the intracellular mechanisms involved in the 

differentiation of the cells in 2D and 3D were comparable. This demonstrates 

that the use of biochem icals to block specific pathways could also be used in 

m echanoregulation studies involving M SC-seeded collagen-GAG scaffolds to 

investigate the involvement of intracellular pathways that may be downstream 

of stretch-activated ion channels.
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9.1 Introduction

The results presented in Chapters 4 to 8 of this thesis provide new knowledge 

on the chondrogenic differentiation of MSCs. The results provide evidence 

that the chondrogenic differentiation of adult MSCs may be regulated by cyclic 

tensile loading in a 3D collagen-GAG scaffold, and that stretch-activated ion 

channels are involved in the mechanotransduction process. Computational 

modelling predicted the biophysical stimuli developed during mechanical 

loading of the 3D constructs to understand the magnitudes of stimuli 

responsible for inducing changes in cell synthesis. Intracellular signalling 

associated with growth-factor-induced chondrogenic differentiation has 

provided new information to further understand processes involved in adult 

MSC differentiation, and these may be downstream targets that are also 

involved in mechanotransduction processes.

In this Chapter, the assumptions and limitations of the methods used will be 

discussed. This will be followed by a full discussion of the results pre.sented in 

this thesis, following the aims as outlined in Section 1.3, Chapter 1. To support 

the work presented in this thesis, the results will be compared to the work of 

other researchers presented in literature. Finally, the relevance to cartilage 

tissue engineering will be discussed throughout.

9.2 Assumptions and Limitations 

9.2.1 MSC purity

The author acknowledges that a pure population of MSCs was not used in the 

studies carried out. Analysis of the population demonstrated that the cells were 

immunoreactive against CD90 and CD 105 antibodies. Flow cytometry 

analysis demonstrated that the plastic adherence technique provided a 

population with 96% of cells expressing the CD90 marker. This is comparable 

to results found by Kinnaird et al. (2004) who used flow cytometry to 

determine the purity of their murine MSCs following a combination of plastic 

adherence and the removal of CD34 and CD45 positive cells using negative 

magnetic-bead fractioning. Quantification found that the remaining population
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of cells were positive for CD90 in 99.1 +0.1%  and CD 105 in 89 ± 2.1 % (Mean 

± SEM) of cells. Therefore the MSC purity used in this study was comparable 

to that used by others, and sufficient for the hypotheses tested.

9.2.2 The use of rat MSCs

Ultimately, the goal of tissue engineering is to develop techniques to aid the 

repair of human tissue. Therefore, one may question the relevance or 

significance of using rat MSCs, when the goal is to treat humans with human 

MSCs. As discussed by Reinholz et al. (2004), “no animal model permits 

direct application to humans”; however, “each is capable of yielding principles 

on which decisions can be made that might eventually translate into a human 

application” . Animal models have played a significant role in testing new 

techniques prior to human trials. Rat MSCs have been successfully used by 

other researchers to investigate MSC differentiation (Alhadlaq et a i,  2004; 

Farrell et al., 2006). The use of rat MSCs, harvested from pathogen-free 

inbred animals, has permitted the author to successfully investigate specific 

hypothesis relating to mechanoregulation of chondrogenic differentiation. The 

results have presented new research questions which suggest two research 

directions to follow, i.e. (i) to further investigate mechanoregulation and 

chondrogenic differentiation using rat MSCs and to possibly undertake in vivo 

experiments to test specific hypotheses or (ii) to switch to human MSCs to 

determine if human cells do respond in a similar manner when exposed to 

mechanical and biochemical factors to induce differentiation.

9.2.3 The use of serum in cultures

In all experiments, 10% FBS was added to the culture medium to enhance

proliferation and cell survival. Different batches of serum were used; therefore

interbatch variation may have had an effect on results. Some researchers have

implemented serum-free culture approaches to eliminate the presence of

undefined factors and the possibility of interbatch variation (Heng et al., 2004).

Serum-free conditions have been reported to be detrimental to the proliferative

potential of MSCs and chondrocytes. One technique implemented by
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researchers is to expand cells in serum and then to switch to serum-free 

m edium  during differentiation studies. Van Susante et al. (2000) demonstrated 

that reduced serum concentrations resulted in reduced proteoglycan synthesis 

in a chondrocyte-alginate bead system. In recent reports, researchers are 

beginning to use autologous serum to expand cells (Kuroda et al., 2006). Other 

culture systems have used serum when investigating chondrogenic 

differentiation (Alhadlaq et al., 2004; Elder et al., 2000; Elder et al., 2001; 

Erickson et al., 2002; Fortier et al., 1998; Scherer et al., 2004; Takahashi et a l, 

1998), and as serum was used in both treated and control conditions, it is not 

expected that elimination of serum would significandy change the outcom e of 

the results presented.

9.2.4 Seeding efficiency

The results demonstrate that a seeding efficiency o f -50%  was achieved in 

statically cultured construct that were assessed for cell numbers after 7 days in 

culture. A static seeding m ethod was used for seeding, so some improvements 

to this technique might be expected to achieve a better return. However, Lee 

CR et al. (2003) incubated type II collagen scaffolds with a chondrocyte cell 

suspension for 1.5 to 2 hrs with a continuous rocking motion and an attachm ent 

rate of only 50% was achieved, i.e. no improvement over the results of the 

present study. An oscillatory perfusion bioreactor system was successfully 

developed by W endt et al. (2003) to improve seeding efficiencies and 

uniformity in 3D scaffolds. Perhaps a perfusion system could be implemented 

to pass cells through the scaffold in an oscillatory m ethod to achieve better 

scaffold penetration and improve seeding efficiencies. This could also induce a 

more homogenous distribution o f matrix across the scaffold, thereby 

eliminating synthesis that is confined to the periphery o f constructs. 

Additionally, the protocol used to fluorescently label the collagen-GAG 

scaffold for the cell attachment study (see Chapter 6) em ployed seeding a high 

density of cells in hydrated scaffolds. Therefore, there are a num ber of 

techniques that could be investigated to determine the best m ethod of achieving 

higher seeding efficiencies, and this is a topic for further work.
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A limitation with the dynamic experiments was that cell seeding could occur 

from the top side o f the scaffold only, as the undersides of the scaffolds were 

covered by the silicone membrane. This does not create an ideal construct for 

implantation purposes. Nonetheless, the author investigated the effect of 

seeding one or both sides of free-swelling constructs, treated with TG F-pi and 

found that the seeding has no effect on the rate o f GAG synthesis. Therefore, 

for the purpose of investigating the mechanoregulation of the MSCs in the 

scaffold, seeding from one side only was deemed to be acceptable.

9.2.5 Analysis techniques

For the dynamic experiments where an intermittent loading regime was 

applied, analysis was carried out using imm unohistochem istry to probe for 

osteogenic and chondrogenic markers to detect differentiation. However, a 

heterogeneous pattern o f biophysical stimuli is developed within the scaffold 

during loading as predicted using finite elem ent modelling. A limitation of 

using im m unohistochem istry in scaffold sections is that only a series of less 

than ten 10 |im  sections are analysed with respect to the full size of the scaffold 

employed. Therefore a maximum  of 0.5% of all scaffolds were analysed, 

which does not give a true account of what is occurring within the full scaffold. 

This lim itation prompted the author to analyse full scaffold sections by 

im plem enting the [^^S] sulphate radiolabelling technique for all further 

experiments involving continuous tensile loading. This analysis technique 

perm itted the author to obtain an average rate of synthesis per cell for each 

entire scaffold.

For the continuous loading experiments, an analysis of the rate of GAG 

synthesis only was carried out. The other m ajor component o f cartilage is 

collagen II. Therefore the author acknowledges that by analysing changes in 

the rate o f GAG synthesis due to various experimental factors, that collagen IT 

synthesis may not necessarily be affected in the same manner.
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9.2.6 Choice o f biomaterial

Due to the availability of m aterials available, experim ents were carried out 

using a collagen type I glycosam inoglycan scaffold. Although this scaffold did 

successfully support the chondrogenic potential o f the MSCs, previous studies 

have demonstrated that a collagen II matrix better supports the chondrogenic 

phenotype and matrix synthesis than a collagen type I matrix (Nehrer et al., 

1998).

9.2.7 Com putational Lim itations

An idealised poroelastic quarter model of the collagen-GAG scaffold was 

developed based on a clamped, dry matrix. However, the experimental results 

have demonstrated that cell-seeded scaffolds undergo contraction over time 

and this contraction process was not modelled. Cyclic loading was applied to 

scaffolds for seven days, and this was preceded by seven days of static culture. 

Although uniaxial clam ping impedes the contraction process, contraction of the 

scaffold can take place in the other two dimensions. This was not incorporated 

into the FE model and may have some effect on the biophysical parameters 

calculated. Although the scaffold was modelled as a non-linear poroelastic 

material, in reality it is even m ore complex being viscoelastic with time- 

dependent characteristics as illustrated in the m echanical tests presented in 

Chapter 5. Similar assumptions have also been made by other researchers who 

have investigated biophysical stimuli within m echanically-loaded tissue- 

engineered constructs (Connelly et a!., 2004; Huang et al., 2004a), and the 

neglect of viscoelasticity is not likely to sufficiently affect biophysical stimuli.

9.3 Effect of TGF-pi on the differentiation of MSCs along 

the chondrogenic lineage in a 3D collagen-GAG scaffold 

in static cultures

The hypothesis of this study was that TG F-pi would induce the chondrogenic

differentiation of MSCs in the collagen-GAG scaffold. The results presented
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in Chapter 5 confirm this hypothesis. M SC-seeded collagen-GAG scaffolds 

cultured in the presence of T G F-pi, dexamethasone and ascorbic acid 

differentiated along the chondrogenic lineage, demonstrated through the 

synthesis o f a cartilage-like matrix consisting o f collagen II and sulphated 

GAGs.

The collagen type II protein was synthesised in M SC-seeded collagen-GAG 

scaffolds after 3 and 6 weeks of culture with T G F-pi. The statistically 

significant increases in [ S] sulphate incorporation over the three time points 

of 1, 3 and 6 weeks in TG F-pi-treated  constructs further dem onstrates the 

chondrogenic capacity of the rat M SCs in this model. These results can be 

compared to a model proposed by Barry et al. (2001) which demonstrates that 

events involved in the chondrogenic differentiation o f MSCs can be divided 

into three stages (see Figure 9.1 where the results o f the present thesis are 

added to the figure of Barry et al., 2001). This model is based on experiments 

carried out on M SC-pellet cultures treated with each of the three TGF-(3 

isoforms (Barry et al., 2001). The results presented in this thesis correlate well 

to the predicted 6 day time point in Barry et al. ’s model. M etachrom asia in 

toluidine blue histology provided evidence of GAG accum ulation within the 

scaffold in constructs cultured for 6 weeks; however, this was not evident after 

3 weeks of culture in the chondrogenic medium. It may be possible that a 

lower cell density in the collagen-GAG scaffold compared to a MSC pellet 

employed by Barry et al. (2001) results in a slower accum ulation of GAG. 

However, this conjecture would need further investigation.

The average total cell number in the scaffolds after 3 and 6 weeks of culture 

was found to be statistically significantly different than untreated controls in 

the TGF-(31-treated group. This indicates that the differentiating cells had a 

higher proliferative capacity and this is in agreement with others who found 

increased proliferation in M SCs undergoing chondrogenic differentiation 

following TG F-pi treatment (Bosnakovski et al., 2004; Huang et al., 2004a).
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Figure 9.1: Comparison between results obtained during the chondrogenic  

differentiation o f  M SCs in a collagen-GAG scaffold (see blue boxes) to the 

defined sequence o f  events, involved in chondrogenic differentiation o f  M SCs 

in pellet culture, treated with TGF-P isoforms. The au thor’s data is added (in 

blue boxes) to the figure, adapted from  Barry et al. (2001).

Evidence of spontaneous chondrogenic differentiation, as assessed by collagen 

II imm unoreactivity, was observed in M SC-seeded collagen-GAG scaffolds, 

cultured without growth factors. Similarly, spontaneous differentiation was 

observed through nodule formation which stained positive for GAG synthesis 

in 2D untreated control samples, as presented in Chapter 8. This spontaneous 

differentiation may be due to high cell-to-cell contacts resulting in 

autocrine/paracrine signalling or unspecified bioactive stimulants contained in 

the serum that was added to the culture medium, as discussed in Section 9.2. 

Additionally, the author hypothesises that the spontaneous differentiation in the 

collagen-GAG scaffold may have been due to the biological nature of the 

material which provided cellular cues to the cells that induced specific cell 

responses. The effect o f biomaterial interactions has been demonstrated by 

Awad et al. (2004), who found that a gelatin scaffold resulted in greater protein 

and DNA contents compared to agarose or alginate scaffolds, in the presence 

o f TGF-(31. Therefore, it is possible that the naturally derived collagen and 

GAG present in the scaffold, which mimics in vivo tissue compositions, 

allowed for cellular attachm ent and interactions which resulted in the
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spontaneous differentiation observed. Spontaneous chondrogenic 

differentiation has been reported by other researchers (Fortier et al., 1998; De 

Bari et al., 201; Bosnakovski et al., 2004). More recently, Bosnakovski et al. 

(2004) observed spontaneous differentiation in bovine MSC pellet cultures in a 

serum-free, T G F-pi-free medium. They suggest that they phenomenon may be 

species specific, and suggest that the high density culture stimulates 

autocrine/paracrine secretion o f growth factors which induces differentiation. 

Further work is required to investigate such proposals presented here to 

determine the actual underlying m echanism s behind this phenomenon in both 

the 2D and 3D environments.

The com pressive modulus results obtained for TG F-pi-treated M SC-seeded 

collagen-GAG scaffolds dem onstrate that the synthesised matrix contributes to 

an increase in the mechanical integrity o f the constructs, compared to untreated 

controls. Although the result is not significant due to a low sample size, for 

each o f the three repetitions the stiffness o f the TGF-(31-treated samples was 

consistently higher than that of the control samples (7.8 ± 5 .1  vs 0.4 ± 0 .1 5  

kPa, n = 3, M ean ± SEM). These results are comparable to equilibrium 

compressive modulus values o f -11 -14  kPa obtained by Awad et al. (2004) for 

21 and 28 day T G F-pl-treated  M SC/gelatin constructs. It is likely that the 

increase in stiffness found in the T G F-pi-treated collagen GAG samples was 

due to a combination o f the contracted matrix and the synthesis o f a 

cartilaginous-like matrix.

Upon dem onstrating the chondrogenic differentiation process in the static 

culture model, the author carried out mechanoregulation experiments to 

investigate the effects o f m echanical constraint and cyclic tensile loading on 

the chondrogenic differentiation o f MSCs. Furthermore, the involvement o f 

stretch-activated ion channels in the m echanoregulatory process was 

investigated and the results from these studies are discussed in the next section.
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9.4 Mechanical loading and chondrogenic differentiation

9.4,1 Effect of Matrix Contraction and Uniaxial Clamping

The im portance o f cell-m ediated contraction for the TG F-pi-induced 

chondrogenic differentiation of M SCs has been dem onstrated experimentally. 

Quantification of the contraction in free-swelling constructs revealed that TGF- 

pi-treated  constructs underwent a significant degree of enhanced contraction 

compared to untreated controls (see Figures 6.10 and 6.11, Chapter 6). These 

results are in agreement with the findings of Vickers et al. (2006) who 

investigated chondrocyte-m ediated contraction and matrix synthesis in 

collagen-GAG scaffolds with various cross linking densities. They found that 

higher degrees of cross linking reduced the amount o f cell-mediated 

contraction of the scaffold and this resulted in cells with an elongated 

morphology, and ultimately reduced GAG and collagen II synthesis compared 

to lower cross linked scaffolds (Vickers et al., 2006).

Uniaxial clam ping impeded cell-m ediated contraction and the author 

hypothesised that by inhibiting contraction, chondrogenic differentiation may 

be prevented. The results demonstrate that when M SC-seeded scaffolds were 

uniaxially clamped and cultured in T G F -p i, a significant reduction in the rate 

of GAG synthesis was observed com pared to the T G F-P1-treated free-swelling 

constructs (see Figure 6.4, Chapter 6). This further highlights the importance 

of contraction in terms o f m aximising cell synthesis. Uniaxial clamping 

impeded contraction in one direction only, however it is important to 

acknowledge that contraction of the scaffold was still perm itted in the other 

two orthogonal dimensions. It is likely that clam ping prevented the cells from 

achieving a 3D m orphology which is characteristic of chondrocytes, and forced 

the cells to attain an elongated morphology which effected GAG synthesis. 

This result is comparable to work reported by Galois et al. (2006) who 

investigated contraction and cell synthesis in a chondrocyte-collagen I gel 

model under ‘free-floating’ and ‘attached’ (i.e. attached to the walls of wells in 

a 24-well plate) conditions. Their results showed that floating gels contracted 

by 50-60% of the initial size, whereas ‘attached’ gels did not detach from the
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walls of the dish and contracted only in the vertical direction (i.e. grew 

thinner). This impacted the cell phenotype as free-floating gels maintained 

their chondrocytic phenotype where as the attached gels, as assessed through 

collagen I and II mRNA, did not (Galois et al., 2006).

The results presented in this thesis regarding:

(i) the importance of cell-m ediated contraction and

(ii) the subsequent negative effect of uniaxial clam ping on

chondrogenic differentiation,

has implications for the M ACI technique which is under investigation for the 

clinical treatment of articular cartilage defects (see Section 1.1, Chapter 1) 

(Bartlett et al., 2005; Behrens et ah, 2006; Dorotka et al., 2005; M arlovits et 

al., 2005; M arlovits et al., 2006; Trattnig et al., 2005; Zheng et al., 2007).

The M ACI procedure involves seeding collagen or hyaluronan membranes 

with autologous chondrocytes, and attaching them into in vivo defects with 

fibrin glue. W hen the fibrin glue sets, it secures the membrane to the defect 

(Bartlett et al., 2006), and recently Zheng et al. (2007) reported that they 

achieved hyaline-like cartilage regeneration after 6 months using this 

technique. These implanted constructs are effectively ‘equibiaxially’ clamped 

into defects. The fibrin glue acts as a biological sealant and is likely to be 

degraded within the body over a number of weeks in vivo, in fact, it is believed 

that it degrades within 2 weeks in vivo (Patel et al, 2006). A study by Kirilak 

et al. (2006) has shown that in an MACI model, fibrin sealant enhanced the 

proliferation and migration o f chondrocytes from collagen membranes. 

Therefore, it can be proposed that in addition to the fibrin glue providing initial 

m echanical stability to the cell-seeded matrices in the first 2 weeks following 

im plantation in vivo, it can also act as a m ediator to enhance integration 

between the collagen matrix and the host tissue by enhancing cell proliferation 

and migration.

The results presented in this thesis demonstrate that when cell-m ediated 

contraction of the matrix is impeded due to uniaxial clamping, the 

chondrogenic differentiation o f M SCs is significantly reduced compared to the 

free-swelling, contracting, static control group. Although the M ACI technique
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involves the use of chondrocytes and not MSCs, there is a trend towards the 

use of MSCs for such procedures (see Kuroda et al., 2007). However, having 

demonstrated how the mechanical constraint of scaffolds negatively affected 

MSC differentiation, the author hypothesises that a similar effect may be 

induced in chondrocyte-seeded matrices if they are prevented from contracting 

their surrounding matrix.

To overcome the negative effects of ‘clamping’ in terms of the prevention of 

cell-mediated contraction and subsequent reduction in the rate of GAG 

synthesis, the author proposes that a better approach for the MACI technique 

would be to culture constructs prior to implantation so that cells can reshape 

their local environment to achieve a desired morphology and hence achieve a 

maximum rate of synthesis. Figure 9.2 attempts to illustrate this procedure. 

However, Obradovic et al. (2001) demonstrated that immature constructs 

cultured for 5 days integrated better with native cartilage tissue, which was 

treated with trypsin to remove proteoglycans to increase permeability and 

maximise cell adhesion, than constructs cultured for 5 weeks. Therefore, the 

time in culture prior to implantation would need to be carefully selected to 

ensure that the engineered tissue would integrate appropriately with the native 

cartilage tissue when implanted in vivo.

S caffo ld  +  M SC s

e.g. 4 mme.g. 6 mm

P E p S '
C ulture  f o r  X  d a y s  to

a llo w  f o r  Y%

con tra c tio n

Figure 9.2: Schematic proposing the preculturing o f collagen matrices with 

MSCs to allow fo r  cell-mediated contraction to occur, which has been 

demonstrated to aid chondrogenic differentiation, prior to implantation into a 

cartilage defect. Constructs should be cultured fo r  a specific period o f time to 

allow fo r  a certain percentage o f contraction so that the constructs will f i t  into
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the defect. Schematic o f the articular cartilage is taken from  Mow et al. 

(1980).

9.4.2 Effect of Cyclic Tensile Loading

The results of this study demonstrate that the application of continuous cyclic 

tensile loading may positively regulate the chondrogenic differentiation of 

MSCs, at least in a collagen-GAG scaffold. Additionally, results demonstrate 

that the negative effects induced by uniaxial clamping can be reversed by 

applying cyclic tensile loading.

9.4.2.1 Interm ittent Loading

Intermittently applied cyclic tensile loading of 5% or 10% strain did not 

consistently induce osteogenic or chondrogenic differentiation in MSCs. No 

collagen I synthesis was observed following 5% or 10% loading indicating that 

osteogenic differentiation did not occur. An increase in Sox9 

immunoreactivity was observed following 10% cyclic strain for 4 hours daily 

at 1 Hz for 14 days, compared to a clamped, unloaded control cultured without 

growth factors (see Figure 6.3, Chapter 6). This provides some evidence that 

cyclic strain in the absence of growth factors could induce chondrogenic 

differentiation; however this result was not consistently repeatable and 

therefore does not conclusively demonstrate that differentiation along the 

chondrogenic pathway occurred. In 2004, Huang et al. (2004a) demonstrated 

that intermittent dynamic loading alone could induce the chondrogenic 

differentiation of MSCs, without the addition of growth factors. They applied 

an intermittent loading regime of 10% strain at 1 Hz to rabbit MSC-agarose 

constructs for 4 hours daily and observed increases in chondrogenic gene 

expressions and matrix production for collagen II and aggrecan, compared to 

the unloaded control group. However, further work would be required to 

further assess the effects of mechanical loading on MSC differentiation in this 

collagen-GAG scaffold.
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9.4.I.2 Continuous Loading

Continuous cyclic tensile loading of 10% strain resulted in a significant 

increase in the rate of GAG synthesis compared to clamped, unloaded controls 

(see Figure 6.6, Chapter 6). The increase in the rate of GAG synthesis was 

comparable to the levels observed in the free-swelling chondrogenic treated 

controls. This demonstrates that cyclic tensile loading of MSC-seeded 

collagen-GAG scaffold may regulate chondrogenic differentiation, and is able 

to overcome the negative effects of clamping, as discussed in Section 9.4.1 

above. By applying cyclic loading to clamped constructs, the negative effect of 

clamping is reversed. Therefore it is likely to be a combination of the lack of 

‘static’ clamping, in addition to the development of biophysical stimuli that is 

transduced to cells, which resulted in the observed increase in GAG synthesis. 

Previously, Lee CR et al. (2003) applied cyclic compressive loading to 

chondrocyte-seeded collagen II scaffolds and found that loading increased the 

rates of GAG and protein synthesis compared to unloaded controls. However, 

the results presented in this thesis are the first to demonstrate that dynamic 

loading provided the cells with specific stimuli that overcame the negative 

effects of static clamping, to regulate the chondrogenic differentiation of MSCs 

in a collagen-GAG scaffold. As outlined in Table 2.6 in Chapter 2, most other 

mechanoregulation studies involving MSCs have used high density pellet 

cultures, or agarose or alginate constructs, and not scaffolds fabricated from 

naturally-derived materials which are under investigation for cartilage tissue 

repair.

This thesis demonstrates that the chondrogenic differentiation of MSCs, seeded 

in a collagen-GAG scaffold, may be regulated through continuous cyclic 

tensile strain, in the presence of chondrogenic growth factors. The positive 

effects of mechanical loading also have implications for the implementation of 

techniques to repair articular cartilage defects. These results demonstrate that 

the application of physiological mechanical stimulation maximises matrix 

synthesis of MSCs undergoing chondrogenic differentiation in a collagen- 

based matrix. This has implications for post-operative treatment following 

articular cartilage repair procedures using cell-seeded matrices, and 

demonstrates that physiological loading positively regulates matrix synthesis. 

As MACI techniques are moving towards the use of MSC-seeded matrices
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instead of using differentiated chondrocytes (Kuroda et a l ,  2006); the results 

presented demonstrate important aspects regarding (i) cell-mediated 

contraction, (ii) the effect of mechanical constraint and (iii) the effect of 

mechanical stimulation on the chondrogenic differentiation of MSCs. These 

aspects require careful consideration for future approaches taken in in vivo 

cartilage tissue engineering repair strategies.

9.4.3 Involvement of stretch-activated ion channels

It was predicted that stretch-activated ion channels were involved in the 

m echanotransduction process that resulted in an increase in the rate o f GAG 

synthesis induced by cyclic tensile loading. The results in Chapter 6 

demonstrate that the addition of 10 |iM  Gd "̂  ̂ significantly reduced GAG 

synthesis during continuous cyclic loading, compared to the stretched only 

group (see Figure 7.8). This demonstrates that stretch-activated ion channels 

are involved in the m echanotransduction process. This result is further 

corroborated by the fact that the addition of Gd'̂ "̂  to the clamped group had no 

effect on the rate of GAG synthesis. This was to be expected because cellular 

contraction is a slow transient response and it was not expected that stretch- 

activated ion channel involvement would be significantly active in the 24 hours 

of analysis following 14 days of static culture. Stretch-activated ion channel 

involvement has recently been demonstrated to be involved in regulating 

increases in intracellular calcium fluxes in chondrocytes-seeded agarose gels, 

subjected to dynamic compression (Pingguan-M urphy et al., 2005, 2006). 

Little work has been carried out on M SCs. Kirkham et al. (2006) recently 

showed increased intracellular calcium  levels in MSCs stimulated with 

magnetic beads, and that this was regulated by stretch-activated ion channels. 

However, this is the first study to demonstrate stretch-activated ion channel 

involvement in regulating matrix synthesis in MSCs, seeded in a 3D scaffold, 

and subjected to cyclic tensile strain.

The author hypothesises that it is a combination of cellular strain and fluid flow 

that resulted in the activation of the stretch-activated ion channels and 

regulated chondrogenic differentiation. This effect of gadolinium is supported
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by a number of studies. In 1999, Guilak et al. deform ed articular chondrocytes 

using a glass m icropipette and found that m echanical stimulation resulted in an 

immediate and transient increase in calcium. This response was significantly 

inhibited with treatm ent of 10 |xM Gd^”̂. Additionally, Yellowley et al. (1997) 

demonstrated that the addition of 10 |iM  Gd "̂  ̂ to bovine articular chondrocytes 

exposed to fluid flow in monolayer significantly reduced the amplitude of the 

calcium response and the percentage of cells responding. In the collagen-GAG 

scaffold, a combination of stretch, shear, pressure and fluid flow is generated 

during cyclic loading. Therefore, based on the work presented by Guilak et al. 

(1999) and Yellowley et al. (1997), it is plausible to hypothesise that it was a 

combination of both strain and fluid flow that invoked the activation and 

involvement o f stretch-activated ion channels during the application o f cyclic 

tensile loading to the M SC-seeded collagen-GAG scaffolds.

A statistically significance difference between the clamped and loaded groups, 

in the presence o f Gd^" ,̂ was observed. This demonstrates that although 

stretch-activated ion channels are involved in the mechanically-induced 

increase in GAG synthesis, that they are not the sole m echanism  for 

mechanotransduction in this model. A study by W u et al. (2000) demonstrated 

the differential and synergistic involvement of stretch-activated and voltage- 

gated ion channels on the proliferation and maturation of chondrocytes, seeded 

in collagen sponges and subjected to intermittent 5% uniaxial cyclic strain of 1 

Hz. They found that increases in proliferation due to applied loading was 

regulated by stretch-activated ion channels and calcium  channels, while 

calcium channels alone were involved in transducing signals during stretch to 

regulate chondrocyte maturation. This demonstrates that multiple signalling 

mechanisms can be involved in the regulation o f chondrogenic differentiation. 

Therefore, it reasonable to assume that other m echanosensitive receptors in the 

cell membrane such as voltage-gated ion channels, transmem brane integrins or 

TREK channels (as presented in Section 2.4.2) may also be mediators of cyclic 

tensile strain in the collagen-GAG scaffold, in addition to the stretch-activated 

ion channels.



9.5 Poroelastic Finite Element Modelling

The poroelastic FE model of the colIagen-GAG scaffold predicted a 

heterogeneous distribution of fluid flow, pressure and principal strains in the 

scaffold under 10% tensile strain (see Chapter 7). As experimental results 

demonstrated an increase in the rate of GAG synthesis upon application of 10% 

cyclic tensile strain, the computational results predict the magnitudes of 

biophysical stimuli that induced this chondrogenic response. Interestingly, the 

magnitudes of these stimuli are highly com parable to those predicted in a 

model by Huang et al. (2004a) of an agarose gel subjected to 10% compressive 

strain; see Figure 9.3 for a direct comparison of Huang et al. and the author’s 

result. Although there are obvious differences between the application of 

tensile and compressive loading to 3D constructs, both types of loading 

develop biophysical stimuli at a local level around the cells that are comparable 

in terms of the developm ent of strain, fluid flow and pressure. By applying 

10% compressive loading, Huang et al. (2004a) demonstrated that this stimulus 

was sufficient to induce the chondrogenic differentiation of MSCs, without the 

addition of growth factors. Therefore, the poroelastic model presented in this 

thesis provides strong evidence that the stimuli developed within the scaffold 

under the applied loading regime that contributed to the increased 

chondrogenic activity.

In Section 9.4.3, the author proposed that it was a combination of fluid flow 

and strain that regulated the activation o f stretch-activated ion channels and 

therefore, regulated the chondrogenic differentiation of the MSCs. This 

hypothesis is further corroborated when the magnitudes of fluid flow and strain 

developed within the scaffold during loading are analysed (see Figure 9.3).
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Figure 9.3: Comparison o f the magnitudes o f flu id  velocity (A), pressure (B) 

and strain (C) developed within the poroelastic FE model o f the collagen-GAG 

scaffold under 10% tensile strain, and that developed within the agarose gel 

under 10% compressive strain by Huang et al. (2004a). Similar magnitudes 

were developed fo r  all three stimuli in both models, thereby demonstrating that 

the stimuli in the collagen-GAG scaffold correlate to that previously shown to 

induce chondrogenic differentiation by Huang et al. (2004a).
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Fluid velocities of 8 |im /s are similar to that observed in articular cartilage, and 

velocities o f 1 to 170 |im /s have previously been demonstrate to regulate 

chondrocyte biosynthesis (Pazzano et al., 2000; Davisson et al., 2002b). 

Similarly, com pressive strains up to 20% have been demonstrated to modulate 

matrix synthesis in chondrocytes (Buschmann et al., 1995; Kim et al., 1994; 

Lee CR et al., 2003; Lee DA et al., 2000) and chondrogenic differentiation in 

embryonic chick lim b-bud mesenchymal cells (Elder et al., 2001). Therefore, 

the computational predictions o f the collagen-GAG scaffold demonstrate that 

the m agnitudes o f fluid flow and strain developed are comparable to that 

required to induce the biosynthetic activity in chondrocytes or differentiating 

unspecialised m esenchymal cells, providing further evidence that strain and 

fluid flow regulate the differentiation process.

The pore pressure developed in the collagen-GAG scaffold is up to a maximum 

of 150 Pa, and this is unlikely to have had any influence on cell synthesis. 

Physiological hydrostatic pressure levels developed in articular cartilage are 

reported to fall within the range o f 5-15 MPa, with 5 MPa being the estimated 

pressure level in the knee during walking (Darling and Athanasiou, 2003). In 

in vitro studies, m agnitudes of hydrostatic pressure ranging from I to 10 MPa 

have been demonstrated to regulate the chondrogenic differentiation of MSCs 

(Angele et al. 2003; M iyanishi et al. 2006), and since the pressures developed 

in this experiment are several orders o f magnitude less they are unlikely to play 

a role in the increased biosynthetic behaviour of the cells.

From the evidence presented, it is realistic to propose that predicted 

m agnitudes o f strain and fluid flow generated within the scaffold:

1. regulated activation o f the stretch-activated ion channels, and

2. were the main regulators in the mechanoregulation o f the differentiation 

process.

Interestingly, if the m echanoregulation model proposed by Prendergast et al. 

(1997) is analysed, the fluid flow and strains predicted to develop within the 

collagen-GAG scaffold under 10% cyclic strain do fall within the ranges 

predicted to induce chondrogenic differentiation (see Fig. 9.4 for a comparison 

between some biophysical stimuli obtained from the FE model to the 

mechanoregulation model o f Prendergast et al.). This further corroborates the
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hypothesis that it is a combination of strain and fluid flow that regulated 

chondrogenic differentiation during cyclic loading.

F ibrous (co n n e c tiv e )  tissZ e

-V2E-2 

R esor itioi

O ctahedral shear strain ("o)

Figure 9.4: Comparison betw’een biophysical stimuli developed in the FE

model to the mechanoregulation model proposed by Prendergast et al. (1997). 

The average flu id  velocity at 10% strain was calculated as 1.75 pm/s and 

passes through the cartilage region as indicated above (see red line). 9 

elements were selected along the x-y axis (see numbers 1-9 in blue illustrated 

in the FE model above) and the maximum principal strain and flu id  velocity in 

these elements developed under an applied strain o f 10% are plotted in the 

mechanoregulation diagram (see numbers 1-9 in blue). The shaded area 

illustrates the range o f stimuli developed during cyclic loading up to a 

maximum flu id  flow  and strain in these elements, and passes through the 

cartilage differentiation region. The strain in the scaffold is predicted to be 

higher than actual cellular strains (see Section 9.5.1) o f  -2%  calculated by 

Stops et al. (2007). Cellular strains and developed flu id  flow  result in stimuli 

predicted to induce chondrogenic differentiation, as denoted by ‘X ’ (Adapted 

from  Prendergast et al., 1997).
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9.5.1 Cell attachment and cellular strain

Analysis of M SC attachment within the collagen-GAG scaffold revealed that 

the cells attached randomly and adapted various morphologies. Quantitative 

analysis revealed that 76% of the cells attached to more than one strut, with 

24% attaching to one strut only. Depending on how the cells are attached 

within the scaffold it is likely that (i) the strains they do experience are lower 

than the applied global strain and (ii) that there is a large degree o f variability 

of strain experienced.

In a collaborating project with the National University o f Ireland, Galway, the 

cellular attachment and cell-m ediated contraction results presented in this 

thesis have been implemented into m icro-architecture computational analyses 

of the collagen-GAG scaffold to calculate precise cellular strains upon 

deformation o f the scaffold (Stops et al, 2007a; Stops et a i ,  2007b). The 

results from these models predicted that cells attached to only one strut in the 

collagen-GAG scaffold were exposed to negligible strain under an applied 

global strain of 10%, whereas cells attached to more than one strut were 

strained by approximately 2% (Stops et al., 2007b). As, three-quarters of the 

MSCs were observed to attach to more than one strut in the scaffold (see 

Section 6.3, Chapter 6) this indicates that a high percentage o f cells were 

exposed to strains o f -2%  when subjected to cyclic tensile loading in the 

bioreactor. W ith cellular strains of 2% and an average fluid velocity of 1.75 

|am/s as illustrated in Figure 9.4, these results corroborate the 

mechanoregulation model of Prendergast et al. Applied global strains of 5%  

have previously been demonstrated to regulate chondrocyte matrix synthesis 

(Bonassar et al., 2001; Demarteau et al., 2003b), which further corroborates the 

hypothesis that cellular strains are one o f the main driving stimuli that 

regulated the chondrogenic differentiation process during dynamic loading.
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9.6 Involvement of MAPK and PI3-kinase in TGF-pi and 

IGF-l-induced Chondrogenic Differentiation

The objective of Chapter 8 was to investigate the involvement of the MAPK 

and PI3-kinase signalling pathways in TGF-pi and IGF-l-induced 

chondrogenic differentiation of adult rat MSCs, in 2D on plastic and in the 3D 

collagen-GAG scaffold. The synthesis of collagen II and GAG demonstrated 

that both growth factors induced chondrogenic differentiation in the MSCs in 

2D under static culture conditions. This permitted intracellular signalling to be 

investigated. As intracellular signalling pathways are involved in 

mechanotransduction processes, and as mechanical stimulation can induce 

endogenous production of growth factors, this study provides an insight into 

some intracellular processes that may be involved in the mechanoregulation of 

MSC differentiation.

9.6.1 MAPK involvement in TGF-pi signalling in 2D

The results presented in Chapter 8 show that TGF-pi-induced chondrogenic 

differentiation in 2D is regulated by p38, and not ERKl/2. Inhibition of the 

p38 pathway resulted in reduced GAG and collagen II synthesis. p38 

involvement in chondrogenic differentiation has been consistently reported in 

many studies that have used not only the TGF-pi growth factor to induce 

chondrogenic differentiation, but BMP-2, GDF-5 and IGF-1 (Nakamura et al., 

1999; Oh and Chun, 2003; Tuli et a l ,  2003).

Opposingly, results show that the inhibition of ERK l/2 in TGF-pi-treated 

samples did not significantly affect GAG or collagen II synthesis, indicating 

that it was not involved in the chondrogenic differentiation process in this 

system. ERKl/2 is a more controversial regulator in growth-factor-induced 

chondrogenic differentiation in that positive and negative effects have been 

demonstrated by different researchers. Similar to the result presented, Lee JW 

et al. (2004) found that ERKl/2 did not effect aggrecan gene expression in an 

alginate bead system involving TGF-P3 treatment. However, they did find that 

ERKl/2 inhibition downregulated collagen II gene expression. Similarly, Tuli
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et al. (2003) found that E R K l/2  inhibition suppressed the expression of 

aggrecan, collagen II and sox9 genes in T G F-P1-treated human trabecular 

bone-derived MSCs.

9.6.2 PI3-kinase involvement in TGF-pi signalling in 2D

The PI3-kinase pathway is often implicated in insulin or IGF-1 induced 

chondrogenic differentiation. However, the author did not find any references 

in literature that investigated a link between the TGF-P growth factor and the 

PI3-kinase pathway. The results presented in Chapter 8 show that the PI3- 

kinase pathway was not involved in TGF-P 1-induced chondrogenic 

differentiation of MSCs in 2D, as inhibition of it did not alter GAG synthesis.

9.6.3 MAPK involvement in IGF-1 signalling in 2D

Both members of the M APK pathway, E R K l/2  and p38 were found to be 

involved in IGF-1 induced chondrogenic differentiation, in the presence and 

absence of dexamethasone. p38 was found to be a potent regulator of the 

differentiation process and inhibition of this pathway resulted in reduced GAG 

synthesis. W hat was unexpected in this study was that the involvement of 

E R K l/2  appeared to be dependent on the presence or absence of 

dexamethasone. In the absence of dexamethasone, E R K l/2  inhibition 

demonstrated a modest decrease in GAG. However, in the presence of 

dexamethasone E R K l/2  inhibition drastically reduced GAG synthesis to 

control levels. No reports are available in literature to explain a possible link 

between dexamethasone and E R K l/2  in IGF-1 signalling. Interestingly, 

dexamethasone did not affect E R K l/2  signalling in TGF-P 1 cultures. Further 

work would need to be carried out to determine the exact effect of 

dexamethasone on IGF-1 treated M SCs. Similar to TGF-P-induced 

differentiation, the involvem ent of E R K l/2  in IGF-1-induced chondrogenic 

differentiation is som ewhat controversial in literature. However, the findings 

in this thesis compare to the work of Nakajima et al. (2004), who reported 

suppressed chondrogenic differentiation in IGF-1-treated ATDC5 cells upon 

inhibition of both the E R K l/2  and p38 pathways in terms of gene expression



for aggrecan, type II and type X collagen, and GAG synthesis. On the other 

hand, it has also been postulated that E R K l/2  is a negative regulator in IGF-1 

signalling, as inhibition o f this pathway has resulted in increased collagen II 

and GAG synthesis (Oh et a i ,  2000; Oh and Chun, 2003; Starkman et al., 

2005).

9.6.4 PI3-kinase involvement in IGF-1 signalling in 2D

The results clearly demonstrate a role for the PI3-kinase pathway in IGF-1- 

induced chondrogenic differentiation. Inhibition of this pathway in the 

presence and absence of dexamethasone inhibited the chondrogenic 

differentiation of MSCs, as assessed by GAG and collagen II synthesis. This 

result is consistent with a number of published reports in literature in terms of 

PI3-kinase involvement (Hidaka et al., 2001; Oh and Chen, 2003; Starkman et 

al., 2005). Interestingly, Oh and Chun (2003) found that E R K l/2  and p38 was 

regulated by the PI3-kinase pathway in chick limb bud M SCs in micromass 

culture, as LY294002 treatment to inhibit PI3-kinase involvement enhanced p- 

E R K l/2  and suppressed p-p38 expressions. However, the results presented in 

this study are the first to demonstrate the involvement of the PI3-kinase 

pathway in adult MSCs, undergoing chondrogenic differentiation.

As previously discussed, the Akt molecule is downstream of PI3-kinase (see 

Section 2.4.3), and is activated upon recruitment to the plasm as membrane. 

The active form of Akt detaches from the membrane and relocates to the 

nucleus (Ananthanarayanau et al., 2005). Upon investigating the presence and 

location of p-Akt using confocal microscopy, significantly elevated levels of p- 

Akt was evident in the nucleus of IGF-1 treated M SCs cultured for 14 days, 

compared to untreated controls (see Figures 8.14 and 8.15, Chapter 8). As the 

Akt molecule is downstream of PI3-kinase, the author hypothesised that 

inhibition of this pathway would result in suppressed Akt phosphorylation in 

the nucleus of the cells. Upon treatm ent with LY294002 to inhibit the PI3- 

kinase pathway, p-Akt nuclear staining was no longer evident. This result is in 

agreement with the findings of others. In chick limb bud mesenchymal stem 

cells Oh and Chun (2003) found elevated p-Akt levels in W estern Blots in IGF-
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1-induced chondrogenic differentiation which was blocked upon treatm ent with 

the PI3-kinase inhibitor, LY294002. However, they did not analyse the 

location within the cell where the p-Akt was active. In 2006, Xuan Nguyen et 

al. demonstrated the translocation of p-Akt to the nucleus of the cell upon 

growth factor stimulation in P C -12 neuronal cells. Additionally, they 

demonstrated that this translocation was regulated by the PI3-kinase pathway. 

However, to the author’s knowledge, no study has previously investigated the 

location o f p-Akt, and possible translocation of it from the cell m em brane to 

the nucleus with respect to PI3-kinase signalling in IG F-1-induced 

chondrogenic differentiation of MSCs. As p-Akt is accumulated in the nucleus 

and is mediated via the PI3-kinase pathway, this demonstrates a direct pathway 

by which IGF-1 treatm ent can result in the activation of transcription factors in 

the nucleus to result in an increase in GAG and collagen II synthesis. 

Therefore it can be concluded that IGF-1 treatment regulates chondrogenic 

differentiation via the PI3-kinase pathway by activation, and the likely 

translocation o f the p-Akt m olecule from the cell membrane to the nucleus.

9.6.5 Interactions of dexamethasone and the PI3-kinase pathway

Unlike other studies which report normal cell morphology observed with 

concentrations as high as 10 |iM  and 25 )xM of the PI3-kinase inhibitor 

LY294002 (Hidaka et al., 2001; Oh and Chun, 2003), the adult rat MSCs used 

in this study were very sensitive to high concentrations of the inhibitor, 

especially as they were exposed to it over a period of 14 days. The highest 

concentration of the PI3-kinase inhibitor that could be used over this time 

period was 5 |iM. However, this concentration did induce apoptosis in a small 

num ber of control samples. This cell death was not observed in cells exposed 

to 5 }iM LY294002 in the presence of IGF-1, indicating that an IGF-1-induced 

antiapoptotic m echanism  may have been invoked. The antiapoptotic actions of 

IGF-1 have been previously reported to occur in cells challenged to different 

apoptotic stimuli, and m ay be directed through the Akt signalling pathway 

(Chrysis et al., 2005). It was previously discovered in an in vivo rat study that 

IGF-1 counterbalances glucocorticoid-m ediated growth retardation and
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resulted in an increase in body weight in dexam ethasone-treated animals 

(Tomas et a i ,  1992).

W hen dexamethasone was added to IGF-1 treated cultures in the presence of 

the 5 |iM  LY294002, observed cell death was more prominent. It is reported 

that dexamethasone inhibits chondrogenic differentiation in ATDC5 cells in a 

concentration-dependent m anner via the PI3-kinase pathway (Fujita et al., 

2004). Additionally, dexamethasone is reported to reduce proliferation and 

increase apoptosis in a concentration dependent m anner in the human 

chondrosarcom a cell line, HCS-2/8 (Chrysis et al., 2005). In these studies, 

dexam ethasone was found to inhibit phosphorylation of the Akt molecule 

(Fujita et al. 2004; Chrysis et ah, 2005). Therefore in the work presented in 

this thesis there may be a combined effect when dexamethasone is added to 

cultures in the presence of 5 |iM  LY294002, which the IGF-1 growth factor 

cannot overcome. Further studies need to be carried out to determine the 

m echanism s underlying dexametha.sone induced apoptosis in the presence of 

the higher concentration of the PI3-kinase inhibitor.

9.6.6 Involvement of p38 and PI3-kinase in growth-factor induced 

chondrogenic differentiation in the coIIagen-GAG scaffold

In the 2D environment, p38 was clearly involved in TGF-(31-induced 

chondrogenic differentiation, and the PI3-kinase pathway was clearly involved 

in IGF-1-induced chondrogenic differentiation. Therefore, these two pathways 

were investigated with respect to each growth factor as indicated above in the 

3D environm ent to determine if similar patterns of intracellular signalling were 

involved. The main comparisons between the 2D and 3D environm ents are (i) 

cellular morphology and (ii) the substrate to which the cells adhere to. The 

results presented in Chapter 8 demonstrate that both the TG F-pi and IGF-1 

growth factors resulted in the induction of chondrogenic differentiation of the 

M SCs in the collagen-GAG scaffold as demonstrated by an increase in the rate 

of G A G synthesis. The involvement of p38 in TG F-pi-induced differentiation, 

and PI3-kinase in IGF-1-induced differentiation, was dem onstrated as addition 

of the specific inhibitors to block these pathways resulted in significant
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reductions in the rate of GAG synthesis in the differentiating MSCs. Similarly, 

Starkman et al. (2005) investigated the involvement of the PI3-kinase pathway 

in IGF-1 treated adult human chondrocytes in monolayer and in alginate. They 

found that by inhibiting the PI3-kinase pathway with 25 |j.M LY294002, a 

significant reduction in IGF-1-induced [^^S] sulphate incorporation was 

obtained compared to the IGF-1 only group, for both the 2D and 3D 

environments. However, this is the first time that it has been shown that 

similar pathways are involved in the growth factor-induced chondrogenic 

differentiation of adult MSCs in monolayer and in a collagen-GAG scaffold. 

This demonstrates that monolayer studies are good models to study 

intracellular signalling, and that this can be transferred to 3D models to 

investigate the effects of cell morphology and biomaterial interactions. The 

results obtained have significance for future studies investigating downstream 

signalling pathways involved in the mechanoregulation of chondrogenic 

differentiation in the collagen-GAG scaffold.

9.7 Conclusion

The importance of cyclic loading and scaffold contraction during the 

chondrogenic differentiation of MSCs in a collagen-GAG scaffold has been 

demonstrated in this thesis. When constructs are clamped uniaxially, and 

cultured statically, contraction of the scaffold is impeded and this results in a 

significant reduction in the rate of GAG synthesis. It has been demonstrated in 

this thesis that mechanical loading may be an important regulator in the 

chondrogenic differentiation of MSCs, as an increase in GAG synthesis was 

achieved in constructs subjected to 10% cyclic strain at 1 Hz. A mechanism 

by which the cells perceived and transduced the mechanical stimulus was also 

presented. The involvement of stretch-activated ion channels was investigated 

for their role in the mechanotransduction process, and inhibition of this 

pathway resulted in a reduction in the rate of GAG synthesis during loading. 

Analysis of the magnitudes of biophysical stimuli developed within the 

scaffold during loading correlate well to previously reported stimuli that have 

been shown to invoke the chondrogenic differentiation in MSCs. The findings 

of this thesis corroborate the idea that a combination of fluid flow and strain
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directed the m echanoregulation of MSCs in the scaffold, and supports the 

computational work on this subject (Byrne et al., 2006; Kelly et al., 2006).

As collagen matrices are now under investigation in M ACl techniques 

(M arlovitis et a l ,  2005) and researchers are now looking towards the use of 

MSCs in the repair o f cartilage defects (see Kuroda et al., 2006), the work 

presented in this thesis shows that such m aterials are suitable to support the 

chondrogenic differentiation of MSCs. The negative effect of clamping 

scaffold, which is analogous to the gluing or suturing of matrices into defects 

has been demonstrated. Thus, the author proposes that the preculturing of such 

collagen m atrices is required prior to implantation to allow for cell-mediated 

contraction to take place, and for m axim um  cell synthesis to be achieved. The 

m echanoregulation of M SC differentiation through dynamic loading 

demonstrated the m echanoresponsiveness o f these cells, and permitted 

investigations into the m echanotransduction pathways involved. Additionally, 

the positive role o f mechanical stimulation demonstrates that physiological 

loading o f such matrices post-im plantation in vivo is likely to induce similar 

positive effects on differentiation and matrix synthesis.

The results from the intracellular biochemical signalling m echanism s involving 

TG F-pi and IG F -1-induced chondrogenic differentiation show that the cells 

differentially regulate chondrogenic differentiation depending on the cues they 

are provided with, even though each growth factor ultimately leads to collagen 

II and GAG synthesis. By using inhibitors to block specific pathways the 

involvement o f p38, ERK and PI3-kinase have been differentially identified for 

each growth factor investigated. The significance of investigating the 

involvement of intracellular signalling pathways in both 2D and 3D is 

important for future work involving investigations into downstream  signalling 

mechanisms linked to m echanotransduction pathways in mechanoregulation 

experiments.

Figure 9.5 recaps the signalling pathways that were found to be involved in the 

chondrogenic differentiation process investigated in this thesis as a result of 

mechanical stimulation or growth-factor treatment. It also proposes some other 

possible intracellular signalling pathways that may also be involved in the 

m echanotransduction process based on signalling pathways reported in
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literature for M SCs, chondrocytes and other cell types (see asterisks and 

dashed lines in Figure 9.5). As TG F-pi was added to the mechanically- 

stimulated M SC-seeded collagen-GAG scaffolds, analysis of intracellular 

pathways related to T G F-pi-induced differentiation was important to gain a 

better understanding of some signalling pathways involved in the chondrogenic 

differentiation of MSCs. This is also relative to m echanotransduction as cyclic 

loading has previously been shown to induce the synthesis of endogenous 

levels o f growth factors (e.g. TGF-P by Huang et al., 2004a). It is possible that 

IGF-1 could also be stim ulated in cells due to cyclic loading, however this 

would need to be verified. Stretch-activated ion channels perm it the entry of 

calcium  into cells and calcium  has been demonstrated to activate the M APK 

and PI3-kinase pathways (Danciu et al. 2003; Liedert et al., 2006). Therefore, 

analysis of the involvem ent of the M APK and PI3-kinase pathways in the 

MSCs in 2D and 3D environm ents has provided an insight into possible 

intracellular signalling pathways that may be activated during chondrogenic 

differentiation upon application of mechanical stimulation to M SC-seeded 

collagen-GAG scaffolds.

This thesis has provided new knowledge on the mechanoregulation of MSCs 

undergoing chondrogenic differentiation in a collagen-GAG scaffold and the 

biophysical stimuli that regulated such processes. Investigations into cell 

signalling has provided new knowledge about processes involved in governing 

differentiation. Additionally, the results presented in this thesis provide new 

information on cellular contraction and the importance of it for MSC 

differentiation. This has led the author to suggest some changes that may 

enhance the success of M ACI techniques in the clinical repair of articular 

cartilage defects.
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Figure 9.5: Cell signalling mechanisms investigated in MSCs subjected to 

mechanical stimulation and growth-factor-induced chondrogenic 

differentiation. Stretch-activated ion channels were involved in the cyclic 

loading-induced chondrogenic differentiation (see blue line). These channels 

are permeable to Câ ~̂  ions which have the potential to regulate many 

intracellular signalling processes. TGF-fil treatment invoked activation o f the 

p38 in the MAPK pathway, but not ERKI/2 or the PI3-kinase pathway (see 

green lines). IGF-1 treatment invoked activation o f both p38 and ERKl/2 in 

the MAPK pathway and the PI3-kinase pathways (see orange lines). Some 

other signalling pathways or mechanisms that may be involved are presented 

(see asterisks and dashed black lines). As proposed by El Haj et al. (1999), the 

in itia l calcium influx through stretch-activated ion channels may result in the 

activation o f L-type and T-type voltage gated calcium channels, which results 

in elevated intracellular calcium which can control many cell responses. 

Other mechanotransducers in the cell membrane such as integrins may also be 

involved in the mechanoregulation o f chondrogenic differentiation o f MSCs 

and could also potentially activate a range o f intracellular pathways as 

indicated.
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10.1 Main Results

The aim of cartilage tissue engineering is to generate repair tissues, or new 

procedures and techniques, to aid in the restoration of the tissue in vivo. The 

work presented in this thesis demonstrates that collagen-GAG scaffolds are 

suitable for the chondrogenic differentiation of MSCs. From this thesis, it is 

clear that cells need to reshape their local environm ent to achieve maximum 

synthesis. Therefore, this thesis proposes that a period of preculturing should 

take place prior to implantation to allow for cell-m ediated contraction to occur 

prior to fixation into defects. This is the also the first study to show that the 

chondrogenic differentiation of M SCs may be m echanoregulated in collagen- 

GAG scaffolds. A custom -designed multistation bioreactor was fabricated to 

apply cyclic tensile strain to the collagen-GAG scaffold. The physiological 

loading regime applied biophysical stimuli that have previously been 

demonstrated to positively affect matrix synthesis in chondrocytes, as 

demonstrated in the poroelastic FE model. This applied loading regime 

resulted in an increase in the rate of GAG synthesis, demonstrating that the 

chondrogenic differentiation of M SCs could be regulated in the collagen-GAG 

scaffold, and that stretch-activated ion channels were involved in this process. 

This has implications for the developm ent of future bioreactors that will 

investigate chondrogenic differentiation o f MSCs in collagen matrices.

10.2 Future Work

Future work should address the limitations indicated in this thesis. One 

technical downfall was the seeding efficiency achieved with the static seeding 

technique used to seed the M SCs into the scaffold. Results showed that only 

-50%  of the cells attached to the scaffold. The developm ent of new seeding 

techniques should be investigated to increase the cell density, and the 

hom ogeneity of the cells within the scaffold. For example, the use o f a 

perfusion system, or a higher cell density in a smaller seeding volume may 

achieve better results.
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The spontaneous chondrogenic differentiation in both 2D and 3D environm ents 

warrants further investigation. The use of a serum -free m edium  during 

differentiation would initially demonstrate whether or not the presence of 

unspecified growth factors in the serum is causing this effect. If the scaffold is 

interacting with the cells and inducing cellular responses, then this could be 

further investigated to achieve maximum interactions.

From the results presented in this thesis, it is clear that scaffold contraction is 

crucial to achieve maximum cell synthesis. Previous researchers have 

identified a role for a-SM A in chondrocyte and M SC-m ediated contraction of 

the collagen-GAG scaffold (Lee CR et a l ,  2000; Kinner et al., 2001; Kinner et 

al., 2002). Treatm ent with TG F-pi was also shown in increase both a-SM A 

content and the degree of contraction in the matrices. Additionally, TG F-pi 

has been shown to increase the a2(31 integrin in osteoblasts which greatly 

increase collagen gel contractions (Riikonen et al., 1995). Investigations into 

the presence o f specific integrins at the cell m em brane for attachm ent to 

ligands in the scaffold, and a-SM A  in the cells would provide a better 

understanding of the mechanisms underlying the M SC-m ediated contraction in 

this model, and the author recom mends that this research be carried out in the 

next step in this work.

The main results presented in this thesis demonstrate the effects o f mechanical 

constraint and mechanical stimulation on chondrogenic differentiation. As 

proposed in Chapter 9, the best approach may be to culture constructs prior to 

implantation to allow for cell-mediated contraction to take place. Additionally, 

as the application of cyclic loading significantly increased GAG synthesis in 

the model used in this thesis, it is also possible that the application of dynamic 

loading to matrices as they undergo cell-mediated contraction would result in 

great chondrogenic response. As it would be technically difficult to design a 

device to apply tensile forces to dynamically changing constructs, it is likely 

that dynamic compressive loading would also induce sim ilar biophysical 

stimuli to increase differentiation and matrix synthesis in the MSCs. These 

constructs could then be implanted into cartilage defects in animal models to 

assess the integration and quality of tissue developed, as a result of applying 

the dynamic loading in vitro prior to implantation.
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In addition to this, sim ultaneous work could be carried out to further 

investigate m echanotransduction pathways that are active in the model. The 

involvement o f integrins could be assessed by culturing constructs in the 

presence of a peptide that would compete for specific integrins (see 

Chowdhury et al., 2004). Additionally, intracellular signalling pathways that 

are activated downstream  of stretch-activated ion channels are o f interest to 

determine the exact m echanism s which lead to changes in matrix synthesis.

The work presented in this thesis has uncovered some interesting aspects in 

relation to the chondrogenic differentiation of MSCs in a collagen-GAG 

scaffold, and contributes to the field o f tissue engineering. Further work in this 

area has the potential to investigate more aspects o f stem cell mechanobiology 

and m echanotransduction, which has implications for cartilage tissue 

engineering approaches.
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