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ABSTRACT
The repair of damaged adult tissue is achieved by the production of scar tissue. Irregular 

healing can lead to hypertrophic scarring, where the healed scar continues to contract 

after wound closure, producing ‘scar contracture’. Current understanding of mechanisms 

leading to both wound contraction and scar contracture are limited. This study aimed to 

investigate and modify early phase cell-matrix attachment and contraction mechanisms, 

using a 3-dimensional in vitro model of wound contraction, the Culture Force Monitor 

(CFM).

Three areas of research were pursued:

Firstly, cell-matrix interaction and contraction was manipulated using neutralising 

antibodies, synthetic peptides and specific protein depleted sera. As well as the CFM, 

effect of such modifications were monitored by observing changes in cytoskeletal 

proteins, using confocal microscopy. Secondly, effect of the potent cytokine, TGFpi, on 

early phase contraction was tested. TGFpi related changes in cellular morphology and 

integrin expression were also monitored. The final part of the study used Photodynamic 

Therapy (PDT) to manipulate cell-matrix attachment and subsequent contraction. Drug 

dose, wavelength and time of irradiation was optimised using a cell viability assay, to find 

conditions that were minimally toxic to fibroblasts. Contraction was then monitored using 

untethered (free floating) and tethered (CFM) gels.

Results suggest a sequential role for fibronectin, vitronectin, and collagen mediated 

attachment during fibroblast-mediated contraction. Studies have shown that TGFpi may 

promote early granulation tissue contraction, by directly upregulating specific integrin 

expression. Data shows that PDT successfully reduced cell-matrix attachment and 

contraction, and thus, may be of value in an in vivo situation.

Mechanisms through which contraction may be controlled are discussed. In order to 

potentially regulate the process of collagen contraction in tissue repair or in tissue 

engineering, and to formulate potential therapeutic regimes to control scar contracture, it 

would seem that clinical intervention is required at a very early stage.
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1.0 INTRODUCTION
1.1 Wound Healing

Accidental or surgical injury to tissue triggers a spontaneous repair response by the body 

(Ehrlich and Krummel, 1996). This tightly regulated process involves the active 

interaction of fibroblasts and the extracellular matrix, and is critical in constituting a 

normal healing response (Gailit and Clark, 1994). Such repair of lost or damaged adult 

tissue is achieved by the production of scar tissue, and is vital for body homeostasis 

(Tranquillo et al. 1992; Ehrlich and Krummel, 1996). Functional abnormalities or 

dysregulation of this fibroproliferative response can lead to fibrotic diseases (Clark,

1995). The outcome being nonhealing wounds or excessive fibrosis, the latter causing 

cosmetic disfigurement and anatomical dysfunction, in particularly severe cases (Rudolph 

et al. 1992; Mutsaers et al. 1997) (Figure 1).

1.2 Fibrotic disorders

Hypertrophic scars and keloids are examples of pathological wound healing caused by 

excessive collagen deposition and generally lead to extreme scarring (Ehrlich and 

Krummel, 1996). It is thought that this response is fibroblast mediated (Ehrlich, 1988; 

Sauer and Hall, 1996). Conversely, chronic leg ulcers and diabetic disorders are attributed 

through a deficiency in granulation tissue deposition, resulting in impaired wound healing 

(Mast, 1992; Ehrlich and Krummel, 1996).

1.3 Treatment of fibrotic disorders

Manipulation of fibrotic disorders including keloids, hypertrophic scarring and chronic 

venous ulcers has involved the use of a variety of treatments. All have aimed to produce a 

wound environment that generates optimal healing (Mast, 1992).

For example, regulation of scar formation after bum injuries often involve the use of 

compression garments and bandages. Hypertrophic disorders have also been treated by 

increasing the rate of collagen degradation through the use of enzymes (Asmussen and 

Sollner, 1993). Exercise, providing a full range of motion to the newly forming scar 

tissue, can help prevent contracture by enhancing collagen remodelling and generating a 

non-rigid scar (Rudolph et al. 1992). Other methods including, laser removal,
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cryosurgery, or surgical removal of proliferated keloids fbllov^ed by the application of 

compression bandages have shown promising results (Asmussen and Sollner, 1993).

Large deep defects often require assistance in healing, occlusive dressings which create an 

environment that promotes the increased migration of epidermal cells into the wound 

space can be used (Kirsner and Eaglstein, 1993; Ehrlich and Krummel, 1996). Skin 

grafting may also be employed, here the time taken for the graft to ‘take’ replaces the 

average time taken for a wound to heal (Ehrlich and Krummel, 1996). More recently 

dermal equivalents mimicking skin have been used to speed up the healing process 

(Yannas, 1990; Gaüit and Clark, 1996; Integra Life Science Corporation, 1996; 

Mansbridge, 1998).
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Figure 1. Abnormal wound healing response.

A. Hypertrophic scarring:

Excessive scar contracture has drawn the chin close to the chest. As well as horrific 

scarring the patient has restricted head mobility.
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B. Scarring after bums:

Following a burn injury, scar contracture around the elbow area has immobilised the 

patient’s joint.

C. Keloid:

Certain patient groups respond to injury and generate a proliferated tumour-like scar 

called a keloid. It is thought that this is down to a genetic predisposition.
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1.4 Cellular wound healing

Cutaneous wound healing involves an elaborate dynamic interaction of parenchymal cells, 

cytokines and extracellular matrix molecules (Kirsner and Eaglstein, 1993; Gailit and 

Clark, 1996; Mutsaers et al. 1997) (Figure 2). The process of wound healing, has for 

many years been divided into 3 major phases: inflammatory phase, migratory and 

proliferative phase, and the remodelling phase (Kirsner and Eaglstein, 1993; Clark, 1995; 

Ehrlich and Krummel, 1996; Wong et al. 1996). Although theoretically these events are 

individually defined, in reality their occurrence tends to overlap to varying degrees 

(Asmussen and SoUner, 1993; Wong et al. 1996) (Figure 3).
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Figure 2. Factors mediating wound healing

Upon injury: (1) Blood coagulation and platelet degranulation, with the release of PDGF 

and TGFp (2). These growth factors attract macrophages to the wound site, which 

phagocytose necrotic debris (3). In the epidermis: (4) PDGF activates basal epithelial 

cells, these cells also respond in an autocrine and paracrine fashion to EGF and IGF’s (5), 

some of which are derived from dermal contractile fibroblasts (6). (7) Nutrients, oxygen, 

circulating hormones and growth factors difiusing from blood vessels (including insulin, 

thyroxine, IGF-1 and IGF-2), and EGF from saliva (8) (if the wound is licked) all 

stimulate epidermal growth. (9) In the dermal layer PDGF and TGFp stimulate dermal 

contractile fibroblasts proliferation. (10) TGFp further stimulates these cells to synthesise 

collagen and fibronectin. Fibronectin enhances the migration of dermal contractile 

fibroblasts (11) and epithelial cells in the epidermis (12). (13) Angiogenic factors (not 

shown) stimulate migration and proliferation of new blood vessels into the area.

(taken from Underwood, 1996).
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Figure 3. Time course of wound healing

Although the several stages involved in wound healing are individually defined, in reality 
they tend to overlap to a certain extent. Illustrated here is an estimate of the time 
relationship between the several stages of healing, over a 25 day period.

1. vascular response
2. blood coagulation
3. inflammation

4. formation of new tissue
5. epithelialisation
6. contraction

After contraction, ftjrther collagen synthesis and remodelling may continue for several 
weeks, months or even years, depending on the extent and depth of the wound.

(taken fi*om Asmussen and So liner, 1993).
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1.4.1 Phasel: Inflammation

The inflammatory phase of wound healing is triggered by tissue injury (Wong et al.

1996). Inflammation is comprised of an early and late phase, where initially neutrophils 

and subsequently monocytes (later transformed into macrophages), predominate (Clark, 

1995, Martin, 1997, Mutsaers et al. 1997). The early inflammatory phase involves blood 

coagulation and platelet aggregation (induced by fibrinogen, fibronectin and 

thrombospondin adhesion proteins). These result in the formation of a fibrin-rich clot, 

which fills in the wounded tissue, and acts as provisional matrix for cell migration 

(Kirsner and Eaglstein, 1993; Clark, 1995; Martin, 1997). Simultaneous release of soluble 

mediators and chemotactic factors (eg: PDGF and TGFP) by platelets, induces an influx 

of inflammatory cells into the wound site (Martin, 1997). Activated monocytes transform 

into cytokine synthesising and secreting macrophages, which are responsible for 

phagocytic removal of impaired neutrophils, bacteria and tissue debris, and marks the late 

inflammatory phase (Clark, 1995, Martin, 1997). Macrophage derived growth factors, 

such as TGFp, PDGF, IGF and FGF are essential for the second phase of wound healing, 

that of granulation tissue formation (Kirsner and Eaglstein, 1993; Mutsaers et al. 1997).

1.4.2 Fibroblasts - key players in wound healing.

Following the inflammatory response the fibroblast becomes one of the key cellular 

players in dermal repair (Clark, 1995). Cytokines and other chemotactic factors such as 

TGFp, PDGF, EGF, lGF-1 and FGF released during the inflammatory phase initiate 

fibroblast migration into the wound site (Kirsner and Eaglstein, 1993). Fibroblasts utilise 

fibronectin, and to a lesser extent fibrin and vitronectin as a scaffold to migrate through 

the wound tissue. Once they reach the wound site fibroblast proliferation predominates. 

During this time fibroblasts will secrete cytokines and factors, including TGFp, PDGF, 

bFGF and lGF-1, as well as produce extracellular matrix proteins, fibronectin and later 

collagen (Types 111 and 1) (Wong et al. 1996). Fibroblasts appear early on post-injury and 

numbers remain high until the late stages of repair, when repetitive remodelling ensues, 

finally resulting in a fibrous scar. It is thought that the transition between granulation 

tissue to scar is a result of apoptosis, which serves to decrease cellularity as the wound 

closes, and also serves to prevent pathological scarring (Desmouliere et al. 1995).
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1.4.3 Phase 2(i): Migration and proliferation

1.4.3.1 Epithelialisation

Epithelial cells, specifically kératinocytes in the skin, migrate across the wound a few 

hours after injury. Rapid re-epithelialisation and closure of the wound is vital, as this can 

reduce infection and fatalities (Kirsner and Eaglstein, 1993; Clark, 1995). Approximately 

two days post-injury the epithelial cells begin to proliferate and move inwards from the 

wound margin (Krawczyk, 1971), resulting in the formation of a new epithelium. 

Epithelial cells migration occurs in several ways, including MM? activation (formation of 

a migratory path), changes in the basement membrane zone (normally present laminin and 

collagen type IV, which promote cell adhesion, disappear), the presence of a moist 

environment, chemotactic factors (eg: TGFp) and, or contact guidance (Kirsner and 

Eaglstein, 1993; Clark, 1995).

1.4.3.2 Granulation tissue formation

Granulation tissue formation begins around 4 days post-injury and consists of 

macrophages, fibroblasts, blood vessels and loose connective tissue (Kirsner and 

Eaglstein, 1993; Ehrlich and Krummel, 1996; Mutsaers et al. 1997). The provisional 

fibrin clot, made of fibronectin and f i b r i n  acts as a contact guidance framework and 

encourages granulation tissue formation. It also ensures efficient cell mobility, through 

the presence of hyaluronic acid (Toole, 1991), provides a store for cytokines (Nathan and 

Spom, 1991), and also has the ability to transmit signals directly to the cells, through 

integrin receptors (Damsky and Werb, 1992).

Constant secretion of cytokines by macrophages activates fibroblasts to further release 

cytokines and synthesise, deposit and remodel new extracellular matrix (Welch et al. 

1990). The extracellular matrix in turn regulates fibroblast activity, controlling their 

ability to synthesise, deposit and remodel the extracellular matrix (Grinnell, 1994). This 

dynamic interaction of fibroblasts and extracellular matrix is termed fibroplasia, and 

evolves during granulation tissue development (Clark, 1995).
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1.4.3.3 Fibroplasia

Fibroblasts initially penetrate the fibrin clot present in the wound. The clot consists mainly 

of fibrin, however also contains fibronectin and vitronectin adhesive proteins. It is 

predominantly through use of fibronectin, and to a lesser extent through fibrin and 

vitronectin that the fibroblasts migrate through the wound. Fibroblasts attach to these 

adhesive proteins (ligands) through special cell surface receptors called integrins 

(Ruoslahti, 1991; Hynes, 1992, Stuiver and O’Toole, 1995) (refer to section 1.6.7). As 

well as attachment, cells must also be able to facilitate a proteolytic response, in order to 

enzymatically degrade the fibrin clot and extracellular matrix, thereby creating a pathway 

for migration. Possible contenders for this task include matrix metalloproteinases and the 

plasminogen-derived enzyme, plasmin (Birkedal-Hansen, 1995; Basbaum and Werb, 

1996; Martin, 1997), which are themselves regulated by enzyme specific inhibitors 

(Birkedal-Hansen, 1995; Basbaum and Werb, 1996).

1.4.3.4 Extracellular matrix synthesis

After fibroblast migration ceases the migratory phenotype of the fibroblast changes to a 

proliferative-profibrotic phenotype, where initially fibronectin and later, collagen synthesis 

dominates. This process has been linked to the increased expression of the cytokine, 

TGFp by these cells (Clark et al. 1995; Shah et al. 1995; Martin, 1997). It is known that 

TGFp is a potent stimulator of fibronectin (Ignotz and Massague, 1986; Shah et al. 1995; 

Martin, 1997; Sarkissian and Lafyatis, 1998) and collagen (Kirsner and Eaglstein, 1993; 

Shah et al. 1995) production. Once the wound defect is replaced, the expanding fibroblast 

population stops proliferating and regresses, and ECM remodelling commences (Grinnell,

1994). However, the level of TGFp expression does not decrease (Clark et al. 1995). 

Regression of wound fibroblasts, probably myofibroblasts, is thought to occur through 

programmed cell death (apoptosis), and is probably the mechanism responsible for the 

evolution of granulation tissue to scar (Desmouliere et al. 1995). This down-regulation of 

fibroblast proliferation and collagen synthesis has also been linked to the cytokine 

gamma-interferon (Duncan and Berman, 1985; Granstein et al. 1987; Pittet et al. 1994). 

Furthermore, it has been suggested that such a decrease may also be caused by the 

collagen matrix itself (Grinnell, 1994; Clark et al. 1995), but not by fibrin or fibronectin
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matrix proteins (Clark et al. 1995). It appears that mechanical organisation of the 

collagen tissue can regulate ECM synthesis and remodelling, as well as fibroblast 

proliferation (Grinnell, 1994). Experiments performed using untethered versus tethered 

collagen lattices have shown great variation in ECM synthesis and fibroblast proliferation. 

It appears that in the absence of tension (untethered gels) cell DNA synthesis falls 

dramatically and fibroblasts move into Go (growth arrest) of the cell cycle, hence causing 

cell regression. Collagen synthesis also declines in the absence of tension and this is 

accompanied by an increased release of collagenase, compared to the tethered gel 

counterparts (Grinnell, 1994). Hence, as the collagen tissue begins to relax during the 

transition fi*om granulation to scar tissue (a form of stress-relaxation), cell proliferation 

and collagen biosynthesis declines.

1.4.3.5 Collagen synthesis

Collagen is the primary scar tissue constituent, accounting for 25% of total body protein

(Bell, 1979). 90% of the total body collagen content is present as mature type I collagen

(Asmussen and SoUner, 1993). Synthesis and secretion of this fibrous protein by

fibroblasts occurs in several stages (Tahery and Lee, 1989; Asmussen and SoUner, 1993).

StructuraUy coUagen consists of 3 polypeptide chains which are brought together in the

rough endoplasmic reticulum to form a procoUagen triple heUcal molecule. The terminal

end of the procoUagen is cleaved extraceUularly and yields the precursor tropocoUagen.

Lysyl oxidase crosslinks the tropocoUagen and forms collagen, which aUows for

subsequent wound closure and scar formation (Tahery and Lee, 1989). Type III coUagen

is initiaUy deposited at the wound site. This form predominates in granulation tissue 
and is graduaUy replaced by type I coUagen during the later stages of repair. It is the type 
I collagen, its packing and crosslinking, which provides the increased tensUe strength seen 
in later repair tissues (Clark, 1995; Wong et al. 1996).

1.4.4 Phase 2(ii): Cellular wound contraction

Inflammation and granulation tissue formation both influence the initiation and regulation 

of wound contraction (Clark, 1995). It is thought that wound contraction occurs paraUel 

to granulation tissue formation, and results initiaUy in the deposition of collagen, and later 

other extraceUular matrix molecules (TranquiUo and Murray, 1992). Fibroblasts are the 

predominant ceU type involved in dermal healing (Hebda et al. 1993), and it is thought 

that they are responsible for the force that drives wound contraction (TranquiUo and 

Murray, 1992). They are stimulated to migrate to the site of tissue damage by secreted
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growth factors, and by the influence of extracellular matrix molecules and their fi-agments 

(Bennett and Schultz, 1993; Khaw et al. 1994). The process of migration leads to the 

generation of tractional forces on the substrate (Harris et al. 1980, 1981) resulting in 

wound contraction and closure of the wound (Rudolph et al. 1992; Eastwood et al.

1994). (Wound contraction is discussed further in sections 1.6 and 1.7).

1.4.5 Phase 3: Remodelling

Remodelling constitutes the third phase of wound repair and can last for several months 

resulting in a fibrous scar (Wong et al. 1996). Collagen synthesis continues for several 

months post-injury, during which it is broken down and remodelled repetitively with the 

aid of collagen specific enzymes, including MMPl (interstitial collagenase), MMP2 

(gelatinase) and MMP3 (stromelysin) that degrade collagen types I and III (as well as 

other types) (Clark, 1995; Birkedal-Hansen, 1995).
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1.5 Growth factors in wound healing

Several cell types involved in the wound healing process synthesise and secrete 

polypeptide growth factors (Table 1). These proteins can act on other cells to synthesise 

and secrete factors, as well as stimulating and regulating cell growth, migration, 

proliferation and differentiation (Falanga, 1993). Growth factors may be secreted or 

membrane bound, and exert their action by one of four mechanisms (Figure 4).

Table 1 Summary o f the main growth factors involved in wound healing.

Name Abbreviation Principle effect during wound healing

Basic Fibroblast Growth Factor bFGF Stimulates the migration and proliferation o f  fibroblasts
and epithelial cells. Angiogenesis.

Epidermal Growth Factor EGF Potent mitogen for epithelial cells, stimulates the migration
o f  fibroblasts to the wound site. Re-epithelialisation and 
angiogenesis.

Insulin-Like Growth Factor-I

Platelet Derived Growth Factor

IGF-I Endothelial cells and fibroblast mitogen. Angiogenesis.

PDGF Involved in cell growth and differentiation, PDGF is a
potent mitogen for many cells. It also acts as a chemotactic 
factor for fibroblasts.

Transforming Growth Factor 
Beta

TGFp Stimulates chemotaxis o f  inflammatory cells to wound site.
Profibrotic growth factor stimulating ECM synthesis and 
remodelling by fibroblasts. Inhibits epidermal cell 
proliferation and enhanees epidermal migration.
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Figure 4. Growth factors and their mode of action

ENDOCRINE
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1. Endocrine', stimulation of distant cells by secreted growth factors

2. Paracrine', stimulation of neighbouring/adjacent cells by secreted growth factors

3. Autocrine', stimulation of the secreting cell itself

4. Juxtacrine: membrane bound growth factors acting on adjacent cells

(taken from Bennett and Schultz, 1993).
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1.5.1 TGF-beta and wound healing

TGFp has five isomeric forms, three of which (TGFp 1, 2 and 3) are present in 

mammalian cells (Mutsaers et al. 1997; O’Kane and Ferguson, 1997). It is released by the 

degranulation of platelets upon exposure to thrombin in a latent form (Clark, 1995). 

TGFp can be stored away in this quiescent form until required, providing an extracellular 

reservoir of the cytokine, which is easily accessible. However, it is unable to bind and 

activate its respective receptors until it is itself activated. This is thought to occur by a 

number of mechanisms. An acidic environment, for example can initiate the activation of 

TGFp or the exposure of its receptor binding site via a conformational change, which 

occurs when TGFp binds to certain matrix proteins (eg: thrombospondin) (Clark, 1995). 

TGFp can also bind, and be stored as a complex in its active form, to extracellular 

proteins such as decorin, which in turn serve to regulate its fimction (Border et al. 1992).

Once activated, TGFp exerts its effect throughout the whole cascade of wound healing 

exhibiting a broad range of activity which effects various cell types (Clark, 1995) (Figure 

5). During wound healing TGFp is released into the repair tissue, in particular TGFpl 

and 2. These are known to promote the recruitment of fibroblasts and deposition of 

collagen, both by increasing synthesis and decreasing its breakdown (Reed et al 1994; 

Chegini, 1997; O’Kane and Ferguson, 1997). The effect of TGFp on extracellular matrix 

is significant compared to any other cytokine, and is paramount to maximising maturation 

and strength of the wound (Ferguson, 1994; Shah et al. 1994, 1995; Clark, 1995; O’Kane 

and Ferguson, 1997).
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Figure 5. Transforming Growth Factor-beta:

Involvem ent throughout the wound healing cascade.
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TGFp displays a broad range of activity throughout the wound healing cascade. Its mode 

of action is varied, affecting several cell types by stimulating them to further produce 

other factors (including TGPP).

Kamaljit Kaur SethL PhD. Thesis 1999. 36



1.5.2 TGF-beta-1 and wound healing

In adult wound fluid approximately 85% of this cytokine is present in the pi isomeric 

form (Ferguson, 1994; Clark, 1995; O’Kane and Ferguson, 1997). TGFpi is 

predominantly synthesised and secreted by platelets and macrophages (Martin, 1997; 

Mutsaers et al. 1997) and is a potent mitogen for flbroblasts, increasing their migration, 

proliferation and ECM synthesising and remodelling ability (Reed et al 1994; Chegini, 

1997; Martin, 1997; Mutsaers et al. 1997). After injury TGFpl is expressed continuously 

at high levels throughout the whole cascade of adult wound healing (Martin, 1997). 

However, in embryonic healing TGFpl is expressed at much lower levels, hence eliciting 

a much reduced inflammatory response. It is thought that this correlates to the absence of 

scarring observed in foetal injury compared to adult injury (Whitby and Ferguson, 1991; 

Martin, 1997). TGFpi is one of several cytokines capable of stimulating the phenotypic 

transformation of fibroblasts into contractile myofibroblasts (Desmouliere et al. 1993; 

Jester et al. 1996; Masur et al. 1996). Again, in foetal scar-fi’ee healing no such 

phenotypic change appears to take place (Martin and Lewis, 1992; McCluskey and 

Martin, 1995; Martin, 1997), this may possibly be due to low levels of circulating TGFpl.

1.6 Wound Contraction - processes involved

Wound contraction involves the interaction of the cytoskeleton, integrins and 

extracellular matrix proteins. This tightly regulated process is initiated by the action of 

fibroblasts. Influential factors including growth factors, extracellular matrix molecules and 

their fragments stimulate these wound repair cells to move to the site of tissue damage 

(Bennett and Schultz, 1993; Khaw et al. 1994). This cellular migration leads to the 

generation of tractional forces on the substrate (Harris et al. 1980, 1981) resulting in 

wound contraction and closure of the wound (Rudolph et al. 1992; Eastwood et al.

1994).

1.6.1.1. Cellular migration

Cell migration plays a fundamental role in the process of wound healing and contraction 

(Huttenlocher et al. 1996; Laufienburger and Horwitz, 1996). It can be viewed as a 

repetitive cycling event that consists of membrane extension and attachment, cytoskeletal 

contraction and rear end detachment (Laufienburger and Horwitz, 1996; Palecek et al.
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1998). Cell surface adhesion molecules are central to migration, forming a dynamic link 

between the cyto skeletal motile apparatus of the cell and the extracellular matrix 

(Huttenlocher et al. 1995). Conformational change of the cell receptor occurs upon its 

attachment to the extracellular matrix. This alters the cytoskeleton which in turn causes 

morphological polarisation of the cell and consequently initiates the formation of cellular 

protrusions, necessary for cellular migration (Cheresh, 1992; Chapman, 1997). Evidence 

supporting two differing mechanisms by which these directional protrusions form have 

been subject to controversy. One theory suggests that these directional protrusions are 

generated by the treadmilling effect of actin polymerisation and depolymerisation (actin 

flow) (Lauffenburger and Horwitz, 1996; Welch et al. 1997), where as the second 

hypothesises a tensegrity model, involving mechanotransducers (Ingber, 1993, 1997). 

Whichever theory is accepted, it is proposed that both lead to attachment, and initiate 

forward cell movement (traction) on the extracellular matrix, and that such tractional 

forces are responsible for driving the contraction process (TranquiUo et al. 1992; 

Huttenlocher et al. 1995).

1.6.1.2 Shape changes, membrane extension and the actin cytoskeleton

CeU shape and extent of ceU-matrix adhesion can change in response to environmental 

signals (Zigmond, 1996; Ingber, 1997), an example being ECM-dependent shape control 

(Sims et al. 1992). Rearrangement of the actin cytoskeleton is a contributory factor to 

such change. During formation of adhesions in migrating ceUs the actin cytoskeleton 

reorganises and stabiUses itself in order for movement to occur, ie: polarisation and 

membrane extension (Figure 6). The mechanism by which this is initiated is stiU unclear 

ie: through actin flow or via ceUular tensegrity (Ingber, 1993).
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Figure 6. The reorganisation of actin during migration
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Cells must attain a polarised morphology (ie: clear distinction between the front and the 

rear of the cell) in order for forward cell translocation to occur. This can be initiated by a 

change in F-actin distribution. Actin filament binding proteins interact with the actin 

filaments and cause actin bundling and crosslinking. Such changes in actin filament 

mechanical properties are required to enable membrane extension during migration. 

Initially F-actin is arranged in long bundles and forms plasma membrane protrusions 

called filopodia. Next the actin transforms into a meshwork generating lamellipodia 

(ruffles) that resemble sheet-like protrusions. Finally, the F-actin forms actin stress fibre 

bundles that are coupled to focal adhesions, and it is these structures that provide a link 

between the internal cytoskeleton and the external ECM. The focal adhesions exert force 

against the substrate and in turn generate traction (Huttenlocher et al. 1995; Zigmond,

1996). Possible mechanisms responsible for such actin cytoskeletal reorganisation and 

shape changes are through actin polymerisation or cellular tensegrity.
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Actin Flow Theory:

The actin flow theory suggests that upon cell-matrix attachment, the actin cytoskeleton is 

rearranged through the treadmilling effect of actin polymerisation and depolymerisation 

(Lauffenburger and Horwitz, 1996; Welch et al. 1997). The cell cytoplasm maintains a 

high level of globular actin monomers that can undergo rapid assembly and disassembly at 

specific sites. The ability of actin polymerisation to drive membrane extension is 

dependent on the activity of actin filament binding proteins. These proteins, eg: a-actinin 

and filamin, provide actin filaments with appropriate mechanical properties (ie: filament 

bundling or filament crosslinking). It is thought that together these induce a cellular shape 

change, ie: formation of protrusion, necessary for migration. Such a phenomenon may be 

termed ‘protrusive force’ as opposed to  ‘contractile force’ generated by actin-myosin 

dynamics during motility (Lauffenburger and Horwitz, 1996) (Figure 7).

Cellular Tensegrity Theory:

The second theory, that of tensional integrity (tensegrity model) (Ingber, 1993, 1997) 

suggests that shape changes and protrusion formation are dependent on cytoskeletal 

tension (generated through actin-myosin dynamics), and a cellular force balance between 

the cell and its underlying matrix (Sims et al. 1992; Chicurel et al. 1998). This theory is 

based on two concepts, mechanotransduction and tensegrity (Ingber, 1997). 

Mechanotransduction can be defined as the conversion of a physical signal (such as 

mechanical stress) into a biological or chemical response (such as cellular signalling) 

(Ingber 1997). Where as tensegrity attempts to explain how cells stabilise their structure 

and shape in response to a mechanical signal. Ingber suggests that all cells possess an 

internal pre-stress or equilibrium, that if altered, is rapidly adjusted to reinstate a 

homeostatic environment (Ingber, 1993). Cells exert changes in their shape and motility 

by adjusting to the tension that they perceive (Ingber, 1997; Chicurel et al. 1998). It 

suggests that cells are constructed so as to immediately respond to any physical changes, 

and that these physical changes are transmitted over cell surface mechanoreceptors (eg: 

integrins), that physically join the cytoskeleton to the extracellular matrix through focal 

contact complexes (Ingber, 1997; Chicurel et al. 1998). This model, unlike the actin flow 

model attempts to give insight into the cellular mechanics occurring during migration. 

Figure 8 and 9 depict the basic tensegrity model.
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Figure 7. Actin dynamics during migration

retrograde flow

dcpolymcrisation
■  ADP-actin

ADP-Pi-actin protrusion

nucleotide
exchange

■  A1 P-aclin

plasma membrane

LEADING EDGE

Myosin induced retrograde flow

Transport o f depolymerised material

This is a schematic representation of actin dynamics occurring at the leading edge 

(protrusion) of a motile cell. Filamentous actin undergoes continuous polymerisation at 

the leading edge of the cell (right-hand side), which takes place at the inner surface of the 

plasma membrane. Myosin induced retrograde flow transports newly polymerised actin 

filaments away fi-om the plasma membrane, towards the inside of the cell. It is here that 

depolymerisation occurs (left-hand side), subunits are recycled by the ATP-hydrolysis 

driven exchange of ADP for ATP, and prepared for polymerisation once again. This 

cascade of events results in a protrusive force necessary for membrane extension.

(adapted from Welch et al. 1997).
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Figure 8. Basic tensegrity model

Microfilament-like tensioned elements

Microtubule-like compression-resistant elements

Blue rigid compression-resistant elements push out against the inward pull of the black 

tensioned elements. A construction of this sort provides the structure, eg: a cell, with an 

internal tension or pre-stress.

(taken from Ingber and Jamieson, 1985).
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Figure 9. Tensegrity cell model
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Unattached cells (A) appear round due to their internal tension or pre-stress. Upon 

attachment to a rigid substrate (eg: tissue culture plastic) the cell and its nucleus flattens 

(B), as the substrate can resist the cell-mediated tension. However, if the rigid substrate is 

made flexible (C), the cell pulls the substrate around it, ie: contracts the substrate, and 

returns to its round configuration. This phenomenon is again due to the cell generating its 

own internal tension. This can be seen on the classic experiment conducted by Harris et 

al. (1980) where cellular migration caused wrinkling of silicone sheets.

(taken fi-om Ingber and Jamieson, 1985).
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1.6.2.1 Cellular motility

Cell motility plays a critical role in the process of wound contraction (TranquiUo  ̂

1992). The outcome of cellular motility is very much dependent on the ever-changing 

wound environment (eg: changes in soluble/insoluble factors and extracellular matrix). All 

cells, in order to move, must form an active leading edge (protrusion) which adheres to 

the substrate. The leading edge then generates contractile forces that puU forward the rear 

end of the cell, resulting in migration. This phenomenon can be directed or random, and is 

initiated through various stimuli (Stoker and Gherardi, 1991). Chemotaxis, for example is 

the directed migration in response to a concentration gradient of soluble attractants, here 

the cell extends its protrusion towards the stimulus (Small et al. 1996). When the stimulus 

is substrate bound (eg: adhesion molecules) it is termed haptotaxis. In this case the cell 

randomly extends several protrusions which compete to attach to the substrate. 

Haptotaxis is dependent on which protrusion can bind with the greatest affinity and thus 

form a leading edge (Clark, 1995). Contact guidance is another mechanism cells employ 

in order to migrate. Here cells align and follow the contours of the substrate to which 

they are attached.

Section 1.6.2.2 describes cytoskeletal involvement and its importance to cell motility. 

Together with actin, several cytoskeletal proteins (eg: myosin, a-actinin, vinculin and 

talin) serve to modulate cellular motility, these are usually positioned at or close to sites 

of attachment (refer to section 1.6.6 and figure 12). The process of cellular adhesion 

(discussed later in sections 1.6.5 to 1.6.8) also plays a pivotal role in cell motility.

Integrins are predominantly utilised during cellular adhesion, and can simultaneously bind 

to proteins of the ECM (including Fn), as well as to components of the actin cytoskeleton 

(eg: a-actinin and talin) (Parsons et al. 1994; Schaller, 1996). In addition to cellular 

adhesion the integrins can activate and regulate a number of signalling pathways, 

including FAK (a protein tyrosine kinase) and Rho (a small GTP binding protein) 

(Parsons, 1996) (refer to section 1.6.3). Interaction of cell-matrix thus allows integrins to 

transmit cellular signals inside-out or outside-in, generating a complex cascade of events 

that serve to regulate processes including cellular motility.
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1.6.2.2 M otility, contraction and the cytoskeleton

Cytoskeletal function is an important aspect of wound healing that is critical to human 

health and disease (Cooper and Mitchison, 1995). The cytoskeleton, particularly the actin 

cytoskeleton plays an important role in cell motility. In addition to this a second 

cytoskeletal motility system, the microtubule system, plays a role in cell motility, cell 

shape and movement of organelles in eukaryotic cells (Langford, 1995). These two 

systems are thought to be interdependent, as a change in one leads to the modification of 

the other (Langford, 1995) (Figure 10).

Figure 10. Micro filaments and microtubules: a dynamic relationship
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An illustration of the interaction between the two dynamic cytoskeletal systems and the 

plasma membrane.

(taken from Nicholson et al. 1977).
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Migrating cells must generate 2 independent forces which are critical for the generation 

of movement. The first is a ‘protrusive force’ which occurs through a structural 

reorganisation of F-actin (refer to section 1.6.1.2), and produces membrane extension. 

The second is a ‘contractile force’, which is required to physically move the cell forward 

(Lauffenburger and Horwitz, 1996; Small et al. 1996). Such contractile forces are 

generated through the dynamic interaction of actin-myosin molecular motors present in 

intracellular stress fibres. These can be further divided into separate mechanisms of force 

generation, that preferentially take place at the fi-ont or the rear of the cell (Lauffenburger 

and Horwitz, 1996). It is thought that actin-myosin contractile forces may be generated 

through the mechanisms of contraction and traction (Figure 11). Myosin motor proteins 

have 2 different structures - myosin I and myosin II, both of which can bind to actin 

filaments and generate ATP-dependent movement (Lauffenburger and Horwitz, 1996). 

Myosin II structurally has 2 heads that enable it to attach to, and pull 2 actin filaments 

past one another in a sliding mechanism. Such a phenomena can be seen during muscle 

contraction, and thus this type of myosin action is termed ‘contraction’. Conversely, 

myosin I possesses only 1 head and is membrane anchored, thus allowing attachment to a 

single actin filament. It functions by pulling bound structures, such as membrane 

associated proteins along an actin filament cortical actin filament ‘tracks’, in this case 

such movement is termed ‘traction’. In order for net forward cell translocation to occur 

(after protrusion formation and attachment) the degree of traction at the leading edge of 

the cell must be greater than the rearward pull (contraction) of the adhesion complex. 

However, for complete motility, detachment o f the cell rear is vital and therefore 

contraction must be greater than traction at the rear end. This mechanism can be 

visualised clearly in Figure 11.
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Figure 11. Cell Migration: involvement of different forces
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î̂ ckin-V>indu\cj

prck̂ ins)
net force

coniracti'on ftciliesive
or tracbon

tracK m ovem en t

ratcWek
cr

ex|>arvsioi\

Protrusion of membrane lamellipodia or filopodia requires force generated by actin 

polymerisation, by the Brownian ratchet mechanism, the cortical expansion mechanism, 

or a combination of these. Translocation of the cell body forward, once the membrane 

protrusion has become adherent to the substratum, may occur by myosin interactions with 

actin filaments; possible mechanisms for this include contraction of filaments connecting 

cell-substratum adhesion complexes with intracellular structures, or relative movement of 

adhesion complexes across cortical actin filament ‘tracks’. In either case, the magnitude 

of traction is greater than the rearward pull on the adhesion complexes. Detachment of 

the cell rear involves disruption of cell-substratum attachments, perhaps accelerated by 

myosin-mediated actin filament contraction pulling on adhesion complexes. Here, the 

magnitude of contraction is less than the contraction force.

(taken from Lauffenburger and Horwitz, 1996).
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As well as the rapid formation of adhesions at the leading edge of the cell, detachment 

and cell retraction at the rear end must occur, in order to facilitate cell migration. It seems 

that this involves the rearward pulling of the substrate as the cell pulls itself forward 

(Sheetz, 1994). Also, the front and rear of the cell displays differing integrin-cytoskeletal 

interactive binding strengths, the latter being weaker than the former (Sheetz, 1994; 

Huttenlocher et al. 1995). Hence, as the front end of the cell strongly adheres to the 

substrate and induces forward cell movement, the weak rear adhesion is severed and 

allows cell retraction to occur and migration to proceed. Studies involving the tracking of 

pi integrins on fibroblasts reveal that a major fraction of integrins remain behind on the 

substrate as cell detachment and forward cell movement occurs (Regen and Horwitz, 

1992). Cytoskeletal components such as talin and vinculin accumulate at the rear end of 

the retracted cell rather than remaining on the substrate during such cell detachment 

(Lauffenburger and Horwitz, 1996). Integrins that remain on the cell surface are recycled 

in one of 2 ways: they are either released and dispersed for use as new adhesions at the 

cell front, or they remain clustered and move forward along the cell edge to the front of 

the cell (Lauffenburger and Horwitz, 1996). Alternatively, cell surface integrins can 

undergo endocytosis into intracellular vesicles (Palecek et al. 1996). Possible mechanisms 

by which rear cell detachment occurs are through cytoskeletal contraction, and signalling 

pathways involving components such as Rho and tyrosine kinases (Lauffenburger and 

Horwitz, 1996).

1.6.3 Migration and signalling

Cell-matrix attachment initiates a cascade of signalling pathways that serve to regulate 

cellular motility and contraction. The small GTPase, Rho and a close member, Rac, 

induce cytoskeletal reorganisation during the early stages of migration through the 

formation of contractile stress fibres and focal adhesions (focal contacts), respectively 

(Ridley and Hall, 1992; Chrzanowska-Wodnicka and Burridge, 1996; Machesky and Hall, 

1997). Initial integrin attachment causes tyrosine phosphorylation of proteins such as 

FAK and paxillin (Rho-activated process). These result in organisation of the 

cytoskeleton, inducing stress fibre and focal adhesion formation (Burridge et al. 1992). 

Additionally, Rho and its kinase (Rho-kinase) have been linked to the phosphorylation of 

myosin light chain (MLC) (Kimura et al. 1996; Kureishi et al. 1997), one suggested
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mechanism is through the inhibition of MLC phosphatase (Parizi et al. 1999, In Press). 

MLC kinase (MLCK) can also phosphorylate MLC through a Ca^^-calmodulin 

mechanism (Defilippi et al. 1997). Phosphorylation of MLC is vital for myosin-type 

cellular contraction during motility (Amano et al. 1996; Kureishi et al. 1997; Parizi et al. 

1999, In Press). Other signalling pathways activated during migration include the cAMP 

and the ERK 1 and 2 pathways, which are activated upon contraction (He and Grinnell, 

1994; Rosenfeldt et al. 1998). These serve to regulate contraction by phosphorylating 

MLCK and inhibiting myosin-ATPase driven contraction (Ehrlich et al. 1991).

1.6.4 Migration and microtubules

Additional to the involvement of the actin cytoskeleton during migration and forward cell 

translocation, the microtubule cytoskeleton is implicated in cell shape changes and 

motility. As with actin, microtubule assembly and synthesis are both dependent on levels 

of free tubulin in the cytoplasm. Proteins associated with microtubule fimction include 

microtubule-associated proteins (MAPS) and motor proteins (Mandelkow and 

Mandelkow, 1995). MAPS bind to, stabilise and fimction in microtubule assembly, where 

as motor proteins, kinesins (plus-end motor) and dyneins (rearward motor) utilise ATP- 

hydro lysis to generate movement along microtubules (Mandelkow and Mandelkow,

1995). It has been suggested that microtubules oppose cellular contraction by acting as 

compressive rigid structures within the cell (Kolodney and Elson, 1995). This hypothesis 

has been proven by several studies which show that microtubule disruption (using 

microtubule poisons) serves to enhance cellular contraction (Kolodney and Wysolmerski, 

1992; Eastwood et al. 1994; 1996). It has also been suggested that microtubules can 

regulate myosin activity by the phosphorylation o f MLC (Kolodney and Elson, 1995), 

that is that microtubule poisons enhance contraction via phosphorylation of MLC.

1.6.5 Cell surface receptor-ligand interactions and the cytoskeleton

Ligand-cell surface molecule interaction leads to a conformational change in the cell 

surface molecule, which in turn alters the internal cytoskeleton (Cheresh, 1992; Chapman, 

1997). The degree of internal membrane-cytoskeletal anchorage increases considerably as 

a result of ligand binding. Ligand interactions cause evenly spread cell surface molecules 

to redistribute (Felsenfeld et al. 1996). The cell surface molecules become aggregated and 

cluster specifically at areas of the membrane located over the underlying cortical actin 
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(focal adhesion complexes, refer to section 1.6.6). This clustering appears to enhance 

membrane-cytoskeletal anchorage, which in turn generates tension, and causes parallel 

alignment of the actin filaments, finally resulting in stress fibres formation (Bershadsky 

and Vasiliev, 1988). This phenomenon can be seen during migration, when the cell 

achieves spatial asymmetry, eg: receptor clustering at the leading edge of the cell. The 

cell then uses its internally generated forces to move forward and migrate (Felsenfeld et 

al. 1996; Laufifenburger and Horwitz, 1996).

1.6.6 Focal contacts/Focal adhesion complex

Focal adhesions or focal contacts assemble when cells spread on the ECM forming a 

close membrane-ECM contact (Fluttenlocher et al. 1995; Ingber, 1997). These complexes 

consist of clustered transmembrane integrins, cytoskeletal associated proteins (including 

talin, vinculin and paxillin) and form part of the of the extended actin cytoskeleton (they 

contain insertion sites for actin stress fibres) (David et al. 1997). Focal contacts thus 

serve as a link between micro filaments and the extracellular matrix (Kiefifer et al. 1995). 

Focal contact complexes support the transmission of mechanical forces and biochemical 

signals (mechanotransduction) and facilitate migration (Ingber, 1993). Focal contacts 

formed between cells and matrix can be strong or weak (binding affinity), it is their 

binding strength (binding avidity) that decides the extent of migration by a particular cell 

type. DiMilla et al. (1991) predicted that low affinity binding may help to facilitate 

locomotion. Furthermore, the aggregation of many low affinity bonds, as found in a focal 

contact, may provide an extremely high avidity interaction (Lauffenburger and 

Linderman, 1996). Generally though, strong focal contact formation occurs in less 

migratory cells, whereas weak focal contacts appear in highly migratory cells 

(Huttenlocher et al. 1995). Figure 12 shows how integrin-ligand complexes are 

positioned at focal contacts, clearly then integrins are central to focal contact function 

and organisation.

1.6.7 Integrins

Integrin receptors play a major role throughout the entire wound healing cascade, during 

the clotting, inflammatory, granulating tissue formation, and wound contraction phases of 

repair. Integrins are a group of cell surface heterodimeric transmembrane glycoprotein 

receptors (Hynes, 1992; Huttenlocher et al. 1995) that can mediate cell-cell or cell-matrix 
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interactions (Clark, 1995). Structurally they are composed of two non-covalently 

associated a and p subunits (Hynes, 1992; Stuiver and O’Toole, 1995). There is great 

diversity within the integrin family of receptors and they are capable of identifying and 

binding several components of the extracellular matrix (Cheresh, 1992). Each integrin 

allows cell-matrix attachment via one or more matrix ligands, such as fibronectin, 

vitronectin, laminin or collagen (Cheresh, 1992; Cheresh and Mecham, 1994; Clark,

1995) (Figure 13). Variation in either their a  or p subunit can alter their specificity for 

ligands (Clark, 1995). This specificity is also dependent on type, concentration, activation 

state and spatial distribution (dispersed or clustered) of the integrin receptor, at the cell 

surface at a given time and in a given situation (Cheresh and Mecham, 1994; Clark,

1995). As such a large number of integrins are able to recognise the same ligand, it is 

possible then that there is a large amount of redundancy in the integrin family. This 

characteristic also suggests that different integrins that bind to the same ligand can be 

distinguished on the basis of the intracellular signals that they generate (David et al. 

1997).

Figure 12. Focal adhesion complex
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Figure 13. The Integrin Family
(adapted from Cheresh and Mecham, 1994)

a l  Laminin (Collagen)
,a l  Collagen (Laminin) 
a3 Fibronectin, Laminin, Collagen 
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a6 Laminin--------------
a7 Laminin 
a8  ? 
a9  ?
av  Fibronectin, Vitronectin-
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Fibronectin, 
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Integrins can exist in three forms; inactive, partially active and active, however in order to 

function, integrins must become activated (Ginsberg et al. 1992; Hynes, 1992). Integrin 

activity can be defined by two factors: integrin afiSnity and integrin avidity. AfSnity being 

a state where receptor and ligand are attracted to each other, and avidity representing the 

overall strength of the binding interaction (Gimond and Sonnenberg, 1997). Integrin 

activation occurs when a ligand binds to the integrin. This constitutes a conformational 

change in the integrin, which can be associated with increased afiOnity and/or integrin 

clustering (high avidity) (Figure 14). Integrin afiOnity can be low or high, the latter can be 

induced through ligands, divalent cations, activating antibodies or inside-out signalling. 

Artificial activation of integrins using activating antibodies induce and stabilise integrin- 

ligand binding. It is thought that this occurs through exposure of cryptic-ligand binding 

sites on the integrin (Gimond and Sonnenberg, 1997). Integrin avidity can also be low or 

high, with high avidity binding occurring through ligand-dependent (multivalent ligands) 

or ligand-independent (cytoskeletal interactions) induced integrin clustering. Increased 

integrin-mediated adhesion requires both high integrin-afiSnity and integrin-avidity.
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These cell surface receptors play a crucial part in several cellular processes including 

differentiation, proliferation and migration, linking the cytoskeleton to the extracellular 

matrix (Huttenlocher et al. 1995; Kanazashi et al. 1997). Indeed, for many years it was 

thought that integrins’ sole purpose was to associate the cytoskeleton and the 

extracellular matrix and form adhesion complexes (Buck and Horwitz, 1987). However, 

it is now known that integrins are also capable of transmitting cell signals after receptor- 

ligand binding or receptor clustering has occurred (Cheresh and Mecham, 1994; 

Huttenlocher et al. 1995; Stuiver and O’Toole, 1995). Their transmembrane structure 

allows for binding to the extracellular matrix and transmitting signals to the cell 

cytoplasm, termed outside-in signalling. Likewise, integrins can interact internally with 

cytoplasmic molecules and dictate external ligand binding afiSnities and avidities, termed 

inside-out signalling (refer to Figure 14) (Ginsberg et al. 1992; Gimond and Sonnenberg,

1997). For example Adams and Watt (1990) described how afiBnity of a5p i to 

fibronectin in kératinocytes was reduced during the initial hours of terminal 

differentiation, and suggested that this was due to a reduction of protein kinase C activity 

(activation of protein kinase C is known to enhance integrin-mediated cell adhesion 

through conformational changes in integrin structure and through integrin clustering). 

They also noted that the glycosylation of pi integrins was altered, further explaining the 

reduced afiBnity of a5p i to fibronectin. Another classic example of signal transduction 

upon integrin mediated cellular adhesion to extracellular proteins such as fibronectin, 

vitronectin, laminin, or collagen involves the intracellular protein Focal adhesion kinase 

(FAK). As integrins form the transmembrane connection between the inside (internal 

cytoskeleton) and the outside (ECM) of the cell, their clustering in focal contacts is 

accompanied by clustering of FAK’s. This integrin-ligand interaction induces tyrosine 

phosphorylation of FAK proteins (pl25FAK), and occurs 30 seconds after adhesion, 

reaching a maximum after 15 minutes (Defilippi et al. 1997). Tyrosine phosphorylation is 

regulated by both protein tyrosine kinases (initiate phosphorylation) and protein tyrosine 

phosphatases (inhibit phosphorylation) (Defilippi et al. 1997). It is thought that FAK 

family is important in mediating interaction with signalling components and cytoskeletal 

proteins (Defilippi et al. 1997). Other intracellular proteins associated with pl25FAK 

include talin, vinculin and paxillin, all of which localise in the focal contact (Clark, 1995; 

Defilippi et al. 1997) (Refer to Figure 16B).
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Integrin receptor distribution can vary depending on cell phenotype. Migratory cells 

(granulation tissue fibroblasts) require repetitive attachment and detachment with the 

substrate so as they can rapidly move (Clark, 1995; Huttenlocher et al. 1995). Their 

integrin receptors are evenly dispersed, and their internal actin cytoskeleton and external 

fibronectin fibrils are poorly organised. Conversely, stationary cells (contractile 

myofibroblasts) require more stable attachment with their substrate so they can generate 

tension through a contractile cytoskeletal system (Clark, 1995; Huttenlocher et al. 1995). 

Their integrins are clustered at sites termed focal contacts (focal adhesion complex) 

which are linked internally to organised actin stress fibres, and externally to fibronectin 

fibrils (Tomasek et al. 1992; Huttenlocher et al. 1995; Parizi et al. 1999 (in press)). (Refer 

to sections 1.6.5 and 1.6.6).

1.6.8 Integrin mediated cell adhesion

Integrin mediated cellular adhesion is known to be involved in several biological 

mechanisms, such as wound healing, embryogenesis and cancer (Cheresh, 1992; Stuiver 

and O’Toole, 1995) (Figure 15). These cell adhesion receptors are involved in a range of 

cell-cell and cell-matrix interactions, as well as being capable of bi-directional signal 

transduction between the internal and external environments (Cheresh, 1992; Ginsberg et 

al. 1992; Clark, 1995; Stuiver and O’Toole, 1995) (Figure 16a and 16b). Integrin 

dependent adhesion controls cellular structure, morphology, proliferation, and 

differentiation. Thus, integrin receptor distribution and combination, are two vital factors 

that govern a particular cell phenotype and its ability to respond to its external 

enviroment (Cheresh, 1992; Huttenlocher et al. 1995). For example, cell attachment to 

vitronectin causes avp l and avp3 integrin localisation at focal contacts, whereas avp5 

remains evenly dispersed, avp i is then used for stationary cellular adhesion whereas 

avp3 and avp5 are both involved in migration (the latter requiring an additional stimuli 

such as growth factors) (Delannet et al. 1994). Certain cell types express particular 

combinations of integrin that contribute to a specific biological cellular fimction. For 

example, binding of a5p l and avpl to fibronectin triggers cell spreading, however, only 

a5p i expressing cells can produce cellular fibronectin allowing for migration on 

fibronectin (Eble, 1997). Another example being platelet cells during wound healing. 

Initially they express allbp3 integrins which mediate their interaction with extracellular 

matrix proteins, required for clot formation. Platelets then go on to further express 
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integrins from the p2 family, these tend to be expressed 24 hours after wounding and are 

essential for the accumulation o f leukocytes at the wound site (Clark, 1995).

Figure 15. Cellular adhesion a multi-faceted process
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Cellular adhesion involves the interaction o f the internal cytoskeleton, transmembrane cell receptors (integrins) and extracellular matrix (Figure 

16A) (taken form Lauifenburger and Linderman, 1996). Cellular adhesion can occur between cell-cell or cell-matrix interactions, and allows signal 

transduction between the internal an external cellular environments. Figure 16B shows 2 hypothetical models o f how integrins in the membrane 

are connected to actin filaments via a complex array o f bridging molecules (taken from Defilippi et al. 1997).
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1.6.8.1 aSpi

The a5 p l integrin, specific for the adhesive protein fibronectin is often termed the 

classical fibronectin receptor (Hynes, 1992; Eble, 1997). It is one of several integrins 

reported to be involved in cell-matrix interactions. It interacts with fibronectin through 

recognition of the RGD sequence present in fibronectin's cell binding domain. Dalton et 

al. (1992) reported how in anchorage-dependent phenotypes, loss of cell-matrix 

attachment caused a downregulation of aSpi and Fn levels. Hakkinen and co-workers 

(1994) described how in human granulation tissue fibroblast interaction with Fn was 

regulated by aSpi and that fimctional alteration o f this integrin led to a reduced cell- 

matrix interaction. Gailit and Clark (1996) showed how a5p l integrins were one of 

several that allowed cell-matrix attachment of human dermal fibroblasts the provisional 

matrix protein, Fn. The others being a4p i and possibly av p i. a5 p i is also involved in 

the deposition of Fn matrix and its remodelling (Eble, 1997). Interaction of aSpl with 

fibronectin causes focal contact formation and reduces the cell’s ability to migrate on its 

substrate (Cheresh and Mecham, 1994).

1.6.8.2 a v p l, avp3 and avp5

avp i binds to both fibronectin and vitronectin, and in doing so triggers cell spreading 

(Eble, 1997). avp3, originally identified as the vitronectin receptor, has now been 

recognised to bind several ligands, including fibronectin, fibrinogen, tenascin and 

vitronectin (Cheresh and Mecham, 1994; Eble, 1997). Such adhesion to multiple ligands 

is possible through the presence of the RGD (Arg-Gly-Asp) amino acid sequence 

(Cheresh, 1992). avp3 has been associated with the occurrence of malignant melanoma 

in humans (Cheresh, 1992) and is also involved in angiogenesis (Eble, 1997). Osteoclasts 

abundantly express the avP3 integrin, thus other possible roles include bone resorption 

and bone tissue remodelling (Eble, 1997). avp5 selectively recognises vitronectin and 

does not bind to fibronectin. Delannet and co-workers (1994) indicated individual roles of 

all 3 av  integrins using avian neural crest cells. They showed how cell adhesion to 

vitronectin caused the localisation of avp i and avp3 at the focal contact, whereas avps 

remained evenly distributed at the cell surface. Also that only avp i initiated adhesion, 

whilst avp3 and avp5 induced migration (the latter requiring an additional growth factor 

stimuli) (Delannet et al. 1994).
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1.6.8.3 a i p i  and a 2 p i

a ip i  binds primarily to laminin, however it also interacts with native collagen. It has a 

greater binding afiBnity for basal membrane type IV collagen compared to fibrillar 

collagen types I and II. a2 p l is specific primarily for native collagen binding, however 

can also bind with laminin. In contrast to a ip i ,  a2 p i has a higher binding afiBnity with 

collagen types I and II, and a lower afiBnity for type IV. Ehrlich et al. (1998) showed that 

fibroblasts grown on type I collagen coated plates expressed and synthesised more a2p i 

integrin (low levels of a-smooth muscle actin) than fibroblasts grown on uncoated plates, 

which expressed and synthesised more a-smooth muscle actin (low levels of a2p l 

integrin). Upon ligand binding these integrins initiate responses including downregulation 

of the expression of the collagen gene, upregulation of MMP-1 (collagenase) and cell- 

mediated collagen contraction (Langholz et al. 1995; Riikonen et al. 1995). Tomasek and 

Akiyama (1992) found that fibroblast-mediated collagen contraction appeared to be 

independent of FnR and Fn interactions, but dependent on one or more p i integrin 

receptors. Langholz et al. (1995) demonstrated how a ip i  and a2 p l were the main 

receptors responsible for regulating ECM remodelling and collagen gel contraction by 

human skin fibroblasts. They showed that a ip i  downregulated collagen gene expression 

and that a2p l upregulated collagenase (MMP-1) production. They monitored integrin 

involvement during contraction using antibodies, and suggested that the a2p l integrin 

was responsible for lattice contraction. However, they also indicated that neither 

individual or combined application of antibodies against a l ,  a2, a3 or p i caused a 

complete inhibition of lattice contraction. Also, Riikonen and co-workers showed that in 

osteogenic cells cell-mediated collagen contraction was enhanced by an upregulation in 

a2p i expression (Refer to section 1.7.2).

1.6.9 Specific recognition sites within adhesion proteins

Several reports have shown that integrins recognise specific amino acid sequences within 

adhesion protein during integrin-ligand interactions (Agrez et al. 1991; Cheresh, 1992; 

Kanazashi et al. 1997). Particularly the RGD (Arg-Gly-Asp) type sequences 

(Pierschbacher and Ruoslahti, 1984; Agrez et al. 1991). Pierschbacher and Ruoslahti 

(1984) were the first to report that Fn bound to cells through a tetrapeptide (RGDS) 

motif, present in the Fn cell binding domain. They also stated that this motif may be
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present in several other proteins including fibrinogen. Nagai et al (1991) later 

characterised a second site some distance away fi'om the RGD site and claimed that this 

was critical for Fn to display its full biological activity. Agrez and co-workers (1991) 

showed that RGD containing peptides exposed cryptic sites on av-associated integrins, 

allowing them to function as collagen receptors. Interestingly, the a  chain of the VnR, av  

is known to primarily bind to Fn and Vn. Adhesive proteins containing such RGD type 

sequences within their cell binding region include: fibronectin (eg: binds av p l, a4 p i, and 

a5p l), vitronectin (eg: binds avp3 and avp l), laminin (eg: binds a3 p l)  and collagen 

(eg: binds a3 p i) (Cheresh and Mecham, 1994). Certain integrins display specific ligand 

binding interactions, where as others, such as avp3 bind to several ligands through this 

RGD sequence (Cheresh, 1992; Kanazashi et al. 1997). Specificity comes fi'om the 

extended amino acid sequence length. In theory, the longer the peptide sequence, the 

more specific the interaction. Thus, extenuation of the tripeptide into a decapeptide for 

example, should theoretically increase its specificity.

1.6.10 Provisional Matrix

1.6.10.1 Adhesive Proteins

Extracellular matrix proteins such as fibronectin, vitronectin and fibrinogen, play a major 

role in cell-matrix interactions (Brown and McFarland, 1996). These glycoproteins 

possess several domains within their structure, via which they can participate in a variety 

of functions. These may include a cell binding domain, a heparin binding domain, and an 

extracellular protein (collagen/fibrin) binding domain. Each domain consists of short 

amino acid sequences, the most documented being the Arg-Gly-Asp (RGD) sequence 

present in the cell binding domain of proteins, such as fibronectin and vitronectin (refer to 

section 1.6.9) (Agrez et al. 1991). The extensive individual and combined properties of 

these proteins all contribute to the complex cellular behaviour observed during wound 

healing.

1.6.10.2 Fibronectin

Fibronectin is a well characterised, multifunctional cell adhesion glycoprotein that is 

found in the blood and in extracellular matrices (Mosher, 1989; Kiihn, 1997). Fibronectin 

present in the blood is synthesised predominantly by hepatocytes and is termed plasma 

fibronectin. Several cell types synthesise and secrete fibronectin into the extracellular 
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matrix, this form is termed cellular fibronectin. Cellular fibronectin is assembled as 

fibronectin fibrils and can be associated with or without collagen I (Kiihn, 1997). Fn is 

recognised by several integrins, including a5 p i, aS p l, a4 p l, aS p i, avp i and avp3 

(Eble, 1997) and has been widely documented to initiate and support cell attachment and 

migration (Mosher, 1989; Hynes, 1990; Nagai et al. 1991; Clark, 1995). Integrin-ligand 

binding through fibronectin occurs through integrin recognition sites present within the 

ligands, the most studied being the tripeptide cell binding motif, RGD (Boucaut et al. 

1984). The RGD motif is present in many integrin binding ligands, others being 

vitronectin, tenascin, thrombin and laminin (Pfafif, 1997). Nagai et al. (1991) highlighted 2 

distinct regions present in the cell binding domain of Fn which were important in Fn 

mediated cell spreading and migration, as well as Fn fibril assembly. This site was found 

to fimction in synergy with the RGD sequence. Studies by Mould et al. (1991) identified 

2 additional cell specific binding sites present on fibronectin that allowed interaction with 

the a4p i integrin (present on cells such as melanoma cells, peripheral blood lymphocytes 

(Mould et al. 1991) and human dermal fibroblasts (GaUit et al. 1993)). This interaction 

was independent of the RGD sequence, however dependent on a different tripeptide 

‘LDV’ (leucine-aspartate-valine) present in another spliced section of the fibronectin 

molecule (Komoriya et al. 1991).

Elevated levels of plasma fibronectin can be located in clots, where as cellular fibronectin 

is predominantly found in healing dermal wounds, for example in the fibrin clot where it 

serves as a scaffold for migrating cells (Clark, 1995). Other roles for fibronectin in tissue 

repair include monocyte chemotaxis, cell migration, cell adhesion, regulation of cell 

growth and the synthesis of extracellular matrix. It possesses a multi-domain structure 

through which it can exert its effect. It is capable o f interacting with a broad range of cell 

types, extracellular matrix molecules and cytokines (Figure 17).
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Figure 17. The fibronectin molecule

A. Schematic representation o f the fibronectin molecule showing its various domains, 

(courtesy o f G. Talas).
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(RGD) sequence, part o f the major cell binding site.
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The cell binding domain of the fibronectin molecule contains the classic RGD (Arg-Gly- 

Asp) amino acid sequence (Pierschbacher and Ruoslahti, 1984; Yamada and Kennedy, 

1984; Agrez et al. 1991; Cheresh and Mecham, 1994). Absence or dysfunction of this 

peptide sequence leads to the loss of virtually all adhesive properties of the parent 

molecule (Obara et al. 1988). Interestingly, although impaired parent molecules may 

cease to function due to this alteration in peptide sequence, fi-agments of the parent 

molecule can continue to provide additional cellular mechanism during wound healing. 

This is due to proteolytic enzymes present in the wound environment which fi-agment 

many intact parent molecules, including fibronectin (Grinnell et al. 1992). Many of these 

protein fi*agments display properties that the intact parent molecule does not. For 

example the cell binding domain fi*agment is a potent chemotactic factor for monocytes, 

where as the intact fibronectin molecule is less so (Clark et al. 1988, Doherty et al. 1990).

1.6.10.3 Vitronectin

Vitronectin (serum spreading factor) is a glycoprotein that is synthesised by hepatocytes 

and is found in plasma, extracellular matrix and fibrin clots (Kiihn, 1997; Memmo and 

McKeown-Longo, 1998). Its main properties are of cell adhesion, spreading and 

migration (Felding-Haberman and Cheresh, 1993; Memmo and McKeown-Longo, 1998). 

Vitronectin appears to colocalise with fibronectin in extracellular matrices and tends to be 

prevalent in adult tissue compared to immature tissue, where it is absent (Clark, 1995). 

Cell attachment to vitronectin appears to be dependent on the RGD (Arg-Gly-Asp) amino 

acid sequence, present in its cell binding domain (Agrez et al. 1991; Cheresh and 

Mecham, 1994). There are a number of vitronectin integrin receptors that have a 

tendency to bind to other proteins, particularly fibronectin (avp l, avp3 and alip3). 

However, only avp5 and avp8 integrins selectively recognise Vn (Eble, 1997). In culture 

vitronectin integrin-ligand complexes are positioned at focal contacts, and are usually 

associated with intracellular cytoskeletal elements and actin cables (Burridge et al. 1988; 

Dejana et al. 1988; Singer et al. 1988).

1.6.10.4 Fibrinogen

Fibrinogen is synthesised by hepatocytes and is involved early on in wound healing, 

during coagulation (platelet aggregation and clotting) (Kiihn, 1997). Platelets express the
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major fibrinogen integrin receptor allbp3 immediately after injuiy, this ensures platelet- 

extracellular matrix protein interaction, platelet activation, aggregation and results in 

stable clot formation (Eble, 1997; Gailit et al. 1997). Next, thrombin converts fibrinogen 

into fibrin. Stabilisation of this fibrin polymer occurs through intermolecular covalent 

crosslinking, a reaction which is catalysed by the enzyme transglutamine (Kiihn, 1997). In 

nonactivated platelets, allbp3 interacts specifically with surface bound fibrinogen, 

however, upon activation allbp3 binds non-specifically to other matrix proteins, 

including fibronectin and vitronectin (Kiihn, 1997). This allows the fibrin clot to fiarther 

interact with platelets and matrix proteins (fibronectin and vitronectin) in order for the 

clot to be firmly established within the wound, and thus providing cells with a scaffold 

through which they can migrate and proliferate (Gailit et al. 1997).

1.6.10.5 Thrombospondin

This large glycoprotein is released upon platelet activation and is secreted by a number of 

different cell types (Brown and McFarland, 1996). As well as interacting with a number 

of cells, thrombospondin can bind to different extracellular matrix molecules, including 

proteoglycans, fibronectin and collagen (Adams and Lawler, 1993). Cellular action of 

thrombospondin includes the initiation or inhibition of cell adhesion, cell spreading, cell 

migration and the regulation of cell growth (Clark, 1995; Kiihn, 1997). Action of 

thrombospondin is dependent on the cell type, for example it can bind to appropriate cell 

surface receptors and enhance cell spreading (eg: kératinocytes) or cell aggregation (eg: 

platelets). It can also inhibit cellular adhesion by the disruption of focal contacts. TGFp 

bound to thrombospondin appears to regulate certain cell growth (eg: endothelial cells), 

indeed it is the binding interaction between TGFp and thrombospondin which serves to 

activate TGFp (Schultz et al. 1994).

1.6.10.6 Tenascin

Tenascins are a family of large extracellular matrix molecules whose synthesis is 

stimulated by serum, as well cytokines such as TGFp (Erickson, 1993). Tenascin is 

expressed early on in adult wound healing and is located predominantly at the wound 

edge. It is also often found at sites of tissue remodelling, however, appears to be 

undetectable in scar tissue (Betz et al. 1993). It has been suggested that tenascin serves to
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reduce cell-matrix interactions (Brown and McFarland, 1996). Chiquet-Ehrismann et al. 

(1988) showed how adhesion and spreading of fibroblasts on fibronectin could be 

inhibited by the addition of tenascin in culture. This would effectively weaken tractional 

forces on migrating cells, thus enhancing the rate of forward cell movement (Halfter et al. 

1989).

1.6.11 Growth factors and wound contraction

Growth factors released into the repair tissue, in particular transforming growth factor 

beta (TGFP) -1 and -2 are known to promote the recruitment of fibroblasts (Chegini, 

1997). In particular, TGFpi has been shown to increase the expression of the cytoskeletal 

protein alpha-smooth muscle actin (a-SMA) in granulation tissue myofibroblasts 

(Desmouliere and Gabbiani, 1994). It is well known that TGFp increases the deposition 

of ECM proteins such as fibronectin and collagen (Sarkissian and Lafyatis, 1998), by 

increasing synthesis and decreasing breakdown (Desmouliere and Gabbiani, 1994; Reed 

et al. 1994; Chegini, 1997), and that this can lead to the development of hypertrophic 

scars and other fibrotic disorders (Desmouliere and Gabbiani, 1994). TGFp also has the 

ability to act in concert with the ECM and regulate cell activity and myofibroblast 

dififerentiation.The ECM can regulate TGFpl gene expression, whilst TGFpi, acting in a 

feedback mechanism can control collagen synthesis (Desmouliere, 1995). The suggestion 

that TGFp plays an important role in both fibroblast differentiation (change fi'om 

fibroblast to myofibroblast) and in fibrosis makes it a key growth factor that could 

possibly mediate the extent of granulation tissue contraction (Montesano and Orci, 1988; 

Grinnell, 1994). Previous studies on FPCL contraction upon the addition of TGFp have 

suggested that this growth factor promotes the rate of untethered gel contraction 

(Montesano and Orci, 1988; Tung and Fritz, 1991; Riikonen et al. 1995; Franzen et al. 

1996). The question of how TGFp might influence contraction is naturally complex as a 

result o f its multiple effects on interlinked processes (Tingstrom et al. 1992; Davidson et 

al. 1993; Desmouliere et al. 1993; Reed et al. 1994; Edwards et al. 1996; Younai et al. 

1996). For example Franzen et al. (1996) suggested that TGFp stimulated repair and 

contraction in normal mice through increased actin levels in fibroblasts at the wound 

margin. Younai and co-workers (1996) showed how hypertrophic scars contracted 

through a TGFpl autocrine mechanism, and how TGFpi increased contraction of keloid
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fibroblasts but not normal fibroblasts through an autocrine production of PDGF. They 

demonstrated that fibroblasts fi'om different scars contracted differently and that the 

mechanism of contraction was also different (Younai et al. 1996). The effect of TGFpl 

on fibroblast differentiation (into myofibroblasts) and its ability to upregulate a-SMA 

expression by such cells suggested yet another mechanism by which TGFpi induced 

contraction (Desmouliere et al. 1993). Involvement of integrins in TGFp induced 

contraction has been shown by Riikonen et al. (1995) using osteogenic cells. They 

showed how TGFp upregulated only a2 p l expression in these cells and thus induced 

contraction of collagen lattices. Other possible mechanisms by which TGFp stimulated 

contraction occurs may include, the direct stimulation of the actino-myosin motor 

elements of the cytoskeleton, to synthesis of ECM (fibronectin and collagen) and 

alteration of matrix properties, to enhanced cellular motility.

1.7 Mechanisms of contraction

1.7.1 Opposing theories of wound contraction

Wound contraction, the integrative movement of the wound edges and surrounding tissue 

towards the wound centre, is thought to occur in one of two ways. A popular theory 

explaining wound contracture and wound closure involves the specialised contractile 

fibroblast, the myofibroblast (Gabbiani et al. 1972). It is suggested that upon injury 

fibroblasts change phenotype and differentiate into myofibroblasts. Contractile 

myofibroblasts are identified by the presence of actin stress fibres, fibronexus formation, 

high levels of a-smooth muscle actin and extracellular fibronectin deposition (Tomasek et 

al. 1992; Parizi et al. 1999 (in press)), characteristics not seen in fibroblasts. Due to the 

high levels of a-smooth muscle actin, myofibroblasts are synonymous with smooth 

muscle cells. Myofibroblasts, are non-migratory cells and exert forces on their 

surrounding substrate which lead to contraction and wound closure. Myofibroblasts are 

characterised by a non-elongate cell body with short cellular processes. Similar to a 

muscle, myofibroblasts shorten upon contraction through use of their actin-myosin 

contractile system. Myofibroblasts form tight adhesions to the substrate, and it is thought 

that their contractile phenotype develops partly through the resistance of the wound to 

contractile forces, ie,: fi'om mechanical cues associated with antagonistic force generation 

during contraction (Darby et al. 1990; Grinnell, 1994). Another factor shown to be
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responsible for development of the myofibroblast phenotype is the cytokine, TGFpl (it is 

also known to increase a-SMA expression, a marker for myofibroblasts) (Desmouliere et 

al. 1993; Jester et al. 1996; Serini et al. 1998). Interestingly, Masur and co-workers 

(1996) showed how fibroblast differentiation into myofibroblasts was dependent on low 

cell density and TGFp.

A second conflicting theory is that wound closure occurs through cell locomotion. 

Cellular migration is dependent on integrin mediated cell-matrix attachment (Buck and 

Horwitz, 1987; Hynes, 1992; Clark, 1995; Gailit and Clark, 1996). Integrins are an 

integral component to cell attachment and migration, and serve as a dynamic link between 

the cytoskeletal motile apparatus of the cell and the extracellular matrix (Huttenlocher et 

al. 1995). This migration leads to the generation of tractional forces on the substrate, 

resulting in wound contraction and closure of the wound (Rudolph et al. 1992; 

Eastwood et al. 1994). Such traction has been elegantly shown using silicone wrinkling 

experiments conducted by Harris and co-workers (1980, 1981). Fibroblasts, in this case 

do not change their phenotype into the specialised contractile myofibroblast, but maintain 

their elongated morphology (Ehrlich, 1988). These fibroblasts are not contractile by 

nature, and hence rely on cell-matrix attachments and cytoskeletal organisation (sliding 

actin-myosin elements) for the generation of tractional forces (Laufifenburger and 

Horwitz, 1996; Thoumine and Ott, 1996). It is proposed that fibroblasts migrate to the 

wound edge, and in doing so pull in the wound boundary, ie,; fibroblasts exert 

contraction via tractional forces generated through cell migration (Ehrlich, 1988; 

Tranquillo and Murray, 1992).

More recently Grinnell (1994), combined the two theories, suggesting that fibroblast 

generated tractional forces stimulated transformation into the myofibroblast phenotype. 

Grinnell (1994) briefly presented both theories of wound contraction, suggesting how the 

in vitro collagen lattice model could mimic both relaxed tissues or stressed (tensioned) 

tissues. Grinnell summarised several in vitro models that indicated that relaxed tissues 

were likely to contract through tractional forces, whereas stressed tissues would contract 

via contractile myofibroblasts. It seems likely however that contraction occurs through a 

combination of fibroblast-mediated and myofibroblast-mediated events.
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Contractional forces, be they through contractile myofibroblasts or through tractional 

fibroblasts, both depend on active myosin-based motors (Laufifenburger and Horwitz, 

1996). The mechanism through which such forces are generated, may however, occur 

differently (Refer to section 1.6.2.2 and Figure 11). Traction exerted by the cell on its 

matrix can be directly related, but not identical, to intracellularly generated contractile 

force, as these can dissipate through cell deformation or disruption of cell-matrix 

interactions. The matrix in turn will also exert an equal and opposite tractional force on 

the cell through the same attachments, again magnitude of this force is dependent on 

disruption of cell-matrix interactions (Laufifenburger and Horwitz, 1996). Thus, 

magnitude of cell-generated contractile force alone does not determine cell migration 

speed. DiMilla et al. (1991) showed that the ratio of contractile force to cell-matrix 

adhesion strength, contributed to the rate of locomotion biphasically (ie,: intermediary 

ratios of force to adhesiveness providing the highest migration speed). In order to move 

the cell forward contractional (internal forces) and tractional (locomotory forces) must be 

in balance with each other (Huttenlocher et al. 1995). Also both forces must display 

asymmetry between the fi’ont and the rear of the cell, to allow for forward cell movement 

(Sheetz, 1994; Laufifenburger and Horwitz, 1996).

1.7.2 Wound contraction models

Several models have been developed to study the process of wound contraction in vitro, 

using fibroblasts cultured in collagen matrices (Clark, 1995). Previous studies of the 

mechanics of contraction have been based on the 3-dimensional fibroblast populated 

collagen lattice (FPCL) model of wound contraction (Bell et al. 1979; Ehrlich and 

Rajaratnam, 1990; Delvoye et al. 1991; Kolodney and Wysolmerski, 1992; Eastwood et 

al. 1994). The matrices in such models can be mechanically manipulated to resemble 

relaxed tissue (dermis) or stressed tissue (granulation tissue), by fi*ee-floating (untethered) 

or anchoring (tethered) the matrix, respectively (Nishiyama et al. 1989; Nakagawa et al. 

1989; Grinnell, 1994). Initial models monitored rate of shrinkage (area or diameter) as a 

measure of lattice contraction when floating untethered. Bell et al. (1979) put forward a 

model of wound contraction which showed that human fibroblasts could contract a 

hydrated collagen lattice (fi’ee floating) into a tissue-like structure within 24 hours. They 

described how some cells in tethered matrices transformed into muscle-like myofibroblast 

cells, compared to cells in fi-ee-fioating matrices, which did not display the myofibroblast- 
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like phenotype. Bell and co-workers (1979) documented that the process was dependent 

on collagen concentration and the cell number seeded. Interestingly, other cellular 

differences between free-floating models and tethered models have been shown, including 

proliferation, differentiation and extracellular matrix organisation (Nusgens et al. 1984; 

Nishiyama et al. 1989; Delvoye et al. 1991), suggesting that mechanical force generation 

within the matrix may play a regulatory role in such processes. Delvoye et al. (1991) used 

both untethered and tethered collagen lattices to measure the tractional mechanical forces 

generated by human dermal fibroblasts seeded within the collagen lattice. This tethered 

model was the first to provide a more accurate measure of contractile force generation 

compared to the previous systems which monitored rate of lattice shrinkage. Their work 

highlighted that contraction was dependent on cell number, collagen concentration, 

cytoskeletal integrity and FCS concentration (present in the media), and suggested that 

the mechanical activity of fibroblasts and the tension they exerted on the lattice was 

involved in the structural organisation of the dermis and its physiologic tension. Kolodney 

and Wysolmerski (1992) used a quantitative model that measured isometric contraction 

generated by fibroblasts and endothelial cells seeded in lattices in vitro. They used a basic 

voltmeter for data capture and an oscillograph to record force measurements. By 

applying stimulatory (thrombin) and inhibitory (cytochalasin D) agents to their system 

they identified that cytoskeletal integrity was critical for force generation. Eastwood and 

co-workers (1994) further enhanced this model, developing a automated device capable 

of accurately measuring contractile forces generated by FPCL’s. Unlike all the previous 

systems, the CFM provided a mechanically defined and tethered quantitative model, 

allowing the measurement of isometric forces generated by FPCL’s (Eastwood et al.

1994). The CFM uses a computer based data capture system which provides a continuous 

quantitative record of tractional forces generated over several hours by living cells seeded 

in a collagen matrix. This instrument detects contractile forces generated from time point 

zero, ie,: as soon as the gel (substrate material) is capable of transmitting load through to 

the force transducer. Eastwood et al. (1994) showed that contractile forces are generated 

almost instantly, after cell seeding within the matrix (excluding time taken for gel 

polymerisation). This feature has been associated with cell-matrix attachment and cell 

spreading within the matrix (Eastwood et al. 1996). The CFM generated data can then be 

represented graphically as a contractile profile (Eastwood et al. 1994, 1996). Thus, it 

currently appears to be the most refined model for monitoring the contraction process. 
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1.8 Photodynamic Therapy

Photodynamic therapy (PDT) is the light treatment of tissue that has accumulated a 

photosensitiser drug, and is currently used to treat a variety of oncological conditions 

(Margaron et al. 1997). To date PDT has successfully been used as a treatment for oral, 

skin and gut cancers, and more recently has been employed for non-oncological 

conditions including psoriasis and rheumatoid arthritis (Margaron et al. 1997; Xiao-xi et 

al. 1997; Rowe, 1998). PDT treatment involves irradiating the tumour tissue, which has 

been pre-treated with the photosensitiser (Bishop et al. 1993). This triggers a cold 

photochemical reaction that kills the tumour cells and allows healing to commence with 

minimal scarring, producing a better cosmetic outcome compared to conventional 

treatments (NMLC, 1996).

Three components necessary for such a reaction, are (i) a photosensitiser drug, (ii) light, 

and (iii) oxygen (Hadjur et al. 1995). The molecular basis of PDT is the formation of a 

reactive oxygen species through a light-activated photosensitiser, that can alter/destroy 

cellular components (Margaron et al. 1997). Such effects on cell components include 

enhanced cytoplasmic calcium release (Agarwal et al. 1993), activation of heat shock 

proteins (Curry and Levy, 1993) and apoptosis (Agarwal et al. 1991). Figure 18 outlines 

a proposed mechanism through which reactive radicals may induce such deleterious 

effects.
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Figure 18. Loss of ionic, energetic and redox cellular equilibria

(taken from Roberfroid and Calderon, 1995).
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Due to the interdependent and direct relationship between various internal equilibria, 

alteration in one specific type of homeostatic equilibrium will in turn effect other 

intracellular equilibria. For example, cell damage by an oxidant agent causes a fall in 

levels of intracellular NADPH (reduced form). This may lead to impaired mitochondrial 

fimction, resulting in less ATP production, and consequently reduced ATPase activity 

(ATPase's are enzymes involved in ionic equihbrium across membranes).
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1.8.1 Radical reactions

Radical reactions occur as chain reactions, and consist of 3 main stages: (i) initiation; (ii) 

propagation; and (iii) termination (Roberfroid and Calderon, 1995).

1.8.1.1 Initiation

The initiation stage is the generation of the radicals and can occur through bond 

homo lysis, photolysis, radiolysis or redox reactions. Photolysis is the splitting of chemical 

bonds within a molecule. This results when energy is absorbed by a molecule and 

generates radicals (Roberfroid and Calderon, 1995). When the molecule is a 

photosensitiser, light absorption can sometimes lead to a transfer in their excitation 

energy and causes a photocatalysed oxidation (Roberfroid and Calderon, 1995). Thus, 

radical chain reactions initiated by light (plus a photosensitiser drug) ie,: photodynamic 

reactions, can occur in one of two ways, (type I reaction) photo-oxidation of the 

photosensitiser by electron or proton transfer, or (type II reaction) direct excitation of 

oxygen molecules by the photosensitiser (Halliwell and Gutteridge, 1989; Hadjur et al.

1995). Both result in the production of highly reactive species (oxygen radicals or singlet 

oxygen) and consequential cell injury and death (Roberfroid and Calderon, 1995). 

Production of singlet oxygen via the type II reaction, in general appears to be the more 

accepted theory (Halliwell and Gutteridge, 1989; Moan et al. 1994; Hadjur et al. 1995).

Free radicals by definition are highly reactive species that contain one or more unpaired 

electrons in an atomic or molecular orbital (Halliwell and Gutteridge, 1989). Naturally 

occurring oxygen molecules are radicals as they contain unpaired electrons, however as 

the electrons have parallel spins, this ‘ground’ state of oxygen is the most stable. Several 

other states of oxygen exist, including superoxide, peroxide ion and two states of singlet 

oxygen, singlet oxygen (^AgOz) and reactive singlet oxygen ('Zg^O]) (Halliwell and 

Gutteridge, 1989) (Figure 19).
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Figure 19. Bonding in the diatomic oxygen molecule
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' AgO] is not a free radical as it contains no unpaired electrons, however 'Sg O2 is 

extremely reactive and is considered a free radical as it contains unpaired electrons. As 

'Zg O2 rapidly decays to produce the reactive 'Ag0 2  state, it is Ag0 2  that is generally 

monitored in biology and medicine.

(taken from Halliwell and Gutteridge, 1989)

1.8.1.2 Propagation

The propagation stage o f the radical chain reaction occurs when the number o f radicals is 

conserved. This stage can occur in 3 ways: (i) atom transfer; (ii) electron transfer; and 

(iii) radical addition (Roberfroid and Calderon. 1995). Electron transfer appears to be o f 

particular importance in biological systems.

Singlet oxygen species are most commonly generated during photosensitisation reactions 

(Halliwell and Gutteridge, 1989; Moan et al. 1994; Hadjur et al. 1995). Such a reaction, 

which is important in many biological situations, occurs when molecules are irradiated 

using a certain wavelength of light. The irradiation energy initially causes excitation o f the 

photosensitiser drug molecule to a higher energy state, transfer o f this excitation energy
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to an adjacent oxygen molecule then follows. As the oxygen molecule is converted into a 

singlet state, the photo sensitised molecule returns to its lower energy ‘ground’ state. The 

singlet oxygen produced can then attack other molecules or the photosensitiser molecule 

itself, such effects are known as photodynamic effects. It has been reported that high 

doses of the singlet oxygen species can kill cells, whilst lower doses apparently modify 

cell behaviour (Rowe, 1998). For example Margaron and co-workers (1997) described 

how the ability of fibroblasts to adhere to extracellular matrix was suppressed by PDT. 

They indicated that this may be due to interference with integrin mediated attachment and 

cell signalling, wdthout modification of integrin receptor expression or damage to the 

membrane. Indeed, other treatment parameters including exposure time, light fluence, 

drug dose and wavelength may also contribute to the differing cytotoxicity displayed by a 

particular photosensitising drug.

1.8.1.3 Termination

In order to terminate a radical chain reaction, all radicals must be destroyed (Roberfroid 

and Calderon, 1995). Termination can occur in 3 ways: (i) radical homo linking or 

crosslinkmg; (ii) radical scavenging; and (iii) electron transfer. Radical scavenging occurs 

naturally, however can be artificially stimulated to terminate radical chain reactions. 

Scavenging forms a radical that is less likely to undergo propagation, but is more likely to 

homolink (ie,: dimérisation of 2 identical radicals). One of the most important 

homo linking reactions in biological systems involves the reaction of radicals with reduced 

glutathione (GSH), this generates 2 thiyl radicals, 2(GS) which are less likely to undergo 

propagation. Homolinking of these 2 identical radicals then forms the oxidised gluathione 

molecule, (GSSG) and the radical chain reaction is terminated (Figure 20) (Roberfroid 

and Calderon, 1995).
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Figure 20. Termination of radicals, using glutathione and a-tocopherol (a Vitamin 

E antioxidant).

(R) + aXOH  ► (aXO) + RH

(aXO) + G S H -----------------------^ aXOH + (GS)  ^ dimer GSSG

where: (R) = radical

aXOH = a  tocopherol

(aXO) = a  tocopheryl radical

(GSH) = reduced glutathione

(GS) = thiyl radical (a sulphur-centred radical)

(GSSG) = oxidised gluathione

1.8.2 Photosensitisers

A range of photochemical drugs are available, the most widely used ones being porphyrin 

derivatives (Pass, 1993, Rowe, 1998). Over the last few years photosensitiser drugs have 

been improved in several ways including: period of time the drug remains in the patients 

circulation (patient has to remain in the dark for longer with certain drugs); eliminating 

exothermic reactions (heat generation) during treatment that can cause thermal injury; 

speed of application, ease of application and time taken to treat with the photo sensitiser 

(Paquette et al, 1988; NMLC, 1996).

Photofrin, is a derivative of haematoporphyrin and is used for the treatment of early oral 

cancers (Rowe, 1998). Xo date it is the only approved PDT drug available on the market 

(Rowe, 1998). Its major drawback is cutaneous phototoxicity (Leupold and Freyer, 

1992), due to retention within the patients body. Patients treated with this drug would be 

required to stay out of the light for a month or longer, which presents a major problem in 

South Eastern countries, where profuse cases o f oral cancer have been reported (NMLC,

1996). Another disadvantage is the time taken to administer the drug, treatment with 

photofrin can take up to an hour, where as more recent drugs such as meta-XQXxQ. 

(hydroxyphenyl)-chlorin (mXHPC), a powerfiil photosensitiser, can take as little as 10 

minutes (Horrobin, 1994; NMLC, 1996).
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5-aminolaevulinic acid (ALA) is a naturally occurring compound that is converted in cells 

into a porphyrin derivative (protoporphyrin IX), and which can act as a powerful 

photosensitiser (NMLC, 1996; Rowe, 1998). ALA is used as a topical treatment for skin 

cancers, as it remains active for only 1 day, therefore it is useful in hotter (tropical) 

climates.

One of the most recent additions to the growing list of photosensitisers are the 

phthalocyanines, these are a group of compounds that display superior therapeutic 

qualities over porphyrin type compounds (Bishop et al. 1993). Phthalocyanines are 

normally chelated to metals such as aluminium or zinc to enhance their cytotoxicity 

(Rosenthal, 1991). Disulphonated aluminium phthalocyanine (AIPCS2) is one such 

member of this family and is considered to be a potential clinical photosensitiser (Bishop 

et al. 1993). Early work with AIPcS] have seen it used to treat gut and oral cancers. 

Advantages of AIPcS] over other photosensitising drugs is that it is not retained by the 

body for long periods, displays little or no direct toxicity and is photochemically stable 

(ie,: it is only activated using the correct light parameters, such as wavelength and energy 

dose (Paquette et al, 1988).

1.9 Clinical relevance of this study

Control of the healing process is an area of great interest at present. Modulation of this 

process can be achieved at several stages throughout the cascade, as illustrated in Figure 

21. For example, as the wound healing cascade proceeds, intervention at the cell 

migration and proliferation stage may occur through the use of antibodies directed against 

specific fibroblast functions and also through the application of anti-proliferatives (5- 

Fluorouracil). Intervention at this early stage would in aim to reduce or inhibit migration 

and/or proliferation events, but also those occurring later on in the cascade, including 

wound contraction and ECM synthesis by fibroblasts. Interference later in the cascade, to 

prevent wound contraction for example may be achieved though the manipulation of cell- 

matrix interactions or by PDT. These then would aim to reduce or inhibit wound 

contraction, and the subsequent event of scar contracture.
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EVENT

accidental/surgical injury

damage to connective tissue

release o f  plasma proteins and blood

activation o f  clotting and complement systems

fibrin/fibronectin blood clot

release o f  growth factors from the blood

INFLAMMATION 
migration abd proliferation o f  inflammatory cells to wound site

MIGRATION AND PROLIFERATION 
fibroblasts come into play

wound contraction

ECM synthesis by fibroblasts

REMODELLING 
collagen crosslinking and modification

continued collagen synthesis

disappearance o f  fibroblasts and formation o f  acellular scar

POSSIBLE AREAS OF MODULATION

minimal trauma/less evasive surgical techniques

haemostasis 

agents preventing/removing fibrin eg: heparin 

antagonists to growth factor production and their activation 

also antibodies to growth factors and growth factor receptors

antiinflammatory agents and antiproliferatives

antiproliferative agents 
antibodies against fibroblast function and protein-depleted serum

anticontraction agents 
antibodies against cell-matrix interaction and protein-depleted serum 

photodynamic therapy

anticrosslinking agents

--j (adapted from Khaw at al. 1994)



1.10 Aims of the study

It was the aim of this study to understand and control certain cellular processes involved 

in wound contraction and consequent scarring, in order to reduce or increase healing, as 

required. For this, three potential areas were investigated: cell-matrix attachment, growth 

factor influence and photodynamic therapy. The first two were to understand possible key 

stages of the process and their role, whilst the third was a potential intervention. Each is 

known to effect the healing process to varying degrees in vitro, with the latter also having 

been used in vivo.

1.10.1 Interruption of cell-matrix interactions

Previous studies have suggested that contractile force generation is correlated with 

attachment, extension of cell processes and migration of cells through the collagen matrix 

(Stopak and Harris, 1982; Ehrlich and Rajaratnam, 1990; Delvoye et al. 1991; Andujar et 

al. 1992; Grinnell, 1994; Sheetz et al. 1994; Eastwood et al. 1996; Talas et al. 1997). 

Also intracellular signalling following integrin-ligand binding is thought to occur (Roeckel 

and Krieg, 1994; Langholz et al. 1995; Stuiver and O’Toole, 1995), mediating inside-out 

and outside-in signalling between the cytoskeleton and the ECM (Adams and Watt, 1993; 

Stuiver and O’Toole, 1995) and inducing contraction (Machesky and Hall, 1997; 

Rosenfeldt et al. 1998; Parizi et al. 1999 (In press)). It therefore seems likely that cell- 

matrix attachment is critical to contraction, and so its mechanism is an important potential 

target for the regulation of collagen contraction in tissue repair or in tissue engineering.

The initial stage of this study was to investigate cell-matrix interactions during the early 

stages of contraction. Conducting this phase of research provided insight into the factors 

involved in the process, and when they came into play. The collagen matrix used in this 

part of the study was a highly porous sponge. This represented the dermis, was used in 

combination with human dermal fibroblasts. Interruption of cell-matrix interaction was 

achieved by adding blocking antibodies, synthetic peptides or by removing cell-binding 

ligands from the serum used in the system. Consequent changes in forces generated in 

matrices were measured and analysed using the CFM.
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1.10.2 Influence of TGFpi

Manipulation of wound healing using growth factors, in particular TGFpl has been well 

documented (Reed et al. 1994; Chegini, 1997; Martin, 1997). It has been reported that 

TGFpl stimulates contraction through fibroblast differentiation (into myofibroblasts) and 

upregulation of a-SMA expression by such cells (Desmouliere et al. 1993). TGFp also 

increases the deposition of ECM proteins such as fibronectin and collagen (Sarkissian and 

Lafyatis, 1998), by increasing synthesis and decreasing breakdown (Desmouliere and 

Gabbiani, 1994; Reed et al. 1994; Chegini, 1997), and that this can lead to the 

development of hypertrophic scars and other fibrotic disorders (Desmouliere and 

Gabbiani, 1994). The suggestion that TGFp plays an important role in both fibroblast 

differentiation (change from fibroblast to myofibroblast) and in fibrosis makes it a key 

growth factor that could possibly mediate the extent of granulation tissue contraction 

(Grinnell, 1994). Thus, the second stage of the study was to observe at which stage 

this growth factor exerted its effect, as well as to characterise changes in rate and 

magnitude of force generation caused by TGFpi. Changes in morphology and receptor 

expression were also investigated, to identify the possible mechanism of action TGFpl 

has on the process of contraction.

1.10.3 Effect of photodynamic therapy

Lasers have been used in cutaneous surgery for many years, the argon laser was initially 

employed and later replaced by the carbon dioxide laser (Sauer and Hall, 1996). The 

latter has been used for a wide range of surgery techniques, including incisions, excisions 

(of skin cancers), mobilisation of, and grating of skin flaps in reconstructive surgery. The 

carbon dioxide laser has also been used to level out raised scars (keloids) and 

hypertrophic scarring, generating re-epithelialisation and healing, though with limited 

success. Stemming from the early staged use of lasers for such surgery, a subsequent and 

expansive array of varied laser types has appeared (Sauer and Hall, 1996). Photodynamic 

therapy is the most recent addition to the ever increasing list of laser treatments. To date 

it has been used extensively for the treatment of oral, skin and gut cancers, however holds 

potential for use in cutaneous surgery (Sauer and Hall, 1996). Especially for reducing or 

eliminating comestically and anatomically disfiguring keloid and hypertrophic scars.
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PDT treatment involves irradiating the tumour tissue, which has been pre-treated with a 

photosensitiser (Bishop et al. 1993). PDT treatment selectively destroys the tumour cells, 

leaving the extracellular matrix unaffected, and allows for normal healing to commence. 

Taking this concept of removal of abnormally functioning cells and allowing a 

consequential influx of healthy normal cells (repair), effect of PDT on cell-matrix 

attachment during early stage contraction was addressed. Manipulation of such processes 

using PDT could provide a critical point at which the process of contraction may be 

regulated. Optimal light and drug dosage to minimise cell death was achieved by the use 

of viability assays. Changes in contractile force generation was analysed using the 

conventional free floating gel method and the quantitative CFM.
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2.0 Materials & Methods
2.1 Inhibition of Cell-Matrix Attachment and Contraction

2.1.1 Fibroblast Culture

Human dermal fibroblasts were grown fi*om dermal explants obtained directly fi"om the 

operating theatre as described by Burt and McGrouther (1994). 5 mm strips o f skin 

(epidermis and dermis layers only) were carefully excised from mammoplasty and 

abdominoplasty tissue samples. They were washed for 5-10 seconds by rapid shaking in 

70% alcohol, to remove dried blood and surface residue from the tissue. Strips were then 

submerged into PBS to wash away any remaining alcohol and to prevent drying out. 

Individual strips were removed from the PBS and placed onto a sterile petri dish. 2-3 mm 

cubes of tissue were cut from the strips and carefully anchored to a 25cm^ tissue culture 

flask. Culture flasks were placed in a 37^C incubator to dry for 2 hours, after which 5 ml 

of Dulbecco’s Modified Eagle's Medium (DMEM, Gibco Life Technologies, Paisley, UK) 

supplemented with 10% (v/v) Foetal Calf Serum (PCS, First Link, West Midlands, UK), 

with glutamine (2mM, ICN, Biochemicals Ltd, Thyne, UK), and penicillin/streptomycin 

( 1 OOU/ml/1 OOpg/ml, Gibco Life Technologies, Paisley, UK) was added, the explants 

were then gassed with 5% CO2 prior to incubation at 37°C. Fibroblasts growing out from 

explants were passaged upon becoming confluent, at a spht ratio of 1:2. Cells were 

washed in copious amounts of PBS. 2-3 ml of 10 x trypsin-EDTA in PBS (0.5 mg/ml, 

Gibco BRL) was then added and flasks were placed on a rocker at 37®C for 10 minutes. 

Flasks were then tapped with force to dislodge any remaining trypsinized cells from the 

flask base. Trypsinized cell suspensions where then transferred into a universal, where an 

equal volume of DMEM was added to neutralise the enzyme reaction. Cells were 

centrifuged at 1500 rpm for 5 minutes, after which the supematent was aspirated and 1 

ml of DMEM was used to resuspend the cell pellet. This volume was then split equally 

between two 75 cm  ̂ flasks. 15 ml DMEM was added to the flasks, which were then 

gassed and transferred to 37®C incubator. All subsequent cells were maintained in 

DMEM and gassed with 5% CO2 prior to incubation at 37^C. Cultures were passaged 

upon becoming confluent, at a split ratio of 1:3, as described above. All cultures were 

used between the third and sixth passages.
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2.1.2 Cell Counts

Cell numbers were determined using a eonventional haemocytometer. Centrifuged cell 

pellets (refer to section 2.1.1) were re-suspended in a known volume o f DMEM. 

Approximately 100 pi was then placed between the haemocytometer slide and its 

coverslip. Cell numbers were then counted using the central grid as depicted in Figure 22 

below.

Figure 22.
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Cells in 5 o f the 25 squares (each containing 16 squares), from the top and the bottom 

sections o f the haemocytometer were counted. Averages were calculated and then placed 

into the following formula to give total cell numbers;

Total No. o f Cells = % x 10* x 25 x volume cells

were suspended in

where:

X = average number o f cells

2.1.3 Collagen-GAG M atrices

A defined co-polymer sponge (Yannas et al. 1980; Yannas, 1990) generously donated by 

Prof. loannis Yannas, M.I.T., USA, was used as the substrate. This substrate, unlike the 

conventional collagen gel substrate is highly porous and consists o f densely packed, 

crosslinked type I collagen and the glycosaminoglycan, chondroitin 6-sulphate (Yannas et
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al. 1980; Yannas, 1990) (Figure 23). The collagen is the basic structural support o f the 

material, where as the glycosaminoglycans serve to retain water through expansion, hence 

the volume o f the tissue-like material increases relative to its mass (Alberts et al. 1994).

Figure 23.

2.1.4 Fluorometric DNA Assay

Due to the hydrophobic nature o f this substrate, time required and total numbers of 

fibroblasts permeating into the collagen-GAG sponges, was determined using a 

fluorometric DNA assay (Kapuscinski and Skoczylast, 1977).

2.1.4.1 Assay set-up

Experiments were set up in a 24 multi well culture plates. Six time points were used to 

determine optimal permeation times, each time point was repeated three times. Sterile 

collagen-GAG sponges were cut into 1 cm^ pieces and placed into 18 o f the wells. 5x10^ 

human dermal fibroblasts were allowed to permeate into the collagen-GAG sponge for 

10, 20, 30, 40, 50 and 60 minute intervals, in an incubator at 37^C, 5% CO2 . After 

completion o f permeation time, the sponge sample was removed from the multiwell plate 

and finely shredded using a scalpel and tweezers. Sponge samples were then 

enzymatically treated in one o f  three ways.

Kamaljit Kaur SethL PhD. Thesis 1999. 83



Methods of cell ~ collagen-GAG sponge digestion:

i) coUagenase treatment only

The sample was transferred into a bijous, where 1ml of coUagenase (lOmg/ml) was 

added. The sample was then placed on a rocker in a 37^C incubator (5% CO2) for 3 

hours.

ii) coUagenase and trypsin treatment

The sample was transferred into a bijous, where 0.5ml of coUagenase (lOmg/ml) and 

0.5ml of 10 X trypsin-EDTA in PBS (0.5 mg/ml) was added. The sample was then placed 

on a rocker in a 37®C incubator (5% CO2) for 3 hours.

iii) coUagenase foUowed by trypsin treatment

The sample was transferred into a bijous, where 1ml of coUagenase was added. The 

sample was then placed on a rocker in a 37^C incubator (5% CO2) for 3 hours. After 

treatment with coUagenase, a further 1ml of 10 x trypsin-EDTA in PBS was added and 

the sample returned to the incubator for an extra hour.

Upon completion of the digestion stage equal volumes of DMEM were added to the 

bijous’ to neutralise the enzyme action. Samples were centrifuged at 1500 rpm for 5 

minutes and immediately frozen untU required for DNA analysis. CeU free controls were 

also prepared for use during DNA analysis, to exclude any background absorbance 

generated by the sponge itself.

2.1.4.2 Standard Curve

Solution for the standard curve were prepared as shown in Table 2 below. Total volume 

of each standard was 1 ml. Tubes were gently mixed and 100 pi of each standard was 

transferred into 96 multiweU plate. Absorbance was read at 460nm using a Perkin Elmer 

LS-2B Fluorimeter. A standard curve was produced by plotting Absorbance (460nm) 

versus DNA concentration (pg/ml).
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Table 2. Standard Curve Preparation for DNA Assay

DNA CONC'̂ DNA NaCI VOL H2O VOL TRIS VOL DAPI VOL
(pg/ml) STANDARD 

,__ VOL (pi)
O.OIM (pi) (pl) 0.04M (pi) 1 pg/ml (pi)

Blank (0) n  0 500 300 100 100
0.5 25 475 300 100 100
1.0 1 50 450 300 100 100
1.5 75 425 300 100 100
2.0 1 100 400 300 100 100

2.1.4.3 Sample Preparation

Frozen samples were reconstituted in 100 pi o f DMEM to which was then added to 

400 pi NaCl (0.01 M), 300 pi II2O, 100 pi Tris (0.04M) and 100 pi DAPl (1 pg/ml). 

Total volume o f each sample was 1 ml. Tubes were gently mixed and 100 pi o f each 

sample was transferred into 96 multiwell plate. Absorbance was read at 460nm using the 

fluorimeter. DNA concentration present in all samples (including cell free collagen 

sponges, control) was then calculated from the absorbance readings using the standard 

curve and the following equation:

X = (y - c) m

where:

X = DNA concentration 

y = sample absorbance 

c = intercept 

m -  gradient

Cells numbers retrieved from samples were graphically represented by plotting DNA 

content (pg) versus time (minutes). Cell numbers were calculated from DNA contents, 

taking into account that an individual cell contains 7.5 picograms o f DNA.

2.1.5 Preparation o f Plasma Fibronectin for Aiding Cell Attachment

Results from the DNA assay suggested that the number o f cells attaching to the collagen 

sponge were low. For this reason the protein, fibronectin was utilised to aid cell
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attachment to the collagen-GAG sponge. The fibronectin is stored in 4M urea bufier, 

therefore to purify the fibronectin sample it was dialysed using PBS. This served to 

remove the urea buffer.

2.1.5.1 Fibronectin Dialysis

Dialysis tubing stored in alcohol was washed twice in distilled water. One end of the 

tubing was securely clipped, and again placed in distilled water until required. The tubing 

was kept moist at all times. The tubing was removed fi"om the distilled water and drained, 

the fibronectin-urea solution was then carefully poured into the tubing, and the second 

end clipped. PBS was used to dialyse the fibronectin solution. The filled dialysis tube was 

dropped into a 1 litre glass beaker filled with PBS. The beaker containing the fibronectin 

filled dialysis tubing was placed onto a magnetic stirrer and allowed to dialyse at 4® C for 

24 hours. During the 24 hours the PBS was changed 4-5 times.

2.1.5.2 Calculation of fibronectin concentration

The protein concentration of the fibronectin was calculated upon its purification. The 

spectrophotometer was set at 280 nm and was used to read the absorbance values. 

Distilled water was used as a standard, after which the absorbance of the fibronectin 

solution was read. Averaged readings were then inserted into the following calculation to 

determine protein concentration of the sample:

Average Absorbance Total protein
— ► concentration of

Extinction coeflBcient of fibronectin the sample

A final concentration of lOpg/ml fibronectin solution was calculated fi’om the total 

protein concentration calculated above. The fibronectin solution was diluted to the 

appropriate concentration using serum-fi-ee media. Fluorometric DNA assay was again 

performed to derive total numbers, and optimal time required for fibroblasts to permeate 

into the collagen-GAG sponge. Application method of fibronectin solution to collagen- 

GAG sponges, to aid attachment was as described in section 2.1.7.3.
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2.1.6 Culture Force M onitor

The Culture Foree Monitor (CFM) apparatus was construeted as described by Eastwood 

et al. (1994) to measure forces generated by cells in collagen matrices (Figure 24). The 

CFM is an instrument capable o f quantitatively measuring traetional forces generated by 

cells as they migrate through the collagen matrix. A graphical data point was produced 

every 10 minutes from the average o f 600 readings, taken at a rate o f 1 reading per 

second. This provided a continuous and precise measure o f force generated by the living 

cells and matrix.

Figure 24. The Culture Force M onitor, CFM

Kamaljit Kaur Sethi. PhD. Thesis 1999. 87



2.1.6.1 CFM Calibration

The CFM was regularly calibrated as described by Eastwood et al. (1994). The force 

transducer was removed from the CFM stand and secured to the base of the machine. 

The incubator door was shut, and the force transducer allowed to settle. Data was then 

collected for 1 minute, this represented zero weight where the force transducer was 

unrestrained and load free. Following this, a number of weights were consecutively 

applied to the force transducer, again the force transducer was allowed to stabilise (ie: no 

vibration) and upon doing so, data collection proceeded (Figure 25). Weights used to 

calibrate the CFM were Og (force transducer alone), 0.03g, 0.05g, 0.2g, 0.3g and 0.5g. 

This procedure was performed 4 times over the complete series of weights, where data 

was collected initially from Og -> O.Sg and then from 0.5g Og and so forth. A 

calibration curve was generated and a conversion factor calculated, using Lotus 1-2-3 

spreadsheet package (Lotus 1-2-3 Release 5 for Windows, 1994, Lotus Development 

Corporation, UK). The conversion factor was used for all subsequent data processing, so 

as millivolt (mV) readings could be converted into dynes and a graphical representation 

of contractile forces, generated.
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Figure 25. The CFM Calibration
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2.1.6.2 CFM Experimental Set-up: Inhibition o f Cell-M atrix Attachment

The CFM set-up can be depicted schematically as in Figure 26. A rectangular silicone 

elastomer mold (Dow Corning Ltd, South Glamorgan, UK) cast into a polymethyIpentene 

petri dish (Techmate Ltd, Milton Keynes, UK) served as the cell chamber. The cell 

chamber was smaller than that described by Eastwood et al. 1994, requiring less material 

and 20% o f the cells. Cell chamber dimensions were 26mm x 17mm x 13mm (Figure 27). 

The collagen-GAG sponge (dimensions: 22mm x 15mm) was clamped at either end 

through vyon-polymer bars by inserting wire A-frames through a sandwich o f vyon- 

sponge-vyon (15mm x 5mm x 5mm) (Figure 28). These A-frames were then connected to 

the CFM.

Figure 26. Schematic diagram of the CFM set-up

lOOul PBS/Inhibitor
1 Million CellslOOul Fn Solution

A-Frames

Sponge

Vyon Bars
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Figure 27. The CFM Cell Chamber
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Figure 28. Sandwich set-up o f the collagen-GAG sponge and vyon bars
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2.1.7 Control Contractile Profiles

2.1.7.1 Baseline cell-free sponge contraction

A control cell-free contraction was obtained using collagen-GAG sponge alone as 

described above. Sponges were hydrated and floated using 6nd of complete DMEM (i.e,: 

DMEM with 10% PCS, 2mM glutamine and 1 OOU/ml/1 OOpg/ml penicillin/streptomycin), 

prior to attachment to the CFM force transducer via A-frames, data capture of force 

began immediately. This was to provide a baseline contraction. Readings from the cell- 

free control were subsequently subtracted from all other experiments to provide a reading 

o f ‘net force per million cells’.

2.1.7.2 Specific controls

Specific controls were used, where only a 0.1 pg/ml solution of sodium azide (Sigma 

Chemicals, Dorset, UK) was applied to the collagen-GAG sponge. This was to eliminate 

any possible effects this preservative (present in commercial antisera) may have on 

contraction. Application of the plasma fibronectin, that was used throughout to aid cell 

attachment, was applied to the collagen matrices themselves, to eliminate the effect of this 

protein on the coUagen-GAG sponge contraction. Vehicle only (phosphate buffered 

saline) or blocking antibody controls were used routinely to identify and eliminate 

residual contraction of the collagen-GAG sponges themselves.

2.1.7.3 Untreated Dermal Fibroblast Contraction

Sterile collagen-GAG sponges were hydrated using a lOOpl of plasma fibronectin (to aid 

cell attachment), lOOpl cell suspension of 1 million cells plus lOOpl of PBS. These were 

pipetted onto the sponge and allowed to permeate for 10 minutes. Optimal time for 

attachment of cells onto sponges was determined using a fluorometric DNA assay 

(Kapuscinski and Skoczylast, 1977). Following the 10 minutes permeation step the 

collagen-GAG sponge and vyon bars were floated using 6ml of complete DMEM 

supplemented with 2.5pg/ml amphotericin B (ICN Biomedicals Ltd, Oxfordshire, UK). 

The bars were then attached to the force transducer of the CFM by the A-frames and 

force measurements began immediately.
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2.1.8 Inhibition Contractile Profiles - Application of Competitive Agents

Sterile eoUagen-GAG sponges were treated as described above. The hydration step was 

altered and lOOpl of PBS was replaced by lOOpl of the appropriate inhibitor 

concentration (Table 3). In the case of the depleted sera experiments, the system was 

floated using 6ml of DMEM containing 10% of the appropriate depleted sera, 

supplemented with 2.5pg/ml amphotericin B.

Inhibition of cell-matrix interactions was tested using (i) a polyclonal anti-alpha-5-beta-1 

antibody (Gibco Life Technologies) (ii) a polyclonal anti-fibronectin antibody (Serotec, 

Oxford, UK) (iii) a synthetic peptide RGDSPASSKP (Calbiochem-Novabiochem, 

Nottingham, UK), specific to the cell recognition sequence in the fibronectin molecule 

(iv) a monoclonal anti-alpha 5-antibody (Serotec, Oxford, UK) (v) a polyclonal anti

vitronectin antibody (Gibco Life Technologies) (vi) a monoclonal anti-a2-antibody 

(Serotec, Oxford, UK) (vii) Fn-depleted sera (viii) Vn-depleted sera and (viiii) double 

depleted sera (depleted of both Fn and Vn proteins) generously donated by Dr. Clive 

MacFarland, CSIRO, Australia.

Antibodies used in the study were applied at varying concentrations as shown in Table 3. 

The synthetic decapeptide sequence (RGDSPASSKP) was applied at concentrations of: 

1; 0.5; 0.25mg/ml. Fn, Vn and double depleted sera was added as a 10% solution (to 

replace the 10% FCS supplement) to the DMEM. In dual Fn antibody experiments dose 1 

of anti-Fn antibody (0.1 mg/ml) was added at Oh and dose 2 at 5h. A dual experiment was 

performed to observe the contraction of sponge and cells upon addition of initially anti- 

fibronectin-antibody and secondly anti-vitronectin- antibody. Dose 1: anti-Fn (0.1 mg/ml) 

was added at 0 hours and dose 2: anti-Vn (0.1 mg/ml) at 5 hours. Data capture started 

immediately and was collected over 20 hours.
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Table 3. Antibodies Used for Inhibition Studies

NAME OF TYPE OF 
ANTIBODY ANTIBODY

aS pl (FnR) Polyclonal

r

Fn

Vn

a l  (CD49b) | Monoclonal

ANTIGEN

Human

^ ly c lo n a l Human

a5 (CD49e) Monoclonal Human

Polyclonal Human

Human

SPECIES 
ANTIBODY 
RAISED IN

Rabbit

Mouse

Rabbit

Mouse

PROTEIN 
CONĈ  USED

 (mg/ml)
1

0.2
0.1

0.02
0.01

0.005

1
0.1

0.02
o.ol

0.005

1
0.1

_0.01
0.005

0.1
0.01

0.005
0.003

0.0025

0.1

Contractile profiles, rates o f contraction and statistical analysis (calculating standard 

deviation) o f data was performed using standard computer software (Lotus 1 -2-3 Release 

5 for Windows, 1994, Lotus Development Corporation, UK).

2.1.9 Fixation and Imm unofluorescent Labelling o f Collagen-GAG Sponges

Fixation and immunofluorescent labelling technique o f matrices was performed by using a 

modified technique o f Baschong et al.\991.

2.1.9.1 Fixation o f Collagen-GAG Sponges

Matrices were initially fixed under tension at room temperature. Time between matrix 

detachment from the CFM and re-tensioning (using pins and a polystyrene block -  see
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Figure 29) in the fixation well plate, which contained permeabilization bufier was kept 

under 3 minutes.

Figure 29. Fixing Procedure for Collagen-GAG Sponges

TENSION

Pins ^ A-frames

i
Fixation Well Plate Polystyrene Block

Matrices were briefly washed in warmed calcium Iree Modified Hank’s Buffer (MHB) 

(Sigma Chemicals, Dorset, UK) containing 2 mM EGTA (ethylene glycol-bis-(2-amino- 

ethyl)-tetra acetic acid) (Sigma Chemicals, Dorset, UK) and 5 mM MES (2-morpholino- 

ethanesulphonic acid) (Sigma Chemicals, Dorset, UK ), pH 6.2-6.4. Samples were then 

transferred into permeabilization buffer for 15 minutes (MHB containing 0.125% 

glutaraldehyde (TAAB Laboratories Equipment Ltd., Reading, Berkshire, UK) and 2% 

triton-X 100 (Sigma Chemicals, Dorset, UK). After this initial pre-fixation stage matrices 

were released from tension and were transferred into MHB containing 1% glutaldehyde 

for 20 minutes. Three brief washes in MHB followed. Aldehyde groups were removed by 

two 10 minute washes in a reducing MHB solution containing 0.5 mg/ml o f NaBRi 

(Sigma Chemicals, Dorset, UK ) on ice. Finally matrices were stored at 4°C in MHB 

containing 0.005% sodium azide (Sigma Chemicals, Dorset, UK ). Labelling was 

performed within 3 months.

2.1.9 2 Immunofluorescent labelling o f Collagen-GAG Sponges

Immunofluorescent labelling o f samples was performed using antibodies all prepared in 

MHB. Optimal concentrations o f TRITC-phalloidin (1:500 o f 0.1 mg/ml) (Sigma 

Chemicals, Dorset, UK) and a primary antibody for tubulin (1:50 o f 50pg/ml), 

monoclonal mouse-anti-human beta-tubulin IgG (Boehringer Mannheim Biochemica,
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Germany) were determined via titration. Samples were incubated for 3 hours at room 

temperature after which matrices were thoroughly washed in MHB (three 5 minute 

washes). The secondary antibody for tubulin, Cy3-labeled sheep anti-mouse IgG (Sigma 

Chemicals, Dorset, UK) was diluted to the optimal concentration (1:100 of 1 mg/ml) and 

was applied for 3 hours. Samples were washed as above prior to mounting in Mowiol-4- 

88 (generously donated by Dr. Werner Baschong, University of Basel, Switzerland). 20 g 

Mowiol was suspended in 80 ml MHB and stirred for 8 hours at room temperature. 40 ml 

of glycerol was added and stirred for a further 1 hour. The suspension was then 

centrifuged for 15 minutes at 10,000 x g. The supernatant was removed and 0.75% n- 

propyl-gallate (Sigma Chemicals, Dorset, UK) was added, as an anti-bleaching agent. 

This was dissolved in the supernatant by stirring in the dark for 4-5 hours. The prepared

Mowiol-4-88 was stored in the dark at 4^C until required. Mounted samples were left to 

dry for 24 hours at room temperature in the dark, then stored at 4°C in the dark until 

viewing.

2.1.9.3 Con focal Microscopy of Collagen-GAG Sponges

Samples were viewed using the Noran-Odyssey confocal laser scanning microscope 

(CLSM), (Noran, Middleton, W1 53562, USA). The CLSM was mounted on a Zeiss 

Axiovert-135 microscope equipped with a 63 x Zeiss Plan-Apochromatic objective. The 

monochromatic light source was an argon laser and the excitation wavelength for TRITC 

and Cy3 was 568.20nm. Matrices were optically sectioned with 0.52pm increments to a 

maximal depth of 63pm. Processing of the optical sections and computing the 3-D 

reconstructions were performed using the Image-1 software (Universal Imaging Corp. 

West Chester. PA 19380, USA) which was run on a PC equipped with a 486 processor.

2.1.10 Synthetic Deca-peptide-Fluoroscein Isothiocyanate Conjugate

2.1.10.1 Labelling of Synthetic Deca peptide (RGDSPASSKP) with Fluoroscein

Isothiocyanate (FITC)

A 10 mg/ml solution of the fluorochrome, FITC (Sigma Chemicals, Dorset, UK) was 

prepared by dissolving in 1 ml PBS. This was kept in the dark at 4®C until required. A 

1:100 dilution o f unbound RGD-FITC conjugate was then prepared by mixing 5 pi 

RGDSPASSKP (Calbiochem-Novabiochem, Nottingham, UK) (1 mg/ml) and 495 pi
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FITC (10 mg/ml). The mixture was left in the dark for 2 hours on a rotating mixer at 

room temperature, in order for the conjugate forming reaction to reach completion. The 

RGD-FITC conjugate solution was transferred into a Centricon-100 microconcentrator 

(100,000 Daltons Molecular Weight Cut-Oft), (Amicon Ltd (MiUipore), Gloucestershire, 

UK) and chill spin centrifiiged (4^C) at 1000 x g for 20 minutes. The filtrate was 

discarded and the retentate was washed with PBS and centrifiiged again. This step was 

repeated several times to ensure all unbound FITC was washed off. Finally the retentate 

was reconstituted in 250 pi PBS and lOmM sodium azide was added. The RGD-FITC 

conjugate was kept at 4^C in the dark until required.

2.1.10.2 Labelling of Human Dermal Fibroblasts Using RGD-FITC Conjugate

100 pi cell suspension containing 2.5 x 10̂  cells were plated onto sterile glass coverslips 

placed inside a 6 multiwell plate. Immediately following this, 100 pi of RGD-FITC 

conjugate (1:100) was added to the cell suspension. The cell-conjugate mixture was left 

for 10 minutes after which 1 ml DMEM was added to each well. The cells were incubated 

for 20 hours at 37^C in 5% CO2.

2.1.10.3 Fixation, Phalloidin Staining and Confocal Microscopy of RGD-FITC 

Labelled Fibroblasts

After 20 hours incubation the cells were fixed using 2.5% glutaraldehyde in 0.1 M 

phosphate buffer, pH 7.5 for 1 hour at 4®C. Samples were then additionally stained for 

filamentous actin using TRITC-conjugated Phalloidin (Sigma Chemicals, Dorset, UK). 

Samples were initially washed in PBS ( 2 x 5  minutes) following this they were 

pemeabilised for 10 minutes using 0.5% Triton-X in PBS. After permeabilisation and a 

second series of PBS washes ( 2 x 5  minutes), 1 ml phalloidin (1:1000 in PBS) was added 

and left for 2 hours. Samples were then washed 5 times in PBS (15 minutes in total) and 

mounted in Mowiol-4-88 containing 0.75% n-propyl-gallate. Mounted samples were left 

to dry for 24 hours at room temperature in the dark, then stored at 4^C in the dark.

Samples were viewed using a confocal laser scanning microscope (Noran, Middleton, WI 

53562, USA), (refer to section 2.1.9.3). The excitation wavelength for FITC and TRITC 

was 490nm and 568nm, respectively. Samples were optically sectioned with 0.50pm
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increments. Processing of the optical sections and computing the 3-D reconstructions 

were performed using NIH Image (version 1.6.1) and Adobe Photoshop (version 3.0, 

Adobe Systems Europe Ltd., Scotland, UK) which were run on a Power Macintosh 

7600/120 processor.

2.2 Transforming Growth Factor Beta-1 (TG Fpi) Stimulated Contraction

2.2.1 Fibroblast Culture

Human dermal fibroblasts were cultured from explants as described above (refer to 

section 2.1.1). Cells were used between the sixth and seventh passage.

2.2.2 TGFpl Stock Solution Preparation

Human recombinant TGFpl (Sigma Chemicals, Dorset, UK) was prepared at the 

required concentrations by diluting in a vehicle. The vehicle comprised of 0.1% bovine 

serum albumin (BSA) dissolved in 4mM HCl (Sigma). The vehicle was used throughout 

all the control and test contractions. Doses of TGFpi tested were 2.5, 7.5, 15, 22.5 and 

30ng/ml, final concentration.

2.2.3 Optimisation of Serum Concentrations

FPCL contraction was observed using a series of FCS concentrations, in order to derive a 

serum percentage level that would generate a significant, but low contraction. This was 

also required to minimise the contribution of serum derived TGFpl during contraction. 

Levels tested were 0%, 2% and 10%, with the 2% FCS providing the required low, but 

significant contraction. Consequently, all test contractions were carried out in 2% FCS, 

both in the gel and the medium.

2.2.4 Culture Force Monitor and TGFpl

The CFM was used as described previously in section 2.1.6, to measure contractile forces 

generated by TGFpl treated cells. The machine was regularly calibrated during the 

course of experiments as discussed in section 2.1.6.1.
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2.2.4.1 CFM Experimental Set-up: T G F pi Stimulated Contraction

The CFM set-up was as previously described by Eastwood et al. (1994), and as shown in 

Figure 30. The collagen gel attached to the floatation bars during the process o f its 

polymerisation. The wire A-frames were inserted into the floatation bars providing 

connection to the CFM.

Figure 30. Low aspect ratio picture o f CFM - gel set-up

2.2.5 Control Contractile Profiles

2.2.5.1 Baseline cell-free gel contraction

Cell-free collagen gels were prepared by mixing 5 ml o f 2.28 mg/ml solution o f native 

acid soluble type I rat tail collagen (First Link, West Midlands, UK) with 0.625 ml o f 10 

X DMEM (Gibco BRL, Paisley, Scotland). Gels were neutralised using 1 M NaOFl 

before a mixture o f 1ml DMEM and 25pl TG Fpl vehicle was added, to compensate for 

the absent cell suspension volume and TGFpl volume, respectively. Gels were then

allowed to set for 5-10 minutes, at 37^C, 5% CO2 prior to being floated in 15ml DMEM 

containing Penicillin/Streptomycin ( 1 OOU/mF 1 OOpg/ml, Gibco BRL, Paisley, Scotland), 

glutamine (2mM, ICN, Biochemicals Ltd, Thyne, UK) with 2% FCS, and lOOpl TGFpl 

vehicle. The set-up was attached to the CFM and data capture began immediately.
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2.2.S.2 Untreated Dermal Fibroblast Contraction

Fibroblast-seeded collagen gels were prepared by mixing 5 ml of 2.28 mg/ml solution of 

native acid soluble type I rat tail collagen (First Link, West Midlands, UK) with 0.625 ml 

of 10 X DMEM. Gels were neutralised by titrating against 1 M NaOH prior to addition

to a mixture of 1ml fibroblast suspension (10^ cells/ml o f gel solution) and 25 pi TGFpi

vehicle, and allowed to polymerise for 5 minutes, at 37^C, 5% CO2. The cell chamber 

was topped up with a further 15 ml o f DMEM containing Penicillin/Streptomycin 

(lOOU/ml/lOOpg/ml), glutamine (2mM) with 2% FCS, 2.5pg/ml amphotericin B and 

lOOpl TGFpi vehicle, prior to attachment to the CFM. Force measurements began 

immediately.

2.2.6 TGFpl Test Contractile Profiles

Human recombinant TGFpi was incorporated into the gel and added to the culture media 

at the start of the experiment at doses over a range of 2.5-30ng/ml, final concentration. 

Experimental set-up was as described above in section 2.2.5.2. Incorporation of TGFpl 

into the gel at the desired concentration was carried out upon the mixing of the 

neutralised gel solution with the cell suspension. After polymerisation of the gel TGFpi 

was also added to the culture media at an equivalent concentration to that in the gel, this 

was necessary to provide the required final concentrations. The cell chamber set-up was 

connected to the CFM, data collection started immediately after gel formation and was 

collected over 20 hours.

Rates of contraction and statistical analysis of data were carried out using standard 

computer software (Lotus 1-2-3 Release 5 for Windows, 1994, Lotus Development 

Corporation, UK).

2.2.7 Fixation of TG Fpi Treated Collagen Gels

Collagen gels were fixed under tension using 2.5% glutaraldehyde in 0.1 M phosphate 

buffer, pH 7.5 for 1 hour at 4®C. Time between collagen gel detachment fi*om the CFM 

and re-tensioning in the fixation well plate, using pins and a polystyrene block was kept 

under 3 minutes. (Refer to figure 29, section 2.1.9.1). Gels were processed using the 

method described in section 2.2.8.
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2.2.8 Morphological Studies of TGFpl Treated Gels Using Edge High Definition 

Stereo Light Microscopy

TGFpl treated gels were fiilly immersed in 1% Toluidine Blue for 1 minute. Gels were 

then destained over 3 days using distilled water. The distilled water was changed 3-4 

times a day to ensure the toluidine blue taken up by the gel itself was completely washed 

out, and background staining minimised. Fibroblast morphology was examined using a 

edge high definition stereo light microscope (Edge Scientific Instrument Corporation, 

LA, USA) (Greenberg and Boyde, 1993). Photographs, using an attached camera were 

taken on 100 ASA Kodak Gold colour film.

2.2.9 Fibronectin and Vitronectin Receptor Expression

2.2.9.1 Fibronectin and Vitronectin Receptor Expression in Untreated Cells

Sterüe glass coverslips were placed inside eleven 6 multiwell plates, each plate was set-up 

in order to test, in triphcate one of 11 time points ranging fi-om 0 ^ 6  hours. Time points 

used were 0, 15, 30, 45, 60, 90, 120, 180, 240, 300 and 360 minutes. A 100 pi cell 

suspension containing 5 x 10"̂  human dermal fibroblasts (passage 4) was pipetted into 

each well. 1 ml of DMEM was added to each well, which was incubated (37®C, 5%C02) 

and then fixed at the appropriate time point using 1 ml 5% glutaraldehyde (2.5% final 

well dilution) in 0.1 M phosphate buffer, pH 7.5. Cell counts were performed after 

fixation of the cells, to provide percentage estimates of cell-substrate adhesiveness over 

the 6 hour time period.

2.2.9.2 Fibronectin and Vitronectin Receptor Expression in TG Fpi Treated Cells

An additional step was performed to the procedure described in section 2.2.9.1. After 

plating 5 X 10"̂  cells onto sterile coverslips, 1 ml of DMEM with a 7.5 ng/ml dose of 

TGFpi was added to each well. Cells were incubated (37^C, 5%C02) and then fixed at 

the appropriate time point using 1 ml 5% glutaraldehyde (2.5% final well dilution) in 0.1 

M phosphate buffer, pH 7.5. Again, cell-substrate adhesiveness was estimated fi*om cell 

counts performed after the fixation step.
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2.2.9.3 Immunofluorescent Studies of Fibronectin and Vitronectin Receptor 

Expression

After fixation samples were washed 2 times for 5 minutes with PBS on a rocker. Samples 

were then incubated for 10 minutes in a normal serum block (1:10) to reduce non-specific 

binding of the primary antibody. The serum used was from the species the secondary 

antibody was raised in. Two 5 minute washes (on the rocker) in PBS followed, after 

which samples were incubated in the appropriate primary antibody for one hour. Primary 

antibody used to detect Fn receptor was a monoclonal mouse anti-human CD49e 

antibody (Serotec, Oxford, UK) used at a dilution of 1:100 (1 mg/ml). Vn receptor was 

detected using a polyclonal rabbit anti-human VnR antibody (Biogenesis, Poole, UK) at a 

dilution of 1:200 (5mg/ml). Negative controls were the primary antibody was replaced 

with PBS were used for all time points. Three 5 minute washes followed, after which 

samples were incubated in the appropriate secondary antibodies for 30 minutes. 

Completion of Fn receptor complex was achieved upon the addition of a 1:50 dilution 

(1 mg/ml) of goat anti-mouse IgG (whole molecule) FITC conjugate (Sigma Chemicals, 

Dorset, UK). The secondary antibody for the Vn receptor was a goat anti-rabbit IgG 

(whole molecule) TRITC conjugate (Sigma Chemicals, Dorset, UK), which was also 

applied at a dilution of 1:50 (3.3mg/ml). After the 30 minute incubation period was over 

samples were washed 3 times for 5 minute in PBS. Coverslips were carefully removed 

from the multiwell plates and were mounted on microscope slides using Mowiol-4-88 

containing 0.75% n-propyl-gallate. Mounted samples were left to dry for 24 hours at 

room temperature in the dark, then stored at 4°C in the dark.

2.2.9.4 Con focal Microscopy of Samples

Samples were viewed using the Noran-Odyssey confocal laser scanning microscope 

(CLSM), (refer to section 2.1.9.3). The excitation wavelength for FITC and TRITC was 

490nm and 568nm, respectively. Samples were optically sectioned with 0.50pm 

increments to a maximal depth of 50pm. Processing of the optical sections were 

performed using NIH Image and Adobe Photoshop.
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2.2 9.5 Integrated Density of Fluorescence o f Fibronectin and Vitronectin Receptors

Integrated Density (ID) of fluorescence was calculated to give relative quantitative 

measures of FnR’s and VnR’s expressed in untreated and TGPpi treated cells. 

Parameters measured were area (pixels^ ), which constant for both sample and 

background, mean density and standard deviation, of both sample and background. 

Integrated density of fluorescence was then computed using the following formula:

Integrated Density = N (Sample - Background)

where:

N - area (pixels^ )

Sample = fluorescing cell 

Background = substrate cell is attached to

By incorporating mean density and standard deviation individually into the above formula, 

ie:

Integrated Density = N (Mean Densitysampie - Mean Densitybackground )

Integrated Density = N (SDsampie - SDbackground )

It was possible to plot relative integrated density of fluorescence and respective standard 

deviations, for the différent time points in untreated and TGFpi treated cells.

2.3 Inhibition of Contraction Using Photodynamic Therapy

2.3.1 Fibroblast Culture

Human dermal fibroblasts were cultured from explants as described above (refer to 

section 2.1.1). Cells were used between the third and fifth passage.
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2.3.2 MTT Assay ~  Cell Viability Assay

An assay employing MTT (3-[4,5-Dimethyithiazol-2-yi]-2,5-diphenyltetrazolium 

bromide; Thiazolyl blue) (Sigma Chemicals, Dorset, UK) was used to investigate the 

efiects Photodynamic Therapy (POT) drug and irradiation doses had on human dermal 

fibroblast viability (Carmichael et al. 1987). MTT is a water soluble yellow tétrazolium 

salt which is converted into an insoluble purple formazan following a reduction reaction 

with dehydrogenase enzymes. Active mitochondrial dehydrogenases, present in living 

cells only will cause this conversion.

2.3.2.1 MTT Assay Standard Curve

MTT stock solution (5mg/ml) was prepared using DMEM without phenol red (Gibco 

BRL, Paisley, Scotland) supplemented with 10% (v/v) FCS, containing

Penicillin/Streptomycin ( 1 OOU/mP 1 OOpg/ml, Gibco BRL, Paisley, Scotland) and 

glutamine (2mM. ICN, Biochemicals Ltd, Thyne, UK). The solution was sterile filtered 

and stored at 4°C in the dark, until required. Stock solutions were used within a week.

A standard curve was prepared for human dermal fibroblasts (passage 5) in the cell 

number range 0 —> 1 x 10  ̂ cells. Cell suspensions were prepared in eppendorf tubes as 

shown in Table 4.

Table 4. MTT Standard Curve Preparation

:ll number CELL SUSPEN"* CULTURE MTT STOCK DMSO
(pi) MEDIA (DMEM) SOL'" (5mg/ml) (pl)

No cells (0) 0
(Pl)
500

(Pl)__
200 1000

5,000 25 475 200 1000
10,000 i 50 450 200 1000
20,000 100 400 200 1000
30,000 n 150 350 200 1000
40,000 200 300 200 1000
50,000 1 250 250 200 1000
60,000 300 200 200 1000
70,000 350 150 200 1000
80,000 400 100 200 1000
90,000 r 450 50 200 1000
100,000 500 0 200 1000
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1 mg/ml MTT was added to each eppendorf and left for 3 hours on a rocker in the 

incubator at 37^C, 5% CO2. After reaction time had elapsed, cell suspensions were 

centrifuged at 10,000 rpm for 3 minutes. The supematont was carefully aspirated so as 

not to dislodge the pellet, which was subsequently resuspended using DMSO. This was 

rocked gently for 20 minutes at room temperature in the dark to allow the DMSO to 

dissolve the purple formazan. Eppendorfs were again centriftaged at 10,000 rpm for 3 

minutes, after which 100 pi of supernatant fi*om each sample was transferred into a 96 

multiwell plate. Absorbance readings were taken at 570 nm using a microplate 

spectrophotometer (MR700 microplate reader, Dynatech Laboratories, Sussex, UK) and 

were plotted against cell numbers to generate a standard curve.

2.3.3 Effect of PDT on a Cell Suspension

Cell suspensions were used in an attempt to deduce drug dose and light irradiation energy 

and time, which would least harm the cells.

A 1 mg/ml stock solution of disulphonated aluminium phthalocyanate (AiPcS] ) was 

prepared using DMEM without phenol red. Drug doses under investigation ranged fi-om 

0 —> 40 pg/ml and were applied at increasing 5 pg/ml steps. Light irradiation wavelength 

(À) was set at 650 nm, energy (E) applied was 50 mW and irradiation times chosen were 

for 1 minute and 5 minutes (plus a control where cells were not irradiated).

Total Irradiation Power: 0.05 Watts x 60 seconds = 3 Joules

0.05 Watts X 300 seconds =15 Joules

where:

X = 650 nm 

E = 50 mW

Irradiation Times = 1 minute (60 seconds)

= 5 minutes (300 seconds)
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Human dermal fibroblast suspensions were prepared and pipetted into eppendorfs (1 x 

10̂  cells/eppendorf). Appropriate concentrations (see above) of AlPcS: were added to 

the eppendorf tubes and incubated on a rocker for 1 hour at 37^C, 5% CO2 , in the dark. 

The cells were then centrifuged at 10,000 rpm for 3 minutes and resuspended in 500 pi of 

DMEM without phenol red. The treated cells were then transferred into a 48 multiwell 

plate and irradiated as per plate (ie: (i) no irradiation, (ii) 1 minute irradiation and (iii) 5 

minute irradiation). Cell viability was then assessed using the MTT assay.

2.3.3.1 MTT Assay ~ Viability of Cell Suspension Following PDT Treatment

200pl of MTT stock solution (5 mg/ml) was added to each well and left for 3 hours on a 

rocker in the incubator at 37®C, 5% CO2. After reaction time had elapsed, treated cells 

were carefully transferred back from multiwell plates into eppendorfs. Cell suspensions 

were centrifiiged at 10,000 rpm for 3 minutes. The supematent was carefiilly aspirated so 

as not to dislodge the pellet, which was subsequently resuspended using 500 pi DMSO. 

A fiirther 500 pi DMSO was added to the corresponding multiwell plate well to ensure 

thorough washing of the wells. Both wellplate and eppendorfs were then gently rocked 

for 20 minutes at room temperature in the dark to allow the DMSO to dissolve the purple 

formazan. Multiwell plate washings were added to the appropriate eppendorfs (ie: total 1 

ml DMSO) and were again centrifuged at 10,000 rpm for 3 minutes, after which 100 pi 

of supematent from each sample was transferred into a 96 multiwell plate. Absorbance 

readings were taken at 570 nm using a microplate spectrophotometer. Viable cell 

numbers were then calculated from the absorbance readings using the standard curve and 

the following equation:

X = (y X m) X 10̂

where:

X = No. viable cells after PDT treatment 

y = sample absorbance 

m = gradient
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2.3.4 Effect of PDT on Cells Plated onto Collagen Coated Wells

The results from the cell suspension experiment (refer to section 2.3.3) enabled a 

narrower range of drug concentration and a single irradiation energy and time to be 

selected for this experiment. Here, investigation into the effect PDT had on fibroblasts 

attaching to collagen matrix was observed.

Two 48 multiwell plates were coated with 2.28 mg/ml solution of native acid soluble type 

I rat tail collagen (First Link, West Midlands, UK) and left to dry overnight in a sterile 

tissue culture hood. On day 2, 1 x 10̂  cells were plated in each well and left to adhere for 

a further 24 hours. AlPcS] stock solution (1 mg/ml) was applied for 1 hour, at doses of 0, 

15, 20, 25 and 30 pg/ml on day 3. The cells were rinsed using DMEM without phenol red 

and were irradiated for 5 minutes. Light irradiation wavelength (1) was set at 650 nm, 

energy (E) applied was 50 mW (total irradiation power applied was as described above in 

section 2.3.3). Following irradiation cell viability was assessed using the MTT assay as 

described in section 2.3.3.1. A control plate, where cells were not irradiated was also 

analysed.

2.3.5 Effect of PDT on Cells Plated on Polymerized Collagen Gels

Collagen gels were prepared by mixing native acid soluble type I rat tail collagen and 10 

X DMEM at a ratio of 1 ml : 0.125 ml, respectively. The mixture was neutralised by 

dropwise addition of 1 M NaOH. 100 pi of collagen gel was quickly pipetted into each 

well and allowed to polymerize at 37^C, 5% CO2 for 5-10 minutes. 1x10^  cells were 

plated onto each gel and left to adhere for 24 hours.

Light irradiation wavelength (1) was set at 650 nm, additional irradiation parameters 

were employed and a total of 3 light energies were used ~ 50 mW, 100 mW and 200 mW. 

Irradiation time was constant at 5 minutes (plus a control where cells were not 

irradiated).

Total Irradiation Power: 0.05 Watts x 300 seconds =15 Joules

0.1 Watts X 300 seconds = 30 Joules

0.2 Watts X 300 seconds = 60 Joules
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Plates irradiated using 50 and 100 mW:

AIPCS2 stock solution (1 mg/ml) was applied for 1 hour, at doses of 0, 15, 20, 25 and 30 

pg/ml. The cells were rinsed using DMEM without phenol red and were irradiated for 5 

minutes. Following irradiation cell viability was assessed using the MTT assay as 

described in section 2.3.3.1. A control plate, where cells were not irradiated was also 

analysed.

Plates irradiated using 200 mW:

0 and 20 pg/ml AlPcSz was applied for 1 hour. The cells were rinsed using DMEM 

without phenol red and were irradiated for 5 minutes. Following irradiation cell viability 

was assessed using the MTT assay as described in section 2.3.3.1. A control plate, where 

cells were not irradiated was also analysed.

2.3.6 Effect of PDT on Contraction of Collagen Gels - Treatment of Cells and Gel 

Using AlPcS] in an Untethered System

Untethered (free floating) collagen gels (with and without cells) were prepared 24 hours 

prior to drug and irradiation treatment and also immediately before drug and irradiation 

treatment. This was to observe altered response to PDT treatment caused by differing cell 

morphology within the gels.

2.3.6.1 Preparation of Collagen Gels

Free floating collagen gels were prepared in 4 multiwell plates by mixing 0.5 ml native 

acid soluble type I rat tail collagen and 62.5pl 10 X DMEM. Upon neutralization, using 1 

M NaOH, the gel solution was added to 100 pi DMEM (without phenol red) or 100 pi 

cell suspension (1x10^ cells), poured into the appropriate well and allowed to polymerize 

at 37^C, 5% CO2 for 5-10 minutes. 0.5 ml of DMEM without phenol red was added to 

each well, finally gels were released from the well and floated with the aid of a fine 

needle.
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2.3.6.2 Treatment of Free Floating Collagen Gels

The experiment consisted o f 2 main groups o f gels: (A) Without fibroblasts and (B) With 

fibroblasts.

Each 4 multiwell plate was set-up as depicted in Figure 31 :

Figure 31.

G R O U PA

1. Control, no ce lls

3. N o  ce lls + 20ug/i
2 . Control, no ce lls + Oug/ml AIPCS2

Ls + 3 Oug/ml AIPCS2

G R O U PE

1 . Control, no ce lls

3. C ells + 20ug/m l
2. Control, ce lls  + Oug/ml AIPCS2

30ug/m l AlPcS-,

Four parameters o f irradiation were used:

1. No light

2. 50 mW

3. 100 mW

4. 200 mW

Total irradiation power was as described in section 2.3.5.
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Appropriate concentrations of AIPCS2 was applied to gel and cells for 1 hour. Free 

floating gels were carefully rinsed using DMEM without phenol red and were 

appropriately irradiated for 5 minutes. Gels were then returned to the incubator to allow 

the cells to contract the gels. After 5 days gels were photographed and changes in area 

(cm^) measured using OpenLab Imaging Software (Improvision, Coventry, UK).

2.3.7 Effect of PDT on Contraction of Collagen Gels - Pre-treatment of Cells Using 

AlPcSz in an Untethered System

Here, Group B fi-ee floating experiments ‘with fibroblasts’, described in section 2.3.6 

were repeated however on this occasion, cells were pre-treated using AIPcSz prior to 

seeding in the collagen gel. Gels containing AIPcS: treated cells, prepared 24 hours prior 

to irradiation, were cast in an attempt to observe breakdown of the drug within the 

system.

Cells suspensions were treated with concentrations of AIPcS] as described in section 

2.3.6.2. After 1 hour had elapsed the cells were spun at 1500 rpm for 5 minutes, and 

resuspended in 100 pi DMEM without phenol red. Treated cells were then seeded into 

the collagen gels as described in section 2.3.6.1, which were allowed to polymerize and 

subsequently contract for 5 days. Analysis of gels followed, as described in section 

2.3.6.I.

2.3.8 Effect of PDT on Contraction of Collagen Gels Using the Culture Force 

Monitor - Tethered System

The following steps were carried out in the dark or out of direct sunlight where possible.

4 million human dermal fibroblasts were pretreated for 1 hour at 37® C, using 20pg/ml 

AJPcS]. After completion of incubation time, cells were spun at 1500 rpm for 5 minutes, 

and resuspended in 500 pi DMEM without phenol red. Collagen gels were prepared 

using a mixture of 4 ml collagen gel plus 500pl 10 X DMEM. Upon neutralisation using 

IM NaOH, the collagen gel was carefully poured into the cell suspension, which was 

gently mixed before pouring into the CFM cell chamber. The cell-seeded gel was allowed 

to polymerize at 37® C for 10 minutes, after which it was floated using 15ml DMEM
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without phenol red. Gels were irradiated for 5 minutes at 50mW (650nm = A,), and then 

transferred to the CFM. Data capture started immediately.

2.3.8.1 Specific Controls

Controls were carried out for the CFM using:

1. a cell-free collagen gel which was irradiated for 5 minutes at 50mW, and

2. pretreated cells seeded in a collagen gel without irradiation.

Controls using no cells plus irradiation, and pretreated cells without irradiation were 

prepared as described above in section 2.3.8.
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3.0 RESULTS
3.1 Optimal cell attachment

In order to determine the cell seeding properties of the collagen-GAG sponge matrices, 

5x10^ human dermal fibroblasts cells were pipetted onto the sponge and incubated over a 

1 hour period. Monitoring of cells retained by the sponge was carried out at 10 minute 

intervals over the 1 hour incubation. Numbers of cells attaching over the 1 hour were 

then determined using a fluorometric DNA assay.

3.1.1 Fluorometric DNA Assay 1

Due to the hydrophobic nature of this substrate, time required and total numbers of 

fibroblasts permeating into the collagen-GAG sponges, was determined using a 

fluorometric DNA assay. Figure 32 shows the standard curve generated by plotting 

Absorbance (460nm) versus DNA concentration (pg/ml). Figure 33 graphically 

represents cell numbers retrieved fi*om samples over the 1 hour incubation (DNA content 

versus time) using the 3 different enzyme treatments. Initial results showed that adequate 

numbers of cells were not adhering to the sponge, with a maximum 20% adhering by the 

end of the 1 hour incubation. In an attempt to correct the poor cell attachment, addition 

of plasma fibronectin protein (pFn) was considered.

3.1.2 Fluorometric DNA assay 2, upon application of plasma fibronectin

Figure 34 clearly shows that the pre-coating of the sponge with lOpg/ml pFn aided cell 

attachment, raising percentage attachment fi-om 20% to 94%. A 10 minute incubation of 

the cells on the sponge in the presence of lOpg/ml pFn appeared to yield a high cell 

attachment, consequently all subsequent experiments using collagen-GAG matrices were 

treated in this way.
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Figure 32. Standard DNA assay curve generated by plotting Absorbance (460nm) versus 

DNA concentration (pg/ml). The correlation coefficient of 0.8 denotes a good curve fit 

(n=3).

Figure 33. Graphical representation of cell numbers retrieved from samples over the 1 

hour incubation (DNA content versus time) using the 3 different enzyme treatments 

(n=3). Absence of plasma Fn caused poor cell attachment, with only 20% of cells 

adhering by 60 minutes. The red line indicates DNA content for 5x10^ cells (ie,: 100%).

Figure 34. Pre-coating of the sponge with lOpg/ml pFn aided cell attachment and raised 

percentage cell attachment fi*om 20% to 94% within the initial 10 minutes. This trend was 

noted for all 3 different enzyme treatments (n=3). Again, the red line indicates DNA 

content for 5x10^ cells (ie,: 100%).
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3.2 CFM calibration

Figure 35 shows an example of a typical CFM calibration curve. Calibaration weights 

used were Og (force transducer alone), 0.03g, 0.05g, 0.2g, 0.3g and 0.5g. Weight units 

were converted from mass (grams) into force (newtons and then dynes), with Og 

corresponding to 0 dynes and the heaviest weight (0.5g) equalling 490.5 dynes. Graphical 

representation of the CFM calibration was achieved by plotting the mV registered upon 

application of each weight, against the dynes calculated for that weight.

y -  1 .58005 - 1 .0 22 4 0 a r ' 2  -  0 .9 9 9 9 7

5 0 0

3 0 0

Û

200

100

1005 0 0 4 0 0 3 0 0 200 100 0

Figure 35. Graphical representation of the CFM calibration was achieved by plotting the 

mV reading registered upon application of specific weights, against the dynes calculated 

for that weight. Each weight was tested 3 times to calculate mean mV readings, which 

were highly reproducible (SD values too small to show). The correlation coefficient of 

0.99 indicated an excellent curve fit, and the good working order of the CFM force 

transducer.
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3.3 Manipulation of Cell-Matrix Attachment and Contraction

3.3.1 Changes in cell-matrix interaction involved during contraction

Changes in contractile forces generated by fibroblasts seeded in collagen-GAG sponges 

were investigated to test the importance of cell-matrix attachment during the early stages 

of contraction. Cell-matrix interactions involved during contraction were assessed by 

eliminating the effect of various cell receptors and extracellular matrix proteins. This was 

achieved by the addition of blocking antibodies and peptides, or through the depletion of 

serum proteins. Quantitative measurements of forces (dynes/million cells or 1 x 10'̂  

Newton’s/million cells) generated under varying conditions were then made using the 

CFM. All experiments were performed in triplicate, with aU graphs representing the mean 

contraction.

3.3.1.1 Control Contractions

A ceU-fi'ee baseline force was generated as shown in Figure 36a, peak contraction 

produced by the sponge itself was attained by 8 hours and registered 30 dynes. The rate 

of contraction was greatest during the first 4 hours, during which cell-free collagen-GAG 

sponges contracted at 5.64dynes/hour. Rate of contraction decreased rapidly over the 

remaining 16 hours (Figure 36b), resulting in a flattening of the contractile profile. Such a 

baseline control was necessary to analyse data from subsequent experiments which 

employed cell-seeded collagen-GAG sponges. Contractile profiles of all cell-seeded data 

was calculated and represented as ‘net force per million cells’, that is the cell-free baseline 

contraction was subtracted, providing contractile forces generated by the cells alone. 

Untreated human dermal fibroblasts seeded into the collagen-GAG sponge (Figure 36a) 

generated a net peak contraction of 70 dynes (ie: 70 dynes plus 30 dynes due to the cell- 

free sponge). As with the cell-free baseline control, the initial rate of contraction (0-4hrs) 

was rapid reaching 8.14 dynes/hour/million cells, after which it gradually fell to 1.10 

dynes/hour/million cells (16-20hrs) (Figure 36b).
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Figure 36. Figure 36a represents cell-free baseline contraction (sponge alone, cell-free 

control) and untreated human dermal fibroblast contraction (untreated cell seeded 

control). This baseline contraction was subtracted from all subsequent cell seeded data in 

order to calculate and graphically present data as'net force per million cells’. Figure 36b 

shows the changes in rate of contraction for both cell-free and cell-seeded controls every 

4 hours over the 20 hour period monitored.
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Several other controls were used regularly throughout the experiments to exclude the 

effect which certain agents may have had on, in particular the contraction of the collagen- 

GAG sponge matrix itself. These included testing the effect of plasma fibronectin (used to 

aid cell attachment), vehicle (PBS), blocking antibody, blocking peptide, and depleted 

sera. Results show that application of such agents to ceU-fi'ee coUagen-GAG sponges 

produced no change compared to baseline contraction (Figure 37). Effects of sodium 

azide (present in several of the antibodies used) on ceU-fi'ee and ceU-seeded coUagen 

matrices were also examined in order to eUminate the effect such a preservative may have 

had on contraction. Concentrations of sodium azide appUed were equivalent to those 

present in the commercial antisera. Again no changes were observed in either ceU-fi'ee or 

ceU-seeded set-ups (Figure 38).

0 2 4 6 8 10 14 16 18 2012

■ cell &ee

T im e (hours)

' cell free phis pFn

Figure 37. Figure 37 shows the effect of pFn (used to aid ceU attachment) on the 

contraction of cell fi-ee sponges. Results show that pFn application to ceU-fi'ee collagen- 

GAG sponges produced no significant change compared to baseline contraction.
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Figure 38. Application of sodium azide (present in several of the antibodies used) 

produced no change in cell free or cell seeded contractile profiles. Concentrations of 

sodium azide applied were equivalent to those present in the commercial antisera.

3.3.1.2 Contraction generated upon application of anti-aSpi-antibody

To study the role and nature of integrin-matrix ligand binding during early stage 

contraction, a series of inhibitors were added (competing antibodies to integrin and 

matrix components, and synthetic peptides). Initial studies examined the role the classic 

fibronectin receptor complex, a5p l had on contraction by the addition of a suitable 

antibody (refer to Table 3). Several doses of anti-a5pi-antibody (ranging from 0.2mg/ml 

to 0.005mg/ml) were added to the experimental system at 0 hours, and inhibited cell- 

mediated collagen contraction in a dose dependent manner (Figure 39a).

Doses of 0.2mg/ml and 0.1 mg/ml anti-a5 pi-antibody elicited complete inhibition of 

contraction for the full 20 hours. Rates attained using these concentrations remained 

inhibitory throughout (ie,: negative rates), and failed to register any contraction (Figure 

39b). At all doses and in all replicates inhibition was maximal over the first 4 hours, after 

which there was negligible recovery. However, reduction of the antibody concentration to 

0.005mg/ml brought levels of contraction back to those seen in untreated controls.
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Contraction rates using this particular concentration of antibody was similar to controls, 

except for the first 4 hours. During this initial period the rate of contraction registered for 

the antibody treated sample (11.35 dynes/hour/million cells) was greater than that for the 

untreated control (8.14 dynes/hour/million cells).
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T im e (hours)
12 14 16 18 204

*  Untreated 0 2mg<ml A  0 Img/ml O  0 005mg/ml

b

16-20
T im e (hours)

0 kng/ml 0  0.005mg/mlESI untreated 0.2mg/ml

Figure 39. Figure 39a represents contractile curves in response to various doses of anti- 

aSpl-antibody (against the whole FnR complex). Treatment using this antibody caused a 

complete inhibition of contraction, with recovery seen only at the lowest dose 

(0.005mg/ml). The typical contractile curve in the absence of this inhibitory antibody (ie,: 

untreated cell seeded control) is indicated by the red line. Figure 39b shows the rate of 

contraction registered over the 20 hours monitored.
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3.3.1.3 Contraction generated upon application of anti-fibronectin-antibody

To examine the involvement of the adhesive glycoprotein ~ fibronectin, interference of 

integrin-matrix ligand interaction was accomplished through the addition of an anti-Fn- 

antibody (refer to Table 3). This series of experiments resulted in an inhibition of 

contraction that was directly related to antibody concentration applied (Figure 40a).

Application of anti-Fn-antibody at a concentration of 1 mg/ml produced an inhibition of 

contraction for 9 hours, which was most pronounced during the first 4 hours. This trend 

was clarified upon observation of contraction rates registered fi*om 0-4 hours. Antibody 

treated cells registered at -1.28 dynes/hour/million cells (i.e.: modest fall in tension) 

compared to untreated control cells, which contracted at 8.14 dynes/hour/million cells 

(Figure 40b). Rates of force generated gradually increased after this initial 4 hour period, 

being comparable to those seen in controls by 8 hours onwards (1.94 and 1.56 

dynes/hour/million cells, respectively), though the actual tensions generated were always 

much lower. Hence, the contractile profiles itself showed little force generation until 9 

hours. Recovery of contraction was seen 9 hours post-seeding, it was gradual and 

consistent throughout the remaining experimental test period, although control levels of 

contraction were not regained. Reduction of the antibody concentration to 0.1 mg/ml 

produced a shorter 4-5 hour complete elimination of contraction, which was followed by 

subsequent recovery. Rates of contraction, which were initially slow, rose gradually to 

generate rates of force comparable to untreated controls between 8-12 hours (1.76 and 

1.56 dynes/hour/million cells). Contraction rates for antibody treated cells compared to 

untreated controls turther increased 12 hours post-seeding, registering 4.92 and 1.68 

dynes/hour/million cells between 12-16 hours, and 4.54 and 1.10 dynes/hour/million cells 

during the final 4 hours, respectively. Due to the rapid acceleration of contraction by 

antibody treated cells a substantial recovery of contraction was seen. This was highlighted 

by the final force recorded, ie: 54.21 dynes, 81% of the final level for untreated controls 

which registered 66.98 dynes. Further dilution of antibody to 0.005mg/ml, caused no 

inhibition of contraction and levels were as seen in untreated controls. An unusually high 

initial rate of contraction was generated at this concentration o f antibody registering 

13.31 dynes/hour/million cells compared to untreated controls (8.14 dynes/hour/million 

cells). This rapid initial rate of contraction with low dose anti-Fn was also seen with low
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dose anti-a5 pi-antibody. After the initial 4 hours of contraction, rates of contraction 

dramatically decreased for low dose antibody treated cells as a tensional homeostasis was 

reached, such that untreated cells reached the same level of final contraction.

A

-20

T im e (hours)

B  Untreated -fy Img/ml ^  0 hng/m! O  0 005mg/ml

B

12-16 16-20
lime (hours)

E l  control O  Img/ml 0 Img/ml O 0  005mg/ml

Figure 40. Figure 40a shows the contractile curves produced upon application of varying 

doses of anti-Fn-antibody. Inhibition of contraction seen was directly related to antibody 

concentration applied. Figure 40b indicates the rate of contraction every 4 hours over the 

full experiment.
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3.3.1.4 Contraction generated upon application of RGD-containing synthetic 

decapeptide.

In order to test the importance of RGD-mediated integrin-matrix ligand cell binding a 

decapeptide, RGDSPASSKP was added as a synthetic competitive blocking agent. It 

functions by mimicking the cell binding sequence present on a Fn molecule, and hence 

blocks integrin-ligand interactions.

Apphcation of Img/ml RGDS eliminated contraction completely over the first 6 hours 

(Figure 41a). Rate of contraction registered during 0-4 hours was negative indicating a 

net feiU in force (-4.25 dynes/hour/million cells) compared to untreated controls (8.14 

dynes/hour/milhon cells) (Figure 41b). However, following a recovery of contraction 

fi*om 6 hours post-seeding, rates of contraction for RGDS treated cells rapidly increased 

(4-8 hours), contracting 3.6 times faster (15.7 dynes/hour/million cells) than untreated 

controls (4.37 dynes/hour/milhon cells). Interestingly, this sudden increase in contraction 

rate was also observed on apphcation of low dose anti-a5 pi-antibody and anti-Fn- 

antibody (refer to section 3.3.1.2 and 3.3.1.3). Cells treated with 1 mg/ml RGDS 

eventuaUy regained force generation (8 hours onwards) to reach levels of net force seen 

in controls with contraction rates to match. Reduction of the inhibitor concentration to 

0.5 mg/ml induced a 1 hour inhibition of contraction, which was foUowed by a gradual, 

partial recovery. Maximal peak contraction using this particular concentration was 

attained by 10.5 hours (27 dynes) remaining constant thereafter. Recovery levels of 

contraction achieved using 0.5 mg/ml RGDS were 40% of those generated by untreated 

controls, which contracted to a maximum of 67 dynes. Rates of contraction were reduced 

throughout, except during the 8-12 hour period when rates for RGDS treated cells were 

comparable to untreated controls (1.6 and 1.56 dynes/hour/mihion ceUs, respectively).

Further reduction of the inhibitor concentration to 0.25 mg/ml produced levels of 

contraction similar to those seen in untreated controls. The characteristic rapid initial 

generation of force seen using low concentrations of anti-a5 pi-antibody and anti-Fn- 

antibody (refer to section 3.3.1.2 and 3.3.1.3) was again noted using this inhibitor. Rates 

acquired for the first 4 hours of contraction show that inhibitor treated cells were 

contracting approximately 1.5 times faster than untreated control cells, ie.: 11.82

Kamaljit Kaur SethL PhD Thesis 1999. 123



dynes/hour/ million cells compared to 8.14 dynes/hour/million cells. Rates throughout the 

remainder of the experiment decreased and were comparable to untreated controls. 

Interestingly, rates of contraction seen using all low dose treatments (ie,: anti-a5pl- 

antibody, anti-Fn-antibody and RGD peptide) generated comparable increases in initial 

contraction rates (0-4 hours). All low dose inhibitors caused the cells to contract 1.4 to 

1.6 times faster than untreated control cells.

Data representing the rapid recovery seen at 6 hours using a concentration of Img/ml 

appears to suggest that initial rates were dose dependent, providing a linear relationship 

between dose and inhibition of contraction. However, final contraction force attained 

generated a bell shaped curve relationship between dose and inhibition of contraction, 

with 0.5mg/ml inducing maximum inhibition.
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Figure 41. Figure 41a represents the contraetile data generated upon the apphcation of a 

Fn specific RGD-type synthetic decapeptide (RGDSPASSKP). Although 1 mg/ml caused 

the greatest initial inhibition, 0.5mg/ml appeared to induce maximum inhibition. Figure 

41b shows this more clearly with 1 mg/ml recovering rapidly, and 0.5mg/ml partially but 

consistently inhibiting contraction throughout the 20 hours.

3.3.1.5 Contraction generated upon application of anti-aS-antibody

Recovery of contraction (post 6-8 hours) was a feature of all the treatments, with the 

exception of certain concentrations of the anti-fibronectin reeeptor-antibody (a5pl). To 

test whether this difference was caused by the broad specificity of the p 1 subunit present 

in the fibronectin receptor antibody (ie,: inhibition of pi containing integrins may have 

blocked other cell binding activity), a specific antibody to the a5 subunit was added.

Application of 0.1 mg/ml anti-a5-antibody induced a limited inhibition of cellular 

contraction which lasted approximately 5 hours, compared to the complete elimination of 

contraction observed with the anti-a5pi-antibody (Figure 42a). Initial contraction rates 

displayed were low compared to untreated controls (-1.64 and 8.14 dynes/hour/million 

cells, respectively) (Figure 42b). However, as recovery of contraction began, rates 

increased with the treated cells contracting faster (6.56 dynes/hour/million cells) than 

untreated control cells (4.37 dynes/hour/million cells) between 4-8 hours. Although the
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treated cells contracted only marginally faster than the untreated control cells, it is a 

characteristic that was constantly evident throughout the remaining experimental period. 

Levels of contraction attained at the end of the 20 hour period were comparable to 

controls (59.73 and 66.98 dynes, respectively). A ten-fold reduction of antibody 

concentration gave a weak and transient inhibition of contraction that lasted for 1 hour. 

Recovery was rapid with elevated contraction rates over the initial 8 hours. Speed of 

force generation during the first half of this period was similar to that exhibited by 

untreated controls (7.8 and 8.14 dynes/ hour/million cells, respectively), however during 

the latter half of the 8 hours contraction period, rates of treated cells remained high (8.75 

dynes/hour/million cells), whilst untreated controls fell (4.37 dynes/hour/million cells), 

hence propelling treated cells towards control levels of contraction. Upon attaining 

control levels of contraction, treated cells dramatically slowed down their rate of 

contraction and displayed a fall in tension. Again, the increase in force seen between 4-8 

hours using 0.01 mg/ml anti-a5-antibody, was similar to the effect of low dose 

concentrations of anti-a5 pi-antibody, anti-Fn-antibody and the synthetic RODS peptide 

(refer to section 3.3.1.2 to 3.3.1.4).

The trend observed that low doses of inhibitor generate a rapid initial rate of contraction, 

may be explained by cell-substrate adhesiveness and consequential cell migratory speeds 

(DiMilla et al. 1991). A possible explanation is that low doses of inhibitor slightly reduce 

the adherence o f cells to the substrate. This would in effect increase the migratory speed 

of the cells (ie,: no strong attachments to ECM and therefore more motile) and in doing 

so enhance traction. Thus, explaining the elevated contraction rates. However, as cells 

V)Ĉirt bo generate forces in excess of controls (ie,: exceed control levels of contraction) an 

internal tensional homeostasis mechanism is activated and prevents them fi*om doing so. 

Hence, increased rates of contraction tend to be followed by a fall in tension.
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Figure 42. Figure 42a indicates contractile profiles for cells treated with anti-a5-antibody 

(part of the FnR complex). Limited inhibition of cellular contraction was seen using 0.1 

mg/ml anti-a5-antibody, compared to the complete elimination of contraction observed 

with the anti-a5 pi-antibody. Figure 42b shows the rate of contraction compared to 

untreated cell seeded controls. Cells treated with anti-a5-antibody distinctly contract 

faster than controls to reach tensional homeostasis.
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3.3.1.6 Contraction generated with dual application of anti-fibronectin-antibody

Dual application of anti-fibronectin-antibody was necessary to test two important points 

regarding the action of this antibody during early stage contraction. Firstly, the blocking 

ability of the antibody was examined, to determine whether cells had overcome the effects 

of the antibody (perhaps by breakdown of the antibody in the system). If this had 

occurred, the ratio of blocking antibody to fi'ee unbound Fn protein present in the system 

would change, allowing attachment and contraction to resume. Alternatively, it could be 

possible that another attachment mechanism was coming into operation later in the 

process allowing the cells to recover and resume contraction.

Concentration of both the doses of anti-Fn-antibody were 0.1 mg/ml. Dose 1 was apphed 

at 0 hours and generated the familiar 4-5 hour complete inhibition of contraction as seen 

with the single dose application (Figure 43a). Initial contraction rates (0-4 hours) were 

much lower than those observed in untreated controls (-0.89 and 8.14 dynes/hour/million 

cells, respectively) (Figure 43b). Dose 2 was apphed at 5 hours, however failed to 

produce a second phase of inhibition. Contraction proceeded throughout the remaining 

experimental time and generated a substantial but partial recovery with a final contractile 

force reading of 43.73 dynes.

Comparison of dual apphcation rates with single apphcation and untreated control rates, 

from 4 hours onwards highhghted an interesting feature. Contractile rates upon dual 

apphcation accelerated between 4-8 hours, and were almost identical to those seen in 

untreated controls (4.8 and 4.4 dynes/hour/milhon ceUs, respectively). Conversely, a 

slower contraction was seen with single apphcations, even after recovery (2.3 

dynes/hour/milhon cehs).

Further analysis of the rates suggest that the dual apphcation caused the cehs to speed up 

their contraction at an earher stage than the single apphcation, ie: due to the presence of a 

second dose of antibody. Hence, upon initial recovery a sharp rise in rate of contraction 

was seen, which graduaUy declined over time. In contrast, single apphcation experiments 

maintained a slow and gradual increase in force which accelerated in the last 8 hours of 

the experiment. Although initial inhibition and final contraction force generated by the
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dual and single applications of anti-Fn-antibody were similar, the pathway taken in 

between was altered. Again, consistent with modest increases in force generation 

produced by a low additional dose of inhibitor, as in other cases above.
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Figure 43. Figure 43a shows the contractile profile seen upon a dual application of anti- 

Fn-antibody (0.1 mg/ml). Dose 1 was applied at 0 hours and generated the familiar 4-5 

hour complete infiibition of contraction as seen with the single dose application. Dose 2 

was applied at 5 hours, however failed to produce a second phase of inhibition. Figure 

43b shows the comparison of dual application rates with single application and untreated 

control rates. Interestingly, contractile rates upon dual application accelerated between 4- 

8 hours, and were almost identical to those seen in untreated controls. Conversely, a 

slower contraction was seen with single applications between 4-8 hours, even after 

recovery.
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3.3.1.7 Contraction generated on application of anti-vitronectin-antibody

Data collected from previous experiments indicated the possibility o f an alternative 

attachment mechanism by which the cells could recover and resume contraction. To 

assess the activity of one other potential alternative system the involvement of the 

adhesive glycoprotein, vitronectin was tested. Interference of integrin-matrix ligand 

interaction was successfully accomplished through the addition of an anti-Vn-antibody 

(refer to Table 3).

Application of 0.1 mg/ml anti-Vn-antibody generated a slow initial contraction, compared 

to controls, which reached a maximal contraction of 13.52 dynes at 1.5 hours (Figure 

44a). Rates of contraction declined from this point onwards, with a non-recovering 

complete inhibition of contraction at approximately 6 hours (Figure 44b). Results suggest 

that the involvement of the Vn ligand was predominantly from 6 hours onwards where a 

complete abolition of contraction was observed. Closer analysis shows a rapid first stage 

force generation (0-1 hours) which is maintained between 1-3 hours and then starts to 

decline (3 hours onwards). A ten-fold reduction in antibody concentration also generated 

an inhibition of contraction. This started at approximately 2 hours and became 

progressively stronger, with 100% inhibition by 8.5 hours. Peak contraction was reached 

after 1 hour registering 33.37 dynes. This enhanced force generation up to 1 hour and 

was similar to that seen using low doses of anti-a5 pi-antibody, anti-Fn-antibody, 

synthetic RGDS peptide and anti-a5-antibody (refer to section 3.3.1.2 to 3.3.1.5).
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Figure 44. Figure 44a represents the contractile curves generated by the application of 

anti-Vn-antibody. Data shows that the involvement of the Vn ligand was predominantly 

from 6 hours onwards, from where a complete inhibition of contraction was seen. Figure 

44b indicates the rate of contraction over the 20 hours, highlighting negative rates from 4 

hours onwards.
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3.3.1.8 Contraction following the sequential application of anti-fibronectin- 

antibody and anti-vitronectin-antibody

Consecutive addition of (i) anti-fibronectin-antibody and (ii) anti-vitronectin-antibody was 

carried out to test the hypothesis of a dual attachment mechanism, for cell contraction. 

Results suggested that the cells initially use fibronectin and later utilise vitronectin to 

attach and contract. To test this further, it should be possible to completely inhibit both 

attachment processes in sequence by sequential addition of appropriate antibodies.

Both antibody concentrations used for this second dual experiment were 0.1 mg/ml, and 

were sequentially applied at 0 hours (dose 1 : anti-fibronectin-antibody) and 5 hours (dose 

2: anti-vitronectin-antibody). Dose 1 generated the familiar inhibited contractile profile as 

seen previously, with some sign of recovery of contraction at approximately 4.5 hours 

(Figure 45a). Comparison of rates during 0-4 hours and 4-8 hours also indicated the same 

effect (-0.33 and -0.16 dynes/hour/million cells, respectively), however with the 

application of dose 2 (anti-Vn) at 5 hours, rates fell once again (8-12 hours) (Figure 45b). 

This secondary phase of inhibition induced by anti-vitronectin-antibody was attained by 6 

hours and was complete throughout the remaining experimental period.
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Figure 45. Figure 45a shows the contractile profiles produced using a dual application of 

(i) anti-Fn-antibody at 0 hours, and (ii) anti-Vn-antibody at 5 hours (both at 0.1 mg/ml). 

Dose 1 generated the familiar inhibited contractile profile as seen previously, with some 

sign of recovery of contraction at approximately 4.5 hours, which was eliminated upon 

the application of dose 2. Figure 45b shows the rates generated over time and indicate the 

same effect.

3.3.1.9 Contraction inhibition by anti-a2-antibody

Involvement of the collagen integrin receptor, a2pi in cell-mediated collagen contraction 

has been reported previously (Eberhard-Klein et al. 1991; Schiro et al. 1991; Langholz et 

al. 1995). However, the suggestion that it is the only integrin capable of mediating 

contraction, seems less likely in view of findings so far here. Since the f> 1 subunit present 

in the collagen receptor complex is common to many critical integrins here, tests here 

were carried out using an antibody to the a2 subunit only.

The collagen binding integrin was blocked by addition of 0.1 mg/ml anti-a2-antibody. The 

antibody produced almost no effect on contraction during the first 4 hours when 

contraction profiles and rates were almost identical to those of untreated controls (7.73 

and 8.14 dynes/hour/million cells, respectively) (Figures 46a and 46b). The contraction 

force generated by treated cells at the 4 hour point was 32.44 dynes, almost identical 

when compared to untreated controls (31.77 dynes). However, involvement of the a2
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subunit did become apparent 4 hours post seeding, when the contractile forces generated, 

and rates had declined. The fall was gradual throughout the remainder of the experiment, 

with complete loss of force generation by 16 hours.
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Figure 46. Figure 46a represents the contraction curve generated by the inhibitory anti- 

a2-antibody (part of the collagen receptor complex). Almost no change was seen 

compared to untreated cell seeded controls during the initial 4 hours. Involvement of the 

a2 subunit was noticeable 4 hours post-seeding, and was complete 16 hours into the 

contraction. Figure 46b depicts the rates of contraction monitored over the 20 hours.
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3.3.1.10 Contraction generated using sera depleted of fibronectin and/or vitronectin

Previous experiments performed used blocking antibodies that inhibited contraction via 

neutralising specific receptor or ligand action. These blocking antibodies apparently 

competed for attachment to the appropriate receptor or ligand, impairing cell-matrix 

interaction. This was further tested using the alternative approach of removing specific 

attachment ligands from the system entirely. Removal of Fn was performed using a 

gelatin separation column, whilst Vn removal was performed using an appropriate 

antibody. Both techniques were applied to obtain double depleted sera. All samples were 

kindly provided by Dr. Macfarland, CSIRO, Australia.

All experiments were carried out using 10% serum levels (depleted or control). Normal 

serum controls displayed the typical contractile profile over the 20 hour period and 

generated a final total force of 64.37 dynes (Figure 47a). Control cells contracted rapidly 

during 1-2 hours, when contractile rates registered 13.86 dynes/hour/million cells (Figure 

47b). Rates remained high until 4 hours post seeding, by which time control cells had 

generated almost 70% of their final total force.

Depletion of Fn and/or Vn proteins from the system resulted in a more subtle inhibition of 

contraction than that exerted by antibodies though the pattern of inhibition was the same. 

Cells treated with Fn depleted serum produced an initial 2 hour complete inhibition of 

contraction. Contraction rates remained low throughout the 20 hours compared to 

controls, with cells contracting fastest during 1-2 hours (4.84 dynes/hour/million cells). 

Despite the low rates, a maximal final force of 19.62 dynes was registered, 30% of that 

generated by control cells. Interestingly, treated cells generated a second small phase of 

recovery during 16-20 hours (1.95 dynes/hour/million cells) and contracted faster than 

control cells (0.75 dynes/ hour/million cells).

Cells treated with Vn depleted sera generated a normal initial contraction of 2 hours. 

Treated cells contracted at a rate identical to controls during the first hour (8.41 and 8.42 

dynes/hour /million cells) and maintained similar rates of contraction into the second hour 

(8.12 dynes/hour/million cells), though slower than controls (13.86 dynes/hour/million
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cells). As with control cells, rates of contraction displayed by treated cells fell 4 hours 

post seeding as tensional homeostasis was reached. By this time they had generated 90% 

of their final total force. During the final 16 hours of the experiment Vn depleted treated 

cells generated the final 10% of force, and registered a final total force of 24.79 dynes at 

20 hours, 39% of that generated by controls.

Double depleted serum caused a complete inhibition of contraction over the entire 20 

hours period. Rates displayed a fall in tension throughout, except during 1 -2 hours when 

cells contracted at 1.7 dynes/hour/million cells. This slight recovery in contraction rates 

during 1-2 hours was similar to that seen with Fn depleted serum treated cells. However, 

unlike the Fn depleted serum treated cells, cells treated with double depleted serum did 

not display a sustained recovery, apparently due to the additional absence of vitronectin 

for attachment.
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Figure 47. Figure 47a shows the contractile profiles generated through application of 

10% serum depleted of Fn ligand, Vn ligand or both Fn and Vn ligands (double depleted). 

Depletion of Fn and/or Vn proteins from the system resulted in a more subtle inhibition of 

contraction than that exerted by antibodies though the pattern of inhibition was the same. 

Figure 47b shows the rates generated over the 20 hour experiment. Except for the first 4 

hours, rates of contraction registered remained low throughout for all ligand depleted 

experiments.

3.3.2 Changes in cytoskeletal arrangement upon altered cell-matrix interactions

Contractile changes produced by the inhibitors described above suggest that cytoskeletal 

changes would result upon the alteration of cell-matrix interactions. Micro filament and 

microtubule structures were examined using markers for these elements and viewed using 

confocal scanning laser microscopy. All images generated were compressed 3- 

dimensional images, and allowed detailed analysis of intracellular cytoskeletal structures 

within cells seeded in the collagen-GAG sponges.

Figure 48 shows the typical filamentous actin cytoskeleton seen in untreated cells seeded 

onto collagen sponges (controls), and shows fine microfilament structural fibres (stress 

fibres) distributed around the margins and throughout the whole of the cell. Upon 

inhibition of attachment by the addition of the RGD containing peptide or antibody (anti- 

aSpi, anti-a5, and anti-Fn antibodies), the typical microfilament structure altered, and 

formation of discrete intracellular aggregates of actin were seen (Figure 49 and 50).
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These small actin aggregates were distributed generally throughout the cytoplasm, with 

almost all fibrous appearance of micro filaments being lost. In contrast, on inhibition of 

cell-matrix binding in the presence of depleted sera, no actin aggregates were seen. 

Cytoskeletal actin structure was filamentous, however not as well developed as that seen 

in untreated controls (Figure 51). This finding correlates to the contractile profiles 

generated using depleted sera (Figure 47a), were cells in the absence of Fn and/or Vn 

contracted at levels much lower than untreated controls.

Figure 52 shows the typically stellate shaped appearance of the microtubular structure 

observed in untreated cell-seeded collagen sponges. Microtubules were predominantly 

clustered around the cell nucleus and formed the solid tubulin perinuclear ring. 

Application of RGD containing peptides and antibodies (anti-a5pl, anti-a5, and anti-Fn 

antibodies) affected microtubular structure in two ways. Firstly, it appeared to cause a 

break-up of the perinuclear tubulin ring (Figure 53), and secondly it instigated the 

disintegration of the microtubular network, leaving behind a diffuse mass of tubulin with 

no definite structure (Figure 54 and 55). Depletion of serum fi-om the system did not 

cause any disruption of the microtubular structure, and a defined perinuclear tubulin ring 

was seen as in untreated controls (Figure 56).

Figures 48-56. Micro filament and microtubule structures were examined using markers 

for these elements and viewed using confocal scanning laser microscopy. All images 

generated were compressed 3-dimensional images, and allowed detailed analysis of 

intracellular cytoskeletal structures within cells seeded in the collagen-GAG sponges.

Figure 48 shows the typical filamentous actin cytoskeleton seen in untreated cells seeded 

into collagen sponges (controls), and shows fine micro filament structural fibres (stress 

fibres) distributed around the margins and throughout the whole of the cell.
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Figures 49 and 50. Inhibition of attachment via application of the RGD containing peptide 

or antibody (anti-a5pi, anti-a5, or anti-Fn), altered the typical micro filament structure 

and formation of discrete intracellular aggregates of actin were seen. These small actin 

aggregates were distributed generally throughout the cytoplasm, with appearance of 

almost all fibrous micro filaments being lost.

Figure 51 shows the micro filamentous structure upon the depletion of certain serum 

proteins. Inhibition of cell-matrix binding in the presence of depleted sera produced no 

actin aggregates. Cytoskeletal actin structure was filamentous, however not as well 

developed as that seen in untreated controls, also cells were not as spread out as in 

untreated controls.

Figure 52 shows the typically stellate shaped appearance of the microtubular structure 

observed in untreated cell-seeded collagen sponges. Microtubules were predominantly 

clustered around the cell nucleus and formed the solid tubulin perinuclear ring.
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Figure 53 shows the effect of RGD containing peptides and antibodies (anti-aSpi, anti- 

a5, or anti-Fn) on microtubular structure. Such inhibitors appear to cause a break-up of 

the perinuclear tubulin ring.

Figures 54 and 55 show how treatment with RGD containing peptides and antibodies 

(anti-a5pi, anti-a5, or anti-Fn) instigated the disintegration of the microtubular network, 

leaving behind a diffuse mass of tubulin with no definite structure.

Figure 56. Depletion of serum from the system did not cause any disruption of the 

microtubular structure, and a defined perinuclear tubulin ring was seen as in untreated 

controls.
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3.3.3 Absence of cytoskeletal disruption using depleted sera to alter cell-matrix 

interactions

Inhibitory agents alter the cytoskeleton unlike depletion of serum proteins (actin 

aggregation and tubulin disruption versus less developed actin microfilament structure 

and normal tubulin structure, respectively). This finding may explain the different 

contractile profiles seen when inhibiting cell-matrix interactions and subsequent 

contraction. Competing RGD containing peptides and antibodies (anti-a5pl, anti-a5, and 

anti-Fn antibodies) physically obstructed potential cell-matrix interaction. Where as 

depletion of serum proteins simply did not allow any cell-matrix binding through the 

absent ligand(s). It seems that direct physical obstruction of cell-matrix interaction (ie: 

inhibition of attachment and contraction by interference with normal mechanical cues), 

disrupted cytoskeletal assembly. A possible explanation for the altered cytoskeletal 

structure, especially with the aggregates of filamentous actin, would then be the 

unrestrained contraction of micro filaments that are assembled through RGD-blocked 

integrin attachment plaques. Such a hypothesis would be dependent on stimulation of 

integrin-microfilament assembly (ie: by the inhibitory peptide or antibody), without 

sufficient mechanical stability in the collagen attachment to withstand contraction of the 

actinomyosin motor elements.

This hypothesis suggests that stimulation of the cell response by competing RGD peptides 

and antibodies (ie,: unrestrained cytoskeletal contraction), will result in the RGD being 

drawn into the cell. To test this hypothesis, the RGD type peptide used to inhibit 

attachment and contraction, was attached to a FITC fluorochrome and incubated with 

dermal fibroblasts for 20 hours (section 2.1.10.2). Samples were dual stained using 

TRITC-phaHoidin (marker for filamentous actin) and then viewed using confocal 

microscopy.

Results showed clearly that the RGD type peptide had been faKen up ky the cell and the 

characteristic di^re^skts of the filamentous actin were also evident (Figure 57a-d). Upon 

viewing both fluorochromes simultaneously, the RGD appeared to be situated in the same 

areas as the actin, suggesting that the RGD was possibly attached to the actin and was 

thus pulled in along with a integrin-microfilament complex (Figure 58a and b). The data
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supports the idea that the RGD type peptide successfully activated integrin-microfilament 

assembly in the absence of mechanically stable collagen attachments. As a consequence 

the phenomenon of unrestrained contraction and cell uptake of the RGD was seen.

£

Figures 57a-d. Figures 57 a-d show clearly the internalisation of the RGD peptide. The 

peptide appears to have been bxKeA by the cell and the characteristic AygrqAhcnof the 

filamentous actin is also apparent.
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Figures 58a and 58b. Simultaneous viewing of FITC (RGD) and TRITC (actin) 

indicates that the RGD is located in the same areas as the actin. It is possible then that the 

RGD attaches to the actin and is thus pulled in along with the integrin-microfilament 

complex.

3.4 Transforming Growth Factor beta-1 driven contraction

Changes in contractile forces generated by fibroblasts seeded in collagen gels were 

investigated to test the importance of Transforming Growth Factor Beta-1 (TGFpi) 

during the early stages of contraction. Dose dependent studies were carried out in order 

to quantitatively assess the effect of this growth factor during contraction. Quantitative 

measurements of forces (dynes/million cells or 1x10'^ Newton’s/million cells) generated 

under varying conditions were made using the CFM.

3.4.1 Cell Free Control Contractions

A cell-free baseline force was generated as shown in Figure 59a. The gel itself contracted 

to a peak force of 23.66 dynes by seven hours. Rate of contraction was greatest during 

the initial 2 hours, when gels contracted at a rate of 7.75 dynes/hour (Figure 59b). By 2 

hours gels had generated a force of 15.50 dynes, 66% of the peak force. Rates decreased 

over the remaining 18 hours, resulting in plateauing of the contractile profile. These basal, 

cell-free collagen gel forces were subtracted from all subsequent cell-seeded data, 

allowing results to be interpreted as ‘net force per million cells’.
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Figure 59. Figure 59a represents a cell-free baseline force (gel alone, cell-free control). 

This baseline contraction was subtracted from all subsequent cell seeded data in order to 

calculate and graphically present data as ‘net force per million cells’. Figure 59b shows 

the changes in rate of contraction for cell-free controls over the 20 hour period 

monitored.
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3.4.2 Minimising TGFpi serum content reduces contraction

To ensure that the FPCL’s contracted under conditions which were limiting for TGFpi 

(ie: minimal serum TGFpi) it was important to reduce FCS levels as much as possible 

from the routine 10%. Reduced levels of FCS were tested, in order to determine 

percentage levels which could be used as a viable baseline for testing the effect of TGFpi 

on contraction. Reduction of FCS levels are known to reduce the rate of FPCL 

contraction (Tomasek et al. 1992; Grinnell, 1994), the components responsible for this 

are thought to include LPA (lysophosphatidic acid) (Tomasek et al. 1992; Parizi et al. 

1999 (In press)).

Figure 60a depicts the standard FPCL contractile profiles in the presence of 10%, 2% and 

0% FCS (using matched cells for each). Variation of serum levels altered the contractile 

profiles dramatically generating final forces of 63.19 dynes, 32.85 dynes and -4.64 dynes, 

respectively. Rates of cellular contraction also varied significantly, with 10% FCS causing 

rapid cellular contraction over the initial 8 hours (Figure 60b), with a maximum of 11.20 

dynes/hour/million cells during 1-2 hours. Conversely, rates attained by cells treated with 

2% FCS were much lower, with the maximal rates registered being 4.17 

dynes/hour/million cells during 3-4 hours. Hence, with 2% FCS the rapid initial 

contraction seen using 10% FCS was lost, leaving only a slow and modest rise in force 

which reached a maximum at the 20 hour stage, only 52% of the maximum force 

generated with 10% FCS.

As 2% FCS levels supported a significant basal contraction, they were chosen over the 

routine 10% levels to perform all subsequent tests. The complete removal of serum 

caused a complete elimination of contraction and so was also considered to be ineffective 

as a viable control.
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Figure 60. Figure 60a (iepicts the standard FPCL contractile profiles in the presence of 

10%, 2% and 0% FCS (using matched cells for each). Reduced levels of FCS were 

necessary, in order to determine percentage levels which could be used as a viable 

baseline for testing the effect of TGFpi on contraction. Figure 60b shows the rate of 

contraction generated using the different FCS levels. Both 0% and 10% FCS levels were 

considered unsuitable for use as controls, thus 2% FCS (which supported a significant 

basal contraction) was used in all subsequent tests.
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3.4.3 Untreated Control Contractions

Figures 61a and 61b show the contractile profile using 2% FCS as before (Figure 60a), 

however here analysis of contractile rates was carried out every 2 hours, compared to 

Figure 60b, where rates were calculated every hour. This ‘untreated control’ was used in 

subsequent experiments to compare contractile profiles attained upon the addition of 

TGFpi.

Untreated human dermal fibroblasts seeded into the collagen gel contracted slowly but 

steadily throughout the first 14 hours, with a maximum rate of 2.99 dynes/hour /milhon 

cells being registered between 2-4 hours. Rates accelerated again during 14-16 hours, 

when the cells contracted at a rate of 3.96 dynes/hour/million cells. Untreated cells 

generated a final net force of 32.85 dynes by 20 hours, which was also its peak force 

(Figures 61a and 61b).
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Figure 61. Figure 61a shows the contractile profile using 2% FCS as before (Figure 60a), 

however Figure 61b shows contractile rates every 2 hours, compared to Figure 60b, 

where rates were calculated every hour. This ‘untreated control’ was used in subsequent 

experiments to compare contractile profiles attained upon the addition of TGFpi.

3.4.4 Test TGFpi Contractions

Figure’s 62a and 62b depicts the dose responses of FPCL’s to TGFpi. Doses between

2.5 to 30 ng/ml were tested, in terms of (a) finaFpeak force generated and (b) as initial 

contraction rates (during 0-2 hours). 2.5 ng/ml TGFpi generated a final peak force of 

23.17 dynes, approximately 70% of that generated by untreated controls. Doses in the 

range of 7.5 to 15 ng/ml TGF-pi generated the greatest total force at the 20 hour stage, 

registering 55.32 dynes and 49.51 dynes, respectively. Further increase in TGFpi 

concentration (22.5 ng/ml) again induced a substantial inhibition of total force (as with

2.5 ng/ml), compared to untreated controls. This trend was amplified further with 30 

ng/ml TGFpi, such that almost all contraction was inhibited. Rates of contraction 

monitored over the initial 2 hours increased in a dose-dependent manner up to 15 ng/ml 

TGFpi, where rates were 8.09 dynes/hour/million cells, compared to untreated controls 

(0.89 dynes/hour/million cells). At a higher dose of 22.5 ng/ml, rate of contraction was 

higher compared to controls, but lower compared to 15 ng/ml. A further increase in 

concentration (30 ng/ml) reduced stimulation such that rates of contraction were lower 

than those in untreated controls.
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Figure 62. Figures 62a and 62b depicts the dose responses of FPCL’s to TGFpi. Doses 

between 2.5 to 30 ng/ml were tested, in terms of (a) finaFpeak net force generated and 

(b) as initial contraction rates (during 0-2 hours).
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3.4.4.1 Detailed analysis of dose response 

(i) 2.5 ng/ml TGFpi

Application of 2.5 ng/ml TGFpl generated contractile profiles similar to untreated 

controls, although the final total force registered using 2.5 ng/ml was lower (Figure 63a). 

Closer examination of profiles highlighted differences during the initial 2 hours and the 

final 4 hours of contraction. This concentration stimulated contraction during 0-2 hours 

and again during 16-18 hours, when rates registered 3.88 and 3.08 dynes/hour/million 

cells, respectively (Figure 63b). In comparison controls generated very httle force within 

the first 2 hours (0.89 dynes/hour/milhon cells). Though this increased during 2-4 hours 

(2.99 dynes/hour/million cells), resulting in force levels almost identical to 2.5 ng/ml 

TGFpl, during 3-15 hours.

(it) 7.5 ng/ml TGFpi

Rapid contraction was almost immediate using this concentration of TGFpl (Figure 64a). 

Treated cells contracted at a rate of 5.62 dynes/hour/milhon ceUs during the initial 2 

hours, approximately 6 times faster than control cells (Figure 64b). By 2 hours treated 

cells had generated a force of 9.88 dynes (untreated controls registering 1.71 dynes). 

Treated cells continued to contract rapidly until 6 hours, after which rates feU to those 

seen in controls. A final total force of 55.32 dynes was attained by 20 hours, almost 1.7 

times more force than untreated controls. Interestingly, the treated cells did not reach 

tensional homeostasis, that is forces generated over the 20 hours did not plateau, rather 

they continued to increase. More detailed examination of contraction rates at 10 minute 

intervals revealed that the increase in initial contraction was evident during the first 20 

minutes of contraction (Figure 64c).
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Figure 63. Figures 63a and 63b show contractile profiles and rates generated using 

2.5ng/ml TGFpl.
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Figure 64. Figure 64a shows the contractile profile generated using 7.5ng/ml TG Fpl. 

Figures 64b and 64c show rates o f contraction, every 2 hours and every 10 minutes, 

respectively.

(ill) 15 ng/ml TGFpi

As with 7.5 ng/ml, 15 ng/ml TGFpi induced an accelerated initial contraction in the 0-2 

hour window (Figure 65b). Treated cells generated a force o f 16.20 dynes by 2 hours, 

almost 9.5 times greater than controls (Figure 65a). Closer analysis o f rates (10 minute 

intervals) clearly demonstrated that cellular contraction accelerated between 10-50 

minutes and again during the period o f 90-100 minutes, after the onset o f contraction 

(Figure 65c). Rates o f contraction fell back to control levels after the initial 2 hours and 

reached a final total force o f 49.51 dynes (1.5 times greater than controls). Although 

contraction rates were levelling off tensional homeostasis did not appear to have been 

reached.

(iv) 22.5 ng/ml TGFpi

In contrast to 7.5 and 15 ng/ml TG Fpl, 22.5 ng/ml only produced a small change in the 

initial rate o f contraction compared to untreated controls (2.92 and 0.89 

dynes/hour/million cells, respectively) (Figure 66b). Rates returned to control levels after
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this, until the period of 14-16 hours, when control rates, but not TGFpi treated cell rates 

increased. This produced a late stage (14 hours onward) divergence of force profiles 

(Figure 66a), consistent with inhibition of late stage contraction, and also reduced the 

force level of tensional homeostasis.

(v) 30 ng/ml TGFpi

Inhibition of contraction was greater using 30 ng/ml TGFpl, to the extent that force 

generation throughout was minimal (Figure 67a). There was no 0-2 hour stimulated 

contraction as seen using the 7.5 and 15 ng/ml doses, with contractile profiles being 

comparable to untreated controls. Additionally, the 2-16 hour slow contraction 

generated by untreated controls was inhibited using this concentration of TGFpl (Figure 

67b). By 20 hours a final total force of only 6.64 dynes was reached, almost 5 times 

lower than untreated controls.
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Figure 65. Figure 65a shows the contractile profile generated using 15ng/ml TGFpl. 

Figures 65b and 65c show rates of contraction, every 2 hours and every 10 minutes, 

respectively.
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Figure 66. Figures 66a and 66b show contractile profiles and rates generated using 

22.5ng/ml TGFpl.
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Figure 67. Figures 67a and 67b show contractile profiles and rates generated using 

30ng/ml TGFpi.
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3.4.5 Changes in cellular morphology upon treatment with TGF beta

To define the changes in cellular morphology that accompany TGPpi induced 

contraction, TGPpi treated gels were stained using toluidene blue and viewed using 

stereo edge microscopy.

Some notable changes in cellular morphology correlated with the enhanced contraction 

seen in previous CPM data (with 7.5 and 15 ng/ml TGPpi). Controls cells (Pigure 68a) 

and cells treated with 2.5ng/ml and 22.5ng/ml TGPpi (Pigures 68b and 68e, respectively) 

displayed comparable cellular morphology. Cells treated with 30ng/ml TGPpi were 

reduced in size compared to controls, and did not appear to have well developed cellular 

protrusions (Pigure 68f). In view of the postulated importance of process extension and 

traction in force generation and tensional homeostasis, this is consistent with the lack of 

force generation on the CPM. Morphology at contraction stimulating concentrations 

(7.5ng/ml and 15ng/ml), suggested larger cell bodies with lengthy, extended cellular 

processes (Pigures 68c and 68d, respectively). Cells treated at these optimal 

concentrations of TGPpi appeared more spread out than controls.

Figure 68a-68f. TGppi induced changes in cellular morphology correlated with the 

contractile profiles generated by the CPM.

a), untreated control (X20 main picture and X40 inset picture)
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Controls cells (Figure 68a) and cells treated with 2.5ng/ml and 22.5ng/ml TGFpi 

(Figures 68b and 68e, respectively) displayed comparable cellular morphology. Cells 

treated with 30ng/ml TGFpl were reduced in size compared to controls, and did not 

appear to have well developed cellular protrusions (Figure 68f). Morphology upon 

application of contraction stimulating concentrations (7.5ng/ml and 15ng/ml) showed 

visibly larger cell bodies with lengthy, extended cellular processes (Figures 68c and 68d, 

respectively). Cells treated at these optimal concentrations of TGFpl appeared more 

spread out than controls.
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3.4.6 Effect of TGF beta on FnR and VnR expression

Changes in integrin receptor expression has been associated with developing cellular 

morphology. For example, increased cell spreading has been linked to an upregulation in 

VnR expression (Adams and Watt, 1993). Earlier findings suggested that certain TGFpl 

concentrations (7.5 and 15 ng/ml) change cellular morphology, consequently integrin 

receptor expression was investigated. FnR and VnR expression was examined, as 

previous experimental data indicated that these integrins were associated with early stage 

contraction (refer to section 3.3.1). As TGFpl was seen to exert its effect during the 

initial hours of contraction. Fn and Vn receptor expression was monitored over the first 6 

hours.

Cell cultures were treated with 7.5ng/ml TGFpl and fixed at various time points over 6 

hours. Cell counts were performed to indicate percentage levels of eell-substrate 

adhesiveness, after which cells were dual stained for FnR and VnR integrins. Relative 

quantitative measures of receptor expression were made using integrated density of 

fluorescence.

Figure’s 69a and 69b show changes in receptor expression as a measure of integrated 

fluorescence of cells in culture over a 6 hour period. Untreated control cells displayed a 

steady increase in FnR expression which peaked at 90 minutes and 240 minutes. VnR 

expression also displayed a steady increase in integrated fluorescence, but was of a 

magnitude lower than FnR. Ratios of FnR versus VnR expression indicated a consistently 

higher level of FnR compared to the VnR over the 6 hour period, with the greatest 

difference of 2.2:1 (FnR:VnR) noted at 60 minutes. These results correlated with 

previous findings which suggested that Fn was involved during the initial 5 hours of 

attachment and contraction, and that Vn involvement followed after 6 hours (refer to 

section 3.3.1). Treatment of cells with TGFpi showed no increase in FnR expression 

over the 6 hours, with integrated fluorescence appearing to stabilise at lower levels than 

untreated controls. Ratios of FnR versus VnR upon TGFpi treatment showed a 

consistently lower level of FnR expression compared to VnR. The shift fi-om FnR 

expression to VnR expression was rapid (within the initial 30 minutes) with FnR versus 

VnR ratios changing fi-om 1.43:1 in untreated controls, to 0.61:1 upon addition of
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TGFpi. Expression of VnR’s in TGppi treated cells was much higher than FnR 

expression in the same cells. Integrated fluorescence measured for VnR upon TGFpl 

treatment displayed a dramatic increase, much greater than untreated control cells. At 60 

minutes FnR expression had fallen by 20% where as VnR expression increased by 85%, 

compared to untreated controls. This trend followed throughout the 6 hours with a 26% 

fall in FnR expression and a 768% increase in VnR expression noted at 300 minutes, 

compared to untreated controls. This apparent increase of VnR in TGFpl treated cells 

correlated with previous findings. Firstly, the upregulation of VnR expression was 

proportional to the further developed morphology (ie: extended cellular protrusions) seen 

in these cells. Secondly, this TGFpi induced upregulation of VnR expression and 

enhanced cellular protrusion formation (cell spreading) consequently stimulated early 

stage contraction (ie: length of cellular protrusions and amount of contraction generated, 

is directly proportional). Figure 70 shows examples of changes in Fn and Vn receptor 

expression, in control cells and TGFpl treated cells.

F n R  a n d  V n R  e x p r e s s io n  b y  T G F - b e ta  1 
d e p l e t e d  f i b r o b l a s t s  (2%  P C S )

4 OOOE + 7

■  F n R  e x p r e s s i o n
■  V n R  e x p r e s s i o n

3 . 0 0 0 E  + 7

O .OOOB + 0

0  15 3 0  4 5  6 0  9 0  1 2 0  1 8 0  2 4 0  3 0 0  3 6 0

T i m e  ( m i n s )
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P n R  e x p r e s s i o n  
V n R  e x p r e s s i o n
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O.OOOB + 0

15 3 0  4 5  6 0  9 0  1 2 0  1 8 0  2 4 0  3 0 0  3 6 0
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Figure 69. Figure 69a represents FnR and VnR expression in untreated fibroblasts, given 

as a measure of integrated fluorescence (arbitrary units) over 6 hours. Figure 69b 

represents FnR and VnR expression in TGFpl-treated fibroblasts (7.5ng/ml) over 6 

hours. Results indicated an dramatic upregulation of VnR expression within the first 60 

minutes, upon application of TGFpl.

Figure 70. Figure 70 shows examples of changes in Fn and Vn receptor expression, in 

control cells and TGFpi treated cells (all pictures are at the same scale).
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3.5 Effect of PDT on cellular contraction

3.5.1 Cell Viability Assay and Standard Curve

Experiments were conducted to detect an optimal non-toxic dose of PDT (ie: AlPcS] 

concentration, irradiation energy and irradiation time). Human dermal fibroblasts were 

treated using this optimal dosage of PDT in an attempt to monitor its effect on fibroblast- 

mediated collagen contraction in order to gain insight into potential anti-scarring 

therapeutic regimes.

Characterisation of the effect of PDT on human dermal fibroblasts was carried out using 

the commercially available MTT viability assay. Cell suspensions were used in an attempt 

to deduce drug dose and light irradiation energy and time, which would least harm the 

cells. A standard curve, using cell suspensions ranging from 0 1 x 10̂  cells, was

generated in order to assess cell death with respect to changing drug and light dose 

treatment regimes. Figure 71 shows the standard curve generated using cell numbers 

ranging fi-om 0 1 x 10̂  cells (correlation coefficient = 0.94).

y  -  0 . 2 9 5 3 6  ♦ O.OOOOOx r 2  -  0 . 9 3 9 0 4

1 ' I r ,
0  2 0 0 0 0  4 0 0 0 0  6 0 0 0 0  8 0 0 0 0  1 0 0 0 0 0

C e i l  N u m b e r

Figure 71. Standard MTT assay curve generated by plotting Absorbance (570nm) versus 

cell number (0 ^  1 x 10̂  cells) was generated in order to assess cell death with respect to 

changing drug and light dose treatment regimes. The correlation coefficient of 0.94 

denotes an excellent curve fit (n=3).
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3.5.2 Optimisation of drug and light doses

AIPCS2 is known to induce toxic oxygen radical formation when exposed to a critical 

light X , and is therefore clinically used to aid tumour/cancer eradication. Studies here 

required levels of drug which would not completely destroy living cells, but would in 

effect retard or arrest cellular mechanisms (ie,: by blocking adhesion) used during 

contraction. In order to achieve a non-toxic optimal dose of AIPCS2, experiments were 

performed using cell suspensions; cells plated onto collagen coated wells; and cells plated 

onto collagen gels. MTT viability assays were used to assess the outcome of various 

drug/light combinations of experiment.

3.5.2.1 Cell suspensions

Cell suspension experiments utilised a broad range of drug dose, and light irradiation 

energy and time. Drug dosage applied was between 0-40pg/ml and cells were irradiated 

in 3 groups: (i) no irradiation (controls), (ii) 1 minute irradiation and (iii) 5 minute 

irradiation (refer to section 2.3.3). After treatment, cells were tested using the MTT 

viability assay. Absorbance readings were taken at 570 nm using a microplate 

spectrophotometer. Conversion of data into viable cell numbers were calculated from the 

absorbance readings using the standard curve and the equation described in section 

2.3.3.1.

Figure 72 demonstrates the overall effect of the various AIPCS2 doses in (i) control plates 

(no irradiation), (ii) plates irradiated for 1 minute and (iii) plates irradiated for 5 minutes. 

Results obtained from this experiment indicated individual and combined effects of both 

drug dose and light dose on the cells, compared to controls. Controls (no irradiation) 

showed the highest number of viable cells over the complete range of AIPCS2 

concentrations, although generally numbers fell with increasing drug dose. Treatment 

using a 1 minute irradiation compared to controls, over the entire drug dose range 

indicated no strong trends in reduction of cell number. Cell viability of samples exposed 

to a 5 minute irradiation were significantly reduced compared to controls in an AIPCS2 

dose dependent manner. Combined treatment of either 30pg/ml or 40pg/ml AJPCS2 and 5 

minute irradiation reduced cell viability the most compared to controls. Figure 73a shows
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the percentage of viable cells remaining after drug treatment alone (represents control 

levels). Figure 73b indicates the percentage of viable cells remaining after the additional 

irradiation treatments. This graph depicts the supplementary cell death generated (ie: 

excess to that seen in controls) upon combined drug and light exposure. Percentage 

calculations were performed using the corresponding controls for a particular drug dose, 

hence controls register 100% viability at all drug doses.

V i a b l e  c e l l  c o u n t s  a f t e r  v a r i e d  P D T  t r e a t m e n t

10 13 2 0  2 5  3 0  4 0

D r u g  d o s e  ( u g / m l )

I m i n  i r r a d i a t i o n C  A V )  
3 m  in  i r r a d i a t i o n (  A V )

Figure 72. Cell suspensions: Figure 41 shows the overall effect of the various AlPcS] 

doses (0-40pg/ml) in (i) control plates (no irradiation), (ii) plates irradiated for 1 minute 

and (iii) plates irradiated for 5 minutes. This graph indicates individual and combined 

effects of drug dose and light dose on the cells, compared to controls.
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Figure 73. Cell suspensions: Figure 73a shows the percentage of viable cells remaining 

after drug treatment alone (represents control levels). Figure 73b indicates the percentage 

of viable cells remaining after the additional irradiation treatments ( 1 minute and 5 minute 

exposure). This graph depicts the supplementary cell death generated (ie: excess to that 

seen in controls) upon combined drug and light exposure. Percentage calculations were 

performed using the corresponding controls for a particular drug dose, hence controls 

register 100% viability at all drug doses.
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A. No irradiation - controls

The absolute control, ie: no drug and no irradiation, caused a 7% fall in cell viability. The 

remaining samples, ie: with the addition of 5-40pg/ml AlPcS] , then served to test the 

effect of the drug on the cells themselves. Cell death was noted in controls, particularly 

upon increased AlPcS] concentration, with 25% of cells dying upon exposure to 30pg/ml 

AlPcS] alone, indicating the toxicity of the drug itself (Figure 73a).

B. 1 minute irradiation

Additional cell death was noted over the entire drug dose range upon a 1 minute 

irradiation, compared to controls (Figure 73b). Without AlPcS], ie: 1 minute irradiation 

alone, cell viability was reduced by approximately 9%. Upon the application of AlPcS], 

levels of cell death varied considerably. Cell death did not increase proportionally to drug 

concentration, rather it fluctuated, with peak cell death (15-20% drop in cell viability) 

achieved using 5, 20 and 25pg/ml AlPcS]. Increased concentrations of AJPcS2 (30 and 

40pg/ml) failed to cause cell death, inducing a minor 4% drop in cell viability compared 

to corresponding controls. Since a peak of only 20% cell death was attained using a 1 

minute irradiation, which showed variation depending on drug dose, this treatment was 

considered ineffectual.

C. 5 minute irradiation

Irradiation for 5 minutes induced a more toxic effect on the cells overall compared to 

corresponding controls (Figure 73b). Approximately a fijrther 20% cell death was 

stimulated using 5 minute irradiation alone, compared to controls. This level of cell death 

was sustained and did not increase upon application of AlPcS] at doses between 0- 

15pg/ml. In contrast, cell death did increase upon application of higher concentrations of 

AIPcSz. Concentrations between 20-25pg/ml AIPCS2 registered 25-30% cell death, this 

then peaked upon application of 30pg/ml AIPCS2 to 43% cell death.
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3.S.2.2 Cells plated onto collagen coated wells

A narrower drug dose range (15-30|ig/ml AlPcS] ) and specific light irradiation energy (5 

minutes at 50 mW, ie: 15 Joules) was selected from the cell suspension experiments 

described in section 2.3.3. Here, investigation into the effect PDT had on fibroblasts 

attaching to collagen matrix was observed. Cell viability was again tested using the MTT 

assay as described in section 2.3.3.1.

Figure 74 shows the overall effect of the various AlPcS] doses in controls and irradiated 

samples. Results suggest that control cells were affected by all doses of AlPcS] to a 

lesser extent than in cell suspension experiments. This can be seen more clearly in figure 

75a, which indicates cell death caused by AlPcSa alone. In absolute controls, ie: no drug 

and no irradiation, cell viability fell by 1%. This level of cell death was maintained 

throughout, except at doses of 30pg/ml AIPcSz , where ceU viability fell by 8%. Figure 

75b depicts the additional cell death caused by the combined effects of drug and light 

exposure. Again, as calculations were made using corresponding controls for each drug 

dose, controls were taken as 100% viable. Results once more highlighted failure of 

AlPcSz (all doses) to induce the same toxic effects as seen in cell suspension experiments, 

with percentage cell death ranging from 8-15 %, with respect to corresponding controls.

This apparent resistance to the drug may have been influenced by the presence of collagen 

in the wells. It is possible that the collagen coating on the wells had served to protect the 

cells from the PDT treatments (ie,: by taking up excess amounts of AIPcS] the gel may 

have shielded the cells from the light irradiation or may have prevented sufficient drug 

from entering the cells). It was therefore necessary to perform a similar experiment, again 

which incorporated collagen, but on this occasion in a different form (ie,: cells would now 

be in contact with polymerised collagen as oppsed to unpolymerised collagen). 

Polymerised collagen gels were used for this purpose. Another factor that may have 

reduced the levels of cell death was an ineffective irradiation energy level, if too low this 

would have not activated the drug, thus test irradiation energy levels were increased to 

investigate this.
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Figure 74. Cells plated onto collagen coated wells: Figure 74 shows the overall elFect of 

the various AIPCS2 doses in controls (non-irradiated) and samples irradiated for 5 

minutes. Control cells were affected to a lesser extent (all doses of AlPcS]) than in cell 

suspension experiments.
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Figure 75. Cells plated onto collagen coated wells: Figure 75a shows clearly cell death 

caused by AlPcS] alone. It appears that only 30pg/ml AlPcS] effected the cells, with no 

cell death at the lower drug doses. Figure 75b depicts the additional cell death caused by 

the combined effects o f drug and light exposure (5 minute exposure). Calculations were 

made using corresponding controls for each drug dose, controls were taken as 100% 

viable. Results once more highlighted failure o f AlPcSz (all doses) to induce the same 

toxic effects as seen in cell suspension experiments.
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3.5.2.3 Cells plated onto polymerised collagen gels

Cells were plated on top o f polymerised collagen gels for this experiment rather than 

being plated onto a film o f unpolymerised collagen as before. Here the cells were not 

completely coated in collagen solution as before, and were simply in contact with a 

collagen substrate. This change was implemented in an attempt to reduce the collagen 

shielding effect. The drug dose range used in the previous experiment (refer to section 

3.5.2.2) was again used, but the 5 minute light exposure energy level was increased. As 

well as 50mw (15 J), lOOmW (30J) and 200mW (60J) energy levels were used. 50mW 

and lOOmW experiments were carried out at all doses, but the high energy 200mW 

experiment was performed using only a 20pg/ml dose o f AlPcS?. This concentration of 

the drug was selected as an optimal dose from experimental data collected to this point. 

Influence o f PDT on fibroblasts attaching to collagen matrix was again monitored, cell 

viability was tested using the MTT assay as described previously in section 2.3.3.1.

A. No Irradiation - controls

In absolute controls, ie: no drug and no irradiation, a 7% cell death was noted (Figure 

76). Cell viability fell further with increasing doses o f AlPcS:. Percentage cell death at 

15pg/ml was approximately 15%, this increased to 25% cell death at 30pg/ml.

£ r r » c l  uT A lP c S l  alwne % cotl

l ity uai«t  àro t only

Figure 76. Cells plated onto polymerised collagen gels: In controls, cell death occurred in 

a dose dependent manner, ie,: increasing drug dose lead to increasing cell death.
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B. 5 minute irradiation using 50mW , lOOmW and 200mW

Figure 77a shows the overall effect of varying PDT treatment on cell viability. Although 

the drug itself caused a certain amount of cell death (15-25%, see controls) the combined 

effect of drug and light exposure was considerably more toxic. Additional cell death 

(excess to that seen in controls) caused by the combined drug-light (ie,: PDT) treatments 

are depicted in figure 77b, where the effect of irradiation on each drug dose is compared 

to its corresponding control. Both irradiation energies caused increased cell death with 

increasing drug dose. Exposure to 50mW induced a 12% drop in cell viability in the 

absence of AJPcS2, this fell fiirther upon drug application to approximately 30% at drug 

doses between 15-25pg/ml, and further still (36%) at the highest concentration of 

30pg/ml. In contrast lOOmW irradiation in the absence of AlPcS] caused a 20% fall in cell 

viability. AlPcS: doses of 15-25 pg/ml induced a 35% fall in viable cell counts, whereas 

the highest dose (30pg/ml) generated a 41% drop in cell viability. Irradiation using the 

highest energy dose of 200mW alone caused a 50% reduction of viable cell counts. 

Combined treatment of 200mW and 20pg/ml AIPcSi, failed to further increase levels of 

cell death (Figure 78a and 78b). This may have been due to the irradiation energy level 

itself being too powerful for the cells to survive.
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Figure 77. Cells plated onto polymerised collagen gels: Figure 77a shows the overall 

effect o f varying PDT treatment on cell viability. Although the drug itself caused a certain 

amount o f cell death (non-irradiated controls) the combined effect o f drug and light 

exposure was considerably more toxic. Figure 77b shows cell death in addition to that 

seen in controls, caused by the combined drug-light (ie,: PDT) treatments. The effect of 

irradiation (5 minute exposure at 50mW or lOOmW) on each drug dose was compared to 

its corresponding control.
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Figure 78. Cells plated onto polymerised eollagen gels: Figures 78a and 78b show that 

combined treatment o f 200mW (5 minute exposure) and 20pg/ml AlPcS] fail to further 

increase levels o f cell death compared to irradiated drug-free samples. This may have 

been due to the irradiation energy level itself being too powerful for the cells to survive.
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3.5.3 Free floating gels (untethered) - initial assessment of the effect of PDT on cell- 

mediated collagen contraction

With regard to levels of cell death caused by the various drug and light exposures in 

previous experiments, the effect of PDT on cellular contraction was monitored using the 

basic untethered free floating collagen gel model. This model provided a crude and simple 

interpretation of the effect of PDT treatment on contracting collagen gels. Collagen 

lattice shrinkage was taken as a measure of cellular contraction. Measurement of lattice 

area was carried out after 5 days post treatment. Detection of contraction via changes in 

gel area proved difficult at periods of less than 5 days, as lattice area measurements (using 

the Image Analysis, OpenLab package) were taken as opposed to contractile force 

measurements using the CFM (see later, section 3.5.4).

3.5.3.1 Treatment of cell seeded collagen gels with PDT treatment

Two variations of this experiment were carried out, (i) with cell seeded gels being treated 

24 hours prior to irradiation and (ii) PDT treatment of cell seeded gels at 0 hours, ie: 

immediately before irradiation. The treatment of cells with AIPCS2 24 hour prior to 

irradiation was performed to determine whether spread out cells behaved differently to 

those freshly seeded (rounded) in a collagen gel. The presumption was that extended cells 

would have more contractile ability than those which were rounded, thus PDT would 

influence the contraction of these extended cells less.

Experiments were divided into two categories: cell-free and cell-seeded collagen gels. 

The former serving as a control to test the effect of AIPcS] on the collagen gels 

themselves. Controls (cell free gels) were also included in each plate that was irradiated, 

so a comparison of gel area could be accurately made with treated gels in the same plate 

(refer to experimental layout detailed in section 2.3.6.2).

3.5.3.1.1 Cell free gel experiments

All cell free control experiments (24 hours and 0 hours) failed to contract (Figure 79a and 

79b). Results appeared to indicate that AlPcS] (all concentrations), with or without 

irradiation did not cause collagen contraction.
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Figure 79. Treatment o f free floating cell-free gels: Figures 79a and 79b show that all cell 

free experiments (24 hours and Ohours, respectively), did not contract. All concentrations 

o f AlPcS], with or without irradiation failed to cause collagen contraction in cell-free 

experiments.
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3.5.3.1.2 Cell seeded gel experiments - AlPcSi treatment 24 hours prior to 

irradiation

A. Irradiation free experiments

Figure 80 shows the results obtained using cell seeded collagen gels treated with AlPcSz 

24 hours prior to irradiation. Cell seeded gels treated with AlPcS] in this manner showed 

significant changes in contraction compared to cell free controls. Non-irradiated cell fi*ee 

controls did not contract. Non-irradiated cell seeded gels (Opg/ml AIPCS2), ie: cell seeded 

controls, generated an 82% contraction, that reduced gel area to 18% of cell fi*ee 

controls. Addition of AIPCS2 at doses of 20pg/ml and 30pg/ml caused levels of 

contraction seen in cell seeded controls, ie: these drug doses alone did not induce any 

inhibitory effects on contraction. All subsequent results were compared to (i) cell fi*ee 

controls; (ii) cell seeded controls (ie,: Opg/ml AlPcSz); and (iii) AIPCS2 treated-irradiation 

fi*ee cell seeded gels within each drug dose.

B. 50mW irradiation energy experiments

Exposure of cell free and AIPCS2 -free cell seeded gels to 50mW of light generated results 

similar to those seen in non-irradiated experiments. 20pg/ml AIPCS2 produced a reduction 

in gel area of 65% compared to cell free controls (ie,: 65% contraction), which fell to 

58% contraction using 30pg/ml AIPCS2. Comparison of both drug-free and non-irradiated 

cell seeded gels (20 and 30pg/ml AIPCS2) with combined drug and irradiation treated gels 

highlighted that contraction was inhibited with higher doses of AIPCS2.

C. lOOmW irradiation energy experiments

An increased irradiation energy of lOOmW again caused cell free and AIPcS2-free cell 

seeded gels to contract similarly to those in non-irradiated experiments. The combined 

effect of 20pg/ml AIPCS2 with lOOmW irradiation caused gels to contract by 52% 

compared to cell free controls, this increased to a 77% contraction upon application of 

30pg/ml AIPCS2. Comparison of both drug-free and non-irradiated cell seeded gels (20 

and 30pg/ml AIPCS2) with combined drug and lOOmW irradiation treated gels indicated 

that increased drug concentrations appeared to be less effective at inhibiting contraction. 

However, this irradiation energy together with 20pg/ml AIPCS2 proved more effective 

than combined exposure to 50mW and 20pg/ml AIPCS2 at inhibiting contraction.
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D. 200m W irradiation energy experiments

200mW irradiation energy had no effeet on cell free gels. It did however appear to mildly 

enhance the contraction seen in AlPcS2-free cell seeded gels (exposed to 200mW), 

compared to non-irradiated cell seeded controls (86% and 82% contraction, 

respectively). A combined treatment o f 200mW with 20pg/ml AlPcS] caused a 67% 

contraction o f gels compared to cell free controls, which increased with a higher drug 

dose (73% contraction). Overall effects seen using this highly toxic irradiation energy 

were that increased drug concentrations appeared to be less effective at inhibiting 

contraction. Even combinations o f 200mW irradiation energy with 20pg/ml AlPcSi did 

not excessively inhibit contraction, inducing inhibition levels seen using 50mW and 

20pg/ml AlPcS].

An interesting explanation for the return o f contraction (ie: lowered inhibition) upon 

application o f the highest dose o f the drug noted in experiments irradiated using 1 OOmW 

and 200mW, is possible dimérisation o f AlPcSi. It has been suggested that irradiation 

using high concentrations o f AlPcS] causes it to dimerise and thus renders it ineffective 

(Personal communication, A. J. McRobert).

g c  I a r e a C c m S )  24

e /m l  2 0 u e /n

r* /50mW  l ia h t /w l i h  « e lU  
r a / lOOniW J i a b t / w i l b  oc l l a

Figure 80. Treatment o f free floating cell-seeded gels: AlPcS] treatment (dose range 0- 

30pg/ml) given 24 hours prior to a 5 minute exposure o f irradiation (50mW, 100mW, 

200m W).
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3.5.3.1.3 Cell seeded gel experiments - AlPcSi treatment immediately prior to 

irradiation

A. Irradiation free experiments

Figure 81 depicts the effect of immediate (0 hours) PDT treatment on cellular 

contraction. Contractile changes influenced by immediate drug and light treatment were 

noticeable, appearing to have more effect than those seen in gels treated with AIPcS] 24 

hours prior to irradiation. Non-irradiated cell free controls did not contract whereas cell 

seeded controls contracted 55%. 20pg/ml AIPCS2 caused a 58% contraction in gels 

compared to cell free controls, and was comparable to levels observed in cell seeded 

controls, which contracted gels by 55%. This level of contraction was again maintained 

upon the addition of 30pg/ml AlPcSi (55% contraction). Results suggest that AlPcS: 

itself caused no inhibition of gel contraction, although levels of contraction generated 

with immediate PDT treatment was less than that seen in experiments that were treated 

24 hours before.

B. 50mW irradiation energy experiments

No contraction was observed upon treatment of cell free gels with 50mW light 

irradiation. Cell seeded gels irradiated with light alone caused a 56% contraction 

compared to cell free controls. These levels of contraction were comparable with cell 

seeded controls, which generated a 55% contraction. Combined drug and light irradiation 

treatment totally inhibited contraction (for both concentrations of AIPCS2). 20pg/ml 

AJPcS2 inhibited contraction by 55% compared to cell seeded controls, and by 58% 

compared to cell seeded gels treated with 20pg/ml AIPCS2 alone. Similarly, BOpg/ml 

AIPCS2 inhibited contraction by 54% compared to both cell seeded controls and cell 

seeded gels treated with 30pg/ml AIPCS2 alone. Clearly the activation of the drug using 

light irradiation successfully blocked cellular contraction.

C. lOOmW irradiation energy experiments

Irradiation of cell free controls using lOOmW, as before generated no contraction. Cell 

seeded gels irradiated with lOOmW contracted by 52% compared to cell free controls. 

Irradiation alone appeared not to inhibit contraction upon comparison with cell seeded 

controls, which contracted by 55%. Additional treatment of 20pg/ml and 30pg/ml AIPCS2
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induced minor contraction compared to cell free controls, and caused an almost complete 

inhibition of contraction compared to cell seeded controls and cell seeded gels treated 

with AlPcS] alone.

D. 200mW irradiation energy experiments

Irradiated cell free gels induced no contraction compared to cell free controls. Cell seeded 

gels treated with irradiation alone induced a 57% contraction compared to cell free 

controls. This level of contraction was comparable to that seen with cell seeded controls, 

which displayed a 55% contraction. Combined treatment using 200mW irradiation with 

AIPCS2 at doses of 20pg/ml and 30pg/ml generated comparable results to those seen 

upon irradiating with lOOmW at these concentrations.

Interestingly, inhibition of contraction fell slightly for both drug concentrations when 

irradiated at the higher energies of lOOmW and 200mW. This may have been due to 

dimérisation of the drug, which renders the PDT ineffective. Alternatively, inhibition of 

contraction may have fallen upon irradiation with higher energies due to collagen 

crosslinking. Such collagen crosslinking is thought to occur upon exposure to high 

irradiation energies (Verweij et al. 1981; Shen et al. 1996), and in turn causes increased 

substrate contraction (Personal communication, A. J. McRobert).
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Figure 81. Treatment o f free floating eell-seeded gels: AlPcS] treatment (dose range 0- 

30ug/ml) given immediately (0 hours) prior to a 5 minute exposure o f irradiation (50mW, 

100mW, 200mW).

3.5.3.2 Pre-treatment o f cells with PDT treatment

AlPeS] is a compound that has fluorescent properties. In order to assess whether collagen 

gels had retained high levels o f AlPcS], which could potentially interfere with cellular 

drug uptake or shield the cells from the light irradiation, drug uptake in cell seeded 

collagen gels was monitored. For this fluorescent microscopy studies o f gels treated with 

AlPcS] were carried out and highlighted the extensive uptake o f the drug the collagen 

gels. Also, photosensitiser drugs such as AlPcSz can induce protein crosslinking if 

irradiated at high energies (Verweij et al. 1981; Shen et al. 1996). Although no effect on 

collagen gel contraction (through protein crosslinking) was observed using all treatments 

described in section 3.5.3.1, a further set o f experiments were performed to eliminate this 

possibility. Fibroblasts were pre-treated with appropriate concentrations o f the 

photosensitiser prior to seeding into collagen gels. As before, two variations o f the 

experiment were carried out, (i) with pre-treated cells seeded into gels 24 hours prior to 

irradiation and (ii) irradiation o f gels containing pre-treated cells at 0 hours (ie: 

immediate).
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3.5.3.2.1 Pre-treated cell seeded gel experiments - AlPcSz treatment 24 hours prior 

to irradiation (Figure 82)

A. Irradiation free experiments

Non-irradiated cell free experiments (cell free controls) showed no signs of collagen gel 

contraction. Cell seeded controls displayed a 77% contraction compared to cell free 

controls. Treatment using 20pg/ml and 30pg/ml AIPcS] showed little change in 

contraction generated, with gels contracting by 72% and 76% compared to cell free 

controls. Overall trend suggests that the drug itself had no inhibitory effect on cellular 

contraction, and results were comparable to experiments described in section 3.5.3.1.2.

B. 50mW irradiation energy experiments

No contraction was observed with cell free gels. Cell seeded gels irradiated with 50mW 

alone (75% contraction) contracted comparably to cell seeded controls (77% 

contraction). 20pg/ml AlPcSz caused an inhibition of contraction, which fell upon 

addition of 30pg/ml AlPcS] (33% and 42% contraction, respectively compared to cell 

free controls). Optimal inhibition was thus obtained using the lower of the two AlPcS] 

doses in combination with 50mW light irradiation.

C. 100mW irradiation energy experiments

Cell free gels generated no contraction as before. Cell seeded gels treated with lOOmW 

alone induced a 74% contraction compared to cell free controls, and was equal to that 

generated by cell seeded controls (77% contraction). Combined irradiation with 20pg/ml 

AlPcS] caused a cellular contraction analogous to that induced by a 50mW irradiation at 

the same drug dose. Increasing drug dose to 30pg/ml did not further inhibit contraction, 

and the trend noted in experiments irradiated at 50mW, where optimal inhibition was 

achieved using the lower of the two drug concentrations was again seen here.

D. 200mW irradiation energy experiments

Cell free gels irradiated with 200mW alone did not contract. Irradiation alone did not 

induce any inhibition in cell seeded gels, and contraction was comparable to that seen in 

cell seeded controls (74% and 77%, respectively). 20pg/ml AIPcS] inhibited contraction 

(38% contraction) compared to cell free controls. Increasing the concentration o f AIPcSi
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to 30|ag/ml further inhibited eollagen gel contraction (23% contraction, relative to cell 

free controls). Overall effects o f a 200mW irradiation plus increasing concentrations o f 

AlPeS] caused a dose dependent increased inhibition o f contraction. However, inhibition 

levels attained at doses o f 20pg/ml were lower than those noted with equivalent 

experiments irradiated at lower energies o f 50mW and 100mW.

C h a n g e  in  ge l  a r c a ( c m 2 )  2 4  h o u r  w i t h  p r e t r e a l e d  c e l l s

2 4 h o u r s / t t o  l i gb l /w i t f a  c e l l s  
2 4 h o n r f t /S 0 m W  l i g h t / w i t h  c e l l s  
2 4 h o u r * / i O O m W  l i g h l / w i t h  c e l l *  
2 4 h o t r * / 2 0 0 m W  U g h l / w U h  c e l l s

2 0 u g / m l  J O u g / m l

Figure 82. Cells were pre-treated for 1 hour before being cast into a free floating gel. 

AlPcS] treatment o f cells (dose range 0-30pg/ml) was carried out 24 hours prior to a 5 

minute exposure o f irradiation (50mW, lOOmW, 200mW).

3.5.3.2.2 Pre-treated cell seeded gel experiments - AlPcSz treatment immediately 

prior to irradiation (Figure 83)

A. Irradiation free experiments

Cell free experiments generated no contraction as seen previously. Cell seeded controls 

contracted by 56% compared to cell free controls. Contraction registered upon treatment 

with 20pg/ml and 30pg/ml AlPcSi was 57% and 58% respectively, compared to cell free 

controls. As before, results indicated that the drug alone did not influence cellular 

contraction.
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B. 50mW irradiation energy experiments

Irradiation o f cell free gels did not induce any collagen gel contraetion. A 59% 

contraction was detected in cell seeded gels compared to cell free controls, which was 

similar to that observed in cell seeded controls (56% contraction). Addition o f AlPcS] at 

doses o f 20pg/ml and 30pg/ml completely inhibited contraction.

C. 100mW irradiation energy experiments

Contraction seen in cell free and cell seeded gels irradiated with lOOmW was as before 

(non-irradiated and 50mW irradiation). Addition o f AlPcS: at concentrations o f 20pg/ml 

and 30pg/ml caused a complete inhibition o f contraction which was analogous to that 

observed with a 50mW irradiation in the presence o f AlPcS].

D. 200mW  irradiation energy experiments

The effect o f a 200mW irradiation energy exposure, with and without AlPcSi was 

identical to that obtained using 50mW and lOOmW irradiation, with and without AlPcS].

C h a n g e  in  g e l  • r c a ( c m 2 )  0  h o u r »  w i t h  p r c i r e a t c d  c e l l »

i

O ho ur f l / no  l i g h t / w i t h  c e l l s  
0 h o u r « / 5 0 m W  l i g l i i / w l i h  cell*.  
O h o u r s / 1 0 0 m  W M g h l / w i i h  ce l l :  
0 h o u r s / 2 0 0 m W  M g h t / w t i h  c e l l

2 0 u g / m l  3 0 u g / m l

Figure 83. Cells were pretreated for 1 hour before being cast into a free floating gel. 

.A.IPCS2 treatment o f cells (dose range 0-30pg/ml) was carried out immediately (0 hours) 

prior to a 5 minute exposure o f irradiation (50mW, 1 OOmW, 200mW).
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3.S.3.3 Criteria for selecting an optimal drug and irradiation energy

Based on results obtained jfrom cells plated onto collagen gels and the free floating

collagen gels, an optimal drug dose and irradiation dose of 20pg/ml AIPcS] and 50mW

were selected for treatment of CFM gels.

Selection of an optimal drug and irradiation energy was made using the following criteria 

with respect to data from cells plated onto collagen gels:

1. Exposure of cells to the highest energy (200mW), appeared to be highly toxic, with a 

high proportion of cell death even in the absence of AIPcS].

2. Doses of AlPcS] between 15-30pg/ml, irradiated with 50 and lOOmW light generated 

reasonable levels of cell death (30-35%), and was taken as an optimal drug dose range.

3. lOOmW irradiation gave levels of cell death (AlPcSz doses 15-30pg/ml) not 

significantly different to those generated by 50mW light, therefore a 5 minute exposure to 

the lower irradiation energy was selected.

Selection of an optimal drug and irradiation energv was made using the following criteria 

with respect to data from pre-treated cell seeded collagen gels:

1. Experiments treated 24 hours prior to irradiation indicated that combined drug-light 

treatments did effect contraction, with 20pg/ml AIPCS2 and 50mW irradiation giving the 

greatest inhibition of contraction.

2. Experiments treated at 0 hours (immediately) prior to irradiation highlighted that all 

combinations of drug-light treatment successfully and completely inhibited contraction, 

therefore the lowest drug dose and light exposure was selected for treatment of CFM 

gels.
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3.5.4 CFM the effect of PDT- a quantitative assessment of altered contraction

Changes in contractile forces generated by fibroblasts seeded in rat tail-type I collagen 

gels were investigated to test the effectiveness of administering minimally-toxic doses of 

PDT. Selected drug dose (20pg/ml) and light dose (50mW for 5 minutes) (refer to 

sections 3.5.2 and 3.5.3) was administered to give minimal cell death (estimated at 30%) 

and quantitative measurements of contractile forces were made using the CFM. CFM gels 

were pre-treated with AlPcS] at 0 hours, ie: were treated immediately prior to being 

irradiated using a 50mW dose of light.

Figure 84a shows the typical contractile profile for untreated cell seeded collagen gels 

(ie,: non-irradiated drug-fi'ee, normal 10% FCS contraction). Non-irradiated controls pre

treated with A1PcS2 showed no change in cell-mediated collagen contraction over the 20 

hours, with contractile profiles equal to those seen in untreated runs. Rate of contraction 

was greatest over the initial 4 hours, during which they registered 7.79 dynes/hour/million 

cells (Figure 84b). Speed of contraction decreased over the remaining 16 hours, reaching 

a final force of 54.90 dynes at 20 hours. Pre-treatment of cells using 20pg/ml AIPCS2 and 

subsequent irradiation (50mW), produced a complete inhibition of contraction over the 

initial 16 hours (Figure 84a). After 16 hours a slight recovery was noted, which was also 

evident from rates registered (Figure 84b). Greatest speed recorded was during 12-16 

hours (0.6 dynes/hour/million cells), which was maintained throughout the remainder of 

the experiment. Final force registered at 20 hours was 2.5 dynes, which was also the 

maximal force attained.
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Figure 84. Figure 84a shows the eontraetile profiles for (i) untreated cell seeded controls 

(ie,: non-irradiated drug-free, normal 10% FCS contraetion), (ii) non-irradiated controls 

pre-treated with 20pg/ml AlPcS], and (iii) samples treated with a combination o f 20pg/ml 

AlPcSz (pre-treatment) and a 50mW irradiation (immediate at 0 hours). Figure 84b 

indicates the rate o f contraction every 4 hours over the 20 hour experiment for all 3 

experiments.

Results concluded that drug alone did not influence cell-mediated contraetion, however 

administration o f a minimally-toxic PDT treatment (20pg/ml AlPcS] and 50mW 

irradiation) did successfully infiibit early stage cell-mediated collagen contraction.
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4.0 DISCUSSION

Repair of lost or damaged adult tissue is achieved by the production of scar tissue 

(Tranquillo et al. 1992; Ehrlich and Krummel, 1996). An irregular healing response can 

lead to fibrotic disorders (Clark, 1995). The outcome being non-healing wounds or 

excessive fibrosis, the latter causing cosmetic disfigurement and anatomical dysfimction, 

in particularly severe cases (Rudolph et al. 1992; Mutsaers et al. 1997). Examples of 

excessive fibrotic pathological conditions, where the healed scar has continued to 

contract (ie: scar contracture), are hypertrophic scars and keloids.

Treatment of such conditions have all aimed at producing a wound environment that 

generates optimal healing (Mast, 1992). Examples of some of the techniques used are 

application of compression garments (Asmussen and Sollner, 1993); laser removal, 

cryosurgery, or surgical removal of proliferated keloids followed by the application of 

compression garments (Asmussen and Sollner, 1993); increasing the rate of collagen 

degradation through the use of enzymes and even exercise (Rudolph et al. 1992).

Conversely, non healing wounds often require assistance in healing, occlusive dressings 

(Kirsner and Eaglstein, 1993; Ehrlich and Krummel, 1996); Skin grafts (Ehrlich and 

Krummel, 1996); and more recently dermal equivalents, have been employed to speed up 

the healing process (Yannas, 1990; Gailit and Clark, 1996; Integra Life Science 

Corporation, 1996; Mansbridge, 1998).

In this study we have manipulated fibroblast-mediated collagen contraction, in an attempt 

to control scar contracture during tissue repair. In vivo models of wound contraction 

(Gabbiani and Majno, 1972; Eddy et al. 1988; Berry et al. 1998) have proven difficult to 

understand given the complexity of the in vivo environment. Hence, the preferred method 

of monitoring fibroblast-mediated collagen contraction uses in vitro models of contraction 

(Ehrlich and Rajaratnam, 1990; Delvoye et al. 1991). Such in vitro models o f wound 

repair and contraction have classically used collagen gels as the substrate. This substrate 

primarily consists of water, with a collagen content of less that 1%. This non-rigid 

substrate is thus favoured for monitoring cellular behaviour. Collagen gels are easily 

available and easy to use, allowing controlled conditions to be applied. A second type of 

substrate used is the collagen sponge. This can vary greatly in composition, for example it
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can be crosslinked (using a number of glycosaminoglycans (Yannas et al. 1980; 

Middelkoop et al. 1995)) or non-crosslinked. Collagen sponges, unlike gels contain 

greater levels of collagen and are stifFer materials. Again it is easily available and 

application of critical conditions are possible. Sponges are highly porous and resemble the 

ECM of the wound bed in vivo more closely than collagen gels. Thus they are considered 

a better substrate for use in an in vitro model of collagen contraction and as a comparator 

to indicate the effect of matrix stifEhess. Indeed, as previously mentioned collagen 

sponges are currently used in vivo as dermal equivalents. Both substrates were therefore 

used throughout this study as in vitro models of fibroblast-mediated collagen contraction.

Current understanding of wound contraction and scar contracture is limited. This study 

aimed to investigate and modify early phase cell-matrix attachment and contraction 

mechanisms, using a 3-dimensional model of wound contraction, the Culture Force 

Monitor (CFM). Previous studies of the mechanics of contraction have been based on the 

3-dimensional fibroblast populated collagen lattice (FPCL) model of wound contraction 

(Bell et al. 1979; Ehrlich and Rajaratnam, 1990; Delvoye et al. 1991; Kolodney and 

Wysolmerski, 1992; Eastwood et al. 1994). Initial models monitored rate of shrinkage 

(area or diameter) as a measure of lattice contraction when floating untethered. Bell et al. 

(1979) put forward a model of wound contraction which showed that human fibroblasts 

could contract a hydrated collagen lattice (fi*ee floating) into a tissue-like structure within 

24 hours. They documented that the process was dependent on collagen concentration 

and the cell number seeded. Delvoye et al. (1991) used both untethered and tethered 

collagen lattices to measure the tractional mechanical forces generated by human dermal 

fibroblasts seeded within the collagen lattice. This tethered model was the first to provide 

a more accurate measure of contractile force generation compared to the previous 

systems which monitored rate of lattice shrinkage. Their work highlighted that 

contraction was dependent on cell number, collagen concentration, cytoskeletal integrity 

and FCS concentration (present in the media), and suggested that the mechanical activity 

of fibroblasts and the tension they exerted on the lattice was involved in the structural 

organisation of the dermis and its physiologic tension. Kolodney and Wysolmerski (1992) 

used a quantitative model that measured isometric contraction generated by fibroblasts 

and endothelial cells seeded in lattices in vitro. They used a basic voltmeter for data 

capture and an oscillograph to record force measurements. By applying stimulatory 
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(thrombin) and inhibitory (cytochalasin D) agents to their system they identified that 

cyto skeletal integrity was critical for force generation. Unlike all the previous systems, 

the CFM provided a mechanically defined and tethered quantitative model, allowing the 

measurement of isometric forces generated by FPCL s (Eastwood et al. 1994). The CFM 

uses a computer based data capture system which provides a continuous quantitative 

record of tractional forces generated over several hours by living cells seeded in a 

collagen matrix. Thus, it currently appears to be the most refined model for monitoring 

the contraction process.

Upon injury, inflammation initiates the many stages of repair. Following inflammation, 

repair fibroblasts migrate into the wound site (Ehrlich and Krummel, 1996; Wong et al. 

1996). This migration is dependent on integrin mediated cell-matrix attachment (Buck 

and Horwitz, 1987; Hynes, 1992; Clark, 1995; Gailit and Clark, 1996). Integrins are an 

integral component to cell attachment and migration, and serve as a dynamic link between 

the cyto skeletal motile apparatus of the cell and the extracellular matrix (Huttenlocher et 

al. 1995). This migration leads to the generation of tractional forces on the substrate, 

resulting in wound contraction and closure of the wound (Rudolph et al. 1992; 

Eastwood et al. 1994). Such traction has been elegantly shown using silicone wrinkling 

experiments conducted by Harris and co-workers (1980, 1981). A conflicting theory 

explaining wound contracture and wound closure involves the specialised contractile 

fibroblast, the myofibroblast (Gabbiani et al. 1972). It is suggested that upon injury 

fibroblasts change phenotype and differentiate into myofibroblasts. Contractile 

myofibroblasts are identified by the presence of actin stress fibres, fibronexus formation, 

high levels of a-smooth muscle actin and extracellular fibronectin deposition (Tomasek et 

al. 1992; Parizi et al. 1999 (in press)), characteristics not seen in fibroblasts. Due to the 

high levels of a-smooth muscle actin, myofibroblasts are synonymous with smooth 

muscle cells. Myofibroblasts, unlike fibroblasts are not migratory cells and exert forces on 

their surrounding substrate which lead to contraction and wound closure. Both tractional 

(fibroblast-mediated) and contractional (myofibroblast-mediated) forces have been noted 

in vivo and in vitro (Gabbiani et al. 1972; Gabbiani and Majno, 1972; Duval et al. 1988; 

Eddy et al. 1988; Ehrlich and Rajaratnam, 1990; Delvoye et al. 1991; GrinneU, 1994). 

Gabbiani and co-workers (1972) were the first group to characterise the myofibroblast. 

They described their presence in actively granulating tissue as well as in contractile palma 
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fascia tissue during Dupuytren’s disease (Gabbiani and Majno, 1972). Eddy et al. (1988) 

provided evidence of myofibroblasts in actively contracting granulation tissue and 

hypertrophic scars. Conversely, Ehrlich and Rajaratnam (1990) and Delvoye et al (1992) 

both reported that fibroblast-mediated tractional forces generated by cells seeded in 3- 

dimensional collagen lattices were responsible for contraction. A review by Grinnell 

(1994) briefly presented both theories of wound contraction, suggesting how the in vitro 

collagen lattice model could mimic both relaxed tissues or stressed (tensioned) tissues. 

Grinnell summarised several in vitro models that indicated that relaxed tissues were likely 

to contract through tractional forces, whereas stressed tissues would contract via 

contractile myofibroblasts. It seems likely however that contraction occurs through a 

combination of fibroblast-mediated and myofibroblast-mediated events. Thus a more 

detailed understanding of integrin-mediated cell-matrix attachment and its role in 

cytoskeletal assembly and collagen contraction is required to explain the mechanism of 

scar contracture during tissue repair.

4.1 Reduction of cellular contraction through prevention of integrin-ligand 

interactions

Manipulation of cellular contraction by inhibiting various integrin-ligand interactions was 

carried out using three methods.

Firstly, integrin-ligand interactions were blocked using a range o f antibodies/peptides 

directed against whole of individual subunits of selected integrin receptors (e.g.,: aS p i, 

a5, a2). Here our aim was to inhibit the involvement of selected integrins in the 

attachment process by blocking their interaction with corresponding ligands and 

measuring the effects on contraction. The basic reaction involved antibody-ligand 

competition for binding to selected integrins, ie,: integrin blocking, as shown in Figure 

85a. The model then allowed measurement of contraction.
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IN T E G R IN  B L O C K IN G : C O M P E T IT I V E  IN H IB IT IO N  
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Figure 85a. Here adhesion of cells was inhibited by specific integrin antibodies showing 

that the employed antibodies were able to detect the epitopes responsible for attachment 

and contraction.

The second method used selected antibodies to block ECM adhesive protein ligands 

(e.g.,: Fn and Vn) interaction with their integrins. Our aim here was to inhibit the 

involvement o f adhesive protein ligands in the attachment process. In this case the 

selected ligands were prevented from interacting with integrins, thereby altering 

attachment and subsequent contraction, ie,: ligand blocking. As several integrins can bind 

to one ligand (Eble, 1997) it was thought that this method o f inhibiting cell-matrix 

interactions would be more effective than integrin blocking, giving a better indication of 

which proteins were involved in the attachment and contraction process o f FPCL’s. The 

effect o f ligand blocking is shown in Figure 85b.

Kam aljit Kaur Sethi. PhD. Thesis 1999. 196



Figure 85b.
L IG A N D  B L O C K IN G : C O M P E T IT IV E  IN H IB IT IO N  
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T h e in teg r in -lig a n d  in teraction  
sh o w s  greater b in d in g  av id ity  than 

iiga n d -a n tib o d y  in teraction .
N o  in h ib ition , n orm al a ttach m en t and con traction . 

N o te  that sev era l in tegr in s ( I I , 12, 13) 
can b ind to th e  sam e ligand .

T h e ligand -an ti b o d y  in teraction  
s h o w s  greater b in d in g  av id ity  than  

in tegr in -ligan d  in teraction . 
Inh ib ition  o f  attach m en t and con traction .

The final method involved the depletion o f ECM adhesive protein ligands from serum 

(e.g.,: Fn, Vn or both). Here serum depleted o f the relevant protein(s) was substituted for 

the routine FCS used in other experiments. Unlike the other 2 methods this was not 

competitive inhibition o f cell-matrix interaction. This method used the absence o f selected 

protein(s) to eliminate attachment and contraction o f FPCL’s. Presence o f protein stimuli 

are known to induce receptor expression (Defilippi et al. 1997). Thus, the absence of 

ligand (stimuli) would effect the overall expression o f receptors compared to the 2 

previous methods, which both have serum proteins (stimuli) present in their system. Such 

depletion rather than blocking o f ligand would therefore produce an equivocal inhibition 

o f attachment and contraction, but one which would be much gentler. Also, in this system 

cells could produce their own cellular proteins to aid cell attachment and contraction. 

This would not be seen in the other 2 methods, where the levels o f antibody would serve 

to consistently block any plasma o f cellular protein involvement. Ligand depletion can be 

diagramatically represented as shown in Figure 85c.
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Figure 85c.
LIGAND DEPLETION

L igan d

D u e to d ep le tion  o f  serum  p ro te in (s) n o  stim u lu s is 
presen t to ca u se  in tegrin  recep tor  ex p re ss io n . 

T h e in activated  ce ll ca u ses  in h ib ition  
o f  attachm ent and con traction .

All o f the components tested in this section o f the study have been documented to be 

involved in cell-matrix interaction (Pierschbacher and Ruoslahti, 1984; Agrez et al. 1991; 

Nagai et al. 1991; Felding-Habermann and Cheresh, 1993; Gailit and Clark, 1996). 

Pierschbacher and Ruoslahti (1984) were the first to report that Fn bound to cells through 

a tetrapeptide (RODS) motif, present in the Fn cell binding domain. They also stated that 

this motif may be present in several other proteins including fibrinogen. Nagai et al. 

(1991) later characterised a second site some distance away from the ROD site and 

claimed that this was critical for Fn to display its full biological activity. Vn and its 

receptors (including a v p i, avP3, avpS) have also been reported to support cell 

adhesion, spreading and migration (Felding-Habermann and Cheresh, 1993). Agrez and 

co-workers (1991) showed that ROD containing peptides exposed cryptic sites on av- 

associated integrins, allowing them to function as collagen receptors. Interestingly, the a  

chain o f the VnR, av  is known to primarily bind to Fn and Vn.

4.1.1 Integrin Blocking

Blocking o f integrin interaction in attachment and contraction was achieved through the 

use o f selected inhibitors. The 3 antibodies used were directed against (i) a 5 p l (the 

whole Fn receptor); (ii) its individual subunit, a5 ; and (iii) the a2  subunit o f the (a 2 p i)  

collagen receptor. Also, a synthetic peptide containing the simple tripeptide cell adhesion 

motif, ROD was used.
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The aSpl integrin, classically called the fibronectin receptor, binds specifically to the 

ECM ligand, Fn (Hynes, 1992; Eble, 1997). It shows no cross-reactivity with other ECM 

ligands (collagen, Vn, laminin), however it has been known to bind to LI, a cell surface 

receptor fi’om the Ig superfamily (Defilippi et al. 1997). There are however several other 

integrins which recognise and bind to Fn, including aS p l, which binds to Fn as well as 

Vn and tenascin (Eble, 1997). The a5p i integrin is one of several integrins reported to be 

involved in cell-matrix interactions. Dalton et al. (1992) reported how in anchorage- 

dependent phenotypes, loss of cell-matrix attachment caused a downregulation in FnR’s 

(a5p l) and Fn levels. Hakkinen and co-workers (1994) described how in human 

granulation tissue fibroblast interaction with Fn was regulated by aSpi and that 

fimctional alteration of this integrin led to a reduced cell-matrix interaction. Gailit and 

Clark (1996) showed how aSpl integrins were one of several that allowed cell-matrix 

attachment of human dermal fibroblasts the provisional matrix protein, Fn. The others 

being a4p i and possibly avp i. aSpi is also involved in the deposition of Fn matrix and 

its remodelling (Eble, 1997). However, there has been conflicting evidence with regard to 

the involvement of this integrin in fibroblast-mediated collagen contraction. Eberhard 

Klein et al. (1991) reported that a2p l and not aSpl was responsible for collagen lattice 

reorganisation and contraction by fibroblasts and highly aggressive melanoma cells. 

However, they found that application of an anti-a2pl antibody only partially inhibited 

collagen contraction. Since they found no evidence of other collagen receptor 

involvement they concluded that other collagen receptor independent mechanisms may 

have played a part a role in collagen contraction. For example, the idea put forward by 

Asaga et al. (1991) that cellular Fn and not plasma Fn was responsible for cell-mediated 

collagen contraction. Schiro et al. (1991) described how fibroblast-mediated matrix 

reorganisation and collagen contraction was entirely dependent on the a2p l integrin. 

Also it was shown by Tomasek and Akiyama (1992) that fibroblast-mediated collagen 

contraction was independent of Fn-FnR interactions, but dependent on interaction of one 

or more p i integrin receptors.

Application of a polyclonal antibody against the a5p l integrin induced a profound 

inhibition of contraction (Figure 39). Results initially suggested that over the 20 hour 

period, fibroblasts consistently utilised part of the FnR integrin for cell-matrix attachment
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and contraction. The complete and sustained inhibition noted may have been a feature of 

the integrins heterodimeric structure which includes the pi subunit (Gailit and Clark, 

1996; Felsenfeld et al. 1996). Due to the promiscuous nature of the pi subunit, the 

antibody appeared to have blocked a range of pi containing receptors including a5, 

which were also involved in cell-matrix interactions. These could have included a2pi and 

avpl mediating collagen and Vn binding, respectively. This finding was supported by 

using a monoclonal antibody specifically directed against the a5 subunit itself (Figure 42). 

Inhibition seen using this antibody was complete and dose-dependent over the initial 5 

hours. However, this was followed by a recovery in contraction, suggesting that other pi 

containing integrins were also involved. These results indicated a role for a FnR-Fn 

system during the initial 5 hours of contraction (Figure 86a).

Figure 86a.

TIME (HOURS)

FIBRONECTIN

The synthetic decapeptide (RODSPASSKP) used to inhibit integrin binding to its 

respective ligand (Fn in this instance), contained the simple yet universal cell adhesion 

motif, ROD. This tripeptide ROD sequence is present in glycoproteins such as Fn and 

Vn, and is located in the cell binding domain of these molecules (Boucaut et al. 1984). 

The deeapeptide used in this case was specific to the cell binding region of the Fn 

molecule. Its specificity for Fn came from the extended sequenee length. In theory, the 

longer the peptide sequence, the more specific the interaction. ExtendioA of the
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tripeptide into a decapeptide increased the possibility that the blocking interaction was 

specific to the FnR.

Further supporting evidence for the early involvement of a FnR-Fn system in early stage 

contraction was seen through use of the synthetic RGD decapeptide (Figure 41). The 

strong inhibition seen using this peptide was achieved through application of a very high 

concentration (maximum concentration = 1 mg/ml). Blocking of the FnR was seen, with 

the extent of inhibition suggesting a strong avidity between the peptide and the FnR. A 

complete inhibition of contraction was noted over the initial 6 hours, which was then 

followed by a phase similar to that seen with the anti- a5 subunit.

The a2pl integrin, also called the collagen receptor binds primarily to native collagen, 

however it can also bind to laminin, although with a lower affinity (Eble, 1997). The 

binding of a2pl to its ligand can initiate cellular responses such as the gene activation of 

MMP-1 (native fibrillar collagen degrading MMP-1) (Riikonen et al. 1995) and the 

mechanical contraction of collagen gels (Schiro et al. 1991). In fact, several reports on 

the latter phenomenon indicate that the a2pl integrin is predominantly involved in 

fibroblast-mediated collagen contraction, and have presented their finding using several in 

vitro models. In 1991, Eberhard-Klein and co-workers reported that a2pl integrin was 

partially involved in cell-mediated collagen contraction and that other collagen receptor 

independent mechanisms may also account for this contraction. Schiro et al. (1991) 

described how a2pl alone was responsible for collagen contraction by human cells. 

Tomasek and Akiyama (1992) found that fibroblast-mediated collagen contraction 

appeared to be independent of FnR and Fn interactions, but dependent on one or more pi 

integrin receptors. Langholz et al. (1995) demonstrated how a lp l  and a2pl were the 

main receptors responsible for regulating ECM remodelling and collagen gel contraction 

by human skin fibroblasts. They showed that a lp l  downregulated collagen gene 

expression and that a2pl upregulated coUagenase (MMP-1) production. Integrin 

involvement during contraction was monitored using antibodies. They suggested that the 

a2pl integrin was responsible for lattice contraction. However, they also indicated that 

neither individual or combined application of antibodies against a l ,  a2, a3 or pi caused 

a complete inhibition o f lattice contraction. More recently Xu et al. (1998) reported that a 

nuclear transcription factor, NF-kB served to induce a2 gene expression in 3-dimensional 
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collagen lattices. Additionally, they suggested that this factor was also involved in the 

reorganisation and contraction o f such lattices, a process which is highly (but not 

completely) dependent on the a2 p l integrin. However, all o f these studies have been 

performed at time points over 24 to 72 hours, unlike this study. Also time points at which 

data was collected were limited, unlike the CFM which takes continuous readings over 20 

hours. Such studies consequently disregard possible early stage effects (<20 hours) o f 

integrins on contraction, which demonstrated by this study are of critical importance. 

Unlike our model, the models described above that were used to measure contraction 

were untethered. Thus, effects o f tethering (tension-mediated feedback) on cell behaviour 

(ie,: tension changes integrin-mediated attachment, the cytoskeleton, migration and 

contraction) would also be ignored.

Integrin blocking experiments employing an antibody directed against the individual a2  

integrin subunit inhibited collagen mediated attacliment and contraction during the closing 

stages o f early phase contraction (Figure 46). These results highlight the involvement o f 

another integrin-ligand system, collagen receptor-collagen system (Figure 86b). Results 

indicated that the a2  integrin gradually initiated a role in attachment and contraction 

approximately 4 hours post seeding. This involvement became increasingly noticeable 16 

hours into the experiment, during which it appeared to be essential for cell-mediated 

collagen contraction. These findings indicate that other integrin-ligand systems must be 

responsible for contraction seen prior to the involvement o f a2p i .

Figure 86b.

TIME (HOURS)

CO LLA G EN
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It seems then that experimental models that have highlighted the importance of the a2p l 

integrin during investigation of contraction of untethered (free floating) FPCL’s have 

failed to register any early stage integrin involvement (Eberhard-Klein et al 1991, Schiro 

et al 1991; Tomasek and Akiyama, 1992; Langholz et al, 1995; Xu et al. 1998), even 

though the fibrillar collagen substrate will be coated throughout the experiment with Fn 

and Vn from serum in these systems. A probable explanation for this would be that such 

changes in the dimension of mechanically unrestrained lattices were measured over 

several days, during which a2pi involvement dominates. This is in contrast to the 

mechanical measurements made using the CFM (over 0-20 hours), which shows that as 

well as a2p i involvement, other integrin-ligand systems are also involved. Consequently, 

results shown here do not contradict the idea that direct collagen binding is important, 

(a2 involvement was apparent in our model also) but demonstrate that other earlier 

integrin-ligand systems (undetectable in the other systems due to time scales looked at) 

are also important (a5 involvement came into play before a2 did).

It is conceivable then that Fn integrins (used during the initial 5 hours of contraction) are 

responsible for cell attachment and migration, and therefore the contraction seen would 

most likely be due to tractional force generation (Figure 86a). Whereas the collagen 

integrins generate myofibroblast-like contractional forces (Figure 86b) seen during the 

later stages of early phase contraction.

4.1.2 Ligand Blocking

Blocking of ligand interaction during cell attachment and contraction was achieved by 

using antibodies directed against the adhesion proteins, Fn and Vn.

Fn is a well characterised, multifunctional adhesive glycoprotein, present in plasma 

(Mosher, 1989). It is synthesised by living cells in the form of ECM Fn fibrils and can be 

associated with or without collagen I (Kühn, 1997). Fn is recognised by several integrins, 

including aS p i, a8 p i, aS p i, avp i and avp3 (Eble, 1997). Vn, which is also called 

serum spreading factor is a multifiictional glycoprotein found in blood plasma and ECM 

(Kühn, 1997). Cells recognise Vn through the av p l, avps, allp3, avp5 and avP8
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integrins (Eble, 1997). However, only avp5 and avp8 integrins selectively recognise Vn 

but not fîbronectin (Eble, 1997).

Both proteins have been widely documented to initiate and support cell attachment, 

migration and spreading (Clark, 1990, Gailit et al. 1993, Felsenfeld et al. 1996, Memmo 

and McKeown-Longo, 1998). Fn has been reported to be especially important during cell 

adhesion and migration (Mosher, 1989; Hynes, 1990; Nagai et al. 1991; Clark, 1995). 

Nagai et al. (1991) highhghted 2 distinct regions present in the cell binding domain of Fn 

which were important in Fn mediated cell spreading and migration, as well as Fn fibril 

assembly. It has been shown that Vn rather than Fn is the primary cell attachment protein 

used by cells in tissue culture (Bale et al. 1989). Steele et al. (1993, 1995) reported that 

cell attachment to tissue culture polystyrene was dependent on Vn rather than Fn. They 

showed how human bone cells, human vein endothelial cells and BHK-21 fibroblasts 

could attach to tissue culture polystyrene in the absence of Fn, but that this attachment 

was reduced upon the depletion of Vn. Additionally, the depletion of both Fn and Vn 

fi-om the FBS caused an incomplete attachment of these cells. Also, the ability of Vn to 

act multrfimctionally as a attachment, migration and spreading factor was shown in 2 

separate studies by Tomasini and Mosher (1991) and Preissner (1991). Integrin-ligand 

binding through these proteins occurs through integrin recognition sites present within 

the ligands, the most studied being the tripeptide cell binding motif, RGD (Boucaut et al. 

1984). The RGD motif is present in many integrin binding ligands, others being tenascin, 

thrombin and laminin (Pfaff, 1997).

The finding that anti-Fn antibody generated a similar pattern of contraction to that seen 

using anti-a5, fiirther supported the previous findings that Fn was indeed utilised by cells 

during the initial 5 hours of early stage contraction (Figure 40).

The relative contributions of plasma fibronectin and cellular fibronectin in cell-mediated 

collagen contraction have been investigated previously, by Asaga et al. (1991), they 

concluded that cellular Fn alone was essential for such contraction. However, our data 

shows clearly that plasma Fn can fimction in this early stage contraction, principally 

because the overwhelming majority of fimctional fibronectin in our system was of the 

plasma form (FCS). Since deposition of cellular Fn does not occur until 3-4 hours after 

cell attachment in culture (Clark, 1995), and as contraction was inhibited immediately 
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(ie,: at the very beginning of the experiments using anti-Fn-antibody), it appeared that 

plasma Fn was responsible for the initial contraction seen. Additionally, as previous 

models monitored contraction over 14 days (Asaga et al. 1991) using untethered (free 

floating) FPCL’s, detection of the early subtle dependence on plasma Fn described here 

would almost certainly not have been possible, thus potentially explaining the previous 

controversy.

Further analysis of the role of Fn in cellular contraction was carried out in the form of a 

dual dose anti-Fn experiment (Figure 43). Two important points were addressed 

regarding the action of this antibody during early stage contraction. Firstly, to confirm 

that the recovery seen (using 0.1 mg/ml) was not simply due to the breakdown of the 

antibody, thus rendering it ineffective. Secondly, it was to investigate the possibility of an 

alternative attachment mechanism by which the cells could resume contraction. Results 

showed no signs of a secondary phase of inhibition post 5 hours, suggesting that the 

antibody was still active. Our interpretation of this recovery would be that the cells were 

utilising a different integrin-ligand system. One plausible choice for this alternative 

integrin-ligand system was that of VnR and Vn, an idea which was supported by Vn 

ligand blocking and Vn ligand depletion experiments.

Involvement of the Vn ligand in cellular contraction was observed principally from 6 

hours onwards, though there was some effect during 2-6 hours (Figure 44). Consistent 

with this idea that Vn mediated binding became increasingly important after 6 hours ie,: 

involvement of another integrin-ligand system (Figure 86c), dual dose experiments using 

anti-Fn followed by anti-Vn successfully blocked all second stage contraction (Figure 45). 

Closer examination of these contractile profiles indicated a gentle recovery prior to the 

addition of the anti-Vn antibody (at approximately 4 hours), possibly due to the cells 

recovering from the anti-Fn treatment. Thus, the contractile phase seen here was Vn- 

associated, with a cell process elongation stage and a tractional force stage responsible 

for collagen gel contraction (Figure 86c). Interestingly, Vn has never been implicated in 

collagen gel contraction.
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Figure 86c.
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4.1.3 Ligand Depletion

The final method used to test the importance o f integrin-ligand interaction involved the 

depletion o f ligand(s) from the test serum, rather than the blocking o f a ligand. In these 

experiments depleted serum (-Fn, -Vn, -DD) was substituted for the routine FCS used in 

all other experiments. Ligand depletion experiments conducted by Steele et al. (1993- 

1995) concluded that on tissue culture polystyrene Vn ligand was necessary for initial 

attachment rather than Fn. Also that depletion o f both ligands generated an incomplete 

attachment o f cells. They suggested that these differences were due to the ligand 

adsorption properties o f  the tissue culture polystyrene, ie,: Vn was adsorbed more than 

Fn.

Interestingly, later stage recovery seen in antibody treated experiments was not noted in 

depleted sera experiments (Figure 47). As predicted, depletion o f a particular ligand 

inhibited attachment and contraction by that ligand. However, it additionally inhibited 

attachment and contraction by the next ligand in the cascade series hypothesised in Figure 

87.
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Figure 87.

Ligand depletion: control of contraction through 
sequentially dependent integrin-ligand interactions
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For example, treatment with Fn depleted serum did not support a Vn mediated recovery, 

however, there was evidence for some collagen mediated recovery (on the basis of time 

of contraction). With Vn depleted serum the initial Fn dependent contraction was seen, 

but the secondary Vn dependent stage and the tertiary collagen dependent stage was not. 

This absence of collagen mediated contraction was also seen using double depleted sera. 

Serum depleted of both Fn and Vn inhibited all 3 stages of contraction defined in the 

cascade above. These examples of failure of later stage attachments to take over, imply a 

sequential dependence, ie,: the expression of later stage (Vn or collagen) receptor 

mechanisms may be dependent on signalling generated fi*om earlier stage attachment (Fn). 

Intracellular signalling following integrin occupancy is a widely described phenomenon 

(Hynes, 1992; Adams and Watt, 1993; Stuiver and O’Toole, 1995) and a method by 

which integrins that bind to the same ligand are characterised (David et al. 1997). It is 

known that upon integrin-ligand binding, integrins cluster and form focal adhesions, 

through which they transmit intracellular signals (Defilippi et al. 1997). It is therefore 

hypothesised that if integrin-hgand binding does not take place, then the consecutive 

signalling and so cell behaviour will also be absent.

Interestingly, cell adhesion to the ECM has been associated with apoptosis in anchorage- 

dependent type cells (Fukai et al. 1998; Vitale et al. 1998; Ruoslahti and Reed, 1999). 

The importance of Fn and Vn-mediated integrin-hgand interactions for normal cell 

signalling has been studied (Fukai et al. 1998). Fukai et al. (1998) described how 

HUVEC’s (in suspension) in the absence of serum underwent apoptosis, ie: there were no 

integrin-hgand interactions taking place. Such apoptosis was reversible upon addition of 

proteins such as Fn, Vn and coUagen, which occupied the a5 p l, avp3 and a2p i 

integrins, respectively. Upon the addition of a Fn-derived antiadhesive peptide, which 

inhibited a5p l and avp3, but not a2p l integrin-hgand interactions, apoptosis was again 

induced. Suggesting that the a5p l and avP3, but not the a2p i integrins generated ceh 

survival signals upon attachment, which were blocked by the antiadhesive peptide. Thus, 

highhghting the importance of Fn and Vn mediated integrin-hgand interactions in the 

normal signalling of ceUs. This may therefore explain why contraction did not resume 

after the dual apphcation of Fn and Vn antibodies (Figure 45) and the addition of double 

depleted sera (Figure 47) experiments. In both cases, Fn and Vn proteins were blocked or
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depleted, thus possibly preventing normal cell survival signals and hence inducing 

apoptosis.

Several interesting characteristics were noted throughout the course of this study. Firstly, 

the lowest concentrations of several inhibitors, including anti-a5pl, anti-Fn and the 

synthetic RGD peptide displayed no inhibitory action, based on force generated at 20 

hours relative to controls (Figures 39, 40, 41). However, observation of their rates 

(compared to controls) showed that treated cells contracted faster and generated a 

greater initial force than the controls. This was possibly a consequence of binding 

competition between the inhibitor and the targeted integrin/ligand. This competition 

appeared to exacerbate the cells, possibly inducing an upregulation of receptor 

expression, which could have produced the exaggerated initial contraction. Such a 

phenomenon may have been a consequence of the cells adjusting to the competitive 

blocking so as to achieve tensional homeostasis (a tensionally balanced state in which 

cells maintain a equilibrium tension). This would then explain the difference in contraction 

rate (generated by the inhibitors) over the 20 hours, compared to controls. Cells have 

been shown to counteract mechanical and environmental factors in order to reach their 

tensional homeostasis (Brown et al. 1998).

Secondly, application of 1 mg/ml RGD induced a very strong inhibition of contraction 

which recovered completely. In contrast 0.5mg/ml RGD induced a milder inhibition 

which failed to recover (Figure 41). The concentration and therefore extent of RGD 

blocking caused may have been accountable for this effect. For example, 1 mg/ml RGD 

may have blocked aU possible FnR sites (ie,: 100% inhibition) and 0.5mg/ml RGD 

blocked only half of the FnR sites (ie,: 50% inhibition). If this were the case then cells 

would try to counteract this effect to reach tensional homeostasis. Cells detecting no FnR 

involvement (100% inhibition with 1 mg/ml RGD) may counteract through an 

upregulation in VnR. They would then be able to attach, contract and recover. In 

contrast, cells detecting a 50% inhibition (0.5mg/ml RGD) may not induce an 

upregulation of VnR, since 50% of the FnR would still be functional. This would explain 

the milder inhibition and partial recovery seen using 0.5mg/ml RGD. It has been shown 

that several receptors can bind to the same matrix ligand, this multiplicity of receptors has 

generated a complex compensatory system used by cells (Defilippi et al. 1997).
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Wennenberg et al. (1996) showed that cells unable to attach to Fn-coated dishes through 

aSpi utilised avp3 instead.

Finally, in dual anti-Fn experiments (Figure 43), application of a second dose of anti-Fn 

(at 5 hours) generated a faster contraction rate (from that point) than that seen using a 

single dose (Figure 40), although final force registered was the same. This second dose, 

possibly aggravated the cells and caused an upregulation in receptor expression (as seen 

with certain inhibitors at low concentrations) and thus induced competitive inhibition 

(inhibitor and integrin competitively binding to the ligand). As the final force registered 

for the single and dual applications of anti-Fn-antibody were the same, it is conceivable 

that the second dose caused the cells contract faster to reach an equivocal point of 

tensional homeostasis (ie,: balanced tensional forces) as cells treated with a single 

application.

In terms of the rate of contraction data, we hypothesise that different integrins exert a 

different effect on contraction by signalling different responses over time (Figure 88). 

Using untreated controls as an example (Figure 36) we can see that the rate of 

contraction was fastest during the initial 4 hours. After this period it declined (4-8 hours) 

and later plateaued (12-20 hours).
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Figure 88. Integrins-hypothesised involvem ent in 
signalling and effect on contraction
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non-m igratory contractional forces  
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It is hypothesised then that the initial rapid rate o f contraction seen from 0-4 hours is due 

to FnR initiating tractional force generation by attaching to the substrate and migrating 

through it. This would cause the cells to start pulling (ie: tractional contraction) the 

substrate. Hence, a rise in force generation is noted. Next, over the 4-8 hour period, VnR 

allows continued, but slower contraction until a pre-determined level o f contraction is 

attained (ie,: tensional homeostasis is reached). Tractional forces decrease as the cells 

stop migrating and start to spread. This would be indicated by the contraction profile 

reaching a peak and starting to plateau. Finally, the collagen receptor would come into 

play (12 hours onwards), where the level o f contraction attained would be maintained 

(maintenance o f tensional homeostasis) through non-migratory (no traction) contractional 

forces. Again this would be displayed as a continuing plateau o f contraction.
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In conclusion this section of the study aimed to reduce cellular contraction by preventing 

various integrin-ligand interactions. This work supports the concept of a short cascade of 

receptor-ligand systems utilised as fibroblasts generate tractional and contractional forces, 

firstly by attaching, spreading and then migrating through the collagen lattice. Previous 

studies using the CFM have indicated that contractile forces are generated almost 

immediately after coming into contact with the matrix, and correspond closely with cell 

attachment to the collagen and extension of processes into the matrix (Eastwood et al. 

1996; Talas et al. 1997). We have found evidence which indicates that fibroblasts utilise a 

short 3 stage attachment cascade of sequential integrin-ligand systems, in order to 

generate tension in the ECM during early stage contraction Figure 89.

Stage 1 (0-5hours) predominantly uses FnR-Fn for initial attachment and contraction, 

stage 2 (6 hours onwards) uses VnR-Vn for attachment, spreading and contraction, and 

stage 3 (16 hours onwards) uses collagen receptor and collagen for attachment and 

contraction. Stages may be interdependent, requiring signalling fi*om the previous stage in 

the cascade. Such switching between integrins has recently been shown to occur in neural 

precursor cells (Milner et al. 1997; Jacques et al. 1998). In this case cells used different 

integrins to regulate migration, proliferation and differentiation. Direct assessment of 

fibroblast integrin receptor expression by immunofiuorescent location, over time supports 

our idea of changing integrin utilisation. Clearly, this pattern of attachment and implied 

intracellular signalling provides for an elaborate mechanism of coded information as cells 

move through and attach to their matrix, in vivo. In addition, since these mechanisms are 

critical to the generation and control of tissue tension (Brown et al. 1998) they provide a 

plausible mechanism for an integrin mediated mechano-transducer system.
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Figure 89.
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4.2 Blocking of integrin-ligand interaction causes cytoskeletal disruption

Cytoskeletal changes associated with integrin blocking, ligand blocking or ligand 

depletion, were analysed using markers for microtubules and microfilaments. Blocking of 

integrin or ligand interactions to reduce attachment and contraction generated a different 

cytoskeletal pattern compared to that seen upon ligand depletion. Ligand depletion 

showed no change in cytoskeletal organisation compared to controls. However, actin 

microfilaments were not arranged as bundles of stress fibres, as in controls (Figures 48 

and 51). Ligand depletion prevented the cells firom spreading, thus the actin structures 

seen were not as developed as those seen in controls. In contrast, microtubular structures 

appeared to have fully developed (Figure 56).

Actin polymerisation and focal adhesion complex assembly in response to integrin-ligand 

interaction is necessary for triggering the correct signalling response (Defilippi et al.

1997). In the absence of integrin-ligand interaction (as in depleted serum experiments) the 

signals would not be triggered correctly. This would prevent cell spreading and the 

subsequent signals generated fi'om this. Defilippi et al. (1994) showed that pl25FAK 

tyrosine phosphorylation can be triggered without cell spreading, however events further 

downstream do require cell spreading (Bohmer et al. 1995; Retta et al. 1996). Hence, this 

may explain why cells treated with depleted serum which failed to spread, also failed to 

contract (absence of cell spreading interrupts signalling for later events). Additionally, 

integrin signalling requires receptor clustering and receptor occupancy by a ligand 

(Defilippi et al. 1997). Absence or at least reduced levels of receptors (due to depletion of 

protein(s) stimuli) and no receptor occupancy (no ligand) in depleted serum experiments 

may have induced incorrect or no signals at all. Thus explaining the absence of cell 

spreading and contraction.

Most intracellular responses can be triggered by antibody-induced integrin clustering, 

although some events do require occupancy of the ligand binding site (Miyamoto at al. 

1995; Yamada and Miyamoto, 1995). For example, Yamada and Miyamoto (1995) 

showed how receptor clustering initiated tyrosine phosphorylation, however, the 

organisation of the actin cyto skeleton required receptor-matrix ligand interaction. This 

would partly account for the results seen using blocking antibodies to inhibit integrin- 

ligand interactions.
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Blocking of integrin or ligand interactions using an antibody or synthetic peptide caused 

the cytoskeleton to assemble incorrectly and fragment. Formation of discrete intracellular 

aggregates of actin, not usually present in fibrils, suggested a complex process that was 

not normally evident in such a system. Since none of these agents are known to directly 

disrupt microtubule-microfilament structure, such as with colchicine and cytocalasin-D 

treatment (Eastwood et al. 1994, 1996), the abnormal structural patterns seen here were 

apparently due to altered aggregation. It appears that antibody blocking triggered some 

signals linked with normal attachment (receptor clustering). However, as attachment was 

to antibody and not ligand, correct cytoskeletal assembly did not occur. This suggests 

that normal attachment, and hence normal mechanical loading through the cell is of 

critical importance in normal organisation of cytoskeletal structure. It would seem then 

that cytoskeletal organisation is directly linked with attachment and mechanical loading.

An explanation for the altered cytoskeletal structure was attained by the RGD-FITC 

experiments. These clearly show that the inhibitor (FITC-labelled RGD) is physically 

pulled inside the cell, without damaging the cellular membrane or killing the cell (Figure 

57a-d). This phenomena of RGD entry via integrins has been documented previously in 

another form as a method for cellular transfection in several gene therapy models (Acsadi 

et al. 1994; Goldman and Wilson, 1995; Goldman et al. 1996; Wickham et al. 1997; Hart 

et al. 1997). Ascadi et al. (1994) showed that in cultured human myoblasts and myotubes 

internalisation of P3 and P5 integrins were the main components of adenovirus gene 

delivery. Likewise, Goldman and Wilson (1995) reported that the avp5 integrin was 

required for effective adenovirus-mediated gene transfer in human epithelia. All such gene 

transfers were dependent on RGD mediated interactions with integrins and their 

internalisation. However, our results develop this concept, indicating that the RGD is 

physically attached to the contractile actin microfilaments of the cell and are pulled into 

the cell (Figure 58a and b). This indicates that the globular aggregates of filamentous 

actin seen, are due to unrestrained contraction of microfilaments which are assembled 

through RGD-blocked integrin attachment plaques. Figures 90a and 90b depict our 

hypothesis on integrin-ligand blocking and subsequent unrestrained contraction of 

microfilaments. They also indicate why such cytoskeletal changes were not observed 

using depleted sera.
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Figures 90a and 90b.
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Both imply that the presence of a stimulus (ligand), induces receptor expression, which 

initiates the whole cascade of contraction. We hypothesise that if the correct sequence of 

events do not follow, e.g.,: integrin-ligand attachment is blocked by an antibody, the 

cascade of signalling events leading to cytoskeletal re-organisation and initiation of 

contraction are not terminated (as suggested by Yamada and Miyamoto, 1995). Instead, 

they continue (possibly incorrectly) and since there is no stable external attachment, an 

unrestrained contraction is seen in which membrane elements (integrin and ligand) are 

dragged into the cell (integrin/ligand blocking experiments - Figures 39-46). In the 

absence of the stimuli, as in depleted ligand experiments (Figure 47), no receptor 

expression is induced, therefore no receptor clustering or ligand binding site occupancy 

occurs. Thus, as a consequence no stimulation of the integrin-microfilament complex 

takes place and no contraction is seen.

Unrestrained contraction of microfilaments could occur where the RGD weakened or 

blocked attachment to the collagen matrix whilst allowing assembly of the integrin- 

microfilament complex. Once assembled this complex would be capable of contraction 

but with little or no mechanical attachment to the collagen. Hence, causing the blocked 

attachment plaques to be drawn into the cell forming the aggregates which were evident 

(e.g.: figure 49 and 50). Consequently, as the cell contracts the cytoskeleton breaks up 

instead of assembling and in doing so eliminates contraction. Such a hypothesis is 

dependent on stimulation of integrin-microfilament assembly without sufiScient 

mechanical stability in the collagen attachment to withstand contraction of the motor 

elements. In the case of partial blockage of integrin-matrix attachment these conditions 

would seem to be inevitable, since some normal intracellular signalling would be provided 

by protein kinases (Wood and Couchman, 1992; Chen et al.l994).

It therefore seems that integrin-ligand interaction is crucial but not sufficient for lattice 

contraction (Langholz et a l l 995). Their studies suggested that neither individual or 

combined application of anti-al, a2, a3 or pi caused complete inhibition of collagen 

lattice contraction. They suggest that other non-integrin collagen receptors ^atj be 

responsible for this. Langholz et al. (1995) also indicated that antibody interference with 

the contraction process could change ligand-receptor affinity and, or avidity through 

altered spatial conformation of the receptor. Changes in spatial conformation of the
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receptor are independent of signal transduction (Defilippi et al. 1997). Schiro et al. 1991 

and Chan et al. 1992 have both shown that although a receptor can bind to an appropriate 

ligand, it may be incapable of transmitting the appropriate signal for lattice contraction. 

They suggest that the only integrin receptor responsible for lattice contraction is a2pl. 

However, as shown in experiments described earlier, we have found fibronectin and 

vitronectin type integrins to also be responsible for fibroblast attachment and fibroblast- 

mediated collagen contraction. Thus, it is conceivable that attachment through more than 

one integrin receptor (as hypothesised in Figure 89) is required for transmission of the 

correct signals necessary for collagen lattice contraction.

In conclusion we have shown that inhibition of attachment and contraction using blocking 

antibodies (ie: disruption of normal mechanical cues) for fibroblasts in 3-dimension leads 

to abnormal cytoskeletal organisation. However, it appears that an altered mechanical 

environment only affects the final pattern of cytoskeletal organisation rather than the 

mechanism of the organisation itself, that is normal signals are transmitted (due to 

antibody-induced integriu clustering and receptor occupancy) but abnormal structural 

formation occurs (due to unrestrained contraction).

4.3 Reduction of cellular contraction using photodynamic therapy

Experiments were conducted to detect an optimal non-toxic dose of PDT (ie: AIPCS2 

concentration, irradiation energy and irradiation time). Human dermal fibroblasts were 

treated using this optimal dosage of PDT in an attempt to monitor its effect on fibroblast- 

mediated collagen contraction. Initial results on the effect of PDT on contraction were 

obtained by using fi-ee-fioating (untethered) collagen gels. Two forms of this experiment 

were performed, (i) AIPCS2 drug treatment 24 hour prior to irradiation, and (ii) AIPCS2 

drug treatment immediately before irradiation. The reason for this was to test the effect 

cellular morphology had, if any, on cellular contraction. Georgiou et al. (1998) reported 

that kératinocytes which were allowed to attach to collagen for long periods of time 

showed a greater resistance to PDT treatment. Both sets were treated with AIPCS2 using 

2 difierent methods. The first set of fi*ee floating experiments involved treatment of the 

entire cell seeded collagen gel with AIPCS2. Due to possible interference of collagen on 

the PDT treatment, a second set of gels were analysed, where cells were pre-treated with 

AIPCS2 prior to seeding into a collagen gel.
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It has been previously demonstrated by several groups (Verwiej et al. 1981; Carbonare 

and Pathak, 1992) that upon irradiation photosensitiser drugs can induce collagen 

crosslinking. Verweij et al. (1981) proposed that the reactive oxygen species, O2 was 

formed when irradiating at high energies, and was involved in the photo induction of 

crosslinks. However, Carbonare and Pathak (1992) demonstrated that although O2 was 

the predominant moiety involved, that O2 was also involved in protein crosslinking, and 

that both could contribute in vivo to structural and fimctional alterations in collagen. 

Treatment of the entire gels with AIPCS2 (Figures 80 and 81) or pre-treatment of cells 

with AIPCS2 (Figures 82 and 83) followed by immediate irradiation (ie,: 0 hours) 

consistently caused a greater percentage inhibition of contraction compared to equivalent 

gels irradiated 24 hours after AIPCS2 treatment.

This may be explained by possible differences in morphology displayed by the cells 

treated with AIPCS2 24 hours prior to irradiation, compared to those treated immediately 

before irradiation (0 hours). As previously mentioned Georgiou and co-workers (1998) 

showed how increased attachment times led to an increased resistance to PDT by 

kératinocytes on collagen.

Previous morphology studies on fibroblasts seeded in collagen lattices have shown that by 

24 hours cells achieve a bipolar morphology (Elsdale and Bard, 1972; Tomasek et al. 

1992; Eastwood et al. 1996). Such a morphology allows the cells to firmly attach to the 

collagen matrix and generate mechanical forces, which intum pull on the collagen and 

cause contraction (Eastwood et al. 1996; Talas et al. 1997). Photosensitiser drugs such as 

AIPCS2 can only cause an effect upon irradiation at the correct wavelength and light 

energy. It is reasonable then to suggest that the cells which were pre-treated 24 hours 

prior to irradiation were allowed to attach and spread as normal in the 3D collagen lattice 

(no changes in cell spreading in the presence of drug alone). Upon achieving a bipolar 

morphology (ie,: increased attachment to the collagen and therefore greater resistance to 

PDT), such cells would be able to overcome the effects of irradiation better than those 

which had no such developed morphology (ie,: cells treated with AIPCS2 immediately 

prior to irradiation, which would display a stellate morphology with Httle or no 

attachment to the collagen). Hence, cells treated with AIPCS2 24 hours prior to irradiation 

would show a greater resistance to the effects of PDT (ie,: show less inhibition of
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contraction) compared to those treated immediately before irradiation (ie,: show greater 

inhibition of contraction).

Another explanation as to the contractile differences seen in experiments irradiated 24 

hours after AlPcS] treatment and those treated immediately prior to irradiation is speed of 

drug breakdown. Paquette et al. (1988) reported that AlPcS] was not retained by the 

body for long periods, and that it displayed little if any toxicity. It is possible that 

experiments treated with AlPcS] 24 hours prior to irradiation experienced a rapid 

breakdown of the drug (ie,: within the 24 hours). Subsequent irradiation would therefore 

have been ineffective due the absence of sufficient levels of AIPcS]. In contrast, treatment 

with AIPcS] immediately prior to irradiation (0 hours) would have excluded this 

possibility.

Pre-treatment of cells with AlPcS: gave a greater level of inhibition than treatment of 

entire gels, in both 24 hour and 0 hour experiments. It appeared that the collagen gel was 

indeed interfering with the PDT treatment (ie,: preventing a reduction of contraction). As 

previously mentioned, several groups have shown that the effect of PDT on collagen can 

change its structural and functional properties by crosslinking it (Verwiej et al. 1981; 

Carbonare and Pathak, 1992). Another explanation for this difference may be that upon 

treatment of entire gels there was a reduced cellular uptake of the drug (Georgiou et al. 

1998) due to interference by the collagen. This would reduce the effectiveness of the 

PDT treatment upon irradiation but would not occur in drug pre-treated experiments.

Fluorescent microscopic analysis of AIPcS] treated cell-seeded gels indicated that high 

levels of the drug had been retained by the gel itself supporting the suggestion that the gel 

took up significant amounts of drug, thus reducing access to the cells. Irradiation would 

then lead to reactive oxygen species crosslinking the collagen, rather than affecting cells 

and reducing contraction. Cell free gels in our experiments were not affected by any 

combination of the treatments (Figures 79a and 79b). Conversely, in the presence of cells, 

crosslinking of collagen may have caused a change in surface chemistry of the collagen 

fibres, which intum effected cell attachment and contraction. This is however unlikely as 

a greater inhibition of contraction was noted when cells were pre-treated with AIPcSi. 

Thus indicating that collagen crosslinking was probably not responsible for changes in
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contraction seen, and if anything AiPcS] treatment of entire gel and cells actually 

enhanced contraction upon irradiation.

By retaining AlPcSi the gel may have shielded the cells from the irradiation, hence 

reducing the effectiveness of the PDT treatment. Interestingly this effect in vivo would be 

unavoidable since administration of the drug to a patient would definitely involve contact 

with the ECM tissue. Direct delivery of drug to the cells would be impossible. It is also 

possible that the collagen gel served to protect the cells from the irradiation, even upon 

pre-treatment. That is the collagen would act as a block between the cells and the 

irradiation. However, this would be unlikely as our results showed that the efficacy of the 

PDT treatment was enhanced upon pre-treatment. Hence, it is likely that the degree of 

this shielding effect would be minor, also it is known that PDT treatment in vivo can 

successfiilly treat diseased cells without interference from the surrounding matrix (Xiao-xi 

et al. 1997; Rowe, 1998).

Optimal experimental criteria selected from free floating experiments were applied to 

CFM gels. Treatment using 20pg/ml AIPcSi immediately prior to a 5 minute irradiation at 

50mW, caused a complete inhibition of contraction for approximately 16 hours (Figure 

84). This was followed by a subtle recovery, undetectable in free floating gels, 

highlighting the important sensitivity of the CFM apparatus.

Closer analysis of the contractile profiles highlighted the possibility of an integrin 

dependent attachment/ contraction mechanism, similar to that observed when inhibiting 

integrin-ligand interactions. The effect of PDT treatment caused a reduction in 

contraction. A schematic representation hypothesising how integrin expression changes 

and how cells use integrins to generate a reduction in contraction is given in Figure 91.
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The hypothesis is based on the 2 sets of experiments (i) AlPcS] treatment 24 hours prior 

to irradiation, and (ii) AlPcS] treatment immediately (0 hours) before irradiation. Using 

this hypothesis we predict that irradiation at 0 hours (immediately after treatment with 

AlPcSz ) completely inhibited the expression (or at least inhibited the activity) of FnR

and VnR integrins. This would explain the initial 16 hour inhibition o f contraction seen in 

the CFM experiment. However, this would be followed by a partial expression of the 

collagen receptor, thus explaining the minor recovery seen at 16 hours. If however cells 

were treated with AlPcSi 24 hours prior to irradiation, integrin expression, attachment 

and spreading of cells to the collagen substrate would be unaffected. Thus, contraction 

would proceed as normal until 24 hours, when the cells would be irradiated. This would 

then cause a downregulation of possibly the collagen receptor resulting in some reduction 

in contraction.
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Such a hypothesis is based on the PDT altering the expression of integrin on the cell 

surface. This idea contradicts that put forward by Margaron et al. (1997) who reported 

that PDT could suppress the ability of fibroblasts to attach to the ECM. They indicated 

that this may be due to interference with integrin mediated attachment and cell signalling, 

without modification of integrin receptor expression or damage to the membrane. PDT 

treatment by Margaron and co-workers (1997) lead to a 55-68% reduction in adhesion of 

human foreskin fibroblasts to collagen type I, Fn and Vn. They also noted that adhesion 

induced FAK phosphorylation was suppressed by the PDT treatment. Interestingly, 

membrane integrity was not altered for 45 minutes post PDT, and integrin receptor 

expression was not modified for at least 2 hours post PDT treatment. Other effects of the 

PDT were inhibited cell spreading such that the common spindle shape could not be 

recovered. They hypothesised that the PDT may cause irreversible damage to the actin 

cyto skeleton therefore preventing formation of the spindle cell shape. Since signalling was 

effected but integrin expression was not, it was also suggested that the PDT may have 

broken the physical link between the integrin and the internal signalling mechanisms (and 

actin cytoskeleton). This would partly tie into our hypothesis that PDT treatment would 

limit cell spreading (and more specifically in our case alter integrin expression) (Figure 

91). Runnels et al. (1999) showed similar findings to Margaron et al. (1997) in that 

OVCAR 3 cells subjected to PDT (using the drug BPD-MA) underwent transient 

changes in integrin function and cellular adhesion, without altering integrin expression. 

They demonstrated that PDT reduced the adhesive ability of OVCAR 3 cells to bind to 

collagen IV, fibronectin, laminin and vitronectin.

Thus, three possibilities based on the fi*ee floating and the CFM experiments emerge fi*om 

our study that caused a reduction of contraction. Firstly, integrin expression may not be 

affected by the PDT treatment, they may simply be unable to take part in attachment and 

contraction. The PDT may alter signal transduction and subsequent contraction in a 

similar way to that described by Margaron et al. (1997). Secondly, integrin expression 

may be modified upon PDT treatment. The presence of FCS in our system would ensure 

the normal initiation of integrin expression (Figure 89). However, it is possible that the 

PDT altered the integrin, rendering them inactive, thus unable to take part in attachment 

and contraction. Finally, the integrin expression itself may have been downregulated or
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even completely inhibited by the PDT treatment. Thus resulting in the absence of 

attachment and contraction.

4.4 Enhancement of cellular contraction using TGFpi

Contractile force generation by fibroblasts in response to the profibrotic growth factor 

TGFpi was monitored using the CFM. Previous studies on the action of TGF-pi on 

FPCL contraction have suggested that it is a potent modulator of myofibroblast 

transformation under serum and serum-free conditions (Desmouliere et al. 1993; Jester et 

al. 1996; Masur et al. 1996), and that it can increase the expression of a-SMA in 

granulation tissue fibroblasts (Desmouliere and Gabbiani, 1994). TGFpi has also been 

reported to enhance untethered collagen gel contraction by increasing actin content in 

fibroblasts (Franzen et al. 1996). Sakamoto et al. (1994) described how this growth 

factor could induce contraction, at least in part by stimulating the protein kinase C 

pathway. Reed et al. (1994) suggested that TGF-pl induced the expression of type-I 

collagen and SPARC as well as enhancing collagen gel contraction. However, although 

these studies give us an insight into possible mechanisms of TGF-pi dependent 

contraction, ie: how TGFpi acts via a series of biochemical cues to effect collagen 

contraction, the generation of TGF-pl mediated tensional forces by fibroblasts are still 

not clearly understood. In particular the rate of appearance of a-SMA following TGFp 

treatment is over some days (Desmouliere and Gabbiani, 1994), and this clearly cannot 

correlate with the force changes produced here in 1 to 2 hours. It seems possible however 

that many of the actions of TGFpi could be as a result of its effect on the generation of 

local mechanical cues (through the integrin-cytoskeletal complex). Our current hypothesis 

proposes that TGFpi acts directly on human dermal fibroblasts as a ‘mechano-signalling 

growth factor’, through its ability to modulate the type and level o f integrin expressed, 

and we present here evidence consistent with this idea. It may be that the more widely 

quoted effects of TGFp on the appearance of the myofibroblast phenotype is a 

consequence of this, following increased matrix tension and so decreased matrix 

compliance, which is already known to induce a-SMA expression (Arora et al. 1999).

Results displayed an early staged stimulation of contraction upon application of optimal 

doses of TGFpi (Figure 63). Interestingly, this enhanced contraction at specific doses is
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consistent with the action of other growth factors including PDGF (Tingstrom et al. 

1992; Kirchberg et al. 1995; Younai et al. 1996). Response to TGppi was not dose- 

dependent, with a negative feedback, observed at higher concentrations (Figure 61). 

These doses of TGFpi induced an inhibition of contraction, which failed to recover 

(Figure 66). The optimal dose for peak contraction identified in this study was consistent 

with the dose required to stimulate other functions. Jester et al. (1996) showed that 

myofibroblast transformation occurred in the range of 0.1-10 ng/ml TGF-pl. Reed et al. 

(1994) used a concentration of 10 ng/ml to enhance gel contraction and induce collagen 

type-1 and SPARC production. In 1995 Alvares et al. used TGF-pl in the range of 1-10 

ng/ml to induce a 25 to 50% reduction in MMP-1 mRNA expression in periodontal 

ligament cells. Interestingly, this is a contradictory feature since Occleston (1997) found 

that inhibition of MMP activity reduced contraction in fi*ee floating collagen lattices 

seeded with ocular fibroblasts.

Reduction of FCS levels is known to reduce the rate of FPCL contraction (Tomasek et al. 

1992; Grinnell, 1994). Tomasek et al. (1992) showed how contraction of stress-relaxed 

lattices was dependent on an organised actin cytoskeleton and the presence of serum. 

They showed that by disruption of the actin cytoskeleton (using cytochalasin D) or by 

washing out the serum prior to lattice release, lattice contraction was inhibited. The 

components responsible for this FCS mediated contraction are thought to include LPA 

(lysophosphatidic acid) (Parizi et al. 1999 in press). Parizi et al. (1999 in press) showed 

how LPA (present in serum) promoted contraction via regulating the activity of the 

myosin light chain kinase (MLCK) and phosphatase (MLCPPase). They also reported 

that the small GTPase Rho and its kinase, Rho kinase were required to regulate 

MLCPPase in myofibroblasts, thus regulating their contractility. Such results highlight 

serum-dependent contraction and correlate with levels of contraction observed through 

out this study, where use of 2% FCS generated less force than seen in 10% FCS 

contractile profiles (Figure 59). Upon the application of an optimal dose of TGFpi, 

contraction increased, confirming that TGFpi is involved in FPCL contraction. Reduced 

levels of contraction were also observed in depleted sera experiments, where the absence 

of Fn, Vn or both proteins induced a reduction in contraction, highlighting other possible 

components (such as growth factors) responsible for FPCL contraction. Reduction or
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depletion of such adhesive proteins and/or TGFpi (ie: absence of appropriate stimuli) 

would possibly induce a down-regulation of specific integrin receptor expression, hence 

reducing attachment, migration and contraction. Conversely, presence of such factors 

may up-regulate specific integrins, and enhance attachment, migration and contraction. It 

has been reported that a TGFp stimulus can induce a general upregulation of the pi 

integrins, and that this parallels TGFp stimulated matrix protein synthesis (Ignotz and 

Massague, 1987). Riikonen and co-workers (1995) showed that in osteogenic cells TGFp 

enhanced collagen gel contraction through increased expression of a2 p i, highlighting 

that TGFp could regulate cellular functions by altering integrin patterns. Frank et al. 

(1996) investigated the effect of TGFp on integrin expression in human dermal 

micro vascular endothelial cells. Although it is known that TGFp can stimulate 

angiogenesis of cultured endothelial cells, it can also inhibit their proliferation and 

migration. Interestingly, Frank et al. found that integrin expression was downregulated in 

response to TGFp, and that this effect correlated with a reduction of integrin-dependent 

cell adhesion to several matrix proteins such as Fn.

The effect of 7.5ng/ml TGFpi (optimal dose) on FnR and VnR expression by human 

dermal fibroblasts was monitored over 6 hours, ie: early stage attachment and 

contraction. Specific receptors and time period were selected for two reasons. Firstly, the 

TGFpi-dependent contraction was observed during the initial hours of contraction (<6 

hours). Secondly, previous experiments involving the blocking of integrin-ligand 

interactions had highlighted that Fn and Vn integrin receptors were involved during this 

early period. Evidence was found for a TGFpi-stimulated increase of VnR’s compared to 

untreated controls (Figure 68). Expression of these receptors was upregulated very early 

on upon application of TGFpi, compared to untreated controls. FnR expression in 

contrast was not effected by this dose of TGFpi. These results indicate that in human 

dermal fibroblasts at least, not all p i integrins are upregulated in response to TGFp, as 

previously suggested by Ignotz and Massague (1987).

These findings correlated to the cellular morphology noted upon administration of 

TGFpi, and highlighted well developed cellular processes in doses that optimally 

stimulated contraction (Figure 67). This was in contrast to the lesser developed or absent
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processes induced by TGFpi doses that stimulated little or no contraction. Interestingly, 

changes in integrin receptor expression have been associated with developing cellular 

morphology. For example, increased cell spreading has been linked to an upregulation in 

VnR expression (Adams and Watt, 1993). Also, extension of cellular processes has been 

linked to increases in contraction, as a result of tractional force generation (Ehrlich and 

Rajaratnam; 1990; Khaw et al. 1994; Eastwood et al. 1996).

The early staged stimulation of contraction upon treatment with optimal doses of TGFpi 

(Figure 63) correlate with studies to date that suggest that the rate of initial force 

generation is a function of cell-matrix attachment or tractional forces (Ehrlich and 

Rajaratnam; 1990; Khaw et al. 1994; Eastwood et al. 1996). Conversely, the force 

generated to maintain the equilibrium tension, also termed Tensional homeostasis’ 

(Brown et al. 1998) (post 10 hours), is likely to be predominantly due to the active 

contraction of less motile cells on the collagen. Both the tractional and contraction, 

tensional homeostatic stages are integrin dependent, but our studies on reduction of 

cellular contraction through the prevention of integrin-hgand interaction (refer to section 

4.1) indicate that important integrins change with time from FnR to VnR (mainly a5p l 

and avp i) in the tractional phases, to collagen receptor (a2p i) in the contraction stage. 

It is important to note then that the stimulation of force generation by TGFpi was 

predominantly in the early tractional stage, corresponding to cell spreading and process 

extension, in which VnR is thought to be important (Adams and Watt, 1993). However, 

the increase in tractional force generated was subsequently maintained at higher levels, set 

by TGFpi treatment, suggesting that cell spreading pre-determines the level of tension, 

which is then subsequently maintained by contraction.

Interestingly, the ability of TGFpi to enhance contraction in vitro has recently been taken 

one stage fiirther in an attempt to control scarring. In vivo studies using rodent models 

are currently being conducted using anti-TGFp as an anti-scarring treatment (Nath et al.

1998), and have shown promising results as a growth factor therapy which reduces 

deposition of type I collagen and subsequent scarring.

In conclusion, contractile profile data, together with TGFpi-altered receptor expression 

and morphology support the concept of TGFpi as a ‘mechano-signalling growth factor’.
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This hypothesis proposes that upon binding of TGFpi to its receptor it stimulates specific 

integrin expression (ie: activates integrin-cytoskeletal complex), which in turn leads to 

enhanced spreading, tractional force generation and so a greater level of matrix tension (a 

higher level of tensional homeostasis), and so a stiffer collagenous matrix. Indirectly, 

these modifications to matrix mechanical properties and tension could contribute to many 

of the profibrotic (downstream) effects of TGFp (Figures 92 and 93).
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4.5 Clinical relevance

PDT is already clinically used for the treatment for oral, skin and gut cancers, and more 

recently has been employed for non-oncological conditions including psoriasis and 

rheumatoid arthritis (Margaron et al. 1997; Xiao-xi et al. 1997; Rowe, 1998). We have 

found that low doses of PDT can be used as a potent technique in the control of 

contraction in vitro. Clinical application of such non-toxic doses of PDT that reduce 

fibroblast mediated collagen contraction could easily be applied in vivo, and may be of 

value in the reduction of disfiguring scar tissue contracture and optimisation of wound 

healing.

Results have also highlighted times at which attachment and contraction may be 

controlled in vitro, indicating that manipulation of these processes at an early stage rather 

than a later stage may be of use in reducing scarring in vivo.

The multifunctional growth factor TGFpi has been shown to be of value in increasing 

contraction. Currently, in vivo studies using rodent models are being conducted using 

anti-TGpp as an anti-scarring treatment (Nath et al. 1998), and have shown promising 

results as a growth factor therapy which reduces deposition of type I collagen and 

subsequent scarring.
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4.6 Future work

1. Using RT-PCR to observe mRNA expression of the integrins studied here.

2. Receptor expression studies for the PDT work. This would help to deduce the 

mechanism of action of PDT on fibroblasts.

3. Further contractile runs using PDT treatment. For example, to observe if we can use 

PDT treatment to inhibit contraction 6 hours into the process. For this cells would be pre

treated at 0 hours before being seeded into the collagen lattice. The CFM set-up would 

then follow as normal. After 6 hours of data collection the cell-seeded collagen lattice 

would be irradiated to see if contraction could be inhibited. The irradiation process 

would be carried out inside the incubator and administration of the laser beam would be 

by means of a foot-pad operated optical fibre. This experiment would correlate to fi'ce 

floating experiments that were pre-treated 24 hours before irradiation (ie,: integrin 

expression and cell morphology would develop as normal during the first 6 hours). Such 

a type of experiment would be essential to show control of contraction using PDT, and 

would be vital if such a therapy were to be applied in vivo.
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5.0 CONCLUSION
In the time course of this study we have investigated and generated evidence for 

mechanisms governing early stage cell-mediated contraction. Using the CFM we have 

highlighted three mechanisms through which cell-mediated contraction (<20 hours) may 

be controlled.

1. Blocking/depleting integrin-ligand interaction generated a reduced contraction, by 

altering early stage attachment and mechanical cues (cytoskeletal organisation). Also 

specific times at which such early stage attachment and contraction could be altered, were 

discussed.

2. Photodynamic therapy was used to successfully reduce contraction, possibly through 

altered attachment. It appears that PDT can inhibit contraction via altered integrin 

expression or by inactivating integrin function.

3. TGFpi has been shown to be a potent stimulator of early stage contraction (<6 hours). 

Here we present TGFpi as a ‘mechano-signalling growth factor’, and suggest it exerts its 

effect on contraction indirectly, via the stimulation of mechanical cues. That is, it directly 

stimulates the integrin-cytoskeletal (actino-myosin motor element) complex of the 

fibroblast.

In order to potentially regulate the process of collagen contraction in tissue repair or in 

tissue engineering, and to formulate potential therapeutic regimes to control scar 

contracture, it would seem that clinical intervention, perhaps through one or more of 

these routes, is required at a very early stage.
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APPENDIX 5.

Technical details of antibodies used in cell-matrix and contraction inhibition work (refer to 
section 2.1.8).

NAME OF 
ANTIBODY

aSpi (FnR)

TYPE OF 
ANTIBODY

PoJfOlonal

SPECIES 
ANTIBODY 
RAISED IN
Rabbit

COMPANY

Gibco BRL

CATALOGUE
NUMBER

12118-014
!

— ■■ — -—'

Fn Polyclonal Sheep Serotec AHP08

a5 (CD49e) * Monoclonal Mouse Serotec MCA1187

-— — - —  ,—

Vn Polyclonal
I.

JRabbit Gibco BRL 12114-013

a2 (CD49b) 1 Monoclonal Mouse Serotec MCA-743
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