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ABSTRACT

Cells of the cardiovascular system are constantly subjected to mechanical forces during 

the cardiac cycle. These forces are increased due to physiological and pathological 

disorders resulting in remodelling of the tissues in order to withstand the increased 

pressure. Oneaspect of the remodelling process involves increased deposition of the 

extracellular matrix (ECM) protein collagen and replication of the fibroblast population, 

the major collagen-producing cells of the cardiovascular system. The mechanisms 

regulating increased fibroblast collagen deposition are poorly characterized. An in vitro 

cell straining device (Flexercell FX2000) has been used in this study to determine the 

direct effects of mechanical load on primary cultures of both cardiac and pulmonary 

artery fibroblasts. The effect of mechanical load and polypeptide growth factors on 

fibroblast procollagen protein metabolism, steady state procollagen mRNA levels and 

fibroblast replication was determined. It was found that mechanical load alone had no 

effect on either cardiac or arterial fibroblast collagen metabolism. However, in 

combination with a stimulation by 10% foetal calf serum (PCS), mechanical load 

produced a highly significant, synergistic stimulation of both procollagen metabolism and 

steady state type I and type III procollagen mRNA levels. Furthermore, polypeptide 

growth factors known to be present in the remodelling heart and vessels were 

demonstrated to stimulate fibroblast procollagen metabolism, and the effects of these 

growth factors were also enhanced by mechanical load. Fibroblast replication was 

stimulated by some of the growth factors tested, although mechanical load had no effect 

either alone or in combination with these factors. These results demonstrate that serum 

factors and specific polypeptide growth factors stimulate cardiac and pulmonary artery 

fibroblast procollagen metabolism and replication, and that mechanical load enhances 

these effects on procollagen gene expression and metabolism. This mechanism represents 

a novel pathway whereby mechanical load and growth factors act synergistically to 

stimulate increased fibroblast procollagen metabolism.
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INTRODUCTION
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1.1 Foreward

Cardiac collagen contributes to the physical properties of the cardiac tissue by forming 

an extracellular matrix (ECM) network within the myocardium. This matrix is also 

essential for the maintenance of myocyte structure and function during the cardiac cycle. 

Similarly, in the vasculature collagen plays a critical role in determining the structure and 

the physical integrity of the vessel wall. Pressure-overload induces an increase in 

collagen deposition in order to maintain normal tissue function during myocardial or 

vascular hypertrophy. Excessive collagen deposition, however, results in fibrosis and 

an impairment of tissue function, by altering the mechanical properties of the tissues. 

These processes represent compensatory and pathological remodelling of the ECM 

respectively. It is the fibroblasts in these tissues that are predominantly responsible for 

the increased collagen deposition in both of these responses, however, the regulation of 

fibroblast activity is poorly understood.

In this thesis the roles of polypeptide growth factors and mechanical load in the 

regulation of cardiovascular fibroblast function are investigated. Polypeptide growth 

factors are known to regulate cellular activity in many tissues and increased production 

and/or activation of these factors occurs in many examples of remodelling. Recently 

mechanical load has been shown to be directly involved in initiating intracellular 

biochemical responses, and since it is the initial stimulus for the cardiovascular 

remodelling, may be playing a role in regulating fibroblast activity in these processes. 

In this chapter the function, structure and turnover of cardiovascular collagen will be 

discussed in normal and pressure over-loaded cardiovascular tissues, and the potential 

role of mechanical load and polypeptide growth factors in cardiovascular remodelling is 

discussed.
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1.2 The structure and function of the cardiovascular extracellular 

matrix

1.2.1 Cardiac extracellular matrix

The extracellular matrix of the cardiac interstitium is composed predominantly of types 

I and III fibrillar collagens, which represent 5% of the total protein of the heart (Bishop 

et al., 1994). This high concentration of collagen indicates the need for a tissue structure 

capable of withstanding high and variable pressures. These fibrillar collagens form fibres 

that form weaves around both individual and groups of myocytes (Borg and Caulfield, 

1981; Weber and Brilla, 1990). The structure of the fibres in relation to the myocytes 

and capillaries is shown in figure 1.1.

These fibrillar interstial collagens represent over 90% of the total collagen present in the 

heart. The cells responsible for producing the interstitial collagens are exclusively the 

cardiac fibroblasts (Eghbali et al., 1989) (although myocytes have been shown to produce 

type IV collagen), which, although constitute only 10% of the total cardiac volume, are 

the predominant cell type, representing over 70% of the total cells of the heart (Van der 

Laarse et al., 1987). The collagens maintain the structural and functional integrity of the 

cardiac tissue, playing a role in determining diastolic stiffness (Doering et al., 1988; 

Brilla et al., 1991), preventing myocyte slippage and maintaining capillary patency 

during the cardiac cycle (Borg and Caulfield, 1981), and are essential for the efficient 

propagation of mechanical force throughout the myocardium during contraction (Borg 

and Caulfield, 1981; Robinson et al., 1987). Other collagen types (IV, V, VII and VIII) 

are present in the heart, although represent a small proportion (<  10%) of the total 

collagen content. Type IV collagen may play a role in cell adhesion, being produced by 

the myocytes, type V collagen is a fibrillar collagen thought to associate with types I and 

III to regulate collagen fibre size (Birk et al., 1990), and types VII and VIII associate 

with the fibrillar collagens and may also be involved in this regulation (Amenta et al., 

1986).

Other ECM components in the heart include fibronectin, which, like collagen is increased
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during the development of cardiac fibrosis (Villarreal and Dillmann, 1992). Fibronectin 

accumulates in granulation tissue, is cbemotactic for both macrophages and fibroblasts 

and may also act directly as a growth factor possibly through its role in cell attachment 

via specific ECM integrin receptors. Elastin is present in the medial layer of vessel walls 

of the coronary arteries (see below), and proteoglycans are also present in the heart, 

although their function and role, particularly in the remodelling process remain to be 

elucidated.

1.2.2 Vascular extracellular matrix

Vessel walls are comprised of three layers, the intima, media and adventitia. The intima 

consists of the endothelium and basement membrane comprising predominantly of type 

IV collagen, laminin and proteoglycans which acts as a molecular filter to nutrients 

passing through the vessel wall and anchorage for the endothelial cells. The medial layer 

consists of the vascular smooth muscle cell (SMC) layer and the elastic laminae which 

impart vascular tone and elastic recoil respectively on the vessel. Collagen is also 

synthesized and deposited by the SMCs (Leung et al., 1976; Mecham et al., 1987). The 

adventitia is comprised of fibroblasts and the interstitial collagen types I and III, 

synthesized by the fibroblasts, which impart the vessel with tensile strength. Vascular 

collagen can represent up to 20% of the dry weight of a major artery, such as the aorta 

or main pulmonary artery (Bishop et al., 1990). Fibronectin is thought to have similar 

functions in the vessel wall as in the heart, as an ECM protein binding cells through cell 

surface integrins via RGD*sequences, as a growth factor and a presenter of growth 

factors to the cells. Proteoglycans and glycoproteins (Poole, 1986; Majack et al., 1985) 

are also present in the vessel wall where they regulate hydration, collagen fibre 

formation, cell adhesion and form an essential component of the basement membrane.

* RGD sequences are the Arg-Gly-Asp sequences contained within ECM molecules that are
responsible for integrin binding.
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Figure 1.1: The relationship between cardiac fibroblasts, collagen, cardiac

myocytes and capillaries in the normal heart

Reproduced with permission from Weber, K.T. and Brilla, C.G. (1990).



25

1.3 Cardiovascular remodelling

Remodelling can be defined as the adaption of tissue structures to accommodate changing 

environmental conditions. In the heart and vasculature this occurs, for example, as a 

result of increased mechanical forces (pressure or shear stress) or hypoxia. These 

conditions promote the cardiovascular system to redevelop and reorganise the muscular 

component and extracellular matrix in order to cope with the increased demand placed 

upon it. This initially results in a compensatory growth of the collagen fraction, although 

prolonged exposure to these stimuli can lead to tissues that have over-compensated with 

respect to ECM deposition, leading to tissue fibrosis. This increased mass of collagen 

adversely effects the normal function of the heart by increasing diastolic stiffness and 

impairing the efficient propagation of mechanical forces throughout the myocardium, and 

in vessels by preventing vasodilation. The nature of the remodelled ECM, detected 

through cell-matrix interactions by integrins, can also directly effect cellular responses 

to physiological mediators, such as growth factors and vasoactive agents.

1.3.1 Cardiac hypertrophy

Myocyte hypertrophy occurs rapidly following birth and continues until the adult heart 

size is reached. Hypertrophy occurs to increase heart rnass as the cellular proliferation 

of ventricular myocytes is rapidly and permanently arrested following birth (reviewed by 

McGill and Brooks, 1995). Further DNA synthesis is associated with binucleation or 

polyploidy. Remodelling of the muscular component of the adult heart takes the form 

of a further hypertrophy, termed adaptive compensatory hypertrophy and occurs in 

response to haemodynamic stress such as that caused by hypertension, volume overload, 

coronary artery disease (CAD) and loss of contractile myocytes (such as that caused by 

myocardial infarction and ischemia).

Left ventricular hypertrophy (LVH) is the most accurate risk factor associated with 

increased likelihood of myocardial infarction, stroke, incidence and complexity of 

arrhythmias, and heart failure (reviewed by Weber, 1994). The reasons for this 

relationship between LVH and the variety of cardiovascular disorders listed above is not
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clear, and is complicated by the observations that LVH induced by exercise training is 

not associated with these increased risks. This observation has lead to the hypothesis of 

a distinction between an organised hypertrophy in which the heart is larger but retains 

its proportional structure and normal function, and a pathological hypertrophy resulting 

from an abnormal remodelling process.

LVH can takes two main forms termed concentric and eccentric hypertrophy. Concentric 

hypertrophy most commonly arises from pressure-overload, such as hypertensive heart 

disease (HHD), and results in a proportionally thicker ventricle wall. This hypertrophy 

generally results in normal systolic function, but defective diastolic function involving 

increased relaxation times and decreased diastolic filling (Brilla et al., 1991; Doering et 

al., 1988). Right ventricular mass in these cases of systemic hypertension remains 

normal until the diastolic function deteriorates sufficiently to cause systolic defects and 

pulmonary venous hypertension. These defects in diastolic function are thought to be 

caused by a structural remodelling of the coronary arteries and neighbouring interstitial 

space, due to an increased mass of collagen in these areas. Volume overload causes 

systolic dysfunction and is accompanied by eccentric LVH. It results in an enlarged 

chamber, larger mass of ventricle, but with normal wall thickness, and normal collagen 

concentration.

It is clear that increased collagen deposition occurs in all forms of cardiac hypertrophy, 

to maintain the structural and functional integrity of the growing cardiac tissue. 

However, concentric cardiac hypertrophy, caused by some form of pressure-overload is 

most closely related to excessive collagen deposition, resulting in cardiac fibrosis. 

Cardiac fibroblast activation in response to a pressure-overload, leading to cardiac 

fibrosis is therefore of particular interest.

1.3.2 Reactive and reparative fibrosis

At this point it is necessary to describe the difference between the fibrosis that occurs as 

a result of circulating or locally produced mediators/stimuli that stimulate fibroblast 

activity, termed a reactive fibrosis, and the fibrosis that occurs as a result of an
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inflammatory response caused by cell death or immune responses to infections, termed 

reparative fibrosis.

Reactive fibrosis in the cardiovascular system is most obvious in the adventitia of 

coronary vessels (termed|perivascular fibrosis) (Silver et al., 1990) and spreads outwards 

to occupy increasing areas of the interstitium, where it represents an interstitial fibrosis. 

From histological studies, fibrosis has also been shown to occur in the interstitium due 

to the activation of interstitial fibroblasts (Silver et al., 1990). This fibrosis is apparent 

in patients with a sustained pressure-overload, usually as a result of primary systemic or 

pulmonary hypertension (see figure 1.2a), and may also be present in the normotensive 

ventricle of these patients (Brilla et al., 1990). The mechanism for the initiation and 

progression of this fibrosis is unknown. The fibrosis extends into the interstitium and 

represents a thickening of existing collagen fibres, and a denser weave of these fibres. 

This collagen encircles resident myocytes, impairing their ability to be stretched and to 

contract eventually leading to atrophy and myocyte death. A resultant wound healing 

response clears the necrotic myocytes leaving scar tissue.

Reparative fibrosis represents a wound healing response primarily due to myocyte death, 

and results in the deposition of a mass of collagen fibres that forms a myocardial scar 

(see figure 1.2b). This type of fibrosis will occur following myocyte necrosis due to an 

insult such as ischemia, myocardial infection, and advanced perivascular fibrosis. 

Collagen is deposited following the subsequent inflammatory cell influx, and cytokine 

and growth factor release associated with these events. The collagen deposition in these 

regions maintains the structural integrity of the myocardium, but in extensive cases may 

affect cardiac function due to the effects of the excess collagen on force propagation and 

diastolic function.

The difference in the morphological appearance of these two types of fibroses may be 

determined by the stimuli responsible for increasing the collagen deposition. Reactive 

fibrosis is not caused by the acute release of mediators from inflammatory cells, 

necessary for reparative events, but is progressive and consistent with the hypothesis that 

fibroblasts are subjected to a continued and long term stimulus, such as the increased
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mechanical load observed in pressure-overload.

1.3.3 Vascular remodelling

The vascular wall is also capable of remodelling, most commonly caused by increased 

transmural wall pressure due to some form of pulmonary or systemic hypertension. 

ECM remodelling events in vessels generally involves a thickened medial layer, 

resulting from smooth muscle cell hypertrophy, proliferation and matrix synthesis 

(reviewed by Stenmark et al., 1995), and both fibroblast replication (Meyrick and Reid, 

1979), matrix synthesis (Meyrick and Reid, 1979) and chemotaxis (Jones and Reid, 

1995), resulting in a thickened adventitia. Due to the dramatic increases in the 

deposition of matrix the vessels may become resistant to vasodilation and to 

antihypertensive therapies (Anthony et al., 1993). The same mechanisms (reparative or 

reactive events) also occur in vasculature, with progressive remodelling occurring due 

to physical forces and environmental factors such as hypoxia, and a more acute 

progression as a result of vascular injury, such as, for example, that caused by balloon 

injury during angioplasty.

1.4 The Collagens

This section describes the structure and function of collagen and the regulation of 

collagen synthesis from the gene to the fully mature cross-linked protein, with particular 

reference to the sites of regulation that may be important for the stimulation by 

mechanical load and polypeptide growth factors.

The collagen superfamily exist as a family of 20 metabolically and structurally distinct 

extracellular proteins, coded by at least 30 genes throughout the genome. This section 

describes the regulation of collagen structure, biosynthesis and turnover, focussing on 

the collagens predominantly found in the cardiovascular system.
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Figure 1.2: The morphology of cardiac fibrosis

The figure shows normal human heart (top left), perivascular (reactive) (top right), 

interstitial (reparative) (bottom left), and endomyocardial (bottom right ) fibrosis.

Reproduced with permission from Weber, K.T. (1994)
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1.4.1 Collagen Structure

The interstitial collagens contain single or multiple triple helical domains composed of 

three a-chains, each with a repeating three amino acid sequence unique to the collagens. 

This sequence, Gly-X-Y, where every third X is proline and every third Y is 4- 

hydroxyproline is essential for the protein folding and formation of collagen molecules 

(Prockop, 1982). This primary structure, with the resultant high proportion of 

hydroxyproline residues, makes the assessment of collagen production relatively easy to 

measure, as the imino acid is present in other proteins only in very low concentrations. 

The exceptions to this rule include elastin, Clq complement protein, acetylcholine 

esterase, mannose receptor and surfactant lipoproteins. There is no evidence for the 

production of these proteins by fibroblasts in culture, and the proportion of OHpro 

residues in these proteins is much lower than in collagen (e.g. 1 % for elastin).

Each polypeptide a-chain forms a left handed polyproline helix and assembles with two 

other a-chains to form a right-handed triple helix, stabilized by inter-chain hydrogen 

bonds (Prockop, 1982). These collagen trimers may exist as homotrimers, (e.g. type III 

collagen [ai(III)]3 ) or as heterotrimers consisting of two (e.g. type I collagen 

[ai(l)]2 .a2 (I)) or three different a-chains (e.g. type V collagen, (aj(V)a2 (V)a3 (V)). The 

high proportion of glycine residues is essential for the formation of the helix, as this 

amino acid contains no side chain, and is able to be positioned in the centre of the triple 

helix. This structure results in the peptide bonds being buried in the interior of the 

molecule and therefore renders the collagens highly resistant to proteolysis.

Each a-chain for all collagen types is synthesized as a precursor molecule which 

undergoes transcriptional, translational and post-translational modification, as well as 

both intracellular and extracellular degradation. It is the balance of these processes that 

lead to normal collagen structure and deposition (Laurent, 1987). A summary of all of 

these processes are shown in figure 1.3.
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1.4.2 Principle collagens present in the heart and vasculature

The fibrillar collagens (types I. III. W)

This class of collagens forms greater than 90% of the total collagen present in the heart. 

About 70% of this total is type I, 20-25% type III and 1-5% other types including type 

V. Type V is associated with both the other fibrillar collagens (Amenta et al., 1986), 

where its role is to modulate fibril size (Birk et al., 1990). Type V collagen is more 

prominent in vessels where it is synthesized by smooth muscle and endothelial cells as 

well as fibroblasts. The primary roles of these collagen molecules has been outlined 

above (section 1.2). The a-chains of the interstitial collagens comprise three domains; 

a single triple helical domain representing greater than 95 % of the total chain and 300nm 

in length; an N-terminal globular peptide of 77-86 amino acids containing a helical region 

of 40 amino acids and a short 2-8 amino acid domain linking the pro-peptide to the 

helical chain and forming the cleavage site for the pro-peptide; and a globular C-terminal 

pro-peptide. The pro-peptides represent one third of the total mass of the molecule and 

are removed by specific peptidases, leaving only short non-helical regions at each end 

of the molecules that are utilised for cross-linking to other collagen molecules.

Basement membrane collagen ftvpe IVI

Type IV collagen is predominantly found in the basement membranes of endothelial and 

epithelial cells, and forms an open 3D network, typically in close association with other 

extracellular proteins such as laminin, heparan sulphate and type V collagen. There is 

no known extracellular processing of this collagen, and it is thought to be laid down 

directly into the basement membrane (Madri et al., 1980). This collagen is also found 

in the heart where it has been shown to be produced predominantly by endothelial cells 

and myocytes (Eghbali et al., 1988) but represents less than 5% of the total collagen of 

the heart. The main triple helix is interrupted by short non-helical domains which give 

the molecule increased flexibility and its open structure which is formed by both end to 

end and lateral associations of the triple helix. Type IV collagen in the vasculature is 

thought to act as a molecular filter to nutrients and factors traversing the vessel wall, and 

as an attachment site for endothelial cells, and in the heart it is thought to possibly play 

a role in cardiac myocyte attachment .
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Other collagen types (types VI and VHP

Type VI collagen forms a unique structure of alternating beaded (42-44nm long) and 

filamentous (65-75nm long) structures. It is associated with types I and III collagens by 

its collagen binding domains, coating these fibres and possibly regulating fibre size 

(Amenta et al., 1986).

Type VIII collagen is a short chain collagen, half the length of the fibrillar collagens first 

isolated as a product of endothelial cells in culture. Like other non-fibrillar collagens the 

triple helices are interrupted by short non-helical domains. Short chain collagens are 

found in specialized tissues such as basement membranes in cornea and endothelial 

cells,and are thought to play a role in angiogenesis (Rooney et al., 1993), and cardiac 

morphogenesis during development, being found in fetal but not adult heart 

(Iruela-Arispe and Sage, 1991).

1.5 Collagen Synthesis

Procollagen protein production is regulated by a diversity of transcriptional, translational 

and post-translational modifications of the procollagea genes, mRNA and propeptides 

respectively. The following sections outline the control of collagen deposition from the 

regulation of transcription to fibril formation.

1.5.1 Procollagen gene transcription

Procollagen gene transcription is regulated by upstream promoters containing consensus 

sequences (cis-acting elements) for trans-acting nuclear factors that stimulate or inhibit 

gene transcription. Much of this work has been carried out on types I, II, III and IV 

procollagen gene promoters.

Procollagen gene promoters typically contain a TATA box, the consensus sequence for
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RNA polymerase II binding, located 25 nucleotides upstream of the transcription start 

site (Ritzenthaler et al., 1991). Several promoters have also been shown to contain 

CCAAT (or CAT) binding regions, to which CAT binding factor (CBF) will associate. 

This is a requirement for the activation of the ai(I) and ^2(1) collagen genes (Maity et 

al., 1988; Karsenty et al., 1990; Karsenty et al., 1988). The a^III) gene is similarly 

regulated, although differences do occur in the promoters of the ai(II), ai(IV), a 2 (IV) 

and K2 (VI) genes which contain either a TATA box or CCAAT region.

Other sequences known to bind nuclear proteins have been found in the promoters of the 

collagen genes. Binding motifs for both the activated gene regulatory protein (AP-1, a 

heterodimer of fos and jun proteins) have been identified, as well as AP-2, specificity 

protein-1 (SP-1) and nuclear factor-1 (NF-1) sequences (Rossi et al., 1988; Karsenty et 

al., 1988). The NF-1 sequence has been shown to be the element of the aj(I) collagen 

gene promoter responsible for the increase in transcription in response to transforming 

growth factor B (TGFB) (Ritzenthaler et al., 1991), but for «2 ®  gene expression the NF- 

1, AP-2 and SP-1 sites have been implicated (Ritzentaler et al., 1993; Inagaki et al.,

1994).

Regulatory AP-1 and SP-1 binding sequences have also been demonstrated within the 

first intron of many of the procollagen genes oti(I), tt2 (I), «2(1), «^(III) and «i(IV), that 

may act as enhancers or negative regulators of gene expression. This intron is necessary 

for complete activation of the «2(1) gene (Rossi et al., 1987), and is present in the «i(I) 

gene (Slack et al., 1993).

Upstream negative regulatory elements have also been identified that bind inhibitory 

factors -1 and -2 (IF-1 and -2) (Ritzenhaler et al., 1990). The DNA binding sites for 

these factors are immediately upstream of the CAT binding region, therefore possibly 

overlapping with the CBF binding site, creating competitive binding between these two 

factors (Karsenty et al., 1991).

In the cardiovascular system collagen gene expression is apparent both in normal adult 

tissues and isolated cells suggesting a continuous basal level of collagen gene promoter
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activity. Increases in the levels of these mRNAs are evident following pressure overload 

(Chapman et al., 1990; Villarreal and Dillmann, 1992; Bishop et al., 1994) and volume 

overload (Penney and Bugaisky, 1992), indicating that these stimuli are capable of 

increasing collagen gene transcription. The mechanisms responsible for these increases 

are not well characterized.

The regulation and mechanisms that govern post-transcriptional mRNA stability are not 

well understood. Fibrillar collagen mRNAs have characteristically long 3' untranslated 

regions (UTRs) (ai(I) 1300 base pairs, ai(III) 870 bp). Variation also occurs in the 

poly adénylation, of mRNAs and different poly-A sites within the UTRs, leading to 

mRNA products of varying size (Myers et al., 1983). Polyadenylation may directly 

effect mRNA stability and is supported by evidence showing increased stability after 

application of TGFB correlates with an increase in the length of the procollagen mRNA 

(Pentinnen et al., 1988).

1.5.2 Post-translational regulation and modifications

Post translational modifications occur in the cisternae of the rough endoplasmic reticulum 

where the a-chains are organised into triple helices only after extensive modifications 

(Laurent, 1987; Prockop, 1982). Every third proline in the Y position is hydroxylated 

by proly 1-4-hydroxylase, which is essential for the stability and folding of the collagen 

molecule. Lysyl hydroxylase also acts to convert lysine to hydroxy lysine (approximately 

seven per a-chain) and these residues are further modified by the addition of 

carbohydrate molecules by galactosyl and glucosyl transferases. Mannose is also added 

to the C-terminus and disulphide bonds are formed linking the a-chains at the C-terminus 

end. Triple helix formation is then initiated by disulphide bond formation between three 

collagen a-chains at the C-terminus, and the formation of intra- and inter-chain hydrogen 

bonds, which proceed in a zipper-like manner. The molecules are then exocytosed 

following packaging in the Golgi apparatus.
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1.5.3 Fibre formation

The terminal peptides are thought to play a role in fibre formation as the molecules are 

secreted into the extracellular space. It was thought that the peptides were cleaved prior 

to fibre formation, although evidence now exists to support the hypothesis that the N- 

terminal peptides appear to be retained on thinner type I and III collagen fibres, and may 

play a role in either fibrillogenesis or the prevention of larger fibre formation. The 

peptides have been shown to have a negative regulatory feedback effect on collagen 

synthesis (Weistner et al., 1979; Aycock et al., 1986). After cleavage of the propeptides 

the collagen fibres form through a self assembly process. The molecules align in quarter 

stagger arrays which become stabilized by the formation of covalent bonds via the action 

of lysyl oxidase, and the formation of intermolecular cross links between the helical 

regions of adjacent molecules. Several models exist for the mechanisms and 

thermodynamics of this fibre formation which will not be discussed here.

1.6 Collagen degradation

Two major pathways exist for the degradation of fibrillar collagens. An intracellular 

pathway, for the rapid intracellular degradation of collagens which occurs within 15 

minutes of synthesis, and an extracellular pathway involving the degradation of mature, 

fibrillar collagens. Both of these pathways are outlined briefly below.

1.6.1 Intracellular degradation

The mechanisms and reasons for the rapid intracellular pathways are not well understood. 

It is thought to occur through both lysosomal and non-lysosmal pathways although it is 

unclear how these pathways are regulated, and no specific control mechanisms have been 

identified (for review see Bienkowski, 1989) . The degradation of this intracellular pool 

may be purely a proportion of the total collagen synthesized, and therefore regulated and 

driven by the synthetic pathways, or, may be independently controlled by pathways not 

yet discovered.
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The two most often proposed hypotheses for the role of this form of degradation are for 

the degradation of defective collagen molecules, and secondly, to provide a level of 

regulation of collagen deposition, independent of increased gene transcription and 

translation. Evidence to support the former hypothesis is provided by studies using 

proline analogues, which prevent the formation of a stable triple helix. These unstable 

forms of collagen are rapidly degraded (Berg et al., 1980). This form of degradation 

also occurs during fibroblast log phase growth in vitro, when the cells produce 

underhydroxylated collagens, resulting in increased intracellular degradation of these 

defective collagens (Tolstoshev et al., 1981). After the cells reach confluence in culture 

the proportion newly synthesized collagen degraded decreases (usually 10-40% of total 

synthesis).

The second explanation for the large proportion of intracellular collagen degradation is 

to provide a potential level of regulation of collagen deposition independent of increased 

gene transcription, enabling a rapid adaption to changes in physiological conditions. A 

decrease in the proportion of total collagen degraded occurs during pressure-overload in 

the heart and vasculature (Eleftheriades et al., 1992; Bishop et al., 1994; Turner et al., 

1986; Bishop et al., 1990) or after TGFB treatment of fibroblasts in vitro (McAnulty et 

al., 1991) expression, thereby increasing the deposition of collagens in the heart without 

necessitating an increased synthesis rate.

1.6.2 Extracellular degradation

Collagens are also degraded extracellularly, primarily due to the family of neutral 

metallo-proteases. This family, the matrix metallo-proteases (MMPs) comprise a family 

of interstitial collagenases (MMP-1), the gelatinases (MMPs -2 and -9), the stromelysins 

(MMPs -3 and -10) and neutrophil collagenase (MMP-8). Of this family only MMPs -1, 

and -8 will degrade fibrillar type I collagen, and MMPs -1, -3, and -10 fibrillar type III 

collagen. MMPs -2 and -9 are the 72 and 92kD gelatinases that will degrade type IV 

collagen and denatured fibrillar collagens. Fibroblasts are themselves capable of 

producing these enzymes. Collagenolysis by collagenase may be regulated at several 

sites (Krane, 1985) including the biosynthesis and secretion of the latent enzyme
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procollagenase, predominantly by fibroblasts; activation of this enzyme by proteases; 

interaction of the active enzyme with the collagen substrate; and modulation of the effects 

of the enzymes by specific inhibitors, such as the tissue inhibitors of metalloprotease, 

(TIMPs) and aj-macroglobulin. These enzymes are thought to be involved in 

remodelling processes, where the existing ECM may be broken down prior to the 

deposition of new collagen fibres (Turner et al., 1986). In the myocardium MMPs -1 

and -8 |exist largely in the latent form (Tyagi, et al., 1993) although activation does lead 

to morphological evidence of collagen degradation (Chakraborty and Eghbali, 1989). 

Cardiac collagen degradation has been observed following myocardial ischemia and 

infarction, resulting in myocyte slippage and wall thinning (Cannon et al., 1983; 

Whittaker et al., 1991). The collagenases therefore have been proposed to play a 

significant role in cardiac remodelling.

1.7 Collagen turnover

The extracellular matrix of the body was described, up until the mid 1980's, as a static, 

metabolically inactive “cement”, which served to add structural elements to the body and 

was virtually inert (Neuberger et al., 1951). This idea has been superseded by studies 

using methodology to accurately measure turnover of collagen (Laurent, 1982). These 

studies demonstrate the rapid nature of collagen turnover. This section will discuss 

normal collagen turnover in the heart and vasculature, and the changes in turnover 

observed following pressure overload.

1.7.1 Normal cardiac collagen turnover

Few studies have accurately measured collagen turnover in the heart in vivo using 

radiochemical assay techniques, which have proved to be the most accurate determinant 

of turnover. Fractional collagen synthesis rates of 2.9% and 5.8% per day were found 

in the right and left ventricles of adult rabbits respectively, demonstrating the dynamic 

nature of collagen turnover (Turner et al., 1986). Lower synthesis rates have been found 

in the dog (0.6%/day), although the collagen degraded rapidly was not included in these
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measurements (Bonnin et al., 1981). For comparison, the turnover of non-collagen 

proteins measured simultaneously in the former study was 18% per day in both 

ventricles. In six month old rats collagen fractional synthesis rates were found to be as 

high as 9% per day (McAnulty and Laurent, 1987), although at this age the rapid 

degradation of newly synthesized collagen represents 90% of the total synthesis in the 

heart. The synthesis and turnover rate of collagen decreases with age in the rat heart 

(Mays, 1990), as has been shown in the lung (Mays et al., 1991). The relative synthesis 

rates for different collagen types cannot be determined by this method, although there is 

some evidence in the skin to suggest that collagen synthesis is more rapid for type I (26 

minutes for processing procollagen) than type III (3.9 hours) (Robins, 1979).

1.7.2 Cardiac collagen turnover during the development of hypertrophy

Increased collagen content is found in the hypertrophying heart, but the distinction must 

be made between increased collagen content and increased collagen concentration. In a 

hypertrophied ventricle the collagen content must increase in parallel with the increase 

in myocyte size to maintain normal cardiac structure. Increased collagen concentration 

represents an increase in collagen deposition relative to the myocyte hypertrophy and 

indicates the occurrence of cardiac fibrosis. The exception to this interpretation is in the 

case of a regression of cardiac myocyte hypertrophy in which case the collagen 

concentration may increase without an increase in the collagen synthesis rate or collagen 

deposition. In general collagen concentration falls during volume overload, increases 

during pressure overload and remains unchanged following exercise induced hypertrophy 

(Low et al., 1989; Weber et al., 1988). The potential role of mechanical forces involved 

in these responses and their effects on cardiac function and matrix turnover is discussed 

later in this thesis.

The responses of the cardiac fibroblasts to pressure overload is rapid. After two days 

of pulmonary artery banding in the rabbit the fractional synthesis rate in the right 

ventricle increased from 5 to 30% per day, with a decrease in the proportion of collagen 

rapidly degraded. These results were matched by a similar increase in the steady state 

tti(l) mRNA level at this time (Bishop et al., 1994). Similar results have also been
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obtained in the dog after 5 days of pulmonary artery banding, showing an eight fold 

increase in the collagen synthesis rate (Bonnin et ah, 1981). Remodelling of the right 

ventricle also occurs after bleomycin administration, which causes lung injury and 

pulmonary hypertension. This process is not as acute as banding models and the increase 

in collagen synthesis is observed 6 days post bleomycin administration. In this case the 

total cardiac collagen fell initially by 40%, indicating a remodelling of the cardiac 

extracellular matrix prior to increased collagen deposition (Turner et al., 1986). This 

may occur to accommodate the increase in muscle mass, followed by the increased 

collagen deposition to support the increased mass.

Shifts in the types of collagen present in remodelled hearts has been observed although 

the results appear to be contradictory. It has been reported that both type III (Medugorac 

and Jacob, 1983), and type I (Bishop et al., 1990; Mukherjee and Sen, 1990; Turner and 

Laurent, 1986) increase relative to total collagen, but the results may depend on the 

model, age of animal used and the extraction processes for the collagens. The most 

efficient extraction process is by cyanogen bromide digestion (>80% of total collagen), 

and experiments using this procedure show an increase in the| ratio of type I:type III. 

These results are consistent with the increased stiffness of the heart in cardiac fibrosis, 

reflecting the nature and elastic properties of the two collagen types. mRNA for both 

collagen types has been shown to increase in a numher of studies of experimental 

pressure-overload (Bishop et al., 1994; Chapman et al., 1990; Villarreal and Dillmann,

1992), returning to control levels after 7-14 days. In man both major fibrillar collagen 

types increase in patients with cardiomyopathy and coronary artery disease, although the 

increase in type I was proportionally greater (Bishop et al., 1990).

The changes in collagen synthesis rates and collagen types deposited in the models of 

pressure-overload discussed may represent the early compensatory form of the 

hypertrophy due to increased pressure. This results in both myocyte hypertrophy and 

increased fibroblast activity, and may therefore result in a coordinated increase in heart 

size without fibrosis. It is| therefore clear that pressure-overload does result in 

increased fibroblast activity and collagen deposition, although this deposition may not 

always progress to fibrosis. The mechanisms that govern the effect of pressure on the
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regulation of fibroblast activity in either the setting of compensatory collagen deposition 

or collagen deposition leading to fibrosis are both of interest.

1.7.3 Normal vascular collagen turnover

In vivo measurements of collagen turnover in the pulmonary artery and aorta of rabbits 

gave similar rates to those found in the normal heart. In the pulmonary artery and aorta 

a fractional synthesis rates of 4.7%/day and 3.4%/day respectively were found, again 

demonstrating a relatively rapid turnover of collagens in these tissues. The proportion 

of collagen rapidly degraded was 50% of the total synthesis in both vessels. These 

values are consistent with findings from others demonstrating similar rates of collagen 

synthesis from control pulmonary arteries of rats in vivo (2.7%/day) and in vitro 

(2.1%/day) (Stirewalt et al., 1990).

1.7.4 Vascular collagen turnover during hypertension and increased pressure

Following a pressure insult, such as intratracheal administration of bleomycin which
%caused a 3-fold increase in pulmonary artery pressure, the turnover of collagen increased 

in the pulmonary artery (23.2%/day) but remained constant in the aorta (3.7%/day), 

demonstrating the increased collagen turnover in the hypertensive vessel (Bishop et al., 

1990). Furthermore the proportion of newly synthesized collagen degraded decreased 

in the pulmonary artery from 50% in controls to 8% in the bleomycin treated animals, 

suggesting that increased deposition of collagen occurs via both increased synthesis and 

decreased collagen degradation (Bishop et al., 1990). Other studies of increased 

pressure, in vivo or in vitro (Crouch et al., 1989; Keeley et al., 1993), have demonstrated 

either histologically or biochemically, increases in the matrix deposition and turnover 

(both collagen and elastin) in the vasculature. The fibroblasts (and SMCs) therefore 

dramatically increase their matrix metabolism in response to increased pressure. Few 

studies have measured vascular collagen types following the onset of pressure, although 

no shift in the fibrillar collagen types I and III was observed (Bishop et al., 1990). 

Vascular matrix remodelling is also accompanied by a hypertrophy of the SMCs in the 

media of the vessel, a characteristic switch in their phenotype, and changes in the matrix

* 14 days post bleomycin administration
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metabolism (for review see Stenmark et al., 1995). The remodelling and turnover of 

collagen in the vessels therefore shows the same pattern as in the heart.

1.8 Fibroblast proliferation

In addition to increased synthetic activity collagen deposition by fibroblasts may also be 

elevated by an increased fibroblast proliferation. Fibroblasts have been demonstrated to 

replicate in response to mechanical load and growth factors in vitro, and in in vivo 

models of pressure overload (Grove et al., 1969; Leslie et al., 1991). Furthermore the 

increased collagen fractional synthesis rates measured using in vivo models of pressure 

overload do not permit the determination of the mechanism of the increased collagen 

deposition. This increased collagen turnover and deposition may be through increased 

collagen synthesis per cell, or by a stimulation of fibroblast numbers. Therefore the 

replication of fibroblasts may be responsible for some of the increased collagen turnover 

and it is of interest to determine the effects on fibroblast replication as well as fibroblast 

collagen metabolism.

1.8.1 Regulation of cell replication by growth factors

Growth factors, through interactions with their specific membrane receptors, and the 

subsequent cellular transduction mechanisms, have been shown to initiate the biochemical 

events associated with cell replication. Growth factors are classically categorised as 

either competence or progression factors (Stiles et al., 1979). Competence factors 

initiate cell replication by acting on cells in Go, causing entry of the cell into G|. 

Progression factors are responsible for further progress throughout the cell cycle. 

Examples of such factors are platelet-derived growth factor (PDGF) and insulin-like 

growth factor-1 (IGF-1) respectively. Some factors have been shown to independently 

stimulate complete progression through the cell cycle (PDGF in some cell types, for 

example). Maximal cell replication usually occurs with combinations of such factors 

(Banes et al., 1993).
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1.8.2 Fibroblast replication in the cardiovascular system

The study of cardiac fibroblast replication has received very little attention. Fibroblast 

replication has been reported to occur in in vivo models of pressure overload (Grove et 

al., 1969; Leslie et al., 1991), although the contribution of replication to the increased 

collagen synthesis in these models has not been determined.

Vascular fibroblasts have been more comprehensively studied and the replication of these 

cells has been shown to be one of the primary events in pulmonary vascular remodelling 

due to hypoxia (Meyrick and Reid, 1979). In vitro studies have demonstrated pulmonary 

artery fibroblasts to be reponsive to ET-1, PDGF and to conditioned medium from 

isolated vascular endothelial cells (Dawes et al., 1994; Peacock et al., 1992). The 

remodelling events in vessels, most notably in the pulmonary circulation, have focussed 

on changes in endothelial cell and SMC populations. These cells produce abundant 

growth factors, including PDGF, vascular endothelial growth factor, basic fibroblast 

growth factor (bFGF) and endothelin-1 (ET-1), during remodelling in response to 

hypoxia (for review see Stenmark et al., 1995). The role of these factors, present in the 

vessel wall, in regulating fibroblast function has not been studied.

The remainder of this chapter will focus on the mechanisms for stimulating increased 

fibroblast activity which may lead to excessive matrix deposition. This may involve 

increased fibroblast collagen production per cell, or an increased number of fibroblasts. 

A brief review of the possible stimuli responsible for increased cardiovascular fibroblast 

activity, focussing on the roles of mechanical forces and polypeptide growth factors in 

the stimulation of cardiac and vascular fibroblast function is outlined below

1.9 Mechanical force as a stimulus for cardiovascular cells

The regulation of the activity of cardiovascular fibroblasts remains poorly characterized. 

It has been demonstrated in vivo that increased pressure causes cardiac hypertrophy and 

remodelling ultimately leading to cardiac fibrosis. The direct stimulation of fibroblasts
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by mechanical load is therefore of interest.

1.9.1 The role of mechanical forces in regulating cell function

Many tissues are exposed to mechanical forces and the concept of these forces regulating 

cell function is becoming established. The shear stress imposed by blood flow over the 

endothelium, the passive forces experienced by the lung during respiration, and the active 

tension generated by muscle cells all represent examples of the types of forces to which 

tissues are exposed. It is now clear that cells possess complex mechanosensory and 

mechanotransduction pathways that have yet to be elucidated, the consequences of which 

are to regulate important cellular events ranging from normal development, cellular 

morphology, tissue hypertrophy and pathological conditions. These mechanisms are 

complementary to the biochemical and neuronal signalling occurring in most tissues, 

previously thought to be entirely responsible for regulating cell behaviour. In many 

cases, as will become clear, the stimulus of mechanical load may be acting in concert 

with these other, more traditional, stimuli. Consequently, a disturbance of the normal 

mechanical environment of a cell population or tissue may lead to abnormal cellular 

behaviour and a rapid remodelling to accommodate the increased mechanical forces.

1.9.2 Examples of tissue responses to mechanical load

Skeletal muscle

The role of mechanical load affecting tissue function has long been appreciated in skeletal 

muscle. Mechanical load is the driving force for muscle protein synthesis and growth. 

A fully innervated muscle with normal hormonal and nutritional status will not 

hypertrophy in the absence of mechanical load (Goldspink, 1978) and hypertrophy will 

occur in response to mechanical load alone (Goldberg, 1967).

Hypertrophy occurs in all muscle in response to mechanical load, and may also lead to 

an increase in protein degradative pathways (Laurent and Mill ward, 1980; Laurent et al., 

1978). Furthermore there is a switch in muscle gene expression from the fast myosin 

heavy chain (MHC) to slow MHC gene expression (Goldspink et al., 1992), resulting in
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a change in muscle phenotype that enables more efficient generation of tension, as the 

specific ATPase activity is lower in this muscle type during contraction. Similar 

switches in muscle phenotype also occur in cardiac muscle (Parker et ah, 1989).

Uterus

Similarly in the uterus, an artificial load, (inflation), exerts an increased mechanical load 

that mimics the pregnant state, causing increased protein synthesis. These changes occur 

in the complete absence of pregnant hormonal influences (Douglas et ah, 1988). After 

delivery, following a normal pregnancy, when the stretching of the uterus is removed, 

the converse occurs, with a decreased protein synthesis and an increase in protein 

degradation, resulting in the shrinkage of the uterus to its previous size.

Bone and tendons

Both compression and strain are stimuli for growth and remodelling of these tissues 

(Jones and Bingmann, 1991), with the application of mechanical load a classic approach 

to the treatment of orthopaedic disorders. Osteoblasts respond to mechanical load by 

increasing and maintaining bone structure to meet the demands of the new load imposed 

on the tissue. This includes increased bone matrix protein production, resulting in 

increased bone thickness (Harter et ah, 1988). In contrast bone mass is lost if the tissue 

is immobilized or subjected to weightlessness, reflecting the role of mechanical load in 

maintaining normal bone structure in relation to function.

Lungs

The lungs are subjected to passive mechanical forces during development and normal 

breathing processes, but more acutely following pneumonectomy (Riley et ah, 1990; 

Rannels, 1989). In this case there is a regrowth of the remaining lung to approach the 

previous weight, cell population and architecture. This response is limited in humans to 

infants and represents an ongoing growth process, rather than renewed growth of mature 

cell populations (Rannels, 1989). The mechanical load imposed on the remaining lung 

during this process is believed to be the major stimulus for continued growth, as filling 

the cavity after pneumonectomy abolishes the hypertrophic increase in lung size (Brody
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et al., 1978).

The cardiovascular system

The cardiovascular system exists in a highly mechanical environment, with the constant 

application of stresses and strains, and consequently the tissues of this system are 

structured to cope with increased, and variable, mechanical load. The responses of the 

cardiovascular system to mechanical load have been described earlier in this chapter. 

The mechanisms involved in these responses are not clear, but a direct effect of the 

increased mechanical load seen by the tissue is thought to play a role. Remodelling in 

both the heart and the vasculature to increased mechanical load show an increase in 

expression of specific proteins of the ECM (Villarreal and Dillmann, 1992; Bishop et al., 

1990) and also muscle proteins (Baird et al., 1987), indicating that the cells may be 

responding directly to mechanical load. These differential responses to mechanical load 

are cell specific, causing hypertrophy of cardiac and vascular muscle, as well as an 

increased expression of ECM proteins and replication by mesenchymal cells, as 

previously described.

1.9.3 In vitro methods for examining the effect of mechanical load .on cell function

It is clear that mechanical load plays a role in determining cellular behaviour and protein 

expression in all of the biological systems described above. It is the mechanism of the 

cellular responses to an increased mechanical load and the complex intracellular pathways 

responsible for the mechanotransduction of extracellular mechanical signals into 

intracellular biochemical events that remains unclear. The development of in vitro 

systems to study these mechanisms has permitted important advances in this field.

Most of the gross physiological and biochemical effects of mechanical forces on tissue 

growth have come from in vivo and organ bath studies, some of which date back to the 

1960's (see table 1.1). The development of equipment designed to exert mechanical 

forces on cells in culture has enabled us to examine the direct effects of mechanical 

forces on cell function. These studies have given a great insight into the effects and 

mechanisms of mechanical load on a variety of cellular functions. Many “home made”
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devices have been developed (Banes et al., 1985; Terracio et al., 1988; Vandenburgh, 

1988; Bishop et al., 1993) and several of these machines are now commercially available 

(see table 1.2). Most of these devices produce a biaxial strain field on the cells, although 

some produce a simple uniaxial strain by stretching the membrane in one dimension only, 

cultured on a variety of flexible membranes. Direct mechanical stimulation or positive 

or negative air pressure applied beneath the membranes may be used to deform the cells.

The first cell straining devices, which appeared in the late 1970's (Leung et al., 1976) 

exerted uni-directional strain on SMCs cultured on purified elastin membranes. Increases 

in protein synthesis, particularly collagen synthesis was observed. Bi-directional strain 

was first applied by Vandenbugh et al (Leung et al., 1977) to myotubes who also 

observed a stimulation of protein synthesis. A number of expressions have been coined 

to describe these processes of applying forces to cells in culture. Mechanical load, 

stress, strain, stretch and deformation have all been used, all of which may be 

appropriate. However, these systems remain largely biomechanically uncharacterized, 

with the exception of the simpler unidirectional systems, and Flexercell Strain Unit used 

in this project (Gilbert et al., 1994). The more widespread availability of such apparatus 

in recent years has been associated with the emergence of many studies describing 

complex biochemical and physiological processes involved in stretch mediated responses, 

and in some cases the mechanisms of cellular mechanotransduction involved in these 

responses is being elucidated. These mechanisms and processes are outlined in the 

Chapter 4.

1.9.4 Initial findings of in vitro cellular responses to mechanical load

The first cell straining experiments were carried out in the mid-late 1970's on a variety 

of “home made” straining devices (see section 1.9.3 above). The responses of cells to 

mechanical load can be categorised into three time scales; milli-seconds to seconds 

(activation of ion channels and generation of intracellular second messengers); minutes 

to hours (morphological effects and changes in gene transcription); and finally, long term 

responses (such as protein turnover, cell division and differentiation). More recent 

findings regarding the transduction mechanisms and early responses are discussed in the
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discussion section of this thesis. Initial studies focussed on the long term responses 

regulating protein turnover and cell morphology. These findings are described briefly 

below.

Cell orientation

This was one of the first observations of mechanically loaded cells in culture and has 

been reported in endothelial cells (Dartsch and Betz, 1989; Ives et al., 1986), cardiac 

myocytes (Terracio et al., 1988; Samuel and Vandenburgh, 1990), smooth muscle cells 

(Dartsch et al., 1986), skeletal myotubes (Vandenburgh, 1988), fibroblasts (Bishop et al.,

1993), and osteoblasts (Buckley et al., 1988). The alignment of all cells is associated 

with an alignment of the microtubules (Ives et al., 1986) and actin filaments (Dartsch and 

Betz, 1989). The direction of alignment is generally perpendicular to the applied strain 

field, although variations appear to exist in some endothelial cells. These cells have been 

generally reported to align perpendicular to the direction of strain (Ives et al., 1986; 

Terracio et al., 1988), but this alignment has also been shown to vary between vena cava 

and aortic or pulmonary artery endothelial cells (Iba et al., 1991). This difference, 

however may be due to the vastly different mechanical environment seen by these vessels 

in vivo and thus reflects their adaption to these environments. Fibroblasts, (Bishop et al., 

1993; Schilling et al., 1992), neonatal cardiac myocytes (Terracio et al., 1988) and 

osteoblasts (Hume, 1980) all reorientate perpendicular to the strain. Adult cardiac 

myocytes align after the application of static stretch (Terracio et al., 1988), but not in 

response to cyclic stretch (Samuel and Vandenburgh, 1990). Smooth muscle cells align 

at a 61-76° angle to the applied strain field, depending on the loading, which is

comparable to the helical formation of these cells in vessel walls (Dartsch et al., 1986). 

The directional nature of the ECM deposited by vascular SMCs and fibroblasts may be 

essential for normal development and maintainance of the cell wall, and may depend on 

cell alignment relative to the applied strain.

Thus the cell alignment is dependent on the nature of the force applied. The results are 

complicated by the use of different straining devices, with uncharacterized strain fields, 

however, most cells align perpendicular to the strain. The dependence of the orientation 

on cell function in response to mechanical load, however, has not been determined.
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Tissue studied Model Major findings Reference

Skeletal muscle (rat) cast limb shift from fast to slow MHC gene (Goldspink et al., 1992)
tenotomy Î protein synthesis (Goldberg, 1968)
cast limb Î protein synthesis, Î protein degradation (Goldspink, 1977)

(chicken) weighted limb Î protein synthesis, î protein degradation, Î collagen synthesis (Laurent et al., 1978)
Uterus (rat) artificial inflation Î protein synthesis, n o  c h a n g e  degradation, - 1 cell number (Douglas et al., 1988)
Lung (rat) pneumonectomy Î protein synthesis, î protein degradation 

I collagen synthesis, Î collagen degradation, 
1 degradation of newly synthesized collagen (Rannels, 1989)

Heart right ventricle (rabbit)acute lung injury Î protein synthesis, Î collagen synthesis (Turner et al., 1986)
pulmonary artery banding Î protein synthesis, î collagen synthesis

1 degradation of newly synthesized collagen (Penney et al. , 1992; Bonnin et al., 1981)
left ventricle (rat) aortic constriction Î protein synthesis, Î collagen synthesis.

Î collagen mRNA (Moalic et al, 1984; Chapman et al., 1990)
Vessels
systemic (rat) DOCA/uni-nephrecotomy Î protein synthesis, Î collagen synthesis (Nissen et al., 1978; Ooshima et al., 1974)

SHR Î protein synthesis, Î collagen synthesis (Yamori, 1976)
pulmonary (rabbit) acute lung injury Î protein synthesis, î collagen synthesis 

i degradation of newly synthesized collagen
'

(Bishop et al., 1990)
pulmonary (rat) monocrotaline Î collagen synthesis, Î elastin synthesis (Todorovitch-Hunter et al., 1988)

Table 1.1: In vivo and organ culture studies on the effect of mechanical load on tissue growth
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Device Applied mechanical load Membrane Reference

Plunger cyclic, unidirectional purified elastin (Leung et al., 1976)
Moveable frame cyclic, uni purified elastin (Leung et al., 1977)
Screws static, bidirectional silicone (Vandenburgh and Kaufman, 1979)
Vacuum cyclic, bi- plastic petri dish (Banes et al., 1985)
Moveable frame cyclic, uni- purified elastin (Kollros et al., 1987)
Vacuum cyclic, bi flexplates, hydrophilic (Sumpio et al., 1987 and 1988)
Prongs static/cyclic, bi- collagen-coated silastic (Vandenburgh, 1988, 1989)
Positive air pressure cyclic, bi- polyvinylchloride (Rabinovitch et al., 1988)
Moveable frame cyclic, uni- laminin coated silastic (Terracio et al., 1988)
Positive air pressure cyclic, bi mitrathane (Wilson et al., 1993)
Screws static, uni laminin coated silicone (Komuro et al., 1990)
Domed prong static, bi- gelatin coated petriperm (Sutclife and Davidson, 1990)
Moveable frame cyclic, uni- fibronectin coated silastic (Ruskoaha et al., 1990)
Positive air pressure cyclic, bi- collagen coated silastic (Bishop et al., 1993)
Vacuum cyclic, bi- flexplates, elastin (Butt et al., 1995)
Vacuum cyclic, bi flexplates, collagen (Wilson et al., 1993)

Table 1.2: Cell straining devices developed to determine the effect of mechanical load on cell function
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Cell replication and protein synthesis

Cell replication and protein synthesis were the first cellular effects of in vitro mechanical 

loading studies to be identified. The replication and ECM protein synthesis of some cell 

types (mainly SMCs) have been observed in response to mechanical load, although this 

stimulation depends on a variety of parameters such as the presence of growth 

factors/serum in the culture medium and the membranes on which the cells are cultured. 

These differences are discussed in detail in the Discussion, section 4.5 and section 

4.7.3).

There is also a relationship between mechanical load and growth factor expression. This 

may be especially true of the remodelling hypertrophic heart, where the increased 

mechanical load induces the “foetal gene program” associated with contractile protein 

and growth factor expression (Parker et al., 1990). The implications of this phenomenon 

for fibroblast activity, and interactions with mechanical load is presented in detail below 

and in the discussion.

1.10 The role of polypeptide growth factors and vasoactive agents in 

regulating cell function

Polypeptide growth factors are important regulators of cell function, controlling many 

aspects of cell behaviour including cell replication and collagen synthesis. The following 

growth factors have been selected for study in this thesis as all have been shown to be 

present in the cardiovascular system, both in normal conditions and during remodelling 

(Fuller et al., 1992; Brilla et al., 1993; Oison et al., 1992; Thompson et al., 1988; 

Villarreal et al., 1993; Villarreal and Dillmann, 1992; Speir et al., 1988).

The Transforming Growth Factors

The Transforming Growth Factor B family includes TGFBs 1-5 and peptides known as 

the activins, inhibins, and bone morphogenic proteins. TGFBs are secreted as dimers of 

a larger precursor molecule, proteolytic cleavage of which yields active TGFB from the 

C-terminus region and the latency associated peptide (LAP). In vitro activation is most
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commonly by acid hydrolysis of the precursor, although the exact mechanism of this 

activation in vivo is not clear. Mature TGFh is a disulfide linked homodimer of 

approximately 25kDa.

Transforming Growth Factor Bl (TGFBl) was the first described and remains the best 

characterized of this family. TGFBl is found in the highest concentration in platelets, 

where it plays a major role in the wound healing cascades associated with platelet 

aggregation and vascular injury, although many cell types, including cardiac myocytes, 

have been demonstrated to produce TGFBl (Villarreal and Dillmann, 1992). TGFB2 is 

thought to have similar roles to TGFBl, but TGFBS has different properties, possibly 

acting to antagonise the effects of TGFBs 1 and 2 (Shah et al, 1995).

The biological action of TGFBl in mesenchymal cells is predominantly the stimulation 

of ECM deposition of fibronectin and types I, III and V collagen , and a decrease in 

ECM degradation (Rizzino, 1988; McAnulty et al., 1991). TGFBl has been 

demonstrated to have a biphasic effect on lung fibroblast replication (Battegay et al., 

1990) that may be dependent on the stimulation of PGE2  acting as a negative modulator, 

by TGFBl itself. This pathway has also been demonstrated to regulate TGFBl 

stimulation of procollagen synthesis (McAnulty et al, 1995).

In the heart following ischaemia TGFBl has been shown to be active where collagen

fibres replace degenerating myocytes (Thompson et al., 1988). The cardiac fibrosis that

develops in this case represents a wound healing response. TGFBl expression has also

been demonstrated in many models of cardiac hypertrophy (Takahashi et al., 1994), for

example induced by isoprenaline (Omura et al., 1994) and pressure overload (Villarreal

and Dillmann, 1992; Ohta et al., 1994). In these cases the TGFBl may be involved in

enhancing collagen synthesis during development of compensatorv hypertrophy or
1 angioteriisin II

reactive fibrosis. TGFBl expression is also stimulated by^^liyapplication to cardiac 

endothelial cells and cardiac fibroblasts in culture (Chua et al., 1994; Fisher and Absher,

1995) Vascular endothelial TGFB expression has been shown to increase in parallel with 

pressure, unlike PDGF, IGF-1 and bFGF expression (| Sarzani et al., 1989) and may 

increase the levels of TGFB in the vessel wall available to smooth muscle cells and
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fibroblasts, potentially increasing deposition of ECM proteins.

The Fibroblast Growth Factors

Fibroblast Growth Factors are members of a family of nine peptides that have been 

shown to regulate cell proliferation, differentiation and function. These factors, 

originally named for their proliferative effect on fibroblasts, have been shown to have 

a variety of functions including roles in angiogenesis, normal development, and wound 

healing (for review of bFGF functions see Baird and Bohlen, 1994). The factors have 

been designated the names FGFl-9, and include basic (bFGF) and acidic (aFGF) 

fibroblast growth factors (FGF-1 and FGF-2 respectively)jkeratinocyte growth factor 

KGF (FGF-7), androgen-induced growth factor (FGF-8) and glial-activating growth 

factor (FGF-9). Four members of the family are oncogene products FGF-3 (int-2), FGF- 

4 (hst-1) and FGF-5 and -6 (hst-2).

bFGF and aFGF were the first members of the family to be isolated and named according 

to their differing isoelectric points. bFGF has been isolated in multiple molecular weight 

forms ranging from 18-24kDa, the larger forms generated from amino terminal 

extensions (Renko et al., 1990) are present in the nucleus rather than the cytoplasm. The 

amino terminus of all forms of bFGF lack a classical signal sequence, although the 

identification of membrane receptors indicate transport processes for the molecule, and 

blockage of endoplasmic reticulum and Golgi exocytosis pathways prevents secretion of 

bFGF into culture medium. FGFs are heparin-binding factors and most extracellular 

FGF is bound to pericellular heparin sulphate proteoglycans (HSPGs). bFGF has been 

shown to be produced by many cell types including vascular endothelial cells (Maler et 

al., 1990), fibroblasts (Story, 1989) and smooth muscle cells (Gospodarowicz et al., 

1988) and its most potent functions are as a promoter of angiogenesis and as a cellular 

mitogen with roles in wound healing and tissue repair.

Several isoforms of bFGF have been shown to be expressed in the heart and the 

vasculature during development where it has been shown to be involved in myocyte 

proliferation at early embryonic stages (Mima et al., 1995). bFGF has also been shown 

to be present in the adult heart by immunohistochemistry where it is associated with
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cardiac myocytes, and by radio-immuno assay and Western blot (Speir et al., 1988), 

although the identity of the cells producing the factor has not been determined. 

Myocardial bFGF expression is up-regulated after coronary artery ligation (Cohen et al.,

1994), and accumulation of bFGF during cardiomyocyte injury has been demonstrated 

in isoproterenol induced cardiomyocyte injury (Padua and Kardami, 1993). This growth 

factor is a recognized stimulator of fibroblast replication (Ross and Ballard, 1988), but 

there have been few reports on its effect on collagen production (Chua et al., 1991; 

Tseng et al., 1982). These reports demonstrate a negative regulatory role for bFGF,

supposedly balancing the stimulatory effects of TGFB.

Vascular bFGF has been shown in vitro and in vivo (Vlodavsky et al., 1986; Vlodavsky 

et al., 1987),^ound to the pericellular matrix of endothelial cells and is produced by 

platelets, neutrophils and macrophages. Injury to the endothelium therefore leads to 

bFGF release and accumulation in the basement membrane, potentially leading to 

increased levels of the growth factor in the vessel wall where it may be involved in 

subsequent remodelling events.

Platelet-Derived Growth Factor

Platelet-Derived Growth Factor was discovered as the major mitogenic component of 

serum (Witte et al., 1978). It is released from a-granules of platelets upon aggregation 

and activation during the coagulation cascade. It is produced by many cell types, 

particularly mesenchymal cells, which also represent the major target for PDGF. PDGF 

is mitogenic for fibroblasts, smooth muscle, epithelial and endothelial cells, and is also 

chemotactic for fibroblasts, smooth muscle cells, neutrophils and mononuclear cells.

PDGF is present as two chains termed -A and -B, which dimerize to form the 

homodimers, PDGF-AA and -BB, as well as the heterodimer -AB. There are two 

receptor subtypes termed a and B. PDGF-BB binds to all receptor dimers whereas -AB 

binds to aa and aB, and -AA binds to aa  only. The two receptors are structurally 

related containing five extracellular immunoglobulin-like domains, a transmembrane 

sequence and an intracellular domain containing many protein tyrosine kinase domains, 

able to autophosphorylate and interact with multiple signalling molecules. For a review
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of PDGF binding and signalling see (reviewed by Claesson-Welsh, 1994).

In the heart the major source of PDGF is the circulation and it is therefore present in 

regions of the heart undergoing myocyte necrosis, with the subsequent coagulation and 

inflammatory cascade. It may also be derived directly from the circulation due to 

increased vascular permeability in the event of pressure-overload or endothelial damage, 

and produced as an autocrine agent by both smooth muscle (Wilson et al., 1993) and 

fibroblasts (Bishop et al., 1993) in response to increased pressure. PDGF-A and -B 

chain have both been demonstrated to be under the control of changing physiological 

conditions, PDGF-B being up regulated in response to shear stress through the 

stimulation of the shear stress response element of the gene promoter (Resnick et al.,

1993) and PDGF-A chain expression has been shown to regulated by blood pressure in 

the aorta during hypertension (Sarzani et al., 1991). This growth factor is therefore a 

prime candidate for a role in both cardiac and vascular remodelling.

Insulin-Like Growth Factor-1

Insulin-Like Growth Factor I is a growth promoting hormone that is a single peptide 

7.6kDa factor structurally related to insulin and thought to be involved as an autocrine 

regulator of skeletal muscle growth and protein metabolism, as well as possessing 

autocrine/paracrine functions in other tissues. IGF-1 is primarily synthesized in the liver 

in response to growth hormone, and is present in the plasma. It is also synthesized, 

however, as an autocrine/paracrine agent in other tissues.

Cell types expressing IGF-1 include fibroblasts, smooth muscle and endothelial cells. 

It has been shown to be an active mitogen and stimulator of fibroblast collagen 

production (Gillery et al., 1992; Goldstein et al., 1989). IGF-1 is a classic progression 

factor, in that application alone to quiescent cells may not stimulate fibroblast 

replication, but a preincubation in PDGF enables a stimulation of cell replication by IGF- 

1 (Stiles et al., 1979)

The role of IGF-1 in vascular and cardiac remodelling is not well characterized. IGF-1 

down regulation coincides with the attenuation of ventricular myocyte replication (Cheng
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et al., 1995), enhances hypertrophy during the onset of experimental cardiac failure 

(Duerr et al., 1995), and is up regulated after acute myocardial infarction (Reiss et al.,

1994). In vitro the effects of IGF-1 are controversial some reports indicating that it is 

capable of stimulating myocyte protein synthesis and hypertrophy (Fuller et al., 1992), 

with others indicating that it may be involved in proliferation, but not hypertrophy 

(Kajstura et al., 1994). Like TGFB, IGF-1 has been shown to produced by smooth 

muscle cells in the vessel wall, and may therefore be involved in the stimulation of 

elastin and collagen synthesis (Wolfe et al., 1993; Davidson et al., 1993).

Endothelin-1

The endothelins are a family of 21 amino acid peptides, that are the most potent 

vasoconstrictors known. Endothelin-1 (ET-1) is the most extensively studied and 

predominant form. ET-1 is cleaved from a 203 amino acid peptide (preproendothelin), 

to form the 39 amino acid proendothelin. The subsequent conversion to ET-1 is essential 

for its action as a vasoconstrictor. Expression of preproendothelin is stimulated by other 

vasoactive agents such as adrenaline and All, platelet growth factors such as TGFB, 

coagulation products, mechanical forces and cytokines. Production is negatively 

regulated by endothelium-derived relaxing factors such as nitric oxide (NO) and 

prostacyclin. Endothelin has been attributed with involvement in the development of 

pulmonary hypertension due to its role in vasoconstriction. It is released from the 

vascular endothelium, towards the SMCs and this may be responsible for the low 

circulating levels measured, suggesting that ET-1 is acting as a local mediator of vascular 

tone rather than a circulating hormone (for review of ET-1 function see Dawes et al.,

1995).

Endothelin has also been demonstrated to exert a number of non-vasoactive actions, for 

example proliferative and chemotactic effects on fibroblasts (Peacock et al., 1992), the 

stimulation of collagen production by fibroblasts (Kahaleh et al., 1991; Guarda et al.,

1993) and the hypertrophy of cardiac myocytes (Bogoyevitch et al., 1994).

Angiotensin II

The octapeptide angiotensin II (All) is also a potent vasoconstrictor. It is formed from
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the action of angiotensin converting enzyme (ACE) on the decapeptide angiotensin I. 

Angiotensin I is formed hy the action of the enzyme renin, generated and

released into the circulation by the kidney, on angiotensinogen. The primary function 

of these molecules, collectively known as the renin-angiotensin system (RAS), is the 

regulation of blood pressure. Hence the regulatory step in the generation of the 

vasoconstrictor angiotensin II is the release of renin from the kidney when blood pressure 

drops. Stimuli for the release of renin from the kidney include impaired renal flow 

(caused by ischemia of the kidney or hypotension), salt depletion, or beta adrenergic 

stimulation. The formation of renin also exerts a positive feedback controlling the 

continued generation of the molecule.

Recently, a tissue RAS system has been identified in most tissues, that is thought to
locally produced

regulate tissue growth through the actions of angiotensin II. Thi^molecule is thought to 

possess growth factor properties regulating both cell proliferation and protein synthesis 

(Schorb et al., 1993; Brilla et al., 1994). The acceptance of the presence and effects of 

these mediators in controlling cell behaviour, as well as blood pressure has resulted in 

great interest of both the circulating RAS (regulating blood pressure) and the tissue RAS 

(regulating cell behaviour) in the heart. In the cardiovascular system these two processes 

are obviously associated. Much interest has therefore focussed on the tissue formation 

of All by ACE, the inhibition of All formation by ACE inhibitors, and actions of All on 

both cardiac myocyte and fibroblast behaviour.

Increases in the levels of angiotensinogen and ACE have been identified during cardiac 

hypertrophy, which can be regressed by the application of non pressor doses of ACE 

inhibitors (Linz et al., 1992). These results indicate that All may be involved in myocyte 

hypertrophy and it has been suggested that All is the link between mechanical load and 

the cellular responses (Kojima et al., 1994; Baker et al., 1990). Furthermore, All has 

been described as a fibroblast growth factor, causing stimulation of fibroblast replication 

and matrix synthesis (Schorb et al., 1993; Brilla et al., 1994) in the limited studies 

carried out thus far. These studies are supported by experiments using non-pressor 

doses of All receptor antagonists which prevented the development of fibrosis in models 

of pressure-overload (Kagoshima etal., 1994). Thus All and the regulation of RAS has
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been proposed as the driving force behind vascular constriction, cardiac myocyte 

hypertrophy and the regulation of cardiac fibroblast behaviour.

1.11 Aims of this project

Cardiac and vascular fibroblasts have been determined to be the cells of the 

cardiovascular system responsible for collagen production. During remodelling caused 

by pressure-overload these cells become activated and produce more collagen to support 

the growing tissue. However, this process often results in excess collagen deposition and 

fibrosis. The mechanisms responsible for regulating collagen production by fibroblasts 

remain poorly characterized. The hypothesis of this thesis is therefore that, in the 

cardiovascular system pressure-overload and growth factors directly stimulate the 

fibroblast population, and that these stimuli are responsible for the increased collagen 

deposition. The aims of this thesis were therefore to:

• develop primary cultures of both cardiac and pulmonary artery fibroblasts for use 

in subsequent determination of cell activity in response to mechanical load and 

growth factors;

• utilise an in vitro cell straining device to apply cyclic mechanical stimulation to 

the fibroblasts and determine the cellular responses to mechanical load with 

respect to procollagen gene regulation, procollagen metabolism and fibroblast 

replication;

• determine the effects of polypeptide growth factors and vasoactive agents known 

to be present in the hypertrophying heart and remodelling vessels, on fibroblast 

activity;

• determine the combined effects of mechanical load and polypeptide growth factors 

on fibroblast activity.
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CHAPTER 2

MATERIALS AND METHODS



60

2.1 Materials

All chemicals were of analytical grade obtained from BDH/Merck (Lutterworth, 

Leicestershire), unless otherwise stated. Solvents and chemicals used for the preparation 

of HPLC buffers were of HPLC or ARISTAR grade and distilled and deionised water 

purified by Millipore ROlO followed by Milli-Q plus (Millipore, Watford, Hertfordshire, 

3UK) was used. All sterile tissue culture plasticware was obtained from Costar (High 

Wycombe, Buckinghamshire, UK) and tissue culture medium, trypsin and antibiotics 

from either Imperial Laboratories (Andover, Hampshire, UK) or GIBCO-BRL (Paisley, 

Renfrewshire, UK). Foetal calf serum (PCS) was also obtained from Imperial 

Laboratories, and the same batch was used throughout all of the experiments. Human 

TGFB, PDGF purified from human platelets and recombinant human PDGF isoforms 

were obtained from British Biotechnology, (Oxford, Oxfordshire, UK), human 

recombinant IGF-1 from Boehringer Mannheim (Lewes, Sussex, UK) human 

recombinant bFGF from Sigma (Poole, Dorset, UK) and ET-1 and All from Nova 

Biochem (Nottingham, UK). The cell straining device, the Flexercell FX-2000 was a 

kind loan from the Flexcell International Corporation (McKeesport, Pennsylvania, USA) 

and flexible and control sterile elastin-coated 6 well plates for use in the mechanical 

loading experiments were purchased from Flexcell.

2.2 Fibroblast Cell Culture

2.2.1 Routine cell culture

Cells were routinely grown in 75cm  ̂triangular culture flasks in Dulbecco's Modification 

of Eagles Medium (DMEM) supplemented with penicillin (200units/ml), streptomycin 

(200jng/ml) and 10% ECS (DMEM/10% ECS). The cultures were incubated in a 

humidified atmosphere of 10% carbon dioxide (CO2 ) in air at 37°C. Each cell line was 

routinely checked for mycoplasma contamination at monthly intervals using a 

commercially available mycoplasma detection kit (Gen-probe, San Diego, USA). Culture 

medium was changed every four days and cells were passaged 1:2 or 1:4 upon reaching
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visual confluence.

Cell passage was performed by removing the culture medium, washing once with 10ml 

phosphate buffered saline (PBS), and adding 2ml of trypsin/EDTA (trypsin 0.05% w/v, 

EDTA 0.02% w/v) to the cell layer. The cells were then incubated at 2>TC until 

detachment from the tissue culture plasticware occurred. Detachment from the 

plasticware was observed under an inverted light microscope (Axioscop 20, Carl Zeiss, 

Germany). This period was approximately 1 minute for cultures of adult rat pulmonary 

artery fibroblasts (RPA fibroblasts) and 5-lOminutes for cultures of foetal rat cardiac 

fibroblasts (JRHx fibroblasts). Gentle tapping of the flask was used to dislodge all of the 

cells and to achieve a single cell suspension. 8ml DMEM/10% PCS was then added to 

the flask to inactivate the trypsin and 5ml (1:2 passage) or 2.5ml (1:4 passage) of this 

suspension was added to other culture flasks. The volume in each flask was made up to 

12ml by further addition of DMEM/10% PCS.

The ability of the cells to remain viable and to exhibit unchanged growth characteristics 

under these conditions varied with cell type. JRHx fibroblasts were used only between 

population doublings (PD) of 4-10 (passage 3-8), but maintained their growth 

characteristics and morphology, as assessed by eye using phase contrast microscopy, up 

to a PD of 20. This was the longest period for which these cells were cultured. There 

was no sign of senescence at this PD value. RPA fibroblasts maintained their growth 

characteristics for a much shorter period of time and these cells were used between 

passages 2-6 (PD 4-10). further culture of these cells revealed a growth senescence after 

this time.

2.2.2 Isolation of primary fibroblast cultures

Poetal rat cardiac fibroblasts GRHx fibroblasts')

Embryos were removed from time mated pregnant female Sprague Dawley rats (average 

weight 423+64g) after 19 days gestation. The foetal rat hearts were removed and stored 

in a sterile 50ml tissue culture tube containing DMEM/20% PCS. Both enzymatic 

digestion of the tissue and explant culture of fibroblasts from tissue fragments were
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utilised to isolated the fibroblasts. Both of these methods yielded fibroblasts that behaved 

similarly in culture with respect to both replication rates and procollagen metabolism. 

In this thesis JRHx fibroblasts grown by explant from tissue fragments were used.

Foetal hearts were fragmented under sterile conditions into pieces of Imm^ or less. 

Approximately 25 such fragments were distributed over the base of a 25cm^ culture flask 

and a solution of 2ml DMEM/20% PCS was added to each flask. This volume of media 

was chosen as the cells were required to be in contact with the plasticware to enable 

adherence of the tissue fragments to the culture flask. The flask was then incubated in 

a humidified incubator at 37°C for 56 hours under 10% CO;. After this time a further 

2.5ml of DMEM/20% ECS was added to the flasks to cover the adhered tissue fragments 

and outgrowing cells (see Results, Chapter 1). After 120 hours the tissue fragments were 

removed by agitation and the media changed. Cells were unevenly distributed and 

therefore trypsinized and re-plated into new 25cm  ̂culture flasks (see Results Chapter 1). 

At visual confluence the cells were designated to be passage 1, PDl, trypsinized again 

and plated into 75 cm  ̂culture flasks for routine culture as outlined above.

Adult rat pulmonary artery fibroblasts (RPA fibroblasts)

The main (lobar) pulmonary artery was dissected from male Lewis rats, seven to eight 

weeks of age (body weight approximately 250g) and used to obtain pulmonary artery 

fibroblasts. Both enzymatic digestion of the tissue and explant culture of fibroblasts from 

tissue fragments were utilised to isolated the fibroblasts. Both of these methods yielded 

RPA fibroblasts that behaved similarly in culture. In this thesis RPA fibroblasts grown 

only from enzymatic degradation of the tissue were used.

The intimai and medial layers of the vessel were removed by scraping the inner surface 

of the vessel and the remaining fibrous tissue, the adventitia, chopped into Imm^ pieces. 

Approximately 25 pieces of tissue were evenly distributed over the base of a 25cm^ 

culture flask and a solution of 5ml DMEM/20% ECS supplemented with 300 units/ml 

collagenase (Sigma, Poole, Dorset, UK) was added to each flask. The flask was then 

incubated in a humidified incubator at 3TC for 48 hours with occasional agitation. After 

this time a single cell suspension was observed under an inverted light microscope. The
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fluid containing the cells was then spun at 220g for 5minutes and the supernatant 

discarded. The cells were then resuspended in DMEM/10% PCS and seeded into a 

25cm^ culture flask. At this point the cells were designated both passage 1 and PDl, and 

subsequent PD calculations were based on this designation. Cells were allowed to grow 

to confluence and subsequently plated into a 75cm  ̂culture flask. After this point routine 

passage was carried out as previously described.

The procedure for RPA fibroblast isolation was initially determined by Keith Dawes and 

is outlined in his PhD thesis and publications (Dawes, 1995., Peacock et al., 1992). 

Further isolations, by explant and collagenase digest were carried out after the initial 

stock of RPA fibroblasts was exhausted.

2.2.3 Storage of primary cell cultures

Freezing of cells

Primary cultures of both JRHx and RPA fibroblasts were frozen for storage and thawed 

when needed. All fibroblasts for storage were pooled in DMEM/20% ECS at a ratio of 

1ml media/confluent 75cm^ culture flask. An equal volume of DMEM/20% ECS 

containing 20% dimethylsulphoxide (DMSO) was added dropwise to the cells. 1ml 

aliquots of this mixture, representing 1/2 of a confluent flask, was added to sterile 

cryotubes (Nunc, Marathon Laboratory Supplies) and frozen overnight at -70°C in a 

polystyrene container packed with paper towels to permit slow freezing. Tubes were 

then removed and stored in liquid nitrogen.

Thawing of cells

A single tube of cells was removed and thawed at 37°C in a water bath. The contents 

were then removed and transferred to a sterile 50ml centrifuge tube. 8ml DMEM/20% 

ECS was added dropwise to the cell suspension with continual agitation. The cells were 

then spun down at 220g, the supernatant discarded and the cells resuspended in 10ml 

DMEM/20% ECS. The cell suspension was then re-centrifuged, the supernatant 

discarded, cells resuspended in DMEM/20% ECS and plated into a 75 cm  ̂culture flask. 

Routine culture was then carried out as above. Passage and PD numbers were increased



64

as appropriate to the thawed cells.

2.3 Immunohistochemical/fluorescent characterization of primary 

fibroblast cultures

RPA fibroblasts have previously been characterized with respect to smooth muscle cell 

a-actin staining, defining them as pure fibroblast cultures (Dawes, 1995; Peacock et al., 

1992).

JRHx fibroblasts were characterized in the same manner. Immunoflurescent staining was 

carried out on the JRHx fibroblasts for B-actin, smooth muscle cell a actin, and the high 

and low molecular weight isoforms of caldesmon (CDh and Cdl - markers of SMCs and 

fibroblasts respectively). These studies were performed by Dr. Kevin Pritchard in the 

Department of Cardiac Medicine, National Heart and Lung Institute, who has used these 

techniques to describe changes in smooth muscle cell phenotype in the pulmonary artery, 

(Reckless et al., 1994), and are therefore not outlined in detail here.

2.4 Mecbanical loading of cells in vitro

2.4.1 Principle of the system

Fibroblasts were mechanically loaded using the Flexercell FX-2000 cell straining device. 

Cells were loaded by seeding onto pre-coated (elastin), flexible rubber bottomed 6-well 

sterile culture plates. These plates fit into a baseplate holding 8 such plates. Negative 

air pressure was then applied beneath the plates, supplied by a standard laboratory 

vacuum pump, and controlled with respect to extent of stretch and frequency by a 

converted computer housing a series of valves. The negative air pressure causes the 

membranes to dome downwards, increasing the surface area of the membranes and 

therefore applying a mechanical load to the attached cells. A diagrammatic picture of the 

machine is shown in figure 2.1.
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The extent of load on the membranes is not uniform. A gradient of load exists across the 

loaded membranes with maximal load around the edge of the membrane and much 

reduced load at the centre of the membranes (see figure 2.2a). This allows analyses of 

cell behaviour throughout a range of mechanical loads on fibroblasts by visual methods 

such as cell morphology or histology, and methods that involve treatment and 

visualization of the cells over the whole membrane (BrDu staining or in situ 

hybridization, for example). This is, however, a variable that was constant and well 

characterised, but the effects of which on cell function remained unknown when 

examining procollagen protein metabolism, steady state mRNA levels, or fibroblast 

replication from cells covering the entire membrane. Despite this variation in the applied 

mechanical load over the entire membrane, this machine offered the most reliable and 

consistent means of applying cyclic mechanical load to isolated fibroblasts in vitro.

This system was used to determine the effects of mechanical load on fibroblast 

procollagen metabolism, procollagen types I and III steady state mRNA levels, and 

fibroblast replication, typically over whole membranes. Procollagen metabolism was 

also assessed from different areas of the membrane by selective cell plating (see Results, 

Chapter 3 section 3.3.5).

2.4.2 Loading regimes

All applied loads were cyclical in nature with varying frequencies and elongations. 

Loads of either 10% or 20% elongation at frequencies of IHz or 1.5 Hz were used for 

experiments of 24 hours mechanical load. Experiments in which the cells were loaded 

for 48 hours used a maximum elongation of 20% at 1.5Hz (see figure 2.2b). Loading 

up to 20% elongation at 1.5Hz (the load applied for the majority of the experiments, and 

all experiments in which a positive response was observed) gave a static load of 12% 

elongation with a cyclical load of a further 8%, since at this frequency the system cannot 

release the vacuum completely to return to baseline levels.
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Figure 2.1: The Flexercell Strain Unit

The figure shows the Flexercell Strain Unit, baseplate and incubator in diagramatic form.
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Figure 2.2; Biomechanical characterization of the Flexercell Strain Unit

The figure shows the biomechanical characterization of the areas of the membrane 

deformed by the Flexercell Strain Unit.
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2.5 Fibroblast replication in response to mechanical load

2.5.1 Assay procedure

Cell plating and pre-incubation period

Cells were trypsinized, as previously described and a cell suspension obtained. The cell 

suspension was spun at 220g in a bench centrifuge for 5minutes. The supernatant was 

discarded and the cells resuspended in 10ml DMEM/1% PCS. A 10/zl aliquot of the cell 

suspension was counted in a haemocytometer (Neubauer improved haemocytometer, 

BDH/Merck), using an inverted microscope under phase contrast. The number of 

cells/ml was calculated and a further dilution of the cells was performed to give 5x10"̂  

cells/ml. 2ml of this suspension was pre-plated for 48 hours in a humidified incubator 

at 2>TC and 10% CO .̂

Incubation and loading period

After 48 hours pre-incubation the plating media was removed and replaced by incubation 

medium consisting of either fresh DMEM/1% ECS or DMEM/10% ECS. Cells were 

further incubated for 24-96 hours either under control conditions or with the application 

of mechanical load.

2.5.2 Assessment of cell replication

Cell replication was assessed by two methods, direct cell counting and pH]-methyl- 

thymidine incorporation.

Cell counting

Medium was removed and the cells were washed with 1ml serum- free DMEM. Cells 

were then trypsinized from each well by addition of 100/zl trypsin for 2-5 minutes, after 

which any remaining adherent cells were gently scraped from the membranes. Trypsin 

was neutralised by addition of 200/xl DMEM/10% ECS to each well and the contents 

were transferred to 1.5ml eppendorf tubes. Cells contained in a 10^1 aliquot of these 

suspensions was then counted using a haemocytometer, as before.
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pH]methy 1-thymidine incorporation

For experiments assessing DNA synthesis by pH]methy 1-thymidine incorporation, 

l^Ci/well was added to each well in the incubation medium. Cells were loaded for up 

to 88 hours, with a labelling period of the final 4 hours, or continuously labelled for a 

24 hours period, for experiments of up to 32 hours of mechanical load. After incubation 

the medium was removed from each well, and each well was washed 3 times with 5ml 

PBS, to remove free, unincorporated labelled thymidine. 1ml 10% trichloroacetic acid 

(10% TCA) was then added to each well, into which the cell layer was scraped. 100fxl 

lOmg/ml (1 mg/well) BSA was also added to each well to act as a carrier of the 

precipitated cell layer. The plates were then left overnight in an incubator at 4“C. TCA 

was then removed and transferred to 1.5ml micro-centrifuge tubes. Each well was 

washed with 250/d 10% TCA and added to the initial aspirate. Precipitate was pelleted 

by spinning the tubes in a microcentrifuge at 13,000xg for 2minutes and the supernatant 

subsequently aspirated by vacuum line. The pellet was then redissolved in 0.5ml 0.5M 

NaOH and an aliquot pipetted into a scintillation vial. 4ml liquid scintillant (Ecoscint, 

Packard, Pangbourne, Berkshire, UK) was added to each tube and the thymidine content 

of this aliquot counted in a p-counter (Packard) for 10 minutes.

2.6 Measurement of fibroblast procollagen metabolism in response 

to mechanical load and polypeptide growth factors

2.6.1 Principle of the assay

Procollagen metabolism by cultured fibroblasts was assessed by measuring 

hydroxyproline (OHpro) in intact proteins (ethanol insoluble fraction), as well as in low 

molecular weight degradation products, derived from procollagen synthesized and 

degraded during the culture period (ethanol soluble fraction), using a high pressure liquid 

chromatography method previously developed in this laboratory (Campa et al., 1990; 

McAnulty et al., 1991). The principle steps involved in measuring procollagen 

metabolism are shown in figure 2.3. OHpro represents approximately 12% of the 

primary sequence of procollagen, and is essential for the formation of the collagen triple
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helix. This amino acid, however, is not present to a significant level in most other 

proteins. Other proteins containing in OHpro are elastin, Clq component of 

complement, acetylcholinesterase, surfactant apolipoproteins A and D, ficollin a  and 13 

and macrophage scavenger protein. These proteins have not been demonstrated to be 

produced by isolated fibroblasts in culture, and therefore OHpro concentration from 

fibroblast cultures in vitro is an excellent determinant of procollagen metabolism.

2.6.2 Assay procedure

Cell culture

For all of the following experiments cells were trypsinized at confluence as previously 

described (see section 2.2.1), and seeded at 1x10  ̂cells/well in 1ml DMEM/10% PCS 

into 12 well sterile tissue culture plates. Upon reaching visual confluence the medium 

was replaced with fresh medium containing pre-incubation medium of DMEM/1 % PCS 

supplemented with glutamine (4mM), penicillin (200 units/ml), streptomycin (200jLcg/ml), 

ascorbic acid (50/ig/ml), proline (0.2mM) and 0% PCS. After 24 hours pre-incubation 

the media was replaced with identical media containing 0, 1 or 10% PCS (incubation 

media). The serum free medium was supplemented with 1 mg/ml BSA and 1/xg/ml 

transferrin. Cells were returned to the incubator and left for a further 24 or 48 hours. 

For all experiments up to 48 hours the media was supplemented, after 24 hours, with 

ascorbate to the same final concentration as the initial media by adding 10/xl of 500mg/ml 

ascorbate. After the incubation period (24 or 48 hours) the plates were placed into a 

-40°C freezer for storage prior to harvesting.

As there is a small amoun^procollagen in the cell layer and the culture serum, time zero 

samples (tO) were included for all experiments performed, and consisted of freshly added 

incubation medium into which the cell layer had been scraped at the onset of the 

incubation period. This value represented between 20-40% of the total procollagen 

detected in the assay.

For each procollagen metabolism experiment performed parallel cultures (n=4-6) were 

included for estimation of cell number by direct cell counting, following trypsinization
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as previously described, or DNA synthesis (see section 2.7) after the incubation period. 

This allowed estimation of cell replication and correction of the procollagen synthesis 

values for final cell number in the cultures. This was particularly necessary for those 

experiments carried out with growth factors known to stimulate fibroblast replication and 

cultures maintained in 10% PCS.

Mechanical loading experiments

JRHx and RPA fibroblasts were seeded onto elastin-coated 6 well flexible bottomed or 

control culture plates (Flexcell International Corp.), grown and pre-incubated as 

described above. Incubation medium containing 0, 0.4, 1 or 10% PCS, or 0% PCS plus 

added growth factor, was added and the cells incubated with or without mechanical load 

for 24 or 48 hours. For all experiments up to 48 hours the media was supplemented, 

after 24 hours, with ascorbate to the same final concentration as the initial media by 

adding 10fû of 5mg/ml ascorbate. Experiments were terminated by freezing the culture 

plates at -40°C for storage. Cultures for the estimation of tO values were carried out as 

described above.

Growth factor dose responses

JRHx and RPA fibroblasts were seeded into sterile 12-well tissue culture plates and upon 

reaching visual confluence pre-incubation medium was added as above. After 24 hours, 

the pre-incubation medium was removed and replaced with incubation medium containing 

the growth factor in question. Growth factors bPGP, PDGF, and IGF-1 were initially 

added at concentrations of 1, 5, 10 and 20ng/ml and TGFB at concentrations of 0.1, 1, 

5 and lOng/ml. If all of the doses tested gave maximal responses, then submaximal 

doses were also used in subsequent experiments in order to construct a full dose response 

curve for each growth factor. All cultures were n=4-6 and cell counts or DNA 

estimation was performed on replicate cultures for the growth factors known to stimulate 

cell replication. Cells were incubated for a further 24 hours before freezing and 

processing as described below. Cultures for the estimation of tO values were carried out 

as described above.
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2.6.3 Sample processing

Cell harvesting

The frozen plates were thawed and the cell layer scraped into the medium with a teflon 

scraper. The contents of each well were then aspirated and transferred to 5 ml tubes 

(Bibby-Sterillin, Marathon Laboratories, London, UK). Culture wells were washed with 

1ml PBS which was added to the initial aspirate.

Separation of ethanol-insoluble and ethanol-soluble fractions

Proteins were precipitated by the addition of absolute ethanol to a final concentration of 

67% (v:v) and left overnight at 4°C. Ethanol-soluble proteins (amino acids and small 

peptides) were separated from ethanol-insoluble (precipitated proteins) using filtration 

through a 0.45/xm pore filter (type HV, Millipore) using a vacuum filtration unit 

(Millipore). Supernatants were collected in glass hydrolysis tubes placed underneath 

each filter and the protein pellets were washed with 1ml 67% ethanol (v:v), and 

evaporated to dryness on a dri-block sample concentrator (Techne DB-3 SC-3). Filters 

with adherent proteins were transferred to hydrolysis tubes and both filters and dried 

supernatant material was resuspended in 2ml 6M HCl for hydrolysis at 110°C for 

16hours. Hydrolysates were decolorised with 30mg activated charcoal (Hopkins and 

Williams, Essex, UK) and filtered through an acid resistant 0.65^m pore filter (type DA, 

Millipore) prior to chromatography.

2.6.4 Measurement of hydroxyproline by reverse phase HPLC

Principle of the assay

Hydroxyproline (OHpro) in sample hydrolysates was isolated and measured by reverse 

phase HPLC following derivatization with 7-chloro-4nitrobenzo-2-oxa-1,3-diazole 

(NBDCl) (Sigma) according to the original method described by Campa et al., 1990.; 

Under the conditions described below, secondary amino acids react with NBDCl to 

produce a chromophore which exhibits a strong light absorbance at 495nm. NBDCl also 

reacts with primary amino acids but these amino acids only have limited absorbance at 

this wavelength. In addition, the reaction with OHpro and proline occurs one order of
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magnitude faster than for the primary amino acids (Campa et ah, 1990). Interference 

from primary amino acids is therefore minimized by keeping the derivatization time to 

20minutes, a time point at which the extent of OHpro derivatizating with NBDCl at 37°C 

was previously shown to be maximal for up to 20nmol OHpro (Campa et ah, 1990).

Pre-column derivatization

A 100/xl aliquot, of each sample hydrolysate, prepared as above, was transferred to a 

microcentrifuge tube (Eppendorf) and evaporated to dryness under vacuum on a sample 

concentrator (Savant Speedvac Plus AR SCI 10 AR; Life Sciences International, 

Basingstoke, Hampshire, UK). The residue obtained was redissolved in 100/xl HPLC 

grade water, buffered with 100/xl 0.4M potassium tetraborate (pH9.5) (Sigma), and 

reacted with 100/xl 36mM NBDCl (in methanol) to a final concentration of 12mM 

NBDCl. NBDCl-derivatized amino acids are light sensitive, so the samples were 

protected from light using aluminum foil. The samples were incubated in a water bath 

at 37°C for 20 minutes, after which time the reaction was stopped by lowering the pH 

with 50/xl 1.5M HCl. 150/xl of a concentrated solution of HPLC running buffer A 

(167mM sodium acetate in 26% aqueous acetonitrile, pH 6.4) was added and samples 

filtered using an HPLC low dead volume filter (pore size 0.22/xm, type GV, Millipore). 

A 100/xl aliquot was injected onto the HPLC column and eluted with an acetonitrile 

gradient as described below.

Instrumentation and chromatographic conditions

Derivatized samples were separated on a LKB single pump HPLC system 

(LKB/Pharmacia, Milton Keynes, Buckinghamshire, UK) or a Beckmann System Gold 

HPLC (Beckmann, High Wycombe, Buckinghamshire, UK), with a reverse phase 

cartridge column (LiChroCART LiChrospher 250x4mm, 5/xm particle size, lOORP-18; 

BDH/Merck) protected by a directly coupled pre-column (Lichrosorb, 4x4mm, 5/xm, 

lOORP-18; BDH/Merck). The columns were continuously maintained at 40°C in a heated 

column oven.

At the beginning of each day the running buffers were degassed with helium (BOC, 

London, UK), and the HPLC system equilibrated in running buffer A (see table 2.1) for
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40 minutes. The first two samples derivatized each day were OHpro standard solutions 

(equivalent to 50pmol) which were then used in the quantitation.

NBDCl derivatives in samples and standards were eluted with an acetonitrile gradient, 

increasing the concentration of buffer B over time. The chromatographic conditions 

employed are summarized in table 2.1. Post column detection was achieved by 

monitoring absorbance at 495nm using a flow-through variable wavelength monitor and 

the signal was processed using an on line chromatography computing integrator (Trio; 

trivector, Sandy, Bedfordshire, UK for LKB system, or the System Gold Integrator for 

Beckmann System) for quantitative analysis.

Typical HPLC chromatograms obtained for ethanol-insoluble (a) and ethanol-soluble 

sample fractions (b) are shown in figure 2.4. OHpro elutes from the column at 5.5-6 

minutes after injection, between glutamine (3.5 minutes) and serine (6.5 minutes) and just 

prior to the mobile phase becoming predominantly organic. The remaining amino acid 

derivatives in the sample were eluted as the proportion of the organic buffer (acetonitrile) 

was increased. The total running and column regeneration time was 25 minutes

2.6.5 Quantitation and calculation of OHpro content

Quantitation of the OHpro content in each 100/xl sample injected onto the column was 

determined by comparing peak areas of chromatograms obtained for each sample to those 

generated from the two standard solutions derivatized and separated under identical 

conditions at the beginning of each day. All values obtained for the ethanol-insoluble 

fractions were corrected for the amount of OHpro in the protein-bound OHpro measured 

in the cell layer and the culture medium at the onset of the 24 hour incubation period by 

subtracting the ethanol-insoluble fraction of the tO sample. OHpro measured in ethanol- 

soluble fractions of the tO sample was similarly subtracted from all ethanol-soluble 

sample values.

These values represent the procollagen protein production (procollagen synthesized and 

present as intact procollagen molecules in both the media and cell layer) and procollagen



75

degradation (procollagen synthesized, subsequently degraded and present as OHpro or 

small peptides in the media). The sum of these two values represents the total 

procollagen synthesis over the incubation time by the fibroblasts. Parallel cultures were 

included for cell counts or DNA content, to enable calculation of the procollagen 

metabolism per cell.

Data are expressed as total procollagen synthesis, procollagen protein production, and 

procollagen degradation with units of nmoles OHpro/well, or nmoles OHpro/24 hours. 

Data for procollagen degradationarealso expressed as the proportion of total synthesis by 

the calculation:

EtOH-soluble OHpro x 100 = % procollagen degradation

(EtOH-soluble + EtOH-insoluble)

2.7 Estimation of DNA content in confluent monolayers

2.7.1 Principle of the assay

Cell replication during the course of procollagen metabolism experiments in response to 

mitogenic growth factors was assessed by determination of DNA content of the confluent 

monolayers. The amount of DNA was determined by measuring the absorbance of the 

colorimetric reaction between DNA phosphates and diphenylamine in the presence of the 

colour potentiating agent acetaldehyde.

2.7.2 Assay procedure

Duplicate wells were cultured in an identical fashion to the procollagen metabolism 

experiments. At the end of the incubation period the medium was removed, and the cells 

layer washed once in 1ml PBS and subsequently scraped into 1ml fresh PBS. The cell
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Column 

Mobile phase

LiChrospher, lOORP-18, 250 x 4mm, 5/xm 

A - aqueous acetonitrile (8% v:v) 

50mM sodium acetate, pH 6.4

B - aqueous acetonitrile (75% v:v)

Flow rate

Temperature

Detection

Iml/min

40T

495nm

Gradient Time (mins) 

0

5

6 

12 

12.5 

25

%B

0

5

80

80

0

0

Table 2.1: Chromatographic conditions for the separation of OHpro using RP- 

HPLC

The table shows the chromatographic conditions necessary for the isolation of OHpro 

from mixed amino acid samples derived from hydrolysed proteins.



&
1
%

I

78

(
0)

J
q:

0
;

uKJ A .

” Tvv>a6 ^

Figure 2.4: Chromatographic separation of OHpro by RP-HPLC

The figure shows typical chromatograms obtained for ethanol insoluble (procollagen 

protein production, top panel) and ethanol soluble (procollagen degradation, bottom 

panel) fractions following RP-HPLC. The OHpro peak was well defined with a typical 

column retention time 5.5-6.5minutes.
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debris was pelleted by centrifuging in a microcentrifiige (Eppendorf) at 13,000xg for 5 

minutes. The supernatant was discarded and the pellet resuspended in 0.5M perchloric 

acid (PCA) at 4°C for 10 minutes to extract contaminating RNA. The pellet was 

recentrifuged and washed in this way twice again in 0.5M PC A. After the final wash the 

pellet was resuspended in 1.2ml 0.8M PCA and heated to 70°C for 45 minutes to 

solubilize the DNA. Simultaneously a standard curve of calf thymus DNA was prepared 

in glass tubes and similarly heated in 0.8M PCA.

After cooling on ice the samples were centrifuged at 4°C as before and a 1ml aliquot of 

each supernatant transferred to glass tubes. 100/xl of an aqueous acetaldehyde solution 

(1.6mg/ml), and 1ml of 4% (w:v) diphenylamine was added to each sample. Tubes were 

capped, vortexed and incubated overnight in a water bath at 30°C. The following 

morning the absorbance at 595nm was measured using a spectrophotometer (Gilford 

2600, Gilford Instrumentation Laboratories, Oberlin, Ohio, USA). A typical standard 

curve is shown in figure 2.5. There was a highly linear correlation between absorbance 

and DNA concentration between 5-20/xg/ml DNA. The absorbance of 10/xg/ml DNA 

was extrapolated following linear regression between these values and the DNA content 

in each 1.2ml sample was measured using the formula.

DNA ^g/sample = Abs (sample) x 0.12

Abs for lOfjLg DNA

2.8 Northern analysis of procollagen mRNAs in response to 

mechanical load

2.8.1 Precautions taken to prevent RNase activity

For all experiments involved in RNA isolation deionized water was pre-treated with 

0.1% (v:v) diethyl pyrocarbonate (DEPC) overnight. The treated water was then 

autoclaved to remove traces of the DEPC. All subsequent reagents were made from
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molecular biology grade chemicals (Sigma, unless otherwise stated) with the treated 

water.

2.8.2 mRNA isolation and quantitation

Cell cultures were treated in identical fashion as for those in the collagen metabolism 

experiments. Cells were incubated with 0% PCS, 10% PCS or 0% PCS + added 

growth factors under control or loaded conditions. After the application of mechanical 

load, cells were washed with 1ml sterile PBS to remove protein from the medium above 

the cells. 1ml TRIzol reagent (Gibco ERL, Paisley, Renfrewshire, UK) was added to 

each well, and the cell layer scraped into the reagent using a cell scraper sterilized in 

absolute ethanol. mRNA was isolated as per manufacturers instructions for the TRIzol 

reagent. The cell suspension was left to stand for lOminutes, 200/xl of chloroform was 

then added to each sample and the tubes centrifuged at 12,000g for 15 minutes at 4°C. 

The aqueous phase was aspirated into new tubes and 500/xl isopropanol (Sigma) added 

to each sample. Tubes were left at room temperature for lOminutes and centrifuged at 

12,000g for 15 minutes at 4°C. The supernatant was removed, and the pellet washed 

in 75% EtOH. The tubes were vortexed and re-spun at 7,500g at 4°C. The supernatant 

was again aspirated and the pellets air dried. 20/xl H2 O was added to redissolve the RNA 

and the pellets stored in this form at -70®C.

A 2/xl aliquot of the RNA was quantitated in 1ml DEPC water at 260nm by 

spectrophotometer (Gilford 2600) and the volume of sample required for 8fj,g total RNA 

was calculated. This calculation was based on the assumption that 40/xg pure RNA in 

1ml gives an absorbance reading of lOD unit. This volume of RNA was mixed with 

double the volume of RNA loading buffer (Sigma) containing ethidium bromide (EtBr) 

and heated to 65°C for lOminutes, prior to loading onto the gel.

2.8.3 Electrophoresis and transfer to nitrocellulose

2g agarose was added to 162ml DEPC water and autoclaved. Upon cooling to 

approximately 65°C, formaldehyde was added to 9% (v:v) (18ml), and 20ml 20X MOPS
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Figure  2.5: S ta n d a rd  curve of DNA concentration

The figure shows a standard curve for calf thymus DNA concentration between 1 and 

20/ig DNA.
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running buffer was added (0.4M 3-(N-morpholino-propane sulphonic acid (MOPS), 

32mM sodium acetate and 4mM E D T ^. The gel was cast and left to set at 4°C.

Samples were run on the gel at a constant voltage of 80V in IX MOPS running buffer 

(as above) for up to 5hours. The integrity of the RNA, and uniformity of loading was 

confirmed by the presence of the 18S and 28S ribosomal RNA bands identified by EtBr 

staining. The gel was photographed under ultraviolet light to visualize the ethidium 

bromide, and subsequently washed in 250ml DEPC water for 20minutes. RNA was 

transferred to a nylon membrane by Northern blot in 20X sodium chloride/sodium citrate 

solution (20X SSC, 175.3g/l NaCl, 88.4g/l Na citrate) overnight. RNA transferred to 

the membrane was fixed using an ultraviolet crosslinker the following morning.

2.8.4 Hybridisation and autoradiography

Membranes were pre-hybridized in 5X Denhardt’s solution (lOg/1 Ficoll, lOg/1 

polyvinylpyrrolidone, and lOg/1 BSA), 5X SSC, 0.1% sodium dodecyl sulphate (SDS) 

containing 100/xg/ml denatured salmon sperm DNA (Gibco BRL), for Ihour at 65°C. 

During this time the probe (either Hf677 oci(I) procollagen cDNA, or Hf934 ai(III) 

procollagen cDNA was labelled with p^P]-dCTP (Amersham International, Amersham, 

Buckinghamshire) as per manufacturers instructions (Megaprime labelling kit, Amersham 

International). Pre-hybridization solution was discarded and identical solution, but not 

containing salmon sperm DNA, was added to the filter. The labelled probe was added 

to the hybridization solution and the filter incubated at 65°C overnight. After this time 

the filter was removed and washed in 2X SSC, 0.1% SDS for lOminutes at room 

temperature, followed by a high stringency wash in 0.2X SSC, 0.1% SDS, for Ihour at 

65-70°C. The membrane was wrapped in cling film and exposed to autoradiography film 

(Sigma) until a suitable signal was visible.

K
J

2.8.$ Calculation and quantitation of autoradiographic signal

The signal generated from the procollagen types I and III mRNAs were | quantified using 

a laser scanner (Sharp JX 330) linked to Imagemaster ID software (Pharmacia).
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Absorbance values of the signal representing the bands for procollagen types I and III 

mRNA were normalised relative to the loading of total RNA in the same sample. This 

was determined by scanning the photograph of the (EtBr) stained IBS ribosomal RNA 

band from the agarose gel prior to transfer to nitrocellulose.

All results from mechanically loaded samples are expressed as a percentage above 

controls and this change is represented as a bar chart, with the autoradiograph and the 

EtBr stain also shown. Control cultures for experiments with growth factors and 

mechanical load were the cultures stimulated by the growth factors alone.

2.9 Determination of the effects of growth factors on fibroblast 

replication

2.9.1 Principle of the assay

Fibroblast replication in response to growth factors or conditioned media was assessed 

using a spectrophotometric assay based on the uptake and subsequent elution of the dye 

methylene blue, according to the method developed in our laboratory (Oliver et al., 

1989). The assay was performed in 96 well microtitre culture plates and is a rapid and 

convenient method, making it ideal for screening large numbers of samples of dose 

responses to growth factors.

Methylene blue is basic with a positive charge at pH 8.5 and binds electrostatically to 

negatively charged groups, including phosphate moieties of nucleic acids and charged 

proteins within the cells layer. The dye is eluted from the cell layer by lowering the pH 

to below 2 with HCl. This results in the protonation of acidic groups and the liberation 

of the methylene blue into the eluent. Methylene blue forms dimers in aqueous solution 

at low pH and does not obey Beer-lamberts Law. The formation of dimers is suppressed 

by using an HCl/ethanol eluent which results in a single absorbance peak at 650nm.
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2.9.2 Assay procedure

Cell plating and pre-incubation period

Cells were trypsinized, as previously described and a cell suspension obtained. The cell 

suspension was spun at 220g in a bench centrifuge for 5minutes. The supernatant was 

discarded and the cells resuspended in 10ml DMEM/1 % PCS. A 10/zl aliquot of the cell 

suspension was counted in a haemocytometer (Neubauer improved haemocytometer, 

BDH/Merck, Lutterworth, Leicestershire, UK), using an inverted microscope under 

phase contrast. The number of cells/ml was calculated and a further dilution of the cells 

was performed to give the appropriate cell concentration. For kinetics studies this 

number varied from 6200 to 200,000 cells/ml, for experiments determining the effects 

of growth factors, cells were diluted to 50,000 cells/ml. 100^1 of this suspension was 

placed into the central 10x6 wells of a 96 well plate. The outer wells received 100/xl of 

DMEM/1 % ECS only, as these wells have been demonstrated to lose some volume due 

to evaporation during the course of the experiments. Cells were pre-plated for 48 hours 

in a humidified incubator at 37°C and 10% COj.

Incubation period

Following 48 hours pre-incubation the plating media was removed and replaced by fresh 

DMEM/1 % ECS (columns 2 and 11, media control), DMEM/10% ECS (column 3, 

positive control) or the test solution (columns 4-10). The test solution was typically 

growth factor or PCS, serially diluted across the plate to give a dose response of the 

fibroblasts in response to the growth factor being tested. Cells were further incubated 

for 24-96 hours.

Fixation of cells

At the end of the experiment, medium was removed by immersing the plate in 0.15M 

PBS. Plates were then blotted onto absorbent paper towels and 100/xl of formol saline 

(aqueous solution containing 0.5% NaCl, 0.5% NazSO  ̂ and 10% formaldehyde) was 

added to each well. Formol saline was left covering the cell layer for 20 minutes at room 

temperature, although plates could be preserved in this way for several weeks if wrapped 

in silver foil to prevent evaporation.



85

Cell staining

Formol saline was removed by inverting and tapping the plate onto absorbent paper 

towels. Cells were then stained with 100/xl methylene blue (1% w:v) (Sigma, Poole, 

Dorset, UK) in O.OIM borate buffer, pH 8.5. The dye was incubated with the cells for 

SOminutes, after which time the un-bound dye was removed by inverting the plate. 

Remaining un-bound dye was removed by a series of four washes in 21 buffer tanks 

containing O.OIM borate buffer, pH8.5. After the final wash the remaining buffer was 

tapped out on paper towels and the plates dried in air.

Elution of bound dye

The cell associated bound dye was eluted with 100/xl acidified alcohol (O.IM HCl, 

absolute alcohol; 1:1 (v:v)). Gentle agitation was necessary to ensure that all of the 

bound dye was eluted and well mixed. The absorbance was determined at 650nm using 

a microtitre plate reader (Titertek multiscanner, ICN Flow, High Wycombe, Bucks, 

UK).

2.9.3 Validation of the methodology

Assessment of cellular proliferation using this assay have previously shown a strong 

correlation with results obtained from direct cell counting after plating known numbers 

of fibroblasts (Oliver et al., 1989), and in response to many stimulatory or inhibitory 

compounds after incubation, including ET-1 (Peacock et al., 1992), thrombin and 

coagulation cascade mediators (Gray et al., 1990; Dawes et al., 1993) cadmium 

(Chambers, 1994) and in response to biological samples such as bronchoalveolar lavage 

fluid (Harrison et al., 1994). In order to confirm this validation for the two cell lines 

primarily used in this thesis, experiments were performed in which cells were seeded at 

different densities in media containing 1% ECS, fixed after 24 hours and cell counts and 

absorbance values determined and correlated (see Results Chapter 5).

Validation of this method is also necessary after incubation with the factors of interest 

to ensure any increase in absorbance was due to cell replication and not to cellular 

hypertrophy. Hypertrophy of fibroblasts in this assay has never been noted in response
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to any stimuli.

2.9.4 The optimisation of conditions

Conditions were used to optimise the effects of the agents causing cell replication. Cells 

were seeded at varying concentrations 750-20,000 cells/well and the replication observed 

in response to 1% and 10% PCS up to 96hours after the addition of incubation media. 

Optimal conditions were deemed to be a cell number that gave a mid-range absorbance 

value in controls (1 % PCS), but were capable of replicating for up to at least 48 hours 

in a linear fashion in response to 10% PCS. The cell number seeded and time of 

incubation was chosen as 5,000 cells/well with an incubation period of 48 hours (see 

Results Chapter 4, section 3.4.1.1). This cell number was then demonstrated to replicate 

in a linear fashion to a range of mitogenic concentrations of PCS (0-20% PCS), which 

represents a maximal mitogenic stimulus for these cells for up to 48 hours. It was 

therefore assumed that stimuli by growth factors or conditioned medium would be 

detectable.

2.9.5 Calculations

The percent change in fibroblast number was determined relative to 1 % PCS media 

control by using the following calculation;

% change = Absorbance (treated) - 1 x 100

Absorbance (control)

Por the correlation of cell counts and absorbance (see Results Chapter 4, fig 3.29) the 

mean counts of stained cells in three high power fields, were plotted against the 

absorbance values from the same wells.
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2.10 Data handling and statistical analysis

All values represented in the results show the mean + standard error of the mean (SEM). 

All values are the means of at least 4 replicate samples carried out on the same day, 

unless otherwise stated. Statistical analysis was performed by unpaired two-sided 

Students r-test when comparing two samples e.g. mechanically loaded vs control. For 

dose responses of the fibroblasts to the growth factors, with respect to either fibroblast 

replication and procollagen metabolism, analysis of variance (ANOVA) was performed 

for all groups followed by the Tukey (student Neumann Keuls) test. Results were 

deemed to be significant at the 95% confidence level (p<0.05) and all statistically 

significant results are represented as either p<0.05 or p<0.01.
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CHAPTER 3

RESULTS
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RESULTS CHAPTER 3.1

DEVELOPMENT AND CHARACTERIZATION OF A FOETAL 

RAT CARDIAC FIBROBLAST CELL LINE

3.1.1 Fibroblast isolation and growth

Foetal rat cardiac fibroblasts (JRHx fibroblasts) grew immediately by explant culture and 

were visible 24 hours after the fragments were settled onto the cultures flasks. 

Photographs of two different tissue fragments are shown in figure 3.1a and b following 

48 hours incubation. The identical areas of the culture flasks are shown after 72 hours 

in figure 3.2a and b. Following removal of the tissue fragments, after 72 hours, the cells 

were trypsinized and replated into fresh flasks, in order to evenly distribute the 

fibroblasts over the culture surface. Figure 3.3a, b, c and d demonstrate the continued 

growth of these cultures 2, 4, 6 and 8 days following the trypsinization and replating of 

the cells. The fibroblasts were irregular in shape when subconfluent. Upon reaching 

visual confluence they assumed a more characteristic spindle shape and formed

swirling patterns characteristic of fibroblasts. At this stage of growth the fibroblasts 

were frozen or repeatedly passaged for use.

3.1.2 Immunofluorescent characterization of JRHx fibroblasts

Immunofluorescent characterization of the fibroblasts grown on glass cover slips was 

carried out by Dr. Kevin Pritchard at the National Heart and Lung Institute. These 

techniques and staining with specific markers are used to determine fibroblast and smooth 

muscle cell phenotype in models of carotid artery remodelling by Dr Pritchards 

laboratory (Reckless et al., 1994). Figure 3.4a and b and figure 3.5a and b show that 

the cells exhibited staining of B-actin stress fibres and the low molecular weight isoform 

of caldesmon - a fibroblast but not smooth muscle cell marker - respectively. There was 

no evident staining for smooth muscle cell or myofibroblast markers - the high molecular
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weight isoform caldesmon or smooth muscle cell a-actin.

3.1.3 Cell morphology after growth factor treatment

The morphology of the cells remained consistent following application of the growth 

factors used in further experiments. Photographs of control subconfluent cultures and 

cultures following 48 hours exposure to 10% PCS and 20ng/ml of human PDGF, bPGF, 

IGF-1 and TGFb are shown in figure 3.6a-f. The photographs show the replication of 

the fibroblasts in response to PCS, PDGF and bPGF, and demonstrate that no 

morphological change in the fibroblasts occurred at the light microscope level.
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Figure 3.1 G row th  of JR H x  libroblast p r im ary  cultures (1)

Foetal rat cardiac fibroblast outgrowth from tissue fragments is shown in figures a and 

b, following 48 hours incubation.



Figure  3.2 G row th  of JR H x  fibroblast p r im ary  cu ltures (2)

Foetal rat cardiac fibroblast outgrowth from tissue fragments is shown in figures a and 

b, following 72 hours incubation.
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Figure  3.3 G row th  of JR H x  fibroblast p r im ary  cultures (3)

Panels a, b, c and d demonstrate the growth of the primary cultures following 2, 4, 6, 

and 8 days following seeding into fresh cultures flasks.
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Figure  3.4 Imiiuinoriiiorescent characler iza tlon  of JR H x  fibroblast cu ltures  (1)

Panels a and b demonstrate staining for cellular B-actin at low and high magnification 

respectively.



Figure  3.5 Iniiminoriiiorescent ciiaracterizatioii oi‘JR H x  fibroblast cultures (2)

Panels a and b demonstrate cellular staining for the low molecular weight isoform of 

caldesmon
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Figure 3.6: Fibroblast m orphology following trea tm ent with grow th factors

Photographs of the JRHx fibroblasts in control consitions (top left), and following 

treatment with 10% FCS (top right), human PDGF (middle left), bFGF (middle right), 

TGFB (bottom left) and IGF-1 (bottom right)
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RESULTS CHAPTER 3.2

THE EFFECT OF MECHANICAL LOAD ON CARDIAC AND 

PULMONARY ARTERY FIBROBLAST REPLICATION

3.2.1 Foetal rat cardiac fibroblasts

The effect of mechanical load on cardiac fibroblast replication was examined since 

excessive fibroblast replication has been reported to occur in models of cardiac 

hypertrophy induced by pressure overload (Grove et al., 1969; Leslie et al., 1991). It 

was therefore of interest to determine whether mechanical load could stimulate 

replication directly, and if so if this occurred through the release of mitogenic growth 

factors.

3.2.1.1 Effect of mechanical load and FCS concentration on cardiac fibroblast 

replication and DNA synthesis

The effect of mechanical load on JRHx fibroblast replication and DNA synthesis was 

examined over a five day period by direct cell counting and by [^HJmethyl-thymidine 

incorporation.

There was no significant change in the cell numbers of the loaded compared with control 

cultures (figure 3.7a), maintained in 1% or 10% FCS, at any time up to 88 hours 

after mechanical load. Cells maintained in 10% FCS replicated significantly faster than 

those maintained in 1% FCS.

Figure 3.7b shows that the thymidine incorporation, following a 4hour labelling period, 

was unchanged in mechanically loaded compared with control cultures maintained in 

either 1% or 10% FCS for up to 88 hours days, the exception being after 12hours when 

fibroblasts cultured in 10% FCS and mechanically loaded incorporated significantly less 

thymidine than the controls (p<0.05). The incorporation of thymidine in the cultures
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maintained in 10% FCS was greater than that of the cultures maintained in 1% FCS at 

all time points.

3.2.1.2 Effect of mechanical load and a range of serum concentrations on 

cardiac fibroblast replication and DNA synthesis

Similar experiments to those described above were carried out using a range of serum 

concentrations for a total of 32 hours, with a 24 hour labelling period. This approach 

was adopted as the thymidine incorporation/cell was calculated to be greatest during the 

first 24 hours. No thymidine incorporation was measured during the inital 8 hours in 

other experiments, representing the entry of the cells into S phase. Labelling for an 

entire 24 hour period also ruled out the chance that the previous analyses missed a peak 

of DNA synthesis.

Cell numbers were unchanged in the loaded compared to control cultures, at all FCS 

concentrations (figure 3.8a). There was a graduated increase in cell number from 

cultures maintained in increasing serum concentration, plateauing at 5% FCS.

The thymidine incorporation in the loaded cultures was lower than that from their 

respective controls at all FCS concentrations (figure 3.8b), but only significantly different 

from control cultures 5% FCS (p<0.05). This decrease in the loaded cultures occurred 

under all the conditions tested, and was reproducible in subsequent experiments.

3.2.1.3 Analysis of mitogenic activity in conditioned medium from loaded JRHx 

fibroblast cultures

Mitogenic activity in the conditioned media from JRHx fibroblasts loaded for 1, 2 and 

5 days in 1% FCS was analysed using the methylene blue assay for growth activity, 

using JRHx fibroblasts as the test cells. The conditioned media from all the time points 

tested proved inactive in stimulating JRHx fibroblast proliferation (table 3.1).
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3.2.1.4 Effect of mechanical load on JRHx fibroblast realignment

The effect of mechanical load on the realignment of the JRHx fibroblasts was examined. 

Previous reports suggest that many cell types line up in response to mechanical load 

perpendicular to the major gradient of the load. We observed this realignment by the 

JRHx fibroblasts around the periphery of the wells after 24 hours, the area of the 

membrane that is subjected to both the maximum elongation and the maximum gradient 

of load across the membrane. This realignment did not occur in the centre of the loaded 

membranes, the area of minimal or no load, or in the control membranes. Photographs 

showing the morphology of the loaded and control cells under these conditions are shown 

in figure 3.9.
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Figure 3.7: Effect of mechanical load and serum concentration on JRHx

fibroblast replication and DNA synthesis

The figure shows the effect o f  88 hours of mechanical load ( • )  compared with controls 

(O) on (a) the replication of JRHx fibroblasts and (b) thymidine incorporation in cultures 

containing 1% or 10% PCS. * denotes p < 0 .0 5  compared to same serum containing 

loaded sample.
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Figure 3.8: Effect of mechanical load and a range of FCS concentrations on

JRHx fibroblast replication and DNA synthesis

The figure shows the effect o f 32 hours of mechanical load (■ )  or control conditions (□) 

on JRHx fibroblast replication (a), and thymidine incorporation (b), in a range of serum 

concentrations. * denotes p <  0.05.
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Duration of Control Loaded

mechanical load cultures cultures

(days) Abs (495nm)

1 0.13+0.04 0.15+0.02

2 0.13+0.04 0.13+0.01

5 0.11+0.05 0.12+0.04

Table 3.1: Mitogenic effect of mechanically loaded JRHx fibroblast conditioned

media

The table shows the effect of conditioned media from JRHx fibroblasts loaded for 1, 2 

and 5 days on JRHx fibroblast replication. Results are given as the absorbance at 495nm 

of methylene blue dye eluted from the culture wells, which is proportional to cell number 

(see methods)
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Figure 3.9: Effect of luechanical load on JRH x fibroblast realignment

The panels show the realignment of JRHx fibroblasts subjected to mechanical load 

around the edge of a loaded membrane (top panel), and, in the centre of a loaded 

membrane (bottom panel).
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3.2.2 Adult rat pulmonary artery fibroblasts

Fibroblast proliferation also occurs in the adventitia of vessels during the remodelling 

process associated with hypertension. The effect of in vitro mechanical load and FCS 

concentrations on RPA fibroblast replication and DNA synthesis was determined as 

described for the JRHx fibroblasts.

3.2.2.1 Effect of mechanical load and FCS concentration on pulmonary artery

fibroblast replication

Cell replication was determined from loaded and control cultures maintained in 1 % or 

10% FCS (figure 3.10). There was no significant change in the cell number of the 

loaded compared with control cultures for either serum concentration.

3.2.2.2. Effect of mechanical load and a range of FCS concentrations on

pulmonary artery fibroblast replication and DNA synthesis

Similar experiments as described for the JRHx fibroblasts were carried out with 32hours 

mechanical load and 24 hour labelling period, as used previously for the JRHx 

fibroblasts.

Cell numbers were unchanged in the loaded compared with control cultures, at all FCS 

concentrations (figure 3.11a). There was a graduated increase in cell number from 

cultures maintained in increasing serum concentrations.

The thymidine incorporation in the loaded cultures was lower than that of their respective 

controls, aspccurredin the cardiac fibroblast cultures (figure 3.11b). This difference was 

significant only in cultures maintained in 1% FCS (p<0.01).
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3.2.2.3 Analysis of mitogenic activity in conditioned medium from loaded 

RPA fibroblast cultures

Conditioned media from RPA fibroblasts loaded for 1, 2 and 5 days in 1 % FCS was 

analysed using the methylene blue assay for growth activity, using the RPA fibroblasts 

as the test cells. The conditioned media tested from all of these times proved inactive in 

stimulating RPA fibroblast proliferation (table 3.2).

3.2.2.4 Effect of mechanical load on RPA fibroblast realignment

The effect of mechanical load on the realignment of the RPA fibroblasts was examined 

as for JRHx fibroblasts. We found that the RPA fibroblasts lined up in a similar manner 

to the JRHx fibroblasts (see section 3.2.1.4) Photographs showing the morphology of 

the loaded and control RPA fibroblasts in these conditions are shown in figure 3.12.
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Figure 3.10: Effect of mechanical load and 1% or 10% FCS on RPA fibroblast 
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The figure shows the effect of mechanical load for up to 72 hours ( • )  compared with 

controls (O ) on the replication of  RPA fibroblasts.
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concentrations. ** denotes p < 0 .0 1
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Duration of Control Loaded

mechanical load cultures cultures

(days) (Abs 495nm)

1 0.50+0.04 0.48+0.07

2 0.41+0.04 0.44+0.03

5 0.38+0.05 0.42+0.04

Table 3.2: Mitogenic effect of mechanically loaded RPA fibroblast conditioned

media

The table shows the effect of conditioned media from RPA fibroblasts loaded for 1, 2 and 

5 days on RPA fibroblast replication. Results are given as the absorbance at 495nm of 

methylene blue dye eluted fromthe culture wells, which is proportional to cell number 

(see methods).
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Figure 3 .11: Effect of mechanical  load on RPA fibroblast realignment

The panels show the realignment of RPA fibroblasts subjected to mechanical load around 

the edge of a loaded membrane (top panel), and, in the centre of a loaded membrane 

(bottom panel)
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3.2.3 Summary

In summary, experiments carried out to determine the effect of serum and mechanical

load on JRHx and RPA fibroblasts showed that

i) JRHx and RPA fibroblast replication and DNA synthesis was stimulated by 

increasing FCS concentrations;

ii) mechanical load had no consistant signficant effect on either JRHx or RPA 

fibroblast replication or DNA synthesis in cultures maintained in serum-free 

conditions or maintained in a range of serum concentrations up to 10% FCS;

iii) the conditioned media from loaded JRHx or RPA fibroblast cultures contained no 

mitogenic activity when tested in a cell replication assay;

iv) both JRHx and RPA fibroblasts aligned in response to mechanical load along lines 

of similar force i.e. perpendicular to the force gradient.
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RESULTS CHAPTER 3.3

THE EFFECT OF MECHANICAL LOAD ON CARDIAC AND 

PULMONARY ARTERY FIBROBLAST PROCOLLAGEN 

METABOLISM

3.3.1 Foetal rat cardiac fibroblasts

In vivo models of pressure-overload havebeen reported to stimulate cardiac fibroblast 

collagen production per cell (Eleftheriades et al., 1992; Bishop et al., 1994; Low et al., 

1989). Culture conditions were developed to assess the direct effect of mechanical load 

on the collagen metabolism of the JRHx fibroblasts.

3.3.1.1 Kinetics of procollagen metabolism

The method for measuring the rate of procollagen metabolism assumes linear kinetics of 

collagen synthesis with respect to time. This was tested on confluent monolayers of 

cardiac fibroblasts grown on elastin-coated Flex I culture dishes, in media supplemented 

with 0% and 10% FCS, after 24 and 48 hours. These FCS concentrations represent 

quiescent (0% FCS) and “stimulated” (10% FCS) fibroblast monolayers. To control for 

cell number increasing in the samples incubated in 10% FCS, cell counts were also 

performed and the dataarerepresented as both procollagen/well and procollagen/10̂  cells.

Figure 3.13a, b and c show the kinetics of total procollagen synthesis, procollagen 

protein production and procollagen degradation per well over 48 hours for cultures 

maintained in 0% or 10% FCS. All parameters demonstrated linear kinetics with respect 

to time over the 48 hour incubation in both conditions. Furthermore, the gradient of 

these figures also reveal the procollagen total synthesis, production and degradation rates 

were approximately 0.23, 0.13 and 0.10 nmoles OHpro/well/hour respectively in 

cultures maintained in 0% FCS and 0.88, 0.60 and 0.27 nmoles OHpro/well/hour from
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cultures maintained in 10% FCS. Therefore the rates of total procollagen synthesis, 

procollagen protein production and procollagen degradation have increased in cultures 

maintained in 10% FCS by 283%, 362% and 170% respectively compared to those 

maintained in 0% FCS.

To determine if this response was due to stimulation of fibroblast procollagen 

metabolism, stimulation of fibroblast replication, or a combination of these factors, cell 

counts were performed after 24 and 48 hours in identical control. cell cultures.

These values can be seen in table 3.3 and show a limited fibroblast replication from 

cultures maintained in 10% FCS after 24 hours (7% increase), which increased further 

after 48 hours incubation (36% increase) compared to the zero time controls. There was 

no fibroblast measurable fibroblast replication from cultures maintained in 0% FCS. The 

procollagen metabolism data above was therefore corrected for these cell numbers and 

is shown in figure 3.13d, e and f.

The total procollagen synthesis, procollagen protein production and procollagen 

degradation rates for cultures maintained in 0% and 10% FCS were calculated as 0.05, 

0.03 and 0.02 nmoles OHpro/10^ cells/hour and 0.13, 0.09 and 0.04 nmoles OHpro/10^ 

cells/hour respectively. The values for cultures maintained in 10% FCS represent 

increases of 160%, 200% and 100% total procollagen synthesis, procollagen protein 

production and procollagen degradation respectively per cell compared to the cultures 

maintained in 0% FCS.

Therefore, the stimulation of collagen production per well from cultures maintained in 

10% FCS is principally due to a stimulation of procollagen metabolism, but a significant 

component of the increase is accounted for by fibroblast replication. This reasoning 

assumes that replicating fibroblasts produce similar quantities of procollagen to growth 

arrested or non-replicating cells.
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Figure 3.13 ; Kinetics of procollagen metabolism from JRHx fibroblasts

cultured on flexible membranes

The kinetics o f  total procollagen synthesis (a), procollagen protein production (b), and 

the procollagen degraded (c) are shown as nmoles OHpro/well from cells cultured inO % 

and 10% FCS.
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Time of 0% FCS 10% FCS

incubation cell number cell number

(hours) (xlO^)

24 5.07+0.91 5.26+0.34

48 4.91+0.72 6.65 + 1.13

Table 3.3: Effect of 0% and 10% FCS on cell numbers after 24 or 48 hours

The cell numbers from confluent cultures of JRHx fibroblasts maintained in media 

supplemented with 0% or 10% FCS are shown.
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Figure 3.13 : Kinetics of procollagen metabolism corrected for cell number from

cells cultured on flexible membranes

The kinetics of total procollagen synthesis (d), procollagen protein production (e) and 

procollagen degraded (f) are shown corrected per 10  ̂ cells cultured inO % or 10% FCS.
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3.3.1.2. Effect of mechanical load and FCS concentration on JRHx fibroblast 

procollagen metabolism

The effects of 24 or 48 hours of mechanical load in combination with the effects of 0% 

and 10% FCS was studied using the JRHx fibroblasts.

0% FCS

Experiments were performed with 24 or 48 hours of mechanical load in the absence of 

FCS. These experiments are represented in figure 3.14a, b and c. Control total 

procollagen synthesis and production were 4.46±0.36 and 2.78+0.29 respectively after 

24 hours, compared to values of 4.71 ±0.56 and 2.59±0.36 in loaded cultures. After 

48 hours these values had increased to 11.15±0.37 and 6.46±0.46 respectively in 

control cultures and 9.82±0.27 (p<0.05) and 4.73±0.46 respectively in the loaded 

cultures. The proportion of procollagen degraded, represented as a fraction of the total 

synthesis, was 37.98±2.18% and 45.81 ±2.43% in control and loaded cultures 

respectively after 24 hours and 42.37±2.52% and 52.19±3.46% in control and loaded 

cultures respectively after 48 hours. These results all represent non-significant 

differences in loaded compared with control values.

This data was also converted to synthesis rates per 24 hours to examine the linearity of 

procollagen production over the 48 hour incubation time and the timing of any effects 

observed in the loaded compared to control culmres. These results are shown in figure 

3.15a, b and c.

The kinetics of total procollagen synthesis and protein production were found to be linear 

with respect to time in both loaded and control cultures. During the 24-48 hour period 

both total procollagen synthesis and production values were lower in the loaded cultures 

compared with their respective controls (total procollagen synthesis 24-48 hours, control 

6.69±0.37, load 5.10±0.27 (p<0.05); procollagen production 24-48 hours: control 

3.68±0.46, load 2.14±0.46). There was no significant difference between the loaded 

or control 0-24hour synthesis and production values. The amount of collagen degraded
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Figure 3.14: Effect of 24 and 48 hours mechanical load on JRHx fibroblast

procollagen metabolism cultured in 0% FCS

The figure shows total procollagen synthesis (a), procollagen protein production (b) and 

the proportion o f procollagen degraded, from control (□ ) and mechanically loaded (■ ) 

cultures, maintained in 0% FCS for 24 or 48 hours. * denotes p < 0 .0 5 .
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Figure 3.15: Procollagen metabolism rates/24 hours by JRHx fibroblasts

subjected to mechanical load for 24 or 48 hours in 0% FCS

Figure  shows synthesis rates for total procollagen synthesis (a), procollagen protein 

production (b), procollagen degraded (c), from control (□ ) and loaded (■ ) cultures, 

maintained in 0% FCS for 24 or 48 hours. denotes p > 0 .0 5 , ** denotes p < 0 .0 1 .
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was increased in both control and loaded cultures during the 24-48 hour period, 

compared with the 0-24 hour period (0-24 hours: control 1.67+0.11, load 2.12+0.21; 

24-48 hours: control 3.01+0.22 (p<0.01 compared to 0-24 hours), load 2.97+0.21 

(p<0.05 compared to 0-24 hours), although no change!occurred between control and 

loaded samples at any single time point.

10% FCS

Similar experiments were performed with 24 or 48 hours of mechanical load in the 

presence of 10% FCS. These experiments are represented in figure 3.16a, b and c. All 

values are represented as nmoles OHpro/well unless otherwise stated. Control 

procollagen total synthesis and production were 21.02+2.08 and 14.34 + 1.12 

respectively after 24 hours, compared to values of 19.09+3.77 and 12.80+2.35 in 

loaded cultures (non-significant decreases of 9% and 10% respectively). After 48 hours 

the total procollagen synthesis and production values had increased to 42.34+0.80 and 

29.06 + 0.95 respectively in control cultures and 57.21 +0.82 and 41.85 + 1.13 

respectively in the loaded cultures. Therefore, after 48 hours of mechanical load in the 

presence of 10% FCS total procollagen synthesis and production had increased by 

approximately 35% (p<0.01) and 44% (p<0.01) respectively. The proportion of 

procollagen degraded 31.59+2.75% and 31.45 + 1.46% of total procollagen synthesis 

after 24 and 48 hours respectively in controls and 33.54+2.24% and 26.86 + 1.35% of 

total procollagen synthesis in the loaded cultures. The change after 48 hours represents 

a non-significant decrease of 7% compared with control.

These data have also been converted to synthesis rates per 24 hours to examine the 

linearity of procollagen production over the 48hour incubation time in the controls and 

loaded samples, and the timing of any increases in metabolism. These results are shown 

in figure 3.17a, b and c.

The kinetics of procollagen total synthesis and protein production were found to be linear 

with respect to time in control cultures (0-24 hours, 21.02+2.08 total procollagen 

synthesis and 14.34 + 1.42 procollagen protein production; 24-48 hours 21.34+0.78 total 

synthesis and 14.72+0.94 production). However in the loaded cultures the total
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procollagen synthesis and procollagen production increased during the 24-48hour period 

by 78% (p<0.01) and 90% (p<0.01) respectvely (0-24 hours: 19.09+3.78 total 

procollagen synthesis and 12.80+2.35 procollagen production; 24-48 hours: 38.12+0.82 

total procollagen synthesis and 29.06 + 1.13 procollagen production. The amount of 

procollagen degraded also increased by 40% (p<0.05) during the 24-48 hour period 

(control 6.62+0.58, load 9.18+0.72).

These data indicate that mechanical load and high serum concentrations are acting 

synergistically to increase procollagen metabolism by the cells, and that this increase 

occurs only after 24 hours of mechanical stimulation.

3.3.1.3 Effect of mechanical load and ranges of FCS concentrations on JRHx

fibroblast procollagen metabolism

The need for the presence of FCS was determined by adding a range of FCS 

concentrations to the cultures. It was unclear whether the cells required a low 

concentration of serum to maintain their normal metabolism and therefore to respond to 

mechanical load, or whether the cells require high serum concentrations to be present in 

order to respond to mechanical load.

To determine in which of these conditions procollagen metabolism was stimulated 
measuements were m^de from cells cultured in a range of serum concentrations.

The procollagen metabolism by fibroblasts subjected to 48 hours of mechanical load in 

a range of serum concentrations was determined. Figure 3.18a, b, c and d show the 

procollagen production by JRHx fibroblasts in response to mechanical load in 0%, 0.4%, 

1 % and 10% FCS respectively. All values are represented as nmoles OHpro/well unless 

otherwise stated. Procollagen production in loaded samples was unchanged compared 

to control at all of these serum concentrations (0% FCS: control 0.63+0.07, load 

0.62 + 0.02; 0.4% FCS: control 0.91+0.06, load 0.90+0.08; 1% FCS: control 

0.90+0.06, load 0.90+0.07).
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Figure 3.16: Effect of 24 and 48 hours mechanical load on JRHx fibroblast

procollagen metabolism cultured in 10% FCS

The figure shows total procollagen synthesis (a), procollagen protein production (b) and 

the proportion o f procollagen degraded, from control (□ ) and mechanically loaded (■ ) 

cultures maintained in 10% FCS for 24 or 48 hours. **denotes p < 0 .0 1
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Figure 3.17: Procollagen metabolism rates/24 hours by JRHx fibroblasts

subjected to mechanical load for 24 or 48 hours in 10% FCS

F igure  shows synthesis rates for total procollagen synthesis (a), procollagen protein 

p roduction  (b), and procollagen degraded, from control (□ ) and loaded (■ ) cultures, 

maintained in 10% FCS for 24 or 48 hour's. * denotes p > 0 .0 5 , ** denotes p < 0 .0 1 .
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Figure 3.18: Effect of 48 hours mechanical load and 0%, 0.4%, 1% and 10%

FCS on JRHx fibroblast procollagen production

The figure shows procollagen protein production from cultures exposed to mechanical 

load for 48 hours in media supplemented with either 0% FCS (a), 0.4%  FCS (b), 1% 

FCS (c) or 10% FCS (d).
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The positive control o f 10% FCS and mechanical load resulted in a stim ulation of 

fibroblast procollagen production as presviously observed. Control procollagen protein 

production was 2 .3 9 + 0 .1 7  compared to 4 .42+ 0 .35  loaded cultures, an increase of 85% 

(p < 0 .0 1 )  above control values.

3.3.1.4 Reproducibility of JRHx fibroblast procollagen metabolism responses to 

mechanical load and 10% FCS

The experiments as described above have been repeated using this cell line a num ber of 

times and the results are shown in tables 3.4-3.7 demonstrating the consistency o f the 

results. Table 3.4 shows the stimulation of procollagen total synthesis, production and 

degradation over the entire 48 hour incubation time. Tables 3 .5-3.7 show the data 

expressed as a synthesis rate per 24 hours, and confirm that the response to mechanical 

load and 10% FCS occurs entirely in the 24-48hour time period. Experiments that were 

analysed only after 48 hours show calculated rates, assuming linear rates of procollagen 

metabolism in controls and that the increase in procollagen metabolism o c c u r r e d  during 

the 24-48 hour period. These experiments are marked t-

3.3.2 Northern analysis of type I and III procollagen mRNA from 

JRHx fibrblasts in response to mechanical load and 10% FCS

The cellular mechanisms of the observed stimulationAvere of interest. To determ ine if 

the increased levels of procollagen p ro te in ^ e re  due to increased levels of the ai(I) and 

ai(III) mRNAs, Northern analysis was carried out on identical fibroblast m onolayers 

following the application of mechanical load.

3.3.2.1 Effect of mechanical load and 10% FCS on procollagen type I mRNA 

levels

The results of the Northern analysis for type I collagen I m RNA levels) are shown 

in Figure 3.19. Procollagen cii(I) mRNA exists as two molecular weight species, varying
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Total procollagen synthesis 

(nmoles OHpro/well/48 hours) 

Control Load % Stimulation

1 42.34+0.80 57.21+0.82 35.04+1.95

2 5.12+0.59 11.19 + 1.20 118.63+23.53

3 13.42+0.80 19.72+0.77 46.93 +  14.24

4 10.92 + 1.13 14.84+0.68 35.88+6.23

Procollagen production

(nmoles OHpro/well/48 hours)

Control Load % Stimulation

1 29.06+0.95 41.85 + 1.13 44.06+3.89

2 2.39+0.17 4.42+0.35 84.80 + 14.74

3 8.87+0.64 14.28+0.72 60.95+5.81

4 7.36+0.41 9.05+0.11 67.19+9.06

Procollagen degradation

(nmoles OHpro/well/48 hours)

Control Load % Stimulation

1 13.30+0.58 15.35+0.72 15.41+5.68

2 2.80+0.60 6.78 + 1.17 142 + 31.26

3 4.56+0.63 5.44+0.26 19.30+7.63

4 3.56+0.85 5.79+0.67 62.64 + 14.56

Table 3.4: Effect of 48 hours mechanical load and 10% FCS on JRHx fibroblast 

procollagen total synthesis

Table shows repeated experiments demonstrating the increase of total procollagen 

total synthesis, procollagen protein production and degradation by JRHx fibroblasts 

subjected to mechanical load foT48 hours cultured in 10% FCS. The stimulation is 

calculated as a % above controls over the entire 48 hour period.
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Procollagen total synthesis % stimulation Procollagen total synthesis % stimulation

0-24 hours 24-48 hours

(nmoles OHpro/well) (nmoles OHpro/well)

Control Load Control Load

21.02+2.08 19.09+3.78 -9.20+1.79 21.34+0.78 38.12+0.82 78.06+0.54

5.20+0.43 4.91+0.24 -5.63+0.46 8.22+0.80 14.81+0.77 80.11+0.93

1 2.56+0.29 2.56+0.29 0 2.56+0.29 8.63+0.12 237.27+4.71

1 5.08+0.61 5.08+0.61 0 5.08+0.61 9.38+0.68 84.64+0.14

Table 3.5: Effect of 24 and 48 hours mechanical load on JRHx fibroblast total procollagen synthesis cultures in 10% FCS

The table shows the increase of total procollagen synthesis by JRHx fibroblasts subjected to mechanical load and 10% FCS for 24 and 48 hours. 

Increases are calculated as a % above the controls after 24 or 48 hours. Experiments marked t  show derived 24hour rates from experiments completed 

only after 48 hours of mechanical load.
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Procollagen production 

0-24 hours 

(nmoles OHpro/well) 

Control Load

% stimulation Procollagen production 

24-48 hours 

(nmoles OHpro/well) 

Control Load

% stimulation

14.34+1.42 12.80+2.35 -11.74 + 1.64 14.72+0.94 29.06 + 1.13 89.93+7.11

3.66+0.39 3.02+0.27 -17.54+0.74 5.20+0.64 11.25+0.72 116.36 + 1.38

1 1.20+0.09 1.20+0.09 0 1.20+0.09 3.22+0.35 169.60+2.95

1 3.47+0.14 3.47+0.14 0 3.47+0.14 4.29+0.97 54.69 + 10.32

Table 3.6: Effect of 24 and 48 hours mechanical load on JRHx fibroblast procollagen protein production cultured in 10% FCS

The table shows the increase of procollagen protein production by JRHx fibroblasts subjected to mechanical load and 10% FCS after 24 or 48 hours. 

Increases are calculated as a % above control after 24 or 48 hours. Experiments marked t  show derived 24hour rates from experiments completed only 

after 48 hours of load.
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Procollagen degradation 

0-24 hours 

(nmoles OHpro/well) 

Control Load

% stimulation Procollagen degradation 

24-48 hours 

(nmoles OHpro/well) 

Control Load

% stimulation

6.68 + 1.01 6.17+0.89 -0.98 + 8.73 6.62+0.58 9.18+0.72 48.91 + 11.75

1.53+0.22 1.88+0.08 22.88+5.63 3.02+0.6 3.36+0.26 17.73+8.69

1 1.40+0.30 1.40+0.30 0 1.40+0.30 5.38 + 1.17 284.59+35.87

1 1.61+0.53 1.61+0.53 0 1.61+0.53 4.01+0.67 149.07+20.67

Table 3.7: Effect of 24 and 48 hours mechanical load on JRHx fibroblast procollagen degradation cultured in 10% FCS

The table shows the increase of procollagen degradation by JRHx fibroblasts subjected to mechanical load and 10% FCS after 24 or 48 hours. Increases 

are calculated as a % above control after 24 or 48 hours. Experiments marked t  show derived 24hour rates from experiments completed only after 

48 hours of load.
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in the extent of polyadenylation, resulting in the two bands at 4.8 and 5.8kilobases.

U nder control conditions the foetal cardiac fibroblasts produce a significant level of

ai(I)procollagen mRNA in response to 10% FCS. Procollagen ai(I) mRNA levels from

cultures m aintained in 10% FCS and mechanically loaded for 48 hours were typically

increased by 120% compared to 10% FCS control. No increase above control levels in

procollagen cti(I) mRNA was observed after 24 hours of cyclic mechanical load, and after

72 hours the signal was returning to control levels, stimulating expression by only 30% . 
fvuhlc- 2>-6j

3.3.2.2 Reproducibility of procollagen type I mRNA responses to mechanical 

load and 10% FCS

The reproducibility of the stimulation of mRNA levels in response to mechanical load is 

shown in table 3.8. Mechanical load in the presence o f 10% FCS stimulated procollagen 

type I mRNA consistently by between 70-150% above 10% FCS control. No consistent 

stimulation was observed after 24 hours of mechanical load, showing that the effects on 

m RNA levels of type I procollagen mirrored the protein data. After 72 hours of 

mechanical load the stimulation was returning to control levels, demonstrating a transient 

up regulation of steady state mRNA levels, peaking at 48 hours.

3.3.2.3 Effect of mechanical load and 10% FCS on procollagen type III mRNA 

levels

The effect o f mechanical load and 10% FCS on type III procollagen mRNA levels was 

assessed using a stripped filter from one of the above experiments and the stim ulation at 

24 and 48 hours is shown in figure 3.20. The stimulation of type III procollagen mRNA 

by mechanical load and 10% FCS above 10% FCS control was similar to the stimulation 

o f type I procollagen mRNA at 120% above control levels.
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Figure 3.19: Effect of mechanical load and 10% FCS on JRHx fibroblast

procollagen type I mRNA levels

The figure shows Northern blots for control (left of each pair) and mechanically loaded 

(right of each pair) cultures o f JRHx fibroblasts after 24 and 48 hours
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24

Time (hours) 

48 72

Stimulation of type I 19 69 33

procollagen mRNA 5 120

(% above control) 125

152

75

Table 3.8: Reproducibility of procollagen type mRNA increases in response to 

mechanical load and 10% FCS
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Figure 3.20: Effect of mechanical load and 10% FCS on procollagen type III

mRNA levels

The figure shows Northern blots for type III procollagen for control (left) and mechanically 
loaded (right) samples after 48 hours
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3.3.3 Adult rat pulmonary artery fibroblasts

The effect of mechanical load on adult rat pulmonary artery fibroblasts was assessed in 

a similar manner to determine if vascular adventitial fibroblasts respond in a similar 

manner to mechanical load as the cardiac fibroblasts outlined above. Adventitial 

remodelling in the form of thickening is a common observation in models of pulmonary 

hypertension caused by stimuli as hypoxia or hyperoxia.

3.3.3.1 Kinetics of procollagen metabolism

Kinetics of procollagen protein production was tested on confluent monolayers of RPA 

fibroblasts grown on elastin coated flexible culture dishes, in media supplemented with 

0%, 1% and 10% FCS, following 24 and 48 hours incubation.

Figure 3.21 shows the kinetics of procollagen protein production over 48 hours for 

cultures maintained in 0%, 1% or 10% FCS. All cultures demonstrated linear kinetics 

with respect to time over the 48 hour incubation in all culture conditions. Furthermore, 

the procollagen production rates were 0.27, 0.30 and 0.90 nmoles OHpro/well/hour 

respectively in cultures maintained in 0, 1, and 10% FCS respectively. Therefore 

procollagen protein production increased in cultures maintained in 10% FCS by 197% 

and 230% compared to those maintained in 0% and 1% FCS respectively.

The stimulation of collagen production per well from cultures of RPA fibroblasts was 

similar to the stimulation from JRHx fibroblasts. Furthermore the rates of procollagen 

synthesis were similar from the two primary cell lines.

3.3.3.2 Effect of 48 hours mechanical load and FCS concentration on RPA

fibroblast procollagen metabolism

manner
It was of interest to determine if the RPA fibroblasts responded in a simila^to the
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Figure 3.21: Kinetics of procollagen metabolism from RPA fibroblasts grown on

flexible membranes

The kinetics o f procollagen production is shown as nmoles OHpro/well from cells 

cultured in 0% , 1% and 10% FCS.
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JRHx fibroblasts. The effect of serum concentration and a longer loading regime, 

identical to that used for the JRHx fibroblasts (maximum 20% elongation, 1.5Hz for up 

to 48 hours) was studied. Procollagen protein production in response to serum 

concentrations of 0%, 1 % and 10% and mechanical load for 24 or 48 hours was studied. 

This data can be seen in figure 3.22a, b and c.

0% and 1% FCS

All values are nmoles OHpro/well unless otherwise stated. Cell cultures maintained in 

0% FCS gave procollagen protein production values of 6.99+0.05 and 12.99+0.86 after 

24 and 48 hours respectively. Loaded cultures at the same times yielded values of 

6.38+0.13 and 12.41 +0.61. These values represent non-significant decreases of 13% 

after 24 hours and 7% after 48 hours in the loaded samples compared to control cultures.

Cultures maintained in 1% FCS gave procollagen protein production values of 

7.52+0.05 and 14.56+0.83 after 24 and 48 hours respectively. Loaded cultures at the 

same times yielded values of 7.82+0.35 and 17.50+0.72. These values represent a non

significant changes of 4% after 24 hours and 14% after 48 hours in the loaded samples.

10% FCS

Cultures maintained in 10% FCS gave procollagen production values of 18.17+0.55 

after 24 hours and 42.75+2.01 after 48 hours (figure 3.22c). Loaded cultures at the 

same times yielded values of 21.86+0.39 and 61.68+3.54 respectively. These values 

represent a non-significant increase of 2% after 24 hours and an increase of 45% 

(p<0.01) after 48 hours in the loaded samples compared to control cultures.

These data have all been converted into synthesis rate/24 hours as represented in figure 

3.23a, b and c. It is clear that in cultures maintained in 0% there was linear kinetics of 

procollagen production over the entire 48hour period. In media supplemented with 1 % 

FCS linear kinetics were also observed in control cultures. A 37% increase in 

procollagen production rate was observed between 24-48 hours in the loaded compared 

to control cultures, although this was not significant.

Cultures maintained in 10% showed similar procollagen protein production during both
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time periods (0-24 hours: control 18.17+0.55; 24-48 hours: 24.58+2.01). In loaded 

cultures maintained in 10% FCS the 0-24 hour procollagen protein production rate was 

similar to control values at 21.86+0.89. However, during the 24-48hour interval 

collagen production was increased to 51.06+6.01, an increase of 108% (p<0.01) over 

control values during the same interval.

3.3.3.3 Effect of frequency and degree of mechanical load on RPA fibroblast 

procollagen metabolism following 24 hours stimulation

The effect of the frequency and extent of mechanical load on RPA fibroblast procollagen 

metabolism was determined over 24 hours using different loading regimes to determine 

if fibroblast procollagen metabolism was sensitive over a 24hour period. Fibroblasts 

were mechanically loaded at 10% elongation, 1.5Hz, 20% elongation 0.5Hz and 20% 

elongation 1.5Hz.

The results to all of these experiments are shown in table 3.9 and demonstrate that all 

aspects of procollagen metabolism remained unchanged in the loaded compared to control 

cultures by RPA fibroblasts using any of the loading regimes.

3.3.3.4 Reproducibility of procollagen protein metabolism responses to 

mechanical load and 10% FCS

The experiments as described above have been repeated using the RPA primary cell line 

a number of times and the results are shown as a comparison in tables 3.10-3.13. Table 

3.10 shows the stimulation of procollagen total synthesis, production and degradation 

over the entire 48hour incubation time. Tables 3.11-3.13 show the data expressed per 

24 hours, and confirm that the response to mechanical load and 10% FCS occurs entirely 

in the 24-48hour time period, as observed for the JRHx fibroblasts. Experiments that 

were analysed only after 48 hours show calculated rates assuming the increase in 

procollagen metabolism occured during the 24-48hour period. These experiments are 

marked H.
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Figure 3.22: Effect of FCS concentration and 24 or 48 hours mechanical load on

RPA fibroblast procollagen protein production

T he figure shows procollagen protein production from control (□ ) and mechanically 

loaded (■ ) cultures maintained in 0% FCS (a), 1 % FCS (b) and 10% FCS (c) for 24 or 

48 hours. **denotes p < 0 .0 1 .
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Figure 3.23: Procollagen production rates by RPA fibroblasts subjected to

mechanical load for 24 or 48 hours in 0%, 1% or 10% FCS

The figure show procollagen protein production rates/24 hours by RPA fibroblasts from 

control (□ ) and mechanically loaded (H) cultures, maintained in 0% FCS (a), 1% FCS 

(b) or 10% FCS (c) for 24 or 48 hours. ** denotes p < 0 .0 1 .
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Procollagen Procollagen Total procollagen

production degradation synthesis

Elongation/frequency

10% /1.5H z 5 .4 7 + 0 .3 5 1 .10+ 0 .25 6.57 +  0.42

control 6 .3 5 + 0 .2 0 1.48 +  0.15 7 .2 3 + 0 .5 1

20% /1.5H z 6 .8 8 + 0 .1 7 1.67 +  0.35 8 .3 3 + 0 .3 6

control 6.62 +  0.55 2 .0 3 + 0 .3 2 9 .6 1 + 0 .3 8

20% /0.5H z 6 .6 0 + 0 .4 6 0.98 + 0.26 7 .0 9 + 0 .6 2

control 6.20 +  0.48 1 .53+ 0 .50 7 .2 2 + 0 .3 8

Table 3.9: Effect of frequency and degrees of mechanical load for 24 hours on RPA 

fibroblast procollagen metabolism

The figure shows the effects of 24 hours of mechanical load at different degrees and 

frequencies on RFA fibroblast procollagen metabolism,  ̂^ ^ 5 .
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Total procollagen synthesis 

(nmoles OHpro/well/48 hours) 

Control Load % Stimulation

1 33.73 + 1.63 50.00 + 1.25 48.33+3.72

2 17.06 + 1.32 22.91+0.21 42.07+3.24

3 26.33 + 1.04 32.74+0.89 24.34+3.36

Procollagen production

(nmoles OHpro/well/48 hours)

Control Load % Stimulation

1 23.50 + 1.69 33.79+0.38 43.79 + 1.61

2 11.53+2.08 17.53+0.90 52.02+7.81

3 20.93 + 0.90 26.37+0.63 20.89+2.89

4 42.75+2.01 61.68 + 3.54 45.46+2.20

Procollagen degradation

(nmoles OHpro/well/48 hours)

Control Load % Stimulation

1 10.23+0.44 16.24+0.95 32.45 + 1.91

2 5.53+2.08 6.71+0.37 21.31 + 14.23

3 5.40+0.17 6.37+0.88 18.96 + 37.66

Table 3.10: Effect of 48 hours mechanical load on RPA fibroblast procollagen

total synthesis cultured in 10% FCS

The table shows the increase of procollagen total synthesis, protein production, and 

procollagen degraded by RPA fibroblasts subjected to mechanical load and 10% FCS. 

The stimulation is calculated as a % above controls over the entire 48hour period.
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Procollagen total synthesis 

0-24 hours 

(nmoles OHpro/well) 

Control Load

% stimulation Procollagen total synthesis 

24-48 hours 

(nmoles OHpro/well) 

Control Load

% stimulation

1L63±0.65

8.53+0.51

16.86+0.81

10.28+0.30

8.53+0.51

16.86+0.81

-11.62+0.26

0

0

14.70+1.04 22.46+0.89 52.70+6.98

8.53+0.51 14.38+0.21 84.16 + 13.77

16.86+0.81 33.17 + 1.25 96.67 + 8.59

Table 3.11: Effect of 24 and 48 hours mechanical load on RFA fibroblast total procollagen synthesis cultured in 10% FCS

The table shows the increase of total procollagen synthesis by RPA fibroblasts subjected to mechanical load and 10% FCS after 24 and 48 hours. 

Differences are calculated as a % above the controls after 24 or 48 hours. Experiments marked f  show derived 24hour rates from experiments 

completed only after 48 hours of load.
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Procollagen production % stimulation Procollagen production % stimulation

0-24 hours 24-48 hours

(nmoles OHpro/well) (nmoles OHpro/well)

Control Load Control Load

10.01+0.70 9.15+0.19 -8.62 +1.88 10.92+0.90 17.22+0.63 57.75+6.65

18.17+0.55 18.53+0.39 1.94+0.21 24.58+2.00 51.06+6.01 107.74+24.47

1 5.77+0.76 5.77+0.76 0 5.77+0.76 11.77+0.70 103.67+32.91

n 11.75+0.85 11.75+0.85 0 11.75+0.85 22.04+0.38 87.58+3.71

Table 3.12: Effect of 24 and 48 hours mechanical load on RPA fibroblast procollagen protein production cultured in 10% FCS

The table shows the increase of procollagen protein production by RPA fibroblasts subjected to mechanical load and 10% FCS after 24 and 48 hours. 

Differences are calculated as a % above the controls after 24 or 48 hours. Experiments marked t  show derived 24 hour rates from experiments 

completed only after 48 hours of load.
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Procollagen degradation % stimulation Procollagen degradation % stimulation

0-24 hours 24-48 hours

(nmoles OHpro/well) (nmoles OHpro/well)

Control Load Control Load

1.62+0.16 1.13+0.23 -30.31+32.33 3.78+0.17 5.24+0.88 38.48+26.87

1 2.76+0.81 2.76+0.81 0 2.76+0.81 2.61+0.92 42.43+28.41

1 5.11+2.21 5.11+2.21 0 5.11+2.21 11.09+0.38 119.64+25.06

Table 3.13: Effect of 24 and 48 hours mechanical load on RPA fibroblast procollagen degradation cultured in 10% FCS

The table shows the increase of procollagen degradation by RPA fibroblasts subjected to mechanical load and 10% FCS after 24 and 48 hours. 

Differences are calculated as a % change from controls after 24 or 48 hours. Experiments marked 1 show derived 24 hour rates from experiments 

completed only after 48 hours of load.
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3.3.3.5 Effect of “selective loading” on RPA fibroblast procollagen metabolism

RPA fibroblasts were selectively plated on the outside ring of the circular membrane, the 

area which is maximally mechanically deformed, or on the inner area of the membrane, 

the area which is subjected to minimal mechanical load in this system. Procollagen 

metabolism was measured in the outer and inner areas of the membrane after 48 hours 

mechanical load to determine the effects of differential loading on these fibroblasts. This 

data was then summed in order to obtain a representative value for the whole membrane 

to compare with previous results.

Procollagen metabolism over the entire membrane

Data for procollagen metabolism over the whole membrane was derived from the sum 

of the two areas as outlined above. This data is shown in figure 3.24a,b and c.

All units are represented as nmoles Ohpro/well unless otherwise stated. Control culture 

procollagen total synthesis and production was 17.06 + 1.32 and 11.53 + 1.96 respectively 

after 48 hours, compared to 22.91 +0.21 and 17.53+0.90 in the loaded cultures, 

increases of 34% (p<0.01) and 52% (p<0.01) above their respective controls. The 

proportion of procollagen degraded was non-significantly decreased in the loaded 

compared to control cultures (control 31.95 + 11.1, load 23.44+3.95).

If linear kinetics of procollagen metabolism in control cultures are assumed for the entire 

48hour period, and the increase in procollagen metabolism occurs only in the 24-48hour 

period (see section 3.1.2) then it is possible to calculate the stimulation of procollagen 

metabolism over the 24-48hour period. This data is shown in figure 3.25a, b, and c. 

Control total procollagen synthesis, procollagen protein production and procollagen 

degradation during this period were 8.53+0.51, 5.77+0.76 and 2.76+0.81 respectively. 

Loaded fibroblast total procollagen synthesis, protein production and procollagen 

degradation were calculated as 14.38+0.21, 11.77+0.90 and 2.61+0.92 respectively, 

changes of 69% (p<0.01), 104% (p<0.01) and -5%. Therefore, both total procollagen 

synthesis and procollagen protein production were stimulated after application of 

mechanical load, as previously observed, no change in the proportion of procollagen
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degraded.

Procollagen metabolism from cells plated on the inner (non-loadedl area of the membrane 

Data for procollagen metabolism from cells plated over the inner area of the membrane 

only was determined. This data is shown in figure 3.26a, b and c.

Control culture total procollagen synthesis and protein production was 4.62+0.68 and 

2.64+0.21 respectively after 48 hours incubation, and did significantly change in the 

loaded cultures (4.46+0.09 and 2.96+0.23), changes of -3% and 12% compared to 

controls. The proportion of collagen degraded was unchanged in the loaded compared 

with control cultures (control 40.82+3.39%, load 41.73+3.02%).

Procollagen metabolism from cells plated on the outer (loadedl areas of the membrane 

Data for procollagen metabolism from cells plated over the outer area of the membrane 

was determined. This data is shown in figure 3.27a, b and c. Control procollagen total 

synthesis and production was 11.64 + 0.55 and 7.04+0.62 respectively after 48 hours 

incubation, compared to 18.31+0.32 and 14.79 + 1.04 in the loaded cultures, increases 

of 57% (p<0.01) and 110% (p<0.01) above their respective controls. The proportion 

of collagen degraded was decreased in the loaded compared to control cultures (control 

38.82 + 8.21%, load 19.06 + 6.39%).

Synthesis rates have been derived as before and are shown in figure 3.28a, b and c. 

Control procollagen total synthesis, protein production and degradation were 5.82+0.21, 

3.52+0.24 and 2.30+0.44 respectively. Loaded culture procollagen synthesis, protein 

production and degradation were calculated as 18.31+0.32, 14.79+1.04 and 3.51 + 1.21 

respectively, increases of 215% (p<0.01), 320% (p<0.01) and 52% respectively during 

the 24-48hour incubation period. Therefore all aspects of procollagen metabolism were 

stimulated after application of mechanical load in the presence of 10% FCS in the outer 

rings of the membrane. Furthermore, in the area of the membrane that is subjected to 

mechanical load, the stimulation of collagen metabolism is much greater than the 

stimulation from cells over the whole membrane, when compared to previous 

experiments.
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This experiment indicates that the measurements made using the RPA (and probably the 

JRHx fibroblasts) from the whole membrane under-estimate the level of stimulation of 

procollagen metabolism and mRNA levels by mechanical load. However, the increases 

observed were of sufficient magnitude and consistency not to adversely effect the results 

and the interpretation of these experiments.
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Figure 3.24: Effect of 48 hours mechanical load on RPA fibroblast procollagen

metabolism cultured in 10% FCS

The figure shows total procollagen synthesis (a), procollagen protein production (b), and 

the proportion of procollagen degraded (c), by RPA fibroblasts plated over a control 

or loaded m em brane,for 48 hours in 10% FCS. ** denotes p < 0 .0 1 .
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Figure 3.25: Procollagen metabolism rates by RFA fibroblasts subjected to

mechanical load for 48 hours in 10% FCS

The figure shows a derived rate/24 hours o f total procollagen total synthesis (a), 

procollagen protein production (b) and procollagen degraded, from control (□ ) and 

loaded (■ ) cultures maintained in 10% FCS. ** denotes p < 0 .0 1 .
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Figure 3.26: Effect of 48 hours mechanical load on RPA fibroblast procollagen

metabolism from non-loaded, inner area of the membrane, 

cultured in 10% FCS

Figure shows total procollagen synthesis (a), procollagen protein production (b), and 

proportion of procollagen degraded (c), by RFA fibroblasts plated on the inner area o f 

the membranes from control or loaded cultures for 48 hours in 10% FCS.
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Figure 3.27: Effect of 48 hours mechanical load on RPA fibroblast procollagen

metabolism from the outer, mechanically loaded area of the 

membrane, cultured in 10% FCS

F igu re  shows total procollagen synthesis (a), procollagen protein production (b), and 

proportion o f procollagen degraded (c) by RPA fibroblasts plated on the outer area o f the 

membrane from control or loaded cultures for 48 hours in 10% FCS. ** denotes

p < 0 .0 1 .
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Figure 3.28: Procollagen metabolism rate/24 horn's by RPA fibroblasts plated on

the outer, mechanically loaded, area of a flexible membrane 

subjected to mechanical load for 48 hours in 10% FCS

The figure shows derived synthesis rate/24 hours o f total procollagen synthesis (a), 

procollagen protein production (b) and the procollagen degradation from control (□ ) and 

loaded (■ ) cultures maintained in 10% FCS. ** denotes p < 0 .0 1 .
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3.3.4 Summary

In summary, experiments determining the procollagen metabolism from JRHx and RPA

fibroblasts showed that:

i) Both JRHx and RPA fibroblast procollagen metabolism is linear up to 48 hours 

incubation from cultures maintained in 0, 1 and 10% FCS;

ii) JRHx and RPA fibroblast procollagen synthesis protein production and 

degradation is stimulated by mechanical load in the presence of 10% FCS, but 

not in low FCS concentrations or in serum free-medium;

iii) The stimulations observed are probably under-estimates of the real stimulation 

by mechanical load, as the mechanical load applied to the membrane is not 

uniform. Stimulation of procollagen metabolism occurs to a greater extent in 

cells plated exclusively on the outer areas of the membrane (200% stimulation), 

compared to cells plated over the entire membrane (100% stimulation).

iv) Increases in procollagen metabolism are mirrored by increases in procollagen

type I and type III mRNA levels, which also increase after 48 hours

mechanical load in the presence of 10% FCS.
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RESULTS CHAPTER 3.4

EFFECT OF POLYPEPTIDE GROWTH FACTORS AND 

VASOACTIVE AGENTS ON CARDIAC AND PULMONARY 

ARTERY FIBROBLAST REPLICATION

3.4.1 Foetal rat cardiac fibroblasts

The replication of cardiac fibroblasts occurs during cardiac remodelling during cardiac 

hypertrophy. It has been demonstrated that growth factors are present in the normal and 

hypertrophying heart (Brilla et al., 1993; Sarzani et al., 1991; Thompson et al., 1988; 

Villarreal and Dillmann, 1992; Speir et al., 1988), and increased concentrations of 

specific factors have also been identified during cardiac hypertrophy. The responses of 

the fibroblasts to polypeptide growth factors, derived from the circulation or from 

autocrine and paracrine sources therefore represents an important potential mechanism 

of increasing the population of fibroblasts in the heart. The factors studied have all been 

identified in the heart and/or circulation and were therefore candidates for stimulation of 

cardiac fibroblasts in disease or remodelling. Initial experiments determined the 

conditions most suitable to study the effects of these factors.

3.4.1.1 Validation of the methylene blue assay to assess fibroblast replication, 

and determination of optimal mitogenic conditions for JRHx fibroblasts

Correlation of cell number and absorbance

Figure 3.29 shows the correlation between cell number seeded in 1% FCS and 

absorbance of the fixed and stained cells after 24 hours incubation. This incubation time 

allows the fibroblasts to adhere without replication occurring. There was a directly 

proportional relationship between cell number and absorbance (r=0.98, p<0 .01 ,n= 6).
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Kinetics of growth of JRHx fibroblasts

a) Effect of increasing FCS concentrations on JRHx replication

5000 cells/well were seeded into each well of a 96 well plate and the response to 

increasing FCS concentrations was determined. After 48 hours pre-plating, 5000 

cells/well gave an absorbance of 0.24+0.01. Cells remained quiescent in 0% and 0.5% 

FCS for 4 days but further increases in serum concentration stimulated fibroblast 

replication. This occurred, after an initial lag phase, in a linear, dose dependent manner 

at all FCS concentrations for 3 days. After this time cultures in 10% and 20% FCS 

started to reach confluence and a plateau in the stimulation of cell replication became 

apparent (see figure 3.30a).

b) Effect of cell density on replication in 1 and 10% FCS

The effect of different seeding densities was also examined as shown in figures 330b and 

c. Figure 3.30b shows the replication by cells seeded at 20, 10, 5, 2.5, 1.25 and

0.63x10^ cells/well preplated and exposed to fresh 1% FCS for 4 days. Cells plated at 

5000/well or greater replicated during the incubation time, with the highest concentration 

of cells (20,000/well) reaching a plateau after 2-3 days. Cultures seeded below 5000 

cells/well did not significantly replicate during the incubation period.

Figure 3.30c shows a similar experiment with media containing 10% FCS added after 

the preplating period. Here cells replicated after an initial lag phase in a linear fashion 

for cultures plated at densities of 2500 and 5000 cells/well. Cultures seeded at higher 

densities again started to plateau after 2-3 days, with cultures seeded at lower 

concentrations not significantly stimulated within the sensitivity of this assay.

Based on the above observations all subsequent replication experiments were carried out 

on cells seeded at 5000 cells/well and pre-plated for 48 hours, after which the growth 

factor of interest was added to the cells made up in media containing 1% FCS, and 

incubated for a further 48 hours. These conditions were chosen so that the cells were not 

totally quiescent before addition of the growth factor of interest and were able to replicate 

exponentially for at least two days without reaching a plateau in this system.
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Figure 3.29: Correlation of cell number and absorbance in the methylene blue 

assay

The figure shows the relationship between cell number plated and absorbance 24 hours 

after plating (r =  0.89, p < 0 .0 1 )  using the methylene blue assay.
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Figure 3.30: Kinetics of growlh of JRHx fibroblasts in the methylene blue assay

The figure shows a) the stimulation of 5000 JRHx fibroblasts/well by 0-20% FCS up to 

4 days incubation, b) and c) show the replication rate o f 0.625-20 x 10  ̂ cells/well in 1% 

FCS and 10% FCS respectively for up to four days incubation.
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3.4.1.2 Effect of polypeptide growth factors on JRHx fibroblast replication

Human PGDF and recombinant PDGF subtypes

The mitogenic effects of purified human PDGF (hPDGF) and recombinant PDGF 

(rPDGF) isoforms (homodimers -AA, -BB, and heterodimer -AB) were determined and 

are shown in figures 3.31 and 3.32. hPDGF (40ng/ml) stimulated replication by 

53.51+0.71% (p<0.01), rPDGF-AB heterodimer (40ng/ml) by 56.86 + 1.07 (p<0.01) 

and rPDGF-BB homodimer (40ng/ml) stimulated by 56.36+0.49 (p < 0.01). rPDGF-AA 

homodimer did not stimulate cell replication above control levels at any concentration 

used. For comparison, the stimulation by 10% FCS was determined and stimulated 

fibroblast replication by 65.81 +0.57% above media control

Although hPDGF and rPDGFs -AB and -BB gave similar maximal responses there was 

a difference in the potencies of the subtypes with rPDGF-BB^hPDGF>rPDGF-AB. 

This variation in potency was clear when comparing doses that gave half maximal 

stimulation, rPDGF-BB~1.25-5ng/ml, hPDGF~5ng/ml, rPDGF-AB~20ng/ml

bFGF

The response of the JRHx fibroblasts to bFGF is shown in figure 3.33a. bFGF was a 

weak mitogen for these cells stimulating replication by a maximum of 22.47+0.29% 

above media control at a concentration of lOng/ml (p<0.01).

IGF-1

IGF-1 was not significantly mitogenic at any concentration tested in the JRHx fibroblasts, 

see figure 3.33b.

TGFb

In the conditions used above TGFB was not mitogenic to the JRHx fibroblasts (see figure 

3.34a). TGFB has been reported to inhibit the growth of some fibroblast cell lines and 

in order to test this finding on JRHx fibroblasts TGFB was added to cells cultured in 5 % 

and 10% FCS, to provide conditions in which an inhibition could be assessed. It was 

found that TGFB did not significantly inhibit growth of the fibroblasts cultured in these
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conditions. These results are represented in figure 3.34b and c.

3.4.1.3 Effect of vasoactive agents on fibroblast replication

Vasoactive agents have been reported to be active cytokines playing a role in remodelling 

of vessels and other organs. ET-1 and All are of particular interest in the setting of 

cardiac development and disease due to their reported role in cardiac myocyte 

hypertrophy and remodelling of the extracellular matrix*

Angiotensin II

All stimulated JRHx fibroblast replication weakly over a broad range of concentrations 

(see figure 3.35a). A significant response was observed only at 10/xg/ml (19.28+0.66% 

above control, p<0.01).

Endothelin-1

Endothelin-1 was not significantly mitogenic at any concentration tested in the JRHx 

fibroblasts, see figure 3.35b.

3.4.1.4 Reproducibility of JRHx fibroblast responses to growth factors and 

vasoactive agents

Multiple experiments have been compared to determine the variability in the responses 

of the fibroblasts to growth factors. These results can be seen in tables 3.14 and 3.15 

and show the reproducibility of the responses to these factors. The reproducibility is 

particularly good when the responses to the growth factors is compared to the stimulation 

elicited by the positive control of 10% FCS on the day of the experiment.

3.4.2 Adult rat pulmonary artery fibroblasts

Arterial fibroblast proliferation has also been observed in response to mechanical load, 

and has been identified as the initial response in vessel remodelling (Meyrick and Reid,
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Figure 3.31: Effect of human PDGF and recombinant PDGF heterodimer -AB

on JRHx fibroblast replication

The figure shows the stimulation o f JRHx fibroblast replication by k) human, andoâ) 

recom binant PDGF-AB. All values of lOng/ml to 1.25ng/ml respectively were 

significant at the p < 0 .0 1  level compared to control.
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Figure 3.32: Effect of recombinant PDGF homodimers -AA and -BB on JRHx

fibroblast replication

The figure shows the stimulation of JRHx fibroblast replication by a) PD G F-A A , and b) 

PDGF-BB. PDGF-AA elicited no significant response whereas PDGF-BB significantly 

stimulated fibroblast replication at all concentrations (p < 0 .0 1 ) .
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Figure 3.33: Effect of bFGF and IGF-1 on JRHx fibroblast replication

The figure shows the stimulation of JRHx fibroblast replication by a) bFG F, and b) IGF-

1. bFGF significantly stimulated replication at concentrations between 2.5 and 40ng/ml

(p<0.01)



162
cO
TOÜ ok_a. 4->
<D c
i_ oÜ
o 0)>
c oo

(O
13
E
00

c=o
<Q ■—■Ü o&_
CL 4->
<D co

oH—o a>>
c oo jOro«0
3
E
CO

cO
<oÜ "o
CL<D c

o
Ü

O CL)>
C oo X )roro
3
E
CO

20

0

■20

20

0

20

20

0

20

a)

0 20
I

40 60 80

b)

20 40 60 80

c)

0 20 40 60
TGFB added (ng/ml)

80
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The figure shows the effect of TGFB on JRHx fibroblast replication in media containing 

a) 1%, b) 5%  and c) 10% FCS. No significant changes from control were observed.
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The figure shows the stimulation of JRHx fibroblast replication by a) A ll, and b) ET-1 

ATI significantly stimulated replication at a concentration of lO/^g/ml (p < 0 .0 1 ) .
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Growth Factor Optimum stimulation 

(% above control)

Dose

(ng/ml)

Stimulation by 

10% FCS 

( % above control)

hPDGF AB 53.51+0.710 40 65.81+0.57

128.50+2.54 80 95.22+1.45

70.98+2.86 40 61.45+0.71

70.27+2.20 80 54.66 + 1.07

rec PDGF AB 56.86 + 1.07 80 71.20+2.65

rec PDGF BB 56.36+0.492 40 67.43+0.99

33.23 + 1.18 80 38.31 + 1.11

rec PDGF AA ns 1.25-80 74.53+0.92

ns 1.25-80 63.50+1.58

Table 3.14: Reproducibility of JRHx fibroblast replication by PDGF subtypes

The table shows the mitogenic responses obtained from repeated experiments using the 

human and recombinant PDGF subtypes, and comparison with the response elicited by 

10% FCS.

0 3  Z nOA
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Growth Factor Optimum stimulation 

(% above control)

Dose

(ng/ml)

Stimulation by 

10% FCS 

( % above control)

bFGF 22.47+0.29 10 95.35+0.69

15.29+0.38 40 69.21+2.33

ns 1.25-80 51.27 +  1.64

IGF-1 ns 1.25-80 40.97+0.63

ns 1.25-80 66.05+2.16

ns 1.25-80 61.96+2.16

ns 1.25-80 66.05 + 1.06

ns 1.25-80 62.95 + 3.26

TGFB ns 1.25-80 55.32 + 1.32

ns 1.25-80 52.41+0.46

ns 1.25-80 52.39 + 1.16

All 19.28+0.66 10,000 67.29 + 1.03

ns 1.25-80 70.61 + 1.55

ns 1.25-80 52.58+0.10

ET-1 ns 1.25-3000 67.29 + 1.03

ns 1.25-80 41.86 + 1.40

ns 1.25-80 67.34+2.67

Table 3.15: Reproducibility of JRHx fibroblast replication by growth factors

The table shows the mitogenic responses obtained from repeated experiments using the 

bFGF, IGF-1, TGFB, All and ET-1, and comparison with the response elicited by 10% 

FCS.
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1979). Growth factor expression has also been shown to occur in the vascular wall 

during remodelling and the responses of these arterial fibroblasts to polypeptide growth 

factors, and to vasoactive agents was considered. Initial experiments were again carried 

out to determine the optimal conditions to assess RPA fibroblast replication.

3.4.2.1 Validation of the methylene hlue assay for fibroblast replication and 

determination of optimal mitogenic conditions for RPA fibroblasts

The adult pulmonary artery fibroblasts have previously been characterized with respect 

to absorbance and growth relationships (Peacock et al., 1992; Dawes et al., 1994). The 

plating and incubation conditions previously used were not identical to those outlined 

above and used here for the JRHx fibroblasts, and therefore in order to compare the 

results directly the kinetics of growth in 1 % and 10% FCS were repeated as for the JRHx 

fibroblasts.

Kinetics of growth of RPA fibroblasts

al Effect of increasing FCS concentrations on JRHx replication 

5000 cell/well were seeded into each well of the 96 well plate and the response to 

increasing FCS concentrations was determined. After pre-plating 5000 cells/well gave 

a typical absorbance of 0.66+0.02. Cells remained quiescent in 0% and 0.5% FCS for 

4 days but further increases in serum concentration stimulated fibroblast replication in 

a linear, dose dependent manner at all FCS concentrations for 2 days with no apparent 

lag phase. After this time cultures maintained in 10% and 20% FCS reached a plateau 

and the stimulation of cell replication became apparent (see figure 3.36a).

bJ Effect of cell density on replication in 1 and 10% FCS

The effect of different seeding densities was also examined as shown in figures 3.36b and 

c. Figure 3.36b shows the replication by cells seeded at 20, 10, 5, 2.5, 1.25 and 

0.63x10^ cells/well preplated and exposed to fresh 1% FCS for 4 days. At seeding 

densities of 1250 cells/well and above, replication occurred slowly during the incubation 

time, with all conditions reaching a plateau in absorbance after 2-3 days. Cultures 

seeded below 1250 cells/well did not significantly replicate during the incubation period.
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Figure 3.36c shows a similar experiment with media containing 10% FCS added after 

the preincubation. Here cells replicated again with no apparent lag phase, in a linear 

fashion for cultures plated at densities of 1250-20000 cells/well for 2 days. Cells seeded 

at 1250, 2500, 5000 and 10000 cells/well replicated in a linear fashion for 3 days. After 

these times the increase in absorbance started to plateau.

Based on the above observations we concluded that the conditions previously chosen for 

the JRHx primary cultures were also appropriate for the RPA fibroblasts. This allowed 

direct comparison of the results from all cell types. All subsequent replication 

experiments were carried out on cells seeded at 5000 cells/well pre-plated for 48 hours, 

after which the growth factor of interest was added to the cells made up in media 

containing 1 % FCS and incubated for a further 48 hours.

3.4.2.2 Effect of polypeptide growth factors on fibroblast replication

The mitogenic effect of the growth factors tested on the cardiac fibroblasts were 

determined on the adult rat pulmonary artery fibroblasts. The conditions outlined above 

were used for all the following experiments for these cells.

Human PGDF and recombinant PDGF subtvpes

The mitogenic response of hPDGF and rPDGF isoforms (homodimers -AA, -BB, and 

heterodimer -AB) were determined and are represented in figures 3.37 and 3.38. hPDGF 

(80ng/ml) stimulated by 87.09+3.70 (p<0.01)%, rPDGF-AB heterodimer (80ng/ml) 

by 83.22 + 1.58% (p<0.01) and rPDGF-BB homodimer (80ng/ml) by 85.06 + 10.12% 

(p <  0.01). rPDGF-AA homodimer did not stimulate cell replication above control levels 

at any concentration used. For comparison, the stimulation by 10% FCS was determined 

and stimulated fibroblast replication by 65.81 +0.57% above media control.

Although hPDGF and rPDGFs -AB and -BB gave similar maximal responses there was 

a difference in the potencies of the subtypes with hPDGF > rPDGF-BB > rPDGF-AB. 

This variation in potency was clear when comparing doses that gave half maximal 

stimulation, hPDGF~2.5ng/ml, rPDGF-BB= lOng/ml, rPDGF-AB~20ng/ml.
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F ig u re  3 .36: Kinetics of groM ii of RPA  fib rob lasts  in the  m ethylene blue assay

Tlie figure shows a) the stimulation o f 5000 RPA fibroblasts/well by 0-20% FCS up to 

4 days incubation, b) and c) show the replication rate of 0.625-20 x 10  ̂ cells/well in 1 % 

FCS and 10% FCS respectively up to 4 days incubation.
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bFGF

The response of the RPA fibroblasts to bFGF is shown in figure 3.39a. bFGF was a 

mitogen for these cells stimulating replication by a maximum of 38.05±0.65% above 

media control at a concentration of 40ng/m (p<0.01).

TGF-1

IGF-1 significantly stimulated replication of RPA fibroblasts by 21.09±0.53 % above 

media control at a concentration of 20ng/ml (p<0.01) as shown in figure 3.39b.

TGFh

TGFB was mitogenic for RPA fibroblasts at low concentrations. TGFB has been reported 

to inhibit or stimulate fibroblasts from other sources and stimulated replication of 

RPA fibroblasts only at concentrations below 20ng/ml. The maximum stimulation was

35.01 ±2.03 % above media control with 2.5ng/ml TGFB (p<0.01). These results are 

represented in figure 3.39c.

3.4.2.3 Effect of vasoactive agents on fibroblast replication

The role of vasoactive mediators in vessel remodelling has been established . Here we 

examined their effects on pulmonary artery fibroblast replication.

Angiotensin II

All was determined to be a weak mitogen for RPA fibroblasts. RPA fibroblast 

replication was stimulated by 16.14±0.18 % above media control (p<0.05) at a 

concentration of 10/xg/ml (figure 3.40)

Endothelin-1

Endothelin-1 has been shown to be mitogenic to these fibroblasts in our laboratory by 

Keith E. Dawes (Dawes, 1995; Peacock et al., 1992) at a dose of lO'^M stimulating 

replication by 30%.
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Figure 3.37: Effect of human PDGF and recombinant PDGF-AB on RPA

fibroblast replication

The figure shows the stimulation of RPA fibroblast replication by k) human PD G F, and 

Qt) recom binant PDGF-AB. Values above 1.25ng/ml and 5ng/ml respectively 

significantly stimulated fibroblast replication (p < 0 .0 1 )  compared to control.
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Figure 3.38: Effect of PDGF homodimers -AA and -BB on RPA fibroblast

replication

The figure shows the stimulation o f RPA fibroblast replication by a) PD G F-A A , and b) 

PDGF-BB. PDGF-BB significantly stimulated fibroblast replication at concentrations of 

5ng/ml and above (p < 0 .0 1 )  vs control.
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Figure 3.39: Effect of bFGF, IGF-1 and TGFO on RPA fibroblast replication

The figure shows the stimulation o f RPA fibroblast replication by a) bFG F, and b) IGF- 

1, and c) TGFB. bFG F and IGF-1 significantly stimulated fibroblast replication at 

concentrations of 20ng/ml and above (p< 0 .01 ). TGFB significantly stimulated fibroblast 

replication at concentrations o f 10, 5 and 1.25 ng/ml (p < 0 .0 1 ) .
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Figure 3.40: Effect of ATI on RPA fibroblast replication

The figure shows the stimulation of RPA fibroblast replication by AIL A ll significantly 

stimulated fibroblast replication at concentrations o f 1 and 10/xg/ml (p < 0 .0 1 ).
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3.4.3 Summary

The findings o f the effects of polypeptide growth factors and vasoactive agents are as 

follows:

• Conditions were determined to allow maximal replication of both JRHx and RPA 

fibroblasts;

• PDGF was the most potent mitogen for both the JRHx and RPA fibroblasts. The
\

hierarchy for stimulation of PDGF subtypes was PDGF-BB >  hPD GF >  PDGF- 

AB. PDGF-AA did not stimulate fibroblast replication;

• bFG F and was a weak mitogen for the JRHx fibroblasts. bFG F, IGF-1 and

TGFB were weak mitogens for the RPA fibroblasts; 
bFGF, IGF-1 and TGFI3 did not stimulate JRHx fibroblast replication.

• the vasoactive agent A ll was a weak mitogen for both cell types, over a large 

concentration range. ET-1 did not stimulate JRHx fibroblast replication, but has 

previously been reported to stimulate RPA fibroblast replication and chemotaxis.
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RESULTS CHAPTER 3.5

EFFECT OF POLYPEPTIDE GROWTH FACTORS AND 

VASOACTIVE AGENTS ON CARDIAC AND PULMONARY 

ARTERY FIBROBLAST PROCOLLAGEN METABOLISM

3.5.1 Foetal rat cardiac fibroblasts

The JRHx fibroblast cell line was analysed with respect to procollagen metabolism in a 

variety of serum concentrations, and after treatment with known cardiac and serum 

growth factors. These factors, as previously described (see section 3.4.1) are found in 

the heart during development and hypertrophy and are good candidates for the 

stimulation of hypertrophic collagen deposition. These factors are also present in PCS 

and it was of interest to determine the roles of the factors alone (i.e. in the absence of 

mechanical load) in the stimulation of procollagen metabolism, to relate to the results 

presented in chapter three of this thesis.

3.5.1.1 Reproducibility of procollagen synthesis in different isolations of JRHx 

fibroblasts

The reproducibility of collagen metabolism from different isolations of the JRHx 

fibroblasts has been determined. Experiments carried out on the first isolation of these 

cells yielded control total procollagen synthesis values with a mean of 3.46+0.96 nmoles 

OHpro/well. The second isolation of these fibroblasts yielded values with a mean of 

3.78 + 1.1 Snmoles OHpro/well. This data are epresented in table 3.16 which shows total 

procollagen synthesis, procollagen protein production and procollagen degradation values 

for the different isolations of the fibroblasts all maintained in 1% PCS.
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Procollagen

production

Procollagen Procollagen 

degradation total synthesis 

(nmoles OHpro/well)

Procollagen

degradation

(% of total 
1 synthesis)

Isolation 1 

Experiment 

1 1.65+0.15 2.47+0.01 4.35+0.01 56.85+0.33

2 2.15+0.15 0.71+0.07 2.87+0.18 24.94 + 1.82

3 3.82 + 1.69 1.97+0.03 5.75 +1.65 34.15 + 1.10

4 0.52+0.01 0.36+0.05 0.88+0.06 40.04+2.87

mean 2.04+0.68 1.38+0.50 3.46+0.96 39.00+6.71

Isolation 2 

Experiment 

1 4.50+0.54

2 3.26+0.18 1.83+0.18 5.15+0.33 35.59+2.34

3 0.90 + 0.08 0.53+0.12 1.43+0.11 36.08+6.01

4 3.32 + 0.24 1.44+0.18 4.76+0.32 30.15+2.51

mean 2.99+0.75 1.27+0.39 3.78 + 1.18 33.94 + 1.90

Table 3.16: Reproducibility of different isolations of JRHx fibroblast

procollagen metabolism

The table shows procollagen metabolism values obtained from four experiments using 

two different isolations of JRHx fibroblast^, isolated and cultured in a similar manner.
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3.5.1.2 Effect of polypeptide growth factors on JRHx fibroblast procollagen

metabolism

TGFfi

The effect of TGFh on the JRHx fibroblast procollagen metabolism was assessed and a 

dose response curve was constructed. The dose response of the effects of TGFB on 

JRHx fibroblast procollagen metabolism are shown in table 3.17 and figure 3.41.

TGFB, at concentrations of 0.1-5ng/ml, maximally stimulated fibroblast procollagen total 

synthesis and procollagen protein production, with minimal effects on the proportion of 

newly synthesized procollagen degraded. All the following values are nmoles 

OHpro/well, n=4-6, unless otherwise stated. Total procollagen synthesis in control 

wells was 0.88+0.06 compared to values of 1.86+0.07 in cells treated with O.lng/ml 

TGFB, an increase of 110% above control (p<0.01). Similarly, procollagen protein 

production in control wells was 0.52+0.01 compared to 1.15+0.02 from cells treated 

with O.lng/ml TGFB, 120% increase above control (p<0.01). In a further experiment 

to determine a submaximal dose of TGFB, O.Olng/ml did not significantly stimulate 

procollagen metabolism compared to control values. However control values were 

increased in this experiment, and in order to combine the data it was therefore necessary 

to convert the data to % above respective controls. The data is plotted in this form in 

figure 3.41 to generate a dose response curve showing all maximal and submaximal doses 

of TGFB.

IGF-1

The effect of IGF-1 on the JRHx fibroblast procollagen metabolism was assessed and a 

dose response curve constructed. The experimental values obtained, and the dose 

response, represented as % stimulation above control, are shown in table 3.18 and figure 

3.42 respectively.

IGF-1, at concentrations of l-20ng/ml, maximally stimulated fibroblast procollagen total 

synthesis and protein production, with no effect on the proportion of newly synthesized 

collagen degraded. All the following values are nmoles OHpro/well, n=4-6, unless
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Procollagen

production

Procollagen Procollagen 

degradation total synthesis 

(nmoles OHpro/well)

Procollagen 

degradation 

(% total synth)

Experiment 1

control 0.52+0.01 0.36+0.05 0.88+0.06 40.04+2.86

0.1 ng/ml 1.15+0.02 0.71+0.08 1.86+0.07 37.38 + 1.74

0.5 ng/ml 1.11+0.50 0.93+0.10 2.05+0.09 45.02 + 3.31

1 ng/ml 1.11+0.07 1.00+0.05 2.15+0.09 48.17+2.35

5 ng/ml 1.02+0.08 0.88+0.09 1.91+0.16 46.24 + 1.69

Experiment 2

control 1.65+0.15 2.47+0.01 4.35+0.01 56.85+0.33

O.Olng/ml 1.91+0.08 3.02+0.36 4.94+0.31 59.84+4.15

Table 3.17: Effect of TGFb on JRHx fibroblast procollagen metabolism

The table shows total procollagen synthesis, procollagen protein production and 

procollagen degradation data from JRHx fibroblasts treated with concentrations of TGFp.
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Figure 3.41: Effect of TGFB on JRHx fibroblast procoliagen metabolism

T he figure shows the effect o f TGFB on a) total procollagen synthesis, b) procollagen 

protein  production, and c) procollagen degradation. Data is represented as % above 

control, ** denotes p < 0 .0 1 .
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otherwise stated. Total procollagen synthesis in control wells was 0.88 ±0.06 compared 

with a maximum stimulation by 1 ng/ml IGF-1 to values of 1.67+0.10, a stimulation of 

89% (p<0.01). Similarly, procollagen protein production in control wells was 

0.52+0.01 compared to 0.95+0.04 from cells treated with 1 ng/ml IGF-1, 82% above 

control, (p<0.01). Procollagen degradation, represented as a % of the total synthesis, 

was unchanged at all doses of IGF-1.

In a further experiment to determine a sub-maximal dose of IGF-1 the stimulation by 

O.lng/ml (with lOng/ml IGF-1 to check the magnitude of the response) was similarly 

determined. lOng/ml IGF-1 stimulated fibroblast total procollagen synthesis and 

procollagen protein production to a similar degree as previously, 57% (p<0.01) and 

\ 43% (p<0.01) above controls respectively. IGF-1 at a concentration of O.lng/ml did

not significantly stimulate fibroblast collagen metabolism although there were non

significant increases of 8% and 18% in total procollagen synthesis and procollagen 

protein production respectively.

These data have again been converted to % above their respective controls, and plotted 

in this form in figure 3.42 to generate a dose response curve showing all maximal and 

submaximal doses of IGF-1.

bFGF

bFGF has been previously shown to be mitogenic for these fibroblasts and to control for 

the possible stimulation of cell number duplicate cultures were harvested for 

measurement of DNA content. Values for l-20ng/ml added bFGF and controls are 

shown in table 3.19 and show that in the conditions used bFGF did not significantly 

stimulate fibroblast proliferation in this assay. All further data is therefore represented 

as procollagen metabolism/well.

The effect of bFGF on the JRHx fibroblast procollagen metabolism was assessed anda 

dose response curve was constructed. The effects of bFGF on JRHx fibroblast 

procollagen metabolism are shown in table 3.20 and figure 3.43.
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Procollagen Procollagen 

production degradation 

(nmoles OHpro/well)

Procollagen 

total synthesis

Procollagen 

degradation 

(% total synth)

Experiment 1

control 0.52+0.01 0.36+0.05 0.88+0.06 40.04+2.87

1 ng/ml 0.95+0.04 0.72+0.08 1.67+0.10 42.19+2.94

5 ng/ml 0.82 + 0.04 0.79+0.11 1.61+0.10 48.39+4.20

10 ng/ml 0.88+0.08 0.81+0.16 1.70 + 0.11 46.24+7.63

20 ng/ml 1.00 + 0.08 0.73+0.14 1.73+0.10 41.20+6.38

Experiment 2

control 1.65+0.15 2.47+0.01 4.35+0.01 56.85+0.33

0.1 ng/ml 1.94+0.09 2.77+0.08 4.70+0.12 59.28 + 1.99

10 ng/ml 2.58+0.12 3.46+0.47 6.25+0.56 54.64+2.50

Table 3.18: Effect of IGF-1 on JRHx fibroblast procollagen metabolism

The table shows total procollagen synthesis, procollagen protein production and 

procollagen degradation data from JRHx fibroblasts treated with concentrations of IGF-1.
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Figure 3.42: Effect of IGF-1 on JRHx fibroblast procollagen metabolism

The figure shows the effect o f IGF-1 on a) total procoliagen synthesis, b) procollagen 

protein production, and c) procoliagen degradation. Data is represented as % above 

control, ** denotes p < 0.01.
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bFGF stimulated procoliagen metabolism at all doses tested. Total procoliagen synthesis 

in control wells was 2.87+0.18 compared to values of 3.93+0.07, 4.66+0.22, 

4.45+0.16 and 4.48+0.40 for cells treated with 1, 5, 10 and 20ng/ml bFGF 

respectively. These values represent increases of 37% (p<0.05), 63%, 55% and 56% 

(all p<0.01) above control values. Similarly procoliagen protein production was 

stimulated by 25% (p<0.05), 38%, 34% and 37% (all p<0.01) above controls. 

Degradation of newly synthesized procoliagen was unchanged for control levels.

human PDGF

PDGF has been previously shown to be mitogenic for these fibroblasts and to control for 

the possible stimulation of cell number duplicate cultures were harvested for 

measurement of DNA content. Values for l-20ng/ml added bFGF and controls are 

shown in table 3.19 and show that in the conditions used bFGF did not significantly 

stimulate fibroblast proliferation in this assay. All further data is therefore represented 

as procoliagen metabolism/well.

The effect of PDGF on the JRHx fibroblast procoliagen metabolism was assessed and a 

dose response curve was constructed. The dose response of the effects of PDGF on 

JRHx fibroblast procoliagen metabolism is shown in table 3.21 and figure 3.44.

PDGF, at concentrations of l-20ng/ml, maximally stimulated fibroblast procoliagen total 

synthesis and protein production at all doses, with no effect on the proportion of newly 

synthesized collagen degraded. All the following values are nmoles OHpro/well, n=4-6 

unless otherwise stated. Total procoliagen synthesis in control wells was 2.87+0.03 

compared to values of 5.05+0.07 in cells treated with 1 ng/ml PDGF, an increase of 76% 

above control (p<0.01). Similarly, procoliagen production in control wells was 

2.15+0.15 compared to 3.74+0.23 from cells treated with 1 ng/ml PDGF, an increase 

of 74% above control levels (p<0.01). Procoliagen degradation, represented as a % of 

the total synthesis, was unchanged at all doses of PDGF.

Again lower doses were used to find a submaximal dose of PDGF. Further experiments 

at 0.1 and 0.5ng/ml PDGF, were determined to significantly, but submaximally stimulate
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Asorbance 595nm mean

control 0.029 0.022 0.028 0.026

PDGF 1 0.019 0.020 0.029 0.022

5 0.016 0.018 0.029 0.021

10 0.021 0.020 - 0.021

20 0.027 0.023 0.023 0.024

bFGF 1 - 0.024 0.022 0.023

5 0.025 0.023 0.025 0.024

10 0.020 0.013 0.025 0.019

20 0.019 0.018 0.020 0.019

Table 3.19: Effect of bFGF and PDGF on JRHx fibroblast DNA content

The table shows the absorbance values (595nm) of samples following treatment with bFGF 
(20ng/ml) or PDGF (lOng/ml) following the DNA assay.
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Procoliagen

production

Procoliagen Procoliagen 

degradation total synthesis 

(nmoles OHpro/well)

Procoliagen 

degradation 

(% total synth)

Experiment 1

control 2.15+0.15 0.71+0.07 2.87+0.18 24.94 + 1.82

1 ng/ml 2.68+0.18 1.24+0.16 3.93+0.07 31.38+2.31

5 ng/ml 2.99+0.18 1.68+0.15 4.66+0.22 35.80+1.68

10 ng/ml 2.88+0.12 1.58 + 0.06 4.45+0.16 35.59+2.01

20 ng/ml 2.95+0.39 1.53+0.15 4.48+0.40 34.93+3.82

Table 3.20: Effect of bFGF on JRHx fibroblast procoliagen metabolism

The table shows total procoliagen synthesis, procoliagen protein production and 

procoliagen degradation data from JRHx fibroblasts treated with concentrations of bFGF.
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F igure 3 .43: Effect of bF G F  on JR H x  fib rob last procoliagen  m etabolism

The figure shows the effect o f bFG F on a) total procoliagen synthesis, b) procoliagen 

protein production, and c) procoliagen degradation. Data is represented as % above 

control, denotes p < 0 .0 5  and ** denotes p < 0 .0 1 .
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procoliagen metabolism compared to control values, yielding increases in total 

procoliagen synthesis of of 50% (p < 0.05) and 12% (p < 0.05) and in procoliagen protein 

production of 38% (p<0.05) and 40% (p<0.05) respectively. These data have again 

been converted to % above their respective controls, and plotted in this form in figure 

3.44to generate a dose response curve showing all maximal and submaximal doses of 

PDGF.

Effect of PDGF subtypes -AA. -BB and -AB on JRHx fibroblast procoliagen metabolism 

In order to determine the specific isoform of PDGF and receptor subtypes involved in 

mediating this response, the recombinant PDGF homodimers (-AA and -BB) and 

recombinant PDGF heterodimer (-AB) were applied to the cells at an optimal dose of 

lOng/ml (see above). We have previously shown that PDGF at the concentrations and 

conditions used for this assay does not stimulate JRHx fibroblast replication and therefore 

the data is represented as mean+SEM nmoles OHpro/well, n=4-6, unless otherwise 

stated. This data is represented in figure 3.45.

rPDGF-AA had no significant effect on JRHx fibroblast total procoliagen synthesis, 

protein production, or degradation. rPDGFs -AB and -BB both stimulated JRHx 

fibroblast total procoliagen synthesis and procoliagen protein production by similar 

degrees. Total procoliagen synthesis in controls was 4.76+0.33 compared with 

7.18+0.42 and 6.63+0.19 for PDGF-AB and -BB respectively, increases of 51% 

(p < 0.01) and 40% (p < 0.01) respectively. Procoliagen protein production was similarly 

stimulated, with control values of 3.32+0.24 compared with PDGF-AB (5.07+0.30) and 

-BB (4.45+0.26), stimulations of 52% (p<0.01) and 34% (p<0.01) respectively. None 

of the PDGF subtypes changed the proportion of procoliagen degradation.

3.5.1.3 Reproducibility of responses to the growth factors

Table 3.22a, b and c show repeat experiments of the effect of the above growth factors 

on total procoliagen synthesis, procoliagen protein production and procoliagen 

degradation respectively. Repeats of the previous experiments at an optimal dose of the 

growth factors tested are shown and demonstrate the reproducibility of the responses of
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Procoliagen Procoliagen Procoliagen 

production degradation total synthesis 

(nmoles OHpro/well)

Procoliagen 

degradation 

(% total synth)

Experiment 1

control 2.15+0.15 0.71+0.03 2.87+0.03 24.94 + 1.82

1 ng/ml 3.74 + 0.23 1.32+0.08 5.05+0.07 26.08 + 1.34

5 ng/ml 3.57+0.33 1.78+0.10 5.35+0.09 33.82 + 3.01

10 ng/ml 3.84+0.28 1.80+0.05 5.64+0.09 32.08 + 1.59

20 ng/ml 4.21+0.10 1.51+0.09 5.71+0.13 26.39+2.50

Experiment 2

control 0.52+0.01 0.36+0.01 0.88+0.06 40.04+2.87

O.lng/ml 0.73+0.04 0.79+0.36 1.52+0.10 51.72 + 1.69

0.5 ng/ml 0.77+0.04 0.60+0.07 1.33+0.09 44.75+2.27

Table 3.21: Effect of hPDGF on JRHx fibroblast procoliagen metabolism

The table shows total procoliagen synthesis, procoliagen protein production and 

procoliagen degradation data from JRHx fibroblasts treated with concentrations of human 

PDGF.



a>
C7)

Ô «

C L

O
O O 
n  1-

I I
c  ®
® ^ D> O
CO X I

=  «3O
ü  «  O —

120
*♦

100

80

60

4 0

20

0
10 15 200 5

189

**
100

80

60

4 0

20

0
10 15 200 5

i l
® oXJIIo
üo

«
5 10 15

PDGF added (ng/ml)

Figure 3.44: Effect of human PDGF on JRHx fibroblast procoliagen metabolism

The figure shows the effect o f hPD GF on a) procoliagen total synthesis, b) procoliagen 

pro tein  production, and c) procoliagen degradation. Data is represented as % above 

control, * denotes p < 0 .0 5  and ** denotes p < 0 .0 1 .
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the growth factors on the fibroblasts. The percent stimulation by the growth factors of 

total procoliagen synthesis, procoliagen protein production and proportion of degradation 

is generally similar, despite differences in the basal rates of collagen metabolism by the 

cells in the different experiments.

3.5.1.4 Effect of vasoactive agents on JRHx fibroblast procoliagen metabolism

Figure 3.46 a, and b demonstrate that the vascoactive agents All and ET-1 did not 

significantly stimulated JRHx fibroblast procoliagen production at any concentration.
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Control procoliagen Stimulated procoliagen 

synthesis synthesis 

(nmoles OHpro/well)

% stimulation

human PDGF 10 ng/ml

1 4.76+0.33 7.18+0.42 50.69+0.88

2 1.42+0.11 3.02+0.40 111.84 + 14.72

3 2.87+0.03 5.71+0.13 99.36+3.26

4 3.98+0.27 4.83+0.54 25.27+0.89

j F-1 lOng/ml

1 0.88+0.06 1.73+0.11 95.67+5.63

2 4.35+0.05 6.22+0.58 43.19+3.95

3 3.98+0.27 6.08+0.43 52.81 + 10.78

bFGF 10 ng/ml

1 1.43+0.11 1.43+0.11 43.29+3.30

2 2.87+0.18 4.66+0.24 62.76 + 3.02

3 3.98+0.27 5.59+0.34 40.53 + 8.56

'GFb lOng/ml

1 0.88+0.06 2.05+0.09 131.44+0.55

Table 3.22a: Reproducibility of JRHx fibroblast procoliagen synthesis in

response to growth factors

The table shows the results from repeat experiments of growth factor stimulations of total 

procoliagen synthesis.
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Control procoliagen Stimulated procoliagen 

production production 

(nmoles OHpro/well)

% stimulation

human PDGF 10 ng/ml

1 3.32+0.24 5.06+0.30 52.18+9.00

2 0.90+0.08 2.13+0.27 137.46+17.29

3 2.15+0.15 3.84+0.28 78.37+5.81

4 1.81+0.06 3.17+0.15 67.19 + 8.90

IGF-1 lOng/ml

1 0.52+0.01 0.88+0.08 68.42+6.21

2 1.81+0.06 2.57+0.12 45.38 + 8.31

3 2.99+0.78 4.82+0.23 61.19+7.70

bFGF 10 ng/ml

1 0.90+0.08 1.43+0.11 60.19+4.63

2 1.81+0.06 2.68+0.09 53.41+4.91

3 2.99+0.78 4.49+0.29 45.25 + 14.79

TGFB lOng/ml 

1 0.52+0.01 1.11+0.07 113.33+7.45

2 2.99+0.78 5.49+0.18 83.79+6.19

Table 3.22b: Reproducibility of JRHx fibroblast procoliagen protein production

in response to growth factors

The table shows the results from repeat experiments of growth factor stimulations of 

procoliagen protein production.
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Control procoliagen Stimulated procoliagen 

degradation degradation

(nmoles OHpro/well)

%change 

(% of total synthesis)

human PDGF lOng/ml

1.44+0.19

0.53+0.12

0.71+0.03

2.11+0.29

2.12+0.24

0.98+0.10

1.80+0.05

1.74+0.40

-5.74+4.24 

-6.92 + 1.66 

7.13+0.35 

-24.84+2.17

IGF-1 lOng/ml 

1 

2 

3

0.36+0.05

2.47+0.01

2.11+0.29

0.81+0.16

3.46 + 0.47

3.46 + 0.47

9.47 + 1.56 

-2 .20+ 0.10 

3.65 + 3.86

bFGF 10 ng/ml 

1 

2 

3

0.53+0.12

0.71+0.07

2.11+0.29

0.61+0.12

1.58+0.06

2.82+0.0.25

-6.37+4.48 

10.64+2.01 

-2.04 + 1.40

TGFh lOng/ml

1 0.36+0.05 1.00+0.05 8.12+2.37

Table 3.22c: Reproducibility of JRHx fibroblast procoliagen degradation in

response to growth factors

The table shows the results from repeat experiments of growth factor stimulation of 

procoliagen degradation.
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Figure 3.46: Effect of All and ET-1 on JRHx fibroblast procoliagen production

The figure shows that neither A ll (a) nor ET-1 (b) significantly stimulated JRHx 

fibroblast procoliagen production.
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3.5.2 Adult rat pulmonary artery fibroblasts

The effect of the polypeptide growth factors and vasoactive agents on the RPA fibroblasts 

has also been examined. The characterization of the procoliagen metabolism in this 

primary cell line, including responses to ET-1, TGFB and hypoxia have previously been 

determined (Dawes, 1995; Peacock et ah, 1992). The conditions used were similar to 

those defined here for the JRHx fibroblasts and therefore the conditions outlined above 

(for JRHx fibroblasts) have been used in the study of the effect of PDGF and All here.

PDGF

The effect of rPDGF-AB on the RPA fibroblast procoliagen metabolism was assessed and 

a dose response curve was constructed. The dose response of the effects of PDGF on 

RPA fibroblast procoliagen metabolism is shown in figure 3.47a, b and c. Table 3.23 

shows that the cell numbers did not change from control values after treatment with 

PDGF and therefore all data is represented as mean+SFM nmoles OHpro/well, n=4-6, 

unless otherwise stated.

rPDGF-AB stimulated RPA fibroblast procoliagen total synthesis and protein production 

with a maximal stimulation at 5ng/ml. Total synthesis in controls was 17.53+0.22 

compared with PDGF-AB 5ng/ml 22.49+0.39 an increase of 28% (p<0.01). 

Procoliagen protein production was similarly stimulated, with control values of 

10.63+0.21 compared with PDGF-AB 5ng/ml 16.15+0.55 an increase of 52% 

(p < 0.01). rPDGF-AB decreased the proportion of total procoliagen degraded from 

39.34 + 1.29% of total synthesis in controls to 26.11 + 1.37% of total synthesis in 

cultures treated with rPDGF-AB lOng/ml (p<0.05).

AH

The effect of All on the RPA fibroblast procoliagen metabolism was assessed and a dose 

response curve was constructed. The dose response of the effects of All on RPA 

fibroblast procoliagen metabolism is shown in figure 3.48a, b and c. Table 3.23 shows 

that the cell numbers did not change from control values after treatment with All and 

therefore all data is represented as mean+SFM nmoles OHpro/well, n=4-6, unless
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otherwise stated.

All stimulated RPA fibroblast total procoliagen synthesis and protein production at 

concentrations of 1 and lOng/ml. Total procoliagen synthesis in controls was 

17.53+0.22 compared to All at 1 and lOng/ml of 23.7 + 80.52 and 20.99+0.69 

increases of 36% (p<0.01) and 20% (p<0.05) respectively. Procoliagen protein 

production was similarly stimulated, with control values of 10.63+0.21 compared to All 

at 1 and lOng/ml of 16.82+0.53 and 14.50+0.61 increases of 58% (p<0.01) and 37% 

(p<0.01) respectively. All doses of All non-significantly decreased the proportion of 

procoliagen degradation.
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control PDGF cell number All cell number

cell number conc. conc.

(ng/ml) (xlOO (ng/ml) (xlO^)

3.56+0.20 0.1 3.53+0.47 1

1 2.84+0.31 10 3.13+0.26

5 3.19+0.10 1000 3.29+0.15

10 3.70+0.21 10000 3.45+0.28

Table 3.23: Effect of recombinant PDGF-BB and All on confluent RPA

fibroblast cell number

The table shows the cell numbers from confluent cultures of RPA fibroblasts in controls 

and cultures treated with dose responses of recombinant PDGF-BB and AIL
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Figure 3.47 Effect of recombinant PDGF-AB on RPA fibroblast procoliagen 

metabolism

The figure shows the effect of recombinant PDGF-AB on a) total procoliagen synthesis, 

b) procoliagen protein production, and c) procoliagen degradation. * denotes p < 0 .0 5 , 

** denotes p < 0 .0 1 .
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3.5.3 Summary

The findings of the effects of polypeptide growth factors and vasoactive agents on cardiac

and arterial fibroblast procollagen metabolism are as follows:

i) foetal cardiac fibroblasts produce procollagen at reproducible rates from different 

isolations of cells and from the same isolation on different days;

ii) the polypeptide growth factors TGF15, PDGF, IGF-1 and bFGF, but not the 

vasoactive agents All and ET-1, stimulated JRHx fibroblast procollagen 

metabolism;

iii) the hierarchy of stimulation for JRHx fibroblasts by these factors was as follows: 

TGFB > IGF-1 khPDGF > bFGF, both in terms of maximal stimulation and 

potency. The vasoactive agents All and ET-1 had no effect on procollagen 

metabolism by these cells. PDGF isoforms -AB and -BB stimulated procollagen 

production to a similar degree with no effects on procollagen degradation. 

PDGF-AA had no effect on procollagen metabolism;

iv) RPA fibroblasts have previously been demonstrated to increase procollagen 

metabolism in response to TGFB, ET-1 and hypoxia. Here we have 

demonstrated stimulation of procollagen metabolism by PDGF-BB and All;

v) Vascular and cardiac fibroblasts appear to respond to different growth factors 

and vasoactive agents. Notably, the arterial fibroblasts increased procollagen 

I production in response to All and ET-1.
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RESULTS CHAPTER 3.6

EFFECT OF COMBINATIONS OF POLYPEPTIDE GROWTH 

FACTORS AND MECHANICAL LOAD ON CARDIAC AND 

PULMONARY ARTERY FIBROBLAST PROCOLLAGEN 

EXPRESSION

The stimulation of RPA and JRHx fibroblast procollagen m etabolism and m RN A  levels , 

has now been established with respect to both mechanical load and^polypeptide growth 

factors. It was therefore o f interest to determine if the stimulation o f procollagen 

metabolism by serum  and mechanical load was due to a synergistic interaction of the 

increased mechanical load and the growth factors present in the serum. This would 

represent a novel mechanism of enhancing the procollagen gene expression and protein 

synthesis above the levels stimulated by mechanical load alone or growth factors alone.

3.6.1 Stimulation of JRHx fibroblast procollagen mRNA levels by 

mechanical load and polypeptide growth factors

The results o f the Northern analysis showing the combined effects of growth factors and 

mechanical load on type I procollagen gene expression following 48 hours incubation are 

shown in figure 3.49. Polypeptide growth factors (TGFB, IGF-1, bFG F, PD G F and 

PDGF), previously shown to stimulate collagen metabolism in identical cultured cardiac 

fibroblasts, interacted with mechanical load in a synergistic m anner to stimulate 

procollagen ai(I) mRNA levels. A combination of TGFB and mechanical load stimulated 

procollagen aj(I) mRNA levels by almost 350% compared with TGFB alone. Similarly, 

mechanical load in combination with IGF-1, bFG F and PD GF stimulated procollagen 

a i(I) mRNA levels by 200% , 150% and 60% above that induced by the grow th factor 

alone. M echanical load and A ll, previously demonstrated not to stimulate collagen 

metabolism in these cells, had no effect on procollagen ai(I) mRNA levels. In these
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experiments the positive control of 10% FCS and mechanical load stimulated mRNA 

levels by 150%.

3.6.2 Effect of mechanical load and PDGF on RPA fibroblast 

procollagen metabolism

A similar experiment was carried out to section 6.1 above, but using the RPA fibroblasts 

and with PDGF only, rather than the other growth factors.

3.6.2.1 Stimulation by mechanical load and 10% FCS

The stimulation of procollagen metabolism by mechanical load and 10% FCS was carried 

out as a positive control. This data is represented in figure 3.50. This experiment gave 

similar results to those previously reported in chapter 3, stimulating procollagen 

metabolism after 48 hours of mechanical load in the presence of 10% FCS. Total 

procollagen synthesis and protein production increased by 48% (p<0.01) and 44% 

(p < 0.01) above control respectively. The proportion of procollagen degraded

was unchanged from controls.

If linear rates of procollagen metabolism are assumed, and the increase takes place only 

in the 24-48 hour period, as previously demonstrated these data can be converted to 

synthesis rates per 24 hours to examine the increase in metabolism over this period. 

Using these assumptions the procollagen total synthesis and protein production increased 

during the 24-48hour period by 97 % and 8 8  % compared to control respectively (24-48 

hours control: 16.86+0.81 total procollagen synthesis and 11.75+0.85 procollagen 

protein production; load 33.17 + 1.25 total procollagen synthesis and 22.04+0.38 

procollagen protein production). The amount of procollagen degraded also increased by 

117% (p<0.01) during the 24-48 hour period (control 5.11+0.22, load 11.11+0.95). 

This increase was similar to the stimulation of total procollagen synthesis and protein 

production, resulting in the proportion of procollagen degradation during the 24-48 hour 

period remaining at around 30% (control 30.74+2.16 to load 33.31 + 1.66).
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Figure 3.49 Synergistic stimulation of JRHx fibroblast type I procollagen 

inRNA by mechanical load and polypeptide growth factors

The figure shows the stimulation of procollagen type I mRNA levels by mechanical load 

and growth factors (right of each pair), above the stimulation induced by the growth 

factor alone (left of each pair). The respective Northern blots and loading controls are 

shown below the figure.



205

3.6.2.2 Stimulation by mechanical load and PDGF-BB

Procollagen metabolism was stimulated by mechanical load in combination with PDGF. 

These experiments are represented in figure 3.50a, b and c. All values are represented 

as nmoles OHpro/well unless otherwise stated. Control (PDGF alone) total procollagen 

synthesis and procollagen protein production were 30.03 ±0.47 and 19.27+0.22 

respectively after 48 hours, compared to values of 55.03 + 1.52 and 37.80+1.38 in 

loaded cultures. Therefore, after 48 hours of mechanical load in the presence of PDGF 

total procollagen synthesis and production had increased by 83% (p<0.01) and 96% 

(p<0.01) above control respectively. The amount of procollagen degraded was 

stimulated by 60% (p<0.01, control 10.77+0.46, load 17.23 + 1.38), resulting in a 

slight, but nonsignificant, decrease of 4% in the proportion of procollagen degradation 

when represented as a proportion of total procollagen synthesis (control 35.78 + 1.02%, 

load 31.38+0.63% of total procollagen synthesis).

If linear rates of procollagen metabolism are again assumed, and the increase takes place 

only in the 24-48 hour period, these data can be converted to synthesis rates per 24 hours 

to examine the increase in metabolism over this period. The stimulation of procollagen 

metabolism by mechanical load and 10% FCS was carried out as a positive control. 

These experiments are represented in figure 3.51a, b and c.

The total procollagen synthesis and procollagen protein production increased following 

treatment with PDGF and mechanical load compared to PDGF alone during the 24-48 

hour period by 166% (p<0.01) and 192% (p<0.01) compared to control respectively. 

The amount of procollagen degraded also increased by 120% (p<0.01) during the 24-48 

hour period this increase was lower than the stimulation of total procollagen synthesis 

and procollagen protein production, resulting in the proportion of procollagen 

degradation during the 24-48 hour period decreasing to 6 % during this time.
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Figure 3.50: Synergistic stimulation of RPA fibroblast procollagen metabolism

by mechanical load and PDGF-BB

The figure shows the procollagen total synthesis (a), procollagen protein production (b),

and proportion o f procollagen degradation (c), by RPA fibroblasts stimulated by

mechanical load and PDGF-BB. ** denotes p < 0 .0 1 .
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Figure 3.51: Procollagen metabolism rates/24 hours by RPA fibroblasts

stimulated by mechanical load and PDGF

The figure shows total procollagen metabolism (a), procollagen protein production (b) 

and procollagen degradation (c) derived rates/24 hours by RPA fibroblasts from control 

(□ ) and mechanically loaded (■ ) cultures in the presence of 10% FCS or PDGF-BB for 

24 or 48 hours. ** denotes p <  0.01.
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3.6.3 Summary

Responses of the fibroblast cultures to cominations of growth factors and mechanical load

are outlined below:

• Both JRHx and RPA fibroblast responses to growth factors were enhanced by the

application of mechanical load;

• JRHx fibroblast procollagen type I niRNA was enhanced by the combination of 

mechanical load and each of the growth factors, TGFB, IGF-1, PDGF and 

bFGF, to a level above the stimulation by growth factor alone. Mechanical load 

had no effect in combination with All;

• similarly, RPA fibroblast procollagen metabolism was enhanced by mechanical

load following stimulation by PDGF.
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CHAPTER 4

DISCUSSION
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4.1 Foreward

The mechanisms regulating physiological and pathological collagen deposition in the 

normal and hypertrophying heart, and in the vasculature remain poorly understood. The 

cardiovascular fibroblasts are responsible for the collagen deposition in the myocardium 

and the adventitia of vessels. Cardiovascular collagen deposition may be enhanced by 

a stimulation of fibroblast replication, or a stimulation of fibroblast collagen production 

per cell. During cardiovascular remodelling both of these processes are up-regulated, 

resulting in increased fibroblast numbers and increased fibroblast collagen deposition. 

However, the precise mechanisms responsible for this stimulation remain to be 

elucidated.

The aim of this thesis was therefore to determine the mechanisms of fibroblast 

stimulation that may be pertinent to the in vivo situation. Primary cultures of rat cardiac 

and pulmonary artery fibroblasts were isolated and the responses of these cells to 

mechanical load, polypeptide growth factors, and combinations of mechanical load and 

growth factors were examined as potential pathways of fibroblast stimulation.

The results demonstrated that both cardiac and arterial fibroblasts are sensitive to 

mechanical load, increasing their procollagen metabolism, but only in the presence of 

serum factors or specific polypeptide growth factors. These growth factors are 

upregulated in diseases involving pressure-overload and have here been demonstrated to 

stimulate procollagen protein synthesis under normal culture conditions. The increased 

mechanical load therefore enhanced the responses of these cells to the growth factors. 

This result represents a novel mechanism whereby increased collagen deposition may 

occur during diseases involving pressure-overload and has widespread implications for 

many tissues and organs exposed to increased mechanical forces.



211

4.2 Development and characterization of primary fibroblast 

cultures

Primary cell cultures of rat cardiac and pulmonary artery fibroblasts were used in this 

study. Foetal rat cardiac fibroblasts were grown in conditions to optimise the isolation 

of fibroblast cultures (Bashey et al., 1992; Carver et al., 1991; Chua et al., 1991). The 

fibroblasts were grown by explant culture from tissue fragments, and outgrow other cell 

types in culture, therefore giving a monolayer in which the majority of the cells are 

fibroblastic. Quality control immunofluoresence was carried out for a selection of 

fibroblast and SMC markers, which confirmed the fibroblastic nature of the foetal rat 

cells. For fibroblasts grown on acid-etched glass coverslips universal diffuse staining 

was abundant for the low molecular weight caldesmon isoform which is present in 

fibroblasts and not SMCs, but no staining was evident for the high molecular weight 

isoform of caldesmon, a specific SMC marker. Furthermore, staining was absent for 

SMC a-actin when grown on the acid-etched coverslips demonstrating the absence of the 

myofibroblast phenotype within the cell population. The initial isolations of the cardiac 

fibroblasts were therefore considered to be pure fibroblast cultures. The characterization 

of the pulmonary artery fibroblasts has been previously described (Peacock et al., 1992; 

Dawes, 1995).

The cardiac fibroblast cultures were irregular in shape at subconfluence possibly 

reflecting the presence of heterogeneous sub-populations of fibroblasts. The cells 

isolated will have contained precursors of mature right and left atrial and ventricular 

fibroblasts and this may therefore explain the varying appearance of the fibroblasts. All 

tissues are thought to contain heterogeneous fibroblast populations that will exhibit a 

range of activities depending on their interactions with other cells, mediators and their 

micro-environments. The use of high serum concentrations in the initial isolation process 

is likely to stimulate most fibroblasts to adhere, spread and divide although this process 

may have selected for the most active fibroblasts with respect to spreading and replication 

rates. Neither endothelial cells nor myocytes would have grown in the culture conditions 

used, as endothelial cell require specific culture media supplements and the foetal 

myocytes would not have adhered to the plasticware used. There is therefore no
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evidence for any significant contamination by other cell types in these cultures of cardiac 

fibroblasts.

Foetal cardiac fibroblasts were the principle cells used in this study. Foetal fibroblast 

cell lines have been most frequently used in cell culture studies and survive many 

doublings in culture. Experience in our laboratory suggests that procollagen synthesis 

rates of foetal and adult cells does not differ in culture. Although the pathophysiological 

relevance of our findings to a disease which affects adults must be interpreted with 

caution, there are thought to be no differences in the procollagen biosynthetic or 

regulatory pathways between foetal and adult cells, making them a convenient in vitro 

model system for examining the effects of mechanical load and polypeptide growth 

factors on fibroblasts. Although the regulatory pathways may be the same for foetal and 

adult cells the sensitivity of the cells to growth factors may vary, being determined by 

the presence or absence of specific growth factor receptors and the intracellular 

mechanisms necessary for specific growth factor or mechanical load-mediated responses.

4.3 Mechanical loading of cells in vitro

The role of mechanical load in the regulation of cellular function is generating increasing 

interest in many fields of biomedical research. As outlined in the Chapter 1, mechanical 

forces are imposed on many tissues throughout developmental and adult life and have 

critical roles in both normal and pathological tissue growth. The development of in vitro 

systems has enabled the cellular mechanisms and responses to mechanical load to begin 

to be elucidated.

Mechanical load was applied to the fibroblasts in this study using the Flexercell Strain 

Unit (Model FX2000). This system causes deformation of circular membranes housed 

in six-well culture plates (up to eight plates at a time) by applying a vacuum beneath an 

ECM-coated silicone elastomer substratum, causing the membrane to dome downwards, 

increasing the surface area of the membrane and therefore applying a mechanical load 

to the cells adhered to it. This system is now well characterized with respect to the
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mechanical deformation applied to the cells (Gilbert et al., 1994), used by many groups 

in this field, and represents the most convenient and reproducible method of cyclically 

loading monolayers of cells in vitro. It is essential to study the effects of increased 

cyclic mechanical load, rather than a static unidirectional stretch when considering the 

cardiovascular system.

A potential criticism of the system regards the distribution of force across the membrane. 

Cells receive a maximal deformation in the outer third of the membrane and no 

deformation in the centre, resulting in a strain gradient across the membrane (see figure 

1.2). This results in the realignment of the fibroblasts along lines of equal 

circumferential strain, thus forming concentric circles parallel to the edge of the culture 

wells, as shown in Results Chapter 2 figure 3.9 and 3.11. This realignment does not 

occur in the centre of the membrane as no mechanical forces are applied in this region.

Experiments were performed, using the RPA fibroblasts, in which the cells were 

selectively plated in different areas of the membrane. An increased response with respect 

to collagen metabolism was observed from cells plated in the outer region of the 

membrane (2 0 0 %), compared to the total membrane ( 1 0 0 %), with no effect from the 

cells plated in the centre of the membrane. These results therefore suggest that the 

response to mechanical load by the fibroblasts is direct, i.e. that mechanical load directly 

results in a cellular response which is not communicated to other cells via the expression 

of growth factors or through intercellular communication pathways. Such 

communication pathways, which have been shown to be stimulated by mechanical load 

include the generation of inositol-1,4,5-trisphosphate and its subsequent diffusion through 

GAP junctions (Boitano et al., 1992) to neighbouring cells via increased connexin 

expression. If such mechanisms existed in these fibroblasts the stimulation may have 

resulted in a more uniform pattern of stimulation over the entire membrane.

The responses of the fibroblasts to mechanical load from cell cultures covering the whole 

membrane were of sufficient magnitude (consistently 50-100%) and gave consistent 

responses in all experiments outlined in this thesis. Confluent monolayers covering the 

entire membranes were therefore used in all experiments unless otherwise stated. The
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applied load induced a maximum of 2 0 % cyclical elongation of the membrane at a 

frequency of 1.5Hz. This degree of deformation can be achieved in the heart during 

hypertension (Sadoshima et al., 1992), and the frequency used was as close to rat heart 

rate as the mechanics of the machine would permit. This degree of cyclic deformation 

has also been shown to effect other cellular responses, such as SMC proliferation (Wilson 

et ah, 1993; Sudhir et ah, 1993), and static mechanical stretch of this magnitude effects 

myocyte gene expression, protein synthesis and growth factor expression in vitro (Wilson 

et ah, 1995; Sadoshima et ah, 1993; Perrone et ah, 1995; Komuro et ah, 1991). This 

degree of load is therefore within the accepted range of both in vivo deformations and in 

vitro studies carried out by other research groups.

Other systems designed to exert mechanical forces onto cells cultured in monolayers 

(outlined above), in 3D lattices (Eastwood et ah, 1994; Delvoye et ah, 1991) are less 

well characterized with respect to the mechanical load imposed on the tissues. These 

systems are becoming more readily available and therefore, with time, better 

characterized, but will probably all exert different strains onto isolated cells. It is 

important to consider that these systems are in vitro models that are useful for 

determining mechanisms of mechano-transduction and the direct cellular response to 

specific mechanical loads, but all results extrapolated to in vivo diseases will need to be 

tested using the relevant animal models.

4.4 Effect of mechanical load on fibroblast morphology

The fibroblasts aligned in response to mechanical load, forming concentric circles of cells 

parallel to the edges of the wells. This represents the fibroblasts aligning along lines of 

equal circumferential strain, and reflects the presence of different strains exerted on the 

membrane, and has been shown to occur on all cell straining systems used.

This observation is the most commonly observed for many cell types exposed to 

mechanical load, both in this system and those mentioned above. This observation has 

been made for endothelial cells (Dartsch and Betz, 1989; Ives et al., 1986), cardiac
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myocytes (Terracio et al., 1988; Samuel and Vandenburgh, 1990), SMCs (Dartsch et al.,

1986), skeletal myotubes (Vandenburgh, 1988), cardiac (Terracio et al., 1988) and lung 

fibroblasts (Bishop et al., 1993), and osteoblasts (Hume, 1980). The most dramatic in 

vivo role of this realignment may be with respect to SMCs, which align at slightly 

different angles with different applied loads (61% from perpendicular at 5% elongation, 

76% from perpendicular at 10% elongation), and reflects the helical nature of SMC 

alignment in segments of arteries (Dartsch et al., 1986). The authors concluded that the 

nature and degree of the alignment was determined by the extent of the forces present on 

the vessel wall.

The lining up of the cardiac or pulmonary artery fibroblasts used in this study did not 

seem to be necessary for the cells to respond to mechanical load. The cells aligned in 

all experiments designed to assess both collagen metabolism and cell replication in 

response to mechanical load, even in those experiments that gave negative results, such 

as the cell replication studies and the procollagen metabolism experiments carried out at 

low serum concentrations. Thus although this realignment appears to be a consistent and 

well documented effect in response to mechanical load, in many cell types, realignment 

is not a measure of fibroblast activity and does not result in increased fibroblast 

procollagen synthesis in this study.

The mechanisms regulating the cell orientation have not been examined in detail, 

although are thought to involve cytoskeletal reorganisation (Ives et al., 1986; Dartsch and 

Betz, 1989). The chemotactic movement of cells has been demonstrated to include focal 

adhesion mediated signalling events (Sinnett-Smith et al., 1993), centring around the 

phosphorylation of the focal adhesion kinase (FAK). Increased migration rates in 

response to mechanical load have been observed in endothelial cells (personal 

communication. Prof. B.E. Sumpio) and this increased motility is also associated with 

intracellular phosphorylation events occurring at the level of FAK and a FAK associated 

protein, paxillin. The evidence therefore suggests that the realignment is an active 

cellular process signalled by intracellular phosphorylation events and subsequent protein 

kinase cascades. Although no evidence was found in the cells studied in this thesis for 

the subsequent stimulation of cellular activity upon realignment in response to mechanical
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load, this may be the detection mechanism and sequence of signalling events in other cell 

types requiring no additional stimulus other than mechanical load.

4.5 Fibroblast replication in response to FCS and mechanical load

Increased fibroblast replication represents a mechanism for increasing collagen 

deposition. Enhanced numbers of fibroblasts and myofibroblasts in vivo have been 

previously observed in models of pressure-overload induced cardiac hypertrophy (Grove 

et al., 1969; Leslie et al., 1991) and during vascular remodelling (Meyrick and Reid, 

1979). Many stimuli, including mechanical force, (Bishop et al., 1993; Wilson et al., 

1995) and local or systemic growth factor production (Wilson et al., 1993) may be 

responsible for mediating the increase in cell number in vivo. This section discusses the 

effect of mechanical load in the stimulation of fibroblast replication.

The effect of mechanical load on fibroblast replication was determined by direct cell 

counts and thymidine incorporation. The methylene blue assay was not used in these 

experiments as the method had not been characterized for this system, and cellular 

realignment did occur with the application of the mechanical load, which may possibly 

have compromised the linear relationship between cell number and absorbance (Oliver 

et al., 1989). Cell counts were performed to complement the thymidine incorporation 

data, as some doubts exist as to whether increases in thymidine incorporation necessarily 

reflects cell division, rather than DNA synthesis or repair with no commitment to 

division. However, it was found that the thymidine and cell counting data gave 

consistent results. Results for both the JRHx and RPA fibroblasts were similar and the 

results for both the JRHx and RPA fibroblasts are discussed together below.

Cell counts in control cultures increased in response to 1% or 10% FCS over the four 

day incubation period, with a prior stimulation of the thymidine incorporation into these 

cultures. The thymidine incorporation in the JRHx fibroblasts plateaued after 48 hours, 

with the maximum incorporation per cell occurring during the 0-24 hour period. 

Thymidine incorporation was increased in the cultures maintained in 10% FCS relative
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to 1% FCS, reflecting the increased rate of fibroblast replication in response to this 

higher FCS concentration. Mechanical load did not increase the thymidine incorporation 

in cultures maintained in 1% or 10% FCS, relative to controls, which was significantly 

lower than the control value after 24 hours incubation from cultures maintained in 10% 

FCS. These results clearly demonstrate the lack of a replicative response of the 

fibroblasts to mechanical load

Increases in cell numbers and thymidine incorporation were also assessed in response to 

a range of FCS concentrations over a 32 hour incubation, with a 24 hour labelling 

period. This incubation period was chosen as previous experiments had demonstrated 

no increase in the thymidine incorporation after 8  hours incubation, representing the time 

necessary for the fibroblasts to enter S-phase. Cell numbers increased relative to serum 

free controls when maintained in 5% and 10% FCS, after 32 hours, and the thymidine 

incorporations in these cultures were also raised relative to the controls. The thymidine 

incorporation in the mechanically loaded cultures for both JRHx and RPA fibroblasts 

were consistently lower than their respective control groups, although this was only 

significant for the JRHx fibroblasts cultured in 5% FCS and for the RPA fibroblasts 

cultured in 1% FCS. The decreased incorporation in the loaded cultures was a 

reproducible observation, although did not effect the cell numbers in parallel cultures and 

was therefore not a result of cell loss or death during the protocol.

Using the methylene blue bioassay for detecting cell replication it was determined that 

conditioned medium taken from loaded fibroblast cultures maintained in 1 % FCS failed 

to induce fibroblast replication (compared to control medium) in subconfluent fibroblast 

cultures. This result supports the data described above in which mechanically loaded 

cultures did not replicate, and demonstrates that the release of a soluble mitogenic factor 

from the fibroblasts was not occurring in response to mechanical load.

Previous studies have demonstrated a cellular proliferation in response to mechanical 

load. Sumpio et al demonstrated that endothelial cells respond in this way, and 

simultaneously decrease their collagen synthesis (Sumpio et al., 1990; Sumpio et al.,

1987). Subsequent studies have demonstrated lung fibroblast (Bishop et al., 1993), SMC
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(Sudhir et al., 1993), neonatal cardiac fibroblasts (Sadoshima and Izumo, 1993) and 

skeletal muscle myotubes (Vandenburgh et al., 1989) replicate in response to mechanical 

load, and it therefore represents one of the most commonly observed responses of a wide 

variety of cells to mechanical load.

The majority of studies in which cell replication has been observed have reported the 

release of growth factors, as a primary response to load, causing the cell proliferation. 

PDGF has been implicated in the fibroblast (Bishop et al., 1993), SMC (Wilson et al.,

1993) and endothelial cell (Resnick et al., 1993) responses. The activity of lung 

fibroblast conditioned medium from loaded cells is reduced by PDGF antibodies (Bishop 

et al., 1993). The autocrine release of PDGF from SMCs causes proliferation and its 

production has been shown to be stimulated through interactions of the cells with 

extracellular matrix molecules, most notably fibronectin, via specific integrin chains 

(Wilson et al., 1995). Inhibition of the association of cells with fibronectin by use of an 

anti-ttv or -P3  abolished both the mechanical load-induced PDGF synthesis and the cell 

proliferation. Other factors demonstrated to be released by mechanical load include All 

from cardiac myocytes, stored in granules within the cell (Sadoshima and Izumo, 1993), 

and IGF-1 from skeletal muscle cells (Perrone et al., 1995). The release of factors 

stimulating cellular replication have therefore been shown to occur in both an autocrine 

or paracrine fashion and is a common cellular response to mechanical load.

Other reports have, however, suggested a lack of a mitogenic response to mechanical 

load, as seen in this study. Most commonly mechanical load has been demonstrated to 

have no effect on SMC replication (Leung et al., 1976; Leung et al., 1977; Sutclife and 

Davidson, 1990) although Banes et al (Banes et al., 1993) demonstrated this to be the 

case only in the absence of growth factors. The addition of PDGF and IGF-1 in 

combination with the mechanical stimulation was shown to be stimulatory.

These conflicting findings may reflect the phenotype of the cells studied, which may also 

be influenced by the ECM substrate onto which the cells are plated. The interactions of 

the cells with different ECM substrates has been shown to determine the role of 

mechanical load in stimulating SMC behaviour. SMC replication occurs in response to
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mechanical load if the cells are plated on fibronectin, vitronectin and collagen substrates, 

whereas SMCs plated onto elastin membranes do not replicate, and synthesize different 

myosin isoforms (Wilson et al., 1995), and personal communication (Prof. Harlan Ives). 

The lack of a replicative response was demonstrted in other studies in which the SMCs 

were grown on elastin (Leung et al., 1976; Leung et al., 1977). The substrate may be 

determining the phenotype of the SMC population, (usually described as either replicative 

or synthetic phenotypes), and therefore the response to mechanical load. The culture 

conditions, applied mechanical load, presence of serum or growth factors and source of 

the cells examined therefore all need to be taken into account when comparing cellular 

responses, and may be the reason for some of the inconsistencies in the literature.

4.6 Effect of growth factors on fibroblast replication

Although mechanical load was shown to have no effect on modulating either quiescent 

or stimulated fibroblast proliferation in this study, the effects of growth factors on 

proliferation was of interest, as these factors are present in the heart and vasculature 

during hypertrophy and remodelling. Fibroblast proliferation in response to pure growth 

factors was determined using a colorimetric assay performed in micro well plates, based 

on cell staining with methylene blue, elution of the dye, and quantitation of the cell 

associated dye using a microwell plate reader (Oliver et al., 1989). This method has 

been validated with a number of characterized and novel growth factors (Gray et al., 

1990; Oliver et al., 1989; Harrison et al., 1994) and has always demonstrated a linear 

relationship between cell number and bound dye.

4.6.1 Optimization of fibroblast growth assay

Characterization of the pulmonary artery and cardiac fibroblasts responses to FCS was 

determined to obtain optimal conditions for assessment of specific growth factors on the 

replication of these cells. The conditions determined were identical for the two fibroblast 

cell lines and are discussed below.
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Fibroblasts were plated into 96-well plates at concentrations varying from 750 to 20,000 

cells/well and the replication of the fibroblasts determined in response to 10% FCS and 

1% FCS. The results demonstrated that linear increases in fibroblast number occurred 

in response to 10% FCS for up to 4 days for cultures of 2,500-10,000 cells/well. A 

seeding density of 5000 cells/well was therefore used in all subsequent studies. 

Furthermore, fibroblasts grown in 1 % FCS exhibited slow replication rates over the same 

time period, and this serum concentration was chosen for all subsequent medium 

controls. A dose response to FCS by 5000 cells/well was then characterized, and 

demonstrated linear replication for FCS concentrations up to 10% FCS for 4 days. The 

flattening of the growth curves after this point reflected the confluence of the cells in the 

culture wells and therefore the inhibition of further fibroblast growth. A time period of 

48 hours for the incubation with growth factors was therefore chosen.

4.6.2 Fibroblast proliferation in response to polypeptide growth factors

The cells did not change in shape or size after treatment with any of the growth factors 

as assessed by eye under a light microscope, and therefore the observed increases in 

absorbance obtained from the methylene blue assay represent an increase in the number 

of cells and not cellular hypertrophy or an increase in cell staining due to the growth 

factor treatment. The validation of the assay in this respect has previously been 

determined (Harrison et al., 1994; Oliver et al., 1989).

Foetal rat cardiac fibroblasts

Few studies have examined the effects of growth factors on cardiac fibroblast replication. 

The fibroblasts were stimulated by two of the four factors studied. PDGF isoforms -AB 

and -BB were the most potent mitogen for these fibroblasts, increasing replication by 

about 60%, the equivalent of a maximal stimulation by FCS. The lack of response to 

PDGF-AA may represent the lack of receptors at the cell surface, as this isoform has 

been shown to be mitogenic for other fibroblasts and SMCs, although the receptor is 

often not expressed unless the cells are stimulated by another mediator, such as IL-1 

(Lindroos et al., 1995). Similar results for the PDGF isoforms have been observed in 

lung fibroblast primary cultures with respect to both replication and chemotaxis (Bonner
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et al., 1991; Osornio-Vargas et al., 1995). bFGF also stimulated fibroblast replication 

but was a weak mitogen, stimulating by only 20% above media controls. IGF-1, 

however, which has previously been shown to stimulate the replication of lung fibroblasts 

(Harrison et ah, 1994) had no effect on the JRHx fibroblasts. TGFBl is reported to have 

both stimulatory and inhibitory effects on fibroblast replication depending on the cell 

source and the concentration of TGFBl (Battegay et ah, 1990; Fine and Goldstein, 1987) 

but showed no stimulatory or inhibitory action on these cells.

Pulmonary artery fibroblasts

PDGF-AB and -BB were again the most potent mitogens for these cells with stimulations 

of up to 100% above control levels, again equivalent to a stimulation by 10% FCS. No 

response was observed for PDGF-AA, possibly again reflecting the lack of a  receptors 

at the cell surface. bFGF and IGF-1 were also found to be mitogenic for these cells, 

albeit to a lesser degree than PDGF, and TGFB appeared to stimulate cell replication at 

low concentrations. This effect at low concentrations of TGFB has been observed in our 

laboratory for other cell lines, and may be explained by the TGFB-induced prostaglandin 

E2 production at the higher TGFB concentrations (McAnulty et ah, 1995), which inhibits 

fibroblast replication.

The pulmonary artery fibroblasts in general were consistently more responsive to the 

growth factors tested than the foetal cardiac fibroblasts. Responses to PDGF-AB or -BB, 

and 10% FCS were higher than the cardiac fibroblasts (around 100% stimulation above 

control, compared to 60% for the cardiac fibroblasts). There are many explanations for 

these results, the simpkKé being that vascular fibroblasts are more active cells than 

cardiac fibroblasts in response to PDGF and other growth factors. This may be 

explained by increased growth factor receptor activity, or by more efficient coupling of 

signal transduction mechanisms in these cells. PDGF receptor expression is increased 

in the pressure-overloaded aorta, but not the heart, giving some evidence for differential 

growth factor receptor expression within cardiovascular fibroblast populations (Sarzani 

et ah, 1991).

Such mechanisms may be reflected in vivo by the rapid remodelling of the vessels in
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response to a stimulus such as hypoxia in the pulmonary vasculature (Dempsey et al., 

1990) or by the remodelling o f coronary arteries due to pressure-overload (W eber,

1994). The coronary circulation has also been shown to remodel in advance of the 

cardiac interstitium resulting, initially, in a perivascular cardiac fibrosis. The heart may 

take weeks to months to develop a reactive cardiac fibrosis, and this development appears 

to stem from  the perivascular regions, further emphasizing the role of the adventitial 

fibroblasts and factors derived from  the circulation or the vascular wall in the 

developm ent of reactive cardiac fibrosis. The potential sites for the generation and 

release of growth factors in the cardiovascular system is shown in figure 4 .1.

4.7 Fibroblast procollagen metabolism

4.7.1 Measurement of procollagen metabolism

Fibroblast procollagen metabolism was assessed by measuring hydroxyproline (OHpro) 

in hydrolyzed protein harvested from cultured fibroblasts (Campa et al., 1990; McAnulty 

et a l., 1991). Total procollagen synthesis is derived from the sum of the procollagen 

protein production (EtOH precipitable OHpro) and procollagen degradation (EtOH 

soluble OHpro]. In these studies OHpro content was assessed by reverse phase high 

pressure liquid chrom atography (RP-HPLC) to assess rates of procollagen m etabolism 

from cultures of fibroblasts exposed to mechanical load, FCS, and polypeptide growth 

factors and vasoactive agents.

4.7.2 Kinetics of procollagen production in response to serum

The results obtained from the JRHx, and RPA fibroblasts in response to mechanical load, 

FCS and pure growth factors/vasoactive agents were similar and will therefore be 

discussed together below. The following sections of this discussion will therefore be 

relevant to both cell lines unless otherwise stated.

Fibroblast procollagen metabolism was assessed from cultures maintained in 0% , 1 % and
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10% FCS for the RPA fibroblasts and 0% and 10% FCS for the JRHx fibroblasts, under 

control conditions. The kinetics of procollagen metabolism was measured up to 48 hours 

incubation and determined to be linear for all three parameters of procollagen 

metabolism, (the total procollagen synthesis, procollagen protein production, and 

procollagen degradation). A slight lag may have been evident in the stimulation of 

degradative pathways which has also previously been observed from lung fibroblasts in 

culture (Chambers et al, 1994). This may reflect the time necessary for the degradative 

pathways to be stimulated following the stimulation of procollagen synthesis. For the 

JRHx fibroblasts procollagen total synthesis, production and degradation were all 

stimulated with increased FCS concentration approximately 200%. 10% FCS stimulated 

cell replication in these confluent cultures, but to a maximum of only 35% over 48 hours. 

The data corrected for cell number shows that procollagen metabolism rates per cell were 

therefore 170% higher than the cultures maintained in 0% FCS. Thus 10% FCS 

stimulated both JRHx fibroblast replication and procollagen metabolism in confluent 

fibroblast cultures. These calculations assume that the rate of collagen synthesis from 

replicating cells is equal to those at confluence. This data permitted a reliable and 

reproducible comparison of procollagen metabolism from mechanically loaded and 

control fibroblasts for up to 48 hours incubation, from cultures maintained in serum free 

conditions or in 10% FCS. The confirmation of these linear relationships were essential 

when representing (or deriving) the procollagen synthesis rates of the fibroblasts as 

OHpro synthesized per 24 hours.

4.7.3 Effect of mechanical load and serum concentration on fibroblast collagen 

metabolism and procollagen types I and III mRNA levels

The results showed that no increase in procollagen metabolism occurred in fibroblasts 

cultures maintained in 0, 0.4, or 1% FCS at any time following 24 or 48 hours of 

mechanical load using any loading regime. However when cultures maintained in 10% 

FCS were subjected to mechanical load the stimulation of total collagen synthesis was 

dramatic, increasing total procollagen synthesis by between 35-120% in replicate 

experiments, highly significant increases over the 48 hour incubation period. This 

increase was only apparent after 48 hours, with no increase in procollagen metabolism
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observed following 24 hours incubation.

The stimulation of procollagen metabolism for both cell lines is therefore more accurately 

expressed as a synthesis rates/24 hours and demonstrates a 100-200% stimulation of the 

total procollagen synthesis rate, above the 10% FCS control, in response to mechanical 

load during the 24-48 hour time period. This increase is in addition to the stimulation 

caused by the 10% FCS (see section 4.7.2 above). The inability of the mechanical load 

to initiate procollagen gene transcription or protein synthesis in cultures maintained in 

low serum or serum free cultures demonstrates that the effect of mechanical load may be 

to enhance an existing stimulation of procollagen metabolism, and not to initiate these 

events. This further increase due to the application of mechanical load therefore 

represents a mechanism whereby procollagen synthesis may be enhanced above an initial 

level of stimulation and demonstrates a synergistic interaction of the two stimuli.

The data showing the effects of FCS and mechanical load on fibroblast procollagen 

metabolism were supported by determining mRNA levels for both type I and type III 

procollagens following the application of mechanical load. Analysis of mRNA levels 

demonstrated an upregulation after 48 hours of mechanical load in the presence of 10% 

FCS. The increase in procollagen type I mRNA was reproducible, varying from 70- 

150% stimulation above control, with type III procollagen mRNA stimulated to a similar 

degree. The kinetics of stimulation of the steady state levels of procollagen mRNAs 

were consistent with the protein data, the stimulation occurring entirely during the 24-48 

hour period following the application of mechanical load. This data was of interest as 

previously type III, but not type I procollagen mRNA has been shown to be stimulated 

by mechanical load in neonatal rat cardiac fibroblasts (Carver et al., 1991). These 

differences may reflect the different models used for the application of mechanical load, 

the loading regimes applied to the cells, and the different ages (foetal vs neonatal) and 

sources of the primary fibroblast cultures used. The consistent finding, however, is that 

collagen synthesis may be enhanced in response to mechanical load.

These findings lead to the question of the mechanisms responsible for stimulation of both 

procollagen mRNA levels and the subsequent increase in procollagen protein metabolism.



225

The increase in the mRNA levels may be through two distinct mechanisms. Either 

procollagen gene transcription is up-regulated, or the mRNA stability is increased. Some 

stimulators of procollagen gene transcription, such as TGFB have also been demonstrated 

to have effects on procollagen mRNA stability, although this has not been demonstrated 

to be the principle mechanism of increased procollagen type I mRNA levels (Pentinnen 

et al., 1988). The increased stability in response to TGFB was found to be due to 

transcription of the mRNA from a start site coding a longer region of polyadenylation, 

which has been demonstrated to have effects on the stability of the procollagen mRNA. 

No change was noticed in the comparative densities of the two procollagen bands due to 

the application of the mechanical load. It has also been hypothesized that mechanical 

load may increase mRNA stability by its action on the organisation of the actin 

cytoskeleton, and subsequent binding of mRNA to this structure (Bissel and 

Barcellos-Hoff, 1987). Thus both of these mechanisms may be playing a role in the 

increased levels of mRNA, although it seems likely, given the evidence from these other 

studies, and from our results, that increased transcriptional activity may be the principle 

mechanism.

The work of others studying FCM protein synthesis in response to mechanical load are 

consistent with the responses described here. Carver et al demonstrated that fibroblasts 

respond to a static mechanical load by increasing type III (but not type I) procollagen 

expression in the presence of 10% NCS plus 5% PCS (combined 15% serum), although 

did not report any results from experiments carried out in low or no serum. This report 

therefore did not suggest a synergistic interaction as demonstrated here. In an ex vivo 

organ culture model (Bardy et al., 1995) arterial fibronectin synthesis and deposition was 

stimulated by load, and showed a synergistic interaction when the vessels were cultured 

in 20% FCS. The results of this thesis therefore extend the findings in other systems for 

defining the role of mechanical load on FCM protein metabolism. The regulation of 

skeletal muscle myotube replication and protein synthesis by mechanical load has also 

been demonstrated to be enhanced with the addition of high FCS concentrations 

(Vandenburgh et al., 1989).

Other studies using cultured SMCs, have shown increased FCM protein production in
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response to mechanical load (Leung et al., 1976; Leung et al., 1977). These studies 

represent the early work in the field of in vitro mechanical loading, and were carried out 

in the late 1970s - mid 1980s. The SMCs responded to cyclic stretch when cultured on 

elastin membranes by increasing collagen and total protein synthesis, (but not cell 

replication) in the absence of serum factors (Kollros et al., 1987). This may be due to 

the autocrine production of mediators by the SMCs, which has been demonstrated to be 

responsible for the stimulation of SMC replication (Wilson et al., 1993; Bishop et al., 

1993). The possible reasons and mechanisms for the different responses observed for 

SMCs in response to mechanical load, either cell replication or increased matrix 

synthesis, has been discussed in 4.5.

4.8 The role of growth factors in modulating cellular responses to 

mechanical load

Mechanical load, and its effects on cell behaviour, has been linked with the production 

of growth factors, as outlined above. There are many examples of enhanced growth 

factor production following increased mechanical load in the cardiovascular system 

(Villarreal et al., 1993; Villarreal and Dillmann, 1992; Speir et al., 1988). Early studies 

from homogenates of hypertrophied hearts demonstrated increased growth factor activity 

compared to controls, although the exact nature of the factors was not identified 

(Hammond et al., 1979; Sen, 1987). Similarly, early in vivo studies also demonstrated 

increased levels of growth factors released in lungs following pneumonectomy (McAnulty 

and Laurent, 1990) and mechanically stimulated chicken wing muscle (Summers et al., 

1985).

More specifically TGFB is seen in the early stages of pressure-overload induced cardiac 

hypertrophy (Villarreal and Dillmann, 1992), and is recognised as one of the “foetal 

genes” thought to be activated by cardiac pressure-overload. This switch in the 

phenotype of cardiac muscle, and the growth factors expressed in the heart, are typical 

of the reversion to the foetal phenotype, thought to be responsible for the remodelling 

of the heart (Parker et al., 1989; van Bilson and Chien, 1993). There is therefore
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evidence for a relationship between mechanical load, growth factor production and the 

development and progression of cardiac hypertrophy.

From the studies carried out in this thesis on fibroblast replication and procollagen 

metabolism, it is clear that the cardiovascular fibroblasts did not produce autocrine 

growth factors in response to mechanical load, but were very sensitive to the addition of 

FCS. Furthermore the combined effects of FCS and mechanical load acted 

synergistically to stimulate procollagen metabolism and procollagen gene expression. 

The components of FCS capable of stimulating fibroblast replication and procollagen 

gene expression were hypothesized to be polypeptide growth factors. Observations 

demonstrating increased collagen turnover and deposition in pressure-overloaded hearts 

and vessels (Bishop et al., 1994; Bishop et al., 1990; Eleftheriades et al., 1992), 

evidence of increased growth factor expression in remodelling tissues (Villarreal and 

Dillmann, 1992; van Bilson and Chien, 1993; Schneider et al., 1991; Parker et al., 1989) 

and the in vitro data described above led to the hypothesis that both increased mechanical 

load and polypeptide growth factors were involved in increasing fibroblast activity, 

resulting in enhanced procollagen metabolism. Also that the two stimuli combined may 

yield additive or synergistic effects. Such growth factors would include the platelet 

degranulation products, TGFB and PDGF, and the polypeptide growth factors shown to 

be present in the tissues during remodelling, such as bFGF and IGF-1.

In order to determine the role of these factors on cardiovascular fibroblast procollagen 

metabolism during increased mechanical load, experiments were first conducted to 

determine the effects of these factors on both the JRHx and RPA fibroblasts under control 

conditions in the absence of a mechanical stimulus.

4.8.1 Effect of growth factors on cardiovascular fibroblast collagen metabolism

As outlined above growth factors are produced by cells resident in both the heart and the 

vasculature, (see figure 4.1) and this expression can be increased in the presence of an 

increased mechanical environment. The effects of these growth factors on both cardiac and 

vascular fibroblasts was therefore of interest.
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Figure  4.1: Sources of fib rob last g row th factors in the ca rd io v ascu lar system

Tlie figure shows the potential sources o f  fibroblast growth factors in the cardiovascular 

system. IT e se  sources include blood borne factors, autocrine and paracrine factors and 

those released from stores within the extracellular matrix.

Reproduced with permission from W ound Healing in Cardiovascular Disease. Bishop, J.E. 

and Laurent, G.J. (1995). The regulation o f  collagen turnover in the nomial, hypertrophying 

and fibrotic heart.. Ed Weber, K.T. Futura Publishing, USA.
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Procollagen metabolism was increased by all the growth factors studied whilst the 

proportion of newly synthesized procollagen degraded rapidly remained constant. TGF131 

was the most potent stimulator of all aspects of procollagen metabolism, reaching a 

maximum at 4pM. This cytokine is a major mediator for the stimulation of procollagen 

metabolism in fibroblasts in vitro (McAnulty et ah, 1991), in wound healing and in pro- 

fibrotic processes in many tissues (Fine and Goldstein, 1987; Quaglino et ah, 1990). 

Following ischaemia, where collagen fibres replace degenerating myocytes, the cardiac 

fibrosis that develops represents a wound healing response, and TGFBl expression is 

enhanced in these regions of the heart during repair (Thompson et ah, 1988). Expression 

of TGFBl has also been shown to increase in the heart due to pressure-overload where 

ischemia is not a feature (Villarreal and Dillmann, 1992) and TGFBl may also therefore 

be involved in enhancing collagen synthesis during development of compensatory 

hypertrophy and reactive cardiac fibrosis. In tissue culture, TGFBl has been reported 

to stimulate collagen type I mRNA levels and decrease collagenase expression in adult 

human heart fibroblasts (Chua et ah, 1991) further supporting a role in increasing cardiac 

collagen deposition. TGFBl has been previously reported to stimulate RPA fibroblast 

procollagen metabolism (Dawes, 1995), and has been shown to stimulate increased 

synthesis of both elastin and collagen in the vasculature (Roberts and Sporn, 1989; 

Majack et ah, 1990; Pentinnen et ah, 1988).

IGF-1 was also demonstrated to be a potent stimulator of cardiac fibroblast procollagen 

metabolism. IGF-1 stimulates collagen production in lung fibroblasts monolayers 

(Goldstein et ah, 1989) and to a similar degree in skin fibroblasts grown in planar 

monolayers and collagen lattices (Gillery et ah, 1992). The stimulatory concentrations 

of IGF-1 in these experiments, however, were up to an order of magnitude higher than 

those active on the JRHx fibroblasts. Studies involving the effect of IGF-1 in the heart 

have focused on the increase in protein production by myocytes (Fuller et ah, 1992) and 

to my knowledge this is the first report of IGF-1 stimulation of procollagen metabolism 

by cardiac fibroblasts. IGF-1 is implicated in vessel remodelling, although much of this 

work has focussed on its role in the stimulation of elastin synthesis and smooth muscle 

cell replication during development and vascular remodelling (Dempsey et ah, 1990). 

The role of IGF-1 in the stimulation of adventitial remodelling has not been studied, and
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this was not assessed using the RPA fibroblasts in this study.

This is also the first demonstration of a positive effect of PDGF on collagen synthesis by 

cardiac fibroblasts. This mediator is a known stimulator of mesenchymal cell 

proliferation, but has recently been reported to have no effect on lung fibroblast 

procollagen mRNA levels or collagen production (Clark et al., 1994). Here we have 

shown that PDGF is a powerful stimulator of JRHx procollagen metabolism with total 

procollagen synthesis and procollagen protein production approaching that induced by 

TGFB. This mediator stimulated RPA fibroblasts to a lesser extent, although previous 

studies using TGFB with these fibroblasts have demonstrated lower responses than 

observed for other cell lines (Dawes et al., 1995). PDGF therefore has a potential role 

in the increased deposition of collagen during cardiac hypertrophy and vascular 

remodelling. Pressure-overload increases vascular permeability (Winlove and Parker, 

1993) which may increase the availability of PDGF and other blood-derived growth 

factors, such as coagulation cascade proteins (Gray et al., 1990) to the underlying 

mesenchymal cells. Reactive cardiac fibrosis is most prominent around coronary vessels 

(Leslie et al., 1991; Brilla et al., 1990), and mediators involved in this form of fibrosis 

could quite possibly be derived from vascular or blood borne sources. Fibroblasts, as 

well as endothelial and smooth muscle cells, are themselves capable of producing PDGF 

under normal and pathological conditions (Resnick et al., 1993; Fabisiak et al., 1991) 

and the possibility of an autocrine loop involving this factor has been suggested in the 

replicative response of lung fibroblasts and SMCs to mechanical load (Bishop et al., 

1993; Wilson et al., 1993).

bFGF also stimulated JRHx fibroblast procollagen metabolism, but at a higher dose and 

to a lesser degree than the other factors. This factor is a recognized stimulator of 

fibroblast replication, but there have been few reports of its effect on collagen production 

(Chua et al., 1991; Tseng et al., 1982). bFGF has been identified in the heart by 

immunohistochemistry where it has been found associated with cardiac myocytes by 

radio-immuno assay and Western blot (Speir et al., 1988). This observation introduces 

the intriguing possibility that myocyte-derived fibroblast regulatory factors may modulate 

normal fibroblast function, as well as stimulating activity during cardiac hypertrophy and
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fibrosis. The role of bFGF in vascular adventitial remodelling is again unclear, and was 

not examined using the RPA fibroblasts in this study.

The effects of the vasoactive agents All and ET-1 on remodelling and fibroblast function 

is currently generating increasing interest, and All is now proposed as a stimulator of 

fibroblast replication and collagen synthesis (Brilla et al., 1994). Data in this thesis 

demonstrates no effect on cardiac fibroblast procollagen metabolism by these mediators, 

although some effects were observed with the RPA fibroblasts. Other studies however 

have demonstrated these mediators to be stimulators of fibroblast activity in the 

cardiovascular system (Brilla et al., 1994; Schorb et al., 1993; Guarda et al., 1993; 

Peacock et al., 1992).

AIT bas been demonstrated to stimulate fibroblast collagen production and fibroblast 

replication in vitro (Brilla et al., 1994; Schorb et al., 1993) and has been proposed to 

be the link between pressure-overload and fibroblast activity . The relative roles of 

pressure-overload and increased All levels has been difficult to establish, because many 

of the animal models used for pressure-overload have high circulating All levels. The 

most useful experiments in this regard are those that lower blood pressure irrespective 

of high circulating All and ACE activity, for example using agents to lower blood 

pressure without manipulating the RAS (Yamazaki et al., 1993; Weber et al., 1993). 

Such experiments have yielded results implicating All in the fibrotic response although 

an additional or synergistic effect with increased pressure cannot be ruled out. Similarly 

All receptor antagonists and ACE inhibitors have also been shown to inhibit the 

progression of fibrosis demonstrating a clear role for All in cardiac remodelling 

(Kagoshima et al., 1994). Our data showing no effect of All on procollagen metabolism 

in cardiac fibroblasts appears to disagree with the majority of data published showing the 

effects of All as outlined above. However, personal communication with researchers in 

the field has suggested that the response of fibroblasts to All is cell, species and age 

specific, and that the angiotensin receptors may be sensitive to down regulation from 

cells in culture. All did, however, stimulate RPA fibroblast procollagen metabolism at 

low doses of 1 and lOng/ml, but not at higher doses up to 10/.ig/ml.
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ET-1, originally demonstrated to be a potent vasoconstrictor, has been shown to be 

synthesized by many cell types, including fibroblasts. ET-1 causes vasoconstiction and 

stimulates RPA fibroblast chemotaxis and replication and collagen metabolism (Peacock 

et al., 1992), therefore potentially playing a dual role in vascular remodelling during 

hypertension. In the heart endothelin has been demonstrated to be a hypertrophic agent 

to cardiac myocytes (Bogeyevitch et al., 1994) and a stimulator of human cardiac 

fibroblast collagen production (Guarda et al., 1993). In this study ET-1, was 

demonstrated to have no effect on cardiac fibroblast procollagen metabolism, in contrast 

to its stimulatory effect on the RPA fibroblasts (Dawes et al.,1995).

4.9 The combined effect of mechanical load and fibroblast growth 

factors on fibroblast procollagen expression

Having determined the effects of mechanical load and polypeptide growth factors on RPA 

and JRHx fibroblast function it was of interest to determine if the activity of these factors 

could act synergistically with mechanical load in a similar way to FCS. All of the 

polypeptide growth factors tested stimulated JRHx and RPA fibroblast procollagen 

metabolism, and the hypothesis that mechanical load acted to enhance an existing stimuli 

was tested using a combined stimulation of the growth factors and mechanical load.

JRHx fibroblasts were mechanically loaded in serum free medium containing an optimal 

concentration of specific growth factors. It was determined that all of the polypeptide 

growth factors capable of independently stimulating procollagen metabolism were also able 

to interact with the mechanical load exerted on the cells in a synergistic manner to further 

increase procollagen synthesis. Stimulation by TGFB and mechanical load resulted in a 

330% increase over that produced by TGFB alone. The other growth factors, IGF-1, bFGF 

and PDGF, stimulated by 200%, 140%, 60% in combination with mechanical load 

compared to growth factor alone respectively. Interestingly All, which was demonstrated 

not to directly stimulate procollagen synthesis in these cells, showed no effect in 

combination with mechanical load supporting the hypothesis that the mechanical load is 

enhancing an existing activation of the procollagen gene. Similarly for RPA fibroblasts.
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PDGF and mechanical load acted synergistically to stimulate procollagen metabolism.

4.9.1 Possible mechanisms of the mechanical load-induced increase in procollagen 

metaholism

The effects of high serum concentrations or specific growth factors interacting with the 

cellular effects of mechanical load, suggests a synergy between the signalling pathways 

responsible for the cellular effects of growth factors and mechanical load. The point of 

convergence of the pathways responsible for the two stimuli have yet to be elucidated. 

Since the mechanisms that regulate the rapid turnover of collagen are not understood, and 

the mechanisms that mediate and regulate mechano-transduction in any cell type are not 

well characterized, it is difficult to speculate on pathways by which mechanical load 

modulates this process. The diversity of factors capable of stimulating with mechanical 

load, however, suggests that the convergence is far downstream towards the stimulation 

of procollagen gene transcription, and may be at the level of transcription itself.

The finding that stimulation by mechanical load acts to enhance another pro-fibrotic 

stimulus, raises intriguing questions with respect to the regulation of procollagen gene 

transcription. Stimulation of procollagen metabolism by TGFB, the most potent 

stimulator of procollagen synthesis, takes 16 hours to detect at the protein level 

(McAnulty et al., 1995). Such a time before stimulation is reached may be consistent 

with the timing of the increased levels of either procollagen mRNA or procollagen 

protein metabolism in this study.

The 24-48 hour delay in the detection of increased procollagen mRNA and protein is 

consistent with a prior stimulation of the synthesis of other proteins, perhaps produced 

directly in response to mechanical load, and necessary to mediate the load-induced 

enhancement of procollagen expression. This may also be the case for other stimuli, 

such as TGFB, which fails to stimulate prolonged calcium influx into fibroblasts, a 

necessary signal for procollagen transcription in the presence of actinomycin D (Muldoon 

et al., 1988). It is unlikely that such a protein, stimulated by mechanical load, is a 

growth factor acting directly as an autocrine mediator, as a high concentration of
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exogenous FCS is required for the response. Possible mechanisms of stimulation include 

the direct induction of pathways by mechanical load, such as classic second messenger 

pathways or the stress-activated signalling pathways. These pathways may not be 

sufficient for the stimulation of procollagen gene transcription alone, but may then 

interact with growth factor stimulated pathways in a synergistic manner.

A potential mechanism of action of mechanical load is a direct effect on the transcription 

process by activation or enhancement of the collagen gene promoter. Response elements 

have been identified in gene promoters for other environmental stimuli such as hypoxia, 

in the glycolytic enzymes of haemopoitic cells (Semenza et al., 1994). The shear-stress 

induction of PDGF-B chain in endothelial cells (Resnick et al., 1993), has also been 

shown to be due to the association of the transcription factor NFkB binding to a novel 

“shear stress responsive element” identified in the gene promoter (Khachigian et al., 

1995). These cells have therefore developed mechanisms for highly specialized cell 

responses to specific environmental changes. The equivalent scenario may be true of 

ECM protein genes, particularly fibronectin, collagen and elastin, which have all been 

shown to increase due to mechanical load in different models (Carver et al., 1991; Leung 

et al., 1976; Crouch et al., 1989; Bardy et al., 1995; Villarreal and Dillmann, 1992) and 

are ail essential structural proteins responsible for maintaining tissue structure and 

integrity during cases of increased pressure. Increased pressure in the cardiovascular 

system requires stronger tissues and ECM protein gene expression may be regulated by 

a positive feedback mechanism to mechanical load. It is the mechanisms of this 

feedback, and the sites of intracellular regulation by mechanical load that remain to be 

elucidated.

The activation and regulation of the c-fos and c-jun immediate early genes is of interest 

with respect to procollagen metabolism. The first intron of the procollagen type I gene 

promoter contains an AP I binding site that has been shown to act as an enhancer to the 

procollagen gene promoter (Bornstein and Sage, 1989) (outlined in Chapter 1, section 

1.5.1). Dimers of fos and jun families of proteins form the AP-1 transcription factor, 

and induction of these immediate early genes may play a role in the increased collagen 

expression of the cardiovascular fibroblasts in response to mechanical load. Regulation
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of procollagen expression by this mechanism is consistent with the results obtained in this 

study, in that procollagen promoter activity may not be stimulated by mechanical load, 

but, once stimulated (by growth factors or FCS) the effect of the activated enhancer, 

located in the first intron, may further potentiate procollagen gene expression. Such 

mechanisms may be responsible for the upregulation of procollagen gene transcription 

by mechanical load and offers a possible explanation for the results obtained in this thesis.

The work of others supports the hypothesis that these immediate early genes are of 

importance. Fos expression is increased in mechanically loaded cardiac myocytes, and has 

been linked to the increased protein synthesis and resultant hypertrophy of these cells in 

response to the applied mechanical load (Sadoshima et al., 1992). Furthermore, fos and jun 

levels have been found to be increased, measured by polymerase chain reaction, in 

mechanically stimulated rabbit anterior latisimus dorsi muscle (Osbaldeston et al., 1995).

4.9.2 Detection of mechanical load and signal transduction pathways: mechano- 

sensing and mechano-transduction

The mechanisms of mechano-sensing and mechano-transduction are of great interest and 

remain to be elucidated. Several mechanisms and pathways have been shown to be 

stimulated by the application of mechanical load, although these pathways have not been 

demonstrated to be directly responsible for the load-induced responses in any cell type. 

The major proposed mechanisms of mechano-sensing and -transduction are outlined 

below.

It is now established that the formation of focal adhesion contacts in culmred cells 

represents a mechanism of cell signalling (Sinnett-Smith et al., 1993). Integrins, which 

cluster to form these contacts, are associated with an intracellular protein kinase termed 

focal adhesion kinase (FAK), which migrates specifically with proteins that form the 

focal adhesion contacts (Schaller et al., 1992). FAK is an active intracellular kinase 

interacting with many intracellular second messenger pathways, including growth factor 

stimulated signal transduction mechanisms (Chen and Guan, 1994; Sinnett-Smith et al., 

1993), src family kinases through SH2 homology domains (Schaller et al., 1994) and ras
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dependent pathways (Hynes, 1992). Initial studies suggest that integrins and focal 

adhesion contacts form a mechano-sensory complex, that transmits extracellular 

mechanical forces into intracellular biochemical events (Wang et ah, 1993; Wilson et al., 

1995). This theory is supported by evidence for FAK and paxillin phosphorylation upon 

the application of mechanical load (personnal communication. Prof. B.E. Sumpio), and 

the association of these molecules with the cytoskeleton. The cytoskeleton is known to 

reorganise in some cell types following the application of mechanical load and may play 

a critical role in intracellular transport and communication (Ingber and Folkman, 1989; 

Bissel and Barcellos-Hoff, 1987). Furthermore PDGF release by SMCs in response to 

mechanical load has been shown to be inhibited by the use of ROD peptides and specific 

monoclonal antibodies to and p3  and integrins (Wilson et al., 1995).

The role of such a mechano-sensory complex may be to stimulate or initiate the many 

identified second messenger pathways. In cardiac myocytes mechanical load results in 

protein kinase C (PKC) activity (Komuro et al., 1991; Sadoshima and Izumo, 1993; 

Yazaki et al., 1993), mitogen activated protein kinase activity (Yamazaki et al., 1993), 

upregulation of intracellular tyrosine kinase activity, all of which have been demonstrated 

to increase c-fos expression (Sadoshima and Izumo, 1993). No change was observed in 

c-fos levels by disrupting the cytoskeleton and no change in the levels of cAMP was 

observed. Other studies have similarly demonstrated increased phospholipid turnover 

and increased cAMP production in endothelial cells (Mills et al., 1990). Stretch- 

activated ion channels have also been shown to be present (Sadoshima et al., 1992), 

although the role of these moitiés remains unclear, largely due to the failure in isolating 

and cloning such channels and the lack of the development of specific channel inhibitors.

It is likely that many intracellular pathways will be activated by mechanical load, both 

in a specific and non-specific manner, due to the gross nature of the stimulus. It is the 

dissection of these pathways, and their consequent effects on cellular function that are 

important. Such studies therefore need to be focussed on the pathways leading to 

activation of a specific gene transcription if the true mechanisms responsible for 

mechano-transduction are to be elucidated. The potential pathways of mechano-sensing 

and -transduction are shown diagrammatically in figure 4.2.
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Figure 4.2: Potential pathways of mechano-sensing and mechano-transduction

Reproduced with permission from  Pulmonary Vascular Remodelling. Bishop, I .E . ,  Butt, 

R .P .  and Low , R .B . (1995). The effect o f  mechanical forces on cell function; 

implications for pulmonary vascular remodelling due to hypertension. Eds Bishop, I .E . ,  

R eeves, J .T .  and Laurent, G .J .  Portland Press, UK.
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4.10 Summary and Implications

In summary this study has demonstrated the effect of polypeptide growth factors and 

mechanical load on cardiovascular fibroblast activity. Polypeptide growth factors and 

vasoactive agents were capable of directly stimulating cardiac or vascular fibroblast 

procollagen metabolism and/or cell replication. Mechanical load proved a potent enhancer 

of procollagen metabolism and steady state mRNA levels for both types 1 and 111 collagen. 

This effect was limited, however, to enhancing the effect of another pro-fibrotic stimulus, 

such as serum or growth factors.

These in vitro results represent a novel mechanism, whereby mechanical load may increase 

the collagen synthetic activity of cardiac and vascular fibroblasts in vivo, and offers an 

explanation for the increased collagen deposition observed in cardiovascular disease 

involving pressure-overload. Subsequent studies should attempt to identify the nature of 

the interactions between mechanical load and growth factors, and the intracellular 

signalling mechanisms involved in the responses described in this thesis. This area is 

outlined in more detail below.

4.11 Future Directions

This thesis has characterized a novel mechanism of stimulation of procollagen mRNA 

levels and procollagen metabolism by cardiac and pulmonary artery fibroblasts. 

Mechanical load cannot initiate procollagen gene transcription, but enhances the 

stimulation of another stimulus, when applied simultaneously. A synergy therefore exists 

between mechanical load and a broad range of other proflbrotic stimuli.

The implications of this synergistic interaction are of importance, not only with respect to 

the regulation of procollagen deposition in remodelling cardiovascular systems, but also 

with respect to the mechanisms by which cells detect and interpret extracellular mechanical 

signals. It is these questions that will be addressed in future projects with respect to the 

regulation of procollagen gene transcriptional regulation.
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4.11.1 Understanding the mechanisms of mechano-signalling and -transduction

An understanding of the mechanisms of mechano-sensing and -transduction will be the 

goals of future projects with respect to the stimulation of procollagen gene transcription. 

Future studies envisage utilising mechanistic approaches using the in vitro cell straining 

device, and the development of strategies to inhibit the mechanical load-induced increase 

in collagen production. Ultimately the use of these strategies to counteract increased 

collagen deopos%n using in vivo models of pressure-overload should be addressed.

• Identification of the mechano-sensor and mechano-transduction pathways

This may be approached by the use of specific antibodies, antagonists and 

inhibitors to the potential cellular detection mechanisms to mechanical load. This 

will include the use of ROD peptides to inhibit RGD-binding integrin interactions, 

ion channel blockers to inhibit the potential flux of ions in response to load, and 

specific inhibitors of known signal transduction pathways, including protein 

kinases, tyrosine kinases and phospholipases. These pathways have all been shown 

to be stimulated in load-induced responses in other cell types. Also the role of the 

cytoskeleton will be investigated by the use of agents such as cyotochalsin B and 

colchisine to depolymerise the cytoskeleton and microtubules.

• The role of new protein synthesis in the load-induced response

This work may include studies to determine the effect of mechanical load on the 

expression of the immediate early genes, c-fos and c-jun, shown to be involved in 

the regulation of procollagen transcription. The use of antisense oligonucleotides 

to the mRNA for these gene products would determine the role of these proteins in 

regulating procollagen mRNA in response to mechanical load. The general 

necessity for new protein synthesis in the response will also be determined by 

addition of cyclohexamide to the cultures. The need for new protein synthesis in 

response to mechanical load may explain the delay in the stimulation of procollagen 

gene transcription.

• The regulation of procollagen gene transcription
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The activation of procollagen gene transcription can be measured directly in 

response to mechanical load by transfecting the fibroblasts with constructs 

containing successive deletions of the procollagen gene promoter, linked to a CAT 

reporter gene. These constructs should include the first intron of the procollagen 

gene, the sequence demonstrated to act as an enhancer of the gene promoter. This 

data will determine the region of the procollagen promoter that is responsive to 

mechanical load. This region may be a novel site or a sequence that may map to 

a region of the promoter already identified to as playing a role in procollagen 

transcription in response to other stimuli. The identity of any novel transcription 

factor responsible for nuclear binding and the subsequent increase in activity may 

then be identified by gel retardation assays and DNA footprinting techniques.

The data from experiments such as those outlined above will lead to a better understanding 

of fibroblast responses to mechanical load in vitro, and may lead to strategies to prevent the 

increased collagen deposition in pathological conditions leading to tissue fibrosis.
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The tissue distribution and cellular effects of platelet-derived growth 
factor (PDGF), basic fibroblast growth factor (bFGF), transforming 
growth factor beta-1 (TGFPJ and insulin-like growth factor 1 (IGF-1) 
suggest a potential role for these factors in cardiovascular matrix 
deposition. The objective of this study was to assess the capacity of 
these growth factors to promote cardiac fibroblast collagen production 
and replication in vitro which will lead to studies identifying their role 
in vivo during cardiac development and disease. Fibroblasts were iso
lated from fetal rat hearts by explant culture, and their response to 
growth factors was assessed with respect to fibroblast replication and 
collagen synthesis.

Fibroblast replication was stimulated by PDGF and by bFGF. IGF-1 
and TGF^i had no effect on fibroblast replication. Collagen produc
tion was stimulated by all of the growth factors tested in order of 
potency TGFPi >  PDGF, IGF >  bFGF. None of the growth factors 
affected the proportion of newly synthesized collagen rapidly 
degraded.

We have shown thatTGFPi, PDGF, bFGF and IGF-1 are all capable 
of increasing collagen deposition by cardiac fibroblasts by either stimu
lating fibroblast repUcation or collagen synthesis or both. The sensitiv
ity of cardiac fibroblasts to these factors is consistent with their playing 
a role in the rapid changes in cardiac collagen deposition seen during 
development and disease.

Introduction
The collagen matrix of the heart plays an important role in 
maintaining functional and structural integrity of cardiac 
muscle and associated vessels during the cardiac cycle [38]. 
Although myocytes account for greater than 75 % of the tissue 
mass they are not the predominant cell type [36]. A  large pro
portion of cells are cardiac fibroblasts which are intimately

Dr. Richard P. Butt, Division of Cardiopulmonary Biochemistry, 
University College London Medical School, The Rayne Institute, 5, 
University Street, London WCIE 6JJ/United Kingdom.

associated with myocytes and the extracellular matrix [22]. 
Collagen bundles produced by the fibroblasts surround both 
individual and groups of myocytes.

Collagen is continuously synthesized and degraded in the 
normal heart. Fractional synthesis rates of 3 to 5 % per day are 
found in rabbit ventricles with one third of this collagen being 
degraded rapidly [34]. Excessive collagen deposition is seen in 
both animal models of cardiac hypertrophy and human disease 
and may significantly affect cardiac performance, ultimately 
participating in hastening the onset of cardiac failure [13]. This 
cardiac fibrosis may take the form of a diffuse interstitial fibro
sis or a perivascular fibrosis, a fibrosis of the adventitia of 
coronary vessels.

During the development of cardiac hypertrophy induced by 
pressure overload, collagen synthesis increases markedly, with 
a fall in the proportion of collagen degraded rapidly after syn
thesis [6,14]. Very little is known regarding the mechanisms by 
which this increase in collagen deposition is mediated. Studies 
have suggested that polypeptide growth factor release may be 
stimulated in the heart following the onset of hypertrophy 
[37]. Recent interest has focused on growth factor involve
ment in cardiac myocyte gene expression [30, 35], however, 
the role of such growth factors in stimulating cardiac fibro
blasts is not known.

In this study we examined the effects of four growth factors 
that have been identified in the heart, platelet-derived growth 
factor (PDGF) [29], basic fibroblast growth factor (bFGF) 
[31], transforming growth factor beta-1 (TGFPi) [23, 32], and 
insuhn-like growth factor-1 (IGF-1), on replication and colla
gen production by fetal rat cardiac fibroblasts in vitro. In these 
studies we assessed both collagen synthesis, and the degrada
tion of newly synthesized collagen -  a potentially important 
regulatory pathway in the context of collagen deposition and 
turnover [6].

This is the first study, to our knowledge, assessing the 
effects of polypeptide growth factors on both cardiac fibro
blast collagen protein production and replication. PDGF and 
bFGF stimulated fibroblast replication, but no response was 
observed to TGF|3i or IGF-1. The fibroblasts were responsive
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with respect to collagen production to all the factors, including 
PDGF which has been previously reported to exert no effect 
on fibroblast collagen production from other tissues. These 
results suggest that fibroblasts are responsive target cells to a 
range of factors that are present in the cardiac tissue and/or 
circulation. The results are therefore consistent with the hypoth
esis that in development, where collagen deposition is rapid, 
and in disease states involving excess collagen deposition, the 
fibroblast activity may be mediated by polypeptide growth fac
tors.

Materials and methods
M aterials
All laboratory chemicals were of reagent grade and purchased from 
BDH/Merck (Lutterworth/UK) unless otherwise indicated. HPLC 
buffers and solvents were of HPLC grade. PDGF derived from human 
platelets and porcine TGFPi were purchased from British Biotechnol
ogy (Oxford/UK), recombinant human bFGF from Sigma (Poole, 
Dorset/UK), and human recombinant IGF-1 from Boehringer Mann
heim (Lewes/UK).

Cell culture
To isolate cardiac fibroblasts (JRH* fibroblasts), pregnant Sprague 
Dawley rats were killed at 17 to 19 days gestation and the fetal hearts 
removed. Each pregnant female yielded an average of 9 fetal hearts. 
The tissue was placed directly into Dulbecco’s modification of Eagle’s 
medium (DMEM; Imperial Laboratories, Andover/UK) supple
mented with 20 % fetal calf serum (Imperial Laboratories) (DMEM/ 
20% FCS), and cut into small pieces (approximately 1 mm )̂ under 
steril conditions. The pieces were then placed into tissue culture flasks 
(Costar, High Wycombe/UK) and allowed to settle and adhere onto 
the bottom of the flask in 2 ml DMEM/20 % FCS. Flasks were placed 
in a humidified incubator at 10% CO2 at 37 °C. Medium was changed 
after 48 h, and 24 h later the tissue was removed by agitation and the 
flasks left until the outgrowing cells formed a confluent monolayer. At 
confluence the monolayers were washed with sterile phosphate buf
fered saline solution A (PBS) and dispersed with 0.25 % trypsin/ver- 
sene. The cells from all the hearts were pooled and aliquots frozen in 
DMEM/20 % FCS and 20 % dimethyl sulfoxide. Cells were thawed as 
required and routinely passaged 1:4 immediately prior to confluency 
and used only between population doublings of 4 to 10.

Replication
Cell replication was assessed using a rapid and convenient method for 
counting cells cultured in microwell plates following the uptake and 
subsequent elution of the dye methylene blue [26]. Cells were har
vested as previously described and a suspension of 5 x 10̂  cells in 
100 gl DMEM/1 % FCS, placed into the central 10 x 6 wells of a 96- 
well plate. This cell number represents a subconfluent culture of cells 
that can replicate for up to three days in a linear fashion in response to 
DMEM/10 % FCS. Plates were then incubated for 48 h in a humidified 
incubator in 10% CO2 at 37 °C. After this time medium was removed 
and replaced with 80 ng/ml of each growth factor which was serially 
diluted across the plate in DMEM/1 % FCS. Medium control weUs of 
DMEM/1 % FCS and positive controls of DMEM/10 % FCS were set 
up on each plate. The plates were then incubated for a further 48 h 
before the assessment of cell number using a methylene blue dye bind
ing assay developed in our laboratory. Briefly, the medium was washed 
out of the plates with PBS and the cells fixed in formol saline for 
30 min. One percent methylene blue dissolved in 0.02 m borate buffer 
was added to each well and left for 30 min. The plates were then 
washed in 0.02 m borate buffer to wash away excess dye, and the bound 
dye eluted in acidified alcohol (0.1 m HCl/absolute ethanol, 1:1 v/v). 
The absorbance of each well was measured on a microtiter plate reader

at 450 nm (Titertek multiskan MCC/640, Flow Laboratories, High 
Wycombe/UK).

M easurem ent of collagen production
Cells were seeded at 1 x 10̂  cells/ml into 12-well plates (2 ml/well) 
(Costar) in 10 % FCS. Upon reaching visual confluence the medium 
was replaced with 1 ml DMEM supplemented with 50 gg/ml ascorbic 
acid, 0.2 mM proline and 1 % FCS. After 24 h the medium was again 
replaced with identical medium with or without the growth factor of 
interest at various concentrations. The plates were incubated for a fur
ther 24 h. After this time the medium was removed and retained, the 
cell layer washed with PBS and the contents of each well scraped and 
aspirated and added to the medium for analysis. Wells were washed 
with PBS, rescraped and the PBS wash combined with the initial aspi
rates. Proteins were precipitated by addition of ethanol to a final con
centration of 67% (v/v) at 4°C overnight. Proteins were separated 
from free amino acids and small peptides (<  3 amino acids) by filtra
tion through a 0.45 gm pore filter (type HV, Millipore, Watford/UK) 
using a vacuum unit (Millipore). The filtrate was retained and the filter 
washed with 1 ml 67 % ethanol. The filter containing the proteins was 
hydrolyzed in 6 m hydrochloric acid at 110 °C for 16 h. Filtrates were 
evaporated to dryness on a sample concentrator (Techne DB-3, 
Marathon Lab Supplies, London/UK) and hydrolyzed as above. 
Hydrolysates were mixed with approximately 30 mg charcoal and fil
tered (Millipore, type DA, 0.65 gm pore filter) prior to chromatogra
phy

Hydroxyproline (OHpro) was isolated and measured by reverse- 
phase HPLC of 7-chloro^-nitrobenzo-2-oxa-l,3-diazole (NBD-Cl) 
(Sigma) derivatized hydrolysates [8,24]. Briefly, a 100 gl aliquot of the 
hydrolysate was buffered with 100 gl 0.4 m potassium tetraborate 
(Sigma) and reacted with 100 gl 12 mM NDB-Cl (Sigma) in methanol. 
Samples were incubated in the dark at 37 °C for 20 min. The reaction 
was stopped after this time by addition of 50 gl 1.5 m HCl and 150 gl 
167 mM sodium acetate (FSA, Loughborough/UK) in acetonitrile 
(26% v:v). Samples were filtered (Millipore, type GV, pore size 0.22 
gm) and a 100 gl aliquot loaded onto the column. The OHpro content 
in each sample was determined by comparing the peak area of the 
sample obtained on a chromatogram to those generated from standard 
solutions, derivatized and separated under identical conditions.

OHpro measured in the ethanol insoluble fraction was taken as an 
index of collagen production and expressed as nmoles OHpro/well/ 
24 h. Ethanol soluble fractions were also analyzed in order to deter
mine collagen degradation. The OHpro present in the ethanol-soluble 
fraction represented OHpro derived from collagen synthesized and 
subsequently degraded during the 24 h culture period. The proportion 
of newly synthesized collagen degraded was calculated by dividing the 
OHpro in the ethanol-soluble fraction by the value obtained from the 
sum of the ethanol-soluble and insoluble fractions, and expressed as a 
percentage. A small amount of collagen is present in the cell layer and 
serum at the start of the incubation period. This represents collagen 
synthesized and deposited as the cells grow to confluence over a period 
of days and is usually 30 to 50 % of the collagen synthesized over the 
24 h incubation period. This value was measured and subtracted from 
all sample values.

DNA content
The DNA content of identical wells to those analyzed for OHpro con
tent were obtained as described previously [24]. Briefly, cells were 
scraped into 1 ml PBS, spun in a microcentrifuge (13 K x g) (MSE, 
FSA, Loughborough) and the pellets acidified with 1 ml 0.5 m per
chloric acid (PGA) and left for 10 min. The samples were then recentri
fuged for 5 min, the supernatant discarded and the pellet washed twice 
in 1 ml 0.5 m PCA. The pellet was then resuspended in 1.2 ml 0.8 m 
PGA and heated to 70 °G for 45 min. Samples were left on ice for 15 
min and recentrifuged for 10 min. One ml of the supernatant was taken 
and 0.1 ml 1.6 mg/ml acetaldehyde and 1 ml 4 % diphenylamine in gla
cial acetic acid were added, mixed and incubated overnight at 30 °G. 
The absorbance was measured at 595 nm and samples compared to a 
standard curve of known DNA concentration (0-20 p,g/ml).
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Fig. 1. The effect of growth factors on JRH  ̂replication. All data are 
represented as mean ± SEM, n=6. Error bars lie within most points. 
All points for PDGF and bFGF curves were significant at the p < 0.001 
level, except the two lowest and the highest dose of bFGF where the p 
value was <  0.01.

Statistical analysis
Statistical analysis of the fibroblast replication and collagen metabo
lism experiments were carried out using unpaired t-tests on the abso
lute values. Changes were deemed to be significant at the 95 % confi
dence limit, i.e. p < 0.05. Data is represented as % stimulation above 
control values ± standard error of the mean (SEM).

Results
Morphology and growth of JRH^ fibroblasts
JRHx fibroblasts were irregular in shape at subconfluence but 
upon reaching confluence assumed the characteristic swirling, 
spindle-shaped appearance normally associated with fibro
blasts. The cells exhibited staining of P-actin stress fibers and 
the low molecular weight isoform of caldesmon -  a fibroblast 
but not smooth muscle cell marker. There was no staining for 
smooth muscle cell or myofibroblast markers -  the high molec
ular weight isoform caldesmon or smooth muscle cell a-actin. 
Cells were seeded at subconfluence for replication assays but 
grown to confluence for studies involving rates of collagen 
metabolism.
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Fig. 2. The effect of growth factors on JRFI, collagen production. All data are represented as means ± SEM, n=4-6, - F - F - F  p <  0.ÜÜ1, 
- F - F  p < 0.01, - F  p < 0.05.
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Effect of growth factors on JRH% fibroblast 
replication
Figure 1 shows the stimulation of JRH^ fibroblast replication 
by growth factors. PDGF was the most potent mitogen, stimu
lating replication by 128.5 ±  2.54% , p <  0.001 at 2.67 nM, an 
effect similar to that achieved with 10 % FCS. bFGF enhanced 
replication by 22.1 ±  0.4% , p <  0.001 at 0.6 nw. Neither 
IGF-1 norTGFpi had a stimulatory effect on cell division. Fur
thermore, TGF(3| did not inhibit the stimulation of replication 
elicited by 5 % or 10 % FCS, an effect which is seen with many 
other fibroblasts and cell types (data not shown).

Effect of growth factors on JRH% fibroblast 
collagen production
Each growth factor significantly stimulated the synthesis of 
collagen, but to varying degrees and at different concentra
tions (Fig. 2). Control cells (3.5 x  lOVwell at confluence) pro
duced 2.15 ±  0.29 nmoles OHpro/24 h. TGFPi produced a 
maximal stimulation of 119.8 ±  1.6% above the control (p <  
0.001) at 4 pM although no significant effect was observed at
0.4 pM. Higher doses up to 200 pM did not further increase the 
response. PDGF produced a 78.4 ±  5.8 % (p <  0.005) 
increase in production at 37 pM a concentration almost an 
order of magnitude higher than that required for the TGF(5i 
response. lGF-1 and bFGF were also both stimulatory and 
yielded increases of 91.9 ±  7.7% at 2.6 nM (p <  0.005), and 
38.7 ±  1.5 % at 0.33 nM (p <  0.05), respectively.

Degradation of newly synthesized collagen
None of the growth factors studied affected the proportion of 
newly synthesized collagen degraded rapidly (Fig. 3). The 
value remained between 30 to 40 % of the total collagen syn
thesized for control and stimulated cardiac fibroblasts, for a 
dose of each growth factor that maximally stimulated collagen 
synthesis.

DNA content of treated cells
The DNA content of replicate samples (n = 4-6) assessed for 
the collagen production by the agents mitogenic to the fibro
blasts, PDGF and bFGF, was estimated on identical confluent 
monolayers. No increase in replication occurred during the 
24 h incubation period in the cultures exposed to either of the 
factors. DNA content of control cells was 5.6 ±  0.7 [xg DNA/ 
well, values for PDGF at 0.165 um and bFGF at 0.33 nM were 
4.4 ±  0.7 and 5.1 ±  0.2 pg DNA/well, respectively.

Discussion
We have studied the effects of four growth factors on the activ
ity of primary fetal rat cardiac fibroblasts. The responses of 
these cells to the growth factors were studied with respect to 
changes in replication, collagen synthesis and degradation of 
newly synthesized collagen, using techniques developed in our 
laboratory. The study was performed in order to assess the 
sensitivity of cardiac fibroblasts to four polypeptide growth 
factors shown to be present in the normal or hypertrophying 
heart. The results obtained reveal that cardiac hbroblasts are 
sensitive to the factors studied and indicates a potential stimu
latory mechanism for cardiac collagen deposition.

40
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i t
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Fig. 3. The effect of growth factors on the proportion of newly syn
thesized collagen rapidly degraded by the JRH* fibroblasts. All data 
are represented as means ± SEM, n=4-6. There was no significant 
difference between any of the conditions.

Cells were grown in conditions to optimize the isolation of 
fibroblast cultures [2, 9, 10]. Fibroblasts grown from tissue 
fragments outgrow other cell types in culture therefore giving 
a monolayer in which the majority of the cells are fibroblastic. 
Quality control immunofluorescence was carried out for a 
selection of fibroblast and smooth muscle cell markers, which 
confirmed the fibroblastic nature of the cells. Universal dif
fuse staining was abundant for the low molecular weight cal- 
desmon isoform which is present in fibroblasts and not smooth 
muscle cells. No staining was evident for smooth muscle cell a- 
actin, or the high molecular weight isoform of caldesmon, 
both smooth muscle cell markers. Neither endothelial cells 
nor myocytes would have grown in the culture conditions 
used. There is therefore no evidence for any significant 
contamination by other cell types in these cultures of cardiac 
fibroblasts.

The cultures were irregular in shape at subconfluence pos
sibly reflecting the presence of subpopulations of fibroblasts. 
All tissues contain heterogeneous fibroblast populations that 
will exhibit a range of activities depending on their interac
tions with other cells, mediators and their microenvironments. 
The use of high serum concentrations in the initial isolation 
process is likely to stimulate most fibroblasts to adhere, spread 
and divide, and we are therefore likely to have extracted a rep
resentative proportion of the total fibroblast population.

Fetal cells were used in this study. Such cell lines have been 
most frequently used in cell culture studies for other tissues, 
and we believe they are the cell of first choice since they sur
vive many doublings in culture. In our experience collagen 
synthesis rates of fetal and adult cells do not differ in culture. 
Although the pathophysiological relevance of our findings to a 
disease which affects adults must be interpreted with caution, 
there are thought to be no differences in the collagen biosyn
thetic or regulatory pathways between fetal and adult cells, 
making them a convenient in vitro system for examining the 
effects of growth factors on fibroblasts. Although the regula
tory pathways may be the same for fetal and adult cells the 
sensitivity of the cells to growth factors may vary.
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Few studies have examined the effects of these factors on 
cardiac fibroblast replication. The fibroblasts were stimulated 
by two of the four factors studied. PDGF, a potent mitogen of 
mesenchymal cells [3, 25], was indeed the most potent mito
gen for these fibroblasts, increasing replication by about 
130%, the equivalent of a stimulation by 10% FCS. bFGF 
also stimulated replication but only by 20 %. IGF-1, however, 
which has previously been shown to stimulate the replication 
of fibroblasts from other tissues [21] had no effect. TGF|3i is 
reported to have varied effects on fibroblast populations 
depending on the cell source and the concentration of TGFPi 
[3,16] but showed no stimulatory or inhibitory action on these 
cells. The cells did not change in shape or size after treatment 
with any of the growth factors and therefore the observed 
increases in absorbance obtained from the methylene blue 
assay represent an increase in the number of cells and not cel
lular hypertrophy or increased cell staining. The validation of 
the assay in this respect has previously been determined [21, 
26].

Increased fibroblast number represents a mechanism for 
increasing coUagen deposition. Enhanced numbers of fibro
blasts and myofibroblasts in vivo have been previously 
observed in models of pressure overload induced cardiac 
hypertrophy [22, 40]. Many stimuli, including mechanical 
force, [1, 5] and local or systemic growth factor production 
may be responsible for mediating the increase in cell numbers 
in vivo.

Collagen production was increased by all the growth factors 
studied whilst the proportion of newly synthesized collagen 
degraded rapidly remained constant. TGFPi, the most potent 
stimulator of collagen synthesis at 4 pM, is a major mediator 
for the stimulation of collagen production in fibroblasts in 
vitro, in wound healing and in profibrotic processes [16, 27]. 
Following ischemia, where collagen fibers replace degenerat
ing myocytes, the cardiac fibrosis that develops represents a 
wound healing response. TGFPi expression is enhanced in 
ischemic areas of the heart during repair [32]. Expression of 
TGFPi has also been shown to increase in the heart due to 
pressure overload where ischemia is not a feature [37], and 
TGF|3i may also therefore be involved in enhancing collagen 
synthesis during development of compensatory hypertrophy. 
TGF|3] is reported to stimulate collagen type I mRNA levels 
and decrease collagenase expression in human heart fibro
blasts [10] further supporting a role in increasing cardiac colla
gen deposition. The stimulation seen here for TGF|3] was sub
stantially higher than that seen for other fetal fibroblasts such 
as fetal rat lung fibroblasts [12].

bFGF also stimulated collagen production by these fibro
blasts. This factor is a recognized stimulator of fibroblast 
replication [28], but there have been few reports on its effect 
on collagen production [10, 33]. bFGF has been identified in 
the heart by immunohistochemistry where it has been found 
associated with Cardiac myocytes by radioimmunoassay and 
Western blot [31]. This observation introduces the intriguing 
possibility that myocyte-derived fibroblast regulatory factors 
may modulate normal fibroblast function, as well as stimulat
ing activity during cardiac hypertrophy and fibrosis.

IGF-1 stimulates collagen production in lung fibroblast 
monolayers [19] and to a similar degree in skin fibroblasts 
grown in planar monolayers and collagen lattices [18]. The 
stimulatory concentrations of IGF-1 in these experiments, 
however, were up to an order of magnitude higher than those 
active on the JRH* fibroblasts. Studies involving the effect of

IGF-1 in the heart have focused on the increase in protein pro
duction by myocytes [17], and to our knowledge this is the first 
report of IGF-1 stimulation of collagen production by cardiac 
fibroblasts.

This is also the first demonstration of the effect of PDGF on 
collagen synthesis by cardiac fibroblasts. This mediator is a 
known stimulator of mesenchymal cell proliferation, but has 
recently been reported to have no effect on lung fibroblast 
procollagen mRNA levels or collagen production [11]. Here 
we have shown that PDGF is a powerful stimulator of JRH„ 
collagen metabolism with production increasing by two thirds 
as much as TGF^i, the most potent known stimulator of colla
gen production. We propose a potential role for this mediator 
in excess deposition of collagen during cardiac hypertrophy. 
Pressure overload increases vascular permeability [39] which 
may increase the availability of PDGF and other blood- 
derived growth factors to the underlying mesenchymal cells 
[20]. Cardiac fibrosis is most prominent around coronary ves
sels [7, 22], and mediators involved in this form of fibrosis 
could quite possibly be derived from vascular or blood borne 
sources. Fibroblasts, as well as endothehal and smooth muscle 
cells, are themselves capable of producing PDGF [15], and the 
possibility of an autocrine loop involving this factor has been 
suggested in the response of fibroblasts to mechanical load [4,
5].

In summary, this study reports the isolation of cardiac fibro
blasts and their responses with respect to replication and colla
gen metabolism after treatment with PDGF, TGFPi, bFGF or 
IGF-1. The four growth factors studied were chosen because 
they are all known fibroblast growth factors involved in wound 
healing and fibrotic disorders in other tissues although little is 
known of their role in the heart. This paper has demonstrated 
that cardiac fibroblasts are responsive to these growth factors, 
supporting the hypothesis that these factors may play a role in 
the increased collagen deposition associated with cardiac 
development and disease. Further studies will be carried out 
in vitro and in vivo in models of pressure overload hypertro
phy to clarify potential roles for these factors in the develop
ment of fibrosis and other cardiac disorders.
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Introduction
Endothelial cells line the cardiovascular system and have a 
vital role in maintaining normal vascular function [19]. In 
addition to differences in morphology, microvascular endothe
lial cells differ from those of the macrovasculature in a number 
of ways, including differences in antigenic determinants, cell 
surface protein expression and responses to some agonists [3, 
4, 17, 22]. This phenotypic diversity permits the specialized 
functions of the endothelium in different vessels, however, the 
mechanisms which induce microvascular and macrovascular- 
specific endothelial phenotypes are not known. In other types 
of epithelia it has been shown that interaction with basement 
membrane proteins and cell morphology are important in reg
ulating expression of fully differentiated phenotype [2, 5, 6, 
15]. In mouse mammary gland epithelium, for example, base
ment membrane-induced organization of cells into structures 
resembling mammary alveoli is necessary for expression of the

Abbreviations. dNTPs Deoxynucleotide triphosphates. -  GAPDH 
Glyceraldehyde 3-phosphate dehydrogenase. -  HUVEC Human 
umbilical vein endothelial, cells. -  PBS Phosphate buffered saline. -  
PCR Polymerase chain reaction. -  PDGF Platelet-derived growth 
factor. -  RNA Ribonucleic acid. -  RT/PCR Reverse transcription/ 
polymerase chain reaction.

Dr. Nicholas R J. Brindle, Department of Surgery, University of 
Leicester, Clinical Sciences Building, Leicester Royal Infirmary, P.O. 
Box 65, Leicester LE2 7LX/United Kingdom.

milk protein whey acidic protein [6]. It may be, therefore, that 
cell shape and organization is an important cue for expression 
of endothelial microvascular phenotype.

For endothelial cells there are, at present, very few clearly 
defined molecular markers of microvascular phenotype. How
ever, it has been shown that endothelial cells lining microves
sels of human placenta express the gene for platelet-derived 
growth factor receptor B , whereas cells lining the large vessels 
do not [13]. Endothelial cells cultured from the umbilical vein 
can be induced to switch to a capillary-like morphology on 
interaction with basement membrane [1,11,12,14]. This mor
phogenesis results in formation of cellular cords containing a 
central lumen surrounded by one to three endothelial cells, 
and is thought to parallel capillary formation in later stages of 
angiogenesis in vivo [1, 11, 12, 14]. In this study we have ex
amined whether the switch to microvessel-like morphology 
influences expression of at least one microvessel-specific gene, 
that for platelet-derived growth factor receptor.

Materials and methods
Matrigel was obtained from Collaborative Biomedical Products (Bec- 
ton Dickinson UK Ltd, Oxford/UK) and fibronectin from Sigma 
Chemical Co. (Dorset/UK). The sources of all other materials were as 
previously described [10].

Cell culture and  m orphogenesis
Human umbilical vein endothelial cells (HUVEC) were isolated by 
collagenase digestion [20] and routinely cultured as previously 
described [10]. For morphogenesis, tissue culture flasks were coated 
with matrigel, an extract of basement membrane components at 
approximately 11 mg/ml. This was mixed 1:1 with prechilled medium 
199 and applied at 25 pl/cm  ̂ to prechilled flasks, gelling was induced 
by incubation for 30 min at 37 °C. Following trypsinization cells were 
added directly onto the surface of the gel. Where cells were cultured 
on fibronectin-coated surfaces, tissue culture vessels were incubated
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Collagen Turnover and Deposition in Cardiac Hypertrophy and Cardiac Fibrosis

Collagen fibers form a network o f w eaves and struts in the myocardium that 
interconnect m yocytes and capillaries, preventing slippage o f adjacent muscle 
fibers during the cardiac cycle , coordinating the delivery o f force and maintaining 
capillary patency during contraction.' Cardiac collagens are principally the type 
I and III fibrillar collagens. produced by cardiac fibroblasts.--’ T ypes IV, V, VI 
and VIII have a lso  been identified but represent less than 10% of the total cardiac 
collagen content.

During the developm ent of cardiac hypertrophy there is an increase in collagen  
deposition w hich may lead to cardiac fibrosis, particularly if the hypertrophy is 
due to pressure overload .■*"’ E xcess collagen impairs the diastolic function o f the 
heart by increasing cardiac stiffness.'* The relative proportion o f type I collagen  
(com pared to types I and III) may also i n c r e a s e p o s s i b l y  contributing further 
to the diastolic stiffness o f the heart, due to the greater tensile strength o f the 
type I collagen fibers.

Collagen is continually synthesized and degraded in the heart, the magnitude 
and balance o f  these independent pathways determining collagen deposition. Car
diac collagen turnover is a dynamic process with fractional synthesis rates o f  
3-5%  per day found in the ventricles o f rabbits.'”-" 30-50%  o f this collagen is 
degraded rapidly via an intracellular pathway.^”"'’ This degradative pathway rep
resents an extrem ely  sensitive mechanism whereby collagen deposition may be 
increased independently o f changes in synthesis. Intracellular degradation occurs 
in addition to extracellular collagen'degradation, w hich represents turnover o f  
mature, cross-linked collagen, and is regulated by the m etalloproteases and their 
inhibitors, such as tissue inhibitor o f m etalloprotease (TIMP).

The rates o f  the synthetic and degradative processes change rapidly in response 
to pressure overload with a sixfold increase in right ventricular collagen synthesis
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tw o d ays after pulm onary artery banding accom panied by a similar fourfold in
crease  in typ e I collagen o ,(I ) m R N A  le v e ls ."  Furtherriiore, the proportion o f  
co llagen  degraded rapidly after syn th esis is decreased , increasing the amount o f  
co llagen  d ep osited  in the heart. T hus transcriptional and posttranslational regula
tion o f  co llagen  m etabolism  occurs, both leading to an increase in the am ount o f  
collagen  d ep o sited .

In creased  collagen  deposition may occu r by increasing the amount o f collagen  
produced per fibroblast, or by increasing the numbers o f fibroblasts. C ollagen  
production  per ce ll has been show n to increase in the right ventricle in the b leom y
cin m odel o f  pulm onary hyp ertension ,"  as an increase in cardiac collagen syn the
sis occurred  prior to an increase in D N A  content. This has also been show n in 
other m od els  o f  pressure overload induced cardiac hypertrophy." "  " Increased  
D N A  le v e ls  are due primarily to increased fibroblast replication. Thus it is clear 
that in creased  collagen  production per ce ll and fibroblast replication occur, both  
representing m echanism s for increased cardiac collagen accumulation.

A lthou gh  w e  now  have data regarding the m etabolic changes that occur in order 
to increase co llagen  deposition during cardiac hypertrophy induced by pressure 
overload , little is known of the stimuli for such changes. Here we present ev idence  
that m echan ica l load and polypeptide grow th factors may act synergistically to 
stim ulate card iac fibroblast collagen syn th esis and replication.

Potcntinl M echanisms fo r  Stim ulating Collagen Deposition

Pressure overload  causes cardiac hypertrophy, the major com ponents o f  which  
are m y o cy te  hypertrophy, nonm yocyte, principally fibroblast, hyperplasia, and 
increased  co llagen  deposition. The m echanism s governing the increased collagen  
deposition  in the hypertrophying and fibrotic heart are not known. Three principle 
h yp oth eses are currently being studied:

1. Increased  m echanical load p er  sc  stim ulates both llbroblast replication and 
collagen  production per cell;

2. A utocrine or paracrine growth factors are released which stimulate fibroblast 
activ ity;

3. An increased  availability o f blood-borne factors stimulates cardiac fibroblast 
function .

T h ese three m echanism s are not. how ever, mutually c.xclusivc; m echanical load 
may play a role in all o f  them. In 1) m echanical load may directly influence cell 
function through cell-cell interactions, cejl-matri.x interactions, or cytoskcletal re
structuring, with signals directed through the extensive cytoskeletal netw ork to 
the nucleus." ' M echanical load may also directly cause membrane perturbation, 
opening stretch-activated  ion ch annels"  or influencing the activity o f membrane- 
bound en zy m es such as the phospholipases (phospholipase A :, phospholipase C or 
p h osph olip ase D) and nucleotide cyclases (adenylate cyclase, guanylate cyc la se), 
w hich activa te  second m essenger pathw ays within the cell. In 2) m echanical load 
may stim ulate release of growth factors in an autocrine manner, for exam ple,
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platelet-derived growth factor (PDGF) is released by lung fib ro b la sts'^ a n d  vas
cular smooth muscle cells (SM C).-° The release of such factors may also have 
paracrine effects. As another exam ple, endothelin secretion by endothelial cells 
is increased in response to load-' and is known to stimulate vascular fibroblast 
replication and chem otaxis.----' Paracrine growth factors may also originate from 
activation of the tissue renin/angiotensin/aldosterone system (RAAS), the com po
nents of which have been demonstrated in the heart. Angiotensin has been shown 
to stimulate cardiac fibroblast collagen synthesis.-"* Growth factors may also stimu
late release o f other factors, for exam ple, A ll stimulates PDGF release in SMC,-° 
and PDGF induces transforming growth factor /3 (TGF/3) release by fibroblasts.-^ 
In 3) mechanical load may increase vessel wall permeability to blood-borne fac
tors,-^' such as circulating AlP^ which may be elevated due to release from the 
kidneys in response to the hypertension. This hypothesis will not be discussed  
here but increased activity of RAAS has been reported and is discussed in other 
papers in this volum e.

In \'itro Evidence Supporting a Role fo r  Mechanical Load in Increased CoUagen
Deposition

We have show n i/i v ino  that cardiac-® ( F i g .  1) and pulmonary artery-'’ fibro
blasts increase collagen production in response to mechanical load. After 24 hours 
of mechanical load, fetal cardiac fibroblasts, maintained in 1% or 10% fetal calf 
serum (FCS) did not increase collagen production compared to control levels (data 
not shown). After 4S hours, how ever, the cells subjected to mechanical load in 
the presence o f high serum produced 75% more collagen than the control cells,

EIGURE 1. Th e  efleet  of  mechanical  load 
and serum concent ra t i ons  on cardiac i ibro- 
blast collagen product ion.  Cardiac f ibro
blasts u e r e  g rown to conf luence on tle.xible 
(Flex 1) or rigid (Flex 11) bo t tomed  6-well 
c last in-coated cul ture  plates and mechan i 
cally loaded using the Flexercel l  Strain Unit .  
The  tle.xible me mbr ane s  were deformed by 
a maximum of  20% elongat ion at 1.5 Hz.  for 
4S hours,  in the presence  of  ascorba te  and 
proline. After  this t ime the media and cell 
layer were harves t ed ,  proteins precipi tated 
in 67% LtOM.  hydrolyzed in 6 M HCl and 
the collagen product ion  det ermined by a s 
sessing the hydro.xyprol ine content  using An' 
H PLC  method."*'  Stat ist ical  significance was '  
determined be tween  control  and test s a m 
ples by unpai red /-test  and resul ts deemed 
significant at 95% conf idence limit. All r e 
sults n = 4 - 6 .  plot ted as means  ± S E M ,
★ ★ P <0.001.
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or the loaded  cells maintained in 1% FCS (F ig . 1). This data im plies a synergy 
betw een  m echanical load and serum factors.

A n oth er m echanism  by which cardiac collagen deposition may be increased is 
through induction  o f fibroblast replication. We have shown that pulmonary ar- 
tery-‘̂ and lung fibroblasts'® '̂  replicate in response to m echanical load in low  
serum  con cen tration s, and have preliminary data suggesting that cardiac fibro
b lasts a lso  respond in this way. This indicates that fibroblast replication and colla
gen sy n th esis  are stimulated through discrete pathw ays, the latter relying on an 
external su pp ly  o f  factors, and the former on the production o f autocrine mitogenic 
factors or d irect stimulation by mechanical load.

In V itro Effect o f  Polypeptide Growth Factors on Cardiac F ibroblast Activity

The role o f  growth factors in the regulation o f  normal heart collagen or in the 
d evelop m en t o f  increased cardiac collagen deposition is not w ell characterized. 
T h ese  factors have been identified in the normal heart and studies have suggested  
that p o lypeptide growth factor release may be stimulated follow ing the onset o f  
hypertrophy.^" H ow ever, interest has focused on growth factor stim ulation o f  
m yocyte  gen e  cxpression^'-^- and hypertrophy”  rather than their effects on car
diac fibroblasts.

W e h ave studied the effects o f growth factors and vasoactive agents on cardiac 
fibroblast activ ity , with respect to cell replication and collagen production. It is 
clear from these experim ents that cardiac fibroblasts are highly sensitive target 
ce lls , able to respond to a range o f  classes o f growth factors.-®

Stu d ies on cardiac fibroblast replication have show n high sensitiv ity  to PDGF  
(A B  heterodim er) (F ig . 2). The responses o f these cells to the other PDGF iso 
form s and the abundance o f receptor subtypes is currently under investigation. 
T h ese  fibroblasts also replicate moderately in response to basic fibroblast growth 
factor (F G F -2). but not to insulin-like growth factor-1 (IGF-1). or to TGF/3-® (F ig . 
2). T he vasoactive  agents endothelin-1 (CT-1) and A ll have also been tested, 
with A ll ,  but not C l-  I . producing a moderate stimulation o f cardiac fibroblast 
replication  (F ig . 2).

T h ese  agents have also been tested for their ability to stimulate cardiac fibro
blast co llagen  synthesis (F ig . 3) with TGF/3. IG F-1, PDGF, and FGF-2 all stim ulat
ing co llagen  production, but A ll and C l - 1 having no effect. T hese six mediators 
represent a d iversity o f c lasses o f growth factors in terms o f their discrete receptor 
su btypes and signal transduction pathways. The results therefore show  the range 
o f factors that are capable o f stimulating cardiac collagen production.

TGF/3 is the most potent known stimulator o f collagen production for a wide 
variety o f  fibroblast lines tested. T hese cardiac fibroblasts proved particularly 
sen sitive  to  TGF/3, with a stimulation o f 120% above control levels-® (F ig . 3). Our 
stud ies a lso  show ed stimulation by PDGF. the first report o f increased collagen  
production in response to this factor. All subtypes o f PDGF have previously been  
reported to have no effect on lung fibroblast collagen m RNA levels or protein 
p r o d u c t io n .F G F -2  also stimulated collagen production by these ce lls, som ewhat 
con flicting  with previously published data show ing collagen m essage levels de-
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F IG URE 2. Effect  of  growth factors on  cardiac fibroblast replication.  Fibroblast repl icat ion 
was  a s se s se d  using a rapid and convenient  method of  determining cell number  in 96-well 
p l a t e s . 4000 cells.^well were pre-plated for4S hours  in I9f FCS.  The  growth factor o f  interest  
was  then a d d e d  in medium conta ining \7c FCS and serially di luted across the plate.  After  
a fur ther  4S hour s  the medium was removed ,  and the cells were washed in PBS and fi.xed 
in formal  sal ine.  19c methylene  blue was  added for 20 minutes,  washed out and the bound 
dye eluted wi th acidified alcohol  (1:1.  0.1 M HCLEtOFl ) .  Absorbance of  each well was 
de t e rmined  using a 96-well plate reader .  Resul ts are e.xpressed as percent  of 19c FCS medium 
cont rol .  Th e  concent ra t i on  o f  growth factor  shown represents the dose at which a ma.ximai 
effect  on repl icat ion was obse rved  ( PD G F  2.6 nM.  FGF-2 1.3 nM.  All  10 ^cM. TGF/ I  3.2 
nM.  IGF-1 2.7 nM and  FT-1 10 nM).  Stat ist ical  significance was determined be tween  192 
FCS me d i um cont rol  and the test samples  by unpai red / test and results deemed significant 
at 957c conf i dence  limit. .All resul ts n =  6. plotted as means r  SEM.  9r9r p  <0.001.  + p  
<0.05.

c r e a s i n g  in c a r d i a c  f i b r o b l a s t s  t i f t er  i n c u b a t i o n  wi th  F G F - 2 . I G F - 1  s t i m u l a t e d  
c o l l a g e n  p r o d u c t i o n  by  t h e  c a r d i a c  f i b r o b l a s t s  a s  p r e v i o u s l y  d e m o n s t r a t e d  in 
m o n o l a y e r s  o f  l u n g  f ibiobl . i s t ' " '  a n d  sk in  f i b r o b la s t s  g r o w n  in co l l agen  l a t t i c e s .

SU M M A R Y  A N D  EM PLICATIONS

T h e  r e g u l a t i o n  o f  c o l l a g e n  d e p o s i t i o n  in t he  h e a r t  is no t  ful ly u n d e r s t o o d .  O u r  
s t u d i e s  h a v e  i m p l i c a t e d  r o l e s  f or  p o l y p e p t i d e  g r o w t h  f a c t o r s  a n d  m e c h a n i c a l  load  
in s t i m u l a t i n g  b o t h  f i b t o b l a s t  r e p l i c a t i o n  a n d  c o l l ag en  s y n t h e s i s .  E v i d e n c e  is 
e m e r g i n g  t o  i n d i c a t e  t he  p r e s e n c e  o f  g r o w t h  f a c t o r s  in t he n o r m a l  a nd  h y p e r t r o p h y 
ing  h e a r t . I n  t he  n o r m a l  h e a r t  a b a l a n c e  m a y  exi s t  in t he  l evel s  a n d  i n t e r a c 
t i o ns  o f  t h e s e  f a c t o r s ,  m a i n t a i n i n g  c o l l a g e n  c o m p o s i t i o n .  F o l l o w i n g  the s t i m u l a t i o n  
f or  h y p e r t r o p h y ,  p a r t i c u l a r l y  d u e  to  p r e s s u r e  o v e r l o a d ,  t h i s  h o m e o s t a s i s  m a y  be  
d i s r u p t e d .  M e c h a n i c a l  l oa d  m a y  p r o m o t e  e n h a n c e d  g r o w t h  f ac t o r  p r o d u c t i o n ,  o r  
ac t  s y n e r g i s t i c a l l y  w i t h  e x i s t i n g  f a c t o r s  to s t i m u l a t e  f i b r ob l a s t  ac t i v i t y .  F u r t h e r  
w o r k  is b e i n g  c a r r i e d  o u t  in in  v i n o  a n d  in v i vo  m o d e l s  o f  c a r d i a c  p r e s s u r e  o v e r l o a d  
t o  d e t e r m i n e  t h e  r e s p e c t i v e  r o l e s ,  t h e  c o n t r o l  m e c h a n i s m s  a n d  s igna l ing  p a t h w a y s
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FIGURE 3. Effect of growth factors on  c a r 
diac f ibroblast  collagen product ion.  F i b r o 
blasts were grown to confluence on 12-well 
t issue cul ture plates and the col lagen p r o 
duct ion determined after 24 hours  of  e x p o 
sure to the growth factors.  Col lagen p r oduc 
tion was determined by assessing the O H p r o  
content  as previously descr ibed^sce Etc.  I). 
Resul ts are expressed as 7c st imulat ion of  
the \7 c  FCS medium control .  Stat ist ical  sig
nificance was determined between cont rol  
and test samples  by unpaired i test and re
sults deemed significant at 95% conf idence 
limit. All results n = 6. plotted as means  
S EM.  ★★ p  <O.OUI, ★ p <0.01.  -F /) <0 .05.
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C o n c e n t r a t i o n  (nM)

o f  m e c h a n i c a l  l o a d  a n d  g r o w t h  f a c t o r s  in t he  d e v e l o p m e n t  o f  i n c r e a s e d  c a r d i a c  
col l t igen d e p o s i t i o n .
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