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ABSTRACT

Proliferative vitreoretinopathy (PVR) is the leading cause of failed retinal detachment 

surgery and is characterized by the formation of contractile cellular membranes on the 

surface of the retina resulting in redetachment. It was unknown from the available 

literature which of the cell types involved in PVR was responsible for the contraction. In 

the present study we have investigated the contractile capacities of three major cell types 

involved in PVR (fibroblasts, retinal pigment epithelium and retinal glial) using an in vitro 

contraction model based on a three-dimensional collagen matrix. Fibroblasts were shown 

to be the most effective, while glial cells were the least effective. Contrary to previous 

reports, fibronectin was found to be important in collagen matrix contraction. 

Morphological and immunohistochemical studies suggested that cell-to-matrix adhesion 

could be a key factor in the process of cell-mediated contraction. Thrombospondin and 

vitronectin were less prominent in glia-populated matrices and they may account for 

differences in contraction abilities between the three cell types.

Collagen matrices are very suitable for drug evaluation studies. Sodium butyrate, a 

differentiating agent with anti-proliferative properties, had a modest inhibitory effect on 

cell-mediated contraction.

Contraction in PVR has been likened to wound contraction elsewhere in the body. The 

two current theories on the mechanism of wound contraction are based on ( 1 ) the 

synchronized contraction of a syncytium of smooth muscle-like cells (myofibroblasts), and 

(2) the forces generated through the locomotion of individual cells. In our contraction 

model we have found evidence that collagen matrix contraction is the result of tractional 

structuring by individual cells in the process of locomotion. Our observations suggest that 

the concept that myofibroblasts are a cohesive, contractile unit may be incorrect. 

Myofibroblasts may represent a morphological modification associated with the generation 

of isometric tension. This modification can occur in many cell types. In wound healing, 

the two mechanisms of contraction probably represent separate phases in the process.
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CHAPTER 1 INTRODUCTION

Proliferative vitreoretinopathy (PVR) is a disease process in the eye which can be 

considered as a wound healing process gone astray. Understanding the fundamental 

processes involved in scar formation, can lead the way to specific intervention. In this 

context, cell recruitment, migration and proliferation and their control have been 

extensively researched in the past. However, relatively little is known about the 

contraction phase of the wound healing process in general and of PVR in particular. 

We have studied the in vitro contractile capacities of three cell types, known to play a key 

role in PVR pathology. Differences in contraction ability were found and these were 

associated with differences in cellular features. In an effort to analyse the cell-mediated 

contraction mechanism, one of these features, cell-to-matrix attachment, was further 

investigated using a variety of techniques. The effect of a potential anti-PVR drug on 

cell-mediated contraction was evaluated.

A basic introduction to wound healing, cell to matrix adhesion, PVR and its management 

is given.

1.1 WOUND HEALING

1.1.1 General features

The precise mechanism of tissue repair depends to a certain degree on the type of injury 

and the nature of the injured tissue. However, the fundamental biological concepts 

involved in wound healing apply to the body as a whole. Tissue response to injury can 

be divided into 3 overlapping phases: inflammation, granulation tissue formation and 

matrix formation with subsequent remodelling (Clark, 1988). Dividing the wound healing 

phenomena into stages is artificial and risks over simplification, but it is convenient. With 

similar restrictions, the cellular activities (with an emphasis on the fibroblast) can be split 

into 7 distinct, but overlapping, phases (Grierson, Joseph, Miller and Day, 1988): (1) 

activation, (2) migration, (3) proliferation, (4) contraction, (5) synthesis, (6 ) remodelling, 

and (7) quiescence.

Activation: Initially after injury, there is a vascular reaction with extravasation of blood
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constituents, which results in platelet aggregation and blood coagulation. Growth factors 

and other biologically active materials released by platelets, lead to the recruitment of 

inflammatory cells. Polymorphonuclear leucocytes reach the area of damage within the 

first few minutes and rapidly accumulate to large numbers within hours. Their activities 

include phagocytosis of contaminating bacteria and digestion of blood clot material. 

Mononuclear cells appear somewhat later and on average become established in substantial 

numbers by 48 hours. Mononuclear cells also contribute to wound decontamination and 

debridement by the phagocytosis of micro-organisms, tissue debris, and dying 

polymorphs. In addition, they release a variety of biologically active substances, including 

growth factors. One of the effects of the mononuclear cell-secreted substances is the 

activation of quiescent fibrocytes from the perivascular connective tissue, to become active 

fibroblasts.

Migration: Chemoattractants released by platelets, macrophages, lymphocytes, and 

activated fibroblasts recruit fibroblasts into the damaged area. Once activated, fibroblasts 

may be able to sustain their own growth and recruitment. A vast number of substances 

which stimulate fibroblast migration have been identified, including fibronectin, collagen 

fragments, platelet derived growth factor (PDGF), fibroblast growth factor (FGF), 

transforming growth factor-B (TGF-B), and lymphokines (as quoted by Clark, 1988; 

Clark, 1991; Regan and Barbul, 1991).

Proliferation: Many of the migration stimulating factors also have an effect on fibroblast 

proliferation and matrix synthesis. As mentioned above these processes often occur 

concurrently. The interrelationship between the various signals is extremely complex, not 

yet fully understood, and may result in either stimulatory or inhibitory effects (as quoted 

by Clark, 1988) The fibroblasts are relatively late arrivals on the scene, appearing after 

inflammatory cells are well established. Fibroblasts reach optimal numbers within 1 to 2 

weeks, plateau and then slowly decrease in numbers over a period extending up to several 

months (Grierson et al., 1988).

Contraction: Since the emphasis of this thesis is on the contraction process, the current 

concepts and theories on wound contraction are described in detail in a separate section 

on wound contraction (see 1 . 1 .2 ).

Synthesis: Fibroblasts produce the extracellular matrix components which are needed to
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form both the provisional, and the permanent structure of the scar. Several growth factors 

(especially TGF-B) have been implicated in stimulating extracellular matrix protein 

synthesis by fibroblasts (as quoted by Clark, 1988 and 1991).

As fibroblasts migrate into the wound they initially deposit large quantities of fibronectin 

(Grinnell, 1984). Fibronectin adheres strongly to the fibrin clot, while fibroblasts 

themselves do not adhere particularly well to fibrin. Since fibronectin promotes cell-cell 

and cell-matrix adhesion, fibroblasts use the fibrin-fibronectin as a temporary scaffold for 

locomotion (McDonald, 1988; Grierson et al., 1988). The next extracellular matrix 

components to be produced are hyaluronan, type III collagen, and type I collagen. A large 

quantity of hyaluronan enables fibroblasts to easily penetrate the matrix, while the 

collagen fibres provide tensile strength to the wound. As the matrix matures over several 

weeks, ( 1 ) fibronectin and hyaluronan disappear, (2 ) collagen bundles grow in size, 

increasing the tensile strength of the wound and (3) proteoglycans are deposited adding 

resilience to deformation of the tissue (as quoted by Clark, 1988)

Remodelling and Quiescence: Although remodelling of the matrix takes place from the 

moment it has been laid down, this phase can take many months to complete. 

Histologically the scar tissue becomes less cellular and the matrix components become 

increasingly prominent. Fibroblasts continually remodel their surrounding matrix by 

concurrent collagen synthesis and degradation via collagenase secretion, in combination 

with proteoglycan production.

In skin wounds, re-epithelialization begins as early as several hours following injury. Re- 

epithelialization is established by epithelial cell migration from the free wound edges in 

combination with active cell proliferation. The exact stimuli for either activity remain 

unknown (as quoted by Clark, 1988).

1.1.2 Wound contraction

Wound contraction is a crucial event in the process of wound closure, by pulling the intact 

edges of a wound together and so decreases the risk of infection. However, both 

insufficient contraction and excessive contraction can cause severe clinical problems 

(Rudolph, 1980). Obvious examples of the latter are flexion contractures across a joint 

or on the neck following bums; Dupuytren’s contracture, in which fingers are pulled into 

a permanently flexed position; and scar contraction in severe liver cirrhosis, ultimately
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causing death due to liver failure. At one time it was commonly believed that wound 

contraction was the result of a shortening of the collagen itself, until Abercrombie, Flint 

and James (1956) observed that wound contraction occurred in scorbutic guinea pigs 

despite defective collagen synthesis. It is now generally accepted that wound contraction 

is a cellular event, with the fibroblast being the cell responsible for the forces generated. 

The precise mechanism by which fibroblasts contract scar tissue is still highly 

controversial (Rudolph, Vande Berg and Pierce, 1991).

Two theories dominate current thinking on wound contraction:

(1) Wound contraction is the result of synchronized contraction by a syncytium of 

fibroblasts with muscle-like features called myofibroblasts;

(2) Wound contraction is brought about by individual, isolated cells via tractional forces 

generated through cell locomotion.

In 1971, Gabbiani and coworkers put forth the myofibroblast as a specialized, subtype of 

cells responsible for the forces at work in wound contraction (Gabbiani, Ryan and Majno, 

1971; Majno, Gabbiani, Hirchel, Ryan et al., 1971). By electron microscopy they 

identified fibroblasts with certain smooth muscle cell features in granulation tissue, which 

they called "myofibroblasts". The features included a spindle shaped morphology, 

convoluted nuclei (thought to be a sign of a contracted state), prominent actin bundles 

(stress fibres) parallel to the long axis in the peripheral cytoplasm, and gap junctions. It 

was postulated that these cells lined up to form a syncytium and acted like muscle cells 

to contract scar tissue, resulting in wound closure. The theory of unified, synchronized 

contraction is based on the assumption that contraction is transmitted via interconnections 

between myofibroblasts and between myofibroblasts and the surrounding extracellular 

matrix.

An alternative to the myofibroblast theory is based on the observation that fibroblasts and 

other cells are capable of generating tractional forces in the process of their normal 

locomotion. The tractional forces generated by mobile cells were elegantly demonstrated 

by Harris, Wild and Stopak in 1980, who seeded cells onto an extremely thin silicone 

rubber substrate. The silicone sheet became distorted by traction lines, as the cells moved 

over them. The traction was not a result of a simple muscle-like contraction, in which the 

whole cell decreased in size, but was caused by the shearing force exerted by forward 

propulsion. Fibroblasts were very effective at generating wrinkles and traction lines in the
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elastic substratum, whereas macrophages hardly produced a ripple on the surface. It is 

thought that these forces produced by individual, mobile cells are responsible for the 

rearrangement of the extracellular matrix in wounds, resulting in scar contraction 

(Grierson et al., 1988; Ehrlich and Rajaratnam, 1990; Rudolph et al., 1991).

1.1.3 Collagen matrix contraction

A collagen solution is stable at low ionic strength and low pH. By raising the ionic 

strength and the pH, collagen precipitates and self-assembles into fibrils, forming a 3- 

dimensional network (Wood, 1964). Cells added to the collagen solution, will be 

uniformly distributed within the matrix after polymerization. Initially, these cell-populated 

collagen matrices (also known as hydrated collagen lattices, or collagen gels) were used 

to compare the behaviour of cells on and in collagen substrata with the behaviour of cells 

cultured on plastic (Elsdale and Bard, 1972). It was observed that the change in 

extracellular environment had an effect on cellular morphology, adhesion, proliferation, 

and motility. Although Elsdale and Bard reported a "collapse of the collagen matrix", 

which they ascribed to the high motility of the cells, it was not until 1979 that this 

technique was employed to quantitate cell-mediated contraction (Bell, Ivarsson and 

Merrill, 1979). Bell and coworkers observed that fibroblasts seeded within the 3- 

dimensional matrix reduced the size of the matrix, which resulted in the formation of a 

"tissue-like" structure. The process is now known as collagen matrix contraction. Apart 

from creating an in vitro model to study cell contractility. Bell’s work provided the 

incentive for further research into the development of artificial skin grafts (Bell, Ehrlich, 

Buttle and Nakatsuji, 1981; Lillie, MacCallum and Jepsen, 1982; Grinnell, Takashimaand 

Lamke-Seymour, 1986).

In the past decade, collagen matrix models have been used widely to study wound healing 

mechanisms and embryogenesis. A number of features have been reported consistently in 

the literature:

(1) Collagen matrix contraction is proportional to c d l num b^ and varies inversely with 

co llage  concentration (Bell et al., 1979; Allen and Schor, 1983; Buttle and Ehrlich, 

1983);

(2) Contraction is dependent on the presence of serum in a dose-related fashion 

(Steinberg, Smith, Colozzo and Pollack, 1980; Buttle and Ehrlich, 1983; Ehrlich, 1984; 

Guidry and Grinnell, 1985);
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(3) Protein synthesis by the cells seeded in the matrix is essential (Guidry and Grinnell, 

1985; Gillery, Maquart and Borel, 1986; Ehrlich, Buttle and Bemanke, 1989);

(4) A functional cytoskeleton in the seeded cells is required (Bell et al., 1979; Bellows, 

Melcher and Aubin, 1982; Ehrlich et al., 1989).

The cell-populated collagen matrix as an in vitro model for wound contraction has two 

main applications: ( 1 ) investigating the mechanism of wound contraction, and (2 ) 

evaluating the effect of potential contraction-influencing drugs in vitro (see sections 1.5.2 

and 1.5.3).

The classical method of measuring the contractility of tissues is to expose suspended strips 

of pretreated tissue to pharmacological agents which are known to induce contraction in 

smooth muscle and monitor their response with an appropriate transducer (Gabbiani, 

Hirschel, Ryan, Statkov et al., 1972). This is a relatively gross method and does not 

distinguish between the action of the different cell types that are present in the strips. To 

measure the contractility of individual cells in vitro, the single cell ATP contraction 

technique was often employed. The method involved the exposure of cultured cells to 

ATP, after the cells were made permeable with a detergent. The decrease in cell size 

produced by ATP was thought to relate to cell contractility (Masuda, Owaribe and 

Hatano, 1983; Hitchins, Jiang, Day and Grierson, 1988). Both of these contraction assays 

rely on the presence of a pharmacological agent to induce either tissue or cell contraction.

The use of cell-populated collagen matrices for the study of cell-mediated contraction has 

several advantages over the conventional in vitro techniques. Fibroblasts in situ 

(connective tissue, granulation tissue) reside within a collagenous matrix. Most 

experimental research on fibroblast function however, has been based on 2 -dimensional 

cell culture techniques. Fibroblasts incorporated into collagen matrices have morphological 

features similar to those of fibroblasts in vivo (Tomasek and Hay, 1984), which suggests 

that the collagen matrix environment mimics the in vivo situation more closely than 2 - 

dimensional cultures. Cell-mediated contraction is generated in the presence of normal 

culture conditions and cells do not need to be stimulated by pharmacological agents.

As a result of the frequent use of cell-populated collagen matrices, not only for 

contraction assays but also for the study of cell behaviour in a more physiological 3-
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dimensional matrix, a number of interesting properties of this technique have come to 

light. When comparisons were made between 2-dimensional and 3-dimensional tissue 

culture techniques, many cellular functions were found to be dissimilar. While fibroblasts 

readily proliferated on plastic, growth inhibition occurred when fibroblasts were 

embedded in a collagen matrix (Sarber, Hull, Merrill, Soranno et al., 1981; Nakagawa, 

Pawelek and Grinnell, 1989a). Total protein synthesis and the type of protein synthesized, 

was found to vary greatly between monolayer and collagen matrix cultures (Nusgens, 

Merrill, Lapiere and Bell, 1984; Mauch, Hatamochi, Scharffetter and Krieg, 1988). In 

addition, the effect of certain growth factors on the biosynthetic activity of fibroblasts was 

reported to be different in various culture conditions (Colige, Nusgens and Lapiere, 1988; 

Nakagawa et al., 1989a). The overall conclusion must be that the state of the extracellular 

matrix surrounding the cell, has considerable effect on highly specialized cellular 

functions. Gospodarowicz and colleagues published a key paper in 1978, in which they 

described how the extracellular matrix determined cell shape and how the cell shape 

regulated the response to mitogenic agents (Gospodarowicz, Greenburg and Birdwell, 

1978). At present, it is well established that the extracellular matrix and the cytoskeleton 

are mutually interacting and important in the maintenance of cellular morphology. The 

cell shape in its turn, can dictate function, like the quantity and quality of production of 

extracellular matrix material. It seems likely that morphology, function and extracellular 

matrix composition and organization are intricately linked and interdependent 

(Gospodarowicz et al., 1978; Colige et al., 1988). Therefore, many findings concerning 

cellular behaviour, established via 2 -dimensional culture techniques, may be far removed 

from what cells actually do in vivo. The problem is less likely to occur when behaviour 

is assessed in a 3-dimensional collagenous matrix.

1.2 CELL-MATRIX ADHESION

The importance of the extracellular matrix in the regulation of cellular functions is now 

widely appreciated; hence the great interest in analysing the precise mechanism of cell to 

matrix adhesion. In addition, cellular functions like replication, migration and protein 

synthesis are dependent on some form of cellular adhesion. Understanding cellular 

adhesion gives us an opportunity to control these functions. How do cells and their 

surrounding matrix interact?



21

Studies undertaken over the past decade, suggest that specific glycoproteins bind cells to 

their substratum and to their collagenous matrix. A variety of adhesive proteins in the 

extracellular matrix and in the blood have been described and are known to play a role 

in cell to cell and cell to matrix adhesion. The glycoproteins fibronectin, thrombospondin, 

and vitronectin were all found to be present in PVR membranes (see section 1.4.2).

1.2.1 Fibronectm

Fibronectin is a glycoprotein found in a soluble form in plasma and is secreted by a 

variety of cell types including fibroblasts and endothelial cells. In vitro studies revealed 

that cellular fibronectin is assembled into an insoluble matrix under and around matrix- 

secreting cells (McDonald, 1988). Fibronectin is known to play a role in cellular 

adhesion, migration, growth and differentiation (Ruoslahti, 1988). At wound healing sites 

fibronectin is present in the matrix surrounding cells and on the cell surface. It may arise 

from local production by cells, as well as by deposition from plasma.

Fibronectin binds to many macromolecules, including collagens, thrombospondin, heparin, 

glycosaminoglycans, fibrin and cell-surface receptors on fibroblasts and other cells (as 

quoted by McDonald, 1988). The adhesion of cells to fibronectin is receptor mediated via 

cell-surface receptor molecules of the integrin family (see section 1.2.4). In addition, the 

fibronectin molecule contains a specific domain which has cell-adhesive activity. Sites of 

cell-matrix adhesion have been identified ultrastructurally as regions of cell surface 

thickening adjacent to extracellular components. The adhesion sites were found to contain 

the surface receptor complex, linking intracellular cytoskeletal elements to extracellular 

fibronectin (Heggeness, Ash and Singer, 1978; Kleinman, Klebe and Martin, 1981; as 

quoted by Buck and Horwitz, 1987; McDonald, 1988). It is via these complex 

transmembrane structures, that the extracellular matrix can exert influence on the cellular 

cytoskeleton (see also section 1.2.4 on Integrins).

The role of fibronectin in in-vitro cell culture conditions has been well documented. If 

added to cell culture medium, fibronectin promotes the attachment of cells to plastic or 

glass substrata. Cells which are unable to synthesize their own fibronectin are totally 

dependent on the exogenous supply of fibronectin for their adhesion to, and spreading on, 

non-biological surfaces. The role of fibronectin in the in vitro adhesion of cells to 

biological substrata such as collagen, is more controversial (Grinnell and Bennett, 1981). 

It has been shown that fibronectin promotes cell attachment to denatured collagen (Klebe,
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1974; Pearlstein, 1976),, while the attachment of several cell types to hydrated collagen 

lattices was found to be fibronectin independent (Grinnell and Minter, 1978; Grinnell and 

Bennett,' 1981).

The role of fibronectin in the collagen matrix contraction process is equally controversial. 

Gillery et al. (1986) concluded from their investigations that the addition of fibronectin 

was critical for collagen matrix contraction, while several other reports stated that the 

absence of fibronectin had no effect on matrix contraction (Gullberg, Tingstrom, 

Thuresson, Olsson et al., 1990; Schafer, Shapiro, Kovach, Lang et al., 1989; Woodley, 

Yamauchi, Wynn, Mechanic et al., 1991). To date, the discrepancy between the various 

reports has not been resolved. In a recent publication, it was concluded that effective 

fibroblast-induced contraction required cellular fibronectin, but not plasma fibronectin 

(Asaga, Kikuchi and Yoshizato, 1991).

1.2.2 Thrombospondin

Thrombospondin is a glycoprotein from the family of adhesive proteins. It was first 

identified in 1971, as a factor secreted by platelets in response to exposure to thrombin, 

hence the name thrombospondin (as quoted by Lawler, 1986). In the years that followed, 

it was shown that thrombospondin was synthesized by a variety of cells, including 

vascular endothelial cells, smooth muscle cells, some types of epithelial cells, 

macrophages (Lawler, 1986), fibroblasts (Jaffe, Ruggiero, Leung, Doyle et al., 1983), 

and human brain glial cells (Asch, Leung, Shapiro and Nachman, 1986). Although many 

questions concerning the function of thrombospondin remain unanswered, it is known that 

thrombospondin has the ability to bind a broad spectrum of macromolecules, including 

heparin, fibronectin, fibrinogen, plasminogen, and type V collagen. Thrombospondin has 

been associated with the cell surface, therefore a role in cell-cell and cell-matrix adhesion 

also seems likely (Lawler, 1986). It has been proposed that thrombospondin might be 

involved in the early stages of extracellular matrix assembly (Raugi, Olerud and Gown, 

1987) and in cellular migration in response to injury (Lawler, 1986). Cultured fibroblasts 

were demonstrated to synthesize thrombospondin, secrete it into the culture medium and 

incorporate it into the extracellular matrix. Thrombospondin, like fibronectin, is present 

in the extracellular matrix in a fibrillar form, but unlike fibronectin it can also adopt a 

punctate pattern of distribution as seen by Jaffe et al. (1983).
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1.2.3 Vitronectm

Vitronectin (formerly called "serum-spreading factor") is another glycoprotein found in 

the blood and in several tissues. The name vitronectin is based on its adhesive properties 

to glass (Hayman, Pierschbacher, Ôhgren and Ruoslahti, 1983). The cell attachment 

activity of vitronectin is similar to fibronectin, but they are biochemically and 

immunologically distinct, and their tissue distribution is somewhat different. Vitronectin 

is produced in great quantities by liver cells, resulting in a relatively high plasma 

concentration (about 0.1-0.5 % of total plasma protein) (Preissner, 1991). Other cells also 

known to synthesize and secrete vitronectin, include platelets, megakaryocytes, 

monocytes/macrophages, mésothélial cells, arterial smooth muscle cells, and glioblastoma 

cells (as quoted by Preissner, 1991). Immunofluorescence studies have shown that 

vitronectin is deposited in a fibrillar pattern and that it often co-localizes with elastic 

fibres. Vitronectin was found to be present in focal adhesions between cultured cells. The 

vitronectin molecule is known to have binding sites for integrins, collagens, heparin, some 

glycosaminoglycans, complement components, and plasminogen, and undoubtedly more 

binding sites will be discovered in the future. Although vitronectin shares some properties 

with other adhesive proteins, its biological role is probably more extensive and diverse. 

Vitronectin, via its cell adhesive properties, is considered to be involved in many 

protective events, like haemostasis, immune system phagocytosis and wound repair 

(Preissner, 1991).

1.2.4 Integrins

One of the first events that lead to the discovery of integrins, was the ultrastructural 

identification of regions of cell-matrix adhesion with co-distribution of intracellular actin 

bundles and extracellular fibronectin (or other extracellular matrix proteins). The 

intracellular part of an adhesion site was found to contain cytoskeletal elements, thought 

to link actin filaments to the cell membrane. The linking macromolecules included a- 

actinin, talin and vinculin. The close association between the cytoskeleton and the 

extracellular matrix, along with the fact that extracellular fibronectin was able to influence 

the actin configuration (Hynes and Destree, 1978), led to the hypothesis that there are 

transmembrane receptors, which link the cytoskeleton to the extracellular matrix (as 

quoted by Buck and Horwitz, 1987). In the mid-1980s it was realized that a group of 

chicken adhesion proteins, the platelet protein gp Hb/IIIa, a group of lymphocyte adhesion 

proteins, the VLA family of cell surface receptors and receptors for fibronectin and
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vitronectin all had related structures and activities. The term "integrin" was proposed (as 

quoted by Ruoslahti, 1991). Integrins are a family of transmembrane glycoproteins 

comprising noncovalently linked heterodimers (Hynes, 1987). The heterodimers consist 

of an a  and a B-subunit, of which there are many types and thus many possible 

combinations. Presently, 11 a-subunits and 6  B-subunits, forming at least 16 different 

integrins, have been identified, but more are likely to be discovered (Ruoslahti, 1991). 

Integrins appear to be the primary mediators in cell-matrix adhesion, and they are one of 

the many groups of molecules involved in cell-cell adhesion.

The integrin family was previously subdidvided into 3 main groups based on the sharing 

of a common B-subunit (B^, B ,̂ B3 ) by various a-subunits. The 3 main groups are (1) the 

VLA-group of Bj-subunits, which included the classical receptors for fibronectin, collagen 

and laminin; (2) the Bj integrins or Leu-CAM group of leucocytes adhesion receptors, 

and (3) the cytoadhesin group (B3) which included vitronectin and fibrinogen receptors 

(Ginsberg, Loftus and Plow, 1988; Hogg, 1991).. The division soon proved to be 

inaccurate, since considerable overlap between the groups was shown to exist. For 

example, a^B^ is the classical fibronectin receptor, but fibronectin is also bound via a 3 Bj, 

a^Bj, a^B3 , and a^Bj. Likewise, an integrin can bind various ligands, for example a^B3  

has binding activity for vitronectin, fibronectin, thrombospondin, fibrinogen, and von 

Willebrand factor. Further complexity arises from evidence that the same receptor isolated 

from 2 different cell types may have different binding specificities (Hogg, 1991). The 

recognition site for many of the integrins that bind to extracellular matrix proteins is the 

tripeptide Arg-Gly-Asp (RGD). However, this RGD sequence in the ligand molecule is 

shared by many adhesive proteins such as fibronectin, vitronectin, collagens, laminin, 

thrombospondin, fibrinogen, and von Willebrand factor (Ruoslahti and Pierschbacher, 

1987). The tertiary structure of the RGD site appears to determine which integrin will 

bind to it and this is in agreement with the observation that the RGD sequence can take 

very different conformations in different proteins (Ruoslahti and Pierschbacher, 1987). 

Integrins are known to play a role in platelet aggregation, immune functions, tumour 

invasion, tissue morphogenesis and wound healing (Ruoslahti, 1991). Monoclonal 

antibodies directed against the integrin B̂  chain inhibited the attachment of fibroblasts to 

type I collagen and fibronectin (Gullberg, Terracio, Borg and Rubin, 1989). In a 

subsequent study, this Bj chain proved to be an important factor in collagen matrix 

contraction (Gullberg et al., 1990) The importance of the B̂  chain was later confirmed 

and further refined when it was demonstrated that the ajBj integrin, a collagen-type I- 

binding integrin, mediates reorganization and contraction of collagen matrices by
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fibroblasts (Schiro, Chan, Roswit, Kassner et al., 1991; Klein, Dressel, Steinmayer, 

M auchetal., 1991).

1.3 PVR

1.3.1 Defînitioo

The term proliferative vitreoretinopathy (PVR) was proposed in 1983 by The Retina 

Society Terminology Committee to describe a condition which previously had been called 

massive vitreous retraction (Havener, 1973; Hruby, 1969), massive preretinal retraction 

(Tolentino, Schepens and Freeman, 1967) or massive periretinal proliferation (Machemer 

and Laqua, 1975). PVR is the leading cause of failure after surgery for rhegmatogenous 

retinal detachment (see below), developing in about 10% of all cases (Rachal and Burton, 

1979; Bonnet, 1984). PVR also develops as a result of untreated, long-standing 

rhegmatogenous retinal detachment. PVR is characterized by the formation of cellular 

membranes on both sides of the detached retina and on the posterior surface of the 

vitreous. Contraction of these membranes leads to distortion of the adherent retina, retinal 

tearing and ultimately to total retinal detachment with the retina fixed in the vitreous 

cavity by a mass of membrane.

1.3.2 l^iretinal membranes

The formation of epiretinal membranes is associated with a wide variety of diseases and 

conditions. They can be divided into two groups (Foos, 1978): (1) nonvascular 

proliferative extraretinopathies, and (2) vasoproliferative retinopathies.

Nonvascular proliferative extraretinopathies are a group of conditions covering a broad 

clinical spectrum. On the one extreme is an asymptomatic lesion called a "simple 

epiretinal membrane" which is a common incidental finding in enucleated eyes (Foos, 

1974). Cellophane maculopathy, surface-wrinkling retinopathy, and macular pucker are 

all synonyms for a condition in which the clinical features depend on size and location of 

the membranes. The lesions are age-related and are often idiopathic; they can occur 

secondary to other ocular lesions or they can develop after surgical intervention (McLeod, 

Hiscott and Grierson, 1987).
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PVR forms the other end of the spectrum. Extensive membranes develop, causing traction 

retinal detachment and fixed retinal folds leading to severe visual impairment and 

blindness. Epiretinal membranes in PVR, are known as "complex epiretinal membranes".

Vasoproliferative retinopathies include proliferative diabetic retinopathy, Eales’ disease 

and retinopathy of prematurity. Vasoproliferative retinopathies can also develop after 

retinal vein occlusion, vitreous haemorrhage, penetrating injury and intraocular 

inflammation. In contrast to the nonvascular proliferative extraretinopathies, these 

membranes typically arise in ischaemic conditions and have a significant vascular 

component. A detailed discussion of vascular epiretinal membranes falls outside the scope 

of this thesis.

1.3.3 Clinical aspects of retinal detachment

The term "retinal detachment" is in fact a misnomer since the detachment is a separation 

of the neural retina from the pigment epithelium, rather than a separation of the complete 

retina from Bruch’s membrane. Accumulation of subretinal fluid and anterior traction on 

the neural retina keep the two layers apart. Retinal detachments can be divided into the 

following four main categories (Landers and Hjelmeland, 1989):

Rhegmatogenous retinal detachment: A condition which arises from a fuU-thickness hole 

or tear in the retina. Spontaneous rhegmatogenous retinal detachment is usually preceded 

by a posterior vitreous detachment resulting in traction on the retina and passage of 

liquified vitreous through the retinal break into the subretinal space. Posterior penetrating 

injury can also cause retinal breaks.

Traction retinal detachment: A condition which arises when forces generated at the 

vitreoretinal interface, usually as a result of vitreoretinal membranes, pull the neural retina 

away from the RPE. The source of the subretinal fluid is unknown. Important causes are 

diabetic proliferative retinopathy, retinopathy of prematurity and PVR.

Combined traction and rhegmatogenous retinal detachment: A combined type of retinal 

detachment is often seen in PVR and is characterized by a full-thickness retinal break and 

significant traction on the retina, caused by epiretinal membranes.
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Serous and haemorrhagic retinal detachment: Exudative retinal detachments (serous or 

haemorrhagic) occur in the absence of retinal breaks and vitreoretinal traction. Subretinal 

fluid gains access to the subretinal space through damaged RPE. Inflammatory diseases 

and choroidal neoplasms are the leading causes.

1.3.4 CUnical aspects of PVR

A classification by The Retina Society Terminology Committee (1983) subdivides PVR 

into four clinical stages (Fig. 1.1). Although the classification has been updated recently 

(Machemer, Aaberg, Freeman, Irvine et al., 1991), we have used the old classification 

in our review of the literature on the success of PVR treatment, because all these report 

have used the old classification. The clinical features of PVR depend on (1) the extent, 

the severity and the location of membrane formation, (2) the severity of traction, and (3) 

the presence of a patent retinal break. Depending on the location, the patient notices a 

relative peripheral visual field defect which may progress to involve central vision. The 

biological time course in which total retinal detachment is reached varies from hours to 

years.

1.3.5 PVR treatment

At present, surgical intervention is the only option available in the management of PVR. 

The type of surgery depends on the severity of the condition, but the objectives of 

treatment are the same for each case (Tolentino and Freeman, 1988), which are (1) 

identification of all retinal breaks, (2) release of vitreoretinal traction, (3) drainage of 

subretinal fluid, and (4) closure of all retinal breaks. The 2 main surgical techniques 

available are scleral buckling procedures and pars plana vitrectomy.

Scleral buckling is applied in cases of PVR grade A to C-1 (Chang, Lincoff, Ozmert, 

Weinberger et al., 1988) or grade A to C-2 (Tolentino and Freeman, 1988) or in 

combination with vitreous surgery for PVR grades C-2/C-3 to D-3. The objective of the 

buckling technique is to cause a permanent indentation of the sclera, choroid and retina, 

to release vitreoretinal traction and to appose the RPE to the sensory retina. Apposition 

of the RPE to the sensory retina is achieved by suturing a silicone explant onto the sclera.

Pars plana vitrectomy is an intraocular microsurgical procedure during which the vitreous 

is removed and membranes are peeled and excised. The introduction of pars plana
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GRADE NAME CLINICAL SIGNS

A Minimal Vitreous haze, vitreous pigment clumps

B Moderate Wrinkling of the inner retinal surface, rolled edge 
of retinal break, retinal stiffness, vessel tortuosity

C

C-1

C-2

C-3

Marked Full thickness fixed retinal folds 

One quadrant 

Two quadrants 

Three quadrants

D

D-1

D-2

D-3

Massive Fixed retinal folds in four quadrants 

Wide funnel shape 

Narrow funnel shape

Closed funnel (optic nerve head not visible)

Fig. 1.1 Classification of the clinical stages of PVR.
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vitrectomy by Machemer and Laqua in 1978, has greatly improved the surgical treatment 

for recurrent retinal detachment secondary to PVR. A combination of vitreous surgery and 

scleral buckling is the treatment indicated for PVR grades C2/C3 to D3.

1.3.6 Success and failure of PVR treatment

Patient and surgeon can have different opinions on the subject of "success" after PVR 

surgery. The initial concern of the surgeon is the reattachment of the retina ("anatomical 

success"), since this is crucial for any visual improvement. Obviously the most important 

thing for the patient is the final visual acuity and field, and the hope to preserve or regain 

any useful vision. Before the age of vitreous surgery, the management of PVR grades C 

and D was limited to scleral buckling procedures. Grizzard and Hilton (1982) reported 

an anatomical success rate of 23.4% for PVR grades C1-D3 in a large series of scleral 

buckling procedures conducted between 1968 and 1977. The results of several reports 

in the last decade on combined vitreous surgery and scleral buckling for PVR are 

summarized in Fig. 1.2. As a result of more advanced surgical techniques, the percentage 

of reattached retinae has increased over the years. However, Fig. 1.2 also shows that the 

anatomical success rate is still considerably higher than the functional success rate. 

Despite recent anatomical success rates of up to 90% in primary cases, the final visual 

outcome has not improved. Lewis, Aaberg and Abrams (1991), used the latest surgical 

techniques to release all anterior and posterior traction and reported anatomical success 

in as many as 90% of eyes undergoing vitrectomy for the first time. With a second series, 

consisting of eyes undergoing vitreoretinal surgery for recurrent retinal detachment 

secondary to PVR, the success rate was found to be reduced to 73% (Lewis and Aaberg,

1991). In the other publications listed in Fig. 1.2, between 57 and 100% of patients had 

already undergone one or more previous operations before assessment. Two reports did 

not mention previous surgery. In addition, in all these studies often more than one 

operation had to be carried out to achieve anatomical and functional success. It would 

seem from the literature that the success rate after rgoperation was considerably less than 

after one operation and this rate decreased with consecutive reoperations. Of all the cases 

in which the retina eventually redetached, 46 to 1(X)% was due to recurrence of PVR 

membranes (Fig. 1.2).

Although vitreoretinal surgeons are now able to reattach the majority of primary (i.e. 

without previous vitreous surgery) cases of PVR, reproliferation and subsequent
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Auflior PVR

Grade

Anatomic Success Visual̂

Outoome

Failure

dueto

PVR

Ratner,Mchds, Auer and Rice 

1983

? 42% 72% k5/20(f ND

JaUdi^vila,Schq)ens, Azzolini et 

al., 1984

C1-D3 59%(243/410) 91% 53%

de Busüos and Michds, 1984 C1-D3 66% (55/82) 47% ^20/200 46%

Stembeïg and Machemer, 1985 C1-D3 33% (24/72) 46% ^20/200 ND

Ho and McMeel, 1985 C1-D3 56% (42/75) 48% ^6/120* 73%

Hanneken and Michels, 1988 B^D3 80% (76/95) 57% ^20/200 89%

Lewis, Aaberg and Abrams, 

1991

C1-D3 90% (73/81) 85% k5/200 

19% ^20/200

100%

Lewis and Aaberg, 1991 C3-D3 73% (27/37) 67% ^5/200 

11% ^20/200

100%

 ̂Visual outcome as a peicentage of the anatomic successes.  ̂Counting fingers 

 ̂5/200 is the equivalent of more than 90% visual loss  ̂6/120 is the equivalent of 20/400

Fig. 1.2 Success of pars plana vitrectomy combined with scleral buckling in the treatment 

of PVR. Most authors have expressed the final visual outcome as the percentage of 

patients with a visual acquity of 20/200 or better. A visual acquity of 20/200 indicates an 

80% visual loss and for the patient this means a relatively "useful" ambulatory vision.
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redetachment still cause enormous clinical dilemmas. The relatively poor visual prognosis 

and the inability to predict the visual result of anatomically successful surgery causes 

frustation on the side of both patient and surgeon. The poor results after reoperation 

indicate that after initial failure, the proliferative process is hard to beat. This has led 

many research groups to look for alternative or adjunctive treatments which will prevent 

the proliferative process from recurring.

1.4 THE PATHOBIOLOGY OF PVR

1.4.1 I’athogenesis in historical perspective

Although the Clinical end stage of PVR had been accurately described many decades ago, 

views on its pathogenesis varied and changed over the years. In 1934, Gonin proposed 

that retinal detachment was caused by posterior vitreous detachment and anterior vitreous 

traction. Gonin’s concept hardly changed for four decades, until Havener in 1973 

proposed a new theory for the pathogenesis of PVR. According to his observations the 

retina stayed attached to the posterior vitreous surface and became detached from the 

outer retina when the vitreous retracted anteriorly. His hypothesis was based on the 

assumption that the vitreous framework had the property of slowly progressive 

contraction. Another study also implicated the shrinkage of collagen fibres in the vitreous 

as the initiating process leading to retinal detachment (Tolentino et al., 1967). At that time 

therefore, it was generally accepted that contraction of the vitreous and subsequent 

anterior traction caused retinal detachment and fixed retinal folds.

Cellular membranes on the surface of detached retina had been observed as long ago as 

1939 (Samuels, 1939) but their role in the development of the disease was thought to be 

secondary. In 1965, Cibis described the contraction of epiretinal fibrous tissue membranes 

following the development of retinal detachment, resulting in fixed retinal folds. Gradually 

the role of cellular epiretinal proliferations in PVR was recognized. However, it was the 

work by Machemer and co-workers that really changed the general understanding of the 

disease. They did this by stressing the importance of cellular proliferation and formation 

of cellular membranes in the development of PVR. The conclusion was reached as a result 

of a histological study of an experimental animal model with clinical similarities to human 

PVR. The observation of multiple cellular divisions in and around the detached retina, led 

them to propose a new name for the disease, that of massive periretinal proliferation
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(Machemer and Laqua, 1975). In addition, histological and electron microscopic analysis 

of specimens taken from human eyes after surgery for PVR, suggested that retinal 

pigment epithelial cells and to a lesser extent retinal astrocytes were the source of all cells 

present in membranes (Machemer, Van Horn and Aaberg, 1978; Van Hom,Aaberg, 

Machemer and Fenzl, 1977). The cellular membranes, rather than the vitreous itself, were 

thought to produce the contractile forces leading to the distortion of the retina 

(Machemer, 1978).

1.4.2 Components of PVR membranes

After general acceptance that cellular membranes were a major force in the development 

of PVR, rather than a consequence of the condition (see above), many workers 

investigated the nature and origin of the component cells. By studying the morphology and 

ultrastructure of human PVR membranes, macrophages, RPE cells, fibroblasts (also 

referred to as fibroblast-like cells or fibrocytes by some authors) and glial cells have been 

identified consistently (Clarkson, Green and Massof, 1977; Machemer et al., 1978; 

Newsome, Rodrigues and Machemer, 1981; Kampik, Kenyon, Michels, Green et al.,

1981) However, morphological and ultrastructural studies are unreliable and insufficient 

to identify the precise origin of cells and it was not until immunohistochemical techniques 

were employed that this could be investigated more reliably (Rodrigues, Newsome and 

Machemer, 1981; Hiscott, Grierson, Hitchins, Rahi et al., 1983). With the aid of 

immunohistochemistry, it was shown that all four cell types (RPE, glia, fibroblasts, and 

macrophages) were present in PVR membranes.

Besides cellular components, PVR membranes consist of a variety of extracellular 

materials, which have been identified using immunohistochemical techniques. PVR 

membranes usually contain collagen types I and III and fibronectin (Hiscott, Grierson and 

McLeod, 1985; Scheiffarth, Kampik, Gunther and von der Mark, 1988; Jerdan, Pepose, 

Michels, Hayashi, et al., 1989), while the presence of laminin and collagen types II, IV 

and V is more variable (Scheiffarth et al., 1988; Jerdan et al., 1989; Morino, Hiscott, 

McKechnie and Grierson, 1990). Recently, the presence of the glycoproteins vitronectin 

(Weller, Wiedemann, Bresgen and Heimann, 1991) and thrombospondin (Weller, Esser, 

Bresgen, Heimann et al., 1992; Hiscott, Larkin, Robey, Orr et al., 1992) in PVR 

membranes was established.

The formation of contractile epiretinal membranes on the surfaces of the retina and on the
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posterior vitreous is a multistage disease process in which glial cells, RPE cells, 

fibroblasts and macrophages are all involved. The cells influence each others activities 

mutually. While the nature of the membrane components has been established, the exact 

pathogenesis of PVR still remains obscure. Work done by many researchers over the past 

2 decades has led to the realisation that we are only just beginning to unravel the many 

interactions and complexities involved in this disease process. What is the origin of the 

component cells and what are the intiating and propagating factors that cause them to 

behave in an "abnormal" way? Do the cells involved all behave in a similar way or are 

there distinct differences in their responses? In line with general wound healing, the 

functional pathogenesis of PVR can be divided into five cellular functions: migration, 

adhesion, proliferation, synthesis and contraction (Machemer, 1978; Ryan, 1985). The 

most relevant findings concerning the behaviour and activities of the predominant cell 

types in PVR, are outlined in the following sections.

1.4.3 Inflammatory cells

Retinal wound healing, like general wound healing, is characterised by an intitial 

inflammatory reaction resulting in the recruitment of macrophages. In morphological 

studies of PVR membranes, macrophages have been observed consistently in large 

numbers (Kampik et al., 1981; Newsome et al., 1981; Hiscott et al., 1985). However, 

a number of more recent studies employed immunolabelling techniques to identify 

macrophages and found that the population of macrophages in PVR membranes was 

smaller than suggested in earlier reports (Jerdan et al., 1989; Weller, Heimann and 

Wiedemann, 1989; Baudouin, Brignole, Bayle, Fredj-Reygrobellet et a l., 1991; Charteris, 

Hiscott, Grierson and Lightman, 1992). The discrepancy may be explained by the 

observation that a number of macrophage-resembling cells in histological preparations 

were of epithelial origin, as has been demonstrated with immunocytological markers 

(Baudouin et al., 1991).

The origin of macrophages in PVR has always been a topic of speculation. Gloor in 1974 

suggested that after injury the majority of macrophages in the vitreous originated from 

blood-born monocytes which entered the eye via the ciliary region and via the choroid. 

The RPE origin of macrophages had been suggested earlier by Machemer (Machemer and 

Laqua, 1975; Machemer et al., 1978), but their conclusion signified that ^  macrophages 

in PVR were of RPE origin. Hyalocytes or "other tissue macrophages" have been 

proposed as the source of macrophages (Kampik et al., 1981). and recently, retinal
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microglial cells were implicated as the major phagocytic cells in PVR (Weller, Esser, 

Heimann and Wiedemann, 1991).

Macrophage activity in PVR is thought to be very similar to that in a general wound 

healing response (see section 1.1.1). Macrophages have a phagocytic function, but more 

importantly, they secrete a number of biologically active substances which modify the 

behaviour and function of other cells. For instance, macrophage-secreted substances have 

been shown to increase fibroblast proliferation and control the synthesis of extracellular 

matrix proteins by fibroblasts and other cells (as quoted by Riches, 1988). Although 

macrophage activity may be the initiating factor in PVR development, macrophages 

appear to be unable to sustain the response: following an iatrogenic retinal wound, glial 

proliferation has been shown to be associated with a macrophage response, but when the 

macrophages disappeared the proliferation ceased (Miller, Miller, Patterson and Ryan, 

1986). Macrophages themselves do not appear to contribute to the contractile process 

(Forrester, Docherty, Kerr and Lackie, 1986), they appear to be unable to synthesize 

extracellular matrix, and there has been no evidence that these cells transform into 

fibroblast-like cells as suggested in the early literature (Hui, Sorgente and Ryan, 1987).

Recently, attention has been focused on the involvement of immunological processes in 

PVR. Several studies have shown that a number of cells in PVR membranes express the 

class II histocompatibility antigen HLA-DR (Jerdan et al., 1989; Baudouin, Fredj- 

Reygrobellet, Baudouin, Lapalus et al., 1989; Weller et al., 1991a; Charteris et al.,

1992). Class n  antigen is expressed in cells involved in antigen presentation, including 

immunocompetent cells like B-cells, activated T-cells and macrophages, but class n  can 

be expressed in other cells in autoimmune disease.

Our laboratory has recently shown the presence of T-lymphocytes in PVR membranes 

(Charteris et al., 1992), but the involvement of the humoral immune system, as had been 

suggested by others (Baudouin, Fredj-Reygrobellet, Gordon, Baudouin e ta l., 1990), was 

not confirmed.

Vitreous aspirates of patients with PVR have been analysed for the presence of cytokines, 

a group of inflammatory mediators (Limb, Little, Meager, Ogilvie et al., 1991). The 

concentration of two cytokines (interleukin 1 and 6) was significantly increased, compared 

to control eyes. One of the mechanisms by which T cells may influence the process of 

epiretinal membrane formation is via the secretion of growth factors and other cytokines.
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1.4.4 Retinal pigment qnthélial cells

RPE cells have been identified as one of the major constituents of PVR membranes, both 

by ultrastructural (Machemer et al.,1978; Clarkson et al., 1977; Newsome et al., 1981; 

Kampik et al., 1981; Schwartz, de la Cruz, Green and Michels) and immunological 

techniques (Hiscott et al., 1983; Hiscott, Grierson and McLeod, 1984). The RPE cell has 

always been thought to play a prominent role in the development of PVR. Machemer 

proposed that RPE cells, when exposed to the vitreous and other stimulating factors, 

change into macrophages and these macrophages then differentiate into fibroblasts: a 

process they called fibrous metaplasia (Machemer et al., 1978; Machemer, 1978). The 

RPE-derived fibroblasts, together with retinal glial cells, were thought to form epiretinal 

membranes. The theory of fibrous metaplasia was supported by studies in which RPE 

cells acquired an elongated fibroblast-hke morphology after exposure to vitreous or 

collagen (Mueller-Jensen, Machemer and Azamia, 1975; Mandelcom, Machemer, 

Fineberg and Hersch, 1975; Vidaurri-Leal, Hohman and Glaser, 1984). In a similar study 

RPE cell morphology remained stable with vitreous alone, but changed to a reversible 

fibroblast-like appearance with macrophage conditioned medium, vitreous-serum and 

vitreous-albumen mixtures (Kirchhof, Kirchhof, Ryan and Sorgente, 1988 and 1989). 

Conditioned medium contains substances secreted by cultured cells into their medium. 

Macrophage-conditioned medium and vitreous not only modulated RPE morphology, but 

also suppressed RPE extracellular matrix synthesis (Martini, Wang, Lee, Ogden et al., 

1991; Martini, Pandey, Ogden and Ryan, 1992).

Many other substances have been tested for their effect on RPE behaviour and function. 

A vast number of studies, investigating chemotactic and mitogenic stimulants for RPE 

cells in vitro, have been performed. Serum (Campochiaro, Jerdan and Glaser, 1984), 

vitreous (Wiedemann, Ryan, Novak and Sorgente, 1985; Campochiaro, Jerdan, Glaser, 

Cardin et al., 1985), macrophage-conditioned medium (Burke and Twining, 1987; 

Kirchhof, Kirchhof, Ryan, Dixon et al., 1989) and retinal glia-conditioned medium (Burke 

and Foster, 1985) all contained factors that stimulated RPE migration and/or proliferation. 

Many individual factors have been analysed and it has been shown that fibronectin 

(Campochiaro et al., 1984) and PDGF (Campochiaro and Glaser, 1985) are powerful 

chemotactic agents for RPE.

Besides active RPE migration away from their normal site on Bruch’s membrane, it has 

been suggested that following rhegmatogenous retinal detachment, RPE cells are passively 

dispersed into the vitreous cavity through a retinal hole or tear. The application of 

cryotherapy, often used in retinal detachment surgery, to bovine eye cups in vitro
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enhanced the number of viable RPE cells released into the vitreous (Campochiaro, Kaden, 

Vidaurri-Leal and Glaser, 1985). However, a recent study on experimental retinal holes 

in rabbits showed that cryotherapy failed to release RPE cells from the exposed RPE 

(Bishara and Buzney, 1991), thus disputing the earlier literature. Besides being influenced 

by biologically active substances, RPE cells synthesize and secrete factors which induce 

proliferation of RPE cells, glial cells and fibroblasts (Bryan and Campochiaro, 1986), as 

well as induce the migration of glial cells (Harvey, Roberge and Hjelmeland, 1987). RPE 

cells are able to synthesize collagen and other extracellular matrix proteins (Mueller- 

Jensen et al., 1975; Campochiaro, Jerdan and Glaser, 1986).

In an ATP contraction assay, single detergent treated bovine RPE cells decreased in size, 

but their response was less than that of smooth muscle cells (Hitchins et al., 1988). 

Cultured human RPE cells were shown to interact with single strands of collagen and 

were seen pulling the fibres towards themselves (Glaser, Cardin and Biscoe, 1987). When 

explants of bovine vitreous were seeded with cultured chick embryo RPE cells, the 

vitreous decreased in size (Forrester et a l., 1986). The contractile ability of RPE cells was 

confirmed in collagen matrix contraction studies (Yamakawa, Sorgente and Ryan, 1989; 

Raymond and Thompson, 1990) but no comparison has been made with the contractile 

capacity of other cell types involved in PVR.

1.4.5 Fibroblasts

Due to the similarities between wound healing and PVR, much interest has been centered 

on the fibroblast, a cell type invariably present in PVR membranes (Clarkson et al., 1977; 

Kampik et al., 1981; Newsome et al., 1981; Schwartz et al., 1988). As described in 

section 1.4.4, fibroblasts in PVR membranes have been thought to originate from RPE 

cells. However, using immunocytochemical techniques it has been shown that a large 

proportion of cells in PVR membranes fail to stain for either RPE or glial markers 

(Hiscott et al., 1983; Hiscott et al., 1984a and 1984b). Alternative sources for the 

fibroblast population are numerous and include: perivascular adventitia (Newsome et a l., 

1981; Kampik et al., 1981; Hiscott et al., 1983; McLeod et al., 1987), vitreous cells or 

hyalocytes (Kampik et al., 1981; Hiscott et al., 1983), or mesenchymal tissue from the 

optic nerve (Newsome et al., 1981). In experimental animal models, fibroblast migration 

from the retinal perivasculature tissues has been induced by inflammatory mediators 

(Hiscott, Unger, Grierson and McLeod, 1988) and by intravitreal injection of 

macrophages (Hui et al., 1987).
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In a general wound healing situation, fibroblast migration and proliferation are controlled 

by a number of biologically active substances (see section 1.1.1). The influence of wound 

healing mediators on the behaviour of fibroblasts in PVR is likely to be similar to the 

influence of these mediators in a general wound healing situation (Weller, Wiedemann and 

Heimann, 1990). PDGF is the principal mitogen and chemoattractant for fibroblasts in 

general, while fibronectin also has a strong chemotactic effect. Normal vitreous has been 

shown to stimulate fibroblast proliferation, when added to culture medium (Wiedemann 

et al., 1985). Likewise, glia-conditioned medium has been shown to enhance fibroblast 

proliferation (Burke and Foster, 1985), while some controversy exists over the effect of 

RPE-conditioned medium on fibroblast cultures, which has been shown by some to be 

strongly mitogenic (Bryan and Campochiaro, 1986), and by others to have no effect at 

all (Burke and Foster, 1985). Of particular interest is that vitreous samples from patients 

with advanced PVR have been shown to stimulate the migration of cultured fibroblasts to 

a greater extent than vitreous from eyes with uncomplicated retinal detachment (no PVR) 

and a correlation between the level of fibronectin in the vitreous samples and fibroblast 

migration has been demonstrated (Wilson-Holt, Khaw, Savage and Grierson, 1992). 

Obviously, fibroblasts are the main producers of extracellular matrix proteins in scar and 

scar-like tissue. In addition, they are very efficient at both collagen matrix contraction 

(Bell et al., 1979) and vitreous gel contraction (Forrester et al., 1986).

1.4.6 Glial cells

In several less serious conditions associated with epiretinal membrane formation such as 

surface wrinkling retinopathy, glial cells have been found to be the only cell type present 

(Roth and Foos, 1971; Foos, 1974; Bellhom, Friedman, Wise and Henkind, 1975, 

Clarkson et al., 1977). These asymptomatic membranes have been called "simple 

membranes" in contrast to the contractile "complex membranes" associated with PVR and 

other proliferative retinopathies (see section 1.3.2). Glial cells have been identified in 

PVR membranes on the basis of ultrastructural criteria (Clarkson et al., 1977; Newsome 

et al., 1981; Kampik et al., 1981; Schwartz et al., 1988) and these findings have been 

confirmed by immunocytochemical studies (Rodrigues et al., 1981 ; Hiscott et a l., 1984b). 

Glial cells are known to be able to migrate through breaks in the inner limiting lamina 

(ILL) of the retina in response to a variety of stimuli. Foos (1974), who conducted an 

ultrastructural study of simple epiretinal membranes, proposed that the breaks in the ILL 

resulted from traumatic events like posterior vitreous detachment and that glial outgrowth
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was a reparative process. An alternative mechanism was considered when it was shown 

that glial cells themselves were able to disrupt the ILL in an active manner, probably in 

response to inflammatory mediators. In experimental animal models for PVR, elevation 

of the ILL followed by the extension of glial cells onto the retinal surface was observed 

after intravitreous injections of endotoxin (Hiscott et al., 1988), red blood cells (Miller 

et al., 1986), or fibroblasts (Algvere and Kock, 1983; Hitchins, Grierson and Hiscott, 

1985). In addition, Muller cells have been shown to incorporate ^H-thymidine at the time 

of outgrowth (Hiscott et al., 1988), indicating that besides active migration, active DNA 

synthesis also took place.

PDGF and extracts from bovine vitreous and retina have been shown shown to be 

chemoattractive for cultured rat retinal glia, while other growth factors, extracellular 

matrix proteins, and cytokines had minimal effect or no effect at all (Harvey et a l., 1987). 

Glial cell proliferation has been stimulated by factors secreted by RPE cell cultures (Bryan 

and Campochiaro, 1986), whereas factors secreted by glial cells had a mitogenic effect 

on both RPE cells and fibroblasts (Burke and Foster, 1985). Both in vivo (Hiscott et al., 

1984b; McLeod et al., 1987), and in vitro (Forrester et al., 1986) studies have indicated 

that glial cells are not usually associated with contractile activities. However, glial cells 

have been shown to be capable of secreting extracellular matrix proteins including type 

I collagen and fibronectin (Burke and Kower, 1980; Williams and Burke, 1990; Morino 

et al., 1990).

1.5 PHARMACOLOGICAL INTERVENTION IN THE TREATMENT OF PVR

1.5.1 Drug evaluation studies

Although surgical techniques to treat PVR have improved enormously over the last 2 

decades, a significant proportion of cases still fail, due to reproliferation (see section 

1.3.6). From the early 1980’s onward, a large proportion of PVR research has been 

directed towards finding a pharmacological agent to prevent the recurrence of PVR after, 

initially successful, surgical intervention. These agents can be roughly divided into 3 main 

groups: (1) anti-inflammatory drugs, (2) antiproliferative agents, and (3) drugs with an 

effect on extracellular matrix synthesis, contraction and remodelling. A more detailed 

introduction to the last group of drugs is presented in the next section. In most studies, 

experimental animal models have been used to evaluate the efficacy of drugs in preventing
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the formation of PVR membranes. Animal models have involved the intravitreal injection 

of cultured cells (Algvere and Kock, 1976; Fastenberg, Diddie, Sorgente and Ryan, 1982; 

Hitchins et al., 1985), blood and blood products (Constable, 1975; Grierson and 

Forrester, 1980; Ehrenberg, Thresher and Machemer, 1984; Miller et al., 1986), or 

inflammatory mediators like PDGF, TGF-B and fibronectin (Haller Yeo, Sadeghi, 

Campochiaro, Green et al., 1986; Connor, Roberts, Spom, Danielpour et al., 1989). In 

order to emphasize the vast number of drug evaluation studies undertaken in the last 

decade, a selection of pharmacological agents which have been tested in experimental 

animal models and clinical trials are listed in Fig. 1.3. (Machemer 1979; Pilkerton 1979; 

Tano 1980; Weiss 1981; Koemer 1982; Sunalp 1984; Chandler 1985; Chandler 1987; 

Hatchell 1988; Blumenkranz 1982; Stem 1983; Kirmani 1983; Sunalp 1984) 

(Blumenkranz 1984; van Bockxmeer 1985; Wiedemann 1987; Khawly 1991; Wiedemann 

1991; Lemor 1986; van Bockxmeer 1985; Daniels 1990; Moritera 1992; Algvere 1987; 

Weiss 1981; Behrens-Baumann 1986; Johnson 1988; Radtke 1986)

Steroids were a likely first choice for evaluation in an experimental animal model because 

of their anti-inflammatory properties, their antiproliferative effect on fibroblast cultures 

and because many of the effects of steroids on the eye were well known (Machemer et 

al., 1979). Data concerning the effectiveness of steroids is controversial. While most of 

the studies listed in Fig. 1.3 showed that steroids had a good to moderate inhibitory 

effect on PVR in animal models, without causing retinotoxicity or systemic complications, 

several authors have been unable to confirm the beneficial effect of steroids on 

experimental PVR (Pilkerton et al., 1979; Weiss and Belkin, 1981a; Koemer et al.,

1982).

Anti-proliferative dmgs were another obvious choice in the battle against epiretinal scar 

formation. Blumenkranz et al. (1982) demonstrated that the antimetabolite 5-fluorouracil 

(5-FU) decreased the incidence of retinal detachment and neovascularization in an animal 

model of PVR. It was suggested that 5-FU had several advantages over steroids, including 

an unambiguous, purely inhibitory effect on proliferation in vitro, which was also stronger 

than that of steroids. Subsequently, a variety of other antiproliferative dmgs have been 

evaluated (see Fig. 1.3) with limited success. The ideal dmg of this type would need to 

be effective at a non-retinotoxic dose, within an acceptable safety margin. Unfortunately, 

as yet, no such an agent has been found.

Daunomycin. an anthracycline antibiotic predominantly used in the treatment of acute
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Drug Year Authors

Anti-inflammatorv agents
Steroids 1979 Machemer, Sugita arxl Tano

1979 PUkerton, Rao, Maiak and Woodward
1980 Tano, Chandler and Machiner
1981a Weiss and BeHdn
1982 Koemer, Mezz, Gloor and Wagner
1984 Sunaÿ, Wiedemann, Sorgente and Ryan
1985 Chandler, Rozakis, de Juan and Machoner
1987 Chandler, Hida, Sheta, Proia et al.
1988 HatdreH, McAdoo, Sheta, King et al.

Anti-prolifeiative agents

5-Fluorouracil 1982 Blumenkranz, Ophir, Caflin and Hzgek

1983 Stem, Lewis, Eiidson, Guerin et al.
1983 Kirmani, Santana, Sorgente, Wiedemann et al.
1984 Sunaÿetal.
1984 Blumenkranz, Hernandez, Ophir and Norton
1985a Van Bockxmeer, Martin and Constable
1988 Hatdidl et al.

Daunomycdn/
Daunorubidn

1983 Kirmani etal.

1987 Wiedemann, Lemmen, Schmiedl and Heimann*
1991 Khawly, Saloips, Hatchell and Machemer

1991 Wiedanann, Leinung, Hilgers and Heimann*

Coldiidne 1983 Kirmani etal.
1985a Van Bockxmeer et al.

1986 Lonor, Yeo and Glaser

Taxol 1985b Van Bockxmeer, Martin, Thompson and Constable
1990 Daniels, Coonky and Yoshizumi

Adriamydn 1984 Sunalp etal.
1992 Moritera, Ogura, Yoshimura, Honda et al.

Methotrexate 1984 Sunaÿetal.
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Drug Year Authors

Sodium
Hyalmonate

1987 Algvere and Landau

Drugs interfering with the ECM

Penidliamine 1981b Weiss and Belkin
1986 Behrens-Baumann and Vogel

Hqwrin 1988 Johnson and Blankenshq)*

ds-Hydioxy-proline 1986 Radtke, Weinsieder and Ballou

* dinical trial

Fig. 1.3 A selection of drug evaluation studies in experimental animal models for PVR. 

A large number and variety of drugs have been tested in the past decade.
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leukaemia, looked to be a promising candidate. In one study it was shown to have a 

stronger antiproliferative effect than 5-FU (Kirmani et al., 1983), but the same workers 

did not recommend this drug for the prevention of PVR in man because the safety margin 

around the optimum dose proved to be too small (Santana, Wiedemann, Kirmani, 

Minckler et al., 1984). Wiedemann and coworkers (1987) managed to overcome this 

problem by means of an infusion technique which left a defined concentration in the eye 

of the patient for a extremely short period of time. After an exposure time of only 10 

minutes, no visible side effects were recorded and 93% of the retinae stayed attached after 

6 months. Another study was unable to demonstrate a synergistic effect between 

daunorubicin and steroid. The study was undertaken to assess the possibility of reducing 

the daunorubicin concentration in a combination therapy so as to limit retinotoxicity 

(Chen, Steinhorst, Samsa, Saloupis et al., 1992).

1.5.2 Contraction inhibiting drugs

Another possible target for pharmacological control of PVR, besides inhibiting the 

recruitment and the proliferation of cells, is the phase of membrane contraction. Since 

contraction is the most destructive phase in the development of PVR (causing retinal 

traction and subsequent total retinal detachment), suppression of this process could 

theoretically arrest the natural course of the disease. A drug that could inhibit both 

proliferation and contraction would be superior to a drug with only one effect. Several 

drugs with both anticontractile and antiproliferative properties have been evaluated as 

potential adjunct treatment and they include colchicine, taxol and heparin.

Whereas most drugs exert their antiproliferative effect via interference with DNA or RNA 

synthesis and processing, colchicine and taxol are directed against intracellular 

microtubules. Microtubules are cytoskeletal elements involved in cellular functions like 

replication, migration, and contraction. Using cell-populated collagen matrices as a model 

for contraction in PVR, both colchicine (van Bockxmeer et al., 1985a; Verdoom, 

Renardel de Lavalette, Dalma-Weizhausz, Orr et al., 1986; Raymond and Thompson, 

1990) and taxol (van Bockxmeer et al., 1985b; Verdoom et al., 1986) have been shown 

to inhibit cell-mediated contraction. Furthermore, both drugs have been tested in 

experimental animal models of PVR. Unfortunately, intravitreal colchicine was found to 

be toxic to the retina (Davidson, Green and Wong, 1983) but oral colchicine was found 

to reduce the incidence of traction retinal detachment in an animal model. Oral colchicine 

had no obvious retinal toxicity but this was only based on clinical observation and light
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microscopic histopathological examination (Lemor et al., 1986). Likewise, intravitreal 

taxol was found to prevent experimental PVR in a rabbit fibroblast injection model (van 

Bockxmeer et al., 1985b). Whereas the effective dose had no adverse effects on the 

retina, a dose two orders of magnitude greater caused damage to optic nerve fibres, as 

demonstrated by electroretinography. An assessment of the therapeutic margin is in 

progress. Another taxol study reported a reduction, but not a complete elimination, of 

retinal detachments in experimental PVR (Daniels et al., 1990). Despite the use of a 

relatively high concentration of taxol, its retinotoxicity was not investigated.

Heparin, a sulfated glycosaminoglycan, in addition to its anticoagulant properties, has 

several other interesting qualities. Heparin binds to a number of extracellular matrix 

components, to several growth factors and also interferes with cell-to-substrate attachment 

(as quoted by Blumenkranz, Hartzer and Alvira, 1989). Heparin has been found to have 

an inhibitory effect on growth factor-induced proliferation and chemotaxis in cultured 

human RPE cells (Leschey, Hines, Singer, Hackett et al., 1991). In collagen matrix 

experiments heparin reduced the rate of contraction, probably by an effect on cytoskeletal 

elements (Ehrlich, Griswold and Rajaratnam, 1986; Blumenkranz et al., 1989). The 

efficacy of systemic and intraocular heparin for prevention of fibrin formation after 

vitrectomy was established in a prospective, randomized clinical trial (Johnson and 

Blankenship, 1988). Unfortunately, a statistically significant reduction in post-operative 

fibrin formation was complicated by a higher incidence of intraoperative bleeding.

In the search for an agent with dual action, a number of anti-proliferative agents have 

been tested for their anti-contractile properties. Although 5-FU itself was shown to have 

no effect (van Bockxmeer et al., 1985a) or minimal effect (Heath, Lopez, Lewis and 

Stem, 1986; Hartzer, Blumenkranz, Hajek, Dailey et al., 1989) on cell-mediated collagen 

matrix contraction, its metabolite 5-fluorouridine (5-FUR) seemed to have stronger 

inhibitory properties (Heath et al., 1986; Hartzer et al., 1989). However, long 

pretreatment with relatively high concentrations of the drug were necessary to produce 

these results. Daunomycin has been shown to have no additional effect on contraction 

(Verdoom et al., 1986; Heath, Brown and Stem, 1990), but it was shown to reduce cell 

migration (Verdoom et al., 1986). Corticosteroids like dexamethasone have been shown 

to have no effect on cell-mediated contraction (van Bockxmeer et a l., 1985a), while others 

have reported a slight inhibitory effect (Adams and Priestley, 1988; Van Story-Lewis and 

Tenenbaum, 1986). In an experimental animal model, steroids had no effect on the
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adhesive and contractile properties of the injected cells (Chandler, Hida, Rozakis, Forbes 

et al., 1992). In an early in vivo study, it was suggested that penicillamine might have a 

benificial effect on intraocular proliferation by inhibiting the cross-linking of collagen 

(Weiss and Belkin, 1981b), but in a collagen matrix contraction study, penicillamine 

proved ineffective (van Bockxmeer et al., 1985a).

1.5.3 Sodium Butyiale (NaB)

It is obvious that the ideal pharmacological alternative or aid to surgery remains to be 

found. The anti-inflammatory agents used so far have been only partially effective and 

probably too short acting, while the cytotoxic drugs were retinotoxic at their most 

effective dose. Drugs with additional effects on the cytoskeleton, like colchicine and taxol 

certainly look promising, although there are concerns about their side effects.

In our laboratory, naturally occurring substances have been tested for their potential effect 

on PVR development. NaB is a naturally occurring 4 carbon fatty acid salt which has 

been studied by others for its chemotherapeutic effects on certain tumours (Kyritsis, 

Joseph and Chader, 1984; Miller, Kurschel, Osieka and Schmidt, 1987). A whole range 

of NaB effects on mammalian cells in culture has been reported, including strong, but 

reversible inhibition of cell growth, effects on the cell cycle (cells are arrested in G l) and 

effects on the cytoskeleton, on protein synthesis and on cellular morphology (Prasad and 

Sinha, 1976; Kruh, 1982). These and other observations showed that NaB acts as a 

differentiating agent. Another group of differentiating agents, the retinoids, have also 

shown promise for possible anti-PVR treatment, with inhibitory effects on cellular 

proliferation, migration and contraction (Kim and Stem, 1990; Campochiaro, Hackett and 

Conway, 1991; Verstraeten, Hartzer, Wilcox and Cheng, 1992).

The mechanism of action of NaB is not completely understood, but one possibile mode 

is via conformational changes in the DNA through the suppression of histone deacetylation 

(Boffa, Vidali, Mann and Allfrey, 1978; Giancotti, Pani, D’Andrea and Symmons, 1988). 

Several in vitro studies have confirmed the antiproliferative effect of NaB on tumour cells 

(Kyritsis et al., 1984) as well as on normal fibroblasts (Kim and Stem, 1990; Khaw, 

Ward, Porter, Grierson et al., 1992) although the effect appears to be cell type dependent 

(Prasad and Sinha, 1976; Giancotti et al., 1988). A synergistic effect with corticosteroids 

has been reported, but this combination proved to be too weak to inhibit tumour growth 

in vivo (Howard, Wardwell and Albert, 1991).
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The ability of NaB to influence cell types involved in PVR has been studied in our 

laboratory. NaB has been shown to inhibit both proliferation and migration of cultured 

RPE cells, glial cells and fibroblasts (Savage, Grierson, Hogg, Hiscott et al., 1989). 

Besides exhibiting an effect on migration, it has been shown recently that NaB modestly 

inhibits collagen matrix contraction by fibroblasts (Kim and Stem, 1990).

In conclusion, NaB is an antiproliferative agent, without any known toxic effects but with 

additional effects on cell migration and possibly contraction. NaB easily dissolves in 

water, readily penetrates into tissues and since it is naturally occurring, is unlikely to be 

toxic to the retina. NaB thus has some of the properties required for a safe and effective 

agent.

1.6 JUSTIFICATION AND AIMS

The failure rate of surgical treatment for PVR is relatively high, due to regrowth of PVR 

membranes. Pharmacological intervention may reduce the incidence of recurrence, but a 

suitable drug has not been found yet. Specific intervention can only be developed through 

a better understanding of the pathogenetic mechanisms. Many research efforts have 

concentrated on analysing cellular activation, proliferation and migration and this has 

contributed much to our understanding of the processes involved in membrane formation. 

As a consequence, a large number of anti-proliferative drugs have been evaluated in vitro 

and in vivo, but success has been limited.

To some extent the role of contraction in the PVR process has been neglected and not 

fully understood. As yet, we do not know which cell type in PVR is responsible for 

generating the contractile forces. Insight into this process may open up a new potential 

area of medical intervention for PVR.

The aims of the current study were:

1) To compare the in vitro contraction capacity of cell types involved in PVR.

2) To analyse the mechanism of cell mediated contraction.

3) To establish an in vitro model of cell-mediated contraction in the context of PVR which 

would be used for drug evaluation.

4) To assess the efficacy of NaB in this in vitro model.
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CHAPTER 2 MATERIALS AND METHODS

2.1 CELL CULTURE TECHNIQUES

Bovine eyes were obtained from a local abattoir within 2-3 hours of death. After removal 

of the external muscles and fatty tissue, the eyes were immersed in 70% methylated spirit 

for 20 seconds before being left in sterile calcium- and magnesium-free phosphate- 

buffered saline (PBS, Oxoid, Unipath Ltd., Basingstoke, England), containing ICX) units 

of penicillin and streptomycin (Gibco Europe Ltd., Paisley, Scotland) for 10 minutes. This 

procedure prevented culture contamination with microorganisms from the outside of the 

eye. A scleral incision approximately 1 cm posterior to the limbus was made using sterile 

technique. The incision was extended circumferentially with fine scissors to remove the 

anterior eye and lens. The vitreous was gently teased away from the posterior pole and 

discarded. Then the following procedures were carried out to isolate the required cell 

types.

2.1.1 Primary culture of bovine RPE ceUs

Bovine retinal pigment epithelial cells (BRPE) were cultured using a modification of the 

enzyme-treatment technique described by Basu, Sarkar, Menon, Carré et al. (1983), in 

which a weighted plastic cylinder was placed over the optic nerve head. The modification 

prevented contamination of the required RPE isolate with cells from the optic nerve head. 

After removal of the anterior eye, lens and vitreous, the retina was teased out and 

discarded. The interior of the each eye cup was rinsed out with PBS to remove retinal 

debris, before positioning three eyes such that a tripod of plastic cylinders fixed to a petri 

dish and weighted with a Brunswick bottle covered the three optic nerve heads exactly 

(Fig.2.1). The eye cups were then filled with 4 ml of a mixture of 0.25% trypsin (Difco 

Laboratories, Detroit, Michigan, USA) and 0.02% tetra-sodium ethylenediaminetetraacetic 

acid (EDTA, BDH, Upminster, England) and left for 45 minutes in a 37® C incubator. 

The RPE cells were gently aspirated using a pasteur pipette and divided between three 25 

cm^ tissue culture flasks (Gibco) each containing 1 ml of Newborn Calf Serum (NCS, 

Gibco). To each flask, 4 ml of Minimal Essential Medium (MEM) (50 ml xlO Eagle’s 

MEM, 450 ml dist.water, 5 ml penicillin/streptomycin, 5 ml glutamine, 5 ml fungizone, 

15 ml 7.5% sodium bicarbonate, and 1-3 ml IM NaOH) (all Gibco) supplemented with 

20% Fetal Calf Serum (FCS, Gibco) was added and the flasks were left in a 5 % CO2 / 9 5  %
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Fig. 2.1 Macro photograph showing part of the technique for the isolation of BRPE. 

Three bovine eye cups were positioned such that the three plastic cylinders, which were 

attached to a petri dish, covered the optic nerveheads. The cylinders were weighted down 

with a heavy object, like the hammer head shown in the picture. The fluid level of the 

enzyme mixture can be seen (arrow).
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air incubator at 37® C for 1 week. Proliferating primary cultures were fed twice a week 

with MEM containing 20% FCS, until the cells reached confluence. The cells were grown 

and maintained in MEM with 15% NCS after passaging (see section 2.1.5).

2.1.2 Primary culture of bovine scleral fibroblasts

Small pieces of tissue (0.5 x 0.5 cm) were cut from the sclera following removal of the 

anterior eye, lens and vitreous. Both the choroidal side and the conjunctival side of the 

pieces of scleral tissue were scraped clean using small forceps. The explants were plated 

(with the outer side of the sclera facing down) on a drop of NCS in tissue culture flasks 

and left to dry. After the explants were firmly attached to the plastic, MEM supplemented 

with 15 % NCS was added. The explant was removed after approximately 1 week. Bovine 

scleral fibroblasts (BSP) were passaged when confluent and the sub-cultures were 

maintained in 15% NCS in MEM.

2.1.3 Primary culture of bovine retinal glial cells

Bovine retinal glial cells (BRG) were cultured as described by Savage, Day, Hogg and 

Grierson (1988). Bovine eyes were left at 4®C for 24 hours before being dissected. The 

retina was removed from the eye cups by carefully lifting up the whole neuroretina with 

fine curved forceps and cutting it off from the optic nerve head with small scissors. The 

retina was washed three times in PBS to remove adherent RPE cells. The retina, cut into 

small pieces (1 cm^), was left to float in a 25 cm^ tissue culture flask containing 10 ml 

of MEM with 20% NCS. Once the cells had spread, the 20% NCS was replaced with 

10% FCS. After passaging, the cultures were fed twice weekly with MEM containing 

10% FCS.

The isolation and culture of BRG cells and their characterization is a routine procedure 

in this laboratory and has been well documented (Savage et al.,1988). The cells in 

primary culture were considered to be Muller cells because they were larger than 

astrocytes and stained positively for glial fibrillary acidic protein (GFAP). GFAP is an 

intermediate filament found in astrocytes and, in certain circumstances, in Muller cells. 

Carbonic anhydrase and glutamine synthetase activity, both expressed by Muller cells, 

were present in the BRG cultures. Antibodies to keratins which identified RPE cells and 

antibodies to desmin and factor-VIII which identified endothelial cells, did not stain any 

cells in the culture, indicating that there was no obvious contamination. Autoradiographic



49

studies conducted on the floated explants suggested that pericytes were unlikely to be 

present in the cultures since DNA synthesis was not associated with the blood vessels in 

these circumstances. The studies conducted by Savage et al. (1988) indicated that the cells 

cultured using this method were glial cells, which were predominantly, if not exclusively, 

Muller cells.

2.1.4 Primary culture o f human RPE cells 

Human RPE cells between third and fifth passage used in this study were taken from 

frozen storage. The isolation and primary culture of HRPE cells is an established 

technique in our laboratory.

Eyes up to, but not exceeding, 48 hours post-mortem were obtained from the local Eye 

bank. Human RPE (HRPE) were isolated following the procedure outlined by Edwards 

(1981) and modified by Boulton, Marshall and Mellerio (1982). The anterior segment and 

vitreous were removed after soaking the eyes for 10 minutes in PBS containing 100 units 

of penicillin and streptomycin. The neural retina was teased away from the RPE and the 

exposed RPE was washed 3 times in PBS with 0.02% EDTA to remove adherent 

photoreceptor debris. The posterior eye cup was divided into 3 segments and areas of the 

RPE monolayer were isolated by brass cloning rings. The wells formed by the cloning 

rings were filled with a mixture of 0.25% trypsin, 0.02% EDTA and PBS, and incubated 

at 37® C for not more than 90 minutes. Dissociated RPE cells were aspirated from Bruch’s 

membrane and seeded into 25 cm^ tissue culture flasks, coated with 1 ml FCS each. The 

RPE were fed with Ham’s F-10 culture medium (Gibco), 20% FCS, 0.003 g/ml glucose,

2.5 mg/ml amphotericin B and 100 units/ml of penicillin/streptomycin. The cultures were 

maintained at 37® C in 5% COj and air. Primary cultures reached confluence within 2-3 

weeks and were passaged on. The purity of the cultures was confirmed by 

immunohistochemical labelling with a wide-spectrum anti-cy tokeratin monoclonal antibody 

(clone K 8.13, ICN Biomedicals Ltd., High Wycombe, U.K.) known to stain the RPE cell 

population (McKechnie, Boulton, Robey, Savage et al., 1988).

2.1.5 Maintaining cell cultures 

All cells were fed twice a week by pipetting off the old medium, leaving approximately 

1 ml behind, and adding 4 ml of fresh complete medium (i.e. serum-containing medium). 

When cells reached confluence they were passaged on using the following procedure. All
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solutions were warmed to 37*C prior to use. Flasks were emptied and washed 3 times 

with calcium- and magnesium-free PBS to remove any remaining medium. A mixture of 

1 ml of 0.25% trypsin and 1 ml of 0.02% EDTA (disodium salt) was added to each 25 

cm^ flask. The enzyme-treatment disrupted the monolayer by breaking cell-cell and cell- 

substrate attachments. The resulting cell suspension was pipetted within 2 minutes and 

divided between 3 flasks each of which contained 1 ml of NCS to neutralize the trypsin 

as prolonged exposure to trypsin would cause damage to the cell membrane. Following 

the addition of 4 ml of the complete medium to each flask, the cells were returned to the 

humidified 5% CO2  incubator at 37® C and fed twice weekly.

Data on the growth kinetics of all the cell types used in this study was available. The 

proliferative ability of the sub-cultures was diminished with extended passaging and the 

cells had a definitive life-span. Optimal cellular growth and viability was observed 

between third and eight passage for all cell types except for the bovine RPE which were 

optimal between third and sixth passage. The cells were used between these stages of sub

culture in all the experiments outlined in the thesis.

Cultured cells which were surplus to immediate requirements were stored in liquid 

nitrogen. Confluent cultures were trypsinized from their flasks, as described above, and 

mixed in a centrifige tube with MEM and 15 % NCS. Cells were pelleted in a centrifuge 

(Centaur 1, MSE, England) for 10 minutes at 1000 rpm, followed by resuspension in 1 

ml of MEM, 20% NCS and 10% dimethylsulfoxide (Sigma). The cell suspension was 

transferred to a cryovial (Nalgene, Rochester, N .Y., USA) which was placed in a 

carousel. The carousel was lowered slowly into liquid nitrogen over a period of 6-8 

hours. Finally the vials were stored in the liquid nitrogen. When cells were required for 

use, a cryovial was retrieved and thawed rapidly. The cell suspension was mixed with 10 

ml of warm MEM and 15% NCS and centrifuged for 10 minutes at 1000 rpm to wash 

off the dimethylsulphoxide. The cell pellet was resuspended in the appropriate complete 

medium and split into 3 serum-coated 25 cm^ tissue culture flasks. Thereafter, the cultures 

were maintained as described above.

Cells were grown on 8-chambered tissue culture glass slides (LabTeks, NUNC Inc., USA) 

when they were needed for immunohistochemical studies. After trypsinization, the cell 

suspension was mixed with 8 ml of warm complete medium in a centrifuge tube, and 

centrifuged for 10 minutes at 800 rpm. The cell pellet was resuspended in 1 ml of 

complete medium and cells were counted using a Coulter counter (Coulter, Luton, U.K.).
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Each LabTek chamber was coated with 100 îl of NCS and then recieved 100 jil of the 

complete medium containing 7.5 x 10  ̂ cells. Subsequently, the wells were topped up to 

400 pi with complete medium. The LabTek slides were transferred to the incubator and 

left for 2 to 3 days, so allowing sufficient time for settlement and growth.

2.2 SIUCONE SHEET CONTRACTION

Thin silicone rubber substrata were prepared following the method used by Harris et al. 

in 1980. A large drop of a 60,000 centistoke silicone fluid (dimethyl polysiloxane. Sigma) 

was spread on a glass coverslip. This surface was held, face down, in the flame of a 

Bunsen burner for about 2 seconds. This resulted in the formation of a "skin” of cross- 

linked silicone on top of a fluid base. The coverslip with the silicone sheet was placed in 

a 35 mm petridish (Sterilin, Stone, U.K.) and a suspension of cells in NCS was seeded 

on its surface. Suspensions of BSE, BRPE and BRG cells were used in individual runs. 

Complete medium was added and the petri dish was placed on the stage of an inverted 

phase contrast microscope (Diaphot, Nikon) connected to a video system (time-lapse video 

cassette recorder, AG-6720, Panasonic). The stage of the microscope was encased by an 

incubation chamber maintained at 37® C. A video recording was made over a period of 

6  hours. Phase contrast micrographs (PanF, Ilford, Mobberley, England) were taken at 

30 minutes and thereafter at hourly intervals.

2.3 COLLAGEN MATRIX CONTRACTION

2.3.1 Rat tail collagen preparation

Collagen was prepared using the method published by van Bockxmeer and Martin (1982) 

with some modifications (Souren, Ponec and van Wijk, 1989). Frozen rat tails were 

thawed in 70% ethanol. The tails were skinned, cut into 3 cm long pieces and left in 70% 

ethanol for 1 hour. All subsequent procedures were carried out using sterile technique. 

The individual tendons were removed with forceps and the dry tendons were placed in a 

35 mm petri dish and weighed. The tendon material was washed in PBS and then 

transferred to a bottle containing sterile 0.1% glacial acetic acid, so that 150 ml contained
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1 gram of tendon. The mixture was left at 4®C with a magnetic stirrer for at least 48 

hours. The now viscous mixture was centrifuged at 23,000 rpm using a Suprafuge 22 

(Heraus, Brentwood, U.K.) for 1 hour at 4® C to remove all undissolved material. The 

supernatant of all tubes was collected in a sterile bottle, the pH adjusted to 7 with 1.0 M 

NaOH and left overnight at 4®C for collagen precipitation to take place. The mixture was 

then centrifuged at 10,000 rpm for 10 min. The supernatant was discarded and the 

collagen transferred to a sterile bottle where it was redissolved in approximately 1 0 0  ml 

of 0.1 % glacial acetic acid. This precipitation and subsequent redissolving of the collagen 

yielded a purer collagen solution and allowed for more precise adjustments of the final 

concentration. The protein content of the mixture was estimated using the Folin-Lowry 

method (see below), and the concentration of the collagen solution was adjusted to 3 

mg/ml with 0.1% glacial acetic acid. The collagen preparations were stored at -20* C until 

required.

A Folin-Lowry protein count (Lowry, Rosebrough, Lewis Farr and Randall, 1951) was 

used to estimate the protein content of the collagen type I solution. The assay is based on 

a colorimetric comparison of the sample with a standard (i.e. a known concentration of 

protein), using a spectrophotometer (Ultraviolet Spectrophotometer CE 202, Cecil, 

Cambridge). Standards were made by diluting HIQC 16 (Human Serum for 

Intralaboratory Quality Control, UKEQAS, Birmingham) with distilled water to 40, 80, 

120, and 2(X) mg/l(X) ml. Distilled water and 0.1% glacial acetic acid were used as 

blanks. The collagen sample was diluted 1:1 (50%), 1:4 (20%) and 1:9 (10%) with 

0.1% glacial acetic acid. Five ml of alkaline copper reagent (90 ml alkaline tartrate 

reagent (10 g Na^CO^, 0.25 g Na-K-tartrate in 5(X) ml O.IM NaOH) and 10 ml 0.1% 

CUSO4 ) was added to 1(X) pi of standards, blanks and samples (all in duplicate). After 

mixing, the tubes were left to stand at room temperature for 15 minutes. Subsequently 

0.5 ml of Phenol reagent (Folin and Ciocalteu’s Phenol Reagent, Sigma Chemical Co. 

Ltd., Poole), diluted 1:2 with distilled water, was added to each vial and mixed rapidly. 

After 30 minutes the absorptions in the spectrophotometer (wavelength: 660 nm) were 

read against the blanks. A standard absorption curve was made to exclude any procedural 

errors. The protein concentration in the samples was calculated using the following 

equation:

A.̂sanq>Ie

A.
^ sa n ç le  ^  ^standard

^standard

where A is absorption and C is concentration (mg/100 ml).
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2.3.2 Cell populated collagen matrices

The formation of cell-populated collagen matrices involved the mixing of a cell suspension 

with solubilized collagen and culture medium. The solution rapidly polymerized, so 

trapping the cells within a 3-dimensional collagenous matrix.

The cells were removed from their flasks by trypsinisation, mixed with complete medium 

and centrifuged for 10 minutes at 1,000 rpm. After the supernatant was discarded, the cell 

pellet was resuspended in NCS or PCS according to the cell type (NCS for BSP and 

BRPE, PCS for BRG and HRPB). Cell numbers were determined using a Coulter counter

A collagen solution polymerizes when both the pH and the temperature are raised. The 

amount of NaOH needed in the medium to adjust the pH of the matrix solution to 7.4, 

depended on the batch of RTC. Test-matrices were made and the concentration of NaOH 

was adjusted accordingly for every new batch of RTC. Por example, with one specific 

RTC batch, 4.8 ml of concentrated culture medium was supplemented with 0.2 ml of 

0.35M NaOH. Concentrated culture medium was made from 15 ml of xlO MEM, 35 ml 

distilled water, 1.5 ml penicillin/streptomycin, 1.5 ml glutamine, 1.5 ml fungizone and 

1-4 ml of 7.5% sodium bicarbonate. Usually 4 to 8  matrices were made at the same time, 

but to make a collagen matrix with a volume of 1  ml and a final collagen concentration 

of 1.5 mg/ml, 0.4 ml of concentrated culture medium supplemented with NaOH, was 

quickly mixed with 0.5 ml RTC solution at 4*C. Pinally, 0.1 ml of serum containing the 

appropriate amount of cells was added. The mixture was pipetted into a 35 mm petri dish 

(Sterilin, Stone, U.K.) and the dish was transferred to a humidified 37°C, 5% CO2  

incubator where the matrix set within 1 minute. After 10 minutes the matrices were 

overlayed with 5 ml of complete medium and they were floated by scoring around the set 

collagen with a small spatula. The overlying medium was changed every three days by 

removing 3 ml with a pasteur pipette and replacing this with 3 ml of fresh complete 

medium.

Three washes in warm PBS were performed before adding 2% glutaraldehyde in 

phosphate buffer (for EM purposes) or 10% formal saline (for histology and 

immunohistochemistry) to fix the collagen matrices. Matrices required for frozen 

sectioning were washed, then they were quickly rinsed in distilled water and submerged 

in Tissue Tek-OCT compound (Miles Scientific, Naperville, USA) in small plastic
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containers. The containers were rapidly frozen in liquid nitrogen and stored at -50® C 

prior to sectioning with a cryostat (see section 2.5.2).

Cells were seeded in matrices using the method described above. After the collagen set, 

the cells were trapped and uniformly distributed within the 3-dimensional matrix. Initially 

a cell concentration of 750,000 cells/ml of collagen matrix was used according to the 

original method described by Bell et al. (1979). Thereafter a range of cell concentrations 

was investigated to establish a dose response in the present system for the relationship 

between cell density and the rate of matrix contraction. We found that a concentration of

250,000 cells/ml of collagen matrix would yield the optimum contraction curve in our 

experimental set-up. As a result, subsequent matrix contraction experiments were carried 

out using 250,0(X) cells/ml of collagen matrix.

Epiretinal membranes form on the surface of the retina and their tractional activity in this 

location puckers and detaches the underlying retina. To monitor contractile processes in 

vitro a little more closely, instead of seeding cells within the matrix, experiments were 

carried out with cells seeded on the surface of preset collagen matrices. Collagen matrices 

were prepared as described above, but no cells were added to the collagen mixture. The 

matrices were allowed to set at 37® C, before seeding 0.5 ml of a cell suspension in NCS 

onto the top surface of the matrix. A seeding density of 250,(XX) cells per matrix was 

used, unless stated otherwise. Cells were allowed to settle on the collagen surface in the 

incubator for 20-30 minutes, before dislodging the matrices from their wells and adding 

5 ml of complete medium.

Two types of controls were set up for the experiments. Matrices without cells were 

prepared as described above, adding serum but no cells. In addition, matrices without 

serum were prepared by excluding serum from the initial matrix mixture and from the 

overlying medium. The latter was done in matrices both with and without cells.

2.3.3 Measurement o f matrix contraction

Initially the matrices were fixed after either 1 day, 3 days, 5 days (750,000 cells) or 7 

days (250,(XX) cells), washed with PBS (3x) and overlayed with Coomassie blue for 

several minutes to stain the matrices dark blue. Excess stain was washed off with PBS. 

Photographs of the matrices were taken in the dark room by placing the dish containing
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the stained matrix directly onto photographic paper (RC Deluxe, Multigrade HI, Ilford) 

and exposing it to the light beam of a photographic enlarger (De Vere 504, Multigrade 

500H, Ilford), thus creating a direct negative image on paper of the darkly stained 

collagen matrix.

The "fixed point" monitoring procedure had the advantage of providing specimens which 

could be examined by several observers and several evaluative procedures at leisure, but 

it had the major disadvantage of not allowing us to sequentially follow an individual 

contracting matrix through a time sequence. Monitoring individual matrices through the 

whole process of matrix contraction should give more accurate kinetic data. Therefore a 

system was designed whereby unfixed matrices were photographed and quickly returned 

to the incubator. To visualise the relatively transparent matrices, it was necessary to 

transilluminate the petri dishes on a light box. A camera (OM-IN, Olympus) mounted on 

a camera stand was installed next to the incubator and photographs (HP5, Ilford) were 

taken at various times, depending on the nature of the experiment, after which the 

matrices were returned to the incubator. In this way the same matrix could be followed 

over any period of time.

The negatives were printed onto photographic paper and great care was taken to obtain 

an accurate x l magnification. The area of the matrix was measured by manually scoring 

around the outline of the photograph of the matrix on a digitizing board linked to a MOP- 

Videoplan image analysis system (Kontron, Watford, U.K.).

2.4 PROLIFERATION ASSAYS AND COLLAGEN MATRICES

Proliferation experiments were carried out to establish the extent of cell proliferation in 

or on the collagen matrices. Three types of study were undertaken to compensate for 

inadequacies in each of the techniques on its own.

2.4.1 Cell counting after collagoiase digestion

Two similar procedures were employed to solubilize the matrices and retrieve the cells. 

A cell-containing collagen matrix was immersed in 1 ml of 4 mg/ml collagenase (type IV 

collagenase. Sigma) in PBS at the bottom of a test tube (Ehrlich and Wyler, 1983). The 

tube was incubated for 30-75 minutes at 37® C and shaken regularly. After centrifuging 

for 10 minutes (6 (X) rpm), the pellet was resuspended in a 0.04% solution of Trypan Blue
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in PBS. Viable cells were counted in a haemocytometer.

The second technique was described by Nakagawa, Pawelek and Grinnell (1989b). A 

collagen matrix was incubated for 140 minutes at 37® C with 1 ml of a collagenase 

mixture: 150 mM NaCl, lOmM Ca acetate and 20 mM Hepes (pH 7.2), containing 2 

mg/ml collagenase (Type I collagenase, Sigma). Subsequently, 0.1 ml of 0.25% trypsin 

and 0.02 ml of 0.3M EDTA were added and incubated with the samples for a further 20 

minutes. Cells were counted in a haemocytometer, using Trypan Blue to assess cell 

viability.

2.4.2 Bromodeoxyuridine incorporation

Bromodeoxyuridine is a thymidine analogue which is incorporated in the S-phase of the 

cell cycle. Collagen matrices containing cells were prepared as described earlier (section 

2.3.2). Aliquots of 0.1% bromodeoxyuridine (Cell proliferation kit, Amersham 

International pic., Amersham, U.K.) were added to the overlying media and matrices 

were left in the incubator for 1, 3 or 7 days. The matrices were fixed in 95% ethanol/5 % 

acetic acid for 30 minutes and either processed for paraffin wax sectioning (see section 

2.5.1) or the whole, unsectioned matrices were used for detection of the label (squashed 

preparations, see section 2.5.3). The following matrices were stained: 250,000 BSF and 

BRPE and BRG seeded in the matrices; 250,000 and 100,0(X) BSF, BRPE and BRG 

seeded on the matrices. The S-phase nuclei having incorporated bromodeoxyuridine, were 

detected using avidin/biotin immunoperoxidase labelling (see section 2 .6 . 1 ) with 

diaminobenzidine (DAB) to produce a stained end product. BSF grown on LabTeks, 

which were exposed to BdU for 24 hours at a preconfluent stage, were run at the same 

time as positive controls. All experiments were repeated at least three times. Cells grown 

in medium without bromodeoxyuridine served as negative controls. Labelling was 

assessed by light microscopy.

2.4.3 Proliferating cell nuclear antigen (PCNA) staining

PCNA is a marker for cell proliferation. PCNA begins to accumulate during the G1 phase 

of the cell cycle, is most abundant during the S phase and declines during the G2/M 

phase. A monoclonal antibody to PCNA (Boehringer Mannheim Biochemica, Germany) 

was used to selectively mark proliferating cells in sections of matrices (BSF, BRPE and 

BRG, both in and on matrices, which had been left for 7 days). In contrast to the
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bromodeoxyuridine technique, pre-labelling of cells was not necessary, and all procedures 

were carried out on paraffin wax sections of specimens fixed in 1 0 % formal saline. 

Paraffin wax sections of an ocular lymphoma fixed in 10% formal saline were used as 

positive controls. The avidin-biotin complex procedure (see section 2.6.1) was adopted 

with DAB or aminoethylcarbazole (AEC) to produce a staining reaction. Nuclear staining 

was assessed by light microscopy.

2.5 MORPHOLOGY

2.5.1 Paraffin wax sections

Collagen matrices were fixed in 10% formal saline and processed through ascending 

grades of alcohols into paraffin wax with a 56® C melting point. Sections were cut at a 

microtome setting (Base-sledge, Anglia Scientific) of 5 pm. Sections were mounted on 

microscope slides, using aminopropylethoxysilane (APES, Sigma) as a section adhesive. 

Sections were dewaxed using toluene, rehydrated in descending grades of alcohol and then 

either stained with haematoxylin, or used for immunohistochemical procedures.

2.5.2 Frozœ  sections

Collagen matrices were frozen as described in section 2.3.2 (collagen matrices). Frozen 

sections (5-8 pm) were cut with a Cryostat (Anglia AS 650).

2.5.3 Squashed preparations

Collagen matrices were fixed in 10% formal saline, stained with haematoxylin and 

mounted as whole, unsectioned matrices in aqueous mounting medium (Shandon) under 

a glass coverslip.

2.5.4 lig h t Microscopy

The matrices were examined and photographed using bright field and differential 

interference contrast (DIC) microscopy (Polyvar, Reichert-Jung, Austria). DIC
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microscopy, also known as Nomarski optics, exploits the effect of phase changes of light 

resulting from differences in the refractive index of the various components in the 

specimen. The interference effect of two out-of -phase sets of waves gives a "three- 

dimensional" image. DIC microscopy proved to be extremely useful in visualizing the 

(unstained) collagen fibers and their arrangement in both whole matrix mounts and 

sections of matrices.

To count round versus spread cells, light micrographs of the whole matrix mounts were 

taken at x 1 0 0  magnification and cells were counted from the resultant photographs.

2.5.5 Phase contrast microscopy

Cells growing in tissue culture were routinely observed and photographed with an inverted 

phase contrast microscope (Diaphot, Nikon). Like DIC microscopy, phase contrast 

microscopy uses interference of waves to increase the contrast of the image, allowing 

living, unstained cells to be seen.

2.5.6 Transmission electron microscopy (TEM)

Collagen matrices were fixed in 2.5% glutaraldehyde (EM grade vacuum distilled Fisons 

Polaron, Loughborough, U.K.) in Sorensen’s phosphate buffer pH 7.4, 304 mOsmols, 

for at least 1 hour. After washing in 3 changes of buffer (each change for 15 minutes), 

the specimens were postfixed for 1  hour in 1  % osmium tetroxide in the same buffer, 

followed by a 15 minute wash in buffer.

The specimens were washed in three changes of distilled water for 10 minutes each before 

being left overnight at 4® C in a 0.5% aqueous solution of uranyl acetate (Agar Scientific, 

Stansted, U.K.). The specimens were washed in distilled water, one change at 30 minutes, 

followed by three changes at 1 0  minutes, and dehydrated through a graded series of 

alcohols (AnaLar grade, BDH, Poole, U.K.): 25%, 50%, 70%, 80%, 90%, and 3 times 

100%, 15 minutes each). The specimens were subsequently embedded in Araldite resin 

(Agar Scientific). This was done with propylene oxide (PO) as the intermediate fluid: first 

100% PO, two 15 minute changes, then a 75% PO/25% Araldite mix for 2 hours, 

followed by 50%/50% and 25%/75% also for 2 hours each. The specimens were left in 

100% Araldite overnight for maximum infiltration, and then placed in a mould in fresh
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Araldite to polymerise in a 60® C oven for a minimum of 24 hours. All blocks were 

allowed to cure for 1 - 2  days before cutting.

Ultrathin sections (50-70nm) were cut using the Ultracut E (Reichert-Jung, Milton 

Keynes, U.K.). The sections were flattened with chloroform, placed on 200 mesh copper 

grids (3.05 mm, Athene, EMScope). Section were stained with 1% uranyl acetate for 15 

minutes, rinsed in water and stained in 0.4% Reynolds lead citrate for 6-7 minutes, 

followed by another rinse in water. A Hitachi H-600 transmission electron microscope 

was used at 80Kv to view the sections.

2.5.7 Scanning electron microscopy (SEM)

Primary and secondary fixation were the same as with TEM. However, following the post 

osmication buffer wash, SEM specimens were washed three times in distilled water and 

dehydrated through a graded series of alcohols as described for TEM specimens. 

Following the final change of 100% alcohol, the specimens were critical point dried 

(Polaron, Hemel Hampstead, U.K.), mounted on metal stubs with double-sided adhesive 

tape and gold coated (approx. 12-16nm. thickness) using a Polaron sputter coater.

The three-dimensional matrices were examined in a Hitachi S-520 scanning electron 

microscope, using secondary electron detection.

2.6 IMMUNOHISTOCHEMISTRY

General Methods: Paraffin wax sections and frozen sections (see sections 2.5.1, 2.5.2) 

were used for immunohistochemical staining procedures. Paraffin wax sections were 

dewaxed through toluene and ethanol. Dewaxed sections were washed in distilled water 

for 15 minutes prior to the staining procedures. Frozen section were thawed and left in 

PBS to prevent dehydration. Cell monolayers, grown on glass slides (LabTeks), were 

washed 3 times with warm PBS, before fixation in -20®C methanol for 5 minutes, 

followed by 2 minutes in -20® C acetone. The slides were air dried and stored at -50® C 

until required. Before use, the slides were submerged in PBS to rehydrate the cells.
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2.6.1 Avidin biotm complex (ABC) method

The ABC method is an indirect method where the primary antibody is linked to the 

secondary antibody via an avidin-biotin complex. Indirect procedures enhance the signal 

and so increase the sensitivity.

1. The dewaxed sections were immersed in 1 % H2 O2  in distilled water for 20 minutes to 

block endogen peroxidase activity.

2. After washing in water for 5 minutes, the specimens were placed in PBS (pH 7.3-7.6 ) 

at 37°C for 10 minutes.

3. Trypsinization, to expose more antigenic sites was carried out for 10 minutes with 

0.1% porcine trypsin (Sigma) and 0.1% CaCl2  in distilled water (pH 7.8) at 37°C. The 

trypsinisation was followed by washing in cold tap water for 1  minute.

4. The specimens were washed for 10 minutes in PBS and this was followed by a 20 

minute incubation with 5% normal goat serum (NGS) in PBS to reduce background 

staining.

5. The specimens were incubated with the primary antibody diluted in 1% NGS in a 

humidity chamber (to avoid drying out) for 30 minutes.

6 . After washing in PBS (3x 5 minutes), the attached antibodies were exposed to 

biotinylated immunoglobulins (raised against the species of the primary antibody) 

(Dakopatts), diluted 1:200, for 30 minutes in a humidity chamber.

7. The specimens were washed (3x 5 minutes) and incubated with peroxidase-conjugated 

avidin (Dakopatts), diluted 1:400, to establish binding to the biotin, for a further 30 

minutes, and again washed 3 times for 5 minutes.

8 . The peroxidase was visualized using either a aminoethylcarbazole (AEC) solution (see 

below) to develop a red colour, or a diaminobenzidine (DAB) method (see below) to give 

a black staining reaction.

A fresh solution of AEC was made each time prior to use because AEC is stable for less 

than 1 hour. A 15 mg quantity of AEC was dissolved in 3 ml of dimethyl formamide 

(DMF) and this was added to 10.5 ml of 0. IM acetic acid and 39.5 ml of 0.1 M sodium 

acetate. After adjusting the pH to 5.2, the solution was filtered through filter paper and

0.5 ml of 3% H2 O2  was added directly prior to use.

DAB was diluted following the manufacturers intructions (Cell proliferation kit, 

Amersham). One ml of DAB was added to 50 ml of phosphate buffer and stirred 

continually until the solution cleared. Immediately prior to use, 3-5 drops of intensifier 

(as supplied in the cell proliferation kit) were added.
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9. After the colour was developed in approximately 2 - 1 5  minutes, the specimens were 

washed in water and mounted using a glycerol mounting medium (Dako ltd., High 

Wycombe, U.K.).

2.6.2 Indirect immunofluorescence

Indirect immunofluorescence staining involved the binding of a primary antibody with an 

antigen and the subsequent detection of bound antibodies with a secondary antibody 

conjugated with a fluorochrome.

1. Sections (wax and frozen) and Labteks were first washed in distilled water and then 

in PBS for 10 minutes.

2. The specimens were exposed to 5 % NGS for 20 minutes before incubation with the 

primary antibody in a humidity chamber for 45 minutes.

3. After a 10 minute wash in PBS with at least 3 changes, the secondary antibody was 

applied through a millipore filter and left for 45 minutes. Goat anti-mouse fluorescein 

isothiocyanate (FITC) conjugate (Sigma) was used for primary antibodies raised in mouse 

and goat anti-rabbit FITC conjugate (Sigma) for those raised in rabbit.

4. The specimens were washed for 10 minutes (3 changes) in PBS and mounted under a 

coverslip, using Citifluor mounting medium (API, Citifluor ltd., London).

5. Specimens were viewed and photographed with an epifluorescent microscope (Polyvar) 

equipped with an FITC interference filter.

2.6.3 Antibodies

The various primary antibodies used in the present study were all monoclonal antibodies 

purchased from a number of suppliers (see Fig. 2.2).

2.7 MANIPULATION OF COLLAGEN MATRIX CONTRACTION

The effect of a number of substances on collagen matrix contraction, whether they were 

added to or depleted from the medium, was studied in an attempt to improve our 

understanding of the mechanisms involved in cell-mediated contraction
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Target Antibody* Supplier & number Dilution

Fibronectin MaH Serotec (MCA 610) 1:4000

Cellular Fibronectin MaH Sigma (F-6140) 1 : 1 0 0 0

Thrombospondin MaH Sigma (T-2905) 1 : 1 0 0 0

Vitronectin MaH Sigma (V-7881) 1 : 2 0 0

RaB Chemicon (AB 1902) 1 : 1 0 0

Bj Integrin MaH Serotec (MCA 782) 1 : 1 0

MaH Chemicon (Mab 1977) 1 : 1 0 0

B3  Integrin MaH Chemicon (Mab 1974) 1 : 1 0 0

Actin MaH ICN (C4) 1 : 1 0 0

* MaH =  Mouse anti Human; RaB =  Rabbit anti Bovine

Fig. 2.2 List of all the primary monoclonal antibodies used in this study.
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2.7.1 Fibioaectm-depleted sonm

Fibronectin-depleted FCS (Sigma) was used instead of normal PCS or NCS in some 

collagen matrix experiments. Matrices with normal NCS or FCS (depending on the cell 

type) were run concurrently as controls. To establish whether a difference existed between 

BSF, BRPE and BRG in their fibronectin requirements to produce matrix contraction,

250,000 cells per matrix were seeded into matrices, using either NCS or fibronectin-free 

serum for both matrix preparation and as a constituent of the overlying medium. Thus, 

half the cell-populated matrices were made and kept in fibronectin-free conditions, while 

the other matrices recieved normal NCS at all times. Cellular morphology was studied by 

phase contrast microscopy during the assay, by light microscopy of haematoxylin stained 

wax sections and squashed preparations and by SEM. Paraffin wax preparations and 

frozen sections were also used for immunohistochemical studies investigating the presence 

of plasma fibronectin and cellular fibronectin.

Likewise, the effect of fibronectin depletion was studied in matrices seeded with cells on 

the surface. In the experimental group, normal serum was replaced by fibronectin-free 

serum for the matrix preparation, seeding of cells and overlying medium. Changes in 

cellular morphology during the assay were monitored by phase contrast microscopy.

2.7.2 Adenosine triphosphate (ATP)

The effect of ATP, known to induce cell contraction, on cell-mediated collagen matrix 

contraction, was investigated. A method which had been used to investigate contraction 

of cell monolayers by Jiang, Hiscott, Grierson and McLeod (1988) was adapted for 

experiments on cell-populated collagen matrices.

A collagen matrix with 100,(XX) BSF seeded on the surface was prepared and left in the 

incubator for 24 hours. The matrices were left for 24 hours to enable cells to settle and 

to form an interconnecting network on the surface of the matrix. Then the medium was 

changed, after washing with PBS, to a contraction buffer (0.01 M Tris/HCl, 0.03 M KCl, 

O.OlmM CaClj, pH 7.0) containing 15 mM ATP. A concentration of 15 mM ATP was 

chosen on the basis of previous studies carried out in our laboratory, which showed good 

contraction in non-detergent treated cultured fibroblasts (Joseph, Grierson and Hitchings, 

1988). The matrix was kept at 37° C at all times. Contraction was assessed every minute 

for the first 10 minutes, and subsequently at 20, 30 and 90 minutes. Changes in cellular
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morphology during the exposure to ATP were monitored by phase microscopy. After 90 

minutes the contraction buffer was changed back to a normal growth medium to allow the 

cells to recover. The cellular morphology was reassessed after a 2 hour recovery period.

The same procedure was also carried with 250,000 BSF seeded within the matrix.

2.7.3 Sodium butyrate

NaB was used in concentrations of 2 and 4 mM in collagen matrix contraction 

experiments, to establish possible drug-induced inhibition of contractility. A concentration 

of 2 mM was chosen on the basis of previous studies carried out in this laboratory which 

showed that 2 mM NaB was an effective dose for the inhibition of cellular proliferation 

and migration (Savage et al., 1989), without causing cellular damage or loss of viability. 

In some experiments, when 2 mM NaB proved to be ineffective, the concentration of NaB 

was increased to 4 mM. A 2 mM solution was prepared by adding 22 mg sodium butyrate 

(Sigma) to 100 ml of medium and then the solution was sterilized through a millipore 

filter. Three different methods of exposure to NaB were used. In the first set of 

experiments, NaB was added to the medium overlying the cell-populated matrices only. 

In the second set, monolayers of cells were pretreated with NaB (before the cells were 

embedded into the matrices), in addition to the NaB present in the overlying medium. The 

final group of experiments was similar to the second group but involved the pretreatment 

of the cells while they were already embedded in the matrices, but prior to the onset of 

matrix contraction. A more detailed description of each procedure is given.

NaB in overlay medium

Collagen matrices containing 250,000 BSF were prepared as described in section 2.3.2. 

The medium overlying the matrices was supplemented with 2 or 4 mM NaB. Controls 

with normal growth medium were run concurrently. All media were changed every 3 

days. The rate of contraction was assessed at 1, 3 and 7 days.

Pretreatment with NaB in cell monolayers

Exposing cells to NaB for a period of time prior to their use in an assay is the most 

commonly used method to establish its effect. Twenty-four hours following the passage 

of a BSF culture flask (1:3 split ratio), one flask was pretreated with 2 mM NaB in the 

tissue culture medium and one flask recieved un-supplemented medium. The cultures were
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left for 3 days prior to use in collagen matrix experiments (250,000 cells). The matrices 

with pretreated BSF also recieved 2mM NaB in the overlying medium. The contraction 

rates of the 2  groups were compared.

Paraffin wax sections of both treated and untreated matrices were used for the 

immunohistochemical detection of fibronectin, because there is some evidence to suggest 

that NaB has an effect on the organisation of cell-surface fibronectin (Kruh, 1982)(Kruh 

1982).

Apart from seeding NaB-treated cells within the collagen matrices, experiments were 

carried out in which pretreated BSF were seeded on the surface of preset matrices. Since 

matrix contraction was so rapid with 250,(XX) cells, a density of 100,000 cells was 

chosen. Using 100,000 BSF (pretreated in monolayer culture with 2 mM NaB for 3 days) 

per matrix, contraction was still very fast so it was decided to measure contraction every 

hour for 6  hours in an attempt to monitor early changes. Cell morphology was monitored 

simultaneously by phase contrast microscopy.

In subsequent matrix experiments, the cell concentration was further reduced to 10,(XX) 

BSF to slow down the contraction rate even further, and matrix contraction was recorded 

after 1, 3 and 7 days. These experiments were repeated using 4 mM NaB instead of 2 

mM. Controls with untreated cells were run simultaneously on all occasions. Cellular 

morphology and distribution on the matrix surface of treated (4mM NaB) and untreated 

cells was studied by SEM.

Pretreatment with NaB in the matrices

To prevent the onset of contraction, serum was excluded from the matrices and the 

overlying medium. Cell-populated matrices could then be exposed to NaB for a period of 

time before the onset of contraction. Half the matrices recieved serum-free overlying 

medium supplemented with NaB, while the other half received unsupplemented serum-free 

medium. After 3 days serum was added to all the matrices and contraction was measured 

from that day onwards (day 0). While our other investigations (see above) on the effect 

of NaB on contraction were all carried out with BSF, in the current experiments BRPE 

were also used. Matrices containing 250,(XX) BSF and BRPE were prepared and treated 

with 2 mM NaB for 3 days before adding serum. Cellular morphology was studied in 

squashed preparation of whole matrices and paraffin wax sections were used for 

fibronectin immunostaining.
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2.7.4 Blocking o f fi| in t^ iin

To block the Bj-integrin receptor sites on the cell surface, cells were preincubated with 

a monoclonal antibody for Bi-integrin (Serotec MCA 782) prior to being used in collagen 

matrix experiments. Since the antibody was directed against human antigen, it was 

necessary to use human cells (human Tenon’s fibroblasts, HTF). We preferred to use 

fibroblasts instead of HRPE cells, because the involvement of Bi-integrin in collagen 

matrices populated with fibroblasts had been established (GuUberg et al., 1990; Schiro et 

al., 1991; Klein et al., 1991). Frozen HTF-cultures were a kind gift from P.Khaw and 

were grown and maintained in culture like BSF. BSF were used in parallel with the HTF 

matrix experiments to assess cross-species reactivity of the antibody. In the first set of 

experiments, 250.000 HTF and BSF were seeded into the matrices. In the second set, cell 

numbers were reduced to 100.000 HTF, based on the idea that by decreasing the 

contraction rate the system would become more sensitive.

Sub-confluent cell cultures were trypsinized and centrifuged as described earlier (2.3.2). 

After cell counting the exact amount of cells was resuspended in plastic centrifuge tubes 

in either 300 pi serum-free medium (control) or serum-free medium containing the 

antibody in dilutions of 1:10, 1:100, and 1:1000. All tubes were incubated at 37® C, 5% 

CO2  for 30 minutes and were agitated at regular intervals to avoid cell clumping. Matrices 

were prepared as described, and the 300 pi of serum-free medium containing either the 

pretreated or control cells was added to the collagen/medium/NCS mixture. Matrices were 

fed with normal growth medium and contraction was assessed after 1, 3 and 7 days.

2.8 STATISTICAL EVALUATIONS

For the statistical evaluation of the data. Student’s t-tests, one-way analysis of variance 

(Anova), in combination with a Range test (Scheffe) and Kendall’s rank correlations were 

done using appropriate software (Microstat II, Ecosoft Inc., Indianapolis).
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CHAPTERS RESULTS

3.1 CELL CULTURES

3.1.1 BRPE

The RPE cells, which were isolated from the bovine eyes, attached to the bottom of the 

tissue culture flasks within 48 hours. Colonies of polygonal pigmented cells formed after 

approximately 1  week and cell division was obvious from the large number of mitotic 

figures throughout the flasks. A monolayer of polygonal cells developed after 2 to 3 

weeks when colonies of RPE cells merged. The primary culture displayed a mosaic 

pattern, which was subsequently lost through passage as was the pigmentation. By third 

passage, the cells were flattened, discoid or oval shaped and unpigmented.

3.1.2 BSF

Cells were seen to grow out of the explant, onto the surface of the flask within 1 week. 

While outgrowth of spindle-shaped cells continued, widespread cell proliferation occurred 

and the confluent area around the explant increased rapidly. When, after approximately 

2 weeks, the cells were trypsinised off and passaged, BSF grew rapidly and needed 

passaging every week. The confluent cultures displayed swirling patterns of densely 

packed spindle-shaped cells.

3.1.3 BRG

The BRG cells, that had dropped out of the retina and settled onto the plastic, were round 

with ruffled membranes or had a typical "kite”-appearance. The kite cells had a diamond 

shaped cell body with a ruffled border at one end and a long, thin cell process at the 

other. The cytoplasm often contained many vacuoles. After approximately 2 weeks, many 

of the cells remained as individual, isolated cells, but small colonies of dividing cells also 

appeared. The dividing cells were smaller and oval in shape and displayed mitotic figures. 

When approximately 50% of the flask was covered with confluent colonies, the cells were 

trypsinised off and transfered to another flask. BRG cells were difficult to remove from 

the flask, suggesting strong adherence to the plastic. After first passage not all the cultures 

survived, but the ones that did, could be cultured to at least tenth passage. The cells were 

large and spread when sparse, but became smaller when confluent.
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3.2 SnJCO NE SHEET CONTRACTION

The preparation of the silicone "skin" proved to be not without difficulty. When cells 

were seeded on the silicone, they often died, or migrated without producing ripples in the 

sheet. The former being due probably to the absence of sufficient "skin" on the silicone 

droplet as a result of poor or patchy polymerisation and the latter being a result of a too 

thick and rigid silicone sheet. The thickness of the silicone sheet was a function of the 

degree of cross-linking, which depended on how many seconds the silicone drop was 

flamed. When the right balance was found and a sufficiently flexible sheet had formed, 

all cell types cells settled on the silicone substratum within 30 minutes. The following 

sequence of events was observed on silicone sheets seeded with BRPE and BSF. 

Traction lines developed around active cells after as little as 1 hour (Fig. 3.1 A) and this 

wrinkling appeared to be the property of isolated spread cells. On the video recording, 

these cells were seen to be active and undergo normal ruffling behaviour but they 

remained stationary. After 4 hours, the silicone sheet was distorted by numerous wrinkles, 

and traction lines had developed between adjacent cells (fig. 3.1B-D). By 6 hours, an 

elaborate pattern of traction lines had formed (Fig. 3 .1E,F). Cell locomotion was not very 

effective, with many cells seen to be active but remaining stationary. Two types of 

wrinkles could be distinguished: (1) wrinkles underneath the cell, perpendicular to the 

direction of movement (Fig. 3. ID) and (2) traction lines radiating from the cell margins 

or inbetween 2 or more cells (Fig. 3. IE). The wrinkles appeared at an early stage while 

the traction lines developed somewhat later. Thereafter the traction lines became longer 

and deeper. It would seem that the cell-induced traction could generate sufficient force to 

lift the polymerized silicone off and drag it towards the cell body (Fig. 3. IE).

The majority of the silicone sheets we produced and seeded with either BSF or BRPE 

remained unchanged and unwrinkled due to the earlier described problems with the 

polymerization of the silicone. However, with BRG the formation of wrinkles or traction 

lines was never observed despite repeating the procedure 10 times. BRG cells settled and 

spread well on the silicone sheet (Fig. 3.1H) and displayed ruffling behaviour identical 

to the other cell types.
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Rg. 3.1 light micrographs of BRPE (A-F) seeded on polymerised silicone sheets 1 hour (A), 4 hours 

(B-D), and 6 hours post seeding. (A) All cdls have settled by 1 hour and wrinkles are b^inning 

to form. (B-D) The silicone is distorted by multiple traction lines. Note the wrinldes undeneath the 

cdls, perpendicular to the direction of movement p,anow ). ( E ^  Six hours after seeding, an elabOTate 

pattern of traction lines in between the cdls is established (E, arrow). Part of the silicone sheet has 

become detached and is pulled in the direction of the cdl-geneiated ftxce (F, arrow). BSF (G) have 

psiahli<JTeid a tiacti(xi pattern atmlar to BRPE by 6 hours, while BRG at the same time point are qiread 

but traction lines were never observed (H). (A,B,C,E-H: xlOO; D: x200).
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3.3 COLLAGEN MATRIX CONTRACTION

3.3.1 Controls

To verify that collagen matrix contraction is indeed a cell-induced event, matrices without 

cells were prepared. Cell-free matrices were left for 2 weeks, which was twice the 

duration of any collagen matrix experiment. Contraction never occurred in cell-free 

collagen matrices. This was true for cell-free matrices containing serum, those which were 

kept in completely serum-free conditions and those which were kept in fibronectin- 

depleted serum. Likewise, no contraction occurred in cell-populated matrices in the 

absence of serum (Fig. 3.2A).

3.3.2 Dose-rcsponse curves

The effect of different serum concentrations in the overlying medium on cell-populated 

collagen matrix contraction was assessed to corroborate the widely publicised dependence 

on serum and to find the optimal serum concentration for our experimental set-up. No 

contraction occurred in serum-free conditions, and the contraction rate increased in a dose 

dependent manner upon the addition of serum (Fig. 3.2A). Since there was no significant 

difference in contraction between 15% and 20% NCS and most cell cultures were 

maintained in medium supplemented with 15 % serum, it was decided that 15 % serum was 

to be used in all further collagen matrix experiments.

The effect of the collagen concentration on the rate of collagen matrix contraction was 

also determined. A batch of RTC with a collagen concentration of 3 mg/ml (RTC B) was 

compared to a more dilute batch of 2 mg/ml (RTC A) in contraction experiments. The 

rate of contraction proved to be inversely related to the collagen concentration, with a 

relatively small reduction of concentration resulting in a substantial increase in contraction 

rate (Fig. 3.2B).

Over the years in which the experiments in this thesis were conducted, a number of 

different batches of RTC were used. Although the collagen concentration in each batch 

was determined and adjusted to approximately 3 mg/ml, there were considerable 

differences in the contraction rates between these batches. The inconsistencies in the 

results were almost certainly due to problems with the Folin-Lowry protein estimation, 

because obvious differences in viscosity were visible between batches of RTC which were 

both adjusted to 3 mg/ml according to the outcome of the protein estimation. Errors were
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Fig. 3.2 Collagen matrix contraction over a period of 7 days, expressed as a percentage 

of the original area at day 0. (A) Dose-response curves to increasing concentrations of 

serum (NCS) in matrices with 250,000 BSF (n = 3). At a 95 % confidence level, the values 

for 15% and 20% NCS at day 3 and 7 were not significantly different (Anova and Range 

Test). (B) Two different batches of rat tail collagen (RTC) were used for the preparation 

of matrices seeded with 250,000 BSF (n=4). RTC A had a collagen concentration of 2 

mg/ml and RTC B contained 3 mg/ml. A decrease in collagen concentration led to an 

increase in collagen matrix contraction (t test, P <  0.001).

Note: Error bars in this gisq)h and in all following g r^ h s  iq>resent the standard - 

deviation.
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likely to have been made when preparing the dilutions of the viscous collagen, which 

tended to adhere very strongly to pipette tips and vials, despite siliconization. Since a 

relatively small difference in collagen concentration led to a great difference in contraction 

rate it was realised that contraction results from collagen matrices made with different 

RTC batches could not be compared. Therefore, great care was taken to use the same 

batch of collagen everytime contraction results were to be compared.

A dose response relationship was also observed when varying cell concentrations were 

seeded in and on collagen matrices. An increase in cell density resulted in faster matrix 

contraction (Fig. 3.3A,B).

3.3.3 BSF, BRPE and BRG (high cell density)

In the initial experiments the contraction capacity of BSF, BRPE and BRG was compared 

by seeding 750,000 cells in a 1 ml collagen matrix. Over the 5 day period of the assay, 

no significant difference in matrix contraction between BSF and BRPE was found 

(Anova), except for a small difference at day 5 (Anova and Range test, P <  0.05)(Fig. 

3.4A). Both cell types contracted the matrix to less than 50% of the original area after 

1 day. The rate of contraction was greatest in the first 24 hours, and after 5 days both had 

contracted the matrix to a small compacted button. It took 5 days for any BRG culture to 

produce 50% contraction and indeed some were never able to reach this level. The 

contraction rate for BRG during the first 3 days was negligible when compared to that of 

BSF or BRPE (Anova, P <  0.001). By day 7, the BRG response was not statistically 

different from the response of the other two cell types (Anova, P >  0.05). Overall, the 

BRG response was sluggish and variable, hence the large standard deviation.

3.3.4 BSF, BRPE and BRG (low cell dœsity)

Since matrix contraction with high cell concentrations (750,(X)0 cells) was extremely fast 

in the first 24 hours (see 3.3.3), it was likely that differences between cell types within 

this period would not be identified. From the dose-response curve for cell numbers (see 

Fig. 3.3A) it was concluded that a concentration of 250,000 cells/matrix would give a 

more gradual contraction. Indeed, with 250,0(X) cells/1 ml of matrix, BSF needed 

approximately 4 days to contract the matrix to 50% of its original area, BRPE took 7 to 

10 days to reach the same level of contraction whereas BRG exhibited no contraction at
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Fig. 3.3 Graphs showing collagen matrix contraction and its dose-response relation to 

cell numbers. (A) Increasing numbers of BSF were seeded within a collagen matrix and 

contraction was assessed at day 1 and 3 (n = l) . The direct relation between cell density 

and contraction rate was most prominent within the first 24 hours. (B) A ten-fold increase 

in cell number in studies in which BSF were seeded on the surface of preset matrices, 

resulted in a massive increase in the rate of contraction in the first 24 hours, but the final 

extent of contraction by day 7 was comparable, although significantly different (t test, P 

<  0.001 at day 1, 3 and 7) (n=5-15).
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Fig. 3.4 Collagen matrix contraction by BSF, BRPE and BRG, uniformly distributed 

within collagen matrices. (A) A cell concentration of 750,000 cells/ml matrix resulted in 

rapid contraction by BSF and BRPE, while BRG were less efficient (n=3-15). (B) A 

reduction in cell density to 250,000 cells/ml matrix revealed the differences in contraction 

capacity between the three cell types (n=4-15). BSF was superior, followed by BRPE, 

while BRG failed to contract the matrices.
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all (Fig. 3.4B). The difference was significant at 3 days (Anova, P <  0.05) and highly 

significant (Anova, P <  0.(X)1) at 7 days when the effect of the three cell types was 

compared. At day 1, the difference between BSP and BRPE was not significant, while the 

contraction result for BRG was significantly different from the other two cell types (95% 

confidence levels. Range test).

Compared to the matrices seeded with a high cell concentration (750,000 cells), the lower 

cell density system was likely to be more sensitive to factors leading to inhibition or 

stimulation of contraction. Therefore, in all subsequent collagen matrix experiments in 

which cells were seeded in the matrices, a seeding density of 250,(X)0 cells was used.

3.3.5 BSF, BRPE and BRG seeded on top of matrices

When 250,000 cells were seeded on the surface of preset collagen matrices, the 

differences in contraction rate between BSF, BRPE and BRG disappeared (Fig. 3.5A). 

For aU three cell types seeded on the matrix surface, contraction was faster and the final 

size reduction was greater than when matrices were uniformly populated with the same 

cell concentration (see Fig. 3.4B). In addition to the difference in contraction rate, there 

was a difference in matrix shape between matrices with cells seeded inside or on the 

surface. Matrices uniformly populated with cells remained circular throughout the entire 

contraction process, whereas matrices with cells on their surfaces became irregularly 

distorted (Fig. 3.6). Invaginations developed first on one side and later the periphery of 

the whole matrix folded over into the centre. Although the area of the matrix was 

reduced, the thickness of the matrix increased by the curling up and folding over of the 

matrix edges. The observation was consistent in matrices seeded with all three cell types.

3.3.6 BRPE versus HRPE

The contraction capacity of HRPE cells was determined for two different reasons. Firstly, 

if bovine cells were substantially different from human cells than the bovine culture data 

would have little meaning for PVR. Secondly, the majority of the monoclonal antibodies 

we wanted to use in our immunohistochemical studies only recognised human antigen and 

not bovine antigen. Therefore, collagen matrices populated with human cells were needed. 

To establish how bovine and human cells compared in their contraction capacity, collagen
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Fig. 3.5 (A) Collagen matrix contraction by BSF, BRPE and BRG seeded on the surface 

of preset collagen matrices in a concentration of 250,000 cells/ml matrix (n=8-18). The 

rate and extent of contraction increased dramaticaly compared to uniformly populated 

matrices (see Fig. 3.4B) and the differences in contractile ability between the three cell 

types were greatly reduced (Anova, P >  0.05). The cell concentration and RTC batch 

were identical to those used in the experiments shown in Fig. 3.4B (B) Histogram 

showing collagen matrix contraction by 250,000 BRPE and HRPE cells seeded within the 

matrix. The data are presented in a histogram to visualize the individual standard 

deviations (n=16). There is no difference in contraction rate between BRPE and HRPE 

(t test, P >  0.05). These data cannot be compared to the contraction data in Fig. 3.4B 

since different RTC batches were used in these experiments.
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Fig. 3.6 Macro photographs of contracting collagen matrices uniformly populated with

250,000 BSF (B,D,F) or seeded with 250,000 BSF on the surface (C,E,G) using the same 

RTC batch. (A) day 0, (B,C) day 1, (D,E) day 3 and (F,G) day 7. Petri dishes 

containing the matrices were transilluminated on a light box when photographed. Note the 

differences in contraction rate and matrix shape between uniformly populated matrices and 

the surface-seeded matrices, (all xl)
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matrices seeded with either 250,000 HRPE or 250,000 BRPE were prepared concurrently 

(Fig. 3.5B). No significant difference was found between the cells of the two species (t 

test).

3.4 PROLIFERATION ASSAYS AND COLLAGEN MATRICES

3.4.1 CeU counting after coUagaiase digestion

Attempts were made to solubilize the matrices using coUagenase, either with or without 

trypsin and EDTA (as described in section 2.4.1). Even after vigorous pipetting with a 

pasteur pipette the matrices never dissolved completely and when the solution was 

examined in a haemocytometer, many clumps of cells were observed. Increasing the 

incubation times or shaking the solution repeatedly did not improve the result. It was 

concluded that trying to dissolve the matrices and attempting to retrieve the cells was 

unsuitable for the identification of cell proliferation in collagen matrices. As a 

consequence, the coUagenase method was abandoned and other techniques were employed.

3.4.2 Bromodeoxyuiidine incorporation

Irrespective of cell type, cell number and incubation time, nuclear staining was 

consistently negative in cells in or on the collagen matrices. The BSF grown on Labteks, 

which were run simultaneously as positive controls, showed numerous darkly stained 

nuclei, indicating that the negative results on the collagen matrix specimens were not the 

result of procedural errors.

3.4.3 PCNA staining

Positive staining was evident in the lymphoma tissue (positive control), indicating that the 

staining runs were carried out correctly. None of the ceU-populated coUagen matrix 

specimens ever showed PCNA labeUing, indicating that we were unable to demonstrate 

ceU division in or on the matrices over the 7 day period of the contraction assay.
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3.5 CELLULAR MORPHOLOGY IN COLLAGEN MATRICES

3.5.1 Controls

The collagen fibre arrangement in cell-free matrices was examined by SEM (Fig. 3.7A). 

It consisted of a randomly arranged network of interweaving fibres that measured 0.02-0.1 

Jim in diameter, with a maximum separation of about 1 jim. These morphometric data 

cannot be regarded as absolute measurements, because a variable degree of shrinkage 

occurred when specimens were critical point dried. Morphometric comparisons were only 

made when specimens had been critical point dried simultaneously.

3.5.2 BSF, BRPE and BRG (low cell density)

Macroscopically, the initially translucent matrix at day 0 became increasingly opaque with 

contraction. In addition, the periphery of a contracting matrix became thicker than the 

middle part of the matrix, resulting in the appearance of a dark rim around a pale centre 

(see Fig. 3.6B,D,F).

The collagen fibre arrangement as observed by SEM in the cell-free matrices was greatly 

changed in the process of matrix contraction. With BSF and BRPE in the initial stages of 

matrix contraction, fibres were aggregated to form bundles of up to 1 jim thick (Fig. 

3.7B,C). As a result, the spaces adjacent to the bundles were enlarged, frequently 

measuring over 5 pm. As contraction progressed, the bundles became thicker, but mostly 

the contraction was associated with a decrease in the interbundle space (Fig. 3.7D). Not 

surprisingly, since no contraction occurred, BRG did not noticeably alter matrix 

architecture during the assay (Fig. 3.7E).

Immediately after the collagen had set the cells were uniformly distributed throughout the 

matrix. All cells were trapped within the matrix and no cells were ever observed to have 

migrated out of the matrix onto the plastic of the dish. The morphology and distribution 

of cells in the matrix varied as a function of time. Initially, the cells were spherical in 

shape, resembling cells in suspension. During the next 24 hours, some of the cells 

developed ramifying processes and became elongated. The phenotypic changes were most 

prominent with BSF, slightly less with BRPE, and BRG showed the least amount of 

spreading (Fig. 3.8A,C,E resp.). After 7 days in the matrices, all cell types developed 

a significant increase in spread cells, but the relative differences remained (Fig. 3.8B,D,F 

resp.).
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Fig. 3.7 Scanning electron micrographs of the collagen fibre arrangement in collagen 

matrices in various states of contraction. (A) A randomly arranged network of thin 

collagen fibres was present in cell-free matrices. (B,C) Large bundles of collagen fibres 

were observed in matrices with 250,000 BSF (B) and 250,000 BRPE (C) at day 1. (D) 

Compaction of the collagen fibre bundles, leading to a decrease in interbundle space in 

a matrix with 250,000 BSF at day 7. (E) In matrices containing 250,000 BRG, little 

change in collagen network organisation was detected, even after 7 days (all x6000).
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Fig. 3.8 Light micrographs of squashed preparations of whole, hematoxylin stained cell- 

populated collagen matrices at day 1 (A,C,E) and day 7 (B,D,F) of the contraction assay. 

Matrices were uniformly populated with 250,000 BSF (A,B), BRPE (C,D) or BRG (E,F). 

The proportion of spread cells after 24 hours is highest in BSF-populated matrices and 

lowest in the matrices containing BRG. By 7 days most of the BSF and BRPE were 

spread and a substantial proportion had acquired an elongated, spindle-shaped 

morphology. BRG-populated matrices showed an increase in cell spreading after 7 days 

compared to day 1, but the extent of cellular spreading was less than in matrices 

containing the other two cell types (all xSO).
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The proportion of spread cells in the total number of cells was calculated from cell counts 

of spread versus round cells (Fig. 3.9). Approximately 45% and 90% of the BSF were 

spread after 1 day and 7 days respectively, compared to 25% and less than 60% of the 

BRG. The difference was significant (t test, P <  0.05). BRPE gave an intermediate figure 

(35% and 80%). Based on the limited data available, it seemed that for BSF and BRPE 

a direct relationship existed between matrix contraction and cell spreading (Kendall’s rank 

correlation, P <  0.05). This did not apply to the BRG, which showed no contraction 

after 7 days, although nearly 60% of the cells in the matrix exhibited some spreading. 

Note that BSF with only 40% cell spreading produced a small but significant contraction 

after 1 day (t test, P <  0.05).

When the spread cells were examined in more detail, the spread BSF and BRPE cells 

appeared far more elongated than the BRG at equivalent time periods and both BSF and 

BRPE produced an extensive network of cell process connections after 7 days (Fig. 

3.10A,B) BRG produced shorter and thinner, more delicate processes and never formed 

a network like BSF and BRPE (Fig. 3 .10C,D). It was noticed that the complex network 

of interlinking cells was only established at the very end of the contraction process. The 

cells remained scattered and isolated from each other, when most of the contraction was 

occurring.

Around the isolated, spread (but not the rounded) BSF and BRPE cells in the early stages 

of the contraction process, aggregates of collagen were just visible using DIG optics (Fig. 

3.11 A). By the 7th day, these bundles became thicker and easier to visualize (Fig. 3.1 IB). 

Collagen reorganization was never seen around BRG cells, even after 7 days (Fig. 

3.11C). The aggregation of collagen fibres into bundles around individual cells was 

emphasized in cross sections of matrices (Fig. 3.12A,B). Again, the BRG cells in the 

matrices produced no collagen aggregation (Fig. 3.12C).

The light microscopic examination of sections of matrices enabled us to study the 

surfaces, as well as the inside of the matrices. Some cells of all three types were present 

on both the top and the bottom surface of the matrix from the first day onward. SEM 

allowed us to study the surface events in more detail. After 1 day, cells on the matrix 

surface were small and sparse, and they extended thin processes in all directions. At this 

time point, there were no obvious differences between the three cell types in either 

number or appearance. Some cells covered with collagen could be seen extending out of 

the matrix and onto the surface (Fig. 3.13A).
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Fig. 3.9 Histogram showing the proportion of spread cells in collagen matrices 

containing 250,000 BSF, BRPE or BRG at day 1 and day 7 of the contraction assay. Cells 

were counted from xlOO light micrographs of squashed whole matrix preparations (n=3).
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Fig. 3.10 Light micrographs of squashed preparations of whole, hematoxylin stained 

collagen matrices containing 250,000 cells at day 7 of the contraction assay. (A) BRPE 

cells on the surface of the matrix form a network of interconnecting cellular processes. 

(B) At a higher magnification the highly elongated processes of these bipolar BRPE cells 

within the matrix can be more appreciated. (C,D) In contrast to BSF and BRPE, BRG 

spread less well in the matrix. The processes that form are much shorter and the cells 

have a more stellate morphology (A,C: xSO; B,D: x200).
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Fig. 3.11 Differential interference contrast (DIC) micrographs of squashed preparations 

of whole, hematoxylin stained matrices containing 250,000 cells. (A) An isolated 

fibroblast within the matrix at day 1. Radiating collagen bundles can be seen around the 

cellular processes (arrow heads). (B) By day 7, a network of BSF has formed and 

aggregated collagen is present inbetween the cells (arrow heads). (C) A BRG cell 

embedded in the collagen matrix at day 7 of the contraction assay. The collagen 

surrounding the spread cell looks smooth and undisturbed (A,C: x600; B: x200)
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Fig. 3.12 Light micrographs of hematoxylin stained cross-sections of paraffin wax 

embedded cell-populated collagen matrices. (A) Contracted matrix containing 250,000 

BSF at day 7. Cells can be seen within the matrix surrounded by a radiating pattern of 

collagen aggregation. A layer of cells has formed on both the upper and the lower surface 

of the matrix (arrows). Several holes within the matrix, and one hole on the surface can 

be seen (arrow heads) (B) Detail from A showing collagen bundling in between two cells 

(arrow heads). (C) Cross-section through a collagen matrix seeded with 250,(XX) BRG, 

which remained uncontracted by day 7. The loose network of collagen is difficult to 

visualise in sections of uncontracted matrices. Collagen aggregation around BRG cells was 

never observed. Note that the BRG are not elongated and remain evenly distributed within 

the matrix. Few cells were present on the surface by 7 days (A: 200; B: x400 C: xlOO).
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Fig. 3.13 Scanning electron micrographs of cells on the surface of contracting collagen 

matrices populated with 250,000 cells. (A) BRG at day 1. Cells of all 3 types extended 

small processes in all directions and some cells were covered in collagen fibres. (A inset) 

DIC micrograph of BRG cells within the matrix at day 1. (B) BRPE cells at day 3. 

Collagen fibre rearrangement in close association with the cells is evident. Bundles of 

collagen fibres radiating from the cell margins can be seen (arrows). (C) Close cell- 

coUagen association and collagen reorganisation around an isolated fibroblast at day 3. (D) 

The collagen network surrounding this BRG cell at day 3 appears unaltered (A:x600; A 

inset: x4(X); B: x500; C: x650; D: xl400).
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After 3 days, irrespective of cell type, the cell density on the surfaces appeareed increased 

compared to day 1. However, there appeared to be more BSF and BRPE cells on the 

matrix surface than there were BRG cells. BSF on the surface were more spread and 

spindle-shaped than BRG, while BRPE spreading was intermediate. This was in 

accordance with our earlier observation of the differences in spreading between the cell 

types inside the matrix. The most striking difference between BRG and the other two cell 

types, was the arrangement of the collagen fibres around the cells. BSF and BRPE 

strongly adhered to the collagen, causing massive distortion of the matrix surface (Fig. 

3.13B,C). Each individual cell was surrounded by radiating bundles of collagen. In 

contrast, BRG cells had no effect on their surrounding matrix. The collagen arrangement 

was as smooth and regular in close proximity to the BRG cells, as it was away from the 

cells (Fig. 3.13D).

After 7 days, when BSF cells had contracted the matrix to about 20% of its original size, 

a confluent multilayer of cells had formed on the surfaces, encapsulating the entire matrix 

(Fig. 3 .14A, also see Fig. 3 .12A). With BRPE, progress was slower, and although sheets 

had formed by the 7th day, an encapsulating layer had not developed (Fig. 3.14B). The 

phenotype of the BRPE cells on the matrix surface was epithelioid (Fig. 3.14C), in 

contrast to the spindle-shaped cells inside the matrix at the same time point (see Fig. 

3.1GB). The density of BRG cells on the surface also increased with time. Some cells 

were seen in clusters but a sheet did not develop. The majority of BRG cells were isolated 

from each other and while some cells were spindle-shaped (Fig. 3.14D), many cells 

remained spherical or stellate.

An interesting phenomenon was observed on the surface of a number of matrices seeded 

with low and high cell densities, irrespective of the type of cell used. Holes were present 

in the collagen network of the matrix surface often in close association with cells (Fig. 

3.15). Particularly in the early stages of contraction parts of a cell body could be seen 

inside a hole, while the rest of the cell body rested on the matrix surface (Fig. 3 .15A,B). 

At day 3, when more cells had reached the surface of the matrix, many empty holes were 

present on the matrix surface (Fig. 3.15C). The borders of the holes were formed by 

collagen fibres in a regular circular arrangement.

When cells were examined by SEM in matrices that were partly cut open before 

processing, spaces were found around these cells. The empty space between the cell and 

the surrounding collagen network seemed to form a tunnel through the matrix (Fig. 3 .15D 

and 3.16A,B). Comparable structures were observed in histological sections of collagen
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Fig. 3.14 Scanning electron micrographs of cells on the surface of collagen matrices 

(250,000 cells, 7 days). (A) BSF have formed a confluent layer of overlapping cells. (B) 

The number of BRPE on the surface has increased, but a confluent layer has not 

developed. (C) BRPE cells on the surface have changed back to an epithelioid phenotype. 

(D) Even after 7 days many of the BRG on the surface remain isolated and collagen 

reorganisation is non-existent (A: x500; B: x300; C: xlOOO; D: x900).
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Fig. 3.15 (A-D) Scanning electron micrographs of cell-populated collagen matrices showing 

holes in the collagen network. (A) Two BSF associated with holes on the matrix surface (day 

1). (B) A flattened BRG cell with part of a cellular process situated inside a hole (day 3). (Q  

Overview of the surface of a collagen matrix (BRG, 3 days) showing numerous holes (arrows). 

Note the organised circular structure surrounding the holes. (D) Matrices were teased open to 

reveal the inside. This cellular process was found inside a tunnel. (E,F) Cross sections through 

7-day BSF populated matrices. The arrow points to a hole formed by a tunnel occupied by a 

cell. (F) Immunofluorescence for fibronectin shows an empty tunnel, lined with fibronectin, 

reaching the surface. (A: xll50; B: x900; C: x200; D: xlTOO; E: xl50; F: x250)
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matrices. Bipolar cells perpendicular to the surface of the matrix appeared to be 

surrounded by an empty space extending from the inside of the matrix to the surface (Fig. 

3.15E,F and see Fig. 3.12A).

A small TEM study was performed to investigate the presence of specific ultrastructural 

features, like actin stress fibres, in cells within collagen matrices. Fully contracted 

matrices were studied because stress fibres were most likely to be present in the final 

stages of contraction. Since cells inside the matrices after 7 days were so sparsely 

distributed, only a limited number of cells was studied. Nuclei were mostly oval in shape 

and were not convoluted (Fig. 3.16C inset). Elongated processes extended from the cell 

body and actin and intermediate filaments were abundant, leaving little room for other 

organelles. Actin filament organisation into stress fibres was not seen (Fig. 3.16E). 

Contacts between cellular processes of adjacent cells were present occasionally with 

junctional modifications (Fig. 3 .16C). The collagen of the 3-dimensional matrix was seen 

in close association with some parts of the cell membrane (Fig. 3.16D), whereas 

frequently larger parts of the cells were enclosed by an electron-lucent space (Fig. 

3.16A). The ultrastructural appearance of cells on the surface of collagen matrices is 

described in section 3.5.4.

3.5.3 BSF, BRPE and BRG (high cell density)

The changes in cellular distribution and morphology during matrix contraction, as 

described for the low cell density system, also apply to high density matrices, although 

events occurred at a greater pace. Several additional observations are worth emphasizing. 

The percentage of spread BSF or BRPE cells after 1 day was approximately 80-90%, 

which was comparable to the proportion of spread cells after 7 days in the low cell 

density system. At this time point, the majority of BSF and BRPE cells remained isolated 

and no extensive networks had formed yet (Fig. 3.17A). Thus, when 50% of the 

contraction had occurred, cells were elongated and predominantly isolated. Despite great 

differences in the contraction rate between cell types after 1 day (see Fig. 3.4A), very few 

cells of any type were found on the surface of the matrices. In the course of time, the 

density of BSF and BRPE cells on the surface increased drastically from a preconfluent 

sheet at day 3 (Fig. 3.17B), to an encapsulating layer after 5 days. BRG failed to cover 

the whole matrix and although many flattened cells were present after 5 days, they were 

by no means confluent (Fig. 3.17D).
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Fig. 3.16 Transmission electron micrographs of BSF uniformly distributed within a 

collagen matrix for 7 days. (A) Part of a fibroblast inside a tunnel. The collagen fibrils 

are reorganized and orientated (arrows). (B) An empty hole inside the collagen matrix. 

(C) Cell to cell modifications, which may be simple adhering junctions (arrows) between 

two cellular processes. (C inset) Lower power of (C), showing the regular nucleus of one 

of the cells. (D) Cellular process in close contact with a collagen fibril. (E) Process 

packed with microfilaments measuring less than 10 nm, consistent with being actin 

microfilaments. (A: x2000; B: x5000; C: x23,000; C inset: x2000; D: x25,000; E: 

x65,000)
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Fig. 3.17 Scanning electron micrographs of contracting collagen matrices containing 

750,000 cells. (A) BRPE cell on the surface after 1 day. Collagen reorganisation around 

the individual cell is evident (arrows).(B) BRPE cells on the surface by 3 days. The cell 

density has increased and cellular processes are linking up. (C) An isolated glial cells at 

day 3. Collagen reorganization is minimal. (D) A preconfluent layer of BRG cells on the 

surface of a matrix by day 5. By this time BSF and BRPE have formed an encapsulating 

layer covering the entire matrix surface. (A: x8(X); B: x200; C-D: xKXX)).
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At each time period under investigation, BRG exhibited less cell spreading than BSF and 

BRPE and those which were spread had shorter cell processes. Whereas BSF and BRPE 

were associated with extensive collagen bundling and reorganization, some collagen fibres 

around BRG cells appeared reorientated but bundling was sparse. It was quite remarkable 

how little the matrix was altered in the immediate vicinity of BRG cells (Fig. 3.17C) 

compared to BSF and BRPE.

3.5.4 BSF, BRPE and BRG seeded on top of matrices

The most prominent difference between matrices with cells seeded on their surfaces and 

matrices uniformly seeded with cells, was the asymmetrical contraction of the initially 

round matrix (Fig. 3. ISA and see Fig. 3.6).

The formation of thick bundles of collagen fibres surrounded by large spaces in the 

collagen network in the early stages of contraction, as seen in matrices with cells seeded 

inside, was not observed in the matrices with cells on the surface (Fig. 3.18B). During 

the course of contraction the collagen fibre diameter did appear to become slightly larger 

while the whole network was compacted and spaces in between fibres became smaller. 

Between the three cell types, no difference in collagen arrangement was found at any time 

period. Histological sections through the matrices, revealed that the collagen alignment 

directly underneath the cells changed over the period of the assay. For example, a matrix 

contracted by BRPE to approximately 35% of its original area after 1 day, showed a 

collagen orientation parallel to the surface (Fig. 3.1 SC). After 3 days, this collagen 

alignment appeared to be rotated through 90®, to a fibre orientation at right angles to the 

surface (Fig. 3.1SD). In matrices uniformly populated with cells, a uniform collagen 

alignment or rotation of alignment was never observed.

The degree of settlement and spreading of cells on the surface of the matrix directly after 

seeding, was monitored by phase-contrast microscopy. The majority of the cells settled 

on the collagen surface within 30 minutes (Fig. 3.19B). Initially all the cells were 

uniformly distributed over the entire surface and were spherical in shape. After two 

hours, cells had developed small processes and were spreading (Fig. 3.19C). Several 

hours later, cells of all 3 types were seen to extend processes towards each other and 

small clusters of connected cells developed.

The macroscopic assymetry that was evident at day 1 was microscopically matched by an
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Fig. 3.18 (A,B) Scanning electron micrographs of 5 day old collagen matrices contracted 

by 250,000 BSF seeded onto the surface. (A) At a low magnification the entire matrix can 

be viewed. Note that the edges of the matrix are curled inwards, giving the matrix its 

irregular shape. (B) The collagen network of the greatly contracted matrix is compacted 

but collagen bundling was never observed. (C,D) Cross-sections through matrices with 

250,000 BRPE seeded on the surface. The matrices were stained with an 

immunofluorescence technique in which the amount of aspecific background staining was 

unacceptably high, but it nicely showed the orientation of the collagen fibres. After 1 day 

the collagen fibres were aligned parallel to the matrix surface (C), but by 3 days the 

orientation appeared to be at right angles to the surface (D) (A: xl5; B: x6000; C-D: 

x200).
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Fig. 3.19 Cellular distribution and morphology on collagen matrices seeded with 100,000 

BSF onto the surface. (A,H) Macro photographs of the matrices at day 0 and day 1, 

respectively. (B-G,I) Phase contrast micrographs of cells at different locations on the 

matrix surface and at various times during the assay. (B) After 30 min. most cells have 

settled on the matrix surface. (C) By 2 hrs. small cellular processes in all directions had 

developed. Cellular distribution was uniform. (D-I) Within 24 hrs. an area of confluence 

(E) was established and the areas furthest away from it were sparsely populated (I). The 

cells in the areas inbetween became increasingly aligned and their density gradually 

increased (F,G). Some traction lines can be seen in between aligned cells ((G), arrow). 

Cell orientation near the edges of the matrix followed the contours of the edge (D). (J,K) 

Cross sections through a 3-day matrix. The edge of the matrix is folded over and a cluster 

of cells can be seen in between the two layers. (A,H: xO.8; B-G,I: x75; J: x35; K: x75).
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asymmetry in cell distribution on the surface of the matrix (Fig. 3.19D-I). A confluent 

sheet of cells had developed around the curled up, invaginated part of the matrix. Cross 

sections through the folded area of matrix revealed clusters of cell in between the two 

layers (Fig. 19J,K). The area of confluence was larger with BSF, than with BRPE and 

BRG matrices; the latter cell type covering the smallest area. It was observed with all 

three cell types that the further away from the confluent area, the sparser the cell 

population became. Examining the surfaces from the periphery to the confluent area, apart 

from the gradual increase in cell density, the cells became increasingly aligned in a radial 

fashion towards the confluent sheet (Fig. 3 .19D-I). In addition to cellular distribution and 

alignment, cellular morphology was also distinctly different in the various regions on the 

matrix surface. At day 1, cells of all three types exhibited an elongated, spindle-shaped 

morphology when away from the confluent sheet (Fig. 3.20A), while at day 3 the cells 

that were not part of the confluent sheet became increasingly spread, with multiple 

processes making contact with neighbouring cells (Fig. 3.20B). In comparison to the cells 

that appeared on the surface of matrices with cells seeded inside, relatively little collagen 

rearrangement was present around any type of cell (Fig. 3.20A,B). Large bundles of 

collagen fibres radiating from individual cells were not seen, although some traction lines 

in the collagen matrix were visible in between orientated cells (see Fig. 3.190). Little 

difference in cellular shape existed between the three cell types in areas away from the 

confluent sheets, but variation in the confluent areas was evident. BRPE cells remained 

in a monolayer and formed a regular mosaic of epithelioid cells (Fig. 3.20C), whereas 

both BSF and BRG formed multilayers of overlapping cells (Fig. 3.20D).

After 5 days, irrespective of cell type, the total matrix surface was covered in a confluent 

sheet of cells. The edges of the matrix were completely folded into the centre of the 

matrix and cellular sheets, continuous with the sheets on the top surface, extended over 

the curled up edges, onto the lower surface of the matrix.

Cells of all 3 types which were seeded onto the surface of a matrix remained on the 

surface and appeared not to migrate into the depths of the matrix, as was concluded from 

focussing through whole stained and unstained matrices with light and phase contrast 

microscopes respectively. Examination of paraffin wax sections revealed the presence of 

a single cell away from the surface in only 2 matrices.

TEM of matrices with cells seeded on the surface revealed many interesting features. The 

euchromatic nuclei were regular and oval in shape (Fig. 3.21A); convoluted nuclei were 

not found. Stress-fibres were abundant in all three cell types (Fig. 3.21B). Myofibroblast 

anchoring substance (MAS) was observed near the basal side of the cells (Fig. 22A).
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Fig. 3.20 Scanning electron micrographs of collagen matrices which were seeded with 

250,000 cells on the surface. (A) BRG at day 1. Cells, of all 3 types, distal from the 

confluent area were elongated and bipolar. (B) By day 3, most of these peripheral cells 

were more spread and formed connections with neighbouring cells, as shown in this 

photograph of BRPE cells. (C) BRPE cells in the confluent parts of the matrix surface 

formed a monolayer of epithelioid cells, whereas BSF (D) and BRG multilayered, 

resulting in a irregular sheet of overlapping cells. (A,B: x300; C: xSOO; D: x550)
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Fig 3.21 Transmission electron micrographs of BRPE (A-C) and BSF (D) seeded onto 

collagen matrices for 5 days. (A) The cells have elongated nuclei and abundant organelles. 

(B) The cells are packed with microfilaments. Aggregates in the form of stress fibres 

(arrows) can be found in all three cell types in these circumstances. (C) Higher power of 

the stress fibre in (B). The microfilaments that make up the stress fibre can be seen. (D) 

The cytoplasm of these fibroblasts is rich in rough endoplasmic reticulum and 

mitochondria with dense matrices. (A: x9(300; B: xl4,(XX); C: x34,000; D: x l8,000)



100

Gap junctions, identified as regions where the membranes of 2 adjacent cells were 

separated by a 3 nm wide uniform gap, were often seen between BSF cells, but they were 

less frequently found between the other two cell types (Fig. 3.22E,F). The cell-collagen 

interface could be studied in detail and areas of close contact between cell membrane and 

collagen were frequently identified (Fig. 3.22B-D). Some collagen fibres came into 

extremely close proximity of the cell membrane (Fig. 3.22D).

3.5.5 BRPE versus HRPE

The morphology and distribution of HRPE cells in the collagen matrices appeared to be 

identical to that of the BRPE cells. HRPE became spindle-shaped with long cellular 

processes while in the matrix, and reverted to a more epithelioid morphology once they 

reached the surface. Collagen reorganisation around individual HRPE cells was a 

commom feature. Frozen sections of HRPE-populated matrices were prepared for 

immunohistochemical purposes. Unfortunately, the preservation of matrix morphology in 

all frozen sections was poor, but cells could still be identitied.

3.6 THE EFFECT OF FTBRONECnN DEPLEnON ON COLLAGEN 

MATRIX CONTRACTION

3.6.1 C dls seeded within matrices

The rate and extent of collagen matrix contraction by 250,(XX) BSF and BRPE cells was 

significantly reduced in fibronectin-free conditions (t test, P <  0.05 at day 1 and P < 

0.(X)1 at days 3 and 7)(Fig. 3.23A,B). Obviously, fibronectin-free serum had no effect 

on BRG seeded matrices, since BRG cells did not cause matrix contraction.

Morphological studies revealed that the cellular processes extending from cells which were 

kept in fibronectin-free conditions were fewer and shorter than those of cells which were 

kept in a fibronectin-rich environment. Even after 7 days, spherical cells were still found 

in fibronectin-free matrices, whereas all cells in normal serum conditions appeared to be 

stellate or spindle-shaped. SEM studies showed that, irrespective of the absence or 

presence of exogenous fibronectin, rearrangement of the collagen network was evident, 

resulting in bundle formation around and in between the cells.
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Fig. 3.22 Transmission electron micrographs of BRPE (A,B), BSF (C-E) and BRG (F) 

seeded onto collagen matrices for 5 days. (A) A layer of BRPE on a matrix (M). The basal 

cells are associated with a layer of extracellular matrix material (MAS) (arrows). 

Microfilaments and glycogen are evident in the cytoplasm. (B) Cytoplasmic associations with 

collagen are evident. These can be without cytoplasmic modification (big arrow), with 

cytoplasmic densification forming focal contact like associations (arrow head) or in association 

with pinocytic vesicles or pits (small arrow). (Q  Fibroblast process projections in association 

with the matrix collagen. (D) Higher power from (C) of one process in contact with a collagen 

fibril. (E) and (F) Gap Junction abound between the cells seeded on matrices (arrows). (A: 

x40,000; B: xl7,000; C: x7000; D: x72,000; E: x60,000; F: x60,000)
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Fig. 3.23 Graphs showing collagen matrix contraction by cells uniformly distributed 

within the matrix, in fibronectin-free conditions and in normal serum conditions (control). 

(A) 250,000 BSF (n=6-8) (B) 250,000 BRPE (n=7-10).



103

3.6.2 Cells seeded on the matrix surface

The onset and rate of contraction by BSF seeded onto the surface of the matrix were 

significantly reduced when fibronectin was absent from the culture medium (Fig. 3.24A). 

By day 1, the matrices in normal serum conditions were reduced to 29% of their original 

area, whereas the fibronectin-ffee matrices only reached 86% after 1 day. However, the 

final extent of contraction was similar in the presence or absence of exogenous 

fibronectin, since in both conditions matrices were reduced to approximately 10% of their 

original area by day 7. So, the absence of exogenous fibronectin slowed down the 

contraction process but did not affect the extent of contraction.

The cellular morphology on top of the matrices was studied by phase contrast microscopy 

at day 1, which is the time point when the differences in contraction between the 

fibronectin-free and fibronectin-rich matrices were the most prominent. Cells seeded in 

NCS were more elongated and spread than cells seeded in fibronectin-free serum. 

Traction lines in the collagen network in association with cells could be seen on the 

surfaces of control matrices, but they were less obvious in the fibronectin-free matrices 

(Fig. 3.24B,C)

3.7 THE EFFECT OF ATP ON COLLAGEN MATRIX CONTRACTION

Exposing cells, either seeded on or within collagen matrices, to ATP had no effect on the 

contraction rate during the time of the assay. After a 90 minute exposure to ATP the 

matrix had not changed in size or shape (Fig. 3.25A,B).

The morphology of cells seeded on the matrix surface was easier to monitor than the 

morphology of cells within the matrices, because all the cells were in the same plane of 

focus on the surface. Prior to the exposure to ATP, the cells formed a preconfiuent layer 

on most of the surface (Fig. 3.25C), with a more confluent area around the invaginations 

and with isolated cells in areas fiirthests away from the invaginations (see Fig. 3.19). 

Thirty minutes exposure to ATP resulted in the rounding up of most of the cells, which 

became more pronounced after 90 minutes (Fig. 3.25E). The cells changed shape but this 

did not produce matrix contraction. A gradual return to the pre-exposure morphology was 

observed when the ATP was replaced with normal culture medium (Fig. 3.25F),
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Fig. 3.24 (A) Graph showing collagen matrix contraction by 100,000 BSF seeded on the 

matrix surface in fibronectin-free serum and in normal serum. The rate of contraction was 

significantly reduced in the fibronectin-free conditions (t test, P <  0.001 at day 1, 2 and 

3), but the absence of exogenous fibronectin had no effect on the final extent of 

contraction (P > 0.05)(n=3). (B,C) Phase contrast micrographs of the matrices described 

in (A) at day 1, when the differences in contraction rate were greatest. (B) BSF in normal 

serum conditions are spread and form intercellular contacts. Traction lines in the collagen 

are visible. (Q  BSF in fibronectin-free serum look more spherical in shape, (x 100)
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Fig. 3.25 (A,B) Macro photographs and (C-F) phase contrast micrographs of collagen 

matrices seeded with BSF on the surface, which were exposed to ATP after 1 day. (A,C) 

Before exposure to ATP. (B) After a 90 min. exposure to ATP, the size of the matrix has 

remained unchanged. (D) Many cellular processes were retracted after a 30 min. exposure 

to ATP. (E) By 90 min. many cells had become spherical in shape and their surface area 

was decreased. (F) After a 2 hr. period of recovery in normal culture conditions, cells 

were beginning to spread again, indicating that they had survived the exposure to ATP. 

(A,B: xO.6; C-F: xlOO)
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demonstrating that the cells were still viable. Other ATP concentrations were not 

considered since the desired effect, i.e. the rounding-up or contraction of individual cells, 

had been achieved.

3.8 THE EFFECT OF NaB ON COLLAGEN MATRIX CONTRACTION

3.8.1 NaB in the overlay medium

The presence of 2 and 4 mM NaB in the overlying medium for the duration of the assay, 

resulted in a reduction of the normal contraction activity (Anova, P <  0.001). BSF 

without NaB contracted a matrix to 50% of its original area at 1 day, whereas with 2 mM 

and 4 mM NaB this level of contraction was only reached after more than 2 and 4 days 

respectively (Fig. 3.26). Both the rate of contraction and the final extent of the contraction 

were reduced in the presence of NaB.

3.8.2 Pretieatment with NaB in cell monolayers

It was thought that, in addition to the presence of NaB in the overlying medium, 

pretreatment of cells prior to matrix experiments would enhance the inhibitory effect. 

BSF monolayers that had been exposed to 2 mM NaB for 3 days were less confluent than 

the controls, suggesting that growth inhibition had occurred (Fig. 3.27). The NaB-treated 

cells were larger and more spread than the untreated spindle-shaped fibroblasts. The 

cytoplasm was often vacuolated. There was no difference in the viability between the 

controls and the NaB treated cells, since the percentage of trypan blue positive cells was 

below 3% in both.

NaB significantly reduced contraction in individual runs (Fig. 3.28A). For example, by 

day 7 the control matrices measured only 10.3% (±0.3%) of their original areas, while 

the NaB-treated matrices were contracted to only 24.3% (±1.9%). Unfortunately, when 

all data of the individual runs was analysed together, the standard deviations became 

relatively large because of variations in overall results between contraction runs carried 

out on separate occasions (compare the BSF results of experiments 1 and 2 in Fig. 

3.28A). As a result, the effect of NaB appeared not to be significant (Fig. 3.28B) when 

in fact it was significant. Compared to exposure to NaB during the course of the assay 

alone, pretreatment of cells did not appear to greatly enhance the effect of NaB.
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Fig. 3.26 Graph showing collagen matrix contraction in matrices populated with 250,000 

BSF. The medium overlying the matrices was supplemented with 2mM or 4mM NaB. 

Normal growth medium was used as a control (n=3-8).
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Fig. 3.27 Phase contrast micrographs of BSF in culture. (A) BSF culture before the 

addition of 2 mM NaB to its culture medium. (B) The same BSF culture following a 3 

day exposure to 2mM NaB. The cells have become much larger and the cytoplasm looks 

vacuolated. (C) A similar culture after 3 days, which was not exposed to NaB (control). 

(A-C: x200).
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EXPERIMENT 1 EXPERIMENT 2

BSF BSF +2mM BSF BSF +2mM

day 1 42.0 ±1.7 49.6 ±1.6* 23.6 ±1.4 32.0 ±1.0*

day 3 25.9 ±1.1 35.7 ±1.6* 9.2 ±0.5 13.6 ±0.8*

day 7 10.3 ±0.3 24.3 ±1.9* 3.1 ±0.6 4.7 ±0.2®

n =  4-5 
P <  0.001 (t test) 

* P <  0.01 (t test)

B
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BSF +2 mM
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Fig. 3.28 Collagen matrix contraction in matrices uniformly populated with 250,000 BSF 

following a 3 day pretreatment of the cells with 2 mM NaB in addition to the 2mM NaB 

present in the overlying medium. Matrices containing BSF which were grown in normal 

conditions were used as controls (n=9-18). (A) Table showing the results of two 

individual runs. Within individual runs the differences between pretreated and control 

matrices were highly significant. (B) Graph showing the data of all runs added together 

(n =  10-12). The differences in contraction between the control matrices of separate runs 

resulted in high standard deviations and the effect of NaB treatment became obscured (t 

test, P >  0.05).
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The effect of NaB-pretreatment (in addition to the NaB present in the overlying medium) 

was also assessed in matrices with BSF seeded on the surface. A seeding density of 

1(X),(XX) BSF per matrix was chosen because with 250,(XX) cells contraction occurred so 

rapidly that within 1  day all matrices were reduced to less than 1 0 % of their original size. 

Unfortunately, even with a 2.5 fold reduction in cell numbers, the matrix area was still 

reduced to 8 % (± 0.3%) of its original area within 24 hours. BSF, pretreated with 2 mM 

NaB for 3 days, contracted the matrices to 12% (± 0.4%) by day 1, but to identify early 

changes in contraction rate between the pretreated and the control cells, contraction was 

measured every hour, for 6  hours. A small, but significant inhibition occurred with the 

pretreated cells (t test, P <  0.05 )(Fig. 3.29A). Cellular morphology, which was 

recorded at the same intervals by phase contrast microscopy, appeared to be identical in 

the treated and untreated cells. Both showed a change from a spherical appearance after 

1 hour, to a more elongated shape after 3 and 6  hours (Fig. 3.30). Cell processes were 

seen to make contact and so establish a network of interconnected cells.

For the same reason (to identify early changes), the cell concentration was even further 

reduced in the following set of matrix experiments, resulting in a lower rate of 

contraction. Pretreatment with 2 mM NaB had virtually no effect on matrix contraction 

by 10,000 BSF (t test, P >  0.05 at day 1 and 3, P <  0.05 at day 7) (Fig. 3.29B), but 

pretreatment with 4 mM resulted in significant inhibition after 3 and 7 days (t test, P < 

0.001)(Fig. 3.29C). The latter was associated with a massive reduction in the number of 

cells on the surface. Whereas the untreated cells formed a confluent sheet of cells by 7 

days, the treated cells formed small clusters of spread cells which did not become 

confluent. Many isolated single cells were seen around the clusters.

3.8.3 Pretreatment with NaB in the matrices

Since cell-mediated matrix contraction did not occur in the absence of serum (see Fig. 

3.2A), the onset of contraction could be postponed by omitting serum from the matrices 

and the overlying medium. So, the cells were exposed to NaB, while already embedded 

in the collagen matrix and before the onset of contraction. This procedure was carried out 

to minimize the number of variables, and thus to increase the consistency of the outcome. 

In these circumstances, the effect of 3 days pretreatment with NaB on matrix contraction 

by BSF was more pronounced (Fig. 3.31 A). In the control matrices, a 50% contraction 

level was reached after approximately 2.4 days, while the pretreated matrices needed 

approximately 5.3 days to contract the matrices to the same size. So the time required to
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Fig. 3.29 Graphs showing collagen matrix contraction in matrices seeded with NaB- 

pretreated BSF on the surface. (A) 100,000 BSF, either pretreated with 2mM NaB for 3 

days or control cells were seeded onto the surface and contraction was assessed every 

hour, for 6  hours (n=3). (B) 10.000 BSF, pretreated with 2mM NaB for 3 days or 

control cells were seeded on the matrix surface and contraction was measured after 1, 3 

and 7 days (n=4-5). (C) like (B), but 4 mM NaB was used to pretreat the cells (n=8-12).
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Fig. 3.30 Phase contrast micrographs of the collagen matrices, whose contraction results 

are shown in Fig. 3.29A. (A,C,E) Untreated BSF on the matrix surface (controls). 

(B,D,F) BSF which were pretreated with 2mM NaB for 3 days prior to the contraction 

assay. (A,B) At 1 hour, (C,D) 3 hours and (E,F) 6  hours. All cells on the matrix surface 

spread and elongated during the assay and differences in morphology or distribution 

between controls and pretreated cells were not detected, (all xl25)
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Fig. 3.31 Graphs showing collagen matrix contraction by cells that were pretreated with 

2 mM NaB for 3 days while embedded in the matrix and prior to the onset of contraction. 

(A) 250,000 BSF (n=6-10). (B) 250,000 BRPE (n=6-10).
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contract the matrices to 50% was more than doubled by the presence of 2 mM NaB. The 

inhibitory effect of NaB was highly significant (t test, P <  0.001) at day 3 and 7, as were 

the individual runs at day 1. Like the results in Fig. 3.28, grouping together the day 1 

results of the various runs increased the standard deviation and obscured the significant 

effect.

In the matrices populated with BRPE the effect of NaB was not significant when all data 

was grouped (t test, P >  0.05) (Fig. 3.31B), but individual runs showed a small, but 

significant inhibition (t test, P <0.01).

Cellular morphology and distribution in treated and untreated matrices were compared. 

Several observations in both BSF and BRPB-populated matrices were noticeably changed 

after pretreatment with NaB (Fig. 3.32). The cell density on the surface after 7 days was 

visibly less than that in matrices with untreated cells (Fig. 3.32A-D). Many treated cells 

were still spherical or stellate in shape after 7 days, compared to the elongated cells in the 

untreated matrices. The processes that had formed in the treated cells appeared shorter 

(Fig. 3.32G,H), and as a result the network of interconnected cells that had formed by 

day 7 was less elaborate (Fig. 3.32).

3.9 THE EFFECT OF Bl-INTEGRIN BLOCKING ON COLLAGEN MATRIX 

CONTRACTION

It was necessary to introduce HTF for the Bi-integrin-blocking experiments because the 

monoclonal antibodies were directed against human antigen. In the first set of experiments 

(250.000 HTF or BSF per matrix), contraction with HTF was considerably faster than 

with BSF. Pretreatment with anti-Bj-integrin antibody had no great effect on the 

contraction rate with either cell type (Anova, P >  0.05), although occasionally small, but 

significant differences were shown (Fig. 3.33A,B). Because the HTF matrices contracted 

so rapidly, the cell concentration was reduced to 1(X).000 cells/1 ml of matrix in order 

to slow down the process. Again, preincubation with anti-Bi-integrin antibody was found 

to have no major effect on the contraction rate (Fig. 3.33C).

The settlement and early spreading of treated and control cells within the matrix was 

studied by phase contrast microscopy. By 3 hours the majority of the cells had developed 

small processes in all directions and no differences in morphology between antibody- 

treated and control cells could be distinguished (Fig. 3.34A,B). Likewise, hematoxylin-
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Fig. 3.32 Light micrographs of preparations of whole, hematoxylin stained squashed 7- 

day matrices, of which the contraction results are shown in Fig. 3.31. (A,C,E,G) 

Controls. (B,D,F,H) Matrices containing cells which were pretreated with 2 mM NaB for 

3 days, while embedded in the matrix prior to the onset of contraction. (A,B,E,F) BSF. 

(C,D,G,H) BRPE. (A-D) Cells on the surface of the matrix. (E-H) Cells within the 

matrix. The cell density on the surface in the control matrices (both BSF and BRPE) is 

much higher than in the pretreated matrices. BSF have formed clusters of cells on the 

surface. In the pretreated matrix cells are not as elongated and the cells appear more 

stellate than bipolar (A-F: x60; G,H: xl50).
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Fig. 3.33 Histograms showing collagen matrix contraction using cells which were 

incubated with an anti-Bj integrin monoclonal antibody prior to and during the contraction 

assay. Each bar represents either a control group (no antibody), or experimental groups 

with antibody dilutions of 1:10, 1:100 or 10:1000. (A) 250.000 human Tenon’s 

fibroblastst (HTF). (B) 250,000 BSF. (Q  100,000 HTF (n=3). The * indicates groups 

of data which are significantly different from each other within the same time period 

(Anova and Range test, P <  0.05)
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Fig. 3.34 Morphology of HTF in a collagen matrix, of which the contraction results are 

shown in Fig. 3.33C. (A,B) Cellular morphology was studied by phase contrast 

microscopy after 3 hours to be able to identify differences in cell settlement and spreading 

between control cells (A) and cells that were incubated with a 1:10 dilution of anti-Bj 

integrin monoclonal antibody (B). The formation of small processes in all directions 

appears to be identical in the 2 groups. (C,D) Light micrographs of whole, hematoxylin 

stained squashed 7-day old matrices. (C) Control and, (D) treated (1:10 dilution) matrices 

contained both elongated, spindle-shaped and stellate cells. (A,B: xl50; C,D: xl25)
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stained, whole matrix preparations revealed no differences in cellular distribution or 

morphology during the later stages of contraction. By day 7, all cells appeared equally 

spread and elongated (Fig. 3.34C,D) and traction lines in the collagen were seen in 

association with both treated and untreated cells.

3.10 IMMUNOHISTOCHEMISTRY

3.10.1 Fibronectin

In paraffin wax sections of cell-populated matrices, fibronectin was detected initially using 

the peroxidase technique. Fibronectin immunoreactivity was observed in all cells, with a 

pattern of either diffuse staining in large parts of the cytoplasm and around the cell 

membrane (Fig. 3.35A) or a pattern of strong localised labelling (Fig. 3.35B). In several 

specimens there was also a hint of extracellular immunoreactivity around the cells, but this 

was difficult to distinguish from the unstained areas. To enhance the visualisation of the 

bound antibody, immunofluorescence techniques were employed in subsequent 

immunolabelling experiments. This indeed improved our ability to see the pattern of 

antibody deposition, and now both cellular and extracellular fibronectin were detected 

easily (Fig. 3.35C,D). In the negative controls (i.e. specimens that were not exposed to 

the primary antibody), cellular areas were identified using DIG optics, but no 

immunostaining was detected (Fig. 3.35E,F).

Control matrices (see 2.3.2) were also included for the detection of fibronectin. Cell-free 

matrices, with or without serum, never stained for fibronectin (Fig. 3.36A-D). Likewise, 

cell-populated matrices that were kept in totally serum-free conditions for 3 days, were 

never positive (Fig. 3.36E,F). Thus, fibronectin could not be detected in the matrices in 

the absence of cells and/or serum.

Was the fibronectin that was shown to be present in cell-populated matrices, serum- 

derived or might it be produced by the cells? To answer this question, BSF-containing 

matrices that were prepared and fed with fibronectin-free medium, and thus had not been 

in contact with exogenous fibronectin, were used for the immunohistochemical detection 

of fibronectin. Fibronectin was found to be present in these matrices after 3 days, at both 

intracellular and extracellular sites. The staining pattern was similar to the cell-populated
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Fig. 3.35 Immunohistochemical detection of fibronectin antibody (MCA 610 Serotec) in 

paraffin wax sections of collagen matrices, populated with 250,(XX) cells and left to 

contract for 7 days. (A,B) Sections of matrices containing BSF were stained with an 

immunoperoxidase technique. (A) Intracellular fibronectin immunoreactivity in cells in the 

matrix and on the surface. (B) Extracellular staining is present, but difficult to see. (C,D) 

Immunofluorescence staining of matrices containing BSF (C) or BRG (D). The pattern of 

extracellular fibronectin is better visualized using immunofluorescence. (E) DIG 

micrograph of the same area as (F) showing that neither cellular or extracellular 

immunoreactivity was detected in the negative controls. (A: x400; B: x550; C-F: x200)
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Fig. 3.36 (A,C,E) DIC light micrographs of the corresponding areas in (B,D,F), which 

show immunofluorescence staining for fibronectin (MCA 610) in paraffin wax sections 

of 3-day collagen matrices. (A,B) Cell-free and serum-free matrix. (C,D) Cell-free 

matrix, serum was present. (E,F) Cell-populated matrix in serum-free conditions. 

Fibronectin immunoreactivity could not be detected in cell-free and/or serum-ffee matrices 

(xl90).
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matrices which had been kept in normal serum conditions, which were run at the same 

time (Fig. 3.37). So, cell-populated matrices did not stain for fibronectin in the complete 

absence of serum, but they did show fibronectin immunoreactivity when only the 

fibronectin was depleted from the serum.

The monoclonal antibody used in the previous experiments, could not distinguish between 

serum fibronectin and fibronectin synthesized by the cells. To overcome this problem, a 

monoclonal antibody which recognises the 240kD component of human cellular 

fibronectin was used for the immunostaining of matrices with human RPE cells. Cellular 

fibronectin was found to be present in matrices seeded with human RPE cells. The 

intensity and distribution of the cellular fibronectin staining seemed to increase 

considerably with time in culture, from very faint and sparse immunoreactivity in 2  hour 

old matrices to massive overall staining in 7 day old matrices (Fig. 3.38). 

Immunoreactivity for cellular fibronectin appeared not to be exclusively colocalised with 

cells, but since the morphology was insufficiently preserved in the frozen sections, this 

was difficult to determine. Unfortunately, the anti-cellular fibronectin antibody did not 

work on paraffin wax sections, so this option was not open to us.

Cellular fibronectin immunostaining was observed in monolayer cultures of BSF, BRPE 

and BRG. All three cell types displayed a fibrillar extracellular staining pattern after 3 

days in culture (Fig. 3.39).

To establish if the presence of fibronectin was associated with a certain degree of cell- 

mediated contraction, immunohistochemical detection of fibronectin was compared in 

matrices containing BSF, BRPE and BRG. Despite the great difference in the contraction 

rate between the three cell types, the pattern and distribution of fibronectin staining was 

identical (Fig. 3.40). All cells were positive for fibronectin, both inside the matrix and 

on the surface. Around many cells a radiating pattern of staining could be seen and 

positive staining was also found in between groups of cells. The patterns corresponded 

to the collagen aggregations identified by DIC optics (Fig. 3.40). Cellular spreading did 

not seem to influence the presence of fibronectin, since round cells were as 

immunoreactive as elongated cells. Holes in the collagen matrix, presumably once 

occupied by cells, were surrounded by immunoreactivity identical to the immunoreactivity 

associated with cell bodies (Fig. 3.40B,D).

The effect of NaB on the presence of fibronectin and its distribution in cell-populated
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Fig. 3.37 Immunofluorescence with an anti-fibronectin antibody (MCA 610) in paraffin 

wax sections of collagen matrices populated with 250,000 BSF which were left to contract 

for 3 days in (A) normal serum conditions or (B) fibronectin-ffee conditions. The pattern 

of staining appears identical. (x250)
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Fig. 3.38 Immunofluorescence labelling with an anti-cellular fibronectin antibody (F6140 

Sigma), on frozen sections of collagen matrices populated with HRPE cells at various 

times during the contraction assay. (A) Two hours, (B) 1 day, (C) 3 days and (D) 7 days 

following matrix preparation. Immunoreactivity increased substantially over the 7 day 

period, as the matrix was contracted to approximately 1 0 % of its original area. (x2 0 0 )
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Fig. 3.39 Immunofluorescence in cell cultures grown on a glass substrate for 3 days and 

labelled with an anti-cellular fibronectin antibody (F6140 Sigma). (A) A BSF culture 

which was not exposed to the primary antibody (negative control). Cellular fibronectin 

immunoreactivity was detected in BSF cultures (B), BRPE cultures (C) and BRG cultures 

(D). Cellular fibronectin antibody is deposited in a fibrillar pattern in the extracellular 

space of all 3 cell types. (x500)
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Fig. 3.40 Immunofluorescent labelling with an anti-fibronectin antibody (MCA 610) in 

7-day matrices populated with 250,000 BSP (A,B), BRPE (C,D), or BRG (E,F). (A,C,E) 

DIG micrographs of the same areas shown on the immunofluorescence images. Cells of 

all three types were immunoreactive for fibronectin, irrespective of cellular morphology. 

In all matrices, a reticular pattern of extracellular staining was detected, particularly in 

the close proximity of cells (arrow heads). This extracellular pattern appeared to follow 

the collagen fibres. Note the empty spaces ("holes"), lined with fibronectin (B,D, arrows) 

(x2 0 0 ).
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matrices was assessed. No differences in extent, pattern or distribution of immunoreactive 

fibronectin were found between controls and NaB-treated matrices.

3.10.2 Thiombospondin

The presence and distribution of thrombospondin was first assessed in monolayer cultures 

of the three cell types with a monoclonal antibody for human thrombospondin. In all three 

cell types intracellular immunoreactivity for thrombospondin was observed (Fig. 3.41A- 

D), indicating that the antibody was cross-species reactive. The antibody was distributed 

in a perinuclear granular pattern. Very little extracellular labelling was detected in any of 

the cultures but because the maximum culture period was only 3 days in these 

experiments, this result was hardly surprising. After the three cell types had been 

embedded in collagen matrices for 7 days and contraction had occurred to varying 

degrees, a difference in thrombospondin staining was recognised. The matrices with BSP 

showed intense and widespread staining throughout the entire matrix (Fig. 3 .4IG). In the 

BRPE-populated matrices thrombospondin was present in most parts of the matrix, but 

preferential staining was observed near the surfaces and around cells (Fig. 3.41H). 

Immunoreactivity in BRG-populated matrices was very weak, with some staining around 

the cells and near the surfaces of the matrix (Fig. 3.411). Thus the extent and intensity 

of thrombospondin staining was increased in matrices which were in a more contracted 

state. In 7-day old cell-free matrices some diffuse immunoreactivity for thrombospondin 

was observed, but the intense localised staining which was present in the cell-populated 

matrices was not seen (Fig. 3.41F).

An increase in thrombospondin immunoreactivity was also seen in matrices with HRPE 

which were fixed and stained for thrombospondin after 2 hours, 1 day, 3 days and 7 days. 

The extent of immunolabelling increased dramatically from sparse staining around some 

cells after 2  hours when the matrix was uncontracted, to overall homogenous matrix 

staining after 7 days when the matrix was contracted to less than 10% of its original size 

(Fig. 3.42).

3.10.3 Vitronectin

Since the antibody against human vitronectin (Sigma V-7881) did not label bovine cells 

(see below), an anti-bovine vitronectin antibody (Chemicon AB 1902) was used to detect 

vitronectin in our bovine cell cultures. Immunoreactivity for vitronectin was detected in
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Fig. 3.41 Immunofluorescent staining with an anti-thrombospondin antibody (T2905 

Sigma) of cell cultures (A-D), and frozen sections of 7-day cell-populated collagen 

matrices (E-I). (A) Negative control, BSP culture. A granular, perinuclear distribution of 

thrombospondin antibody was observed in cultures of BSP (B), BRPE (C) and BRG (D). 

(E) Negative control, matrix with BSP. (F) Cell-free matrix (7 days). (G) Matrix 

contracted by 250,000 BSP after 7 days. (H) Matrix contracted by 250,000 BRPE after 

7 days. (I) Matrix not-contracted by 250,000 BRG by 7 days, (all x350)
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Fig. 3.42 Immunofluorescence with anti-thrombospondin antibody (T2905) on frozen 

sections of collagen matrices populated with 250,000 HRPE at various times during the 

contraction assay. (A) The distribution of thrombospondin immunoreactivity was sparse 

after 2 hours. (B) By day 1 positive staining was seen in and around cells. (Q  By day 3 

more extracellular labelling was detected and finally after 7 days (D) the entire matrix 

appeared to be immunoreactive (x2 0 0 ).
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preconfluent 3-day old monolayer cultures of all three cell types, although the labelling 

in the BRG cultures was less abundant than in the other two cell types. The pattern of 

staining was identical in the three cultures. The antibody appeared to be deposited 

extracellularly in patches on the cell membrane and little immunoreactivity was found 

away from the cells. Possibly, longer culture times would increase the extent of 

extracellular staining, but we were mainly interested to see if all three cell types stained 

positively.

Bovine vitronectin was immunodetected in 7-day old collagen matrices containing all three 

cell types (Fig. 3.43). The extent and distribution of staining seemed somewhat different 

from that seen with fibronectin and thrombospondin. All cells were positive but 

extracellular staining appeared less extensive. Furthermore, a reticular pattern of 

extracellular vitronectin around the cells and in the traction lines between the cells was 

detected only in BSF and BRPE matrices and not in the BRG matrices (Fig. 3.43A-F). 

"Free" vitronectin, away from the cells, was found on the surface of all the matrices in 

a granular staining pattern (Fig. 3.43G), while "free" vitronectin within the matrices wâs 

less prominent. In cell-free matrices the amount of immunolabelling for bovine vitronectin 

was minimal. Some granular staining was observed within the matrix and on the surface, 

but a reticular pattern was never observed.

Matrices populated with HRPE and with BRPE were labelled with an anti-human 

vitronectin monoclonal antibody. Positive staining was observed in the matrices with 

human RPE cells but never in matrices with bovine RPE cells. The total extent of 

immunodetection remained well below the level of fibronectin or thrombospondin staining 

in similar sections (see Fig. 3.38 and 3.42). Vitronectin deposition in HRPE-populated 

matrices did increase in the 7 days of the contraction assay. After 2 hours in the matrix 

most HRPE cells did not label with the vitronectin antibody and extracellular staining was 

minimal (Fig. 3.44). Both cellular and extracellular staining was increased by 3 days and 

even more pronounced by 7 days.

3.10.4 Ihtegrins

Several attempts were made to label monolayer cultures of BSF, BRPE and BRG with the 

anti-human integrin monoclonal antibody, but immunoreactivity was never observed. 

Unfortunately, antibodies that recognize bovine integrins were not available.
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Fig. 3.43 (A) D ie  micrograph and (B-H) immunofluorescent labelling of bovine

vitronectin in paraffin wax sections of 7-day collagen matrices containing 250,000 BSF 

(A,B)i BRPE (C,D) and BRG (E-G). (F,G) Immunoreactivity on the surface of the 

matrix, not-associated with cells. (H) Negative control, BRG matrix. (x250)
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Fig. 3.44 Immunofluorescent staining in frozen sections of collagen matrices containing 

250,00 HRPE with an anti-human vitronectin antibody (V7881 Sigma) at various times 

during the contraction assay. (A) Negative control, 7-day matrix. (B) An immunoreactive 

HRPE cell in a 2 hour matrix. (C) By 3 days some extracellular staining was observed. 

(D) By 7 days the distribution of extracellular staining was more widespread. (x250)
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In frozen sections of human RPE monolayer cultures, Bj integrin (MCA 782 Serotec and 

Mab 1977 Chemicon) immunoreactivity was detected in the majority of the cells, while 

staining for B3  integrin (Mab 1974 Chemicon) was negative (Fig. 3.45A,B). A distinctive 

pattern of antibody deposition was not identified in frozen sections.

An identical result was found in collagen matrices seeded with HRPE cells. 

Immunostaining for B, integrin (Mca 782 and Mab 1977) was positive, while B3  integrin 

could not be detected (Fig. 3.45D-G). Reactivity to B̂  integrin was present in the cell- 

populated matrices after only 2  hours, at which time the margins of the still spherical 

HRPE cells appeared brightly positive (Fig. 3.45D,E). The negative controls showed 

some background reactivity (Fig. 3.45C), but bright staining was never observed. The 

level of immunoreactivity along the cell membranes was increased in the more spindle- 

shaped cells after 3 and 7 days in the matrices (Fig. 3.45F) and no extracellular label was 

detected.

Neither antibody (anti-B^ or B3  integrin) was immunoreactive in matrices which contained 

bovine RPE cells instead of human RPE cells.

3.10.5 Actin

Actin fibres were immunolabelled with an anti-actin monoclonal antibody (C4 ICN) in 

monolayer cultures of BSF, BRPE and BRG cells (Fig. 3.46). A time period of 3 days 

was chosen to allow for complete settlement and spreading, while avoiding confluence 

which would hinder the presentation of individual cells. Abundant actin stress cables 

radiated throughout the cytoplasm of all three cell types. The actin bundles were 

particularly prominent in the BRG.

All three cell types also showed actin immunoreactivity when embedded into collagen 

matrices. The cells were brightly fluorescent but no distinctive pattern of staining to show 

the presence of stress cables, could be distinguished in these sections. Matrices seeded 

with cells on the surface were also positive for actin, but once again a distinctive pattern 

could not be identified and no difference was found between BSF, BRPE and BRG cells.
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Fig. 3.45 Immunofluorescent labelling with anti-integrin antibodies on frozen section of 

(A,B) HRPE monolayer cultures and (C-G) collagen matrices populated with 250,000 

HRPE at various times during the contraction assay. (A,D-F) Anti-Bj-integrin antibody 

(MAB1977 Chemicon). (B,G) Anti-Bg-integrin antibody (MAB1974 Chemicon). (Q  

Negative control. (D) Two spherical cells 2 hours after seeding, showing brightly positive 

margins, which can be appreciated better in colour (E). (F) By day 7, B^-integrin 

reactivity is widespread, while staining for B^-integrin (G) remains negative. (A-C,F,G,: 

x250; D: x500; E: x450)
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Fig. 3.46 Immunofluorescent labelling with an anti-actin antibody (C4 ICN) in cultures 

of BSF (B), BRPE (C) and BRG (D). (A) Negative control, BRG culture. (B-D) Large 

bundles of actin fibres (stress fibres) are visible throughout the cytoplasm of all cells. 

(x350)
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CHAPTER 4 DISCUSSION

4.1 COLLAGEN MATRIX CONTRACTION BY BSF, BRPE AND BRG

When the work presented in this thesis was started, it was unclear from the available 

literature which of the cell types involved in PVR contributed to the contractile phase of 

the disease process. One of our main objectives was to determine the in vitro contractile 

abilities of BSF, BRPE and BRG in relation to each other. We have shown that BSF were 

the most effective cell type at cell-mediated collagen matrix contraction, followed by RPE, 

while BRG were the least effective. The same order of contractile capacity was found in 

an in vitro contraction study in which various cell types were seeded onto explants of 

bovine vitreous (Forrester et al., 1986). Although the techniques used in the vitreous 

explant study were very different from our contraction study, making direct comparisons 

difficult, the final outcome was similar. Forrester’s study could only be semi-quantitative 

due to a number of variables: The cell types seeded onto the vitreous proliferated at 

different rates and the invasiveness of the cells was variable. Like collagen matrix 

contraction, contraction of the vitreous gel varied with the number of seeded cells, which 

implied that cellular proliferation could potentially influence the rate of contraction. In our 

cell-populated collagen matrix experiments, proliferation did not occur as determined with 

the bromodeoxyuridine and PCNA staining techniques and this was in accordance with 

the many reports in the literature (Sarber et al., 1981; van Bockxmeer and Martin, 1982; 

Nakagawa et al., 1989a). Therefore, the different contraction rates of BSF, BRPE and 

BRG were not likely the result of differences in proliferation rate between the three cell 

types.

Recently, a study similar to ours was published in which the contraction capacity of 

porcine fibroblasts, RPE and glial cells were compared in collagen matrix contraction 

experiments (Guidry, McFarland, Morris, Witherspoon et al., 1992). In contrast to our 

results, it was concluded that glial cells were the most effective, followed by fibroblasts 

and RPE. However, a direct comparison of our results with the results published by 

Guidry et al. would be erroneous because of the major differences in experimental design. 

Guidry and coworkers used preset dome-shaped collagen matrices onto which suspensions 

of porcine cells were placed, rather than matrices uniformly populated with bovine cells. 

The matrices remained attached to the bottom of a culture plate throughout the assay 

(whereas our matrices were free floating) and contraction was measured as a function of 

reduced matrix thickness. Nakagawa and coworkers showed that many characteristics and
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responses of attached matrices were significantly different from free-floating, but 

otherwise identical, matrices (Nakagawa et al., 1989a; Nakagawa, Pawelek and Grinnell, 

1989b). For example, DNA synthesis and collagen synthesis by fibroblasts was observed 

in attached matrices but not in floating matrices. Another reason why results obtained 

from attached and floating matrices should not be compared will be discussed in the next 

section (4.2.1). Although they stated that mitotic figures were not observed, Guidry and 

coworkers did not measure cellular proliferation, leaving the possibility of variations in 

cellular proliferation influencing the rate of contraction unexplored. Since cells were 

seeded onto the surface of the matrices, it could be argued that the results from the 

Guidry paper should be compared to our collagen matrix experiments in which cells were 

seeded onto the collagen. We found the contraction rate of BSF, BRPE and BRG when 

placed on the surface of floating collagen matrices to be identical. Again, attached and 

floating matrices should not be compared and this difference in technique could account 

for the discrepancies in outcome in the two studies. Nevertheless, it can not be excluded 

that if we were to reduce the cell density, variations in contraction rate between BSF, 

BRPE and BRG could appear. However, it would seem unlikely that glial cells would 

have a greater contractile potential than fibroblasts, the principal cell in wound healing 

and scar contraction. Especially since simple epiretinal membranes, which predominantly 

contain glial cells, are known for their lack of contraction (Foos, 1974; Hiscott et al., 

1984b). It has been suggested that glial membranes could produce full-thickness retinal 

folding in a number of experimental animal studies (Laqua and Machemer, 1975; Algvere 

and Kock, 1983; Miller et al., 1986b), but the identity of the constituent cells was based 

only on ultrastructural criteria, which did not exclude the presence of other cell types. In 

a similar experimental animal model, the membranes were shown immunohistochemically 

to be entirely composed of glial cells, which caused only mild traction on the retina (Hui, 

Goodnight, Zhang, Sorgente et al., 1988).

The establishment of the differences in the relative contractile capacities of BSF, BRPE 

and BRG gave us the opportunity to compare the morphology and distribution of cells 

which were very effective at collagen matrix contraction to the morphology and 

distribution of cells which were less effective at matrix contraction. Such a comparison 

has the potential to disclose key features in the contractile mechanism. Cellular spreading 

is one of the most frequently reported features in collagen matrix studies and is considered 

by many to be an important characteristic distinguishing contraction-inducing cells from 

cells which are less capable of mediating matrix contraction (Bellows, Melcher and Aubin,
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1981; Ehrlich et al., 1986; Ehrlich and Griswold, 1984). Indeed, we demonstrated BRG 

spreading to be less extensive than spreading by BSF and BRPE at all times duringthe 

contraction assay, but the proportion of spread cells in the matrices was not always 

directly related to contraction. Despite the presence of 60% spread cells in BRG-populated 

matrices by day 7, no contraction occurred. Whereas BSF-populated matrices, with only 

40% spreading by day 1, produced a significant contraction. Therefore, inadequate matrix 

contraction by BRG could not be attributed to insufficient cellular spreading alone, and 

other factors must also have been involved.

Numerous reports in the literature observed that cells, when embedded in collagen 

matrices, were engaged in active locomotion (Bell et al., 1979; Stopak and Harris, 1982; 

Allen and Schor, 1983; Heath and Hedlund, 1984). Our own observations suggested that 

cells in the process of collagen matrix contraction, migrate from the inside to the surface 

of the matrix. In the early stages of contraction very few BSF, BRPE or BRG were found 

on the surfaces of the matrices, despite enormous differences in contraction rate 

particularly in the fast contracting system. In the later stages of the assay, the cellular 

density on the surface seemed to increase in parallel to contraction. The increased density 

on the surface was unlikely to be caused solely by the decrease in available surface area 

due to matrix contraction, since at the same time it was observed that the inside of the 

matrix became increasingly devoid of cells. The observation that BRG failed to reach the 

surface of the matrix in similar numbers as BSF, does not necessarily imply that the 

ability of BRG to migrate was insufficient compared to BSF. We propose that the 

differences in cellular migration to the matrix surface only appeared after BRG failed to 

reorganize the collagen fibres in bundles. While BSF (and BRPE to a lesser extent) 

reorganized the initially randomly distributed collagen fibres into bundles (thus creating 

preferential routes to the surface), BRG were unable to do so resulting in a more difficult 

pathway for migration to the surface. Cellular migration and its role in collagen matrix 

contraction will be described in more detail in section 4.2.1. Differences in the internal 

contractile apparatus between the three cell types could be a possible explanation for the 

observed differences in collagen matrix contraction. Efficient ATP-induced single-cell 

contraction has been demonstrated by all three cell types (Hitchins et al., 1988; Savage 

et a l., 1988), but unfortunately they were not compared in one single study. The optimum 

doses of ATP were different for the three cell types, but it seemed that the greatest 

reduction in area was accomplished by BRG, rather than by BSF or BRPE. The 

differences in outcome between ATP-induced single-cell contraction and collagen matrix 

contraction would imply that different mechanisms of "contraction" were involved.
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In the present study, the reorganization of the surrounding collagen matrix was the most 

prominent difference between BSF and BRG. Individual BSF and BRPE cells were 

observed in close association with collagen fibres, resulting in the formation of collagen 

bundles radiating from the cellular margins. On the other hand, the collagen arrangement 

around BRG cells remained unaltered. In one of the very few studies on the interaction 

between retinal glial cells and collagen matrices, it was demonstrated that glial cells were 

less effective in orientating collagen fibres than dermal fibroblasts (de Juan, Dickson and 

Hatchell, 1989). Glial cells were also reported to produce less dramatic traction lines in 

vitreous explants compared to fibroblasts and RPE cells (Forrester et al., 1986). We 

propose that cell to collagen adhesion could be the key factor responsible for the 

differences in contraction rate between BSF and BRPE on the one hand and BRG on the 

other.

To substantiate the suspected differences in cell-collagen adhesion between BSF, BRPE 

and BRG, we investigated the presence of several glycoproteins, known to be involved 

in PVR (Hiscott et al., 1985; Weller et al., 1992; Weller et al., 1991) in cell-populated 

collagen matrices. Fibronectin was thought to be a likely candidate, but was shown not 

to account for the differences in matrix attachment between BSF, BRPE and BRG. The 

pattern and distribution of fibronectin immunoreactivity was identical in matrices 

populated with BSF, BRPE and BRG, and cells of all three types were found to be able 

to synthesize fibronectin in vitro. The effect of fibronection depletion on matrix 

contraction was comparable, causing partial inhibition of contraction in matrices populated 

with BSF and BRPE. Obviously, an inhibitory effect could not be measured in BRG- 

populated matrices since these did not contract in the first place.

Thrombospondin immunoreactivity was found to be intense and widespread in BSF- 

populated matrices, less prevalent in matrices contracted by BRPE and minimal in BRG- 

populated matrices. However, it remained unclear whether the increased intensity of 

thrombospondin immunoreactivity in the more contracted matrices was truely due to an 

increased quantity of thrombospondin present in these matrices or whether the increased 

immunoreactivity was a result of a concentration of pre-existing antigen due to the 

compaction of the collagen network. However, if the latter was the case, we would also 

have expected to find a difference in fibronectin immunoreactivity between the three cell 

types embedded in collagen matrices. In addition, the fact that cell-free matrices, which 

were kept in serum-containing media, were only faintly immunoreactive suggested that
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the thrombospondin present in the cell-populated matrices was either secreted by the cells 

or possibly actively retrieved from the serum and bound by the cells. In preconfluent cell 

cultures on glass, the thrombospondin immunoreactivity showed a punctate perinuclear 

distribution which seemed identical in the three cell types. Whereas thrombospondin 

synthesis by cultured fibroblasts (Jaffe et al., 1983) and brain glial cells (Asch et al., 

1986) has been documented, to our knowledge thrombospondin synthesis by cultured RPE 

cells or retinal glia has not been reported previously. Although we were able to detect the 

presence of thrombospondin in our cultures by immunohistochemistry, this technique did 

not allow us to draw conclusions on the origin of the thrombospondin because it may have 

been either cell-secreted or serum-derived. To prove that cells are actively producing 

thrombospondin, it would be necessary to demonstrate an upregulation of the appropriate 

mRNA in the cells in the matrices by, for instance, in situ hybridization techniques. 

Recently, the presence of thrombospondin in epiretinal membranes has been demonstrated 

but not related to a specific cell type (Weller et al., 1992; Hiscott et al., 1992). In 

conclusion, our observation that thrombospondin immunoreactivity was abundant in BSF- 

populated matrices and sparse in BRG-populated matrices may imply that a difference in 

thrombospondin binding, utilization, synthesis or secretion existed between BSF, BRPE 

and BRG, but with the data available to us we were unable to distinguish between these 

possibilities. Further investigations, using techniques like in situ hybridization, would be 

necessary to clarify the matter.

Differences in vitronectin distribution might also be implicated in the reduced attachment 

of BRG to collagen, since the pattern of vitronectin antibody distribution in collagen 

matrices populated with BSF and BRPE was different from that in the matrices containing 

BRG. An extracellular reticular pattern of staining that seemed to follow the contours of 

the collagen fibres was observed in close association with BSF and BRPE cells. The 

involvement of vitronectin in the attachment of collagen to BSF and BRPE was further 

strengthened, by the particularly prominent labelling of the traction strands in between 

two or more of these cells. Extracellular reticular vitronectin staining was never observed 

in BRG-populated matrices and this might be associated with the inability of BRG cells 

to make sufficient cell-to-coUagen attachment. Further support for the involvement of 

vitronectin was provided by the observation that vitronectin deposition in BRG cell 

cultures on glass was less widespread than in the BSF and BRPE cultures. Unfortunately, 

with the immunohistochemical techniques that we used it was impossible to distinguish 

between cell-secreted or serum-derived vitronectin. Again, with in situ hybridization
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techniques we would be able to answer this question. The overall distribution of 

vitronectin antibody in the matrices was sparse, irrespective of cell type, compared to the 

distribution of fibronectin and thrombospondin. Vitronectin is present in serum in a 

relatively high concentration (Preissner, 1991), but in our cell-free, serum-rich matrices, 

little vitronectin immunoreactivity was detected, which suggested that the vitronectin in 

cell-populated matrices was probably cell-derived or possibly retrieved from the medium 

and actively bound by the cells.

It would have been extremely interesting to investigate the pattern of integrin receptor 

distribution on BSF, BRPE and BRG in collagen matrices. Differences in integrin 

expression might account for the observed differences in cell to collagen adhesion. 

Unfortunately, the antibodies raised against human integrins were not cross-species 

reactive and anti-bovine integrin antibodies were not available. However, the identification 

of specific integrins, which may be involved in collagen matrix contraction, looks a very 

promising subject for future investigations.

In conclusion, the differences in thrombospondin and vitronectin immunoreactivity 

between BRG-populated matrices and BSF and BRPE-populated matrices supported our 

suggestion that differences in cell-to-matrix attachment between the three cell types were 

responsible for the observed differences in collagen matrix contraction. Our data were 

consistent with a report suggesting that the mechanism by which glial cells adhered to 

collagen was fundamentally different from the interaction of fibroblastst and RPE cells 

with collagen (de Juan et al., 1989). RGD-containing peptides, which can block the cell- 

surface receptors for a variety of macromolecules like collagens, fibronectin, vitronectin 

and thrombospondin, were unable to interfere with the interaction of glial cells to a 

collagen gel, but they inhibited the attachment of fibroblasts. In an earlier study, RGD- 

containing sequences inhibited the attachment of human RPE cells to fibronectin and 

collagen types I and II (Avery and Glaser, 1986). It would appear that fibroblasts and 

RPE adhered to at least a number of extracellular matrix molecules via the RGD cell 

recognisition sites on the ligands, whereas the glial cells interacted with collagen via an 

RGD-independent mechanism.
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4.2 THE MECHANISM OF COLLAGEN MATRIX CONTRACTION

4.2.1 A theory on collagen matrix contraction

The second major issue we addressed, in addition to the assessment of the contractile 

abilities of PVR cells, concerned the mechanism of collagen matrix contraction in 

particular and the mechanism of wound contraction in general. As decribed earlier, the 

two current theories on wound contraction are based on contrasting principles. The 

myofibroblast theory highlights the contribution of a specialized population of cells with 

certain smooth muscle cell characteristics which act as a multicellular unit undergoing 

synchronized cellular contraction. The locomotory theory is based on the concept that the 

tractional forces generated by individual, migratory cells are responsible for the 

rearrangement of the surrounding extracellular matrix. We have looked for evidence in 

our investigations to substantiate or invalidate the two theories.

That collagen matrix contraction wss a cell-mediated event was confirmed by our 

observation that matrices were never reduced in size in the absence of cells. The size 

reduction we call matrix contraction is thought to be the result of the expression of the 

liquid phase from the matrix as the collagen fibres are brought closer together. In fact, 

the displacement of the fluid has often been used to measure the extent of matrix 

contraction (van Bockxmeer and Martin, 1982). Collagen degradation in the process of 

matrix contraction was reported to be minimal (Guidry and Grinnell, 1985). Our 

observations of collagen bundling and the formation of collagen strands around cells 

supported the concept of matrix contraction being the result of the physical rearrangement 

of collagen fibres (Bellows et al., 1981; Harris, Stopak and Wild, 1981; Grinnell and 

Lamke, 1984; van Bockxmeer et al., 1985). We found clear evidence that individual, 

isolated cells were capable of reorganizing their surrounding matrix. When maximal 

contraction was taking place, the cells remained isolated from each other and networks 

within the matrices (or confluent sheets of cells on the surfaces of the matrices) did not 

form until most of the contraction was completed. The potency of the individual cell was 

particularly evident in the high density populated matrices (750.(X)0 BSF and BRPE) 

which were contracted to less than 50% of their original area after 1 day by a population 

of elongated but isolated cells. One report emphasized the importance of the establishment 

of a cellular network prior to the onset of contraction (Bellows et a l., 1981) whereas most 

other reports concluded in agreement with the present study, that the formation of 

intercellular contacts did not contribute to the contraction process (Allen and Schor, 1983;
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Ehrlich and Rajaratnam, 1990). Although individual cells were very capable of realigning 

and bundling the collagen fibres single handedly, bundle alignment and strand formation 

was enhanced in the region between two adjacent cells, presumably as a consequence of 

their combined action. Cells, which were unable to reorganize their surrounding matrix, 

were also unable to induce collagen matrix contraction. Therefore, the reorganisation of 

the collagen network by individual cells, which made adequate cell-collagen adhesions, 

was clearly demonstrated to be of vital importance in the process of matrix contraction. 

The cell density in the matrices mainly influenced the rate of contraction and, only to a 

lesser degree, the final extent of contraction. The higher the cell density, the greater the 

rate of contraction within the first 24 hours. Our own observations and reports in the 

literature (Ehrlich et al., 1989; Souren et al., 1989) suggested that a critical mass of cells 

was necessary for contraction to commence. The minimal amount of cells needed to cause 

contraction seemed to vary with the type of cells used, implying that the activity of the 

individual cell determined the number of cells necessary to induce matrix contraction. In 

our experiments, a cell density of 250.000 cells was apparently above the threshold for 

BSF and BRPE, but below the critical number needed for BRG. When cell numbers were 

raised to 750.000 cells, BRG appeared to have reached a critical threshold and some 

contraction, albeit variable and well below the level of contraction by BSF and BRPE, 

was recorded.

We have tried to fit all our observations on collagen matrix contraction into a theory of 

the mechanism of matrix contraction. The theory is based on the concept of tractional 

structuring. The term tractional structuring was proposed to describe the process by which 

cells in vivo remodel extracellular fibres to form connective tissue by the forces generated 

through cellular locomotion (Stopak and Harris, 1982). When cells were first trapped in 

the three-dimensional collagen matrix they were spherical in shape, resembling cells in 

suspension. Within hours the cells had formed small extensions in all directions which 

continued to elongate and as soon as cell spreading had occurred, the cells were 

stimulated to migrate through the matrix. The fundamental stimulus for migration is 

unknown. Since most cells eventually emerged on the surfaces of the matrix, migration 

seemed directional rather than random. A directional effect of gravity was unlikely 

because both upper and lower surfaces became covered with cells. A gradient of 

chemoattractants from the culture medium caused by the inability of the macromolecules 

to fully penetrate the matrix, could possibly explain directional migration. We did observe 

some deposits of immunoreactive glycoproteins (mainly vitronectin) on the matrix surface.
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but this could also be an edge artefact due to entrapment of various components during 

the staining-process. However, edge artefacts were never observed in staining runs with 

any of the other antibodies.

In general, a migrating cell adheres to its substrate at various points on its surface and 

exerts a contractile force, or traction, on each of these adhesions. The cells pulls in all 

directions, but it is the point of strongest cell-matrix adhesion that finally determines the 

direction of movement (Oster, Murray and Harris, 1983). If the substrate is unable to 

resist the cellular forces, the matrix will be drawn in, aligned and compressed. Our 

silicone sheet experiments confirmed earlier reports (Harris et a l., 1980) that the tractional 

forces generated by individual cells were sufficient to distort a flexible substrate. If a 

substrate was sufficiently rigid it could resist the cellular forces and the cell would pull 

itself forward. A similar phenomenon took place during collagen matrix contraction. 

Initially the loose collagen network was unable to resist the pulling force from the 

individual cells and small collagen fibres were dragged towards the cell body, growing 

into larger bundles surrounding each cell. The capacity of individual RPE cells to haul 

in collagen strands, at a mean rate of 2.5 pm/min, was observed by Glaser et al. (1987) 

using time-lapse cinemicrography. The process has been likened to sailors hauling in rope 

in a hand-over-hand manner (Lewis, 1984; Glaser et al., 1987). In the matrices, the 

drawing in of the fibres would repeat itself until the bundles were strong enough to 

support the weight of the cell, resulting in the movement of the cell along the collagen 

bundle. This phenomenon has been described as a tug-of-war in which the cells will 

change the shape of the substratum until the tensile strength of the substratum equals the 

contractile forces exerted by the cells (Grinnell and Lamke, 1984). Cells in matrices were 

observed to have multiple points of close association with collagen fibres and to form 

many bundles surrounding their bodies, which in combination with some form of 

directional migration could lead to the formation of a tunnel of reorganized collagen 

through which the cells travelled to the surface. Adjacent cells would follow the same 

route via the mechanism of contact guidance (i.e. the tendency of cells to align to 

discontinuities in the substrate) and possibly also through chemotaxis or haptotaxis (i.e. 

directional movement along an adhesion gradient) induced by chemoattractants synthesized 

by the cell in front (Oster et al., 1983). In our matrices, empty tunnels and holes ligned 

with immunoreactive fibronectin were regularly observed. The theory would explain the 

presence of the tunnels found in many of our specimens which contained often more than 

one cell in single file and which were orientated at right angles to the matrix surface. On 

cross section these tunnels appeared as holes. Once on the surface, cells reverted back to
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a flattened and spread-out morphology similar to their morphology in tissue culture and 

as the cell density on the surface increased, preconfluent and confluent sheets of cells 

formed. Thus, the formation of cellular sheets was the result rather than the cause of 

contraction.

Although active cell locomotion during collagen matrix contraction often has been 

reported, the directional migration towards the surface and the formation of encapsulating 

sheets of cells which we observed, has to our knowledge only been documented by one 

other group (Allen and Schor, 1983; Allen, Schor and Schor, 1984). The formation of 

tunnels and holes has not been reported previously. Despite the attractions of the tunnel 

theory it could not be excluded that the tunnels and holes represented an artefact caused 

by disproportionate shrinkage of cells and matrix during tissue processing. However, the 

highly organized and orientated arrangement of the collagen fibres around the holes on 

the surface as demonstrated by SEM, and the presence of the many empty holes and 

tunnels would suggest otherwise.

The distortion of silicone sheets and the contraction of collagen matrices both appeared 

to be based on the principle of tractional structuring. The wrinkling of silicone sheets 

produced dramatic and very illustrative visual effects but was unsuitable for the 

quantitative comparison of the contractile abilities of various cell types, because it would 

be impossible to standardize the assay. The rigidity of the polymerized silicone sheet 

determined the extent of wrinkling and even within the same drop of silicone apparent 

variations in sheet flexibility were demonstrated by the fact that wrinkling occurred in 

some areas but not in adjacent areas. Collagen matrix contraction experiments were much 

easier to standardize. Contraction results from experiments carried out at the same time, 

using the same batch of collagen and cells from the same culture flask, were extremely 

consistent. The same experiments carried out on different days with different culture 

flasks of the same cell type were slightly more variable, but the deviations from the mean 

remained small except when BRG were used. The variablity however, in the latter seemed 

to be a feature of the BRG cells rather than a result of inconsistencies in the collagen 

matrix technique. While the results within each batch of collagen were very consistent, 

problems arose when a new batch of collagen was used. We realised that results obtained 

with different batches could not be compared, because we were unable to reproduce the 

exact concentration and this was an obvious flaw in our experimental design. Although 

large quantities of each batch were prepared to avoid having to compare results from
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different batches, we needed four of them to complete all our experiments. To avoid 

problems with the collagen concentration in the future, we would recommend to make 

even larger quantities of RTC or to use commercially available, but more expensive 

collagen solutions, which can be diluted to the required concentration. Preliminary studies 

with collagen type I (Sigma) diluted in 0.1 % glacial acetic acid gave acceptable results. 

In ATP-induced cellular contractility studies, the dynamic shortening of a cell in response 

to ATP is measured and this is thought to reflect the contractile ability of that cell in vivo. 

In collagen matrices, cells were seen to remain elongated during the process of contraction 

and other reports confirmed our observations that actual cellular contraction did not 

happen (Harris et al., 1981; Ehrlich and Griswold, 1984). To investigate if cellular 

contraction (i.e. a true shortening of the cell) contributes to collagen matrix contraction, 

we exposed partially contracted matrices, either by cells within the matrix or on the 

surface, to ATP, at levels known from previous studies in this laboratory to bring about 

contraction of these cells on a 2-dimensional substrate (Joseph et al., 1988; Savage et al., 

1988). While cells on the matrix surface did assume a more spherical shape, this did not 

result in additional matrix contraction. Our data were in accordance with an earlier, 

similar study (Ehrlich and Rajaratnam, 1990). The ATP experiments supported the 

suggestion that muscle-like contraction did not contribute to the process of collagen matrix 

contraction. In fact, our analysis until now would suggest that there was no evidence at 

all for a role of the myofibroblast in the mechanism of collagen matrix contraction as we 

see it. However, this was not the case. The presence of myofibroblasts in scars and 

wound tissue remains undisputed, but their function might be a different one from their 

universally assumed role in dynamic, coordinated contraction.

Many groups have looked for the presence of actin stress fibres, one of the characteristics 

of myofibroblasts, in cells during collagen matrix contraction. The interesting outcome 

was that, during active matrix contraction when cells were highly mobile, stress fibres 

were absent and a diffuse pattern of actin distribution was observed (Tomasek and Hay, 

1984; Ehrlich et al., 1986; Unemori and Werb, 1986; Ehrlich, 1988a). However, 

prominent stress fibres appeared when matrix contraction was complete and the same 

change in actin distribution was seen in cells on silicone sheets, when stress fibres only 

appeared after the cells had become stationary on a highly distorted sheet (Ehrlich, 

1988a). The function of stress fibres in vivo has been a subject of research for many 

years, and most of the recent evidence supports the idea that stress fibres are used to 

develop isometric tension to anchor the cell to its substrate in order to resist cell 

locomotion (Burridge, 1981; Byers, White and Fujiwara, 1984). Stress fibres are
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contractile but are adapted to develop isometric rather than isotonic force. The connection 

between isometric tension and the development of stress fîbres, was also demonstrated in 

a study in which mouse skin was mechanically stretched. The stretching (i.e. the 

application of isometric tension) alone was enough to modulate the morphology of the 

resident cells and induce myofibroblastic characteristics, like stress fibres (Squier, 1981). 

A distinction between the development of isometric tension and the development of 

isotonic contraction is vital in the analysis of the role of myofibroblasts in wound 

contraction. A collagen matrix contraction system has been decribed in which initial 

isometric traction was associated with the presence of stress fibres in the cells, followed 

by the disappearance of stress fibres during an isotonic phase of contraction (Farsi and 

Aubin, 1984). Isometric tension was established by leaving the matrix attached to its 

culture plate, resulting in a building up of tension in the collagen network demonstrated 

by compaction and alignment of the collagen fibres but without an actual decrease in 

matrix area. After a period of time, the generated forces were able to tear the matrix 

away from the culture plate and a rapid phase of isotonic contraction followed. A 

prerequisite for the development of isometric tension in collagen matrices, is the fixation 

of at least two parts of the matrix. In our collagen matrix experiments, the matrices were 

free-floating from the start, so isometric forces were unlikely to have been involved in the 

contraction of the matrix. The fact that a number of studies on collagen matrix contraction 

have used attached collagen matrices, resulting in the development of isometric tension, 

would explain why some autors have found clear evidence of the presence of 

myofibroblasts in collagen matrices (Bellows et al., 1982a; Bellows, Melcher, Bhargava 

and Aubin, 1982). As mentioned earlier, in addition to the variations in cellular 

morphology, a number of other cellular activities were reported to be significantly 

different when cells were maintained in either free-floating or attached collagen matrices 

(Nakagawa et al., 1989a,b; Tingstrôm, Heldin and Rubin, 1992). Therefore, extreme 

caution must be taken when contraction data obtained from attached and free-floating 

matrices are compared, because the mechanisms of contraction are not the same. It is even 

conceivable that some types of cells are very efficient at isotonic contraction, but less 

capable of exerting isometric forces and vice versa. Ehrlich observed that myofibroblasts 

appeared at the periphery of the free-floating matrices during matrix contraction, while 

"normal" fibroblastst were present in the centre of the matrices (Ehrlich, 1988a; Ehrlich 

and Rajaratnam, 1991). However, the highly mobile fibroblasts were demonstrated to be 

responsible for the matrix contraction and the myofibroblasts were found to contribute 

only by holding the reorganized collagen in place. The myofibroblasts appeared only as
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an end result of the termination of cell locomotion.

Our TEM observations of matrices with cells inside, supported our belief that 

myofibroblasts were not involved in the contraction mechanism of floating matrices. Cell 

processes were packed with microfilamentous material to the exclusion of other cellular 

organelles. Processes with a high density of actin microfilaments would be expected in 

highly mobile cells. Stress fibres were not found. When we seeded cells onto the surface 

of preset matrices, the formation of a syncytium of cells should have been facilitated and 

we expected to find myofibroblastic features. Indeed, TEM observations of matrices in 

the final stage of contraction by cells seeded on the surface revealed several 

myofibroblastic characteristics: stress fibres, gap junctions, MAS and perikaryon 

aggregation of organelles. Apparently, isometric forces had developed despite the fact that 

the matrices were free-floating. We propose that the sequence of events resulting in 

collagen matrix contraction is different when cells are seeded on the surface than when 

cells are distributed throughout the matrix. Initially, cells were uniformly distributed on 

the upper surface of the entire matrix, but soon after the cells had spread, an asymmetry 

in cellular distribution developed. A small cluster of cells, at a seemingly arbitrary 

location, rapidly grew into an area of confluence and all cellular migration appeared to 

be directed to that region. From the developmental biology research literature it was 

appreciated that inhomogeneities in cellular distribution tend to be self-amplifying (Lewis, 

1984): An active cluster of cells will orientate collagen fibres and other cells will follow 

this orientation in the matrix by the process of contact guidance. Once recruited into the 

sheet, the cells will add to its strength. In the present study, cells in the rapidly growing 

sheet were flat and spread whereas the peripheral cells displayed a morphology consistent 

with locomotion. The initially rapid contraction of the matrix was probably the result of 

isotonic contraction through active locomotion of individual cells. The edge of the matrix 

nearest to the developing cellular sheet was pulled towards the sheet such that it rolled 

over with the lower surface of the matrix facing upwards. The matrix was held in this 

position presumably by isometric forces exerted by the cluster of cells sandwiched in 

between the two layers. An analogy with the nest building activities of Indian leaf ants 

has been made by Grierson et al. (1988). A group of leaf ants bend over a leaf and as the 

edges come closer together a number of ants hold one edge in their mandibles and the 

other by their back legs. These volunteers hold the tension in the system by isometric 

force, much like the cells sandwiched in between the layers of collagen matrix. 

Subsequently, as the sheet of cells occupied most of the surface area, the entire periphery 

of the matrix was pulled towards the centre. The folding over of the matrix resulted in
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an increase in matrix thickness and as we measured only the decrease in area, the actual 

reduction in volume, was less pronounced than suggested by our data. In contrast, 

matrices with cells seeded inside, appeared to become thinner in the course of matrix 

contraction. Thus, matrices with cells seeded on the surface became smaller and thicker, 

while matrices seeded with cells within became smaller and thinner. If matrix contraction 

would have been monitored by volume measurements, the difference in contraction rate 

(between matrices with cells seeded on or in), which we observed with area 

measurements, would be much smaller or even non-existent. If matrices seeded with cells 

on the surface were to be used as the main experimental model of a future study, the 

assessment of the decrease in area only would be insufficient and volume measurements 

would be required.

The contraction of matrices with cells on the surface was not only the result of the folding 

over of the matrix because true collagen fibre reorganisation was also taking place. This 

was appreciated from SEM studies showing compaction of the collagen fibres on the 

matrix surface and from the observation that the orientation of the collagen network 

directly beneath the cellular sheet changed from an initially random organisation to a fibre 

alignment perpendicular to the surface during the course of matrix contraction. The 

change in fibre orientation which we observed, had been described in another report on 

free floating matrices and the same study demonstrated that the orientation in attached 

matrice became parallel to the plane of spreading (Grinnell and Lamke, 1984). All 

reported studies on contraction of attached matrices describe the horizontal alignment of 

collagen, i.e. alignment in the plane of the substrate. In our floating matrices, forces 

exerted by the cells on the surface were apparently sufficient to cause reorientation of the 

proximal fibres and compaction of fibres distal to the cellular layer. It has been shown 

that a discontinuous collagen network resulted in inhibition of contraction, presumably 

because the cellular traction forces could not be propagated through the network (Guidry 

and Grinnell, 1987).

In summary, we have come to the conclusion that distinctions need to be made between 

attached and floating matrices and between uniformly populated and surface seeded 

matrices for the analysis of the mechanism of collagen matrix contraction. Free-floating, 

uniformly populated matrices were reduced in size through tractional structuring, which 

involved the bundling of collagen fibres by individual cells in the process of locomotion. 

Thus, during the course of the 7 day assay, the tractional forces involved were isotonic. 

Isometric conditions may arise beyond the time period of our assay, when the collagen
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network becomes increasingly rigid and inflexible. Free-floating matrices with cells seeded 

onto the surface were reduced in size by isotonic forces exerted by cells in the process 

of locomotion, resulting in a folding-over of the matrix edges which were held together 

by the isometric forces generated in the sheet of cells. Those who have studied attached 

matrices rather than the floating ones preferred by us, found that irrespective of the 

location of the cells, isometric conditions were imposed in the early stages of matrix 

reorganisation, resulting in the modulation of cellular morphology (myofibroblasts). The 

development of isometric tension resulted in fibroblasts trying to resist the outward pull 

and this action induced the myofibroblast morphology. The fact that fibroblasts and other 

cells could be modified into "myofibroblasts" in response to specific changes in their 

extracellular environment, suggests that the current theory of myofibroblasts as a 

population of specialized cells, inducing synchronized muscle-like contraction, may be 

incorrect.

It is likely that both locomotion-induced isotonic contraction and isometric forces 

contribute to the process of wound healing in vivo. In the early stages of wound 

contraction, individual fibroblasts will bundle and reorganize the newly synthesized loose 

connective tissue by the forces generated through migration. While matrix restructuring 

and wound contraction are taking place, fibroblasts near the wound edges may develop 

into myofibroblasts exerting isometric tension to resist the outward pull from the 

surrounding tissue and to keep the wound edges together, while collagen is being 

synthesized. Eventually, the newly formed collagen will mature and stabilize the wound, 

making the "biological staple" action of the myofibroblast redundant.

4.2.2 The role of fibronectin in collagen matrix contraction

As we have shown, the adhesion of cells to collagen appeared to be a key factor in matrix 

contraction. Much research interest has been focused on the mechanism of cell-to-matrix 

adhesion in relation to the mechanism of collagen matrix contraction and also as a possible 

target for therapeutic intervention in the process. We have investigated the role of 

fibronectin in collagen matrix contraction in order to shed some light on the existing 

controversy concerning the importance of fibronectin in collagen matrix contraction. We 

were able to show that in collagen matrices populated with 250.000 BSF and BRPE, the 

rate and extent of contraction was significantly reduced in fibronectin-ffee conditions 

compared to normal serum conditions. The contraction rate, but not the final extent of
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contraction, was reduced when BSF were seeded onto the matrix surface in fibronectin- 

free serum. Immunohistochemical studies on collagen matrices at various stages of 

contraction revealed the presence of fibronectin in close association with cells. The 

immunodetected tibronectin in the matrices was not a result of passive adhesion to the 

collagen, since cell-free matrices in serum-rich conditions did not label for fibronectin. 

Either, the detected fibronectin was utilized from the serum and actively bound by the 

cells because in the absence of serum the staining for fibronectin remained negative, or 

cells secreted the fibronectin themselves since fibronectin labelling was observed when 

fibronectin-free serum was used throughout the contraction assay. In addition, the 

presence of immunolabelled cell-derived fibronectin in contracting collagen matrices was 

demonstrated and its distribution seemed to increase with contraction. Our observations 

suggest that cells in collagen matrices secreted fibronectin, but that the presence of other 

serum factors was required to stimulate the cells to do so. The secretion of cellular 

fibronectin was apparently not sufficient to sustain matrix contraction because contraction 

was partly inhibited in the absence of exogenous fibronectin. We conclude that the 

addition of plasma fibronectin facilitated collagen matrix contraction.

Morphological studies on matrices in fibronectin-free serum gave little indication about 

the mechanism by which the absence of fibronectin influenced matrix contraction. Apart 

from a small effect on cellular spreading and elongation, no morphological changes were 

demonstrated. In particular, changes in collagen bundling, cell-collagen association and 

collagen orientation were not observed.

In contrast to our results, many reports in the literature found that fibronectin was not 

required for collagen matrix contraction and that the absence of fibronectin had no 

inhibitory effect (Schafer et al., 1989; Gullberg et al., 1990), although some authors did 

not publish their data (Guidry and Grinnell, 1985; Ehrlich et al., 1989; Woodley et al., 

1991). Several studies investigating if fibronectin was necessary for cellular spreading on 

collagen matrices, demonstrated that the fibronectin requirement varied depending on the 

type of cell, and whether the collagen was denatured or native (Grinnell and Minter, 

1978; Schor and Court, 1979; Grinnell and Bennett, 1981). We have compared the 

methods used in the studies which comment on the role of fibronectin in collagen matrix 

contraction, to try and find an explanation for the contradictory results. Differences 

between attached and floating matrices and variations between cells seeded within and on 

the surface of matrices were frequent, but these could not be related to the reported 

differences in fibronectin requirement. The common factor in (a) the one study that 

showed that fibronectin was absolutely essential (Gillery et al., 1986), (b) the study
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showing that cellular fibronectin but not plasma fibronectin was essential (Asaga et al., 

1991) and (c) our experiments was the much lower rate of contraction in comparison to 

the investigations reporting the negative role of fibronectin. In the latter group, the control 

matrices were reduced to less than 50% of their original area within the first 24 hours, 

whereas in the experiments showing involvement of fibronectin it took approximately 3 

days to reach 50% contraction. The differences in contraction rate were due to variations 

in cell type, cell density and collagen concentration. It may be the case that in fast 

contracting systems, exogenous fibronectin is not essential, whereas in slow contracting 

systems fibronectin does appear to be involved. The cellular forces that need to be exerted 

by individual cells in fast contracting matrices are probably less than in slow contracting 

systems because either there are more cells to complete the task or the collagen network 

is very loose and relatively easy to reorganize. Cell-collagen interactions, other than those 

mediated through fibronectin, might be sufficient for the less-demanding contractile forces 

required of individual cells in fast contracting matrices. The addition of exogenous 

fibronectin in slow contracting matrices might optimize all possible cell-collagen adhesion 

mechanisms and therefore enhance matrix contraction.

It should be taken into account that our data were based on bovine cells whereas most 

other report have used human cells and this might also play a role in the observed 

differences in fibronectin requirement. Fibronectin-depleted serum (Sigma) had been 

prepared by a standard method of affinity chromatography, but the possible removal of 

other substances from the serum could not be excluded.

If a mechanism of cell-collagen adhesion distinct from fibronectin-mediated adhesion is 

implicated in the attachment of cells in collagen matrices, then is there evidence of 

another mechanism of adhesion in collagen matrices? Monoclonal antibodies against ajBj 

integrin, the classical collagen type I receptor, were shown to inhibit collagen matrix 

contraction, indicating that direct cell to collagen adhesion played a prominent role in 

collagen matrix contraction (Schiro et al., 1991; Klein et al., 1991). We showed the 

presence of immunoreactive Bj integrin, but not B3  integrin, in collagen matrices 

populated with HRPE at various stages during the contraction assay. However, in a small 

pilot study we were unable to confirm the completely inhibitory activity of anti-B^ integrin 

antibodies on collagen matrix contraction, which had been shown in a study by Gullberg 

and coworkers (1990). On the grounds of our preliminary results alone, the involvement 

of Bi integrin in our collagen matrices cannot be excluded. The concentration of antibody 

in our experiments was lower than in the other reports and the duration of preincubation
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of the cells with antibodies was not always specified in the other reports. More 

experiments need to be done to verify the results and to test the activity of other anti- 

integrin antibodies. The fact that we used HRPE cells instead of human dermal fibroblasts 

could also have caused the contrasting results since it is known that different cell types 

can bind to collagen via different mechanisms. However, Bj-integrin has been shown to 

be present in HRPE cells in culture (Anderson, Guerin, Matsumoto and Pfeffer, 1990), 

and in another study the Bj-subunit in chick RPE cells and fibroblasts seemed to have a 

similar function (Chu and Grunwald, 1991). The binding interaction between cells and 

different collagen cell recognition sequences, like RGD and RGE, depends also on 

collagen topography. RGD peptides inhibited cellular spreading when fibroblasts were 

seeded on top of a matrices, but not when cells were uniformly distributed within a 

matrix, whereas RGE had the exactly opposite effect (Grinnell, Nakagawa and Ho, 1989). 

Integrin receptor functions in 3-dimensional matrices are still poorly understood. Again, 

here is another circumstance where distinctions need to be made between matrices with 

cells seeded on top and matrices uniformly populated with cells.

The various mechanisms of cell to matrix adhesion and their regulation are obviously 

extemely complicated and will almost certainly remain an important subject for research 

in the coming decade. We have emphasized the importance of adhesion in the process of 

collagen matrix contraction and have shown that the existing theories on the mechanism 

of contraction are not mutually exclusive. Many apparently conflicting reports in the 

literature on the processes involved in collagen matrix contraction can be explained when 

differences (a) between attached and floating matrices, (b) between matrices with cells 

seeded on top or matrices with cells seeded within and possibly (c) between fast and slow 

contracting matrices are taken into consideration.

4.3 THE APPRAISAL OF CELL-POPULATED MATRICES AS A MODEL 

FOR PVR AND THEIR VALUE IN DRUG EVALUATION STUDIES

Histological studies of surgically removed epiretinal membranes demonstrated that PVR 

membranes consisted of a variety of cell types embedded in a loose extracellular matrix. 

One of the main extracellular constituents in PVR membranes was shown to be collagen 

type I (Hiscott et al., 1985). Since the interaction between cells and their extracellular
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matrix is such a dynamic system, cellular behaviour in vitro should not be studied outside 

the context of its relation to the extracellular matrix. Therefore, the collagen matrix 

technique for the study of cell-mediated contraction in PVR was preferable over existing 

techniques, like for example ATP-induced contraction of cells cultured on plastic (Jiang 

et al., 1988). Cultured cells, embedded in a 3-dimensional collagen type I matrix, are 

closer to the in vivo situation of PVR membranes. Other similarities between PVR 

membranes in situ and our collagen matrices include the presence of stimulatory factors, 

be they blood products that reached the vitreous cavity through the breakdown of the 

blood-retinal barrier, factors secreted by inflammatory or other cells or serum in the 

medium added to the matrices. Similar to the formation of PVR membranes in vivo 

(Ryan, 1985), a critical mass of cells was needed to generate sufficient force to induce 

collagen matrix contraction. The main difference was that the collagen matrix model in 

many respects was too simplistic. Epiretinal membranes in situ consist of a complex 

mixture of various cell types in different stages of differentiation and numerous 

extracellular matrix proteins. A more complete model would involve the use of collagen 

type II (the main type found in the vitreous), collagen type HI (which is found in 

abundance in early wound tissue) and possibly collagen type IV because it is present in 

the inner limiting lamina of the retina. One study using matrices with collagen type I, n  

and in  showed that the rate of contraction was the highest in type DI collagen matrices 

and the lowest in type II collagen matrices (Ehrlich, 1988b), whereas another study found 

that contraction was faster with collagen type I than with type HI, while type IV matrices 

did not contract at all (Tiollier, Dumas, Tardy and Tayot, 1990). In our model, one cell 

type at a time was used and, apart from substances present in serum, no other proteins 

were added to a matrix of only type I collagen. A more accurate model for PVR would 

involve the culture of all cell types thought to be important in PVR in a collagen matrix, 

since it has been shown that the various cell types can influence each others behaviour. 

Cell-secreted products of several PVR-related cell types were shown to have a profound 

effect on the in vitro proliferation, migration, contraction and synthesis in other cells 

(Burke and Twining, 1987; Burke and Foster, 1985; Bryan and Campochiaro, 1986; 

Harvey et a l., 1987; Guidry et al., 1992). The important aspect of behavioural modulation 

via the mutual interactions of different cell types was missing from our model. Although 

the absence of cellular proliferation in the collagen matrices suited our purpose, 

proliferation would need to be part of a comprehensive model for PVR. From histological 

studies of PVR membranes it was appreciated that sheets or membranes of glial cells were 

often present within complex epiretinal membranes and these were thought to have
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provided a scaffold on the retinal surface onto which other cell types could adhere, 

migrate and proliferate (Hiscott et al., 1984b; Hiscott et al., 1985; McLeod et al., 1987). 

Consequently, a more accurate model for PVR would have to involve a layer of glial cells 

on top of or underneath uniformly populated matrices containing all three cell types. It 

is difficult to say whether matrices with cells seeded within, or matrices with cells seeded 

on the surface would be a better model for contraction in PVR, since both mechanisms 

of contraction are likely to be involved in the contraction process in vivo. A combination 

of both seems a promising prospect for future research.

Although collagen matrices could be developed into more accurate, and thus more 

complex models for PVR, that is not what we intended to do in this study. The simple, 

one cell type, collagen matrices were eminently suitable to assess the relative contractile 

capacities of BSF, BRPE and BRG. One specific cellular function, cell-mediated 

contraction, could be measured in a controlled environment, independent of other 

processes like proliferation. The results which we obtained, were consistent with the 

clinical impression that glial cells were not a major contributor to the contraction process 

(Poos, 1974; Hiscott et al., 1984b; Peters, Burke, Clowry, Abrams et al., 1986). The 

observation that BRG were capable of contraction when seeded on the surface of the 

matrix, might indicate that a sheet of glia could be capable of exerting isometric tension, 

but that individual glial cells would be less able to cause isotonic contraction leading to 

tractional structuring. In vivo, this may implicate that the sheet of glial cells in between 

the complex membrane and the inner retina could transmit and sustain the forces 

generated in the membrane to the retina, resulting in the wrinkling and folding of the 

retina. Nevertheless, sheets of BSF on the matrix surface appeared to have more stress 

fibres and gap junctions than BRG, which may indicate that cohesive sheets of BSF might 

be able to exert greater levels of isometric force than BRG. Although the contraction rates 

of BSF and BRG, when seeded onto the matrix surface, were identical in our assay, other 

parameters of contractile behaviour, like the size of traction lines in the collagen matrix 

were not assessed. In addition, as was mentioned earlier, differences in contraction rate 

between the three cell types seeded onto the surface of matrices, may appear when cell 

numbers are reduced.

While RPE cells were known to be able to induce contraction in vitro (Yamakawa et al., 

1989; Raymond and Thompson, 1990), their prominent role in the pathogenesis of PVR 

via "fibrous metaplasia" (Vidaurri-Leal et al., 1984) was not confirmed in our studies. 

Both BRPE and BRG responded to a change in extracellular matrix by adopting an 

elongated spindle-shaped or stellate morphology, which proved to be reversible when the
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cells returned to a 2-dimensional substrate. So BRPE cells had a fibroblast-like shape 

while in a 3-dimensional environment and a epitheliod shape when back on a 2- 

dimensional substrate. Despite the fibroblast-like appearance of BRPE in the matrices, 

their contractile capacity was not as good as that of true fibroblasts. BSF had a 

significantly greater contractile capacity, which was to be expected considering that 

fibroblasts are the principal cell type in wound contraction throughout the body.

Collagen matrix experiments have been used previously for drug evaluation studies in 

relation to PVR, but frequently they were carried out using dermal fibroblasts (Verdoom 

et al., 1986; Heath et al., 1986; Heath et al., 1990), instead of the more relevant ocular 

fibroblasts (van Bockxmeer et al., 1985; Hartzer et al., 1989; Guidry et al., 1992). By 

employing ocular-derived cells, of the three types known to be involved in PVR, we 

obtained a more complete representation of contractile events in PVR than was possible 

in most other studies. In addition, no previous studies on collagen matrix contraction and 

PVR have used collagen matrices to investigate the mechanism of contraction in PVR. 

One drawback in our experimental design was the selection of bovine cells because human 

cells would have been a better choice. The need to use bovine cells arose from the 

inability to grow sufficient numbers of human glial cells beyond primary culture. Rather 

than having to compare the contractile capacity of bovine glia to human fibroblasts and 

RPE (which we were able to culture), we chose to use bovine cultures of all three cell 

types. When the use of human cells was needed for immunohistochemical staining 

purposes, matrices with human RPE were prepared and their ability to contract collagen 

matrices proved to be identical to that of bovine RPE. Although extreme caution must be 

taken, this could indicate that data obtained with bovine cells may have meaning for the 

human situation. Unequivocal evidence would need to come from a comparative study like 

ours, using human cells throughout.

In conclusion, our collagen matrix contraction experiments proved to be a simple, reliable 

and quantifiable representation of contractile events in PVR. The contractile capacities in 

vitro of three cell types involved in PVR corresponded to clinical and histopathological 

observations of PVR membranes. In addition to providing a simple test for cellular 

contractility, the cell-populated collagen matrix has the potential to be developed into a 

complex, but more accurate model of PVR.
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Collagen matrix contraction appeared a suitable in vitro model for the investigation of the 

efficacy and toxicity of drugs which could be of therapeutic value in PVR. We were 

interested to find out if NaB possessed any anti-contractile properties in addition to its 

known antiproliferative effect (Prasad and Sinha, 1976). A migration inhibitory effect of 

2 mM NaB on BSF, BRPE and BRG had already been demonstrated in our laboratory 

(Savage et al., 1989) and based on these results, an initial concentration of 2 mM NaB 

was chosen for our collagen matrix experiments. Most experiments were carried out with 

BSF since these were the most contractile cells and thus the most relevant target for anti- 

contractile treatment. The addition of NaB to the medium overlaying the matrices resulted 

in a modest, but significant inhibition of contraction with 2 mM and a more pronounced 

inhibition with 4 mM NaB. We had hoped that the pretreatment of cells for three days 

prior to the collagen matrix experiments, in addition to exposure during the contraction 

assay, would enhance the inhibitory effect of 2 mM NaB. Unfortunately, this was not the 

case. The inhibitory effect exhibited by the presence of NaB in the overlaying medium 

alone, appeared not to be augmented by pretreatment in monolayer culture. To reduce the 

number of variables between control and treated matrices, we prepared collagen matrices 

with cells originating from the same tissue culture flask and pretreated half of them with 

2 mM NaB while already embedded in the matrices. The serum-free conditions prevented 

the onset of contraction until serum was added after 3 days. This time pretreatment with 

2 mM NaB did produce a greater inhibitory effect than treatment during the contraction 

assay alone. The contraction rate of the control cells was lower in the matrices which 

were kept serum-free for 3 days, presumably due to a lag-period in which cells recovered 

from the serum deficiency before resuming their normal function. The slower contraction 

rate could indirectly have influenced the outcome, since we have shown that a slowing 

down of the contraction process tends to maximize differences in contraction which would 

have been less noticeable in faster contracting matrices. Still, a slower contraction rate 

could not fully be responsible for the more pronounced inhibitory effect of NaB, since 

matrices seeded with BRPE contracted slower than the BSF matrices but the effect of NaB 

was less convincing. Therefore, the mechanism of action of NaB seemed to be cell type 

specific as had been demonstrated previously (Prasad and Sinha, 1976).

We found a consistent inhibitory effect of 2 mM NaB on cell-populated collagen matrix 

contraction using three different procedures, although the magnitude of the anti-contractile 

properties of NaB proved somewhat disappointing. Similar modest results were found in 

the only other study on the effect of NaB on collagen matrix contraction (Kim and Stem, 

1990): control matrices contracted to 71% of their original area after 4 days whereas
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matrices exposed to 3 mM NaB contracted to 80% of their original area. We observed 

that the effect of 2mM NaB was less noticable when cells were seeded onto the surface 

of the matrices, compared to uniformly populated matrices. The inhibitory effect of 2 mM 

NaB on the rate of contraction was only visible in the early stages of contraction, but an 

increase to 4 mM did have the required effect by inhibiting the total extent of contraction 

by day 7. Why 2 mM NaB was less effective in inhibiting contraction of surface-seeded 

matrices than uniformly-populated matrices is not clear. Cellular locomotion plays a more 

prominent role in the mechanism of contraction in uniformly-populated matrices than in 

the contraction mechanism of surface-seeded matrices, and since NaB has been shown to 

inhibit migration (Savage et al., 1989), this could account for the differences we found 

in the effect of NaB between the two methods of seeding. Unfortunately, the precise 

mechanism of action of NaB is as yet poorly understood. We were able to relate some of 

the qualities attributed to NaB, to processes involved in collagen matrix contraction. NaB 

has been reported to increase the level of cAMP in some cell types (Prasad and Sinha, 

1976). Inhibition of cell growth is one of the effects of cAMP and NaB which is a 

degradation product of dibutyryl cAMP was discovered to have anti-proliferative effects 

in its own right. In a number of collagen matrix studies, increased intracellular levels of 

cAMP have been observed to inhibit cell-mediated contraction. The anti-contractile effect 

of cAMP could partly be the result of a NaB effect since NaB was used to assist cellular 

penetration (dibutyryl cAMP)(van Bockxmeer, Martin and Constable, 1984; Ehrlich and 

Griswold, 1984) but a direct inhibitory effect of raised intracellular cAMP levels on 

cellular contraction was also shown (Ehrlich and Griswold, 1984; Ehrlich, Rockwell, 

Cornwell and Rajaratnam, 1991). Although speculative, the anti-contractile action of NaB 

may at least partly be ascribed to a mechanism involving raised levels of intracellular 

cAMP. Another NaB property involves its regulatory action on the cytoskeleton, thought 

to contribute to its effects on cellular morphology and growth (Kruh, 1982). Interestingly, 

NaB has been shown to induce actin stress fibres in cultured cells (Kruh, 1982). 

Obviously, changes in the organization of the cytoskeleton could account for the 

contraction inhibiting effect of NaB. Likewise, an effect of NaB on the organisation and 

secretion of fibronectin could also be implicated. NaB was shown to reduce the copious 

amounts of soluble fibronectin produced by transformed cells and to restore the normal 

fibrillar fibronectin network on the cell surface (Kruh, 1982).

We conclude from our investigations that the moderate anti-contractile effect of NaB 

would probably be unable to significantly increase the overall competence of NaB
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compared to its anti-proliferative properties alone. Had the inhibition of contraction been 

complete instead of partial, NaB would have been an extremely interesting candidate for 

further evaluation as a possible treatment for PVR.
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