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Abstract

Glaucoma (visual damage associated with raised intraocular pressure) is a major
cause of worldwide blindness. The most effective treatment for glaucoma is filtration
surgery, but the major cause of failure and suboptimal lowering of the intraocular
pressure is scarring at the site of the surgery. In this thesis, | investigated the role of
stimulatory molecules found in aqueous humour, and the effects of antiproliferative
agents on ocular fibroblasts.

Fibronectin levels were found to be significantly raised in the aqueous of patients
with glaucoma, but the chemoattractant activity of the aqueous was not. All growth
factors tested stimulated proliferation, migration and collagen production, but
transforming growth factor-B1 stimulated proliferation, migration and proline uptake
at much lower concentrations than the other growth factors (epidermal, basic fibroblast
and insulin-like growth factor-1). Following treatments with antiproliferative agents
ocular fibroblasts could be growth arrested for periods much longer than previously
thought, suggesting that single short treatments with these agents would inhibit
fibroblast proliferation in the long term. The animal model results confirmed the in vitro
findings with 5 minute applications of antiproliferative agents. Long term titratable
effects on wound healing were shown in an experimental model of wound healing after
glaucoma filtration surgery. The effects were focal and confined to the treated areas.
Cells growth arrested by treatment could still be stimulated to increase RNA levels after
stimulation with TGF-31.

The experiments in this thesis have shown that growth factors present in the
aqueous can have profound effects on the proliferation, migration and collagen
production of ocular fibroblasts. In addition, the studies have led to a new
understanding of the long term effects of short exposures to antiproliferative agents
in vitro and in vivo, particularly that long term growth arrest can be induced and this
effect can be localised, and can be varied to some degree. Finally, fibroblasts can still

respond to growth factors despite being growth arrested.
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CHAPTER 1 INTRODUCTION

1.1 The Glaucomas: current treatments

1.11 The glaucomas

The glaucomas are a group of disorders characterised by optic nerve head damage,
visual field loss and an intraocular pressure sufficiently raised to affect the functioning
of the optic nerve head. Glaucoma is not a single disease process but rather a large
group of diseases, which have in common a characteristic type of damage to the optic
nerve head. It is estimated that this group of diseases will be the second most
common cause of blindness worldwide, behind cataracts, by the year 2000, affecting
people in both developed and developing countries (Leske, 1983; Foster and Johnson,
1990). There are estimated to be at least 250,000 people in the United Kingdom with
glaucoma (Crick, 1982), and nearly 2 million in the United States of America, with an
estimated annual direct and indirect health care cost of $2 billion (Guzman et al, 1992).
These figures will increase as the proportion of elderly increase in the population, since
the prevalence of glaucoma rises sharply with increasing age.

Although many theories for the pathogenesis of optic nerve damage have been
postulated, the major risk factor for glaucomatous optic nerve damage is the level of
intraocular pressure. The higher the intraocular pressure, the greater the risk of optic
nerve damage (Armaly et al, 1980; Sommer, 1989). Most treatment is aimed at

reducing the intraocular pressure.

1.12 Maintenance of normal intraocular pressure

The eyeball is filled with fluid (aqueous humour) which is produced by the ciliary
body. The aqueous then flows from the posterior chamber between the lens and the
iris into the anterior chamber and via the trabecular meshwork into draining vessels.
In the commonest form of glaucoma in western communities - known as primary open
angle glaucoma - the intraocular pressure rises due to an increase in outflow resistance
at the level of the trabecular meshwork and beyond. The trabecular meshwork is
populated by cells (trabeculocytes) which can phagocytose material that builds up in
the trabecular meshwork (Grierson and Lee, 1973). In primary open angle glaucoma,
it is thought that the number of these cells is reduced leading to an accumulation of

extracellular material which gradually obstructs trabecular outflow (Grierson et al,
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1982; Grierson and Howes, 1987; Alvarado et al, 1984). Intraocular pressure can be

lowered by reducing aqueous production or increasing the outflow.

1.13 Reduction of intraocular pressure

There are three main categories of treatment, medical, laser and surgery. Medical
treatment includes topically applied and systemic drugs. Topical drugs include B3-
blockers which reduce aqueous secretion, parasympathetic agonists, such as
pilocarpine, which increase aqueous outflow and sympathetic agonists, such as
adrenaline, which primarily increase outflow. Oral drugs include acetazolamide, which
reduces aqueous secretion by inhibiting carbonic anhydrase. Laser trabeculoplasty, in
which laser burns are applied to the trabecular meshwork, increases the aqueous
outflow. Finally, surgical treatment works by creating a new channel for aqueous
outflow.

In recent years, evidence has been accumulating that surgery is superior to either
laser or medical treatment in lowering the intraocular pressure (Watson and Grierson,
1981) and preserving vision (Jay, 1992; Jay and Allan, 1989; Jay and Murray, 1988;
Migdal et al, 1993). In addition, successful surgery results in a better quality of life for
patients compared to medical treatment (Lichter et al, 1991), and the use of topical
medication (eyedrops) increases the chance of subsequent surgical failure (Lavin et al,
1990). Furthermore, in many developing countries of the world, surgery is the only
practical treatment to prevent blindness from glaucoma. New methods of creating the
surgical fistula are now in development, which may make surgery much quicker and

more readily available and accessible.

1.14 Surgical reduction of intraocular pressure: glaucoma filtration surgery

Glaucoma filtration surgery essentially involves the creation of a new drainage
channel for the aqueous humour. The commonest form of the procedure (Cairns,
1968) (Watson modification 1972) involves making an incision in the conjunctiva,
dissecting open the subconjunctival space and making a trapdoor incision in the sclera
up to the junction between the cornea and the sclera. (Figure 1,2 and 3) The eye is
entered and a block of corneo-scleral tissue removed to create a new channel for
aqueous outflow, then the trapdoor is sutured down to create a valve mechanism. The
conjunctival incision is then closed and the aqueous allowed to flow out under the

conjunctiva. The aqueous may then flow away subconjunctivally,
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through aqueous veins, through lymphatics channels, transconjunctivally or via the

suprachroidal space (Benedikt, 1979).

1.2 Healing after glaucoma filtration surgery

The successful lowering of intraocular pressure after filtering surgery relies heavily
on the nature of the healing response following the surgery. New scar tissue, mainly
in the subconjunctival space, blocks the flow of fluid through the conjunctival tissues
and subconjunctival planes (Figure 3) (Addicks et al, 1983; Hitchings and Grierson,
1983). It is variations in this healing response that result in the majority of failed
filtering procedures. Several risk factors are associated with an increased risk of
surgical failure due to scarring and these are shown in Figure 4. The reasons for the
increased risk of post-operative scarring in association with these risk factors is still not
fully clear.

Furthermore, just as important as absolute failure is the suboptimal lowering of the
intraocular pressure. There is evidence that the lower final intraocular pressure after
surgical rather than medical treatment is associated with a better visual prognosis.
(Migdal et al, 1993) The concept of pressure as a risk factor for visual impairment
suggests that aiming for as low as possible an intraocular pressure reduces the risk of
visual damage (Sommer, 1989; Anderson, 1989). The healing response is the major
determinant of the final intraocular pressure. In terms of the entire glaucoma
population undergoing surgery, this is probably a much more important problem
epidemiologically than the far smaller but highly visible group that completely fail
surgery. Thus, the healing response is probably the single most important modifiable

factor determining outcome in every patient undergoing glaucoma filtration surgery.

1.21 Summary of events after filtration surgery

The sequence of events following glaucoma filtering surgery can be illustrated in
a diagrammatic form, although many of the events obviously occur concurrently (Figure
5). Most of the events are similar to dermal wounding, except in specific areas which
are outlined below. When incisions are made in the conjunctiva and sclera, connective
tissue and blood vessels are damaged. This results in the release of blood cells and
plasma proteins into the damaged site, and also inflammatory mediators such as

bradykinin and complement derived anaphylotoxins. The clotting system is activated,
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Figure 4 Risk factors for failure due to scarring after glaucoma filtration surgery
®  Topical medications > 3 years
(Lavin et al, 1990; Longstaff et al, 1990; Miller and Rice, 1991)
® Age <40
(Schwartz and Anderson, 1974; Stewart et al, 1979; Inaba, 1982; Heuer et al,
1984; Sturmer et al, 1993)

m  Afro-Caribbean
(lliff, 1944; Berson et al, 1969; Merritt, 1980; Miller and Barber, 1981)

®  Previous failed filtration surgery
(The Fluorouracil Filtering Surgery Study Group, 1989)

®  Uveitis
(Heuer et al, 1986)

B Neovascularisation
(Heuer et al, 1986)

®  Aphakia/pseudophakia
(The Fluorouracil Filtering Surgery Study Group, 1989)
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Figure 5 Sequence of events in wound healing after glaucoma filtration surgery.
(simplified) Events have overlapping time duration

INJURY
Conjunctival/episcleral/scleral incisions
Damage to connective tissue

INFLAMMATION
Increase in vascular permeability and dilatation

Migration and proliferation of polymorphonuclear
neutrophil cells, macrophages and lymphocytes.

|

AQUEOUS FACTORS
Aqueous released from eye
Breakdown of blood aqueous barrier
Release of growth factors into aqueous
Aqueous begins to flow through wound

COAGULATION

Release of plasma proteins and blood
Activation of clotting and complement
Fibrin/fibronectin/blood cell clot
Release of growth factors from blood

|

FIBROBLAST PROLIFERATION
MIGRATION AND SYNTHESIS
Migration and proliferation
of fibroblasts
Fibroblast mediated wound contraction
Fibroblast synthesis of tropocollagen
glycosaminoglycans and fibronectin
Collagen cross linking and modification

ANGIOGENESIS
Blood vessel endothelial migration and proliferation

Continued collagen synthesis and remodelling
Capillary resorption and disappearance of fibroblasts

Fibrous subconjunctival scar
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including the aggregation of platelets, and a blood clot forms around the damaged
areas. The platelets also release biologically active components into the wound area
(Bode et al, 1981; Clemmons et al, 1983; Deuel et al, 1981; Deuel et al, 1982a; Deuel
and Huang, 1984; Assoian and Sporn, 1986). When the eye is entered, some degree
of blood aqueous barrier breakdown occurs, which also brings in serum factors to the
wound site. Aqueous then begins to flow through the wound site, and this is where
the filtration surgery wound is fundamentally different to the dermal wound. The
aqueous can have significant modulating effects on the cellular components of the
healing process.

Polymorphonuclear cells move into the wound area and accumulate, and
phagocytose any contaminating bacteria and digest blood clot material. Some
neutrophils lyse and release proteolytic enzymes including collagenases that break
down collagen, the fibrin network and tissue debris (Horowitz et al, 1977). The
polymorphonuclear cells are followed by lymphocytes and monocytes within 24 hours,
and are brought there by a variety of stimulatory factors, including components of the
complement system such as C5, C5a, C6, C7 (Robbins et al, 1984), fibronectin and
platelet-derived chemotactic factors (Tzeng et al, 1984; Norris et al, 1982).
Monocytes transform into macrophages and begin ingesting tissue debris and lysed
neutrophils. Macrophages in turn release a variety of biologically active substances.
Quiescent fibrocytes in the connective tissue become activated so becoming
fibroblasts. The fibroblasts then subsequently migrate into the wound area, stimulated
by a variety of substances, and begin proliferating. Fibroblasts are relatively late
arrivals, appearing after inflammatory cells are well established. They reach optimal
numbers within the first 1-2 weeks, plateau then slowly decrease in numbers over a
period extending up to several months (Grierson et al, 1988). As they migrate they
probably cause wound contraction. The mechanism of this contraction is still
controversial (McCarthy et al, 1988). The fibroblasts also begin synthesizing the
extracellular materials that are the components of scar tissue including
glycosaminoglycans, glycoproteins such as fibronectin, and procollagen molecules
which are then linked together. Endothelial cells proliferate and migrate into the wound
area resulting in new vessel formation. The end result is fibrovascular granulation
tissue. Re-epithelialisation occurs over the incision site, but this is not a major
component of the healing process after glaucoma filtration surgery.

This tissue is then remodelled continuously with continued synthesis and
breakdown of the extracellular matrix, a process which can extend over months and

years. The scar tissue becomes less cellular and the matrix components become
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increasingly prominent. This remodelling process is mediated by the synthesis of
extracellular matrix and the breakdown of the matrix with matrix metalloproteinases
such as collagenase. Eventually, most of the active cellular processes cease and the
final result is subconjunctival scar. It is variations within this process that lead to the
success or failure of a filtering bleb. The different components of this balance will now

be considered.

1.22 Healing after filtration surgery in the human

Successful filtering surgery in man is usually associated with a subconjunctival
accumulation of aqueous humour, or a bleb (Figure 3). The conjunctiva over the bleb
may be thin (more commonly after full thickness procedures without a valve flap made
from sclera) or thick. This influences to some degree whether the aqueous escapes
transconjunctivally (Kronfeld, 1952; Seidel, 1921) or through the subepithelial vessels
and lymphatics (Kronfeld, 1952; Benedikt, 1979). The histology available from blebs
in humans is inevitably very limited and there have only been a few studies on post
mortem eyes or biopsies taken from failed blebs. In a functioning bleb, Addicks
described loosely arranged connective tissue under the conjunctival epithelium (Addicks
et al, 1983). Microcystic spaces, seen clinically using the slit lamp, corresponded to
subconjunctival microcysts which are probably channels for the passage of aqueous
humour and indicate a clinically functioning bleb. Electron microscopy revealed
normal collagen fibrils with 50 to 200 ym spaces throughout the stroma. There were
no junctions between conjunctival epithelium that would impede fluid flow.

Teng and colleagues (Teng et al, 1959) examined six post mortem eyes that had
had successful filtration surgery with full thickness procedures. They described loose
perivascular degeneration of episcleral and subconjunctival capillaries, which they
thought facilitated filtration by increasing aqueous absorption directly through the
vessel wall, although this was not confirmed by Addicks study (Addicks et al, 1983).
In addition, they felt the proliferating endothelium of cut capillaries contributed to the
formation of anastomotic channels which could communicate directly with the deep
scleral venous plexus. In contrast to this, failed or failing blebs showed abnormally
thickened dense collagenous connective tissue beneath the conjunctival epithelium
(Addicks et al, 1983). However, the epithelium was relatively normal. Occasionally,
blebs become encapsulated, these being described as ‘cysts of Tenons capsule’ (van
Buskirk, 1982). The walls of these cysts are fibrous and avascular, consisting of

sheets of fibrous connective tissue with areas of active proliferation of fibroblasts.
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Unlike a true cyst, these cysts are not lined by epithelium, but by a cellular material
which includes fibrin. Unlike totally failed blebs, these encapsulated blebs may be
treated medically with some success (Sherwood et al, 1987).

Early onset failures (less than six months post surgery) from Moorfields Eye
Hospital showed a marked inflammatory response in the conjunctival dermis and
Tenons capsule (Hitchings and Grierson, 1983). The infiltrates consisted mainly of
macrophages and lymphocytes. Myofibroblasts were abundant and some of the
fibroblasts had well developed rough endoplasmic reticulum, suggesting an actively
metabolizing cell. Many fibroblasts had plentiful microfilaments, their appearance being
associated with active scar formation (Montandon et al, 1973). This tissue was
thickened with the deposition of new collagen, which consisted mainly of thin fibrils.
Normal but leaky blood vessels were evident. Late onset failures (greater than six
months post surgery) surprisingly showed a thick lining of fibrin. The lining showed
only an occasional fibroblast. The bleb was encapsulated in part by hypocellular
fibrous tissue which consisted of irregular bundles of collagen. This capsule separated
the bleb from a relatively normal conjunctiva and Tenon’s capsule. Only the occasional
mononuclear inflammatory cell was present in the dermis.

Although useful, these studies only give us a limited window into the cellular
processes underlying wound healing after glaucoma filtration surgery. Hence, a variety
of animal and cell culture models have been used to increase the understanding of the
cellular events following glaucoma filtering surgery and to test the efficacy of a variety
of techniques and chemotherapeutic agents. The information available from these

studies is reviewed in the subsequent sections of this thesis.

1.23 The role of blood and the clotting system

The blood clotting system is an essential component of the healing process. The
clotting cascade is activated after vascular damage and this results in the formation of
a clot containing fibrin, fibronectin and blood cells which line the wound and
particularly the wound edges. Fibrin is derived from plasma fibrinogen which, upon
contact with coagulation factors, platelet-derived molecules or tissue procoagulants,
cross-links and clots to fill the injured area (Clark et al, 1983). Fibronectin is also
covalently linked to the fibrin polymer, forming a fibrin-fibronectin matrix (Grinnell,
1984; Kurkinen et al, 1980). Fibronectin and fibrin probably serve as a framework on
which collagen is laid down (Grinnell, 1984; McDonald et al, 1982), and they play an

important role in determination of the scar size.
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Platelets and extravascular coagulation promoting factors (Dvorak et al, 1985;
Maynard et al, 1975) promote rapid clotting of trapped plasma and blood proteins.
Platelets are derived from non-nucleated megakaryocytes in the bone marrow. They
cannot synthesise protein and function as storage units for various mediators. When
exposed to agents such as damaged collagen, thrombin and adenosine diphosphate
(ADP), platelets release soluble clotting factors and molecules which stimulate cellular
activity, including migration and proliferation in variety of cell types (Ross et al, 1986).
Platelets attach to the damaged endothelial surfaces of blood vessels through direct
interaction with polymerized collagen fibrils and von Willebrand factor (factor VIil),
which is synthesized by endothelial cells. Thromboxane A, is released by the platelets
enhancing platelet aggregation and attachment to the vascular endothelium (Hamberg
et al, 1975), and is then followed by platelet degranulation (Samuelsson et al, 1978).

In normal, undamaged vascular tissue, the cyclooxygenase pathway leads to in the
production of prostacyclin and thromboxane A,. In undamaged vessels, there is a
higher ratio of prostacyclin to thromboxane A, concentration, which inhibits platelet
attachment to the endothelium. Prostacyclin prevents platelet aggregation and
degranulation, and vasodilation through a mechanism involving adenyl cyclase
(Samuelsson et al, 1978; Kulkarni and Srinivasan, 1983). When vessels are damaged
by surgery, the production of prostacyclin by the local vascular endothelial cells is
reduced which, results in a fall in the prostacyclin/thromboxane A, ratio. This
promotes platelet attachment. Other agents including neurotransmitters, adrenaline,
noradrenaline and acetylcholine also enhance platelet attachment to the vascular tissue
through induction of endothelial cell changes (Boucek, 1984).

A variety of factors are released including platelet-derived growth factor, epidermal
growth factor, transforming growth factor 3 and fibroblast growth factor (Ross, 1986).
These have effects which include the stimulation of proliferation and chemotaxis of
monocytes (Deuel et al, 1982b), fibroblasts (Seppa et al, 1982) and vascular smooth
muscle cells (Ross, 1989; Heldin and Westermark, 1984). If the blood aqueous barrier
is impaired, or the blood vessels continue to leak at the site of injury, there may be a
continued inflow of stimulatory factors and clotting factors. Evidence of leaking blood
vessels has been found in failing blebs examined histologically (Hitchings and Grierson,
1983).

A fibrin based clot is the result of activation of the clotting system. In models of
general wound healing, the greater the amount of fibrin scaffold in the wound, the
greater the amount of scar formation (Dvorak, 1986). A delay of fibrinolysis promotes

fibroblast proliferation and fibrosis (Soshan and Gross, 1974). Fibrin clots have the
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potential to hold active compounds in the fluid phase of the fibrin gel and shield them
from inhibitors and metabolic turnover (Senior et al, 1986). Substantial amounts of
active thrombin can become sequestered within the fibrin gel, which is a potent growth
factor for chick embryo fibroblasts (Perdue et al, 1981). Fibrin also stimulates the
proliferation of embryonic rat fibroblasts (Kittlick, 1979), but the effects on Tenon's
capsule fibroblasts have not been studied. It may be that a microenvironment of many
mediators can be established within the fluid phase of fibrin clots, from which many
biological activities such as chemotaxis and growth stimulation can be expressed.
Inhibitors of fibrinolysis enhance the formation of connective tissue, with increased
tensile strength of the wound tissue in a rat model of wound healing (Kwaan and
Astrup, 1969). Aqueous humour contains promoters of fibrinolysis (Tripathi et al,
1988) and fibrinolytic factors are found in the anterior segment of the eye (Tripathi et
al, 1987), including the trabecular meshwork cells (Shuman et al, 1988).

Fibrin is a prominent feature of filtering surgery failure in animal models, where
healing is very aggressive. Miller et al found fibrin in the aqueous filling the bleb, and
it also lined the bleb in rabbits after experimental filtering surgery (Miller et al, 1989).
This fibrin appeared to form a scaffold which contained erythrocytes, inflammatory
cells and fibroblasts. Adjacent to the fibrin was new collagen in the bleb wall. The
fibroblasts formed layers on the fibrin. Desjardins found some evidence of fistula
blockage by fibrinous material in a monkey model of filtration surgery (Desjardins et al,
1986). Using antibodies against fibrin/fibrinogen, Jampel and coworkers confirmed the
identity and abundant prescence of fibrin/fibrinogen in the monkey after experimental
filtration surgery (Jampel et al, 1988). This is not entirely applicable to the situation
in man, as the blood aqueous barrier in animals is much more fragile (Bito, 1984), but
may be one of the reasons for the rapid failure of drainage surgery in animal models.

Despite the differences between man and animals, fibrin is also found in failing or
failed filtering surgery in man. Failure of trabeculectomies may be characterised by the
formation of a cyst of Tenons capsule, which may occur several weeks after surgery.
Histology of these cysts has revealed fibrin (van Buskirk, 1982) in the failing bleb. In
a histological study of blebs undergoing revision for failed fistulising surgery at
Moorfields Eye Hospital, fibrin was found lining some of the blebs even more than nine

months after surgery (Hitchings and Grierson, 1983).
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1.24 The role of aqueous humour

The glaucoma filtration procedure differs from other surgical wounds in that the
site of filtering surgery is bathed with aqueous humour. Indeed, it is the continued
flow of this fluid through the wound that is essential and part of the definition of
successful surgery. Fluid around a wound has been shown to have a direct bearing on
the healing process (Lawrence et al, 1986a). Conjunctiva dissected from the
underlying sclerarapidly scars down, unless there is aqueous under the conjunctiva and
Tenons capsule. So, the cellular effects of the aqueous would seem to be crucial to
the success of filtering surgery.

The role of normal aqueous humour (primary aqueous) is controversial. Albrink
and Wallace (Albrink and Wallace, 1951) and Kornblueth and Tenenbaum (Kornblueth
and Tenenbaum, 1956) found that normal aqueous did not appear to be stimulatory to
fibroblast cells in culture. In addition, it has been postulated that aqueous may have
a degenerative effect. Chi, Teng and Katzin (Chi et al, 1960) noted collagen
degeneration in non-encapsulated pieces of sclera implanted into the anterior chamber
of rabbits eye. They also reviewed the post-mortém histology in six eyes that had
undergone successful filtration surgery. The presence of thin atrophic conjunctiva over
certain blebs, the lack of fibroblasts and the paucity of collagen with perivascular
degeneration led them to postulate that aqueous had a degenerative effect on collagen
(Teng et al, 1959). However, more recent studies with use of electron microscopy
have been unable to support the finding of collagen degeneration (Addicks et al, 1983).
Herschler postulated the presence of aninhibitory factor in the aqueous humour, which
prevented fibroblast proliferation. He felt this inhibitory factor was present in normal
aqueous humour, but was absent in some patients with glaucoma (Herschler, 1981;
Herschler et al, 1980). He attempted to correlate the presence or absence of this
inhibitory behaviour with the final outcome of the filtering procedure with some
success (Herschler et al, 1980). As yet, no inhibitor has been isolated or identified
biochemically in the aqueous humour.

On the other hand, Joseph and colleagues also showed that primary aqueous
humour stimulated mitogenic activity of human Tenon’s capsule fibroblasts at
concentrations from 2% to 100% (Joseph et al 1988), but with reduced survival of the
fibroblasts at high agqueous concentrations (Burke et al, 1982). Jiang and coworkers
noted both a promotion and inhibition of cell proliferation (Jiang et al, 1983). Apart
from the effects on fibroblast proliferation, aqueous also stimulates fibroblast

chemotaxis. Joseph and colleagues (1989a) also found that human aqueous humour
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taken before surgery (primary aqueous) from patients undergoing cataract surgery was
also chemoattractant to human ocular fibroblasts. However, the nature of the
chemoattractant(s) have only been partially characterized (Joseph et al, 1989b).

Normal aqueous humour contains a variety of growth factors including Fibroblast
Growth Factor (FGF), Transforming Growth Factor B (TGF-B), Insulin-like Growth Factor
(IGF) and possibly Epidermal Growth Factor (EGF) (Figure 6). The role of these growth
factors in the aqueous on the healing process after glaucoma filtration surgery is
uncertain. The aqueous from patients undergoing trabeculectomy, either as a primary
procedure or after failed medical treatment, was more chemoattractant than a control
cataract group, but this did not reach statistical significance (Joseph et al, 1989a).
Aqueous taken from patients who had undergone previous failed glaucoma surgery was
significantly more chemoattractant to human ocular fibroblasts. Radius and colleagues
found that monkey aqueous humour did not normally support fibroblast proliferation.
However, after experimental filtering surgery, the proliferation of fibroblasts was still
supported by the post-operative aqueous (secondary aqueous) at two months in some
cases (Radius et al, 1980).

From the study of Joseph and colleagues, it was uncertain whether the increased
chemotactic activity seen in the aqueous humour of the patients who had undergone
failed surgery predated the unsuccessful surgery or occurred subsequently (Joseph et
al 1988). However, the stimulatory effect of secondary aqueous may be due in part
to the breakdown in the blood aqueous barrier, which may be damaged by ocular
surgery (Campochiaro and Conway, 1981) such as cataract extraction, for at least a
month afterwards (Miyake et al, 1984), and procedures such as cyclocryotherapy
(Jaccoma et al, 1985) and probably the increasingly popular procedure of
Neodymium-YAG cyclophotocoagulation. Aqueous humour from traumatized eyes
stimulates cell division in the lens epithelium (Reddan et al, 1979) and vitreous from
animal eyes with induced blood retinal barrier breakdown stimulates cellular chemotaxis
and proliferation (Campochiaro et al, 1986). Certain agents used to inhibit wound
healing after filtering surgery, such a steroids (Miller et al, 1989), may help to stabilize

this barrier while others, such as radiation, may destabilise it (Miller et al, 1990).

1.25 Characteristics of stimulatory factors found in human aqueous humour

Fibroblast Growth Factor: The fibroblast growth factors are a group of heparin-binding
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growth factors. The best characterised are two closely related forms: acidic FGF
(aFGF), a 146 amino acid polypeptide with an apparent molecular weight (MW) of
15,000 (Esch et al, 1985), and basic FGF (bFGF), which is a 140 amino acid
polypeptide with an approximate MW of 16,000 (Esch et al, 1985). They are also
known as FGF-1 and FGF-2 respectively. At least three other related forms also exist
(FGF 3, 4 and 5). The FGFs affect cell proliferation and differentiation (Gospodarowicz
et al, 1977; Gospodarowicz et al, 1986). In addition, the family probably share a
common receptor (Olwin and Hauschka, 1989). The FGFs enhance corneal epithelial
(Steinmann et al, 1990) and endothelial (Gospodarowicz et al, 1986) healing, and are
highly angiogenic (Folkman and Klagsbrun, 1987). Acidic FGF (aFGF) and basic FGF
(bFGF) have a 55% amino acid sequence homology.

In the eye, an important role for basic FGF has been documented in the processes
of tissue repair, wound healing and angiogenesis (Gospodarowicz et al, 1985; Tripathi
et al, 1990). Tripathi and colleagues identified a polypeptide that is indistinguishable
from bFGF in the aqueous humour of patients undergoing cataract surgery (Tripathi et
al, 1988; Tripathi et al, 1989; Tripathi et al, 1990a). Using radioimmunoassay, the
same authors determined levels of bFGF in aqueous humour from normal human eyes
ranging from 700 to 1,400 pg/ml. It is probable that bFGF is derived from the eye, as
extracts of the iris choroid lens and vitreous body have a stimulatory effect on the
epithelium of the bovine lens (Barritault et al, 1981). Northern analysis of mRNA from
cell extracts of iris melanocytes corneal epithelium, and lens epithelium have
demonstrated the presence of the transcripts of the bFGF gene (Schweigerer et al,
1988; Plouet and Gospodarowicz, 1990). Basic FGF stimulates a variety of ocular cells.
Human trabecular meshwork cells are stimulated to mitose, at FGF concentrations of
1 ng/ml, increase in the rate of mitoses occurs with a 10 ng/ml concentration of basic
FGF (Tripathi et al, 1990). Basic FGF also stimulates the proliferation /n vitro of corneal
endothelial cells and lens epithelial cells at concentrations as low as 5 pg/ml and 10
pg/ml respectively (Gospodarowicz et al, 1977, Gospodarowicz et al, 1985).
Concentrations as low as 0.3 ng/ml induce profuse capillary formation in the rabbit
cornea (Gospodarowicz et al, 1979). These levels of bFGF are significantly lower than
the levels present in the aqueous humour (700-1,400 pg/ml). Folkman has postulated
that the great affinity of bFGF for the extra cellular matrix molecule heparin limits its

availability to adjacent cells (Folkman et al, 1988).

Epidermal Growth Factor: EGF is a single chain acidic polypeptide containing 53 amino

acid residues, with an approximate MW of 6,000 (Savage et al, 1972). EGF was first
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described by Cohen as a protein from the submaxillary glands of male mice that caused
premature eyelid opening and tooth eruption in neonatal mice (Cohen, 1962). The EGF
receptor is a single chain glycoprotein with an extracellular domain, a transmembrane
domain and an intracellular domain (Ullrich et al, 1984). Other growth factors also bind
the EGF receptor and these include TGF-a and vaccinia virus growth factor. It
stimulates mitogenesis and maturation responses in a variety of ectoderm- and
mesoderm-derived tissues (Gospodarowicz, 1981; Cohen, 1987; Fisher et al, 1989;
Tripathi et al, 1991b). Within the eyeball, EGF evokes proliferative responses in the
corneal epithelium, corneal endothelium and lens epithelium (Gospodarowicz et al,
1977; Reddan and Wilson-Dziedzic, 1983; Tripathi et al, 1990). Application of EGF
to the corneal surface induces cellular hypertrophy and stimulates cell division,
increasing the rate of re-epithelialisation, and improves wound strength (Burstein,
1987; Rich et al, 1979). EGF increases the production of fibronectin by a range of
cells types (Chen et al, 1977). It also stimulates the production of plasminogen
activator by various cells (Lee and Weinstein, 1978). Itis present in human tear fluid
and bathes the conjunctiva (van Setten et al, 1989; Ohashi et al, 1989), although its
presence in aqueous humour is uncertain.

There is controversy regarding the level of EGF in aqueous humour. Various levels
from undetectable up to 1.4 ng/ml have been reported in agqueous humour from animal
and human eyes (Shinoda et al, 1988; Ohashi et al, 1989; Watanabe et al, 1989;
Parelman et al, 1990; Tripathi et al, 1991b). The detection of EGF in aqueous may be
related to the breakdown of the blood aqueous barrier as Tripathi only detected levels
of EGF in aqueous when the iris had been damaged during paracentesis (Tripathi et al,
1991a). Specific binding sites or receptors are presentin a variety of structures in the
anterior and posterior chambers of the eye including the corneal endothelium, the
pigmented epithelium of the iris and the lens epithelium (Gospodarowicz et al, 1977,
Couch et al, 1987; Tripathi et al, 1989). Epithelial cells respond to EGF by increasing
DNA synthesis (Reddan and Wilson-Dziedzic, 1983). EGF, at a concentration of 10
ng/ml, stimulates rabbit corneal epithelial cells to increase their mitotic rate (Raymond
et al, 1986).

Transforming Growth Factor B: The Transforming growth factor B family consists of
five isoforms TGF-B1, TGF-B2, TGF-R3, TGF-B4, and TGF-B5 (Sporn and Roberts,
1990). The first three have been found in mammalian tissue and appear to have similar
biological activities. All members of the TGF-B family can act as potent growth

inhibitory compounds for a wide variety of cells types. Initially isolated from platelets,
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TGF-31 was the first member of this family to be discovered. Therefore, TGF-31 is the
best characterised and is a good prototype for the group. TGF-B1 is composed of two
identical chains of 112 amino acids each with a MW of approximately 2,500. It is
derived form alarge precursor molecule of 390 amino acids, with TGF-B1 being located
at the C-terminus. This molecule is processed by cleavage of the proregion, which
remains associated with the TGF-8 prototype forming an inactive complex. In some
cells, for instance platelets, a third protein, called latent TGF binding protein (LTBP) is
also associated with the inactive TGF-3 complex (Sporn and Roberts, 1990). TGF-R31
is almost always secreted from cells in the latent form (Sporn and Roberts, 1990). /n
vitro studies suggest that the proteases cathepsin D or plasmin may be involved (Lyons
et al, 1988). TGF-B is thought to be involved in a wide variety of biological functions,
including control of cell proliferation, synthesis of extra cellular matrix components,
chemotaxis of inflammatory cells, and angiogenesis. In general, TGF-B is thought to be
a potent inhibitor of normal epithelial cell proliferation in vitro, but is a weak stimulator
of mesenchymal cell proliferation (Sporn and Roberts, 1990; Massague, 1990). TGF-B
has been reported to increase the accumulation of extra cellular matrix /n vitro by
increasing cellular synthesis of protein such as collagen, thrombospondin, fibronectin
and elastin (Sporn and Roberts, 1990; Massague, 1990). In addition, TGF- decreases
the synthesis of proteases, which degrade the extra cellular matrix, such as
collagenase, stromelysin, and plasminogen activator, and increases production of
protease inhibitors, such as plasminogen activator inhibitor-1 (PAI-1) and tissue
inhibitor of metalloprotease (TIMP) (Massague, 1990) (Figure 7).

TGF-B is an extremely potent chemotactic factor for macrophages and fibroblasts,
with a peak response /in vitro in the subpicomolar range (Wiseman et al, 1988). TGF-R
also inhibits the proliferation of T and B lymphocytes at femtomolar concentrations
(Kehrl et al, 1986). The long term effects on the immune system following exposure
to elevated or reduced levels of TGF-B have not been vigorously explored, but
preliminary results suggest that elevated levels of TGF-B may act to severely suppress
T and B cell levels and functions.

TGF-B also has biphasic actions in that it stimulates the proliferation of normal
smooth muscle cells at low concentrations, probably through induction of PDGF,
whereas higher concentrations of TGF- inhibit proliferation (Moses et al, 1990).
Furthermore, many of the in vitro effects of TGF-B appear to directly oppose its action

in vivo (Sporn and Roberts, 1990; Massague et al, 1991). Endothelial cell mitosis and
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capillary sprouting are inhibited by TGF-B /n vitro, but TGF-B induces angiogenesis /n
vivo, probably by anindirect mechanism involving chemotaxis of other target cells such
asmacrophages, which secrete angiogenic growth factors. TGF-B inhibits keratinocytes
in vitro, but accelerates epidermal regeneration in vivo, probably by increasing
keratinocyte migration (Jones et al, 1991).

TGF-B activity is present in serum and is derived from platelets (Wiseman et al,
1988). Direct examination of platelets shows that they contain particularly high
concentrations of the growth factor (Assoian et al, 1983). The TGF-B concentration
in platelets is 10-1,000 fold higher than that of other sources. TGF-R is released from
human platelets which have been degranulated by exposure to thrombin. The
concentrations of thrombin required to release TGF-R are identical to those
concentrations that release the a-granule marker B-thromboglobulin (Assoian and
Sporn, 1986). Other cells types with established roles in inflammation and repair are
sources of TGF-. These include lymphocytes (Kehrl et al, 1986) also macrophages.
TGF-B enhances wound healing /n viva. Wound chambers implanted subcutaneously
in the back of rats show greater collagen deposition and fibroblast numbers after the
addition of TGF (Sporn et al, 1983). TGF-B can also reverse the effect of cancer
chemotherapy-induced wound healing impairment, as judged by collagen and protein
content, and cellular proliferation rate (Lawrence et al, 1986b). TGF-R is more effective
than EGF and PDGF in reversing repair wound healing, but the effect of TGF- could
also be potentiated by the presence of PDGF and EGF.

TGF- has been detected and quantified in aqueous humour obtained at elective
cataract surgery (Granstein et al, 1990; Jampel et al, 1990). A large percentage of this
TGF-R is in a latent form, which is not accessible to TGF-R receptors and the isoform
that is predominant in the aqueous is TGF-B2. Latent TGF-B is not available to
receptors. Activation of TGF-B occurs in extreme cases of pH proteolytic activation
with plasminogen and cathepsin-D (Lyons et al, 1988). These conditions may occur
in the damaged area after glaucoma filtration surgery, and itis possible that latent TGF-
3 is transformed to active TGF-B after wounding.

Transforming growth factor-B in the aqueous humour is probably synthesized
within the eye, but it may also be derived from the serum (Connor et al, 1989; Knisely
and Granstein, 1990). Jampel and colleagues (Jampel et al, 1990) measured levels at
2.3-8.1 ng/mil, with TGF-R2 being the predominant form and the majority being active.
Ocular sources of TGF-B2 include the iris and ciliary body (Knisely and Granstein,
1990) as well as the vitreous humour (Connor et al, 1989). Some of the transforming

factor-B in aqueous may be derived from the posterior segment of the eye because
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retinal pigment epithelial cells synthesize TGF-R /n vitro (Connor et al, 1988). Eyes with
intraocular fibrosis in association with proliferative vitreoretinopathy contain mainly
TGF-B2, rather than TGF-B1 (Connor et al, 1989).

TGF-R in the aqueous humour is of a high enough concentration to have biological
effect in ocular tissues. It is of interest that the anterior chamber of the eye is in an
immunologically privileged site (Medawar, 1984). TGF-B in the aqueous humour may
contribute to this immuno suppressive environment by suppressing lymphocyte
proliferation (Granstein et al, 1990). TGF-B controls the expression of matrix
metalloproteases, such as gelatinases, stromelysin and collagenase, by the fibroblast
in the cornea (Girard et al, 1991). TGF-B may be important in the wound healing

response of Tenon’s capsule fibroblasts after glaucoma filtration surgery.

Insulin-like Growth Factor: The insulin-like growth factors are polypeptide hormones

with a MW of approximately 7,500. They share about 50% homology with pro-insulin,
and they have insulin-like activity and therefore are called Insulin-like Growth Factors.
They circulate in plasma in an inactive state bound to a large carrying protein and are
recognised as the mediators of the growth promoting effects of growth hormones
(Humbel, 1990). There are two forms called IGF-1, which is a basic peptide, and IGF-2,
which is a neutral peptide. The insulin-like growth factors are anabolic hormones with
wide ranging effects including cell replication, synthesis of glycogen, protein and
glycosaminglycans. They also transport glucose and amino acids across the cell
membranes. There are high affinity receptors for the IGFs, which have been identified
in many cell types, including fibroblasts and endothelial cells. Wound fluid contains a
significant amount of IGF, which seems to be synthesized locally by fibroblasts as an
autocrine regulator (Spencer et al, 1994). In adult fibroblast cultures, IGF stimulates
DNA, RNA and protein synthesis, protein degradation and cell replication (Conover et
al, 1985). It’s mitogenic effect has been shown to be additive with EGF and PDGF in
culture (Conover et al, 1986). The fact that fibroblast synthesized IGF requires PDGF
for a maximum biologic response is consistent with the postulated role of IGF as a
progression factor (see section on fibroblast proliferation). IGF seems to stimulate
collagen synthesis by cultured fibroblasts. It has been suggested that this capability,
and the ability to stimulate endothelial cells, make IGF a logical target for investigation

in healing where there is excessive proliferation, such as in keloid formation.
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Recent investigations have shown that the level of IGF-I in aqueous humour at
cataract surgery was 24 + 7 mU/ml (SD). The level in diabetic patients was 25 + 9
mU/ml (SD) (Castro et al, 1990). The source of IGF-I in aqueous humour is unknown,
but serum maybe the source (Tripathi et al, 1989). This is based on the observation
that only members of the family of insulin-like growth factors or serum can stimulate
differentiation of lens epithelium cells in chicken embryo’s (Beebe et al, 1987). The lens
differentiation factor lentropin may actually be closely related or even identical to IGF-I
. (Beebe et al, 1980; Beebe et al, 1987). The IGFs may be important in the growth and
differentiation of lens epithelium in vivo (Danielpour et al, 1989; Basnett and Beebe,

1990). However, the other roles of IGF-1 in aqueous humour are unknown.

Platelet Derived Growth Factor: The molecules known as platelet derived growth
factor (PDGF) are dimers of A (17 kd) and B (16 Kd) chains (AA, AB and BB). As the
name suggests, this growth factor is derived from platelets (Ross et al, 1974) and is
localised to the a granules (Kaplan et al, 1979). During the haemostatic response to
injury, PDGF is released when degranulation occurs, either after exposure to thrombin
or fibrillar collagen. Human blood monocytes, when activated by a variety of stimuli,
release molecules similar to PDGF in biochemical and immunologic properties (Martinet
et al, 1986). Cultured endothelial cells also secrete a PDGF like molecule, the release
of which can be enhanced by treatment with thrombin (DiCorleto and Bowen-Pope,
1983). PDGF is a chemoattractant for inflammatory cells, including neutrophils and
monocytes (Deuel et al, 1982b). Smooth muscle cells and fibroblasts are also
attracted to low concentrations of PDGF (Seppa et al, 1982). PDGF is a mitogen in
serum for cells of mesenchymal origin, including fibroblasts and smooth muscle cells
(Deuel and Huang, 1983).

Platelets influence cellular migration into wounds by releasing PDGF. These are
either membrane bound or secreted (Ross et al, 1986; Tzeng et al, 1984). These
growth factors have direct chemotactic effects on connective tissue cells such as
fibroblasts, due to high affinity PDGF-specific receptors on these cells (Ross et al,
1986). This chemotactic ability, shared by all cell types that secrete PDGF, draws
connective tissue cells into the wound and promotes their proliferation (Ross et al,
1986). The levels of PDGF in aqueous have not been determined. Levels in the
undisturbed aqueous would not be expected to be significant, but it is probable that

levels would rise in conditions where blood entered the anterior chamber of the eye.
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Transferrin: Transferrin is a iron binding glycoprotein with a MW of 79,550 that is
found in serum and other body fluids (Parker and Bearn, 1962; Tripathi et al, 1989;
Tripathi et al, 1989). Transferrin is essential for mitosis and maturation for a variety
of cells (Weller et al, 1990), although it is not a classic growth factor. The
concentration of transferrin in aqueous humour in the studies of one group ranged from
0.4 to 2.8 mg/dl (Inada et al, 1984, Inada et al, 1988). There are several isoforms of
transferrin (Yu and Okamura, 1988; Tripathi et al, 1990b). Sources other than serum
include the vitreous structures of the posterior segment of the eye, particularly retina,
ciliary body and a few anterior segment structures (Yu and Okamura, 1988). Retinal
capillary endothelium expresses the transferrin receptor and carrier system, therefore
this could deliver the transferrin ion complex to the retina and vitreous, and then in the
long term to the aqueous humour (Vadot et al, 1988). The vitreous humour contains
large amounts (7.37 + 0.66 ml/dl) of transferrin (Weller et al, 1990). The addition of
insulin, transferrin and high density lipoproteins stimulate stromal fibroblasts to undergo
cell division (Hyldahl, 1985). This mitogenic activity may also be a stimulatory factor
to Tenon’s capsule fibroblasts after glaucoma filtration surgery (Tripathi et al, 1989;
Smyth et al, 1990). The number of receptors as the cells reach confluence decrease
directly in proportion related to the proliferative activity of the celis (Weller et al,
1990).

Interleukin-6: Interleukin-6, which is also called B cell stimulating factor 2 (BSF-2), is
a phosphoglycoprotein with a MW of 19,000-30,000, which evokes a variety of
physiological and immunological response. This cytokine is made by a variety of cells,
including monocytes, endothelial cells, activated T cells and fibroblasts (Mizel, 1989).
IL-6 is probably present in small amounts (less than 10 units/ml) in aqueous humour
from cataract patients, but there is an increase in its presence in Fuch's heterochromic
cyclitis, uveitis and other conditions characterised by a disturbance of immunological
control (Murray et al, 1990). The main role of IL-6 may be immunological control in the

anterior segment of the eye (Hooks et al, 1988; Abi-Hanna et al, 1989).

Fibronectin: Fibronectin is a high molecular weight adhesive glycoprotein which is
found in a soluble form in plasma and an insoluble form in tissues (Furcht, 1983;
Yamada and Kennedy, 1985). Fibronectin exists as a protein with a MW of 440,000,
which has two disulphide bonded units, with a MW of approximately 220,000 in size.
Fibronectin is an extremely 'sticky’ molecule in biological terms and is a very important

component of many cell matrix interactions in the human body. It has multiple binding
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sites which bind to a wide variety of substances, including type I-IV collagen,
thrombospondin (Lahav et al, 1984), fibrin, dermatan and chondroitin sulphate, heparan
and heparin sulphate proteoglycans (Ruoslahti et al, 1981). The cellular form of
fibronectin binds hyaluronic acid (Yamada et al, 1980). Fibronectin also binds to the
surface of fibroblasts, endothelium and macrophages (Hynes and Yamada, 1982;
Furcht, 1983). The cellular adhesion of fibronectin to cells is mediated through a
glycoprotein complex (Wylie et al, 1979; Damsky et al, 1985). There is a direct
transmembrane link between fibronectin and the cell interior, and the integrins are the
group of molecules which mediate this link. The sites of cell matrix adhesion can be
identified ultrastructurally as regions of cell surface thickening adjacent to extracellular
components. These adhesion sites contain the surface receptor complex, linking
intracellular cytoskeletal elements to extracellular fibronectin (Heggeness et al, 1978;
Kleinman et al, 1981). It is via these complex transmembrane structures that the
extracellular matrix can exert influence on the cellular cytoskeleton. Inevitably, for a
molecule with so many binding sites, 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.
Cellular fibronectin is assembled into an insoluble matrix under and around matrix-
secreting cells (McDonald, 1988). It may arise from local production by cells, as well
as by deposition from plasma.

Fibronectin is secreted by a variety of cell types including fibroblasts, endothelium
and macrophages (Bowersox and Sorgente, 1982; Tsukamoto et al, 1981; Aaberg,
1988). Production is increased in blood vessels after injury(Clark et al, 1982). It has
been found to be a chemoattractant a variety of ocular cells, including Tenon’s capsule
fibroblasts (Joseph et al, 1987), trabecular meshwork cells (Calthorpe and Grierson,
1990) and corneal epithelial cells (Nishida et al, 1990; Nishida et al, 1983). The region
inducing fibroblast chemotaxis has been localised to a specific 140 kD region of the
fibronectin molecule (Postlethwaite et al, 1981). It has been detected in tears (Barlati
et al, 1990), vitreous (Campochiaro et al, 1985) and bovine aqueous (Reid et al, 1982).
Aqueous levels have been reported to fall after rabbit corneal injury (Kenney et al,
1986). Possible sites of production include the trabecular meshwork (Worthen and
Cleveland, 1982), corneal endothelium and ciliary body (Tervo et al, 1986; Kohno et
al, 1987) and fibronectin production has also been reported in epiretinal membranes
(Hiscott et al, 1992). Fibronectin has also been found to have a synergistic effect with
certain growth factors to produce scarring in the eye. The injection of growth factors

alone into the vitreous does not cause scarring and retinal detachment but, if
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fibronectin is added to the mixture, then cicatricial retinal detachment results (Yeo et
al, 1986). The stimulatory effect of fibronectin on fibroblasts is clear, but its role in
aqueous humour is uncertain. It has been suggested that fibronectin may induce

migration of trabecular meshwork cells out of the eye (Calthorpe and Grierson, 1990).

1.26 The role of inflammation and inflammatory cells

Immediately after injury, intravascular components, plasma and blood proteins
come into contact with tissue. There is an increase in vascular leakage due to
secretion of local inflammatory mediators which include serotonin, kinins, histamine,
prostaglandins, and leukotrienes (Boucek, 1984). Mast cells release histamine which
induce contraction and separation of the endothelial cells, resulting in an increased
blood vessel permeability (Majno et al, 1967). Serotonin causes arterial and venous
contraction through its action on smooth muscles, while at the same time inducing
arteriolar dilation (Boucek, 1984). Serotonin also increases permeability of the local
blood vessels to plasma proteins (Boucek, 1984). The activation of Hageman factor
(factor VII) results in kinin formation. Prostaglandins (PG) and leukotrienes are
synthesized locally from the precursor arachidonic acid (AA), which is derived from
polyunsaturated fatty acids and is released by the action of phospholipase A,. (Figure
8) AA is transformed into leukotrienes by lipoxygenase and prostaglandins by the
cyclo-oxygenase enzymes. Lipoxygenase converts AA into unstable intermediate
compounds, such as hydroperoxy-eicosatetraeinoic acid (5-HPETE), which are
converted into leukotrienes, such as B4 (Samuelsson et al, 1978). Leukotrienes
mediate many stages of inflammation and have a chemotactic effect on leucocytes
(Palmer et al, 1980).

Many types of PGs that are produced by the cyclo-oxygenase enzyme and released
into the injured tissue are influenced by other substances which accumulate in the
wound, such as zinc (Zn), copper (Cu), glutathione and noradrenaline (Boucek, 1984).
The most important of these products are prostacyclin, thromboxane A,, PGE,, PGF,,,
and PGD,, and a variety of different physiological functions. PGE, dilates blood vessels
and PGF,, constricts vessels. Therefore, the prostaglandins act as vasodilators, they
increasing vascular permeability and prolonging the inflammatory period. Components
of the complement system, including C3a and Cb5a, increase vascular permeability
mainly by causing histamine release from mast cells and platelets. C5a also activates

the lipoxygenase pathway of AA metabolism in neutrophils and macrophages, which
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Figure 8 Arachidonic acid metabolism
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leads to the formation of additional mediators of increased permeability from these cells
(Robbins et al, 1984).

Inflammatory cells are an integral part of wound healing. Polymorphonuclear cells
and subsequently macrophages are stimulated to proliferate and migrate towards the
site of damage by a variety of factors including complement derived peptides
(Snyderman et al, 1970), products of the clotting system (Senior et al, 1986; Kay et
al, 1974), the fibrinolysis pathway (Kaplan et al, 1973), the kallikrein-kinin system
(Gallin and Kaplan, 1974) and transforming growth factor-B (Wahl et al, 1987). The
activated cells may then themselves release stimulatory factors. These factors may
then stimulate other cells (Nathan, 1987) to proliferate, in particular fibroblasts and
blood vessel endothelial cells (Polverini et al, 1977). Wounds depleted of macrophages
show a marked delay in the onset and extent of granulation tissue (Leibovich and Ross,
1975). Inflammatory cells are a feature of the wound healing response in the failing
bleb following experimental filtering surgery in the rabbit (Wahl et al, 1987) and the
monkey (Jampel et al, 1987), although lymphocytes were not very prominent in the
rabbit (Wahl et al, 1987).

There is some indirect evidence that larger numbers of inflammatory cells may be
associated with increased rate of surgical failure after trabeculectomy in man.
Conjunctival and Tenon’s capsule biopsies were taken from two groups of patients at
Moorfields Eye Hospital. One group had had primary surgery with no topical treatment
and the second group had received at least two types of antiglaucoma topical
medication for a minimum of a year. There was a significant increase in the number
of macrophages, lymphocytes, mast cells and fibroblasts in the conjunctiva and
Tenon’s capsule of the treated group (Sherwood et al, 1989). At an average follow
up of 28 months, the failure rate was only 2% in the primary treatment group with less
inflammatory cells, against 21% in the medically treated group with more inflammatory
cells (Lavin et al, 1990). However, there were also more fibroblast cells, so the exact
role played by the increased number of inflammatory cells in the subsequent surgical
failures is uncertain.

Biopsies of the conjunctiva and Tenon’s capsule in eyes that had failed surgery
within six months revealed a marked inflammatory infiltrate of macrophages and
lymphocytes. In contrast, late failures (over nine months post surgery) showed only
the occasional inflammatory cell (Hitchings and Grierson, 1983). A biopsy from a
patient with raised intraocular pressure and a ‘cyst of Tenons capsule’, which
developed several weeks after trabeculectomy, showed focal lymphocytic and

associated fibroblast infiltration (van Buskirk, 1982).
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1.27 The role of the fibroblast

The fibroblast is the central cell in the whole process of wound healing. The role
of the fibroblast has been arbitrarily subdivided into three aspects, proliferation,
migration and synthesis, although all these functions occur simultaneously in the /in
vivo situation. Fibroblasts are the main producers of extracellular matrix proteins in
scar and scar-like tissue, and are also the major mediators of scar contraction. Without

the fibroblast cell, there would be no significant scar tissue in most body tissues.

Fibroblast proliferation: Fibroblasts are stimulated to migrate towards the damaged
area and proliferate. Many factors are known to have stimulatory effects on
fibroblasts. The effects of these factors are complicated and some growth factors
have been shown to have a stimulatory or inhibitory effect on fibroblasts depending on
the cells and conditions (Roberts et al, 1985b). The stimulation to proliferate in
fibroblasts by various growth factors is associated with markedly increased
transcription of proto-oncogenes (Cochran et al, 1984). High levels of expression of
these genes are associated with cell proliferation or tumourigenicity.

To proliferate, cells have to go through stages where they have to become
competent to divide, and they then have to be stimulated by progression factors.
Certain growth factors have been characterised as either competence or progression
factors on the basis of the stage in the cell cycle in which they act (Pledger et al,
1977) (Figure 9). Competence factors act early in the cycle, moving the cells out of
the resting stage. Progression factors act later. PDGF, FGF and calcium phosphate are
typical competence factors while IGF-1, IGF-2 and EGF are progression factors. Such
growth factors have very different activities, but can show strong synergistic activity
in promoting cell division. The IGF progression factors alone will not induce cells to
proliferate, while PDGF at high doses can induce proliferation, possibly by inducing the
production of IGF itself (Clemons et al, 1981). Certain growth factors may make the
cell competent by acting early in the cell cycle elevating cytoplasmic calcium and the
pH of certain early genes such as fos and myc.

In vitro, an exponentially growing population of fibroblasts goes through cell
division every 8-20 hours on average. The cell cycle is divided into several phases with
boundaries provided by the two most easily observed events, DNA synthesis (S phase)
and mitosis (M). The remainder of the cycle consists of two relatively undefined time

gaps which are G,, the time between mitosis and the onset of DNA synthesis, and G,,
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the time between S phase and mitosis (Baserga, 1985). Cellular DNA is replicated
during an interval of the cell cycle, the S phase. Protein synthesis occurs during S
phase and is required for DNA synthesis. At the onset of S phase, a substantial
increase occurs in most of the enzymes involved in DNA synthesis and metabolism,
including polymerases, ligases and thymidylate synthetase, as well as the histones and
ribonucleotide reductases. During the mitotic phase, which lasts 30 minutes to an hour,
protein synthesis is substantially decreased and RNA synthesis ceases entirely. During
the course of each cell cycle, the cell doubles its mass in preparation for division. The
G, and G, phases are characterised by active RNA and protein synthesis. The products
of this synthetic activity contribute to the doubling of cell mass. Although the average
cell time cycle varies with different cell types, the composite length of S, G, and M
phases is a consistent 10 to 12 hours. The concepts of competence factors and
progression factors are important. Fibroblasts may remain in a reversible quiescent
stage when there is a consent supply of the progression factors present in plasma in
concentrations sufficient to support cell growth. The transition to cell replication and
proliferation may be initiated by a single stimulus - the release of competence factors -
conferring the ability to proliferate in the presence of plasma. This mode of regulation
probably allows for the specific stimulation of cell proliferation in areas of tissue in
injury by the localised release of competence factor by cells such as platelets,
mononuclear phagocytes and lymphocytes at the damaged area (Morgan and Pledger,
1992).

Fibroblasts make a relatively late appearance at sites of wound healing and reach
optimal numbers within one to two weeks (Ross and Odland, 1968). Miller et al found
only a few fibroblasts three days after filtration surgery in the rabbit, but there were
considerable numbers by day 10 (Miller et al, 1989). They were particularly prominent
at the border of the bleb, especially around the extraocular muscles. Regan found little
sign of fibroblasts in the monkey model of filtration surgery in the first week in eyes
treated with intense cautery. However, proliferation was very apparent from two
weeks onwards. She found however, that fibroblastic proliferation and
neovascularisation were present at the end of one week, if cautery was not sufficient
to affect the limbal structures (Regan, 1963). Another study on monkeys found
fibroblast proliferation became prominent at day five after posterior lip sclerostomy
filtration surgery. Between days 8 and 14, they lined the sclerostomy and proliferated
to occlude the fistula. As the healing response slowly regressed, the numbers of
fibroblasts then slowly returned to a normal density, presumably by a process of

programmed cell death. Inevitably, the main impetus for control of fibroblasts after

48



glaucoma filtration surgery has concentrated in the area of inhibition of fibroblast
proliferation on the simplistic basis that, if the cells were not able to proliferate, then

insufficient numbers would be present to carry out the processes of scar formation.

Fibroblast migration: Cellular migration within an organism plays an important role in

its embryonic development and its response to injury and infection. These events are
controlled and mediated to a great degree by specific polypeptides which act as
chemoattractants, through the process of chemotaxis. Chemotaxis is defined as the
directed migration of cells in response to a concentration gradient of a soluble
attractant (McCarthy et al 1988 book chapter, p 281-319). During chemotaxis, cells
move in the direction of an increased concentration of that factor. Zigmond and Hirsch
defined two components of migration, which are a) a direct migration where cells
moved up a positive concentration gradient which they call chemotaxis, and b) an
increased random migration where the cells move independent of a concentration
gradient which they term chemokinesis (Zigmond and Hirsch, 1973). Cells orient in
response to gradients of chemotaxis substances with a leading front (lamellipodium)
extending towards the source of the chemoattractant.

A variety of cells involved in wound healing processes migrate towards
chemoattractants. These cells include macrophages and polymorphonuclear cells,
smooth muscle cells, endothelial cells and fibroblasts. The presence of cell surface
receptors for a factor is required for cells to respond, and these receptors also
determine the specificity of response. A lack of chemotactic factors for fibroblasts and
other cells involved in tissue repair may reduce the rate of repair. On the other hand,
overproduction may result in excessive scarring.

A variety of substances have been shown to promote the migration of fibroblasts
in vitro and may contribute to the repetitive phase of healing. These include
complement components (Postlethwaite et al, 1979), platelet-derived growth factor
(PDGF) released by platelets when they aggregate (Grotendorst et al, 1981; Seppa et
al, 1982), transforming growth factor-R (Postlethwaite et al, 1987), damaged collagen
(Postlethwaite et al, 1978), elastin (Senior et al, 1984; Senior et al, 1982),
inflammatory cell products (Postlethwaite et al, 1976; Sobel and Gallin, 1979;
Postlethwaite and Kang, 1980), fibronectin (Joseph et al, 1987; Postlethwaite et al,
1981; Mensing et al, 1983) and fibrinogen derivatives (Senior et al, 1986).

Molecules such as fibronectin bind to many macromolecules, including collagen,

thrombospondin, heparin, glycosaminoglycans, fibrin and cell-surface receptors on
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fibroblasts and other cells (McDonald, 1988). Adhesion is receptor mediated via cell-
surface receptor molecules of the integrin family. These molecules contains a specific
domain which has cell-adhesive activity. The surface receptor complex, linking
intracellular cytoskeletal elements to extracellular fibronectin (Heggeness et al, 1978;
Kleinman et al, 1981; Buck and Horwitz, 1987). It is via these complex transmembrane
structures that the extracellular matrix can exert influence on the cellular cytoskeleton.

Other factors may play a role in stimulating fibroblast motility. Fibroblasts also
have got to penetrate and move through the extra cellular matrix. Enzymes include
plasmin, plasminogen activator and collagenase. Space clearing can also be achieved
by phagocytosis (Saba and Jaffe, 1980). The extra cellular matrix produced by
fibroblasts could actually serve to exert pressure on the spaces within the matrix
(Repesh et al, 1982; Toole, 1981). Fibroblasts have to migrate towards sites of
healing. The movements of cells may, in itself, cause traction and wound contraction
(Harris et al, 1980; Harris et al, 1981). Spindie-shaped fibroblasts with masses of
microfilaments (myofibroblasts) are also thought to play a major role in the contraction
of newly forming scars (Montandon et al, 1973). These cells are prominent in animal
models of filtering surgery (Miller et al, 1989; Peiffer et al, 1981). There were also
abundant spindle-shaped fibroblasts in biopsies of failing blebs taken within 6 months

of surgery (Hitchings and Grierson, 1983).

Fibroblast extracellular matrix synthesis and modelling: Fibroblasts secrete fibronectin,

glycosaminoglycans and tropocollagen, which then cross-link to form collagen. The
collagen molecule is composed of three polypeptide chains arranged in a right-handed
triple helix. Each polypeptide chain is translated from messenger RNA on membrane-
bound ribosomes and released into the rough endoplasmic reticulum (RER) (Gabbiani
and Montandon, 1977). Inthe RER, certain proline and lysine residues are hydroxylated
by proline and lysine hydroxylases respectively, using Fe?* and ascorbate as catalysts
(Rhoeds and Udenfriend, 1970; Prockop et al, 1966). Subsequently, three helical
polypeptide molecules are brought together to form a procollagen molecule {(Gabbiani
and Montandon, 1977). Procollagen is then transported to the Golgi complex where,
after modifications, it is secreted into the extracellular space by microtubules and
microfilaments (Dehm and Prockop, 1972; Jimenez et al, 1971). In the extracellular
space, procollagen peptides lose the NH, and COOH terminal domains of the molecule,
forming the collagen precursor tropocollagen (Gabbiani and Montandon, 1977). Lysyl
oxidase is the enzyme involved in the cross-linking of the tropocollagen molecules, with

copper as an essential component (Chvapil and Koopmann, 1984). The degree of

50



cross-linking, not the amount of collagen deposited, determines the strength of a
healed tissue (Chvapil and Koopmann, 1984).

Type lll collagen, associated with embryonic tissues, is the first type of collagen
to fill the adult wound (Guber and Ross, 1978; Gabbiani et al, 1976). It is deposited
initially in intimate association with pre-existing fibrin networks and is stabilized by
mucopolysaccharides (Ross, 1968). Type lll is replaced by Type | collagen, the mature
form, after the fibroblasts and endothelial cells of the blood vessels regress from the
granulation tissue (Dvorak, 1986). Collagen is a major component of the wound matrix
and is a prominent feature of experimental filtering surgery failure in the rabbit and
monkey (Miller et al, 1989; Desjardins et al, 1986). Many fibroblasts in the failing
blebs of rabbits were found to have cytoplasm rich in endoplasmic reticulum, with
some distended cisternae. This appearance is consistent with an actively metabolizing
cell undergoing transcription (Miller et al, 1989). The exact pattern of this collagen
secretion in the /n vivo situation is not known, but methods are now available to study
this in animal models using collagen mRNA in situ hybridization (Katakami et al, 1990).
Collagen accumulation is also a prominent feature of failing blebs in man (Hitchings and
Grierson, 1983). In a histological review of four failed filtration blebs, the area of
collagenous connective tissue beneath the bleb was thicker than usual throughout the
bleb wall. However, the collagen fibrils themselves had a normal appearance and
banding pattern. In addition, no abnormal accumulation of extracellular material was
found in the failed blebs (Addicks et al, 1983).

The fibroblasts remodel the scar tissue and become orientated with the
corneoscleral lamellae. This is found in the monkey (Desjardins et al, 1986) and rabbit
(Miller et al, 1989) models of filtering surgery. Remodelling of the scar matrix
continues for several months after injury (Peacock, 1984), resulting in a hypocellular
fibrous tissue which may result in animpermeable capsule. This fibrous tissue consists
of irregular bundles of collagen and was found to be a feature of blebs that failed late
(more than nine months after surgery) (Hitchings and Grierson, 1983). Itis interesting
that there were histologically normal lymphatics in the tissue beyond the fibrous
capsule. The basic physiology of fluid flow through the conjunctival and
subconjunctival extracellular matrix is still not understood.

The factors regulating collagen production occur in different phases of the wound
healing process. In the early stage after damage, factors released from platelets during
clotting play a key role in regulating collagen. One factor is platelet-derived growth

factors (PDGF) (Knighton et al, 1982). This growth factor recruits connective tissues
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cells into the wound through its chemotactic activity (Seppa et al, 1982) and also
stimulates proliferation of these cells (Rutherford and Ross, 1976). PDGF also
enhances connective tissue deposition (Grotendorst et al, 1985). Collagen deposition
in subcutaneous chambers in rats with diabetes exhibit low levels of collagen
deposition, which can be increased by the addition of PDGF.

TGF-B also enhances the rate of connective tissue deposition in the rat (Sporn et
al, 1983; Lawrence et al, 1986b). This even occurs when wound healing is impaired
by systemic anti-cancer treatment such as adriamycin (Lawrence et al, 1986b). In
combination with other growth factors such as PDGF and EGF, there is an enhanced
effect. There is also good tissue culture evidence that low levels of TGF- significantly
increased the rate of new collagen synthesis in fibroblasts (Ignotz and Massague,
1986; Roberts et al, 1986). In the middle phase of wound healing, macrophages play
a major role in the stimulation of extracellular matrix deposition. Macrophages release
growth factor activity like PDGF (Shimokado et al, 1985), FGF (Baird et al, 1985) and
TGF-B (Assoian et al, 1987).

Collagen degradation occurs throughout the process and increases as the wound
matures (Zeitz et al, 1978). The enzyme collagenase, which is a matrix
metalloproteinase synthesised by fibroblast epithelial cells and macrophages, is a

primary mediator of collagen turnover.

1.3 Modulation of healing after glaucoma filtration surgery

The wound healing processes after glaucoma filtration surgery can be modulated
at many stages of the process (Figure 10). As before, these agents have been divided
intoanti-inflammatory, thrombolytic, anti-proliferative, anti-contractileand anti-collagen

cross linking agents, although there may be an overlap of actions.

1.31 Anti-inflammatory agents

Inflammation is a dual process, involving both an increase in vascular permeability
and the migration of inflammatory cells into the injured area. Modulating agents may
change the vascular response to injury by reducing blood vessel dilation, permeability,
cellular infiltration and the deposition of fibrin. All these events are dependent factors

including histamines and prostaglandins (Eakins, 1977), which are released into
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Figure 10

Sequence of events in wound healing and potential areas of modification

after glaucoma filtering surgery (simplified, events and agents have
overlapping time duration and action)

Event

INJURY
Conjunctival/episcleral/scleral incisions
Damage to connective tissue

INFLAMMATION

Increase in vascular permeability
and dilatation

Migration and proliferation of
polymorphonuclear neutrophil cells,
macrophages and lymphocytes.

AQUEOQUS FACTORS
Aqueous released from eye
Breakdown of blood aqueous barrier

Release of growth factors into agueous
Aqueous begins to flow through wound

COAGULATION

Release of plasma proteins and blood
Activation of clotting and complement
Fibrin/fibronectin/blood cell clot
Release of growth factors from blood

FIBROBLAST PROLIFERATION
MIGRATION AND SYNTHESIS
Migration and proliferation

of fibroblasts

Wound contraction

Fibroblast synthesis of tropocollagen
glycosaminoglycans and fibronectin
Collagen cross linking and modification

ANGIOGENESIS
Blood vessel endothelial migration and
proliferation

Continued collagen synthesis
Capillary resorption and
disappearance of fibroblasts

Fibrous subconjunctival scar

Possible areas of modulation

Minimal trauma
Less invasive surgical techniques

Antiinflammatory agents e.g steroid

Antiinflammatory agents e.g steroids
Antiproliferative agents e.g. 5-fluorouracil

Blood aqueous barrier stabilising agents
e.g. Non-steroidal antiinflammtory agents
Steroids
Antagonists to growth factors

Haemostasis

Agents preventing/removing fibrin

e.g. heparin, tissue plasminogen activator

Antagonists to growth factors production,

growth factor activation

e.g. antisense oligonucleotides, antibodies to
growth factors or receptors.

Antiproliferative agents

Anticontraction agents e.g. taxol

Anticrosslinking agents
e.g. Beta-aminopropionitrile

Inhibitors of angiogenesis
e.g heparin
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wounded tissue. The prostaglandin system is particularly important in ocular tissue
because there is a relative lack of prostaglandin degradation pathways in the eye
(Eakins et al, 1974). Therefore, prostaglandins may accumulate in the aqueous humour

and prolong the inflammatory process.

Non-steroidal Anti-Inflammatory Drugs (NSAID): Most non-steroidal drugs have similar

actions to aspirin. These agents are superior to steroids in inhibiting the prostaglandin
or leukotriene synthesis from arachidonic acid. The common action of these inhibitory
drugs, such as aspirin and indomethacin, is inhibition of the cyclooxygenase pathway
(Flower and Vane, 1974; Nozu, 1978) (Figure 11). However, more arachidonic acid
is diverted to the lipoxygenase pathway, increasing the amount of leukotriene. This
makes conventional non-steroidal drugs less effective than steroids in inhibiting
inflammation, although other non-steroidal anti-inflammatory drugs may have a wider
spectrum of anti-inflammatory activity and may be able to inhibit both lipoxygenase
and cyclo-oxygenase pathways (Kulkarni and Eakins, 1976; Moncada etal, 1977; Allan
et al, 1980; Moncada et al, 1976). There are also specific inhibitors of the
phospholipase A, enzyme and the lipoxygenase enzyme (Parker, 1982). Prostacyclin
formation (Bunting et al, 1976) and thromboxane synthesis (Kulkarni and Eakins, 1976;
Moncada et al, 1977; Allan et al, 1980; Moncada et al, 1976).

In the eye, topical administration of non-steroidal cyclo-oxygenase inhibitors
reduces signs of intraocular inflammation, such as increase in the amount of aqueous
humour protein, increased prostaglandin release into the aqueous humour and iris
hyperaemia. However, cyclo-oxygenase inhibitors may also potentiate the migration
of the white cells into the aqueous humour (Kulkarni et al, 1981), via increased
leukotriene-mediated chemotaxis (Higgs et al, 1979). Phospholipase A, inhibitors that
retard both lipooxgenase and cyclo-oxygenase pathways have a similar anti-
inflammatory spectrum, as well as inhibiting white cell migration into the aqueous
humour.

Non-steroidal anti-inflammatory agents, such as indomethacin 0.5%, have also
been used after filtering surgery but did not appear to influence the long term results
and, in fact, seemed to cause more macroscopic inflammation (Migdal and Hitchings,
1983). These groups of drugs may also have direct effects on fibroblast proliferation
(Blumenkranz et al, 1984a). Some agents used to prolong drug delivery may in
themselves excite aninflammatory reaction, although this did not apparently accelerate
bleb failure in an animal model (Kay et al, 1986). Although the anti-metabolite

5-fluorouracil has been used primarily to suppress fibroblast proliferation, it is possible
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Figure 11 Arachidonic acid metabolism and points of inhibition

Membrane Phospholipids

Phospholipase A2 - Inhibited by steroids e.g. Prednisolone

Inhibited by some NSAID's e.g. Benoxyprofen
v Lipoxygenase
Arachidonic acid » HPETE

->

+ Leukotrienes

HETE

Cyclo-oxygenase - Inhibited by non-steroidal anti-inflammatory
drugs e.g. Aspirin

TXA synthetase - Inhibited by imidazole

L Z

v L Thromboxane A, (TXA)
Prostaglandin endoperoxides

N

v

Prostacyclin (PGl)

PG/ synthetase - Inhibited by tranylcypromine

Prostaglandins PGE, PGF,, PGD,
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that antiproliferative and other drugs may exert some of their effects by inhibiting
inflammatory cells. In one study of conjunctival wound healing, the inflammatory
reaction was least marked in rabbits treated with subconjunctival doxorubicin (Ren et
al, 1989). In the original study of 5-fluorouracil in filtering surgery in monkeys, the
treated eyes were noted to have noticeably less conjunctival injection (Gressel et al,
1984).

Steroidal Agents: Steroids inhibit the enzyme phospholipase A, which mediates the

release of prostaglandins and the interleukin precursor arachidonic acid from the cell
membrane (Flower and Blackwell, 1979; Hirata et al, 1980). Steroids prevent the
synthesis of inflammatory mediators, acting on both the lipoxygenase and cyclo-
oxygenase pathways (Figure 11). Other anti-inflammatory actions of steroids include
inhibition of granulocytes (Long, 1957) and mast cell degranulation (Santamaria,
1983), intracellular lysosomal stabilization (Liddle, 1961), reduction of chemotaxis and
vascular permeability, and suppression of lymphocyte maturation (Ketchel et al, 1958).

Topical ocular steroids reduce intraocular inflammation by reducing aqueous
humour protein from the breakdown of the blood-aqueous barrier, hyperaemia of the
anterior uvea, and leucocyte migration into the aqueous humour (Kulkarni et al, 1981).
Because steroids influence the inflammatory response, they are used routinely after
many types of ocular surgery including filtration surgery. Eyes in rabbits treated with
topical steroids showed a reduction in inflammatory cells and an increase in bleb
survival time (McGuigan et al, 1986; Miller et al, 1989). Starita and colleagues
showed that there was a higher success rate after filtration surgery if topical steroids
were used, and that the final intraocular pressure was lower, even if only the
successes in the steroid treatment and no steroid treatment group were compared
(Starita et al, 1985). However, like other drugs, steroids also have an effect on other
cellular functions, including for instance, fibroblast proliferation. Proliferation is

stimulated at low doses but inhibition at higher doses (Blumenkranz et al, 1984a).
1.32 Thrombolytic agents
Fibrin is a prominent component of filtration surgery in animals and man (see
previous section). Agents which inhibit the formation of fibrin or facilitate its

breakdown are potentially useful in the modulation of wound healing after filtration

surgery (Figure 12). Heparin, which is a sulphated glycosaminoglycan, is found in mast
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Figure 12 Extrinsic, Intrinsic, and Exogenous Activation of Plasmin.
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cells near the walls of blood vessels and on the surface of endothelial cells. It acts as
an anticoagulant by increasing the rate of formation of irreversible complexes between
antithrombin [ll, other clotting factors including antitrypsin and antithrombin il (Davie,
1986). It also binds to a number of extracellular matrix components, to several growth
factors and interferes with cell-to-substrate attachment (Blumenkranz et al, 1992).

Heparin has been found to have an inhibitory effect on growth factor-induced
proliferation and chemotaxis in cultured human ocular retinal pigment epithelial cells
{Leschey et al, 1991). Heparin has also been shown to reduce the rate of cell induced
collagen gel contraction, possibly by an effect on cytoskeletal components (Ehrlich et
al, 1986). However, the use of intraocular heparin has been tempered by the fear of
inducing intraocular haemorrhage and there is some clinical evidence that this may be
the case (Johnson and Blankenship, 1988).

Plasmin, which is derived from the proteolytic activation of plasminogen,
hydrolyses peptide bonds in the fibrin network. Therefore, activators of endogenous
plasminogen promote the dissolution of fibrin. Urokinase and streptokinase are two
exogenous plasminogen activators that are used in the treatment of vitreous
haemorrhage (Snyder et al, 1987; Chapman-Smith and Crock, 1977) and hyphaema
(Friedman, 1952; Leet, 1977). Urokinase is a trypsin-like serine protease (White et al,
1960), present in the serum as a proenzyme (pro-urokinase), that has full thrombolytic
capability in human serum by native competitive inhibitors (Zamarron et al, 1985).
When fibrin is formed, these inhibitors are in turn inhibited, promoting pro-urokinase
activation (Lijnen et al, 1985). Plasmin itself is also an effective prourokinase activator.
Urokinase used in the eye can, however, be associated with local inflammation and
toxicity. Streptokinase is also a potent activator of plasminogen. It forms a complex
with plasminogen, after which an active site is produced which is similar to the active
site in active plasmin (Kosow, 1975). However, streptokinase is not widely used
because of its immunogenic character (Johnson and McCarthy, 1959).

Tissue-type plasminogen activator (t-PA) is a naturally occurring trypsin-like serine
protease that has received the most clinical attention. t-PA has a very specific affinity
for a fibrin clot (Dano et al, 1985). Plasma t-PA normally exists as an inactive
proenzyme, but during clot formation and in the presence of fibrin, the affinity of t-PA
for plasminogen increases (Hoylaerts et al, 1982). This allows plasminogen activation
on the fibrin clot without significant plasminogen conversion by t-PA elsewhere (Rijken
et al, 1982). T-pa forms a complex with fibrin and fibrinogen, leading to conversion

of inactive plasminogen into active plasmin, which then degrades fibrin into soluble
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peptides. Plasmin is usually inhibited by anti-plasmin factors in the plasma. This is
prevented by the fibrin/t-PA/plasmin complex which is sequestered within the clot and
allows the thrombolytic process to continue until all of the fibrin is lysed (Verstraete
and Collen, 1986). The disadvantage of lysing fibrin may be that the products may be
chemotactic for cells that stimulate the healing process (Kaplan et al, 1973; Gallin and
Kaplan, 1974).

Intraocular use has shown that t-PA may be associated with some changes in
corneal thickness, but overt toxicity at therapeutic doses seems to be minimal (Snyder
et al, 1987; Jaffe et al, 1989; Williams et al, 1988). Studies of subconjunctival tissue
plasminogen activator in rabbits after filtering surgery have shown delayed bleb failure
in the treated group (Strauss et al, 1990). Plasminogen activator has also been
reported to dissolve a blood clot that had been obstructing a filtering bleb (Ortiz et al,
1988).

1.33 Anti-proliferative agents

Wounding in the skin or the eye is normally associated with the rapid proliferation
of the cells in the area including fibroblasts (Im and Hoopes, 1970). The failure of
glaucoma filtration surgery due to scarring arises because of fibrocellular proliferation
and the laying down of newly formed collagen by fibroblasts and myofibroblasts
(Machemer, 1977). Other agents, such as steroids and non-steroidal antiinflammatory
drugs, may also inhibit fibroblast proliferation and the healing process (Priestley, 1978;
Ehrlich and Hunt, 1969; Laval and Coles, 1953; Hial and DeMello, 1977; Neupert and
Muller, 1975). However, much attention has concentrated on agents that inhibit
proliferation, to inhibit the scarring process (Blumenkranz et al, 1984b).
Antiproliferative drugs can be arbitrarily divided into groups according to their chemical
nature and mode of action and these groups include antimetabolic drugs, natural
alkaloids, alkylating agents, and differentiating agents. The agents act in different

phases of the cell cycle (Figure 13 and 14).

Antimetabolic agents: Antimetabolic drugs are one of the groups of chemotherapeutic
agents that are used clinically to control cellular proliferation. They are structural
analogs to metabolically active molecules, among which are purines, pyrimidines and
folic acid. Antimetabolites primarily interfere with DNA/RNA synthesis (Blumenkranz
et al, 1984b) or usage, eventually disrupting cellular function. Reduction of

inflammation and scar formation are secondary to these actions (Molteno et al, 1976).
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Figure 13 Cell cycle and the effects of antineoplastic agents

1) M Phase Natural alkaloids Antibiotics e.g. Mitomycin-c
Mitosis Vinca alkaloids e.g. Vincristine
G, Phase Alkylating agents Nitrosoureas e.g. Carmustine

Resting Phase

v

2) G, Phase Alkylating agents Nitrogen mustard e.g. Chlorambucil
Enzymes needed for Nitrosoureas e.g. Streptozocin
DNA synthesis Natural alkaloids Antibiotics e.g. Mitomycin-c
? Steroids
4
3) S Phase Antimetabolites Pyrimidine analog e.g. 5-fluorouracil
DNA Synthesis Purine analog e.g. Mercaptopurine
Folic acid analog e.g. Methotrexate
? Steroids
v
4) G, Phase Natural alkaloids Antibiotics e.g. Mitomycin-c

RNA Synthesis

Back to start
of cycle

v
1) M Phase

Mitosis
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Figure 14 Biochemical mechanism of action of fluoropyrimidine (adapted from Lee

et al, 1991)
4 1
Fl{dR < > FU «— » FUR
3
3\ / 2
5 FUMP
7
L 7 9
FAUMP «———— FJUMP «——FUDP
8 8
6

dTMP «——dUMP FdUTP . FUT

10

v
dTTP RNA incorporation
suppressed maturation
) and altered function
DNA breakage

cell death
Enzymes Substrate Products
1 Uridine phosphorylase FUR 5-fluorouridine
2 Uridine kinase FUMP 5-fluoro-5 monophosphate
3 Phosphoribosyl transferase FUdR 5-fluoro-2 deoxyuridine
4  Thymidine phosphorylase FdUMP 5-fluoro-2deoxy-5 monophosphate
5  Thymidine kinase FUDP 5-fluorouridine-5 diphosphate
6 Thymidylate synthetase FUTP 5-fluorouridine-5 triphosphate
7 Pyrimidine monophosphate kinase = FdUDP 5-fluorodeoxyuridine-5 diphosphate
8 Pyrimidine diphosphate kinase FAUTP 5-fluorodeoxyuridine-5 triphosphate
9 Ribonucleotide reductase dUMP Deoxyuridine-5 monophosphate
10 RNA polymerase dTMP Deoxythymidine-5 monophosphate

dTTP Deoxythymidine-5 triphosphate

The fluorinated pyrimidines produce their inhibitory and cytotoxic effects by two
separate biochemical mechanisms. The metabolite FUTP gets incorporated into RNA.
In addition DTTP, which is essential for further DNA production is stopped.
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The most investigated of these agents is the pyrimidine analog 5-fluorouracil (5-
FU). This agent was designed to inhibit cell proliferation by acting primarily on the
synthesis phase (S-phase) of the cell cycle. 5-FU is converted enzymatically to the
nucleotide 5-fluoro-2-deoxyuridine phosphate, a potent inhibitor of thymidylate
synthetase which is required for the synthesis of phosphorylated deoxyribonucleotides
for DNA synthesis (Figure 15). If these deoxyribonucleotides, which are required for
incorporation into DNA, are reduced, mitotic activity is also reduced and cellular
proliferation ceases. 5-FU inhibition of thymidylate synthetase can sometimes be
reversed by the addition of thymidine through competitive inhibition of deoxyuridylate
(Rich et al, 1960; Madoc-Jones and Bruce, 1968; Evans et al, 1980). However, 5-FU
also has other modes of action, which may be less reversible. For instance, 5-FU is also
converted to its corresponding ribophosphate, which is then incorporated into RNA.
This results in the production of abnormal ribosomes, altered translation from
messenger RNA and abnormal protein synthesis (Rich et al, 1960; Madoc-Jones and
Bruce, 1968; Gressel et al, 1984).

The use of 5-FU as an anti-scarring agent was stimulated by the initial work of
Blumenkranz and colleagues. They tested 5-FU in cell culture on dermal and
conjunctival fibroblasts and also in an experimental animal model of intravitreal scarring
(proliferative vitreoretinopathy) (Blumenkranz et al, 1982; Blumenkranz et al, 1984a).
In the cell culture model, the cells were exposed continuously to 5-FU, based on the
premise that continous exposure was required to maintain inhibition of proliferation.
5-FU was found to have a broad therapeutic index with dose-dependency. The use in
proliferative vitreoretinopathy has been limited, but Parrish and colleagues at the same
centre carried out a series of studies on animal models of glaucoma filtration surgery
(Gressel et al, 1984; Fantes et al, 1985; Desjardins et al, 1986; Heuer et al, 1986),
followed by pilot studies in humans, culminating in a large multicentre study (The
Fluorouracil Filtering Surgery Study Group, 1989). The regimen involved injecting the
drug subconjunctivally every day for two weeks, based on the premise that a continous
inhibitory concentration of 5-FU had to be maintained in the tissue to inhibit fibroblast
proliferation. However, local toxic ocular effects included corneal epithelial defects
from 5-FU administered subconjunctivally (Heuer et al, 1984; Heuer et al, 1986;
Rockwood et al, 1987), possibly due in part to leakage of the drug into the tear film.
Furthermore, the regimen of repeated injections was inconvenient and impractical in
many circumstances. Regimens involving fewer injections were introduced with some

reduction in side effects, but the problems of subconjunctival injection administration
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remained (Weinreb, 1987). 5-FU in combination with slow release preparations such
as liposomes (Skuta et al, 1987), collagen implants (Kay et al, 1986), collagen shields
(Sachdev et al, 1990) and slow release polymers (Lee et al, 1987; Jampel et al, 1990a)
have been tried after experimental filtration surgery. However, these preparations may
induce adverse responses, such as acute and chronic inflammatory changes after the
injection of subconjunctival liposomes (Winter et al, 1987), collagen implants (Kay et
al, 1986) and polymers (Jampel et al, 1990b) and these methods have not reached

regular clinical use.

Natural alkaloids: Some natural alkaloids are also antiproliferative agents. These
include plant alkaloids and antibiotic agents. Clinically important plant alkaloids are
vinblastine and vincristine and important antibiotic agents are mitomycin-c, actinomycin
(actinomycin D), daunorubicin, doxorubicin HCI (adriamycin), and bleomycin. Plant
alkaloids cause mitotic arrest, whereas antibiotics inhibit DNA-dependent RNA
synthesis. Mitomycin-c is an example of the multiple actions of the antiproliferative
antibiotics. Mitomycin-c gets activated to an active species that alkylates, and
possibly crosslinks DNA (lyer and Szybalski, 1963). A further mechanism for the
effect of mitomycin is free radical formation and subsequent cell damage (Moore,
1977). The final effects on DNA are alkylation and cutting of single strands of DNA.
The end result is an inhibition of DNA synthesis (as measured by *H thymidine uptake)
and an inhibition of RNA and protein synthesis (Lerman and Benyumovitch, 1965).
Chromosomal breaks and short fragments of DNA are detectable in the cell after
treatment with mitomycin-c (Makino and Ocada, 1974; Cook and Brazell, 1976). The
other agents in this group include daunorubicin, whose effect is complemented by
corticosteroids which serve to inhibit the inflammatory phase (Koerner et al, 1982).
Doxorubicin is a good inhibitor of fibroblast proliferation but has undesirable toxic
effects and hence a narrow therapeutic index. Bleomycin is an effective inhibitor of
fibroblast proliferation in tissue culture (Ellis, 1982).

All these drugs have been shown to be effective in inhibiting ocular fibroblast
proliferation in culture during continous exposure (Lee et al, 1990). At the time of our
experiments, there were reports in the literature of short single applications of
mitomycin-c being used to prevent scarring after glaucoma filtration surgery. (Chen et
al, 1990; Chen et al, 1987; Chen, 1983), suggesting that very short exposure times
were sufficient to suppress cellular proliferation clinically, which if possible would be
more convenient than repeated subconjunctival injections of 5-fluorouracil. However,

this finding was met with scepticism because of the previous concept that continous
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exposure to the drug was required to achieve an inhibitory effect.

Alkylating agents: Alkylating agents inactivate cellular proteins and nucleic acids by

the covalent bonding of alkyl groups to cellular molecules (Skipper et al, 1951)
including nucleic acids, proteins, amino acids and nucleotides. The mechanism of
action on DNA synthesis is controversial, but evidence favours primary damage to
DNA rather than an inactivation of DNA polymerase or other enzymes (Ruddon and
Johnson, 1968; Roberts et al, 1971). They function throughout the cell cycle.
Mechanisms of action include inactivation of enzymes, depletion of critical amino acids
or nucleic acid precursors, damage to nucleic acids, alterations in cell membranes or
a combination of these actions (Colvin, 1982). Alkylating agents include the nitrogen
mustards of which cyclophosphamide is an example, and nitrosourea drugs. Nitrogen
mustards retard neovascularisation of wounded tissue (Ferguson, 1982; Karppinen and
Myllarniemi, 1970; Myllarniemi and Petokallio, 1974) and reduce collagen and
mucopolysaccharide production (Myllarniemi and Petokallio, 1974; Mullen et al, 1981)

but they have not received much attention in ocular wound healing.

Differentiating agents: Agents which induce cellular differentiation in tumour lines are

usually associated with a reduction in proliferation (Lotan, 1980; Ginburg et al, 1973;
Kyritsis et al, 1984; Langdon et al, 1988). Retinol (vitamin A) causes tumour cells
such as retinoblastoma, (Kyritsis et al, 1986; Kyritsis et al, 1984) neuroblastoma
(Thiele et al, 1985) and embryonal carcinoma cells (Jones-Villeneuve et al, 1982) to
differentiate. The proliferation of ocular cells including scleral fibroblasts (Kim and
Stern, 1990) and retinal pigment epithelial cells which are an important component of
scarring in the vitreous cavity, is inhibited by retinoic acid /n vitro (Verstraeten and
Wilcox, 1987), and retinoic acid inhibits overgrowth of confluent retinal pigment
epithelial cells (Campochiaro et al, 1991). Cell migration and collagen gel contraction
is also affected by retinoic acid (Savage et al, 1989). However, it is of interest that
Joseph found that retinol significantly enhanced both the random and directed
migration of Tenon’s capsule fibroblasts (Joseph et al, 1988).

Sodium butyrate (NaB) is a naturally occurring 4 carbon fatty acid salt which
inhibits proliferation in certain mammalian cells in culture (Ginburg et al, 1973; Wright,
1973; Prasad and Sinha, 1976; Kruh, 1982), but these effects are reversible. NaB has
effects on the cell cycle (cells are arrested in G1) and affects the cytoskeleton, protein
synthesis and cellular morphology (Ginburg et al, 1973; Wright, 1973; Prasad and

Sinha, 1976; Kruh, 1982). NaB acts as a differentiating agent on a variety of tumour
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cells including erythroleukaemia cells (Riggs et al, 1977), adenocarcinoma (Tsao et al,
1982), gliomas (Vinores et al, 1982), and retinoblastomas (Kyritsis et al, 1984). It
modifies gene expression (Leibovitch et al, 1982) and it may do this by affecting
histones, the basic proteins that interact with DNA (Boffa et al, 1978; Chahal et al,
1980) which may resultin conformational changes in DNA. There may be a synergistic
effect with steroids (Howard et al, 1991).

1.34 Anti-contractile agents

The role of collagen contraction in the failure of glaucoma filtration surgery has not
been well established. Fibroblasts, as well as other cell types, require microtubules for
their directed migration and proliferation. Colchicine and taxol are drugs that inhibit
microtubular assembly and recycling, thereby impairing cell migration, proliferation, and
contraction (Verdoorn et al, 1986; Lemor et al, 1986). These fibroblast functions are
inhibited /in vitro at drug concentrations well below the level of ocular toxicity
(Davidson et al, 1983). Colchicine binds to the subunits of microtubules, causing their
depolymerization and arresting cell division in metaphase (Borisy and Taylor, 1984).
Taxol promotes the assembly of microtubules, stabilizing them once they are formed,
and promotes the displacement of intermediate filaments (Schiff and Horwitz, 1980;
Antin et al, 1981). Both mechanisms lead to disruption of normal cytoarchitecture and
are responsible for the inhibitory effects of these agents.

A number of anti-proliferative agents have been tested for their anti-contractile
properties. Although 5-fluorouracil itself was shown to have no effect (Van Bockxmeer
et al, 1985) or minimal effect (Heath et al, 1986; Hartzer 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
(Verdoorn et al, 1986; Heath et al, 1990), but it was shown to reduce cell migration
(Verdoorn et al, 1986). Corticosteroids like dexamethasone have been shown to have
no effect on cell-mediated contraction (Van Bockxmeer et al, 1985), 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
adhesive and contractile properties of the injected cells (Chandler et al, 1992). In an
early in vivo study, it was suggested that penicillamine might have a beneficial effect

on intraocular proliferation by inhibiting the cross-linking of collagen (Weiss and Belkin,
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1981), butin a collagen matrix contraction study, penicillamine proved ineffective (Van
Bockxmeer et al, 1985).

As migration is an essential part of wound healing, the effect of a variety of drugs
on fibroblast migration has also been tested using Tenon’s capsule fibroblasts and
migration chambers. This model has been used to exclude otherwise promising drugs
which actually stimulated fibroblast migration to fibronectin (Joseph et al, 1988).
Colchicine, cytochalasin b and particularly taxol (which all effect the cytoskeleton of
the cell) were all shown to inhibit the migration of fibroblasts to rabbit aqueous humour
(Joseph et al, 1989c). The efficacy of taxol in inhibiting fibroblasts and prolonging
survival of filtering surgery in the monkey has been confirmed, prolonging function of
the drainage bleb up to 13 weeks against the blebs in control eyes which lasted only
1 week (Jampel et al, 1990b).

1.35 Anti-collagen cross-linking agents

Agents interfering with collagen synthesis and polymerization may be more
effective in the later stages (Ellis, 1982) of the healing process. The final phase of
wound healing, the maturation phase, involves the modification of collagen fibre
alignment and cross-linking. Antineoplastic agents that affect collagen metabolism, as
previously mentioned, would impair this stage secondary to their effect on fibroblast
growth and proliferation. Other, more specific drugs are available that help control
overabundant collagen deposition. Local modification of collagen metabolism in scar
tissue is possible by the intralesional use of corticosteroid triamcinolone (Giamgiacomo
et al, 1986; Wilson and Reaves, 1987). This drug serves to decrease collagen
synthesis and increase collagenase activity (Harris and Krane, 1971). Triamcinolone
also inhibits wound contraction (Peacock and Madden, 1969). However, thinning of
conjunctiva over the site of drug application may result (Wilson and Reaves, 1987; Ball
et al, 1986). Colchicine is also an effective drug which interferes with the microtubule-
mediated intracellular translocation of collagen in fibroblasts and therefore inhibits
fibroblastic secretion of collagen (Diegelmann and Peterkofsky, 1972).

Beta-aminoproprionitrile (BAPN) and D-penicillamine are drugs whichinhibit collagen
cross-linking. BAPN irreversibly inhibits lysyl oxidase, thereby preventing any further
cross-linking of the tropocollagen fibrils (Diegelmann and Peterkofsky, 1972; Moorhead
et al, 1987). D-penicillamine, a copper chelator (Albergoni et al, 1975), interferes with
de novo collagen synthesis by inhibiting the cross-linking of collagenous fibrils at a later

stage than BAPN. This results in an alteration of biochemical solubility and tensile
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strength of the scar tissue (Siegel, 1977). D-penicillamine also exhibits anti-
inflammatory effects (Chen et al, 1977; McGuigan et al, 1987). So far no serious
ocular or systemic toxicity has been reported for BAPN or D-penicillamine.

The lathyrogenic agents, D-penicillamine and betaaminopropionitrile (BAPN) have
been used to prevent excessive collagen formation post operatively after filtering
surgery. BAPN has been shown to clinically decrease keloid formation (Peacock,
1981}, and more directly relevant to the eye limits the degree of fornix contracture
after conjunctival alkali burns in rabbits (Moorhead, 1981). D-penicillamine may also
have anti-inflammatory effects (Chen et al, 1977). McGuigan and colleagues tested
both BAPN (intramuscularly and topically) and d-penicillamine (subconjunctivally) in
rabbits (McGuigan et al, 1986) and in monkeys with laser induced glaucoma (McGuigan

et al, 1987). They found these agents temporarily delayed healing.

1.4 Justification and aims

in the context of the previously described research on wound healing after
glaucoma filtration surgery, it was felt that two areas needed further investigation.

The first area concerned the biological stimulatory effect of normal and glaucomatous

aqueous on Tenon’s capsule fibroblasts, and the components of the aqueous that were

important in stimulating this behaviour. The second concerned the effects of different
antiproliferative agents on components of this behaviour in vitro and in vivo. Thus, the
broad aims of this thesis were to:

1) Establishif there was any significant difference in the biological stimulation induced
by aqueous from glaucoma and cataract controls.

2) Determine the effects of various stimulatory molecules found in human aqueous
humour on human Tenon’s capsule fibroblast migration, proliferation and collagen
production.

3) Investigate the effects on Human Tenon’s capsule fibroblasts of a variety of
antiproliferative agents using /n vitro and in vivo models.

Clearly these broad aims evolved as results became available throughout the course
of these experiments, and the logic for this evolution is explained in the subsequent

part of this thesis.
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CHAPTER 2 MATERIALS AND METHODS

2.1 Cell _culture techniques/specimen collection

2.11 Primary culture of human Tenon’s capsule fibroblasts

Tenon’s capsule from subconjunctival tissue was dissected from human donor eyes
obtained within 24 hours of death. Redundant tissue was also obtained from patients
during operations requiring routine removal of Tenon’s capsule (squint and glaucoma
surgery). The cells were then cultured from a method previously described by Joseph
(Joseph et al, 1987). The tissue was cut into pieces of 2 mm diameter and
immediately placed in the transport media Dulbecco’s modified Eagle’s medium
(DMEM) (Gibco) with amphotericin B (0.25 microgram/ml), penicillin (100 IU/ml) and
streptomycin (100 microgram/ml) with 25mM Hepes buffer. The pieces of tissue were
placed in 25cm? flasks (Sterilin) and were fixed down with a glass cover slip and a
small drop of wax at the corner of the cover slip. This method was developed to
facilitate refeeding of the explant during early growth without losing the tissue. In
addition, this method ensured tissue fixation and adhesion to the tissue culture surface
which speeded the rate of fibroblast outgrowth. The cells were fed twice weekly with
DMEM supplemented with 10% foetal calf serum (FCS)(Gibco), and antibiotics and
incubated in a humidified mixture of 5% CO, and air at 37°C in an incubator (Leec)
with a continous flow water jacket. Fibroblasts were usually noted within 1-2 weeks

of culture and the flasks were confluent by 3 to 4 weeks.

2.12 Maintenance of cell cultures

Feeding procedures were carried out in a laminar flow hood (Bassaire) using well
established aseptic techniques (Freshney, 1987). Solutions were prewarmed in a
water bath (Grant instruments) at 37°C. The cultures were fed using disposable sterile
pipettes after pouring out old media. Approximately 6 mi of media were used per 25
cm? area of flask (Cell-Cult flasks, Sterilin). At confluence the cells were then
passaged using in a 1:3 ratio. The cells were assessed weekly to ensure normal
morphology and doubling times. Cells were used between 3rd and 6th passage as the
growth curves of five different fibroblast lines grown from explants within these
passage numbers were all found to be consistent within these passage numbers. At

later passages the rate of cell proliferation began to decrease. The cells were detached
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from their flasks using warmed (37°C) 0.05% trypsin and 0.53mM EDTA (Gibco) for
3 minutes after gentle rinsing three times with prewarmed (37°C) Mg2™* and Ca2* free
PBS (Gibco). The cells were viewed at X 100 magnification with a phase contrast
inverted microscope (Nikon Diaphot, Nikon). When most of the cells were seen to be
rounded up, the action of trypsin was stopped by adding DMEM containing 10%

newborn calf serum (Gibco). The cells were then divided in a 1:3 ratio.

212 Aqueous collection

Aqueous humour was collected from patients undergoing cataract and glaucoma
surgery as part of the routine surgical procedure. These patients had no other ocular
disease. All specimens were taken as close to the start of the operation as possible
to sample aqueous before any possible breakdown in the blood/aqueous barrier due to
ocular manipulation. Breakdown in the barrier would result in a rise in aqueous proteins
and spurious levels of stimulatory molecules in the aqueous humour.

Aqueous humour was aspirated through a very fine (27 gauge) needle attached to
a 1 ml syringe as part of a routine paracentesis. Care was taken not to touch the
corneal endothelium, iris or lens with the end of the needle, as contact with intraocular
structures has been shown to disrupt the blood aqueous barrier (Tripathi et al, 1989).
Approximately 50-100 ul was obtained from each eye without causing flattening of the
anterior chamber. The anterior chamber was then reformed with balanced salt solution
or viscoelastic and the operation completed. The samples were then transferred to
siliconised tubes to prevent loss of fibronectin and other biologically active molecules
due to adherence onto the side of the container. The tubes were then stored at -70°C
until assayed. Tubes of normal bovine aqueous that had been stored for up to 9
months did not have significantly lowered levels of fibronectin compared with samples
that had been stored for only one month. 4 tubes of bovine aqueous (240ul) were
divided into 3 aliquots of 80ul. These were frozen at -70°C for 3 and 9 months, and
then tested against a standard curve made up from commercially available fibronectin

(Sigma).

2.2 Fibronectin enzyme linked immunosorbent assay

Levels of fibronectin in the vitreous were measured using an double sandwich
enzyme linked immunosorbent assay. The antibody was immobilised on the tube

(Engvall and Perimann, 1971), and the sample was then placed in the tube. Fibronectin
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in the sample then bound to this antibody. After washing off the remaining sample a
second antibody labelled with a enzyme (Rubinstein et al, 1972) was placed in the
tube, and this reacted with the immobilised fibronectin. The enzyme linked to the
second antibody was then used to produce a colour reaction to quantitate the amount
of fibronectin. The procedure was initially standardised to obtain the optimal binding
range by varying concentrations of both primary (1:200, 1:500, 1:1000, 1:2000) and
secondary (1:200, 1:500, 1:1000, 1:2000) antibodies, primary antibody incubation
times (6 hours, 18 and 36 hours), sample volume (5, 10 and 20ul) and sample
incubation times (30 minutes, 1, 2 and 4 hours).

Ninety-six well microlitre plates (Sterilin) were washed in 0.1% decon detergent to
enhance antibody binding, and then washed several times in distilled water and dried
overnight. The plates were then coated overnight at 4°C with a 100 4l of polyclonal
rabbit anti-fibronectin antibody (Dakopatts) diluted 1:1000 in phosphate buffered saline
pH 7.2 (PBS)(Sigma). The plates were then washed three times with PBS/Tween 20
(0.1% v/v) (Sigma) and coated with 200 ul of 3% bovine serum albumin (Sigma) in
PBS at 37°C for an hour to prevent non-specific binding. The plates were then washed
with PBS/Tween and 10 ul of aqueous sample were placed in three wells, and made
up to 100 ul with PBS/Tween. Standards were made up from human serum fibronectin
(Sigma) and run in the same experiment in concentrations from 0.1 to 25 ug/ml.

The samples were incubated at room temperature for two hours after which the
plates were washed with PBS/Tween and 100 ul of rabbit antifibronectin conjugated
to peroxidase (Dakopatts) 1:500 with PBS/Tween was added to each well and
incubated for one hour at room temperature. The wells were washed with PBS/Tween
and a colour reagent Tetra-methyl benzidine HCL (2mg in 12 ml) in citric acid (0.035
molar pH 5.0)(Both Sigma) and 5 microlitres of H,0, (Sigma) were added. The colour
reaction was stopped with molar H,SO, and the absorbance measured on an automatic
ELISA reader at 450 nm.

A standard curve was constructed and used to determine the levels of fibronectin
in the aqueous samples. Samples were assayed in 1:2 and 1:4 dilutions, and if
possible reassayed in duplicate or triplicate at an appropriate single dilution, and levels
calculated as an average of the three readings. To check for any intra- or inter assay
variations, four samples were run in parallel in the same assay, and 4 samples run in
sequential assays. The intraassay variation was 7.97% £ 1.98 SEM and the interassay
variation was 14.35% £ 3.85 SEM. In view of this interassay variation, after all the
preliminary standardisations assays were done, one large single assay was run with all

the samples to be compared to minimise interassay variation.
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2.3 Migration_assays

2.31 Migration assay (modified Boyden chamber)

Human Tenon's capsule fibroblasts between third and sixth passage were used in
the migration assay. This was because the proliferation curves were consistent
between third and sixth passage. This was also done to provide some consistency
between the proliferation and migration assay. Cellular migration has been studied /n
vitro using several assay systems including orientation chambers (Zigmond, 1977)
under agarose (Nelson et al, 1978) and in two compartment Boyden chambers
(Zigmond and Hirsch, 1973). Modified forty-eight microwell two tiered blindwell
migration chambers (Neuro Probe) based on the original migration chambers described
by Boyden in 1962 were used for these experiments (Boyden, 1962). The modified
chambers were used as they have 48 microwells and facilitate the analysis and
comparison of multiple samples (Figure 16). In addition, the small volume of the
chambers allows the best use of very limited volumes of biological samples such as
aqueous. The apparatus is a perspex chamber, the lower part containing 48 round
bottomed wells of 25 ul capacity, and upper wells which have a 50 ul capacity. They
are separated by a silicone gasket and polycarbonate membranes with pores of 10 yum
diameter, coated with polyvinylpyrolidone (PVP)(Nucleopore). Polycarbonate
membranes with pores of 10um thickness were used, based on previous experiments
in the laboratory using pore sizes ranging from 6 to 12um which showed 10ym to be
the optimum pore size. Membranes containing the wetting agent polyvinylpyrrolidine
were treated with gelatin (Sigma) to promote the adherence of cells (Postlethwaite et
al, 1976; Joseph et al, 1987). The membranes were heated to 60°C in a solution of
0.5% glacial acetic acid for 20 minutes. After that, they were washed twice with
distilled water and coated in a solution of 0.5% glacial acetic acid for 20 minutes,
washed with distilled water and coated in a solution of porcine gelatin, type 1, 300
bloom, (5mg/l) in distilled water at 100°C for one hour, then air and oven dried for one
hour at 100°C.

Aqueous samples were diluted in serum free medium to produce a 20% solution.
This was based on standardisation experiments using concentrations of a sample of

pooled aqueous from 5% to 60% as the chemoattractant. Samples from this pooled
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aqueous at concentrations of 5, 10, 20, 40 and 60% were used in triplicate in the
lower chamber, and the number of migrated cells counted at the end of the five hour
migration period. At concentrations greater than 20%, the number of cells migrated
began to plateau sharply. Therefore, a 20% concentration of aqueous was chosen to
optimise fibroblast migration while using a minimum volume of aqueous. Twenty five
microlitre aliquots of the diluted aqueous were added to the lower chambers of the 48
well apparatus and covered by the polycarbonate membrane. The chamber was then
covered with a cover slip and allowed to equilibrate in an incubator for 30 minutes.
Preconfluent fibroblasts were fed with fresh DMEM and 10% FCS the day before the
experiment. The cells were detached from their flasks using warmed (37°C) 0.05%
trypsin and 0.53mM EDTA (Gibco) for 3 minutes after gentle rinsing three times with
prewarmed (37°C) Mg?* and Ca?* free PBS (Gibco). Exposure to trypsin for periods
longer than this has been shown to reduce chemotactic activity (Postlethwaite et al,
1976). The enzymatic treatment was terminated by the addition of DMEM containing
20% FBS, and then centrifuged at 300g for 10 minutes. The cells were resuspended
in serum-free medium and centrifuged again at 300g for 5 minutes. The cells were
then resuspended in 1 ml of serum free DMEM and 40 ul diluted in isoton (Coulter),
and counted using a Coulter Counter (Model ZF, Coulter). The dilution required to
achieve a concentration of 40,000 cells per well of 50 ul (8 X 10%/ml) was calculated
and the appropriate volume of media added. The number determined from previous
standardisation experiments to establish the optimal number of cells per well. Fifty
microlitre volumes containing the cells were then added to the upper wells of the
migration chamber.

The whole apparatus was incubated in 5% CO, at 37°C for five hours, following
which the membrane was removed from the chamber, placed in 100% ethanol for 15
seconds, and air dried. Membranes were stained with haematoxylin (Difco) for 30
minutes, washed three times in cold distilled water and mounted on a glass slides
under a glass cover slip with Permount solution. Migrated cells on the undersurface
of the membrane were counted in high power fields under oil immersion (x
1000)(Vickers ML 1300, Vickers Instruments) per well. Twenty fields were examined
in each of the 48 chambers. This represented 0.54mm? or 1/15th of the membrane
in each chamber. The samples were assayed in triplicate and an average calculated
from the three samples.

A Zigmond-Hirsch (Zigmond and Hirsch, 1973) chequerboard analysis was carried
out to determine whether the effect of aqueous on human Tenon’s fibroblasts was

primarily chemotactic or chemokinetic. The chequerboard analysis involves using
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different combinations of the chemoattractant above and below the membrane so that
negative, positive and no gradients (but with an increasing concentration of
chemoattractant) are achieved. The chequerboard analysis was performed on four
specimens of aqueous humour taken from patients undergoing cataract surgery and
four specimens of patients with primary open angle glaucoma. Aqueous humour was
added to the upper and lower wells of the modified Boyden chambers to expose the
fibroblasts to:

1) A positive gradient of chemoattractants (increasing concentrations of aqueous
humour in the lower wells only)

2) A negative gradient of chemoattractants (increasing concentrations of aqueous
humour added to the only to the upper wells, in conjunction with the cells)

3) No gradient of aqueous humour but merely an increasing concentration of aqueous

humour, equal in both upper and lower wells.

2.32 Modifications for growth factor migration assay

The procedure was followed as above, and modified so that solutions of DMEM
were made up with 1% bovine serum albumin (Sigma) which was then filter sterilised
(Grant et al, 1992). Growth factors are much less stable than fibronectin and albumin
was added to stabilise the growth factors in solution. Membranes were recovered after
incubation with the cells for five hours and cells on the attachment side were scraped
off using a specially constructed flexible rubber blade, leaving only those cells that had
migrated through pores of the filter. The membranes were scraped as the counting
was done with an automated image analyser, which was not available for the first
series of experiments. This system is much quicker than manual counting and it
reduces the chance of observer bias.

Membranes were submerged in ethanol to fix the cells, which were then stained
with Leukostat solutions (Fisher) and mounted onto glass slides. DMEM containing 1%
BSA (Sigma) was used as a negative control in each experiment to determine random
cell migration. DMEM containing 20% FCS and 1% BSA was used as a positive
chemotactic control in each experiment. Each test condition was assayed with a
minimum of three replicate wells.

Cell migration was measured using a Zeiss IBAS Image Processing system (Zeiss).
For each well, the number of cells that had migrated through the filter was calculated
by averaging the number of cells counted in three separate (40X) fields. The values

for the three replicate wells were then averaged. Several experiments were counter
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checked using manual counting and the cell number counts were similar, with the
image analyser tending to over count relatively consistently by about 5%. Each

migration experiment was repeated a minimum of twice.

2.33 Addition of fibronectin antibody

Fibronectin polyclonal antibody was added to aqueous humour at different
concentrations in an attempt to block any migration due to the chemotactic effect of
fibronectin. Polyclonal antibody was used as fibronectin antibody has many binding
sites and a polyclonal antibody was thought to be more likely to block the majority of
binding sites. This would also provide an indirect measure of the contribution of
aqueous fibronectin to the chemotactic properties of aqueous. Aqueous from several
controls was pooled and polyclonal rabbit anti-human fibronectin antibody (Dakopatts)
was added to the aqueous 20%/DMEM solution to make up antibody dilutions of
1:100, 1:500, 1:1000, 1:5000, and 1:10,000. Controls included DMEM alone and
DMEM with antibody at a concentration of 1:100. Migration to fibronectin at a similar
concentration to aqueous humour (5 ug/ml) was also assessed with and without
fibronectin antibody at a concentration of 1:100 to determine how effective this

particular antibody was at blocking the chemotactic effect of fibronectin on fibroblasts.

2.4 Collagen production (°*H proline uptake assay)

Human Tenon'’s fibroblasts were seeded onto 24 well plates at a density of 50,000
cells/well (25,000/cm?). This is a higher density than for proliferation experiments, as
preliminary experiments showed that a larger number of cells is required to optimise
*H proline uptake, and this is enhanced by having confluent cells. Collagen synthesis
was determined using a method described by Diegelmann and colleagues (Diegelmann
et al, 1990) and refined by Low et al {Low et al, 1991). The TGF-R1 isoform was used
as it was available commercially and TGF-31 and 2 are equipotent in the induction of
matrix protein synthesis (Roberts and Sporn, 1993). After exposure to the growth
factors EGF, bFGF, and TGF-B1 for 24 hours, the cells were pulsed with DMEM
containing 1% BSA, 10 uCi/ml of *H proline (Sigma) 50 ug/ml ascorbic acid (which is
a reducing agent and maintains prolyl hydroxylase in an active form, which in turn
stabilises collagen) and concentrations of the growth factors from 107 to 10°'? Molar.
Each treatment concentration was repeated in triplicate. The cells were incubated for

20 hours in 5% CO, at 37°C. At the end of this period, extra wells were also counted

76



with the Coulter counter to ensure that any possible increase in *H proline was not due
solely to anincrease in cell number. The pulse was terminated by heating the plate for
10 minutes at 90°C and agitating for 30 sec per well with a pipette. 200 ul of the
homogenate was removed from each well and 1 ml of 1 mg/ml BSA solution mixed in
to provide a carrier protein. Total protein was precipitated with approximately 5%
trichloroacetic acid and washed six times by repeat centrifugation at 200 rpm followed
by aspiration of the supernatant and precipitation with 10% TCA in a 1 mM solution
of cold L-proline (Sigma).

TCA was extracted by adding cold ethanol:ethyl ether (3:1) after the last
centrifugation and the dried protein incubated in 0.5 ml of an incubation buffer (60
umol Hepes buffer pH 7.2, 1.25 umol N-ethylmaleimide and 0.25 ymol CaCl2) for four
hours in a water bath, shaking periodically. The protein suspensions were precipitated
with 0.5 ml of a 5% TCA solution followed by 0.5 ml of a 10% TCS solution. Total
protein was then freed of TCA and dried. This was then digested with 10 units of
bacterial collagenase for four hours in 0.5 ml incubation buffer. Non-collagen protein
was precipitated with 5% and 10% TCA solutions and the supernatants saved as the
collagen protein. These were then placed in 10ml scintillation vials (Packard) with
scintillation cocktail (Packard) in a 1:7 dilution, vortexed and placed in total darkness
overnight tominimise chemiluminescence, Radioactivity (disintegrations/minute) ineach
vial were counted for one minute the next day using a liquid scintillation counter
(Packard 1900-CA).

2.5 Assays of cell proliferation and viability

2.51 Manual counting

2.51 a) Radiation assay

Human Tenon’s capsule fibroblasts were seeded at a density of 2500 cells/well
(7500 cells/cm?) in four wells of 96 well plates (Sterilin). Three groups of 96 well
plates were used with eight plates in each group. The wells were 55 cm apart to
minimise the chance of any scattering of radiation to adjacent wells. The cells were
allowed to incubate and settle for 24 hours. The medium was then replaced with
DMEM buffered with 25mM Hepes and the culture plates were transported to the

radiation therapy room. Each plate was kept out of the incubator for the same length
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of time. The centre of each well was then placed in contact with the centre of the
strontium-90 applicator, which covered the entire surface area of the well. The
calibration certificate issued with the probe was used to calculate the exposure time
for each well. The dose rate for the applicator was 4.8 CGy. Doses of 100, 250,
500, 750, 1000, 1500 and 3000 CGy were delivered to the appropriate wells.
After treatment, the control and irradiated cells were returned to the laboratory
where they were fed with fresh F10. Then, at day O, day 3, day 7 and day 14, the
appropriate wells were rinsed gently with phosphate buffered saline, fixed with ethanol
and stained with haematoxylin. The number of cells in a field 0.75mm X 0.55mm
were counted and this was repeated in different areas of the well 10 times for each
well (approximately 13% of the total well surface area). The mean count for each well
was calculated, and the mean and standard error of the four wells were then calculated
and used for statistical analysis. This method was used because preliminary
experiments in our laboratory had shown it to be more consistent and accurate than
Coulter or haemocytometer readings when dealing with small numbers of cells in 96

well plates. Inter- and intra-observer comparisons were also made using the formula

(Observer reading 1 - Observer reading 2)
X 100

{Observer reading 1 + Observer reading 2}/2

The intraobserver variation was 6.77% and the interobserver variation was 9.93%.
The results were analysed using analysis of variance and confidence intervals were
derived for the different doses at each time interval. Regression analysis was also used
to calculate the trend with increasing radiation dose for each day, using Minitab (r)

statistical software (Minitab Corporation), registered at the Institute of Ophthalmology.

2.51 b) 5-fluorouracil and sodium butyrate 1-14 days treatment assay

Fibroblasts were seeded on 25 cm? flasks at a density of 5000 cells/cm?. After
allowing a day for settlement, groups of four flasks were treated with different
concentrations of 5-FU; 0, 0.01, 0.1, 1, 10, 100 and 1000 ug per ml in DMEM/10%
FBS for 1 day. This procedure was then repeated with the same concentrations of 5-
Fluorouracil (6FU) (David Bull laboratories), but with treatment periods of 3, 6 and 12

days. Atthe end of the different treatment periods, the cells were gently washed three
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times with Hank’s balanced salt solution (HBSS) (Gibco). From then on, the cells were
fed with DMEM/10% FBS supplemented with 10% foetal bovine serum (Gibco). All
cells were fed every three days with either DMEM/10% FBS/5-FU or DMEM/10% FBS
depending on the treatment regimen.

Five areas of 0.75 mm x 0.55 mm in each flask were marked and the number of
cells within these areas was counted using a phase contrast microscope (Nikon
Diaphot, Nikon) at days O, 1, 3, 6, 12, 18, 24 and 30. The average number of cells
per field for each flask was calculated. This was repeated for the other 3 flasks
receiving the same concentration of drug for the same duration, and an average count
calculated for the group of four. This experiment was repeated using new cells, but
treating the cells with sodium butyrate (Sigma) at concentrations of 0, 1.1, 11, 110,
1100, 11000 ug/ml (equivalent to O, .01, 0.1, 1, 10 and 100mM solutions) for 1, 3,
6 and 12 days. Inter- and intraobserver comparisons were also made as described
previously. The intraobserver variation was 7.27 % and the interobserver variation was
11.09%.

Initially, only 5-fluorouracil was used, and sodium butyrate was used for the longer
term studies. For the subsequent shorter term studies, more powerful agents were
used, which had long term effects, unlike 5-fluorouracil, 5-fluorouridine, and
mitomycin-c. Sodium butyrate was not used for the short term experiments because
pilot experiments revealed that it did not significantly affect long term proliferation after

a 5 minute exposure, even a maximal concentrations (100mM).

2.52 Coulter counting {5 minute exposures to 5-fluorouracil, 5-fluorouridine

and mitomycin-c)

Human Tenon's capsule fibroblasts were seeded into six 48 well plates (Costar) at
a density of 10,000 cells/cm?. They were allowed to settle for 24 hours, and were
then exposed to one of the antiproliferative drugs for five minutes. Mitomycin-c
(Kyowa) was tested at concentrations of 1000, 100, 10, 1,0.1,0.01 and 0.001 ug/ml
of DMEM, 5-FUR (Sigma USA) at concentrations of 15000, 10000, 56000, 1000, 100,
10, 1 and 0.1 in DMEM and 5-fluorouracil (David Bull laboratories) at concentrations
of 25000, 15000, 10000, 5000, 1000 and 100 pg/ml in water. Control cells were
exposed to DMEM alone for 5 minutes. Four wells were also exposed to distilled
water as an extra control to assess the long term effects of a five minute exposure to
a hypotonic solution, as the 5-fluorouracil was preformulated in distilled water.

Four wells were exposed to each concentration of drug. Wells were then slowly
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aspirated with a very fine pipette tip attached to vacuum suction, and the well was
then gently filled with 1 ml of Hank’s balanced salt solution (HBSS)(Gibco). This was
repeated twice, after which the cells were fed with DMEM/10% FBS. Wells were then
checked with phase contrast microscopy (Nikon Diaphot, Nikon) to monitor for loss of
cells during the washing process. Because of the careful washing, the only loss was
in a very small area at the corner of the well, were the very fine pipette tip touched the
bottom of the cell culture well.

The medium was replaced every three days with DMEM/10% FBS. On days O, 3,
6, 12, 24 and 36, plates were washed with Ca?*-, Mg?*-free phosphate buffered saline
(Sigma) and the cells were removed with trypsin/EDTA. Wells were checked by
microscopy to confirm that the cells had detached and were single cell suspensions.
Cell numbers were then assessed using a Coulter counter (Coulter Model ZM, Coulter)
and the average cell numbers calculated from the four replicate wells. Average cell
numbers were compared for statistically significant differences using analysis of
variance and Bonferroni’s multiple testing criteria (Milliken and Johnson, 1984).
Analysis of variance was used because of the multiple points which required testing,
to determine if there was significant differences at each time point. Bonferroni’s
multiple testing criteria were used to determine the significant differences between
each different treatment concentration, to reduce the chance of detecting a significant
difference occurring by chance due to the multiple points. To assess the effects of the
antiproliferative drugs on cell morphology, 25cm? tissue culture flasks were seeded
with the same cells at the same density and treated with the same regimen. Cellsin

these flasks were then photographed on days O, 3, 6, 12, 24 and 36.

2.53 BrDu Uptake

BrDU uptake was assessed to determine if and when treated cells began to take
up DNA precursors during and after treatment. A immunohistological technique was
used rather than thymidine uptake, despite the greater technical difficulty. This was
to establish if there was any relation to the morphology of the cell, or spatial
distribution of the cells. These observations could not be made just by using tritiated
thymidine. Fibroblasts were seeded onto eight 96-well plates (Sterilin) at a density of
2500 cells/well (7500/cm?) and allowed to settle for one day. 7500 cells were used
as pilot experiments had determined that this was an optimum number to allow
proliferation over the experiment period. This was a similar cell density to that used

in the cell number counting experiment. Each plate was divided into 12 groups of four
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wells which were treated with different concentrations of 5-FU in DMEM/10% FBS;
0, 1 and 100 ug per ml for different periods of 1, 3, 6 and 12 days. Atdays O, 1, 3,
6, 12, 18, 24 and 30, one plate was incubated with 1:1000 bromodeoxyuridine
(BrDU){Amersham) for four hours. The plate was then washed gently with HBSS, fixed
in 70% methanol, and air dried and frozen at -20°C. The rest of the plates were
treated with the different concentrations of 5-FU for the varying time periods, washed
with HBSS and refed with DMEM/10% FBS after the treatment period was over. The
cells were fed every three days.

At the end of 30 days, the cells in all the fixed plates were rehydrated with
phosphate buffered saline (PBS) (Gibco) and incubated with 3% hydrogen peroxide
(Sigma). They were then washed and incubated in 5% goat serum (Sigma), and mouse
anti-bromodeoxyuridine antibody (Amersham) was added for one hour at 37°C.
Biotinylated rabbit anti-mouse IgG antibody (Dakopatts) was added and diluted in 1%
goat serum/PBS. Peroxidase conjugated avidin (Dakopatts) was then added and 3-
amino-9-ethylcarbazole (Sigma) with H,0, was used to produce a red colour reaction.
The cells were stained with haematoxylin and glycerol pipetted into the wells. The
wells were viewed and photographed with a phase contrast microscope. Five fields
of 0.75 mm x 0.55 mm per well were used. The total number of cells per field and the
total number of cells positive for BrDU were counted, with an average calculated for
each well. Five fields from each of the other three wells that received the same
treatment regimen were also counted using five fields. This was repeated for all the
other wells. The percentage of positive cells was derived by dividing the average
number of positive cells by the average total number of cells.

This procedure was repeated using the same cells treated with 0, 1, and 100
millimolar concentrations of sodium butyrate in DMEM/10% FBS for the same periods
of 1, 3, 6 and 12 days. Sodium butyrate was used because it is a sort actin inhibitor
cell proliferation. For the shorter experiments, more potent inhibitors were used as
sodium butyrate does not significantly affect proliferation in the long term. Differences
in cell number were assessed for statistical significance using analysis of variance and
Bonferroni’s multiple testing criteria using Minitab (r) statistical software (Minitab

Corporation). Significance was defined as a p value of <0.05.

2.54 Thymidine uptake (Growth factor stimulation and B-radiation treatment)

Human Tenon’s capsule fibroblasts were seeded onto 24 well plates (2 cm?)

(Costar) at a density of 20,000 cells/well (10,000 cells/cm?. 10,000 cells/cm? were
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used as preliminary standardisation experiments had shown that this number achieved
a sufficiently high density to maximise the thymidine uptake and differences, while still
pre-confluent to allow proliferation without contact inhibition over the course of the
experiment. Cells were allowed 48 hours to attach to the plates in DMEM/10% FBS.
They were then washed with PBS and DMEM without serum was added and the cells
left to incubate for 48 hours, to maximise the difference between stimulated and
unstimulated cells. Then DMEM /1% bovine serum albumin (Sigma) with different
concentrations of either human recombinant epidermal growth factor (EGF), basic
fibroblast growth factor (bFGF) or transforming growth factor B' (TGF-B') (all Chiron
Corporation) were made. After 24 hours incubation with the growth factors, 2uCi/ml
of *H-thymidine was added to each well for a further 24 hours.

Millipore filter plates were placed on ice and 75 ul of ice cold 10% TCA added to
each well with a repeating pipette. One cell counting vial was used per well. 10 ml
of isotonic diluent was used per vial. Cells were washed 2 times with ice cold Ca™**-
Mg** free PBS, then incubated in 150 ul of 0.1% trypsin/5% EDTA for 10 minutes at
room temperature, ensuring that the trypsin EDTA solution covered the entire surface
of the well. The trypsin was stopped with 100 ul/well of ice cold BSA 2 mg/ml) and
soybean trypsin inhibitor (500 ng/ml) {(Sigma). The contents of each well were split
into three 75 ul fractions. One fraction was used for cell counts and 2 fractions for
wells in the Millipore filter plates.

After all the cells were harvested from each plate an additional 75 i of ice cold
10% TCA was added to each filter. The filters were allowed to remain on ice for at
least 10 more minutes to complete precipitation of the DNA, RNA and protein. Filter
plates were then washed using a vacuum manifold 3 times with 100 ul of ice cold 5%
TCA and 2 times with 100 ul of ice cold 95% ethanol. The wells were air dried, and
the wells were punched out, collected into 7 ml! vials (Fisher) with 2.5 ml of
scintillation fluid (ScintiVerse™ Fisher) and the incorporated DPM determined by
scintillation spectroscopy (Packard). For the R-radiation treatment and thymidine
uptake assay the same technique was used except that 96 well plates were used, the
wells were seeded at density of 2500 cells/well (7500 cells/cm?) wells and pulsed with

0.5 uCi per well.

2.55 Trypan blue uptake

Fibroblasts were seeded onto eight 96-well plates (Sterilin) at a density of 5000

cells per cm? and allowed to settle for one day. Each plate was divided into 12 groups
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of four wells which were treated with different concentrations of 5-FU in DMEM/10%
FBS; O, 1 and 100 ug per ml for different periods of 1, 3, 6 and 12 days. At days O,
1, 3, 6, 12, 18, 24 and 30, one plate was taken and each well in turn filled with a
concentration of 0.25% trypan blue/DMEM. After one minutes’ incubation, the number
of trypan blue positive cells were counted in each of five fields and an average
calculated. The well was then washed gently with HBSS, fixed with methanol and the
number of cells in each of five fields counted. The percentage of trypan blue positive

cells was calculated using the formula:

Average number of trypan blue positive cells
X 100

Average total number of cells after fixation

2.6 Pharmacokinetics of subconjunctival sodium butyrate in the eye

The pharmacokinetics of an subconjunctival injection were assessed using methods
modified from previous studies by Rootman (Rootman et al, 1979; Rootman et al,
1984) and Fantes (Fantes et al, 1985) on 5-fluorouracil. One mCi of *H labelled
sodium butyrate (Amersham) (67 mCi/mmol) was diluted in double distilled water. This
was diluted in a 200mM solution of sodium butyrate in double distilled water to a final
radioactivity of 1 uCi/ml of sodium butyrate solution. A 200 mM concentration was
chosen as this was 100 times greater than the concentration required to inhibit cellular
proliferation in vitro. Previous pharmacokinetic studies have shown that an initial
injection concentration about 100 times greater than that desired is required to achieve
therapeutic concentrations for several hours (Rootman et al, 1979; Rootman et al,
1984; Fantes et al, 1985).

Pigmented rabbits, weighing 2-3 kg were anaesthetised with an intramuscular
injection of ketamine 50 mg/kg and xylazine 10 mg/kg. A subconjunctival injection of
0.2 ml was given using a 27 gauge needle on a 1 ml syringe to the right eye of each
animal. Animals were sacrificed at 0.5, 3, 6 and 24 hours. Three animals were used
for each volume of injection at each time point. At the appropriate time points, the
animals were reanaesthetised and approximately 100 ul of aqueous humour taken from
each eye. The animals were then sacrificed with an intracardiac injection of 2 mis of
pentobarbital 100 mg/ml. The eye was enucleated with a large conjunctival fringe.
Samples were then dissected out including conjunctiva, cornea and sclera. These

samples were placed in preweighed scintillation vials, which were weighed again to
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ascertain the weight of the individual samples. 0.2 ml of the original *H solution were
also used a control and a reference standard. The vials were digested overnight for 18
hours with tissue solubilser (Packard), and then 10 ml of scintillation fluid (Packard)
was added and the vials counted in a scintillation counter (Packard 1900-CA). The
counts per milligram of tissue were calculated and expressed as a percentage of initial

total counts.

2.7 Experimental model of filtration {"fistulising") surgery

2.71 Operative design and technique

A prospective, randomised, placebo- controlled, masked observer study was
performed using New Zealand white albino rabbits weighing between 2 and 4
kilograms. Prior approval of the experimental protocol was obtained from the Home
Office (UK) under the Animal Procedures Act, and subsequently from the University of
Florida Institutional Animal Care and Use Committee. In addition, all animal subjects
were treated in accordance with the ARVO resolution on the use of animals in
research.

A posterior lip sclerostomy was performed on the right eye of each animal. General
anaesthesia was induced with an intramuscular injection of ketamine 50 mg/kg and
xylazine 10 mg/kg. A partial thickness 8/0 silk corneal traction suture was placed
superiorly and the eye pulled down (Figure 17). A limbus based conjunctival flap was
then raised. Any animal with a conjunctival buttonhole was excluded prior to
randomisation. The remaining rabbits were randomly allocated to one of four
intraoperative treatment groups. Group 1 (10 rabbits) was a control group and
received distilled water, group 2 (10 rabbits) received 5FU, group 3 (10 rabbits) and
group 4 (9 rabbits) were treated with 0.2 mg/ml and 0.4 mg/ml concentrations of
mitomycin-c respectively. The 5FU used was the same preformulated solution
available from the manufacturer for subconjunctival injections (Roche). The mitomycin-
¢ was obtained from the supplier (Bristol-Myers) as a powder and dissolved in the
appropriate volume of distilled water to obtain the two concentrations. The MMC
solutions were used within eight hours of reconstitution. A sponge measuring 4 x 1
mm cut from a Weck-Cel (Weck) was soaked in either distilled water, 5-FU (Roche) 50
mg/ml, mitomycin-c (Bristol-Myers) 0.2 or 0.4 mg/ml. The sponge was then placed
between the conjunctiva and sclera over the planned filtration site for a minute and this

was repeated four times with freshly soaked sponges for a total of five minutes of
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tissue exposure. The area was then thoroughly irrigated with 20-30 ml of balanced
salt solution (BSS) (Alcon) before entering the eye to avoid anterior chamber toxicity.

A limbal incision 2mm long was made and the anterior chamber entered. A 1.5mm
Gass scleral punch (Storz) was used to remove a standard sized block of tissue from
the posterior part of the incision area. A peripheral iridectomy was then performed
through the sclerostomy. The conjunctival incision was closed with a running 8/0
vicryl suture on a B/V 130-4 needle. A paracentesis was performed with a 30 gauge
needle and BSS was injected into the anterior chamber to confirm the presence of a
patent sclerostomy and to inflate a bleb. The conjunctival incision and bleb were
inspected to ensure there was no leakage. One drop of atropine sulphate 1% (Alcon)
and dexamethasone and neomycin ointment (Alcon) were instilled at the end of

surgery, with no further post operative medications.

2.72 Assessment of intraocular pressure and bleb grading

All post operative observations were made by an observer masked to which
intraoperative treatment these rabbits received. Intraocular pressure was measured
and the bleb appearance graded. These observations were made on days 1, 3, 5, 7
and then twice a week until day 30. The animals were examined twice weekly with
fluorescein and a cobalt blue light for the presence of corneal staining or bleb leak.
Pressure readings were obtained using a Tono-pen’ (Biorad), after anaesthetizing the
cornea with 1% proxymethacaine (Alcon). The lids were gently held open without the
use of a speculum. The intraocular pressure 0P recorded was the mean of the first
two readings within 2 mmHg of each other that achieved the 5% level of reliability.
Bleb size was graded as none (0), low (1), moderate (2) or high (3).

Statistical analyses were performed to determine whether responses differed
between the four groups. Primary endpoints for analysis included IOP, time to |IOP
failure, bleb appearance, time to bleb failure and complication rates. For all analyses,
a p value less than 0.05 was considered statistically significant. To evaluate
differences in IOP values between the four groups, analysis of variance was used. One
way analysis of variance was carried out at each time point to determine whether
statistically significant differences existed between the groups. If a difference was
observed, Fisher’s least significant difference multiple comparison procedure was used
to determine which groups differed (Milliken and Johnson, 1984). Bleb appearance

was analysed in a similar fashion, except Kruskal Wallis and rank sum tests were
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performed, due to the ordinal nature of the data (Lehmann, 1975). Survival analyses
were carried out for IOP failure and bleb failure. The IOP failure time was defined to be
the time at which I0P equalled or surpassed the baseline value. The date that bleb
appearance was first coded as zero was used as the bleb failure date. For the survival
data, standard log-rank tests were used to test for overall survival differences between
the four groups. If differences were detected, pairwise tests were used to determine

which groups differed (Kalbfleisch and Prentice, 1980).

2.73 Histology

Eyes were fixed in 10% neutral buffered formalin (Buffered Fromalde-Fresh 10%
Formalin, Fisher Scientific) for 24 hours. They were then transferred into processing
cassettes (Tissue-Tek Unicassettes, Baxter Scientific Products), and the cassettes were
carried through the dehydration, clearing and infiltration steps by an automatic
processing machine (AutoTechnicon Processor Mode! 2A, Technicon). The steps were
all one hour in length, in the following order:

1) Ethanol: twice at 70%, twice at 95%, and three times at 100%, to dehydrate the
specimen.

2) Toluene: twice at Room temperature, to wash out ethanol which is non-miscible
with paraffin.

3) Paraffin: twice, to wash out the toluene. This was done using paraffin which melts
at 56°C.

The cassettes were then put into the paraffin bath of an embedding console
(Tissue-Tek Embedding Console, Miles Scientific) for about 30 minutes. After removal
from the cassettes, the tissue was oriented in molds, and embedded in paraffin
(Ameriffin Tissue Embedding Medium, Baxter Scientific Products). The blocks of
paraffin were shaved down with the microtome blade (Reichert-Jung Biocut 2030
Microtone, Cambridge Instruments) until the correct area of tissue was found, then
sections of 5 micron thickness were taken and mounted on saline-coated slides. The
sections were stained with Haematoxylin and Eosin and also the Lillie modification of
Masson'’s trichrome staining procedure (Bancroft and Cook, 1984), with the change
of reducing the time in Fast Green to two minutes. Haematoxylin and Eosin were used
to show up cellular nuclei, and Masson’s trichrome was used because it identified early
granulation tissue well. They were then covered with glass cover slips (Arnold and

Horwell) and viewed under a light microscope (Vickers ML 1300, Vickers Instruments).
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2.8 Fibroblast tissue outgrowth assay

2.81 Tissue Biopsy technique

A total of 36 rabbit eyes were treated with intraoperative water or antiproliferative
treatment as outlined above. One hour, five days and 30 days after surgery, four
animals were sacrificed with pentobarbital and samples of subconjunctival and scleral
tissue were taken from the treated area, 90 degrees (3 o’clock position), and 180
degrees (6 o’clock position) from the center of the intraoperative treatment site (Figure
18). Samples were also taken from the cornea (after gently scraping off epithelium and
endothelium) 2mm adjacent to the treated area one hour and five days after surgery.
The samples were obtained by outlining the biopsy with a 2mm trephine (Storz) and
gently dissecting out the piece of tissue. Each biopsy was placed in a single well of
a 24 well plate (Costar) under a circular cover slip (Fisher) which was fixed down in a
corner with wax. Great care was taken in handling the biopsies, in particular to ensure
that the samples did not dry out and affect cellular viability. The wells were then filled
immediately with Trimix media (DMEM\F-12\M-199\Hepes buffer) (Gibco) with 20%
fetal calf serum (Gibco) and incubated at 37° C in a humidified atmosphere. Trimix
media was used as it gave a more optimal outgrowth of cells compared to any single
media alone, and the intention in this assay was to optimise outgrowth. The media

was exchanged in each well every three days for 15 days.

2.82 Explant outgrowth culture and quantification

The fibroblast outgrowth from each sample was quantified by measuring the length
of fibroblast outgrowth using a grid (Southern Scientific instruments) placed in the
eyepiece of an inverted phase microscope (Nikon ZM). The length of outgrowth was
measured in four quadrants at O, 90, 180 and 270 degrees around the tissue explant
at x 40 magnification. An average outgrowth length was then calculated for each
explant on each day from these four readings. These measurements were repeated
every three days for 15 days for each biopsy. The results from four separate eyes
were used for each of the three treatments, for each time point. The cell outgrowths
were also photographed using generic 160 ASA Tungsten slide film (E6 process)

regularly and any abnormal fibroblast morphology was noted.
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Statistical analysis was performed to ascertain any differences in outgrowth
between the groups at different days of the experiment. Repeated measures analysis
of variance was performed at each time point. When significant differences were
found, Fisher’s least significant difference comparisons were carried out to determine

where differences were located. Significance was defined as P<0.05.

2.9 Fibroblast RNA levels after growth factor treatment

2.91 Cell treatment with TGF-81 or growth arresting concentrations of

5-fluorouracil.

Human Tenon’s capsule fibroblasts were passaged into three 150 cm? tissue
culture flasks and were used in the preconfluent state. Three of the six flasks were
treated for a day with 5-fluorouracil 100 xg/mI/DMEM/10% FCS to induce growth
arrest. The other three flasks were kept in DMEM/10% FCS. The cells were then
rinsed gently three times with Hank's balanced salt solution and the media replaced
with serum free DMEM for 36 hours to synchronise the cells and optimise the chance
of detecting differences in RNA levels by reducing serum stimulation to a minimum.
1% bovine serum albumin was dissolved in serum-free DMEM, filter sterilised and
sterile recombinant TGF-B1 (Chiron) was dissolved in this solution to make up
concentrations of O, 5 and 500 pMolar. The cells were then exposed to transforming
growth factor-B1 at concentrations of 5 and 500 pMolar, concentrations previously
established as optimum for eliciting a response to TGF B (Ignotz et al, 1987). After 48
hours of treatment, the cells were processed for RNA. The cells were monitored by
phase contract microscopy (Nikon Diaphot, Nikon) to ensure that no overt cell death
or toxicity was occurring, due to the serum free period or any of the growth factors or

albamin.

2.92 RNA extraction and quantification

A method for RNA extraction was used based on the method of Chirgwin (Chirgwin
et al, 1979). All glassware and solutions were either treated with 0.2%
Diethylpyrocarbonate (DEPC)(Sigma) in double distilled water (DDW) and autoclaved
or baked at 150°C for four hours (Sambrook et al, 1989). The culture medium was
poured off the fibroblasts. The cells were then washed once with Hanks BSS at 4°C.

Two mls of 4 Molar guanidinium isothiocyanate (Guanidinium isothiocyanate 4 Molar,
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sodium citrate pH 7, 25 mM, Sarkosyl 0.5% and B-mercaptoethanol O.1Molar)(all
Sigma) was then added to each flask. The flask was placed on a rotating plate to
spread the solution over the monolayer. When all the cells were observed to be
disrupted, the solution was then poured into an RNAse-free vial and the DNA sheared
by passing it several times through a 22 gauge needle to reduce viscosity. This was
then loaded onto 2mis of 6.2 Molar CsCl (CsCl 6.2 Molar Na,EDTA 0.1 Molar)(Fisher)
in RNAse-free cellulose nitrate tubes (Nalgene) in a SW 50.1 rotor. The tubes were
then spun at 35,000 rpm for 15-18 hours at 20°C in a Beckman Ultracentrifuge
{Beckman). The supernatant was aspirated leaving a layer of 1-1.5 cm of CsCl. The
walls of the tube were very gently rinsed with GTC (3 x 0.5 ml) keeping the RNA pellet
covered with a CsCl layer. The tube was then inverted discarding the CsCL leaving
behind the RNA pellet. The bottom of the tube was cut off and the pellet rinsed with
80% Ethanol/20% DEPC treated water. The pellet was resuspended in 200 ul of DEPC
treated water and 8 ul of 5M NaCL was added with 500ul of ethanol to precipitate the
RNA. The purity and quantity of RNA was established after measuring the OD
260/280 ratio using a Spectrophotometer (Beckman).

2.93 P*2 cDNA Probe preparation

Radiolabeled probes were made using 25 ug of the appropriate DNA using a
random primer DNA labelling system as outlined by Feinberg and Vogelstein (Feinberg
and Vogelstein, 1983). The DNA template for the radiolabelled probe (25 ug) was
dissolved in 10 ul of dilute buffer (0.67 Molar Hepes, 0.17 Molar Tris-HCL, 17 mMolar
MgCl2, 33 mM 2-mercaptoethanol, 1.33 mg/ml BSA, and 18 OD,, units/ml of
oligodeoxyribonucleotide primers (hexamer fraction), pH 6.8). This mixture was heated
to 95°C for 5 minutes and then immediately cooled on ice. The 15 ul of buffer
mixture, 2 yl of dATP, dGTP and dTTp, 5 ul (50uCi) of a-*.PdCTP 3000 Ci/mmol, 10
uCi/ul and distilled water to a total volume of 49 ul were added and mixed. One ul
of Klenow Fragment (Large fragment of DNA polymerase | 3 units/ul in 100mM
potassium phosphate buffer pH 7.0, 10 mM 2-mercaptoethanol, 50% v/v/ glycerol)
was then added and the mixture centrifuged for a few seconds. The mixture was
heated to 25°C for one hour. Five ul of stop solution was then added.

The P*? labelled probe was isolated by passing the mixture through a resin column
to trap the unincorporated nucleotides (Stratagene), after mixing with blue dextran and
crocein orange to monitor progress of different size molecules down the column. The

blue fraction was collected and counted in a gamma counter. Probes used included
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Collagen 12a in pBr322 cut with EcoR1 to give 3.55 Kb (American Type Culture
Collection (ATCC) 57322), Lysyl oxidase in pUC18 cut with EcoR1 to give a 0.656
Kb (kindly provided by Dr Thomas Yang, University of Florida, unpublished), TGFR31 in
pBR327 cut with EcoR1 to give aninsert of 2.14 Kb (ATCC 59954 Ardinger et al 1988
Kasid et al 1988), Copper Zinc Superoxide dismutase (Cu Zn SOD} in pUC19 (Courtesy
of Dr Harry Nick, University of Florida, unpublished) cut with EcoR1 to give 0.620 Kb

insert.

2.94 Preparation of samples and RNA gel electrophoresis and blotting

Fifty ug of total RNA was removed from the storage eppendorfs and centrifuged
for 30 minutes at room temperature at 14K rpm in a microcentrifuge. In addition, a
0.24-9.5 Kb RNA ladder (Gibco) was run simultaneously. The ethanol was poured off
and the pellet air dried until all EtOH was gone. To each sample was added 12.5 ul
formamide dye, 4.5 uyl formaldehyde, 2.5 g4l 10 x MOPS buffer (0.4 M 3-[N-
morpholino]propanessulphonic acid, 0.1 M sodium acetate, 10mM EDTA), and 5.5 ul
DEPC treated water for a total of 25 yl. This sample was mixed well by pipetting
before being placed in a 65°C water bath for 15-20 minutes. During the incubation,
the sample was mixed gently at least twice more. The tubes were then placed on ice
to prevent reassociation of secondary structure of RNA.

To make the gel, three grams of agarose were added to 216 ml of DEPC treated
water and microwaved on high setting (Phillips) until boiling and all the agarose had
melted. The agarose was gently swirled until it cooled to 65°C., using combs (BRL
thin combs) with 20 wells. Then 30ml of 10 x MOPS and 54 ml 37% formaldehyde
(Fisher) were added. The mixture was poured into a levelled casting tray in the fume
hood, with thin 20 well combs already in place (Biorad). Just before loading the gel,
the wells were gently rinsed with 1X MOPS buffer to remove bubbles and debris. The
samples were loaded into the 300 ml 1% agarose/formaldehyde gel, prepared as
described above. A CP Masterflex pump was used to circulate the buffer. The gel was
run at about 40 V for 16-24 hours or until the dye front had travelled at least 12 cm
(or more, depending on the required separation of bands). The main gel was then cut
and soaked in 20 x SSC (Saline-sodium citrate buffer) for 30 minutes, and this was
repeated with fresh 20 x SSC for 30 minutes (to rinse out excess formaldehyde).

A wick was made with Whatman 3mm Chromatography paper and soaked in 10
x SSC. The gel was measured and a nylon membrane (Hybond N +) was cut with an

additional 1 cm on each side. The nylon membrane was soaked submerged for 5
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minutes in 10 x SSC taking care not to expose the membrane to water or skin. Two
pieces of Whatman 3mm paper were cut slightly larger than the membrane. One was
soaked in 10 x SSC and placed on top of the membrane. The other dry Whatman 3mm
paper sheet was placed on top of the wet one. Paper hand towels to a height of 10 cm
were then layered on top and a heavy baking dish placed on top, with 500gm of
additional weight. The RNA was then allowed to transfer overnight for 18 hours. The
membrane was dried by blotting on Whatman 3mm paper. The blot was placed
between two pieces of Whatman 3mm paper and placed in a vacuum oven at 80°C
for 30 minutes, and then stored at room temperature. The blot was washed for 10
minutes at 65°C in 0.1X SSC/0.5% SDS.

2.95 Northern blot prehybridisation and hybridisation

The blot was prehybridised in a solution of 5 x SSC, 5 x Denhardts solution,
salmon sperm DNA 100 pl/ml, 0.5% SDS, and formamide 40%, which was heated for
15 minutes at 95°C to denature the DNA. The solution was added to the blots in
sealed plastic bags (Seal-a-meal bags) after rolling out bubbles. The blot was the left
for 18 hours overnight at 42°C in a swirling water bath. The hybridization solution
was made by mixing 2g dextran sulphate, 8 ml formamide, 2 ml DEPC double distilled
water and 5 mis of 20 x SSC. This solution was left overnight for 18 hours at 42°C
to allow the dextran sulfate to go into solution in a rotating incubator. Then the
following components were added 5ml 20 x SSC, 200 ul Denhardts solution, 0.4 ml
of salmon sperm (after denaturing for 15 minutes at 95°C), 500 ul of 20% SDS and
8 ml of formamide to make a final concentration of 5 x SSC, 1 x Denhardts, 100 ug/ml
Salmon sperm DNA, 0.5% SDS and 40% formamide. DEPC-treated DDW was used
to bring this volume up to 20 ml. The hybridization solution was prewarmed to 42°C,
and the denatured probe (heated for 10 minutes at 95°C) added to the 50 ml tube with
hyb solution. Gentle mixing was carried out and the hybridisation was then added to
the bag with the blot that had prehybridised overnight. Bubbles were rolled out, the
first bag sealed in a second bag. The bags were incubated at 42°C for 18 hours

overnight in an agitating water bath.

2.96 Washing and autoradiography

After incubation, the hybridisation solution and radioactive probe were carefully

removed from the bag into the radioactive waste container. The blot was removed and
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placed in wash solution (2 x SSC/0.1% SDS) for 30 minutes at room temperature. This
was then repeated again for 30 minutes. The blot was then placed in a solution at
65°C in water bath shaker for at least 30 minutes. Radioactive emissions were
monitored using a Geiger counter. If the corners had no background counts, washing
was stopped. Otherwise, a solution of 1 x SSC/0.1% SDS at 65°C was used to
continue the washing process, and stopped when background radioactivity in the
corners was sufficiently low. The membrane was blotted dry, placed in plastic cling
film and stuck into an X-ray plate holder (Fisher) on the inside of two intensifying
screens. X ray film (Kodak Xomat) was then placed alongside the blot in a dark room
and exposure carried out for a variable period of at least 12 hours depending on the
amount of radioactivity present on the blot. The X-ray film was developed on a film

developing machine (Kodak).

2.97 Quantitation

The autoradiographs were placed on a X-ray transillumination box (Wardray) and
the image captured using a very high resolution camera (Sony XC-77 CCD, Sony
Corporation) and a Microscale™ transputer based image analysis card (Digihurst), and
analysed using Microeye™ image analysis software (Digihurst). The density and area
data were integrated to calculate the density/volume of each blot. This was then
divided by the Cu Zn SOD blots, which acted as loading controls. The relative increase
in RNA level was calculated by dividing the ratio of the 5pM or 500pM treatments by
the O pM ratio.
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CHAPTER 3 RESULTS

3.1 Fibroblast cell culture

After the pieces of Tenon’s capsule were placed under cover slips in FCS and
DMEM they were left in the incubator at 37°¢ for two weeks. Outgrowth of fibroblasts
were usually noted between one and two weeks, and the flask usually became
confluent after three to four weeks (Figure 19). Cells growing out of the explants
usually had a thin spindle shape cell appearance, and these cells only began to display
a larger cytoplasmic volume when they reached confluence. During the period of pre-
confluence, many of the cells had obvious mitotic figures. In addition to cells directly
migrating out from the explant occasional satellite colonies were also found in other
locations around the fibroblast which were presumably derived from cells which had
attached at a point distant to the primary explant. On several occasions the fibroblast
cell lines were immunostained with monoclonal antibody AE-5 (ICN Flow) which
recognises a 64-kilodalton keratin found in corneal epithelial cells (Schermer et al,
1986). The fibroblast cell lines were always negative for this antibody in contrast to
corneal epithelial cells grown separately which were always positive.

During passaging trypsin/EDTA was used, and cells were seen to round up after
about 30 seconds to a minute, and eventually floated off into the media. After the
cells were reseeded into new flasks they initially had a spherical shape but rapidly
began to flatten and spread out on the new cell culture surface. They then assumed
a relatively spindle like shape, until confluence was achieved within the flask. At
confluence, they spread again but remained relatively spindle shaped. Although
contact inhibition occurred at confluence, long periods at confluence resulted in some

post confluent growth and some overlap of cells.

3.2 Migration of ocular fibroblasts to agueous from patients with cataract, primary

and secondary glaucomas

3.21 Migration to aqueous
Migration was tested as it is a critical component of the healing process. Migration

is known as a particularly sensitive monitor of fibroblast activation and responsiveness.

In addition the aqueous samples were very limited, and only one biological assay could
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be run on the available aqueous samples. A proliferation assay, evenin 96 well plates,
would have required much larger volume of aqueous, and it would not have been
possible to do fibronectin assays simultaneously. A contraction assay, evenin 96 well
plates also requires a large volume of aqueous. The aqueous from patients with
glaucoma and the controls stimulated migration of cells through the pores towards the
chambers filled with 20% aqueous. In both groups, the number of cells migrated were
significantly greater than media only. However, it was significantly less than the
positive control of 10% foetal calf serum. There was no significant difference between
the number of cells migrated in the control group (85.7 + 12.5 SEM) compared with
the glaucoma aqueous specimens (84.5 + 12.2 SEM) (Figure 20). The stimulation of
migration by aqueous appears to be primarily due to chemotaxis rather than

chemokinesis, as assessed by the chequerboard technique (Figure 21).

3.22 Fibronectin levels in aqueous

The ELISA for fibronectin was sensitive in the range 0.7ug/ml to about 4 yg/ml.
After preliminary assays, this range was found to cover the range found in the majority
of aqueous specimens, particularly if serial dilutions were performed. The serial
dilutions of aqueous were parallel with the standard curve suggesting that the assay
was specific for fibronectin (Figure 22). The average level of fibronectin in the control
aqueous specimens was 1.31 = 0.10 SEM and that in the glaucoma aqueous was

1.92 = 0.24 SEM which was statistically significant at the p > 0.01 level (Figure 23).

3.23 Correlation of migration and fibronectin levels

The migration and fibronectin assays were performed on the same samples of
aqueous and the results plotted against each other (Figure 24) and analysed using
Minitab software (Minitab corporation) . The regression equation was x = 1.22 +
0.00386y where x = fibronectin level and y = number of cells migrated. However,
the correlation coefficient was only 0.289 and this correlation was not statistically

significant at the p<0.05 level (p= 0.12).

3.24 Effect of fibronectin antibodies on the migration of fibroblasts to human

aqueous humour

The addition of polyclonal antibodies to fibronectin reduced migration to pooled
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Figure 21 Chequerboard analysis of human Tenon’s fibroblast migration to human
aqueous humour

1) Control aqueous (cataract extractions)
Upper Chambers (with cells)

% Aqueous Humour 0 5 10 20
0 101 23+4 18+3 20+3
Lower 5 4115 63+2 49+4 37+2
Chamber
(No cells) . 10 82+8 85+4 62+3 40+3
20 107 +9 95+10 95+8 65+5

2) Glaucoma aqueous
Upper Chambers (with cells)

% Aqueous Humour 0 5 10 20
0 145 18+2 15+1 14+1
Lower 5 312 68+3 45+3 29+6
Chamber
(No cells) 10 80+6 64+3 59+6 28+3
20 95+10 85+4 774 575

The upper chambers were filled with cells and the appropriate concentration of media
and aqueous. The lower chambers were filled with the appropriate concentration of
aqueous and media. Vertical axes represent the concentration of aqueous in the lower
chambers without cells. Depending on the various combinations the cells have one of
three gradients - higher, equal or lower concentrations of aqueous humour in the
opposite chamber.

The top chequerboard is a representative sample of the control aqueous (eyes
undergoing cataract extraction). Aqueous from a 67 year old man undergoing cataract
extraction. The lower chequerboard shows the same experiment performed using
aqueous from a 73 year old man with primary open angle glaucoma. Both aqueous
samples show the same pattern:

1) A predominant chemotactic response, characterised by increasing numbers of cells
migrating across the membrane towards the higher concentration of aqueous as the
gradient increases. All of these increases are statistically significant as measured
by one-way analysis of variance and Fishers least significant difference multiple
comparison procedure.

2) A small chemokinetic response at lower concentrations of aqueous, characterised
by an increase in the number of migrated cells as the concentrations of aqueous
were increased by the same amount in both upper and lower chambers in equal
steps. At the highest concentration (20% aqueous by volume) the number of cells
migrated plateaued.

These results indicate that the migration to agueous humour is primarily a chemotactic

rather than a chemokinetic response. This pattern was the same with the other 6
samples tested (3 cataract controls and 3 glaucoma patients).
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human aqueous humour from "normal” cataract controls, with a maximal reduction at
an antibody concentration of 1:100. 1:100 was taken as a super maximal
concentration as the effect of the antibody plateaued well before this concentration
(Figure 25). However, the maximal reduction was only just under 16% of the
migration (taking into account the background migration) at a 1/100 concentration.
The antibody did not significantly inhibit background migration seen with DMEM. The
antibody at a concentration of 1:100 reduced migration to a fibronectin solution of
5ug/ml by 78%. 5ug/ml was chosen as it is just above the average concentration of
fibronectin human aqueous humour. This concentration was chosen to show that the
fibronectin antibody could neutralise fibronectin at a concentration close to that found

in human aqueous humour.

3.3 Effects of transforming growth factor 81 (TGF-R1), epidermal growth factor

(EGF) and basic fibroblast growth factor (bFGF) on proliferation, migration and

collagen production of ocular fibroblasts

3.31 Effect of growth factors on proliferation (°*H thymidine uptake)

The growth factors EGF, bFGF and TGF-B1 were used because they have been
detected in human aqueous humour, and at the time of these experiments they were
available commercially and their cost was not entirely prohibitive. All three growth
factors stimulated an increase in thymidine uptake over the range 107 to 10'* molar
compared to control media (Figure 26). The upper limit of 10”7 Molar was chosen as
any higher concentrations were not thought to be present /in vivo, and in addition the
cost would have been prohibitive. However, both bFGF and TGF-R1 stimulated much
greater absolute and relative (to serum free cells) increases in thymidine uptake
compared with EGF. EGF at the optimum concentration only increased thymidine
uptake 1.77 times (relative to serum free cells), whereas bFGF and TGF-31 increased
uptake 3.88 and 6.89 times. bFGF and TGF-RB1 also increased thymidine uptake (1.06
and 1.75 times respectively) compared to the positive control of 20% foetal calf
serum, whereas the thymidine uptake for EGF compared to 20% FCS was less (0.58).
The was no obvious change in cell morphology between the fibroblasts treated with
any of the three growth factors when the cells were monitored by phase contrast

microscopy.
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