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Abstract

Matrix metalloproteinases (MMPs) are a family of enzymes that are important for many
key cellular processes. Dysregulated MMP activity has been implicated in aberrant
wound healing, excessive scarring and fibrosis. Scarring in the subconjunctival tissue is
the major cause of surgical failure in the treatment for glaucoma. The use of
antimetabolites, 5-fluorouracil and mitomycin-C has revolutionised glaucoma surgery in
patients at high risk of excess scarring. Their use however, may lead to sight-threatening

complications as a result of extensive cell death and apoptosis.

Tenon’s fibroblasts are central to the wound healing process following glaucoma
filtration surgery. Recent evidence suggests that growth-arrested fibroblasts are capable
of performing cellular functions such as MMP activity, important for wound healing

giving rise to a persistent healing response.

The experiments outlined in the thesis, both in vitro and in vivo provide evidence that
inhibiting MMP activity effectively modifies the cellular events that lead to scarring
following surgery. Cell culture studies using fibroblast seeded 3-D collagen gels, a
model employed to investigate the mechanisms of wound contraction demonstrated a
notable reduction in gel contraction in the presence of [lomastat, a broad-spectrum
MMP inhibitor. MMP expression, protein production and activity were all profoundly
inhibited, with no evidence of cellular toxicity. Furthermore, Ilomastat resulted in a
reduction in total scar formation following experimental glaucoma filtration surgery in
an aggressive model of subconjunctival scarring. In addition, there were notably fewer
myofibroblasts at the wound site. Myofirboblasts are specialised cells that are involved
in wound contraction and fibrosis. The use of post-operative Ilomastat prolonged

conjuntival bleb survival and therefore surgical success compared to vehicle.

This thesis increases our understanding of the effect of MMPs on Tenon’s fibroblast
activity during wound healing, and introduces a novel approach to modulating the

scarring response by MMP inhibition.



Tho’ much is taken, much abides; and tho’
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1.1 The Matrix Metalloproteinase Family

Matrix metalloproteinases (MMPs) are a tightly regulated family of enzymes
that are important for cell migration, invasion, proliferation and apoptosis. They
regulate many biological processes including embryogenesis, development, wound

healing and extracellular matrix (ECM) degradation. Dysregulated MMP activity has

long been implicated in diseases associated with uncontrolled proteolysis of connective

tissue matrices such as arthritis, tumourgenesis, tissue ulceration and atherosclerosis.

These are illustrated in Table 1.1.

Physiological Processes

Pathological Processes

Skeletal Growth
Ovulation
Embryogenesis
Angiogenesis
Apoptosis

Wound Healing
Nerve regeneration

Immune response

Atherosclerosis

Arthritis

Tumour invasion and metastasis
Periodontal disease

Allergy

Multiple sclerosis

Chronic ulceration

Scleroderma

Table 1. 1 Physiological and pathological processes involving MMPs. MMPs are
associated with a variety of physiological and pathological conditions that involve
matrix degradation and remodelling, which are listed in this table (Adapted from).

15
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MMP number Enzyme Molecular mass Preferred substrate
latent (active)

Collagenase

MMP-1 Interstitial collagenase 55 (43) Collagens I, I, 111, VII, X
ProMMP-2, ProMMP-9

MMP-8 Neutrophil collagenase 75 (58) Collagens I, 11, III, proteoglycan
core (PCP)

MMP-13 Collagenase-3 65 (55) Collagens I, 11, 111, IV, gelatin,
fibronectin, PCP

Gelatinases

MMP-2 Gelatinase A 72 (66) Gelatin, collagens IV, V, VII, XI,
fibronectin, elastin, proMMP-9

MMP-9 Gelatinase B 92 (86) Gelatin, collagens IV, V, elastin,
ibronectin

Stromelysins

MMP-3 Stromelysin-1 57 (46) ProMMPs -1, -7, -8, -9, -13, PCP,
laminin, fibronectin

MMP-10 Stromelysin-2 57 (46) similar to stomelysin-1

MMP-11 Stromelysin-3 51 (44) o proteinase inhibitor

Membrane-type MMPs

MMP-14 MT1-MMP 64 (54) ProMMPs -2, -13, collagens,
Fibronectin, PCP

MMP-15 MT2-MMP 72 (61) similar to MT1-MMP

MMP-16 MT3-MMP 66 (55) ProMMP-2

MMP-17 MT4-MMP 64 (54) ProMMP-2

MMP-23 CA-MMP 56 (46) Substrate yet unknown but
predominantly expressed in
ovary, testis and prostate

MMP-24 MTS-MMP 63 (62) ProMMP-2

MMP-25 MT6-MMP Progelatinase A

Others

MMP-7 Matrilysin 28 (20) Collagen IV, elastin, fibronectin

MMP-26 Matrilysin-2 (Endometase) 28 (19) Progelatinase B, gelatin, type IV
collagen, fibronectin, fibrinogen

MMP-12 Macrophage Metalloelastase 54 (45) Elastin

MMP-19 RASI-1 30 (20) Fibronectin, laminin, collagen IV,
nidogen

MMP-20 Enamelysin 54 (42) Amelogenin

MMP-28 Epilysin 58 (55) Amelogin, aggrecan

Table 1.2. Members of human MMP family to date. Adapted from Ravanti and

Kahari 2000.
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The Collagenases
Collagenases, namely MMP-1, MMP-8 and MMP-13 specifically degrade connective
tissue collagens, mainly I, II and III, by unwinding the triple helical collagen fibrils.

They cleave fibrillar collagens at a specific site between Gly’ > and Ile’’®in the ol chain

and between Gly'”

and Leu’’® in the 02 chain resulting in % N-terminal and Y% C-
terminal triple-helical fragments, which denature spontaneously at 37°C into gelatin,

which is susceptible to further degradation by other MMPs and proteases.

The first MMP to be discovered was a collagenase from the tail of the metamorphosing
tadpole (Gross and Nagai 1965). Human collagenase —1 was the first MMP, the cDNA
was cloned (Goldberg, Wilhelm et al. 1986). MMP-1 is expressed in various
physiological and pathological situations (McGowan, Bauer et al. 1994; Riley, Harrall

et al. 1995).

MMP-8 is synthesised by polymorphonuclear leucocytes during their maturation in the
bone marrow, stored in intracellular granules and released in response to extracellular
stimuli (Hasty, Pourmotabbed et al. 1990). MMP-8 is also expressed by chondrocytes in
human articular cartilage, osteoarthritic cartilage and in mononuclear fibroblast-like
cells in the rheumatoid synovium. In cultured cells, MMP-8 is expressed in human
chondrocytes, rheumatoid synovial fibroblasts, mucosal and periodontal ligament
fibroblasts, oral mucosal keratinocytes, endothelial cells and melanoma cells (Cole,

Chunbinskaya et al. 1990; Hanemaaijer, Sorsa et al. 1997; Shlopov, Lie et al. 1997).

18



MMP-13 was cloned from breast carcinoma tissue (Freije, Diez Itza et al. 1994).
Compared to other MMPs, MMP-13 displays exceptionally wide substrate specificity.
In addition to type I, II and III collagens and gelatin, MMP-13 degrades type IV, IX, X
and XIV collagens, fibronectin, aggrecan, fibrillin and serine proteinase inhibitors
(Fosang, Last et al. 1996; Knauper, Lopez-Otin et al. 1996; Mitchell, Magna et al. 1996;

Knauper, Cowell et al. 1997; Ashworth, Murphy et al. 1999).

The Gelatinases

Gelatinases, also known as type IV collagenases, degrade the basement membrane and
have high enzymatic activity towards denatured collagen. Since they are capable of
degrading the components of basement membranes, gelatinases are believed to be
crucial in the cellular invasion of malignant tumours. In addition, gelatinases play an
important role in the final degradation of fibrillar collagens after initial cleavage by
collagenases. However, it has been demonstrated that gelatinases can also degrade
fibrillar collagens to a certain degree: MMP-2 can degrade native type I collagen and
MMP-9 has N-terminal telopeptidase activity against type I, II, and V collagens in

acidic conditions (Aimes and Quigley 1995; Okada, Naka et al. 1995).

Gelatinase A (MMP-2) is expressed by many types of cultures cells including dermal
and conjunctival fibroblasts, keratinocytes, chondrocytes, osteoblasts, and osteocytes.

Gelatinase B (MMP-9) is expressed in osteoclasts in bone tissue.

The Stromelysins
Stromelysins have broader substrate specificity, as they are able to degrade ECM

components such as fibronectin, proteoglycans, laminin, and type IV collagen of the

19



basement membrane. The stromelysin family consists of stromelysin-1 (MMP-3) and
stromelysin-2 (MMP-10), which are closely related with respect to structure and
substrate specificity. Often included in this subgroup are the stromelysin-like MMPs;
stromelysin-3 (MMP-11), matrilysin (MMP-7), and macrophage metalloelastase (MMP-
12). MMP-3 and MMP-10 are both expressed by various types of normal cell, including
keratinocytes and fibroblasts. They are able to degrade many extracellular matrix
components such as type IV, V, IX and X collagens, elastin, gelatin, fibronectin,

laminin and proteoglycan cores proteins.

MMP-11 expression was first documented in fibroblasts surrounding breast carcinomas
(Basset, Bellocq et al. 1990). In invasive human carcinomas, high levels of MMP-11
expression correlates with increased tumour aggressiveness (Mueller, Brebeck et al.

2000, Perret, Duthel et al. 2002).

MMP-7 is mainly expressed by glandular epithelial cells, such as the endometrium,
small intestinal crypts, the prostate and breast. MMP-7 plays an important role in
intestinal mucosal defence by activating bacterial peptides, defensins, and its expression
is induced and activated by bacterial infection in mucosal epithelial cells (Belaaouaj,

Shipley et al. 1995; Wilson, Ouellette et al. 1999; Lopez-Boado, Wilson et al. 2000).

Macrophage metalloelastase (MMP-12) was initially found in alveolar macrophages of
cigarette smokers (Shapiro, Kobayashi et al. 1993). MMP-12 has since been found in
placental tissue and in pathological conditions, such as intestinal ulcerations and by
transformed keratinocytes in squamous cell carcinomas (Vaalamo, Karjalainen-

Lindsberg et al. 1998; Kerkela, Ala-aho et al. 2000).
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The Membrane-type MMPs

The membrane-type MMPs (MT-MMPs) differ from the other MMPs in that they have
an additional transmembrane domain, a cytoplasmic tail of 25 amino acids that anchors
the enzyme to the extracellular side of the cell membrane. In addition, they exhibit a
unique recognition site for furin (a Golgi-associated proteinase) at the propeptide
region, important for its intracellular activation. To date, six MT-MMPs have been
identified: MT-1-MMP (MMP-14), MT2-MMP (MMP-15), MT3-MMP (MMP-16),
MT4-MMP (MMP-17), MT5-MMP (MMP-24), MT6-MMP (MMP-25). All the
membrane-type MMPs are able to proteolytically cleave and therefore activate

proMMP-2.

MMP-14 was first shown to be expressed by tumour cells of invasive lung carcinomas
(Sato, Takino et al. 1994). MMP-14 has been detected in physiologic situations such as
in the development of the human placenta, suggesting a role in trophoblast invasion. In
cultured cells, MMP-14 has been reported to play an important role in endothelial cell
migration with subsequent new vessel formation (Galvez, Matias-Roman et al. 2001),
and tumour angiogenesis through an upregulation of vascular endothelial growth factor

(VEGF) (Sounni, Devy et al. 2002).

MT2-MMP (MMP-15) cDNA was cloned from a human placenta cDNA library
(Takino, Sato et al. 1995). MT2-MMP can degrade laminin, fibronectin and tenascin
(D'Ortho, Will et al. 1997). It is expressed by placenta, heart, brain and hepatocytes in

hepatocellular carcinoma (Takino, Sato et al. 1995; Theret, Musso et al. 1998).
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MT3-MMP (MMP-16) was first isolated from a human lung cDNA library (Will and
Hinzmann 1995). MT4-MMP (MMP-17) was cloned from a breast carcinoma cDNA
library (Puente, Pendas et al. 1996; Puente, Pendas et al. 1999) and is expressed in brain
tissue, leucocytes, colon, ovary, testis and breast carcinoma. MT5-MMP (MMP-24) was
originally cloned from a human brain cDNA library (Llano, Pendas et al. 1999; Pei
1999). MT5-MMP is expressed in brain tumours and is normally found in the kidney,

pancreas and lung.

The most recently discovered MT6-MMP (MMP-25) was identified from leucocytes
and expressed in brain tumours (Pei 1999; Velasco, Cal et al. 2000). Little is known so

far about the substrate specificity of MT6-MMP.

Other MMPs

A final subgroup of MMPs completes the MMP family. They are MMP-19 (RASI-1),
MMP-20 (enamelysin), MMP-23, MMP-26 (endometase) and MMP-28 (epilysin). It
has been suggested that MMP-19 plays a key role in basement membrane degradation
(Stracke, Hutton et al. 2000), angiogenesis (Kolb, Mauch et al. 1997) and may be
associated with the pathological process of joint tissue destruction and possibly in other

autoimmune diseases (Sedlacek, Mauch et al. 1998).

MMP-20 (enamelysin) is expressed by dental tissue and due to its ability to degrade
amelogenin, MMP-20 is thought to play a role in tooth enamel formation (Llano,
Pendas et al. 1997). MMP-23 was cloned from a cDNA library from ovary

tissue (Velasco, Pendas et al. 1999). High levels of MMP-23 are expressed by the
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ovary and testis and prostate, which suggest that it plays a role in reproduction. MMP-
26 (endometase) was originally cloned from endometrial tumour by Park et al. (Park, Ni

et al. 2000), and is specifically expressed in the uterus.

Finally, MMP-28 (epilysin) was cloned from human keratinocyte and testis cDNA
libraries. MMP-28 was found to be expressed by keratinocytes at the migratory front of
a cutaneous wound and many cells behind the wound edge, and suggests a critical role

in skin following trauma (Lohi, Wilson et al. 2000).

1.2 Regulation of Matrix Metalloproteinase Activity

MMPs have been detected at very low levels in normal tissues. Their expression is
transcriptionally upregulated and/or activated during inflammation and remodelling in
response to physical stress, cytokines, hormones, growth factors, chemical agents (for
example, phorbol esters), oncogenic cellular transformation, and also cell-cell and cell-
matrix interactions. MMP activity is highly regulated to avoid uncontrolled and
excessive tissue destruction. Regulation can occur both at the transcriptional level
(Crawford and Matrisian 1996), post-transcriptionally by control of proenzyme
activation, and at the protein level via their activators, their inhibitors, and their cell

surface localisation (Kleiner and Stetler Stevenson 1993).

1.2.1. Transcriptional regulation

In most cell types, MMPs are not constitutively expressed. Exceptions include MMP-8
and MMP-9, which are stored in secretory granules of neutrophils and eosinophils
(Kahari and Saarialho Kere 1999). MMP-2 is also often constitutively expressed and

controlled via enzyme activation and post-translational mRNA stabilisation.
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MMP gene expression appears to involve intracellular third messenger pathways, with
the proto-oncogene proteins c-Fos and c-Jun being the central players. These proteins
are transcription factors that can form a complex, which binds the TRE (TPA-
responsive element) or AP-1 (activator protein-1)-binding site, which is present in the
human stromelysin and collagenase genes (Buttice, Quinones et al. 1991; Edwards,

Rocheleau et al. 1992; White and Brinckerhoff 1995).

c-Fos and c-Jun can be induced by growth factors, and include basic fibroblast growth
factor, platelet derived growth factor and epidermal growth factor (Curran and Franza
1988; Kerr, Holt et al. 1988; Brenner, M et al. 1989); whilst glucocorticoids

downregulate MMP gene expression (Madlener, Parks et al. 1998).

1.2.2. Pro-enzyme regulation

MMPs are synthesised as pre-proenzymes, which are secreted from cells as
proenzymes. This conversion is an additional step at which MMP activity is regulated.
The latency of the proMMP form is maintained by a covalent bond between cysteine
(Cys) residue in the prodomain and zinc (Zn®) in the catalytic domain. The activation
of MMPs requires disruption of this Cys- Zn>" interaction (cysteine switch). There are

three mechanisms by which this can take place.

(a) Step-wise activation
ProMMP can be activated by several intermediate agents including proteinases such as
plasmin, kallekrein, chymase and mast cell trypatse, which occur physiologically; and

chemical reagents such as mercurial compounds (aminophenyl mercuric acetate,
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APMA), urea and oxidised glutathione (Okada, Harris et al. 1988; Smine and Plantner

1997), as illustrated in Figure 1.2.

(b) Cell surface activation by another MMP

MT-MMP-1 (MMP-14) forms a complex with TIMP-2, and subsequently activates
proMMP-2 on the cell surface (Strongin, Collier et al. 1995; Sang, Bodden et al. 1996).
ProMMP-13 may be activated by MT1-MMP directly or indirectly via MT1-MMP-
dependent activation of MMP-2, which in turn can activate proMMP-13. ProMMP-13 is
also activated by MMP-3, MMP-10 and MT2-MMP (Knauper, Lopez-Otin et al. 1996;
D'Ortho, Will et al. 1997; Murphy, Stanton et al. 1999). MMP-13 in turn activates
proMMP-9 (Ogata, Enghild et al. 1992), and MMP-3 binds to the proMMP-9/MMP-1

complex to form the active enzyme (Itoh and Nagase 1995).

(¢) Intracellular activation

MMP-11 contains an additional 10 amino acids in the propeptide end, which is
activated by a Golgi-associated proteinase, furin, and secreted as an active enzyme (Pei
and Weiss 1995). This furin binding site is also present in MT-MMPs (Santavicca, Noel

et al. 1996).

The activation of MMPs by each other and other proteinases forms an effective network
of proteinases, which is required for efficient proteolytic turnover of extracellular matrix
in tissues. In the in vivo setting, most MMPs are likely to be activated by tissue plasma

proteinases or opportunistic bacterial proteinases.
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Figure 1.2 A schematic diagram illustrating the step-wise activation of MMPs
proMMP can be activated by proteinases and non-proteolytic compounds. Activation by
proteinases results in the cleavage of a target site near the N-terminus of the protein. An
intermediate structure is formed. This has an exposed second target site, which is then
cleaved to leave an active MMP. Activation by various compounds produces an
activated form of the proenzyme, which is then converted into the intermediate form.
The active enzyme is attained by the same pathway as the proteolytic mechanism.
Adapted from Nagase.1997.

1.2.3. Inhibition by Tissue Inhibitors of Matrix Metalloproteinases (TIMPs)
TIMPs are the major endogenous regulators of MMP activity in tissues and maintain the
balance between ECM deposition and its degradation by binding tightly to MMPs.

To date, the TIMP family consists of four isoforms, TIMP-1,-2,-3 and -4. At the amino

acid level, TIMPs demonstrate 40% homology to each other.

TIMPs have two binding sites; one is responsible for MMP inhibition, the other binds to
proMMPs. Although each TIMP is able to inhibit most MMPs, there are differences in

solubility, interactions with proMMPs and the regulation of their expression. TIMPs
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bind to the activated MMPs with a 1:1 molar stoichiometry (Apte, Olsen et al. 1995).
However, the exceptions to this rule are MT1-MMP, MT2-MMP and MT3-MMP,
which are not inhibited by TIMP-1 (Butler, Will et al. 1997). TIMPs also form
complexes with the proenzymes and control their activation. MT1-MMP, MT2-MMP
and MT3-MMP all activate proMMP-2. However, this effect is greatly enhanced in the
presence of TIMP-2, which forms a ternary complex with proMMP-2 and the MT-MMP
at the cell surface resulting in proteolytic activation of proMMP-2 by an adjacent MT-
MMP. TIMPs are produced by several cell types including fibroblasts, keratinocytes
osteoblasts and endothelial cells. As MMP inhibitors, TIMPs regulate ECM remodelling
and possess a variety of biological and pathological processes, which are illustrated in

Table 1.3.

1.3 Wound Healing

Wound repair is a physiological event, in which tissue injury results in a repair process,
which finally leads to restoration of structure and function of the tissue. The more
familiar cutaneous healing will now be used to describe the general wound repair
process. Wound healing can be divided into three overlapping events: 1) the

inflammatory phase 2) the proliferative phase, and 3) the remodelling phase.

1.3.1. Inflammatory phase

Inflammation is a localised protective response to damage in order to preserve structural
integrity and function. Due to activation of clotting factors within the extracellular
matrix, on platelet and endothelial cell membranes, blood clotting occurs (Furie and

Furie 1988).
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The resultant fibrin-rich clot, together with the fibrinogen, provides a provisional matrix
for monocyte and fibroblast migration into the wound, in addition to sealing the
damaged blood vessel (Lanir, Ciano et al. 1988). Blood coagulation is a tightly
regulated process, with a number of factors being released from the blood vessel. Blood
coagulation stops following the loss of the initial clotting stimuli, and the removal of the
clot is as tightly regulated as coagulation. The activated clotting factors also play an
important part in increasing vessel permeability and attracting neutrophils and

monocytes to the wound.

Neutrophils and monocytes are recruited to the wound during early inflammation.
However, due to their high abundance in the circulation, neutrophils arrive first and in a
greater number (Clark 1988). The chemoattractants generated from the coagulation
cascade include fibrin degradation products produced by plasmin, C5a from the
complement cascades, platelet activating factor (PAF) released from endothelial cells
and activated neutrophils and platelet-derived growth factor (PDGF) from platelets. In
addition, these factors increases neutrophil surface expression of CD11/CD18, which
together with Lewis factor X aids neutrophil migration through the endothelium by

improving binding to blood vessel endothelium (Tonnesen, Anderson et al. 1989).
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TIMP Molecular Mass Biological Functions

(kDa)
MMP inhibition by binding to active site
TIMP-1 28.5 Tissue remodelling
Testicular development and steroidogenesis
TIMP-2 21.0 Ovulation
Reduced invasion and metastasis of some tumour
TIMP-3 21.0 cell lines
Inhibition of angiogenesis
TIMP-4 22.0 Adverse prognostic indicators in non-Hodgkin’s

lymphoma

Growth promoting activity on cells in vitro
Inhibition of TNF-a converting enzyme
Prevention of apoptosis

Table 1.3. The table illustrates the various biological and pathological functions of
TIMPs. The TIMP family consists of four isoforms, TIMP-1,-2,-3 and —4 and possess
similar molecular weights. TIMPs have two binding sites; one is responsible for MMP
inhibition, the other binds to proMMPs. Adapted from Gomez, Alonso et al. 1997.

Collagenase and elastase molecules are also released following neutrophil activation,
aiding neutrophil penetration of the endothelium basement membrane. The main
function of the neutrophil is to remove bacteria by phagocytosis. Neutrophil infiltration
stops a few days after complete eradication of the bacterial contamination. However, if
contamination reoccurs, neutrophil influx will return. This is achieved by the release of
neutrophil activating proteins from macrophages that are sensitive to bacterial
endotoxins (Wolpe and Cerami 1989). Once the bacteria have been removed, the
neutrophils are either phagocytosed by macrophages or sloughed off within the scab

(Newman, Henson et al. 1982).
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The end of neutrophil infiltrate indicates the end of early inflammation and the start of
late inflammation. Monocyte accumulation continues due to the presence of monocytic
chemoattractants such as collagen fragments and TGF-f (Postlethwaite and Kang
1976). Vascular monocytes that enter the wound bed bind to the extracellular matrix by
integrins, resulting in their conversion to inflammatory macrophages. In addition to
promoting tissue debridement and phagocytosis, macrophages produce and secrete a
variety of bioactive agents required for tissue formation and the transition from

inflammation to repair.

1.3.2 The proliferative phase
The proliferative phase is comprised of re-epithelialisation and granulation tissue

formation, which involves fibroplasia and neovascularisation.

1.3.2.1 Re-epithelialisation

Re-epithelialisation of the wound begins within hours of tissue injury and involves
epithelial cell migration over the wound edge. The epithelial cells differentiate into a
more motile phenotype. Modifications include the loss of hemidesmosomal links
between the epidermis and basement membrane (Krawczyk and Wilgram 1973),
alterations in integrin expression (Nguyen, Gil et al. 2000), and the formation peripheral
cytoplasmic actin filaments (Gabbiani, Chaponnier et al. 1978). After an initial lag of
one to two days, epithelial cell proliferation will occur at the wound edge and provide
more cells for migration. The precise stimulus that initiated proliferation is unclear,

however, autocrine, juxtacrine and paracrine factors are likely mechanisms.
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If partial thickness wounding of the epidermis has occurred, the basement membrane
will remain intact and fibronectin will infiltrate the basement membrane providing a
matrix for cell migration. Re-epithelialisation in this situation will be rapid, with only
temporary disruption of the hemidesmosomal contact between the epidermis and
basement membrane. However, if the basement membrane is damaged (i.e. a full-
thickness epidermal wound), re-epithelialisation progresses at a slower rate over a
provisional matrix, which consists of collagens I and V, fibrin and fibronectin, tenascin
and vitronectin (Clark 1988). Epidermal expression of collagenase and plasminogen
activator (PA, a serine protease) makes movement through the provisional matrix
possible. Further details of the roles of collagenase and other MMPs during wound
healing will be discussed in Section 1.3.6. Once re-epithelialisation is complete, the
keratinocytes synthesise components for the new basement membrane. The damaged
basement membrane is only reformed once the overlying epidermal cells have ceased

migrating and reverted to their normal phenotype.

1.3.2.2 Granulation tissue formation

Granulation tissue formation, which is characterised by fibroplasia and
neovascularisation, is initiated by the release of growth factors synthesised by platelets,
injured cells and macrophages. The new stroma consists of loose connective tissue,
fibroblasts, new blood vessels and macrophages. The key elements of granulation tissue
formation (fibroblasts, macrophages and endothelial cells) are an interacting unit, with
all three being required for granulation tissue formation to progress normally.
Macrophages secrete cytokines to stimulate fibroplasia and angiogenesis, fibroblasts
remodel the extracellular matrix required for cell motility and proliferation, and the
endothelial cells form the blood vessels required to provide oxygen and nutrients for

cell metabolism.
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1.3.2.2.1 Fibroplasia

Fibroplasia is the deposition of extracellular matrix by large numbers of fibroblasts that
have entered the wound site. Fibroplasia is initiated by growth factors, such as
transforming growth factor beta (TGF-B), and platelet-derived growth factor (PDGF),
that stimulate extracellular matrix production, fibroblast proliferation, and the
differentiation of a large number of fibroblasts into myofibroblasts. Not all fibroblasts
undergo differentiation, as in vitro studies have shown that successful fibroplasia
depends on the presence of the fibroblast, rather than myofibroblast (Moulin, Castilloux
et al. 1998). Myofibroblasts are specialised cells that show altered responses to
cytokines and are characterised by the presence of intracellular microfilament bundles
containing alpha smooth muscle actin (ASMA), the actin isoform expressed by smooth
muscle cells (Sappino, Schurch et al. 1990). Myofibroblasts produce extracellular

matrix due to still retaining the characteristic fibroblast rough endoplasmic reticulum.

In addition to chemotaxis, fibroblasts enter the wound by contact guidance and
haplotaxis. Haplotaxis is the process of fibroblast migration up a surface-bound
adhesion gradient, while contact guidance is migration along discontinuities in the
matrix to which they are attached. This highlights the interdependence fibroblasts and
the ECM have, with fibroblasts synthesising and remodelling the extracellular matrix,

while the matrix regulates their motility.

Fibroblast movement into and through the fibrin clot requires proteolytic cleavage.
Fibroblasts produce proteases, which include MMPs and plasminogen activator to assist
in matrix degradation. Fibroblasts bind to various components in the matrix, which

include fibrin, fibronectin, and vitronectin, by a number of mechanisms. Fibroblasts can
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bind to the RGDS tetrapeptide within the cell-binding domain of the ECM proteins via
integins (Hynes 1992). Syndecans, trans-membrane heparan sulphate proteoglycans can
also mediate cell-ECM interactions via the heparin-binding domain of fibronectin
(Carey 1997). This binding domain is structurally distinct from the integrin domain.
Other cell binding domains are also present within the ECM proteins and collectively
these regulate the strength of cell binding and thus cell motility (Welch, McClure et al.

1990; Gailit, Pierschbacher et al. 1993).

The major function of the fibroblasts and myofibroblasts is ECM synthesis within the
wound. Collagen production is stimulated by the autocrine action of TGF-B (Clark,
Nielsen et al. 1995) and paracrine Interleukin-4 (IL4) from mast cells (Postlethwaite,
Holness et al. 1992). Despite the continual presence of factors stimulating collagen
production, once sufficient collagen has been deposited, fibroblasts stop production.
The precise mechanisms are unknown but one possible explanation is a negative
feedback loop. After completion of collagen deposition the majority of fibroblasts and
myofibroblasts undergo apoptosis, while the remaining myofibroblasts revert to

fibroblasts (Desmouliere, Redard et al. 1995).

Another important process which occurs during granulation tissue formation is wound
contraction. Myofibroblasts were believed to be the sole cell type responsible for
generating this contractile force (Gabbiani, Ryan et al. 1971; Gabbiani and Badonnel
1976). This is due in part, to their high intracellular content of alpha smooth muscle
actin (ASMA) and strong connections to the ECM (by fibronexi) and each other (by gap
junctions). However, more recent studies have proposed that the during the early stages
of contraction, other cells containing actin filaments organise around the wound edge

and produce the initial contraction (Bullard, Mudgett et al. 1999). Baur et al. have
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proposed that these cells are fusiform-shaped epidermal cells surrounding the wound
margin that possess cytoplasmic microfilaments. These microfilaments are similar to
actin microfilaments and align along the contractile bed. Therefore, wound contraction
most likely consists of two stages: an initial epidermal contraction phase followed by a

prolonged myofibroblast contraction phase within the dermis (Baur, Parks et al. 1984).

1.3.2.2.2 Neovascularisation

To nourish the newly synthesised matrix, new vessels are formed by the process of
neovascularisation, or angiogenesis. It is critical to the wound healing process as it

enables delivery of key inflammatory cells and molecules, as well as vital nutrients.

Angiogenesis is initiated by a variety of growth factors present in the wound.

Two growth factors shown to be crucial for angiogenesis progression are basic
fibroblast growth factor (bFGF) and vascular endothelial growth factor (VEGF).
Blocking antibodies to these two growth factors almost completely inhibit wound
angiogenesis (Okumura, Okuda et al. 1996; Martin, Green et al. 1997; Nissen,

Polverini et al. 1998). The effectiveness of angiogenic factors depends to some extent
on the organisation of the endothelial cells. This is best highlighted with TGF-f, which
inhibits endothelial cell motility in a monolayer, but stimulates it once they have formed

capillary-like tubes (Iruela-Arispe and Sage 1993).

Other, non-growth angiogenic factors include low oxygen tension and lactic acid, both
generated due to a relatively hypoxic wound environment (Knighton, Silver et al. 1981).
The ECM also plays an important role in angiogenesis, with the fibrinogen matrix

possibly acting as a contact guidance system for endothelial cell movement. In addition,
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the importance of heparan sulphate has been shown using heparinases I and III that
inhibit neovascularisation, the proposed mechanism being depletion of heparan sulphate
receptors, which are critical for growth factor-mediated proliferation (Sasisekharan,

Moses et al. 1994).

Given all the data available, the following sequence of events has been proposed to
occur during wound healing neovascularisation, and is illustrated in Figure 1.3.
Activated macrophages and damaged tissue cells release a plethora of angiogenic

factors which cause endothelial expression of PA and procollagenase.

PA generates active collagenase and plasmin (from ECM plasminogen) that together
degrade the endothelial cell basement membranes, thus enabling cell entry into the
wound site. It is worth noting that the PA system is not essential for angiogenesis
progression, as PA null mice still show normal neovascularisation (Hiraoka, Allen et al.
1998). However, MMPs are important, as MMP-2 deficient mice show reduced
angiogenesis (Itoh, Tanioka et al. 1998). The endothelial cells alter their integrin
expression and lay down a provisional matrix to aid their migration. Eventually this
provisional matrix will be remodelled into a normal basement membrane. After the
angiogenic stimuli have been lost, capillaries undergo regression and the endothelial

cells are lost by apoptosis and macrophage phagocytosis.

The importance of angiogenesis during normal wound healing has been questioned
recently with a number of studies showing that angiogenesis inhibition does not retard
healing. Jang et al. showed that reduced angiogenesis occurred in a murine excisional

wounding model by blocking o, integrins with either blocking antibody or cyclic RGD
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peptide (Jang, Arumugam et al. 1999). Although reduced angiogenesis occurred, no

effect was seen on wound re-epithelialisation, contraction or ultimate closure.

In a murine model Berger et al. did not see an effect on wound healing using the
angiogenesis inhibitor endostatin, as measured by wound breaking strength (Berger,
Feldman et al. 2000). However, in both studies it was questionable whether complete
inhibition of angiogenesis was achieved. Therefore, although moderate inhibition does
not appear to affect healing, further work is required to determine if total lack of
angiogenesis will affect healing, and thus point towards the necessity of angiogenesis

during healing.

Development of Angiogenesis
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Figure 1.3 Diagram illustrating the development of angiogenesis.

Formation of new capillaries from a parent vessel occurs through the stimulation of the
endothelial cells by a neighbouring angiogenic stimulus, such as FGF and VEGF. In
response to the stimulus, the endothelial cells produce MMPs, which degrade the vessel
basement membrane allowing endothelial cells in this area to migrate toward the source
of the angiogenic factor and infiltrate the surrounding tissue. As leading cells penetrate
the tissue, cells further back proliferate and occupy the space made by the migrating
cells. This results in the formation of a new capillary. Adapted from Kolb, Mauch et al.
1997.
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1.3.3. The Remodelling Phase

Although classed as the final stage of wound repair, matrix reformation and remodelling
overlaps with granulation tissue formation. However, unlike granulation tissue
formation, this stage continues for months after wounding. The final phase is
characterised by matrix remodelling, cell differentiation, maturation and apoptosis. As
the wound is remodelled, fibroblasts differentiate in myofibroblasts. Once the wound
matures and restoration of tissue structure occurs, the myofibroblasts are stimulated to

apoptose.

1.3.3.1. Wound remodelling

Remodelling initially consists of hyaluronan and fibronectin removal. Proteoglycans are
deposited and most of the collagen III is replaced with mature collagen I bundles (Clark,
1998). This is the transition from a matrix favouring cell proliferation and migration to
that of high tensile strength and resistance to deformation. Finally, despite proper
extracellular matrix remodelling, wounded skin never acquires the same tensile strength
as intact, unwounded skin (Singer and Clark 1999). Accumulation of collagen

bundles is the primary cause of scar formation, especially in ‘tight’ skin (Grinnell and
Zhu 1994). If excessive collagen accumulation occurs, this can result in hypertrophic
scars or keloids.

1.3.3.2. Fibroblasts and myofibroblasts

Factors influencing myofibroblast differentiation include cytokines, extracellular matrix
components, and external mechanical tension. The change of the fibroblast into the
myofibroblast phenotype due to an increase in local tissue tension has been shown
using a mouse skin model (Squier 1981). The author reported the effects of stretching
the mouse skin with and without a skin incision. It was demonstrated that the mice with

stretched skin only exhibited the greatest number of myofibroblasts in the affected

37



dermal area. Myofibroblasts were observed in the wounded and stretched skin but to a
lesser extent. Only a few myofibroblasts were evident in the skin that had only been
wounded. It was suggested that the effect of mechanical tension initiates the

differentiation of existing fibroblasts into myofibroblasts.

MMP production by myofibroblasts has been documented in the liver and kidney
(Kelynack, Hewitson et al. 1999; Preaux, Mallat et al. 1999). Preaux et al. suggested
that MMP-2 activity had a profibrogenic role in hepatic fibrosis. The authors cultured
hepatic myofibroblasts from liver specimens obtained from patients with active
cirrhosis and compared them with similar cells obtained from normal liver specimens.
Active MMP-2 was detected only in the active cirrhosis samples, which was

accompanied with an upregulation of MT1-MMP expression.

1.3.3.3. Apoptosis

The parameters governing apoptosis are not fully understood. However, in fibroblasts a
reduction in mechanical force has been implicated. Grinnell et al. have identified the
release of mechanical tension as a trigger for fibroblast apoptosis in vitro (Grinnell, Zhu
et al. 1999). They reported that fibroblasts in a mechanically loaded collagen matrix
demonstrated little apoptosis. Apoptotic signals may also be derived from soluble
mediators released into the wound site by the new epithelium as it covers the
granulation tissue. Garbin et al. demonstrated that covering a full thickness skin
wound with skin epithelium resulted in more widespread and earlier apoptosis in the
granulation tissue fibroblasts compared to the uncovered wounds. The author proposed
that an as yet unidentified stimulus from the intact epithelium induces apoptosis

(Garbin, Pittet et al. 1996).
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Failure to terminate myofibroblast activity results in prolonged cell activity and excess
fibrosis and scar formation as demonstrated in a study conducted by Martin and Muir,
1990. The authors analysed biopsies taken from keloid and hypertrophic scars from
human skin and compared the findings with normal scars. The study revealed persistent
fibroblastic activity and inflammation for up to 10 years following the original surgery
in the keloid biopsies. This contrasted with normal scars where biopsies taken one year
after wound formation demonstrated minimal evidence of fibroblast activity (Martin
and Muir 1990). However, premature fibroblast apoptosis can lead to impaired wound
healing. In non-obese diabetic mice (NOD), impaired wound healing in full-thickness
skin wounds was associated with higher levels of fibroblast apoptosis compared to

identical wounds in control mice (Darby, Bisucci et al. 1997).

1.3.4. Matrix metalloproteinases and cell migration

To achieve many of the physiological and pathological processes the cell must be able
to migrate. It is evident that the extracellular matrix poses a barrier to cell migration.
Cells present in the matrix undergo several changes allowing them to migrate through
the matrix. These involve 1) the activation of cytoskeletal motor system to enable cell
movement, 2) modulation of adhesive site and cell-surface adhesive molecules in the
form of integrins to provide traction, 3) degrading the extracellular matrix components
to breakdown physical barriers, and 4) the presence of chemoattractants to guide

migration.

MMPs may potentially regulate all the aforementioned processes through their cell-cell
and cell-matrix interactions. MMPs can degrade all matrix components, including

collagens and non-collagen molecules and supports their role as matrix-clearing
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enzymes during migration. Studies using assays of cell migration through ECM barriers
in vitro have implicated MMPs in the migration of various epithelial, mesenchymal and
neuronal cells either through the matrix or on specific ECM substrates. At the
implantation site, the trophoblast must invade into the maternal decidua. These cells
express high levels of MMP-9. In culture, a neutralisation antibody against MMP-9
prevents trophoblastic invasion by inhibiting ECM degradation (Behrendtsen and Werb
1997). During angiogenesis, endothelial cell migration through collagen gels is
impaired by MMP inhibitors (Kim, Jang et al. 2000; Fisher, Gilbertson-Beadling et al.
1994). During bone remodelling, osteoclasts are recruited to the bone surfaces and their
migration may also depend of MMPs. In culture, MMP inhibitors reduce the migration
of purified osteoclasts through a collagen matrix (Sato, Foged et al. 1998). In a model of
neuronal differentiation, the neuroblastoma cell line SKSNBE expresses neuronal
markers and establishes extensive neurite outgrowths in response to retinoic acid.
MMP-9 is induced and found localised in the neurites, suggesting that it participates in

neurite growth (Chambaut-Guerin, Herigault et al. 2000).

1.3.5. Matrix metalloproteinases and cell maturation

Studies on the role of MMP on cell behaviour in vitro have shown effects on cell
proliferation, differentiation and apoptosis. MMP-2 inhibition by either a neutralising
antibody or a chemical inhibitor reduced the mitogenic response of cultured vascular
smooth muscle cells to platelet-derived growth factor (PDGF) (Uzi, Lee et al. 2000).
Johnson and Knox, 1999, demonstrated that cultured airway smooth muscle cells
depended on MMP-2 for the proliferative response to a mitogen (Johnson and Knox
1999). In response to PDGF or serum, these cells proliferated and secreted MMP-2,
whilst an MMP inhibitor suppressed the proliferative response. Similarly, Kriling ef al.

demonstrated that cultured human dermal microvascular endothelial cells increased
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ECM production but suppressed cell proliferation with MMP inhibition (Kraling,
Wiederschain et al. 1999). Here, MMP activity may be required to generate a

proliferative signal. MMPs also cause cell death.

Proteinases and some ECM molecules induce apoptosis of mammary epithelial cells in
vitro, presumably through altered signalling from specific integrins(Boudreau, Werb et
al. 1996). A study conducted by Schedin et a/. demonstrated mouse mammary cell
rescue from apoptosis by MMP inhibition(Schedin, Strange et al. 2000). In addition,
MMP inhibitors suppress smooth muscle cell proliferation and induce apoptosis in
hypertrophied rat pulmonary arteries in organ culture (Cowan, Jones et al. 2000).
MMPs therefore affect cell survival and proliferation both positively and negatively by
regulating surviving signals that are generated by specific cell-matrix events. These
differences in the effects of MMPs reflect the differences in substrates involved in each

response.

1.3.6. Matrix metalloproteinase roles during ocular wound repair
Much of our knowledge concerning the role of MMPs in ocular wound healing stems

from cell culture and experimental animal work in the cornea.

1.3.6.1. The corneal epithelium

Re-epithelialisation is one of the early responses to wounding as illustrated by
observation in cutaneous wound healing. MMPs have been extensively reported to be
expressed during normal cutaneous wound healing (Madlener, Parks et al. 1998).
Vaalamo et al. found strong expression of MMP-1 and MMP-10 at the leading edge of
the migrating epithelial cells and MMP-3 in hyperproliferative basal keratinocytes

lagging behind the migratory front (Vaalamo, Weckroth et al. 1996). They also
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observed that different keratinocyte populations express distinct MMPs without spatial
overlap, and that various TIMPs were also expressed in the same wounded area. They

concluded that TIMPs-1, -2, and -3 are also temporally and spatially tightly regulated,
and suggested that an imbalance in the MMPs and TIMPs-1, -2, and -3 may delay

cutaneous wound healing.

Ye et al. (Ye, Maeda et al. 2000) reported the expression of three other MMPs (MMPs-
12, -13, and -14) in normal and wounded rat corneas. Based on their findings that
expression of MMP-13 and MMP-14 paralleled that of MMP-9 and -2 respectively, they
concluded that MMP-13 and -14 may play an important role in maintaining a balance in

extracellular matrix turnover during wound healing.

Following corneal injury, there is rapid resurfacing of the affected area by epithelial
cells. A single layer of epithelial cells starts to migrate at the wound margin by releasing
their hemidesmosomal attachments to the basement membrane. Delayed re-
epithelialisation of the cornea after injury usually precedes stromal ulceration, and
observation on an experimental model of thermal injury suggest that re-epithelialisation
is impeded by the secretion of type-I collagen-degrading enzymes from resident corneal
cells, which destroy essential components at the basement membrane (Matsubara,

Girard et al. 1991).

Since MMPs are the major enzyme family implicated in the dismantling of ECM
structures, they are therefore likely to cause basement membrane degradation during
corneal ulcer development (Fini, Parks et al. 1996). This is supported by findings that
cultured epithelial cells synthesise predominantly MMP-9 in vitro, and that MMP-2

expression in corneal epithelial cells is increased in patients with recurrent corneal
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erosion (Garrana, Zieske et al. 1999). It is therefore possible that local release of MMPs
may play an important role in the degradation of the epithelial anchoring system,

leading to recurrent epithelial cell slippage and the subsequent erosion.

1.3.6.2. The corneal stroma

Stromal response to injury is dependent on existing keratocytes, which are specialised
cells capable of producing ECM and collagen de novo. Following stromal injury,
keratocytes migrate and proliferate at the wounded area, where they differentiate into
myofibroblasts and close the wound gape through smooth muscle contractile
mechanisms. Although, myofibroblasts play an important role in the wound closure,
they are not entirely responsible for this process as keratocytes present underneath the
intact epithelium at the wound edge are believed to repopulate the defective area by
producing new collagen, glycosaminoglycans and proteoglycans (Hassell, Cintron et al.

1983; Kratz Owens; Hageman et al. 1992).

At first, the stroma is opaque due to the newly synthesised ECM being highly
disorganised. However, with stromal remodelling, the opacity diminishes over time,
possibly due to the activity of MMPs, particularly MMP-2 and MMP-3, produced by
stromal fibroblasts (Fini and Girard 1990). In addition, inflammatory cytokines such as
interleukin-1 and TGF-beta produced by cells at the wound site may play an important
role in the modulation of MMP expression by the keratocytes, by causing an imbalance
in MMP production which may eventually to lead corneal scarring, loss of corneal

transparency and visual function (Girard, Matsubara et al. 1991).
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1.3.6.3. Angiogenesis

Comneal neovascularisation, which may follow corneal injury, is a major sight
threatening complication. In general, for neovascularisation to occur, invading
endothelial cells use proteolytic enzymes to penetrate various barriers, including
basement membranes, cell-cell and cell-matrix junctions. Since basement membrane is
composed of collagen IV and laminin and other glycoproteins, and the stromal matrix is
mainly composed of collagen I, elastin, fibronectin, an array of enzymes is required to

degrade each of these proteins.

In the cornea, there is evidence of increased expression of MMP-2 and VEGF in the
limbal region and the corneal stroma during corneal neovascularisation (Kvanta,
Sarman et al. 2000). The presence of neutrophil derived MMP-2 may exacerbate
corneal angiogenesis together with the associated inflammatory response in the anterior

chamber.

1.3.6.4. The corneal endothelium

Human endothelial cells have limited regenerative capacity. In response to injury,
corneal endothelial cells slide over Descemet's membrane or exposed stroma. Since
MMPs-2 and -9 have been identified in bovine endothelial cells (Menashi, Vlodavsky et
al. 1995) and TIMPs-2 and -3 in human endothelial cells (Kenney, Chwa et al. 1998), it
is possible that MMPs secreted by endothelial cells into the aqueous humour may
induce changes in its composition leading to persistence of disease states. Persistence of
post-operative uveitis following cataract surgery may in part result from endothelial cell
damage due to trauma from ultrasound and turbulence during phacoemulsification, and
which may lead to an increase in MMP expression by the endothelial cells. The role of

MMPs in a superficial corneal wound healing is illustrated in Figure 1.4.
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1.4.1 The trabecular meshwork and MMPs

The majority of the aqueous humour leaves the anterior chamber by a process of bulk
flow through the trabecular meshwork into the canal of Schlemm. The trabecular
meshwork is composed of sheets of trabecular lamellae (trabecular beam) composed of
ECM components. The lamellae are surrounded by a basal lamina and lined by
trabecular meshwork cells. These cells are unique in that they possess endothelial
morphology and have the capacity to perform various functions, including
phagocytosis. They also produce lysosomal, metabolic and matrix degrading enzymes,

and release extracellular matrix components.

Hyaluronic acid, chondroitin sulphate, keratan sulphate and heparan sulphate have all
been identified in the human trabecular meshwork and their accumulation can lead to
increased aqueous humour outflow resistance (Acott, Westcott et al. 1985). Trabecular
meshwork cells are able to remodel glycosaminoglycans. The presence of MMPs and
TIMPs have been demonstrated in human trabecular cells (Alexander, Samples et al.
1991), and it has been suggested that an imbalance between MMP:TIMP activity may
serve an important role in the maintenance and regulation of trabecular ECM, and
subsequently of the aqueous humour outflow pathway in normal and glaucomatous eyes

(Bradley, Vranka et al. 1998).

Changes in the expression of MMPs and TIMPs have been demonstrated following in
vitro laser trabeculoplasty (Parshley, Bradley et al. 1995; Parshley, Bradley et al. 1996).
It has been proposed that argon laser trabeculoplasty upregulates ECM degradation by
an upregulation of MMP expression and therefore increases the outflow of aqueous

humour.
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1.4.2. The uveoscleral outflow pathway and MMPs

The uveoscleral outflow of aqueous humour accounts for a substantial amount of the
total outflow. This figure varies with age, with uveoscleral outflow decreasing with age.
Recent measurements by Toris et al. indicate that uveoscleral outflow accounts for 54%
in healthy 20-30 year olds and 46% in healthy volunteers of the age of 60 and over
(Toris, Yablonski et al. 1999). Aqueous humour passes through the extracellular spaces
between the ciliary muscle fibres, which normally contain collagens I and III, and
MMP-1 (Bill 1989; Gaton, Sagara et al. 1999). The aqueous humour then enters into
the supraciliary and suprachoroidal spaces, from which it is drained through the sclera

as shown in Figure 1.5.

Prostaglandin (PG) receptors have been identified in human trabecular meshwork
(Anthony, Pierce et al. 1998) and in the ciliary smooth muscle cells (Matsuo and
Cynader 1992; Ocklind, Lake et al. 1996). Topical application of PGs showed a
lowering of intraocular pressure by increasing uveoscleral outflow with no change in
conventional outflow (Gabelt and Kaufman 1989). Increased degradation of ciliary
muscle matrix decreases the hydraulic resistance to uveoscleral outflow. Studies have
shown that the intraocular pressure lowering effect of PGF,, was associated with an
increase in MMP release from ciliary smooth muscle cells (Lindsey, Kashiwagi et al.
1996; Weinreb, Kashiwagi et al. 1997). A topical PGF,, agonist agent is now widely
used as a method of lowering intraocular pressure (Stjernschantz 1995;

Nagasubramanian, Sheth et al. 1993).
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1.4.3. Aqueous humour and MMPs

Several studies have shown the presence of growth factors, such as transforming growth
factor-beta, serine proteinases (e.g. tissue-type and urokinase-type plasminogen
activators), MMPs and their inhibitors in normal human aqueous humour (Jampel,
Roche et al. 1990; Tripathi, Park et al. 1988; Huang, Adamis et al. 1996). The MMP
profile during inflammation in the anterior chamber of the eye demonstrates elevated
levels of active MMPs-2, -3 and -9 (Di Girolamo, Verma et al. 1996). This rise is not
balanced by an increased production of TIMP-1, suggesting that alterations in the levels
of MMPs without changes in TIMP expression may be a potential cause of tissue

damage and atrophy seen in chronic anterior uveitis.

Proinflammatory cytokines have been shown to play a major role in ocular
inflammation and have been detected in ocular fluid from patients and animals with
experimental uveitis(Wakefield and Lloyd 1992; Wakefield, McCluskey et al. 1995).
The cellular origin of MMPs in the aqueous humour is uncertain but is likely derived
from stimulated inflammatory cells and surrounding fibroblasts of resident tissues in the

anterior segment.

1.4.4 Glaucoma filtration surgery

The lowering of intraocular pressure reduces the rate of progression of the disease,
which ultimately leads to blindness. Treatment options for glaucoma are directed to
reducing aqueous humour production or facilitating outflow. These include topical and
systemic medication, laser to the trabecular meshwork and ciliary body, and filtration

surgery (trabeculectomy).
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Two recent prospective, randomised, controlled trials revealed that filtration surgery is
more effective than topical medical treatment or laser at reducing intraocular pressure
(Migdal, Gregory et al. 1994; Jay 1992). The steps of filtration surgery are illustrated in

Figure 1.6.

Trabeculectomy reduces the intraocular pressure through the creation of a fistula
guarded by a partial thickness scleral flap. The fistula joins the anterior chamber to the
subconjunctival space, allowing the aqueous humour to bypass the normal outflow
tracts in the trabecular meshwork. Aqueous humour then exits the subconjunctival space
through transconjunctival passages (Kronfield 1952), or by drainage in the aqueous and

subconjunctival capillaries (Teng, Chi et al. 1959; Tennar and Jaeger 1976).

The successful lowering of intraocular pressure after surgery relies heavily on the nature
of the healing response following the surgery. Wound contraction and scarring at the
drainage site, which is associated with a dense scar at the subconjunctival space, is the
prime cause of blockage of aqueous flow distal to the sclerostomy. The resistance
generated by the scar tissue is a major determinant of post-operative intraocular
pressure. Excess scar contracture at the sclerostomy site is the commonest cause of

surgical failure from elevated intraocular pressure (Addicks, Quigley et al. 1983).
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1.4.5 Wound healing events following glaucoma filtration surgery

After surgical trauma to the conjunctiva, an inflammatory response occurs. The
sequence of events of wound healing has been described in section 1.3. Just like the
keratinocyte in the dermis and the keratocyte in the cornea, the Tenon’s capsule
fibroblast is the effector cell responsible for many aspects of the healing response. The
fibroblast is involved in the development of subconjunctival scar tissue following
glaucoma filtration surgery. The sequence of events following conjunctival trauma is

illustrated in Figure 1.7.

Normally the fibroblast exists in the subconjunctival and episceral tissue as a quiescent
undifferentiated mesenchymal cell, the fibrocyte. Animal models of filtration surgery
have demonstrated that fibroblasts present in the wound site are derived from the
subconjunctiva and episclera (Seetner and Morrin 1979; Desjardins, Parrish et al. 1986;
Miller, Grierson et al. 1989). Tissue fibrocytes are metabolically inactive and are
sparsely dispersed in normal human conjunctiva. However, following activation of the
fibrocyte by various growth factors and inflammatory cytokines (e.g transforming
growth factor-p, (TGF-f), platelet-derived growth factor, (PDGF), fibroblast growth
factor, (FGF), collagen fragments and complement component C5a), the active

fibroblast is capable of carrying out cellular functions of healing.

Fibroblast proliferation starts around the fifth post-operative day (Desjardins, Parrish et
al. 1986). The fibroblasts migrate along the fibrin-fibronectin interface and synthesise
fibronectin, interstitial collagens and glycosaminoglycans to form granulation tissue. As
fibroblasts migrate over the fibronectin interface, traction forces are generated in the

underlying substrate by the cells and induce wound contraction (Harris, Stopak et al.
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1981). Migration is facilitated by the release of MMPs to degrade the extracellular
matrix and create a ‘path’ for cell movement. So far MMP-1, MMP-2, MMP-3, MT1-
MMP (MMP-14) have been identified in normal conjunctival tissue (Kawashima, Saika

et al. 1998).

Fibroblast population peaks around two weeks during the period of granulation tissue
formation. Fibroblasts not only secrete a number of growth factors, they also possess a
variety of receptors to growth factors (Postlethwaite, Holness et al. 1992). This suggests
that fibroblasts are able to respond to as well as alter the growth factor profile of a

healing wound (Barbul and Regan 1995).

Following extracellular matrix synthesis, the new connective tissue is then
enzymatically remodelled over several months, with continuous synthesis and
breakdown of the matrix. The degree of extracellular matrix present at the wound site
depends on the balance between MMP and TIMP activity. Fibroblasts at the wound
site differentiate into myofibroblasts in response to various external environmental

factors, such as growth factors (e.g TGF-f3, PDGF) and mechanical tissue tension.

The final stage of healing is the development of a scar. Myofibroblasts apoptose and the
highly cellular granulation tissue transforms into a less cellular form (Desmouliere,
Redard et al. 1995). However, if myofibroblast activity continues and the cells fail to
apoptose due to a persisting external stimulus, excess fibrosis and scar formation over
the sclerostomy site may occur. With an increase in resistance to aqueous flow through

the newly created fistula, the intraocular pressure rises and the surgery fails.
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Furthermore, an increase in tissue tension arising from flow restriction acts as a

persistent stimulatory factor for the myofibroblast and prevents apoptosis.

1.4.6 Histological appearance of conjunctival blebs

Knowledge of the appearance of functioning human conjucntival blebs is limited.
Information is mainly gathered from blebs that had either failed due to excess fibrosis,
or from hypotonous eyes biopsied during bleb revision or enucleation. Addicks reported
on the histology of six functioning and three failed blebs from cadaver eyes. In the
functioning blebs, the subconjunctival connective tissue was loosely arranged around
‘channel-like’ clear spaces; whereas in scarred blebs, the subconjunctival connective
tissue was thicker, possessed few clear spaces, and numerous fibroblasts and blood
vessels were observed (Addicks, Quigley et al. 1983). It was proposed that
subconjunctival scarring constituted the major obstacle to aqueous outflow obstruction

following filtration surgery in humans.

Similarly Mietz et al. reported on the histology of seven mitomycin-C-treated blebs and
five untreated blebs, which had failed due to subconjuntival fibrosis (Mietz, Amold et
al. 1996). All the blebs had dense connective tissue in the subconjunctival space. The
mitomycin-C-treated blebs had fewer fibroblasts and collagen fibrils were randomly
organised. Untreated blebs had abundant fibroblasts with collagen fibrils oriented in a

parallel manner.
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Figure 1.7. Flow chart illustrating the cellular events following conjunctival injury
PDGF — platelet derived growth factor; TGF-beta — transforming growth factor beta, FGF —
fibroblast growth factor, EGF — epidermal growth factor, JFN-y- interferon gamma, VEGF
— vascular endothelial growth factor. Following conjunctival wounding, such as following
glaucoma filtration surgery, a cascade of cellular events ensues which results in a final
common pathway leading to a conjunctival scar. MMPs and inflammatory cytokines
influence the outcome at each step of the wound-healing event. Courtesy of N. Occleston.
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Finally, Nuyts et al. documented the histological findings of seven blebs that underwent
bleb revision for persistent hypotonous maculopathy after mitomycin-C (MMC)
treatment (Nuyts, Felten et al. 1994). MMC treatment resulted in tissue that was
hypocellular, with virtually no fibroblast population in the conjunctival and
subconjunctival tissue. The periphery of the filtration site was demarcated with
prominent blood vessels associated with marked inflammatory cell infiltrates,
fibroblasts and scar tissue. The ciliary body epithelial cells underlying the treatment
area possessed vacuolated cytoplasm and disrupted mitochondria, which indicated

potential drug toxicity.

The histological reports suggest that the conjunctival fibroblast is the key cell involved
in the subconjunctival scarring response following filtration surgery, and is responsible
for collagen remodelling during wound healing. MMC treatment leads to an almost
complete absence of viable fibroblasts. This strongly suggests that the anti-metabolite
not only inhibits cell proliferation and migration, but also leads to cell death. A defined
area is seen between treated and untreated subconjunctival tissue, suggesting that the
drug acts locally at the site of treatment. Finally, excess fibrosis may occur despite

MMC treatment, which suggests that scarring is not entirely inhibited in some patients.

1.5. Clinical risk factors and subconjunctival scar formation

A number of patient factors have been identified that significantly increase the risk of
inadequate pressure lowering. These factors are outlined in Table 1.4. Although

mechanisms that mediate excess scarring are not entirely understood, it is likely that
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he conjunctival cell profile plays an important role.

Broadway et al. have shown that altered conjunctival cell profiles at the time of surgery
are associated with an increase in trabeculectomy failure. Afrocarribean patients
(Broadway, Grierson et al. 1994), uveitics (Broadway, Bates et al. 1993), patients who
had undergone previous conjunctival surgery (Broadway, Grierson et al. 1998), and
patients who had prolonged exposure to sympathomimetic of miotic topical medication
(Broadway, Grierson et al. 1994) all displayed changes to their conjunctival cell
profiles. Conjunctival inflammation at the time of surgery increases the risk of excess

scarring and persistent inflammation following surgery perpetuates the process.

1.6. Anti-scarring agents

The use of adjunctive agents to inhibit scarring and fibrosis following filtration surgery

has had a dramatic impact on surgical outcome.

1.6.1. Antimetabolites

5-fluorouracil and mitomycin-C are the most commonly used agents in glaucoma
filtration surgery. Higginbotham (Higginbotham 1997), reported that over 50% of a
total of 131 000 trabeculectomies performed in the USA in 1995 employed the use of

MMC.

1.6.1.1. 5-Fluorouracil

5-Fluorouracil (SFU) was first used to inhibit subconjunctival scarring in 1986 by

Parrish and co-workers (Heuer, Parrish et al. 1986). SFU is a pyrimidine analogue that
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inhibits DNA synthesis by competitively inhibiting thymidilate synthetase and therefore
will only inhibit proliferating cells (Breul, Jaske et al. 1995). SFU is also incorporated
into RNA and results in the inhibition of a variety of intracellular enzymes (Spiegelman,

Nayak et al. 1980).

1.6.1.2. Mitomycin-C

Mitomycin-C (MMC) is an alkylating agent, which when taken up by the cell is reduced
by an NADH-dependent reductase to an active form (Iyer and Szybalski 1963). MMC
disrupts the DNA by forming DNA-DNA cross-links and free radicals (Fujiwara,

Tatsumi et al. 1977; Sasaki and Tonomura 1973).
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Risk Factor Risk

Aphakia +++

Acute Uveitis +++

Neovascular Glaucoma +++

Previous failed surgery ++H(+)
Conjunctival inflammation ++
Previous intraocular surgery ++
Previous topical medication ++
African-Caribbean origin +(+)
Age <40years +/-

Table 1.4 Risk factors for trabeculectomy failure due to excess subconjunctival
scarring. Risk of failure has been graded as mild (+), moderate (++) and severe

(+++). Adapted from Broadway, Grierson et al. 1994.



In 1981, Chen first used single per-operative application of mitomycin-C to inhibit
scarring following trabeculectomy (Chen 1983). In addition, mitomycin-C has been
employed to inhibit fibrosis following pterygium surgery (Hayasaka, Noda et al. 1988),

and in optic nerve decompression (Spoor, McHenry et al. 1993).

Mitomycin-C is a more potent anti-scarring agent compared to SFU. In general, the
conjunctiva over the treated site is thin, cystic and avascular in appearance. There is
often a marked inflammatory reaction, with signs of scarring in the surrounding tissue
adjacent to the treatment site. The use of these powerfully effective anti-scarring agents
has been hindered by the sight-threatening complications such as hypotony (Zacharia,

Deppermann et al. 1993) and endophthalmitis (Greenfield, Suner et al. 1996).

1.6.2. Effect of S-fluorouracil and mitomycin-C on fibroblast activity in vitro
Fibroblasts are the key cells involved in the cellular processes of wound healing. The
effect of the anti-scarring agents on fibroblast function and the implications of this on

clinical practice are described in the next subsections.

1.6.2.1 Cell migration

Fibroblast migration across a polycarbonate membrane containing 8-micron pores can
be measured in vitro by stimulating the cells using chemoattractants. Occleston
demonstrated that single 5-minute applications of SFU and MMC inhibited human
Tenon’s fibroblast migration. SFU was more potent than MMC and inhibition reversed
with time (Occleston, Daniels et al. 1997). However, Yamamoto reported that 24 hour
treatment of subconjunctival rabbit fibroblasts with low dose MMC (0.01mg/L) or SFU

(0.33mg/L) had no effect on cell migration (Yamamoto, Varani et al. 1990).

60



1.6.2.2 Proliferation

It had been established that continuous exposure of cells to MMC and SFU inhibits
fibroblast proliferation (Yamamoto, Varani et al. 1990; Wong, Shapourifar Tehrani et
al. 1991). A major advance came from the observation that single exposures of the
antimetabolite for as little as 5 minutes induced prolonged, dose-dependent inhibition in
vitro (Khaw, Doyle et al. 1993). Conjunctival and scleral biopsies taken from rabbits
undergoing full thickness filtration surgery were exposed to either SFU (50mg/ml),
MMC (0.4mg/ml), or distilled water. The tissue samples were placed in culture and
proliferation measured in term of fibroblastic outgrowth from the explant. In this model,
the inhibitory effect of SFU reversed around 7 days, whereas MMC induced prolonged
inhibition, which did not reverse in the 36 day time period. The inhibitory effect of
treatment was shown to be focal to the site of application since proliferation was
inhibited in the conjunctiva at the site of treatment and not in biopsies taken at 90 and

180 degrees from treatment (Khaw, Occleston et al. 1994).

These observations have heralded a change in pre-operative treatment regimes that have
now superseded the original, more impractical 2-week course of post-operative
subconjunctival injections. Drug-induced inhibition of proliferation is dose-dependent
and can be titrated by altering the concentration or application time against the
perceived risk of scarring (Khaw, Tsai et al. 1995). The disadvantage of permanent
inhibition is seen in the inablility of bleb leaks to seal as well following prolonged
hypotony from insufficient outflow resistance (Keller and To 1993; Kee and Kaufman
1994). Finally, with a permanent reduction in cell numbers, tissue integrity may be

compromised.

61



1.6.2.3 Extracellular matrix production

Fibroblasts secrete pro-collagen, fibronectin and glycosaminoglycans. This provides a
temporary scaffold for cell migration and granulation tissue formation. The pro-collagen
is subsequently cross-linked to form mature collagen. Exposure to MMC inhibits pro-
collagen I synthesis (Saika, Ooshima et al. 1997). Occleston demonstrated that both
S5FU and MMC inhibit collagen I production at the protein and mRNA levels. However,
collagen III production increased following drug exposure. Extracellular matrix
production may therefore persist despite anti-scarring treatments. This observation
suggests that fibroblasts are capable of perpetuating fibrotic activity and may explain
why some trabeculectomies fail despite the use of adjunctive anti-scarring treatment

(Occleston, Daniels et al. 1997).

1.6.2.4 Collagen contraction

As fibroblasts migrate to the wound site, they contract the surrounding extracellular
matrix by the exertion of tractional forces, and lead to a reduction in wound size.
Contraction of the extracellular matrix around the bleb can lead to the development of a
high dome-like bleb or complete flattening (Feldman, Gross et al. 1989; Loftfield and

Ball 1990).

With single exposures of MMC and 5FU, dose-dependent inhibition of fibroblast-
mediated collagen matrix contraction was observed (Occleston, Alexander et al. 1994).
Treatments which resulted in complete growth arrest still permitted significant gel
contraction, and suggests that growth inhibited fibroblasts retain the ability to contribute

to the scarring process. This is supported by other studies showing that growth-arrested
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cells can still migrate (Yamamoto, Varani et al. 1990) and respond to growth factors

such as TGF-B (Khaw, Occleston et al. 1992).

1.6.3. TGF-B2 neutralisation
The aqueous humour contains a large number of growth factors; it passes through and
bathes the subconjunctival space. TGF-p is a potent stimulator of fibrosis and scarring

in the body. Three human isoforms exist (TGF-B1, TGF-B2 and TGF-f3), with the 2
isoform predominant in the eye (Lutty, Merges et al. 1993; Pasquale, Dorman Pease et

al. 1993).

A novel method to target post-operative scarring following glaucoma filtration surgery
is with the use of a novel neutralising antibody to TGF-B2 (Cordeiro, Gay et al. 1999).
CAT-152, designed by Cambridge Antibody Technology (Melbourn, UK). This is a
fully human monoclonal antibody specific to the active form of human TGF-B2. Using
an animal model of aggressive subconjunctival scarring, CAT-152 was shown to
significantly reduce post-operative scarring and improve surgical outcome compared to
vehicle control (Cordeiro, Gay et al. 1999). From histological analysis, CAT-152 also
appeared less destructive to local tissue compared to the effects seen with mitomycin-C
treatment. A phase I/II two centre masked, randomised, clinical study demonstrated no
significant side-effects with the use of CAT-152 following glaucoma filtration surgery

(Siriwardena, Khaw et al. 2000).
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1.7 Aims

Matrix metalloproteinases play a central role in the cellular events of healing and their
activity is highly regulated to avoid uncontrolled and excessive tissue destruction,
which may lead to tissue fibrosis and scarring. The MMP profile following conjunctival
wounding remains unclear. We hypothesise that MMP inhibition provides a novel
approach toward modulating the post-operative subconjunctival healing response
following glaucoma filtration surgery.
The aims of this project were to:
1. Investigate the effect of MMP inhibition on Tenon’s fibroblast migration and
cell-mediated matrix contraction in relaxed and prestressed collagen I matrices.
2. Determine the effect of the broad-spectrum MMP inhibitor Ilomastat on MMP
expression and collagen I production in relaxed and prestressed matrices.
3. Determine whether subconjunctival application of Ilomastat following

experimental glaucoma filtration surgery reduces subconjunctival scarring.
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CHAPTER 2: METHODS
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2.1 Cell Culture

2.1.1 Propagation of Primary Explants of Human Tenon’s Capsule Fibroblasts
Tenon’s capsule was dissected from human donor eyes (range 45 —83 years) from
Moorfields Eye Hospital Eye Bank. The tenets of the Declaration of Helsinki (1989)
were followed, informed consent was obtained and institutional human experimentation
committee approval was granted. Pieces of the tissue explant were placed into 25 cm®
tissue culture flasks (Marathon), and fixed to the bottom of the flasks with 0.5 cm?
sterile round coverslips (BDH/Merck). The explants were carefully overlaid with 5 ml
of Dulbeco’s modified Eagles medium (DMEM) containing penicillin (100U/ml),
streptomycin (100pg/ml), gentamicin (50ug/ml), 2mM L-glutamine, amphoteracin
(0.25ng/ml) and 10% (vol/vol) fetal calf serum (FCS) (all Gibco). The explants were
incubated at 37°C in 5% humidified CO; in air. Once the fibroblasts were nearly
confluent (usually by week 4), they were passaged into new flasks and maintained in

culture, used in experiments or stored in liquid nitrogen.

2.1.2 Fibroblast Culture Maintenance
The primary cell cultures were maintained by changing the growth medium at regular
intervals (3 to 4 days) until the cells approached confluence. They were then passaged

into new tissue culture flasks using a ratio of 1:3.

2.1.3 Passaging of Cell Cultures

The cell monolayers were maintained until just preconfluent. The growth medium was
aspirated and the monolayer washed 3 times with 0.15% (vol/vol) phosphate buffered

saline (PBS). The cells were detached from their flasks by incubation for 3 minutes at
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37°C with a solution containing 0.15% (vol/vol) PBS and 0.02% (wt/vol) ethylene
diamine tetra-acetic acid (EDTA) (GibcoBRL). The enzymic activity was neutralised
with an equal volume of growth medium containing 10 % FCS and the cell suspension
was centrifuged at 2000rpm for 5 minutes. The supernatant was discarded and the cell
pellet was dislodged by gentle tapping of the universal and resuspended in growth
medium. The cells were then seeded into new 75 cm?” tissue culture flasks in a 1:3 ratio.
All the procedures were performed in a laminar flow hood and the solutions used were
sterile and warmed in the incubator prior to use. Fibroblasts used for all experiments
were in the exponential growth phase between passages 2 and 6. This applied to all

donor patients providing explants.

2.1.4 Storage and Recovery of Cells in Liquid Nitrogen

To maintain supplies, fibroblasts were frozen and stored in liquid nitrogen. Cultured
Tenon’s capsule fibroblasts were passaged and the resultant cell pellet resuspended in
0.5 ml growth medium. An equal volume of 10% (vol/vol) dimethyl sulphoxide
(DMSO, Sigma) / growth medium was added dropwise with continuing mixing. These
Iml aliquots of cell suspension were transferred to cryovials (Corning) and stored

overnight at -70°C before being transferred into liquid nitrogen.

2.2 Extracellular Matrix Contraction

Contraction of the extracellular matrix is essential for successful wound healing to occur
as described earlier. Cell-mediated collagen I contraction was investigated using the

collagen contraction model described below.
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2.2.1 Collagen contraction model

Bell (Bell, Ivarson et al.1979) originally reported the use of an in vitro model for
quantitating the contraction of a collagen matrix by cells trapped within the matrix. This
model has since been used to investigate the behaviour of cells within the extracellular
matrix and the process of collagen contraction. In this study the use of a modified

version of the original model was employed (Occleston, Alexander et al. 1994).

2.2.2 Preparation of collagen gels

First, the collagen gel mixture was made by adding 0.6ml of Smg/ml rat tail type I
colllagen (Sigma) to 0.1% (vol/vol) glacial acetic acid and allowed to dissolve by
placing in an incubator at 37°C. Once dissolved, the collagen lattices were prepared by
adding 0.6ml of collagen gel mixture to 0.35ml concentrated medium stock solution
(15mlof 10x DMEM; GibcoBRL, 35ml distilled water, 1.5ml of 2mM L-glutamine,
1.5ml of 250pg/ml fungizone, 1.5ml of 10,000U/ml penicillin/ 10,000U/ml
streptomycin and 4ml of 7.5% (wt/vol) sodium bicarbonate in sterile distilled water).
The solution was mixed and the pH was raised to 7.4 by adding 0.1M NaOH dropwise
until the solution turned pink. A specific cell number suspended in 0.15ml FCS was
added and the solution rapidly mixed to disperse the cells within the mixture. 250ul of
the mixture was cast in a 24-well plate. The plate was incubated at 37°C to rapidly

polymerise the collagen lattices trapping the cells in the three-dimensional matrix. 0.5

ml of DMEM/10% (vol/vol) FCS was added to each well.
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2.2.3. Relaxed and stressed collagen gels
Grinnell described different culture models that study the various conditions in which
fibroblasts reorganise and contract collagen matrices in vitro. (Grinnell, 1994) Figure

2.1 illustrates the three fundamental models.

1) Floating matrix contraction producing relaxed collagen gels. Collagen contraction
occurs in the absence of external mechanical load without the appearance of cellular
stress fibres. This is the in vitro model correlating with initial wound contraction that
occurs in vivo. The matrices were released from the culture wells after polymerisation
using a micropipette run along the sides of the well. Since the matrix does not exert any
external resistance to the seeded fibroblasts, the size of the collagen matrix decreases

evenly in three dimensions.

2) The attached model gives rise to fibroblast-mediated collagen contraction whilst the
gel matrix remains attached to the culture dish. In this condition, mechanical load i.e.

isometric tension develops during contraction and actin stress fibres assemble.

3) In pre-stressed matrix contraction, the collagen gels remain attached to the culture
wells for 48 hours before release. Here an initial period of attached matrix contraction
leading to mechanical loading is proceeded by the release of the gels, resulting in
mechanical unloading and further contraction as the mechanical tension dissipates. This

is described as stress-relaxation and simulates the end of wound contraction.
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2.2.3.1 Preparation of relaxed and stressed collagen gels

With the relaxed ‘free floating’ collagen matrices, the gels were retrieved on days 1, 3
and 7. The attached ‘stressed’ matrices were detached from the culture wells after two
days. The gels were removed at the following time points: Ohr (immediate), 1hr, 2hrs,

4hrs and 6hrs post detachment.

2.2.4. Measurement of collagen gel areas

The collagen gels were measured at each time point. The gels were first fixed in 4%
paraformaldehyde. Then the gels were placed in a petri dish and their diameters
measured under a microscope at a magnification of x2.5. Photographs of the gels were
taken with a digital camera and analysed using SigmaScan software (Jandel Scientific).

Gel areas were expressed as the means of triplicate gels.

2.2.5. Storage of collagen gels
The collagen gels were initially fixed in 4% (vol/vol) paraformaldehyde and stored at

4°C. After a week, the 4% paraformaldehyde was replaced by a lower concentration of

0.1% (vol/vol) to enable storage for a longer period at 4°C.
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2.3 Quantitative Competitive Reverse Transcriptase Polymerase
Chain reaction (QCRT-PCR) of MMP Expression

2.3.1 The polymerase chain reaction

The polymerase chain reaction (PCR) produces greatly amplified quantities of specific
DNA sequences. Its rationale is based upon copying the two strands of a DNA template
using a DNA polymerase, which separates the two strands. The copying procedure is
repeated with the larger number of templates available. In 1985, it was

established that PCR could be done with a thermostable DNA polymerase to produce

multiple copies of a specific targeted sequence of DNA (Mullis 1990; Saiki et al. 1985.

The target area of DNA which acts as the template for the reaction is first identified.
The specific sequence of base units flanking the template is identified so that
complementary sequences can be utilised for use as primers in the next reaction. The
DNA is then heated to 94°C to denature and separate the DNA into two single strands.
Primers, which are complementary to the binding site areas on either side of the target
DNA fragment are then added and allowed to anneal to these binding sites at a reduced

temperature of 30 to 65°C.

The primers initiate, or ‘prime’ DNA synthesis once the polymerase enzyme is added.
The primers act as the foundations of the newly synthesised strands of DNA. The 5’
primer has a sequence that is complementary to the 5° end of the target template,

whereas the 3° primer has the same sequence as the 3" end of the target template.
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In the next stage, the thermostable polymerase enzyme is added. Using the target DNA
as a template, the complementary DNA is created from sequencing in the 5° to 3°
direction. Chains of sequences of identical length to the target DNA template are
produced. The number of copies of the target sequences increases exponentially.

After 32 cycles, PCR produces approximately 1,000 million copies of double stranded
target DNA molecules — illustrating the powerful degree of amplification. The
specificity and efficiency of PCR is due to several factors, some of which are discussed

here.

The discovery of a thermostable polymerase enzyme allowed the PCR process to occur
at very high temperatures. When PCR was first described by Saiki et al 1985, the DNA
polymerase used was from E.coli and was inactivated by high temperatures. Therefore
the original technique involved adding fresh enzyme frequently to replace the
polymerase at the end of every cycle. This was a great disadvantage, as it made the

whole process very time-consuming.

It was not until some years later that a thermostable DNA polymearse Taq was
discovered from a bacterium, Thermus aquaticus. These bacteria which can survive
temperatures over 75°C was first isolated from the hot spring in Yellowstone National
Park in North America. Taq polymerase greatly enhanced the PCR process, not only
because of its prolonged activity at high temperatures, but also because it allowed

greater sensitivity and specificity. At low temperatures, primer mismatching can occur.

Other important factors influencing the overall efficiency of the PCR reaction include

the magnesium ion concentration, which has to be optimised to increase the efficiency
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of the reaction, the PCR buffer, the thermal profile of the primer annealing, chain
extension and denaturation, the periods of time allowed for each stage of the reaction

and the number of cycles.

2.3.2 The reverse transcriptase PCR reaction
Amplification of mRNA by PCR following reverse transcription (RT) has become a
widely accepted technique for the detection of mRNA in both cells and tissues (Chelly,

Hamard et al. 1990).

RT-PCR is a technique that allows the measurement of gene expression by quantifying
levels of mMRNA. mRNA is present in small amounts in tissue, and requires a very
sensitive method of detection, such as that offered by PCR in DNA amplification.
However, PCR only works with a single strand of DNA template and cannot be used to
directly measure RNA. The introduction of RT-PCR has made it possible to detect as

few as 1 to 100 copies of RNA.

Quantitation of mRNA by RT-PCR has been attempted using endogenous internal
standards or ‘housekeeping genes’ such as B-actin. Unfortunately inter- and intra-assay
variations are too great to be reliable. Some of the variable factors are firstly, standard
PCR reactions achieve variable and irreproducible results form initial low
concentrations of template and secondly, template levels produced from reverse
transcription are low, compounding the already low concentrations of initial template
from mRNA. Finally, the exponential amplification occurs only in the early cycles of

PCR and eventually flattens into a plateau. This makes it difficult to measure products
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accurately in the plateau range, which may be the only possible point of measurement

when dealing with low concentrations of template.

2.3.3 Quantitative competitive RT-PCR

The development of quantitative competitive based RT-PCR (QRT-PCR) strategies
have allowed a more accurate and reproducible quantitation of specific mRNAs.
QRT-PCR is a sophisticated modification of RT-PCR that dispenses with the variability
of amplification by co-amplifying two templates with their primers and may be done

with an endogenous or an exogenous control.

An endogenously occurring mRNA that is ubiquitous and well-sequenced, and whose
abundance is not supposed to vary is employed as the internal control template. These
genes are called the housekeeping genes. This is co-amplified simultaneously with the

target cDNA.

The second method is based on the principal that up- and down-stream oligonucleotide
primers will compete equally for cellular cDNA molecules and synthetic template
cDNA from the reverse transcription reaction (Becker-Andre and Hahlbrock 1989).
Thus, a competition between the cellular cDNA and the added synthetic template cDNA
will occur. As the concentration of the synthetic template changes in relation to the
cellular mRNA, the number of amplificons of the two species will also change
proportionally. This method allows measurement of absolute RNA concentrations

(Siebert and Larrick 1992).

75



Several detection systems are utilised for quantitative analysis: (1) agarose gels, (2)
fluorescent labelling of PCR products and detection with laser-induced fluorescence
with capillary electrophoresis (Fasco, Treanor et al. 1995) or acrylamide gels, (3) plate
capture and sandwich probe hybridisation. Although all the methods prove successful,
post-PCR manipulations are required adding time onto the analysis and potentially lead
to laboratory contamination. The sample throughput of these methods is limited (except
for the plate capture method), and thus these methods are not suitable for use in high
sample throughput, such as in the screening or analysis of large samples in a clinical

trial.

2.3.4 Quantitative analysis of MMP mRNA by real-time Tagman RT-PCR
‘Real-time’ quantitative PCR is a novel method that measures PCR product
accumulation through a dual-labelled fluorogenic probe, Tagman probe. This method
provides very accurate and reproducible quantitation of gene copies. 5° nuclease activity
of Taq polymerase cleaves a nonextendible hybridisation probe during the extension
phase of PCR. The approach uses dual-labelled fluorogenic hybridisation probes (Lee et
al. 1993) (Bassler et al. 1995). One fluorescent dye serves as the reporter (i.e. FAM, 6-
carboxyfluorescein) and its emission spectrum is quenched by the second fluorescent
dye, TAMRA (i.e. 6-carboxy-tetramethlyrhodamine). The nuclease degradation of the
hybridisation probe releases the quenching of the FAM emission fluorescent emission,
resulting in an increase in peak fluorescent emission at 518nm. The use of a sequence
detector (ABI Prism 7700 Sequence Detection System) allows measurement of
fluorescent spectrum of all 96 wells of the thermal cycler continuously during the PCR
amplification. Therefore, the reaction is monitored in real time as illustrated in Figure

2.2
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The real-time PCR method offers several advantages over the two methods currently
employed described in Section 2.4.3. First, real-time PCR is performed in a closed-tube
system and requires no post-PCR manipulation of sample. Therefore, the potential for
PCR contamination to occur is reduced because amplified products can be analysed and
disposed of without opening the reaction tubes. Second, this method supports the use of
a normalisation gene (i.e B-actin) for quantitative PCR or housekeeping genes for
quantitative RT-PCR controls. Analysis is performed in real time during the log phase
allows many different genes to be to be analysed simultaneously, without the concern of
reaching reaction plateau at different cycles. This makes multigene analysis easier
because individual internal competitors will not be needed for each gene under analysis.
Third, sample throughput is dramatically increased because there is no post-PCR
processing time. Furthermore, working in a 96-well format is highly compatible with

automation technology.

Real-time PCR is highly reproducible. Replicate amplifications can be analysed for each
sample minimising potential error. Using a standard curve for the target of interest,
relative copy number values can be determined for any unknown sample. Fluorescent
threshold values, Cr, correlate linearly with relative DNA copy numbers. Finally, this
method can be used to develop high through-put screening assays for a variety of
applications such as quantitative gene expression, genotyping (knockout mouse

analysis) and immunoPCR.
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2.3.5 Total RNA isolation and quantification

RNA from cells seeded in the collagen gels was extracted using the Rneasy™ kit
(Q1iagen Inc.), which is based on the original method first described by Chomczynski et

al. (Chomczynski and Sacchi 1987).

The culture media overlying the gels were removed. The cells were extracted by
dissolving the collagen followed by centrifugation as described in section 2.5.3.1. The
cell pellets were then lysed with 350l of lysis buffer RLT (supplied by the kit and
containing guanidium isothiocyanate which inactivates cellular RNAses) and 1%
(vol/vol) B-mercaptoethanol (Sigma). Further lysis was performed by several passages
through a 25guage needle attached to a 1ml syringe. Lysis with buffer RLT occurred
under highly denaturing conditions to generate an RNase-free environment and enable
isolation of intact RNA. 350ul of 70% (vol/vol) ethanol in RNase-free water (supplied
in the kit) was added to the lysed solution to form an emulsion, which was applied to a
RNeasy spin column and centrifuged at 8000g for 15 seconds. The RNeasy column
consisted of a silica-based membrane. The specialised high salt buffer used in the
system is known to enhance binding of RNA species to the silica membrane. Sample
RNA bound to the column was then washed with 700l of wash buffer RW1 (supplied
in the kit) and centrifuged for another 8000g for 15 seconds. The spin column was then
transferred to a new 2ml collection tube and washed with 500l of wash buffer RPE
(supplied by kit) by centrifugation at 8000g for 15 seconds. The spin column was
washed again with 500pl of wash buffer RPE by centrifugation at 10000g for 2 minutes
and transferred to a new collection tube. Column bound RNA was eluted with 30ul of

RNase-free water by centrifugation at 8000g for 1 minute.
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The concentration and purity of the eluted RNA was determined by measuring the
absorbance of the solution at 260nm (A260; nucleic acids) and at 280nm (A280;
proteins) on a GeneQuant spectrophotometer (Amersham Pharmacia Biotech). Only
RNA with a purity ratio of (A260:A280) 1.7-2.1 was used for experimentation. The

quantity of RNA produced in each sample was expressed in pg.

2.4 Matrix Metalloproteinases and Collagen Contraction

2.4.1 Collection of culture supernatant

Culture media overlying the collagen gels (500ul) were collected on days 1, 3 and 7
post seeding from the free floating ‘relaxed’ gels; and at time 0, 3, 6, 24, 72 and 120
hours immediately after the pre-stressed gels were detached following 48 hours. The
samples were stored in aliquots at -20°C until used for the analysis of MMP activity by

gelatin zymography.

2.4.2 Detection of MMP activity by gelatin zymography

Gelatinolytic activity of MMPs found in the culture supernatant was identified using
gelatin zymography. The samples were prepared by adding 15pL of sample buffer to
15pL of conditioned medium. 15pL of neat pre-stained protein standard marker was
loaded into the first well in the zymography gel (10% (vol/vol) tris glycine
polyacrylamide gel containing 0.1% (wt/vol) gelatin; Invitrogen). The other wells were
loaded with 20pL of the samples. The gel was allowed to run for 90 minutes at a
constant voltage of 120V (40mA) in running buffer (720ml distilled water and 80 ml

10x TRIS/SDS running buffer- 25mM Tris base, 192mM glycine, 0.1% (wt/vol)
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sodium dodecyl sulphate, pH 8.3; Invitrogen). The gel was carefully removed and
incubated with 50 mls renaturing buffer (2.5% (vol/vol) Triton X-100; Invitrogen) with

shaking at room temperature for 30 minutes.

The renaturing buffer was then replaced with 50mls developing buffer (10mM Tris
base, 40mM Tris-HCL, 200mM NaCl, 5mM CaCl,, 0.02% (vol/vol); Invitrogen) for
another 30 minutes, again with shaking at room temperature. 50mls of fresh developing
buffer was then added and the gel incubated at 37°C overnight. The gel was stained with
0.5% (wt/vol) Coomassie blue (Bio-Rad) in 45% (vol/vol) methanol /45% (vol/vol)
distilled water 5% (vol/vol) glacial acetic acid on a shaker for 2 hours. As Coomassie
blue stains protein, presence of MMP appeared as clear bands on a blue background
where the gelatin in the gel had been degraded by the enzyme. Band intensities were
maximised by adding destain (45% (vol/vol) methanol/ 45% (vol/vol) distilled
water/5% (vol/vol) glacial acetic acid) with shaking and changed every 20 minutes until
the bands were clear. The development of white bands represented the enzymatic
degradation of the gelatin by an MMP. The molecular weight of each band, and
therefore the MMP species was calculated by comparison to the prestained molecular

weight standards.

2.4.3 Immunodetection of MMPs in culture supernatant

The presence of protein production by the cells was determined using Western blotting.
The amount of protein present in each sample of culture supernatant was measured
using a spectrophotometer. The optimum optical density for protein was achieved by
diluting each sample with deionised water. This was to ensure that the same amount of

protein was present in each sample. The culture supernatant was added to sample buffer
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(Invitrogen) at a ratio of 4:1 respectively. Tris acetate gels (Invitrogen) were loaded
with 20uL of prepared sample into each well. The gels were run for 1 hour at 150V. The
gels were removed from its casing and gently placed in a gel/blot sandwich and blotted
for 1 hour at 30V in prepared transfer buffer (30mls Transfer buffer (x20), NuPage; 60

mls methanol and 510 mls distilled water).

The membranes were removed from the blot sandwich and placed in a petri dish
containing 2% blocking reagent (Boehringer-Mannheim). The membranes were blocked
for 2 hours at room temperature with rocking. MMP-1 and -2 antibodies (monoclonal
antibodies, Oncogene) were prepared at a concentration of 2ug/ml in 2.5mls of 2%
blocking reagent and 7.5mls TBS. The membranes were incubated at room temperature
overnight in their respective primary antibodies. The membranes were rinsed with TBS
plus 0.1% TWEEN three times each wash lasting 10 minutes. This was followed by the
addition of the secondary antibody, rabbit anti-mouse IgG conjugated with HRP
(Sigma, UK). The antibody was prepared at a concentration of 1:2000 with TBS plus
0.1% TWEEN. The membranes were left in the secondary for a further 1 hour at room
temperature with rocking. The membranes were rinsed again with TBS plus 0.1%
TWEEN i1n three 10 minute washes. The membranes were developed by pipetting
Lumigen (2ml Reagent A and 50ulL Reagent B, Amersham Pharmacia Biotech) over the
membranes. The excess reagent was drained off and the membranes were covered with

cling film ready for imaging.
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2.4.3.1 Protein extraction from fibroblasts in collagen I gel matrices for western
blot
Collagen gels were removed from the culture wells, placed into eppendorfs and
incubated with 500ul of 0.05% Collagenase D mix (w/v), (Roche), which was dissolved
in PBS containing calcium and magnesium and 0.5% bovine serum albumin (Sigma).
The gel mixtures were incubated at 37°C with shaking for approximately 20 minutes
until the collagen had completely dissolved. 3mls of PBS was added to the mixture and
centrifiged at 5000rpm for 5 minutes to obtain a pellet. The supernatant was removed
and the pellet resuspended in minimal (50-100uL) Laemelli buffer. The suspension was
incubated at 4°C for 10 minutes to lyse the cells and centrifuged at 13000 rpm for 5
minutes. The final protein supernatant was extracted and measured with a

spectrophotometer at a wavelength of 280 nm.

2.4.3.2 Immunodetection of MT1-MMP

MT1-MMP expression in cell lysate was quantified by a novel technique described and
performed by Eiko Ohuchi and group from Daichi Pharamceuticals, Japan (Aoki,
Yonezawa et al. 2002). A two-step sandwich enzyme immunoassay (EIA) using two
monoclonal antibodies against recombinant MT1-MMP for detection of soluble and
membrane-associated human membrane type 1-matrix metalloproteinase was employed.
Samples containing MT1-MMP that reacted with solid-phase antibody were then

detected with peroxidase-labelled second antibody.
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2.4.4 MMP quantification by ELISA technique

For accurate quantification of MMP-1, -2 and —3 expression in the supernatant,
commercially available MMP ELISA kits were used. Samples of the supernatant were
collected from the collagen gels as described in Section 2.5.1. To eliminate the
possibility of inter-assay variation for each ELISA, the samples were assayed in one
run. The conditioned medium samples were normalised for cell number for all the
ELISA readings. A test run was performed for each assay to determine the appropriate
dilution factor of the samples to ensure that the readings lay within the range of the

respective standard curves.

The quantities of total MMPs-1, -2 and -3 produced by fibroblasts seeded in both
relaxed and pre-stressed collagen gels following treatment with Ilomastat were
determined using an ELISA system (Amersham Pharmacia Biotech). These kits were
solid phase enzyme immunoassays based on a two-step sandwich format, shown in

Figure 2.3. The kits measured both the latent and active forms of the MMP.

Standards and samples were incubated in microtitre wells precoated with the specific
anti-MMP antibody. Any MMP present bound to the wells containing the monoclonal
antibody. The other components of the sample were removed by washing and
aspiration. A second polyclonal antibody to the MMP then bound to the MMP. Thus a
sandwich consisting of sample MMP between the solid phase and enzyme-labelled
antibodies is formed. The polyclonal antibody bound to the MMP was detected by
donkey anti-rabbit horseradish peroxidase. The amount of peroxidase bound to each
well was determined by the addition of TMB ‘ready to use’ substrate. The reaction is

stopped by the addition of 1M sulphuric acid to each well. The resultant colour
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2.4.5 Quantitation of MMP mRNA expression by real-time Tagman PCR

For each PCR reaction 2.5l of cDNA was used, with all samples performed in
triplicate. A PCR master mix was made, allowing for one extra sample than required
(all reagents for Tagman were from PE Biosystems). Each 25ul PCR reaction
contained:1x Tagman buffer A, 5.5mM MgCl,, 0.05% gelatin, 200uM dATP, 200uM
dCTP, 200uM dGTP, 400uM dUTP, 100nM Tagman probe, 200nM of each primer
(forward and reverse), 0.01units/ul AmpErase® UNG, 0.01 units/ul AmpliTaq Gold™,
made up to 22.5ul with sterile water. On ice, 22.5ul of the reaction master mix was
added to 2.5ul of cDNA, and this was added to a well of the Tagman 96 well plates.
Once all the samples were added, the 96 well plate was placed into the Tagman and the
PCR reaction started. TqaMan PCR conditions: 50°C for 2 minutes, 95°C for 10
minutes, and then 40 cycles of 95°C for 15 seconds and 60°C for 1 minute. Upon
completion the data was displayed directly on the Macintosh computer, linked to the
TaqMan, and analysed within Excel '97 (Microsoft). To enable relative quantitation, a
standard curve was performed for each 96 well plate reaction. All other sample values

were read from the standard curve.

2.5 Morphological appearance of Fibroblasts in 3D Collagen Gels

To establish whether alpha smooth muscle actin (ASMA) and MMP are present in the
same cell, the pre-stressed collagen gels were co-immunostained for MMP followed by

staining for ASMA.
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2.5.1 Immunocytochemical staining of fibroblasts

Collagen gels fixed in 4% paraformaldehyde (wt/vol) at 4°C were used. The specimens
were rinsed with tris buffered saline (TBS) and permeabilised for 15 minutes with
Triton X-100. They were then blocked for one hour with blocking reagent (10% FCS in
TBS). The primary antibodies were then added to the gels: MMP-1, IgG2ak mouse
monoclonal antibody; MMP-2, IgG1k mouse monoclonal antibody (Oncogene Research
Products) and were incubated overnight at 4°C. As a negative control, the primary
antibody was replaced with blocking reagent and incubated as above. The gels were
rinsed with TBS and the secondary antibodies were added: MMP-1, goat anti-mouse
IgG2a (rhodamine-labelled); MMP-2, rat anti-mouse IgG1 (fluorescein isothiocyanate-

labelled (FITC); all Sigma).

This was followed by staining with an ASMA antibody: IgG2a monoclonal anti-mouse
antibody conjugated with FITC, or conjugated cyanate (Cy) 3. A different fluorescence
was used to the MMP antibody for easy identification. The gels were incubated with the
ASMA antibody in a humid chamber for 3 hours at room temperature. For
immunodetection of intracellular F-actin, the gels were stained with fluorescently
labelled FITC Phalloidin (Sigma). The gels were treated with 100ul of 5.0uM Phalloidin

for 1hour, as titrated for in our laboratory conditions.

All specimens were rinsed with TBS, mounted on a glass slide with fluorescent
mountant and covered with a glass coverslip. The gels were viewed under a confocal
microscope using a combination of Argon (wavelength of 488nm) and HeliumNeon
(wavelength of 543nm) which excited the fluorescent dyes Cy3 or thodamine, and FITC
respectively used to stain the presence of alpha smooth muscle actin fibres and MMP-2.

A three dimensional picture of the cells within each gel was compiled.
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2.5.2 Preparation and immunohistochemical staining of fibroblasts

The collagen gels were fixed in 4% paraformaldehyde at pH 7.4. They were stored in
0.1% paraformaldehyde at 4°C long-term. The fixed gels were washed in tris buffered
saline (TBS) 3 x 10 minute washes. This was followed by permeabilisation with Triton-
100 X for 15 minutes. Further 3 x 10 minute washes ensued before blocking with
blocking reagent for 1 hour (10% foetal calf serum in PBS). The gels were then
incubated in the primary antibody for 3 hours in a humid condition at room temperature.
A negative control for the primary was also used. The primary antibody was thoroughly
washed off with TBS and then incubated with the FITC-conjugated secondary antibody
for a further 1 hour, again at room temperature. The gels were rinsed in TBS and a
conjugated-alpha smooth muscle actin antibody was added. After 3 hours of incubation
at room temperature, the gels were washed and mounted with fluorescent mounting
medium (DAKO). The gels were viewed and images captured under the confocal

microscope.
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2.6 Inhibition of MMP Activity

A broad-spectrum MMP inhibitor, llomastat, previously called Galardin (GM6001) was

used to inhibit MMP activity.

2.6.1 Preparation of Ilomastat

A 50mM stock solution was prepared by dissolving the [lomastat in DMSO (wt/vol) and
stored at room temperature. 1uM, 10uM and 100uM concentrations were made by
diluting the stock solution with culture medium. A negative control for Ilomastat

(Calbiochem) was also used in all the experiments performed.

2.6.2 Effect of llomastat on collagen gel contraction

To investigate the effects of Ilomstat on collagen gel contraction, triplicate collagen gels
containing 5 x 10° cells/ml were prepared as described in Section 2.2.2. The gels were
overlaid with culture medium containing varying concentrations of Ilomastat. The gels
were imaged at specific time points, retrieved and stored as described in Sections 2.2.3

and 2.2.4 respectively.
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2.6.3 Effect of lomastat on MMP activity during collagen contraction

Culture supernatant from the samples were collected from the collagen gels (see Section
2.3.1). The samples were analysed for enzyme activity, protein and mRNA expression

as described in Section 2.3.

2.6.4 Reversibility in the effect of Ilomastat on collagen synthesis

Relaxed gels were treated with either Ilomastat or serum for 3 days. The gels were
washed with PBS and treated with the other test medium for the subsequent 3 days.
Prestressed gels were cultured in serum for 2 days, detached, rinsed and overlaid with
either Ilomastat or serum. The test medium was changed after 24 hours. The culture
medium was changed daily, collected and stored at -20°C for analysis at a later date.

The experiment was repeated three times.

A collagen assay was employed to quantify the amount of collagen synthesised by the
fibroblasts in each treatment group. To optimise the amount of collagen I synthesised by
the cells, 50ul ascorbic acid and 2mMol proline was added to the test medium daily.
The rate of collagen synthesis seen was expressed as the amount of collagen synthesised
per cell. A standard curve was created using the control medium and the test media was

plotted against this curve.
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2.7 Experimental Model of Glaucoma Filtration Surgery

There are several established animal models of glaucoma filtration surgery. The rabbit
model was employed in this study. The rabbit scarring response is more aggressive
compared to the humans. From histological analysis, previous studies have
demonstrated that the scarring response occurs at the conjunctiva and the sclera. (Khaw
et al. 1992a; Khaw et al. 1992d; Doyle et al. 1993; Miller et al. 1989). In this study,

subconjunctival wound healing was investigated.

2.7.1 Surgical procedure

The animals were anaesthetised with a combination of Ketaset (Fort Dodge) and
Domitor (Pfizer). A partial thickness 8-0 silk corneal traction suture (Ethicon) was
placed superiorally and the eye pulled down. A fornix-based conjunctival flap was
raised following which a blunt dissection of subconjunctival space was performed of
approximately Smm along the limbus and 8mm posteriorly. An MVR blade made a
partial thickness scleral incision 3-4mm behind the limbus and a scleral tunnel to the
corneal stroma was fashioned. A 22G/25mm Venflon (Becton and Dickinson)
intravenous cannula was passed through a scleral tunnel anteriorally until the cannula
needle was visible in the clear cornea. Entry into the anterior chamber was made with a
cannular needle, which was then withdrawn as the cannula was advanced to the mid
pupillary area. The cannula was trimmed and bevelled at its scleral end so that it
protruded 1mm the insertion point and a 10-0 nylon suture fixed the tube to the scleral

surface. The surgical procedure is illustrated in Figure 2.4.
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The conjunctival incision was closed with two interrupted sutures and a central mattress
type 10-0 nylon suture on a B/V 100-4 needle (Ethicon) to give a water-tight closure.
One drop of guttae chloramphenicol and betnesol-N ointment were instilled at the end
of surgery. Only the left eye was operated on and the surgical procedure was performed

at the same site, superior temporally, in each animal.

2.7.2 Preparation and administration of treatments

Ilomastat dissolved in 100% dimethyl sulfoxide (DMSO, (Sigma)) at 10mM was diluted
to achieve a maximal concentration of 100uM with phosphate buffered saline (PBS).
The solution was filtered using a sterile 0.22micron filter (BDH) and stored a 4°C. The
vehicle control was composed of the same volume of DMSO without the Ilomastat
diluted with PBS (vol/vol). The subconjunctival injections were prepared the day of the
injection in a sterile environment. The volume of 100l was drawn using a 1ml syringe

(BDH) and hand-warmed prior to injection.

After topical anaesthesia of 0.5% Proxymethacaine HCL eye drops, Ilomastat or vehicle
control was administered subconjunctivally. A 29.5G needle was placed on the same
site in each eye, at the nasal margin of the superior rectus muscle, such that a visible
bleb was formed on the supra nasal quadrant of each eye. The injections were
administered at the same site each time by a masked individual (TLW). No other agents

were given simultaneously.
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Mitomycin-C (MMC), was dissolved with sterile water to a concentration 0.2mg/ml.
Sterile circular sponges (Becton and Dickinson) with a diameter of 2 mm were soaked
in the MMC solution. The sponges were inserted in between the conjunctiva and the
sclera, which had been dissected to enlarge the sunconjunctival space that would later
become the bleb. The edge of the conjunctiva was protected from any contact with the
MMC using a clamp. The subconjunctival area was treated with MMC for 3 minutes.
The sponges were carefully removed with forceps and the treated area was copiously
irrigated with balanced salt solution to remove all traces of the antimetabolite. The

surgery then proceeded as described in Section 2.8.1.

2.7.3 Clinical assessment of the rabbit model

The rabbits were assessed by the same masked observer at specific days post surgery
(Wong, Mead et al. 2003). Baseline and subsequent post-operative intraocular pressures
(IOP) of both eyes were measured using a Tonopen (Mentor) under topical anaesthesia,
by instilling 0.5% proxymethacaine. Three recordings per eye were made per time point
and a mean reading was calculated. Failure of intraocular pressure was defined as a
return to or an increase from baseline IOP indéﬁnitely. Bleb appearance, size,

vascularity and anterior chamber (AC) depth were also recorded.

Bleb failure was defined as the appearance of a flat, vascularised, scarred bleb
associated with a deep AC. Bleb area was estimated from calliper measurements of bleb
width and length. Bleb height was graded semi-quantitatively (2=high, 1=formed,

0=flat). Bleb vascularity and AC depth were assessed as follows (ie. 0=avascular,
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1=normal vascularity, 2=hyperaemic, 3=very hyperaemic; O=flat AC, 1=deep AC)

(Cordeiro, Gay et al. 1999).

Anterior chamber inflammation was assessed with a portable slit lamp and graded as
follows: 0= no cells, +1= cells present, +2= fibrin formation, +4= a hypopyon. A
general description was recorded of the injected area in terms of complications such as
lid oedema, chemosis, haemorrhage and corneal toxicity. Assessment of conjunctival
vascularity was performed by dividing the conjunctival areas into superior, nasal and
temporal to the bleb. Each area was grossly assessed and internally standardised using
colour photography captured on digital camera (CoolPix 450, Nikon) and graded as

follows: O=avascular, 1=normal vascularity, 2=hyperaemic, 3=very hyperaemic.

2.7.4 Histological assessment of the scarring response
Once the animals were sacrificed, both eyes were exenterated for histological analysis.
The upper lid was removed together with the whole eye to preserve the bleb and

superior conjunctiva.

2.7.4.1 Histological preparation of tissue specimens

The exenterated eyes were fixed with 10% formal saline. The specimens were each
placed in an appropriately sized cassette and loaded onto the tissue processor. The
specimens were processed in increasing concentrations of methyl alcohol. The schedule

was as follows: 1 hour at 70% methyl alcohol, 1 hour in 80% alcohol, 1 hour
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at 95% alcohol and 2 hours in absolute alcohol which was replaced with fresh absolute
alcohol for a further 3 hours. The specimens are then dehydrated with two xylene
washes. Finally, the specimens were embedded in molten wax. The fixed specimens
were placed in a suitable sized embedding mould, oriented such that the surface to be
cut is in contact with the base of the mould. The moulds were transferred to the cold

stage and the wax allowed tosolidify.

Once solidified, the wax block together with the associated cassette was removed from
its embedding mould by the application of gentle pressure. Excess wax was removed
around the specimen cassette using a scalpel. The wax specimen was secured on the
microtome and the wax specimen block was trimmed until the desired plane of tissue
was obtained. A ribbon of Sum sections was cut. The cut ribbon of sections was
carefully laid onto distilled water in a water bath. The water temperature was
maintained below the melting point of paraffin wax, which is at 65°C, allowing the
development of wrinkle-free, flat sections. The ribbon is separated into mini ribbons
using two scalpels. Once the sections flattened, they were picked up using a microscope

slide (BDH). The slides were placed onto a hot plate to dry.

Prior to treatment with various histological stains the paraffin wax specimens on the
slides need to be dewaxed and rehydrated. The slides were placed in a staining rack and
dewaxed in xylene for 5 minutes, which was followed by a further two 3 minute xylene
washes. The slide were transferred to absolute methylated spirit for 2 minutes and then

transferred through descending concentrations of methylated spirit to finally
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water. The slides were washed in tap water for 5 minutes and rinsed in distilled water

before performing the staining technique.

The parameters used to indicate the subconjunctival scarring response were as follows:
haematoxylin and eosin (H&E) to assess the inflammatory reaction, Picrosirius red to
demonstrate collagen deposition, Gomori’s Trichrome for elastic fibres, oxidation-
aldehyde fuchsin to demonstrate oxytalan fibres and a primary antibody to alpha smooth
muscle actin (monoclonal mouse anti;human smooth muscle actin antibody, Clone 1A4
DAKO), a biotinylated secondary antibody (rabbit anti-mouse, DAKQO) which was

detected using a streptavidin ABC complex/HRP kit from DAKO.

The excess histological stain was rinsed off with tap water. To dehydrate the specimen,
the slide rack containing the stained specimens was transferred through ascending
concentrations of methylated spirits starting with 70%. The slides were washed in
xylene in a fume hood before mounting. A drop of DPX mountant was placed in the
centre of the coverslip. The slide was inverted over the coverslip and gently pressed

together and left to dry.

2.7.4.2 Histological grading

Tissue sections representing the same anatomical area from the 40 eyes were assessed

by two masked observers (TLW, ALM). A modified grading system first described by
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Shah et al (Shah, Foreman et al. 1994) was used (Wong, Mead et al. 2003). The
unknown sections were compared to a standard template, which comprised of five
histological slides. Each slide in the template represented a point on the grading system.
The grades were as follows: grade 0 = normal conjunctival tissue; 1 = 1-25% more than
normal; 2 = 26-50% more than normal; 3 = 51-75% more than normal; 4 = 76-100%

more than normal).

A template for each histological parameter was used for the grading. Mean scores for
each treatment group per time point were calculated. Reproducibility of the masked
readers was assessed prior to grading the study slides. No significant differences in
inter- and intra-reader grading were found. The unoperated eyes were also stained and
used as a reference for the appearance of normal conjunctival tissue. Analysis was
performed using graphical display of mean values for each treatment group and 95%

confidence intervals.

2.7.5 Effect and tolerance of subconjunctival Ilomastat

22 rabbits underwent filtration surgery as described in section 2.8.1 to the left eye only
with random allocation to one of two treatment groups: subconjunctival injection of
0.1ml either100uM Ilomastat or phosphate buffered saline (PBS) as control immediately
after surgery and on days 1, 2, 3, 4, 5, 6, 7, 8 and 9 following surgery, as shown in
Figure 2.5. The rationale for this dose regimen was to attempt to achieve local

availability of the inhibitor at the critical time of postoperative wound repair and
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remodelling as observed in other studies (Berry, Harding et al. 1998; Miller, Grierson et

al. 1989).

The animals were examined prior to receiving the injections at set intervals for 30 days
post surgery. Clinically, bleb appearance, size, height and surrounding vascularity
were recorded in addition to the intraocular pressure, anterior chamber depth and

epithelial toxicity, Section 2.8.3.

The animals were sacrificed on day 30. Both eyes were exenterated and histologically
analysed as described in section 2.8.4. The unoperated right eyes served as normal
control eyes for histological comparison. This first group of 22 animals thus served to
characterise the histology at day 30. To complete the histological comparison, the
experiment was repeated with a second group of 18 rabbits (9 per treatment group),

which were sacrificed for histology analysis on days 7 (n=6), 14 (n=6) and 21 (n=6).
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2.8 Statistical Evaluation

Statistical analysis was performed to determine the differences between the two
treatment groups. Survival analysis was carried out for bleb failure and IOP using
Kaplan-Meier log rank test. Bleb area, height and conjunctival vascularity were
analysed using GLM (generalised linear model, SPSS 8.0) repeated measures procedure
to compare the two groups. Histological analysis was performed using graphical display

of mean values for the two groups and 95% confidence intervals.

101



Chapter 3: Results
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3.1 Effects of the MMP inhibitor Ilomastat on MMP activity and expression by
Human Tenon’s fibroblasts

During wound healing fibroblasts differentiate into myofibroblasts, in response to

various growth factors and external forces. It was hypothesised that MMP activity and

expression differed according to the mechanical state of the collagen gels, i.e. whether

the gel was free floating (relaxed state) or stressed (attached/relaxed).

3.1.1 MMP activity in relaxed (free-floating) and prestressed (attached-relaxed)
collagen I gels

Human Tenon’s fibroblasts seeded in collagen I matrices produced four gelatinolytic
species into the culture supernatant (100, 91, 72 and 57 kDa) during collagen
contraction. Bands representing 72 and 57 kDa increased in quantity over 7 days in the
relaxed gels (Figure 3.1.1). In the prestressed gels, four species were also present (100,
91, 72 and 57 kDa) after 48 hours, and 24 hours after detachment of the gel from the
sides of the culture dish (Figures 3.1.2). Dose-dependent inhibition of MMP activity
was observed with treatment in both relaxed and prestressed gels. The 57 kDa species
disappeared in the presence of 10 and 100uM Ilomastat. In addition, the 72 kDa band

was notably smaller at higher concentrations of the MMP inhibitor.

Following incubation of the samples with animophenylmercuric acetate (APMA),
which allows the autocatalytic cleavage of proenzymes (Stricklin, Jeffrey et al. 1983), a
reduction in the 100 and 72 kDa was observed together with production of a 62 kDa
band (active MMP-2). The 57 kDa band (MMP-1 and MMP-3) remained intact and

indicating the active species (Figure 3.1.2).
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The 57 kDa MMP activity increased over 7 days in the relaxed gels. In prestressed gels,
MMP activity was greater following gel detachment after being stressed for 48 hours as
indicated by the size of the gelatinolytic bands, in particular at 57 kDa. From the results
of the zymograms, it appeared that prestressing the gel for 48 hours altered the level of

MMP activity. Both gel types responded in a dose-dependent manner.

Gelatin zymography not only provided information on molecular weight, but also the
activation status of MMP species, i.e. the presence of pro- and activated forms. The
semi-quantitation of the amount of MMP activity present in the culture supernatant was
detected using this method. However, the levels of MMPs were quantitated using

ELISAs.

3.1.2 Protein Expression

MMP expression in the culture supernatant collected from the relaxed and prestressed
collagen gels treated with increasing concentrations of [lomastat were detected by
immunoblotting and quantified using specific ELISAs for each MMP.

Total protein expression of MMPs-1, -2, -3 and MT1-MMP was identified in the culture

supernatant by Western blot technique.

Immunodetection of MMPs- 1, -2 and -3 in the culture supernatant appeared to dose-

dependently reduce in the presence of llomastat (Figure 3.1.3 A and B). This was

supported by ELISA quantitation.
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No significant differences in expression were detected with either serum control or with
1uM llomastat (Figure 3.1.4), with protein expression greatest on day 7, (Figure 3.4

Q).

MT-1 MMP expression increased with Ilomastat, and this was noted with both relaxed
and prestressed gels as detected by western blot and ELISA (Figure 3.1.3C and 3.1.6

respectively).
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3.1.3 Total mRNA Expression
To establish whether the mRNA expression of MMPs-1, -2, -3 and MT1-MMP in
relaxed and prestressed gels correlated with the results found with protein expression,

real-time quantitative Tagman reverse transcriptase PCR was employed.

With the relaxed gels, MMPs-1, -2 and -3 expression was reduced in the presence of
[lomastat compared to serum (Figure 3.1.7). This was significantly different on day 3
(p<0.05). MMP expression did not significantly alter over the 7 day period with
Ilomastat. In contrast, MT1-MMP expression significantly increased with Ilomastat

compared to serum control, and peak expression occurred on day 3 (Figure 3.1.9).

MMP-2 expression increased 10-fold following gel detachment with maximum
expression 24 hours after release (p<0.05). MMP-1 expression however, did not
significantly change following gel detachment, although its expression was significantly
decreased with MMP inhibition (p<0.05). llomastat reduced MMPs-1,-2,-3 expression
in the prestressed gels (Figure 3.1.8). The level of MT1-MMP expression was greater

with Ilomastat treatment compared to serum at all time points (Figure 3.1.9; p<0.05).
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