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Abstract

The trabecular meshwork (TM) is the tissue responsible for outflow resistance and

hence intraocular pressure. TM cells contain a contractile apparatus that is composed

of actin stress fibres that run parallel to the axis of the cell and are responsible for

facilitating contraction. Cross-Linked Actin Networks (CLANs) are polygonal

arrangements of actin that form a geodesic network found predominantly in TM cells

both in situ and in vitro. Bovine TM cells appear to display an increased sensitivity

to induction of these CLANSsin vitro. Therefore giving an excellent model for further

work. The aim of this work was to determine the functional significance of CLANs

in bovine TM cells and to determine other CLAN inducing agents and inhibitors.

Studies in this thesis have shown for the first time that CLANs may inhibit the

contractile function of TM cells using an established model of contraction. CLANs

are not associated with apoptosis. Aqueous humour stimulates CLAN formation and

at least one componentfacilitating this is TGF-B2. The pleotropic cytokine induced

CLANSsare coupled to the canonical Smad pathway and the endogenousinhibitor

decorin induces CLANs more robustly. Studies have also shown that cyclic

mechanical stretch induces CLANSssimilar to in vivo levels and that this mechanical

stimulation is accompanied by an activation of NF-KB and subsequent inflammatory

and stress related protein response. Further I have shown that CLAN containingcells

have a polarised cell phenotype that is easily discernable and will facilitate

identification of CLAN containing cells for further study.

It is important to identify signalling components in CLANsin TMcells as if CLANs

are pathogenic in POAGtargeting their formation will open a new therapeutic

paradigm.
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1. Introduction

1.0 Cross-Linked Actin Networks (CLANS)

The actin cytoskeleton is essential in mediating many functions of the cell including

locomotion, division, contraction and phagocytosis. The commonpatterns of actin

microfilament arrangement within cells are diffuse F-actin arrangements and bundles

of parallel microfilaments tightly bundled together to form stress fibres (Pellegrin

and Mellor, 2007). However, there is another type of actin arrangement of F-actin

found within cells. This is a dome like arrangement of F-actin microfilaments made

up of units of polygonal actin networks (Lazarides, 1976). Lazarides first described

these polygonal actin structures in culture and found that these appear after freshly

plated out from trypsinisation and then disappeared as the cultures became

established (Lazarides, 1976). CLANs appear very similar to these actin structures,

they contain polygonal actin arrangements, with a central hub andradiating vertices,

often in patterns of five or six and are found in confluent cultures of trabecular

meshwork cells (TM) (Clark et al., 1994, Clark et al., 2005, Clark et al., 1995)

(figure 1.1). These CLANsappear to have architectural similarities to the transient

structures seen in other cells (Lazarides, 1976, Ireland and Voon, 1981, Mochizukiet

al., 1988), however CLANSsappear to be only expressed in confluent monolayers of

TM cells (Clark et al., 1994) (figure 1.2).

Another important feature of CLANsis that they are induced upon exposure to

various steroids and not induced in a variety of other cell types tested (Clark et al.,

1994). The functional significance of CLANs are unknown however, atomic force

microscopy of these structures appears to suggest they impart a structural rigidity to

the cells (Meller and Theiss, 2006) and Ingber has suggested that such geodesic actin

arrangements impart structural rigidity in line with his ‘tensegrity’ theory (Ingber,

1



2006). Such structural rigidity may impact on the vital functions of the cells and

hence play a role in disease, their study is therefore important.

 
Figure 1.1 Schematic diagram of a geodesic dome comprised of polygons with a

central ‘hub’ and spokesradiating outwards from the hubs. The polygonsare often in

units of five (green) or six (red). Image taken from: http://userwww.sfsu.edu/



 
Figure 1.2 CLAN in TMcell. The F-actin arrangementis ordered into areas of ‘hubs’

and ‘spokes’ offive and six polygons. Scale bar = 10um

1.1 The Eye

The eye is the organ that gives us the sense of sight, thus allowing us to observe the

world around us. The eye is a roughly spherical tissue that is divided into three

layers: the external layer, formed by the sclera and cornea, the intermediate layer,

including the anterior and posterior chamberandthe interior layer, the sensory part

of the eye the retina (figure 1.3).
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Figure 1.3 Schematic representation of the whole eye globe highlighting the major

structures of the globe.

National Eye Institute (National Institutes of Health)

1.1.1 Sclera and cornea

The Sclera makes up mostof the fibrous tunic of the eye and extends from the edges

of the clear cornea at the front of the eye to the optic nerve at the back of the eye

(Riordan-Evaet al., 2008). The sclera is a thick, opaque, white tissue that covers 95%

of the surface area of the eye. It is thickest posteriorly around the optic nerve and is

thinnest at the equator. The sclera serves as an attachment for the extraocular

muscles that help movethe eye and helps protect the intraocular components from

injury. A large proportion of the outer layer of the eye bulges forward as the cornea.

The cornea is a unique biological tissue that is transparent to light and contains no

blood vessels. Centrally the cornea is around 500um and peripherally is around

650um thick. The cornea is the primary structure focussing light entering the eye.



The cornea is composed of five layers: The corneal epithelium, Bowman’s

membrane, the stroma, Descemet’s membrane and the corneal endothelium. The

corneal epithelium is the outermost layer of the cornea and is comprised of 5/6 layers

of cells of stratified squamous epithelium with a total thickness of around 50um.

These are constantly regenerating to replace any damaged epithelium to avoid

microbial infection. Bowman’s membraneis an acellular matrix which lies between

the epithelium basal lamina and the corneal stroma. It is comprised mainly of small

collagen fibrils and is approximately 10um thick (Riordan-Evaet al., 2008). The

corneal stroma comprises 90% of the corneal thickness. The stroma is comprised of

regularly arranged collagen fibers interspersed with keratocytes which allows the

light to pass without being diffracted or reflected. It consists of approximately 200

layers (lamellae) of collagen fibers. The collagens unique shape, arrangement and

spacing are essential in producing the cornea’s light-conducting transparency.

Descemet’s membrane is a basement membranethat lies between the corneal stroma

and the endothelium and is composedof collagen. The innermost layer of the cornea

is the corneal endothelium lies directly below Descemet’s membrane. It is a

monolayer of squamousepithelial cells lining the posterior corneal surface and is

responsible for regulating fluid and solute transport between the aqueous and corneal

stromal compartments. Thus endothelial transport of water and electrolytes is

governed bysolute transporters.

1.1.2 Anterior chamber

Below the cornea is a fluid filled space termed the anterior chamber. The aqueous

humouris secreted by the epithelium ofthe ciliary processes; tight junctions between

cells form the blood-aqueous barrier. This is not merely a passive process and is

actually an active transport system; chiefly ionic transport. Aqueous humour formsat
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a rate of about 2-3ul/min with the fluid volume of the anterior chamber being

completely changed over a period of one hundred minutes. The aqueous humour

passes through the posterior chamber through the narrow space betweenlens andiris

and passes through the pupillary opening into the anterior chamber. The two main

functions of the aqueous humourare to transport nutrients to the avascular cornea

and lens, and to maintain correct intraocular pressure (IOP); both of which are

critical for vision.

1.1.3. Posterior chamber

The posterior chamberis a small area posterior to the iris and anterior to the lens and

in front of the suspensory ligamentof the lens (Riordan-Evaetal., 2008).

1.1.4 Retina

Theretina is the innermostlayer of the eye. The humanretina is around 200um thick

and is composed of ten different layers (Yamada, 1969). The layers are the inner

limiting membrane,the nerve fiber layer, the ganglion cell layer, the inner plexiform

layer, the inner nuclear layer, the outer plexiform layer, the outer nuclear layer, the

outer limiting membrane, the photoreceptor layer contains rods and conesandfinally

the retinal pigment epithelium (figure 1.4). The nerve fiber layer contains the retinal

ganglion cell axons that lead to the optic nerve. The ganglion cell layer is the

ganglion cell bodies, the inner plexiform layer is a network of axons and dendrites

from ganglion cells and amacrine cells (Riordan-Eva et al., 2008). Next the outer

plexiform layer composed of the nerve endings of bipolar cells, horizontal cells and

photoreceptor cells; here cone pedicules and rod spherules are synaptic upon various

bipolar cell and horizontal cell types. The outer nuclear layer is the layer that

contains the nuclei and cell bodies of the rod and cone cells. Next the outer limiting



membrane is not really a membrane; instead it is the site of numerous occluding

junctions, these seal off the base of the rods and cones. The next layer is the

photoreceptor layer composed of rods and cones. The photoreceptor layer is

responsible for converting light into electrical signals. Electrical signal integration is

what the brain performs. The rods are more numerous, some 120 million, and are

more sensitive than the cones. However, they are not sensitive to colour. The 6 to 7

million cones provide the eye's colour sensitivity and they are much more

concentrated in the macula. In the centre of the macula is the fovea centralis, a

300um diameter rod free area with densely packed cones. The cones are thinner and

more rod-like in appearance to cones elsewherein the retina. Compared to the rest of

the retina the cones have a smaller diameter and can be more densely packed in a

hexagonal pattern. The high spatial density of cones accounts for the high visual

acuity capability at the fovea.
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Figure 1.4 Simple diagram of the retina. Highlighting the major areas. Taken from:

http://www.personadigital.net/Persona/neuroscience/Vision.htm

Retinal ganglion cells are the final output neurons of the retina and are responsible
for sending the signal to the brain via the optic nerve.

1.2. The trabecular meshwork

The anterior and posterior chambers of the eye are filled with aqueous humour and

functions to supply nutrients to the avascular sections of the eye, cornea andlens,

and to maintain the correct IOP (figure 1.5). IOP is caused by the flow of aqueous

humour against resistance in the outflow pathway. There are two different pathways

of aqueous humoroutflow: the conventional outflow pathway and the uveoscleral or

non-conventional pathway.
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Figure 1.5 Schematic representation of the major areas of the eye involved in the
creation and flow of aqueous humour. The aqueous humouris produced by the non-
pigmented epithelium and passes through the small space between the lens andiris

before passing through the pupillary opening and passes through the trabecular

meshwork to exit via Schlemm’s canal and aqueous veins and to a lesser degree

through the unconventional outflow pathway.

National Eye Institute (National Institutes of Health)

1.2.1 The uveoscleral pathway

The uveoscleral pathway for aqueous humor outflow consists of the interstitial

spaces betweenthe ciliary muscle bundles, into the superchoroidal space, where it is

absorbed into the venous system. Anders Bill first described the uveoscleral pathway

and that in the cynomolgus monkey that about 50% of the aqueous humor exits

through the ciliary muscle. This unconventional outflow was then observed in

human eyes and found that the total percentage outflow attributed to the uveoscleral

pathway was approximately 10-20% (Bill and Phillips, 1971). Although indirect

calculations in human eyes via non-invasive methods have suggested values of

around 35% (0.8u1/min flow) (Townsend and Brubaker, 1980). The rate is difficult

to measure in humansasit requires injection of high molecular weight tracers into

the anterior chamber. Cyclodialysis was also shown to increase uveoscleral outflow

and hence intraocular pressure (Suguroet al., 1985). However, the normal ageing eye

results in a decrease in uveoscleral outflow facility (Carol et al., 1999). Indeed the

current therapeutic drugs used in the treatment of POAG,such as latanoprost, lower

intraocular pressure by increasing outflow through the uveoscleral pathway. Most

drugs are based on prostaglandin-F2a and havelittle if any effect on the conventional

outflow system. The mechanism ofaction of increasing uveoscleral outflow isstill

debated but likely includes relaxation of the ciliary muscle and an increase in matrix

metalloproteases leading to extracellular matrix breakdown (Lindseyet al., 1997,

Sagara et al., 1999). Also a role of increased connective tissue-filled spaces among



the ciliary muscle bundles has been suggested as a possible mechanism of action

(Tamm et al., 1990). Although muchresearch is underway to determine the effects of

the prostaglandins on TMcells in vitro and in vivo.

1.3 The TM is a multi-layered tissue

The TMis located at the iridocorneal angle of the eye and is the main route through

which outflow of aqueous humoroccurs (figure 1.5). The TM is a filter made up of

extracellular matrix (eg. collagens), most of which is organised into a network of

beamscovered by endothelial like trabecular cells. These endothelial-like cells cover

the collagenous beams and are the main cell in the TM. As the aqueous humour

travels from the interior part of the meshwork to the middle and to the exterior side

of the TM, the porosity of the tissue decreases. This tissue contains three

differentiated layers: the uveal meshwork, the corneoscleral meshwork and the third

layer which is in direct contact with the endothelial cells from Schlemm’s canal is

the juxtacanalicular meshwork (sometimes called the cribiform region) (Ashton et

al., 1956). The aqueous humorpasses through the TM and to Schlemm’scanal, and

from there to episcleral veins via collector channels that traverse the limbal sclera.

The TM is a porousstructure that spans the opening of the internal scleral sulcus and

overlies Schlemm’s canal. It is through these pores the aqueous humortravels to the

episcleral veins into the circulation (Alvaradoet al., 2005).

The inner uveal meshwork lies most internal forming the lateral border of the

anterior chamber (Ashtonet al., 1956). This is arranged in bandsor trabeculae that

extend from the iris root to the peripheral cornea. They have larger intervening

spaces that measure 25-75um (figure 1.6). The extracellular matrix of the uveoscleral

beamsincludesinterstitial collagen with intermixed elastin fibrils and proteoglycans
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(Gonget al., 1989, Umihira et al., 1994). The uveal meshworkis thoughtnot to offer

muchresistance to aqueous humoroutflow becauseintercellular spacesare large.

The corneoscleral meshwork makes up the inner portion and most extensive part of

the TM.It consists of connective tissue plates with a complex extracellular matrix

environment. The trabeculae of the corneoscleral meshwork have fewer, smaller

openings that give them the appearance more like that of perforated sheets. The

connective tissue plates arise primarily from the scleral spur and extend over the

internal scleral sulcus. These corneoscleral meshwork perforated sheets contain

round or oval pores that gradually decrease from around 50um down to 5um in

diameter as they approach Schlemm’s canal. The TM cells lining these structuressit

upon a basement membrane and are interconnected by desmosomes and gap

junctions (Raviola and Raviola, 1981). The gap junctions facilitate intercellular

communication between cells by the passage of small molecules. These TM

endothelial cells are not simply passive structural cells but active participants in

outflow resistance byaltering the poresize.
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Figure 1.6 Scanning electron micrograph of uveal TM. Scanning electron micrograph

showing the appearance of the uveal trabecular meshworkand the clear trabecular

beams (x500 magnification); the intratrabecular spaces are evident. There are no

endothelial cells present in this image and is just the decellularised tissue with

collagenous beamspresent. Reproduced from (Freddoet al., 1984).

The juxtacanalicular region of the TM is the outermostpart andit is thoughtthat here

muchofthe resistance to outflow resistance takes place (Grant, 1963). This structure

is composed ofa single layer of layer of tissue that borders Schlemm’s canal (Rohen

et al., 1981). This meshwork contains very narrow and small irregular openings. The

outermost portion of the juxtacanilicular meshworkconsists of a layer of endothelial

cells that form the inner wall of Schlemm’s canal (Rohenet al., 1981, Lutjen-Drecoll

et al., 1981, Grierson and Lee, 1975). In Schlemm’s canal giant vacuoles are

responsible for drainage of the aqueous humour to the episcleral veins and into the

circulation (Grierson and Lee, 1975).

The ligamentous insertions of the ciliary muscle into the TM mediate the

permeability of the tissue to aqueous humor (Rohenetal., 1981). After the ciliary

muscle contracts, its insertions extend the intercellular spaces and pores in the TM

leading to increased egression of aqueous humor. At the same time uveoslceral

outflow decreases. When the ciliary muscle relaxes the intertrabecular spaces

become narrowerand outflow facility is reduced. Thusthe tone ofthe ciliary muscle

modulates TM outflow facility. This can be used to great effect with muscarinic

drugs such as pilocarpine. Pilocarpine, working through contraction of the ciliary

muscle, is a very effective IOP lowering compound.

1.3.1 BTM

The bovine (Bos Taurus) TM (BTM)is anatomically similar to the human TM.

However the BIM is more “reticular” rather than the human “trabecular”
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organisation (Fliigel et al., 1991) and there is no clear connection betweentheciliary

muscle and the outflow tissue. Moreover, the BTM contains an aqueous plexus

which is the functional equivalent of the human Schlemm’s canal and as such is

analogous (Wadeet al., 2009). The tissue is larger that of the human TM and has

been used since Barany used this species to investigate the influence of

hyaluronidase on outflow resistance (Barany and Scotchbrook, 1954). Since then

BTMtissue has been used to determine and characterise the activities of catalase and

superoxide dismutase (Freedman et al., 1985) and glutathione peroxidase (Scott et

al., 1984). Indeed this model has been used to evaluate the effect of steroids on

extracellular matrix deposition by prednisolone (Tektas et al., 2010). Intraocular

administration of steroid leads to an increase in collagen type VI in the outflow loops

from cattle (Tektaset al., 2010).

1.3.2 The constituent cells of the TM

The cells that reside upon the basement membranes of the trabecular beams in the

TM are endotheliallike cells, broad and flattened. These are the only cells in the TM

and derive their nutrition from the aqueous humour. Their isolation and

characterisation in culture began a new era of outflow biology giving a tractable

model with which to investigate the cells (Grierson et al., 1983, Polansky et al.,

1979a, Polanskyet al., 1981). The establishmentofin vitro tissue cultures of human

TM endothelial cells demonstrated that they are similar to those in vivo in terms of

characteristics and have synthetic properties (Grierson et al., 1983), thus giving a

model to investigate the TM further. It has been shown that they possess prominent

intracellular lysosomes, golgi apparatus and endoplasmic reticulum and therefore can

secrete proteins. Grierson then established BTM cell cultures (Griersonet al., 1985a)

derived from cattle as an easier tissue procurement. These BTM cells were found to
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be very similar to human TM cells and wererich in extracellular collagen and other

extracellular matrix macromolecules such a type I collagen (Griersonet al., 1985a).

Moreover, the BIM cells had the functional ability to phagocytose latex

microspheresin vitro (Dayet al., 1986) and could migrate in vitro an actin-dependant

process (Hogg et al., 1995a). Subsequently it was shown that BTM cells lose cell-

matrix cohesion after phagocytosis in vitro (Zhou et al., 1995). This loss of cell-

matrix cohesion may underlie the migration of TM cells subsequent to phagocytosis

in situ (Grierson and Lee, 1973). BTM cells were then investigated for cytoskeleton

filaments and found to exhibit strong actin stress fibres (Grierson et al., 1986).

Indeed it was demonstrated that they contained an extensive cytoskeleton network

and a prominentstress fibre pattern and that these cells contracted when exposed to

magnesium adenosine triphosphate (MgATP) (Grierson et al., 1986). Many authors

now use the BTM as a model system to study the TM dueto its large size and

relative ease of dissection and procurement and similarities to human tissue

(Griersonet al., 1985a, Fliigel et al., 1991).

1.3.3 The TM is an active and not passive tissue

The dogmathat the TM wasa passive tissue that was merely distended bytheciliary

muscle to mediate outflow of aqueous humoris now outdated. It is now established

that TM cells serve an active role in governing outflow resistance and intraocular

pressure. Grierson et al. initially showed that TM cells respond to MgATP

application with a contractile response (Grierson et al., 1986). Subsequently it was

demonstrated that TM cells are highly contractile displaying smooth muscle like

properties and contract robustly to acetylcholine and pilocarpine (Lepple-Wienhues

et al., 1991). This has been demonstrated both in in vitro cell preparations and whole

tissue ex vivo (Lepple-Wienhueset al., 1991). Further research has shown that the
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TM cells display electrophysiological properties and calcium (Ca(2+)) is the main

compound mediating this (Steinhausen et al., 2000). Thus free intracellular Ca(2+)

mobilisation serves to facilitate TM cell contraction. TM cells are also known to

express muscarinic receptors and respond to agonist-mediated receptor activation

with intracellular calcium rises (Thiemeet al., 2001). The TM cells themselves may

synthesis and secrete proteins in a paracrine manner that regulate contraction and

hence modulate outflow resistance and IOP. Endothelin antagonists are currently

pursued as a drug target in POAG (Rosenthal and Fromm,2011).

1.3.4 Contractile nature of TM cells

A growing body of evidence shows that the TM cells are themselves contractile

(Grierson et al., 1986, Lepple-Wienhueset al., 1991) and have similar properties to

smooth muscle cells. It has been demonstrated that endothelin-1, a potent

vasocontractile protein, is expressed by TM cells and pharmacological inhibition of

the endothelin receptor subtypes supresses endothelin-induced contraction in a dose

dependant manner (Choritz et al., 2005). Evidence also points to a role of the

cytoskeleton in contraction as incubation with RhoA kinase inhibitor attenuates

agonist-induced contraction (Rosenthalet al., 2005b). Inhibition of RhoA kinasealso

results in an alteration of actin architecture and a significant increased outflow

facility (Rao et al., 2001) and blockade of contraction in collagen gel contraction

matrices therefore indicating that actin plays a role in contraction of TM cells (Koga

et al., 2006). Nitric Oxide (NO) is an important signalling molecule in manytissues

and cells. It is biosynthesised from L-arginine, oxygen and NADPHbynitric oxide

synthase and is highly reactive. NO may serve to relax smooth muscle cells after

contraction serving as a homeostatic mechanism. NO has been shownto regulate TM

cell contraction-relaxation (Wiederholt et al., 1994). Thus the contractile nature of
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TM cells is without doubt and is mediated by the cytoskeleton and helps regulate

outflow physiology.

1.4 TM extracellular matrix

The extracellular matrix of the TM is rich in many compounds. The extracellular

matrix is comprised of various collagens, laminin, fibronectin, proteoglycans and

glycosaminoglycans which interact with the TM cells that reside upon the

collagenous beams (Tamm, 2009). The small leucine-rich proteoglycans decorin and

biglycan are constitutively expressed and bind collagen and mayhelp stabilise the

collagen in the meshwork. Collagens are one of the most abundant proteins found in

the TM andin the animal kingdom. They consist of three polypeptide a-chains, each

containing a characteristic repeating tripeptide sequence of Gly-Xaa-Yaa, in which

proline and hydroxyproline are often in the Xaa and Yaapositions, respectively. The

primary sequence of each chain results in the formation of a left-handed helical

secondary structure. Triple helix formation occurs first by selection of the a-chains,

followed by nucleation at the C-terminus, and finally propagation ofthe triple helix

from C-to N-terminus (Beck and Brodsky, 1998). Different types of collagen are

present in the TM andinclude collagen type I, III and IV (Lutjen-Drecollet al., 1981,

Rehnberget al., 1987). Collagen fibrils impart tensile strength to the tissue.

Deposition of excessive extracellular material in the TM has been proposed as the

pathogenic mechanism leading to increased outflow resistance and development of

POAG (Lutjen-Drecoll et al., 1981). Previous ultrastructural and histochemical

investigations have demonstrated an increase in the amount and location of

extracellular material (Lutjen-Drecoll et al., 1981, Lutjen-Drecoll et al., 1986)

suggesting that the increased outflow resistance observed in POAG is due to the
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abnormal accumulation of extracellular matrix material. Some authors called areas of

trabecular thickening ofelastic fibres from the sheaths ‘sheath derived plaques’ and

that these sheath derived plaques increase with increasing age and POAG (Lutjen-

Drecoll et al., 1986). This was further confirmed in untreated cases of POAG tissue

with no prior medical therapy; the increased deposition of collagen was clearly

apparent within the TM. Additionally a conspicuous deposition offibrillar material

was observed under the inner wall of Schlemm’s canal (Tektas and Lutjen-Drecoll,

2009).The extracellular matrix is not static and is a fine balance between the

synthesis of matrix and the proteolytic breakdown of the matrix. This is mediated

mainly my matrix metalloproteases (MMPs) andtheir inhibitors: tissue inhibitors of

matrix metalloproteases (TIMPs) (Cawston, 1996). TIMPs bind non-covalently to

MMPsforming a 1:1 stoichiometry that is essentially irreversible. Mutations have

been found in TIMP-3 leading to an accumulation of matrix in the inherited macular

degenerative disease Sorsby’s fundus dystrophy (Weberet al., 1994).

1.4.1 MMPs

Thefirst vertebrate MMP wasidentified in 1962 by Gross from tadpoletissue, by the

collagenolytic activity of this tissue on collagen gels. Tadpole collagenase was

shown to cleave collagen at a specific site at neutral pH and physiologic temperatures

and was subsequently purified in 1966 (Nagaiet al., 1966). Since then many MMPs

have been identified in manytissues including the TM (Alexanderet al., 1998).

In mammals the MMP family consists of 23 neutral enzymes, traditionally

subdivided according to their substrate specificity, primary structure and cellular

location. The four main groups are the collagenases, stromelysins, gelatinases and

membrane-type metalloproteinases (MT-MMPs). MMPsexpression and activation
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can be modulated by various growth factors and cytokines and these help facilitate

the breakdown of the extracellular matrix. MMPs have several commonproperties:

they contain common aminoacid sequences; contain zinc at the active site and also

require Ca(2) and are secreted as inactive proenzymes that require activation.

Activation is accompaniedwith a fall in molecular weight. Their pre-domain encodes

a hydrophobic leader sequence that targets them for secretion into the extracellular

space. These mediate the constant flux between synthesis and breakdown of matrix

and a modulation of either can lead to increased deposition of matrix (Cawston,

1995). Although there is an increase in extracellular matrix material in POAG and

also ageing, the exact contribution to POAG remains unresolved. As does the

question of whether the matrix deposition is a consequencerather than a cause ofthe

disease.

1.5 The cytoskeleton

Eukaryotic cells have distinct shapes and a high degree of organisation that is highly

dependent on complex networks of protein filaments in the cellular cytoplasm that

mediate such shape and shape changes; this is called the cytoskeleton. Indeed

recently it has been found that bacteria contain a homologue of actin: MreB and

share high structural similarity and form filaments (Figge et al., 2004). The

cytoskeleton, in association with many other proteins, mediates a diverse range of

functions including locomotion and contraction (Pellegrin and Mellor, 2007). The

three main types of filaments of the cytoskeleton are actin filaments or

microfilaments, microtubules and intermediate filaments. All three types are made

from globular protein subunits and are in constant dynamicflux.

1.5.1 Microfilaments
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The microfilament network is a network of filaments 6-7nm in diameter composed

entirely of actin. There are a least six different types of actin synthesised by

vertebrate cells; however, their amino acid sequences are conserved and have similar

properties (Vandekerckhove and Weber, 1978). Actin is found in all vertebrate cells

and is one of the most conserved genes. Its conservation and ubiquitous nature argue

for an indispensible role. Globular actin known as G-actin is composed ofa single

polypeptide of molecular weight ~42000. Each molecule of G-actin is associated

with one tightly bound Ca?" , whichstabilises its globular conformation, and one

molecule of non-covalently bound adenosine triphosphate (ATP) (figure

1.7).

 
Figure 1.7 Ribbon cartoon of G-actin monomer with a bound ATP molecule in the

central groove (green dot). This is the building block of F-actin. Taken from:
www.websters-online-dictionary.com

19



Actin filaments as seen in electron micrographs consist of two strands of globular

molecules about 4nm in diameter twisted into a helix with 13.5 molecules per turn.

Actin filaments have polarity. The polarity of an actin filament can be determined by

decorating the microfilament with myosin "S1" fragments, visualising so called

barbed (+) and pointed (-) ends on the filament. Once formed many arrangements of

F-actin are formed into bundles that run parallel to the axis of the cell and are termed

stress fibres. These are contractile actin-myosin arrangements mediate contraction

and migration reminiscentof the structures in musclecells.

1.5.2 Microtubules and intermediate filaments

Microtubules are rigid, hollow rods approximately 25nm in diameter. Like

microfilaments, microtubules are dynamic structures that undergo constant assembly

and disassembly. They function in intracellular movementofintracellular cargo and

cell division in all eukaryotic cells. Intermediate filaments are so called because their

size is in between that of microfilaments and that of microtubules. They have an

average diameter of around 10nm. There are five different types of intermediate

filaments.

1.5.3 Cytoskeleton architecture

The cytoskeleton of manycell types is in a constant flux between polymerisation of

F-actin and depolymerisation to G-actin. The F-actin arrangement of manycells

underlies many cellular processes. Indeed migrating fibroblasts or most vertebrate

cells but not all, in tissue culture show a unique polarised morphology; a broad flat

lamella extending in the direction of migration that terminates in a ruffling

lamellipodium anda retracting tail at the rear of the cell (Abercrombieet al., 1970).

The lamellipodium requires the polymerisation of F-actin to mediate cell movement
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and gain traction. However the exact actin arrangement is dependent on the exact

function required to carry out by the cell. Migrating cells use actin filaments to push

at the front, by polymerisation and to pull at the rear, by forming contractile

assemblies with myosin.

It has been demonstrated in certain cells that there is a unique actin arrangement of

F-actin that displays characteristics of geodesic domes in culture (Lazarides, 1975,

Lazarides, 1976). These geodesic F-actin arrangements werefirst described in non-

muscle cells by Lazarides after plating out in culture conditions and were suggested

to be a precursorto the stress fibre formation found in well spread cells (Lazarides,

1976).

1.5.4 Stress Fibres

Stress fibres are arrangements of bundles of actin-myosin that are contractile and are

composed of approximately 10-30 actin filaments (Cramer et al., 1997). Such

bundles are tied together by the actin crosslinking protein a-actinin (Lazarides and

Burridge, 1975). a-actinin is composed of two anti-parallel peptides with four

spectrin-like repeats with the actin binding domain at the N-terminus. The staining of

g-actinin is very periodic along the fibre and alternates with bands containing non-

muscle myosin and tropomyosin (Lazarides and Burridge, 1975, Lazarides, 1976).

This is very similar to the sarcomere in muscle in that the z lines slide along the

filament, but their arrangementis less uniform. Thestress fibre bundles of F-actin are

polarised in the cell and terminate at focal adhesion points at the cell-extracellular

interface. Figure 1.8 shows a BTM cell with clear stress fibres. By coupling to the

extracellular matrix and exerting force they enable cells to mechanically influence

their environmentand sense the mechanical properties (Askari et al., 2009).
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Manycells contain at least three different categories of stress fibers: ventral stress

fibers, transverse arcs, and dorsal stress fibers. Ventral stress fibers are contractile

actin filament bundles that are typically associated at both their ends to focal

adhesions. These molecules are located at the ventral surface of the cell and play an

important role is adhesion and contraction. Transverse arcs are curved bundles of

actin that are not attached to focal adhesions. Dorsal stress fibres are actin bundles

that have an end associated with focal adhesions andare located at the dorsal surface

of the cell. The focal adhesions are large macromolecular complexes through which

the cytoskeleton connects with the extracellular matrix and are regions of signal

transduction. Stress fibres have been shown to shorten and generate tension in intact

living cells (Kumaret al., 2006, Kreis and Birchmeier, 1980). These cell-generated

tensional forces drive cell shape and contraction and play a fundamental part in the

control of manycellular processes.
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Figure 1.8 BTM cells expressing stress fibres. A BTM cell in pre-confluent culture

fixed and stained for phalloidin-rhodaminefor F-actin.

1.5.5 Stress fibre assembly regulation

The regulation of stress fibre assembly is mainly through a signalling cascade

including RhoA small Guanasine Triphophatase (GTPase) protein (Ridley and Hall,

1992). A small GTPase protein Rac promotes actin polymerisation at the plasma

membrane leading to lamellipodia and Cell division cycle 42 (Cdc42) induces the

formation of microspikes or filopodia formation (Nobes and Hall, 1995).

Microinjection of recombinant RhoA protein into cells results in induction of stress

fibres and the concomitant assembly of focal adhesions. In vertebrates, the gene

encoding RhoA has undergone duplication yielding two more isoforms: RhoB and

RhoC. These protein share high homology with RhoA and themselves induce stress

fibre formation (Giryet al., 1995).
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Rho GTPases cycle between an active GTP-bound form and inactive GDP-bound

form. Their activity is regulated by guanine nucleotide-exchange factors (GEF),

which promote the exchange of GDP for GTP, and GTPase activating proteins

(GAP), that enhance the GTPase activity of these proteins, thereby controlling cell

signalling. In the active GTP-bound conformation, RhoA binds to and regulates a

variety of downstream effectors (Ridley, 2001). In the main, RhoA leads to a clear

increase in stress fibres and focal adhesion assembly. Indeed migration and

malignant transformation is linked to inappropriate RhoA activation. The

downstream targets of RhoA are many and varied but include the serine threonine

kinase p160ROCK;; this interacts with RhoA in a GTP-dependant manner and when

overexpressed it mimics the actions of RhoA (Riento and Ridley, 2003). Another

effector of RhoA appears to be myosin light chain phosphatase (Kimuraetal., 1996).

Downstream targets of Rac include p21-activated kinase (PAK) family members

(Manser et al., 1994). Rac and Cdc42 bind to the regulatory domain and displace

leading to phosphorylation. It appears that RhoA mediated signalling to the cell

resulting in an increase in stress fibres is through the bundling of actin filaments

(Machesky and Hall, 1997). Signalling through Rho GTPases can beinitiated by

activation of many different types of plasma membranereceptor including tyrosine

kinase, G-protein-coupled and cytokine receptors (Ridley, 2001).

1.5.6 Integrins

Integrins are a large family of cell-surface type 1 transmembrane adhesion receptors

that mediate both cell-cell and cell—extracellular matrix (ECM) interactions and are

an interface between the ECM and cytoplasmic events (Morgan et al., 2007).

Integrins can also support bi-directional signalling. Integrins are heterodimers of a

and B subunits, each containing a large extracellular domain (~ 80-150 kDa), a single
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transmembrane a-helix and a short, largely unstructured, cytoplasmic domain ortail

of 10-70 residues (Askariet al., 2009). Activation of integrins from the inside outis

initiated by the separation of the two subunits at their cytoplasmic and

transmembrane regions, leading to unbending of the ligand-binding headpiece

leading to conformational change that increases ligand-binding affinity (Kim etal.,

2003). Binding of integrin B-subunits cytoplasmic domains to the cytoskeletal

adaptorproteintalin, is a critical point of convergence for integrin activation signals

(Tadokoro et al., 2003). Indeed knockdownoftalin results in no integrin signalling,

thus demonstrating its importance in mediating integrin signalling (Tadokoroetal.,

2003). Indeed CLANshave been shown to be induced through activation of integrin

mediated signalling by using soluble antibodies against B1 and B3 subunits in human

TM cells (Filla et al., 2006). Moreover immobilised substrates for integrins plated

onto coverslips mediates an integrin-dependant increase in CLANs(Fillaet al., 2006)

and the authors suggest an ‘inside out signalling’ mechanism facilitated by integrins.

Howeverthese were freshly plated TM cells and not stable cultures and they may not

actually be CLANsper se. Therefore this suggests that CLANs are mediated by

extracellular ligand binding via integrins to compartmentalise cytoplasmic signalling

events.

1.6 CLANSsin TM cells

As stated in section 1.0 geodesic arrangements of F-actin have been described in

numerouscultures of different cell types (Lazarides, 1975, Lazarides, 1976, Ireland

and Voon, 1981, Mochizuki et al., 1988). Indeed such polygonal actin structures

have been seen in cardiac myocytes where the distal tips of the geodesic structures

terminate into adhesion plaques (Lin et al., 1989). These striking polygonal

structures in all cells were then shown to disappear after a prolonged timein culture
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and the emerging pattern of F-actin was that of stress fibres running parallel to the

axis of the cells (Lazarides, 1975). Thus the described ‘geodomes’ were considered

an intermediate step in the formation andstabilisation of stress fibres in culture and

not considered a permanentactin structure.

A totally different structure has now emerged that is similar but not a precursor to

stress fibres and are called CLANs. These geodesic structures of F-actin were

initially discovered in TM cells in confluent monolayercultures after treatment with

the glucocorticoid Dexamethasone (DEX)(Clarket al., 1994) (figure 1.9).

CLANsare polygonal arrangements of actin comprised of a central hub and vertices

and often arranged into units of five of six (figure 1.2). These geodesic structures

were found to be expressed in a variety of TM cell lines examined but not found in

any other ocular tissue tested and while a variety of different steroids were tested for

their potency in inducing CLANs in TM cells, DEX was by far the most potent

steroid (Clark et al., 1994). It was also shown that a concomitant increase in cell size

was apparent (Clark et al., 1994). These CLANs were composed of F-actin and the

hubs also contained a-actinin, just as stress fibres have a-actinin attached to the

filament. CLANs maybeattached to the apicalcell surface via syndecan-4,but this is

still debated (Filla et al., 2006). They were of various sizes and could encompass the

whole ofthe cell, howeverdifferent cell lines displayed large heterogeneity in CLAN

incidence.
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Figure 1.9 CLANs in BTM cells. Image of multiple CLANs in a BTM culture that

had not been exposed to any steroid and fixed and stained with phalloidin-Alexa-488.
The arrowsindicate CLANs.

It was subsequently demonstrated that TM cells derived from glaucomatous donors

displayed a significantly higher amount of basal CLANs without the addition of

exogenous glucocorticoid (Clark et al., 1995). Moreover these diseased derived TM

cells upregulated CLANs more efficiently than ‘normal’ cell lines (Clark et al.,

1995). Using Green-fluorescent Protein (GFP)-tagged actin under a strong

CytoMegalovirus (CMV) promoter we have imaged real time CLAN formation in

TM cells and this indicated that CLANs can form in a relatively short time frame

(unpublished observations).

A possible reason for high CLAN incidence in glaucoma TMcell lines this may be

that glaucomatouscells possess low amounts of glucocorticoid receptor-B (Zhang et

al., 2005). Glucocorticoid receptor B is a dominant negative regulator of

glucocorticoid-a function and act to repress signalling and has been suggested to play
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a role in steroid resistance in many steroid resistance diseases such as rheumatoid

arthritis; it is a splice variant (Derijk et al., 2001, Chatzikyriakidou et al., 2009).

Interestingly forced overexpression of glucocorticoid receptor B in TM cells

supressed DEX-induced myocilin expression and fibronectin synthesis and release

(Zhang et al., 2005). Myocilin is a gene and protein that is associated with POAG

and is a target gene of DEX in TM cells, in other words this protein is hugely

induced by exposure to DEX in cell culture (Clark et al., 2001). The first glaucoma

gene, GLCJA, was mapped to chromosome 1q, and is responsible for autosomal

dominant glaucoma, however, mutations in this region can lead to POAG and the

gene was mappedto this region is myocilin (MYOC) (Stoneet al., 1997). Although

often different namesare used they all refer to the same gene: myocilin. Myocilin is

the preferred nomenclature.

CLANSshowever, had only been shown in vitro and to demonstrate that they are not

an artefact of cell culture conditions this group undertook an in situ study to

determine CLANs in TM tissue. An exhaustive study clearly demonstrated that

CLANSsare found in TM cells in situ in the outflow pathway and that these CLANs

are remarkably similar to CLANsfoundin cell culture (Clarket al., 2005). This large

study using reconstructed confocal ‘slice’ images showed that the normal non-

pathologic TM system contains copious CLANSsin situ and that CLANsare found in

large numbers in the corneoscleral region of the outflow apparatus. Indeed using an

organ culture whole eye perfusion model that was perfused with DEX before fixation

it was shown that DEX induced many CLANsin the whole intact tissue compared to

non-DEX perfused tissue (Clark et al., 2005). Therefore DEX induced CLANs ex

Vivo.
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CLANlike structures were further found in TM tissue butthis study wasrestricted to

the juxtacanilicular region of the TM and Schlemm’s canal and no clear definitive

quantitative data could be garnered (Readet al., 2007). Due to the limitations of this

study the authors may not have been convinced they were seeing true ‘CLANs’. The

authors also could not rule out the possibility that the structures observed were not

secondary effects due to glaucoma medication that the subject was taking (Read et

al., 2007). A further quantitative and qualitative study using TM tissue demonstrated

that CLANs are numerous in normal TM tissue and are increased in aging and

glaucomatous donors (Hoareet al., 2009). CLAN and ‘CLAN-like’ structures where

demonstrated in all regions of the TM. However, CLANs were found to be more

prominent in the uveal and corneoscleral regions than in the juxtacanilicular region.

This study also showed the complexity of CLANs ranging from small structures to

more elaborate ‘network CLANs’, and weestimated that the CLAN prevalence was

184,000 per eye in the POAG samples (Hoareet al., 2009). We predicted that every

cell from glaucomatous trabecular meshwork tissue contained a CLAN (Hoareetal.,

2009). However it was not an all or none situation and CLANsare in appreciable

numbers in apparently healthy tissue, this was a surprising finding. Howeverthere

was an increase in CLANincidence in glaucomatous donors, however, due to the

power of the study this was not statistically significant. With more samples this

would havereachedstatistical significance.

Dueto the limitations of collecting human tissue for research we then undertook a

study for CLANs using BTM tissue. BTM cultures have been established and

characterised previously and are easily available (Grierson et al., 1985a). It was

found that BTM cultures have an increased number of CLANswithout the addition

of exogenous steroids (Wade et al., 2009). Moreover, that these cells have a
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predisposition for the formation of CLANs. After 14 days in culture with DEX 50%

of BTMcells contained CLANs. Some polygonal arrangements were found to be

ordered into fives or sixes in a remarkably repetitive way (Wadeet al., 2009). Indeed

using the whole BTM tissue CLANswere found to be abundant and qualitatively the

same as human TM CLANs. Soaking the BTM tissue in DEX for some time also

increased the incidence of CLANs. Whilst this is not the same as an organ perfusion

chamber modelthat hasfull tissue cohesion, nonethelessit is a useful tool. Although

BTM hasa morereticular nature than the human counterpart it is essentially the

same and serves as useful model. It is interesting to note that cows given topical

steroids all respond with anincreasein intraocular pressure (Geromettaet al., 2004)

in every cow treated. Thus the BTM serves asa useful model with which to probe

the effect(s) of CLANs. Moreover due to its large size is easier to dissect and

plentiful available.

1.7 The role of DEX in pathology ofPOAG

The use of glucocorticoids, topically or systemically, can lead to the developmentof

corticosteroid-induced ocular hypertension anda clinically similar iatrogenic POAG

in susceptible individuals (Armaly, 1966). That it is only induced in certain

individuals implies that it has a genetic basis. The exact molecular mechanism that

governssteroid-induced glaucoma remains elusive. The fact that glucocorticoids can

lead to a clinically similar POAG, presumably through increased outflow resistance,

has led a number of investigators to examine the effects of DEX on cultured TM

cells in vitro (Clark et al., 1994). It has now been demonstrated that TM cells express

glucocorticoid receptors both in cultured cells and whole TM tissue (Weinrebet al.,

1981, Hernandez et al., 1983). These membrane boundreceptors interact with their
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cognate ligand, translocate to the nucleus and alter transcription of target genes

mediated by co-activators or co-repressors.

DEX exposure to TM cells results in a variety of morphological and biochemical

changes. Of the morphological changes induced by DEX one of the most dramatic is

the increase in TM cell size (Wilson et al., 1993, Clark et al., 1996). DEX hasalso

been shown to increase the density of secretory vesicles compared to control

suggesting an increased secretion of proteins, possibly extracellular matrix proteins

(McCartneyet al., 2006) and a decrease in proteolytic enzymes (Snyderetal., 1993).

Several studies have shown that DEX increasesthe secretion of extracellular matrix

components including fibronectin (Steely et al., 1992). Fibronectin is a high

molecular weight glycoprotein that serves generally as an adhesion molecule.

Fibronectin could act as signalling cue for various TM cell functions.

Thrombospondin-1 (TSP-1), a putative antiangiogenic factor,is also increased in TM

cells after exposure to DEX in vitro (Fliigel-Koch et al., 2004). TSP-1 is a large

molecular weight glycoprotein that can interact with MMPs, ECM molecules and

CD47.

It is known that DEX leads to an increase in CLANs in TMcells from both human

and bovineorigin (Clark et al., 1994, Wade etal., 2009), however the mechanism(s)

that underlie the DEX-induced CLAN formation remain undetermined.Filla et al has

shown that integrins mayplay role in the formation of CLANsin TM cells (Filla et

al., 2006). This demonstrated that immobilised activating antibodies against B3 and

B1 integrins induced CLANsandthat they have distinct signalling pathways(Filla et

al., 2009). Indeed they showed that this integrin-induced CLAN formation was, at

least partly dependant on activation of CD47,also called integrin-associated protein.

CD47is a receptor for TSP-1, the expression of which is upregulated by treatment
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with DEX (Fltigel-Koch et al., 2004), therefore increased TSP-1 would lead to an

increased activation of its receptor CD47 leading to increased CLANsvia integrin

signalling in TM cells. This is a possible mechanism of CLAN formation but this

study wasusing freshly plated TM cells within a few hours oftrypsinisation and not

confluent stable cultures (Filla et al., 2009). Also the authors did not address

activation of CD47 receptor directly via addition of exogenous TSP-1 or the

functional peptide of TSP-1 and how this augments integrin signalling.It is possible

perturbationsin this system may lead to CLANs.

A recent paper has also demonstrated DEX-induced CLANsin human TMcells and

elevated the expression of zonula occluding-1 (ZO-1) and connexin43 (Cx43), both

junctional proteins (Zhuoet al., 2010). Suggesting aberrations in signal transduction

at cell-cell contacts and possible defects in actin signalling. It has been suggested

CLANSsalter the mechanical properties of the cells and a recent modelling study

identified the glaucomatous TMasstiffer compared to normal TM tissue (Lastetal.,

2011).

1.8 Transforming Growth Factor-B (TGF-f)

TGF-B superfamily consists of a diverse range of proteins that regulate many

different physiological processes including embryonic development, woundhealing,

chemotaxis, inflammatory responses andcell cycle control. Cytokines of the TGF-B

superfamily are dimeric proteins with conserved structures and have pleiotropic

functions both in vitro and in vivo. The human TGF-f family comprises more than

30 factors that can be divided into two distinct branches. Proteins such as activin,

nodal, lefty, myostatin and TGF-B are clustered in one family branch and, bone

morphogenetic proteins (BMPs) anti-muellarian hormone (AMH), and various
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growth and differentiation factors are grouped into the other branch (Derynck and

Akhurst, 2007). Activin, nodals and BMPsare critical regulators of stem cell

differentiation and fate, left-right axis symmetry and organ development(Yingetal.,

2003). TGF-B branched members of the superfamily function in many different ways

and is dependant on cell and tissue context as TGF-B often inhibits but can induce

cell proliferation. Thus, elucidating the role of TGF-f signalling complex is difficult.

Through activation of TGF-B receptors, TGF-f initiates intracellular signalling

cascades involving S-Mothers against decapentaplegic (Smads) leading to gene

activation in a cell and tissue-specific context (Massagué and Gomis, 2006).

TGF-B members are in three isoforms termed TGF-B1, TGF-B2 and TGF-f3, each

are encoded by different genes and located on different chromosomes. All three

isoforms are express in the eye and anterior chamber (Tripathi et al., 1994a).

However TGF-B2 isoform predominates in the eye. Physiologically, TGF-B2 is

mainly produced bytheciliary epithelium and lens epithelium asa latent inactivate

protein complex, consisting of mature TGF-f2, latency associated peptide (LAP),

and the latent TGF-B-binding protein (LTBP) and is called the latent TGF-f

complex. Latent TGF-B complex is not able to bindits receptor until LAP and LTBP

are removed via proteolytic cleavage (Sato and Rifkin, 1989) (Tatti et al., 2008) to

yield the active functional cytokine. The whole latent TGF-8 complex is associated

with the ECM. This helps sequester the TGF-B complex. The secretion of a latent

form of TGF-Bis a principle regulatory event that restricts its biological availability

and hence functional effects.

One of the main potent activators of latent TGF-B is the glycoprotein TSP-1

(Schultz-Cherry and Murphy-Ullrich, 1993, Ribeiro et al., 1999). DEX

administration is known to upregulate TSP-1 in TM cells (Fliigel-Koch et al., 2004).
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Anotheractivator of latent TGF-B to active TGF-B is reactive oxygen species (ROS)

(Jobling et al., 2006, Barcellos-Hoff and Dix, 1996). Indeed in an animal model

asbestos-derived-ROS mediated activation of TGF-f via oxidation of LAP (Pociask

et al., 2004). The integrin avB6 has also been demonstrated to activate latent TGF-f

through binding of the RGD motif in LAP (Mungeret al., 1999). Mice with genetic

deletion of avp6 integrin develop emphysemaand that this is completely abrogated

by transgenic expression of the integrin or simultaneous transgenic expression of

active TGF-B (Morris et al., 2003).

1.8.1 Effects of TGF-B in the TM

TGF-B2 is the main isoform expressed in the eye and anterior chamber andits

expression is elevated in aqueous humour from POAG donors(Tripathi et al., 1994a,

Tripathi et al., 1994b, Jampel et al., 1990), however, it is difficult to determine

between the active and latent forms of the cytokine and therefore it is difficult to

knowtheactual biologically relevant amountof the cytokine present. Deletion ofthe

gene for TGF-B1 in mice leads to a progressive wasting disease and early death

(Kulkarni et al., 1993). TGF-B2 gene ablated mice have a range of developmental

defects, and in line with its expression in the TM display an altered anterior chamber

and have a thin corneal stroma and absence of corneal endothelium (Sanfordet al.,

1997) and demonstrated non-redundant functions. Therefore TGF-B2 is necessary in

formation of the anterior chamber and post development inhibits TM cell

proliferation and is responsible for the immune deviation in the anterior chamber

(Wilbankset al., 1992). Because of the elevated levels of TGF-B2 in aqueous humour

in POAGandits association with POAGresearchers have focused on the effects of

TGF-B2 on TM cells. It has been demonstrated that TGF-B2 leads to an increased

expression oftissue transglutaminase, an enzymethat mediate cross-linking of ECM
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(Welge-LiBen et al., 2000) and also found to polymerise fibronectin. Also TGF-B2

has been shown to increase mRNA and protein expression of the ECM component

fibronectin (Li et al., 2000) and lead to increased TIMP-1 expression (Alexanderet

al., 1998). Indeed Fuchshofer demonstrated that TM cells incubated with TGF-B2 led

to decreased active MMP2, but not pro-MMP2,expressionfacilitated by increased

Plasminogenactivator inhibitor-1 (PAI-1) expression (Fuchshoferet al., 2003). PAI-

1 is a serine protease inhibitor that inhibits fibrinolysis through tissue plasminogen

activator and urokinase type plasminogen activator. Perfusion of isolated human

anterior segments with recombinant TGF-B2 leads to a significantly decreased

outflow facility compared to control perfused eyes (Gottanka et al., 2004).

Histological analyses showed that TGF-f2 treated anterior sections altered the ECM

and increased expression of the small heat shock protein a-B-crystallin (Gottanka et

al., 2004).

A large study also confirmed that TGF-2 in isolated human TM cells leads to an

increased gene expression of TSP-1 (a potent activator of latent TGF-B) as well as

multiple ECM genes (Fleenoret al., 2006). Indeed as well as an increase in mRNA

expression for multiple ECM genes, TGF-B2 exposure leads to a significant and

reproducible increased secretion of the ECM componentfibronectin and PAI-1 and

the addition of PAI-1 to cultures leads to an increased secretion of fibronectin.

Moreover the TGF-f2-induced increase in fibronectin and PAI-1 is blocked by

incubation with the TGF-B type I receptor inhibitor (ALK-5) (Fleenoret al., 2006).

The authors also demonstrated that perfusion of TGF-B2 to isolated ex vivo anterior

segments leads to a time-dependant increase in IOP with a concomitant decrease in

outflow facility and correlated with fibronectin content in the perfusate (Fleenoret

al., 2006). A correlation between TGF-2 and elevated IOP is an importantfinding.
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It has recently been demonstrated that as well as elevated TSP-1 after TGF-B2

treatment TM cells also upregulate Connective Tissue Growth Factor (CTGF) and

identified this as a target gene and these molecules could be inhibited by co-

administration of BMP-7, thus suggesting an endogenous regulator of TGF-fB2

signalling in the eye (Fuchshofer et al., 2007). Moreover another antagonist of the

TGF-B superfamily BMP-4 has been found to counteract the effects of TGF-B2

signalling in the TM (Wordinger et al., 2007). Therefore any alteration in BMP-4

signalling would lead to increased TGF-B2 mediated signalling and effects.

Wordinger demonstrated that Gremlin is an antagonist of BMP-4 signalling and

therefore blocks the regulatory effect of BMP-4 on TGF-B2 signalling and

significantly, showed that Gremlin expression is perturbed in diseased TM cells

(Wordinger et al., 2007). Thus suppression of Gremlin signalling would lead to

decreased TGF-B2 effects via regulation of BMP-4 signalling. Indeed Gremlin has

been demonstrated to be important in mediating TGF-B2 signalling effects in

proliferative vitreoretinopathy (Leeet al., 2007). Gremlin has also been demonstrated

to be involved in the sustained activation of fibroblasts into myofibroblasts and

excessive deposition of ECM components in lung fibrosis (Myllarniemiet al., 2008).

Studies using gene expression profiling in TM cells exposed to TGF-B2 and/orits

antagonist BMP-7 found Smad-7 to be differentially expressed and subsequent

silencing of Smad-7 using small interfering RNA (siRNA) and subsequent treatment

of cells with TGF-B2 abrogated CTGF expression; a target gene of TGF-B2

(Fuchshofer et al., 2009). Thus Smad-7 is an inhibitory mechanism to limit local

TGF-B signalling.

1.8.2 TGF-B2 and cytoskeletal modification
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It is clear that TGF-B2 alters many genes and proteins in the TM and can have a

profound effect on ECM deposition but can it effect the TM cytoskeleton? A body of

evidence shows that TGF-B of many isoforms affects cell morphology and actin

dynamics which will have an impact upon cell function (Bolandet al., 1996). It has

been shown in fibroblasts that TGF-B exposure leads to reorganisation of the

cytoskeleton and in particular alpha actin was induced to form stress fibres (Lee et

al., 1999). TGF-B has been shown to induce rapid actin rearrangements with an

increase in lamellipodia in cultured astrocytes (Gagelin et al., 1995). Further research

has shown that the coordinated cytoskeleton rearrangement requires the GTPase

RhoAand Smadsignalling to elicit TGF-B effects (Edlundetal., 2002).

In terms of TM cells the only study so far looked at the effect of TGF-81 on BTM

cell mediated collagen gel contraction and demonstrated that TGF-B1 (not TGF-B2)

increased contraction and that this increased contraction was dependant on

intracellular Ca2+ release and was mediated, at least partly, on RhoA signalling

(Nakamuraet al., 2002). Given the fact that TGF-f2 is the main isoform in the TM

and anterior chamberandthatits levels are significantly elevated in aqueous humour

from POAGandthat it mediates cell morphology via downstream signalling it is

likely that it plays a role in promoting CLAN formation in TM cells.

1.8.3 Aqueous humour

The aqueous humouris produced by the non-pigmentedciliary epithelium ata rate of

2-31/min and it function is to supply nutrients to the avascular lens and cornea and

maintain optimum IOP (Riordan-Eva et al., 2008). The formation of aqueous

humour involves three different mechanisms: diffusion, ultrafiltration and active

transport. Although the rate of production cannot be measured directly in humansit
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can be assumedto be proportional to rate of aqueous humour outflow. Often this is

determined by the introduction of a tracer dye such as fluorescein and measuring its

clearance (flourophotometry) (Jones and Maurice, 1966). The produced aqueous

humourcrosses the pupil before reaching the TM and leaving via Schlemm’s canal

and the episcleral veins. Aqueous humourisa clear fluid that is slightly alkaline pH

7.2 (de Berardinis et al., 1965). Compared to blood plasmait has one ninth of the

protein content, this is due to the blood aqueous barrier (de Berardinis et al., 1965)

and contains aminoacids, ions, pyruvate and glucose. Thefluid also has an unusually

high concentration of ascorbate relative to plasma (Reiss etal., 1986). The reason

for this elevated ascorbic acid is unknown but has been speculated that it is there to

quench oxidation induced by constant exposure to UV radiation from the sun (Reddy

et al., 1998). The total protein composition of aqueous humour is low compared to

serum and mainly contains low molecular weight proteins such as cytokines.

Manystudies have investigated the protein content of aqueous humour in both

normal and diseased states (Tripathi et al., 1989). Indeed, total protein content has

been shown to be higher in POAG samples (Danetal., 2005). Along with increases

in specific proteins including PAI-1 (Dan et al., 2005) (a peptidase inhibitor),

hepatocyte growth factor (Hu and Ritch, 2001), vascular endothelial growth factor

(Huet al., 2002) and TIMPs(inhibitors of MMPs) (Schlétzer-Schrehardtet al., 2003)

multiple inflammatory cytokines are elevated. A recent study hasidentified elevated

concentrations of myocilin in human aqueous humour in POAGpatient samples

(Howell et al., 2010). The cytokine milieu in the aqueous humour may be very

important in disease pathogenesis. Thus there are multiple specific proteins elevated

in aqueous humor along with an increase in total protein in POAG samples when

compared to control, however, they may or may not play a role is disease
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pathogenesis and may simply be a reflection of the disease or a consequence.

Defining individual pathogenic roles for each is difficult and as yet not done. Except

for one protein that is consistently elevated: TGF-B2. TGF-B2 has been studied

extensively and found to play a role in many TMcell functions in vitro and forced

overexpression in mice TM leads to increased IOP. Thus TGF-f2 is a viable CLAN

promoting agent whoseinvestigation is warranted.

1.8.4 Inflammatory cytokines in the aqueous humour

Multiple cytokines are found in the aqueous humour. Among these are the

interleukins (IL) (Liton et al., 2005b). These are classic pro-inflammatory cytokines

secreted by many cells to help orchestrate the immuneresponse.It is known many

interleukins can activate MMPsand IL-1 has been shown to activate MMP-3 in TM

cells (Kelley et al., 2007). And IL-1-a has been shown to increase outflowfacility in

rat eyes (Kee and Seo, 1997). Indeed a diagnostic indicator of glaucomatous TM

cells was defined in an authoritative Nature paper as being Endothelial Leukocyte

Adhesion Molecule-1 (ELAM-1) (Wang et al., 2001). ELAM-1 expression is

dependent on IL-1 activation through Nuclear factor KB (Nf-kB) transcriptional

activation andlinksa ‘stress response’ (Wanget al., 2001). This may be beneficial

but sustained activation maynot.

1.8.5 Apoptosis

There is an appreciable loss of TM cells that occurs with increasing longevity

(Grierson and Howes, 1987, Alvaradoet al., 1984) and estimates put the reduction of

viable TM cells at 6000cells/year (Grierson and Howes, 1987). In addition to the

obvious decline in cellularity with age there is also further cell depreciation in

glaucoma. Whether the scarcity of cells in the glaucomatous meshwork is due to
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accelerated age-associated loss, a side effect of chronic medication or a true

pathological apoptotic event is less clear. On the other hand more apoptosis is

associated with glaucomatous than the normal meshwork (Baleriola et al., 2008)

possibly related to down regulation of glucose related protein 78 (GRP78) (Chaiet

al., 2010) or to Fas activation (Agarwalet al., 1999a). The appreciable loss of TM

cells in both normal ageing and disease may havea functional impact upon outflow

facility and hence IOP.

CLANsmayimpact upon TM cells by inducing apoptosisor byaltering pro or anti-

apoptotic proteins. It is well established that a direct effect of DEX on TM cells is the

production of the glycoprotein myocilin and that myocilin mutation is associated

with POAG. One mechanism maybe that the mutant myocilin sensitises the TM

cells through increased endoplasmic reticulum (ER) stress and oxidative stress-

induced apoptosis (Joe and Tomarev, 2010). This gives the rationale for studying

CLANsin the context of cell death.

Cell death is often described dichotomouslyaseither necrosis or apoptosis. Necrosis

is a form ofcell death that is characterised as lacking the usual features of apoptosis

and autophagy. Cell necrosis is characterised by cell swelling affecting both

cytoplasm and nucleus with subsequentcell lysis-this results in parts of the cell

exposed extracellular and only small parts are internalised by macropinocytosis by

other cells. Apoptosis on the other hand is a described as an active, programmed

process of autonomouscellular destruction that avoids eliciting inflammation (Rich

et al., 1999). Morphological examination can distinguish apoptosis from necrosis.

Apoptotic cells have a characteristic set of events that initiates with shrinking of the

cytoplasm and nuclear condensation (pyknosis), membrane blebbing and formation

of apoptotic bodies (Coleman et al., 2001). Over the past twenty years apoptosis
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research has exploded due to the fact that alterations in the pathways underpinning

the process may underlie many commondiseases. Modulation of apoptosis could

augment several disease processes, therefore making it an attractive viable drug

target.

1.9 The Glaucomas

The glaucomas comprise a group of diseases characterised by progressive optic nerve

damage subsequent to retinal ganglion cell loss which may or may not be in

association with raised IOP leading to visual loss (Kerrigan et al., 1997, Quigley et

al., 1995). However, there are many different types of glaucoma, which can be

primary or secondary, but the retinal ganglion cell loss seemsto be the final common

pathway in possibly diverse etiological pathways. Glaucoma can beclassified in

many different ways, primary or secondary, by age of onset or by open and closed

angles.

1.9.1 Epidemiology ofPOAG

POAG encompasses a spectrum of disorders characterised by optic nerve cupping

and visual field loss in eyes with open drainage angles. Glaucomais the leading

cause of blindness worldwide (Quigley, 1996, Quigley and Broman, 2006) after

cataract (figure 1.10). With an estimated 45 million people with POAG (Quigley and

Broman, 2006) worldwide in 2010 and by 2020this is expected to increase to 58.5

million. Almost half of these people will reside in Asia, while 24% will be European.

The mean prevalence is estimated to be 1.96%. Women are expected to comprise

>55% of those with POAG;presumably dueto their increased longevity compared to

men. In the United States of America the overall prevalence of POAGin individuals

>40 years old is 1.86% equating to around 2.2 million people. However variation
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occurs between populations also it has been recognised for some time that 50% or

more of POAG cases in any given community are not diagnosed (Hollows and

Graham, 1966). From the perspective of the person with the disease the impact of

visual loss can be devastating.

 

@ Cataract @ Glaucoma @ AMD*

@ Cormeal Opacities @ Diabetic Retinopathies @ Childhood Blindness

i@ Trachoma i Onchocerciasis w Others

Figure 1.10 Global causes of blindness as a percentage of total blindness in 2002.
*AMD: Age Related Macular Degeneration. Adapted from the World Health
Organisation Global data on visual impairment document 2002. Glaucoma is the
single largest cause of blindnessafter cataract worldwide.

1.9.2 Risk factors for POAG

There are a numberofrisk factors for the development and progression of POAG

including IOP, age, family history and race. One of the most importantis raised IOP.

Several studies have confirmedthat reduction of IOP at any point along the spectrum

of disease severity reduces disease progression (Andersonet al., 2001, Drance etal.,

2001, Heijl et al., 2002). The evidence for causal association between IOP and

POAGis robust. Indeed the Ocular Hypertensive Treatment study showedthat, in

patients with no clear optic nerve damage and normalvisual fields but an increased

intraocular pressure (>24mmHg), progression to POAG wasreduced from 9.4 to 4.4

% over five yearsif the intraocular pressure was reducedbyat least 20% (Kassetal.,
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2002). Such a small reduction of 20% in eye pressure lead to a decrease in POAG

progression, therefore showing the importance ofintraocular pressure as a risk factor

for POAG. A ‘high’ intraocular pressure is arbitrary based on the distribution of

intraocular pressure in the population. 21mmHgis traditionally used as the cut-off

point as this represents the mean (16mmHg), plus two standard deviations. In the

Baltimore eye survey, the prevalence of POAG increased with intraocular pressure

(Sommeret al., 1991). Indeed those with an intraocular pressure <1 5mmHgoverall

compared to those with an intraocular pressure >35mmHgthe prevalence of POAG

was30 times higher than of the former (Sommeret al., 1991).

Several studies consistently show that age is a risk factor for POAG. Onestudy

showedthat in people aged 43-53 the prevalence of POAG was0.9% andthat this

prevalence was 4.7% in people aged 75 or older (Klein et al., 1992). Indeed the Blue

Mountains eye study determined an exponential increase in POAGprevalence with

increasing age (Mitchell et al., 1996). Moreover, the overall prevalence figures for

POAGincreased from 0.2% (95% CI: 0.16, 0.24) in the age group of 55-59 years of

age to 3.3% (95% CI: 2.57, 4.04) in the age group 85-89 years of age (Dielemanset

al., 1994). This increased risk factor with increasing age has been demonstrated in

other populations including Japan (Aikoet al., 2004).

Family history is another majorrisk factor for POAG development.In the patterns of

POAGin the Barbados eye study, 30% of the probands (the affected person of the

family) studied had one relative with POAG and 10% had two or morerelatives

affected (Leske et al., 2001). The Baltimore eye survey also showedan higherrisk of

POAGfrom positive family history of POAG (Tielsch et al., 1994). The increased

risk of developing POAG in family members likely is the result of a genetic

abnormality.
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Ethnicity has an impact on the development of POAG. The Barbados eye study

demonstrated the importance of race on POAG.This large study showedthat the

prevalence of POAG was 7% in black, mixed-race 3.3% and 0.8% (1/133) in white

participants (Leske et al., 1994). Indeed this study also demonstrated that in the 40-

49 year POAGgroupthe observed prevalence wassimilar to that seen in much older

white populations (Leske et al., 1994). Andin the older age groups there were large

increases in prevalence of POAG that reached 25% in the oldest age group 80-86

years old. The racial difference was also demonstrated based on data from the

Baltimore eye study they clearly demonstrated that the prevalence among black

Americans was four to five times time higher compared to whites (Tielsch etal.,

1991). Not only wasthe overall prevalence higher among blacks compared to whites

but they began at an earlier age andaffected 1 in 10 ofthe black population aged 70

or older (Tielsch et al., 1991). Indeed dueto the increasing longevity of the human

race there is going to be an increased prevalence of POAG. Moreover developing

countries seem to be disproportionately affected (Heet al., 2005). This will result in

a major public health problem. The disease is asymptomatic until its advanced stages

whenthe patient may be awareofthe peripheral visual field loss and this addsto the

problem.

The public health consequences of POAGare large and significant and whilstit is

well established that retinal ganglion cells are the final cell type that ultimately

perishes in POAGthe lesion likely occurs upstream of this. The pathophysiology of

POAGis poorly understood and increased IOP is the most significant risk factor

known and deathofthe retinal ganglion cells is the common end point. Significant

research and effort has been focussed on so called ‘’neuroprotection’’ in POAG (as

well as other neurological diseases) at the cost of the underlying pathology. This
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pathogenic insult may occur in the TM,the site of outflow resistance and offers a

new therapeutic option in the armoury. CLANscould, if pathogenic, be targeted and

alterations in cytoskeleton dynamicsare likely temporal and spacial. CLANsare not

an artefact of cell culture and have been found to be expressed in BTM cells and

intriguingly by aqueous humour. Thus a factor or factors present induces such

cytoskeletal architectural rearrangement.

There are a numberof questionsstill to be answered about CLANsandthis research

has set out to determine those using an established model ofTM cells.

1.9.3 Aims ofthis thesis

The aimsofthis thesis are:

To determine a functional consequence of CLANs; specifically contraction.

To determine is CLANsare associated with apoptosis of the BTM cells

To find inducers of CLANsother than DEX

To find any inhibitors of CLANs

To determine if biomechanicalstimulation results in CLANs

To determine if CLANSsare associated with an adaptive response

To determine if CLAN containingcells are associated with a polarised phenotype

To determine if CLANs and temporary geodesic actin arrangements are one and the
same thing
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2. Methods

2.1 Isolation of primary cultures

Bovine eyes reached our laboratory onice from local abattoir and the globes were

washed in Dulbecco’s Phosphate Buffered Saline (DPBS) (Sigma) containing

antibiotic solution (penicillin and streptomycin) (100U/ml). They were dissected

within 24 hoursofarrival to provide strips of TM tissue which servedas explants for

primary culture. Briefly, each globe wascut in half and the lens was removed from

the anterior segment in a sterile hood. This segment was further divided into

quadrants and each positioned with the cornea facing down. Theiris was carefully

reflected backwards so that the chamber angle was exposed. The BTM is extensive

and usually it is heavily pigmented sothat it is easily visualised under a dissecting

microscope (Grierson et al., 1985b). The micro-dissection process is far less

demanding than for the successful removal of HTMstrips (Polanskyet al., 1979b).

Ultra-fine forceps (Agar Scientific, UK) and razor blade knives (made from

Wilkinson Sword razor blades) were used to extract strips of BTM.The strips were

placed in tissue culture flasks and evaluated after 24 hours. In all situations the BTM

cells were grown in Dulbecco’s Modified Eagle Medium (DMEM) (Sigma)

containing 10% (vol/vol) heat inactivated Fetal calf Serum (FCS), 2mM L-

glutamine, penicillin (100 U/ml), streptomycin (100 pg/ml) and fungizone

(amphotericin B - 2.5 ug/ml) (all from Life Technologies, Scotland) at 37°C in a

humidified atmosphere of 95% air and 5% CO, with change of medium twice per

week. Cells were cultured in 75 cm? vented cell culture flasks to allow diffusion of

air and CO, (Corning, UK). The cells were regularly checked for dead floating,

nonadherant cells. BTM cells were trypsinized (0.25% trypsin and 0.02% EDTA)
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(Gibco), passaged at split levels of either 1:3 or 1:5 and established cultures at 3rd to

8th passage were used routinely throughout (Griersonet al., 1985b).

2.1.1 Modulation of FCSlevels

In some experiments the cells were grown in DMEMsupplemented with only 0.5%,

1% or 10% FCS, 2mM glutamine, penicillin (100U/ml), streptomycin (100 pg/ml)

and fungizone (amphotericin B — 2.5ug/ml). These experiments were to determine

the effect of differing levels of FCS in the cell culture media upon CLAN incidence

and so the lowest concentration of FCS could subsequently be used throughout.

2.2 Preparation of 3D collagen matrices

It is over thirty years since the introduction of a new in vitro model of contraction

and woundhealing, the fibroblast-populated collagen lattice (Bell et al., 1979). The

introduction of cultured fibroblasts into a 3D collagen matrix leads to the eventual,

dynamic reduction in size of that matrix caused in part by the reorganisation of the

cellular matrix (Bell et al., 1979). This extracellular matrix remodelling is measured

by the reduction in area of the populated cell lattices over time. This gives an

excellent in vitro modelfor cellular contraction and wound healing and contractionis

dependent on subcellular actin for cell-mediated contraction. Collagen matrices were

prepared with rat tail type I collagen (Sigma, UK) at 5 mg/ml in 0.1% (vol/vol)

glacial acetic acid stock solution (VWR, UK). To prepare a collagen matrix at a final

concentration of 1.5 mg/ml for each assay, 2.1 ml of concentrated culture medium

(15 ml of 10x MEM,35 mlsterile distilled water, 1.5 ml penicillin/streptomycin, 1.5

ml glutamine, 1.5 ml fungizone, and 3 ml of 7.5% (vol/vol) sodium bicarbonate) was

added to 3.6 ml of collagen solution at 4°C. To this mixture, 0.9 ml of serum

containing the appropriate amountof cells was added andto raise the pH drop wise
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addition of 10ul NaOH wasaddedto the whole mixture. Gel contraction studies were

performed in 24-well plates in which each well received 0.25 mlofthis final mixture

(Sterilin, Stone, UK) and then was transferred to a humidified 37°C, 5% CO>

incubator where the matrix set within 1 minute. After 10 minutes the matrices were

overlaid with 1ml (24 well) of complete medium with or without DEX 107M,

detached from the base using sterile pipette tip and floated. At set time points the

matrices were measured using Image J software (NIH available at:

http://rsb.info.nih.gov/ij/index.html) after taking a digital photograph of the matrices.

Different cell densities were initially examined to determine optimum concentration.

2.2.1 Preparation of 2D collagen matrices

Collagen matrix formation followed the above protocol except 0.9 ml ofcell-free

FCS was used in the matrix formula. After matrix formation, cells were seeded onto

the matrix in complete media with or without the addition of DEX 107M and

allowed to settle for 30 minutes in the incubator. Matrices were then detached,

floated, and returned to the 37°C incubator. At set time points the matrices were

measured using Image J software (NIH available at:

http://rsb.info.nih.gov/ij/index.html) after taking a digital photograph ofthe matrices.

Differentcell densities were initially examined to determine optimum concentration.

2.2.2 F-actin staining of collagen matrices

Collagen matrices were removed from the wells and fixed in 10% Neutral Buffered

Formalin (10% NBF) for 3 hours after which time they were washed in Phosphate

Buffered Saline (PBS) for 1 hour with gentle agitation. Matrices were then

permeabilised with 0.1% Trition-X 100, washed and incubated with 1% Bovine

Serum Albumin (BSA) in Tris-Buffered Saline (TBS) pH 7.6 overnight at 4°C after
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which they were stained with Phalloidin Alexa-488 (Invitrogen) 1:40 for 2 hours,

washed 3 times with TBS, mounted on a slide with mounting media (Vectashield)

and coverslipped. Images were taken using a laser scanning confocal microscope

(Biorad MRC 600 Confocal) using either a X40 objective or X60.

2.3 Trypan blue

1x10° BTM cells per flask were seeded into T75 tissue culture flasks and grown to

complete confluence after which time cells were washed twice with warm PBSand

then medium supplemented with 1% FCS in complete medium containingeither

DEX 10M, TGF-B2 2ng/ml (R&D Systems, UK) or medium alone was addedto the

cultures. At the indicated time points shown the cells were trypsinized (0.25%

trypsin and 0.02% EDTA), resuspended and an aliquot of 500ulofcell suspension

was added to 1001 of 0.4% trypan blue, mixed and allowed to stand for 5 minutes.

After which cells were counted using a hemocytomer. Under a microscope cells were

counted: live cells exclude the dye, whereas dead cells are stained blue. Live cells

and dead cells were counted and expressedas percentageviability.

2.3.1 (3-(4,5-Dimethylthialthiazol-2-yl)-2,5-diphenlytetrazolium bromide MTT

BTMcells were seeded into 96 wells at 1x10*/well and after 24 hours DEX, TGF-B2

or control was added to the wells. At set time points, 20u1 of MTT (5mg/ml) was

added to the wells and incubated at 37°C for 4 hours after which time the crystals

were solubilised by addition of 2001 of Dimethyl Sulfoxide (DMSO) to the wells

and left at room temperature for 5 minutes. The absorbance was then measured at

570nm using a spectrophotometer. This assay works on the basis ofliving cells

reducing the yellow substrate to a purple formazan through the activity of

mitochondrial enzymessuch as mitochondrial reductase.
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2.3.2 Cellular apoptosis assay

BTMcells were seeded at 1x10*/ cells per well in four-well Lab-Tek chamberslides

that allow immunovisulaisation (Nunc), when they reached confluence cells were

incubated with DEX 107M, TGF-B2 2ng/ml or control medium andatthe set time

periods fixed in 10% NBF for 30 minutes. Fixed cells were then washedthree times

with PBSafter which Propridium Iodide 1ug/ml (Sigma) was added for 15 minutes,

cell were then washed with PBSthree times before mounting medium (Vectashield)

was added and coverslipped. Cells were imaged using confocal microscopy. Cells

were quantified by nuclear staining and apoptotic cells identified by shrunken

nuclear condensation and expressed as % apoptotic cells.

2.3.3 Annexin-V staining

Loss of plasma membrane asymmetry is a universal phenomenon in apoptosis. This

assay works on the basis that apoptotic cells express phosphatidylserine (PS) that is

normally kept onthe inner leaflet of the membrane, however, whenthe cell becomes

apoptotic this translocates to the outer leaflet and can bind Annexin-V, therefore

making Annexin-V sensitive assay for apoptosis (Vermeset al., 1995). BTM cells

were cultured in T75 flasks and when confluence was reached DEX 10°’M, TGF-B2

2ng/ml or control was incubated with the cells. At the set time points the cells were

trypsinised (0.25% trypsin) and resuspended at 1x10°/cells/ml with Annexin-V

binding buffer 10mM HEPES, 70mM NaCl, 1.2mM CaClpH 7.4 (Invitrogen) and

Sul of FITC-Annexin-V was added along with 10ug/ml of Propridium Iodide and

incubated in the dark for 15 minutes at room temperature after which 400u1 of

Annexin-V binding buffer was added and mixed. Fluorescence was measured at

530nm and 580nm using Flow Cytometer (FACS,Becton Dickson).
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2.3.4 Caspase 3 Immunocytochemistry

BTM cells were seeded in Lab-Tek (Nunc) slides at 1x10*/cells per well, after

reaching confluence cells were incubated with either DEX 10°’’M, TGF-f2 2ng/ml

(R&D systems) or control and at set time points fixed with 10% NBF. Cells were

then washed in TBS and permeabilised with 0.1% Triton X-100 (Sigma, UK) for 5

minutes, washed in TBS 0.1% Tween 20 and incubated with 5% Normal goat serum

for 1 hour, washed with TBS 0.1 % Tween 20 and incubated overnight with Rabbit

Anti-caspase 3 antibody (Abcam Ab13847) 5yg/ml. Cells were then washed with

TBSthree times and incubated with Goat anti-Rabbit Alexa-488 antibody (1:200

dilution) for 1 hour at room temperature, washed three times with TBS 0.1% Tween

20 in 0.05% BSA (wt/vol). Negative control was with the primary antibody step

omitted. Cells were then incubated for 15 minutes with Propridium Iodide 1g/ml

and washed with TBS 0.1% Tween 20. After this mountant was added andthe slides

coverslipped. Cells were imaged using a confocal microscope using X20

magnification (Biorad)

2.4 CLANidentification

BTMcells were seeded in four-well Lab-Tek slides (Nunc) at 1x10*/cells per well

and once confluent DEX 10°’M, TGF-B2 2ng/ml (R&D systems) or control was

addedto the cells for up to 14 days. Cells were fixed in 10% NBFatset timepoints,

cells were permeabilised with 0.1% Triton X-100 for 5 minutes and incubated with

phalloidin Alexa-488 (Invitrogen) 1:40 for 40 minutes in TBS 0.1% Tween20,cells

were then washedthree times with TBS 0.1% Tween and incubated with Propridium

Iodide 1ug/ml for 15 minutes after which the cells were washed three times with

TBS 0.1% Tween 20 and mounted with a coverslip. Cells were quantified for

51



CLANSusingourrigorousdefinition of at least five hub points and three triangulated

arrangements of spokes (Wadeet al., 2009) using confocal microscopy (Biorad MRC

600 Confocal). This was performed in at least eight different fields of view within

each well andat least four wells per treatment group under examination.

2.4.1 TGF-B-induced CLANinhibition experiments

BTMcells were seeded at 1x10*/cells per well in Lab-Tek chamberslides in DMEM

containing 10% FCS. Once confluence wasreachedthe cells received either TGF-B2

2ng/ml, TGF-B2 & SB-431542 10uM (Tocris bioscience), TGF-B2 & LY-364947

20uM (Tocris bioscience) or anti-TGF-B2 neutralising antibody 1.4ug/ml (R&D

Systems) for up to 7 days in DMEMcontaining 1% FCS.In separate experiments

cells were treated with TGF-B2 2ng/ml, or TGF-B2 & SIS3 25uM (selective Smad3

inhibitor) or SIS3 25uM alone for up to seven days. On the seventh day cells were

fixed with 10% NBF and permeabilised with 0.1% Triton X-100 for 5 minutes and

incubated with phalloidin Alexa-488 (Invitrogen) 1:40 for 40 minutes in TBS 0.1%

Tween 20, cells were then washed three times with TBS 0.1% Tween and incubated

with Propridium Iodide 1ug/ml for 15 minutes after which the cells were washed

three times with TBS 0.1% Tween 20 and mounted with a coverslip. Cells were

quantified for CLANsusing our rigorous definition of at least five hub points and

three triangulated arrangements of spokes (Wadeetal., 2009) as previously outlined

above.

2.5 Western Blotting

Proteins are separated on the basis of size in SDS-PAGE performed under reducing

conditions (Laemmli, 1970). The polymerisation of acrylamide is initiated by the

addition of ammonium persulfate and the base N,N,N’,N’-
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Tetramethylethylenediamine (TEMED). TEMEDcatalyses the decomposition of the

persulfate ion to give a free radical which initiates the polymerisation reaction.

Proteins are separated by their size. Smaller proteins pass more easily through the

pores of the gel. Larger proteinsare retarded byfrictional resistance. Proteins were

transferred to a nitrocellulose membrane by means of a current. Proteins bind

irreversibly and can be probed. BTM cells were cultured in T75 flasks until

confluent. Once confluence wasreached cells received either nothing; or SIS3 25uM

for one hourprior to the addition of TGF-B2 2ng/mlto the SIS3 pre-treated culture or

normal media culture for 2 hours. After 2 hours incubation cells were washedin ice

cold PBS and then lysed in lysis buffer containing 1% SDS and protease and

phosphatase inhibitor cocktail containing EDTA (Sigma), subjected to 5 seconds

sonication and then protein determined using the bichoronic acid method to confirm

protein levels for protein standardisation among lanes. 25ug of total protein lysate

was subjected to 12% PAGE at 120V for 3 hours (Bio-rad mini protean II). After

electrophoresis the proteins were transferred to a nitrocellulose membrane by wet

transfer. The subsequent nitrocellulose membrane was washed in Tris-buffered

Saline with 1% Tween (TBS-T) and then blocked overnight in 5% (wt/vol) BSA in

TBS-T at 4°C with slight agitation. The next day the membrane was washed three

times x5 minutes and incubated with Rabbit anti-phosphosmad-3 antibody (Abcam

Ab51451) 1:500, which recognises the phosphorylated form of Smad-3 only, in 5%

BSA for 1 hour and then washed in TBS-T three times and subsequently incubated

with Goat anti-Rabbit secondary antibody labelled with horseradish peroxidase

(1:15000 dilution) for 1 hour at room temperature. Finally the membrane was washed

three times with TBS-T and immersed in TBS before the addition of the ECL
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chemiluminesent substrate (Pierce, UK). The bands were visualised using a chemi-

doc image system (Biorad, UK).

2.6 Aqueous Humourexperiments

Bovine aqueous humour was removed from bovine anterior chambers that had

arrived as whole globes from a local abattoir within 3 hours stored on ice. A sterile

25-gauge needle was inserted into the eye and a Iml syringe was attached and

aqueous humour was drawn from the anterior chamber using the syringe as

previously described and great care was taken to avoid iris contact (Hoggetal.,

1995b). Between 600-700u1] of aqueous humour from each eye wasretrieved and

pooled immediately into siliconised tubes, immersedin liquid nitrogen and frozen at

-80°C. Storage for up to a year was found to have minimal effect on aqueous humour

CLAN promoting ability. Undiluted bovine aqueous humour was found to be an

ineffective sustaining media so we therefore decided to dilute the isolated aqueous

humour 1:1 with media. BTM cells were seeded at 1x10* /cells per well in four-well

Lab-Tek chamber slides. Once confluence was reached cells received Bovine

Aqueous Humour diluted 1:1 (vol/vol) with DMEM in 1% FCS or Aqueous Humour

supplemented with anti-TGF-B2 antibody 1.4ug/ml (Sigma) or standard tissue

culture medium supplemented with anti-TGF-B2 antibody 1.4ug/ml for up to 7 days.

At 3 and 7 days the cells were fixed in 10% NBF andstained for CLANs and

quantified as outlined previously in this thesis.

2.6.1 Decorin experiments

BTMcells were seeded at 1x10*/cells per well in four-well Lab-Tek chamberslides.

Once confluence was reached cell were incubated with recombinant decorin (R&D

systems) at Ing/ml, 500ng/ml or 25ug/ml for up to 7 days and fixed and stained for
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CLANsas previously outlined. After finding the higher concentration induced an

effect 25ug/ml recombinant decorin was used and incubated with confluent BTM

cells for up to 7 days or vehicle control which contained 0.04uM HCLasthefinal

concentration in the medium. After seven days incubation cells were fixed and

stained for CLANSas above.

2.6.2 Cyclic Mechanical stretch

The TMis under constant mechanicalstretch so wetried to recreate that environment

by using a cyclic mechanical stretch to mimic the in vivo situation ofpulsatile stretch

and relaxation using a computer regulated bioreactor. The cells were seeded on an

elastomer base which, because of hydrophobicity, had to be coated with an

extracellular matrix. Initial investigation used Laminin. In the end we used

fibronectin coatedsilicone membranesin six-well plates (Flexcell™). See figure 2.1
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Figure 2.1 Flexcell™ mechanical stretching system. This image shows. the
components of the mechanical stretching device including the computer operating

system and the base plate with the silicone elastomer based six well plates. Does not

show the vacuum pump needed for the force generation required to drive the air
vacuumto stretch the elastomerbase.

BTM cells were seeded at 1x10° cells/well in six well plates coated with the

substrate. Once the BTM cells reached confluence they were treated with either

nothing (control) or DEX for 14 days. After 14 days culture post confluence with

either control or DEX 10°’M the plates were placed onto the Flexcell™ FX5000

system (Flexcell corporation, Hillsburough, NC, USA). This system uses vacuum

pressure to deform to flexible-bottomed culture plate yielding up to 33% substrate

elongation. The non-stretch Flexcell™ plates were placed in the housing but did not

receive mechanical stretch. However, the other plates DEX and control received

cyclic mechanical stretch of 10% elongation 1Hz for a period of 12 hours. This

regime of stretch was chosento replicate the pulsatile mechanical forces found in

vivo (Coleman and Trokel, 1969, Johnstone, 2004). After 12 hours of cyclic

mechanical stretch media was removed andstoredat -80°C for later analysis and the

cells were immediately fixed in 10% NBFfor 1 hour. Cells were then washed twice

with TBS and the membrane was removedusing a corneal trephine usually used for

taking corneal buttons. This was found to remove the membrane quite nicely with

limited disruption. The removed membranewasplaced onto a glassslide and stained

for CLANSas previously described except there was an extra wash step with TBSat

the end before the mountant was added.

2.6.3 TGF-B2 quantitation

Once the cells had been stretched the conditioned medium was removed and

analysed for TGF-B2 content using ELISA (R&D Systems, UK). This ELISA kit

measures active and not ‘latent? TGF-B2 therefore giving a more accurate
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assessment. This assay is a quantitative immunoassay based on a sandwich ELISA.

Medium from the cells was added to polypropylene tubes and to activate the latent

TGF-B2 to the active immunoreactive form 1M HCL was added to each sample

(251) and incubated at room temperature for 10 minutes. After which the reaction

wasneutralised by the addition of 1.2M NaOH/0.5M HEPESbuffer and mixed well.

This mixture was then added to the wells of the plate and any active TGF-B2 was

bound to the anti-TGF-B2 antibody that is immobilized onto the baseof the plate,

after washing away any unbound proteins an enzyme-linked polyclonal antibody

specific for TGF-B2 was added. After another washto clear any unbound antibody-

enzyme reagents a substrate is added and any colour change is proportional to the

amount of TGF-B2 present in the initial step. This was then measured on a

spectrophotometer (Sterlin). The amount of TGF-B2 is quantified against known

standards using a standard curve.

2.6.4 IL-6 quantification

Once the cells had been stretched the conditioned medium was removed and

analysed for Interleukin-6 (IL-6) content using ELISA (R&D Systems, UK). This

assay is a quantitative immunoassay based on a sandwich ELISA. Medium from the

cells was addedto the wells and anyactive IL-6 was boundto the anti-IL-6 antibody

that is immobilized onto the base of the plate, after washing away any unbound

proteins an enzyme-linked polyclonal antibody specific for IL-6 was added. After

another wash to clear any unbound antibody-enzyme reagents a substrate is added

and any colour changeis proportional to the amount of IL-6 present in the initial

step. This was then measured on a spectrophotometer (Sterlin). The amount of IL-6

is quantified against known standards.
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2.6.5 IL-1B quantification

Once the cells had been stretched the conditioned medium was removed and

analysed for Interleukin-18 (IL-1B) content using ELISA (BenderMed Systems,

Austria). This assay is a quantitative immunoassay based on a sandwich ELISA

(Adlbrecht et al., 2007). Medium from the cells was added to the wells and any

active IL-1B was boundto the anti-IL-1B antibody that is immobilized onto the base

of the plate, after washing away any unboundproteins an enzyme-linked polyclonal

antibody specific for IL-1B was added. After another wash to clear any unbound

antibody-enzyme reagents a substrate is added and any colour changeis proportional

to the amount of IL-1B present in the initial step. This was then measured on a

spectrophotometer. The amountof IL-1 is quantified against known standards.

2.7 Hsp70 quantification

Hsp 70 protein levels have never been quantified in TM cells of any species before

and were hypothesised to be induced after cyclic mechanical stretch. After the BTM

cells were stretched they werelysedin ice coldlysis buffer containing 1% SDS and

protease and phosphatase inhibitors: 1 mM iodoacetimide, 1 mM benzithonium

chloride, and 5.7 mM PMSF (Sigma, UK). After brief sonication the lysate was

quantified for total protein using the BCA method. 25ug of total protein was

subjected to 12% SDS-PAGE.After electrophoresis the proteins were transferred to

a nitrocellulose membrane by wettransfer. The subsequentnitrocellulose membrane

was washed in Tris-buffered Saline with 1% Tween (TBS-T) and then blocked

overnight in 5% (wt/vol) non-fat milk (Marvel) in TBS-T at 4°C with slight

agitation. After overnight blocking the membrane was washed and incubated with

Mouse anti-Hsp70 antibody (Stressgen, Canada) 1:5000 for 1 hour, the membrane
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was washed three times and incubated with secondary rabbit anti-mouse labelled

with Horse Radish Peroxidase for 1 hour at room temperature. Finally the membrane

was washed three times with TBS-T and immersed in TBSbefore the addition of the

chemiluminesent substrate (Pierce). The bands were visualised using a chemi-doc

image system (Biorad).

2.7.1 Nuclear Factor-Kappaf expression

NF-kB is a central transcription factor that is an important regulator of many

inflammatory and tissue stress responses. Lysates after stretch were subjected to

10% SDS-PAGE,transferred to a nitrocellulose membrane and then probed with a

Rabbit anti-Nf-kB p65 subunit phosphorylated on serine276 (Abcam, Ab30623)

1:100 overnight in 5% BSA, after washing the nitrocellulose membrane was

incubated with Goat anti-Rabbit labelled with Horse Radish Peroxidase for 1 hour at

room temperature. Finally the membrane was washedthree times with TBS-T and

immersed in TBS before the addition of the chemiluminesentsubstrate (Pierce). The

bands werevisualised using a chemi-doc image system (Biorad).

2.8 TGF-B2 and mechanicalstretch

BTMcells were seeded at 1x10° cells/well in six well plates coated with the matrix

substrate fibronectin. Once the BTM cells reached confluence they were treated with

either nothing (control) or TGF-B2 (2ng/ml) (R&D systems) for 14 days. After this

time they were treated to cyclic mechanical stretch regime as previously described

and the fixed and stained for F-actin and examined for CLANs.

2.9 CLANSand morphology
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BTMcells were seeded at 1x10* cells/well on glass bottomed Iwaki six well plates

(Iwaki, Japan). This gave superior imaging as the refractive index was better. Pre-

confluent BTM cultures then received DEX 107M, TGF-B2 2ng/ml or decorin

25ug/ml for seven days after which time the cells were fixed with 10% NBF and

then stained with phalloidin Alexa-488, washed with TBS-T and a small circular

coverslip was applied to the centre of the well to cover the indent. The fixed and

stained cells were then subject to fluorescence microscopy through the base of the

glass well in the plate. Selection was always donein fluorescence mode and then the

exact same image wastaken in phase contrast mode. Selection of fields was always

donein fluorescence modeandbased onthe presenceof a cell with a CLAN ora cell

with clear stress fibres only. If the boundary of the cell was clear this was drawn

round with a mouse cursor and measurements were taken using Image J software

(NIH, USA). The cells were categorised as belonging to three distinct shapes

epitheloid (round), spindle (an elongated polarised form) and kite shaped cells

(polarised with a distinct triangular head, polygonal). Circularity was calculated in

image J (NIH, USA)byusingthecircularity measurementafter tracing the perimeter

of the cell. A circularity of 1 indicates a perfect circle, as the value approaches 0.0 it

indicates andincreasingly elongated polygon. Thecircularity is calculated from the

formula: 4x(area/perimeter’).

2.9.1 Time lapse imaging ofTM cells

Cells were seeded onto glass bottomed Iwaki six-well plates (Iwaki, Japan) and then

treated with DEX 107M, TGF-B2 or decorin 25ug/ml for 7 days after which the

plates were placed into a microscope holder inside an incubator that controlled the

temperature (37°C) and live phase contrast images of the BTM cells within the

culture dish were recorded over20 hourperiod using a Zeiss microscope with a X20
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objective. This was performed using a microscope stage that was programmedto

take an image every 60 seconds in a defined area of the well of the six-well plate.

After the taking of one image the microscope stage would move to anotherpre-

defined area of the well and image another area and so on until the end of the 20 hour

filming period that we had programmed. At the end of the experiment the images of

the different areas of the well from each time point had to be ‘‘pieced together’’ to

form a video time lapsed movie. This was performed by the use of Image J (NIH,

USA)software to combine the separated images from the previous experimentinto a

movie. The stage was ‘drifting’ slightly due to rudimentary equipment, however,this

only became a problem after 20 hours in initial experiments to optimise and as such

no lime lapse ever went over 20 hoursof filming. Thusthe drift was not an issue. At

the end of the phase contrast filming period the cells were fixed in 10% NBF and

stained according to previous method and a coverslip mounted in the middle of the

indent. After staining the cells were analysed on the basis of clear fluorescent

staining, their appearance waseasy to classify and they could be followed without

confusion for the entire filming period evolution.

Wethen looked at the three classifications of cell shape and followed their life

history in the culture. An arbitrary scale for locomotion of the cells was employed

where M* cells moved at 4um/houror less, M** reached up to 12um/hour, whereas

above that M*** cells were faster still and some could reach a movementrate of

25um/hour for short periods, M**** is for cells that moved extremely quickly in the

culture. The speed of the cells movementin culture was calculated by following its

movement and measuring the distance over time knowingthescaleofthe area.
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2.9.2 Resettling experiment

BTMcells were grown to confluence and then trypsinised and resuspended in 1ml of

complete culture medium containing no CLAN inducers. Cells were agitated and

seeded onto four-well Lab-Teks in complete media containing no exogenousagents.

The definition of CLANSsisoften in a confluent culture so here after only 1, 2, 4 and

6 hours of culture on the substrate BTM cells were fixed and stained for F-actin as

above and imaged using confocal microscopy to determine differences between

‘settling’ actin patterns and stable cultured cells that had reached confluence

previously using confocal microscopy. The rationale behind this experiment is that

CLANsare often defined as being only in confluent TM cell cultures and often, after

exposure to a specific glucocorticoid. However, others have shown that CLAN-like

structures are foundin freshly plated cultures after only one hourofculture (as they

adhere to the tissue culture substrates) cells were found to express structure that

clearly resembled CLANs. The questionis are these structures, although superficially

similar to CLANs, really the same thing? This experiment set out to determine the

answerto this question.

2.9.3 PCR Array

To identify possible signalling pathways Reverse Transcription (RT) PCR array

profiling was performed. BTM cells were cultured either with nothing (control) or

TGF-B2 2ng/ml for seven days after which cells were harvested and RNAcollected.

lug of BTM RNA wasreverse transcribed using reverse transcriptase and the

subsequent cDNA samples were loaded onto a RT? PCR array for Human TGFB

BMPsignalling pathway (SABiosciences). This RT? profiler array profiles the

expression of 84 genesrelated to signal transduction in the TGFB BMPpathway.
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3. Results

3.1 Morphological characterisation

The BTMcells grew vigorously from the explants and were predominantly bipolar

although epithelioid and kite shaped cells were also to be found in the cell

outgrowths(figure 3.1). At confluence the cells were somewhatflattened and formed

a monolayer with a minimum of overlapping between cells. The BTM cells grew

well in standard culture conditions and at confluence couldbesplit up to 1 in 16 and

usually reached confluenceafter 1 to 2 weekssimilar to (Grierson et al., 1986). There

is no specific surface maker to date for TM cells and hence we could not use

immunocytochemistry to characterise the cells.

3.2 Collagen contraction models

Collagen contraction models were used to determine cellular contraction ofthe cells

in both a 3D and 2D environment. This is an accepted model of in vitro contraction

(Bell et al., 1979). Tissue contraction is a dynamic event characterised by both

intracellular and extracellular events. A range of cell densities were initially

employed to determine the optimum concentration. It was noted that compared to

fibroblasts these cells are not as contractile and myofibroblasts are far more

contractile cells possibly due to an increase in a-smooth muscle actin content.

Contraction of the collagen matrices is both cell and sometimes serum dependant

with tractional forces generated by the cells themselves. It was determined that the

best model of cell contraction was when ~50% of the area of the matrix was

contracted after 7 days in culture medium,allowing the sensitivity of the assay to

determine subtle differences in area of the matrices. Figure 3.2 shows that the
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appropriate cell density for seeding was 3x10° cells/ml of matrix for 3D collagen

matrices. Therefore, subsequent experiments where performed at this cellular

density. Figure 3.3 shows that in 2D matrices 10x10* cells/ml gave the appropriate

response and were used in subsequent experiments. Cell free collagen matrices did

not contract. The BTM cells were found to form a monolayer on the 2D collagen

matrices and this monolayer was not apparent in the 3D collagen matrices; the 3D

matrices had dendritic like processes emanating from the cells in a finger-like

manner. This may be the reason for the increased contraction due to functional gap

junctions in the 2D matrices.

 
Figure 3.1 Phase contrast image of primary BTM cells. Preconfluent after four days

in standard culture conditions. Cells are predominantly bipolar. Scale bar = 20um.
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Figure 3.2 Contraction of BTM cells in 3D collagen matrices. Graphillustrating
BTM cell-populated collagen matrices at different seeding densities of BTM cells/ml
of collagen. Shows both time and dose dependant decrease in area of the matrices.
300,000 cells gave 50% contraction at day 7 and were used for subsequent
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—— 2x10° cells/ml
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experiments. Data presented are the mean +/- S.E.M (N=8 experiments).
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Figure 3.3 Contraction of BTM cells on 2D collagen matrices. BTM cells were
seeded upon collagen matrices at different densities and measured at certain time
points. Graphillustrating BTM cells seeded upon matrices results gave a more robust
contractile response when compared to 3D collagen matrices. Data presented are

3

Time (days)

mean +/- S.E.M (N=8 experiments).
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3.3 Collagen contraction in 3D matrices

After determining the appropriate cell number for contraction experiments 3D

matrices were populated and incubated with and without DEX 107M.This has

previously been determined as the optimum concentration for CLAN induction

(Wadeet al., 2009). The results indicated that there were no significant differences

between DEX-treated BTM cells and control treated cells in the populated matrices

except at day 5 (Student’s t-test). Figure 3.4 illustrates the contracted area of the

DEX-treated and control treated collagen matrices.

3.3.1 Collagen contraction in 2D matrices

The appropriate BTM cell number wasaddedto the surface of the collagen matrices

and incubated with and without DEX 10°’M.In this model inhibition of collagen

matrix contraction was evident at days 5 and 7. It was clear that at day 5 the DEX-

incubated matrices had over 50% inhibition of contraction compared to control and

by day 7 over 70% inhibition of contraction of the collagen matrices had occurred

both P=<0.05 (Student’s t- test). Figure 3.5 demonstrates the inhibition of

contraction is clearly apparent on days 5 and 7. This may be dueto alterations in gap

junctions due to the DEX administration.It is known that DEX upregulates ZO-1 and

occludin expression in endothelial cells (Romero et al., 2003) and also alters gap

junctions in TM cells (McCartney et al., 2006, Zhuo et al., 2010). There was poor

reproducibility with both 2D and 3D collagen gels. This is one of the weaknesses of

the collagen contraction assay.
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Figure 3.4 Histogram showing mean matrix area for BTM populated collagen
matrices either in the presence or absence of DEX 10°’M. BTM cell were populated
in collagen gels that were placed in 24-well plates and measuredat set time points in
the presence or absence of DEX. Data expressed as mean+/-SEM (N=12). There is
no significant difference between DEX-treated and control matrices except for day 3
P=0.029 Student’st test.

68



200

@ Control @ Dexamethasone

150

100

Ma
tr
ix

ar
ea

(
m
m
?
)

50  

 

Time in days

Figure 3.5 Histogram showing mean matrix area for BTM cells seeded ‘on’ collagen
matrices either in the presence or absence of DEX 10°’M.Data expressed as mean +/-
SEM (N=12). There was a significant difference in matrix contraction between
control and DEX-exposed matrices after 3, 5 and 7 days in 3D collagen matrices
(P<0.05).
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3.4 Contraction-inhibited matrices contain CLANs

A logical next step was to demonstrate the presence (or absence) of CLANs within

the collagen matrices. After cessation of the experiment the matrices were fixed and

stained as indicated in the methods section. Figure 3.6 shows a confocal image of a

CLAN ona contraction-inhibited matrix stained with phalloidin-FITC. The ‘hub’

points for CLANSare clearly evident. The left hand side of the image showsanother

CLAN.The prominentpattern in the control matrices that were not exposed to DEX

was that of stress fibres. It was howeverdifficult to image CLANsin the collagen

matrices due to high ‘background’ staining and therefore it should be noted that no

quantitative CLAN incidence within or upon the gels could be performed. Thus

quantitative data regarding CLANsinor upongelsis lacking.
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Figure 3.6 CLANs on a DEX-treated collagen matrix. The 2D collagen matrix was

fixed and stained for F-actin with phalloidin-FITC and visualised using confocal

microscopy. The ‘hubs’ and ‘spokes’ are clearly evident. Scale bar =20um. Arrows
are identifying hub points of the CLANs.
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3.5 Cell viability

3.5.1 Trypan blue exclusion

It was important to evaluate the effect of dexamethasone/CLANsoncell survival as

CLANsmaybeassociated with cell death; therefore we undertook assays to assess

the effect of the glucocorticoid on cellular apoptosis. General morphological

characterisation of cells after treatment, using phase contrast microscopy did not

reveal any gross changes associated with cell death. Trypan blue exclusion was

initially used to determine any gross changesin cell death. Trypan blue works on the

exclusion of the dye when the cell membrane is not compromised and not dead.

Whenthe cell is dead the dye can enter the cells as the membrane integrity is

compromised; however it cannot distinguish between an apoptotic and a necrotic

cell. After treatment with DEX and TGF-f2 (a cytokine that was later found to

induce CLANs) there was no decreasein cell viability. Viability was always over

97% in these culture conditions. This demonstrated that no gross cell death was

occurring basedonthisrelatively insensitive assay (figure 3.7).

3.5.2 MTTassay

The conversion of MTTto an insoluble formazan, which is then solubilised and read

at 570nm spectrophotometrically, is dependent on mitochondrial enzymes to reduce

this and as such is

a

sensitive assay for cellular viability. Figure 3.8 shows that

incubation for up 14 days in culture results in no decrease in cellular viability or

increase in cell number with exposure to DEX and TGF-f2.
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Figure 3.7 Viability of BTM cells over time. BTM cells were cultured to confluence
in tissue culture plastic flasks and then incubated with DEX 10°’M, TGF-B2 2ng/ml
or control media containing 1% FCS and at various time points cell viability was
assessed using trypan blue exclusion dye and expressed as % viability. Data
presented are the mean +SD.Nosignificant difference between anyofthe treatments
was observedat any time point examined (P>0.05) (N=8).
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Figure 3.8 Viability of BTM cells over time assessed by MTTassay. MTTreduction
assay results converted to % viability compared to controltreated cells (100%). BTM
cells where grown to confluence and then treated with DEX 107M, TGF-B2 2ng/ml
or control medium containing 1% FCS andat set time points examined for MTT.
Data presented are the mean +SD (N=10). No significant differences were
determined betweentreated and control groups (P=>0.05).
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3.5.3 Determination of apoptosis

After determining no clear obvious gross changes in cell death, investigations of

apoptosis using morphological and nuclear signs characteristic of apoptotic cell death

were undertaken using the nuclear marker propridium iodide, such as nuclear

condensation. This was pursued ascell loss in POAGis a hallmark ofthe disease and

no investigations to date have found a reason for the cell loss (Grierson and Howes,

1987) and we hypothesised that CLANsare associated with apoptosis. It was found

that very low levels of apoptosis occurred in BTM cells in normal medium in vitro

and nosignificant differences were found between control, DEX or TGF-f2 treated

groups. Although there was a trend towards increased apoptosis, based on

morphological appearance, this was very small and notsignificant (figure 3.9).
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Figure 3.9 Histogram illustrating the % apoptotic cells as determined by
morphological criteria up to 14 days in culture. There is an increase trend of
apoptosis over time in culture conditions, however this is small and there is no
significant difference in apoptosis between treatment groups. Data presented are the
mean+SD (N=12).
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3.5.4 Annexin-V analysis

We next used Annexin-V staining to determine apoptosis as Annexin-V binds to PS

that is flipped to the outside of the membrane, mediated by the enzymeflippase and

as suchis a reliable marker of apoptosis (Fadoketal., 1992). Data presentedin figure

3.10 show an increasing trend of apoptosis over time in culture and there were no

differences between any ofthe groupstested.
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Figure 3.10 Annexin-V positive BTM cells. BTM cells where treated with either
control, DEX 10°’M or TGF-B2 2ng/ml with 1%FCSin the medium for up to 14 days
in culture and examined ateach time point using flow cytometric analysis as detailed
in the methods. There is an increasing trend for apoptotic cells over time however
there is not a significant difference between any treatment groups analysed. Data are
the meant SEM (N=5).
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3.5.5 Caspase 3 staining

Caspase 3 is an execution caspase in the apoptotic pathway therefore we used a

cleaved caspase 3 antibody to determine apoptosis immunocytochemically (figure

3.11). This was found to be a very rare event in any ofthe cultures examined using

the anti-caspase 3 antibody and no differences between groups. On average less than

5% of cells between any of the treatment groups were caspase 3 positive.

 
Figure 3.11 Active caspase 3 activation in an apoptotic BTM cell after exposure to
DEX. BTM cells where grown to confluence in tissue culture plastic wells and then
exposed to DEX 10°’M, TGF-f2 2ng/ml or control in 1% FCSafter whichthe cells
were washed with cold TBS and permeabilised with 0.1% Triton X-100, probed with
anti-active caspase 3 antibody (Syg/ml) andleft overnight after washing cells were
incubated with a secondary antibody labelled with Alexa-488 antibody (green) and
imaged with a confocal microscope. Thegreenis active caspase 3 in the cell nucleus.
Scale bar= 20um

Caspase 3 was also probed using Western blotting techniques and could not be

detected in thesecells using this antibodyas it probably did not recognise the epitope

as the antibody worked for RPEcells that were serum starved.
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3.6 Other CLAN inducers

DEX andother corticosteroids were the only known CLAN inducing agents known

at the outset of this study and so wesoughtto find other CLAN inducing compounds.

3.6.1 Differing serum levels

Varying the amount of FCS in the standard culture medium wasinitially used to

determine the effects on CLAN incidence and so we could use the lowest

concentration of FCS in subsequent experiments. Analysis revealedthat in 0.5% FCS

in our normal culture medium (the lowest concentration used) only 3.7% of BTM

cells at 14 days contained CLANs. Medium containing 1% FCS however, produced

twice as many (7.4%) CLANsand in 10% FCSthere was a furtherincrease to 13.6%

of BTM cells with CLANsat the 14 day time period. Figure 3.12 shows this low

level but progressive and significant (P=<0.05 or better) step wise increase in the

incidence of BTM cells containing CLANs with around a 3 fold increase between

low and standard levels of serum in our culture medium. We used 1% FCSin

subsequent experiments. These CLAN incidences are higher than that seen with

human TM cells and seem to be more sensitive to CLAN induction comparedto that

of human TM and are muchlarger. Routine evaluation of 0.5% FCS cells and 1%

FCS cells using trypan blue exclusion as previously described determined cell

viability to be 94% and 96% respectively. Therefore, showing thesecells to be hardy

andresilient to serum-reduced conditions.

3.6.2 TGF-B2 induction of CLANs
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TGF-B2is a pleotropic low molecular weight cytokine that is highly expressed in the

aqueous humourandincreased levels have been determined in aqueous humour from

POAGpatients (Minet al., 2006, Tripathi et al., 1994b), therefore we hypothesised

that TGF-B2 induced CLANsin BTMcells.
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Figure 3.12 Graph showing that BTM cells incubated in increasing levels of FCS in
vitro produced CLANs. BTM cells were grown to confluence in culture before they
were washed in PBS and the medium replenished with 0.5, 1 or 10% FCS
supplemented medium for seven days after which they were fixed and stained for F-
actin according to methods. There is a significant increase in % CLANs with
increased concentrations of FCS (P=<0.05 between all groups Student’s t test). Data
presented are the meant+SD (N=4).
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Dose response curves with TGF-B2 induced a similar incidence of CLANs from

2ng/ml to 10ng/ml. Therefore the lower endof the response curve was subsequently

used. This concentration also correlates with the reported amount in aqueous

humour. Time response curves showedthat at each time point under examination the

TGF-B2 CLANinduction effect was significantly greater than that produced by an

optimum concentration of DEX (P<0.01) (figure 3.13). After 7 days in culture

around 50% of TGF-B2 exposed cells contained CLANs, which was comparable to

the maximum CLANresponse after 14 days in culture (longer period). Indeed after

10 days exposure to TGF-B2 the CLAN induction was 59% compared with DEX and

control treated cultures and this was very significant (P=<0.01). Figure 3.13 shows

the induction of CLANs over time by TGF-B2 compared to DEX (our “gold

standard” CLAN inducing agent) and a culture medium containing 1% serum but

without any of the other agentsas a baseline control.
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Figure 3.13 Incidence of CLANsafter DEX and TGF-B2 exposure. Graphillustrating
the increase of CLANsover time in BTM cells incubated with the multifunctional
cytokine TGF-82 2ng/ml, DEX 10M or control medium containing 1% FCS.
Significant differences are observed between TGF-B2-exposed cultures and DEX and
also control (P=<0.01) Data presented are the mean +SD (N=4). Atall time points
TGF-B2 is a more potent inducer of CLANsin comparison to DEX.
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These polygonal triangular arrangements of F-actin induced by TGF-B2 incubation in

vitro, could not be distinguished from DEX-induced or indeed, basal medium-

induced CLANsandtherefore it was justified to call them “CLANs”and not CLAN-

like structures. Arrangements of hubs and spokes were variable ranging from

insubstantial structures to very large structures. For quantitative requirements,

reliability and repeatability needs an arbitrary definition of what constitutes the

smallest CLAN. Weestablished the minimum requirement as being five or more

hubs and three triangulated arrangements of spokes radiating from the hubs.

Although we may well have undercounted CLANSsourinter and intra-observererrors

were less than 10%. Figure 3.14 demonstrates a spectacular CLAN induced by 7

days DEX exposure, clearly evident are the polygonal networks occurring in

arrangements of 5 and6 asoutlined in section 1.0. TGF-B2 was capableof induction

of very large CLANterritories where the CLAN extended through a large proportion

of the cell cytoplasm.Territories of 50 or more hubsites were occasionally observed

at the longest exposure times. Figure 3.15 displays a TGF-B2 induced CLAN.

Confocal z-series through CLANs induced by TGF-B2 demonstrated that even the

biggest CLANterritories had relatively little height so CLANsthat occurred in over

3xlpm confocal slices were uncommon. At 14 days incubation with TGF-f2 there

was an increased in CLAN ‘hotspots’ or clusters of CLAN-containing cells in

specific regions within the culture, compared to the more uniform distribution of

CLANswere foundin cultures exposed to DEX. The reason for the CLAN‘hotspots’

is unknown, however, it may represent heterogeneity within the culture.
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Figure 3.14 DEX-induced spectacular CLAN. Demonstrates a spectacular
perinuclear CLAN after seven days exposure to DEX 10°’M.F-actin is labelled with
phalloidin-FITC. The actin ‘hubs’ and ‘spokes’ are clearly visible in triangulated
forms and spans the cytoplasm. Note the BTM cell is ‘epithelioid’ in appearance.
The constituent geodesic units are very obvious. Scale bar= 20um
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Figure 3.15 A large TGF-B2 induced CLAN in a single BTM cell. This image
illustrates the huge network CLAN that is often found in TGF-B2 treated cultures.
The punctate ‘hubs’ and ‘spokes’ are clearly visible with particularly bright ‘hubs’
The BTM cells were cultured for one week with TGF-B2 2ng/ml with 1%FCSafter
confluence was reached andthen fixed in 10% NBF and subsequently stained for F-
actin. Scale bar =20um.
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Thus TGF-B2 treatment leads to a profound CLAN inducing effect in the BTM cells

(as was hypothesised) and the magnitudeofthe induction is larger than that of DEX.

Moreover,although the CLANs were the same phenotypically and indistinguishable

from one anotherthey did appear to span a largerarea of the cellular cytoplasm and

also occur in hotspots or “clusters” of cells in specific regions within the cultures.

The reason for these “clusters” of CLAN-containing BTM cells is unknown but may

be related to small variations in surface topography in the culture plate.

3.6.3 Inhibition of TGF-B2 CLANs using small molecule inhibitors and a

neutralising antibody

To further explore the pathways of TGF-B2 induction of CLAN we used TGF-B

receptor inhibitors, an anti-TGF-B2 antibody that neutralised TGF-B2 and a small

molecule inhibitor of Smad-3 activation. Smad 3 is a transcription factor activated

upon TGF-f signalling. It was shown that TGF-f receptor I inhibitor SB-431542

reduced CLANsto 34% (P=<0.05) and incubation of TGF-f2in the presence of LY-

364947 suppressed CLANsto 31% which wasstatistically significant compared to

TGF-B2 exposure alone (P=<0.05). Combining both inhibitors together to increase

inhibition of TGF-f signal transduction lead to cell death. Also the neutralising anti-

TGF-B2 antibody reduced CLANsto 12%, a reduction in CLAN incidence of over

100% (P=<0.0001). These inhibitors and the antibody wereatleast partially effective

at suppressing CLANincidence. Figure 3.16 shows the reduction in CLANswithall

the agents evaluated.
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Figure 3.16 TGF-B blockade retards TGF-B2-induced CLANs. Histogram showing
the incidence of CLANs with TGF-f2 + receptor inhibitors. Cells were treated with
either TGF-B2, or TGF-B2 & SB-431542 10uM or TGF-B2 & LY-364947 20uM or
anti-TGF-B2 neutralising antibody 1.4ug/ml for 7 days after which the cells were
quantified for CLANs. A statistically significant inhibition of CLAN incidence is
observed with incubation of any of the agents, however, the anti-TGF-neutralising
antibody appears to be more effective at CLAN suppression than the TGF-f receptor
antagonists (P=<0.0001 ANOVA). Data presented are the mean +SD (N=5).
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At higher concentrations the neutralising antibody had deleterious effects on the cells

leading to cell death so the concentration used in this study was never greater than

1.4 ug/ml and exposures were not longer than 7 days but even so a pronounced (5

fold) reduction in CLANswas determined. To check the viability of the cells with

receptor blockade general morphological characteristics were examined in culture at

the end of the incubation period and the cells appeared healthy with no evidence of

cell apoptosis. It was noted however that manycells appeared moreepithelioid in the

TGF-B2treated group. In separate experiments the BTM cells viability was checked

by trypan blue exclusion, as previously described, and foundto be consistently over

97% for both receptor antagonists.

Wefurther examined which pathway CLANswerebeing generated through by using

a specific inhibitor of Smad-3 (Jinnin et al., 2006). TGF-B2 induced CLANs were

totally negated with this pharmacological inhibitor and no CLANscould be found.

This was a total suppression andhighly statistically significant (P=<0.0001). Smad-3

is essential for transducing the TGF-B2 signal into CLANs.Theprevailing pattern of

actin was that of stress fibres running along the axis of the cell which is the

predominant pattern of architectural actin in TM cells. Figure 3.17 shows the data

showing Smad-3 suppression of TGF-B2 CLANs. On morphological examination of

the cells they appeared healthy with no obvioussignsofcell death or cell detachment

from the substrate. Again in separate experimentscells were treated and examined by

trypan blue exclusion and viability was consistently over 96% when incubated with

SIS3. Therefore, the cells where healthy and viable. Figure 3.18 shows the cells actin

cytoskeleton after 7 days treatment with the molecules.
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Figure 3.17 Histogram showing the attenuation of CLANs in BTM cellsin vitro.
Cells were treated with either TGF-B2 2ng/ml, TGF-B2 & SIS3 25uM or SIS3 alone
after 7 days the cells were fixed and stained and CLANs evaluated. There is a
significant difference between TGF-fB2 treated cultures and TGF-B2 & SIS3 and
SIS3 alone (P=<0.001). Data presented are the Mean +SD (N=5).

 

Figure 3.18 Smad-3 phosphorylation inhibits CLAN formation. Representative
immunoflourescent images of F-actin in BTM cells treated in (A) with TGF-f2
2ng/ml and in (B) TGF-B2 2ng/ml & SIS3 25 uM for 7 days. The image in A shows
a clear CLAN with bright fluorescent ‘hubs’and the image in B showsthe pattern
that was found in all cells of actin stress fibres. Scale bar in A= 20um and in
B=15um

88



3.6.4 SIS3 attenuates Smad-3 phosphorylation

After previously demonstrating that the inhibitor of Smad-3 suppressed CLANs we

sought to confirm this by immunoblotting techniques for phosphorylation of Smad-3

as an indication of activation as phosphylated Smad-3 translocates to the nucleus to

alter gene expression for a plethora of genes. Phospho-Smad-3 wasat the predicted

molecular weight of 50 KDa. Figure 3.19 shows that after 2 hours incubation with

TGF-B2 Smad-3 is phosphorylated, and preincubation with SIS3 completely negates

this phosphorylation of Smad-3. We could not perform a loading control due to the

fact the GAPDHantibody did not recognise the epitope from BTM cells and actin

could not be used due to the obviousnature of the experiment.
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Figure 3.19 Representative Western blot of Phospho-Smad-3 in BTM cells from 2
separate experiments. Lane 1 wastreated with control medium, lane two wastreated
with TGF-B2 2ng/ml, lane 3 was pre-treated for one hour with SIS3 then incubated
with TGF-B2 2ng/ml for 2 hours, lane 4 received SIS3 alone. Lanes 5, 6, 7 and 8
represent the same treatments but from a different culture. The cells were treated as
in the methods, lysed and 25g of total protein was resolved using 10% PAGEand
transferred to a nitrocellulose membrane after which the membrane was probed with
a phospho-specific anti-Smad-3 antibody overnight before incubation with a
secondary antibody labelled with HRP and exposed using chemidoc imageanalysis.
It is clear that Smad-3 is phosphorylated after TGF-B2 exposure and pre-treatment
with SIS3 negates this phosphorylation and activation.
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3.6.5 CLANinhibition using a neutralising antibody to TGF-B2

This lab has already shown that in vitro exposure to aqueous humourleads to an

increase in CLAN incidence (Wadeet al., 2009). This is not surprising as in vivo

these cells are constantly bathed in aqueous humourasit circulates throughoutthe

chamber angle. To determineif the factor present in aqueous humour induced CLAN

formation was indeed TGF-B2 it was decided to neutralise the TGF-B2 using our

neutralising antibody. We used bovine aqueous humour diluted 1:1 with complete

media supplemented with 1% FCS. Previous work has revealed that 100% aqueous

humouris a poor sustaining media (Wadeet al., 2009). After incubation for 3 and 7

days with bovine aqueous humour CLANincidence was 11% and 40% respectively,

however coincubation with our TGF-B2 neutralising antibody reduced CLAN

incidence to 8% and 11% at the equal time points as figure 3.20 illustrates a total

reduction of over 50%. Control basal medium coincubated with anti-TGF-B2

antibody showed a similar CLANincidence.
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Figure 3.20 Aqueous humour contains CLAN-promoting TGF-B2. Column chart
showing CLAN incidence in BTM cells after 3 and 7 days culture with bovine
aqueous humour only, aqueous humour & anti-TGF-B2 antibody, or control medium
& anti-TGF-B2 antibody 1% FCS. It can be seen that incubation of the aqueous
humour with the neutralising antibody suppresses CLAN incidence at both time
points (P=<0.05). Data presented are the mean +SD (N=5).
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Morphological examination of BTM cells incubated with aqueous humourrevealed

the cells to be a little larger and more roundrefractile compared to control medium

and after 7 days in culture, but on the whole the cells grew well in aqueous humour

medium mix. Previous work by this group showed that heat denatured aqueous

humourtotalled negated the CLAN producing effect of aqueous humour (Wade et

al., 2009). Therefore, it suggested that the effect due to a protein(s) in the fluid. We

have explored this further in this study to show that a CLAN producing factor is

TGF-2.

Qualitative examination of CLANsproduced by aqueous humour revealed them to

be identical to both DEX and TGF-f-stimulated CLANs, except like TGF-f2-

induced CLANsthey appeared peculiarly large. These large CLANsextendedright

throughoutthe cell cytoplasm in certain BTM cells. There were very obvious ‘hubs’

and ‘spokes’ of actin present in all CLANSsidentified in these treated cultures with

polygonal triangulations in positioned groups of five or six. Figure 3.21 shows an

aqueous humour-induced CLAN extending over a large area of the cell. This was

not an infrequent finding in aqueous humourtreated cultures.
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Figure 3.21 Aqueous humorelevates CLANincidence. Image ofa particularly large
CLAN in BIM cells following exposure to aqueous humour diluted 1:1 with
complete media supplemented with 1% FCSandstained with phalloidin-FITC. Note
the pore formation. Source Natalie Pollack.

3.6.6 Unexpected induction of CLANsbydecorin.

Decorin is a small leucine-rich proteoglycan that is an inhibitor of TGF-B2 and has

been proposed as a negative regulator of TGF-f2 signalling (Yamaguchi etal.,

1990). We therefore undertook studies to determine whether decorin wasa potential

inhibitor of TGF-B2-induced CLANs. On its own however, at low concentrations

such as Ing/ml of decorin produced no effects on the actin distribution patterns;

medium concentration 500ng/ml showed no obvious effects on actin, however, high

dose decorin 25ug/ml produced quite dramatic effects on the actin arrangement of

the cultured BTM cells (figure 3.22). Addition of decorin resulted in 22% and 69%

of BTM cells having CLANsat 3 and 7 days respectively compared to vehicle

control which only produced 2.2% and 3% at the equivalent time points. Figure 3.22

demonstrates that decorin induces CLANsprogressively over time.
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Figure 3.22 Change in CLAN incidence over time after incubation with the
proteoglycan decorin or control. BTM cells were incubated with decorin 251g/ml or
control which contained 0.044M of HCL vehicle for a period of seven days. Decorin
induced significant incidences of CLANsat all time points examined compared to
control cultures (P=<0.05 compared to control at 1, 3 days; P=<0.0001 compared to
control at 7 days). Data presented are the mean +SD (N=5).
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The phenotype of CLANSsthat is generated by exogenous decorin was identical to

DEX, TGF-B2 and aqueous humour induced-CLANs. In common with both TGF-B2

and aqueous humour, there was a small population of decorin-induced CLANsthat

extended over a large area of the cell. Figure 3.23 shows typical CLANs from

decorin incubated BTM cells. This was a surprising result as weinitially thought

decorin would inhibit CLANsasit is a negative regulator of TGF-B2 (Yamaguchiet

al., 1990). To clarify if that was a class effect biglycan another proteoglycan was

incubated with BTM cells, however no increase in CLAN incidence occurred above

control medium levels at all concentrations examined. Decorin is present in the TM

and aqueous humourand often associates with collagen (Taniharaet al., 1995, Wirtz

et al., 1997) although its actual concentration is unknown. Few studies have looked

at decorin in the TM.
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Figure 3.23 Decorin induces CLANs in BTMcells. Image of decorin-induced CLAN
in BTM cell after staining for F-actin with phalloidin-FITC after incubation with
decorin 25ug/ml for 3 days. The ‘hubs’ and ‘spokes’ are clearly evident and the
polygonal nature is clear. Note the stress fibre containing cell on the right. Scale bar
= 30um
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3.7 Cyclic mechanical strain induces CLANs

3.7.1 Physiologicalstretch leads to CLANs

The trabecular meshwork as an intact tissue is under mechanical stretch and as such

may modulate its cytoskeleton to respond to such biomechanical signals (Tumminia

et al., 1998). Thus we sought to determine if cyclic radial mechanical stretching of

confluent BTM cells results in induction of CLANs. The hypothesis was

biomechanical signals are integrated and transduced into CLANs. Using a

Flexcell™ stretching equipment cells were subjected to 10% mechanicalstrain (1

cycle/1sec) for a period of 12 hours. This stretch regime was chosen toreplicate the

pulsatile biomechanical forces to which the normal TM is exposed in vivo and 10%

mechanical stretch is thought to be physiological (Johnstone, 2004, Coleman and

Trokel, 1969). Initial investigations using laminin-coated silicone elastomer revealed

that the cells were detaching from the elastomer membranes, where cells where

attaching to the substrate they later rounded up and appeared to have elongatedcell

processes. Further analysis revealed that cells were not viable even when we used

laminin coated membranes. Because the silicone is highly hydrophobic and thus

propercell attachment and function would not occur we decided to use fibronectin-

coated silicone membranes. Initial investigations determined full cell attachment,

with cells being well spread and confluent, with high cell viability (see figure 3.24).

Once cells were confluent they remained in culture for 14 days with or without

additional incubation ofDEX priorto the 10% stretch regimebeing applied.
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Figure 3.24 BTM cells grown on fibronectin-coated silicone membranes after 24
hours. Phase contrast image showscells well spread on surface of substrate and pre-
confluent. Scale bar = 90um.
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Results of our stretch regime on CLANincidence reveals that stretch increased

CLANSsto 40.5% compared to 20% grown on the samesubstrate and placed in the

hold but not exposed to cyclic stretch regime, representing a 100% increase in CLAN

incidence compared to un-stretched control (P=<0.01). BTM cells exposedto stretch

and pre-incubated with DEX for 14 days resulted in 53% CLANs compared to

controlthis is significantly different (P=<0.01). Cells that were incubated with DEX

and were not subjected to stretch (but exact same conditions) the CLAN incidence

was 49% CLANSsin equivalent cultures that did not receive cyclic stretch. Figure

3.25 showsthis upregulation of CLANsbystretch regardless of DEX incubation.
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Figure 3.25 CLANincidence in BTM cells after mechanical stretch regime incubated
with or without DEX. Cells were cultured in fibronectin-coated silicone elastomer
based flexcell inserts for mechanical stretch, after confluence cells where incubated
in the presence or absence of the CLAN inducer DEX 10-’M for 14 days after which
the cells where subjected to cyclic mechanical stretch at 10% elongation 1Hz/ 1 sec
for 12 hours after which the cells were fixed and stained for actin cytoskeletal
rearrangement. It can clearly be seen that cyclic mechanical stretch upregulates
CLANscompared to equivalent cultures of non-stretched cells (P=<0.01 ANOVA)
There is an increase with DEX and mechanical stretch. Data presented are the mean
+SD (N=5).
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Phenotypically these CLANs were similar to DEX, TGF-B2 and decorin produced

CLANs, however, they did not appear to span the whole area of the cell and it was

not apparent that they were appearing in hotspots or ‘clusters’. The conspicuous

dominantpattern of actin in the control treated and unstretched membrane wasthat

of stress fibers running along the axis of the cells. However in this unstretched

culture CLANs were clearly evident at around 20% of cells containing CLANs

comparingthis to our usual basal level of CLANsincubated on normaltissue culture

plastics (and no matrix substrate) (figure 3.12) of 6.2% CLANsmeansthereis large

change in CLAN numbers, therefore indicating that extracellular matrix may play a

facilitative role in formation of CLANSsatleast in vitro (Filla et al., 2006) or the

rigidity of the substrate induces CLANs. Such CLANswerepresent after only 12

hours of stretch suggesting de novo generation of CLANs can occurrelatively

quickly.

General morphological analysis on the culture using phase contrast microscopy after

DEX and mechanicalstretch revealed that the cells were healthy and with no obvious

change in directional cell alignment that has been reported for other cells types

(Standley et al., 2002).

3.7.2 TGF-B2 is upregulated in responseto stretch

Conditioned media was collected from the cells after the exposure to cyclic

mechanicalstretch and analysed for TGF-B2 expression. Secreted TGF-B2 was found

to be 500pg/ml in control cultures not exposed to mechanical stretch, however

mechanical stretch led to an upregulation of TGF-B2 expression in culture medium

that was 657pg/ml which wasstatistically significant (P=<0.05 ANOVA)(figure

3.26). DEX treated membranes not exposed to stretch was 601pg/ml and DEX-
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exposed and stretched levels were 556pg/ml. Incubation with DEX and mechanical

stretch resulted in less TGF-B2 secretion than DEX alone; however, this was only a

small decrease andclearly not significant as figure 3.26 demonstrates.
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Figure 3.26 TGF-B2 concentrations in conditioned medium taken from BTM cells
after exposure to radial mechanical stretch. BTM cells were subjected to cyclic
mechanical stretch 10% elongation, 1Hz/sec for 12 hours with or with DEX pre-
treatment 10°’M. Data presented are the mean +SD (N=5). A statistically significant
difference is observed between control and mechanicalstretch (P=<0.05 ANOVA).
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3.7.3 IL-6 quantification

IL-6 is a pleiotropic cytokine that has been speculated to play a role in homeostatic

regulation of the TM and of pathological significance (Liton et al., 2005b). We

sought to determine is regulation in response to cyclic mechanical stretch. IL-6 was

below the limit of detection in the ELISA for control cells not exposed tostretch,

howeverafter being subjected to mechanical stretch IL-6 levels were 2488pg/ml and

4351pg/ml with DEX treatment alone and 5842pg/ml with mechanical stretch and

DEXtreatment(figure 3.27).
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Figure 3.27 IL-6 concentrations in medium after various stimuli. Secreted IL-6
concentration in media from mechanical stretched BTM cells after 12 hours of 10%
elongation, 1Hz/sec mechanical stimulation on silicone elastomer. IL-6 was
measured using ELISA. IL-6 is seen to be increased after mechanical stimulation
(Icycle/sec), DEX alone and no stimulation and DEX and stimulation. Data
presented are the mean +SD. (N=5). Significant differences are betweenall groups
(P=<0.01ANOVA).
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The pattern of IL-6 expression was somewhatdifferent to that of TGF-B2 secretion

into the media with a large increase in expression after both DEX treatment and

mechanical stretch, both known to increase CLAN numbers.It has been suggested

that there is cross-talk between TGF-B and IL-6 in human TM cells and this could be

the case here (Liton et al., 2009). No study to date has looked at the association of

DEX/CLANsand IL-6 expression.

3.7.4 IL-1 quantification

IL-1 has been shown toplay a role in mediating changes in the outflow system both

ex vivo and in vitro (Hosseiniet al., 2006) so we therefore examined this cytokine

after cells had been subjected to cyclic mechanicalstretch in vitro. Figure 3.28 shows

that basal levels of IL-B were 27.2 (SD 9.4) pg/mland an increase of over 400% was

demonstrated after 12hrs of stretch that was statistically significant (P=<0.01).

Interestingly significant increases were observed with DEX exposure and not

stretched (554% increase). A huge increase in IL-18 was seen of over 780% with

DEX exposure and cyclic mechanical stretch suggesting a synergistic effect.

Using RT-PCRarrays we found that compared to control untreated IL-6 mRNA was

2.5 fold elevated with both DEX and TGF-B2 exposure (n=2). Therefore,

demonstrating a common target gene of both inducers. Unfortunately none of the

other 83 TGF-B BMP pathwaytarget genes were significantly altered in this array at

this time point. We couldnot do this for BTM stretched cells though.
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Figure 3.28 IL-1B concentrations from BTM cell conditioned medium. BTM cells
were cultured onsilicone elastomerplates pre-incubated with or without DEX 107M
prior to exposure to cyclic mechanicalstretch 10% elongation, after 12 hrs the media
was collected and analysed for IL-1 content using ELISA. There is a clear
upregulation of IL-18 after mechanical stretch alone, DEX, or DEX and mechanical
stretch. Data presented are the mean +SD (N=5).
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3.7.5 Hsp70 expression

Hsp70 is among the most abundant intracellular proteins and is one of the most

highly conserved genes. However, they are induced by a variety of cellular insults

such as heat shock, oxidative stress, hypoxia/reoxygenation and also biomechanical

stress. We therefore determined the Hsp response mediated by mechanicalstress in

vitro. Previous work has only noted hugely increased expression of Hsp 70 mRNA

in TM cells after mechanical stretch (Lunaet al., 2009). However mRNAlevels do

not necessarily reflect post-transcriptional protein levels. Western immunoblots

indicated that BTM cells do indeed contain Hsp70 in addition also display elevated

intracellular levels of Hsp70 in response to cyclic mechanical stretch (figure 3.29).

Constitutive levels of Hsp70 in control untreated cultures was just identifiable, a

positive control of recombinant Hsp70 wasalso ran to clarify it was Hsp70, this

migrated at the correct molecular weight of 70kDa.

Thisis the first demonstration of Hsp70 protein levels in the TM ofany species after

mechanical stretch. A previous study identified Hsp70 as differentially expressed

after mechanical stretch using gene arrays in human TMcells (Luna et al., 2009).

They also validated using RT-PCR after a candidate gene approach; however they

did not check the protein Hsp70levels.
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Figure 3.29 BTM cells express Hsp70 protein and is highly induced by cyclic
mechanical stretch. Representative immunoblot of Hsp70 from BTM cells that were
cultured on fibronectin coated silicone elastomer plates after which they were
incubated with or without DEX 10°’Mfor 14 days and subsequently exposed to 10%
elongation cyclic mechanical stretch for 12 hours. BTM cells were lysed andtotal
protein determined and 25g of protein lysate was loaded into each well ran on a
10% PAGEand immunoblotted onto a membrane and subsequently probed with anti-
Hsp70 antibody. C Control, S stretch D Dexamethasone D&S Dexamethasone &
stretch. P positive control was recombinant Hsp 70. The immunoblot shown is from
two independent experiments. No loading control could be performed as GAPDH
could not be identified.
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3.7.6 Downstream signalling activation

After determining that cytokines were elevated from BTM cells that had been

subjected to cyclic mechanical stress and also DEX exposed cultures that had not

been exposed to stress but contain CLANs, we decided to check the activation ofthe

critical transcription factor Nuclear Factor Kappa-B Nf-kB) as a downstream activator

of such cytokines. Nf-kB is a central transcription factor that when activated, the

phosphorlylation of its constituent subunit p65 (RelA), leads to dissociation from

IKBa andtranslocation from the cytoplasm to the nucleus. Using immuneblotting

techniques it was shown that the p65 subunit of Nf-k® was highly phosphorylated

after 12 hours of cyclic mechanical stretch as figure 3.30 shows. Note that DEX

alone also leads to Nf-kB phosphorylation.

Thus activation through cyclic mechanical stretch leads to elevated transcriptional

activator Nf-kB subunit that likely accounts for the increased expression of the

cytokines that may induce CLANsin cellular autocrine manner.
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Figure 3.30 BTM cells express phosphorylated Nf-kB p65 subunit. Representative
immunoblot of phospho-p65 from BTM cells that were cultured on silicone
elastomer membranes and subjected to stretch, DEX alone or DEX & mechanical
stretch after which they were lysed. 25g total protein loaded and subjected to
standard immnoblotting techniques. C Control, S stretch D Dexamethasone D&S
Dexamethasone & stretch. Hela cell lysate was run as a positive control for Nf-kB
p65 phosphorylated. It is clear that stretch induces phosphorylation as does DEX
alone or DEX plus mechanicalstretch.
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3.7.7 TGF-B2 and mechanical stretch

In totally separate experimentcells were pre-treated with the CLAN inducer TGF-B2

for 14 days before exposure to the samestretch regime as described. Results indicate

that stretch alone resulted in 41% CLANs, however pretreatment with TGF-f2

resulted in 66% CLANcontaining cells which is significantly different compared to

control unstretched cells (P=<0.05) (figure 3.31). This is a significant difference

compared to control. However, incubation with TGF-B2 and not receiving

mechanical stress resulted in an incidence of 63%. There is a small difference

between TGF-B2 preincubation and stretch and TGF-B2 alone howeverthis is not

significant.
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Figure 3.31 CLAN incidence in BTM cells after mechanical stretch regime incubated
with or without TGF-B2. Cells were cultured on fibronectin-coated silicone elastomer
based flexcell™ inserts for mechanical stretch, after confluence cells where
incubated in the presence or absence of TGF-B2 for 14 days after which the cells
where subjected to cyclic mechanical stretch at 10% elongation 1Hz/ 1 sec for 12
hours. The cells were fixed and stained for F-actin cytoskeleton rearrangement. TGF-
B2 does not increase mechanical stretch induced CLANs (P=<0.01) Data presented
are the mean +SD (N=5).
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3.8 Morphologicalinterrogation of CLAN-containingcells

3.8.1 CLAN containing BTM cells display an altered morphological phenotype.

It was evident that all our stimulants of CLAN formation caused some level of shape

change in the cultures exposed to the CLANstimuli. A question arose as to whether

BTM cells containing CLANswereatall different in appearance from those cells

rich in stress fibres and whetherthere was any relationship to the cell-shape changes

produced by our CLANinduction agents. Twoinvestigations were conducted on pre-

confluent BTM culturesspecifically to test whether or not CLAN-containingcells

could be predicted on the basis of how they looked. Pre-confluent BTM cells were

grown on multi-well glass-bottomed plates and exposed either to DEX, TGF-2 or

decorin to induce CLAN formation. The cells were then fixed andafter staining with

phalloidin to identify F-actin, fields were photographedinitially by fluorescence and

subsequently the exact same fields were re-photographed to obtain phase contrast

images. Selection of fields was always done in fluorescence mode and based on the

presence of a cell with a CLAN or a cell with clear stress fibres only. Almost

invariably in BTM primary cultures, even when comparing those established from

different eyes and at different passage number, three distinctive cell appearances

were identified by phase contrast microscopy that we called spindle (an elongated

polarised form), epithelioid (a flat, rounded cell) and kite shapedcells (polarised with

a distinct triangular head, polygonal). Figure 3.32 illustrates the idealised cells. After

treatment with DEX, TGF-2 and the proteoglycan decorin the incidence ofspindle

(40%) and epithelioid (40%) were much the same but each was twice as abundantas

kite shaped cells (20%).
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Pairs of digitised images were examined and in fluorescence mode a cell was

selected solely on the basis of the phalloidin staining showing a cell with clear-cut

obviousstress fibres but clearly no CLANs. Wethenalternated to phase contrast and

if the boundaries of the cell were clear a mouse cursor was taken round the cell

margins and the measurement parameters recorded. At this point we categorised the

cell as belonging to one of the three identified forms. Subsequently the libraries of

paired digitised were reassessed, this time the selection was for the presence of a

CLANwithin a cell and, as we already knew that CLANscan co-habit with stress

fibres, the presence or absence of prominent stress fibres was not an influential part

of this selection. Again after selecting the cell it was drawn aroundin phasecontrast

modeand classified into oneofthe three identified shapes.

 

Figure 3.32 Idealised shapes of BTM cells. The cartoon depicts the idealised shapes
of the three types of cells we categorised the BTM cells as being in on theleft is the
epithelioid cell, in the middle the spindle shaped cell and onthe right handside of the
cartoonis the kite shapedcell.

Figure 3.33 illustrates that CLAN containing cells have a different phenotype to non-

CLAN containing cells. BTM cells that are kite shaped are just as likely to have

stress fibres as they are to have CLANsso neither actin arrangementis a predictor of

this cell shape. However, BTM cells containing stress fibres tend predominantly to
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be spindle shaped whereasthose cells with CLANSstend primarily to be epithelioid

(figure 3.34). Intriguingly the pattern is repeated remarkably consistently irrespective

of whether the CLAN inducing agent is DEX, TGF-B2 or decorin. As might be

expected from the results of our classification findings, image analysis showedthat

CLAN-containing cells were significantly more rounded (0.63) (a circularity of 1

indicates a perfect circle, as the value approaches 0.0 it indicates an increasingly

elongated polygon) than stress-fibre only containing cells for each of the CLAN

inducing agents used in this part of my investigation (P=<0.01) figure 3.35.

Therefore this added a level of support to the concept that CLAN-containing cells

tend to be rounded, although the data was less dramatic. Indeed another parameter

measured wastotal area of the BTM cell and this was found to be increased in

CLANcontaining/epithelioidcells.

The previous data indicated epithelioid shape was highly indicative of the presence

of a CLAN but there were non-epithelioid BTM cells that had CLANs and some

epithelioid (not many) cells did express a stress fibre pattern of actin only so round

flat cells were not entirely specific. The decorin exposed cells exhibited the highest

incidence of epithelioid cells with CLANs (79.2%) and the lowest incidence of

epithelioid cells with clear prominent stress fibres only (5.9%) whereas DEX was

slightly weaker with 70.4% of epithelioid cells containing CLANs and 9.7% with

stress fibres but definitely devoid of CLANs. Thuscellular shape of BTM cells may

be used a predictor of CLAN-containing cells.
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Figure 3.33 CLAN induction mediates altered morphology. Followingclassification
into three distinct groups based on shape of BTM cells after stimulation with the
three different types of CLAN inducers it was found that, irrespective of the CLAN-
inducing agent used, CLAN-containing cells displayed a more epithelioid
morphological phenotype. BTM cells which contained stress fibres were spindle
shaped. Analysis wasonatleast 100 cells.
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Figure 3.34 Representative image ofstress fibre-containing BTM cell in both phase
and fluorescence in the same field of view. This image is a BTM cell that in
fluorescence mode (right) contains clear cut stress fibres running parallel and
switching to phase contrast modeit is clear that the samecell is spindle shaped(left).
The cell nucleusis clear on the phase contrast image. This was a commonpattern
throughout the experiments.
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3.8.2 Imaging reveals divergent shifts in phenotype

A further study was conducted using phase contrast time-lapse imaging to follow the

BTMcells for 20 hours after treatment with CLAN inducing agents, prior to fixation

and staining with phalloidin. Within the filming period most BTM cells maintained

their cell shape throughout however, it was clear that a large proportion of cells

changed shape from spindleto epithelioid or epithelioid to spindle. This held forall

our CLANstimulantsso arbitrarily we chose to follow the lineages of 100 cells from

a DEX treatment experiment to test these qualitative impressions. The cells were

selected on the basis that their end fluorescence staining wasclear, their appearance

was easy to class and they could be followed without confusion forthe entire filming

period. We had 20hourtraced histories on 55 epitheliod-shaped cell, 31 spindle and

14 kite (based on appearance at the termination of filming). Whereas most of the

epithelioid appearing BTM cells remainedin that form throughoutfilming (87.3), the

other 2 were less constant with 58.1 spindle cells being without change and hardly

any (14.3%) kite-shaped cells. The kite shape appeared to be an intermediate that

formed when epithelioid was changing to spindle and vice versa. It was also a form

adopted by a mobile BTM cell when it changed direction or cameto an abrupthalt.

Within confluent areas ofcells the constituent BTM cells usually maintained a stable

shape during the 20 hoursof filming. It was in the in the pre-confluent areas where

the cells were more dynamic both in terms of shape-change andclearly in terms of

cell movement. Even in low serum containing media we observed cell division

particularly in the pre-confluent areas. It was observed that subsequent to cell

division, daughter cells did not contain CLANSsorstress fibres but had a peculiar

perinuclearhalo of intense fluorescence.
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Figure 3.35 Circularity of BTM cells exposed to CLAN inducers. BTM cells were
exposed to a variety of CLAN inducers andafter fixation of F-actin visualisation for
actin were measured detailed in methods and circularity calculated with Image J
software using the formula: 4z(area/perimeter’). Data are mean and SD (N=100)
Circularity is a dimensionless unit.
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Regardless of which CLAN-inducing stimulant was used, it was obvious from the

time-lapse examination that individual BTM cells showed a wide range of mobility

in the pre-confluent parts of the cultures that ranged from stationary (S) to highly

mobile (M****). An arbitrary scale for locomotion was employed where S was a

cell that could undergo shape change or ruffling but movedless than a cell length in

20 hours. M* cells moved a 4um/hour or less, M** reached up to 12um/hour,

whereas above that M*** cells were faster still and some could reach a movement

rate of 25um/hour for short periods. Welabelled cells that moved extremely quickly

M****, an exceptional event in the cultures, irrespective of treatment, but these rapid

cells on phalloidin staining exposed a diffuse actin pattern and never expressed

CLANSorstress fibres in their cytoplasm. Analysis of the 100 cell-time-lapse DEX-

exposed series started with the phalloidin immunofluorescence and wasentirely in

line with earlier observations that the CLAN structures were predominantly

associated with epithelioid cells and the other pattern of actin arrangement, stress

fibers, were restricted to spindle shaped cells. 58.8% of the 51 epithelioid cells

containing CLANsthat were followed, were classified as being stationary and the

rest (41.2%) were mobile, just about (M*). However the spindle shaped cells only

10.7% were stationary and, of the rest, 20% were M*, the majority were rather

mobile (M**) and a number (15.3%) were M*** Table 3.1.

CLANcontaining epithelioid BTM cells clearly appeared to have a fairly rigid and

non-malleable cytoplasm and they tended only to undergo shapealteration if they

had contacted another cell or a mass of cells. Spindle shaped cells underwent sliding

and stretching constantly and even when nottravelling large distances they altered

their shape and stretched backwards and forwards. Within confluent areas of the

culture epithelioid cells would ruffle whereas the spindle shaped cell undertook
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polarised elongation and retraction all the time. It also appeared that epithelioid cells

with rare stress fibres and devoid of CLANswereall highly tractable; while spindle

shaped cells containing CLANswere stationary. Only a small numberof kite shaped

cells were followed and among these only 5 cells contained CLANs in their

cytoplasm of which 2 were stationary and 3 mobile whereas 9 hadstress fibres and

all of these were mobile including 3 that had been graded at M*** level. These

observationsindicate a functional deficit in CLAN containingcells, at least in vitro.

Table 3.1 Morphological correlation with actin patterning in BTMcells.

 

 

 

 

 

 

 
     

Cell shape and actin arrangement present

Epitheloid Spindle Kite

_ CLAN StressFiber| CLAN StressFiber| CLAN StressFiber

$ Stationary 31 oO 1 3 2 oO

# M* 20 3 1 6 3 4

2 M** 0 1 0 15 0 2
@

8 M*** 0 0 0 5 0 3

Totalcells 51 4 2 29 5 9

Overall total 55 31 14      
BTM cells were induced with DEX to produce CLANSsin a percentage ofcells after
which the cell were monitored using phase contrast time lapse photography for a
time period of 20 hours. The movementlevels ofthe cells were arbitrarily assigned a
code according to the mobility on culture. It is clear stress fibre containing cells are
more mobile in cultures compared to CLAN containingcells. (N=100).
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Figure 3.36 Spindle shaped BTM cell in culture. Time lapse cinematography
demonstrates that a spindle shaped category of BTMcell is highly mobile in vitro
showinga high level of pliablilty. The panels on the left show the cell (*) over time
and the right hand panels show the same cell at higher mag. Each image is 20
minutes apart. Actin drives the motility.
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3.9 PAAs Vs CLANS

Asstated in section 1.0 CLANsare found only in confluent cultures of TM cells.

Similar structures have been observed in other cells as a precursor to stress fibre

formation (Lazarides, 1976, Ireland and Voon, 1981) and we have termed these

similar structures Polygonal Actin Arrangements (PAAs). PAAs mayhaveheight as

a property. A key argumentin the literature is whether the transient PAAs seen in

freshly plated cultures after being removed from their substrate with agents such as

trypsin and CLANs,usually defined as in confluent cultures are the same thing. Or

are the polygonal PAAsdescribed in the literature an earlier manifest of CLANs in

culture?

To examine this further we trypsinised BTM cells from their substrate and

resuspended them in culture and fixed and stained the for the F actin distribution.

This ‘settling’ experiment revealed spectacular polygonal arrangements of actin in

the cells cytoplasm that involved much of the area of the cell (figures 33.7-3.38).

These PAA ‘CLAN-like’ structures were more ‘dome like’ and appeared to have

height as focussing throughthe cell some hubs and spokes within the samecell were

in focus and other hubs and spokes not. Althoughthis is in 2D imaging and confocal

Z-stacking througha single cells was not possible with the confocal microscope they

had the appearance of having height. These polygonal arrangements are striking and

appear very similar to structures observed elsewhere (Filla et al., 2009, Filla et al.,

2006). These structures have been described as CLANs, however, they may not be

phenotypically the same thing and their numbers diminish overtime in culture. After

12 hours these temporary geodesic structures have diminished and the majority of

cells contain stress fibres. Upon pharmacological induction they then express

CLANSs.It is totally possible that they are CLANsandare just an acute version of the
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same thing after mechanical disturbance and upon exposure to a CLAN inducing

agent they then express CLANs. Asoutlined in section 1.0 CLANsare defined as

being in confluent cultures of TM cells. Height is not a defining criterion.

 
Figure 3.37 A spectacular PAA in an isolated BTM cell in culture. The BTM cell
was previously trypsinised from tissue culture plastic and seeded onto a plastic
substrate to settle after three hours of adherenceto the underlying substratum thecell
was fixed and stained for F-actin and imaged using fluorescent microscope. Scale
bar= 10um
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Figure 3.38 PAAs are commonin early culture. A PAA in an isolated BTM cell after
five hours adherence subsequent to trypsinisation and stained for F-actin
arrangement. Small hubs and spokesare evident that are polygonal and encircle the
nucleusofthe cell. Scale bar = 10um
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4. Discussion

The TM is a smooth musclelike tissue exhibiting marked contractile properties both

in vitro and in vivo (Lepple-Wienhueset al., 1991, Wiederholtet al., 2000, Rosenthal

et al., 2005a). This contractile property is displayed both in human and BTM cells

(Thiemeet al., 2001). This cellular contraction is thought to regulate the aqueous

humour outflow of the chamber angle and thus modulate IOP (Wiederholt et al.,

2000). As such any dysregulation of the normal contractile function of the TM cells

would have a profound effect on outflow facility and hence IOP. The actin

cytoskeleton performsa vital part of the contractile apparatus of the TM cells both in

vitro and in vivo and this is demonstrated profoundly by the addition of cytoskeletal

disrupting drugs modulating contraction and functional competence (Caietal., 2000,

Johnson and Tschumper, 1993). CLANsare polygonal actin structures that have been

demonstrated in the TM of both human and bovine cells, both in vitro and in situ

(Clark et al., 1994, Wadeet al., 2009). Jt was hypothesised by us that the presence of

CLANSsin the cytoplasm will affect the contractility ofBTM cells. The use of BTM

cells as opposed to human TM cells is better as they have a predisposition to the

formation of CLANsandtherefore serve as a useful model for the interrogation of

functional effects. The first part of this study demonstrated, using an established in

vitro model of cellular contraction to mimic the complex in vivo environment; that

cells exposed to the CLAN inducer DEX exhibited a significant inhibition of cellular

contraction when incubated in 2D gels and not 3D gels, except at day 5 (figure 3.5).

There was more than 50 and 70% inhibition of contraction at days 5 and 7,

respectively. Furthermore it was demonstrated that contraction-inhibited collagen

matrices contain CLANs,whereas the normally contracted matrices predominantly

contained stress fibre encompassing cells. However, it was difficult to quantify
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CLAN-containing cells in the 3D collagen contracted matrices due to technical

difficulties with regards to the imaging. The difference in inhibition between the two

types of contraction models may relate to differences in their mechanism(s) of

contraction. It may be that in a 3D arrangementof cells within a collagen matrix

stress fibre induction predominates whereas in a 2D cell arrangement CLAN

formation by appropriate stimuli is favoured (Ehrlich et al., 1989). Such an

interpretation needs further exploring but it predicts that a stimulus that promotes

stress fibre formation in a 3D arrangement would produce vigorous collagen matrix

contraction while in 2D the induction of CLANSsis associated directly or indirectly

with the inhibition of matrix contraction. DEX administration to human skin

fibroblasts has been shown to reduce the contractility of fibroblasts in the collagen

matrix assay and this is largely irreversible (Coulombet al., 1984). Also DEX

exposure significantly reduces an actin-dependantprocess in TM cells: phagocytosis

(Zhang et al., 2007). It is also possible DEX is altering MMP levels and thereby

affecting the remodelling of the collagen matrix.

In vivo TM cells are in a 2D environmentresident upon the collagenous beams (see

section 1.3). These beams are composed of collagen but also elastic fibres upon

which the contractile TM cells reside and form cell-cell interactions (Lutjen-Drecoll

et al., 1981). Thus the 2D collagen matrix contraction system employed here is a

morerealistic recreation of the in vivo environment. In vivo TM cells also express

gap junctions. Gap junctions are plasma membrane microdomains comprised of

assemblies of channel proteins. These channels that are formed allow the passage of

ions and small molecules up to ~1000Da (Kumar and Gilula, 1996). Hence small

informational molecules facilitate communication between neighbouring cells. The

principal structural component, the membraneprotein connexin, forms the connexon.
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Six connexins form one connexon, whichtraverses the plasma membraneofonecell

and docks with the connexonofthe other givingrise to a transmission pore. Recently

pannexins have also been discovered to be integral proteins in gap junctions

(Panchinaet al., 2000). DEX has been shown to modulate gap junctions in vitro and

also cell size in human TM cells (McCartney et al., 2006) and express the main

junctional protein Cx43 (Kimura et al., 2000). Furthermore, a recent study

demonstrated alterations of the integral gap junctional protein Cx43 and CLANSsin

glaucomatous human TM cells, although, they did not demonstrate any functional

correlation (Zhuo et al., 2010). It is now known that there are many junctional

protein interacting proteins; indeed it has been shown that Cx43 directly binds a- and

B- tubulin and thereby alter their properties (Giepmanset al., 2001). Indeed the actin

binding protein developmentally-regulated brain protein (drebrin) has been shown to

be a binding partner of Cx43, thereby coupling gap junctions to the cytoskeleton

(Butkevichet al., 2004).

Knockdown ofdrebrin results in impaired cell-cell coupling (Butkevichet al., 2004);

drebrin binds both F-actin and facilitates the recruitment of other actin related

proteins. Cortactin, another actin binding protein promoting nucleation, has been

shown to interact with Cx43 and alter junctional formation in seminiferous

epithelium (Vitale et al., 2009). Given that DEX is known to alter gap junctions in

both normal and glaucomatouscells and that this is coupled to the cytoskeleton it

could be that CLANs are generated through this pathway. Future work could

examine the role of connexins in linking cytoskeletal rearrangements in TM cells.

Contraction of TM cells and many other cells is dependent on an intact actin

cytoskeleton and primarily stress fibres (Weinreb et al., 1986). Indeed when BTM

cells were cultured in the same collagen matrices model employed here, Nakamura
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found a clear relationship between contraction and the appearanceofstress fibres in

BTM cells (Nakamuraet al., 2003, Nakamuraet al., 2002). Addition of cytochalasin

D attenuated this affect (Nakamura et al., 2003). Compoundsthat affect the F-actin

architecture such as Latrunculin-B (Ethier et al., 2006), cytochalasin-D (Johnson,

1997), H-7 (Tian etal., 1998) and the Rho kinase inhibitor Y- 27632 (Lu et al., 2008)

profoundly alter the TM system and increase outflow facility, however, such drugs

have not yet reached the patient as ‘global’ disruption of F-actin can be very toxic.

Another issue is corneal toxicity if it is to be used topically as most/all glaucoma

medicationsare.

DEXis an excellent CLAN promoting agent both in human TMcells and BTM cells

(Clark et al., 1994, Wadeet al., 2009). Indeed BTM cells are more sensitive to the

induction effects of CLANsand display higher constitutive levels of CLANs without

any exogenous agents added to the basal culture media (Wade et al., 2009).

However, they show an increased level of CLAN induction ability compared to

human TMcell cultures, both in transformedcell lines and also primary cultures. The

propensity to CLAN induction and possible link to POAGis backed up in a study

that demonstrated that topical application of steroids to cow globesresulted in all

cows responding with increased IOP (Gerometta et al., 2004). The appearance of

CLANSsis appreciable at the time points used here to measure. These geodesic F-

actin arrangements likely alter cell biomechanical properties resulting in a less

pliable cell (Meller and Theiss, 2006). This less motile cell cannot alter the

extracellular matrix surrounding it and henceresults in functional incompetence.It

has been shown that anti-proliferative agents do not affect cell-populated matrices so

it is unlikely that cell proliferation plays any role (Ehrlichet al., 1989). A functional

cytoskeleton is a requirement for collagen gel contraction (Ehrlich etal., 1989) and a
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linear relationship exists between stress fibres and contractility (Tomasek et al.,

2002). It is likely that CLANsalter the isometric tension within the cell. As tissue

culture probably suppresses CLAN formation rather than induces it, it could be

suggested that in vivo in the whole intact tissue, CLAN-mediated inhibition of TM

contraction is more profound.

The pathways that lead to CLAN formation in TM cells by the steroid DEX are

elusive. Howeverit has been noted that the addition of DEX to TM cells leads to an

overall increase in cell size as well as promoting the formation of CLANs(Clarket

al., 1994). Indeed the main target gene induced by DEX is myocilin (Clark et al.,

2001) and this gene has beenidentified as mutated in a significant minority of POAG

cases and was mapped to the chromosome 1q susceptibility locus (Stone et al.,

1997). Myocilin has notbe ascribed a function asyet and is likely a gain of function

mutation rather than a loss of function. The gene for myocilin has glucocorticoid

response elements, however DEX induction of myocilin is dependent on new protein

synthesis, suggesting that transcriptional regulation by DEX is a secondary response,

not a direct stimulation (Shepard et al., 2001). Myocilin contains a signal peptide

sequence suggesting it is secreted by the cell and has been found in a number of

organelles associated with the secretory pathway such as the ER. However, the

protein is also found intracellularly. Interestingly, myocilin mutated in cultured TM

cells was found to diminish myocilin secretion compared to wild type (Jacobson et

al., 2001). This suggests a blockade on the normalprotein secretory pathway. It has

been suggested that myocilin affects Wingless in Drosophila int (Wnt) signalling

(Kwon et al., 2009). Indeed Kwon et al demonstrated that recombinant mutated

myocilin proteins incubated with human TM cells led to an increase in stress fibres

(Kwon et al., 2009). This group then transiently transfected cDNAs of mutated
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myocilin or wild type into HEK293 cells as a amenable modelcell line and then took

the conditioned medium and incubated 3T3 cells which led to an upregulation of

stress fibre containing cells (Kwonet al., 2009). The stress fibre promoting effects of

conditioned medium wasdue to secreted myocilin and was attenuated by the addition

of secreted Frizzed Related proteins 1 and 3 (sFRPs). sFRPs are extracellular Wnt

inhibitors. sFRPs are decoy receptors that contain soluble Wnt-binding frizzled

domains therefore they inhibit the Wnt signalling pathway. This myocilin-induced

increase in stress fibre containing cells was found to be B-catenin-dependant, as

siRNA knockdown of f-catenin in 3T3 cells diminished stress fibre containing 3T3

cells. B-catenin is an integral part of the Wnt signalling pathway. Activation of the

pathway occurs when Wntligands bindto frizzled receptors and co-receptors which

then leads to recruitment of an adaptor protein, dishevelled, and recruitment of a

scaffold protein axin, adenomatosis polyposis coli protein, this disrupts axin-

mediated phosphorylation and to the subsequent stabilisation of B-catenin allowingit

to translocate to the nucleus with the transcription co-factor, T-cell Factor to activate

Wnttarget genes (Katoh and Katoh, 2007).

A second component of the Wnt signalling pathway is activation of the small

GTPases RhoA and Racl which leads to reorganisation of the cytoskeleton within

the target cell downstream ofreceptor ligation (Moonet al., 2004). This component

of the Wntsignalling pathwayis often referred to as the noncanonical Wnt pathway

and results in cell morphological changes and is involved in a number of

morphological processes in vertebrate species including organ development. Indeed

Kwonet al demonstrated that conditioned medium from HEK293 mutated myocilin

transfected cells activates Racl and JNK phosphorylation and therefore activates the

noncanonical Wntsignalling pathway ultimately leading to cytoskeletal modification
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in 3T3 cells facilitating altered cell morphology (Kwonet al., 2009). Although these

studies provide a mechanistic link between altered myocilin expression and

alterations of F-actin architecture which are mediated through non-canonical Wnt

signalling and downstream Racl activation they do not confirm this in the TM, the

tissue responsible for outflow resistance. It has however been shown that human TM

cells contain the Wnt signalling components for both pathways and is operative in

the TM (Wanget al., 2008b). It could be suggested that in TM cells, as opposed to

other cells, exposure to DEX leads to increased gene and protein expression of

myocilin that acts upon the cell and surrounding cells to activate and initiate the

noncanonical Wnt signalling pathway independent of B-catenin and downstream

activation of Rac or Rho to induce CLAN formation. Thus unifying DEX exposure,

myocilin expression with Wnt signalling and ultimately cytoskeleton rearrangement.

Microarray analyses of TM cells that have been exposed to long term DEX to

identify differentially expressed genes have yielded few target genes. The most

consistently up regulated gene was MYOCthat codes for myocilin (Lo et al., 2003)

along with a-1 anti-chymotrypsin, a serine protease inhibitor. Indeed decorin mRNA

wasalso found to be up regulated after DEX exposure (Ishibashi et al., 2002). The

different pattern of expressed genes after exposure to DEX mayrelate to different

concentrations of steroid used in each study, time of exposure, passage numberofthe

cells used in the studies andcell heterogeneity.

DEX primarily signals through its glucocorticoid receptor-a. The other isoform is

glucocorticoid receptor-B which is a dominant negative regulator of glucocorticoid-a

function andis a splice variant from the same gene (Derijk et al., 2001). One reason

for the heterogeneity between cultures with respect to CLAN induction could be the

relative expression of the receptor isoforms. Indeed it has been shown that TM cells
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that overexpress the dominant negative glucocorticoid receptor-fB secrete less

myocilin (Zhanget al., 2005). It would have been interesting to have examined the

CLANincidence in the overexpressing B receptor TM cells.

Apoptosis

No thoroughstudies exist on the relationship with CLANs and apoptosis. The next

section of the study sought to determine if CLANsare associated with cell death as

this may underlie the loss seen in ageing and disease.

The time periods that were chosen correlated the known time points we know

CLANsare present in appreciable numbers and wecould not find any evidence of

apoptosis in CLAN-rich cultures, regardless of the conditions used and using

multiple assays to evaluate apoptosis. Apoptosis is a clear linear sequence of events

that results in the eventual demise of the cell and these are easily distinguishable

(Thompson, 1995). Myocilin, a DEX inducible protein that is significantly

upregulated after exposure, has been shown to sensitise cells to oxidative stress-

induced apoptosis (Joe and Tomarev, 2010).

It is not surprising that no association occurred with CLANs as whena cell has

decided to apoptose the earliest biochemical event is dissolution of the actin

cytoskeleton. Indeed actin is itself a substrate of caspases resulting in dissolution

(Kayalar et al., 1996). We know human TM cells can undergo FAS-induced

apoptosis through the extrinsic pathway and express pro-apoptotic and anti-apoptotic

proteins and mRNA (Agarwalet al., 1999b), howeverthis is the first examination of

apoptosis in relation to CLANs/DEX/TGF-$2 exposure. Compared to other cell

types, TM cell apoptosis has not been examined in great depth. It has been

demonstrated that BTM cells exposed to dipivefrim hydrochloride, timolol maleate
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and levobunolol hydrochloride, all common glaucoma medications,results in a small

amountof cell death but often at supra-physiological levels (Kawa etal., 1993).

Another study which examined apoptosis in human TM cells found that the steroid

triamcinolone acetonide resulted in an increase in apoptosis and decrease in cell

proliferation (Wang et al., 2008a). However this was only noted at the higher

concentration of 1mg/ml and could be dueto the benzyl alcohol preservative. Also in

an ex vivo organ culture model of the TM,in whichtissue viability is maintained by

perfusion of culture medium addition of ethacrynic acid to the perfusate resulted in

somelevel of toxicity (Johnson and Tschumper, 1993). No study to date has looked

specifically at the relationship between CLANSsandapoptosis.

CLANinducerandinhibitors

DEX is currently the only known CLANinducer to date and as well as inducing

CLANSsit also has a host of metabolic effects on the TM cell (Clark et al., 1994).

DEXwasinitially added to TM cells due to the fact that in a significant proportion of

the human population (steroid responders) who are exposed topically to DEX

develop elevated IOP. If the elevated IOP persists it results in a DEX-induced

glaucomathatis clinically similar to POAG (Armaly, 1966). This part of the thesis

investigation set out to discover new CLAN inducing agents and also to find

inhibitors if at all possible.

Previous studies (Wade et al., 2009) demonstrated that even without DEX in the

media, a few BTM cells developed CLANsand there were more in bovine than had

been found in the non-glaucoma HTM cell lines that we worked with. Initial

investigations centred on base-line CLANinduction by varying the amount of serum

in the culture medium. This resulted in a dose dependant increase in CLAN

133



incidence as the concentrations increased and in the presence of “standard” medium

containing 10% FCS there were around 13% of BTM cells had CLANsin their

cytoplasm by 14 days. These data demonstrate a progressive and significant step

wise increase in the incidence of BTM cells containing CLANs with the increasing

serum levels in the culture medium. There were less CLANspresent in the lowest

concentration of FCS used, but to tease out the effects of addition of other

compounds 1% FCS concentration was subsequently adopted for the rest of the

experiments.

The investigation initially focussed on TGF-B2 as a possible CLAN inducer in BTM

cells for multiple reasons. Firstly it is abundant in the aqueous humour (Minetal.,

2006) and is significantly expressed in higher concentrations in aqueous humour

from glaucomatous patients (Tripathi et al., 1994b). Secondly TM cells express

functional receptors for growth factors including TGF-B (Wordinger et al., 1998).

Moreoverin porcine TM cells it has been found that such cells express the gene for

TGF-B2 and also secrete the protein,albeit in a latent non-activated form (Tripathi et

al., 1994a). Further TGF-B2 has a well-defined pathway through years of research on

this molecule and its molecular effects which include activation of the canonical

Smad pathwayleadingto transcriptional targets (Derynck and Akhurst, 2007). As a

result it was hypothesised that TGF-B2 exposure would induce substantial numbers

of CLANsin BTMcells. Evaluation of TGF-B2 as a CLANinducing agent showedit

to be highly effective because at levels as low as 2ng/ml it was able to induce

CLANsin around 50% of confluent BTM cells following 7 days exposure to TGF-

B2. By way of comparison it took twice as long to produce comparable numbers of

CLANSswith DEX treatment. Thus the induction of CLANs by means of exogenous

TGF-B2 results in a greater magnitude of response than that of DEX our only other
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known inducer. It is not known whether TGF-B2 would lead to decreased collagen

gel contraction mediated by BTM cells as this has not been tested anywhere,

however TGF-B1 does increase collagen gel contraction by BTM cells (Nakamuraet

al., 2002). This may not be surprising as TGF-B1 does not lead to increased CLAN

incidence in TM cells.

Use of a TGF-B2 neutralizing antibody reduced the CLAN producingaction close to

baseline levels in BTM cells in both our TGF-B2 and aqueous humour experiments

presumably by sequestering available TGF-B2. The first report of aqueous TGF-B

levels in human cataract patients was in 1990 when the extremely high level of

4.5ng/ml (with 60% of the cytokine being in an active form) was reported (Jampelet

al., 1990). Further investigations agreed that it was the TGF-B2 isoform of the

cytokine that was the dominant form of TGF-f in aqueous, however at considerably

lower levels for total and activated cytokine. One study showed values of 2.7ng/ml

to be expressed in human aqueous humour(Tripathi et al., 1994b). Another study

determined extremely high levels of TGF-B2, but conceded that this was unlikely to

be mature, activated TGF-B2 (Kokawaetal., 1996). Research using aqueous humour

from cataract patients determined the levels to be higher in cataract vs controls

however,the actualratio of latent (unactive) to mature (activated) seemed to be high

(Maieret al., 2006). Values for total TGF-B2 in species other than man approximate

the humanlevels but normal bovine aqueous humourseemsto bea little higher with

a range between 1.13 and 5.6ng/ml has been published (Hayasakaet al., 1998). The

concentration used in this study fits easily into that range and is often used in

investigations looking at the effects of TGF-B2 on extracellular matrix deposition and

turnover in the TM (Wordingeretal., 2007).
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The physiological action of TGF-B2 is mediated by TGF-B receptors type I and type

II, both of these are serine and threonine kinases. Once latent and inactivated TGF-B2

is activated by cleavage, possibly through latent activator protein and TSP-1

(Schultz-Cherry and Murphy-Ullrich, 1993), it binds one or both of these receptors,

this results in both receptors binding and increasing stabilisation with each other as a

heterotetramer and results in phosphorylation of the receptors as a critical initiating

downstream signalling event leading often to Smad recruitment and activation (Piek

et al., 1999). Therefore the theory was tested that TGF-B2 CLAN inducingactivity

could be retarded by TGF-B RI and TGF-f RII inhibition using small molecule

inhibitors of both receptors.

Inhibition of TGF-B RI resulted in a suppression of CLAN induction to 34% and

inhibition of TGF-B RII reduced CLANs to 31% (P=<0.01) (figure 3.16). This

CLANinhibition by blockade of the TGF-f receptors is statistically significant

compared to agonisttreated cultures, however a moreefficient attenuation of CLANs

may have been possible with increased concentrations of the inhibitors. Routine

observationsof cells indicated that they were healthy and viable. However TGF-B2

treated cultures alone appeared more rounded compared to receptor antagonist-

treated BTM cultures.

To further investigate the downstream signalling pathways involved in CLAN

formation a newly characterised Smad-3 inhibitor that inhibits Smad-3 and has no

effect on other Smad proteins or p38 was employed (Jinnin et al., 2006). Incubation

with SIS3 mediated suppression of TGF-B2 induced CLANs. Indeed no CLANs were

present in any culture examined. Blocking Smad-3, a downstream target of TGF-B2

signalling and central transcription factor, totally negated CLANs. Loss of CLANs

wasnot due to adverse changesin our cells because from morphological examination
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of cells they appeared healthy and the trypan blue exclusion assay showed that our

BTM cells had a consistent viability of over 97 % viability. Smad-3 is an

intracytoplasmic receptor regulated protein that upon phosphorylation it is activated

and translocates to the nucleus to alter gene expression. Here this heterodimeric

complex directs transcriptional activity of various genes in response to TGF-B

stimulation. Therefore the phosphorylation of Smad-3 using a phosphospecific

antibody to Smad-3 (Abcam serine 423/425) was investigated. The time point of two

hours incubation was chosen as phosphorylation likely occurs early in the cell

response to ligand stimulation, followed by significant gene expression and this may

be a dynamic kinetic situation of oscillations. Results showed that TGF-B2 induced

increased phosphorylation of Smad-3 and SIS-3-mediated suppression of this

phosphorylation and hence activation which was coincident with CLANsinduction

and suppression. Thus, TGF-B2 induction of CLANs is dependent on Smad-3

pathways. So it would appear that TGF-82 induced-CLANs require the Smad-3

pathway. Thisis thefirst time a study has demonstrated an effective CLAN inhibitor.

The TGF-f2 responsive genesthat are activated in TM cells leading to CLANsare

unknown. However, fibronectin has been found to be upregulated in response to

TGF-B2 exposure (Fuchshoferet al., 2007) and fibronectin has been shownto induce

CLANsthrough interaction with integrins linking extracellular signals to the

cytoskeleton (Filla et al., 2006). Thus TGF-B2-induced fibronectin may be elevating

CLANSsvia interactions with specific integrins. Figure 4.1 illustrates the possible

pathways of CLAN formation. In RPE cells a bone fide target gene of TGF-f has

been identified as GEF-H1 that activates RhoA ultimately leading to altered cell

migration and is Smad-dependant (Tsapara et al., 2010). It has been shown that

Smad-7 is an inhibitory antagonist of TGF-B2 signalling thus providing negative
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feedback to regulate local signalling. Indeed adenoviral overexpression of Smad-7 to

the corneal endothelium ofrats in vivo significantly reduced injury-induced corneal

fibrosis (Saikaet al., 2005, Sumiokaet al., 2008). It is interesting that Fuchshofer et

al. identified Smad-7 as being a key molecular switch that works in a negative

feedback loop to suppress TGF-B2 induced signalling in human TM cells

(Fuchshoferet al., 2009).

To determine that the protein factor in aqueous humour that responsible for CLANs

is TGF-B2 an anti-TGF-B2 neutralising antibody co-incubated with aqueous humour

was used in these experiments. A significant upregulation of CLANs in BTMcells

was evident in cells exposed to aqueous humour. Incubation with the neutralising

antibody retarded this upregulation, with cells having less than 10% CLAN-

containing cells present with incubation with neutralising antibody.

»».. Target gene 
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Figure 4.1 Possible pathway of CLAN formation. TGF-B2 binds to the TGF-B R I

and RII this results in the activation of the receptors and dimerization leading to

phosphorylation of R-Smad-3, this in combination with co-Smad,translocates to the

nucleus to act as a transcription factor leading to gene expression of a plethora of

genes with a subsequent increase in CLANs. Someofthe target genes that have been

identified in TM cells include ECM genessuch as fibronectin (Fuchshoferet al.,

2007). Fibronectin has been shown to promote CLANformationvia interactions with

integrins in human TM cells. We have shown blockade upstream of the Smad-3
pathway results in partial inhibition of CLANs but specific inhibition of Smad-3
(SIS3) leads to total negation of TGF-82 induced CLANs. Howeverthe target gene
downstream that leads to CLANSisstill elusive.

This confirms that CLANs are upregulated by aqueous humour, is consistently

reproducible, and one of the factor(s) mediating this CLAN induction is TGF-f2.

Previous studies measuring TGF-f2 levels in the aqueous humour whereall from the

small samples taken from the middle of the anterior chamber, so we have no clear

idea of what the actual true TM pathwaylevels are. They are likely higher than the

measured amounts in a variety of studies and freeze thawing of aqueous samples

surely has an effect on the protein levels, also different total protein levels will lead

to different results along with the sensitivity of the assay employed to measure the

analyte.

Onthe other hand if TGF-B2 is the inducing agent then whyisits ability to produce

CLANSsapparently greater in DMEM than in aqueous humour when at reasonably

similar concentrations? In this study, TGF-B2 at 2ng/ml was always moreeffective

at CLAN production at any time period in the target cells than optimum DEX, and

evenat lower concentrations like 1ng/mlit wasat least as good as DEX. Butin every

experimental run with 100% aqueous humour, consistently it was significantly less

than that of DEX-CLANs. This was puzzling. A reasonable and likely explanation is

deficiency of activation of latent TGF-B2 in aqueous humour that we had. Such non-

activation would lead to lowerlevels of functional active TGF-82. Aqueous humour

is a complex mixture of proteins and containsall manner of inhibitor and competitors
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that could be suppressing the TGF-B2 activation or signalling (Klenkler and

Sheardown, 2004, Freddo et al., 1990). Also freeze/thawing cycles of aqueous

humourcannotbe beneficial for the proteins.

Decorin is a small leucine-rich proteoglycan that has been documented as a natural

inhibitor of TGF-B signalling and represents a negative feedback loop (Yamaguchi et

al., 1990) and recently has been shown to supress pro-fibrotic TGF-B-induced gene

expression in human corneal fibroblasts (Mohanetal., 2010). Therefore decorin was

used to inhibit CLAN incidence in BTM cells based on previous evidence in the

literature that it is a natural endogenous inhibitor of TGF-B2 signalling. It was

surprising to notice that initial observations found that decorin resulted in a marked

F-actin rearrangement into CLANs. Indeed after 7 days in culture CLANs were

found in 69% ofcells (figure 3.22). The CLANs were phenotypically the same with

bright punctate hubs of actin and appeared quite large in relation to the cell. They

were indistinguishable from other inducers of CLANS.

Phase contrast microscopy revealed that many cells appeared more rounded.

Howeverthis wasnot a class affect as biglycan showed noincrease above baseline

CLANlevels. Decorin is a common component of the TM and hasbeenlocalised at

both the gene and protein level immunohistochemically (Tanihara et al., 1995, Wirtz

et al., 1997). It is abundant and is a major componentofthe extracellular matrix that

helpsstabilise the matrix. Also it has been suggested as a modulator of response in

glaucomafiltration surgery (Grisanti et al., 2005). Moreover its gene expression

using gene chip arrays has been found tobesignificantly upregulated after treatment

with DEX (Ishibashi et al., 2002). However, this was not confirmed at the protein

level. This could lead to DEX-mediated upregulation of decorin that in an autocrine

manner leads to CLAN biogenesis in TM cells. Recently recombinant decorin has
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been shown to suppress TGF-B1-induced cytoskeletal changes and contraction of

collagen lattices by hypertrophic scar fibroblasts (Zhang et al., 2009). The exact

mechanism through which decorin regulates CLANsis currently unknown however

decorin has been shown to cause shape changes in rabbit synovial fibroblasts

especially rounding and this may lead to cytoskeleton modification (see later)

(Huttenlocheret al., 1996) and also modify the shape of lung fibroblasts (Tufvesson

and Westergren-Thorsson, 2003).

Stretch

The TM is under constant mechanical stretch and as such must respondto this

constant stretch and distortion accordingly. Many studies have used mechanical

stretch systems using TM cells of various species however they have normally only

looked at MMPlevels and modulation in this context as a function of extracellular

turnover (Bradley et al., 2001). This study sought to determine if cyclic mechanical

stretch induces CLANs using a commercially available system in an attempt to

model the stretch and distension of outflow pathway cells that occurs in vivo. The

hypothesis is that biomechanical cues are integrated and transduced and respond in

producing CLANs.Stretch applied for only 12 hours was sufficient to create and

increase in CLANsto 40.5% of the cell population, DEX alone (and no stretch)

resulted in 49% and pretreatment with DEX andcyclic stretch resulted in there being

53% of BTM cells with CLANs. That there was no massive increase with DEX and

stretch suggests that there is no synergistic effect occurring. With other CLAN

inducing agents it often takes many days of exposure for the stimuli to induce

appreciable numbers of CLAN,suggesting a chronic effect. However, in this system

it has been shown that CLANsare induced after only 12 hours, it may be that the
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initial biomechanical stimuli is sufficient to muster an early gene responseresulting

in formation of CLANsexpediently.

Some authors reported similar ‘CLAN-like’ structures in human TM cells subjected

to mechanical stretch in vitro (Tumminia et al., 1998). These structures similar to

CLANSwere geodesic actin arrangements with hubs andvertices of F-actin radiating

away from the hub points. These authors found that after only 1 hour of stretch many

polygonal triangular arrangements were expressed in human TM cells; but by 24

hours of stretch the normal stress fibres arrangement was evident with limited

geodesic ‘CLAN-like’ structures, demonstrating that these are readily reversible.

Howevertheir type of stretch was different to what was employed herein. Tumminia

et al used a ‘homemade’ silicone moulded boat that was, like all silicone,

hydrophobic and had to be coated with an extracellular matrix compound,andin this

study in comparison to ours they used laminin as their extracellular matrix substrate

(Tumminia et al., 1998). In our studies laminin was found not to support the

attachment or growth of our cells in culture demonstrated by long elongated

processes and deadfloating cells. This study also made no attempt to quantify these

CLAN-like geodesic structures in their human TMcells, thereby giving no indication

of total or relative numbers say compared for example to non-stretched TM cells.

The present investigation provides the first quantitative data on CLAN-induction by

stretch.

Also in the Tummina investigation the stretch was, unlike in our study, continuous

and not cyclic with alternation between stretch and relaxation of the underling

silicone membrane. This type of stretch may not be physiologically relevantas it is

unlikely that the TM tissue is held tight as constant tension all the time (Grierson et

al., 1978, Wiederholt et al., 2000). This model of cellular deformation is more
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physiological and hence more relevant. The multi-axial device is a vacuum operated

system which produces bi-axial radial tensile strain with very little compression on

the circular shaped silicone membranes held within the plate and hold. The airflow

through the stretch plates is unrestricted, which diminishes the potential for internal

pressure gradient in the cell culture plate. So the rate of deformation of the

membraneis a true reflection of and the result of the pressure change due to the

vacuum applied by the system (Gilbert et al., 1994). Also the direction of the strain

in the Tummina system wasuniaxial (along one plane) and whilst they stated that the

strain was 10% quite how this was calculated is unknown. Compared to our

apparatus which produces multidirectional strain resulting in a radial stretch and the

percentage strain was calculated on the basis of physiological levels (Coleman and

Trokel, 1969, Johnstone, 2004) that the outflow pathway is probably exposed to in

vivo, their system is likely not physiologically relevant. It is interesting to note in

our system when comparedto a silicone membrane alone, stretch increased CLAN

incidence. However, when we compared non-stretched controls to tissue culture

plastics (see results section 3.7.1) the CLAN incidence was muchhigher after the

same time period in culture. This increase is suggestive of either substrate

(fibronectin) induction of CLANsorthe substrate topographic cues increases CLAN

incidence. While mechanical stretch has been used in various studies of TM cells

(WuDunn, 2009, Bradley et al., 2001) they have principally focussed on the matrix

metalloproteases and their possible signalling pathways in regulating matrix

deposition (Bradley et al., 2003). Therefore this is the first cyclic radial mechanical

stretch study in TM cells that describes the upregulation of CLANs. Howeverit has

recently been shown that the actin cytoskeleton arrangement has a direct effect on

matrix metalloprotease-2 expression and activation (Sankaet al., 2007).
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Next TGF-B2 was examined in the conditioned medium from the stretch and non-

stretched cultures was increased in the conditioned media collected after cyclic

mechanical stretch. There wasa large upregulation in TGF-B2 secretion in response

to stretch compared to control unstretched cultures (see results section 3.7.2 figure

24). However, incubation alone with DEX and non-stretched also led to an increase

which wassimilar in magnitudeto stretched cells, suggesting that DEX itself leads to

an upregulation of TGF-B2 expression. Preincubation of BTM cells with DEX and

subsequent exposure to stretch did not lead to an increase in TGF-B2 aboveeither

alone. Clearly there was no additive effect. This part of the study demonstrated that

TGF-B2 leads to CLANs so this may represent a paracrine effect induced by

mechanical stretch. Liton et al have previously shown that 5% elongation at the same

frequency that wasusedin this study led to a significant increased secretion of TGF-

B1, that was associated with activation of the TGF-B1 promoter (Liton et al., 2005a)

in primary human TM cell cultures. They subsequently showed that after cyclic

mechanicalstress there is cross-talk between TGF-1 and IL-6 suggesting a possible

autocrine loop (Litonet al., 2009). In the present study it was demonstrated thatafter

exposure to 10% cyclic mechanical stretch BTM cells upregulated IL-6 levels. In

basal conditions no IL-6 is present but is rapidly produced and upregulated after only

12 hours of mechanicalstretch. Interestingly there is also an increase in IL-6 that is

higher than stretch after 14 days exposure to the CLAN inducing agent DEX. IL-6

has been foundto alter cytoskeleton organisation in aortic endothelial cells in vitro

(Zhongbiao and Walter, 2003). Further, IL-6 has been determined to induce F-actin

alterations after IL-6 addition to macrophages and monocytes (Clahsen and Schaper,

2008). It could be suggested that BTM cells respond to cyclic mechanical stretch and

therefore to normal IOP fluctuations by secreting factors such as IL-6 to modulate
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permeability of Schlemm’s canal, thus momentarily increasing Schlemm’s canal

permeability and appropriate IOP is restored. It is well known that permeability of

Schlemm’s canal mediates outflow facility (Alvarado et al., 2005) and has an

embryonic vascular origin (Hamanakaet al., 1992).

IL-1B levels were also quantified after cyclic mechanical stretch exposure. IL-1f

levels were increase compared to control non-stretched BTM cells. Interestingly,

DEX treatment without mechanicalstretch led to an increase in IL-1f. Moreoverpre-

incubation with DEX and subsequent exposure to cyclic mechanicalstretch led to an

increase of over 780% of control non-stretch. It appears that DEX potentiates the

effect of cyclic mechanical stretch-induced IL-1f secretion. IL-1B is a pleotropic

cytokine historically involved in the primary immuneresponse. This cytokine has

been shown to modulate outflow facility and also to increase secretion and activation

of matrix metalloprotease-3 in TM cells (Hosseiniet al., 2006, Shifera et al., 2010).

Activation of this protease will mediate the quantity and distribution of extracellular

matrix in the outflow pathway. It may be postulated that DEX/stretch induced

secretion and upregulation of IL-16 mediates CLANsalone or in combination with

IL-6. Indeed IL-1 injected into rat eyes modulates outflow facility, whetherthis is a

specific or non-specific response is not clear however (Kee and Seo, 1997).

Hsp70 is a highly evolutionary conserved gene and protein that is induced by a

variety of cellular insults, including metabolic stress, traumatic injury and

mechanical stress. Previously it was shown that after cyclic mechanical stretch of

both humanand porcine TM cells (15% 1Hz) there was a 590 fold increase in Hsp 70

gene expression using microarray technology (Lunaet al., 2009). However changes

in gene expression do not necessarily reflect protein levels. Therefore

intracytoplasmic levels of Hsp70 after induction of cyclic mechanical stretch were
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determined. These data show that BTM cells do indeed express basal levels of Hsp70

and enormously upregulate their Hsp70 protein levels after mechanical stretch

(section 3.7.5). There is also massive upregulation of Hsp70 after DEX treatment and

morestill after DEX and subsequent mechanicalstretch and possible potentiation.

This is the first demonstration of Hsp70 protein levels in the TM ofany species to

date. Previous studies have demonstrated o-B-crystallin, another member of the

small heat shock protein family, is initially downregulated after mechanicalstretch in

human TM cells (Mitton et al., 1997).

This downregulation of a-B-crystallin occurs within an hour of commencement of

stretch, howeverreturns back to basallevels (Mitton et al., 1997). a-B-crystallin is an

important chaperone protein for actin and helps stabilise F-actin filaments. It could

be that the BTM cells sense the nascent cytoskeletal rearrangement of actin into

geodesic domes into CLANsas a misfolded protein response and thusincrease their

synthesis for proteasomal degradation. Thus the CLANspresenceis a ‘stress’ related

response. Alternatively, CLANs whilst not directly responsible for cellular apoptosis

per se could, lead the TM cell to being more vulnerable to an extrinsic apoptotic

stimuli leading to cell death. In other words a CLAN-containing cell is more

sensitive to an apoptotic stimulus and thusthe cell responds by increasing synthesis

of cytoprotective Hsp70 a highly conserved responseto cellular threats (Mailhos et

al., 1993). DEX treatmentin rat intestinal epithelial cells results in an induction of

Hsp70 resulting in protection from cell damage and death (Urayamaet al., 1998).

Both in vitro and in vivo, indeed suppression of Hsp70 gene and protein expression

by transfection with siRNA results in the attenuation of DEX-induced Hsp70

conferred protection from oxidative stress (Urayamaet al., 1998). Hsp70 is in its

normal state is a molecular chaperone protein whose function is to assist in
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transporting client proteins intracellularly and regulating protein degradation within

the proteasomal pathway (Smith et al., 1998). A common feature is upon various

types of stress cells upregulate their Hsp70 levels to protect the cell from sub-lethal

damage. Although Hspshave not been characterised in the TM tissue, they have been

shown to be expressed in retinal ganglion cells, which are the true endpoint target

cells in glaucoma(Park et al., 2001). Loss of these cells is the ultimate consequence

in the pathological sequence of event that ultimately leads to vision loss in POAG

(Kerrigan et al., 1997).

Indeed induction of Hsp70 in a standard animal model of glaucomaledto a reduction

in apoptosisofretinal ganglion cells (Parket al., 2001). This was mediated through

Hsp70 induction as the pretreatment with quercetin, an Hsp inhibitor, led to

supression of retinal ganglion cell death. Furthermore it was shown. that

pharmacological induction of Hsp70 by the specific Hsp70 inducer

geranylgeranylacetone leads to muchlessretinal ganglion cell apoptosis in an animal

model of glaucoma(Ishii et al., 2003). Cytoprotective effects of Hsp70-mediated

geranylgeranylacetone have been notedin retinal pigment epithelial cells (Tanito et

al., 2005). Therefore CLANs could lead to Hsp70 expression in BTM cells that is

mediating a cytoprotective response to perceived cellular ‘stress’ mediated by the

actin rearrangement to maintain cellular homeostasis. If this Hsp70 response is

attenuated (as clearly occurs with ageing) the cells become more vulnerable to

apoptosis. An attenuated CLAN-mediated Hsp70 response may occurin glaucoma.

To determine which pathwayis activated after mechanical stretch the canonical Nf-

kb pathway was examined using a p65 subunit antibody. This demonstrated

activation of the central pathway evidenced by increased Nf-kB phosphorylation and

hence activation after mechanical stretch. Nf-KB wasalso increased in DEX treated
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samples alone, which correlates with the increased IL-6 and IL-1B expression. An

authoritative Nature Medicine paper demonstrated that a specific stress response

defines the glaucoma phenotype (Wanget al., 2001). The study showed that all TM

tissues studied from confirmed populations of glaucoma donors waspositive for

ELAM-1 and ELAM-1 wasnotpresent in normal healthy controls. ELAM-1 is a cell

adhesion glycoprotein expressed only on endothelial cells activated by cytokines

such as IL-1 (Bevilacqua et al., 1989). The group showed that glaucomatoustissue

ELAM-1 expression is not due to inflammation as most expression is and is

upregulated by IL-1 expression at both the mRNAandprotein level and could be

blocked by addition of IL-1 Receptor antagonist (IL-1ra). Interestingly they usedcell

culture studies to show that in glaucomatous-derived TM cells Nf-KB was

constitutively active and increased in response to exogenous IL-1 and could be

supressed by addition of [L-lra to the medium and that glaucomatous constitutive

activation of Nf-kb results in a resistance to oxidant-induced apoptosis. Addition of

IL-lra supressed this resistance and inhibition of Nf-KB through the Nf-KB

antagonist SN50, led to reduced resistance to apoptosis (Wanget al., 2001). Their

work has demonstrated similar activation of Nf-kKB, increased expression of

cytokines IL-1-8 and IL-6; that could work in a feedback autocrine loop on Nf-kB

pathwayactivation, thus amplifying and propagatingthe transcriptional signal.

Thus the conclusion could be drawn that the CLANs mayresult in an increasedanti-

apoptotic pathways through Nf-kB activation and subsequent Nf-KB-mediated gene

expression. Testing this hypothesis was outside the scope of the present research but

would be an important future investigation. Activation of Nf-KB, depending on

cellular context, has been shown to be anti-apoptotic in a variety of cell types (Chen
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and Greene, 2004, De Smaele et al., 2001, Rae et al., 2007) although the exact

mechanismsarestill elusive to date.

In recent times research, including the work conducted in this present thesis, has

shown that CLAN induction in TM cells is not the exclusive property of

corticosteroids. Indeed DEX,the most effective steroidal agent for CLAN production

and our “gold standard”, is no longer top of our league table of induction agents see

table 4.1. It is now of importance to identify cell, molecular and pathwayactionsthat

are commonto the various agents and may be associated with CLAN development.

Wewere awarethat at least some of the CLAN inducers such as DEX (Clark et al.,

1994), aqueous humour (Fautschet al., 2005) and TGF-B are known to influencecell

shape.

Table 4.1 Inducers ofCLANs in BTM cells in this study

 

 

 

 

 

  

CLAN Inducer CLANincidence % of CLAN

containing cells after various

periods of exposure

Decorin 69

TGF-B2 68.2

DEX 49.1

Aqueous humour 41

Cyclic mechanical stretch 20*  
* After 12 hours ofradial cyclic mechanical stretch 1Hz 10% elongation.

Cell Shape and Movement
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As a result experiments were performed to see if any differences in morphology were

discernable in our test BTM cells. Although BTM cells at confluence have been

described as being ‘endothelial-like’ it became apparent that interesting differences

in cell appearance and movementparticularly during the pre-confluent period from

routine phase contrast examination and from time-lapse video observation were

clear. It has been demonstrated that DEX causes shape changes in human

endometrial cells (Koukouritaki et al., 1997) and increases TM cell size (Wilson et

al., 1993). TM cells are also known to get more enlarged and rounded in aqueous

humour and TGF-f family members also have shape-altering properties promoted by

their cytoskeletal modifying effects (Nakamuraetal., 2002).

Whetherthe various cell appearances represented subsets of different cells within the

primary cultures or (what turned out to be the case from time lapse evidence)

whether seeing interchangeable phenotypes was a valid question posed. What

precisely triggers the moveto and from a spindle-shaped polarised elongated form to

a more circular epitheliod shape and back againis notatall clear. It is not merely

locomotion because although manyofthe epitheliod cells did not move much, others

did and moved quite rapidly with fillapodial motion, as seen by time-lapse phase

microscopy, whilestill retaining an essentially rounded shape. In addition the spindle

or epithelial cells were predominantly mobile in pre-confluent culture moving by a

polarised extension of cytoplasm and then posterior release with a rapid elastic-like

retraction so creating forward motion. On the other hand somecells were virtually

static in culture.

Stress fibres were present in all the three shapes of cell seen in BTM cultures i.e.

spindle, epitheliod and kite shaped. They were most prominent in the spindle cells

but were just as pronounced in stationary spindle cells as they were in the mobile
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form(s). How exactly the stress fibres function in actively moving and stationary

phenotypes of cultured cells in general is a matter of considerable current research

(Worthylake and Burridge, 2003). Without doubt stress fibres are ATP-dependent

contractile structures irrespective of whether they are present in active or stationary

cells (Pellegrin and Mellor, 2007). At the outset of this study one had not predicted

that there would be any specific association of CLANs with a particular TM cell

appearance.Initially did not expectto find an association of CLANswith particular

cellular shape or pattern. Indeed casual, non-systematic examination of BTM

cultures had been unhelpful in this respect so we were quite surprised that analysis

showed the association with the epitheliod form was so strong. On the other hand,

that cells with CLANs tended to be stationary or at least fairly immobile was

predicted. It was also not unexpected that CLAN-containing cells exhibited, on time

lapse examination, a lack of flexibility when compared with the cells that did not

express CLANS.Certainly when TM cells are exposed to the CLAN forming stimuli

we can predict that a rounded, epitheliod stationary cell phenotype has a high

probability of having one of these cytoskeletal structures within the cytoplasm. We

now havea shapepredictor for the presence of a CLAN, which although notperfect

is none the less useful. What is not clear is whether CLANs themselves promote the

morphological shape change or whether the shape change precedes CLAN

formation? Future work should be carried out to address this question.

Currently it is not known if PAAsare functionally, structurally and phenotypically

the same as CLANs. CLANs wereinitially defined as DEX-induced polygonal

arrangements found in confluent cultures in vitro (Clark et al., 1994). However, we

now knowthat they are present in basal cultures and this work has demonstrated

multiple inducers of CLANs. It has been suggested that CLAN formation is
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modulated by Syndecan-4 activation (Filla et al., 2006). However, the authorsin this

paper used recently plated out non-confluent cultures. Specifically they used TM

cells that were trypsinised and then replated with or without a variety of extracellular

matrix molecules that included fibronectin and then stained for F-actin (Filla etal.,

2006). Filla and co-workers found structures that were ‘CLAN-like’ however

because their cultures and experiments were so short term and CLANsgenerally take

a long time to becomeestablished (up to 14 days) they may well be looking at

structures more akin to PAAsthan true CLANs(see figures showing characteristics

of the two structures). In the ‘spreading’ assay carried out in this thesis it was

demonstrated that cells contained spectacular polygonal arrangements of actin

especially around the periphery of the cell but that over time in culture this then

disappeared and formed the more regular stress fibre arrangementofactin. In other

words after plating the BTM cells there is an initially polygonal arrangementofactin

that then subsides as the cells form interactions through focal adhesions to the

underlying substrate and then on subsequent exposure to an appropriate stimuli the

cells increase their incidence of CLANs. Hence the work of others and the definition

of CLANsthat they used in their work need to be clarified as these structures may

appear similar howeverare not the same thing (Lazarides, 1975).

However, the structures others have described as CLANs mayindeed be the same

thing as they have endured an acute ‘mechanical stress’ after trypsinisation and the

same acute mechanical stress was applied in this study with cyclic mechanicalstress.

It would be interesting to perform microarrays to identify commonor differentially

expressed genes between TMcells that have been exposed to DEX and TM cells that

have been exposed to mechanical stress (trypsinisation and cyclic stretch). We had

performed a PCR array for genes involved in the TGF-B pathway between TM cells
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that had been exposed to either DEX or TGF-f2 to identify commongenes, only one

gene was increased with the two treatments: IL-6. IL-6 may play a role in the

formation of CLANs however, this was a preliminary study with a rather small

sample. The increase in CLANsonfibronectin coated cover slips was interesting, a

similar effect was found the sameincrease in silicone stretch membranes that were

coated with fibronectin, the control non-stretched cultures compared to standard

tissue culture plastics showed an increase in CLAN containing BTM cells.

Fibronectin may induce CLANsthroughligation with integrins (Filla et al., 2006). A

very recent paper by Filla et al has demonstrated that DEX leads to upregulation of

avpB3 integrin expression and the use of activating antibodies against these integrins

upregulated CLAN in TM cells. Perhaps more importantly they report that this

enhanced integrin expression and activation by DEX wasin confluent cultures of TM

cells, in contrast to their previous studies which wereall in fresh platedcells (Filla et

al.). The weakness in this paper is that the authors did not used matched isotype

controls for their activating antibodies and therefore cannot rule out the possibility

that other non-integrin pathways were activated by the antibodies. I propose a

working model in that DEX leads to CLAN formation via an increased secretion of

TGF-B2 and therefore an increased secretion of the ECM protein fibronectin

(Fuchshofer et al., 2007) with a concurrent increased expression of avB3 integrins

(Filla et al.) which binds the fibronectin leading CLAN formation via Racl.

Silencing of Racl, an important cytoskeleton regulator, in TM cells exposed to

CLANinducers will help elucidate its role. Racl mayplaya criticalrole.
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Table 4.2 Differentfeatures between CLANs and PAAs

 

 

CLANs PAAs

Geodesic structuresfoundin Transientgeodesic structures that
confluentculturesofcells are precursorsto stressfibres

Can extend the whole area ofthe Spectacular andfoundonly in the

occupying cell periphery of thecell

Can be induced by a variety of Non-inducible;found only on
stimuli replating

Can be inhibited by blocking of TGF- Cannotbe inhibited

{2 receptors or downstream

signalling
 

In conclusion I have demonstrated that CLANsresult in a functional alteration of

BTMcell contractility which could lead to a defect in regulation of outflow facility

with a subsequent raised IOP. CLANsdo not appear to be associated with apoptosis.

This work has also discovered multiple CLAN inducers and that, at least in the case

of TGF-B2-induced CLANs,are coupled to the canonical Smad pathway, as Smad-3

inhibition attenuates the TGF-B2-induced increase in CLAN incidence. However

CLANSscan be formed independent of the TGF-B signalling pathway upstream of

Smad-3. Moreover CLANSare associated with a specific cell phenotype. This will

help identify CLAN containing cells in the future; this will be invaluable for future

studies. I also demonstrated that cyclic mechanical stretch, similar to physiological

levels, results in CLAN formation. Such CLAN formation in response to

biomechanical stimuli may represent a homeostatic mechanism to alter the

contraction of the TM cells and therefore outflow resistance. Elucidation of TGF-B2

signalling in the formation of CLANssuggests that aberrant signalling, perhaps via

genetic mutation, would lead to elevated CLANs. If CLANSsare pathogenic in POAG
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(or other diseases) targeting the Smad pathway may represent a new therapeutic

paradigm.

Conclusions
 

DEX leads to functional impairment of contraction using an accepted model

of cellular contraction

Expression of CLANSsare not associated with TM cell apoptosis

CLANsare induced by a factor(s) in serum as reduction of serum leads to

suppression of CLANs

The pleotropic cytokine TGF-B2 is a potent CLAN inducing agentandis one

of the agent(s) in aqueous humourresponsible for CLAN formation

TGF-B2-induced CLANs are coupled to the Smad-3 pathway and may

represent a future therapeutic target

The ubiquitous small leucine-rich proteoglycan decorin is an exceptional

CLANinducing agent

Cyclic mechanical stretch of a physiologically relevant level results in CLAN

induction

Such mechanical stimulated CLANsappear in a short time suggesting early

transcriptional responses

Hsp 70 is expressed in TM cells and is rapidly produced and upregulated in

response to biomechanical stretch and mayrepresent an adaptive response

TGF-B2 is upregulated and secreted in response tostretch as are IL-6 and IL-

1B which could regulate vascular permeability

The canonical Nf-kb pathwayis activated after mechanical stretch and likely

activates directed gene transcription for the acute response cytokines
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e CLANcontaining cells are associated with a circular cell phenotype giving

rise to an identification system based on morphology

e BTMcells containing CLANsare less motile and malleable

e PAAs and CLANsmaybe different distinct entities

4.1 Future work

Future work should centre on finding further inhibitors of CLANs as moretools to

inhibit would be beneficial for investigating their effect(s). It is likely that the

different CLAN inducers are generated through distinct pathways, that in many cases

will ‘cross talk’ with each other adding another layer of complexity to CLAN

biology. It is probable that factors secreted by TM cells induce CLANSinothercells

and the only other cell we have found CLANspresent in is the laminacribrosacells

from the optic nerve so performing microarrays for common genes that are

differentially expressed would be a valid future experiment. It is noteworthy that the

only other cell type found to express CLANsto date is the cell that ultimately

perishes in POAG (Job et al., 2010). The proposed model that DEX leads to CLANs

via integrin activation by binding to ECM components should be tested by

neutralisation of fibronectin (ligand for integrins) and siRNA should be employed to

knockdown Racl to determine its role in CLAN biogenesis. The raison d'etre of

CLANSsis unknown but mayrepresent an adaptive response to perceived stimuli, that

initially may be beneficial but in the longer term may bedeleterious to cells. An

analogy can be drawn with chronic inflammatory disease where the initial

inflammatory response is beneficial (CLANs being anti-apoptotic), however longer

term non-resolution of the inflammatory response and chronic long term cytokine

expression leads to damage (CLANSinhibiting contraction and phagocytosis leading

to increased free radical generation and oxidation of lipids and proteins and
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inhibition of proteasomal pathways). Inhibition ofNf-KB activation should be further

examined to determine if transcriptional activation is necessary for CLAN induction

by the various gene products. The ciliary muscle should be analysed for CLANs.

This would be importantas this tissue is fundamental to outflow resistance.
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