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Abstract

Purpose

The purpose of this research was to investigate the effect of glatretated insultsspecifically
oxygen and/or glucose deprivation (OGD) on the survival and genes expression of human Mduller
cells (MIO-M1), and retinal ganglion cells (RGCs) using the human organotypic retinal culture
(HORC) model.

Methods:

MIO-M1 cells and HORCs were eaped to different levels of OGD using a custbuilt
chamber to control oxygen levels. Cell survival was evaluated using MTS and LDH assays while
RGC death in HORCs was investigated using NeuN immunohistochemistry and TUNEL
labelling. Expression of genes$ interest was assessed using GRIR.

Results

Reduced levels of oxygen and glucose (1.11mMglucosesi¥adsed proliferation of MIM1

cells. Full deprivation of glucose caused cell death, but full hypoxia did not affect survival. In
HORCs, glucose gbeivation and OGDbut not oxygen deprivation aloneaused loss of RGCs.
Different levels of OGD regulated expression of genes associated with angiogenesis, glial
activation, excitotoxici and neuroprotection in MKM1 cellsand HORCs. VEGF expression
significantly increased in MI1 cells and HORCs treated with full OGD, and VEGF protein
wassecretedunder reduced levels (1.11mMglucose/4%6eGecretion of VEGF in MIEML1 cells

and HORCs was also increased under conditiohs or ai s e d glucose. The
LY333531 decreased VEGF secretion under conditions of raised glucose and hypoxia. Co
culture of MIOM1 cells resulted in more damage/apoptosis to HORCs and reduced RGCs
survival.

Conclusions

Use MIO-M1 cells and theHORC model were effective in studying the effect of OGD in relation

to glaucoma. Glucose rather than oxygen was the key survival factor for RGCs arAdIMIO
cells. The secreted factors by Mdller cells could have protective and detrimental effects on RGC
suvival. Investigation of mechanisms using these montelg be of benefit in development of

potential therapeutic interventions for retinal neurodegenerative diseaekesng glaucoma.
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Chapter 1

Introduction
1. Anatomy of the Eye

The eye is a complephotosensitive organ that takes in information from the environment in

the form of light and analyses light intensity and colour reflection from objects through
changing them into neuronal signals. The eyes are located in the protective bony structure of
the skull called the orbits. Each orbit is pyramidal in shape. Its base is the orbital margin and

its apex directed towards the optic canal at the posterior of the orbit {&gnand Kels,

1992; Kels et al., 2015). There are four rectus muscles formmirgt 6 muscl e coned,
within each orbit, two obligue muscles and a levator palpebrae superioris musiday At

al., 2008). The size of the normal human eye is approximately 22 to 27 mm and 69 to 85 mm

anteroposteriorly and in circumference respety (Kels et al., 2015).
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(a) Diagrammatic view. The vitreous humor is illustrated only in the bottom part of the eyeball.
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Figure 1.1: Gross anatomy of the globe. Source:http://biology
forums.com/index.php?action=gallery;sa=view;id=11303



http://biology-forums.com/index.php?action=gallery;sa=view;id=11303
http://biology-forums.com/index.php?action=gallery;sa=view;id=11303

The main blood supply to the eye is via the ophthalmic artery, which is a major branch of the
internal carotid artery. It reaches the orbit through the optic canal and branches to supply the
eye and extr@cular muscles (Presland, 2007). The ciliary boegeives blood from the
posterior and anterior ciliary arteries. Avascular structures like the cornea and lens receive
their nutritional supply via the tear film and aquetwsnour The palpebral artery, which
originates from the ophthalmic artery, supplies conjunctiva and anterior episclera together
with the anterior ciliary arteries (Alense et al., 2008). A major branch of the ophthalmic
artery is the central retinal artery, which supplies the innermost layer of the retina (Presland,
2007). The outeretinal layers receive nutrition from the choroidal capillary bed. Metabolites
di ffuse through Bruchoés membrane dhedeurdlhe r ef
retina (Remington, 2005).

The eye is dividedraatomically into three layershé scera which is the fibrous exterior and
supporting layer; the vascular middle uveal layenich encompasses the iris, ciliary body,

and the choroid; and a third neural internal laylee retina (Born et al., 1998; Grakels et

al., 1992). The lens andsisuspensory ligament separate the anterior and posterior chambers
andarel ocated between t wo huidunanddireous body (Biguret he a
1.1) (Presland, 2007).

1.1 The Fibrous Coat: The Cornea and Sclera

The fibrous coat is the exteriof the eye comprising the cornea and sclera. Both consist of
collagen fibers. These fibers are arranged in highly regular lamiitlaeorneaenabling itto

be transparent. The cornea is the primary refracdivecture in the visual pathwayts
transpareay and avascularity are two important characteristics for optimal light transmission.
The cornea is coated anteriorly by the tear film and posteriorly facing the adqueaosr

(Remington, 2005).



The collagen fibers in the sclera are exteriorly intermoaed extend in all directions making

it anopaque structure (Jayaram and Calder, 2004). The sclera forms the postesottlise

of the connective tissue coat of the globe. It is relatively inactive metabolicdllycanished

by the small vessdbranches from episclera and chor¢Watson and Young, 2004Yhe

scl erads uni g uetermirethea shapa of e dydatsop and Yoang, 2004).

1.2 Uvea

The uveal tract is the middle layer of the eye and is composed of three parts; ttikairys

body, and the choroid. The iris is a thin, circular and colored structure composed
predominantly of smooth muscle and located anterior to the lens and attached peripherally to
the ciliary body. The pupil is the central aperture and is locatedaonto the iris centre. The

iris has the primary function of regulating the size of the pupil and to prevent excessive light
from entering the retina and providing an optimal light condition for a good image (Al lens et
al., 2008).

The ciliary bodylies between the iris and choroid. The ciliary muscles within the ciliary body
are involved in the accommodation process by altering the shape of the lens. The ciliary
processes are small, fingléde projections located posterior to the lens. The main fanaif

these processes is to produce aqudmumour which circulates through the pupil into the
anterior chamber and exits the eye crossing the trabecular meslavsekelike structure,
andflow outi nt o Schl emmé6s c¢anal (Figute 1.2)fKapinichrandl o c or n
Car on, 2014) . Drainage through t heeferedtobecul &
asthe conventional pathwayA minor pathway for outflow of the aqueolsimouris by
diffusion through intercellular spaces between tharg muscle fibers (Alm, 2000; Alm and
Nilsson; 2009). The juxtacanalicular or cribriform meshwork layer of trabecular meshwork is
composed of cells embedded in a dense extracellular matrix and characterized by narrow

intercellular spaces. This layer iis direct contact with the inner wall of endothelial cells



from Schl emmbés <canal a n dumourflews anise frametlssi jant a n c e
layer (Llobet et al., 2003). The flow of aqueodmgmour against resistance generates an
average intraocularrgssure (IOP) of approximately 15mmHg (Goel et al., 2010; Tamm,
2009). This pressure is important to inflate the eye maintpithe shape and optical
properties of the globe (Goel et al., 2010). The impairment of aquaausur outflow

results in elevatin of IOP, which is the mainisk factor forof glaucoma (Braunger et al.,

2015) Thiswill be discussed i latersection of this introduction.
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Ciliary
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Figure 1.2 Pathway of aqueous humor outflow. Source: adapted from (Llobet et al., 2003)

The ciliary body has both sympathetic and parasympathetic nerve endings. Stimulation of
sympathetic receptors increases aqudausoursecretion by the ciliary epitheliumvhile
parasympathetic innervation to ciliary muscle causentraction and accommaditan by
changingthe shape of the len#t also educes resistance to conventional aquéausour
trabecular outflow (Al lens et al., 2008)he suspensory ligamenfzonules) of the ciliary

body are attachedo the lens. The lens is avascular, clear, ar@nvex in shape and is



contained within an elastic capsulereceiesits nutrients from the aqueotsmor (Al lens

et al., 2008Presland2007%.

The choroid ighe posterior part of the uvea. Ithghly vascular tissue supplying oxygen and
nutrierts to the outer retina. In addition, the choroid acts as a therguator of the eye
through heat dissipation.

1.3The Vitreous Humor

The vitreous is the largest cavity of the ggenstitutingtwo-thirds of the eye volume. It is
avascular and transparemhich enables the transmission of light (Al lens et al., 2008). The
composition of the vitreous is 99% water with small amount of collagen giving it the
consistency of a gel (Remington, 200Bue to its viscoelastic properties it protects the retina
during rapid eye movements and phystcalima(Remington, 2005).

1.4 Retina

The retina is the neuronal tissue lining of the posteriorttwrds of the eyglocated between

the choroid and viteus. The retina is embryologically derived from the neural tube and is
classed as part of the CNS (Ryan et al., 2006). It consists of two parts: the neural retina layer
and outer retinal igment epithelium layerThe neural retina is composed of five majo
classes of neuronal cells: photoreceptors, horizontal cells, bipels; emacrine cells,
ganglioncells, and also Miuller cells, the predominant macroglial c@lfatomically, the
retina is described as having ten layeAs shown in Figure 1.3 the tneal pigment
epithelium (1), is the outermost retinal layer; the photoreceptor outer segment layer (2)
contains the rod and cea The external limiting membrane (3) is not a true membrane, and it
contains intercellular junctions between photorecepars Miller cells (Remington, 2005).

The outer nuclear layer (4) containing the rod and cone cell bodies. The outer plexiform layer
(5) contains thesynapses betwedhe photoreceptors anithe cells of the inner nuclear layer.

The inner nuclear layer (&onsists of the cell bodies of horizontal cells, bipolar cells,



amacrine cells, Muller cells and some displaced ganglion cells. The inner plexiform layer (7)
consists of synaptic connections between the bipolar cell and amacrine cells of the INL and
the dendrites of ganglion cells. The ganglion cell layer (8) is a single cell layer in the
peripheral regions of the retifas shown in Figure 1)3and about 8 to 10 cells near the
macula, which is the central region of the retina. The nerve fiber layerg@ypdy ganglion

cell axons, which exit the eye at the optic nerve head through the lamina cribrosa to become
the optic nerve. The internal limiting membrane (10) is the innermost boundary of the retina

composed of extensively expanded terminations of &ld#ll (Forrester et al., 2002)
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Figure 1.3: The retina (A) Layers of the retina; (B) microscopic image of the same(ajea:
retinal pigment epithelial layer{2 photoreceptor outer segment lay€) external limiting
membrane4) outer nuclear layer95) outer plexiform layery(6) inner nuclear layer(7)

inner plexiform layer;(8) ganglion cell layery(9) nerve fiber layer;(10) internal limiting
membrane. Source: from Leeson CR, Leeson S: Histology, Philadephia, 1976, Sauders and
http://webvision.med.utah.edu/book/parti-foundations/simple-anatomy-of-the-retina/

A centralregion of theretina iscalled the maculautea, whichappears as a darkened region,

and is 3 mm lateral to the optic disc. It appears as a yellow area after dissection because of
the presence of xanthophyll pigments (lutindamaexanthin). hese pigmentshave
antioxidant properties and thus prevent damagea futiraviolet radiation (Remington, 2005).

Thefovea {oveacentralis) appears as a shallow depression at the center of the macula has a


http://webvision.med.utah.edu/book/part-i-foundations/simple-anatomy-of-the-retina/

central diameter of 1.5 mm. There the retinal neurons are displaced, leaving only the
photoreceptors in the center. $tdepression is known as the foveal pit. The concentration of
cones in this area is around 300,000 cones per square millimeter, and there are no blood
vessels (Forrester et al.,, 2002, Remington, 2005). The optic disc is also known as the blind
spot as thexr are no normal retinal layers in this area and appeapale pink/whitish area.

This is the site where ganglion cell axons meet and leave the eye (Forrester et al., 2002). The
peripheral retina is rich in rods and considered as the remainder otitfze cetside of the
macula(Forrester et al., 2002). The ora serrata is located 5 mm anterior to the margin of the
sensory retina and is the area where the retina and ciliary epithelium meet.

1.4.1 Retinal Pigment Epithelium (RPE)

The retinal pigment efielium consists of a continuous monolayer of pigmented hexagonal
cells, which form the outermost retinal layer aaréd a component ahe bloodbrain barrier
(Boulton and DayhavBarker, 2001). It is essential in the visual process throegycling of

the visual pigmentmaintaining adhesion of the neurosensory retina; providing a selectively
permeable barrier between the choroid and neurosensory retina; phagocytosis of rod outer
segment; absorption of light; and transport of metabolites and vitamins (Forrester et al.,
20@). Cellscontain numerous melanocytes and pigment granules, which extend to the apical
area. The extended microvilli from the apical region envelop the outer segments of
photoreceptors. The melanin in RPE helps in absorbing the light that passes through
photoreceptors and preventing scattering the light, which would degrade the visual image. In
addition, the RPE helps in scavenging reactive oxygen species (ROS) and phagocytosis,
transport of nutrients, retinoids and waste products (Boulton and Deada, 2001).

1.4.2 PhotoreceptorsRods and Cones

Photoreceptors are the photosensitive cells in the retina, which contairabggrbing

pigment and convert it into neuronal signals or impulses. The retina contains two types of



photoreceptors; rods accouior 95% of all photoreceptors while cones maleonly 5%

(Luo et al., 2009). Photoreceptors are composed of the outer segment, containing the visual
pigment, the cilium which connects the outer segment with the inner segment and acts as a
channel betweethe two segments and the inner segment which contains the organelles and
metabolic apparatus such as mitochondhi@ endoplasmic reticulungolgi apparatus and

the nucleus (Al lens et al., 2008, Remington, 2005).

There are approximately 130 million ¢ the human retina. They are specialized for high
sensitivity and are responsible for night vision. Thegalso responsible for peripheral vision

as the majority of the rods are in the periphery of the retith lower levels within the

fovea (Remigton, 2005). The visual pigment rhodopsin contained within the rod outer
segments enables them to convert light into impulses. This pigment is regenerated in the dark
and is capable of absorbing wavelengths of visible light with high sensitivity to ghiefia
wavelength of 500 nm (Ryan et al.,0&). Cones provide high acuity andlour vision in
daylight condition. There are approximately six million cones in the rgire@ominantlyin

the macula. The cone outer segment is shorter than that of the rod. Three different types of
cone are present in the retina: red, green and blue with three different pigments, which allow
them to absorb the specific wavelength of light, required. Péogptor axons start in the
Outer Nuclear Layer (ONL) and terminate in the outer plexiform layer (OPL) (Al lens et al.,
2008, Remington, 2005).

1.4.3Horizontal Cells

Horizontal cells are interneurons located in the outer rows of INL and adjacent t®the O
They have one long axon and several short dendrites with branching terminals ending in the
OPL and they transfer information in a horizontal direction parallel to the retinal surface.
They synapse with photoreceptors, bipolar cells, and other hotinafisain the OPL Ryan

et al., 2006Remington, 2006



1.4.4Bipolar Cells

Bipolar cells are interneurons, which receive input from the photoreceptors and conduct the
signals into the inner retina. There are many kinds of bipolar, eellsthey termirte deeply

in the IPL Ryan et al., 2006 The bipolar cells have a large nucleus and minimal cell body
cytoplasm. Their dendrites synapse with photoreceptors and horizontal cells in the OPL, and
the axons synapse with ganglion and amacrine cells in théR&hington, 200b

1.4.5Amacrine Cells

Amacrine cells are inhibitory interneurons using either GABA or glycine as the
neurotransmitter. Their synapses are located predothyria the inner part of the IP The

cell body of amacrine cells lie mainlyithin the proximal part of the INL, and many
subtypes are displaced and can be found in the ganglion cell layer or lie within the IPL
(Masland, 2005).

1.4.6 Retinal Ganglion Cells (RGCs)

Retinal ganglion cells (RGCs) are the final pathway output neumathe retina, carrying the
visual information to the brain. They receive signals from bipolar cells, which convey inputs
from photoreceptors, and amacrine cells in the IPL (Marshak, 2009). The cell bodies of the
ganglion cells are located in the ganglo®l layer situated between the nerve fiber layer and
the IPL, but displaced ganglion cell cells can also be found in the INL. The axons of the
ganglion cells form the nerve fiber layer and form bundles that are ensheathed by glial cells
thatleave the ge in the form of the optic nerve (Remingt@905, Forrester et al., 2002)

1.4.7 Optic Disc

The optic disc is the site where the axons of the ganglion cells leave the eye. It is
approximately 1.7 mm in diameter horizontally, and the vertical diameter is 1.9 mm with a

depression in the surface, which is referred to as the cup (Jonas et al.]tli93leyellow



in colour and the two lgers appearing in the optic disgce thenervefiber layer and an
internal limiting membrane only (Quigley et al., 1998).

1.4.8 Neuroglial Cells

The neuroglial cells found in the retina include microglial catidtwo types ofmacroglial
cells, astrocytes anmlliller cells. They play very important roles in the support, metabolism
and nutrition of the neuronal cells in the retamal inresponehg toinfection or injury.
1.4.8.1Microglial Cells

Microglia cells areresident of the CNS and the retina. Microgli@cursorriginate in the
yolk sacand migrate through bloodiesselsinto the retinal tissue during late embryonic
development and in the early postnatal pefBdrron 1995). They arabundanin human
retina wherethey are found in every layer (Chéimg, 1994). They are bloederived
phagocytes and play a role in retinal immunity via phagocytosis of cellular debris (Dheen et
al., 2007). Activation of microglia cells in retinal injuriesvolves their proliferation,
migration and poduction of several celignallingfactors (Dheen et al., 2007; Beynon and
Walker, 2012).

1.4.8.2 Astrocytes

Astrocytesdo not originate from the retinal embryonic epitheliandare thought to enteéhe
developing retina from the brain along the developing optic nerve (Ohgn1994). They
are restricted to the nerve fiber layer of the retina (Schitzer, 1987). They are flattened cells
with radiating processes, whiehefilled with intermediate filamentGFAP. These processes
envelopblood vessels itthe corjunction with Miller cell processes in the superficial plexus

and the basal lamina of the vitreal surface (Hollander et al., 1991).
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Figure 1.4: Muller cells interact with all retinal neuronal cells forming columnar units.
Source: Rahenbach and Bringmann, 20181, Muller cells ensheathing: G, retinal ganglion
cell; CB, conespecific bipolar cells; A, amacrine cell; RB, rod bipolar cell; NFL, nerve fiber
layer; GCL,ganglion cell layer; IPL, inner plexiform layer; INL; inner nuclear layer; OPL,
outer plexiform layer; ONL, outer nuclear layer; SRS,-gtinal space.

1.4.8.3Miller Cells

Muller cells are radial macroglial cells, which provide structure and supfiwete are ten
million Muller cells making up 10% of the total retinal volum&heir processes ara
contact with all the neuronal elements wiis shown inFigure 1.4 (Bringmann and
Reichenbach, 2009; Sarthy and Ripps, 2001). In the following sectiditerMell function

in healthy and diseas®ll be discussed in greater detail.

1.4.8.3.1 Characteristics oMuller C ells

Muller cells span the entire tkness of the retingRemington, 2005, Bringmann and
Reichenbach, 2009 heyterminate at their outer end in the photoreceptors layer while at the
basal end they terminate in the inner retina. Muiller cells ensheath most ganglion cell axons
providing support andnsulation The horizontal fibers appear in theer and outelimiting
plexiform layers. The honeycomb meshwork can be found in ganglion cell layer, internal
nuclear layer and the outer limiting membrane (Remington, 2005). The Milleancklihe

retinal neurons that it interacts with is called@dolumnar unit (Reiecenbach and Robinson,
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1995). The bhman eye consists of 10,000,000 repetitedumnar uns (Reichenbach and
Bringmann, 2010).

1.4.8.3.2 MullerCells Energy Metabolism

Phototransduction, maintenance of ionic gradients, and synaptic activity are complex
processes that the retina perferandhave ahigh-energydemand(Winkler, 1981; Ames et

al., 1992). Normally, the retina derives its major source of energy, glucose, and oxygen from
the choroidal circulation. Cade (1996) suggested different routes by whtbe retina may

take up glucose from the capillaries to be used by the neurons. This firetdirect route
without the involvement of Muller cells where the glucose is directly transferred to neurons
from the capillaries by diffusion. In the secondhvedy, Muller cells take up the glucose and

act as a channel to feed the neurons. In the third pathway, Miiller cells nawe active

role in which they convert glucose to a metabolite such as lactate and release it for use by the
neurons. In thdinal route, Miller cells takeip the glucose and store it as glycogen and then
break it down to glucose when needddlucose is transported into retinal cells through the
glucose transporters, GLWZ (Hosoya et al., 2008). Endogenous breakdown of glycogen
deposits that are stored in the Muller cells with the aid of glycogen phosphorylase generates
more glucose and fuel for retinal neurons (Pfeiffer et al., 1994).

It is well known that one mole of lactate can generate 18 moles of ATP via oxidative
phosphoryation. Early studies have suggested that metabolites such as lactate and pyruvate
rather than glucose are the preferred metabolic substrates to be exchanged between Miller
cells and neurons (Larrabee, 1983 darg92). This is supported by researah the bain,

which has suggested that lactate praithn is not limited taanaerobic metabolism, but that

also occus in the brain under aerobic conditions (Prichard et al., 1991; Raichle, 1991;
SappeyMarinier et al.,, 1992). In rat hippocampal slices, a engée with glutamate

treatment was performed after perfusion with low versus high glucose medium (Schurr et al.,
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1999). Results showed that glia would produce more lactate under higher glucose
concentrations, and subsequently this would protect againahgite excitotoxicity (Schurr

et al.,, 1999). Moreover, mammalian retina and cell culture studies showed that lactate
produced by Miuller cells is a fuel for photoreceptors, bipolar, and ganglion cells {Poitry
Yamate et al., 1995; Tsacopoulos and Magisiré@b6; Tsacopoulos et al., 1998). Winkler
(1995) found that 90% of the glucoseetabolizedby the retina was converted into lactate
under aerobic conditions. This is also supported by the findings that cultured human and
transformed rat Muller cells comse oxygen at a lower rate in the presence of glucose and
obtain ATP through glycolysis, which accounts for 99% of the produced lactate (Winkler et
al., 2000; Winkler et al., 2003¢ultures of photoreceptor cells, Miiller cells, ganglion cells,
and retinalpigment epithelial cells incubated in 5mM glucose produced lactate aerobically
and the production rate incredsz3 fold under anaerobic conditiorfgVinkler et al., 2004).

In another study, Winkler et al., (2003) found that hexokinase is present inttodondria

and cytosol of rat retina and suggested thatha presence of enough glucabe retinal
neurons use glucose rather than the lactate produced by Miiller cells.

It is now accepted that the resistance of Muller cells to a variety of injuredsding
ischemia, hypoxia and hypoglycemia is related to the domighblysis pathway that
functions under the aerobic and anaerobic conditionhese cells (Poitryamate et al.,

1995; Winkler et al., 2000). Maintenance of stable physiological l@fesTP is important

for cellular defense mechanisnmcluding the maintainance of high levels of glutathione
(Reichelt et al., 1997; Paasche et al., 1998; Schuette and Werner, 1998).

1.4.8.3.3 Mller Cells in Healthy Retina

Muller cells express differéntypes of neurotransmitter receptors and transporters including
for gammaaminobutyric acid (GABA), glycine and glutamate (Biedermann et al., 2004;

Keirstead and Miller, 1997; Newman and Reichenbach, 1996; Stevens et al., 2003). GABA
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is the major inhibitory transmitter in the retina. Muller cells take up GABA through sedium
and chloridedependent higlaffinity GABA transporters (GATs) (Yazulla, 1986;
Biedermann et al., 2002). Active uptake and release of GABA is found to increageed
conditions such as diabetes and ischemia (Ishikawa et al., 1996; Napper et al., 2001). In these
conditions, Muller cells remove GABA by converting it into glutamate by the GABA
transaminase enzyme (Ishikawa et al., 1996; Napper et al., 2001).

Glutamate is the major excitatory neurotransmitter in the retina that is utilized by different
cells in the neuronal retina such as photoreceptors, bipolar and ganglion telfsioitthe

visual signal(Massey and Miller 1987; Bringmann et al., 2013). Thare five types of
glutamate transportersalled exitatory amino acid transportefSAAT 1.5). EAATs appears

to be predominant isoform in the retina (Fairman et al., 1995; Arriza et al., 1997; Eliasof et
al., 1998).In astrocytes, GLAST (EAAl and GLT1 (EAAT»2) are the predominant
glutamate transporters (Seal and Amara, 1988)ller cells express, GLASTwhich is
required for normal function and prevention of neurotoxicity (Rauen et al., 1998; Barnett and
Pow, 2000). It is a sodindependent transportewhich requiresa negative membrane
potential. A malfunction in the transport process by Miller cells causes accumulation of
glutamate, which is associated with neurotoxicity (Barnett and Pow, 2000). Intracellularly,
Mduller cells convert glutamate into noreuroactive glutamine by the enzyme glutamine
synthetase (GS) i n the presence of ener gy
triphosphate (ATP). This is also the rowtedetaxify glutamate produced through GABA
metabolism (Biedermann et al., 200 The released glutamine from Mdullezlls is taken up

by neurons agrearsor for the neurotransmitteggutamate and GABA (Pow and Crook,
1996). However, acording to Umapathy et al., (2003)0ost of the glutamine is takemp
againby Mdller cells by the glutaminé&ransporter SN1 and SN2 anged to synthesize

glutamate in the Muller cells. In an alternative pathway, glutamine is transported into Muller
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cell mitochondria, and it is further hydrolyzed to glutamate and ammonia lphtsphate
activated glutaminase enzyme (Takatsuna et al., 1994).

Regarding retinal homeostasis, Muller cells mgponsible foregulating the potassium ion

(K%) bal ance i n t he retina t hrough a proce
(Reichenbach el., 1992; Newman and Reichenbach, 1996). During neuronal activity, rapid
shifts of ions occur between intra and extracellular spaces in which sodium and calcium ions
flow into the neurons, and *Kefflux is increased (Karwoski et al., 1989). To corriet
depolarization and excitability that results from extracellulgrdfial cells take up excess K

and release it into the blood and vitreous fluid (Karwoski et al., 1989, Reichenbach et al.,
1992). This mechanism will limit the spread of-wanted exitation and thus maintain
visual function (Reichenbach et al., 1993). The high permeability of Miller cé{ls ¢an be
explained by the expression of a variety of potassium channels especially the inwardly
rectifying K™ channel of the Kir4.1 subtype (islet al., 1997). These channels are capable of
mediatingK™ influx rather than efflux and withthe assistance of the glial Na;ATPase,

Mdiller cells maintain potassium homeostasis in the retina (Nilius and Reichenbach, 1988).
Any shift in ion flux durng neuronal activity is associated with water flowing through
aquaporird (AQP4) channels (Nagelhus et al., 1999). Normally, water is removed from the
subretinal space and the inner retina by the retinal pigment epithelium and Muller cells
respectively (Bngmann et al., 2004). The normal source of water in the retina is the
endogenous production that is linked to ATP synthesis, glucose uptake or forced water by the
intraocular pressure (Marmor, 1999). Togetl€r(Kir4.1) and aquaporid water channels
control the osmolarity between the retinal tissue, blood and vitreo¥s lapd water influx

and efflux from Muller cells (Nagelhus et al., 1999).

In addition, Muler cells remove metabolic wastach as carbon dioxide (GQand regulate

retinal pH. Carbon dioxide results from oxidative degradation of glucose and is rapidly

15



converted into bicarbonate and a proton by the enzyme carbonic anhydrase Il that is localized
in Maller cells (Oakley and Wen, 1989). Glial cells conléheir cleaning and buffering
activity by transporting bicarbonate to the vitreous humor by scdlicarbonate co
transporters located in their endfeet (Nagelhus et al., 2005). This mechanism is responsible
for maintaining the correct pH levels intracedirly.

Muller cells also play a role in the immune respoimsthe retina (Kim et al., 1987). It has

been demonstrated that Muller cells inhibit antigen presentatidgmphocytesin vitro
(Forreser et al.,, 1990). fley express MHC (major histocomitelity complex) class I
antigen during proliferation in experimental uveitis (Romeike et al., 1998) and when exposed
to supernatant from activated lymphocytes (Roberge et al., 1988). The phagocytic activity of
Muller cells has been reported in animal misdand cultures fronpostmortem eyes
(Algvere and Kock, 1983; Francke et al., 2001; Mano and Puro 1990; Ponsioen et al., 2007,
Stolzenburg et al., 1992). The phagocytosis of a variety of substances such as carbon, copper,
collagen, erythrocyte debris, lsetinal hemorrhage and cell debris have been all reported
(Mano and Puro, 1990; Sarthy and Ripps 2002).

In addition, Muller cells contribute to the recycling of photopigments. They express the
cellular retinol binding protein (CRBP) that binds to-tains retinol and cellular retinal
binding protein (CRALBP) that binds ds retinol and 1icis retinal (Crabb et al., 1998).
Opsin and l1Xisretinal are the visual pigments of photoreceptors. Conversion of light into
an electrical signal by photoreceptg@pmhototransduction) starts with the conversion of 11
cisretinal to alitrans retinal, which subsequently reduced, in the outer segment of
photoreceptors to attans retinol (Tsacopoulos et al., 1998). Miller cells convertralhs

retinol to allcis-retinol, which is subsequently oxidized to-di% retinal and released into the

extracellular space, and taken up by photoreceptors (Das et al., 1992; Muniz et al., 2007). To
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transfer the fasoluble retinoid into the aqueous cytosolic and extracellaleation, they

need to bind to retinol binding proteins (Tsacopoulos et al., 1998).

New functions of Mdller cellhave also been recentlliscovered such as light guidance
(Reichenbach and Bringmann, 2013). As the light passeaghthe retina, itis scattered by
retinal cells and their processes. Nomeal Muller cells minimize light scattering by guiding
light through the inner retinal layers towards the photoreceptors (Franze et al., 2007). In
addition, Miller cells have been shown to concentrategtieenred wavelengthsof the
visible spectrum onto cone® allow the blugpurplewavelengthdo leak onto nearby rods
(Labin et al., 2014).

1.4.8.3.4 Miler Cells in Injured Retina

In response to severe retinal injuries such as retinal detachtremha, ischemia, and
chronic conditions such as glaucoma and diabetic retinopathy glial cells become activated
(Bringmann and Reichenbach, 2001; Bringmann et al., 2004; Bringmann et al., 2006;
Francke et al., 2005). This activation is termed gliosis armtcompanied by morphological,
biochemical and physiological changes to Mduller cells with release of inflammatory
mediators and growth factors (Bringmann and Reichenbach, 2001). It has been found that
Muller cells do not all respond in the same way taorgury. For example, Fischer and Reh,
(2003) reported that in response to NMIDAluced retinal damage, approximately 65% of
the Mdller cells reentered the cell cycle but failed to increase their expression of GFAP,
while the remaining 35% increased thexpression of GFAP in response to the dantage

did not proliferate. Based on this principle, gliosis is described as either conservative non
proliferative or massive proliferative gliosis. The former type is characterized by up
regulation of GFAP, cellar hypertrophy, a moderate or no decrease in potassium currents, a
decrease in the expression of glutamine synthetase, cellular deligdebinding protein

(CRALBP) and carbonic anhydrase (Lewis et al., 1992; Lieth et al., 1998; Joly et al., 2008;
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Kaczaet al., 2000). In proliferative gliosis, thecellsfoafi gl i ot i ¢ scara withi
subretinal and epiretinal surfaces to fill in spaces that resulted from any loss in neurons,
pigment epithelium, blood vessels or photoreceptors (Bringmanh, é&080). It has been

also reported that Muller cells can tratifferentiate into contractile mybbrocytes in the
epiretinal region (Guidry, 2005).

Muller gliosis is associated with dependent and-dependent responses to pathogenic
stimuli. Three no-specific gliotic responses could take place including cellular hypertrophy,
proliferation and upegulation of the intermediate filaments nestin, vimentin, and GFAP
(Bringmann and Reichenbach, 2001; Lewis and Fisher, 2000; Geller et al., 2001; Takeda et
al., 2002; Tezel etla 2003). On the other handlutgamine synthetase is a Miller cell
specific gliotic enzyme normally involved in glutamate recycling.

Gliosis is considered as an attempt by Mdller cells to protect the retina in response to an
injury (Burke and Smith, 1981; Bringmann et al., 2006). However, gliosis can result in
harmful effectsto the tissue. In gliosis, Miller cells secrete mediators that have both
cytoprotective and cytotoxic effects on retinal neurons (Bringmann and Reichenbath, 200
These include growth factors such as vascular endothelial growth factor (VEGF), basic
fibroblast growth factor (bFGF), hepatocyte growth factor (HGF) and transforming growth
factor beta (TGH ) (Eichler et al ., 2004 a; 20@2e !l I er
Angiogenicfactors are balanced by inhibitors of angiogenesis such as pigment epithelium
derived factor (PEDF) (Duh et al.,, 2002; Eichler et al., 200&ao et al., 2001
thrombospondifl (TSR1) and prolactin (Behzadian et al., 1995; Rivera let 2008).
Plateletderived growth factor (PDGF) stimulates Muller cell growth and proliferation and is
known to play a role in proliferative retinopathies. Many studies have reported that Muller

cells produce prinflammatory cytokines in response to amury in addition to their
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phagocytosis properties (Caspi and Roberge, 1989; Roberge et al., 1991; Mano and Puro,
1990; Francke et al., 2001).

In glaucoma, Miller cells have been found to express GFAP, increase glutamate uptake and
proliferate. Theseesponses have been linked to the pathophysiology of retinal ganglion cell
death (Kanamori et al., 2005; Kawasaki et al., 2000; Lam et al., 2003; Tezel et al., 2003;
Woldemussie et al., 2004). In the following section, the role of Miller cells in the

pathaenesis of glaucoma will be discussed.

19



1.5 Glaucoma

Glaucoma is defined as a neurodegenerative disease with a loss of visuahtistdl by
retinal ganglion cell (RGYXdegeneration and optical nerve head damage (Cherecheanu et al.,
2013). Itis therefore described as an optic neuropathy that is associated clinically with a high
cup to disc ratio as more ganglion cells, and their axons are affected and finally results in
visual field loss (Foster et al., 2002). According to the Wetealth Organization (WHO),
glaucoma is the second leading cause of blindness globally after cataract (Cook and Foster,
2012; Resnikoff etlg 2004) with estimate@®0 million peopleworldwide predicted tde
suffering from glaucoma in 2020 and 111.8 il by 2040 (Cook and Foster, 2012; Tham et

al., 2014). In théJnited Kingdom, the NHS repomore than one million glaucavisits per

year, which account for 23% of attendat&K hospital eye service Therefore, glaucoma
imposes a significargocialand economidurden, whichs increasing as the aged population
rises(Burr et al., 2007; Coleman and Miglio; 2008; Spry et al., 1999).

Increased intr@cular pressure (IOP) is considered the most important risk factor in the
pathophysiology of the disemasnd the reduction of IOP is the basis of glaucoma therapy
(Coleman and Miglior, 2008). IOP is regulated through the balance of aqueous humor
production by the epithelium of the ciliary body and outflow via the trabecular meshwork

i nt o Schl e nsmgénsrates aml@A of apprdximately 15 mmHg (Goel et al., 2010).
A small volume of the aqueous humor also leaves the eye through the uveoscleral outflow
pathway, which is independent of the IOP (Alm and Nilsson; 2009). The aqueous humor is a
clear fluidcontaining the nutrients as well as electrolytes, proteins, cytokines, organic solutes,
and growth factors necessary for the maintenance of the avascular structures of the eye
specifically the lensand cornea (Chowdhury et al., 2010). The rate of aqubaosor
turnover is estimated to be 1.0% to 1.5% of the anterior chamber volume per minute, which is

equal to 2.4 N 0.6¢l/min (Gabelt and Kauf ma
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reduction in the production of agueous humor is accompanied witlueticedin its drainage
enabling a stable IOP level (Toris et al.,, 1999pwever changes in the structure of the
endothelium Ilining Schlemmds canal or trabec
while the inflow remains normal and thus IOP caodmee elevated (Goel et al., 2010).

When associated withn increase in IORjlaucomais classified into two major categories
according to the obstruction of the drainage pathway at the iridemioangle: Primary
Angle-Closure Glaucoma (PACG) and Primapen Angle Gaucoma (POAG)The term

ocular hyperterien refers to high IOP above 2inHg with no apparent cause but with
normal optic nerve head and no visual field damage. In some patients, despite the presence of
open and normadppearing anterior chamab angles and normal IOP, there is optic nerve
head damage and visual field defects, these patients are said to have normal tension glaucoma
(NTG) (Lee et al., 1998; Shields, 2008). Thitsshould be noted thahe level of IOP in
openangle glaucoma isat a real definition criterion of the disease as the IOP levels could

fall within the normal rangeAngle-closure glaucoma occurs when there is physical
obstruction of the trabecular meshwork caused by the peripheral iris, which prevents the
drainage of ageous humor. The accumulation of fluid inside the eye results in a sudden
symptomatic increase in IOP of more than 21mmHg and results in symptoms including
blurred vision, ocular pain, and corneal epithelial edema. The condition could be unilateral or
bilateral and results in visual field logsnot treatedrapidly (Vetrugno et al., 2008)The

Shaffer system is one of the common systems to diagnosis angle closure glaucoma and is
based on the assessment of the angle between the iris and the cornea. According to this
system, there are five stages of angle glaucoma ranging from zero tovhees five
indicates total occlusion of the angle (Amerasinghe and Aung, 2008).

The aim of the treatment is to control IOP and to decrease the complications concerning

visual loss. Two different approaches are used to manage angle closure glaucomajghe first
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medication while the latter is the surgery. Drugs that control IOP such carbonic anhydrase
inhibitors, betablockers or alpha2 adrenergic agonists are used. Miotics are sometimes used

to open the angle by pulling the peripheral iris, but must be wgbdcaution as they might

cause further angle closure and exaggerate the condition (Vetrugno et al., 2008; Amerasinghe
and Aung, 2008)Surgical intervention such as laser peripheral iridotomy, lens extraction,

and trabeculectomgan also be usg@merasnghe and Aung, 2008; Vetrugno et al., 2008).

1.5.1 Primary Open Angle Glaucoma (POAG)

This is also known as chronic open angle glaucoma (COAG). It is characterized by an open,
normalappearing anterior chamber angle, optic nerve head damage and increased intraocular
pressure (IOP) without any apparent ocular or systemic abnormality (Adlimgh al., 2009).

Several mechanisms have been proposed to explain POAG including the obstruction of
agueoushumouroutflow due to histalgical changes in the structuretbe juxtacanalicular

tissue of the trabecular meshwork and the inner wall of Schi@ns  cTheasea dhanges

include an increase in the extracellular matrix and an accumulation of plague material
trabecular meshworkfamm and Fuchshofer, 2007An early study by Zatulina et al., (1978)
reveal ed that nar r owe donshethekeretinenmdes and auteawallswi t h
|l eads to the <coll apse of t h eresiStantelte® aquedéus c an
outflow. Genetic factors may play a role in the development of POAG, and some studies have
found a link between a mutation in the myocilin gene and development of the disease
(Tomarev et al., 1998). Myocilin is a protein present in the trabecular meshwork, cornea,
retina, optic nerve and ciliary nerves (Fingert et al.,, 1998; Tomarev et al., 1998). It is
produced in high amounts during stress conditions such as dexamethasone treatment,
oxi dative stress, and treat menft) wiRydetatnsansf f ¢
1997; Tamm et al., 1999). It has been also found that the agbemaurof patients with

POAG has a significant concentration of T6F  wrhaly lbelresponsible for increasing the
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resistance through decreasing the cellularity of the trabem#shwork and promoting a
build-up of plaques (Tamm and Fuchshofer, 2007). There is evidence that patients under
corticosteoid treatment develop POAG withbnormal resistance to aqueous outflamd
variable degrees of elevated I0P (Lewis et al., 1988; EKteBm1990). Suppressionof
phagocytic activity of endothelial cells lining the trabecuteshwork, whichemovesdebris
inagueousiumourand prevents blocking of the Schl emm
Changes have been also observed in the optic nerve Astadcytes and microglia in the
region of ONH have been shown to be activatéith detrimental consequences (Yuan and
Neufeld, 2000). Activated glial cells were found to increase secretion of matrix
metalloproteinase (MMPSs), the proteolytic enzymes tegtable components ektracellular

matrix ECM) (Okada et al., 1990). Increased immunostaining for MMP2 & -3 in
glaucomatous ONH sections fronpostmortem eyes has also been observed
(Yan et al.,, 2000). Characteristicd a glaucomtous ONH includegeneralized/focal
enlargement of the cup, disc hemorrhage, thinning of neuroretinal rim, ldssnarve fiber

layer and parapapillary atrophy (Bourne, 2006).

1.5.2Management of Primary Open Angle Glaucoma (POAG)

Initiating a medical treatment is required when a patient presents with high IOP and
glaucomatous damage. The treatment for open angle glaucoma inttledese of mainly
topically administered drugs to lower IOP by enhancing aqueous outflow, reducinguaque
production, or with a combined mechanism. Currently, five different classes of glaucoma
medications are available for the treatment of glaucoma:ost agl andi-n anal
adrenergic receptor antagonists, adrenergic receptor agonists, carbonic saimitators,
cholinergic, or miotic agentsA brief overview of currently available glaucoma drugs is

provided below.
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1.5.21 Prostaglandin Analogues

Prostaglandinalogues are the most commonkhggcribed drugs for the treatnteri POAG.
Prostaglandi F panalogues such as latanoprost, unoprostone, travoprost, and bimatoprost
have been found to reduce intraocular pressure by increasing the uveoscleral outflow through
the iris and ciliary body (Toris et al., 1997). This has been explained by either degtéasi
extracellular matrix that surrounds the muscle bundles or by relaxing the ciliary musculature
(Crawford and Kaufman, 1987; Lutj@recoll and Tamm 1988).The most commonly
reported side effects of prostaglandin analogues are muscle and joingkpainllergy and
colour discoloration of the iris (Alm and Stjernschantz; 1995).

1.5.22 Beta-adrenergic Blockers

Betablockers were introduced for glaucoma treatment in 1979 and rapi@ly considered

the first line therapy (Obstbaum et al., 1978). Theyk by decreasing the production of
agueoushumour Neufeld (1979xhowedthat 3blockers inhibit the endogenous adrenergic
stimulation that stimulagethe formation of aqueousumourby the ciliary processes. The
nons e | e cllockerdimolol was reagnized as an effective drug for the management, of
raised IOP. It remained the gold standard therapy for POAG for a long time due to its
efficacy in decreasing the pressure, tolerability and convenient administration (Demailly et al.,
1978; Obstbaum et al1978). Other selectivB:-blockers such as betaxolol were added to
glaucoma management, but they were less effective compared to timolol (Caprioli and
GarwayHe at h, 2 0 0 7 Jblockes e agsaxibtédywijth wieiiown systemic side
effects that my exacerbate other conditions such as asthma, chronic obstructive pulmonary
disease, and heart conditions. Moreover, they should be used with caution in diabetic patients

as they mask the symptoms of hypoglycemia (Schwarzt and Budenz, 2004).
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1.5.23 Alpha-agonists

T h eadrenergic agonists act by decreasing aqueoomurproduction through constricting

blood vessels supplying the ciliary bo@yd by decreasing aqueobsmour production
(Sears and Neufeld, 1975) . ra&lpenegitdganistiddigsn e an
that can be used in the treatment of glaucoma, although they are not widely pre3trébed.
major complaints reported with these medications are dry mouth and dry nose (Schuman,
1996).

1.5.24 Carbonic Anhydrase Inhibitors (CAls)

Acetazolamide, brinzolamide, and dorzolamide are carbonic anhydrase inhibitors, which
work by blocking the formation of agueokiemourby inhibiting the key enzyme responsible

for bicarbonate production. As the level of bicarbonate drops, sodium and fleateto
posterior chamber decreases and thus a reduction in intraocular pressure through a reduction
in aqueoushumour production is achieved (Becker, 1954). This class of medications is
associated with a series of side effects such gastrointestinabdiste, a metallic taste in the
mouth and cramps (Epstein and Grant, 1977). More serious side effects are blood dyscrasias
including aplasti@anaemiaagranulocytosis, thrombocytopenia, neutropenia,hammolytic
anaemigWerblin et al., 1980).

1.5.25 Miotics

Muscarinic agonistsuch as pilocarpine, aceclidine and carbachaVe been used for the
management of glauconaae to their miotic effect. Howeveahey are now obsolete because

of common adverse reactions resulting from stimulation of thespanpathetic system. This

may include butare not limited to intestinal cramps, bronchospasm, cardiac irregularities,
ocular stinging, lacrimation, small pupil, conjunctival thickening, cataract, and retinal

detachment (Vetrugno et al., 2008).
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1.5.3Pathogenesis of Primary Open Angle Glaucoma (POAG)

1.5.31 Increased IOP and Retinal Ganglion Cells (RGCs) Death

The death of RGCs in IGRduced glaucoma is a multifactorial process. Mechanical injury
to the axons at the optic disc as a result of high intraocular pressure, wihiehtransmitted

to the retinal ganglion cell body in the retina, is a major propossdhanism by which RGCs

die (Anderson and Hendrickson, 1974; Mabuchi et al., 2003). Clinically, this can be
recognized byphthalmoscopy, whicheflects the structural changes at the optic nerve head
where ganglion cell axons exit the eye to form thecopérve leaving a central depression
called the cupAs glaucoma progressesd there is a loss of the RGC axdhg, cupto-disc

ratio is increased (Quigley, 2011he optic nerve fibers exit the eye through a rdsh
structure known aghe lamina crilvosa. Structural changes such as compression or
displacement othe lamina cribrosa as a consequence of high intraocular prelsasrelso
been documented, which could mediate mechanical irffQuygley, 2011). Several animal
models have shown that raisk2P results in RGCs death. For example, in a mouse model of
hereditary glaucomé&he DBA/2J mouse)lOP was elevated as a result of reduced aqueous
humouroutflow that caused the deathREGCs optic nerve atrophy, and optic nerve cupping
(John et al., 199).

In addition to mechanical damage, RGCs are subjectdyypgoxic (Tezel and Wax, 2004)
and tissue oxidative stress (Tezel et al., 2000) as a ofsldivated IOP. Although controlled

or reduced IOP level with treatment has been shown to improyaalgeosis of patients, it

can not stop progression in all patients and therefore, elevated IOP level cannot solely
account for all of the damage occurring to tR&Cs Important factors such as glial
activation, vascular dysregulation induced hypoxia aotamia as well as excitotoxiciaye
alsoproposed tde involved in the pathogenesis of POAG and will be discussed in the next

sections.
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1.5.32 Activation of Muller Cells in Glaucoma

Several studies have shown that glial cells are involved in thegiatsiology ofglaucoma.
Astrocyteactivation at the optic nerve head has been reportpdstmortemeyes with open

angle glaucoma (Varela and Hernandez, 1997). Reactive astrocytes in glaucomatous optic
nerve heads in culture have been shown to produce an excessive nitric oxide, which exert a
neurotoxic effect on the RGCs (Liu and Neufeld, 2000).

In a dironic model of elevated IOP in rats induced by episcleral vein cauterization, Muller
cells gained GFAP immunoreactivity lasted even after normalization of IOP (Kanamori et al.,
2006). In this model, Vidal et a2010) also reported hypertrophy of Miillecells with a
significant increase in GFAP. Neroliferative reactivity of glial has been reported in a
chronic model of glaucoma usitige DBA/2J mouse (Inman and Horner, 2007).

In addition, inischemic rat retinainduced byhigh I0P, GFAP immunoreagity was
detected in the endfeet and distal processes of Muller cells immediately after reperfusion and
continued to increase with a correlation to neuronal degeneration (Kim et al., 1998).
Permanent occlusion of the carotid arteries in tss also beeshow to causesFAP
expression in retinal Muller cells (Osborne et al., 1991).

1.5.33 Reduced Ocular Blood Flow and Vascular Dysregulation

The retinal blood supply is derived from the central retinal artery, which is a branch of the
ophthalmic artery. ltis characterized by very small flow rate but witta high oxygen
extraction level (GrarKels and Kels, 1992; Kels et al., 2015). The regulation of retinal
blood flow depends on the relationship between perfusion pressure and local resistance.
Perfusion pessure is defined as the difference between retinal arterial and retinal venous
pressure while the local resistance is controlled by the size of the local vessels. In the normal
eye, the venous pressure is less than or equal to IOP (Flammer et al. SRifeister,

2008).Local mediators control local resistander exampleendotheliumderived nitric oxide
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and endothelin (ET) are very potent modulators of vascular tone (Haefliger et al., 1992;
Haefliger et al., 2001).

In glaucoma, decreased optic nerve head and juxtapapillary retinal capillary blood flow was
found in early and advanced stage POAG patients (Michelson et al., 1996). In addition, a
reduction in blood flow was found in the retina, choroid and optic nerad imeglaucoma
patientswith high 10P (Arnold, 1995; Harju and Vesti, 2001; Sugiyama et al., 2000;
Yamazaki et al., 1996)in patients with POAG and visual field deterioration, low blood
perfusion was detected and seems to be associated with the prog@ssie disease
(Gherghel et al., 2000).

Patients with NTCGhave beemeported to have a greater reduction in the choroidal circulation
(Geijssen and Grey 1995; Duijm et al., 1997) andobd flow disturbancegenerally are
reportedto be more marked in TG than patients with high IOP (Drance et al., 2001; Findl et
al., 2000; Schmidt et al., 1998). Earlier studies have shown that some patients may present
with a number of signs related to compromised blood flow such as changes in conjunctival
capillaries QOrgul and Flammer, 1995), local vasoconstriction in the retina (Rankin and
Drance, 1996), increased prevalence of ONH haemorrhage (Drance et al., 2001; Sugiyama et
al., 1997; Orgul and Flammer, 1994) and increased prevalence of venous thrombosis
(Malayan ¢ al., 1999; Sonnsjo and Krakau, 1993). Flammer et al., (2002) argued that reduced
ocular blood flow occurs due to primary rather than seconclangeqi.e., due to elevated

IOP). The authoalsoproposed that increased resistance to flow could be cayssiductural
changesuch asrasculitis or arteriosclerosis, or it might be due to a functional dysiegu

of the vascular diameterEndothelial leukocyte adhesion molectléELAM-1) is an early
marker of arteriosclerosis and was found in the trdbeameshwork (TM) cells in the
outflow pathways of eyes with glaucoma, which may support the role of atherosclerosis in

theaetiologyof reduced blood flow in glaucoma (Wang et al., 2001).
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Vascular dysregulation is a phenomenon used to describe the imbalance between vasodilator
and vasoconstrictor mechanisms and could be due to the release of circulating hormones or
local mediator produced by the vascular endothelium such as enddth@ifil), nitric

oxide or prostacyclin, which regulates local blood flow. A relationship between the
endothelin system and between glaucomatous optic neuropathy has been documented.
Animal studies have also shown that the level oflEh aqueousiumourwas found to be 2

4 fold higher compared to control (Kallberg et al., 2002; Prasanna et al. BD0&) studies

have shown that chronic administration of endoth#lio the optic nerve of rats resulted in a

time and doselependent loss of RGCs and their ax¢@bauhan et al., 2004; Cioffi et al.,
1995). In patients with POAG, the level of ET and nitric oxide (NO) concentrations in
agueoushumourwere found elevated (Ghanem et al., 20FBw studies have shown that
patients withNTG demonstrated an impairgeéripheral endotheliurmediated vasodilation

and peripheral abnormal contractile responsesHd §5-hydroxytryptamine), ET1 and ETF

1 antagonist (Buckley et al., 2002). The plasma levels ef E&nhded to be higher in patients

with NTG compared to highension glaucoma (Sugiyama et al., 1995).

In these patients, the plasma-ETevels were higher in the initial stage of visual field loss
than those in the middle phase (Sugiyama et al., 1995). To the contrargtudyawhich
involved patients with POAGendothelin levels were comparabledontrol (Tezel et al.,

1997). Moreover, dal inhibition of endothelin receptors (ETA and ETB) increases ocular
blood flow in patients with glaucoma aatsohealthy subjects (Resch et al., 2009).

Moreover, ET1 has also been found to play a role in the development of visual impairment
in nonglaucoma related conditions. High levels of-ETwere found in cerebrospinal fluid

and circulating blood in patients with multiple sclerosis (Speciale é2GQ). Interestingly,

in this subgroup of patients, the raised-EWas associated with a decrease in the macular

thickness (Gugleta et al., 2008), stllmical visual defect (Mienberg et al., 1982), thinner
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arterioles and subclinical swelling of the optierve (Gugleta et al., 2009). Similarly, HT

was found in high levels in optic neuritis (Haufschild et al., 2003), and retinal vein occlusion
(Haufschild et al., 2004). In addition to its role as a vasoconstrictef, Was found to be a
potent mitogeru factor for different cells including the astrocytes (Baba, 198&)olela,

(2008) suggested that vascular dysregulation is unlikely to lead to ischemic damage at the
level of the optic nerve head. Instead, isugjgestedhat vascular dysregulation iraps aute
regulation in the retina, which causes relative ischemia and damage as a result of subsequent
reperfusion. The reperfusion injury results from inflammatory mediators and oxidative stress
generated by restoring the blood flow (Flammer, 2002). &l IOP and induction of
ischemia in rats followed by reperfusidvas beerreported to cause damage to the retinal
ganglion cell layer and the optic nerve (Adachi et al., 1996).

Other conditions that may be associated with the development of glautduake low blood
pressure, which leads to low ocular perfusion (Pache et al., 2002). Also, ischemia due to
occlusion of the retinal artery, retinal hypoperfusion secondary to systemic diseases such as
di abetes and Al zhei mer 0Buthermosee everad authdfsahave et
shown that patients with optic nerve damage tend to have several characteristics such as high
prevalence of a migraine, cold hands, and a vasospastic response to cold in the finger
circulation (Broadway and Drance, 1998; Nala and Drance, 1996). Grieshaber et al.
(2007), found that activated retinal astrocytes and Miiller cells were associated with vascular
dysregulation in patients with POAG and glial cells activation was found to be unilateral or
bilateral. Dysregulation dperfusion willthereforedeprive the tissue of the necessary supply

of oxygen and nutrients dnpossibly activate gliatells, which may, in turn underlie
pathogenic events in POAG and NTG. The next section will focus on important mechanisms
that follow vascular dysregulation and reduction of ocular blood fpa&cifically oxygen

glucose deprivation (OGD) and their consequences to RGC survival in glaucoma.
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1.5.4Hypoxia-Ischemia

The retina is a highly metabolically active tissue with the highest oxygen consumption rate in
the body (Ames, 2000). It absolutely depends on blood to supply oxygen and glucose in order
to maintain the structural and functional integritijne choroidal eculation provides oxygen
mainly to the outer retina while the retinal vasculature nourishes the inner retina. The retina is
less vascularized compared to the choroid to allow passage of light to the photoreceptors and
is characterized by a high arterioo&is oxygen difference and well developed auto
regulatory mechanisms (Pournaras et al., 2008). In the rat retina, the highest level of oxygen
is in the choroid, the inner segments of the photoreceptors, the outer plexiform layer, and the
inner plexiform lagr (Cringle and Yu, 2002; Yu and Cringle, 2001). It has been reported
that photorecept oxygen consumption increaseddark, but it decreases in the inmetina
(Cringle et al., 2002). Systemic factors such as oxygen tension, carbon dioxide level, and
blood pressure can influence the vascular structures supplying the retina. It has been found
that systemic hyperoxia to increase the oxygen levels in the choroid and all layers of the rat
retina (Yu et al., 2009). In hypoxemia, a reduction in oxygenideria the choroid was
observedbecause of reduction in choroidal blood flow (Ahmed et al., 2001). WigelOP
increases, the choroidal blood flow decreases, which leads to a reduction in oxygen tension
and subsequently a decrease in photoreceptorsenxtgnsion (Yancey and Linsenmeier,
1989).

Hypoxia refers to a reduction in oxygen supply to a tissue. Ischemia is a combined reduction
of oxygen and blood flow with a subsequent reduction in nutrients and removal of waste
products. Hence, ischemia couiee partial or complete asccursin vasospasm, artery
occlusion or venous thrombosiblypoxiainduced expression and release of VEGF regulates
vascular permeability and induce proliferation and differentiation of endothelial cells as well

as Miiller cells (Shima et al., 1995; Stone et al., 1995). In a recent study by Huang et al.,
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(2015) VEGF was detected in the aquedusnoursamples of PACG patients, which could

be attributed to hypoxia/ischemia observed in glaucoma pati@ridative stress has been
acknowledged as an important mechanism of RGCs death as a result of hgplosiic

insut. Reactive oxygen species (ROS) are produced in the retina in two stages; both during
ischemia and the reperfusion stage (Ophir et al., 1993). During ischemia, degradation of ATP
leads to the formation of hypoxanthine that increasé &aivated enzynmesuch as calpain,
which converts xanthine dehydrogenase into xanthine oxidase (Cazevieille et al. 1994). When
reperfusion occurs, the xanthine oxidase oxidizes the accumulated hypoxanthine to uric acid
resulting in the release of superoxide (Cazevietl.€1994).

Several mechanisms have been proposed by which hyjsckiemia causes neuronal death
including excitotoxicity, oxidative stress, inflammation and glial cells activation (Lipton,
1999).Selectivemechanismawill be discussed in detail

1.54.1 Hypoxia-lschemia Induced Glutamate Excitotoxicity

Glutamate is an excitatory amino acid and an important neurotransmitter in the CNS
including the retina. It is involved in the different physiological proessand
pathophysiological conditions (Ozawaal., 1998). Glutamate is released by photoreceptors,
bipolar cells, and ganglion cells and mediates the transfer of visual signals in the retina
(Massey and Miller 1987; Yang, 1997). Excesdu@gmate is dso known to cause
excitotoxicity (Dallas et al. 2007) and arly evidence of glutamate toxicity wadtained

from Lucas and Newhous€l957) who found that parenteral injection of glutamate
selectively damaged thHRGCsin mice. This has been also suggested by many subsequent
studies. For example, chrionintravitreal injection of low dose glutamate in rats resulted in
loss of 42% othe RGCs (Vorwerk et al., 1996].he response of rat and pig retinal cultures

to glutamate was compared in a studyLlop et al.,(2001).The author reported that thess

of RGCsvaried between the two species with a close resemblance of pig RGCs to human
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(Luo et al., 2001)These esponses wertbund to bemediated by both NMDA and nen

NMD A receptor pat hways -anino-Brhydrexgs5-methyd4- nat e
isoxazolepropiolc acid receptors (AMPA) (Luo et al.,, 2001 has been found that
glutamate levels were elevated in patients with glaucoma undergoing vitrectomy (Honkanen
et al., 2003). In addition, elevated glutamate was found in different disease models and
species inoluding chronic elevation of IOP in rats (Levkovitdlerbin et al., 2002),
glaucomatous eyes in dog (Brooks et al., 1997; Kallberg et al., 2007) and in a rabbit model of
optic nerve ischemia (Kim et al.,, 2000)nimal studies have suggested that glutamate
excitotoxicity causes RGCs death in central retinal ischebadlgs et al., 2007Duker and
Brown, 1988; Ffytche, 1974; Hayreh and Jonas, 2000). Elevated and toxic concentrations of
glutamate toRGCshave been found in the vitreohsmourin animal model®f glaucoma
(Brooks et al., 1997). These findingg@weverwere questionedby Kwon et al., (2005vho

failed to show any significant increase in the vitreous and retinal concentrations of glutamate
following acute central retinal artery occlusion in rhesumkeys.However local increase

has been proposed to occhpr exampleaccumulation of glutamate as a result of decreased
clearance might happen due to the inefficient uptake éylitamate transporter (GLAST)

in glial cells, which has been obseniadan experimental rat model of glaucoma (Martin et

al., 2002).

Hypoxia can contribute to the accumulation of glutamate in retinal tissue. A recent study by
Kaur et al., (2012) reported hypoxiaduced glutamate overload in neonatal rat retina with
increaed intracellular calcium (€9, and increased expression of casggasnd NMDA
receptor, whichmediate damage tthe neuronsStudies using neuronal cultures have also
shown that excess glutamate is one source of reactive oxygen species (ROS) geménation
ischemic retina (Cazevieille et al. 1993; Dutrait et al. 1995; Dykens et al. 1987 -Cafath

et al. 1993). In addition, Aizenman et al., (1988) showed that rat RGCs are sensitive to
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glutamate and excitatory amino acid analogues such as kainggquglate, and Methyl-D-
aspartate (NMDA)Increased Ca accumulation and ROS generation with the involvement
of ionotropic AMPA glutamate recepwhas been reported as a mechanism of RGC loss
(Sivakumar et al., 2013). Systemic treatment with NMDA and-MbBHDA receptor
antagonists prevented I@iduced RGCs loss in rats (Nucci et al., 2005). Further studies
indicate that NMDA receptor antagorgsére neuroprotectiveagainst RGdossin in vitro
andin vivo animal models (Chen and Lipton, 1997; Osborne, 1999; WoldeMussie et al.,
2002). Evidence therefore suggests tlghtitamate toxicity plays a major rola hypoxia
ischemia induced RGI(Oss.

1.5.42 Hypoxia-lschemia Induced Purinergic Excitotoxicity

ATP and adenosine act as neurotransnsisad medhtors in the retina and purimeceptors

are expressed throughout the eye, including in the RPE, RGCs and Mdller cells (Hodges et al.,
2011; Kiel et &, 2011; Mathias et al., 2007; Mitchell and Reigada, 2008; Sanderson et al.,
2014; Oswald et al., 2012; Wurm et al., 2011).

In normal healthy retinal tissue, the majority of the endogenous purine exists in the form of
ATP, and a small amount exists ag@aosine (Perez et al., 1986). Muller cells express both
adenosine and nucleotide receptors (Bringmann et al., 208&ho&ine receptors (A) are

G proteincoupled receptorswhile the nucleotide receptors are either G preteupled
receptors (P2Y) oligand-gated cation channels (P2X). Both types are expressed in human
Mdiller cells (Bringmann et al., 2001; Pannicke et al., 2000). Activation of the R2Eptor

in human Muller cells by external ATP resulted in the release &f fBam intracellular
stores, which in turns activatéig conductanc&™ channels (BK). This may contribute to
Muller cell proliferation as seen in proliferative vitreoretinopathy (Bringmann et al., 2001;
Pannicke et al., 2000). This is also seen in retinal detachment andrttarinal ischemia

(Uckermann et al., 2005; Uckermann et al., 2003). Activation ofzRE% increases sodium
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ion influx resulting in cell depolarization and decreases the efficiency of seibpendant
glutamate uptake (Pannicke et al., 2000).

It is also proposedhat elevated extracellular ATP can be associated with high IOP and RGCs
death (Resta et al., 2008anderson et al., 2012hang et al., 2007). Sustained stimulation of
P2Xz receptorcaused RGCs death vitro (Zhang et al., 2005) and vivo (Hu et al., 2010)

and blocking of purinergic receptors or dephosphorylating ATP attenuated elevated IOP
induce RGCs damage in rats (Resta et al., 208#ulated ischemia in human organotypic
retinal cultures (HORCs)as well as P2Xreceptorstimulation, caused a marked loss in
RGCs, whichwas inhibited by P2Xreceptor antagonisifNiyadurupola et al., 2013). P2X
receptoractivationhas been shown to lievolved inhypoxiamediated retinal neuronaell

death (Sugiyama et al., 2010).

Pannexin 1RANXY) is a highconductance channel, which respond to different retinal insults
by mediating the release of ATP (Kurtenbach et al., 2014). The released ATP is hydrolysed
by autotaxin or nucleotide pyrophosplsggohosphodiesterase 2 (NPP23), plasma
lysophospblipase D (lysoPLD), which generates lysophosphatidic acid (LRAA
receptors are expressed in astrocytes, microglia, and oligodendrocytes (Rao et al., 2003;
Tabuchi et al., 2000; Yu et al., 2003). In addition, it has been found that LPA can inhibit gap
junction channels and resulting in inhibition of ATP release (De Vuyst et al., 2007). A study
by Newman, (2003) reported that LPA induces calcium responses in Miuller cells, which
causs ATP release from the cells. Inhibition of egdd Pase and ectonucleaotidase reduced
glial mediated hyperpolarization in neighbouring ganglion cells indicating that this response
is mediated by ATP release from Miller cells in mammalian retina (Newmarg).200
Activation of LPA receptor in primary rat brain astrocytes caused a reduction in glutamate
and glucose uptake (Keller et al., 1996). Moreover, LPA induces VEGF vial HIF

activation in cancer cells (Jeon et al., 2010; Lee et al., 2006; Park et(al), BO patients
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with PDR, significant high levels of VEGF and LPA were detected in the vitreous samples
suggesting that LPA inducing VEGF play an important role in the progression of diabetes
(Abu ElAsrar et al., 2013). LPA and its receptor LPA1l were agpressed in epiretinal
membranes of patients with proliferative vitreoretinopathy (AbAghr et al., 2012).

1.5.43 Effects of Hypoxialschemia on Muller Cells

Retinal hypoxiais proposed to play a role in many retinal disease including ischemia
glaucoma, diabetic retinopathy, retinal vein occlusion andr@géed macular degeneration
(Kaur et al., 2008). Retinal hypoxia may affect the survival of RGCs by inducing apoptosis
(Kitano et al., 1996). Several mechanisms have been proposed in thgepatis of
hypoxiainduced RGCs death includigdutamate excitotoxicity (Kaur et al., 2008), calcium
overload (Sivakumar et al.,, 2013), and oxidative stress (Love, 1999). In addition,
inflammatory markers such as tumor necrosis faatpha (TNFU ) h eem eepoied to
induce neuronal death in hypoxia (Matfillalba et al., 1999).

Moreover,hypoxiainducible factorl U  (-1HJ h&s beerfiound to increase in glaucomatous
human eyes (Tezel and Wax 2004). Hypoxia is associated with neovascularization and
expression of hypoxiallIF-1 U and it s d vascola endathelial grgvafactor
(VEGF), is a wellknown pathway of angiogenes{Bernaudin et al., 2002). Mdiller cells are
important producers of angiogenic and amtgiogenic factors in the neuraktina
(Bringmann et al., 2009), and they have been identified as the cells in the inner nuclear layer
of the retina responsible for producing VEGF (Pierce et al., 1995). It is believed that VEGF is
the main growth factor that mediates retinal angiogsneasd it is controlled by local oxygen
concentrations (Shima et al., 1995). In a mouse model of proliferative retinopathy, VEGF
MRNA expression increased early after hypoxia induction and remained elevated during the

development of neovascularization (Baeet al., 1994). This is also supported by high VEGF
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levels in the retina and the vitreous of patients with ocular ischemic disorders (Adamis et al.,
1994).

Exposure of human Mdller cells (Mi®I1) to hypoxiahas been shown to cause VEGF
releaseand cellproliferation that was inhibited by TGBF2 and PEDF ( Ei chl er
Findings by Eichler et al., (2004lalso showed that human and guinea pig Mdller cells
express and releagbe antiangiogenic factoREDF in response to hypoxia.xgosure of

Mdiller cells to VEGF suppressed PEDF release in a-dependent manneit has also been
reportedthat VEGF protects primary cultures of rat cerebral cortical neurons from oxygen

and glucose deprivation (Jin et al., 2000).
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1.5Aims of the Study

It is acceptedthat IOP is an important risk factor in glaucoma. Howevatespite the
treatment with pressure controlling medication, the progression of disease cotdinaase

loss of vision. Furthermoreclassification of some patients as havingrmal tension
glaucoma indicatethat the relationship between 1G#d progression of the diseasenot
simple The underlying mechanisms of glaucoma are diverse and poorly understood.
Vascular dysregulation and reduction of ocular blood flow is onehamem by which
oxygen and glucose deprivation (OGD) occurs in ocular tissues. Simulating oxygen and
glucose deprivation is one approach to study glaucoma by mimicking the restriction of
metabolite and oxygn supply caused by ischemia. The aim of thidystuas to investigate

the effects of oxygen and glucose deprivation on Miller cells (theMilell line) and the
human retina using human organotypic retinal cultures (HORCS).

In both models, two selected levels of OGD were chosen to study the sufvMéD-M1
cellsand RGCs in HORCs and the expression of key growth factors, excitotoxicity markers
and Muller cells specific markers under conditiaisOGD. It is hoped that understanding
more about these responses in human retina will lead to new apggdacmanaging vision

loss in glaucoma.

The gecific aims of the current wokkre listed below

1- To investigatehe viability and cytotoxicity of human Muller cells usitige MIO-M1 cell

line under different levels of oxygen and glgeo deprivationranging from 76100%
deprivation for up to 72hrs.

2- To investigatethe gene expression of diffent angiogenic andnttangiogenicgrowth
factors excitotoxicity markers, glial markers and heat shock protein under two levels of

deprivations (80% and futleprivation) of both oxygen and glucose in MM cells.
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3- To investigateRGC survival in HORCs angene expression of diffent angiogenic and
antiangiogenicgrowth factors excitotoxicity markers, glial markers and heat shock protein
were also evaluad undeunder two levels of deprivations (80% and full deprivation) of both
oxygen and glucose

4- To investigatethe effects of caulture of MIOM1 cells and HORC irprotecection d
RGC death underonditions of glucose deprivation.

5-To investigag the effects of high glucose on the survival and gene expression eM#IO

and HORC:s.
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Chapter 2

Materials and Methods

2. Tissue andCell Culture

Human eyes for the research purposes were provided by the East Anglian Eye Bank (Norfolk
and Norwich University Hospital, UK). Human donated eyes were retrieved after obtaining

the informed consent from next of kin and under the tenets of the Declaratiteismki.

Donor identity was hidden and replaced with a sequential number. Each pair of eyes was
accompanied by brief information on the don
time of death and retrieval time. Only eyes within 24 hquostmortem were used for

research and those with evidence of retinal diseases such as glaucconedatademacular
degeneration, diabetic retinopathy dmekmorrhagewere excluded. In total 58 human eyes

were used from donors with an average age of 69.8+1.&%& ye which males represented
60.34% of the total number of donors.

Corneas were removed at the Eye Bank for transplantation and the remaining globes were
transported to the University of East Angl.
(EMEM) (Sigme-Al dr i ¢ h, Pool e, UK) suppl emented wi
solution (10,000 wunits/ ml penicillin G, 10,
amphotericin B; Invitrogen, Paisley, UK). The lens was extracted before retinal dissection
and usuby used for cataraetelated research at UEA.

2.1 Human Organotypic Retinal Culture (HORC) Dissection

HORC dissection was performed as has been previously described (Niyadurupola et al.,
201]). The procedure is shown inigkre 2.1). Under sterile condition, the globe was placed

in a sterile 60 mm Petri dish (Thermo Fisher Scientific, Leicestershire, UK). A 10mm cut was
made, and the ciliary body and anterior sclera removed via circumferential cut (Figure 2.1B).

The globewas then slowly rotated to dissociate the neuronal retina from the underlying
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retinal pigment epithelium and choroid (Figure 2.1C). A single cut was performed at the optic
nerve head (Figure 2.1D) and with the aid of forceps, the neural retina, wittrédoeiy still

attached, was removed. Warmed sefumee ( SF) Dul beccods Mini mu
( DME M; 500¢l ), was added (Gibco Invitrogen,
Penicillin/Streptomycin (Gibco Invitrogen, Paisley, UK). The vitreous wasodiated

carefully, and the retina edges were cut to allow the retina to lie flat (Figure A.1gro-

dissecting trephine (Biomedical Research Instruments, Rockville, Maryland, USA), of 4 mm

in diameter, was used to take sections of the retmaally, the central macul#hen five
paramacular retinal explantsvere removedusing a templateg(Osborne et al., 2015)
Niyadurupola et al., (2010) have shown there tact®mparableRGCsin each paramacular
explant(Figure 2.2) Explants were placed into a 8tm dish containing 1.5 ml of serufree

DMEM (Figure 2.1F) and randomized to different treatments.
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Figure 2.1 Dissectionof the human retina. (A) The globeith anterior section, including lens
removed (B) Circular ring of tissue was removed approximately 10mm below the ciliary body. (C)
The globe was rotated to dissociate the retina from the underlying RPE and choiiogle/st was
performed at the optic nerve head (arrow) to detach the retina. (D) The vitreous attached to the retina.
(E) The vitreous was removed and the retina flattened, ganglion cell side up. The macula was
removed as a reference fibre paramacularsectionsanda templateused to remove 5 paramacular
sections (F) Five paramacular samples were taken and placed into warmed culture medium.
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Figure 2.2: Retinal dissection template(A) Retinal Ganglion cell distribution of a mammalian
retina. Sourcehttp://www.nervenet.org/main/papers05.ht(B) Template used to dissettie five-
paramacularegions of a human donoetina aound a central macula.réow shows the direction of

the optic nerve
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2.2 MIO-M1 (Moorfields/Institute of Ophthalmology-Mdller -1) Cells

MIO-M1 cells are a spontaneously immortalized human cell line derived from an eye-of a 68
yearold female corneal don@6 hours after death (Limb et al., 2002). They were named
after the institution where thaeyereisolated, Moorfields/Institute of Ophthalmologjuller

1. MIO-M1 have ben shown to express Miller cetharkers specifically glutamine
synt het ase, gl i al fi b-smbbahymasSMAgGneEemtinbhe (b
cellular retinaldehydéinding protein (CRALBP), epidermal growtfactor receptor and
neuronal Thyl cell surface antige(Limb etal., 2002; Hollborn et al., 2011). Mi®I1 cells

were a gift from G.A. Limb, Institute of Ophthalmology and Moorfields Eye Hospital,
London, UK

2.2.1Culture of the MIO -M1 Glial Cell Line

MIO-ML1 cellswereused between passage numbers 28 and 38:-N¥ll@ells were cultured

i n Dul b e c c d&séssentialMWediumuoantaining GLUTAMAX and physiological
glucoselevelsof 1g/L (DMEM GLUTAMAX , Gibco-invitrogen, Paisley UK The medium
wassupplemented with 10% foetal bovine serum (FBS) (Invitrogen, Paisley, U90ang/|
Penicillin/Streptomycin (Invitrogen, Paisley, UKJells were passaged when confluent by
washing in Dulbeccobés Phosphate Buffered Sa
0.05% (w/v) trypsin and 0.02% (w/v) ethylenediaminetetraacetic acid (EDTA) Han k 6 s
balanced saline solution (HBSS) (Invitrogen, Paisley, UK) for 5 minutes at 37°C, followed by
gentle tapping before addition of 10ml cell culture medium supplemented with FBS to
neutralise the trypsin.

Total cell number was determined using arhacytometer (Assistant, SondhelRhon,
Germany) and the cell suspension transferred to a 25ml universal tube (Sterilin, Aberbargoed,
UK) for 10 minutes centrifugation at 800 rpm to obtain a pellet. The supernatant was

aspirated and the pelletsaspendeth 5 ml of culture medium.
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Cells were reseeded at a density of 1:5 per 75a@terile culture flask (Nunc A/S, Roskilde,

Denmark) for future use and passaged everydays. For preparation for the experiments,

cells were seeded at 5,000 cells per welRi® we | | pl ates (100¢l me
Roskilde, Denmark) and 75,000 cells per 35mm culture dish (Corning, NY, USA) (1.5ml
medium). Cells were grown for three days to achie88% confluency andtarved with

DMEM without FBS (serum free DMEM) for &ast 24 h before any experiment.

(B)

(©)

Figure 2.3: Cell morphology of (A) growingviller cells (MIO-M1), (B) & (C) 80-:100%
confluence

44



2.3 Coculture of Retinal Explants and Muller Cells

The rtina was dissected afescribedearlier and retinal explantaere placed into the
medium of a 35 mm culture dish containiniyléller cell monolayer in a total volume of 1.5

ml with 1.11mM glucose. At the end the 24hrs experiment petimimedium was collected

for LDH assay ad VEGF protein. Explants were fixed adll be described later, for
immunohistochemistry with TUNEL.

2.4 Oxygen and Glucose Deprivation Experiments

2.4.1 Glucose Deprivation

Cultured MIOM1 cells were grown in 35mm dishes for 72hrs in sersupplemented
DMEM medium and then incubated in serinee DMEM for 24hrs before being randomized

to experimental conditions. All culture mediurwas supplemented with 50mg/l
Penicillin/Streptomycin andontrol melium containedylucose (1g/L), which is equivalent to
the physiological blood glucose level (5.55 mmol/L). hnman retina experiments, HORC
explants (four in total) were randomized to a control-TBFEM), glucose deprivation,
oxygen deprivation ooxygenand glucose deprivatio®GD).

Four different levels of glucosgeprived medium were prepared to achieve 30, 20 and 10%
of the glucoseaat the control level, equivalent to 1.67, 1.11 and 0.56mM respectively. This
was achieved by mixing appropriate volumeni glucoséfree DMEM and DMEM
containing glucose (1g/L), as shown in Table Sihce glucose was not added directly to the
medium, he osmolaritywas not adjusted. This leads to differences in final osmolarity of the
medium {Table 2.2. It is important b note here that VEGF expression has been shown to be
stable with an increase in osmolarity of 20mOsmols in RPE cells (Holborn et al., 2015),
which is greater than the differences in glucose deprivation experiments (Max. of 12

mOsmols) and high glucose expnents (11 mOsmols).
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Level of Glucose Oxygen level
Deprivation Concentration in (%)
(%) DMEM medium
(mmol/L)
Control 5.55 20
(No deprivation)
70 1.668 6
80 1.112 4
90 0.556 2
Full starvation 0 0
(OGD)

Table 2.1Levels of glucose and oxygen in OGD experiments

Type of Medium Glucose Osmolarity
Concentration in mOsm
DMEM medium
(mmol/L)
High Glucose 25 326t2.08
10% Cell culture 5.55 310+0.57
Serum free 5.55 315+1.32
20% glucose 1.112 304+3.5
medium
Full glucose 0 30340.76
starvation

Table 2.20smolarity ofthedifferent medium used in thexperimentgaveragets.e.m, n=4)

2.4.20xygen Deprivation (Hypoxia)

2.4.2.1 Hypoxia Chamber

A custommade chamber was constructed from aluminum with a window at the front of the
chamber (UEA mechanical workshop, Norwich, UK) to expose cultured cells or tissue to low
oxygen conditions (Figure 2.3). Chamber dimensions were 260mm x 130mm x 140mm
giving an overall volume within the chamber of 4732ml. A door was used to seal the chamber

by tightening 6 wingnuts against a continuous rubbe#ri®y. The chamber was housed
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inside a standard cell culture incubator to maintain a constant temperature (BBRC).
temperature was chosesince Landers et al., (2012) has found thagtinal surface
temperaturglmeasuredorior to vitrectomy is 34.835.2°C.Retinal explants are therefore
routinely cultured at 385°C (Bull et al., 2011 Johnson and Martin, 2008liyadurupola et

al., 2013; Osborne et al., 2015a; Osborne et al., 20Caimtrol experiments were performed
outside the hypoxia chamber in the same incubator. Inside the chamber, humidity was
maintained by a reservoir of distilled water at the base othiaenber.The chamber used
mass flow controllers (MFC), positioned at the inlet and outlet ports, to simultaneously
regulate the internal pressure and the rate of gas flow through the chamber. The chamber was
attached to two gas sources (95% air/ 5% @@ 95%N./ 5% CQ), which could be rapidly
pumped into the chamber using 1000ml/min MF@&sd released via a solenoid exhaust
valve The gases were mixed to give the level efr@quired.Pressure inside the chamber
was measured by a high accuracy digitaésgure sensor (Omegandineering Inc,
Manchester, UK). Oxygen and pressuneasurementwere fed into a computecontrolled
regulator unit. Control of gas flo achieve the desirecb@nd pressure/as via aranalogue

to digital interface A third MFC pasitioned on the outflow ensured a constant flow of gas
through the chamber at @®l/min that was independent of pressure (Figure 2.3).

2.4.3 Simulatedischemia (OxygenGlucose Deprivation, OGD)

Oxygenglucose deprivation was performiy incubatingcultured cells/fHORCs iglucose

free DMEM medium to simulate complete deprivation of glucose or full ®&Bn oxygen
deprivation accompanies. iEach level of ischemia was induced whengety and glucose

were deprived tthe sane level as shown in Tablel2.

The plates or dishes were exposed to experimental conditions and incubated in the hypoxia
chamber for 2472 hours where the degree of 5% Carbon dioxide/oxygen and nitrogen flow

was controlled usip computer software. This allowemhduction of variablehypoxic
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conditions between 0.6.0% oxygen. At the end of the experiment, 96 well plates were used
for viability assag (MTS-MIO-M1 only) while medium from dishes was used for
cytotoxicity assays (LDH)Cells and tissuéor PCR analysisvere lysed with RNasy lysis
buffer (RLT) and frozen immediately in liquid nitrogen and staaeeB0°C beforeto RNA

isolation.
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Figure 2.4 Schematic diagram of hypoxia chamber
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Figure 2.5: Photographic images of the hypoxia chambefA) the hypoxia chamber inside a 35°C incubator. (B) The whole unit
connected to gases and computer controlling the oxygen and pressure levels inside the chamber. (C) Images of a compased

software controlling the pressure and oxygen levels.
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2.5 Cytotoxicity Assay (Lactate Dehydrogenasd.DH)

Lactate dehydrogenase (LDH) is a soluble cytosolic enzyme that is rapidly released into the
culture medium when the plasma membrane is damaged (Bagtfatp1995).

The LDH activity is determined in an enzymatic reaction consists of two steps. In the first
step, NAD is reduced to NADH/Hby the LDHcatalyzed conversion of lactate to pyruvate.
Secondly, the catalyst (diaphorase) transfers"Hirlbin NADH/H™ to reducethe tetrazolium

salt INT (2[4-iodophenyl}5-phenyltetrazolium chloride) to form aoloured formazan
product, which can be measured by absorbance at 49(Koraeniewski & Callewaert,
1983).

Cytotoxicity Detection Kit(LDH assay)was purchsed from Roche (Burgess Hill, UK).
TritonX-100 was purchased from Sigmddrich (Dorset, UK). The assay was performed
according to the manufacturerds instructions:s
ratio of 1:45 respectively. The cdilee cuture supernatant medium (750 pl) was removed
and centrifuged at 13,000 RPM for 5 min. To measure the maximum releasable LDH, Triton
X-100 (concentration 2%, volume 750 pl) was added to each dish, mixed thoroughly and
placed on a shaker for at least 30 mAntotal volume of 350 ul was then removed and
centrifuged for 5 min at 13,000 RPNh HORCs, the released LDH was measured by
removing 750 ul of the medium at the endtbé experimentaperiod and centrifugedat

13,000 RPM for 5 min

One nonsterile, clear 9&vell plate was used to load 3@0of each sampléi.e. supernatant
mediumfrom MIO-M1 or HORCSs)in triplicate Background controls were used in this assay
measured using the appropriate medium. A volume of 100 pl of the mixedtide kit
reagent was then added to each of the assay wells and absorbance at 490 nm was measured

with a micreplate reader (BMG LABTECH, Bucks, UK) at 5 min.
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Results were expressed as a percentage of total releasable LDH using the following formula:

bo ll- “hmmmt vhim gy L

a= Sample absorbandeackground absorbance

b= TritonX100 positive control absorbance ritonX100 control absorbance

In other experimentd,DH release i€xpressed as a percentage of the control.

2.6 Cell Viability Assay (MTS)

Cell viability was assessed using the CellTiter 96 Aqueous Proliferation Assay (Promega,
UK). The MTS test is a colorimetric assay used to determine the number of viable cells. It is
based on theonversion of a 3(4, 5-dimethylthiazol2-yl)-5-(3-carboxynethoxyphayl)-2-
(4-sulfophenylj2H-tetrazolium (MTS) into a brown formazan product when reduced by
active cells (Cory et al., 1991I)he tetrazolium reductiotakes place in the mitochondria and

measuresnitochondrial metabolic rates a measure ckll viability (Risset al., 201).

OCH,COCH 5{3,3 OCH,COOH

o¥¥eg
Yl’c‘mﬂ “F“\H{ _Z/c CHy

MTS - Formazan
Figure 2.6: Conversion of MTS tetrazolium into Formazan by living cells. Image from

CellTiter 96® AQueous One Solution Cell Proliferation Assay.
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Figure 2.7: Standard curve of MTS absarice values in relation ttumberof cell seeded
MIO-M1 cells (0 t010,000cells per well) were seeded into 96 well plates and cultured for 72
hrs and kept in in SF medium for 24hrs hours before the addition of MTS solution (n=4).

The assay was carried outcarding to the manufacur er 6 s pr ot ocol . Bri
cells to experimental conditions, the medium was removed tr@w6 well plate and
replaced with 100 pl MTS solution which is a mixture of 10 ul of tHd,3-dimethylthiazol
2-yl)-5-(3-carboxymethoxypheny2-(4-sulfophemyl)-2H-tetrazolium (MTS) and 94
DMEM+Glutamax (serum free) and incubated foraits at 37°C. Absorbance at #80was
measured with a micfplate reader (BMG LABTECH, Bucks, UK). The quantity of
formazan product is proportional to the numbetiahg cells in culture (Figure.7). Data

was presented as percentage cell viability compared to control.
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2.7 Glucose Assay

The ducose assay kit, GAGQ0 (SigmaAldrich, Poole, UK) was used to assess the rate of
glucose utilization by humamdller cells (MIO-M1) under normal (5.55mM) and low
glucose levels (1.11mM) for 24hrs.

The principle of the assay is based on oxidatioglo€ose to gluconic acid and hydrogen
peroxide by glucose oxidase (stepl). Hydrogen peroxide then reactsaighisidine in the
presence of peroxidase to form oxidizedianisidine, which has brown colour (step Phis
product reacts with sulpiic acid to form a more stable coloured product that is pink in
colour (step 3). The intensity of the pink colour meadwat 540 nm and is proportional to the

original glucose concentration.

Glucose
Oxidase . .
(1) D-Glucose + HO + @ ey D-Gluconic Acid + HO
o Peroxidase S
(2) H202 + Reduced-®ianisidine ¢olourless Oxidized aeDianisidine (brown)
—_——

H2SOy
(3) Oxidized eDianisidine (browi ? N Oxidizedo-Dianisidine (pink)

The assay was carried outcardingt o t he manufacturerdés protoc
was scaled dowto enable use of a 96ell plate. Glucose @idase/peroxidase enzyme was

provided as one capsule containing 500 units of glucose oxidaper@illus nigey, 100
purpurogallin units of peroxidase (horseradish) and buffer salts. The contents of the capsule
were dissolved in an amber bottle with 39.2 ml of deionized water. Th&rosidine

Reagent was provided as preweighed vial contains 5 mgdadnisidine dihydrochloride.

The vial was reconstituted with 1.0 ml of deionized water. The assay reagenepaedrby

mixing 0.8 ml of the eDianisidine reagent to the amber bottle containing the 39.2 ml of

glucose oxidase/peroxidase reagent. This product was stable for one me8tfCat 2
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Figure 2.8: Standard curve of glucose concentrat{orM) againsabsorbance (n=4).

Muller cells (MIO-M1) were cultured in 35 mm dishes (1.5 ml) for 24hrs under normal
oxygen level and both in normal glucose medium (5.55 mM) and low glucose medium (1.11
mM). The dishes werdivided into two sets, the firsvere sampledampled every 2 hours

for 12hrsand the second were samples to cover the next 12 hrs of the next day. A sample of
50ul medium was frozen immediately in liquid nitrogen and store@@C prior to analysis.

The kit was designed to be used duvettesbut was adapted to work in a 96 well plate
format as following:40 ul of each sample was pipetted followed by addition of 80ul assay
reagent. The platevasincubated for 30 minutes at 37°C. The reaction was terminated by
adding 80ul sulphuric@ad (12 N H2S04) and read &0 nm. A standard curve using
glucose standard solution 1.0 mg/ml in 0.1% benzoic acid provided in the kit with standard

linearity in the glucose range ofl®0O pg/ml (Figure 2.8)
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2.8 RNA Extraction

Total RNA was extracted using an R&®P mi n i kit according to t
instructiors (Qiagen, Crawley, UK). Following experimentation, MM cells were lysed

in 350 Ol of buf f e-mercRptod@tharmlo(Sigmaldrichi Pogle, WK) % b
using aplastic cell scraper and the lysate collected and placed into 1.5 ml Eppendorf tubes.
The samples were immediately placed in liquid nitrogen and then stor80°@ until the

time of processingHORCs wer e homogeni sed in 350 Ol 0 |
mercaptoethanol using a Zfauge needle (Becton Dickinson, Oxford, UK) 8 times. The
samples (either cell lysate or tissue homogenate) were treated with 350 pl of 70% ethanol and
mixed by repeated pipetting. A total volume of 700ul of each sample was collacte
transferred to RNeasy mini columns placed in 2 ml collection tubes and centrifuged for 15
seconds at 13,000 rpm, allowing the RNA to bind to the column membrane. The flow
through was discarded and 700ul of buffer RW1 was directly applied to thesRelamns

which were then centrifuged for 15 seconds at 13, 0000 rpm.

This was followed by digestion of DNA using DNase 1 (Qiagen, Crawley, UK) in RDD
buffer for 15 minutes at room temperature. The columns were washed again with buffer
RW1land flow throug was discardedColumns were placed into new 2 ml collection tubes

and then 500 pl of buffer RPE was pippeted onto each column. Columns were centrifuged for
15 seconds at 13,000 rpm and flow through flow was discaecadditional 500ul of

buffer RPE wa pipetted onto each column and centrifuged for 2 minutes at 13,000 rpm to
dry the membranes and flow through was discarded. Columns were placed in 1.5 ml RNase
free Eppendorf tubes and 30ul of RNdsee water was applied directly onto the sHipal
membane of the RNeasy columns, which were then centrifuged for 1 minute at 13,000 rpm

and flow through was collected. Total RNA was quantified (ng/pl) using a Nanodrep ND
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1000 spectrophotometer (NanoDrop Technologies, Delaware, USA) and the purity of RNA
wasjudged by A 260/280 ratio of ~2.0.

2.9 cDNA Synthesis

Extracted RNA was converted to complementary DNA (cDNA) in a reaction catalysed by
Reverse Transcriptase (Invitrogen, Paisley, UK). Each sample was diluted with distilled
water to get a total volume a0Opul (100ng/ul) using thin walled Eppendorf tubes. Random
primers (500eg/ml) (Promega, Sout hampt on,
were mixed in a ratio of 1:1 and 2 pl of this mixture was added to each of the diluted RNA
samples, and centrifed for 15 seconds. Samples were placed in a Peltier Thermal -Cycler
DNA engine (MJ Research Inc, Reno, NY) and incubated at 65 °C for five minutes, followed
by brief incubation in ice. A mixture of 5x first Strand Buffer (4pl) (Invitrogen, Paisley, UK),

0.1M DTT (2ul) (Invitrogen, Paisley, UK) and RNase inhibitor (1pl) (Promega, Southampton,

UK) was prepared and 7l of this mixture was then added to each sample. The samples were

centrifuged for 15 seconds at 10,000 rpm before incubation at 25 °C for 1@sninuhe
Peltier Thermal Cycler followed by 2 minutes at 42°C. Samples were briefly chilled and 1pl
of superscript Il was pipetted to each tube. Samples were returned back to into the thermal
Cycler and incubated at 45°C for 50 minutes followed by heati7@°C for 15 minutes. The
generated cDNA samples were then store@G#HC till further processing.

2.10  Quantitavive Reverse TranscriptasePolymerase Chain Reaction
(QRT-PCR, TagMan) Amplification

QRT-PCR amplification of targed genes was performed using the ABI Prism 7700
Sequence Detection System (Applied Biosystems, Warrington, UK). The generated cDNA
was diluted with RNA free water such that
a microAmp Optical 96 well reactoplate (Applied Biosystems, Warrington, UK). Each

reaction was composed of 10ul of diluted cDNA, 8.33ul Tagman Mastermix (Applied
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Biosystems, UK), 1.25 ulfeceach probe (Table 2.2) and RNdsse water to give an overall
reaction volume of 25 pl per welPlates were sealed with clear adhesive PCR film (Thermo
Scientific, Surrey, UK) and reaction was performed using the Applied Biosystems 7500 Fast
RealTime PCR Systen{Applied BiosystemsJK).

Reaction conditions for the PCR amplification were initlaby heating to 50 °C for 2 min,
followed by 10 min at 95 °C. Amplification of cDNwasthrough 40 cycles, each consisting

of one minute at 95 °C and 30 seconds at 60 °C. Results were generatdsgtarl file and

cycle threshold (CT) value, the point which the fluorescent signal becomes statistically
significant above background, for each sample was determined. Gene expression was
determined using a standard curve of gene of interest. Normalization of data was performed
using the geometric mean ofid housekeeping genes; CYIC(cytochrome €1) and TOP1
(Topoimmerase ) and was expressed as a percentage of c&aicbl.sample was run as a

singlereplicate and the average (meanzs.e.m) of four separate experim@nesented.
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Gene name Assay IDNo Company

PDGF-A Plateletderived growth factor alpha polypeptide Hs00964426_ml1 Applied Biosystem
VEGF-A Vascular endothelia Growth Factor Hs00900055_m1 Applied Biosystem
FGF2 Fibroblast growth factor 2 (basic) Hs00266645 m1 Applied Biosystem
SERPINF1 Serpin peptidase inhibitor or pigment epithelif Hs01106934 m1l Applied Biosystem

derived factor (PEDF)
LIF Leukemia inhibitory factor Hs01055668 m1 Applied Biosystem
GLUL Glutamateammonia ligase (Glutamine Synthetas  Hs00365928 g1 Applied Biosystem
SLC1A3 Glial high affinity glutamate transporter Hs00188193 ml Applied Biosystem
GAD1 Glutamate decarboxylase 1 Hs01065893_m1 Applied Biosystem
ENPP2 Ectonucleotide pyrophosphatase/phosphodiestg Hs00905117_m1 Applied Biosystem

2 (ENPP2)
PANX1 Pannexin 1 Hs00209790_m1 Applied Biosystem
GFAP Glial fibrillary acidic protein Hs00909233 m1l Applied Biosystem
HSPA1B Heat shock 70kDa protein 1B Hs01040501_sH Applied Biosystem
CYC-1 Cytochrome c1 HK-DD-hu-300 Primerdesign
TOP-1 DNA topoisomerase 1 HK-DD-hu-300 Primerdesign

Table 2.2: The Primers used for QRTPCR Experimentsshowing the gene symbol, gene name, the assay ID number and the supplier.
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2.11 Immunohistochemistry

2.11.1 Cryosectioning

After experiments, HORC explants were fixed in 4% formaldehyde for 24 hours at
4°C. Tissue was then dehydrated with 30% sucrose in PBS for another 24 hours at
4°C. Subsequently, each retinal explant was mounted vertically into tanfoular

cups filled with Optimal Cutting Temperature (OCT) medium (Sakura Finetek,
Zoeterwoude, Netherlands). Cups were frozen on dry ice for few minutes and stored
at-8 0AC until wuse. Retinal slices of 13gm
cryosht (Bright Instruments, Huntingdon, UlKas follows Frozen cups were sliced

until a retinal piecef approximately 4mm was visible to ensured that sections were
taken at the center of the circular retinal sample. This was measured using a digital
vernier @lliper (Clarke, Essex, UK). At least-& nonrconsecutive slices were
collected per glass slide (Sigmddrich, Poole, UK). Slides were coated with 3
triethoxysilylpropylamine (TESPA) (Sigmaldrich, Poole, UK) to aid adhesion. The
slides were kept in aide-box in -20°C until the time of immunohistochemistry
staining.

2.11.2 Staining

Retinal slices were washed three times in PBS, each for 10 minutes to remove OCT
medium from the slides. Slides were then incubated in blocking solution consisting of
5% nomal goat serum (Sigmaldrich, Poole, UK) and 0.2% Tritore400 in PBS for

90 minutes at room temperature to block binding sites and to permeabilize cell
membranes. Afterwards, retinal slices were incubated in a primary antibody (Table
2.3) made up in blogkg solution, overnight at 4°C.

Following primary antibody binding, retinal slices were washed in PBS three times

for 10 minutes before the addition of a secondary antibody (2mg/ml; 1:1000) diluted
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in blocking solutionin the dark for 2 hours at room tesrpture.Samples were
protected from light exposure from this point onwards. Samples were then washed
three times in PBS for 10 minutes to remove unbourttb@ay and stained with

DAPI (0 . 5 g)gfdr 10 minutes at room temperaturglides were washed again
before the addition of a drop of Hydromount (Fisher Scientific, Leicestershire, UK)
onto each retinal slice. 12mm coverslips (Warner Instruments, Kent, UK) were placed
over each sample which were then allowed to set at room temperature, protected from

light, for at least 12 hours before they were imaggadgWidefield microscope Zeiss

AxioPlan 2ie
Target Source Clonality/ Dilution Supplier
Conjugate
Primary Antibodies
Neuronal Mouse Monoclonal 1:200 Chemicon
Nuclei (NeuN) International,
Millipore,
Watford, UK
Glial Fibrillary Rabbit Polyclonal 1:1000 Dako, 20334,
Acidic Protein Glostrup,
(GFAP) Denmark
Secondary Antibodies
Mouse IgG Goat AlexaFluor 1:1000 Invitrogen,
(H+L) 568 Paisley, UK
Rabbit lgG Goat AlexaFluor 1:1000 Invitrogen,
(H+L) 568 Paisley, UK

Table 2.3:Immunohistochemistry primary and secondary antibodies.
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2.11.3 Immunohistochemistry with Terminal deoxynucleotidyl transferase

mediated dUTP nickend labelling (TUNEL) assay

To asgss apoptotic cell death within the ganglion layer, immunohistochemistry
combined with TUNELHabelling was performed. Immunohistochemistry was

performed as previously described urtkie end of theovernight primary antibody

incubation stageRetinal slies were washed three times for 10 minutes with PBS and

immersed in TUNEL equilibration buffer for 10 minutes at room temperaiure.

assay was carried ouc@rdingt o manuf act ur UN&lsreactions t r uct i ¢
mixture was prepared and added to sampiekiacubated in dark for one hour at

37°C.The reaction was terminated by washing the slides twice with 2X SCC solution

and washing three times for 10 minutes with PB¥he immunohistochemistry

protocol was continued from the addition of the secondaribadies. Retinal

sections were imaged using a wided Zeiss Axiovert 200M fluorescence

microscope and analysed with Zeiss Axiovision 4.7 software.

2.11.4 TUNEL-Positive RGC Quantification

The numbers of RGCs were counted after image coding by anotmebenef the
laboratory.Threeimages were taken from each section (note there w8redgtions

fromeach HORC)and-2 ar eas correspondiwesdeocteda di st a
and the number of NeulMhmunolabelled cells ctocalised with DAPI stained nusil

in the RGC layer were counted. TUNEL counting was performed in the same manner

except the number of TUNEpositive cells that céocalised with NeuN was assessed

per 200&em secNdaudmaes i tTihvee nteealsbcton and meadrk 2 00¢e
TUNEL-positive NeuNlabelled cells were calculated for all images before treatments

were unmasked.
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2.12 High Glucose Experiments

Cell survival expression of selectedrowth factors and VEGF releaseere
investigated in MIGM1 and HORCs after exposure to high glucose conditions. In
HORCs, high glucose treatment was achieved by incubating the retinal explants in
high glucoseDMEM (Invitrogen, UK)of 25mM for 24hrs. Medium was collected for
LDH analyss; explants were either frozen for RNA extraction or fixed for
immunohistochemistry. To investigate the effect of high glucose, oxidative stress and
PKC inhibition MIO-M1 cells were utilized as described in the following sections.
2.12.1 In Vitro Oxidative Stress and High Glucose Treatment

Hydrogen peroxide (D) (SigmaAldrich, UK) was utilized to induce oxidative
stress in MIGM1 cells. MIO-M1 cells were cultured in 9@ell plates as described
earlier and HO, was added in serum medium at a range ohcentrations
(1002000 M) . Cell wviability (MTS assay), an
appropriate concentration that induces stress without loss of viability. This was done
in low and high glucose serum free medium for up to 72hrs.

2.12.2 ProteinKinasecCb et a ( PKCDb) I nhi bitor with High
The PKG inhibitor, ruboxistaurin (L¥33331), was purchased from SigrAddrich,

UK and dissolved in sterile dimethyl sulfoxide (DMS@jgma Aldrich, UK) A dose
responsdor PKCY inhibitor at a arrange of 100ril ¢ Mascarriedoutin MIO-M1

cells culturedin serum free medium followed by MTS and LDH assays to determine
the appropriateoncentratiorfor treatment under high glucose, oxidative stress and
hypoxic conditions. Medim was collected from all conditions for the measurement

of released VEGEoncentratiofrom MIO-M1 cells
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2.13 Human VEGF Enzyme Linkedimmuno-Sorbent Assay (ELISA)

A Human Vascular Endothelial Growth Factor (Hu VEGF) ELISAvifrogen,
Paisley, UK) was used for the determination of VE@Bncentrationin culture
medium. The assay will recognize both natural and recombinant Hu MB&F

The Invitrogen human VEGF kit is a solid phase sandwich ELISAe assay was
performed according to thenanufacture Gisstructions. A polyclonal antibody
specific for human VEGF has been coated onto the wells of the microtiter strips
provided. Incubation buffer (30) was pipetted into all wells before adding samples
(50 ul) or standards of known human VEGF contef®O(ful). Standard diluent buffer
(50ul) was added into all wells except the standardsring the first incubation (30
minutes), the VEGF antigen binds to the immobilized (capture) antibody on one site.
After washing, @iotinylated monoclonal antibody (QQl) specific for human VEGF

was added. During the second incubation (30 minutes), this antibody binds to the
immobilized VEGF captured during the first incubation. After removal of excess
secondary antibody, Streptavieiteroxidase enzyme (100 was addd. This binds

to the biotinylated antibody to complete the fouember sandwich. After a third
incubation (30 minutes) and washing to remove unbound enzyme, a substrate solution
(10Qul) was added, which is acted upon by the bound enzyme to produceAcolor.
stop solution was added arftetintensity of this color was measured at 490 Tims

is directly proportional to theoncentration of VEGF present in the original sample.

A plot of the absorbance of the standards against the standard concentratis®® (O
pg/ml) was constructedConcentration of VEGF in theamples was presented as

pg/mlusingtheplotted standard curve.
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2.14 Data Analysis

Data is presented as mean + standard error ef tiean (s.e.m) of at least four
experiments GraphPad (Prisf) version 6) was used to analyse and present data. A

oneway analysis of variance (ANOVA) was used to establish statistical significance
between data sets in combination with Dunnett-postc t e st -test@aswske nt 6 s t
to test for significance when ontwo variables were present. FAvalue equal or less

than 0.05 was considered statistically significant.
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Chapter 3

Effect of Oxygen and Glucose Deprivation on the Survival and Cytotoxicity of
Human Miiller Cells (MIO -M1)

3.1 Introduction

Muller cells are the principle macroglial cells in the retina, and they are radially
oriented cells spanning the whole thickness of the retmramunicating with all type

of neurons within the retina (Newman and Reichenbach, 1996; Réatle and
Bringmann, 2013). They provide structural support and regulate neuronal cell
metabolism. They control essential processes such as glucose metabolism, antioxidant
production, ion and substrate exchange and vascular regulation (Bringmann et al.,
2000; Eichler et al., 2000; Bringmann and Reichenbach, 2001; Winkler et al., 2000).
In addition, Mdller cells play a major role in the retina by responding to pathological
stimuli. This includes responses to hypoxia, ischemia, glucose deprivation and
inflammatory conditions (Bringmann et al., 2006). Reactivity of Muller glia during
retinal detachment and other forms of retinal injury such as proliferative diabetic
retinopathy (PDR), proliferative vitreoretinopathy (PVR) and glaucoma has been
documented (Andjic et al., 2014; Campochiaro et al., 1997; Flammer and
Mozaffarieh, 2007; Hollborn et al., 2004).

In PVR, uncontrolled Miuller cellproliferation and hypertrophy and eventual
formation ofa glial scar are the hallmarks of the disease (Morescalchi et al., 2013).
Activation of Miller cells inexperimental retinal detachmemt rats led to the
expression of GFAP, vimentin and nestin with evidence of Muller cell proliferation
and growth withinhe retina and into the subretinal space (Luna et al., 2010).

Il n addition, i mmunochemi c allsingliabatic reiinalg has

scars.Theses scars prevent flattening of the retina and cause macular wrinkling
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leading to loss of visiofLewis et al., 1991; Lewis et al., 2010). In a mouse model of
inherited glaucomgDBA/2J), microglia activation was an early alteration in the
retina and optic neryeontributing to disease progression (Bosco et al., 20d13.
recent study by Bosco etl., (2015) using the DBA/2J mouse model, an early
microgliosis at the optic nerve head was detected. The author suggested that
monitoring microglial activation is a good indicator of future neurodegeneration
severity (Bosco et al., 2015). In addition,an IORinduced glaucoma model in rats,
evidence of glial cell proliferation at the optic head region was detected by
upregulation of cell proliferation associated genes: Top2a plays a role in DNA
replication, whereas Prcl regulates the mitotic spindleonie formation and Espll
regulates clomatid separation at anaphase. Interestinglg,was not associated with

a change in the expression of GFAP (Johnson et al., 2011).

On the other hand, different experimental streskaxg&e been shown tecrease the
viability of glial cellsin vitro. For example in one study, high dose of hydroquinone
decreased the viabilitgf the human Muller cell lineMIO-M1) to 41% of control

with a 5-fold increase in LDH levels. Death under this condition was attributed to
oxidative, mitochondrial and autophagic pathways with no apoptosis involved
(Ramirez et al., 2013). Cell death in M1 cellswas also induced by high dose

of catechol, in which viability decreased to 46% with increased ca§pasectivity
(Mansoor efal., 2010). Moreoverexposure of rat C6 glioma celis H.O. caused a
dosedependent cell death (Ahn et al.,1%0. Similarly, the MIGM1 cell viability

was decreased after exposure t@Finduced oxidative stress (Hu et al., 2014).

In addition, the efects of oxygenglucose deprivatiorhas not previously been
investigated in Miller cells but various studies have been carried out using cultured

astrocytes(Huang et al., 2013; Lee et al., 2006; Lee et al., 2009; Niu et al., 2009; Pei
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and Cheung, 2003;ally et al., 2009). As oxygen and glucose deprivation (OGD) is
part of the pathophysiology of glaucoma and could occur as a result of decreased
ocular blood flow, the aim of the experiments presented in this chapter was to identify
whether oxygen and/ofgcose deprivation would have a direct effect on cell survival

of human Mduller cells (MIGM1).
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3.2 Results

3.2.1 Effect of OxygeinGlucose Deprivation (OGD) on the Viability and
Cytotoxicity of Human Miller Cells (MIO -M1)

Human MIOM1 cells were exposed for 24hrs to full oxygglncose deprivation
(OGD) or reduced levels of oxygen and glucod0-30% (0.561.67 mM glucose/
2-6%0) of control leves (5.55mM glucose/20% £). Full OGD caused a significant
5-fold increasg * p O 0 . if eleased EDH)compared to control while reduced
levels to 1630% did not change LDH release (&ig 3.1A) indicating cell death with

total OGD only. This was confirmed by the viability test, whittoweda significant
reduction of approxnately 50% in the survival rat@ith full OGD, but no loss of
viability with reduced(10-30%) oxygen and glucose levels compareadontrol after

24hrs (Figure 3R).

Interestingly, when oxygen and glucose were reduced to 20% of control level
(1.22mMglucosé4%0,), MIO-M1 cellviabilit y i ncr eased 085 )i f i cant
by approximately 20% compared to control, which indicated, possible proliferation of
the cells under these conditiorighese results indicate that MI@1 cells withstand
oxygen and/or glucose deprivation levels below full deprivationwhen they are
completely depleted of bothxygen and glucos¢hey lose viability. Since both
oxygen and glucose were changed together in these experiments, then it was
important tolook at them separately to determine thain substrate affecting the

proliferation and survival.
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3.2.2 Effect of Oxygen Deprivation on the Survival and Cytotoxicity of Human
Muller Cells (MIO -M1)

Despitethe reduction of oxygen concentration to the MM cells for 24hrs, the

LDH levels were comparable to control at all levels of oxygen deprivatdading

full deprivation (Figure 3.2\). Furthermore, MIGM1 cells maintained the same
survival rate as contraVith reduced oxygen and even with complete deprivation. The
viability of the MIO-M1 cells slightly but significantlyi n ¢ r e a 6.@5dn=4) byp O
13% and 21% at 2% and 4% oxygen respectively as compared to control (Figure

3.2B).
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Figure 3.1: (A) Cytotoxicity (total releasable LDH)and (B) viability (MTS assay)
of human Miuller cells (MIO-M1) after 24hrs exposure to full oxygerglucose
deprivation (OGD) or reduced levels of glucose and £0.561.67mM glucose/2
6%02( mean N s.e.m, * pO0.05; n=4).

71



(/\) 159

% Total Releasable LDH

(B) 150~

1004

504

Viability (% of Control)

Figure 3.2: (A) Cytotoxicity (total releasable LDH)and (B) viability (MTS assay)
of human Muiller cells (MIO-M1) after 24hrs exposure to full oxygerdeprivation

or reduced levels of oxygen5 % ( mean N s.e. m, * pOO.
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Figure 3.3: (A) Cytotoxicity (total releasable LDH)and (B) viability (MTS assay)
of human Miiller cells (MIO-M1) after 24hrs exposure tdull glucose deprivation
or reduced levels of glucose 0.56. 6 7 mM ( mean N s.e. m, * pOO.
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3.2.3Effect of Glucose Deprivationon the Survival and Cytotoxicity of Human

Muller Cells (MIO -M1)

Full deprivation of the MIGM1 cells from glucosssignificantly for 24hrsincreased

(*p @05; n=4) LDH levels by approximately-fald compared to control. No
detectable alterations in the LDH levels were found when glucose was reduced to 10
30% 0.561.67 mM) of thecontrol level (5.55 mMJjFigure 3.3 A).

Full glucose deprivation also reduced the viability by approximately 50%. On the
other hand, viability was @reased significantly with 1.1M glucose (Figure 3.3B).
These results were similar to those seen wethuced levels obxygenand glucose
deprivation(1.11mMglucosé4%0,).

3.3 Longi term Oxygen Glucose Deprivation

HumanMIO-M1 cells showed resistance when exposed to all levels of hypoxia and
OGD conditions below full deprivation for 24hrs. It was interesting to find that
hypoxig glucose deprivationand OGD at 20% of contrdll.11mMglucose/4%¢)
caused MIGML1 cell proliferation. This level wathereforechosen to study MI1
viability and cytotoxicity in response to lostgrm deprivation (48 and 72hrs).

3.3.1 Effect of Long-term OxygenGlucose Deprivation on the Survival and
Cytotoxicity of Human Muller Cells (MIO -M1)

At 72hrs, human MI&M1 cells incubated in 1.11mM glucose/4%Mst their
integrity as evidence by 1i6ld increase in total releasable LDH compared to control
(*p @05; n=4) while no detectable LDH release was found in 24 and 48hr
experiments. Viability results confirmed the LDH data with a significant reduction in
viability by 50% after 72hrs (Bure 3.4 A). MIOML1 cells maintained at 1.11mM
glucose/4%@ for 24hrs showed a significant 30% increade @.05; n=4)in

viability compared to control suggesting that MM cells proliferated as indicated
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earlier. This proliferation was maintaindalt at lower rate of 14% after 48hrs (Figure
3.4B).

3.3.2Effect of Long-term Oxygen Deprivation on the Survival and Cytotoxicity

of Human Miiller Cells (MIO -M1)

Cytotoxicity data showeao significant change of released LDHaaty time point

with oxygen deprivation to 4%. This was supportedviapility data, whech did not
decrease with oxygen deprivation (4%) but slightly increased by approximately 10%

at 2448 hrs (Figure 3.5AB).

3.3.3Effect of Long-term Glucose Deprivation on the Survival and Cytotoxicity

of Human Mller Cells (MIO -M1)

Long-term glucose deprivation to the MIR1 cells showed a similar pattern to OGD

in which a significant 18old increase inLDH levels was seen at 72hrs

( * @.05; n=4). No significant increase in LDH levels was found at edirie points
(Figure 3.6A). A significant 24% increase in viability was seen at 24hrs

( * @.05; n=4) The cells maintained similar viability to control at 48hrs with no
proliferation while a significant reductiof * @.05; n=4)in viability by 40% was

seen at 72hrs (Figure 3.6B). These results were very similar to those seen with both

oxygen andylucose deprivation (Figure 34
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Figure 3.4: (A) Cytotoxicity (total releasable LDH)and (B) viability (MTS assay)
of human Miller cells (MIO-M1) after 24hrs exposure to 20% OG level (1.11
mM glucose/4%Qy)

for

24, 48 and 72hrs (mean N
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Figure 3.5: (A) Cytotoxicity (total releasable LDH)and (B) viability (MTS assay)
of human Mdller cells (MIO-M1) after 24hrs exposure to 4% oxygen for 24, 48
and 72hrs (mean N s.e.m, * pO0.05; n=4,
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Figure 3.6: (A) Cytotoxicity (total releasable LDH)and (B) viability (MTS assay)
of human Mller cells (MIO-M1) after 24hrs exposure to 1.11 mM glucose for 24,
48 and 72hrs (mean N s.e.m, * pO0.05; n
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The data therefore indicated that MIGM1 cells were able to withstand oxygen
deprivation for up to 72hrs with no effect on viability. In relation to glucose, 1.11mM
caused a proliferation at 24hrs, but this proliferation was not mainfaaneddeath
occurred after 72hrs @flucose deprivation to this level. This loss of viability at 72hrs
death may have been due to glucose utilization lowering the concentration in the
bathing mediumThe glucose utilization rate was therefore measured

MIO-M1 cells were cultured at physagical glucose level (5.55mM) and also at
1.12mM glucose Starting concentrations for control and treatment was measured at
5.0£0.23mM and 1.17+0.08 mM respectively. The concentration after 24hrs was
3.64+0.09mM and 0.14 +0.05 mM for the controdaeduced glucose respectively

(Figure 37 A,B).
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Figure 3.7 Glucose utilization by M1 under (A) control (5.55 mM) and (B)
1.11mM glucose for 24hrs.

80



3.4 Discussion

The humanMdiller cell line (MIO-M1) has been utilizetb study glial cdlfunction in

vitro in relationto normal and diseased stat€éhey expresdiller cell markers and

the authors also reported that the cells occasionally expressed GFAP after detachment
from the monolayer indicating that theyaybe actiated in vitro (Limb et al., 2002).
Furthermore, Lawrence et al., (2007) reported that MIDcells also express stem

cell markers, and they have been shown to differentiate into p@Eursorsthat

were able to restore RGC function afiervivo transplatation (Singhal et al., 2012).
This further demonstrates their stem cell characteristics.

As oxygen and glucose deprivation is part of the pathophysiology of glaucoma, the
survival of Mller cells in a model of simulated ischemia was investigated usng th
MIO-ML1 cell line. In an animal model of glaucoma, elevdteg was associated with
early astrocytes and Miuller cetesponses such as increased expression of GFAP,
vimentin, nestin and glutamine synthetase (Lam et al., 2003; Xue et al., 2006).
Activation of Muller cells in the human glaucomatous retina has been reported with
early responses including increased immunostaining for GFAP (Tezel et al., 2003;
Wang et al., 2002), analsoglial proliferation (Thanos et al., 1991). In retinal stress,
Muller cels initially respond by releasing survival factors in an attempt to rescue
RGCs (Bringmann et al., 2009). As damage occurs to RGCs sonthearatve fiber

layer is affected, Muller cell processes replace the lost RGCs and form a glial scar
(Nickells, 2007.

In the experiments reported here, the effect of OGD on cell survival was investigated
in the MIO-M1 cells. They were subjected to four levels of oxygen and/or glucose

deprivation compared to atmospheric oxygen (20%) and normal plasma glucose level
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(555 mmol/L), which served as the experimental control. The deprivation levels were
10-30% of control levels.

3.4.1 Effect of OxygeinGlucose Deprivation on the Survival and Cytotoxicity
Human Miiller Cells (MIO -M1)

Initial experiments assessing viability and cell death revealed that necrotic damage
was detected when oxygen and glucess withdrawn completely for 24hrs leading

to a significant Sold increase in LDH levels. Viability results matched the LDH
release dta, with approximately 50% survival rate compared to control with full
OGD. Viability studies of Miiller cells in general and specifically for M cells
under similar levels of OGD have not bepresented previouslin the literature,
although studies dve reporteddata fromother glial cells derived froormon-human
species in relation to different diseases/conditions. For example, findings by Schmid
Brunclik et al., (2008) indicated that exposure of astrocytes to OGD caused death as
early as 6hrs. Longe&dGD treatment for 24hrs resulted90% of all astrocyte nuclei
becoming TUNEL positive with obvious nuclear condensation and cell shape
disruption (SchmieBrunclik et al., 2008). In addition, exposure of astrocytes in
culture to OGD caused cellular injuas measured by LDH efflux (Haun et al., 1992).
Blocking of C&" channels with nimodipine deiced astrocytes death indicatithgat

influx of extracellular C& contributed to astrocyte death in ischemia (Haun et al.,
1992).

With deprivation levels belowiull OGD, no change in the released LDH was
observed which reflects that MiM1 cells withstand OGD at these levels with no
loss of viability. Interestingly, exposure of MiR1 cellsto 1.11mM glucose/4%£

for 24hrs caused an increase in viability indicgtpossible proliferation under this

level of ischemia. The proliferation of Muller cells hagviouslybeen seen in other
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conditions including retinal detachment (Lewis et al., 1992; Lewis et al., 1999),
diabetic retinopathy (Guidry et al., 2009), preittive vitreoretinopathy (Guidry,
2005) and glaucoma (Flammer and Mozaffarieh, 2007). Activation of Muller cells is
described as a nespecific response to either mechanical or ischemic stress (Flammer
and Mozaffarieh, 2007). Ischemiaduced proliferatia of Mduller cells has been
reportedin vivowhen ischemia was induced in rats by central retinal arteriysion
(Stefansson et al., 1988Furthermore Mduller cells isolated from ratetina after
transient ischemia followed by reperfusion in vivo shovghidsis characteristics
including cellular hypertrophy, alteration in osmotic swelling and expression of
GFAP and CRALBP (Kuhrt et al., 2008). This response by Miiller cells has also been
found in adult zebrafish after an excision of the dorsal retina ichamplial cells
proliferated and filled the lesion in the retina (Yurco and Cameron, 2005).

With decreased oxygegiucose levels (1.11mM glucose/@4 for longer periods,
there was no loss in viability at 48hait the damage was apparent by the 72hre ti
point. However, thignost likely reflected that glucose levels had decreased due to
glucose utilization by the cell@Figure 3.7) To assess if the changes seen were
oxygen or glucoséependent, each level of deprivation was repehtedhe cells
weredeprived of either oxygen or glucose.

3.4.2 Effect of Oxygen Deprivation on the Survival and Cytotoxicity Human
Mdller Cells (MIO -M1)

Current results found that MI®I1 cells were resistant to the absence of oxygen with
all levels of deprivation. Evefull oxygen deprivation for 72hrs did not alter viability

or increased cell death. Interegfly, MIO-M1 cells slightlyincreased in number

when they were maiained at 2 and 4% oxygen fortit4.
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Wang et al., (2012) found that exposure of the of rat Midkdl line, rMG1 to
hypoxic conditions (2%¢) for 24hrs followed by three days of rexygenation
significantly induced cell proliferation {&ld increase)The experimentsvestigated

the mechanism of pfiferation implicatingthe involvement of Nott signaling in the
induction of Miller cell proliferation under hypoxic conditions by activating positive
cell-cycle regulators such as cyclins A and D1, as well as the neural and retinal
progenitor marker§Wang et al., 2012)In addition, anoxia has aldzeen found to
induce proliferation of primary astrocytes isolated from newborn rats (Sehmid
Brunclik et al., 2008)They also reported that ATP levels dropped by 78096 within

the first 6 24 hrs of anoxia, but were subsequently maintained at 48hrs. Howeve
other studieexposure of a primary culture of astrocytes from newborn rat cerebral
cortex to full oxygen deprivatiofor 24hrs resulted in astrocyteath with a 1dold
increase in LDH level (Yu et al., 1989). This was also found in primary gllaire

from the cerebral hemispheres of newbaatsy with 24hrs hypoxia resulting an

80% increase in LDH efflux (Callahan et al., 1990). Tiechanism otolerance of
MIO-M1 cells to hypoxia was not investigated in the current experiments,dyuben
explained by Yu et al., (2008) findings whishowedthatincrease expression tfo
major forms of glucose transporters (GLUT1 and GLU®83urredin cultured rat
hippocampal neurons and astrocytes exposed toxigy[§1% Q) followed by anoxia.

This suggestshat glucose uptake is increased which helps to maintain ATP levels by

glycolysis during hypoxic insult (Yu et al., 2008).
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3.4.3 Effect of Glucose Deprivation on the Survival and Cytotoxicity Human
Muller Cells (MIO -M1)

Glucose deprivationh®wed a similar response to OGD, highlighting the importance
of glucose for the survival of glial MIM1 cells. Full glucose deprivatio for 24hrs
reduced MIGML1 cell viability and increased cell death. In other studies using-MIO
M1 cells, full glucose deprivation for a very short period of one hour did not change
the viability or intracellular ATP level (TofKehler et al., 2014). In another study by
SchmidBrunclik et al., (2008) exposure of astrocytes to full glucose deprivation
under the normoxic condition for 6hrs induced proliferation by approximately 40%
compared to control. Wang et al., (2012) showed that rat Miller cells withstand full
glucose deprivation fot2hrs butexperiments conducted for 24hrs with full glucose
deprivation have not been reported

Lower levels of deprivatiof glucosemaintained similar viability to control and
increased proliferatiowas seemat 1.11mM glucoseln order to ivestigatethis
proliferation further, the cells were exposed to this level of glucose for a longer period
of time. However, the proliferation was not increased routioss in viabilitywas
found at 48hrs and thdamage was apparent by the 72ime point. Similarly,
exposure of MIGML1 cells to 2.2mM glucose for 24hrs did not alter the ATP levels
(Emery et al., 2011)t was recognizedhat this is likely due to the fact that glucose
would be being utilized over the incubation peridtierefore, glucose utilization by
MIO-M1 cells wasmeasurd under control and 1.11mM glucose conditions caer
24hrs perid (Figure 3.7 AB). The results shoed that after 24hthere was little
glucose left in the cells, which were incubated in 1.11mM glucose at the start of the
experimets. The results therefore indicatedat MIO-M1 cells were able to cope

with reduced glucose for 48hrs despite the consumption of glucose in thztfirst
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whichwas unexpectedf we consider that the cells were proliferating as a response to
switching them from 5.55mM glucose to the reduced level 1.11mM glucose, they
would actuallyconsume more glucose than usual as they were increasing in number.
After accommodating to the new condition, no more proliferation was seen, and they
may switch to lowe rate of glucoseutilization, whichenablel them to survivefor

48hrs but faikd to maintainthem for 72hrs. Findings by Schmi@runclik et al.,
(2008) indicated thah cultured astrocytes fully deprived of glucose under normoxia
for 6hrs, a 50% decrease ITR levels occurred, but ATP legerecovered to 70% at

48 hrs.A study by Jelluma et al., (2006) showed that in human astrocytes, withdrawal
of glucose enhanced mitochondrial respiratory chain activity of fatty acid oxidation
and thus sustained ATP leveis:tive production of lactate in the presence of glucose

is a characteristic of astrocytes in culture (Pauwels et al., 1985; Swanson and
Benington, 1996). Muller cells share similar metabolic activity as they are reported to
depend 8090% on glycolysis atheir main pathway for energy production whether
under aerobic and anaerobic conditions (Winkler et al., 2000), metabolizing glucose
primarily to lactate (PoityYamate et al., 1995Blocking glycolysis by iodoacetate

has been found to cauaalecline ofATP to low levels and loss of viability in Muller
cells indicating the importance of this pathway to survigRloitry-Yamate and
Tsacopouls; 1995; Winkler et al., 2000t has been proposed that lactpteduced

by glycolysisis then used as a source @fidative energy metabolism for retinal
neurons (PoityYamate et al., 1995; Tsacopoulos et al., 1998; Xu et al.,, 2007).
Because of this metabolic activity, Muller cells consume very lows @iteoxygen

thus preserving it for retinal neons. This in turn,makes them more resistance to
oxygen deprivation (Poitryamate and Tsacopoulos; 1995; Winkler et al., 2GG0)

was seen in the experiments reported in this chapterthe absence of glucose,
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Mdller cells use other substrates such as lactate, pyrghatamate or glutamine and
generate energy by metabolizing these substrates via tricarboxylic acid cycle, a non
dominant pathwayvhich requires oxygefiTsacopoulos et al., 1998; Winkler et al.,
2000).Mechanisms requiring lactate or pyruvate would notuaglable to the cells in

the current experiements and glutamate or glutamine from the culture medium were
unable to support the cells as loss of viability occurred with full glucose deprivation
in the presence of oxygen.

Glucose deficiency can be also canpated by the glycogen deposits in Muller cells,
which allow them to withstand short periods of ischemia (Bringmann et al., 2006;
Johnson, 1977), with Muller cells having abundant glycogen phosphorylase a key
enzyme in glycogen degradation (Pfeiffeuglielmi et al., 2005)These mechanisms
may have aided MI1 cell survival in the early stress of glucose deprivationibut

vivo experiments ofschemia for one hour caused depletion of the glycogen store in
Mduller cells (Gohdo et al., 2001).

Generdly, the resistance of Miuller cells tetresscan be explained by several
properties and functions that theséiscean perform. These includke cells unique
energy metabolism, glycogen deposits, ability to proliferate and release neurotrophic
and growthfactors, buffering of elevated potassium levels (Bringmann et al., 2006).
Also, their glutathioe content and ability to defend agaiogidative stress (Garcia

and Vecino, 2003) and their defense mechanism against glutamate excitotoxicity
(Bringmann et i, 2009). The present research has supported the notion that Muller

cells are relativelyesistant to ischemic damage.
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The fact that viability increased when oxygen and glucose levepdddp 20% of
control level (1.11mM glucose/4%Phighlights that MIO-M1 cells may proliferate
perhapgrotecing themselves by releasirggowthisurvival factors that could also be
important to RGCs during ischemic insult. In the next chapter, gene expression of
key growth factors, specific Muller cell markers, glutamate and ATP signaling related

genes will be investigated.
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Chapter 4

Effect of Oxygen and Glucose Darivationon GeneEx pr essi on i n
Human M¢l |l erMilx el | s (Ml O

41 Introduction

As previously discussed, human Miuller (MNDL) cells were resistant to oxygen and
glucose deprivation. Only complete withdrawal of glegosther than oxygen, was

the trigger for cell loss suggesting the importance of glucose for survival ofMlIO
cells. Results from previous experiments have also shown thatMAICcells
proliferate in response to reduction in glucose and oxygen to D¥AmM
glucose/4%0Q) of the control levelsuggesting the possibility that Muller celtzay
respond to this level of ischemic stress by secreting growth/survival factors.
Proliferation and gliosis is a cellular attempt to restore normal function and prevent
damage (Liberto et al., 2004). In the central nervous system (CNS), astrocytes
respond to insults by proliferation, increased production of GFAP, vimentin, nestin
and cytokines (Liberto et al., 2004). Activated astrocytes become larger in size with
nuclea hypertrophy and produce trophic and growth factors in an attempt to protect
adjacent neurons and glialbrecht et al., 2002Hudgins and Levisgnl999. These
responses may result in the formation of astrogliotic sdéwsefberg, 1994Norton

et al. 192). Similarly, microglial cells in the brain become activated during injury
and release cytokines such aslllb ,-3, IL-6, TNFU, and VEGF ( Stol l et
In the retina, Millercells are the main glial cellIhey express numerous receptors
and eleaseneurotrophic and growth factorsmfong these are VEGF, EGF, PDGF,
IGF-1, bFGF, NGF, ciliary neurotrophic factor (CNTF) (Bringmann et al., 20@b;

et al., 1997 Cao et al.,, 2001Harada et al., 2000/en et al., 1995). The mitogenic
activity of thes growth factors has been examined in Muller cell culturesimng/o

(Ikeda and Puro, 1994; Lewis et al., 1992; Mascarelli et al., 1991; Uchihori and Puro,
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1991). Miiller cells also respond to arangiogenic factors such as PEDF and TGF
(Eichler et al.2004; Ikeda et al., 1998). In the following section, key growth factors
will be introduced in relgon to retinal and Miiller ceflunction and their role during
injury.

One of the Muller cell survival factors, which is released in response to hyp®xia, i
VEGF-A (Aiello et al., 1995; Eichler et al., 2000; Yafai et al., 2004). The VEGF
family belongs to the plateleterived growth factor (PDGF)/VEGF supergene family
(Dvorak, 2002. It exists in six isoforms termed VEGK, B, C, D, E and placental
growth factor (PIGF)(Dvorak, 2002; Shibuya et al., 2006; Takahashi et al., 2005).
Exon splicing of the human VEGAK gene results in the generation of four different
isoforms: VEGk21, VEGFes, VEGFig9, and VEGFEos. VEGFss, is the predominant
isoform, with pro-angiogenic,as well as neuroprotective, properti&sd when the
termAVEGFO i s, it referetathe VEGFA/VEGFesisoform (Houck et al., 1991).
VEGF binds and activates VEGFR1 and VEGFR2 tyrosine kinase receptors and both
are involved in angiogenesiStiibuya et al., 2006 These receptors are expressed
predominantly on vascular endothelial cells and stimulate proliferation and
chemotaxis (Neufeld et al., 1999). Disruption of genes encoding VEGFR1 and
VEGFR2 results in severe abnormalities of blood ekedsrmation and fatal
consequences during embryogenesis @lhakt al., 1995)ncreased oxygen in the
retina results in decreased expression of VEGF and endothelial cell death (Yamada et
al., 1999).

In pathological conditions of the eye such as ischeWiGF is overexpressed and
contributes to pathophysiological changes such as retinal vascular leakage and
neovascularizatio’WEGF has benshown to exert neuroprotective effects, increasing

neuronal cell survival through inhibition of apoptosis (Jialet2000; Jin et al., 2001),
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stimulation of neurogenesis and angiogenesis (Sun et al., 2003; Jin et al., 2000),
increasing neuronal glucose uptake (Sone et al., 2000) and activation of antioxidants
including induction of expression of heme oxygenasesQ-IH(Chao et al., 2013;

Zhu et al., 2007).

One factor that can potentiate VEGF action is PDGF as they sh&ow but
significant sequence homology of 100 amino acids (Finkenzeller et al., 1997). The
PDGF family consists of five isoforms: PDGE B, C, and D, existing &
homodimers (PDGHAA, -BB, -CC, -DD) or as a heterodimer AB (Fredriksson and
Eriksson, 2004). They act on tyrosine kinase receptors PEGFRa-h d t o i nduce
angiogenesis and promote survival and proliferation of different cell types
(Frediksson and Eriksson, 2004). In the eye, PEXSIS expressed by both neurons

and astrocytes (Pringle et al., P98 Glial cells possess PDGHRand a high
expression of PDGHA results in extensive proliferation of glial cells (Pringle et al.,
1989). High apression of PDGHA in the retina was associated with glial cells
proliferation and traction, causing retinal detachment without vascular cell
involvement (Mori et al., 2002).

Basic fibroblast growth factor (bFGF) is a potent mitogdaator, whichincreases
endothelial cellproliferation and migration, through activation of FGF receptors
(Walsh et al., 2001). Basic FGF has been shown to regulate photoreceptor survival
and differentiation and stimulate Muller cells proliferation (Mack and Fernald, 1993;
Hicks and Courtois, 1990). Basic FGF stimulates angiogeiesiso and has been
shown to promote neuronal survival in ischemic insult and glutamate toxicity
(Anderson et al., 1988; Freese et al., 1992).

Another factor important for retinal homeostasipigment epitheliunderived factor

(PEDB, a secreted 5RDa glycoprotein and a member of the serpin superfamily
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(Bouck, 2002. It was originally identified in conditioned medium from RPE and was
found to be an endogenous inhibitor of angisgen in theeye (Bouck, 2002;
TombranTink and Johnson, 1989PEDF expression has been detected in the retinal
ganglion cell layer (Behling et al., 2002) and in Muller cells (Eichler et al., 2094).
addition, PEDF receptor was identified and isolated initially fn@tinoblastoma
tumour cells (Singh et al., 1998) and neural retina (Aymerich et al., 2B&EDF
expression is regulated by hypoxia in a reciprocal direction to that of VEGF,; as
hypoxia is a stimulatory factor for VEGF expression, it decreases PEDFereleas
(Eichler et al., 2004)Besides its function as an inhibitor of angiogenesis, PEDF has
been shown to support the development and survival of photoreceptors (Cayouette et
al., 1999; Jablonski et al.,, 2000), and also protect retinal ganglion cells from
ischemiainduced death (Pang et al., 2007; Takita et al., 2003; Unterlauft et al., 2012).
Another important inhibitor of angiogenesis is leukaemia inhibitory factor (LIF),
which isamember of the interleukif cytokine family. The LIF receptor signals via
glycoprotein 130, to activate the JAK (Janus kinase) tyrosine kinase family (Heinrich
et al., 2003).Ash et al., (2005) studied the effect of LIR early retinal development
and found that LIF inhibited retinal vascular development. This inhibition was
independent of VEGF expressionvivo. In contrast, Kubota et al., (2008) showed
that LIFdeficient mice exhibited increased microvessel density and upregulated
VEGF in vivo. In a rat IORinduced glaucoma modehcreased expression of LIF
MRNA was found Johnson et al., 2011) and endogenous LIF produced by Miiller
cells, has been fountb support survival of photoreceptors during ligiduced injury
(Burgi et al., 2009; Joly et al., 2008).

As previously discussed, glutamate excitotoxicity plays a prominent role in hypoxic

ischemic insult in the retina. Major pathways of glutamate metabolism consist of
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glutamate uptake by the glial glutamate transporter (GLAST) followed by enzymatic
conversio to glutamine byglutamine synthetase (GS) (Ishikawa et al., 2013). In
addition the purinergic sigieng system has been shown to be involved in
pathogenesis of hypoxischemic injury (Montero and Orellana, 2015; Niyadurupola

et al.,, 2013). Pannexins 1@ newly discovered channels expressed in a variety of
tissues with multiple functions and have been implicated as ATP conduits in many
cells (Bruzzone et al., 2003; Panchin et al., 2000; Phelan et al., 1998). These channels
can be activated by membranetgudial changes or by independent voltage stimuli
such as low oxygen environment, mechanical stress or increased cytoplasmic calcium
ions (Bao et al., 2004; Bruzzone et al., 2003). Reigada et al., (2009) has shown that
ATP is released as a result of el@chpressure and pannexin hemichannels contribute

to at kast some of the ATP relea&idharan et al., (2010) demonstrated that reduced
oxygen tension causes ATP release from erythrocytes, which can be prevented by the
pannexinl inhibitor. A recent studyy Voigt et al., (2015) demonstrated that rat
Muller cells expressed mRNAs for pannedirand-2 and that glutamate induce ATP
release from Mullecells occurs via these channels

After ATP release and signaling, nucleotide needs to be inactivated twsawerThis

is achieved by the actionof various enzymes including ectonucleotide
pyrophosphatase/phosphodiesterase 2 (ENRRREtaxin), which possess ATPase
activity to produce ADP and Pi (Goding et al., 2003; Stefan et al., 2006). In addition,

it has anATP pyrophosphatase activity and thus produces AMP and PPi (Clair et al.,
1997). NTPDase2 is the dominant ectonucleotidase expressed by rat astrocytes in the
CNS and retinal Muller cells (landiev et al., 2007; Wink et al., 2006). In addition,
ENPP2 expresion has been found in ciliary, iris pigment, and retinal pigment

epithelial cells (Fuss et al., 1997; Narita et al., 1994) and it is secreted by
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oligodendrocytes (Stefan et al., 200&NPP2 protein with was found in human
agueoushumourfrom normal eyes (lyer et al., 2012; Tokumura et al., 2002), but it
was found to be significantly elevated in aquebusiourfrom POAG patients (lyer

et al., 2012). Increased levelsEIiNPP2were also found in the aguedusmourin an

ocular hypertensivenice model (Wang et al., 2015). Animal studies have also shown
that lysophospholipase D present in aqueousour of porcine, rabbit and mouse
(lyer et al., 2012) and also released from healthy and injured corneal tissues and/or
ciliary body into the aques humourin rabbits (Tokumura et al., 2012). Moreover,
ENPP2also catalysesthe hydrolysis of lysophosphatidylcholine (LPC) to generate
lysophosphatidic acid (LPA), which ieferredto as lipophospholipase D activity.
LPA acts on G protehsoupled recejors named LPAs (Houben and Moolenaar,
2011; Moolenaar, 2002). LPA receptors have been found to be expressed in astrocytes,
microglia, and oligodendrocytes (Rao et al., 2003; Tabuchi et al., 2000; Yu et al.,
2003). LPA has been implicated in mediating peoliferation, migration, apoptosis,
inflammation, tumor metastasis, angiogenesis, fibrosis and secretion of matrix
metalloproteinases (MMPs), cytokines and chemokines (Houben and Moolenaar,
2011; Nakanaga et al., 2010; Okudaira et al., 20Fldthermaee, LPA receptors have
been found in the trabecular meshwork and Schlemm's canal and influence the
agueousumouroutflow and potentially IOP in enucleated porcine eyes (Mettu et al.,
2004). Therefore, expression of glutamate markers and purinergic rejatess by
Mauller cells under conditions of OGD will be also investigated.

Finally, the expression of heat shock proteins (HSPs) under hypokiemic injury

in Muller cells will be also investigated. HSPs are ubiquitous and highly conserved
proteins wilose expression is induced by different stressors (Garrido et al., 2001).

They are divided into four major families according to their molecular size: HSP90,
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HSP70, HSP60 and the small HSPs (Garrido et al., 2001). The HSP70 family
constitutes the most conmsed and besstudied class of HSPs functioning as ATP
dependant molecular chaperones (Lee et al., 2001). They gss$ist folding of
newly synthetized polypeptides, assembly and the transport of protein across cell
membranes (Beckmann et ,all990; Shiand Thomas; 1992)In pathological
conditions, HSP70 enhances the ability of injucetls to overcome the increase
unfolded or denatured proteins (Nollen et al., 1999). Furthermore, HSP70 prevents
stressinduced apoptosis by inhibition of stremstivated protein kinase SAPK/JNK
(c-Jun Nterminal kinase) (Mosser et al., 1997) and inhibition of Bax activation,
thereby preventing the release of proapoptotic factors from mitochondria
(Stankiewicz et al., 2005).

As hypoxicischemic insult underlies retihaeuron degeneration in glaucoma, Miller
cells are first responders to retinal insult, therefore, it is of great interest to identify the
survival factors expressed by the hungdial cell line, MIO-M1 cellsin ourin vitro

model of oxygen and glucose deation.
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4.2 Results

To investigate the effect afixygen and/oglucose deprivation on gene expression

vitro, cultured MIOML1 cells were exposed toontrol (5.55nMglucose/20%),),
hypoxia (5.55mMglucosef8%0,) and/orglucose deprivatiorf0-1.11mM20% Q),

for 24hrs.

4.2.1 Effect of Oxygen and Glucose Deprivation on the Expression of Angiogenic
Growth Factors

4.2.1.1 Effect of Oxygen and Glucose Deprivation on the Expression of VEGF
MRNA

Deprivation of oxygen and glucose the 20% oxyg@e-glucose level (1.11mM
glucose/4%@) caused no significant changes in VEGF expression at 24hrs, although
there was an indication of a small increase as a result of low glucose (Figuta 4.1).
full OGD, VEGF mRNA was significantly * p O 0 . iAckeasd at ®akth time

point (3,6,12 and 24hrs) with20-fold increase at the 24hrs tirpeint (Figure 42A).

A significant increase in VEGFmRNA* p O 0. 05 ; n when cellsere obt ai n
totally deprived from oxygen at each tirmpeint with 7fold increase athe 24hrs
(Figure 4.2B). Full glucose deprivation caused significant increase by 2 (fotdp O
0.05; n=4)in VEGF mRNA compared to control at 24hrs (Figure 4.2C). In full OGD,
hypoxia and glucose deprivation, the increase in VEGF mRNAowssrvedas early

as 3hrs and remained elevated over 24hrs experiment interval. In each case, VEGF
MRNA level was highest at 12hrs. Comparing the levels of VEGF mRNA in oxygen
deprivation versus glucose alone indicatet thigpoxia was the key contribut@o
increasing levels seen in OGD; although it is notable that the absence of glucose did

cause a significant increase in the VEGF expression.
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Figure 4.1: Expression of VEGF mRNA in human Miiller cells (MIO-M1) after
24hrs exposure to control conditions (5.55mM glucose/ 20%Q), glucose
deprivation (1.11 mM glucose/20%@Q), hypoxia (5.55mM glucose/4%Q@) and
OGD (1.11mM glucose/4%Q). Gene expression was normalized to the
housekeeping genesOPlandCYCl(me an N s. e. mANOGVAOO. 05 ;
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Figure 4.2: Expression of VEGF mRNA in human Miiller cells (MIO-M1) after

3, 6, 12 and 24 hrs exposure to (A) full OGD (OmM glucose/0%) (B) oxygen
deprivation (5.55 mM glucose/0%Q) and (C) glucose deprivation (OmM
glucose/20%Q). Gene expression was normalized to the housekeeping genes
TOPlandCYCi(mean N s. e. mttestpO0. 05; n=4;
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4.2.1.2 Effect of Oxygen and Glucose Deprivation on the Expression of PDGF

MRNA

As shown inFigure 43, PDGF mRNA did nothange with different conditions of
oxygen (4%Q) glucose deprivation (1.11mM) or with a combination of both
(1.11mM glucose/4%g). Complete withdrawal of oxygen and glucose deprivation
did not result in an increase PDGFexpressionn cultured MIOM1 cdls at any of
the timepoints measured (Figure 4.4 A, B & C) although, a significant decwease

seen with full OGD at the 24hrs tirp®int.
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Figure 4.3: Expression of PDGF mRNA in human Mdller cells (MIGM1) after
24hrs exposure to control conditions (5.55mM glucose/ 20%Q), glucose
deprivation (1.11 mM glucose/20%Q), hypoxia (5.55mM glucose/4%®@) and
OGD (1.11mM glucose/4%@Q). Gene expression was normalized to the

housekeeping gene§OPlandCYCl(me an N s. e. mANOVAOO. 05 ;

99

n

4



c
(A) R 150
a2 Il Control
(]
5 _ T OGD
':EJ 2 100+ T
=2 g T *
@ o i
EDS
3 e\i 50+
N
T
£
o 0=
P S % S &)
\ \ \ \
o S ,\3‘9 q/b?
c
B) 5 1s0-
A Il Control
()] .
EA T T Hypoxia
95 1004 il
c
23 T
EDS
83\0, 50+
N
©
£
o 0=
Z & & & &
o & ,{)}‘\ q/&Q
150+
(©) Il Control
T T No glucose

Normalized mRNA Expression
(% of control)

(=Y

a o

< T T

",
_|
_|

Figure 4.4: Expression of PDGF mRNA in human Mdller cells (MIGM1) after

3, 6, 12 and 24 hrs exposure to (A) full OGD (OmM glucose/0%) (B) oxygen
deprivation (5.55 mM glucose/0%Q) and (C) glucose deprivation (OmM
glucose/20%Q). Gene expression was normalized to the housekeeping genes
TOPlandCYCi(mean N s. e. mttestpO0. 05; n=4;
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4.2.1.3 Effect of Oxygen and Glucose Deprivation on the Expression of basic

FGF mRNA

Similar to PDGF, bFGF mRNA proved to hechanged after 24hrs exposure to
(1.11mM glucose/ 4%¢), oxygen deprivation (4%£) and glucose (1.11 mM) as
compared control (Figure 4.5). Full OGD showed little overall change in bFGF
mRNA expressionalthough there was a slight but significaetiuction( * p O 0. 05 ;
n=4) in the level observed at 12hr timpeint. Oxygen deprivation caused no
significant changes. Glucose deprivation alone caused a significantirdk2éase

(*p O O0.iOFGFmRNA fter 24hrs (Figure 4.6C).
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Figure 4.5: Expression of bFGF (FGF2) mRNA in human Miiller cells (MIGM1)
after 24hrs exposure to controlconditions (5.55mM glucose/ 20%@), glucose
deprivation (1.11 mM glucose/20%@), hypoxia (5.55mM glucose/4%Q@) and
OGD (1.11mM glucose/4%Q). Gene expressin was normalized to the
housekeeping gene§OPlandCYCi(mean N s. e. mANOVAOO. 05; n
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Figure 4.6: Expression of bFGF mRNA in human Mdller cells (MIO-M1) after 3,
6, 12 and 24 hrs exposure to (A) full OGDOMM glucose/0%Q), (B) oxygen
deprivation (5.55 mM glucose/0%Q) and (C) glucose deprivation (OmM
glucose/20%Q). Gene expression was normalized to the housekeeping genes
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4.2.2 Effect of Oxygen andGlucose Deprivation on the Expression of Anti
angiogenic Growth Factors

4.2.2.1 Effect of Oxygen and Glucose Deprivation on the Expression of PEDF
Exposure of MIGM1 cellsto reduced level oflucose and oxygefl.11mM/4%Q),
hypoxia (4%Q) and 1.11 mMglucose resulted in significant dowegulation
(*p O 0.d BEDF mRNA by 36, 15 and 26% respectively as shown in Figure
4.7. Full OGD caused significant reductio{ * p O 0 . 0PEDF mRNA by 25%
compared to control at 24hrs with noacige in the expression at earlier time points
(Figure 4.8A). Similarly, hypoxia causedsignificant 20% reductioq * p O 0. 05 ;
in PEDF mRNA at 24hrs as compared to control that was proceeded by slight but
significant( * p OO0 . Oirfcreasenat Whrs idfure 4.8). Complete deprivation of

glucose resulted in no change in PEDF mRNA at any time point (Figure 4.8 C).
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Figure 4.7: Expression of PEDF mRNA in human Miiller cells (MIGM1) after
24hrs exposure to control conditions (5.55mM glucose/ 20%Q), glucose
deprivation (1.11 mM glucose/20%@), hypoxia (5.55mM glucose/4%Q@) and
OGD (1.11mM glucose/4%@Q). Gene expression was normalized to the
housekeeping gene§OPlandCYCl(me an N s. e. mANOVAOO. 05 ;
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Figure 4.8: Expression of PEDF mRNA in human Miiller cells (MIGM1) after 3,
6, 12 and 24 hrs exposure to (A) full OGD (OmM glucose/0%f) (B) oxygen
deprivation (5.55 mM glucose/0%Q) and (C) glucose deprivation (OmM
glucose/20%Q). Gene expression wasiormalized to the housekeeping genes
TOPlandCYCl(mean N s.e. mttes)ypO0. 05; n=4;
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4.2.2.2 Effect of Oxygen and Glucose Deprivation on the Expression of LIF

As shown in Figure 4.9, the expression of LIF mRNA with redugledose and
oxygenlevel (1.11mM glucose/4%¢g), hypoxia (4%Q) and 1.11mM glucosalone

did not change significantly. Full OGD significan{y* p O 0 . uprégulated £ )
mRNA peaking at 3hrs ¢ibld) decreasing to 2:5and 1.48fold( * pO 0 .06 ;
and 12hrs to reach theontrol level after 24hrs (Figure 4.10A). Hypoxia (090
increased LIF mRNA with an approximate -fofd increase at 12hrenly (Figure
4.10B). A similar pattern to full OGD was seen in glucose deprivation alone (Figure

4.10C) with a large significant inease (6.40ld) seen at the earliest tinp®int (3hrs).
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Figure 4.9: Expression of LIF mRNA in human Miller cells (MIO-M1) after
24hrs exposure to control conditions (5.55mM glucose/ 20%Q), glucose
deprivation (1.11 mM glucose/20%Q), hypoxia (5.55mM glucose/4%@) and
OGD (1.11mM glucose/4%@Q). Gene expression was normalized to the
housekeeping gene§OPlandCYCl(me an N s. e. mANOGVAOO. 05 ;
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Figure 4.10: Expression of LIF mRNA in humanMudiller cells (MIO -M1) after 3,

6, 12 and 24 hrs exposure to (A) full OGD (OmM glucose/0%f) (B) oxygen
deprivation (5.55 mM glucose/0%Q) and (C) glucose deprivation (OmM
glucose/20%Q). Gene expression was normalized to the housekeeping genes
TOPlandCYCl(mean N s.e. mttes)ypO0. 05; n=4;
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4.2.3 Effect of Oxygen and Glucose Deprivation on the Expression of Glutamate
Markers

4.2.3.1 Effect of Oxygen and Glucose Deprivation on the Expression of
Glutamine Synthetase GLUL)

Reduced levels ofjlucose (1.11mM) and/or oxygen (4%) did not result in any
significant change itGLUL mRNA levels (Figure 4.11)Full OGD significantly

( * p O 0. ddrregulatedithe levels by 20% at 3hrs followedumyregulation
by 49% at 24hrs as compared to contféiggre 4.12A). Complete deprivation of
oxygen resulted in significant upregulatiort p O 0 . 0 GLUL niRNA Ipvels at
12 and 24hrs by-Zand 1.30fold respectively as compared to control (Figure 4.12 B).
No change in the expressiohGLUL mRNA was faind with full glumse deprivation

alone(Figure 4.12 C).
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Figure 4.11: Expression oflGLUL mRNA in human Mdiller cells (MIO -M1) after

24hrs exposure to control conditions (5.55mM glucose/ 20%Q), glucose
deprivation (1.11 mM glucose/20%@), hypoxia (5.55mM glucose/4%Q) and
OGD (1.11mM glucose/4%@Q). Gene expression was normalized to the
housekeeping gene§OPlandCYCl(me an N s. e. mANOVAOO. 05 ;
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Figure 4.12: Expression oflGLUL mRNA in human Mdiller cells (MIO -M1) after
3, 6, 12 and 24 hrs exposure to (A) full OGD (OmM glucose/0%) (B) oxygen
deprivation (5.55 mM glucose/0%Q) and (C) glucose deprivation (OmM
glucose/20%Q). Gene expression was normalized to the housekeepingngse
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4.2.3.2 Effect of Oxygen and Glucose Deprivation on the Expression of the
Glutamate-Aspartate Transporter, GLAST (SLC1A3

Expression oSLC1A3MRNA in MIO-M1 cells under reduced levels glucose and
oxygen(1.11mM glucose/4% §£), hypoxia alone (4%§&) and 1.11mM glucose did

not exert a significant change 8bC1A3expression at 24hrs (Figure 4.13).

Full OGD resulted in a significant increase $LC1A3 expression at 12hrs by
approximately Zold and continued to be strongly expresg@dfold) at 24hrs

( * p O 0 .a8 émparedtd dontrol (Figure 4.14A).

Full hypoxia reduced the levels at 3hrs by 40% as compared to control. This was
followed by significant upregulatioq * p O n&4) 6t 24hrs by 1.5old (Figure
4.14B). Full glucose withdrawal significantly * p O 0 . OeBuced SLEIAJ
MRNA expression at 3hrs and although there was a trend of increasing levels with

time, no significant changes were seen (Figure 4.14C).
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Figure 4.13: Expression ofSLC1A3 mRNA in human Miller cells (MIO -M1)

after 24hrs exposure to controlconditions (5.55mM glucose/ 20%@), glucose
deprivation (1.11 mM glucose/20%@Q), hypoxia (5.55mM glucose/4%®@) and
OGD (1.11mM glucose/4%Q). Gene expression was normalized to the
housekeeping gene§OPlandCYCl(mean N s. e. mANOVAOO. 05 ;
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Figure 4.14: Expression ofSLC1A3 mRNA in human Mdller cells (MIO -M1)
after 3, 6,12 and 24 hrs exposure to (A) full OGD (OmM glucose/0%¢), (B)
oxygen deprivation (5.55 mM glucose/0%¢@) and (C) glucose deprivation (OmM
glucose/20%Q). Gene expression was normalized to the housekeeping genes
TOPlandCYCi(mean N s. e. mttestpO0. 05; n=4;
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4.2.3.3 Effect of Oxygen and Glucose Deprivation on the Expression of
Glutamate Decarboxylase GAD1)

As shown in Figure 4.14A, reduced levels dlucose and oxygen
(1.11mMglucose/4%¢g), hypoxia (4%Q) and 1.11mM glucose did not resuin
significart changes inGAD1 mRNA expression. Full OGD significantly * p O0 . 05 ;
n=4) upregulated the levels by 14&ld after 24hrs as compared to control (Figure

4.14B).
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Figure 4.15: Expression of GADmRNA in human Mdller cells (MIO -M1) after
24hrs exposure to control conditions (5.55mM glucose/ 20%Q), glucose
deprivation (1.11 mM glucose/20%@Q), hypoxia (5.55mM glucose/4%Q@) and
OGD (1.11mM glucose/4%Q) and (B) control, no glucose (0mM/20% @),
hypoxia (5.55mM/0% Oz) and full OGD. Gene expression was normalized to the
housekeeping gene§OPlandCYCl(me an N s. e. mANOVAOO. 05 ;
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(A)

4.2.4 Effect of Oxygen and Glucose Deprivation on the Expression of Purinergic
Signaling Related Genes

42.4.1 Effect of Oxygen and Glucose Deprivation on the Expression of
Pannexinl PANX1)

Reduced levels ajlucose and oxygefi.11mM glucose/4%¢) resulted in significant
( * p O0 . Oupregulatien4ofPANX1Dby 1.5fold as compared to control (Figure
4.16A). Similarly, Full OGD significantly * p O 0 . upregulated thé @xpression

by approximately2-fold (Figure 4.16B).
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Figure 4.16: Expression ofPANX1 mRNA in human Mdller cells (MIO -M1)

after 24hrs exposure to controlconditions (5.55mM glucose/ 20%@), glucose
deprivation (1.11 mM glucose/20%@), hypoxia (5.55mM glucose/4%Q@) and
OGD (1.11mM glucose/4%Q) and (B) control, no glucose (0mM/20% @),
hypoxia (5.55mM/0% Oz) and full OGD. Gene expression was normalized to the
housekeeping gene§OPlandCYCl(mean N s. e. mANOVAOO. 05 ;
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4.2.4.2 Effect of Oxygen and Glucose Deprivation on the Expression of
Ectonucleotide Pyrophosphatase/PhosphodiesteraseEZNNP2)

Expression of ENNP2 mRNA did not change after 24hrs exposure to

1.12mM glucose/4%¢) hypoxia (4%Q), and 1.11 mM glucose (Figure 4.17).

Exposure of MIGM1 cells to full OGD significantly upregulated * p O0 . 05 ; n=4)
ENNP2 mRNA by 1.5fold as compared to control at 24hrs (Figure 4.18A).

Significant upregulation( * p O0 . OvBas obtaired ith full hypoxia at 12 and

24hrs by 57 and 46% respectively (Figure 4.18B) while complete glucose deprivation
significantly ( * p O 0 =4pupregulatedENNP2mMRNA by 57% at 24hrs compared

to control (Figure 4.18C).
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Figure 4.17: Expression ofENNP2 mRNA in human Mdller cells (MIO -M1)

after 24hrs exposure to controlconditions (5.55mM glucose/ 20%Q), glucose

deprivation (1.11 mM glucose/20%Q), hypoxia (5.55mM glucose/4%®@) and

OGD (1.11mM glucose/4%@Q). Gene expression was normalized to the
housekeeping gene§OPlandCYCl(mean N s. e. mANOVAOO. 05;: n=4
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Figure 4.18: Expression ofENNP2 mRNA in human Mdller cells (MIO -M1)
after 3, 6, 12 and 24 hrs exposure to (A) full OGD (OmM glucose/0%) (B)
oxygen deprivation (5.55 mM glucose/0%¢) and (C) glucose deprivation (OmM
glucose/20%Q). Gene expression was armalized to the housekeeping genes
TOPlandCYCi(mean N s. e. mttestpO0. 05; n=4;
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4.2.5 Effect of Oxygen and Glucose Deprivation on the Expression of Glial
Mduller Cells Markers

4.2.5.1 Effect of Oxygen and Glucose Deprivation on the Expression®@FAP
Reduction of oxygen level to 4% significantly upregulated GFAP mRNA byald5
(*p O 0. @igure 409AB&C). No change was detected with other levels of

oxygen and/or glucose deprivation at all time points (Figure 4.19B&C).

(% of control)
B = N
o a1 o
T T T

a
o
[

Normalized mRNA Expression

Figure 4.19: Expression oflGFAP mRNA in human Mdller cells (MIO -M1) after
24hrs exposure to control conditions (5.55mM glucose/ 20%Q), glucose
deprivation (1.11 mM glucose/20%Q), hypoxia (5.55mM glucose/4%@) and
OGD (1.11mM glucose/4%@Q). Gene expressio was normalized to the
housekeeping gene§OPlandCYCl(me an N s. e. mANOVAOO. 05 ;
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Figure 4.20: Expression oflGFAP mRNA in human Mdiiller cells (MIO -M1) after

3, 6, 12 and 24 hrs exposure to (A) fulDGD (OmM glucose/0%Q), (B) oxygen
deprivation (5.55 mM glucose/0%Q) and (C) glucose deprivation (OmM
glucose/20%Q). Gene expression was normalized to the housekeeping genes
TOPlandCYCi(mean N s. e. mttestpO0. 05; n=4;



4.2.6 Effect of Oxygen ad Glucose Deprivation on the Expression of Heabhock

Protein (HSPA1B)

Exposure of MIGML1 cellsto 1.11mM glucose/4%£) 4% and 1.11mM glucose

did not alter the expression 6fSPA1IBmMRNA (Figure4.21). The upregulation of
HSPA1BmMRNA with full OGD did not follow an increasing pattern over time.
Instead, it increased at 3hrg B-fold ( * p O0 . CaBdpy 1tfeldiat 12 and Bfold

24hrs respectively * p O 0 . @igure 4.81%).4 Bull hypoxia did not cause any

change inHSPA1BmMRNA levels at any time intervals (Figure 4.24B) while full
glucose deprivation significantly upregulated the expression biydsd5( * p O 0. 05 ;

n=4)at 3hrs as compared to controigliie 4.2T).
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Figure 4.21 Expression of HSPA1B mRNA in human Miiller cells (MIO -M1)

after 24hrs exposure to controlconditions (5.55mM glucose/ 20%Q), glucose
deprivation (1.11 mM glucose/20%Q), hypoxia (5.55mM glucose/4%®@) and

OGD (1.11mM glucose/4%Q). Gene expression was normalized to the
houseke@ing genesTOPlandCYCl(mean N s. e. mANOGVAOO. 05; n
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Figure 4.21 Expression of HSPA1B mRNA in human Miuller cells (MIO -M1)
after 3, 6, 12 and 24 hrs exposure to (A) full OGD (OmM glucose/0%) (B)
oxygen deprivation (5.55 mM glucose/0%¢) and (C) glucose deprivation (OmM
glucose/20%Q). Gene expression was normalized to the housekeeping genes
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MIO -M1 cell exposed to 24hrs to oxygen and glucose diqation

Full OGD 1.11mM glucose/4%Q

Gene OGD Hypoxia Glucose OGD Hypoxi Glucose
Name a
VEGF Y 3,6,|* 3,6, N 24| 9 24 1z g 24
PDGF * 74 * 74 224 z Z Z
FGF 712, 712, g 24 z

g 24 g 24
PEDF x 74 * 74 z x 72240 * 724 * 724
GFAP 224 224 z y 24 9 224
GS *g 241 *y 24 z z 224 y 24
SLC1A3 12, 12, g 6,1 g 24 z z
ENNP2 *xg 24f *9 24 *y¢ 24 z z z
LIF X 3,6, * 3,6 *9 3K 7224 i 224

224 224
HSPA1B *) 32,24 *) 32,24 *9g3hr z z z
GAD 24 24 z *x 724 Z24 224
PANX-1 N 24 N 24 g 24| *9 2| 724 gy 24

Table 4.1: Summary of gene expression changes in M1 under oxygen

and/or glucose deprivation for 24hrs (* indicate statistical significant change).
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4.3 Discussion

Muller cells are the major macroglial cells in thetina, whichrespond to every
pathological condition in the eye including lightiluced damage, ischemiretinal
detachment, glaucoma addbetic retinopathy (Bringmann and Reichenb&q1,
Bringmann et al., 2006Muller cell responses involve thegaluction of neurotrophic
factors, growth factors and cytokines, whianay contribute to Mdller cell
proliferation and gliosis in an attempt to protect the retiealrongBringmann éal.,
2009).However, ucontrolled proliferatiorof Miller cells can led to theformation

of a gliotic scar, which igletrimentalto retinal function(Bringmann et al., 2009A
balance between angiogenic and antiangiogenic factors in the alge essential to
maintain a healthy status in the retina and pathological cmmditcan lead to an
imbalance which may resuh neovascularization in the retindn the current study,
the expression of imptant regulators of angiogenesiexcitotoxicity, and stress
indicators were studied in the MIM1 cell line under conditions fosimulated
ischemia.

4.3.1 Effect of Oxygen and Glucose Deprivation on the Expression of Angiogenic
Growth Factors

Vascular endothelial growth factor (VEGF) is a hypexiducible angiogenic growth
factor (Neufeld et al., 1999; Shibuya, 2008). Glialls@re the major source of
VEGEF in the retina (Pierce et al., 1995; Famiglietti et al., 2003; Kim et al., 1999).
VEGEF is also expressed by cultured MM in vitro (Eichler et al., 2004; Holborn et
al., 2004 a b; Yafai et al., 2004) andwgdies have shown that Mi®I1 cells produce
VEGF under normoxic conditions (Eichler et al., 2004; Yafai et al., 2004). In addition,
hypoxiahas been shown to increageGF production by rat Muller cell@Brook et

al., 1998) and ypoxia (5%Q) stimulates VISF release from cultured rat and rabbit
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retinal explants as well as guinea pig Muller cells and 1\Me¢&ll lines (Eichler et al.,
2000). Furthermore, exposure of ML cels to hypoxia (0.5%),) for 24hrs caused

a 5fold increase in VEGF level (Yafai et. a004). This is in agreement with Eichler

et al., (2004) who demonstrated that exposure of-MIDcells and guinea pig Mller
cells to hypoxic condition (0.5% A produced approximately-6and a 25old
increase in VEGF levels respectively. Results fitwn current research showed that
MIO-M1 cells significantly increased the expression of VEGF mRNA when deprived
fully of both oxygen andlucose (OGD) and hypoxia (0%)Jor 24hrs by 20 and 7

fold respectively (Figure 4.1 & 4.2).

Further studies lookingtanteractions betweehliller cellsand other retinal cells in
relation to VEGF have been carried out. For exampleeleased VEGF by MI1

cells could be responsible for protecting the bovine retinal endothelial cells (BRECS)
cells from apoptosis inceculture (Yafai et al., 2004). Inhibition of VEGF expression

in MIO-M1 cells under serurfree normoxic conditios led to an increasm the
number of TUNELpositive BRECscells (SairtGeniez et al., 2008). In a study by
Kurihara et al., (2012) it has befaund that knoking out VEGF in adult mouse RPE
cells, caused rapid dysfunction of cone photoreceptordegitd vision lossIndeed,

low doses of VEGF (10ng/ml) were found to be a survival factor for isolated
photoreceptor cellslecreasingpoptotic cé death (SainiGeniez et al., 2008). VEGF

may alsobe respnsible for glial cellproliferation as reported by SchrBtunclik et

al. (2008) who have shown that astrocytes proliferate in cultures deprived of both
oxygen and glucose (OGD), and this was eisded with an increase in the
expressionof HHL U and VEGF. I n addition, exposur
hypoxia increased the release of VEGF, whigksthought to increase proliferation

of endothelial cells when cultured in Miller cells deriveghoxicmedium (Eichler
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et al., 2001). Others have reported that in normoxic glucose deficiency conditions,
VEGF expression was upregulated in glioma cells in vitro (Shweiki et al., 1995). In a
clonal glial cell line (C6 cells), total deprivation of ghse or oxygen for 12 hours
resulted in 13old induction of VEGF mRNA as well as upregulation of the glucose
transporter, GLUT1 (Stein et al., 1995). It has been also reportgdgthhcose
deprivation increasedxpression and stabilization of VEGF mRNA gmalong its
half-life (Satake et al., 1998; Stein et al., 1995; Yun et al., 2005). In contrast, Brooks
et al., (1998) reported that hypoxia increased VEGF production in rat retinal Muller
cells after 48hrs, and it increased further by high glucose caoatent Findings by
Eichler et al., (2004) disagree with Brooks et al., (1998) and reported that high
glucose concentration (ZbmM) blocked the stimulatory effect of hypoxia on VEGF
MRNA expression and protein relegbeth in retinal culture and Mullerell culture.

The resuls presented here are in agreement with previous research showing that
oxygen deprivation caused large increase in VE&pressionbut also thatfull
glucose deprivation alone significantly increased VEGF mRNA. These data suggest
that oxygen is the main regulator of VEGF expression in MIDcells, but glucose

also contributes to its regulation.

Plateletderived growth faior (PDGF)is a known mibgenic growth factor for Muller

cells (Milenkovic et al., 2003; Yamada et al., 2000). Several studies have reported
that Muller cells express PDEAF a n d fs (Cexuebal,2008; Cui et al., 2009;
Milenkovic et al., 2003; Mudhar et al., 1993; Robbihale 1994). An early study by
Uchihori and Puro, (1991) indicated that PDGF has both mitogenic and chemotactic
effects on cultured human retinal glial cells frggostmortem eyes andthat the
calciumchannel blocker, nifedipine, inhibited these effectsin addition,

transactivation of PDGF tyrosine kinase receptor has been found to cause P2Y
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receptorinduced mitogenic sigtiag in Muller cells (Milenkovic et al., 2003). Velez

et al., (2012) has reported that MNDL cells expess the PDGE) r e ¢ e pHato r and
interaction between Miiller cells and RPE can lead to upregulation of RDGF
receptor and increased Muller cell pathogenicity in proliferative vitreoretinopathy
(PVR). In a study by Moon et al., (2009), PDGF (10ng/ml) induced proliferation of
rat Muller cells and increased phosphorylation of the PDGF receptor that could be
blocked by PDGF receptaelective tyrosine kinase inhibitor. In addition, impairing
the expression of PDGBF i n reti nal gl i al cells was fo
retinal glioss during experimental ischemic retinopathy (DeNiro et al., 20Tk
evidence that PDGF is a mitogenic factor Ktiiller cellsis therefore strondgresults

from this study however,did not find any regulation of PDGF mRNA under two
levels of oxygen andjlucose deprivation in MIM1 cells suggeshg that the
autocrine release of PDGF is not responsible for the proliferation seen at
1.11mM glucose/4%9 PDGF was, however, down regulated by OGD, which may
have an influence survival.

In the irjured retina, Muller cells are the major source of bFGF (Morimoto et al.,
1993; Walsh et al., 2001). It has been shown to stimulate the proliferation of cultured
Muller cells (Cao et al., 1997; Geller et al., 2001; Walsh et al., 2001). In a study by
Holbom et al., (2004), bFGRvas found to increase the proliferation of cultured
human MIGM1 cells, as well as increase the secretion of VEGF. In cultured glial
cells derived from adufpostmortemretina, bFGF increases calcium currents through
L-type voltagegated channels and nifedipine inhibits both the calcium current and the
bFGFRinduced proliferation (Puro and Mano, 1991). Immunoreactivity of bFGF was
remarkably high in human retinal tissue from patients with ischemic PDR and also in

transient retinal ideemia in rats (Yafai et al., 2013). bFGF faso been found to
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rescue photoreceptors in retinal degeneration (Cao et al.,, 1997; Harada et al., 2000)
and excitotoxic insults can also stimulafebFGF expression and release (Nakamichi

et al., 2003). Itsalease was strongly stimulated by the-prftammatory cytokines,
IL-1b andl TNRfai et al., 2013; Yoshida et
neovascularization during iIschemia. Current results show that
(1.11mM glcose/4%©Q) and full OGD did not cause tnegulation of bFGF mRNA

while complete glucose deprivati@atone significantlyupregulatecdbFGF expressian
Hypoxic conditions (0.2%¢) have previously been fourd increase the release and
expression of bFGF mRNArom Muller cells (Yafai et al., 2013) which isn
accordancevith the presendata It has been shown that bFGF could enhance release
of VEGF from Mdller cells and vascular endothelial cells during hypoxia (Stavri et al.,
1995). Although bFGF is a well acumented growth factor faviiller cells the
currentdatado not suggest that bFGE& playing a role in MIGM1 cell proliferation

under reduced levels of oxygen and glucose (1.11mM glucose}4%0O

4.3.2 Effect of Oxygen and Glucose Deprivation on the Exmssion of

Anti -angiogenic Growth Factors

PEDFis an antiangiogenic factor, regulated in a reciprocal relation to VEGsIt
alsobeen reported to exert a neuroprotective effect in cultured cerebellar granule cells
and cultured RPE cellderived from rat (MalchiodAlbedi et al., 1998; Taniwaki et

al., 1995). Unterlauft et al., (2012) has shown PEDF is asgliaeted factor that
protects cultured adult mouse RGGridg hypoxic insult (0.2%2) andfound to be
neuroprotective against glutateinduced toxicity in the CNS mediating its
protective effect through restoring calcium homeostasis and blocking the activation of
NMDA receptors (Taniwaki et al., 1997n addition,Cao et al., (1999) found that

PEDF protects retinal neurons againsOHinduced cell death in a dosependent
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manner. A balance in VEGF/PEDF ratio was found to be important in decreasing
retinal oedema following ischemia/reperfusion injury (Tong et al., 2013) and to
prevent retinal neovascularization (Eichler et al.,£2280b). It haslsobeen reported

that hypoxia and ischemia are associated with upregulafioAEGF mRNA and
down regulatiorof PEDF mRNA in MIOML1 cells (Eichler et al., 2004 a, b). This is

in agreement with current data, which indicate that exposux©@fM1 cells to two
levels of hypoxia (0 and 4%{pas well as low glucose levels (1.11mM) for 24hrs
significantly downregulated PEDF mRNA expressidirigure 4.7 and 4.8/8).

In agreement with current results, findings by Eichler et alQ4P8lso demonstrated
that MIO-M1 cells produce and secrete PEDdEhd hypoxia was associated with
downregulation of PEDF mRNA. Increasing the severity of hypoxia-§9460;)
resulted in more downregulation of PEDF release. Thesgtasuggesthat MIO-M1

cell proliferation could be increased under the examined conditiyrthie reduction

in thePEDF, whichthen allows increased activity of the secreted VEGF

Another inhibitor of angiogenesis is the Leukemia inhibitory factor (LIF), a member
of the IL-6 family of cytokines, which has neuroprotective propertieshen\CNS
promoting neuronal survival, neurogenesis and regeneration (Azari et al. 2006; Covey
and Levison 2007; Heinrich et al., 2003; Ishibashi et al. 2009). Current result shows
that LIF expression increased as early as 3hrs in-MICcells treated with full OGD

and full glucose deprivation and decreased owee to reach control level by 24hrs,
which indicates a reverse pattern to that showed for VEGF expressierestingly,
hypoxia led to an increase in expression with time, which was similar to VEGF
expressionln primary cultures of astrocyte from rats, exposed to OGD (gluitese
culture medim subjected to 6hrs of hypoxia, 1%Qreated with low dose of LIF

inhibited astrocyte proliferation induced by OGD. The mechanism of the inhibitory
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effect of LIF was attributed to dowregulation of HIFL U and VEGF mRNA ( F«
al., 2013). Kubota et al(2008) hasalso shown that LIF inhibited hypoxiaduced

VEGF expression and proliferation in cultured astrocytes.

4.3.3 Effect of Oxygen and Glucose Deprivation on the Expression of Glutamate

Markers

Gl utamate <cl earance byt hMg |l Uppetrakceel dsd i de gmea
GLAST and GS respectively (Deroui che and
extracellular glutamate wupregul ates the ex
been found to protect retinal neurons from glutamate toxicity (Imasawah, 2005;

Taylor et al., 2003). It was, therefore, interesting to look at the expression of GLAST

in MIO-M1 cells under conditions of oxygen and/or glucose deprivation. The human

Muller cell line (MIO-M1) used in this study has previouslgenshown toexpress

GLAST (SLC1A3 (Hollborn et al., 2011). In the current experiments, MJKD cells

exposed to 24hrsimulated ischemia caused a significasfolsl increase of GLAST

in full OGD. In agreementith the current resultsin vivo retinalischemia for 48is

in rats caused a marked increase in GLAST mRN#h&iNL with more than 90% of

cells expressing GFAPsuggesting that Mduller cells play a major role in the

regulation of glutamateinder ischemic conditionfOtori et al., 1994). This may

contribute to he protection of ganglion cells when-coltured with Miller cells,

which were protected from glutamate toxicity and hypoxia damage (Kitano et al.,

1996). Current resultalso showed that hypoxia (0% caused significant up

regulation of GLAST incultured MIOM1 cellsand4% oxygen did nosignificantly

alter GLAST expression. This is in agreement with Imasawa et al., (2005) study who

reported that exposure of cultured rat retinal glial cells to hypoxia (%@ not

alter GLAST expression. To tloentrary,more severe hypoxic conditio2s5 and 1%



Oz exposue for 24hrs caused a significant reduction in GLAST protein and mRNA
expression in astrocytes (Dallas et al., 20@d1) hypoxia, however was not studied
Both hypoxia and glutamate treatmératve been found to redutiee survival rate of
cultured ratRGCsin vitro (Kitano et al.,, 1996). Damage from these stressors was
reduced after treatment with glutamate blocker and emulture with cortical
astrocytes and retirderived Mduller cells. Thes results suggest that glutamate is
increased in hypoxic conditisnandthatglial cells are playing a major role in retinal
detoxification of glutamate (Kitano et al., 1996). In addition, ‘K#tler et al., (2014)
reported increased GLAST protein and NR expression following glucose
deprivation for one hour in MIM1 cells. The resultspresentechere did not show
significantup-regulationof GLAST but increasing trend was seen with timeMIO-

M1 cells.

Glutamine synthetase (GS) is the key glutarma¢gabolizing enzyme expressed by
Muller cells that convert glutamate to the rmexctitotoxic amino acid glutamine
(Riepe and Norenburg, 1977). The released glutamine is taken up by neurons where it
is hydrolyzed by glutaminase to form glutamate again toske in neurotransmission
(Thoreson and Witkovsky, 1999). MiM1 cells express glial glutamine synthase
(GLUL) as indicated by RPCR, protein and immunohistochemistry analysis
(Holborn et al., 2011). Results from this study showed that-MIOcells culturé in

full OGD conditionssignificantly upregulatedsLUL mRNA. Similarly, full oxygen
deprivation alone significantly increas&LUL expression at 12 and 24hrs. Glucose
deprivation (OmM) failed to regulateLUL levels indicating that the increased lesvel
seen in OGD are originating from the effect of oxygen rather than glucose. No
expressiorchangewas found at lower levels of deprivation. It has been proposed that

the function of GS is impaired in ischemia due to lack of intracellular ATP (Oliver et
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al., 190). In astrocytes cultured in glucedeprived condition, the specific activity of

GS decreased, and enzyme turnover increaseddiRetsial., 1996). In additionni
primary cultured cortical astrocytes exposed to OGD for 6 hours, decreased GS
expression and increased the extracellular glutamate level were detected (Wang et al.,
2013).Interestingly, there wasraduction inexpression in full OGD at 3&y but after

this time there was an increase in GS expression, which would contribute towards
detoxification of glutamate

Glutamate can be also converted to GABA by glutamic acid decarboxylase (GAD),
and then GABA is converted to succinate semialdehyde by GABA tramnase
(GABA-T) activity (Kobayashi et al., 1999). Although GAD has been reported to
exist in cultured Muller cells (Kubrusly et al., 2005), other studies indicated that GAD
is expressed in the neuronal retina, but not in Mdller cells (Agardh et al., 1987,
Nishimura et al., 1983). Expression of GAD mRNA under full OGD was significantly
upregulated indicating that these cells express the enagohéhat it can be regulated

by ischemia No similar datehas beerfound in other studies about the regulation of
GAD expression under thesconditions in the retina anthis is the first study
examining the effect of oxygen and/or glucose on the expression of GAD iAWIO
cells.

4.3.4 Effect of Oxygen and Glucose Deprivation on the Expression of Purinergic
Signaling Molecules

Pannexinl, encoded by tiRANX1gene, is a mammalian hemichannel expressed in
the brain and the ocular tissues (Kurtenbach et al., 2014). It is activated by changes in
membrane potential, ATP, an increase in intracellular calcium, glutamateeted
oxygen, ischemia and following purinergic receptor atitve (Kurtenbach et al.,

2014) whichmediates release of ATP from the ceaficreasing extracellular AH



concentration ah stimulating purinergic signalg and possibly excitotoxicity
(Kurtenbad et al., 2014).

Several studies have suggested #wivation of purinergic sigtiag is involved in

the proliferation of Miller cells. Human Muller cells isolated from donor rstarad
activated by external ATRvoked the release of intracellular 2Cand increased
density of P2X receptor channels. This resulted in subsequent activatidmgof
conductanc&™ channels @k), whichmay contribute to the induction of proliferative
activity in gliotic Maller cells during PVR (Bringmann et al., 200&)milar findings

were reported by Francke et,a(2002) who suggested that ATé&oked C&
responses might support the proliferation of Mller cells during PVR in rabbit retina.
Furthermore, extracellular ATP has been found to evoke the release of naitogen
growth factor, PDGF from Miiller cells (Milenkovic et al., 200Bhe current results
show that exposure of MKM1 cells to full OGD and reduced levels 1.11mM
glucose/4%0Q significantly upregulate® ANX1ImRNA after 24hrs. Dvoriantchikova

et al., (2012) dund thatPANX1 deficiency protects RGCs from death induced by
OGD in Panx1t/1 mi ce thought tlaanddhe medi at
production of interleukiit b as wel | as suppressing perm
membranes (Dvoriantchikova et al., 2012) addition, purinergic receptonediated

Ca&* responses in activated retinal glial cells have also been found in retinal
detachment and retinopathy model in rabbits (Francke et al., 2003; Francke et al.,
2005; Uckermann et al., 2003; Uhlmann et al.,300n the other handNewman
(2003) demonstrated that activated glial cetlight protectneurons in the retina by
releasing ATP that is converted to adsime and subsequently activatinguronal
adenosine receptors. Similar findings were repairiedvo experimentsdy Hu et al.,

(2010) implicating that a balance between extracellular ATP and its protective
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metabolite adenosine is essential to the survival of RGCs. In the current study, the
expression ofPANX1 mRNA increased in ischemiauggestingthat ATP may be
released from MIGM1 cells during hrough pannexin hemichannelsut more
experiments are needed to prove the ATP release and its role iAaviICell
proliferation

Autotaxin encoded by the geBE®NNP2 possess lysophospholipase D actiasywell

as ATPaselike activity, converting  lysophospholipids such as
lysophosphatidylcholine to lysophosphatidic acid (LPA) (Clair et al., 1997; Tokumura
et al., 2002). Results from the current study show that full OGD, hypoxia and glucose
deprivation significatty increased ENNP2 mRNA expression indicating that
activation of this enzyme is taking place in MM cells in response to stressors
This would facilitate degradation of ATP t&DP, which may indicate that ATP
release is a significant event in ischemidnder normal culture condition, human
ARPE-19 were shown to expreENNP.3 mRNA and were able to degrade externally
added ATP while ectdTPase inhibitors blocked ATP degradation (Reigada et al.,
2005). More experiments are needed to investigate the ATP release froriMiMIO
cells and the involvement of LRAediated effect in surval and proliferation.

4.3.5 Effect of Oxygen and Glucose Deprivain on the Expression of Glial @Il
Markers

GFAP is widely used as a stress marker expressed by reactive retinal glia in several
pathological conditions in the retina. These include retsedlemia (Kim et al., 1998),
agerelatedmaculardegeneration (Diloreto et al. 1995), oxygaduced retinopathy
(Prentice et al., 2011; Smith et al., 1994), and diabetic retinopathy (Lieth et al. 1998).
Hypoxia has been reported to cause upregulatioGFAP mMRNA and protein as

early as 3hrs (Kaur et al., 2007). M1 cells transfected witla GFAP promoter
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and exposed to 40hrs hypoxia (1% @esulted ina 16-fold induction of luciferase
activity (Prentice et al., 2011) and cultured rat Miller cells gftb@fold increases in
GFAP mRNA after 72hrs of hypoxia (Tan et al., 2015). The results reported here
indicate that human MIDA1 cells showed no evidence of GFAP regulation in full
OGD, hypoxia (0%@) or full glucose deprivationHowever oxygen deprivatio to

4%0, showed a significant increase in GFAP mRAR4hrs as compared to control.
Studies suggest that neuronal loss does not appear to be a prerequisite for GFAP
induction (Fitzgerald et al., 1990; Osborne et al., 1991teréstingly, i has been
found that GFAP mRNA is transcribed for a limited time, and the gene is
subsequently turned off (Sarthy and Egal, 1995). This could explain why GFAP
expression did not change with full OGD.

4.3.6 Effect of Oxygen and Glucose Deprivation on the Expression ldeat-shock
Protein HSPA1B (HSP70)

Heatshock proteins are highly conserved proteins expressed in response to various
insults to increase cell survival (Parcellier et al., 2003). Findings by Papadopoulos et
al., (1996) showed that expression of HBPenhanes the survival of astrocytes
challenged with heat or oxygayiucose deprivation. Similarly, in primary culture of
astrocytes préreated with heat followed by exposure to full OGD for 6 hours and
reperfused with glucose at a concentration of 5.5 mmadl/boamoxia for 24hrs
resulted in oveexpression of HSP70. This expression protected against OGD by
interrupting phosphorylaton o f t h e ,icduh Nterminabkmasesf(JNK) a B
and p38 (Kim et al. 2015)Culture of rat retinal ganglion cells and N&i cells
exposed to hyperthermia (42°C) followed by hypoxia (9% oxygen) for 6 hrs or a sub
lethal dose of glutamate showed detectable level of HSP72 in cagtiral rcultures

and significant increase was foumdculture pretreated with heat shock asidence
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by immunoreactivity (Caprioli et al., 1996). The survival rate of cellgi@ated with

heat was significantly greater compared to cells that had nérgatnent. This
protection was abolished with inhibition of heat shock protein synthesi¢Gaet

al., 1996). The expression of the human inducible HSP70 in astrocytes protected them
from glucose deprivation and oxidative stress with a -medberved level of
glutathione (Xu and Giffard, 1997 the current experimentsxgosure of cultured
MIO-M1 cells to full OGD increased the expressiorHSPA1BMRNA as early as

3hrs and continued to be raised over the 2dhteeexperimentOxygen deprivation
however,did not alter inHSPA1Bexpression, whilst glucose deprivation caused a
large increase in expression, but only at théye@me point (3hrs). Overall.tidoes
appear that ischemia insult increas&SPA1Bexpression in MIGM1 cells and tfs

may be part of the mechanighat proect the cells from ischem@tamage

In conclusion, current experiments were conducted in teempt to understand
mechanismgshat may be involvedh the survival and proliferative state of M1

cells under conditions of simulated ischemiaMore prominat changes in gene
expression were found with complete deprivation of both oxygen and glucose rather
than at thereduced levels (1.11mM glucose/4%OIn the next chapter it will be
investigatedwhethersuch changes occur in the intact human retina, usimgan
organotypic retinal culture (HORCSs). Survival of RGCs under these conditions will

also be investigated.
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Chapter 5

Effects of Oxygen and Glucose Eprivation on the Survival and Gene
Expression in Human Organotypic Retinal Cultures (HORCS)

5.1Introduction

As previously discussed vascular dysregulation indueddction in blood flow is

one proposed mechanism of retinal ganglion cell (RGC) loss, which occurs in
glaucoma (Arnold, 1995; Harju and Vesti, 2001; Michelson et al., 1996; Michelson et
al., 1998; Scwartz et al., 1977; Schwartz, 1994; Sugiyama et al., 2000; Tanaka, 1995;
Yamazaki et al., 1996). Ischemic insult deprives the cells of oxygen and vital
nutrients such as glucose and decreases waste removal. This deprivation will disturb
tissue homeostasend eventually leads to injury and death (Osborne et al., 2004).
Retinal cells depend on glucose as a source of energy, and retinal Muller ctiks are
primary uses, converting glucose into monocarboxylic acids, lactate, and pyruvate
that are suppliedot neurons and photoreceptors to meet their energy requirements
(Poitry-Yamate, and Tsacopoulos; 1992; Peitigmate et al., 1995). Deprivation of
both oxygen and glucose deprives the retinal neurons of energy and induces
deleterious effects on the tissircluding ion and neurotransmitter disturbances,
excitotoxicity, and angiogenesis (Osborn et al., 2004). For example, during retinal
ischemia there is an accumulation of extracellular glutamate, which plays a role in
excitotoxic neuronal death (Barnettadt, 2001; BorisMoller and Wieloch, 1998).

The mechanism of glutamate release has been attributed to iseéhdouad
depolarization and activation of voltagependent Ca channels resulting in the
exocytotic release of glutamate (Wahl et al., 19%¥0, Nishizawa, (2001) has
suggested that in ischemiaduced energy failure, the glutamate release can also be
independent of C4ions mediated byhe glutamate transporter working in a reverse

direction due to the imbalance of sodium ions acrdhlg neuronal membrane As
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discussed previously, glutamate is taken up by ¢hablutamate transporterand
detoxified by glutamine synthetase atie activity of each thesenay increase to
enhance the clearee of extracellular glutamat&haked et al.2002) In addition,
ATP-mediated excitotoxicity and overstimulation of puriner§2X; receptorshas

been shown to increase RG@Eath during retinal ischemia mechanisms similar to
these occurring with glutamate toxiciMiyadurupola et al., 2013). Ischemraduced
angiogenesis is a complex process characterized by vasodilation, increased vascular
permeability and proliferation of endothelial cells (Witmer et al., 2003).
Angiogenesis is controlled by growth factors such as VEGF and bFGF.

Furthermore, PDGHs responsible for recruitment of pericytes and smooth muscle
cells for the developing vessels (Mignatti and Rifkin, 1998jth decreased blood
supply, angiogenesis is a specific homeostasis response. Howpregulation of
growth factors may also be part of the cytoprotective response (Bouck, 2002; Witmer
et al., 2003). In the present experiments, human organotypic retinal cultures (HORCSs)
were used to assess the loss of RGCs as a result of simulated isciseihio vitro.

This model was developed by Niyadurupola et al., (2@b@) is a tool to investigate
RGC loss in the human retina. The explants were t&ikem macular, paraacular

and peripheral regienandassessed for the distribution of retinal RGGMgTHY-1
MRNA and counting RGCs using immunohistochemistry with another RGC marker,
NeuN. The distribution of these markers was consistent with the proposed allocation
of RGCsin the retinaindicating that explants can be used to compare the loss of
RGGCs as a result of various insultsurthermoretherewere equivalent numbers of
RGCs in the paramacular explanExposure of HORCs to glutamate or simulated
ischemia (OGD) caused a reduction in boHiY-1 mRNA and the numbers of NeuN

labelled neurons (Nadurupola et al., 2010). In this chapter, the effects of two levels
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of OGD were investigatenh vitro using HORCs to determine the survival of RGCs.
Expression of angiogenic and antiangiogenic growth factors, excitotoxicity related

genes and glial cell migers were also assessed.
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5.2 Results

5.2.1 Effect of Graded Levels of Glucose Deprivation on the LDH Release and

RGCs Death in HORCs

HORCs were incubated in glucedeprived medium, ranging from4@Q99mM under
normoxic conditiorfor 24hrs and LDH was measurBdm mediumto assess overall

of cell viability. The control condition was the physiological glucose level of 5.55mM
andlevels rangedrom 10% deprivation to complete absence of glucose. Figure 5.1
shows glucoselependent survivah HORCs in which there was gradual increase in
LDH release as the deprivation level increased. Significant levels of LDH release
(2.5fold) werefound whenthe deprivation level reached 80% (1.11 mM). Maximum

LDH release was seen with full glucose deprivation (306d).
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Figure 5.1: Effect of graded levels of glucose deprivation on LDH relefagm
HORCsinmediumaf t er 24hrs (VHO0.05; n=4. ANO



Figure 5.2: Representative immunofluorescence photomicrographs shaMengN
andTUNEL-labelling in HORCs with control and Z80% glucose deprivation (4.44
2.22 mM). DAPI = blue, NeuN = red, TUNEL = green.
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Figure 5.3: Effed of glucose deprivation on RG@eath (A) Average number of
NeuN-abelled cells from three inta20DCem from 8 sections per sam@&pressed as
percentage of contr@nd (B) Percentage of TUNHositive ganglion cells exposed
for 24hr to glucose deprivation-®55 mM) (*p OWAO5;: n=4, ANO

Intense TUNEL staining was observed in thk, ONL and RGCsat glucose levels

of 1.11 mM and no glucogeeated HORCs compared to controls (Figure 5.2).
Although the staining increasedtime INL and ONL as the deprivation increds&ess
stainingwas seen in the ganglion cell laysriower glucose level§2.224.44 mM).
Evidence of RGCs loss was shown by immunohistochemistry analysis where the
numbers of NeuMNabelled neurons in the retinal ganglion cell layer were counted in

combination with TUNE staining. A reductiorof4 8 % ( * p O0. 05 ; n=4)
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the mean numbers of NeulMbelled was detectaghen the glucose deprivation was
80% of the control (1.11 mM) and full glucose deprivation (OmM) respectively. The
number of NeuNabelled neurons dichot change in lower glucose levels (2.22
4.44mM) (Figure 5.3A). The percentage of TUNpRdasitive RGCs was
approximately 80% to 90% in HORCs exposed to 1.11mM and full glucose
deprivation respectively (Figure 5.3B).

5.2.2 Effect of Oxygen Glucosdeprivation (OGD) on the LDH Release and
RGCs Death in HORCs

Full deprivation of oxygen and glucose (OGD) and glucose deprivation alone resulted
in significant 3 and 4f ol d i ncreases (*p0O0.05; n=4) i
compared to control (Figure4d. Although, oxygen deprivation alone for 24hrs did

not cause LDH release there was an additive effect when both oxygen and glucose

were deprived together.
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Figure 5.4: Effect of full glucose, oxygen deprivation and both (OGD) on LDH
release from HORCs after 24hrs (*pO0.05;
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Figure 5.5: Representativenmunofluorescence photomicrographs showing TUNEL
labelling in HORCs with control (5.55 mM glucose), glucose deprivation (OmM),
oxygen deprivation (0%%£), and full OGD.DAPI= blue, NeuN= red, TUNEL=green.
GCL= ganglion cell layer, INL= inner nuclear lay&iNL= outer nuclear layer

TUNEL-labelling of HORCs exposed to oxygen indicated no apoptotic nuclei in the
retina or TUNELpositive retinal ganglion cells. Apoptotiabelling was observed
throughout all nuclei following 24hrs culturing in glucose depriveddium and

exposure to full OGD (Figure 5.5). Similarly, the number of Ndaibelled RGCs
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decreased after exposure to glucose deprivation (0 mM) and full OGD (0mM)Y0%O
(*p0O0.05; n=4) (Figure 5.5B). Oxygen depr.i

labelled RGCs to control with no apoptotic nuclei.

S
o O
55
Q < 100~
S E
05
Q5
T 507
Zc
535
L O
Z O
o O
(&]
c®
(B) w 1507
©
o
)
>
= 100- _*_
0 *
S —
_
Ll
Z 50+
)
l_
E ﬁ_,_
X
N )
& 066 O_\_\’o OOO
(o) \\)0 Q N
@) Q?\ O
® <

Figure 5.6: Effect of OGD on RGC death (AAverage number of Neuhbelled
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5.2.3 Effect ofReducedGlucose and Oxygen kevels (1.11mM/4%Q) on the LDH
Release and RGCs Bathin HORCs

In another set of experiments, HORCs were incubated in reduced levels of oxygen
and/or glucose to 80% of the control level. In other words, oxygen was reduced to 4%,
while glucose was reduced to 1.11mM. Results show that exposure of HORCs to
redued levels of glucose and oxygen (1.11mM glucosé&4%nd 1.11mM glucose
resulted ina significant increase in the released LDH by-h6d 1.7fold respectively

( * pO0. 0a5 compared fo control. Oxygen deprivation alone (%@ not

result in detetable LDH release (Figure 5.7).
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Figure 5.7: Effect of (A) control (5.55 mM glucose/20%#£), 1.11 mM glucose,
4% oxygen and botlf1.11mM glucose/4%,) on LDH release from HORCs after
24hrs (*p0O0.05; n=4, ANOVA).

145



X
©
>
=
=
S
=
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deprivation (1.11 mM) and 20% O@.11 mM glucosé4% O,) for 24hrs.DAPI=

blue, NeuN=red, TUNEL=green. GCL= ganglion cell layer, INL= inner nuclear layer,
ONL= outer nuclear layer
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The survival of RGCs under 1.11 mM glucose, 4% oxygenaarmanbination of both

was investigated (Figure 5.8). Validation of RGGss by immunohistochemistry
showed that the mean numbers of Ndabklledneurones in the retinal ganglion cell

layer were significantly decreased after 24hrs of glucose deprivation (1.11 mM) and
20% OG (1.11 mMglucos#4%0Q,) compared with contro{f * p O0. 05 ; n=4)
5.9A). A significant 3.5 and 3 fold increasq * p O 0=4)rbthe TWNEL-positive
neurons in glucosdeprived and oxygen and glucose deprived HORCs respectively
weredetected (Figure 5B). This was associated with TUNEositive nuclei found

in theINL and ONL in addition tadhe RGClayer (Figure 5.8).
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5.2.4Effect of Oxygen and Glucose Deprivation on the Expression of Angiogenic
Factors in HORCs

5.2.4.1 Effect of Oxygen and Glucose Deprivation on the Expression of VEGF

MRNA

Expression of VEGF mRNA was significantly increased under full OGR.6yold
(*p0O0.05; n=4) compared to condtherothis ( Fi gur
expression ioxygen or glucose dependent, VEGF mRNA was also determine under
each nutrient deprivation alone. Exposure of HORCs to hypoxia {p%ddseda
significant ¢ p O0 . 0 5 ; -fold indrdase 2he BxPression as compared to control
while full glucose deprivation (0OmM) did not result in significant alteration in the
expression. Changes seen under reduced levels of oxygen and/or glucose were not
significant (Figures.10B)

5.2.4.2 Effect of Oxygen and Glucose Deprivation on the Expression of PDGF
MRNA

Expression levels in HORCs were found lhe upregulated significantly infull
deprivation. Full OGD resulted in 2.6 fold wuegulation ofPDGFmMRNA expression
compare to control (Figure 5.11A). Full oxygen deprivation alone ca@stxdd up-
regulation in theeDGFmMRNA expressiorf * p O0 . 0Gucosendeptivation alone

has less effect on the expression of PDGF compared to oxygen. Under reduced levels

of oxygen and/oglucose, no significant changes were foulRig(re 5.11B)
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Figure 5.10: Expression oWEGF mRNA in HORCs after 24hrs exposure (&)
full glucose deprivation (OmM glucose/20%Ofull hypoxia (5.55mM glucose/0%D
and full OGD (OmM glucose/0%@ and (B) glucose deprivation (1.11mM
glucose/20%6G), hypoxia (5.55mMglucose/4%P and deprivation of both oxygen
and glucose(1.11mMglucose/4%¢), All conditions were compared to control
(5.55mM/20%Q). Gene expression wasrmalized to the housekeeping gem&x1
andCYC1(n=4; *p0O0.05; ANOVA)
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Figure 5.11: Expression oPDGFmMRNA in HORCs after 24hrs exposure ta) full
glucose deprivation (OmM glucose/20%Ofull hypoxia (5.55mMglucose/0%©Q)
and full OGD (OmM glucose/0%p and (B) glucose deprivation (1.11mM
glucose/20%6@), hypoxia (5.55mMglucose/4%P and deprivation of both oxygen
and glucose(1.11mMglucose/4%¢), All conditions were compared to control
(5.55mM/20%Q). Gene expression was normalized to the housekeeping GeRss
andCYC1(n=4; *p0O0.05; ANOVA)

14¢



5.2.4.3 Effect of Oxygen and Glucose Deprivation on the Expression of bFGF
MRNA

Exposure of HORCs to 1.11mM glucose caused a significant -deguiated bFGF
MRNA expression by approximately 50% compared to control (Figure 5.12B). The

changes seen under other deprivation conditions were not statistically significant.

5.2.5 Effect of Oxygen and Glucose Deprivation on the Expression of
Anti -angiogenic Factors

5.2.51 Effect of Oxygen and Glucose Deprivation on the Expression of PEDF
The expression of PEDF mRNA levels did not chaageany levelof oxygen and

glucose deprivation (Figure 5.13A, B).
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Figure 5.12: Expression obFGFmMRNA in HORCs after 24hrs exposure ¢8) full
glucose deprivation (OmM glucose/20%Ofull hypoxia (5.55mM glucose/0%p
and full OGD (OmM glucose/0%p and (B) glucose deprivation (1.11mM
glucose/20%@), hypoxia (5.55mMlucose/4%@) and deprivationof both oxygen
and glucose(1.11mMglucose/4%¢), All conditions were compared to control
(5.55mM/20%Q). Gene expression was normalized to the housekeeping Gorss
andCYC1( n=4: *p0O0.05: ANOVA).
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Figure 5.13: Expression oPEDFmMRNA in HORCs after 24hrs exposure (4) full
glucose deprivation (OmM glucose/20%Ofull hypoxia (5.55mM glucose/0%p
and full OGD (OmM glucose/0%p and (B) glucose deprivation (1.11mM
glucose/20%@), hypoxia (5.55mMglucose/4%¢) and deprivationof both oxygen
and glucose(1.11mMglucose/4%¢), All conditions were compared to control
(5.55mM/20%Q). Gene expression was normalized to the housekeeping Gorss
andCYC1( n=4: *p0O0.05: ANOVA).

152



5.2.52 Effect of Oxygen and Glucose Deprivation on the Expression of LIF

Full OGD and glucose deprivation resulted in a significant reduction in LIF mi®NA
approximately 16 and 36%f control (Figure 5.14A). Although reduced levels of
oxygen and/or glucose to 200.11mM glucose/4%G@) showeda similar reduction
pattern in expression of LIF, it was statistically regnificant (Figure 5.14B).
5.2.6Effect of Oxygen and Glucose Deprivation on the Expression of Glutamate
Markers

5.2.6.1 Effect of Oxygen and Glucose Deprivabn on the Expression of
Glutamine Synthetase GLUL)

Exposur e of HORCs t o full glucose depri v
increasedGLUL mRNA by approximately 3old compared to control. Full hypoxia
and OGD did not result in any signifitaregulation (Figure 5.15A). Aimilar
pattern of expression was found with reduced levels of 1.11mM gludé&sexygen
and both (1.11mM glucose/4%)but was statistically nesignificant (Figure 5.15B).
5.2.6.2 Effect of Oxygen and Glucose Deprivation onthe Expression of the
Glutamate-Aspartate Transporter, GLAST (SLC1A3

The expression of glutamate transporter, GLAST in HORCs wasigofficantly
altered undemany of thetreatments (Figure 5.16A,BAlthough a trend towards an

increased expression ifugose deprivation and OGD was evident.

15¢



[
(A) o 150+
(7]
(7]
@
S=
w o 1004
< e
Z 5
x o
£E05
8 e\ci 50+
N
I
£
o 0
Z
<,,<<\®
3
@.
S
N
N
Oo
[
(B) S 150-
7))
wn
o
o
X =
g S 100~
Z 5
x o
€S
8 S’\i 504
N
I
€
(=) 0-
=z
@@Q
3
@.
>
N

Figure 5.14: Expression oLIF mRNA in HORCs after 24hrs exposure (8. full
glucose deprivation (OmM glucose/20%9Ofull hypoxia (5.55mM glucose/0%D
and full OGD (OmM glucose/0%@ and (B) glucose deprivation (1.11mM
glucose/20%6@), hypoxia (5.55mMglucose/4%P and deprivation of both oxygen
and glucose(1.11mMglucose/4%¢), All conditions were compared to control
(5.55mM/20%Q). Gene expression was normalized to these@eeping genésOP1
andCYC1(n=4; *p0O0.05; ANOVA)
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Figure 5.15: Expression of GSGLUL) mRNA in HORCs after 24hrs exposure to:
(A) full glucose deprivation (OmM glucose/20%0 full hypoxia (5.55mM
glucose/0%©@) and full OGD (OmM glucose/0%¢) and (B) glucose deprivation
(1.11mM glucose/20%¢), hypoxia (5.55mMglucose/4%Pand deprivationof both
oxygen and glucos€l.11mMglucose/4%¢), All conditions were compared to
control (5.55mM/20%@). Gene expression was normalized to the housekeeping
genesTOPlandCYC1( n=4; *p0O0. 05; ANOVA)
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Figure 5.16: Expression oSLC1A3MRNA in HORCs after 24hrs exposure (8)
full glucose deprivation (OmM glucose/20%Cfull hypoxia (5.55mM glucose/0%p
and full OGD (OmM glucose/0%p and (B) glucose deprivation (1.11mM
glucose/20%6@), hypoxia (5.55mMglucose/4%P and deprivation of both oxygen
and glucose(1.11mMglucose/4%¢), All conditions were compared to control
(5.55mM/20%Q). Gene expression was normalized to the housekeeping GeRss
andCYC1( n=4; *p0O0.05; ANOVA).
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5.2.6.3 Effect of Oxygen and Glucose Deprivation on the Expression of
Glutamate Decarboxylase GAD1)

Exposure of HORCs to full OGD causadgignificant 2fold upregulation( * p O0 . 05 ;
n=4)in GAD1 mRNA. Full glucose deprivation and hypoxia (0%@id not alter the
levels significantly Figure 5.17A). Lowerdeprivation conditions showea similar
pattern to full deprivatiorbut the levels were not significafifigure 5.17B).

5.2.7 Effect of Oxygen and Glucose Deprivation on the Expre®n of Purinergic
Signaling Related Genes

5.2.7.1 Effect of Oxygen and Glucose Deprivation on the Expression of
Pannexinl PANX1)

No significant changes were seen xpeession ofPANX1ImRNA under any of the
conditions investigated. Although a trend towards an incréasell OGD and

glucose deprivation wagpparent{Figure 5.18.

5.2.7.2 Effect of Oxygen and Glucose Deprivation on thexpression of Autotaxin
(ENNP2)
Expressions ofENNP2 mRNA did not significantly change under any of the

conditions investigated (Figure 5)19
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Figure 5.17: Expression ofAD mRNA in HORCs after 24hrs exposure (8) full
glucose deprivation (OmM glucose/20%9Ofull hypoxia (5.55mM glucose/0%D
and full OGD (OmM glucose/0%p and (B) glucose deprivation (1.11mM
glucose/20%6@), hypoxia (5.55mMglucose/4%P and deprivation of both oxygen
and glucose(1.11mMglucose/4%¢), All conditions were compared to control
(5.55mM/20%Q). Gene expression was normalized to the housekeeping GeRss
andCYC1( n=4; *p0O0.05; ANOVA).
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Figure 5.18: Expression oPANX1ImMRNA in HORCs after 24hrs exposure (&)
full glucose deprivation (OmM glucose/20%0Ofull hypoxia (5.55mM glucose/0%p
and full OGD (OmM glucose/0%p and (B) glucose deprivation (1.11mM
glucose/20%6G), hypoxia (5.55mMglucose/4%P and deprivation of both oxygen
and glucose(1.11mMglucose/4%¢), All conditions were compared to control
(5.55mM/20%Q). Gene expression was normalized to the housekeeping Gerss
andCYC1( n=4;: *p0O0.05: ANOVA) .
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Figure 5.19: Expression oENNP2mMRNA in HORCs after 24hrs exposure (&)
full glucose deprivation (OmM glucose/20%0Ofull hypoxia (5.55mM glucose/0%p
and full OGD (OmM glucose/0%p and (B) glucose deprivation (1.11mM
glucose/20%6G), hypoxia (5.55mMglucose/4%P and deprivation of both oxygen
and glucose(1.11mMglucose/4%¢), All conditions were compared to control
(5.55mM/20%Q). Gene expression was normalized to the housekeeping G&its
andCYC1( n=4;: *p0O0.05: ANOVA) .
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5.2.8 Effect of Oxygen and Glucose Depation on the Expression of Glial
Mduller Cells Markers

5.2.8.1 Effect of Oxygen and Glucose Deprivation on the Expression of GFAP
No significant changes to the levels of GFAP mRNA leweése seerunder the

conditions of these experiments (Figure 5.2BA,
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Figure 5.20: Expression ofGFAP mRNA in HORCs after 24hrs exposure to: in
HORCs after 24hrs exposure {&) full glucose deprivation (OmM glucose/20%0
full hypoxia (5.55mM glucose/0%p and full OGD (OmM glucose/0%p and (B)
glucose deprivation (1.11mM glucose/2095Chypoxia (5.55mMglucose/4%Pand
deprivationof bothoxygen and glucos@.11mMglucose/4%¢), All conditions were
compared to control (5.55mM/20%0 Gene expression was normalized to the
housekeeping gend®P1andCYC1( n=4: *pO00. 05; ANOVA) .
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5.2.9 Effect of Oxygen and Glucose Deprivation on the Expression of Heahock

Protein (HSPA1B)

No significant changes to the levels of h8abck Protein HSPA1B) werefound at

any levelof oxygen and/or glucose deprivatioffrigure 5.24A,B. Although a trend

towards an increase in low glucose and OGD was apparent.
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Figure 5.21: Expression oHSPA1BmMRNA in HORCs after 24hrs exposure (8)
full glucose deprivation (OmM glucose/20%0full hypoxia (5.55mM glucose/0%D
and full OGD (OmM glucose/0%p and (B) glucose deprivation (1.11mM
glucose/20%@), hypoxia (5.55mMglucose/4%P and deprivationof both oxygen
and glucose(1.11mMglucose/4%¢), All conditions were compared to control
(5.55mM/20%Q). Gene expression was normalized to the housekeeping Gerss
andCYC1( n=4: *p0O0.05: ANOVA).
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HORCs exposed to 24hrs to oxygen and glucose deprivation

Full OGD 1.11mM glucose/4%Q
Gene OGD Hypoxia Glucose OGD Hypoxia Glucose

VEGF gy 2 g 24 §y 24 g 24 gy 24 gy 24
PDGF gy 2 g 24 § 24 9 24 gy 24 gy 24
FGF 7 g 24 z 7 z z
PEDF g 24 z z z Z Z
GFAP y 24 g 24 gy 24 y 24 7 y 24
GS y 24 gy 24| *y 2| y 24 7 g 24
SLC1A3 y 24 z y 24 z y4 Z
Autotaxin y 24 y 24 y 24 y 24 y4 z

LIF * 724 Z24 * 724 224 24 224
Heat shock y 24 y 24 y 24 y 24 gy 24 g 24
GAD gy 2 224 y 24 9 24 z g 24
PANX-1 y 24 224 y 24 9 24 224 y 24

Table 5.1: Summary of gene expression changes in HORCs under oxygen and/or

glucose deprivation for 24hrs (* indicate statistical significant change).
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5.3 Discussion

5.31 Effect of Oxygen and Glucose Deprivation on the Survival of Retinal
Ganglion Cells

The currentexperiments assessed LDidlease,as an indicator of recrotic retinal
damage in HORCs amapoptosis was assessedusing TUNEL assayDeprivation

of glucose only under the normoxic condition for 24ki$to increasing in the release

of LDH. The greater the deprivation, the greater the release of LDH highlighting the
importance of glucee for retinal cells survival. Aignificant release of LDH was
obtained with 1.11mM and 0.555mM glucose and full glucose deprivation indicating
necrotic damage. Although there was no significant increase in the released LDH at
lower levels of glucose deprivation, the LDH release started #0% level of
deprivation highlighting that small decreases in glucose are detrimental to retinal cell
survival. Retinal explants treated with graded levels of glucose showed TUNEL
positive cells in the ganglion cell layer at higher levels of deprivatioa.rtimber of
TUNEL-positive cells was increased time INL and ONL as the glucose deprivation
increased correlating with LDH datdhis data in human retina is supported by
numerousexperimentsin animal models.Chronic hypoglycaemia,induced by a
mutationin the glycogen receptor gene in mice resulted in losses of visual activity by
the age of 10 months and increased TUNigisitive cells in the INL of the retina
(Umino et al.,, 2006). In addition, isolated retina from mice after exposure to
hyperinsulinemidiypoglycemic clamp to induce fiv@our hypoglycemia (2.2 mM
glucosg showed significant TUNEIpositive cells in the retina compared to fewer
cells in control (6mMglucosé (Emery et al., 2011). Cleaved casp&gaositive cells
together with TUNELpositivecells were found in the ONL and GCL (Emery et al.,

2011).
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Based on LDH and TUNEL data from glucose deprivation experiments, two levels of
oxygen and glucose deprivation were chosen to examine apoptotic RGCs death.
Several animal studies have reportedoss of inner retinal cells as a result of
simulated ischemia. A loss of RGC was evident after-ii@aced ischemia (Osborne

et al., 1999b; Wang et al., 2002) and ligation of ophthalmic vessels (Lafuente et al.,
2002). Loss of photoreceptors was also regubin a carotid artery occlusion model
(Osborne et al., 1999b). In the present experiments, complete withdrawal of oxygen
and glucose (OGD) for 24hrs caused a significafdld increase in released LDH.
Reduced levels of oxygen and glucose (1.11mM gle&t0Q) resulted in a 1-8old
increase in LDHrelease In IOP-induced ischemia in rats, TUNHtositive cells
appeared in the INL and GCL within one day of initiation of the ischeméaked by

cell body shrinkage, aggregation, condensation of nucleamatin and expression

of p53 mMRNA, the tumor suppressgene known to induce apoptogisoo et al.,
1999). Current results show that full OGD and reduced levels (1.11mM glucosg/4%0O
for 24hrs caused 90% and 60% TUNRasitive RGCs respectively. This was
associated with a reduction in the number of Ndabklled neurons in both
treatments. Apoptotic death in a rat model of retinal ischeegarfusion injury was
detected in RGC and INL layers (Lam et al.,, 1999). TUNiBkitive cells also
appeared irthe INL and ONL. Moreover, inpostmortemeyes of patients with
primary operangle glaucoma and secondary glaucoma, positive TUbHEE were
observed in the GCL (Kerrigan et al., 1997; Okisaka et al., 1997). Similar results were
obtained with eperimental glauema in monkeys(Quigley et al., 1995). In the
present study, oxygen deprivation (full and 49%@d not alter the LDH release as
compared to control and did not cause RGCs death as evidenée@®ycounting

and TUNEL staining. This is in contrast to othesports, wherein vitro hypoxia
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induced RGCs death has been shown to occur. Short period (2 hours) of hypoxia
(5%QO) in rats followed by rexygenation caused RGCs dedtly caspasei
mediated apoptosis (Rathnasamy et al., 2014). In addition, Sivakumar et al., (2013)
found that following exposure of neonatal rats to 2hrs hypoxia %@ increased
amount of glutamate accumulates in the retina. This caused RGC damage through
activation of AMPA receptors, increased?Caccumulation, and ROS generatidin.
should however, be noted that experimeAtsshown previously, human Miller cells
(MIO-M1) resisted oxygen deprivation (499Cand/or 1.11mM glucose. They also
survived full hypoxia whereas loss of viability only occurs when the cells were
deprived fully ofglucose ooxygen and glucose.

5.3.2 Effect of Oxygen and Glucose Deprivation on the Expression of Angiogenic
Growth Factors

In the retina, VEGF is expressed by endodialells (Aiello et al., 1995), Muller cells
(Pierce et al., 1995), astrocytes (Stone et al., 1995), ganglion cells (Stone et al., 1996)
and the retinal pigment epithelium (Miller et al., 1997). Moreover, VEGF is
upregulated in several ocular pathologieduding agerelated macular degeneration
(AMD) (Ferrara et al., 2007), and proliferative diabetic retinopathy (PDR) (Duh et al.,
2004). Findings by Bai et al., (2009) suggest that retinal Mulleidegived VEGF is

a major contributor to ischemiaducedretinal vascular leakage and petinal and
intraretinal neovascularization. Following induction of ischemia by vein occlusion,
VEGF mRNA was upregulated in the retina and increased in the aqueous fluid (Miller
et al, 1994) and oxygenduced retinopath in rats increased VEGF
immunoreactivity was seen in the ganglion cell layer (Vinores et al., 1997). Current
results show that retinal explants significantly-regulate VEGF mRNA under

conditions of hypoxia (0%£) and full OGD.Such upregulation might bexpected to
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lead b pathogenic vascular changes although ttmyld beconsidered aan attempt

by the retinal cells towsvive during the severe insulh the previous chapter, M{O

M1 cells showed an increase expression of VEGF mRNA when exposed tetomp
oxygen, glucose deprivation arakygenrglucose deprivationThe retinal explants
increased expression under total deprivatonditions; therefordt is possible that
Mdller cellsareplaying a role in this regulation.

Another important angiogeni@dtor in the eye is PDGF. Under physiological states,
PDGEF is expresseat alow level in perivascular cells, ganglion cells, and in the RPE
(Campochiaro et al., 1994; Mudhar et al., 1993) in addition to retinal glia (Uchihori
and Puro 1991). PDGF has heenplicated in the pathogenesis of diffiereetinal
conditions including retinal detachment (Seo et al., 2000), proliferative
vitreoretinopathy (Campochiaro, 1997) and ischemic retinopathy (DeNiro et al.,
2011). In the currenin vitro model of ischemia,expression of PDGF mRNA in
HORCs increased withypoxia (0%Q) and full OGD. As with VEGFit is possible

that the retinal cells increased expression of PDGF in an atteraptvivethe insult
Previous experiments in this work showed that MAD cells did not alter the
expression of PDGF under similar conditions, which may indicate that the source of
PDGEF in retinal explants is deed from other retinal cells. Although the response to
ischemia may be an attempt at surviv@lere was no evidence of talurvival in
HORCs exposed to full OGO herefore, theexpression of PDGF and VEGF could
exacerbate death rather than survival and blocking of these growth factors could be a
strategy to reduce RGC loss and this require further investigétioay be, lowever,

that blocking these factors leads increased degeneration. Thesmuld be

interesting experiments to perform in the HORC model.



Expression of bFGF was also measured in the HORC simulated ischemia imodel.
addition to Mllercellsas an importargource of bFGF in the retina, it is also present

in astrocytes, ganglion cells and pigment epithelium cells (Walsh et al., 2001). The
release of bFGF from Miller cells increases in the retina after detachment as indicated
by activation of extracellular gnatregulated kinase (ERK) (Geller et alg®) and it

has been found that bFGF mRNA is upregulated and released after retinal stress. In
the retinas of cats and ralshiintravitreal injection of bFGF resulted in a significant
elevation in the number d¥luller cells four days after injection and continued to
increase after four weeks (Lewisat, 1992). Despite the numbef findings of the
neuroprotective effect of bFGF, there have also been reports to the cofdrary
examplethat exacerbation of gtamatemediated neurotoxicity was mediated by the
endogenous release of bFGF through a dozgulation of glutamine synthetase
(Kruchkova et al., 2001). Results show that both levels of simulated ischemia and
glucose deprivation reduced bFGF mRNA levetsmpared to control. This may
indicate that reduction of bFGF expression and release is detrimental to retinal cell
survival.

5.3.3 Effect of Oxygen and Glucose Deprivation on the Expression of
Anti -angiogenic Growth Factors

Pigment epithéim derived growth factor (PEDF) isa known potent angiogenesis
inhibitor (Eichler et al., 2004) secreted from retinal pigment epithelial cells, and
Muller cells in the retina (Gettins et al., 2002; Ogata et al., 2@ajlies have shown

that PEDF protestRGCs from ischemimduced neuronal apoptotic death (Takita et
al., 2003), reduces RGC loss and vision decline in an animal nuddelman

inherited glaucoma (Zhou et al., 2009). Howevewnrrent results showed that
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expression of PEDF mRNA in HORCs did not change as a response to experimental
conditions.

Leukemia inhibitory factor (LIF) is another inhibitor of angiogenesis and a member of
the interleukin6 family of cytokines (Heinrich et al., 2003). It can be irgthan the

brain by ischemiaeperfusion injury in neurons and astrocytes (Suzuki et al., 2000)
and has been reported as a survival factor in cultured neurons and astrocytes (Gadient
et al., 1998). In the present experiments, LIF mRNA was significantlycegldwith

full OGD and glucose deprivation indicating that LIF dewegulation may
exacerbate RGCs loss under these conditions. In culturedMAlQells, initial
upregulation was found as early as 3big the levels decreased by 24hrs, which may
reflect he importance of LIF in mediating cell survivat would have been
interesting to look at earlier time points in HORCs to see if there was an increase in
the expression prior to the decrease seen at 24hrs aa hylsridization techniques
could have ben used to determirvehich reinal cells were expressing LIF

5.3.4 Effect of Oxygen and Glucose Deprivation on the Expression of Glutamate
Markers

Glutamate is the main retinal excitatory amino acid released by Miuller cells,
astrocytes, photoreceptofsipolar cells and ganglion cells (Heidinger et al., 1998;
Hernandez et al., 2000ncreased glutamate levels are associated with excitotoxicity
and neurodegenerations in human and animal models of glau@noeks et al.,
1997;Honkanen et al., 20Q03.evkovitch-Verbin et al., 2002; Kallberg et al., 2007;
Kim et al., 2000. In order to try to protect against elevated glutamate
detoxification systems GLAST, and GS may be upregulatec attemptto maintain
glutamate at low concentran at the extacellular spaceln HORCs exposed to

simulated ischemia (full OGD) and complete glucose deprivabah not oxygen
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deprivation alone there wasa trend of increasing expression of GLAST mRNA.
Whether this indicates that glutamate is elevategmairs a question that need to be
confirmed because measuring glutamate level was not attempted in this Btatdy.
presented here showed that reduced levels of glucose and oxygen (1.11mM
glucose/4%0@) did not alter the expression of GLAST regardless the fattathinis
level, RGCs death was noticed.

It is possible that reduced levels of gluseand/or glutamate transporteuld also
occur due to loss othe retinal cellsin that glutamateand glutamate transporters
reside(Lehre et al., 1997Martin et al.,2002. The authas further explained that
glutamate levelgould increase by releaddrom dying neurons or decrease as the
synaptic transmission declimias ganglion cells disappeared. A reduction in the level
could alsareflect Muller cell injury (Martin et al., 2002). These explanatisinsw the
complexities of the system, babuld bean explanation fothe unchanged exssion
seen under reduced levels of glucose and oxygen.

Anothermethodof glutamate detoxification in the retina after tne takeby glia is

the conversiorof glutamateby glutamine synthetase (GS) into glutamine (Thoreson
and Witkovsky, 1999). It has beesported that ischemiaduced ATP depletion
inhibits GS activity because ATP is required to convert glutamate to glutamine
(Oliver et al., 1990). Bcreased GS activity has been seen in-il@iced glaucoma

in rats (Moreno et al., 2005). Current results indicate that GS mRNA is upregulated
with both levels of ischemia, pgxia and glucose deprivation. In agreement with
findings presented hereShaked et al., (2002) reported an increase in GS activity in
retinal explants isolated from chicken embryesposed to glutamateand this

enhancedhe clearance of extracellulglutamate (Shaked et al., 2002).
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A final pathway of glutamate metabolism is the conversion to GABA by GAD. In
normal retina, GAD immunoreactivity was found in the inner plexiform layer, inner
nuclear layer and ganglion cell layer (Lin et al., 1983; feusat al., 1984; Schnitzer

and Rusoff, 1984; Tyler et al., 1995). Similar studies indicated the presence of GAD
immunoreactivity in horizontal, amacrine and bipolar cells (Agardh et al., 1987,
Mosinger et al., 1987; Yang, 1997; Mariani and Caserta, )198& not in the
ganglion cell layer (Tyler et al., 1995). It was shown here that GAD mRNA followed
the pattern of GLAST and GS expression, specifically an increase in the expression
was found in simulated ischemia and glucose deprivation while hypakiaodialter

the expression levels.

5.3.5 Effect of Oxygen and Glucose Deprivation on the Expressi of Purinergic
Related Signaing Markers

Stimulation of the P2Xreceptor Kkills retinal ganglion cells in sevenalvitro andin

vivo models (Niyadurupolat al., 2013; Resta et al., 2005, 2007; Zhang et al., 2005,
2007). The expression of tiR2X7 receptor is found in Muller cells and ganglion cells

in the retina (Bréandle et al., 1998; Ishii et al., 2003). In addition, stimulation of the
P2X7 receptors aswell as simulated ischemia, mediated RGC death in human
organotypic retinal cultures (HORCs) (Niyadurupola et al., 2013). It has also been
found that stimulation of the P2Xreceptor opens the pannexin (PANXJ)
hemichannel and activate the caspasmscde (Pelegrin and Surprenant, 2006). In a
study by Thompson et al., (2006), oxyegncose deprivation resulted in
hemichannelike activity in hippocampal neurons and in experimental retinal
ischemia followed by reperfusion IRANX1knockout mice, RGCs werprotected

from death with reduced €aaccumulation, inflammation and apoptosis in the

absence of pannexin 1 activity (Dvoriantchikova et al., 2012). Current results showed
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that simulated ischemia and glucose deprivation rather than hypoxia upregulated
PANX1 mRNA expression in HORCs indicating that glucose rather than oxygen is
responsible for this regulatiolpregulation ofPANX1could lead to enhanced ATP
release and activation B2X7-mediated cell death.

Another gene involved in purinergic signains ENNP2 codes for the enzyme
autotaxin,which has ectATPDase activity. No literature was found related to the
expression of this gene in the retina under normal and ischemic conditions. Current
results showed full OGD, hypoxia and glucose deprivasibbrupregulatedENNP2
MRNA. It is possible thathe function of autotaxin in production of LPA may be
more important in relation to survival mechanisms than its activity to remove
extracellular ATP

5.3.6 Effect of Oxygen and Glucose Deprivation on the Expression Mller

Cells Marker Expression

In retinal disease, astrocytes, and Mduller cells react to injury by increasing GFAP
protein expression (Bringmann et al., 2006; Fernandez et al., 2009; &mivisisher,
2003). In IORinduced ischemic insult in rats, reperfusion caused increased GFAP
immunoreactivity in Muller cells as early as one hour and lasted for two weeks (Kim
et al., 1998). Similarly, retinal ischemia induced by elevated IOP in miceaised
GFAP expression 24hrs after the injury (Ji et al., 2014). GFAP upregulation in
ischemiareperfusion has been linked glial cells stiffening the formation of glial

scar and exacerbation of injury (Lu et al., 2011). In experimental glaucomatsis ey
in rats, GFAP increased in the first two months qopstration and decreased at three
and four months (Wang et al., 2000). Similar findings were reported in experimental
glaucoma in rats (Xue et al., 2006), after laseuced elevated IOP (Woldemusste

al., 2004) and in an optic nerve crush rat model (Chen et al., 2002). GFAP has also
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been observed to increase in retinal tissue from glaucomatous human eyes (Wang et
al., 2002).1t might therefore be expected that GFAP would be upregulated in the
HORC nodel with simulated ischemia. Howevegsults from the current study
showed that exposure of HORCs to full OGD, hypoxia, and glucose deprivation, as
well as reduced levels, did n&ignificantlyalter the expression.

5.3.7 Effect of Oxygen and Glucose Depation on the Expression of HeatShock
Protein 1B (HSPA1B)

Heatshock proteins are complex proteins of different molecular weights, which are
expressed under stress including ischemia (Dillmann, 1999). Ischemic injury results
in rapid HSP70 mRNA expresgsn of the retina (Lewden et al., 1998). Induction of
heat shock proteins in RGCs was found to be protective under conditions of chronic
ocular hypertension (Ishii et al., 2003; Ostling et al., 2007) and NNfd&ced
excitotoxicity (Ahn et al., 2008; Marcuilli et al., 1996; Rordorf et al., 1991). In the
present studyHSPA1BMRNA expression was upregulated under all conditions of
oxygen and/or glucose deprivatibat the induction seen was not sufficient to fully

protect RGCs since OGD was found to caR&C death

Overall, the data presented here has indicated that HORCs can be used to investigate
RGC death and gene expression following 24hrs insults of oxygen glucose
deprivation. It was shown that glucose rather oxygen is a critical factor for retinal
survival as eidence by TUNEL staining primarily in RGCs in HORCs. Changes in
gene expression have been found such as VEGF, PDGF, LIF, and PEDF. 1t is
possible that some growth factors might be neuroprotective to retinal RGCs and
secreted by Miller cells. Thereforg, is interesting to investigate the potential
protective effect of these cells whenadtured with HORCs under stress condition

of glucose deprivation.
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Chapter 6

Effect of VEGF-A Treatment or Muller cells Co-culture on the
Survival of Retinal Ganglion Cells Under Glucose Deprived
Conditions

6.1 Introduction

Muller cells span all the retinal layers composing columnar units, a position that
enables them to communicate with all retinal neurons and influence their activities
(Bringmann et al., 2006; Newmaard Reichenbach, 1996). As previously discussed,
neuroprotective effects of Mdiller cells can be mediated by protection against
excitotoxicity as well as the release of neurotrophic factors, growth factors and
cytokines (Bringmann et al., 2001, 2009).

Several studies have indicated that VEGF is expressed and released under conditions
of glucose deprivation in different cell types (lida et al., 2002; Satake et al., 1998;
SchmidBrunclik et al., 2008; Shweiki et al., 1995; Stein et al., 1995; Yun et al.,
2005). In addition, VEGHderived from activated Mduller cell is one of the growth
factors that possess both protective and damaging effects on the survival of retinal
neurons (Eichler et al., 2000, 2004; Yafai et al., 2004; Hollborn et al., 2002; Gora
Kupilas and Josko, 2005). It is also important for the retinal and choroidal circulation
(Stalmans et al., 2002; Marneros et al., 2005). VEGF has been also found to be a
survival factor for MIGM1 cells and inhibition of VEGF increased apoptosis in these
cells SaintGeniez et al., 2008). On the other hand, retinal Mullerdesiived VEGF

is a major contributor to ischemiaduced neovascularization (Bai et al., 2009). It is
involved in the pathogenesis of eye disorders such as diabetic retinopathy (Miller et
al.,, 1997), ageelated macular degeneration (Ferrara et al., 2007), retinal ischemia

(Bai et al., 2009) and neovascular glaucoma (Horsley and Kahook, 2010).
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In chapter 3, it was reported that ML cells proliferate in regmse to oxygen
deprivation (4%Q), glucose deprivation (1.11mM) and reducedelsvof both
(2.12mM glucose/4%g). This proliferation may be as a result of increased
production of mediators acting as growth factors. They havebaksoshown to have
effects on neuronal survival (Bringmaen al., 2009). A significant upregulation of
VEGF mRNA was seen with complete deprivation of oxygen and/or glucose, and
increases were seen with reduced oxygen and glucose, although these were not found
to be statistically significant. Investigating VEGIofein secretion from MIEM1

cells and its involvement in survival and proliferation under conditions of glucose
deprivation (1.11mM) was therefore of interest.

The interaction between Miiller cells and other cells can be simutatetio by the
co-culture technique. Several studies have shown that glial cells-culoare release
stimulatory or inhibitory factors, which are important for the proliferation or survival

of other cells as well as protecting against different stresses. For examplgtuo®

of astrocytes with cerebellar neurons enabled uptake of glutamate by astrocytes
(Brown, 1999; Amin and Pearce, 1997) and protected neurons against oxidative
stressinduced damage (Drukarch et al., 1998). Similarlyceolture of rat RGCs with
Muller glia has also been found to safeguard the RGCs against glutamate and NO
toxicity (Kitano et al., 1996; Kawasaki et al., 2000). In additionscalbure of
neonatal rat RGCs with rat Muller glia or in Muller cells derived conditioned medium
enhanced the survivalf RGCs (Raju and Bennett, 1986). whas also found to
enhance survival of RGCs in -owolture in different species (Garcia et al., 2002;

Garcia et al., 2003; Unterlauft et al., 2014).
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The specificaims of the present experimemtgre to investigate th#EGF release
from MIO-M1 under conditions of oxygen and glucose deprivation. In addition, to
investigate thepossible neuroprotective effects ekogenousVEGF (50ng/ml)
treatmenton the survival of RGC inin HORCs under conditions ofglucose
deprivationfor 24hrs. Finally, to investigate the effects of -@ulture of MIOM1
cells with HORCsunderreduced glucose (1.11mM), a level of glucose deprivation
that had been found to cause MM cell proliferation;to see if thisinteraction
between MIGM1 cells and the retinal explants in culture may protect RGCs from

death mder glucosaleprived condition.
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6.2 Results

6.2.1 Effectof Reduced Glucose and Oxygen dvels on VEGRA Release From
Human Miiller Cells (MIO -M1)

Under control condition$5.55mM glucose/20%@), MIO-M1 cells secreted VEGF
andit seemghat VEGF accumulated with time (Figure 6.1A). With reduced glucose
and oxygen (1.11mM glucose/4%Qthe rate of increase was greater (Figure 6.1A).
Similar trends were seen with oxygen deprivataomd glucose deprivation alone

(Figure 6.1 B&C).
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Figure 6.1: Release of VEGHA (pg/ml) byhuman Mdller cells (MIGM1) after 24,
48, and 72hrs exposure tdA) reduced levels of glucose and oxygen
(1.11mMglucose/4%¢g), (B) oxygen deprivation (5.55mMglucose/4%0Oand
glucose deprivation (1.11mMglucose/20%Ocompared to control (5.55mM
glucose/20% € (mean + s.e.m, n=4tést).
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6.2.2 Effect of Exogenous VEGFA Treatment (50ng/ml) on the LDH Relase

and RGCs Survival in HORCs

Human Mdller cells (MIGM1) released VEGF under the examined conditions and
this could potentially play a role imeuronal survivalThe effect of exogenous VEGF
(50ng/ml) on the survival of RGCs in HORCs was therefore examined under 1.11mM
glucose.

Retinal injury was initially evaluated by LDH release in VEG&ated HORCs
exposed to glucose deprivation (1.11mM) for 24hrs. HORCateewith normal
glucose level (5.55mM) and VEGF caused no alteration in LDH release compared to
control. Glucose deprivation of HORCs resulted in a signifiqartt p O0 . 05 ; n=4)
increase (dold) in LDH release. Treatment with VEGF (50ng/ml) did not redbee t
increase in LDH release caused by glucose deprivation with no significant difference
between 1.11mM glucoséEGF andl.11mM glucose alone (Figure .2
Immunohistochemistry of NeuN and TUNEL staining from HORCs treatadker
control and glucose depsdtion (1.11mM) condition with and without VEGF
(50ng/ml) are shown in Figure 6.4.

The number of Neuhpositive RGCs was significantly reduced by approximately 25%
in glucosedeprived HORCs treated with VEGF (50ng/ral} p O0 . Océmpared= 4 )
to control. Athough the NeuN count was not significantly redueeth 1.11mM
glucose (Figure 64), a significant 3fold increasg * p O0 . Oirbthe number pf
TUNEL-positive cells was observed (Figure B)4 In glucose deprived HORCs
treated with VEGF, there appedrto be a decrease in TUNpbsitive RGCs, but

this difference was not significant. Likewise, under control conditions VEGF

appeared to reduce apoptotic RGCs but significant again was not gained.
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Figure 6.2 Effect of VEGFA treatment (50ngnl) on the release of LDH 3ORCs
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Figure 6.3 Representative immunofluorescence photomicrographs of NeuN and
TUNEL-labelling in HORCs labelling after 24hrs exposure to control, control
+VEGFA, 1.11mM glucose, 1.11mM glucose +VE®@E DAPI = blue, GCL =
ganglion cellayer, INL = inner nuclear layer, ONL = outer nuclear layer.
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Figure 64: Effect of VEGFA (50 ng/ml) RGCs death under glucose deprivation on
(A) Average number of Neuhabelled cells from three intaB0Cm from 8 sections
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ANOVA).
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6.2.3 Effect of Glucose Deprivation and MIO-M1 Co-culture on LDH Release

and Survival of Retinal Ganglion Cell in HORCs

Initially, LDH measurement was used to assess the overall effect@flture with
MIO-M1 cells on HORGntegrity with 1.11mM glucose. From previous experiments,

it would be expected that 1.11mM glucose have no effiet¢he cytotoxicity of MIOQ

M1 cells. Data presented here show similar results in which the LDH release from
MIO-M1 cells was similar under control and 1.11mM glucose conditions. Culturing
HORCs with MIGML1 cells at normal glucose levels (5.55mM) for 244 not
increase the releasable LDH significantly compared to control (HORCs only). As
shown previously, exposure of HORCs to 1.11mM glucose for the same time period
resulted in a significant increage* p O0 . Oirb,DH leveld ompared to control
HORCs When HORCs were cultured with MiR1 cells, a significant increase

( * p OO0 . Oirb,DH was folind compad to control alone (Figure §.83Nith no
significant difference between HORCs cultured in the presence or absence of

MIO-M1 cells
150+
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LDH activity (U/L)
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—

Figure 6.5 Effects of ceculture of MIOM1 cells with HORCs on LDH release
(U/L) when exposed to control (5.55mM glucose/20800r glucose deprivation
(2.12mMglucose/20%¢) conditions for 24hrs( me a n N s.e.m, *pOO.
ANOVA).
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RGCs loss was assesskd immunohistochemistry where the numbers of NeuN
labelled neurons in the retinal ganglion cell layer were counted in combination with
TUNEL staining. Representagvimages are shown in Figure @uéd quantification in
Figure 6.8.

Control HORCs culture@lone under normal glucose level (5.55mM) for 24hds d
not affect the retinal layentegrity or increased TUNEL stainintncreased TUNEL
staining washowevernotedin control HORCs in caulture. In HORCdreated with
1.11mM glucoseTUNEL staining wasalso found in all layers whicappearednore
intense in the RGCs layeinner nuclear layer, outer nuclear layer in HORCs with
MIO-M1 co-culture under glucose deprivation compared to controls indicating that
MIO-M1 cellsincreased retinal damag€igure 6.5. A significant reduction in the
mean number of Neulbelledby approximately 25% ¢ O0 . 0 bwas detecled
when HORCs wereo-cultured with 1.1inM glucosetreated in ceculture with MIO-

M1 cells (Figure 6.&). The number of NeuNabelled nerons was not reduced
significantly different to controin HORCs treated with 1.11mM glucose5.55mM

in combination with MIGM1 cells (Figure 6.A). A similar percentage of TUNEL
positive cells in the RGCs layer was found HORCs cecultured under conol
conditions andL.11mM glucoseControl HORCs cecultured with MIO-M1 cellsin

1.11mM glucosénas however moréUNEL detected in other layers (Figure @Y.
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Figure 6.6 Representative immunofluorescence photomicrographs of NeuN and
TUNEL-labelling in HORCs labelling after 24hrs exposure to control, contrel co
cultured with MIGM1, 1.11mM glucose, 1.11mM glucose-coltured with MIGM1.
DAPI = blue, GCL = ganglion cell Yeer, INL = inner nuclear layer, ONL = outer
nuclear layer.
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Figure 6.7: Effect of cecultured MIOGM1 and HORCs under control (5.55mM) and

glucose deprivation (1.11mM) for 24hrs on the survival of RGCs ARgrage

number of NeuNabelled cells from three inta@Cm from 8 sections per sample

expressed as percentage of contnadl (B) Percentage of TUNEhositive ganglion
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6.24 Effect of Glucose Deprivation and MIO-M1 Co-culture on the VEGF-A
Releasédrom HORCs

In earlier experiments, the regulation of VEGF under different glucose deprivation
was investigated antwasfound that VEGF mRNA in cultured primary Muller cells

and HORCs is upregulated when glucose deprivation conditions were applied for
24hrs. Secretion of VEGF protein therefore was also investigated in tbeltace
experiments.

Under 1.11mM glucose, VEGFeleased by MI&M1 cells increased by
approximately Zold (41.85+16.24 pg/ml) after 24hrs compared to control
(16.85%4.87) while retinal explants cultured alone under control condition (5.55mM
glucose/20%60) resulted in VEGF level of 23.17+7.98 pg/ml.ri@@l HORCs in ce
culture caused-®ld increase in VEGF concentration of approximately 60.1+ 15.37
pg/ml. Further increase was detected in HORCs treated with 1.11mM glucose alone
of approximately 4old (80.67+18.14 pg/ml) compared to control. When HORCs
were ceultured with MIGM1 cells under similar level of glucose deprivation this
caused approximately 4f0ld increase in VEGF (251.76+196 pg/ml) compared to
HORC control (Figure ®). This suggests that both cultured MM cells and
HORCs release VEG#Ender condition of glucose deprivation. It is worth mentioning
that there was variation in the released protein between retinal explants under same

condition indicating donor variability.
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Figure 6.8 VEGFA release from MIGM1 and HORCs under control condition and
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6.3 Discussion

Retinal glial cells can exert both neuroprotective and neurotoxic effects through
releasimg different factors (Bringmann et al., 2006; Heidinger et al., 1999; Kawasaki
et al., 2000; Tezel and Wax, 2000). Mdller glia activation has been reported to occur
in different retinal injuries and conditions such as ischeejerfusion (Pannicke et

al., 2005), axotomy of the optic nerve (Chun et al., 2000), glutamate excitotoxicity
(Honjo et al., 2000; Kawasaki et al., 2000) and experimental glaucoma (Carter
Dawson et al., 1998). In Chapter 3, it was reported that-MICcells proliferate in
response toglucose depvation (1.11mM), hypoxia (4%£) and glucose/oxygen
deprivation (1.11mM glucose/4%). This proliferation may be associated with
increased production of protective mediators such as growth factors. In an attempt to
protect RGCs against glucodeprivationinduced loss, retinal explants were treated
with VEGF and in other experiments, -coltured with MIOM1 cells under the
condition of glucose deprivation (1.11mM).

It has beershown in different cell lines that glucose deprivation increased VEG
expression and releagBrooks et al., 1998; Eichler et al., 2000; lida et al.2002;
Satake et al., 1998; Stein et al., 1995; Shweiki et al., 1995; Yun et al., J0@5).
VEGF concentration in astrocytes after exposure to hypoxia for 24hrs was
approximately 10pg/ml in cytoplasmic fraction, and 350pg/ml in the medium and
higher levels of VEGF were found after exposure to anoxia (SeBmidclik et al.,
2008). Current datehsw thatMIO-M1 cells release VEGEfter expsure to oxygen
deprivation (4%0), glucose deprivation (1.11mM) and reducedels of both
(1.11mMglucose/4%¢g) at differenttime points.Interestingly, MIOM1 cells also
showed increasing levels of VEGF ovem#& at normal glucose and oxygen

conditions (control conditions). Although, it is well known that hypoxia is the most
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powerful stimulant to VEGF release (Witmer et al., 2003), the level of protein
production by MIGML1 cells was found in the present studyrtorease as a result of
glucose deprivation alone as well as by reduced levels of both glucose and oxygen
(1.11mM glucosé4%0,). The increase in VGEF proteins by MNIL cells under
1.11mM glucoses thought to be one factor responsible for cell proliieraand
survival and thus it islsopossible that the released growth factor may protect RGCs
in HORCs.

In vitro studies have shown that VEGF could protect neurons against hypoxia,
glutamate excitotoxicity and deprivation of oxygen, or glucose (Jin et al., 2000;
Tolosa et al., 2008). In addition, VEGF was found effective in protecting primary
cultures of rat cerebraortical neurons from hypoxia and glucose deprivation (Jin et
al., 2000) while a higher dose of VEGF (100ng/ml) reduced apoptosis in neuronal
cultures exposed to hypoxia (Ding et al., 2005; Jin et al., 2001). Another isoform of
VEGF (VEGF120; 100ng/ml)nhibited apoptosis of retinal explant cultures in an
ischemiareperfusion model in rats (Nishijima et al., 2007). Therefore, we sought to
explore the neuroprotective effect of VEGF (50ng/ml) on HORCs exposed to
1.11mM glucoseSimilar devated levels of LBl werereleased from HORCs exposed

to 1.11mM glucose with and without VEGF indicating that additiorthefgrowth

factor did not protect against glucose deprivatmuced damage. Although RGC
numbers significantly reduced with VEGF treatment under gRiceprivation, a
slight reduction in apoptosis was seen in both control and glucose deprivation in
VEGFtreated HORC:s. It is therefore not possible to say that protection was found,
but it is worth considering that the current concentration of VEGF usettiwot be
effective in overcoming the damage induced by glucose deprivation, and further

experiments would be needed to determine the appropriate and neuroprotective dose.
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On the other hand, VEGF cannot be excluded as a cause of damage rather than a
protective agent as the low glucose and VEGF together had less RGC.

Another approaclusedhere toinvestigate the effects of secreted factors from the
MIO-M1 cells onRGCssurvival was the ceculture of MIOM1 cells with etinal
explants. ©-culture of HORCs wh MIO-M1 did not result in RGCs ptection, but
rather an increasm cell death even in control HOR®as observedlt therefore
appears that there are factors secreted into the medium bywiNiI€ells that diffuse

into the retinal explant to activate giotic death pathways as eviderimpe TUNEL

data presented her&EGFreleased by activated Muller cells Haeen shown to have
both neuroprotective and detrimental effects (Bringmann et al., 2608) activation

has been reported to exacerbate dispesgression, increasing vascular permeability,
and causing neovascularization by releasing VEGF (Penn et al., 2B0&d-
Brunclik et al., (2008) have also showrat glucosdree astrocyteonditioned media
contained an elevated concentration of VEGRicW increasedetinal injury. VEGF
causes endothelial cell hyperplasia resulting in capillary-pefusion, and more
damage follows by inducing vessel dilation and leakage, focal hemorrhages,
microaneurysms, and retinal neovascularization (Tolentinb, &092).

In the present study, VEGF protein was detected in HORCs exposed to glucose
deprivation alone and when-coltured with MIGML1 cells Previous results (Chapter

5) also showed that VEGF mRNA is upregulated in HORCs exposed to 1.11mM
glucose. Thesource of VEGF in current experiments origisafi®m both reinal
explants and MIEM1 cells with some evidence of synergistic effeettso there was

a large variation in the VEGF level between retinal explants suggesting donor
variability in response&o the experimental condition. It gossiblethat the released

VEGF by MIO-M1 cellsand HORCs contributed to more damage to retinal explants
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and caused RGCs losk co-culture experiments under different conditionsat(
Muller cells wih RGC under hypoxic conditioB.2%Q) RGC protection was not
seenbut viability was increased in normoxic conditiofhe author explained that
reduced neuroprotection of Muller glial cells might be linked to changes in the level
of released survival faate and/or to the deleterious effect of other factors secreted by
reactive glial cell (Unterlauft et al., 2012). Thisaynexplain in part the increase
apoptotic cell death in control HORCo-cultured with MIGM1 cells The exposure

of MIO-M1 cells to HORC in ccculture may release different factors from both
which led to activation of the cells and enhanced RGCs death even in control
conditions. Therefore, arREGF treatment may be considered aspotential
protective agentssafavorable visual outcomeas obtained in different conditions
including agerelated macular degeneration (Campochiaro, 2007), angiomatous
proliferation (Cho et al., 2015), proliferative diabetic retinopathy (Avery et al., 2006),
ischemic central retinal vein occlusion (Brown et 2014), neovascular glaucoma
(Horsley and Kahook, 2010; Park et al., 2012) and for the treatment of glioblastoma
(Gerstner et al., 2009). More experiments are needed to investigate the role of anti
VEGF for protection against glucose deprivation indudathage as well as retinal
ischemia Experiments using the inhibitor would help determine the role of VEGF in
either protecting the cells mediating neuronal cell death.

Other mechanisms should also be considered for mediation of neurotoxic effects by
glial cells in culture. @ronic activation of Miuller cells leads to inflammatory
processes by the production of cytokines such assNFand i nt-@bl emkli n (|
these mediate RGC death (Tezel and Wax, 2000; Kitaoka et al., 2007; Tezel et al.,
2012). Excessmpduction of NOincreases oxidative stressid contributes to toxic

damage in neurons and photoreceptors (de Kozak et al., 1997; Kashiwagi et al., 2001).
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Kashiwagi et al., (2001) suggested that when glial cells proliferate, they may express
fewer recept@w and possess limited enzyme activity, which may exert neurotoxic
effects on retinal RGCs. This may explain the current results asMl@ells
usually undergo proliferation when exposed to 1.11mM glucose and, therefore, were
unable to eliminate toxins sh as glutamate or ROS derived from HORCs and-MIO

M1 cellsif any in the medium.

Further studies are needed to clarify ifmlammatory cytokines are released in the
current model under a condition of glucose deprivation (1.11mM) and thus contribute
to RGCs death in HORCs when-caltured with MIGML1 cells

In conclusion, alterations in the cellular functions of glial cells when exposed to
glucose deprivation that led to proliferation as well asuture with HORCs can
result in toxic rather than beficial effects on the RGCs. VEGF is released from
MIO-M1 cellsand possibly by retinal explants when exposed to 1.11mM glucose and
it may contribute to apoptotic RGCs dea#inti-VEGF may provide therapy for the
management oRGC degeneration imetinal ischemia.Although the relationship
between neurodegeneration and neuroprotection would need further investigation.
Proinflammatory cytokines may play a role, and further investigation is needed to
reveal the secreted factors by MMIL cells, which led tanore damage to retinal

explants in the current model.
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Chapter 7

Effect of High Glucose on the Gene Expression and Survival of
Human Miller Cells (MIO -M1) and RGCs in HORCs

7.1 Introduction

As shown previously, VEGF is not only regulated by hypoxia. VEGF mRNA was
also found to be upregulated under full glucose deprivation and reduced glucose
(1.11mM) both in MIGM1 cellsand HORCs. Furthermore, the influence of VEGF in
retinal diseases is ndimited to conditions where the oxygen and glucose are
deprived; it has been implicated in other retinal conditions such as diabetic
retinopathy (DR) in which glucose levels are raisedl responsible fovascular
complications(Antonetti et al., 2012) awell as loss oheuronalcells in the retina
(Martin et al., 2004Parket al., 2003). In common with glaucomayvseral studies
have providedevidence suggestingliabetesnducel degeneration of RGCs in
humans showingthat RGCs undergo apoptosis atight there wasincreased
expression oBax, caspas8 and caspas@ in RGCs from diabetic patiendbu-EI-
Asrar et al. 2004; Abu EAsrar et al. 200;7Barber et al. 1998)shitariet al., 2008).
Moreover, neovascularizatiols a serious complicationf severalretinal diseases
including DR and neovascular glaucotf@dao et al., 2001;Hamanakeet al., 2001;
Lim et al., 2009Masonet al., 2015Miller et al., 1997 Tripathi et al., 1998) VEGF

is part of the pathophysiological changesd antrVEGF therapy is suggested as
potential therapyin treatment of these diseas@3ong et al., 2014Horsley and
Kahook, 2010Jo et al., 2006Park et al., 2012; Simo and Hernandez, 3200Bhe
data presented so far in this thesis has related tovdépn of glucose. In this final
chapter, the effects of high glueoare investigated in researdtating predominantly

to diabetic retinopathy.
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DR is a microvascular complication of diabetes mellitus (Liew et al., 2014). In the
UK, 3.3 million peoplewere suffering from diabetes in 2014 (Quality and Outcomes
Framework 2012/3), and this number is expected to reach 5 million by 2025 (AHPO
diabetes prevalence model). DR affects almost thusgters of patients who have
had diabetes for more than 15 ye@ftein et al., 1984) and it is the leading cause of
vision loss in adults of working age (Liew et al., 2014). Elevated blood glucose is the
main pathogenic factor contributing to the development of biochemical and cellular
alterations in DR and leads tovda major complications, maculawedema and
neovascularization (The Diabetes Control and Complications Trial Research Group,
1993). The initial alteration of DR leading to maculaedemais termed
microangiopathy (Mohamed et al., 2007), in which vascutampability increases
causing a passive influx of plasma into the retina (Aiello et al., 1998). The term
Aproliferative di abet i cs theeadvamcedp stageh gfo or
retinopathy in which signs of neovascularization or abnormal, newly prbked
vesselsare formed in the retina and can spr@#d the vitreous. These vessels may
bleed into the vitreous, and as they are attached to the retina with fibrous tissue, they
can pull and detach the retina (Antonetti et al., 2012; Crawford et089,; Fonget

al., 2004). Hgh glucosehas been shown tcause a direct deleterious effect to both
pericytes and endothelial cells leading to dameigeessel wal, and occlusion of
some vessels can occur (Nehls and Drenckhahn, 1991). Blockage of ragifialies

can then cause hypoxischemia, whichstimulatessignalling pathwaysand further
increases vascular permeabiliiyat exacerbates damage (Hamanaka et al., 2001;
Linsenmeier et al., 1998; Schroder et al., 1991).

Beyond the vascular abnormalgje neurodegenerative changes occur as a

consequence of chronic high glucose in DR; increased apoptosis of ganglion cells,
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glial cell reactivity, and altered glutamate metabolism have all been reported (Barber
et al.,, 1998; Lieth et al., 1998; Mizutani dt, a998). Studies have shown that
glutamate concentration in the retina can increase as a result ofrbtowd barrier

i mpairment in which an increase as I|little
(Castillo et al., 1997; Do carmo et al., 1998;wdla et al., 2011; Lieth et a., 1998).
Furthermore, Mdller cell dysfunction has been reported in diabetes in which the
ability to convert glutamate into glutamine is reduced which also would increase
retinal glutamate concentration (Lieth et al., 1998).tAdg by Yu et al., (2009)
revealed that GS mRNA expression and activity progressively decreased over a
period of 12 months after induction of diabetes in rats. It has also been found that
GLAST activity is reduced in diabetesompromising the ability oMdiller cells to
regulate glutamate (Li et al., 2002). Investigators have found that GLAST has redox
sensing sites and oxidation reduces GLAST function, which may contribute to the
changes were seen in the diabetic retina (Lieth et al., 2000; Kowlury, €0@L;

Trotti et al., 1998).

Activation of Muller cells has been shown to occur in human and rat diabetic retina
(Mizutani et al., 1998; Lieth et al., 1998; Rung@randle et al., 2000; Barber et al.,
2000; Zhao et al., 2015). Rungg#@randle et al., (2000) suggested that glial ation

is an early feature of retinopathy that follows leakage of the hietadal barrier. In

an animal model of diabetes, overexpression of GFAP was observed three months
after induction of diabetes in rats (Lieth et al., 1998, Runggendle, Barber edl.,

2000, Mizutani et al., 1998). Muller cell activation in diabetes, as in other retinal
injuries, results in release of growth and neurotrophic factors including VEGF
(Eichler et al ., 2000) , PEDF (Eichder et

derived neurotrophic factor (BDNF), and nerve growth factor (NGF) (Ali et al., 2011).
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Much research has focused on VEGF as the main growth factor participating in the
pathogenesis of DR because of its potent angiogenic activity, and its role in the
contrd of vascular permeability and endothelial cell proliferation (Aiello et al., 1994;
Simo et al.,, 2002). VEGF was detected in the vitreous fluids from patients with
diabetic retinopathy (Aiello et al., 1994), proliferative diabetic retinopathy (Shinoda et
a., 2000; Hernandez et al., 2001; Simo et al., 2002) and ischemic occlusion of the
central retinal vein in diabetes (Aiello et al., 1994). In chronic diabetes in rats, VEGF
expression increased in the GCL, INL, and ONL, with an increase in the number of
capillaries and VEGF protein, detected in vascular and perivascular structures
(Hammes et al., 1998). Also, express@VEGF receptors waund to increase in
retinas of diabetic rats (Gilbert et al., 1998). postmortem human eyes of
individuals withdiabetes, those without microvascular leakage, as well as controls,
were negative for VEGF staining (Hofman et al., 2001) while VEGF receptors were
expressed in the presence of leaky microvessels (Witmer et al., 2002). In addition, the
number of VEGFstaired vessels in human diabetic retinas was higher than non
diabetics (Mathews et al., 1997). This may indicate that VEGF expression and release
is linked to vascular changes. Furthermore, Amin et al., (1997) found that VEGF
expression precedes retinal neatdarization inpostmortem human retinas and
optic nerves of humans with diabetes without proliferative retinopathy. Multiple
retinal cells express PEDF to counterbalance the angiogenic effect of VEGF
(Barnstable and Tombrahink, 2004). In patients with DR, decreased levels of PED

in ocular fluids and vitrectomy specimens suggest that the loss of PEDF contributes to
diabetesnduced neovascularization and neuronal loss (Ogata et al., 2002; Barnstable
and TombrasTink, 2004). Dowrregulation of PEDF in DR also contributes to

inflammation and vascular leakage that increases VEGF andU’NFs ecr et i on



retinal Maller cells (Zhang et al., 2006) and oeapression of PEDF inhibits retinal
inflammation and neovascularization (Park et al., 2011). The imbalance between
VEGF and PEDF is piposed to lead to active proliferative DR (Ogata et al., 2002).

In addition to VEGF and PEDBther growth factors or cytokines are also involved in
regulating angiogenesis including PDGF A/B and bFGF (Praidou et al., 2010; Simo et
al.,, 2006). PDGF haselkn implicated in retinal neovascularization in different
pathologies including ageslated macular degeneration and proliferative diabetic
retinopathy (Bo et al., 2014; Cox et al., 2003; Mori et al., 2002; Velez et al., 2012).
The levels of PDGF isoformsAA, -AB, and -BB were elevated in serum and
vitreous of patients with PDR (Praidou et al., 2009) and in a study by Gong et al.,
(2014), serum levels of PDGFA/B and bFGF were increased significantly in diabetic
compared to nowdiabetic rats. Studies hagdownthat acombination of antVEGF

and aniPDGFRBB is more effective than blocking VEGAK alone for the treatment

of ocular neovascularization in experimental mice (Dong et al., 2014; Jo et al., 2006)
and similar results were reported in human trialsvhich ceadministration of ari
VEGF and an aPDGF agent together was very effective for the management of
AMD (Mones et al., 2011).

One of the pathways associated with hyperglycendaced vascular injury is the
production of reactive oxygen spesi(ROS). Several studies have indicated that ROS
formation increases retinal vascular damage, which can be reduced with antioxidants
(Du et al., 2003; Kowluru et al., 2000). The increase in ROS occurs by multiple
pathways including glucose awbxidation; the polyol pathway and increake
advanced glycation end products (AGEs) (Brownlee, 2001 and Brownlee, 2005;
Inoguchi andSonta et al., 2003; Jain, 2006gveral sudieshavefound that oxidative

stress contributed to increased production of VEGF umdetitro conditions and
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thereforeit has been proposed to be involved in upregulation of VEGF expression in

diabetes (Ellis et al., 1998; Ellis et al., 2000; Kurakalk, 1996; Lu et al., 1998) and

several studieslsodemonstrate a role f6tKC activationin this procesgKowluru et

al., 1997; Kowluru et al., 1999; Lee et al., 198 rthermore Siflinger-Birnboim et

al., (1992) found that netoxic concentration of D> increasedpermeability of

cultured endothelial cells by activation of PKC and simfiladings werereported by

Konishi et al., (1997)

Protein kinase C is a group of enzyme members of the serine/threelsitezl protein

kinase family. Ilsoforms U, bl, blIl and o
distributed in various tissues. Theictivity is dependant on &a phosphatidylserine

(PS) and diacylglycerol (DAG) (Geraldes and King, 2010). Another subclass is the
novel PKCs (u, U, d, and d), whi&h are r e
independent. The last subclass is the atyge® Cs (6 and &) I n whic
regulated g PS, but is independent of €aand DAG (Parekh et al., 2000).
Hyperglycemia has been found to activate several PKC isoforms in retinal tissues,
including PKGU ;-0 and U (| dlshii et alel99§ and PKC isaf@risl

have been shown to play a key role in processes such as endothelial dysfunction,

vascular permeability, angiogenesis, cell growth and apoptosis (Geraldes and King,

2010; Newton, 2003).



Figure 7.1 Hyperglycemiainduced activation pathwaythat can lead to productiomf vascular
endothelial growth factor (VEGFRjausing retinal complicatior(see text for detailsPKCIR activation
can be inhibited using inhibitofer exampleLY33531 (Ruboxistaurine)
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Pathways involved in hyperglycemia induced VEGF activation via PKC are
summarized in Figure 7.1Hyperglycemiainduced vascular damage and PKC
activationis proposed t@ccur via increased flux of glucose through the polyol and
hexosamine pathways andtracellular formation of AGEs,llaof which cause an

increase in the glycolytic intermediate dihydroxyacetone phosphate that is responsible

for elevated DAG levelsin the polyol pathway, $uicoseis converted to sorbitaby

the enzyme aldose reductasengNADPH as a cofacto™NADPH is alsorequired to

regenerate reduced glutathionBepletion of NADPH by thepolyol pathway is

proposed as a mechanism of increased intracellular oxidative stress (Lee and Chung,
1999). TheAGEs modify protein functioninteracing with AGE receptors (RAGE)

on vascular endothelial cells, whitdads toROS production (Giacco and Brownlee,

2010; Kowluru and Chan, 2007).

Each of these (DAG, oxidative stress and AGE/RAG&)e been shown to activate

PKC and activation of PKC, in turn, can activaepression of VEGKGeraldes and

King, 2010; Giacco and Brownlee, 20L0Expression of VEGF is responsible for

diabetic retinopathy complications such as macular oedsrmaneovascularization.

Blocking of PKC wuld be a useful strategy to reduce VEGF secretion raayl

improve retinal conditionThe PKGb isoform has been suggested as a specific target

in DR (Aiello, 2002).

PKCb i nhibitors have been used in sever al
role of PKCGb i n DR. For exampl eb itnrheiabtinteonrt Lwyv 3t 7he
reduced NADPH oxidase (Quagliaro et al., 2003). Another BKC i nhi bi t or ,
LY333531 (Ruboxistaurin), reduced VE@kduced vascular permeability and
neovascularization in bovine aortic entldelial cells (Xia et al., 1996). In the retina,

LY333531 also attenuated leukocyte entrapment in the retinal microcirculation
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(Nonaka et al., 2000) and intravitreal administration of LY333531 decreased retinal
PKC-b activation and improved retinal bloofiow (Bursell et al., 1997). Oral
administration of LY333531 has also been shown to reduce Madifed retinal

and optic nerve neovascularization in a pig model of branch retinal vein occlusion
(Danis et al., 1998) and improved retinal blood flow in digbhats (Ishii et al., 1996).

High glucose, oxidative stress and hypoxia all occur in diabetes and have been shown
to induce expression and release of VEGF. Due to the detrimental vascular effects of
VEGF in DR, the use of ar\fEGF therapy may have beiicial effects (Simo and
Hernandez, 2008). Therefore, the aim of the present experimvast® explore the

effect of longterm high glucose tremient on survival, growth fact@xpression and
VEGF release in MIeM1 cells. In addition, high glucose treant was combined

with hypoxia and/orH.O> to induce oxidative stress to examine if they work
synergistically to further induce VEGF release. In the later experiments, abPKC
inhibitor LY333531 was used to examine its ability to reduce VEGF levels.
Experiments were also performed in HORCs to study the effect of high sguaan

thesurvival ofRGCs.
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7.2 Results

High glucose experiments in this chapter were carried out using commercially
available high glucose medium with the highest concentratb 25mM. This
concentration is approximately five times higher than the plogimal glucose levels

of 5.55mM It should be noted that some cells in cultures are routinely grown in high
glucose concentration of 25mM (Russell et al., 1999; Vincent et al., 2005) but as
MIO-M1 cells are routinely cultured in 5.55mM glucose then the higher level of
25mM was considetethe best concentratioto produce a hyperglycemic insult
without causing death.

7.2.1 Effect of High Glucose (HG) on the Cytotoxicity and Viability of Human
Muller Cells (MIO -M1) and RGC Survival in HORCs

As shown in Figure 7R, exposure of MIGM1 cellsto raised glucose levels (10
25mM) for 24hrs did not alter the release of LDH compared to physiological levels of
glucose (5.55 mM). The viability of MIM1 cells (Figure 7.1B) was also
comparable to control indicating that HG treatment at these conwemsrand for

this time period does not affect the survival of M cells.

Exposure of HORCs to HG levels €28BmM) did not cause any elevation of LDH
release (Figure 7.2A). Assessment of RGC numbers in retinal explants exposed to the
highest level ofglucose (25mM) showed a similar number of Nequdsitive cells to
control (5.55mM). This indicates that exposure of HORCs to this level of glucose for
24hrs does not affect the survival of RGCs (Figure 7.2B). Immunohistochemistry

revealed normal structurd e retina treated with high glucose (Figure 7.2C).
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Figure 7.2 (A) Cytotoxicity (total releasable LDHand (B) viability (MTS assay) of
human Mdller cells (MIGM1) after 24hrs exposure to control (5.55mM glucose) or

raised levels of glucose (@5 mM) (mean N s.e.m, * pOO.
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Figure 7.3 (A) Cytotoxicity (total releasable LDH) in HORCater 24hrs exposure

to control (5.55mM glucose) or raised levels of glucose280nM) and(B) NeuN
counting in HORCsfter 24hrs exposure to control and high glucose (25mM) under
normoxia (mean N s.e.m, * p0O0.05; n=4).
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Figure 7.3C: Representative immunofluorescence photomicrographs of NeuN
labelling in HORCs after 24hrs exposure to control or high glucose (25mM). DAPI =
blue, GCL = ganglion cell layer, INL = inner nuclear layer, ONL = outer nuclear layer.
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7.2.2 Effect of HighGlucose (HG) on Genes Expression ikluller cells (MIO -M1)

and HORCs

7.2.2.1 Effect of High Glucose (HG) on the Expression of VEGF mRNA in
Human Miiller cells (MIO -M1) and HORCs

Exposure oMIO-M1 cells to 25mM glucose for 24hrs significantly (*p<0.05, n=4)
increased VEGF mRNA expression byfodd as compared to normal glucose
(5.55mM). Glucose levels of 120mM did not alter VEGF expression (Figure 7.3A).

In HORCs, no significant increases in VEGF mRNA expression were seen in 25mM
glucose compared to conti®.55mM) (Figure 7.3B).

7.2.2.2 Effect of High Glucose (HG) on the Expression of PDGF mRNA in
Human Miiller cells (MIO -M1) and HORCs

In MIO-M1 cells, a similar pattern of change to VEGF was found with PDGF in
which the highest glucose level of 25mM calisesignificant 2.6old (*p<0.05, n=4)
upregulation in PDGF mRNA expression compared to control (Figure 7.4A). No
regulation of PDGF mRNA was seen under high glucose concentrations in HORCs

(Figure 7.4B).
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Figure 7.4 Expression of VEGF mRNA in (A) human Miiller cells (MI@1) and

(B) HORCs after 24hrs exposure to control (5.55mM glucoseprisedlevels of
glucose 10-25mM). Gene expression was normalized to the housekeeping genes
TOPlandCYCl(mean N s. en=4n, *p0O0. 05;
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Figure 7.5 Expression of PDGF mRNA in (A) human Miiller cells (MNIL) and

(B) HORCs after 24hrs exposure to control (5.55mM glucosepised levels of
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7.2.2.3 Effect of High Glucose (HG) on the Expression of bFGF and PEDF
MRNA in Human Mdller C ells (MIO-M1)

The expression of bFGF mRNA showed a treswdards an increase at 25mM glucose
but a decrease at-®mMM, however, no changes were found to be significant (Figure
7.5A). In addition, the expression of the aatigiogenic factor, PEDF, did not change
under raised glucose concentration-gBinM) conpared to control (Figure 7.5B).
7.2.2.4 Effect of High Glucose (HG) on the Expression of Glutamine Synthetase
(GLUL) and Glutamate Transporter (SCL1A3 mRNA in Human Miller Cells
(MIO -M1) and HORCs

Expression of glutamine synthetaseLUL) mRNA in MIO-M1 cells showed no
significant changes with increasing levels of glucose (Figure 7.6AJJL and
GLAST (SCL1A3)expression in HORCshowed trend towards increasing, but no

significant changes were found (Figure 7.6B&C).
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7.2.3Effect of HG on the Release of VEGKFrom Human Miiller Cells (MIO -M1)

and HORCs

VEGEF is the main growth factor involved in the pathology of diabetic retinopathy
therefore levels of VEGF protein were measured using ELISA in both-Mi@ells

and HORCs treatewith high glucose.

In MIO-M1 cells, the release of VEGF was studied over a period of 72hrs both under
normal glucose (5.55mM) as a control and high glucose (25mM) conditions. A
significant increase in VEGEp<0.05, n=4) of approximately 2-®Id was sen with

HG after 72hrs compared to its contriml. HORCSs, the levels were measured only at
24hrs. They showed concentration dependant increase in VEGF release. A significant
increase(*p<0.05, n=4) of approximately 4fld was seen with 20mM glucose

(Figure 7.7B).

215



(]
o
]

(A)

60+

N
(@)
[

VEGF Concentration (pg/mL)
3

o

=

a

o
[]

(B)

100+

a1
o
[1

VEGF Concentration (pg/mL)
o
L

Gluc os e conc entration m mol/L

Il Control (5.55mM)
High Glucose (25mM)

HORCS

24hrs

Figure 7.8 Release of VEGF from (A) human Mdller cells (MIM@1) after 24, 48,
and 72hrs exposure tontrol low glucos€5.55mM) andhigh glucosg25mM) and
(B) HORCs after 24hrs exposure to control low glucose (5.55mMYyaisdd levels

of glucose (1@5 mM)(me a n

\

s. e. m,

214

*pO0.05; n=4



7.2.4 Effect of Oxygen Deprivation on VEGF Releaséiuman Miuller Cells

(MIO -M1) Under Normal and High Glucose Condtion.

In DR, raised glucose is often combined with decreased oxygen. The effects of
hypoxia and high glucose were therefore investigated on VEGF secretion from
MIO-M1 cells.

Significant stimulation of VEGF release was found under full hypoxiaoth bow
(5.55mM) and high glucose (25mNfp<0.05, n=4) at all time points (Figure 7.8)n

the first 24hrs, VEGF level was 67.1+20.7pg/ml under hyptowa glucose
compared to 148.5+41.9 pg/ml with the combination of hypoxia high glucose
although this dference was not significant. The levels of VEGF release with

hypoxia and hypoxia/HG continued to increase up to 72hrs, but no synergism was

apparent.
1 600-
£ x [l Control (5.55mM/20%0,)
(@) *
2 HG (25mM/20%0,)
S 400+ Hypoxia (5.55mM/ 0%0,)
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Figure 7.9 Release of VEGF byiuman Miiller cells (MIGM1) after 24, 48, and
72hrs exposurt (A) 5.55mMglucose an(B) high glucose (25mM) under normoxia
(20%Q) and full hypoxia (0%@) and (C) combination of botfmean + s.e.m, *

pO0. 05; n=4). Comparison made to respecti v
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7.2.5 Effect of Hydrogen Peroxide (HO2) on the Cytotoxicity and Viability of

Human Miiller Cells (MIO -M1) Under Normal and High Glucose

The mechanism of VEGF upregulation in high glucose has been proposed to be via
generation of ROS. The effects of oxidative stress on VEGF release was therefore of
interest. Initial experiments assessed the survival of MIDcells in BO; at 24rsin

order to determine a concentration that caused oxidative stress without causing cell
death.

Treatment of MIGM1 cells with BO2 (10Ce M 1mM) at control (5.55mM) glucose
levels caused no change in LDH release (Figure 7.9A) or viability (Figure 7.9B) at
24hrs. Increase in LDH release and reduction in viability was seen with I25aM
(Figure 7.10A). Interestingly, MI@1 cells under high glucose (25mM) were more
sensitive to th oxidative stress induced bigO>. Under those condition$0C Mand

1mM HO> showed elevated levels of LDH (Figure 7.10A) and significant loss of
viability (Figure 7.10B) at the 24hrs time point.

From these experiments, lower doses gbH{50 and 10&@ M) f or 24 hr s wer e

and to induce oxidative stress without loss of viabditgither level of glucose.
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7.2.6Effect of Hydrogen Peroxide (HO2) and Glucose on VEGF Release Under
Normoxic Condition in Human Mdiller cells (MIO -M1)

Exposure of MIGML1 cells to HO>(50 and 10& M) f or 24hr s showed
trend in VEGF secretion both under nornfal55mM) and HG (25mM) conditions

but no significant increases were seen at this time feigare 7.11).
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Figure 7.12: Release of VEGF byhuman Miller cells (MIGVI1) after 24hrs
exposure to low glucose (5.55mM glucose/23@&nd high glucos€5mM/20%Q)
either alone om combinat on wi t h 5 0H>®4, under naknfoRigmigan +
s.e.m, * pO0.05; n=4, t.test).
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7.2.7 Effect of Hydrogen Peroxide (HO2) and Glucose on VEGF Release Under
Hypoxic Condition in Human Mdller cells (MIO -M1)

Exposure of MIGML1 cells to hypoxia undarormal glucose and HG increased VEGF
secretion compared to normoxia (Figure 7.12). The highest levet@f(H 0 0 ¥ M
significantly increased(*p<0.05, n=4) VEGF secretionfrom a control level of
8.17% 3.00pg/mlto 99.3+£25.43pg/ml underhypoxic conditiors (Figure 7.12A). HG
conditiors, hypoxia and oxidativestresssignificantly increased(*p<0.05, n=4)the
VEGF secretiorwith low doseH>02 (50 € Mrom a control level of 20.52+5.35 pg/ml
to 84.9+24.5pg/ml and to 74.5+£8.34 pg/miith the highestlevel of HO>(1 0 0 g M
The higher concentration ofH-O> did not appear toincrease VEGF secretion
compared tahe lower concentratior(Figure 7.12B).Hypoxia and oxidative stress
(1 0 0 eHYDy) significantly increasedVEGF secretion from 34.35+ 6.38 pg/ml

compared to 74.5% 8.34 pg/mith high glucose and oxidative stress, alone.
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Figure 7.13 Release of VEGF byhuman Miller cells (MIGVI1) after 24hrs
exposure to (A) low glucose (5.55mM) and (B) high glug@&nM) under normoxia
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7.2.8 Effect of PKC-b | nhilly338581) on(VEGF Release Under High
Glucose Condition in Human Miller Cells (MIO-M1)

Initially, MIO-M1 cells were treated witRKC-b i n h LYB3333D) in a (ange of
100nM-1 ¢ Minder controllow glucoseconditions Viability and cytotoxicitytests

were carried out fothese experimentsAs shown in Figure 7.13A, the LDH level
was similar to control with all concentrations of LY333531. The viability of NMOD

cells was not affected with any of the concentrations used (Figure 7.13B). Therefore,
t he highest adower eoncentratidm)(50GnM)dvere chosen for the next
experiments.

Treatment of MIGM1 cells under control conditions with LY333531 showed a dose
dependent trend of reduced VEGF secretion from the initial level o33 $g/ml to
2.96+1.73 pg/ml wh 500nM and 1.280 . 44 p g/ mLY33@531ah24htss M
(Figure 7.14A). However, no reduction in VEGF secretion was significaimder

high glucose conditions (25mM), no significant changes were seen with either

concentration or at any time pofffigure7.14B).

22z



150-

(A)

100+

(% of Control)
gl
o
[

Total releasable LDH

LY 333531 concentration (nM)

150

(B)

100+

50+

Viability (%of control)

Q

LY 333531 concentration (nM)

Figure 7.14 Ef f ec t of t h eLY3B3ISIDbon then durvival afhanran  (
Muller cells (MIO-M1) under control conditiongA) Cytotoxicity (total releasable

LDH) and (B) Viability (MTS assay) after 24hfsmean N s. e. m, * p OO.

22¢

05;



3 30~
(A) E .
5_: [l Control (5.55mM/20%0,)
S Ho- 'I' Control+500nM LY333531
b= ‘I’ I Control+1nM LY333531
IS
()
S 10-
o
o
LL
) T
S o
& & &
’l,b‘ b(‘b\(\ AV
80=
(B) Il HG (25mM/20%0,)

HG+500 nM LY333531
HG+1nM LY333531

D
o
1

VEGF Concentration (pg/mL)
N 5
T T

(@)
L

Figure 7.15 Release of VEGF bjiuman Miuller cells (MIGM1) after 24, 48, and
72hrs exposure to (A) 5.55mMglucose/20%@Dd (B) 25mMglucose/20%©either
aloneori n combination WKCb b 0B/B353D) gnmedné:M
s.e.m, * p0O0.05; n=4).

224



7.2.9Effect of PKC-b | n h iL¥3B3531)on VEGF Release Under Hypoxia in

Human Miiller Cells (MIO-M1)

Exposure of MIGM1 cellstoL Y3 33531 (500nM and 1g M) di d
secretion as a result of fullypoxia (0%Q) at 24hrs (Figure 7.15A). At 48 and 72hrs

there were trends towards a dapendant decrease in VEGF secretion as a result of

PKCb i nhibition, Uctioh weredounsl.iUgderiHG iand dypdxia,ra e d
significant reduction in VEGF was obtained withe M LY 333531 at 24hrs
7.15B). A dose dependent decrease could be seen at later time points, but these were

not found to be significant

7.2.10 Effect of Hydrogen Peroxide (HO2) and Hypoxia with and without PKC-b

Inhibitor (LY333531) on VEGF Release in Human Mdiller Cells (MIGM1)

Under control conditions, treating M1 cells with HO,and E M LY 333531 di d
not reduce the VEGF levels (Figure 7.16A). Actuadly,increase in VEGF secretion

was appar e nH0Oaithough this Was Mt found to be significabinder

conditions of high glucose, no effect of PKC inhibition was seen in the presence of

H20- (Figure 7.16B) Likewise, with hypoxia and HG in the ggence of kD2 no

significant inhibition was seeffrigure 7.17).
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7.3 Discussion

Diabetic retinopathy (DR) is a common complication of diabetes and a leading cause
of blindness (Aiello et al., 1998)t is worth mentioning that diabetes is a metabolic
disease, and its complicatioase developed over years. It is difficult to simulate and
match all the clinical course of D&sing experimental modelsit wsing cell culture
modelscan beuseful to study the cellular mechanisms underlying diabetic retinopathy
(Matteucci et al., 2004 Proteomics studies on vitreohsmoursamples from patients

with diabetic retinopathy identified many proteins responsible for biological processes
and could be considered clinical biomarkers (Kim et al., 2007). These prateins
responsible for biologicabr pathological functions including but not limited to: cell
growth and transport, metabolism and, immune response (Kim et al., 2007). It is also
important to note that hyperglycemia accelerates different pathological pathways such
as advanced glycatiomeé products (AGEs), which formed by the pemzymatic
reaction of glucose and other glycating compounds derived both from glucose and
from fatty acids (Giacco and Brownlee, 2010; Kowluru and Chan, 2007). Production
of AGEs increases oxidative stress argtudbs protein function through modifying of

the extracellular matrix component and causes the interaction between the modified
proteins and AGE receptors (RAGE), which induced ROS production and mediate
deleterious effects of hyperglycemia (Giacco andaBilee, 2010; Kowluru and Chan,
2007). Most knowledge about the pathophysiology and therapeutic strategies were
derived fromin vivo experimental models of DR (Matteucci et al., 2014). However,
retinal culture can have a significant contribution to the tstdeding of mechanisms

of toxicity and treatment (Matteucci et al., 2014). Mdller cells are the first responders
in retinal diseases including diabetic retinopathy (Barber et al., 2000; Barber et al.,

2003). In addition to vascular abnormalities, attoraof Muller cells occurs in DR



and both lead to increased VEGF expression and exacerbation of the condition
(Barber et al., 2003Dxidative stresslsoplays an important rolsm exacerbating the
condition (Kowluru and Chan, 2007). In the present sttldy human Muller cell line
MIO-M1 and HORCs were used to investigate cell survival under conditions of high
glucose and also expression changes in key genes. In additioAMMI€2lls were

used to determine the influence of glucose, hypoxia and oxidsttiges on VEGF
release andtheroleof PRC i n t he process was investigat
7.3.1 Effect of High Glucose on the Cytotoxicity ash Viability Human Mduller

Cells (MIO -M1) and RGCsSurvival in HORCs

In the present study, elevated glucose levels2@@M) for 24hrs did not affect
viability or increase LDH levels in MI1 cells compared tthe culture at normal
glucose levels (5.55mM). Shin et al., (2014) reported similar results in mouse retinal
astraecytes, where exposure to high glucose (40mM) had no effect on apoptosis of
retinal astrocytes, although it did enhance their proliferation. On the other hand,
several studies have reported reduced viability with equal or higher level of glucose in
differert Muller cell lines. For example, exposure of transformed rat retinal Muller
cells (the rMG1 cell line) to high glucose (25mMgsulted in decreased viability with

a 1.5fold increase apoptotic cells compared to control (Du et al., 2@08hding
confirmed by other investigators (Muto et al. 20T4ueblood et al., 2031 Other
researchers have used a higher level of glucose (Han et al., 2015) showing that the
exposure of primary rat Muller cells to 55mM glucose resulteal56% reduction in
viability with significantincreases in.DH releasecompared to the control (25mM).
Another study by Zhao et al., (2015), in which exposure of primary rat Muller cells to
high glucose (1%5mM) for 24, 48, and 72hrsevealed that exposure to 35mM for

48hrs causedan approximate 40% reduction in viability. It is possible that
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transformed oprimary ratMdller cellsrespond to high glucose stress differently than
human Miuller cells Also if MIO-M1 cells were exposed to a higher glucose
concentration of more than 25mbell death may occur. However, whether these
levels would be considered to be relevant to levels seen in diabetes would have to be
considered. Exposure of HORCs to high glucose for 24hrs did not cause any death as
evidence by a comparable I¢w¢ LDH release and RGC number

Other researchers have found that hyperglycendaced apoptosis in neuronal and
Muller cells in rat and humartinas as well as Muller celkctivation (Hammes et al.,
1995; Kerrigan et al., 1997). Furthermore, GFAP staining predaalbong the entire
length of the Miller cell processes in retinas obtained fpmstmortem diabetic
patients as well as streptozotoanduced diabetic rats (Mizutani et al., 1998; Zeng et
al., 2000). Reduction in the Neubdbsitive retirml ganglion cellswith increasesn
TUNEL staining wasalsoobserved in streptozotocfiabetic rats (Barber et al., 1998;
Zeng et al., 2000) and human diabetes (Barber et al., 1998). A significant reduction
in Brn3a has been found after three months of inducing diabetess (Zhao et al.,
2015). In patients with DR, a thinning of the RGC layer was found with type
diabetes indicating an early neurodegenerative effect of high glucose on the retina
(van Dijk et al., 2010). In the current study, high glucose stress iIRG$Owas
induced overa very short time o24hrs. This may not be enough to induce death
compared to animal studielslore sensitive measures may be required to see initial
changes using the human retinal culture.

7.3.2 Effect of High Glucose on the Expregs of Growth Factors in Human

Muller Cells (MIO -M1) and HORCs

Muller cells are considered one of the major sources of VEGF in the retina (Bandello

et al., 2013; Reichenbach and Bringmann, 2013; Wang et al., 2010). As mentioned

231



earlier, several studies hmghown increased expression of VEGF mRNA and protein
under the condition of HG (Bai et al., 2009; Dong et al., 2014; Hofman et al., 2001,
Ke et al.,, 2012; Mu et al., 2009). Expression of VEGF mRNA and release by rat
Muller cells increased after exposure HG (20mM) (Ke et al., 2012). Others
reported that HG (25mM) causes VEGF secretion with a peak at 24hrs (Ye et al.,
2012). In primary cultures of rat Miuller cells exposed to HG (30mM), VEGF
secretion increased at 48 and 72hrs compared to control (5.5&haMy et al., 2012).
Similarly, expressionof HEL U and VEGF mRNA in cultured
increased féer 24hrs exposure to 30mM H@i et al., 2012). In the present study, a
significant 4fold increaseof VEGF mRNA in MIO-M1 cellswas obtaned under the
highest glucose level of (25mM). Current results also showed that VEGF expression
was increased in MI1 cells under HG with no evidence of death or damage in
contrast to other studies that reported high glucodeced cell death. Findingsy
Sueishi et al., (1996) also showed that VEGF was expressed by RGCs under hypoxia
and diabetic condition in rats anldas been found that vitreous VEGF level is
significantly higher in patients with PDR compared to Hdaabetic patients (Ambati

et al., 197).In HORCs, expression of VEGF mRNA was upregulated by increasing
the glucose levels and was foumadl be significantly elevated at 20mMErom
literature searchedis appears to be therst time that glucosdas been shown to
regulate VEGF secretion the human retina.

In addition to changeis VEGF, MIO-M1 cells exposed to HG for 24hrs, showeeal
increase in expression of PDAFmRNA by 2.6fold, highlighting the involvement

of PDGF in Miuller cells response in diabetic injury. No alteration in PDGF
expression was found under HG treatment in HORCs. Other studies have reported

that cultured humarvascular endothelial cells increase production of PDGF in
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response to high glucose (Mizutani et al., 1992; Mizutani et al., 1995; Okuda et al.,
1996). Elevated PDGF levels have also been found retinas from diabetic patients
(Gong et al., 2014; Praidou &k, 2009). This is the first time that changes in PDGF
have been investigated in Muller cells. It may be therefore that the use-&CaBE

in combination with antVEGF could exert a beneficial effect for the management of
DR (Dong et al., 2014; Jo €t,e2006).

In addition anttangiogenic factors should be considereue Tevels of VEGF mRNA

and protein increased, and the levels of PEDF mRNA and protein decreased in rat
Muller cells cultured under HG (¥BOmM). This suggests that the balance of these
factors is disturbed under hyperglycemia that may contribute to neovascularization
(Mu et al., 2009; Xie et al., 2012). In addition, gliotic Muller cells from diabetic
patients displayed decreased PEDF immuacireity (Lange et al., 2008). However,

this reciprocal regulation between VEGF and PEDF in high glucose was nobgeen
Zhang et al., (2006) using rat retinal Muller cells. Current results show that no
alteration to the expression of PEDF was found MO cells under HG conditions.

The expressionfdFGF under HG (25mM) in cultured MI®I1 cellswas found to
follow a similar pattern to VEGF and PDGF in this study. Current results support the
view that VEGF,PDGF, and bFGF produced by human Miuller cells might be
involved in the development and the giression of diabetic retinopathy.

7.3.3 Effect of High Glucose on Expression of Glutamat®arkers in Human

Muller Cells (MIO -M1) and HORCs

In vitro andin vivo studies indicated that glial dysfunction occurs in DR, and the
activity of GS and glutamate transporters is reduced. Shen and Xu, (2009) suggested
thatanincreaseintl b i n r at dedveadetheaxpresseoh df &S under HG

condition. In Miillercells isolated from diabetic rats, GLAST activity was reduced,
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and this decrease was attributed to hyperglycendaced oxidative stress (Li and
Puro, 2002). Furthermore, in rat Muller cells cultured under HG (25mM), GLAST
expression decreased signifidgnsuggesting a consequent reduction in glutamate
uptake (Xie et al., 2012). Lieth et al., (1998, 2000) reported G&activity was
reduced in diabetic rat retinas with increased in GFAP expression and glutamate
levels indicating that glutamate metaboliss impaired in activated Mduller cells in
diabetes. Moreover, in a study by Ambati et al., (1997), the vitreous concentration of
glutamate was higher in patients with PDR than-diabetic patients. Data presented
here showed that the expression of glutemsynthetaseGLUL) did not change in
MIO-M1 cellsunder HG treatment. In HORCs, the expressioGbtJL and GLAST
(SLC1A3 tended to increase under 25mM glucose compared to control HORC
cultured under physiological glucose level (5.55mM). Although tlas not found to

be significant, it would be interesting to investigate the expression of theseagenes
differenttime periods in HORCs as maximal changes may not occure at 24hrs.

7.3.4 Effect of High Glucose, Oxidative Stress and Hypoxia on the Releade o
VEGF in Human Mdller cells (MIO -M1)

Initial experiments suggested that MNIL cells released VEGF under hyperglycemic
conditions. As hypoxia also occurs in the advadnstage of diabetic retinopathy
(DR) (Arden and Sivaprasad, 2011; Hamanaka et &01)2MI10-M1 cells were also
exposed to hypoxic conditions, which is a known potent stimulant of VEGF
expression and release. Data showed that full oxygen deprivation2)08%Gngly
influenced the release of VEGF both under physiological and high glucose
concentrations in the MIDA1 cells. Aiello et al., (1995) showed similar results with
retinal pigment epithelial cells, pericytes, and microvascular endothelial cells in

which hypoxia (0% to 5%.), caused an increageVEGF expression.
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In a study byHirata et al., (1997), human retinal Muller cells cultured in HG
condition (17.5mM) followed by exposure to advanced glycation end pO@RGE)

for 12hrs increased expression of VEGF mRNA and protein. Introducing another
important factor in diabetes, aktive stress, VEGF release was found higher under
normal glucose at 24hrs than with HG, and it does not seem that oxidative stress and
HG work synergistically to induce VEGF release. Several studies have shown that
high glucose conditions alone can ingeahe production of ROS in glial cells.
Furthermore, high glucose conditions had a significant impact on production of ROS
and production of inflammatory mediators in cultured mouse astrocytes (Shin et al.,
2014). High glucose treatment (30mM) depletazicellular glutathione content of rat
Muller cells by 60% after 48hrs (Jiang et al., 2018)diabetic rat retinas and rMC

cells exposed to elevated glucose concentrations (25mM), superoxide production was
significant increased (Du et al.,, 2003). Inddaidn, MIO-M1 cells cultured with
chronically HG concentrations (17.5mM) demonstrated an increaksleOn levels
compared to those cultured in normal glucose (5.55mM) tiondi(Giordano et al.,
2015). Th e PKCD i nhi bitor r u b o sinddytmaleimide n (LY33
compound, which shows selectivity for PKCD
classes when administered in the nM range (Ishii et al., 1996; Jirousek et al. AL996).
study by Cha et al., (2000) found that a protein kinase C inhibtdphostinC-
inhibited glucosenduced increases in VEGF production in cultured in rat mesangial
cells.In an attempt to block the stimulatory effect of glucose on VEGF release, PKC
b-specific inhibitor LY-333531 was used in two doses in MU cells exposedo
conditions associated with DR. In the present study, the inhibitory effect of
LY333531 on VEGF release was tested under conditions of HG, oxidative stress, and

hypoxia. Resultsuggest thatY -33353%induceda trend towardseduction in VEGF
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obtained ader normal glucose (5.55mM) ihefirst 48hrs, which was not seen under
HG (25mM).

In addition, current data showed that high doseof3Al§ 3531 (1e¢ M) was
reducing hypoxianduced VEGF release both under normal and high glucose levels.
A significant reduction was found in the first 24hrs under high glucose condhtibn

not at 48 and 72hr#\s the cells were treated once at the beginning of the experiments
it is possible that the treated cells metabolize the drug, or it is broken dowvoeldd

be less effective at later time points. These results can be compared tiwodose
primary cultured RPEwhich showedhat VEGF expression and release under HG
and hypoxia is PK&lependenfYoung et al., 2005). In this case iahibitor of PKG
deltawasused to reduc¥ EGF secretions under the examined condition (Young et al.,
2005).

Considering the role of oxidative strestudies have found that both factors increase
VEGF expressionExposure ofat mesangial cells to HG (25mM) for 48hrs increased
oxidative stress and VEGF mRNA and protein, an effect that was suppressed by LY
333531 (Xia et al., 2007)Treatmentof human RPE and rat glioblastomaHeO.
(400¢ M) a4dnduced theexpressamt VEGF mRNA and increased protein
production (Kuroki et al., 1996)In vivo hypoxia in rats increased oxidative stress
and VEGF protein expression (Sasaki et al., 2000}he current experiments, no
significant inhibition was seen when investigating ttole of PKC3 with HG and
oxidative stressThe attempto block VEGF release from MIM1 cells under the
condition of hypoxia and oxidative stress with 4383531remained inconclusivet

would be particularly interesting to investigate whether PKC itibib could block

high glucosenduced VEGF secretion in HORC model.
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Chapter 8

General Discussion

The aim of the present study was to investigate the effect of potential stressors in
glaucoma, specifically oxygen and glucose deprivati®B[D; simulated ischemia) on

the survival, proliferation and response of Miller cells, the major glial cell in the
retina. This aim was achieved using the human Mdller cell line (MK). These

cells express markers of mature Muller cells, including cellularaieiehydebinding

protein (CRALBP), glutamine synthetase, vimentin and epidermal growth factor
receptor (EGHR) and, therefore, represent a good model to study Mduller cell
response to pathological stimuli (Limb et al., 2002). Furthermore, simulatedhische
and its effects on the survival of RGCs and gene expression were also investigated in
the human retina, using the HORCs model. The model of organotypic culture enables
to study the effect of different stressors on the retina such as OGD and couldsserve

a link betweernin vitro andin vivo models (Niyadurupola et al., 2011; Osborne et al.,
2015). A summary of the major findings presented in this thesis is given in Figure 8.1.
As discussed earlier, ischemia is part of the pathophysiology of glaucamaaan

occur due to a reduction in blood flow as a consequence of the increase in I0OP
(Osborne et al., 1999) or vascular dysregulation (Ghanem et al., 2011). The model of
simulated ischemia used in vitro studies is based on the complete removal of
oxygen from the glucosdree medium and growing the culture & nitrogen
atmosphere causing complete OGD. From a clinical standpoint, this is not a good
correlation tain vivoischemia, as the extent of blood flow reduction may be variable

and may not readiefull deprivation.



Figure 8.1 Summary of the effect of oxygen and glucose deprivation on RGC and Miiller cell
survival and gene expressidfor details about changes in gene expression under each congfiion
to Table4.1 and 5.1
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Full deprivation causes very fast damage while graded levels of deprivation give more
insight to how cells behave underests without losing viabilityGradedlevels of
oxygen and glucose deprivation gave detailed information about the survival ef MIO
M1 cellsand showed how they are resistance to these insults. A key finding of this
research was that Miiller cells (MiR1) respond to a degree of oxygen and glucose
deprivation (1.11mMglucose/4%D and glucose deprivation (1.11mM) by
proliferation. It is now welldocumented that glial cells proliferate in response to
injury (Bianchi et al., 2015; Cho et al., 2015; Fan et al., 2013; Hollborn et al., 2004;
Mascarelli et al., 1991; Moon et al., 2009; Romo et al., 2011). Their specialized
energy metabolism, which dep#s up to 880% on anaerobic glycolysis, contributed

to their survival in anoxia and ischemia (Poitfgmate et al., 1995; Tsacopoulos et
al., 1998; Winkler et al., 2000). Studies have found that the utilization of Muller cells
of lactate, pyruvate, glutaine or glutamate to generate energy by the tricarboxylic
acid cycle increasing their survival in the absence of glucose (Winkler et al., 2000).
However, the later amino acids did not support survival in the current experiments
under full OGD.

The resultsn this thesis support that glucose is of key importance for-MIOcells

and they can withstand oxygen but not glucose deprivation. In the retina, low glucose
supply as a result of an ischemic event or intense activity causes Mdller cells to shift
into anaerobic metabolism to provide the monocarboxylates such as lactate and
pyruvate to photoreceptors and neurons (Winkler et al., 2000; Winkler et al., 2003).
This process has also been proposed to occur in the brain and is called-lattiftty
neuron lacite shuttle hypothesis (ANLSH) and occurs in rat C6 glioma cells and
astrocytes (Bouzier et al., 1998; Bouzg&ore et al., 2003; Genc et al., 2011; Pellerin,

2003). Frenzel et al., (2005) showed that rabbit Muller cells incubated in 0.555mM
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glucose maintaed similar ATP levels to control (11mM) and survived oxidative
stress induced by NO. It has been found that the presence of pyruvate or other
monocarboxylates can protect Mduller cells when cultured in deprived glucose
conditions. This protection is absiied in the complete absence of glucose (Frenzel et
al., 2005). This is supported by the findings presented in this thesis wherMIO
cells survived different levels of deprivation, but not full glucose deprivation. It is of
particular interest to findhat glucose is the main factor for MI@1 cells survival

rather than oxygen. Others have reported that oxygen deprivation causes glial cell
death (Bondarenko and Chesler, 2001; Callahan et al., 1990; Kelleher et al., 1993;
Tan et al.,, 2015; Yan et al.,, ZB0Yu et al.,, 1989). In this research, it has been
reported that MIGM1 cells survive hypoxia (0 and 4%) for up to 72hrs with no
evidence of death.

In the present research, exposure of MAQ cellsto 2% and 4%@caused significant

cell proliferation cormpared to the atmospheriomrol level although most gene
expression including VEGF did not alter under reduced oxygen level {}¥%60st
changes were obtained with full hypoxia (09hGDther researchers have also found
that low Q concentrations [{5%0;) stimulate cell proliferation in different cell lines
(Cipolleschi et al., 2000; Guzy and Schumacher, 2006; Hermitte et al., 2006; lvanovic
et al., 2000; Jiang et al., 1996). These low oxygen concentrations are thought to be
enough to produce energy byitachondrial respiration allowing cell proliferation
while full oxygen deprivation or anoxia would permit the shift into anaerobic
glycolysis to maintain the energy level without allowing cell proliferation (Guzy and
Schumacher, 2006; Ivanovic, 2009; Jiaal., 1996). However, this is not the case
with Muller cells, as they are known to prefer anaerobic glycolysis to obtain energy

even in the presence of glucose and oxygen, and they are characterized by a very low

24C



rate of oxygen consumption (Winkler dt,2000). It has been found thiée oxygen
concentration in the retina varies from 1 to 5% (Buerk et al., 1993; Yu and Cringle,
2005). This | evel of oxygen refers to fAphy
during development and is well tolerateyl the tissudeingsufficient for the namd
function and does not induemy pathologic events (Chduing et al., 1995; Guzy and
Schumacher 2006). It has been argued that the atmosphetmnCentration is too
elevated for the cells of most tissues,d aexperimental conditions should be
compared to physiological hypoxia, and the atmospheric oxygen culture condition
should be considered as hyperoxia (Ilvanovic et al., 2009). Most research data is
derived from experiments at 2Z01%Q including the experinm@s presented in this
thesis but certainly it is an important point to consider. There are many technical
difficulties, which prevented experiments under physiological hypoxia including the
availability of hoods and incubators set at that level of oxygamait is also
important to consider that the cells were previously exposed to levels 120

during isolation, gswing, and splitting stages makitigs the control level they were
exposed to, and, therefore, any level below that would be consaerggoxia.

To further understand if cell piiferation under 1.11mM glucose art® oxygen

could cause expression of survival factors, important neuroprotective angiogenic
growth factors, and excitotoxicity (glutamate and ATP) related genes were
investicated. Changes in gene expression were seen. Before discussing tthese i
worth considering thathe increase in expression in mMRNA may be dueitoer
enhanced mRNA stabilitgr de novo transcription. As the level of mMRNA within a

cell depends on both sthesis and decay rategth can regulate the levels of cellular
messenger RNA transcripts and, therefore, affect the expression of specific genes

such as cytokines and growth factdrderestingly, he regulation of mMRNA stability
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is found to occur in th pathways whereby tissues and organs respond to stresses
including starvation, infection and inflammation (Ross, 199B)om the current
experiments it is not possible to determine whether changes in synthesis or turn over
were responsible for changeseixpression that were seen.

Significant upregulation of VEGF mRNAvas foundwith complete deprivation of
oxygen and/or glucose. Although the VEGF mRMAs not significantly elevatd

under reduced levels (1.11ngMicose/4%0@), evidence of VEGF protein seamt by
MIO-M1 cells was found for up to 72hrs. Studies have indicated that VEGF
expression and release play an important role in ischemic injury in neovascular
glaucoma (Chalam et al., 2014; Lim et al., 2009; Pe'er et al., 1998; Tripathi et al.,
1998). ‘herefore, the use of arWMEGF treatments could be used in future
experiments to test their effect on cell survival and preventing isckiaduaed
damage. The intracellular signaling pathways of different growth factors were not
investigated in the currérstudy, but it is important to discuss possible pathways.
Studies have shown that ERK1/2, the p38 kinase family, and-jlo@ dNterminal
kinase (JNK) family are the major mitogastivated protein kinases (MAPKS)
involved in the proliferation and stimutay effects of growth factors and cytokines
(Hollborn et al., 2004; Milenkoviet al., 2003). Activation of MAP kinases occurs in
the cytoplasm and causes translocation into the nucleus (Roskoski et a., 2012).
Activation of ERK1/2 and -¢-os in Miiller cels are important mechanisms, which
rescue retinal neurons from cell dea®eifg et al., 1998; Rohrer et al., 1999; Akiyama

et al., 2002; Nakazawa et al., 200B).the current research, the expression of PDGF
did not change with reduced levels of oxygem ajlucose butwvere significantly
reduced with full OGD. It is less likely that PDGF is involved in M@ cells

proliferation in contrast téhe findings ofMoon et al., (2009) that PDG$timulated
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Mdller cell proliferation through JNK and Akt signalingtpaays. Also, it wasfound

that bFGF is significantly increased in full glucose deprivation while reduced with
1.12mM glucose. Studies found the neuroprotective effects of BBGIEcur via
activation of ERK1/2 and-Eos inMidller cell (Walhin et al., 200, Walhin et al.,

200])). Current data showed that the expression of PEDF was significantly reduced
with full OGD and hypoxia. The beneficial effect on neuronal survival by PEDF has
been proposed through different pathways including p38 MAP kinase (Clan et
2006), ERK1/-2 MAP kinase (Sanchez et al., 2012), stas$vated phosph&inase

(JNK) (Konson et al.,, 2011), and phosphatidylinositekirBase/Akt signaling
cascades (Haribalaganesh et al., 20E0pm the discussiomabove it is clear that

there is significant overlap of the intracellular signaling cascades activated in response
to different growth factors. These pathways may play a role in-MiOcells
response to hypoxia and/or glucose deprivation, which needs to benidetd in

future experimentsimportantly, the present research has found that human Mduller
cells may release cytotoxic factors under a stressful condition such as glucose
deprivation, which may kill RGCs rather than protect them. As MID cells
survivedfor 24hrs under conditions of 1.11mM glucose and, indeed proliferate, it was
assumed that the cells were releasing survival factors. Culturing retinal explants on a
monolayer of MIGM1 cells caused increased damage to HORCs even under control
condition. The molecular mechanisms by which glial cells modulate naliceath

have not been investigated in the current study and remain to be determined in future
experiments. Many investigators have reported that activation of glial cells causes
production of neuotoxic molecules such as nitric oxide, ROS, TMF an-d | L
(Cotinet et al., 1997; Fuchs et al., 2005; Kawasaki et al., 2000; Yoshida et al., 2004).

Therefore, It would be interesting to analyze the conditioned medium fromNIIO
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cells for released cytotox molecules or cytokines to try to determitiee factors
responsible for the observed damalgerestingly Xie et al., (2004) found that €o
culture of glial cell (astrocytes and microglia) caused neuronal death possibly via
increased upregulation of IN® and IL1 with activation of MAPK signaling
pathways Inhibition of p38 and JNK partially protected neurons from-giduced

death In activated Muller cells (MIeM1), IL-6, IL-8 production is mediated through
thep38 MAPK pathway (Liu et al, 2014; Liut al, 2015). Theref@ it is essential to
investigate the contribution of these pathways to glial activation and subsequent
neuronal death as modulation of these responses may help in the development of
therapeutic interventions.

To simulate glaucomatauretinal ganglion cell (RGC) degenerationvitro, oxygen
and/or glucose deprivation watso investigated usinipe hunan organotypic retinal
culture (HORGQ model. In HORCs, graded levels of glucose provided a useful
indicator of how glucose can caudeath to retinal cells. The greater the deprivation,
the more TUNELpositive cells were absent in different retinal layers. Oxygen
glucose deprivation (OGD) was capable of redudliegN and significantly increases
TUNEL-positive RGCs. It is interesting tind that oxygen deprivation alone was
unable to increase LDH levels or cause significant loss of RGCs in the HORC model.
Depletion of ATP stores due to the absence of glucose and oxygen causes energy
failure and initiation ofdisruption of the ionic batee andchanges in levels of
neurotrasmitter as well as metabolit¢kipton, 1999). Excitotoxic damage induced

by excess glutamate is proposed to play a central role in ischemic retinal death
(Lipton, 1999). Glucose deprivation under normoxic conditionsreased the
susceptibility of cerebral neuron neurons to low glutamate concentration (Kimura et

al., 1999; Nishizawa, 2001). Other responses found by other researchers to contribute
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to retinal ischemic injury include the increase in potentially toxicamfhatory
mediators such as TNB , N O -la(Watgarl ek al., 1999; Rathnasamy et al., 2014;
Roberge et al., 1988; Yoshida et al., 2004). Hypoxia is a potent stimulator of
angiogenic factors, most importantly VEGF, a growth factor whose expression is
controlled by hypoxiainducible factor (HIF). Furthermore, glucose deprivation (Chen
et al., 2015; Nishimoto et al., 2014) and getthal OGD (Huang et al., 2014) has also
been found to increase HIKL and | e-apbmotictefiectsaim tancer cells
(Nishimoto et al., 2014). Findings by Stein et al., (1995) showed that exposure of C6
cells, a clonal glial cell line, to hypoxia or hypoglycemia resulted in increase
expression of VEGF. Data from this research showed that expression of VEGF
increass in MIO-M1 cellsand HORCs under certain deprivation conditions. Future
experiments are needed to investigate the expression ofBHIFLnder condi ti o
glucose deprivation and reduced level (1.11mM glucose®%MIO-M1 cells and
HORCs. This research also fourttiat the MIO-M1 cell line could be utilized in a
model of simulated hyperglycemiia vitro and toinvestigate the mechanismsiagh
glucose, oxidative stress, and poxia induceeWEGF production.One of the
shortcomings of this model is the time requirfed simulating the pathology of
diabetes. In the current model, M1 cells were exposed to high glucose for a
relatively short period compared to that which they would be exposedirovino
models or in human diabetes. In addition, oxidative stradshgpoxia develop in
advance stage ofhe disease accompanied with microvascular abnormalities so
mimicking the entire pathophysiological progression of the disease is difficult in cell
culture (Arden and Sivaprasad, 2011). Cultured Miller cells @MIQ were
sensitive to the combination of HG and®d and lost viability after 48hrs exposure,

and this limited the experimental condition to 24hrs period only.
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The experimental hyperglycemia was induced in this thesis by high glucose medium
of a maximum25mM. It should be noted that some cells in cultures are routinely
grown in this concentration (Russell et al., 1999; Vincent et al., 2005) but adM¥IO
cells are routinely cultured in 5.55mM glucose then the higher level of 25mM was
considered enough tproduce a hyperglycemic insult without causing death. In
contrast, other researchers have found the@@bBM can induce apoptotic cell death

in neuronal retinal culture (Santiago et al., 2006; Costa et al., 2012; Oshitari et al.,
2010) as well as in Mullecell lines (Du et al., 2003; Han et al., 2015; Muto et al.
2014; Trueblood et al., 2011, Xi et al., 2005). The tohexposure to HG, which
causedcell loss, was variable between different studies. In some studies, death was
reported after 24hrs (Trueddd et al., 2011), 48hrs (Han et al., 2015; Matteucci et al.,
2014), or 72hrs (Xi et al., 2005). Others reported longer survival time for five days

exposure (Chaviruarez et al., 2011; Du et al., 2003).

The current research has reported 72hrs suraitet exposure to HG but not if it is
combined with oxidative stress. This evidence of different susceptihititylights

the need for more experiments to characterize the precise time courseirndutéd
stress and cell deathn conclusion, the preseresearch has provided insight to the
survival and alteration in gene expression of different growth factors, glutamate and
glial activation markers in human Mdller cells (MI@1) when exposed to stressors
associated with the development of glaucoma. eMlevidencewas obtained from
exposure of HOREto oxygen and glucose deprivation, which caused a reduction in
RGC survival and changes in genes expression. Moreover, both models can be also
used to simulate hyperglycemia in diabetic retinopalthese mode may therefore

be of benefit in investigatiorof potential therapeutic intervention® retinal

neurodegenerative disease, including glaucoma
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USMA
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ANOVA
ADP
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AQP4
ATP
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bFGF (FGF2)
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cDNA
COAG
CNS
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Heat shock proteins
Heat shock 70kDa protein 1B

Hypoxiainducible factorlU

Insulin-like growth factorl
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Nerve growth factor

National health service
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